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STUDIA UBB CHEMIA, LXII, 4, Tom II, 2017 (p. vii-xviii) 
(RECOMMENDED CITATION) 

45 YEARS OF CHEMICAL ENGINEERING  
IN THE UNIVERSITY CITY OF CLUJ-NAPOCA 1971-2016 

LANDMARKS ON THE ESTABLISHMENT, DEVELOPMENT AND 
AFFIRMATION OF CHEMICAL ENGINEERING EDUCATION IN 

THE UNIVERSITARY CITY OF CLUJ-NAPOCA 

Prof. Univ. Emerit Dr. Ing. LIVIU LITERAT1 

2Quorum pars magna fui 
 Vergiliu, Eneida, II, 6 

In Cluj, chemistry engineering education officially begins in 1971/72 with 
the Polytechnic Institute (IPC) setting up an Industrial Chemistry faculty [1] 
with engineering and sub-engineers, specializing in Technology of Inorganic 
Substances (TIS) and Technology of Building Materials (TBM), forms of 
higher education with a chemical engineering profile, science, discipline 
and profession with a specific field, and its own and autonomous organization 
status. [2] Unfortunately only the last proposal [3] (sub-engineers) was 
approved at the Faculty of Civil Engineering, which was a necessary, but 
insufficient solution for a viable faculty with legal personality, structure and 
autonomy of organization that had the approval of the Ministry of Forest 
Economy and Building Materials (MEFMC), and not for the first one by the 
Ministry of Chemical Industry (MICh), with the observation: “lack of material 
basis, specialists and experience” in the field. Considering, however, the intensive 
priority development of the chemical industry in the Transylvanian area, requiring 
highly qualified specialists, it was agreed to reopen the proposal for the next 
five-year period (1976-1980), conditioned in some ways also by the evolution, 
respectively, the performance of the already approved TBM Section [4]. It was, 

1 Department of Chemical Engineering, Faculty of Chemistry and Chemical Engineering, 
Babeş-Bolyai University, Cluj-Napoca 

2 Quorum pars magna fui – At which I played a significant role. 
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nevertheless, a hope, an encouragement, a motivation to mobilize, at any 
cost, for success. The process was completed in 1977, however, not in the 
Polytechnic, but in the University as a result of the transfer, in 1974, of the 
TBM Section from the Faculty of Civil Engineering to Chemistry in 1974, by 
Decree No.147 / 1974 [5], so that the decision came too late and not in favour 
of the demanded Industrial Chemistry faculty [1], which was never established, 
but merely changed one master for another. [6] 

As a consequence, the “chemical engineering” phenomenon in Cluj, 
in the absence of a free and independent structure of organization, as a faculty, 
will continue an atypical course in the shadow of the two higher education 
institutions, both with too few areas of common interest and concerns in the 
field.  

The solution, perseverance and the implementation of modern technology 
in the university tradition by the compatibility of the principles of Humboldt's 
academic education of “pure ideas” [7] with the “applied” ones of the American 
Taylor's [8], from the technical education, the basic idea which was anticipated in 
“The Duty of Our Life” [9] by the great historian, archaeologist, professor and 
academician Vasile Pârvan (1882-1927), rightly considered “gray eminence”, 
spiritual mentor, ideologist, architect, architect and strategist of the National 
University of Upper Dacia [9], which, on the basis of a thorough and rigorous 
study of the Western European and American universities of the times, made a 
visionary project of great scope and broad perspective, adapted to the conditions 
of the recently united Romania (1918), which became a corner stone and Charter 
of our University. [10] 

It is very difficult to encompass in a few words the excitement of four 
decades and a half of the life of some institutions, without taking account of 
their specificity, tradition, their historical time and the paradigms of their evolution. 
That is why, in the analysis of the events, there is no place to tell, except with 
parsimony, the “epic of chemical engineering” in Cluj, not completely as in 
the story of Vergiliu of Oneidas, which I chose as a moto. [11] 

THE ITINERARY OF THE CHEMICAL ENGINEERING EDUCATION IN CLUJ. 
LANDMARKS OVER TIME 

In the evolution of the chemical engineering education in Cluj-
Napoca, several moments, events and important stages were distinguished, 
marking its course and development. These are related to the administrative 
affiliation to the Polytechnic Institute of Cluj-Napoca (1971-1974) and the 
Babeş-Bolyai University (1974/75), respectively. 
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I. The first stage (1971-1974) belongs to the Polytechnic Institute

1971 The beginning of chemical engineering at the Polytechnic
Institute of Cluj-Napoca. 

The Polytechnic of Cluj represents for the chemical engineering 
education of the Cluj-Napoca University Center the chance to exist and the 
first steps in its development. [3] 

1971 Establishment of the TBM Section, a chemical engineering 
course (day course) at the Department of Civil and Industrial Buildings of the 
Faculty of Civil Engineering (initiator: assistant professor Liviu Literat). 

1971-1974 The organization and development of the TBM Section and 
of the chemical engineering education in the Politehnica of Cluj takes place. 

1974 The transfer of the TBM Section to the Faculty of Chemistry in 
the Babeş-Bolyai University under Decree 147/1974 on the Restructuring of 
Higher Education [5]. 

II. The second stage (from 1974 - present) continues in the Babeş-
Bolyai University, where several periods of administrative and organizational 
evolution are distinguished: 

1974 By transferring the TBM Section to the Faculty of Chemistry, 
the University diversifies and extends its scope also for technical-engineering 
higher education (in chemistry). 

II. a. 1974-1977 TBM Section at the Faculty of Chemistry. (Dean,
Prof. Dr. Liviu Oniciu, Deputy Prof. Dr. Ionel Haiduc). The TBM Section is assigned 
to the Department of Organic Chemistry and Technology of the Faculty 
of Chemistry and managed (according to the transfer document) in teaching, 
instructional and administrative terms, jointly by the University (UBB) and the 
Polytechnic Institute (IPC) [6]. 

II. b. 1977 The Faculty of Chemical Technology (1977-1990) was
founded with the same name, status and competencies as those in the 
Polytechnic Institutes (Bucharest, Iasi, Timisoara). The deans of the new faculty 
were professor Zeno Andrei (1976-1984), professor dr. Liviu Oniciu (1984-1988) 
and Prof. Dr. Ionel Haiduc (1988-1990). 

1977 To the head of the Department of Organic Chemistry and 
Technology (DOCT) is appointed Prof. Dr. Eng. Liviu Literat (Rector's Decision 
No. 485/17 January 1977 and the Ministry of Education, No. 24513/6 January 1977). 
From his position, he acts for the establishment of the Organic Substances 
Technology (TSO) specialization section, engineers, and activates until 1985 
(two legislatures) in the organization, development, material and documentary 
endowment, attracting and employing engineering staff, subordinate and faculty 
departments. 



LIVIU LITERAT 

x 

1977 Establishment of the Organic Substances Technology (TSO) and 
Inorganic Substances Technology (TSA) specialization sections, engineers, 
day courses, the last one requested initially (1971) in the Polytechnics [4]. 

1985 There is an administrative restructuring of the faculty under which 
the Departments of Organic Chemistry and Technology (COT) and Chemistry-
Physics (CF) are united under the leadership of Prof. Dr. Emil Chifu (1985-1990) 
under the name of the Department of Physical Chemistry, Organics and 
Technology (CFOT) and the Inorganic and Analytical Chemistry under the 
leadership of Prof. Gh. Marcu. 

II. c. 1990 The Faculty of Chemistry and Industrial Chemistry (1990-
1992) was established as a result of the reorganization of chemistry and 
chemical engineering education from the former Faculty of Chemical Technology 
(Dean, Prof. Dr. Emil Cordos, Vice-Chancellor Sorin Mager). 

1990 Professor dr. Ionel Haiduc is elected Rector of Babeş-Bolyai 
University. 

1990 The Department of Chemical Engineering (Chief of the 
Department, Prof. dr.ing.Liviu Literat) was established and the Department of 
Technological Chemistry (Head of the Department, lecturer, Florin Jugrestan, 
Ph.D.) was re-established [5]. It is proposed (by Prof. Liviu Literat) to structure 
the faculty into two representative departments for the new faculty: the 
Department of Chemistry and the Department of Chemical Engineering. The 
former, comprised the classical departments of Analytical Chemistry, Inorganic, 
Organic and Chemistry-Physics, and the latter, the departments of Chemical 
Engineering and Chemistry of Technology. [4] 

1990 The Specialization Section (Engineers) of Oxidation Materials 
Science and Engineering (SIMO) (initiator Prof. L. Literat) is established 
and a PhD degree in chemical engineering is granted to professor dr.ing. Liviu 
Literat in Cluj (first Ph.D. in Chemical Engineering from the Cluj-Napoca University 
Center). [6] 

1991 20th Anniversary of Chemical Engineering Education in Cluj-
Napoca (Jubilee Symposium, September 19-22, 1991). 

II. d. 1992 The Faculty of Chemistry and Chemical Engineering
was established (name change approved by Order No. 6540/1994 from the 
1994/95 school year). Newly elected Dean, Prof. Dr. Sorin Mager (1992-1996 
and 1996-2000). Rector, reelected, was acad. Prof. Dr. Ionel Haiduc. 

1992 The Department of Chemical Engineering also includes the 
Science and Engineering of Oxide Materials profile and is named the 
Department of Chemical Engineering and Oxide Materials Science 
(Chief of the department: Prof. Eng. Liviu Literat). 

1993 Dr. Dulămiţă Nicu (1993-2003) is elected head of the Department 
of Chemical Technology. 
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1993 Continuing study was approved (evening classes, not mandatory 
attendance) for the TBM sub-engineers series is obtained under Government 
Decision no. 1156 of 30 Oct 1990, published in the Official Gazette no. 109 
of May 27, 1992 (Prof. L. Literat). 

1994 Certification of two new chemical engineering specialties: 
Biochemical Engineering (BE) (Prof. Eng. Florin Irimie, PhD.) and Informatics 
of Chemical Systems (ISC), Prof. Eng. Şerban Agachi, which is approved in 
1995 by the Provisional Operating Authorization (GD No. 568/16 08.1995). [8]. 

1994 The first postgraduate programs in chemical engineering are 
initiated through in-depth and master studies: [9] 

● Border Process Engineering (1994 / 95-2000 / 2001)
● Oxide systems engineering with special properties and applications

(1995 / 96-2000 / 2001) 
● Heterogeneous Catalysis and Biocatalysis (1995)
● Advanced Process Engineering (2001 / 2002-2008 / 2009).
1995 Accreditation (GD No. 568/1995) of Specialization sections,

engineers: TSA, TSO and SIMO [10]. 
1995 The first SIMO engineers graduated (1990-1995). 
1995 The Department of Chemical Engineering and Oxide Material 

Science initiates and becomes a founding member of the Chemical Engineering 
Society of Romania (SIChR), Branch President Prof. Eng. Liviu Literat and 
Vice-President of the National Leadership Council [11]. 

1995 Professor Liviu Literat retires and becomes a consultant teacher 
(Rector's Decision No. 10.504 / 20.11.1995). [6] 

The new Chief of the Department is Professor Eng. Eugenia Gavrilă 
(1995-1997). 

1996 The Department of Chemical Engineering and Oxide Material 
Science is completed by the team of Informatics of Chemical Systems led 
by prof. Dr. Ing. Şerban Agachi. 

1997 Professor PhD. Eng. Paul Şerban Agachi, General Chancellor 
of UBB (1996-2000) is elected chairman of the department. At the same time, 
he is also granted the right to conduct a PhD in Applied Informatics. 

1997 The former proposal of Professor Liviu Literat for the establishment 
of the Chemical Engineering Department is implemented. Selected department 
directors: Prof. Dr. Nicu Dulămiţă (1997 - 2003) and Prof. Ph. Eng. Florin Irimie 
(2003 - 2012). 

1997 Official participation in the 60th anniversary of chemical 
engineering at the “Gh. Asachi” Technical University, Jassi, 23.10.1997. 

2000 A new Department of Chemical Engineering is established: 
the Department of Biochemistry and Biochemical Engineering (Chief of 
Prof. Eng. Florin Irimie, PhD). 
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2001 The National Symposium “30 Years of Chemical Engineering 
in Cluj-Napoca”, organized by the Department of Chemical Engineering and 
Oxidation Science, takes place (6-9 September). 

2003 New Nomenclature of Specializations (GD No. 693 / 12.06.2003, 
published in OG No. 436/30 June 2003), changes the name of the TSA, TSO and 
ISC Sections into Engineering and Chemistry of Inorganic Substances (ICSA), 
Engineering and Chemistry of Organic Substances (ICSO) and respectively 
Chemical Engineering (IC) [12] 

2004 Professor Liviu Literat is elected honorary member of the 
Academy of Technical Sciences of Romania (ASTR), Chemical Engineering 
Section. 

2005 International Symposium Computer Aided Chemical Engineering 
Forum (CAPE Forum), Cluj-Napoca, organized by the Department. 

2005 Professor Şerban Agachi is elected a correspondent member 
of the ASTR, Automatic Section. 

2006 National Chemical Engineering Symposium dedicated to the 
35th anniversary of the Chemical Engineering education in Cluj-Napoca, 
(July 3, Cluj-Napoca). 

2006 Two new chemical engineering specialization sections are 
established: Food Chemistry and Biochemical Technologies and Engineering 
and Environmental Protection in the Chemical and Petrochemical Industries. 

2007 The Economic Engineering Section of the Chemical and 
Materials Industry is established. The section has a short life, only 3 promotions 
(Figure 4 and 5). 

2007 European Symposium on Computer Aided Process Engineering 
(ESCAPE 17th) 27-30 May 2007, Bucharest (jointly organized with POLITEHNICA 
University, Bucharest) 

2008 (May) As the chairman of the Department is elected Prof. Vasile 
Mircea Cristea, Ph.D. (2008-2012). 

2008 The 3rd National Conference of the Romanian Academy of 
Technical Sciences organized by the ASTR Cluj branch. “Romanian 
Engineering: Past, Present and Future” Cluj-Napoca, November 12-13 (co-
organizers, Prof.L.Literat and Ş. Agachi, members of the Academy). 

2008 Official participation at the 60th anniversary of the Faculty of 
Industrial Chemistry of Timisoara (1948-2008). Timisoara, Oct. 2008. 

2008 Participation of the Department at the 60th Anniversary of the 
Department of Oxidation and Nanomaterials Science and Engineering 
(ŞIMONA), Polytechnic University of Bucharest, Faculty of Applied Chemistry and 
Materials Science, Bucharest 17.11.2008. 

2009-2012 New PhD consultants in Chemical Engineering: Prof. Dr. 
Petre Ilea and Ioan Bâtiu. 



45 YEARS OF CHEMICAL ENGINEERING IN THE UNIVERSITY CITY OF CLUJ-NAPOCA 1971-2016 
 
 

 
xiii 

2012 New system of university administrative organization. The functional 
unit becomes a Department, which includes, by individual or group option, the 
members of the former structures in specialized colleges. On this occasion, the 
bioengineering team (the former chair) goes from the chemical engineering 
department to the chemistry department lead by Prof. Dr. ing. F. Irimie. 

2012 The Hungarian teaching language chemistry and chemical 
engineering department is established. Department Director assoc. prof. 
dr. Majdik Cornelia (2012-2016) and assist. prof. dr. Szabó Gabriella (2016 - 
present) (Figure 3). 

2012 Professor Mircea Vasile Cristea is elected director of the Department 
of Chemical Engineering (2012-2016). 

2012 Professor L. Literat receives the honorary title of professor emeritus. 
2014 Professor Ioan Batiu retires. 
2016 Professor Şerban Agachi retires, but remains a member (chairman) 

of the Doctoral School of Chemical Engineering. 
2016 Professor Ph. Eng. Cormos Călin-Cristian becomes a PhD consultant 

in chemical engineering and a member of the Doctoral School. 
2016 Assoc.prof.dr.ing. Graziella Turdean is elected Chief of the 

Department of Chemical Engineering. 
2017 Prof. dr. Ing. Mircea Vasile Cristea becomes a PhD consultant 

in chemical engineering and a member of the Doctoral School. 
2017 A third chemistry engineer member of the university, elected an 

ASTR correspondent member, is Professor Alexandru Ozunu, Dean of the 
Faculty of Environmental Science and Engineering. 
 
 
CONCLUSIONS 

 
As a succinct synthesis of the brief presentation above, the chemical 

engineering in Cluj, despite the difficulties and impediments of all kinds, 
managed to exist, to develop and to assert itself. Founded late (1971), within 
the Polytechnics, with a great time gap (1937), compared to those in Bucharest 
(1938) and Timisoara (1948) and very late compared with the age of the 
University (1919), it is a product of the two brand-name institutions in Cluj. “The 
first one prepared and accomplished his establishment, guiding its first steps, 
the second watched its development and affirmation” [4]. To both institutions 
chemical engineering is grateful, and so is the signatory of these lines, in 
turn, as a disciple of the (pure) Chemistry School of Cluj and of the Chemical 
Engineering of the Polytechnics in Bucharest, a link and an interface between 
the two schools and Professions, an initiator and militant convinced of the “idea” 
of a “chemical engineering faculty” in Cluj, express their gratitude and respect 
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to the eminent professors and colleagues of the two Institutions, as well as 
to the other older sister-schools, (from Jassy and Timisoara) who unconditionally 
supported us. 

With the same deference, we apologize to colleagues who have 
provided basic, theoretical and practical chemistry training for chemist engineers, 
for the space, time, and information that has overwhelmed us. 

Also, as a picture speaks more than a thousand words, or tens of pages 
printed, below I have tried to encompass this history in some easy-to-understand 
schemes. 

Figure 1. The structure of the Faculty of Chemistry and Chemical Engineering 
between 1995 – 2000 
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Figure 2. The structure of the Faculty of Chemistry and Chemical Engineering 
between 1999 – 2012 

Figure 3. The structure of the Faculty of Chemistry and Chemical Engineering 
since 2012 
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Figure 4. Structure of the chemical education in Cluj-Napoca 
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Figure 5. Structure of the chemical education in Cluj-Napoca 
 

LEGEND: TMC Technology of Building Materials, TSAi Technology of Inorganic Substances, engineers, TSAs 
Technology of Inorganic Substances, subengineers, TSA Technology of Inorganic Substances, TSO Technology of 
Organic Substances, SIMO Science and Engineering of Oxide Materials, IB Biochemical Engineering, ISC Computer 
Systems Informatics, ICSA Engineering and Inorganic Substances Chemistry, ICSO Engineering and Chemistry of 
Organic Substances, IC Chemical Engineering, SIMON Science and Engineering of Oxide and Nanomaterials, 
ISAPM Inorganic Substances Engineering and Environmental Protection, ICSOPC Engineering and Chemistry of 
Organic and Petrochemicals, IIPCB Engineering and Informatics of Chemical and Biochemical Processes, 
CATB Food Chemistry and Biochemical Technology, IPMICP Engineering and Environmental Protection in 
Chemical and Petrochemical Industry, IEICM Economic Engineering in Chemical and Materials Industry. 
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CONTROL APPOARCHES OF THE CARBONATION COLUMN 
FOR SODA MANUFACTORING 

 
 

VASILE-MIRCEA CRISTEAa 
 
 

ABSTRACT. The paper presents the design of decentralized control systems 
for the carbonation column of the ammonia-soda production process. The 
proposed control structures are tested on the basis of an experimentally 
identified multiple-input-multiple-output dynamic model, capable of describing 
the behavior of the main carbonation column variables. Two new control 
structures are investigated. The first one proposes a new pairing of the 
manipulated to the controlled variables, based on the Relative Gain Array 
Matrix. The second one implements ratio control aimed to ensure the desired 
relationship between the inlet ammoniacal-brine and CO2 flows. Behavior of 
the designed control structures are tested in the presence of setpoint 
changes and action of typical disturbances. Results are compared to the 
traditional decentralized control system configuration in order to reveal both 
the incentives and the limitations of the proposed control structures.  

 
Keywords: carbonation column, decentralized control, flowrate ratio control. 

 
 
 
INTRODUCTION  

 
Sodium carbonate (Na2CO3), also denoted as soda ash, is a very 

important chemical compound as it is a main raw material for several other 
products obtained in different commodity manufacturing fields, such as glass, 
paper, steel, detergent and chemical industries or for water treatment and 
flue gases purification. Nowadays, about three quarters of the world sodium 
carbonate production (exceeding since 2005 the value of 6 kg per each 
Earth’s inhabitant) is synthetically manufactured, while the rest is obtained 
from naturally formed sodium (bi)carbonate (such as trona minerals or 
nahcolite) [1]. The sodium hydrogen carbonate (NaHCO3), from which soda 
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ash is subsequently obtained by calcination, uses brine solution (NaCl), lime 
stone (for CO2 and Ca(OH)2), ammonia and water as raw materials. They are 
processed according to the ammonia-soda process, also called Solvay process 
due to the contribution Belgian chemist had to its development during the 1860s. 
In an overall, but very simplified form, the reactions of the Solvay process for 
bicarbonate production may be represented by: 

+ +
(aq) 2 (g) 3 (g) 2  (l) 3 (s) 4 (aq)Na +CO +NH +H O  NaHCO NH    (1) 

 Even today, the Solvay process may be considered as a very good 
lesson of chemical engineering process design, wisely integrating heat and 
mass flows.  
 The core of the synthetically manufactured sodium bicarbonate is the 
carbonation column. It is the unit where very complex physical and chemical 
three-phases heterogeneous processes are taking place in order to obtain 
sodium bicarbonate crystals. The operation of the carbonation tower for obtaining 
the quantitative and qualitative specifications of the product, associated to low 
energy costs and while satisfying the environment regulations, is a very 
challenging task. Therefore, it asks for an appropriate control system. 

The present paper presents two decentralized control system 
configurations aimed to provide smooth and efficient functioning of the 
carbonation column. The first one emerges from an alternative to the traditional 
controlled-manipulated variables pairing, while the second one proposes a 
control structure which correlates the ammoniacal-brine and CO2 flows. 
Performance of both control structures have been tested in the presence of 
disturbances and setpoint changes.  
 
 
RESULTS AND DISCUSSION 

 
The ammoniacal brine, entering at the top of the carbonation column, 

is contacted in countercurrent with two carbon dioxide flows. One is the low 
CO2 concentration (38%) flow, which is issued by the limestone decomposition 
in the lime kiln and is introduced at the middle of the carbonation tower. The 
second one is the high CO2 concentration (70%) flow, supplied by the 
recycled carbon dioxide from the sodium bicarbonate calcination, and is 
introduced at the bottom of the carbonation column. CO2 is gradually absorbed 
by the ammoniacal brine and sodium bicarbonate is formed increasing its 
concentration as it descends the column, until it precipitates. Formation of the 
sodium bicarbonate crystals is assisted by the water based cooling section 
situated at the lower part of the of the carbonation tower.  
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The schematic representation of the carbonation column and its 
associated traditional decentralized control system structure is presented in 
Figure 1 [2]. The significance of the presented flows is: 1 – cooling water inlet 
flow, 2 – outlet flow of sodium bicarbonate, 3 – feed flow of ammoniacal-
brine, 4 – feed of 38% CO2 flow, 5 – feed of 70% CO2 flow, 6 – gases (CO2 
and ammonia) leaving the column and 7 – cooling water outlet flow. The 
controlled variables considered in this work are: temperature of the sodium 
bicarbonate outlet flow (y1), column’s sodium bicarbonate outlet flowrate (y2), 
level of the ammoniacal-brine at the top of the carbonation column (y3), 
flowrate of the 38% CO2 entering the column (y4) and flowrate of the 70% 
CO2 entering the carbonation tower (y5). The available manipulated variables 
are the valve openings of the control valves situated on the following flows: 
cooling water inlet flow (u1), ammoniacal-brine inlet flow (u2), sodium bicarbonate 
outlet flow (u3), 38% CO2 inlet flow (u4) and 70% CO2 inlet flow (u5) [2, 4]. 
 The traditional decentralized control system structure consists in the 
following control loops: I – temperature control of the sodium bicarbonate 
leaving the column, II – flow control of sodium bicarbonate extracted from the 
column, III – level control at the top of the column, IV – flow control of the 
38% CO2 fed at the middle of the column and V – flow control of the 70% 
CO2 entering at the bottom of the column [2, 5]. They are also shown in 
Figure 1. 

 
Figure 1. Layout of the carbonation tower, its associated flows and the traditional 

structure of the control loops [2, 4]. 
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 The carbonation column is a multivariable (MIMO) system and the 
pairing of the manipulated to the controlled variables, for the decentralized 
control system design, may be performed on the basis of the steady state 
Relative Gain Array (RGA) matrix [3]. As the experimentally identified model 
under the form of the MIMO transfer function matrix was available [4], the 
RGA was computed and presented in Table 1. The new manipulated to the 
controlled variables pairing was suggested by RGA matrix and it is carried 
out according to the diagonal elements of the matrix shown in Table 1. Their 
associated values show the suggested pairing importance for making the 
suitable tradeoff aimed to reduce control loops interactions. 

 
Table 1. Relative Gain Array Matrix 

 

 u1 u2 u3 u4 u5 
y1 1.000 0 0 0 0 
y2 0 0.4761 0.4891 0.0348 0 
y3 0 0.4691 0.5303 0.0001 0.0004 
y4 0 0.0545 -0.0195 0.9650 0 
y5 0 0.0002 0.0001 0 0.9996 

 
This RGA proposed decentralized control structure is shown in Figure 2.  
 

 
Figure 2. Layout of the RGA proposed structure of the control loops. 
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The new pairing of the manipulated-controlled variables, generating 
the proposed control loops structure, has been tested in order to the assess 
its setpoint tracking and disturbance rejection capability. Simulation results of 
the control system for the step sodium bicarbonate outlet setpoint change 
from 26 to 32 m3/h, introduced at the time moment of 2000s, are presented in 
Figure 3. Figure 3 also presents the control performance of the traditional 
control pairing. 

 

 
 

Figure 3. Comparative setpoint tracking performance of the traditional (plain line) 
and proposed (dotted line) control systems, for the case of the sodium bicarbonate 

step outlet setpoint change from 26 to 32 m3/h, introduced at the time of 2000s. 
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The steady state RGA analysis promises a slightly better pairing, 
compared to the traditional control approach. The dynamic simulation results 
partially confirm this expectation. For the proposed pairing control of the 
temperature (y1), level (y3) and 70% CO2 flowrate (y5) show improved 
control performance, while sodium bicarbonate flowrate (y2) reveals an 
increased setpoint tracking time. Both control structures provide zero steady 
state offset and the proposed one enhances stability. 

One of the most desired requirements for the carbonation column 
operation is to keep the ratio between the input ammoniacal-brine flowrate 
and the input CO2 flowrates, as close as possible to desired values. 

Achieving this goal ensures the optimal (off-line computed or 
experimentally obtained) reactants ratio entering the carbonation reactor, 
during both steady state and dynamic periods. Neither the traditional control 
structure, nor the previously proposed one is aimed to fulfill this objective. 
The second proposed control system structure proposed in this work is 
designed to accomplish this goal. The layout of this decentralized control 
system is presented in Figure 4. 

 

 
Figure 4. Layout of the flow proposed ratio control loops structure. 
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As implied by the ratio control system structure, the changes in the 
ammonia-brine input flow are automatically followed by the necessary 
changes of both input CO2 flowrates. The desired ratios are: Ratio1=146.15 
[Nm3/h 38% CO2 / m3/h ammoniacal-brine] and Ratio2=128.46 [Nm3/h 70% 
CO2 / m3/h ammoniacal-brine]. 

In order to demonstrate the capability of the ratio control system to 
keep the desired flowrates ratio, dynamic simulation results of two disturbance 
rejection tests are presented in Figure 5. The first test considers the typical 
ammoniacal-brine inlet flowrate disturbance, acting according to the scenario 
presented in the top graph of Figure 5. It consists of the ammoniacal-brine 
inlet flowrate step increase of 1.85 m3/h disturbance, introduced at moment 
t=1000s, followed by a flowrate ramp decrease of 2.5 [m3/h / h] starting at 
moment t=12000s, down to the flowrate initial value of 24 [m3/h]. The second 
test considers another typical disturbance consisting in a flowrate step 
decrease of the outlet flow of sodium bicarbonate of 11 m3/h, introduced at 
time t=30000s (not shown in Figure 5). 

Results presented in Figure 5 show the ability of the ratio control 
system to tightly keep the CO2 controlled flowrates at the desired ratios and 
the other controlled variables at their setpoint/nominal values when influent 
ammoniacal brine flowrate changes. The ratio-control scheme discloses the 
same favourable control performance as it efficiently rejects the sodium 
bicarbonate flowrate disturbance. 
 
 
CONCLUSIONS 

 
Efficient and smooth operation of the carbonation column is essential 

for soda production. As three phase complex chemical heterogeneous 
processes compete for achieving the desired throughput and product 
specifications, appropriate control system is asked to meet the operation 
challenges. Two decentralized control system structures are proposed and 
tested. The first one, based on RGA matrix, recommends a new 5×5 
manipulated to controlled variables pairing. The dynamic simulation results 
reveal advantages of the new control structure, compared to the traditional 
one, for the majority of the controlled variables and with slower response for 
sodium bicarbonate flowrate, but increased stability. The second control 
structure is designed to maintain the desired ratios between the inlet 
ammoniacal-brine flowrate and the inlet CO2 flowrates. Tested in the presence 
of typical inlet ammoniacal-brine and extracted sodium bicarbonate flowrate 
disturbances, the proposed control structure demonstrates its success in 
promptly rejecting their undesired effects, while preserving the required 
flowrate ratios. The obtained results propose the investigated control structures 
as potential control system solutions for the industrial implementation. 
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Figure 5. Disturbance rejection performance results of the ratio control system as 
response to the ammoniacal-brine flowrate increasing-step decreasing-ramp 

disturbance and to the sodium bicarbonate flowrate step-decreasing disturbance 
(plain line); setpoint/nominal values of the control loops (dashed line). 
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EXPERIMENTAL SECTION 
 
 
The carbonation column dynamic model used in the present work has 

the transfer matrix form and was identified experimentally in [2, 4]. The 
PID/PI controllers have a parallel form and have been tuned by making a 
good balance between performance and robustness. Dynamic simulations 
were carried out in Matlab and Simulink® software environment. 
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ABSTRACT. Syngas is a very important product, with a variety of uses; it may 
even become a primary source of fuel, and replace natural gas. This is because, 
syngas has the building blocks to create all the products and chemicals currently 
generated in the petrochemical industry. Fuels manufactured from synthesis gas 
offer special opportunities based both on environmental and energy performance. 
The aim of the present work is to design and compare different chemical 
production processes for fuels generation using syngas as raw-material. 
ChemCAD process simulator software was used as the main tool for process 
modelling and simulation. The investigation was focused on the conversion 
of syngas to methanol, dimethyl ether and hydrogen at a large scale. For 
comparison reasons, the same amount of syngas (e.g. 10000 kmol/h) was 
used in all three cases under investigation. After comparison, syngas to 
hydrogen process seems to be the best option from thermal energy point of 
view and in terms of environmental impact. 
 
Keywords: syngas, process modelling and simulation, hydrogen, methanol, 
dimethyl ether (DME) 

 
 
 
INTRODUCTION  
 
 Synthetic gas called also syngas is a fundamental chemical intermediate 
which can be obtained from many sources (e.g. coal, natural gas, biomass, 
different solid waste, recycled plastics), using different technologies (e.g. 
gasification, reforming) and can be used in various applications. In its simplest 
form, syngas is composed of two diatomic molecules, CO and H2 that provide 
the building blocks upon which an entire field of fuel science and technology 
is based. According to PR Newswire global syngas production accumulated to 
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116 GWth in 2014 and is projected to reach 213 GWth by 2020 [1]. The 
important role of syngas in both chemical and petrochemical industries has been 
widely recognized since it is currently utilized as a main feedstock for producing 
environment-friendly synthetic fuels and methanol via respective Fischer-Tropsch 
synthesis [2]. Syngas is a crucial intermediate resource for production of hydrogen 
and ammonia [3] being also attractive as a fuel for internal combustion engines, 
gas turbines and high temperature fuel cells, and as a chemical feedstock for the 
production of methanol, synthetic hydrocarbon fuels [4, 5]. The most important 
syngas applications are briefly presented in Figure 1. 
 

 
 

Figure 1. Syngas application in various industrial sectors 
 
 The goal of the present work was to investigate and compare the 
production of different fuels from syngas. The attention was focused on three 
fuels, more exactly: methanol, dimethyl ether (DME) and hydrogen. A brief 
overview of the importance, production methods, advantages and disadvantages 
of the three fuels is presented the next section. 
 The first fuel investigated was methanol. Methanol is an important 
chemical intermediate used to produce a number of chemicals, including: 
formaldehyde, dimethyl ether, methyl tert-butyl ether, acetic acid, olefins and 
others. Currently, for economic reasons, the majority of methanol is synthesized 
from syngas that is produced via steam reforming of natural gas. One of the 
distinct advantages of employing methanol as a sustainable source of fuel is 
the diverse array of feed stocks from which this simple alcohol can be produced. 
Besides industrial production from natural gas and coal, methanol can be made 
from anything that is, or ever was, a plant (e.g. timber waste, landfill gas, trash, 
pulp mill black liquor, agricultural waste [6]. Fuel methanol has similar properties 
to gasoline and can be stored and transported in a similar manner. 
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 The second fuel which arouses our interest is dimethyl ether (DME). 
This fuel is obtained from methanol, its production process becoming one of 
the most important issues of the world industry in the recent years. There are 
different methods of DME production: an indirect synthetic method using the 
dehydration reaction of methanol, a direct synthetic method from natural gas, 
gasification of coal, biomass, or electrolysis using solar, wind, hydro or wave 
energy. DME is more like liquefied petroleum gas (LPG) in its physical properties. 
But by contrast, it is more suitable for use in a diesel engine due to its high 
cetanic value. Unlike methanol, it has a sufficient cetanic number without the 
use of additives or spark assistance. DME has low octane and is not used as 
a gasoline substitute, in contrast to methanol, which has excellent properties for 
this use. The calorific value is higher than methanol but lower than conventional 
fuels. Like methanol, DME can be used directly in gas turbines [7]. 
 The third fuel investigated was hydrogen. Hydrogen can be produced 
using a number of different processes (e.g. reforming of natural gas, gasification 
of coal, oil and / or biomass, water electrolysis, fermentation of biomass). 
Hydrogen, as an important energy carrier in the future has a number of 
advantages. For example, a large volume of hydrogen can be easily stored in a 
number of different ways [8]. Hydrogen is also considered as a high efficiency, 
low polluting fuel that can be used for transportation, heating, and power 
generation in places where it is difficult to use electricity. The only emissions 
are water vapour. In some instances, it is cheaper to ship hydrogen by pipeline 
than sending electricity over long distances by wire [9]. 
 A comparison between the three fuels investigated in the present 
work, underlining their advantages and disadvantages is presented in Table 1. 
 
 

Table 1. Advantages and disadvantages of methanol, DME and hydrogen as fuels 
 

Fuel Facts Advantages Disadvantages 

CH3OH Predominately from syngas 
made via SMR. 
Several automakers have 
developed prototypes using 
CH3OH as fuel. 
Commodity chemical. 

Mature technology. 
Many uses for 
CH3OH 

Poor solubility in 
gasoline and phase 
separation problems. 
More corrosive than 
gasoline. 

DME Many potential uses e.g. 
diesel, cooking fuel, refrigerant, 
chemical feedstock. 

In situ dehydration 
of CH3OH to DME 
increases CH3OH 
yields. 

DME is very reactive. 
Sensitive to traces of 
pollutants. 

H2 Largest use of syngas. 
Predominately made via steam 
methane reforming (SMR). 
  

H2 itself is a clean 
fuel. 
Mature technology. 
High yields. 

Delivery price can be 
significantly higher than 
plant gate price. 
Have to compete with 
mega methanol plants. 
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RESULTS AND DISCUSSION 
 
 The following cases have been investigated in the present work: 

Process 1: Methanol from syngas production process; 

Process 2: DME from methanol production process; 

Process 3: H2 from syngas production process. 

 The main streams for Process 1 are reported in Table 2. Starting from 
a quantity of 10000 kmol/h (stream 1, Table 2), a quantity of 3331.48 kmol/h 
of methanol with a purity of 99.9% was obtained, as shown in Table 2 
(stream 7). 
 
 

Table 2. Relevant flows for Process 1 
 

Stream 
Name 

Unit of 
measure 

1 4 5 7 9 

Temperature °C 160 221.3 267 38 38 

Pressure bar 29 65 65 105 105 

Component 
flow-rate 

kmol/h      

H2  6667 10255 3591 2.71 3589 

CO  3333 5125 1794 1.47 1792 

CH3OH  0 17 3348 3331.48 17 

CO2  0 0 0 0 0 

H2O  0 0 0 0 0 

DME  0 0 0 0 0 

Total flow kmol/h 10000 15397 8734 3335.66 5398 

Total flow kg/h 106805 164765 164765 106794 57971 
 
 
 The main streams for Process 2 are reported in Table 3. In this case 
the flow-rate of the main product obtained (DME) has a value of 1665.66 kmol/h 
(see stream 10 from Table 3). The purity of the product obtained is about 99.56%. 
 The main streams for Process 3 are reported in Table 4. The quantity 
of the desired product (H2) obtained in this case 9670.65 kmol/h (see stream 
10, Table 4). The quantity of syngas consumed to produce de desired product is 
10000 kmol/h, correspondent to a mass flow-rate of 106805 kg/h (stream 1, 
Table 4). 
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Table 3. Relevant flows for Process 2 
 

Stream 
Name 

Unit of 
measure 

1 5 6 10 23 

Temperature °C 38 256 364 25 25 
Pressure bar 105 14.7 13.9 11.4 1 
Component 
flow-rate 

kmol/h      

H2  2.71 2.71 0 0 0 
CO  1.47 1.47 0.12 0.12 0 
CH3OH  3331.48 4144.03 829.14 7.29 8.77 
CO2  0 0 0 0 0 
H2O  0 16.46 1674.73 0 1658.27 
DME  0 18.31 1676.58 1658.26 0 
Total flow kmol/h 3335.66 4182.97 4180.57 1665.66 1667.05 
Total flow kg/h 106794 133987 133979 76631 30155 

 
 

Table 4. Relevant flows for Process 3 
 

Stream 
Name 

Unit of 
measure 

1 3 7 10 11 

Temperature °C 160 325 250 20 20 
Pressure bar 29 16.2 14.7 14.7 14.7 
Component 
flow-rate 

kmol/h   
   

H2  6667 0 9670.70 9670.65 0 
CO  3333 0 329.30 329.29 0 
CH3OH  0 0 0 0 0 
CO2  0 0 3004.03 2984.69 19.33 
H2O  0 3333 328.97 19.57 309.39 
DME  0 0 0 0  
Total flow kmol/h 10000 3333 13333 13004.21 328.78 
Total flow kg/h 106805 60044 166852 160427 6425 

 
 The processes presented in the present work use data from literature 
[11]. All the models have been validated using the initial literature source. 
After validation, the models have been scaled up to the same syngas flow-
rate and composition. 
 In order to establish which process is the best option from thermal 
energy point of view, a comparison has been made between the three case 
studies. Table 5 shows the process values from thermal energy point of view. 
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Usually, when monitoring the thermal energy, the comparisons and conclusions 
are made based on the low heating value (LHV). The lower heating value 
(also known as net calorific value) of a fuel is defined as the amount of heat 
released by combusting a specified quantity (initially at 25°C) and returning 
the temperature of the combustion products to 150°C, which assumes the 
latent heat of vaporization of water in the reaction products is not recovered 
[12]. The thermal energy obtained using the flow-rates of fuels derived from 
process modelling and simulation and from the correspondent LHV values of 
the fuels considered are reported in Table 5. 
 

Table 5. Thermal comparison for the simulated processes 
 

Processes 
Fuel 

flow-rate 
(kmol/h) 

Fuel 
flow-rate 

(kg/h) 

Fuel 
LHV 

(MJ/kg) 

TE(L) 
(MWth) 

Process 1 3331.48 106607 20.09 594.93 
Process 2 1658.26 76280 28.88 611.94 
Process 3 9670.65 19341 120.21 645.83 

LHV - lower heating value, TE(L) - thermal energy based on the LHV 
 
 As shown in Table 5, from thermal energy point of view, Process 3 is 
the best option, with a quantity of 645.83 MWth generated compered to 
Process 1 and Process 2 where 594.93 MWth respectively 611.94 MWth are 
generated. Since for Process 3, there is no CO2 involved in the reaction, in 
terms of environmental impact, this process is also the best option, compared to 
Process 1 and Process 2 which result in one, respectively two molecules of 
CO2 / molecules of fuels emitted by burning CH3OH and DME. 
  Further, using the best thermal energy obtained in the three cases back 
calculations were performed in order to determine the necessary amount 
of syngas requested to produce the fixed amount of thermal energy (e.g. 
645.83 MWth). The results are reported in Table 6. 
 
Table 6. Syngas flow-rate values calculated using low heating thermal energy value 

 

Process Syngas 
(kmol/h) 

Fuel 
(kg/h) 

LHV 
(MJ/kg) 

TE(L) 
(MJ/h) 

TE (L) 
(MWth) 

Process 1 10855.59 115728.62 20.09 2324988 645.83 
Process 2 10553.89 80505.12 28.88 2324988 645.83 
Process 3 10000 9670.53 120.21 2324988 645.83 

LHV - lower heating value; TE(L) - thermal energy based on the LHV 
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 The syngas flow-rate obtained after using 645.83 MWth of thermal energy 
increased compared to the initial syngas flow-rates. For Process 1, the syngas 
flow-rates has increased with 8.55% (e.g. from 10000 kmol/h to 10855.59 kmol/h), 
while for Process 2 the value increased with 5.54%. For the last process, Process 
3, syngas flow-rates have the same value as the initial ones, because the highest 
thermal energy generated, which belongs to this process (syngas to hydrogen) 
has been used. 
 
 
CONCLUSIONS 
 
 Three processes for fuels production starting from syngas as raw-material 
have been investigated in the present work. The processes under investigation are: 
Process 1 is the equivalent of syngas conversion to methanol, Process 2 represents 
syngas to DME route, and Process 3 describes syngas conversion to hydrogen. 
For all cases under study the same amount of syngas (e.g. 10000 kmol/h) was 
used. The methanol flow-rate obtained for Process 1 was 3335.66 kmol/h with a 
purity of 99.9%, 1665.66 kmol/h DME was obtained in Process 2, with a purity of 
99.69% respectively 9670.65 kmol/h of hydrogen was obtained in Process 3. 
The three fuels have been also investigated from thermal energy point of view. 
Process 3 represents the best option form energy point of view but also from 
environmental point of view because no CO2 is released by burning this fuel. 
The second best option is Process 1, followed by Process 2. 
 
 
EXPERIMENTAL SECTION 

 
The three processes have been modelled using ChemCAD process 

simulator developed by Chemstations [13]. Details about the data used for 
modelling and simulation are presented in the next section. 
 The Process flow-diagram for syngas to methanol is presented in Figure 2. 

The production capacity of this plant is 2563 tons/day of methanol with a 
purity of 99.9% at atmospheric pressure. The raw-material syngas is introduced 
into the process at T = 160°C and p = 29 bar. Syngas enters the heat exchanger 
E-201 and is cooled to T = 125°C. Further, in order to achieve a pressure p = 45 bar, 
syngas is compressed in compressor C-201 with an efficiency of 75%. Syngas 
enters the second compressor C-202, together with the recycled CO and H2, and it 
will be compressed to a pressure of 65 bar, with the same efficiency of 75%. The 
mixture furthermore sent to an equilibrium reactor R-201, where the reaction taking 
place is:  

CO + 2H2 ↔ CH3OH 
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Figure 2. Syngas to methanol process flow diagram (Process 1) 

 
 The molar ratio of the reactants is 1:2. The conversion was assumed to 
be 65% [11]. The mixture exits the reactor at T = 267°C and is further cooled, 
using a cooling water agent, twice, in heat exchangers E-202 and E-203, until it 
reaches a temperature of 125°C. Furthermore, methanol is separated from the 
unreacted syngas through a flash vessel (V-201), and the syngas is recycled to 
the reactor. The methanol product exits as a liquid at 38°C and 105 bar. 
 Figure 3 shows the process flow diagram for the DME production using 
methanol as raw-material. 

 
Figure 3. DME production process from methanol (Process 2) 

 
 The production capacity of this plant is 1839 tons/day of DME with a purity 
of 99.96 % at atmospheric pressure. The raw-material used is composed of fresh 
methanol and a small amount of water, which enters the process at T = 25°C 
and p = 1 bar. Further, this mixture is compressed to a pressure of 15.5 bar, in a 
compressor having an efficiency of 60%. Combined with the recycled reactant, 
the mixture is preheated by the first heat exchanger E-101 to a temperature 
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of T = 154°C. Then, it is vaporized by the second heat exchanger E-102, prior to 
being sent to R-101 reactor, having a temperature of T = 364°C and a pressure  
p = 13.9 bar. The reaction taking place in the reactor is: 
 

2CH3OH ↔ CH3–O–CH3 + H2O 
 

 Methanol conversion is around 80% [11]. The stream leaving reactor, 
is then cooled in heat exchanger E-103 (T = 100°C) prior to being sent to the 
first of the two distillation columns T-101 and T-102. DME product is taken 
overhead from the first column. Water and methanol enters the second 
distillation column (T-102) at T = 140°C and p = 7.4 bar, where water from the 
unused methanol will be separated. The water is sent to wastewater treatment 
to remove trace amounts of organic compounds while methanol is recycled 
back to the process. 
 Figure 4 shows the process flow diagram for the hydrogen production 
using syngas as raw-material. 
 

 
 

Figure 4. Hydrogen production from syngas (Process 3) 
 
 
 The production capacity of this plant is 464 tons/day of hydrogen with 
a purity of 98% at atmospheric pressure. The raw-material used is a mixture 
of carbon monoxide (p = 16.7 bar, T = 115°C) and hydrogen (p = 16.7 bar, T = 
115°C) in a molar ratio of 1:1. The mixture is heated up to 320°C using a fired 
heater. The heated syngas is further mixed with steam (water at T = 325°C 
and p = 16.2 bar) and enters in the high temperature shift reactor. The reaction 
taking place in the reactor is: 
 

CO + H2O→ H2 + CO2 
 

 The conversion considered is 63% [11]. The mixture leaves the reactor  
R-1301 at T = 425°C and enters a simple heat exchanger E-1301, where is will be 
cooled to a temperature of T = 250°C. After the temperature is reached, the mixture 
is transferred to the second stage reactor (R-1302) which operates at T = 250°C 
and represents the low temperature shift reactor. The reactor effluent is further 
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cooled using cooling water in heat exchangers E-1302 and E-1303, before being 
sent to the flash separator V-1301. The effluent is first cooled from T = 250°C to 
185°C in the first heat exchanger (E-1302), and finally it achieves a temperature of 
T = 20°C in the second heat exchanger (E-1303). The off-gas resulted in V-1301 
flash separator is a mixture of CO, H2 and CO2 gases, that is usually sent to a 
hydrogen-recovery process or to a combustion system, while the bottom product, 
water, is sent to a wastewater treatment unit. A significant amount of CO2 is 
obtained, which is further purified using a CO2 capture plant. The CO2 capture rate 
is about 90%, the CO2 removal uses an amine-based process. This is a standard 
industrial process, but not a subject included in the present work. For our process, 
it is considered that CO2 was already purified. 
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ABSTRACT. The objective of this study was to describe the hydrogen 
production from catalytic reforming of liquefied petroleum gas (LPG) with 
carbon capture and storage (CCS). Nowadays, hydrogen requires a lot of 
attention as a clean fuel as well as a chemical used in industrial applications 
(e.g. hydrogenation processes especially in oil refinery sector). The size of 
evaluated plant was 100000 Nm3/h hydrogen with a purity of 99.95% (vol.) to 
be in line with industrial hydrogen production capacities used in the oil 
refinery sector. A pre-combustion CO2 capture process based on Methyl-
DiEthanol-Amine (MDEA) was also considered to reduce the greenhouse 
gas emissions (decarbonisation of fossil LPG used). The carbon capture rate 
was about 78%. The evaluation was made using process flow modeling 
(ChemCAD) and the simulation results were compared with experimental 
data reported in the literature. A similar hydrogen production process from 
LPG reforming without carbon capture was also considered to assess the 
energy penalty for CO2 capture. This work is an important study for evaluation 
of reducing carbon footprint in oil refinery sector.  

 
Keywords: Liquefied petroleum gas (LPG); Hydrogen production; Carbon 
capture and storage (CCS). 

 
 
 
INTRODUCTION  

 
Hydrogen and liquefied petroleum gas (LPG) are one of the most often 

used fuels in various industrial applications. For instance, LPG is utilized in 
hundreds of industrial, transport and domestic applications. This fuel is 
composed mostly of propane, butane and ethane and it is used as a fuel for 
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many residential, commercial and agricultural applications, including cooking, 
hot water systems and heating. LPG is also employed as a propellant, 
refrigerant, vehicle fuel and petrochemical feedstock  [1]. Petroleum refining 
processes are the chemical engineering operations used in oil refineries in 
order to transform crude oil into useful products like liquefied petroleum gas 
(LPG), gasoline, diesel, kerosene, jet fuel, diesel oil and fuel oils [2].  

Petroleum refineries are very developed industrial complexes that 
include a lot of various processing units and auxiliary facilities such as utility 
units and storage tanks. The primary end-products produced in petroleum 
refining can be grouped into four categories: light distillates, middle distillates, 
heavy distillates and others [3]. LPG is a light distillates product. Petroleum 
refinery represents one of the biggest parts of the chemical industry for the 
production of products from petroleum and crude oil; either by the technical 
method, distillation or by chemical reaction of the crude oil includes treating 
the raw products by a vast variety of finishing processes to yield marketable 
end-products. A petroleum refinery is a complex group of manufacturing 
plants [4].  

LPG is the third most popular fuel for automotive in the world, with a 
number of approximate 16 million users of cars with this kind of fuel, which 
represent about 3% of the total market share. The countries that are shown 
more interest to used LPG in the transport sector are Turkey, South Korea, 
Poland, Italy and Australia and other countries as well, but with fewer 
consumers  [1]. The price is the biggest motivation for using LPG in the 
transport sector, which is almost with 40% lower than other fuels. The second 
advantage is that, LPG-powered vehicles produce fewer pollutants (e.g. 
carbon dioxide, sulphur oxides etc.) from their exhausts in comparison with 
gasoline and diesel-fuelled vehicles. However, the use of this kind of fuel also 
has disadvantage like the installations of those cars which are become 
recently old and in bad condition, which can be dangerous [1]. The 
importance of LPG for this study is giving by the fact that it is the main raw 
material for the production of decarbonised hydrogen [5].  

Hydrogen is the most common element in the Earth (combined as 
water) and also in the whole Universe with a lot of uses in very different 
areas. The primarily role of this chemical element is to create water which is 
almost the definition of life. Other industrial usage for hydrogen are in petro-
chemical industries, e.g. for hydrochloric acid production, methanol or 
ammonia production etc. It is often used as fuel because of its high calorific 
value and combustion generates plenty of energy [6].  

The production of hydrogen can be made in several ways, for which 
the most common technique is hydrocarbons steam reforming. Other methods 
include bio-hydrogen production, thermolysis or electrolysis. Hydrogen and 
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steam reforming are also used by many industries. Steam reacts with 
methanol to generate carbon monoxide and hydrogen. The whole process 
is done at high temperatures. When the temperature is set down, carbon 
monoxide will be produced and it can produce carbon dioxide and hydrogen. 
The overall energy efficiency is about 65 - 75%. 

Hydrogen is considerate one of the cleanest fuels, because when 
burnt, it does not produce greenhouse gases (e.g. CO2), only water vapor 
and because of that its production is very important in a lot of industries and 
maybe in the future would replace gasoline, oil and natural gas [7].  

Hydrogen can also be obtained from the reforming of liquefied 
petroleum gas (LPG), which is the method that will be discussed in this 
article. Liquefied petroleum gas (LPG) is a mixture of hydrocarbon gases, 
predominantly of propane and butane. In winter, LPG contains more propane, 
while in summer, it contains more butane, but its average composition is 
about 35% propane and 65% butane [1]. LPG exists as a gas at normal 
atmospheric pressure and temperature, but to minimize its volume, it is 
liquefied at high pressure [9]. Specification of the composition of LPG is 
required as traces of hydrocarbon impurities which can negatively affect the 
fuel quality and processing [8].  

According to the literature, the chemicals present in a reaction system 
for the steam reforming of LPG are: C4H10, C3H8, C2H6, C2H4, CH4, CO, 
CO2, H2, H2O and solid carbon (C). However, this reaction causes a side 
production of carbon dioxide and carbon monoxide, which are greenhouse 
gases and contribute to global warming [9]. The reactions which represent 
the system for the production of hydrogen are a set of 7 linearly independent 
reactions there are presented in Table 1 [10].  
 

Table 1. Reactions of steam reforming of LPG 
 

Reaction 1: C4H10 + H2O ↔ C3H8 + CO + 2H2 
Reaction 2: C3H8 + H2O ↔ C2H6 + CO + 2H2 
Reaction 3: C2H6 + H2O ↔ CH4 + CO + 2H2 
Reaction 4: C2H4 + H2O ↔ CH4 + CO + H2 
Reaction 5: CH4 + H2O ↔ CO + 3H2 
Reaction 6: CO + H2O ↔ CO2 + H2 
Reaction 7: CO + H2 ↔ C(S) + H2O 

 
The production of hydrogen from catalytic reforming of liquefied 

petroleum gas (LPG) is accompanied by production of carbon dioxide (CO2) 
which is a greenhouse gas. The fossil CO2 emissions need to be controlled in 
order to prevent or at least diminishes the global warming, melting glaciers 
and other environmental effects [11].  
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Carbon capture and storage (CCS) is the process of capturing waste 
carbon dioxide (CO2) from various fossil fuels-intensive processes (e.g. 
power generation, metallurgy, cement, petro-chemicals etc.) [12]. Once 
captured CO2 is then transport and stored to a storage site, where it will not 
return to the atmosphere, normally an underground geological formation. The 
purpose of this is to prevent the release of large quantities of carbon dioxide 
(CO2) into the atmosphere, which unfortunately has the potential to induce 
severe climate changes.  

Capturing carbon dioxide (CO2) is most effective at emission point 
sources, especially in the case of chemical industries with major carbon 
dioxide (CO2) emissions. Capturing CO2 from air is also possible, but not 
very practical because the carbon dioxide (CO2) is not concentrated. Impurities 
in this CO2 stream, like sulphur’s and water, could have a significant effect 
on their phase behaviour and could pose a significant threat of increased 
corrosion of pipeline and well materials. In instances where CO2 impurities 
exist, especially with air capture, a scrubbing separation process would be 
needed to initially clean the flue gas and gasifing coal, it is possible to 
capture approximately 65% of carbon dioxide embedded in it and sequester 
it in a solid form [13]. 

The conceptual methods used for the carbon capture and storage 
(CCS) are the following: 

 Post-combustion capture option in which the CO2 is removed after 
the combustion of the fossil fuel, using for a broad range of methods 
e.g. gas-liquid absorption by methyl-diethanol-amine (MDEA). The 
post-combustion capture processes are the most popular because of 
existing fossil fuel power plants that can be easily retrofitted to include 
carbon capture and storage (CCS) technology; 

 Oxy-fuel combustion option in which the fuel is burned in oxygen 
instead of air. This technique is promising in reducing the complexity of 
CO2 separation from the flue gases (avoiding nitrogen contamination), 
but the initial air separation step (by cryogenic air distillation) demands 
a significant amount of energy and also the cost of air separation 
technology is significant; 

 Pre-combustion CO2 capture option which is more often applied in 
the fertilizer production (ammonia, urea), various chemical industries 
(e.g. hydrogen production) and power production. Gas-liquid absorption 
is the most straightforward method for pre-combustion CO2 capture 
using either chemical (e.g. MEA, MDEA etc.) or physical (e.g. 
SelexolTM, Rectisol® etc.) solvents  
 

 According to the literature, the carbon capture rate in all these three 
conceptual CO2 capture processes is about 90 % to be commercially and 
economically viable. 
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PLANT CONFIGURATIONS AND MAIN DESIGN ASSUMPTIONS 
 
Figure 1 presents the conceptual design of hydrogen production 

method from gas petroleum liquefied (LPG) with CCS using MDEA-based 
gas-liquid absorption (noted as Case 2). In this figure, the operational steps 
which are required in order to obtain hydrogen and in the same time also to 
reduce the greenhouse gas emissions, by CO2 capture are illustrated. For 
CO2 capture process, a pre-combustion configuration was used based on 
gas-liquid absorption process using methyl-diethanol-amine (MDEA). The 
hydrogen-rich gas resulted after syngas decarbonisation is purified by a 
Pressure Swing Adsorption (PSA) unit to the required quality specification 
(purity higher than 99.95 % vol.). 

 

 
 

Figure 1. Hydrogen production from gas petroleum liquefied  
with carbon capture and storage using Methyl-Diethanol-Amine (MDEA) 

 
 

Figure 2 illustrates the conceptual design of hydrogen production 
from gas petroleum liquefied (LPG) without carbon capture and storage 
(noted as Case 1). This scheme was also evaluated (as a benchmark case of 
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the carbon capture design) with the purpose of presented a comparison 
between the two hydrogen production methods by LPG catalytic reforming 
with and without capture and storage of carbon dioxide (CCS). This comparison 
has the main purpose to underline the advantages and the disadvantages of 
carbon capture technology. Nowadays, the implementation of CCS technologies 
to whole industrial sector has a remarkable importance considering the facts 
that the fossil fuels (oil, natural gas, coal etc.) are predicted to remain the 
backbone of many industrial processes as well the fact that the carbon 
dioxide is a greenhouse gas producing global warming.  

 

 
 

Figure 2. Hydrogen production from gas petroleum liquefied  
without carbon capture and storage 

 
 

In order to evaluate the hydrogen production method from catalytic 
reforming of liquefied petroleum gas with and without carbon capture and 
storage, the both processes with and without CCS were assessed by a 
process flow modeling software (ChemCAD). Table 2 presents the main 
modeling assumptions used in the evaluation [14]. The developed models 
were validated by comparison to the literature data [11,15-16], no significant 
variations being noted. The simulation results were used to calculate the 
overall technical and environmental indicators.  
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Table 2. Main design assumptions of evaluated cases 
 

Unit Parameters 
Hydrogen production capacity & 
purity 

100000 Nm3/h 
Hydrogen purity: 99.95% (vol.) 

Fuel used: liquefied petroleum gas 
(LPG) 

Composition (% vol.): 65% butane, 35% propane 
Pressure: 30 bar 
Outlet temperature: 25oC 

LPG catalytic reformer Outlet temperature: 900oC 
Reactor type: Gibbs reactor 
Thermal mode: heat exchanger 
Pressure drop: 1 bar 
Heat duty (to be supplied by an external burner): 
148 MWth 
Overall heat of reaction: 88 MWth 

Water Gas Shift (WGS) conversion Outlet temperature: 400oC 
Reactor type: Equilibrium reactor 
Thermal mode: adiabatic 
Steam to CO ratio: 2 (molar)  
Pressure drop: 1 bar 

Hydrogen-rich gas (after shift 
conversion) 

Temperature: 40oC 
Pressure: 28.75 bar 
Composition (% vol.): 73.48% hydrogen, 21.32 % 
carbon dioxide, 2.54 % methane, 2.38 % carbon 
monoxide, 0.28 % water  

CO2 capture process  
 
 
Absorption column: 
 
 
Desorption column: 
 
 
 

Solvent used for CO2 capture: methyl-diethanol-
amine (MDEA) 
Concentration: 50 % wt. 
No. of stages: 30 
Column pressure drop: 1 bar 
Top pressure: 28 bar 
No. of stages: 10 
Column pressure drop: 1 bar 
Top pressure: 4 bar 
Reboiler duty: 18 MWth 

CO2 drying & compression CO2 drying: Tri-Ethylene-Glycol (TEG) 
3 compression steps with inter-cooling 
Final delivery pressure: 120 bar 
CO2 quality specification (vol. %) [14]: >95% CO2; 
<2000 ppm CO; <250 ppm H2O; <100 ppm H2S 

Hydrogen compression unit Delivery pressure: 60 bar 
Outlet temperature: 40oC 

Heat recovery steam generation 
unit 

Steam conditions: 470oC & 40 bar 
Steam turbine efficiency: 85 % 
Condensing pressure: 48 mbar 

Pumps and compressors Energy efficiency: 85 % 
Pressure ration: max. 3 

Heat exchangers Tmin. = 10oC;  
Pressure drop: 3 - 5% of inlet pressure 
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RESULTS AND DISSCUSSIONS 
 
The evaluated concepts of hydrogen production from liquefied 

petroleum gas (LPG) catalytic reforming process with and without carbon 
capture were modeled and simulated using process flow modeling software 
(ChemCAD). The size of evaluated hydrogen production concepts was 
100000 Nm3/h hydrogen with a purity of 99.95% (vol.) to be comparable with 
other industrial hydrogen production capacities used for instance in the oil 
refinery or various chemical sectors. 

By comparing the two methods of obtaining hydrogen from catalytic 
reforming of LPG with and without capture and storage of carbon dioxide 
(CCS), one can evaluate the technical and environmental advantages and 
disadvantages of carbon capture method e.g. overall energy efficiency, 
energy penalty for CO2 capture, specific CO2 emissions etc. These technical 
and environmental indicators are very important in any CCS project [17].  

All concepts were modeled and stimulated in a fully thermally 
integrated design [18]. Pinch analysis was used as main heat and power 
integration analysis tool with 10oC as minimum temperature difference. As an 
illustrative example of the thermal integration analysis, Figure 3 presents the 
Hot and Cold Composite Curves (HCC and CCC) for the LPG reforming case 
with carbon capture and storage.  

 

 
 

Figure 3. Hot and cold composite curves for LPG catalytic reforming with CCS 
 

In order to assess the overall performance of the process of hyrogen 
production from catalytic LPG reforming, the modeling and simulation of both 
plant configurations yields the required process data like mass and molar 
flows, pressures, composition, temperatures, heat and power generated and 
consumed.  
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For the calculations of overall plant performance, the following 
technical and environmental indicators were used: 

 
- Cold gas efficiency (CGE) reprezent the overall efficiency of 

reforming process and it is calculated with the following formula: 

100*
][

][

th

th

MWenergythermalFeedstock

MWenergythermalSyngas
CGE 

    (1) 
- Syngas treatment efficiency (STE) shows the energy losses 

through the syngas conditioning line (shift conversion, CO2 
capture) and is calculated with the below formula: 

100*
][.

][.

th

th

MWquenchexenergythermalSyngas

MWAGRexenergythermalSyngas
STE 

  (2) 
- Net electrical and hydrogen efficiencies ( powerη  and Hydrogenη ) 

indicates conversion process. These indicators are calculated 
using the following formulas: 

100*
][

][

th

e
power MWenergythermalFeedstock

MWoutputpowerNet
η     (3) 

 

100*
][
][

th

e
hydrogen MWenergythermalFeedstock

MWoutputthermalHydrogen
η     (4) 

- Carbon capture rate (CCR) is obtained considering the molar flow 
of captured carbon dioxide divided with carbon molar flow from 
the feedstock (LPG): 

100*
]/[

]/[2

hkmoleflowmolarcarbonFeedstock

hkmoleflowmolarCOCaptured
CCR 

   (5) 
- Specific CO2 emissions (

2COSE ) are calculated considering 

emitted CO2 mass flow for each MW power plus hydrogen 
generated within the process: 

100*
][

]/[2
2 MWoutputHydrogenpowerNet

hkgflowmassCOEmitted
SECO 

    (6) 

- Specific Primary Energy Consumption for CO2 Avoided 
(SPECCA) is considering the energy consumption for CO2 
capture and it was calculated with the formula: 

][][

][][

22

MWh

COkg
Emissions

MWh

COkg
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MWh

MJ
rateHeat

MWh

MJ
rateHeat
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CapturecaptureNo
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  (7) 
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One of the main purposes of the modeling and simulation work for the 
production of hydrogen through LPG catalytic reforming was to generate the 
mass and energy balances to calculate the overall plant performance indicators. 
The technical and environmental performance indicators for the evaluated 
hydrogen production processes from catalytic reforming of LPG without carbon 
capture (Case 1) and the similar process with carbon capture (Case 2) are 
presented in Table 3.  
 

Table 3. Performance indicators of hydrogen production from LPG reforming 
 

Main Plant Data Units Case 1 Case 2 
LPG flowrate t/h 35.82 35.82 
LPG lower heating value (LHV) MJ/kg 45.75 
Feedstock thermal energy (A) MWth 455.27 455.27 
    
Steam turbine output MWe 8.69 8.55 
Expander output MWe 2.60 1.54 
Gross power output (B) MWe 11.29 10.09 
Hydrogen output (C) MWth 300.00 300.00 
    
CO2 capture & compression MWe 0.00 5.71 
Hydrogen compression MWe 3.89 3.88 
Power island MWe 0.18 0.19 
Ancillary consumption (D) MWe 4.07 9.78 
Net power output (E = B - D) MWe 7.22 0.31 
Net power efficiency (E/A * 100) % 1.58 0.06 
Hydrogen efficiency (C/A * 100) % 65.89 65.89 
Cumulative energy efficiency % 67.47 65.95 
Carbon capture rate % 0.00 78.87 
CO2 specific emissions (H2+power) kg/MWh 351.77 75.97 
SPECCA MJ/kg CO2 - 0.44 

 
 

As can be noticed from Table 3, the hydrogen production process 
without CCS (Case 1) is slightly more efficient that the concept with CCS 
(Case 2) by about 1.5 net energy (hydrogen + power) efficiency percentage 
points. Comparing this energy penalty for CO2 capture with literature data 
[17,19] for other energy conversion systems with CCS (e.g. natural gas catalytic 
reforming, coal gasification etc.) one can notice that the LPG catalytic reforming 
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process is combining a high energy efficiency with low energy penalty for CO2 
capture. The carbon capture rate of Case 2 is about 79 % in line with other 
pre-combustion CO2 capture concepts applied for hydrocarbon reforming 
processes (e.g. natural gas, naphtha etc.) [20-21]. The specific primary energy 
consumption for CO2 avoided (SPECCA) is also promising in comparison to 
other CO2 capture methods (e.g. post-combustion capture option has a 
SPECCA value of about 3 MJ/kg CO2).  
 
 
CONCLUSIONS 

 
This paper evaluates the technical and environmental performances 

of hydrogen production (as a clean decarbonised fuel) from catalytic reforming 
of liquefied petroleum gas (LPG) with and without carbon capture and 
storage (CCS). A hydrogen production unit with 100000 Nm3/h (corresponding 
to 300 MW thermal output) was evaluated. The simulation results showed 
that the carbon capture concept (Case 2) has an overall energy efficiency with 
just about 1.5 net efficiency percentage points (as CO2 capture energy penalty) 
lower compared to the case without carbon capture (Case 1). The carbon 
capture rate for Case 2 was about 79 % and the specific CO2 emissions per 
MW of produced energy (hydrogen and power) are decreasing accordingly. The 
specific primary energy consumption for CO2 avoided (SPECCA) is also very 
promising for the hydrogen production through LPG reforming with CCS.  

In conclusion, the proposed LPG catalytic reforming process with 
carbon capture is a very promising option for reducing the CO2 emissions from 
hydrogen production processes (as the case of oil refinery sector as well as 
other large scale chemical applications e.g. ammonia, fertilizers). 
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ABSTRACT. Anthocyanins (ACNs) are water-soluble plant pigments 
belonging to the group of flavonoids, with antioxidant, anti-inflammatory 
and antibacterial activity. The antioxidant activities of extracts from berries 
and hibiscus were tested with the Briggs–Rauscher method. Adsorption of 
anthocyanins on biomaterials is a method for their stabilization. Hydroxyapatite 
(HAP) doped with inorganic silica has an increased specific surface, 
porosity and chemical reactivity. Anthocyanins from extracts of different 
berries were adsorbed on hydroxyapatite-based materials. The adsorption 
and desorption capacity of hydroxyapatite-based materials were measured 
and the adsorption capacity of different anthocyanin extracts were compared. 
It was concluded that the highest adsorption capacity and efficiency were 
obtained in the case of blueberry. Based on the results of the desorption 
experiments, it has been proven that HAP-Si-blueberry is more adequate 
to obtain a retard effect, despite the fact that the antioxidant activities of 
blueberry and blackcurrant are similar. 

 
Keywords: anthocyanin, antioxidant activity, hydroxyapatite-based materials, 
berries extract, hibiscus extract. 

 
 
 
INTRODUCTION  

 
Silica doped hydroxyapatite was mainly used for biomedical purposes. 

Besides biocompatibility, hydroxyapatite shows a very high reactivity with 
metal ions, which can lead to the use of this material in new application fields, 
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for example using water purification agents for heavy metal immobilization. 
Based on its ion exchange property (regarding calcium and other metal ions), 
HAP is widely used as a metal retainer material [1].  

Due to the introduction of silica, the specific surface, porosity and in 
this way the chemical reactivity of the apatite material is enlarged; doping 
the hydroxyapatite with silica can be a better material for metal removal [2-4]. 
HAP doped with inorganic silica has an increased specific surface, porosity 
and chemical reactivity. Heat-treated materials have a very low specific surface 
area, which explains the weak metal sorption properties of these materials. 
Materials containing silica have better sorption efficiency than unmodified 
hydroxyapatite and 10%wt silica-containing hydroxyapatite with low particle 
size has the highest copper sorption efficiency. Increase of the initial copper 
concentration decreases saturation time and increase of temperature increases 
copper sorption. Silica-containing hydroxyapatite shows very good copper 
sorption capacity, which can lead to the enlargement of the application fields of 
apatites [5]. 

 

Definition of antioxidant effect (AOX) 

Anthocyanins are water-soluble phytochemicals with a typical red to 
blue color. Anthocyanins belong to the group of flavonoids, they can be found 
in tea, honey, wine, fruits, vegetables, nuts, olive oil, cocoa and cereals. 
Anthocyanin extracts from plants are promising as a treatment for hypertension 
and hyperlipidemia [6]. Many authors have also reported about the antioxidant 
activity [7], anti-inflammatory activity [8, 9], cardioprotective activity [10], 
hepatoprotective activity [11] and antibacterial activity [12] of anthocyanins. 

Antioxidant activity denotes the ability of a bioactive compound to 
maintain cell structure and function by effectively clearing free radicals, inhibiting 
lipid peroxidation reactions and preventing other oxidative damage [13]. It is also 
a foundation of many other biological functions, such as anti-cancers, anti-
inflammation and anti-aging [14, 15]. On the other hand, the prevention of many 
chronic diseases, such as cancer, diabetes and cardiovascular disease, has 
been suggested to be associated with the antioxidant activity [16, 17]. 

 

Antioxidant activity measurements (AOX) 

Therefore, a deep study of natural antioxidants, such as those from 
fruits and vegetables, is of great importance to human health. There are different 
antioxidant testing methods, for example ORAC (oxygen radical absorbance 
capacity), TRAP (total radical trapping antioxidant parameter), TEAC (Trolox 
equivalent antioxidant capacity), FRAP (ferric ion reducing antioxidant parameter), 
reaction with DPPH (2, 2-diphenyl-1-picrylhydrazyl), TOSC (total oxidant 
scavenging capacity), etc., which provide different ranking orders for antioxidant 
capacity due to different experimental conditions [18-20]. 
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In this study the Briggs-Rauscher method (BR) was used, which is 
based on the inhibition of the oscillations due to the antioxidants reaction 
with the free radical intermediates. This method [21] was chosen because it 
works at pH 2 and partially mimics the physiological conditions similar to those 
of the fluids in the human stomach, and it is applicable for the investigation 
of hydrophilic as well as lipophilic compounds [22, 23]. The Briggs-Rauscher 
method was described by Cervellati et al. (2001) and it has been widely 
used since then [24-27]. Briefly, when antioxidants are added to an active BR 
mixture, there is an immediate quenching of the oscillations and the time 
elapsed between the cessation and the return of the oscillating regime, the so 
called inhibition time. The dependence of the inhibition time on the antioxidant 
concentration is suitable for determination of the antioxidant capacity. The 
slope of the curve representing inhibition time vs. antioxidant concentration 
(inhibition time versus concentration) can be used to calculate the relative 
antioxidant activity. The relative activity with respect to the slopes (RAS) of 
a compound is the ratio between the slope of the straight line of the 
respective compound and that of the chosen standard: RAS = slope (sample)/ 
slope (standard), so that a high RAS number means a better antioxidant 
effectiveness. The efficiency of the corresponding antioxidant is expressed as 
the length of time in minutes before oscillations restart. A prolonged inhibition 
time (tinhib.) means a better antioxidant activity. 

Adsorption of anthocyanins on biomaterials is a method for their 
stabilization. Hydroxyapatite (HAP) is an important biomaterial, although it 
does not possess all the necessary properties to be the perfect biomaterial 
(mechanical strength, chemical reactivity, etc.). Silica is also a component of 
the bone; therefore, several methods for the synthesis of silicon-substituted 
hydroxyapatites have been described. 

The aim of this work was the extraction of anthocyanins with AOX 
effect and their adsorption and desorption on hydroxyapatite (HAP) and silica-
substituted hydroxyapatite (HAP-Si). Anthocyanins stabilized by adsorption on 
HAP-based materials should be applied in stomatology as anti-inflammatory 
treatments to avoid the inflammation of the cardiac system. Consequently, our 
research was focused on: 

 

1. Extracting antioxidants from hibiscus and different berries; 
separation of anthocyanins from hibiscus extract and comparison of their 
antioxidant activity (the antioxidant activity was measured using the BR 
analytical method based on the inhibition of the Briggs-Rauscher oscillating 
reaction), 

2. Testing the adsorption capacity of anthocyanin extracts on HAP-Si, 
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3. Testing the antioxidant activity of extracts from hibiscus and 
anthocyanins from hibiscus extract, 

4. Testing the antioxidant activity of extracts from berries (blueberry, 
hawthorn, blackcurrant, blackthorn). 
 
 
RESULTS AND DISCUSSION 
 

Antioxidant activity evaluation 

Perturbation of the oscillatory BR system with a diluted extract causes 
the immediate cessation of the oscillations; the time elapsed between cessation 
and returns of oscillations (the so called inhibition time) are illustrated in Figure 1. 
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Figure 1. The effect of AEH extract on BR oscillating reaction. 
 
 

Analysis of AOX activities of AEH and HE  

Preliminary experiments regarding the AOX activity of anthocyanins 
were made in the case of AEH (anthocyanin from hibiscus extract) and HE 
(hibiscus extract). Stock solutions of HE and AEH were prepared by 
dissolving 0.001 g of extract in 10 ml of distilled water. The antioxidant 
activity was determined for several dilutions and the calibration curves were 
drawn for each of them. Variation of the inhibition time depending on the 
antioxidant concentration was found to be linear as can be seen in the figure 
below (Figure 2).  
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The relative antioxidant effect can be calculated from the slope of 
the calibration curves (see next paragraph). The relative activity with regard 
to slopes (RAS) is the ratio between the slope of the straight line of the 
sample and that of the standard; i.e. RAS = slope (sample)/slope (standard). 
As listed in Table 1, the chosen standard was the pure anthocyanin with a 
slope of 656.8, the slope of the extract calibration curve was 1371.1, the RAS 
of the extract was 2.1, thus the extract had more than double antioxidant 
capacity than the pure separated anthocyanin. This superior behavior is 
probably caused by the synergistic effect of other compounds present in the 
extract. 
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Figure 2. Concentration dependence of the inhibition time for: a) hibiscus extract;  
b) anthocyanin from hibiscus extract. 

 
 

Table 1. Relative activity calculated for hibiscus extract (HE) 
and for anthocyanin from hibiscus extract (AEH). 

 

Hibiscus Slope of calibration curves RAS 
HE 1371.1 2.1 

AEH 656.8 1 
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Testing the antioxidant activity of different types of berry extracts 

The antioxidant activities of different AOX extracts were determined 
for several dilutions and the calibration curves were drawn for each of them. 
Variation of the inhibition time depending on the antioxidant concentration 
was found to be linear as can be seen in Figure 3. 
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Figure 3. Concentration dependence of the inhibition time for: a) blueberry extract;  
b) hawthorn extract; c) blackthorn extract; d) blackcurrant extract. 

 
 
 

Relative antioxidant activity was calculated using the slopes of 
the calibration curves of the berry extracts. The chosen standard was 
blackcurrant. The results are summarized in Table 2. 
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Table 2. Relative antioxidant activity calculated for different types  
of berry extracts. 

 

Berry extracts Slope of calibration  
curves 

RAS 

Blackcurrant 5673.9 8.6 
Blueberry 5456.3 8.3 
Hawthorn 4475.7 6.8 
Blackthorn 856.98 1.3 

 
Based on the RAS values calculated, the following ranking of antioxidant 

activity could be concluded: 

Blackcurrant ≈ Blueberry > Hawthorn >> Blackthorn 

There is no significant difference between blackcurrant and blueberry. 
 

Adsorption results 

Preliminary experiments carried out with hibiscus and regarded to the 
extraction of anthocyanins and measurements of AOX activity showed that the 
adsorption capacity of the hibiscus extract (anthocyanins and other compounds) 
was higher than that of the pure anthocyanins (without other accompanying 
components), see Figure 4. 

 

0 10 20 30 40 50 60 12001500
1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

 anthocyanin from hibiscus extract 
  hibiscus extract 

Q
 (m

g/
g)

t (min)
 

0 10 20 30 40 50 60 12001500
40

50

60

70

80

90

 anthocyanin from hibiscus extract 
  hibiscus extract 

η
 (%

)

t (min)

Figure 4. The adsorption capacity qt (mg/g) and the adsorption efficiency 
 (%) of HAP-Si. 

 
Based on these results, the adsorption experiments were carried out 

with berry extracts from: blueberry, hawthorn, blackthorn, and blackcurrant. 
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The following table (Table 3) contains the adsorption capacity and 
adsorption efficiency of HAP-Si measured for extracts of different types of 
berries, obtained after 24 hours - time necessary to achieve the equilibrium. 

 
 

Table 3. Adsorption capacity qt (mg/g) and adsorption efficiency  
 (%) of HAP-Si measured for extracts of different types of berries. 

 

Anthocyanin 
mixture from: 

Adsorption capacity 
qt (mg/g) of HAP-Si 

Adsorption efficiency η 
(%) of HAP-Si 

Blueberry 50.29 41.91 
Hawthorn 45.06 37.55 

Blackcurrant 32.52 27.10 
Blackthorn 13.09 10.91 

 
It can be concluded (see Table 3), that the highest adsorption capacity 

and efficiency were obtained in the case of blueberry. Differences between 
adsorption capacities and efficiencies can be explained with the different 
types of anthocyanins found in the berries. 
 
 

Desorption experiments 

Preparation of HAP-Si-AOX tablets 

For desorption experiments, HAP-Si powder with anthocyanins 
adsorbed from berries was used. Samples were prepared using a Specac 
hydraulic presser to obtain tablets on which surfaces anthocyanins were 
adsorbed. After the tablets were made, the adsorbed anthocyanin was 
calculated from the adsorption capacity defined in the previous experiments 
(see Table 4). 

 
 

Table 4. Calculated adsorbed anthocyanin (mg and %) from 
HAP-Si-AOX tablets. 

 

Berries Tablet weight (g) Adsorbed 
anthocyanin (mg) 

Adsorbed 
anthocyanin % 

Blueberry 0.1345 6.76 5.0  
Hawthorn 0.1296 5.84 4.5  

Blackcurrant 0.1413 4.59 3.2  
Blackthorn 0.3383 4.43 1.3  
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Desorption of anthocyanins from HAP-Si-AOX tablets 

Desorption experiments were carried out as follows: tablets were 
immersed in simulated body fluid [28, 29] and the process was monitored by 
using a UV-VIS spectrophotometer. The desorbed amount of anthocyanin 
was calculated from the calibration curves of each extract. Desorption of the 
active compound from tablets is presented in Figure 5. 

 

 
Figure 5. The amounts (blue line) and percentages (black line) of desorbed 

anthocyanins were plotted versus time in the case of: a) blueberry;  
b) hawthorn; c) blackcurrant; d) blackthorn. 

 
 

Based on the desorption curves, the half-life values of the HAP-Si-
anthocyanin samples could be predicted, as summarized in Table 5. The 
results of the desorption experiments were well correlated with the adsorption 
experiments: the HAP-Si-blueberry sample had the highest adsorption capacity 
and the longest retention time of the adsorbed material at the same time. The 
order of adsorption capacity and the order of half-life were the same. 
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Table 5. Predicted half-life values of the HAP-Si-anthocyanins. 
 

HAP-Si-anthocyanins Predicted half-life (min) 
HAP-Si-blueberry 40 
HAP-Si-hawthorn 15 

HAP-Si-blackcurrant 10 
HAP-Si-blackthorn 2 

 
On the other hand, the antioxidant activities of blueberry and blackcurrant 

were similar (see Table 2), but the half-life values of the samples were different: 
HAP-Si-blueberry was more adequate to obtain a retard effect. 

 
 

Transmission Electron Microscopy (TEM) measurements 

Transmission electron microscopy was performed on HAP-Si and 
HAP-Si-AOX (HAP-Si powder with adsorbed anthocyanins from berries) samples. 
The resulted images are presented in Figure 6. As the TEM pictures show, 
there is a difference between HAP-Si and HAP-Si-AOX; the latter presents 
gelified materials (berry extract) containing polysaccharides and anthocyanins. 

 

 
(a) 

 
(b) 
 

Figure 6. TEM images at 200nm resolution of (a) HAP-Si and (b) HAP-Si-AOX 
(HAP-Si powder with adsorbed anthocyanins from berries). 
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CONCLUSIONS 
 
It can be concluded, that the adsorption capacity of hibiscus extract 

(anthocyanins and other compounds) was higher than that of the separated 
anthocyanins (without other accompanying components), due to the 
synergistic effect. 

Based on the first results (with hibiscus), further experiments were 
carried out with various berries using berry extracts containing anthocyanins 
and other compounds (such as polysaccharides). These extracts were 
compared based on their antioxidant activity and the following ranking was 
made: Blackcurrant ≈ Blueberry > Hawthorn >> Blackthorn. 

The resulted extracts were adsorbed on HAP-Si, and the adsorption 
capacity and efficiency of each were evaluated. Based on the results it can 
be concluded, that the HAP-Si of the blueberry extract had the highest 
adsorption capacity and efficiency. 

The desorption experiments in SBF showed that the HAP-Si-
blueberry composite had the highest half-life value. Due to these favorable 
properties, this composite can be used as supplement or dental filling/inlay 
with high antioxidant activity. 
 
 
EXPERIMENTAL SECTION 

 
Extraction and separation of anthocyanins from different plants 
 
Preparation of hibiscus extract (HE) by ultrasound-assisted extraction 

method 

The hibiscus (Hibiscus sabdariffa L.) petals used in this study is a bio-
product obtained from a Hungarian company. The powder of dried and mild 
hibiscus petals was mixed with different solvents in a conical flask. The 
conical flask was immersed in an ultrasonic bath at room temperature for 30 
minutes. To avoid the oxidation of anthocyanins, nitrogen gas was led in the 
flask to ensure an oxygen-free environment. Vacuum filtration was 
performed, and the filtered material was extracted from the filter and treated 
with solvent in the ultrasonic bath for 30 minutes. The filtrate was transferred 
into a single-neck flask and the solvent removed by a rotary evaporator using 
low temperature (40°C) and pressure to avoid the degeneration of the 
anthocyanin molecules. The filtrate was placed in the refrigerator to freeze 
overnight and then placed in the freeze drying apparatus to get rid of water. 
The hibiscus extract resulted from the above presented method will be 
denoted: HE. 
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Extraction of anthocyanin from hibiscus extract (AEH) 

Separation by solid phase extraction was used to extract pure 
anthocyanin from hibiscus extract. Oszmianski and Lee [30] developed this 
method and the steps of the extraction used in our study are summarized in 
Figure 7. 

 

+

Hibiscus 
powder

Double 
distilled water

Ultrasound 
assisted extraction

Lyophilization
LyophilizationSolid phase 

extraction (C18)

Hibiscus 
extract

Pure 
anthocyanin

 
Figure 7. Schematic flowchart of anthocyanin extraction and  

separation from Hibiscus petals 
 
 

The purified anthocyanin resulted from the above presented method 
will be denoted: AEH. 
 

Preparation of berry extract with AOX effect by ultrasound-assisted 
extraction method 

 

Fruits used in this method were bio-products deriving from a natural 
environment (Satu-Mare and Sălaj counties, Romania); during the ripening 
process, they were not treated with herbicides, nor insecticides, and were 
not contaminated with any pollutant. The following berries were used in 
this study: blueberry (Vaccinium spp.), hawthorn (C. pinnatifida), blackthorn 
(Prunus spinosa L.), and blackcurrant (Ribes nigrum L.). An amount of 0.5 g 
smashed berries was mixed with 30 ml of double distilled water in an 
Erlenmeyer flask. The flask was put in ultrasonic bath for 30 minutes at 
room temperature. The resulted solution was filtered by a vacuum filter. The 
filtrate containing anthocyanins and other compounds with possible AOX 
effect was kept in the refrigerator for 12 hours; after that the water excess 
was eliminated using a freeze-dryer. 
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The resulted extract contains different types of anthocyanins characteristic 
for each type of berry, other types of polyphenols and carbohydrates, and it will be 
hereinafter referred to as berry AOX mixture. The exact amount of extract 
yield from different types of berries is summarized in Table 6. 

 
 
Table 6. Extracted amount of anthocyanins and polysaccharides (g) 

from different types of berries. 
 

Berries 
Extracted amount of anthocyanins and 

polysaccharides (g)/ 
0.5 g smashed berries 

Blueberry 0.374 
Blackcurrant 0.357 

Hawthorn 0.335 
Blackthorn 0.257 

 
 

Antioxidant effect measurements of the plant extract 

In order to compare the antioxidant activity of the extract of berries 
and hibiscus, and that of pure anthocyanin separated from hibiscus, the BR 
analytical method was used. The measurements were performed in a 20 ml 
double-walled glass batch reactor connected to a FALC FA 90 thermostat 
(accuracy ± 0.1°C) in order to maintain a constant 20°C temperature. A 
FALC 60 magnetic stirrer at a constant stirring rate provided continuous 
stirring. Oscillations were monitored with a double-junction saturated calomel 
electrode (SCE) as a reference electrode, and a Pt electrode. They were 
connected to a computer through a PCI 6036 E data-acquisition interface. 
The oscillations were recorded through the LabView data-acquisition program 
and were processed by the means of Origin 9.0 program. Stock solutions of 
malonic acid (MA) (Aldrich, reagent grade, >99%), manganese (II) sulfate 
monohydrate (Reactivul, reagent grade, >99%), and potassium iodate (Merck, 
reagent grade, >99%) were made without further purification of the reagents 
using double-distilled water. H2SO4 (Merck, 96%) and H2O2 (Merck, 30%) were 
of analytical grade. Hydrogen-peroxide was standardized by permanganometric 
analysis. The BR mixtures were obtained by mixing the appropriate amounts of 
stock solutions in a way that finally resulted in the initial composition [KIO3] = 
0.0268 M, [H2SO4] = 0.0716 M, [MA] = 0.04 M, [MnSO4] = 0.004 M, [H2O2] = 
0.52 M. The order of mixing was: malonic acid, MnSO4, H2SO4, KIO3, and H2O2. 
Oscillations start after the addition of the H2O2. After the third oscillation 0.5 ml 
diluted raw juice was added to the reactor by using a micropipette. 
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Preparation of silica-substituted hydroxyapatite (HAP-Si) 

HAP-Si was prepared by precipitation method, as described in previous 
studies [31, 32], under controlled conditions. The following materials were used: 
calcium nitrate tetrahydrate, diammonium phosphate, 25% ammonia solution 
(Alfa Aesar), and sodium-silicate. The resulted material (HAP-Si with 10 wt% 
Si) had 87 m2/g specific surface. The materials were not heat-treated, because 
based on previous studies [31], calcined materials were known to have lower 
retaining capacity. 

 
Adsorption measurements 

The adsorption process was monitored by a Jasco V650 
spectrophotometer. In order to calculate the concentration of the extract, 
different dilutions of the extract were prepared (from a stock solution of 3 mg/l) 
and the absorbance at specific wavelength (= 535 nm) were plotted against 
the concentration of the extract. The adsorption measurements were carried out 
in thermostatic conditions (Falco FA90 thermostat), as follows: 0.05 g HAP-Si 
material was added to a 10 ml of berry solution with a concentration of 3 g/l 
(0.03 g extract + 10 ml water). The adsorption process was carried out in a 
brown beaker in order to avoid the degradation of anthocyanins caused by 
light. After 24 hours, the solution was centrifuged, separating the solid and liquid 
phase. The concentration was measured from the remaining solution using the 
UV-VIS spectrophotometer (V 530-Jasco) and then the adsorbed amount 
was calculated from the remaining anthocyanins in the solution. From this data, 
the adsorption capacity and adsorption rate were calculated, with the results 
presented in Table 4. 

Adsorption capacity qt (mg/g) and adsorption efficiency η  (%) were 
calculated with equations (1) and (2), using the following formula: 

 
 

adsorbent

adsorbed
t m

m
q                                                             (1) 

 

100100
i
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fi

c

c

c
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η                                          (2) 

 

where: madsorbed – adsorbed substance quantity (g) 
            madsorbent – adsorbent material quantity (g) 
            ci –adsorbed substance initial concentration (g/L) 
            cf – adsorbed substance final concentration (g/L) 
            cads – adsorbed substance concentration (g/L) 



PREPARATION AND CHARACTERIZATIONS OF NEW BIOMATERIALS BY ANTHOCYANINS … 
 
 

 
267 

 
REFERENCES 

 
1. J.A. Gomez del Rýo, P.J. Morando, D.S. Cicerone, Journal of Environmental 

Management, 2004, 71, 169. 
2. H.Y. Xu, L. Yang, P. Wang, Y. Liu, M.S. Peng, Journal of Environmental 

Management, 2008, 86, 319. 
3. F. Fernane, M.O. Mecherri, P. Sharrock, M. Hadioui, H. Lounici, M. Fedoroff, 

Materials Characterization, 2008, 59, 554. 
4. H. Shi, H. Zhong, Y. Liu, J.Y. Deng, Acta Geologica Sinica -English Edition, 

2007, 81, 517. 
5. E.S. Bogya, R. Barabás, L. Bizo, V. R. Dejeu, Proceedings of the 11th ECERS 

Conference, Krakow, 2009, 1109. 
6. L.G. Ranilla, Y.-I. Kwon, E. Apostolidis, K. Shetty, Bioresource Technology, 

2010, 101, 4676. 
7. R. Nowak, M. Olech, N. Nowacka, “Polyphenols in Human Health and 

Disease”, first ed., Academic Press, Elsevier, 2014, chapter 9. 
8. A.J. Gomes Castro, L.S.E.P. Will Castro, M.S. Nascimento Santos, M.G.C. 

Faustino, T.S. Pinheiro, C.M.P. Guerra Dore, I.G. Baseia, E. Lisboa Leite, 
Biomedicine & Preventive Nutrition, 2014, 4, 121. 

9. L.-L. Huang, C. Pan, L. Wang, L. Ding, K. Guo, H.-Z.Wang, A.-M Xu, S. Gao, 
The Journal of Nutritional Biochemistry, 2015, 26, 841. 

10. R. Fu, Y. Zhang, Y. Guo, T. Peng, F. Chen, Journal of Functional Foods, 2016, 
22, 73. 

11. V.M. Navarro Garcia, G. Rojas, L.G. Zepeda, M. Aviles, M. Fuentes, A. 
Herrera, E. Jiménez, Pharmaceutical Biology, 2006, 44, 297. 

12. C. Zhang, Z. Gao, C. Hu, , J. Zhang, , X. Sun, C. Ronga, L. Jia, International 
Journal of Biological Macromolecules, 2017, 95, 778. 

13. L. Bravo, Nutrition Reviews, 1998, 56, 317. 
14. Y. Cai, Q. Luo, M. Sun, H. Corke, Life Sciences, 2004, 74, 2157. 
15. Z.L. Ke, Y. Pan, X.D. Xu, C. Nie, Z.Q. Zhou, Journal of Food and Nutrition 

Research, 2015, 3, 341. 
16. P. Rajendran, N. Nandakumar, T. Rengarajan, R. Palaniswami, E.N. 

Gnanadhas, U. Lakshminarasaiah, J. Gopas, I. Nishigaki, Clinica Chimica 
Acta, 2014, 436, 332. 

17. J. Yu, L. Wang, R.L. Walzem, E.G. Miller, L.M. Pike, B.S. Patil, Journal of 
Agricultural and Food Chemistry, 2005, 53, 2009. 

18. C. Grajeda-Iglesias, E. Salas, N. Barouh, B. Baréa, A. Panya, M.C. Figueroa-
Espinoza, Food Chemistry, 2016, 194, 749. 

19. K.M. Schaich, X. Tian, J. Xie, Journal of Functional Foods, 2015, 14, 111. 
20. B. Du, B. Xu, Bioactive Carbohydrates and Dietary Fibre, 2014, 3(1), 11. 
21. N. Muntean, G. Szabó, M. Wittmann, T. Lawson, J. Fülöp, Z. Noszticzius, L. 

Onel, The Journal of Physical Chemistry A, 2009, 113, 9102. 
22. R. Cervellati, K. Höner, S.D. Furrow, D. Stanley, C. Neddens, S. Costa, 

Helvetica Chimica Acta, 2001, 84, 3533. 



RÉKA BARABÁS, NORBERT MUNTEAN, GABRIELLA SZABÓ, KRISZTINA MAURER, LILIANA BIZO 
 
 

 
268 

23. R. Cervellati, E. Greco, Helvetica Chimica Acta, 2016, 99, 41. 
24. N. Muntean, G. Szabó, Studia UBB Chemia, 2013, LVII, 2, 175. 
25. N. Muntean, G. Szabó, Studia UBB Chemia, 2015, LX, 3, 273. 
26. M. Li, G. Hu, Y. Chen, Food Chemistry, 2016, 197, 987. 
27. D. Skroza, I. Generalić Mekinić, S. Svilović, V. Šimat, V. Katalinić, Journal of 

Food Composition and Analysis, 2015, 38, 13. 
28. T. Kokubo, H. Takadama, Biomaterials, 2006, 27, 2907. 
29. T. Kokubo, S. Ito, M. Shigematsu, S. Sanka, T. Yamamuro, Journal of Materials 

Science, 1987, 22, 4067 
30. J. Oszmianski, C.Y. Lee, American Journal of Enology and Viticulture, 1990, 

41, 204. 
31. E.S. Bogya, R. Barabás, V.R. Dejeu, Al. Csavdari, I. Bâldea, Chemical Papers, 

2009, 63, 568. 
32. Al.-C. Dancu, R. Barabás, E.S. Bogya, Central European Journal of Chemistry, 

2011, 9, 660. 



STUDIA UBB CHEMIA, LXII, 4, Tom II, 2017 (p. 269-281) 
(RECOMMENDED CITATION) 
DOI:10.24193/subbchem.2017.4.23 
 
 
 
 

 
 

BEHAVIOR OF MULTISUBSTITUTED HYDROXYAPATITES IN 
WATER AND SIMULATED BODY FLUID  

 
 

OANA CADARa, REKA BALINTb, GHEORGHE TOMOAIAc,d,  
DIANA FLOREAb,e, IOAN PETEANb, AURORA MOCANUb,  

OSSI HOROVITZb, MARIA TOMOAIA-COTISELb,d*  
 
 

ABSTRACT. Nanostructured hydroxyapatite (HAP) and three multiple 
substituted HAPs, containing Mg, Zn, Sr and Si were synthesized by a wet 
precipitation method The presence of the HAP lattice as unique crystalline 
phase was established by XRD and by FTIR spectroscopy. The chemical 
composition was confirmed by SEM-EDX. The TEM, SEM and AFM imaging 
showed the morphology of these biomaterials. The elements release in 
water and in simulated body fluid (SBF) was monitored in time from 1 to 90 
days, by using inductively coupled plasma optical emission spectrometry 
(ICP-OES). The results are important for the future use of these hydroxyapatite 
biomaterials, as bone substitutes or coatings on metallic implants, able to 
release essential physiological elements, both in vitro and in vivo, with great 
impact in orthopedics and dentistry.  

 
Keywords: multisubstituted hydroxyapatites, magnesium, zinc, strontium, 
silicon, ions release, water, SBF 

 
 
 
INTRODUCTION  

 
The increasing application of biomaterials based on synthetic 

hydroxyapatites (HAPs) as bone substitutes imposes the preparation of 

                                                            
a INCDO INOE 2000, Research Institute for Analytical Instrumentation, 67 Donath Str., RO-

400293, Cluj-Napoca, Romania 
b Babeş-Bolyai University, Faculty of Chemistry and Chemical Engineering, Department of 

Chemical Engineering, 11 Arany J. Str., RO-400028, Cluj-Napoca, Romania 
c Iuliu Hatieganu University of Medicine and Pharmacy, Orthopedics and Traumatology 

Department, 47 Mosoiu T. Str., RO-400132 Cluj-Napoca, Romania 
d Academy of Romanian Scientists, 54 Splaiul Independentei, RO-050094 Bucharest, Romania 
e Iuliu Haţieganu University of Medicine and Pharmacy, Faculty of Dentistry, 8 Babeș V. Str., 

Cluj-Napoca, 400012, Romania 
*Corresponding author:  mcotisel@chem.ubbcluj.ro 



O. CADAR, R. BALINT, GH. TOMOAIA, D. FLOREA, I. PETEAN, A. MOCANU, O. HOROVITZ, M.T.-COTISEL  
 
 

 
270 

HAPs with a composition which imitates that of the mineral phase of natural 
bone [1-3]. Along with calcium and phosphorus, a series of other elements 
are important in the biological function of the bone 

Magnesium is found in bones and teeth. It is implied in bone growth 
and remodelling by the activation of osteoblast cells [4], while its deficit is 
related to osteoporosis. Zinc inhibits the osteoclasts [5] and increases the 
response of osteoblasts [6]; anti-inflammatory [7] and antimicrobial effects [8] 
of HAP with Zn were also reported. Strontium is known to regulate bone 
turnover by increasing the activity of osteoblasts [9] and diminishing bone 
resorption [9] acting on the osteoclasts [10]. Strontium ranelate is increasingly 
used in the treatment of osteoporosis [11] Silicon is also implied in the 
bioactivity of osteoblasts [12,13]. 

Strontium can substitute calcium in HAP, Ca10(PO4)6(OH)2 in any 
proportion, even up to 100% [14]. The substitution of Mg2+ for Ca2+ is more 
problematic, since the ionic radius of Mg2+ is much lower than that of Ca2+, 
and the HAP lattice is distorted. There are contradictory assumptions about 
the limit of subtitution of Ca by Mg. According to many authors, this limit is 
2.46 wt% Mg (10 mol% of Ca substituted by Mg) [15-18], The Mg in excess 
would be located in the amorphous phase and/or on the crystallite surface, 
while for higher Mg content a mixture of phases is obtained [19]. For zinc 
substituted HAPs, the limit of substitution is considered to be 12.4 wt% Zn 
(20 mol% of Ca substituted by Zn) [20, 21]. As for silicon, the estimated 
theoretical limit of phosphorus substitution, with conservation of the HAP 
lattice, would be 5.8 wt% Si. But experimentally lower limits were found, from 
5 down to 3 wt% Si [e.g. 22, 23]. 

In the present investigation, multiple substituted HAPs containing the 
above mentioned elements, were prepared and characterized, and the 
release of their elements in water, respectively their release and uptake in 
simulated body fluid (SBF) was studied  
 
 
RESULTS AND DISCUSSION 

 
Pure hydroxyapatite (HAP), a complex triple substituted hydroxyapatite, 

with Mg, Zn and Si (HAPc), and two tetrasubstituted complex hydroxyapatites, 
containing Mg, Zn, Si and Sr were prepared. Their compositions are given in 
Table 1. The theoretical formula in the table were calculated assuming that 
Mg2+, Zn2+ and Sr2+ ions partially substitute for Ca2+ ions in the HAP lattice, 
while Si, as silicate SiO4

4- ions substitutes some of the phosphate, PO4
3- ions, 

with a corresponding diminution of the number of OH- ions, in order to 
maintain the electroneutrality of the lattice, according to the general formula: 
Ca10-x-y-zMgxZnySrz(PO4)6-u(SiO4)u. 
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Table 1. Composition of HAP and complex HAPs  

 
 
Structural and morphological characterization 

The HAP structure, as unique phase present in all samples, was 
confirmed by XRD investigations. As an example, the XRD pattern for HAPc-
Sr5 is compared in Fig. 1 with the powder diffraction file (PDF) 74-056 for 
pure HAP. The mean size of crystallites in the samples is about 40 nm and 
the degree of crystallinity 40-50%, the highest for pure HAP, the lowest for 
HAPc.  

The FTIR spectrum is also that characteristic for hydroxyapatites, 
with the absorption bands corresponding to the vibrations of P-O bonds in 
PO4 and of the structural O-H group (Fig. 2 for the example of HAPc- Sr10). 
With increasing Sr content, the intensity of the OH bands decreases, and in 
the spectrum of HAPc-Sr10, the libration band at about 634 cm-1 appears 
only as a shoulder (Fig. 2b).  
 

 
 

Figure 1. XRD patterns for HAPc-Sr5, compared with PDF 74-0566 for 
hydroxyapatite 
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Figure 2. FTIR spectrum for HAPc-Sr10 (a), and detail (b). 
 
 

The TEM (Fig. 3) and SEM (Fig.4a) images present the morphology 
of HAP particles. In the EDX spectrum of HAPc-Sr10 (Fig. 4b), the peaks for 
Ca, P, Mg. Zn, Sr and Si are all visible, along with peaks of gold, which was 
used to coat the hydroxyapatite particles for SEM imaging.  

 

     
a.                                                   b. 

Figure 3. TEM images of HAP (a) and HAPc-Sr10 (b). The bars in the images are 100 nm. 
 

    
a.                                                               b. 

Figure 4. SEM image (a) and EDX spectrum (b) of HAPc-Sr10;  
the bar in image (a) is 300 nm.   
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                         a                                       b                                    c         
 

 
 

d                                                                 e 
 

Figure 5. AFM images: 2D topography (a), phase (b), amplitude (c), 3D 
topography (d), cross section profile (e) for lyophilized HAPc-Sr5 powder,  

calcined at 300 OC, for 1h. 
 
AFM images of lyophilized HAPc-Sr5 powders, calcined at 300 oC for 

1h, as self-assembled layer on glass are shown in Fig. 5. As remarked in 2D 
topography (Fig. 5a), phase image (Fig. 5b), amplitude image (Fig. 5c) and 
3D-topography (Fig. 5d), the shape of particles is almost spherical with an 
average diameter of 38 ± 3 nm, also visualized in cross profile (Fig. 5e).  

The HAPc-Sr5 layer shows a rather low surface roughness, expressed 
as root mean square, RMS of 1.23 nm given on scanned area, and 0.37 nm 
on cross profile.  

AFM images displayed, for all calcined lyophilized powders, the average 
size of particles in the nanoscale range, showing that these biomaterials are 
formed from nanoparticles in very good agreement with TEM and SEM data.  

Behavior in water 

The content of the elements (Ca, P, Mg, Sr, Si) which were released 
from the solid samples immersed in ultrapure water for 1 day to 90 days is 
represented in Fig. 6. The Zn content in the aqueous phase was below the 
limit of detection for all the samples. 
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Figure. 6. Calcium (a), phosphorus (b), magnesium (c), strontium (d), and silicon (e) 
release in water after immersion of HAPs samples for 1 – 90 days.  
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The calcium content in solution (Fig. 6a) is low, because of the little 
solubility of HAP in water; it is practically constant in time, and so after the 
1st day the limit of solubility seems to be attained. For the substituted HAPs, 
the amount of Ca released is higher than from pure HAP, and very similar 
for all the complex HAPs. 
 The image is quite similar for P release in water (Fig. 6b), but the 
difference between substituted HAPs and pure HAP is larger (except for the 
first 3 days). The P/Ca ratio in solution is higher than in the solid samples, 
which points out an incongruent dissolution process [24, 25]. 
 The Mg release (Fig. 6c) is increasing in time during the first 3-4 
weeks, and then remains almost constant. The amount of Mg passed in the 
aqueous phase is disproportionately high as compared with its content in the 
solid samples. It is lower for the HAPc-Sr samples, denoting a stabilization of 
the complex HAP by the simultaneous presence of Mg and Sr [26]. 
 The Sr release (Fig. 6d) is slowly increasing in time, and it is larger 
for a higher Sr content in the solid sample. Other investigations also 
showed that the solubility of Sr substituted HAPs increases continuously 
with increasing strontium content [27]. 
 The Si content in the solution (Fig. 6e) is nearly constant in time 
after the first day; it is highest for HAPc and decreases with increasing Sr 
content. It is also higher than expected from the Si content in the samples. 
 
 

Behavior in SBF is illustrated in Figures 7a-e 

Ca (Fig. 7a ) is initially removed from the SBF solution by the HAP 
and substituted HAP samples, but after the first days an equilibrium is 
established between solid HAP and solution. Two opposite processes 
determine the Ca2+ concentration in the solution, namely the uptake of Ca2+ 
ions to form a newly grown apatite lattice and the release of these ions. For 
complex HAPs the Ca content in the solution is lower than for simple HAP 
and continued to diminish slowly till the end of the testing period. This could 
be explained by an ionic exchange with the solution Ca2+ ions from SBF, 
which substitute Mg2+ and Sr2+ ions from the lattice. 
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Figure 7. Calcium (a), phosphorus (b), magnesium (c), strontium (d), and silicon 
(e) contents in SBF after immersion of HAPs samples for 1 day to 90 days. 
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The phosphate content of the SBF (Fig. 7b) is almost totally used in 
the formation of new HAP lattice. For the substituted HAPs there is also a 
continuous diminution of the P content in the solution, but it remains above 
that in presence of pure HAP, probably due to their increased solubility, with 
phosphate ions release  
 While Mg content in SBF (Fig. 7c) decreased in presence of HAP to a 
constant value after a month, for substituted HAPs the Mg content in the 
solution remains nearly constant. There is an uptake of Mg2+ ions to the HAP 
lattice, but for the complex HAPs with 1.5 wt% Mg in the samples, this 
process is counterbalance by Mg release from the lattice and/or ionic 
exchange with the Ca2+ ions of SBF [28].   
 Sr (Fig. 7d) and Si (Fig. 7e) release in SBF present a similar trend as 
in water, but they are intensified, probably due to the ionic exchange with 
calcium, respectively phosphate ions from SBF. The increased release of Sr 
from HAPs in SBF was also observed in other samples [29]. 

 
 

CONCLUSIONS 
 
The introduction of essential elements with important biological 

effects in nanostructured hydroxyapatite was proved by the physico-chemical 
investigations used in the present study. The multisubstituted HAPs presented 
an average degree of crystallinity and nanoparticle size pertaining to the 
nanoscale. The presence of Mg and Zn has a destabilizing effect on the HAP 
lattice, while the addition of Sr diminishes this effect. The release of their 
component elements was examined in aqueous solutions, as a model for 
biological liquids. The increased Sr concentration within HAP structure has 
significantly influenced the Sr release in both media: water and simulated 
body fluid. Notably, a different Ca, Mg and P profile is determined in both 
media, and the formation of a new biomimetic hydroxyapatite is apparently 
promoted in SBF. The long time release observed for the valuable physiological 
elements contained in multisubstituted hydroxyapatites evidences a promising 
future of these biomaterials for biomedical purposes.  
 
 
EXPERIMENTAL SECTION 

 
Samples preparation: A solution containing the cations, and one 

containing the anions were prepared. The 0.25 M cations solution contained 
Ca2+, and additionally for the complex HAPs: Mg2, Zn2, and Sr2+, according to 
the composition to be obtained. It was prepared by dissolving in ultrapure 
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water the nitrates: Ca(NO3)2·4H2O (Merck), Mg(NO3)2·6H2O, Zn(NO3)2·6H2O 
and Sr(NO3)2 (all from Sigma-Aldrich). The 0.15 M anions solution contained 
PO4

3-, and (for the complex HAPs) SiO4
4-; it was obtained from diammonium 

hydrogen phosphate, (NH4)2HPO4 (Sigma-Aldrich) and tetraethyl orthosilicate, 
TEOS, Si(OC2H5)4 (98%, ALFA AESAR, Germany) in the adequate ratio. The 
working pH was 11.5, fixed by adding a 25% ammonia solution (Merck). 

The solutions were quickly mixed (equal volumes) at room temperature 
22oC, using a peristaltic pump and an impact reactor type “Y” for the two 
liquid flows [12, 14, 21, 30-34]. The obtained suspension was maturated in 
two stages: at 22oC for 24 h, and at 70°C, for other 24 h, under intermittent 
stirring. The final precipitate was filtered and washed repeatedly with 
ultrapure water until nitrate free, at room temperature. It was dried by 
lyophilisation, and calcined at 300oC for one hour, and then disintegrated in a 
ball mill, to obtain a fine powder.  

Samples characterization: X-Ray Diffraction (XRD) investigations 
were carried out using a DRON-3 diffractometer, in Bragg-Brentano 
geometry, equipped with a X-ray tube with cobalt Kα radiation, wavelength 
1.79026 Å), 25 kV/20 mA. FTIR spectra were measured on KBr pellets, 
containing the sample powders with a FTIR spectrometer JASCO 6100 in the 
4000-400 cm-1 range of wave numbers, with a 4 cm-1 resolution.  
The HAPs aqueous dispersions needed for TEM and AFM imaging were 
homogenized using a high-intensity ultrasonic processor Sonics Vibra-Cell, 
model VCX 750, for 5 minutes, at room temperature, 22 oC. Transmission 
electron microscope: TEM JEOL–JEM 1010 was used to determine the 
shape and the size of the phosphates nanoparticles. The samples were 
dispersed in deionized water, and the resulted colloidal dispersion was 
adsorbed on the TEM grids. For the examination with the scanning electron 
microscope, SEM Hitachi SU-8230, operated at 30 kV was used. It is 
equipped with Oxford energy-dispersive X-ray spectrometer (EDS) for 
elemental analysis (EDX spectra). SEM grids are made of Cu, covered by a 
carbon layer of 10 to 20 nm thickness. SEM samples were prepared by 
deposition of HAP samples, as powder, in thin layers on SEM grids The 
samples were gold sputtered in the AGAR, Auto Sputter Coater.  

Atomic force microscopy (AFM) images were obtained using the AFM 
JEOL 4210 equipment, operated in tapping mode, using standard cantilevers 
with silicon nitride tips, with resonant frequency in the range of 200-300 kHz 
and spring constant of 17.5 N/m [35-45]. The particles were adsorbed from 
their aqueous dispersion on optically polished glass support. 

Elements release tests: The Ca, P, Si and Mg amounts were measured 
in the solutions after immersion of 0.15 g of each sample in 15 mL ultrapure 
water, respectively Kokubo simulated body fluid (SBF) and incubation at 
37oC in separated closed flasks for each sample/day. SBF solution as 
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prepared according to Kokubo's SBF solution [46] having the composition 
(mmol/dm3): Na+ (142.0); K+ (5.0); Mg2+ (1.5); Ca2+ (2.5); Cl- (147.8); HCO3

- 
(4.2); HPO4

2- (1.0); SO4
2- (0.5), and buffered at the physiologic pH 7.40 at 37 ◦C, 

with tris(hydroxymethyl)amino methane and hydrochloric acid. After 1, 3, 7, 
14, 21, 30, 60, and 90 days, the supernatant (after centrifugation) was filtered 
Ca, Mg, P, Sr, Zn and Si contents in the filtrate were determined using an 
inductively coupled plasma optical emission spectrometer (ICP-OES) OPTIMA 
3500 DV (Perkin-Elmer, USA). For calibration, multi-element standard solutions 
were prepared by the dilution of stock multi-element 1000 mg/L solutions Merck 
IV. All the experiments were performed in triplicate and the results were 
calculated as average values. The elements content in SBF solution without 
samples of hydroxyapatites was also measured in the same days, and the 
average value was calculated. 
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EXPERIMENTAL STUDY OF SULFUR DIOXIDE ABSORPTION 
INTO CARBONATE SUSPENSIONS  

WITH SULFITES ADDITION 
 
 

SIMION DRĂGANa 
 
 
ABSTRACT. This paper presents the experimental results obtained by sulfur 
dioxide chemisorption into carbonate suspension with sulfites addition at 
different temperatures and concentration of the absorbent suspension. 
Presence of sulfites in the absorbent suspension has a positive influence 
on the global rate of the absorption process. The acceleration of SO2 
chemisorption process in the absorbent suspension containing MeSO3 – 
MeCO3 is determined by the higher concentration of ions in the liquid phase 
resulted from higher solubility of MeSO3 comparative with MeCO3. The 
addition of MeSO3 at a concentration of 10% in the composition of the 
absorbent suspension determines a significant decrease of the time required 
for obtaining a high conversion. 
 
Keywords: wet desulfurization, carbonate suspension, sulfites addition. 

 
 
 
INTRODUCTION  

 
The issue of environmental pollution is a consequence of industrial 

development. An industrial sector with a major environmental impact is the 
energy sector, which is a major source of pollution by combustion of fossil 
fuels [1-3]. Desulfurization of combustion gases is currently the subject of 
numerous experimental research and research projects that have proposed 
and developed numerous desulfurization processes: dry, semi-dry and wet 
[4-8]. 

Independent of the type of desulfurization process applied in a 
desulphurization plant, two main conditions are required: 
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• the removal of sulfur dioxide from the waste gas with minimal 
investment and exploitation costs; 

• the product must have storage capacity and can be reusable. 
Researches in the field of combustion gases desulfurization are 

directed towards the development of technologies that produce sulfur 
compounds that can be fully utilized. A great prospect is the SO2 absorption 
process into dolomite suspension thus reducing the amount of gypsum due 
to the fact that part of the sulfur is recovered as MgSO4, compound with 
many practical uses [9]. 

The kinetic study of the SO2 chemisorption process into dolomite-
brucite suspensions revealed that the global process takes place according 
to the shrinking core model without crust or according to the unreacted core 
model with crust formation of the reaction products [9-10]. In the temperature 
range T = 293-333K and the suspension concentration C = 5-15% limitative 
steps of the global absorption process are the diffusional processes. At low 
concentrations of the suspension and high temperatures, the diffusion 
through the liquid phase to the outer surface of the granule is the determining 
step. At low temperatures and high concentrations of the suspension, the 
limitative step is the diffusion through the crust of reaction product.  

 
 

RESULTS AND DISCUSSIONS 
 
The investigations present the influence of the suspension concentration 

and temperature on the global rate of the chemisorption process. Preparation of 
the suspension containing MeCO3 and MeSO3 can be achieved if the 
neutralization zone of the industrial absorber is comprised of two compartments: 
 

I. Neutralization compartment - where the following reactions occur: 
 

Mg(HSO3)2 + MgCO3 → 2MgSO3  + CO2 + H2O                                        (1) 
Mg(HSO3)2+ CaCO3 → MgSO3 + CaSO3 + CO2 + H2O                             (2) 
Ca(HSO3)2 + CaCO3 → 2CaSO3 + CO2 + H2O                                          (3) 
Ca(HSO3)2 + MgCO3 → CaSO3 + MgSO3 + CO2 + H2O                            (4) 
 
II. Oxidation-neutralization compartment - where the following reactions 

occur: 
 

Mg(HSO3)2 + O2 → 2MgSO4 + H2SO4                                                       (5) 
Ca(HSO3)2 +O2 +2H2O→ CaSO4 2H2O + H2SO4                                       (6) 
H2SO4 +CaCO3+2H2O→ CaSO4 2H2O+CO2+H2O                                    (7) 
H2SO4 +MgCO3→ MgSO4 +CO2+H2O                                                       (8) 
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The MeSO3-MeCO3 suspension resulting from compartment I is 
recirculated in the absorption column and the slurry accumulated in compartment 
II is filtered and processed to recover CaSO4 and MgSO4. 

The experimental study of the absorption process showed that 
regardless of the temperature and concentration of the suspension there is 
a period at the beginning of the process where the chemisorption rate is 
lower. The duration of this induction period extends until the pH of the 
suspension decreases from pH=6.7-7 to pH<5.5. In the range of pH=7-5.5, 
thermodynamically stable are MeSO3 neutral sulfites, which have a low 
solubility. When the pH of the suspension decreases to pH<5,5 the neutral 
sulfites MeSO3 react with H2SO3 to form acid sulfites whose high solubility 
eliminates crust formation and so, the rate of chemisorption increases. This 
suggests the acceleration of the SO2 chemisorption process into dolomite-
brucite suspensions if the absorbent suspension also contains MeSO3 in 
addition to MeCO3. 

The intensification of the SO2 chemisorption process in the absorbent 
suspension containing MeSO3 –MeCO3 is determined by: 
 -the higher-concentration of ions ܱܵܪଷ

ି in the liquid phase resulting 
from the following reactions: 
 

CaSO3 + SO2 + H2O → Ca(HSO3)2                                                           (9) 
 MgSO3 + SO2 + H2O→Mg(HSO3)2                                                          (10) 
 
 These reactions cause the increase of ion ܱܵܪଷ

ି diffusion to be by 
the liquid phase to the outer surface of the solid granule; 
 -the higher solubility by an order of magnitude of the CaSO3 
compared to CaCO3 and for the MgSO3 to 104 compared to the MgCO3 [11], 
causing the chemisorption reactions at the outer surface of the solid granules 
and into volume of the solution; 
 - the increase of the contact surface of the reactants due to the 
dissolution of MgSO3, since the solid granules become more porous. 
These were the theoretical bases that determined the SO2 chemisorption to 
be performed in MeCO3-MeS03 suspensions.  
 Based on the experimental results, the rate constants in the range T = 
293-333 K and for three different concentrations of the suspension were 
calculated. The obtained results of the sulfur dioxide absorption into dolomite-
sulfite (MeCO3 -MeSO3) suspensions are presented in comparison with those 
obtained by absorption carried out only into dolomite (MeCO3) suspensions.  

The influence of the concentrations of MeCO3-MeSO3 suspensions 
on the rate of SO2 chemisorption is shown in Figures 1-8. 
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Figure 1. Absorption diagram of SO2 
into dolomite-brucite (MeCO3) 
suspensions, CMeCO3 = 5% and  
in mixture of dolomite-brucite- 
sulphite (MeCO3-MeSO3) with  

CMeCO3 = 5.54%, CCaSO3=5.62%, 
CMgSO3=4.33%, at T = 293°K 

 

 
Figure 2. Absorption diagram of SO2 

into dolomite-brucite (MeCO3) 
suspensions CMeCO3 = 10% and  
in mixture of dolomite-brucite- 
sulphite (MeCO3-MeSO3) with  

CMeCO3 = 5.83%, CCaSO3=9.86%, 
CMgSO3=8.61%, at T = 293°K 

 
 
 

  
 

Figure 3. Absorption diagram of SO2 
into dolomite-brucite (MeCO3) 

suspensions CMeCO3 = 15% and  
in mixture of dolomite-brucite- 
sulphite (MeCO3-MeSO3) with  

CMeCO3 =11.80%, CCaSO3=10.39%, 
CMgSO3=8.57%, at T = 293°K 

 

 
Figure 4. Absorption diagram of SO2 

into dolomite-brucite (MeCO3) 
suspensions CMeCO3 = 5% and  
in mixture of dolomite-brucite- 
sulphite (MeCO3-MeSO3) with  
CMeCO3 =6.20%, CCaSO3=5.67%, 

CMgSO3=4.27%, at T = 313°K 
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Figure 5. Absorption diagram of SO2 
into dolomite-brucite (MeCO3) 
suspensions CMeCO3 =10% and  
in mixture of dolomite-brucite- 
sulphite (MeCO3-MeSO3) with  

CMeCO3 =4.91%, CCaSO3=10.18%, 
CMgSO3=8.42%, at T = 313°K 

 
Figure 6. Absorption diagram of SO2 

into dolomite-brucite (MeCO3) 
suspensions CMeCO3 =15% and  
in mixture of dolomite-brucite- 
sulphite (MeCO3-MeSO3) with  

CMeCO3 =10.6%, CCaSO3=11.35%, 
CMgSO3=9.31%, at T = 313°K 

 

  
 

Figure 7. Absorption diagram of SO2 
into dolomite-brucite (MeCO3) 

suspensions CMeCO3 =5% and in  
mixture of dolomite-brucite- 

sulphite (MeCO3-MeSO3) with  
CMeCO3 =5.45%, CCaSO3=5.89%, 

CMgSO3=5.16%, at T = 333°K 

 
Figure 8. Absorption diagram of SO2 

into dolomite-brucite (MeCO3) 
suspensions CMeCO3 =10% and  
in mixture of dolomite-brucite- 
sulphite (MeCO3-MeSO3) with  

CMeCO3 =4.77%, CCaSO3=10.31%, 
CMgSO3=9.12%, at T = 333°K 

 
 

The analysis of the kinetic curves from figures 1-8, indicates that the 
process is very complex and is influenced by two important parameters: 
concentration and temperature. It can be seen that the chemisorption 
process takes place at a higher rate in (MeCO3-MeSO3) suspensions than 
in (MeCO3) suspensions. The time corresponding at conversion η ≥0.95 to 
absorption in the two types of suspension is shown in Table 1. 
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Table 1. Time limits required achieving conversions η ≥0.95 
 

Conc. 
Susp. 

Temperature, K Time, min 

MeCO3 MeCO3-MeSO3 
 

5% 
293 150 120 
313 120 80 
333 90 90 

 
10% 

293 135 75 
313 180 58 
333 128 60 

 
15% 

293 200 70 
313 180 62 
333 - - 

 
 
It is noted that the time required to achieve the conversions η ≥0.95 

is higher when the absorption is carried out into dolomite-brucite suspension 
(MeCO3). The decrease in the time required to achieve values η ≥0.95 in 
the case of the absorption of (MeCO3-MeSO3) suspensions is due to the 
high dissolution rate of the acid sulfites formed Me(HSO3)2. Based on the 
Arrhenius law, the values of the constants rate were determined. Table 2 shows 
the values of the rate constants for SO2 absorption into MeCO3 suspensions 
compared to values obtained when the absorption is carried out in a mixture of 
MeCO3-MeSO3 suspensions. 
 

Table 2. The rate constants of the SO2 chemisorption into MeCO3 and 
MeCO3-MeSO3 suspensions 

 

Concentration 
of dolomite- 

brucitic susp. 

Temperature, K Rate constant 
 

MeCO3 MeCO3-MeSO3 
k1, min-1 k2, min-1 k1, min-1 k2, min-1 

 
5% 

293 0,0109 0,0359 0,0153 0,052 
313 0,0146 0,0388 0,016 0,055 
333 0,0166 0,0442 0,0169 0,0591 

 
10% 

293 0,0109 0,0244 0,0235 0,0512 
313 0,011 0,0315 0,0258 0,0562 
333 0,0112 0,0315 0,0283 0,0693 

 
15% 

293 0,0056 0,0278 0,0257 0,0667 
313 0,0068 0,0311 0,0267 0,0688 

 333 0,0086 0,0351 - - 
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It can be observed that for the concentration of the suspension 5% 
the rate constants have higher values at the beginning of the absorption 
process into mixture MeCO3-MeSO3 suspension compared to the corresponding 
absorption into suspension of MeCO3.  
 The high concentration of ܱܵܪଷ

ି	in suspension determines a higher rate 
of the substance transformation and the transport processes. The acceleration 
of the absorption of SO2 into MeCO3-MeSO3 suspension is more pronounced at 
concentrations of 10% and temperature of 313 K. In these conditions, the 
diffusional driving force and the dissolution rate of reaction product increase. 
The overall process is carried out according to the shrinking core model without 
crust formation. At the suspension concentrations greater than 10%, the 
saturation concentration of solution is rapidly reached, the Me(HSO3)2 formed is 
no longer dissolved, and so the overall rate of the process decreases. 
 The influence of temperature on the global absorption process is 
represented in Figures 9-11. 
 

 
Figure 9. Influence of temperature on 

the SO2 absorption into mixture of 
dolomite-brucite (MgSO3-CaSO3) 

suspensions at CMeCO3 = 5% 

Figure 10. Influence of temperature 
on the SO2 absorption into mixture of 

dolomite-brucite (MgSO3-CaSO3) 
suspensions at CMeCO3 = 10% 

 

 
Figure 11. Influence of temperature on the SO2 absorption into mixture of 

dolomite-brucite (MgSO3-CaSO3) suspensions at CMeCO3 = 15% 
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 The diagrams from figures 9-11 show that for all three concentrations 
of the (MeCO3-MeSO3) suspensions, the kinetic curves are very close at 
the start of the chemisorption process. Larger differences occur at low 
temperatures and the end of the process, when the conditions of formation 
of crust are met. These results confirm the transport of the ܱܵܪଷ

ି	 through 
the crust with lower velocity and the global absorption process according to 
the unreacted core model with crust formation of reaction products. 
 
CONCLUSIONS 

 

The experimental results showed the positive influence of sulfites 
MeSO3 on the global rate of the studied process. 

The rate constants of the chemisorption process were calculated for 
three different concentrations of the absorbent suspension. Comparative 
analysis of rate constants has shown values of these almost two times 
higher when absorption is performed in suspensions with sulfites addition. 

The presence of MeSO3 at a concentration of 10% in the composition 
of the absorbent suspension results in a significant reduction in the time 
required for a conversion η ≥0.95. 
 
EXPERIMENTAL SECTION 

 
The experimental research was carried out in a cylindrical batch 

reactor (Figure 13), with the volume of 0.4 l at a overpressure of 98.1 Pa. 
To emphasize phenomenology of processes occurring in the liquid phase 
and eliminate the transfer of SO2 in the gas phase, the experiment was 
carried out with pure SO2 (99.9% of the Linde Company). Excess of SO2 
was absorbed in a solution of 15% NaOH. Stirring of the reaction mass was 
performed with a magnetic stirrer at a speed of n = 200 rpm. 

 
Figure. 12. The schematic of the experimental setup for SO2 absorption study:  
1- ultra thermostat; 2- absorption reactor; 3- thermometer; 4 - magnetic stirrer;  

5-neutralization vessel for final gas; 6 - sampling device; 7-cylinder with sulfur dioxide 
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The evolution of the process was monitored by means of iodometric 
determination of the SO2 in the slurry. In order to compare the rate of the 
chemisorption of SO 2 initially were prepared suspension of dolomite with 
concentration of 5%; 10%; 15%. The suspensions thus prepared were used 
for absorption of SO2 to constant content of the suspension. In these 
suspensions, whose liquid contained Mg(HSO3)2 and Ca(HSO3)2 were added 
amounts of dolomite: 24 g suspension with initial concentration of 5%; 31 g 
for the suspension with the initial concentration of 10% and 45 g respectively 
for the suspension with the initial concentration of 15%. The suspensions 
thus obtained were stirred for 12 hours at room temperature until the pH of 
the slurry increased from pH=4-4.5 to pH=6.7-6.8. After neutralizing Me(HSO3)2, 
the reaction was maintained at operating temperatures of 293 K; 313 K; 333 K. 
When the temperature reaches the established values was made connection 
of the reactor with the source of SO2. At various time intervals were taken 
samples and determined SO2 by the iodometric method. 
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MALACHITE GREEN DYE ADSORPTION FROM MODEL 
AQUEOUS SOLUTIONS USING  

CORN COB ACTIVATED CARBON (CCAC) 
 
 

SILVIA BURCĂa, CERASELLA INDOLEANa*, ANDRADA MĂICĂNEANUb  
 
 

ABSTRACT. This paper presents a report on kinetics of malachite green 
(MG) dye removal from model aqueous solutions using a biomaterial formed 
by corn cob activated carbon (CCAC). The sorbent was characterized using 
specific surface area and pore size distribution (Brunauer–Emmett–Teller, 
BET) analysis. The BET analysis confirmed the macro-porosity of the adsorbent. 
Effects of initial concentration of MG dye and CCAC quantity, particle size 
and stirring rate on adsorption capacities and efficiency were monitored through 
pseudo first- and second-order models, intra-particle and film diffusion 
models to present adsorption rate parameters. The removal efficiency of MG 
increased with the adsorbent quantity and particle size. 
 
Keywords: corn cob biomass, activated carbon, malachite green, aqueous 
phase, characterization techniques, kinetics. 

 
 
 
INTRODUCTION 

 
Urbanization and industrialization from recent years have generated, 

in a worrying rate, the environmental pollution. Water pollution (surface and 
groundwater) is one of the most undesirable environmental problems and requires 
rapid and efficient solutions. Among the inorganic and organic pollutants present 
in wastewater, dyes represent a strong threat because these contaminants 
are highly toxic, carcinogenic, mutagenic and teratogenic for human beings, 
fish species and microorganisms [1-3]. From literature, a series of physical, 
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chemical and biological measures for the removal of dyes from effluents have 
been developed, such as adsorption [4-6], membrane separation [7], chemical 
coagulation [8,9], electrochemical method [10], or oxidative processes 
[11,12]. 

Adsorption has been demonstrated to be very effective physic-chemical 
method for removing dyes from aqueous effluents, in wastewater treatment 
[1,3,13]. Many adsorbents have been used for the removal of undesirable 
substances from aqueous solution [1,3,6,14-16]. Activated carbon is one of 
the most popular and extensively used adsorbent in wastewater treatment, 
because of its high porosity, adsorption capacity and efficiency [16,17]. So, 
production and commercialization of cheap and efficient activated carbon has 
become extremely necessary and of great applicative interest. Many agricultural 
and industrial waste materials, such as waste wood [18,19], pine cone [20,21], 
coffee husk [22], corn stalk [18], tea leaves [17] and waste tea [16,23], orange 
peel [24], coconut shell [1], etc. are used for low cost activated carbon obtaining. 
Malachite green (MG) is a cationic (basic) dye, used for the dyeing of cotton, 
paper, leather, silk, etc. Also, is produced for manufacturing of paints and printing 
inks [16]. MG is an anti-parasitic and antifungal agent in aquaristics [25].  

This paper presents the MG adsorption behaviour onto activated 
carbon produced from an agricultural by-product, corn cob biomass (CCAC) 
and the study of some physic-chemical characteristics of this cheap and 
abundant material.  
 
 
2. RESULTS AND DISCUSSION 
 
 2.1. Physical-chemical characterization of CCAC 

The adsorption capacity of a porous material is correlated with some 
properties such as surface area, pore volume and porosity. These properties 
are specific to each material, depending on the nature of the feedstock and 
the activation method. Improvement of these specific properties could be 
achieved by activating crude material at high temperatures, in the absence of 
air or steam activation use. A typical analysis of corn cob, from literature data, 
was as follows: moisture, 4.3 wt%; volatiles, 78.7 wt%; fixed carbon, 16.1 
wt%; ash, 0.9 wt% [26]. Elemental analysis of corn cob was as follows: C, 
45.21 wt%; H, 6.12 wt%; N, 0.94 wt%; O, 47.73 wt%. The results reveal that 
corn cob has high carbon, but low ash content, which makes it a good 
precursor material for adsorbents  
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 2.1.1 The assessment of real (volumetric mass) density, apparent 
density and porosity of CCAC  

The real density of CCAC reflects the ratio of the mass of material to 
its volume, without taking into account pore volume. 
 The real (volumetric mass) density of CCAC obtained, with Φ=1.6-1.8 
mm (average particles diameter, particle size) was gravimetrically determined. 
In the first step, the empty and dry pycnometer was weighed on the analytical 
balance. Then, the pycnometer volume is determined by filling it with distilled 
water and weighing again. The density of ethanol were after measured by 
weighing the ethanol-filled pycnometer. The real CCAC density is determined 
by introducing 1-2 g of CCAC sample into the pycnometer, which will then be 
filled with ethanol and weighed on the analytical balance. 
 The real (volumetric mass) density is then calculated, with the formula 
(1) [27]:  

  ethanolCCACreal mmm

m ρρ 



43

, g/cm3                                         (1) 

where    m – CCAC weight utilized, g 
 m3 – empty and dry pycnometer weight, g 
 m4 – pycnometer weight with CCAC and ethanol, g 

real CCAC – the real CCAC density, g/cm3 

ethanol – the ethanol density, g/cm3. 

 
 The apparent density of a material expresses the ratio of the mass 
of this material to its volume, including the volume of the pores. 

The apparent density of CCAC obtained, with Φ=1.6-1.8 mm, is also 
gravimetrically determined, using a wire basket and a graduated (measuring) 
cylinder. In the first step, the empty basket is sink into the cylinder filled with 
water, and the volume increase, due to the empty basket, is noted. Then, dry 
the basket in the oven, and in the empty basket, 1-2 g of CCAC will be 
added. The CCAC-filled basket is immersed in water and the increase in 
volume, caused by the CCAC adding, is noted. 
 The apparent density is calculated with the formula [27]:  

12 VV

m
apparent 

ρ , g/cm3                                                                (2) 

where,  m – CCAC weight utilized, g 
V2 – the volume increase caused by the CCAC-basket, ml. 
V1 – the volume increase caused by the empty basket, ml. 
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The porosity of an active carbon (CCAC) reflects the ratio between 
the pores volume and the total volume of material, and is determined by the 
formula [27]: 

           100



realCCAC

realCCACACapparentCCP
ρ

ρρ
, %                                   (3) 

	
 2.1.2. Determination of the CCAC specific surface. BET surface 

The establishing of CCAC specific surface area, with Φ =1.6-1.8 mm, 
is achieved by using the gravimetric method for the desorption isotherm 
determination. In the first step, it weigh the vial with cap on the analytical 
balance. Then, an amount of 0.4-1g of CCAC (sample) is introduced into the 
vial. With a pipette, ethanol is added to CCAC, until the drowning the sample 
bed. The sample is left at rest for few minutes to reach room temperature, 
then place it on the balance tray. Using a stopwatch, the rate of decreasing 
of vial mass with 0.002g will be determinated. As long as the CCAC sample 
is coated with liquid, the rate of vial mass decreasing is constant, due to the 
evaporation process. When the liquid evaporation is replaced by desorption, 
the rate steadily decreases, with the vapor pressure decreasing at the CCAC 
surface. For the CCAC specific surface calculation it will be used the BET 
equation [27]: 

  x
ca

C

Caxa

x

mm











11
1

                                               (4) 

 
2.1.3. Determination of ash content 

The ash is the residual solid remaining after calcination of CCAC at 
815±25oC temperatures, to constant weight. The ash content is calculated as 
the ratio between the mass of the residue obtained after calcination and the 
sample mass before calcination, expressed as a percentage [27]. To determine 
the ash content for a sample (Φ=1.6-1.8 mm, particle size), obtained by 
impregnation with conc. H2SO4, 98%, a quantity of 1-2 g CCAC is introduced 
into a melting pot (crucible). This is heated to 815±25oC, for 90 minutes and, 
after cooling, the residue remaining in the crucible is weighing. The ash content 
of the analysed sample is determined by the formula [27]: 

  100
12

13 




mm

mm
Aa , %                                                       (5) 

where, m1 – the empty melting pot weigh, g 
   m2 – the weigh of melting pot with CCAC sample, g  
   m3 – the weigh of melting pot with CCAC sample, after 
                                            calcination, g 
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The results for physic-chemical characterization of CCAC are presented 
in Table 1. 

 
Table 1. Physical parameters for CCAC  

 

SBET 

(m2/g) 
Apparent 
density 
(g/cm3) 

Real 
density 
(g/cm3) 

Porosity 
(%) 

Ash 
content 

(%) 

Pore 
volume 
(cm3/g) 

142 1.151 0.7998 44.36 1.56 0.047 
 
 A defining feature of the adsorption process is the porosity of the CCAC. 
The higher it is its value, the higher is the adsorption capacity of material. The 
reduced CCAC ash content, obtained by impregnation with H2SO4, is comparable 
to the literature results [28]. Excessive ash content reduces CCAC adsorption 
capacity. 
 
 2.2. Effect of MG initial concentration 

Experiments were conducted using 100 mL MG aqueous solutions 
with the following concentrations: 74, 158, 183, 231, and 279 mg MG/L, in 
batch conditions, with magnetic stirring at 200 rpm, at room temperature 
(T=296K) and 1 g of CCAC. 

 

 
Figure 1. Influence of the initial MG concentration over the time evolution for dye 

adsorption onto CCAC (C0 = 74–279 mg MG/L, 1 g CCAC, Φ=1.6-1.8 mm,  
296 K, pH= 6.3, 200 rpm) 

 
Regarding MG concentration time evolution during the adsorption 

process, it can observed that the drop in concentration is very steep in the first 
4.8-5.5 h for 279 and 231 mg MG/L, respectively, and approximately 5.8-5.9 h 
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for the rest initial MG concentrations utilized, and the equilibrium was reached 
in quite different time intervals, depending on the initial MG concentration. 
Thus, for the initial concentrations of 74 and 158 mg MG/L, the equilibrium 
was reached after about 24 h, for 183 mg MG/L the equilibrium has been 
achieved after approximately 48 h and, in case of 231 and 278 mg MG/L, the 
equilibrium was reached after about 70 and 72 h, respectively. The adsorption 
of MG is relatively fast in the first 4-5 h (first step), then the adsorption rate 
decreases and progresses much slower, until the equilibrium was achieved 
(second step). It is interesting to observe that in the first step, most of the MG 
quantity is retained on the CCAC surface (between 99 and 91%, for 74 and 
231 mg MG/L, respectively, and 58% MG, for initial concentration of 279 mg 
MG/L). This shows that surface diffusion became rate-determining step due to 
particle agglomeration, which leads to difficult access to the adsorption sites, 
as the initial dye concentration increases. 
 
 2.3. Effect of sorbent quantity 

The influence of CCAC quantity onto the MG sorption process was 
studied at room temperature, using 0.25, 0.5, 0.75, 1 and 1.5 g CCAC and 
100 ml solution, 158 mg MG/L, in batch conditions, 200 rpm. The removal 
efficiencies of MG, at equilibrium are 55, 56, 79, 96 and 99% for 0.25, 0.5, 
0.75, 1 and 1.5 g of adsorbent, respectively (Fig 2). This indicates that the 
best efficiencies will be obtained if 100 ml solution (C0=158 mg MG/L) would 
be treated with 1 g and 1.5 g of CCAC. But, it is, probably, more efficient to 
use 1 g of CCAC for 100 ml solution, because the yield difference it is of only 
3 units (96% for 1 g CCAC, compared to 99% for 1.5 g CCAC).  
 

 
 

Figure 2. The effect of CCAC quantity on the maximum efficiency values  
for MG adsorption (296 K, C0=158 mg MG/L, 100 mL solution,  

Φ=1.6-1.8 mm, 200 rpm, pH = 6.3, 296 K, 24 h). 
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 2.4. Effect of stirring rate 

Depending upon the degree of agitation of the fluid particle system, 
the rate of the adsorption is controlled either by film diffusion or pore 
diffusion. From literature data, it can be assert that at lower agitation speed, 
the fluid film around the particle is thicker and the film diffusion seems to be 
rate limiting step [29]. 

In order to understand the effect of stirring rates on the adsorption of 
MG dye onto CCAC, experiments were carried out in batch system, with 
different stirring rates changing from 200 to 1000 rpm (200, 400, 600, 800 
and 1000 rpm). Obtained results are showed in Figure 3. It can be seen that 
the increase in stirring rate, from 200 to 1000 rpm, leads to a decrease in the 
amount of MG adsorbed, from 12.35 to 11.65 mg MG/g, respectively. This 
fact can be explained that due to the intense stirring, MG molecules are not 
able to reach the solid surface, therefore the adsorbed amount is going to be 
smaller for the same duration of the process (24 h). Such moderate speed 
gives probably, a good homogeneity for the mixture suspension in solution. 

 

 
 

Figure 3. The effect of stirring rate over the amount of MG uptake onto  
CCAC adsorption (C0=158 mg MG/L, 296 K, 100 mL solution,  

Φ=1.6-1.8 mm, pH = 6.3, 296 K, 24 h) 

 
2.5. Adsorption kinetics 

The controlling mechanisms of adsorption process, such as chemical 
reaction, diffusion control or mass transfer coefficient are used to determine 
kinetic models [30]. In order to investigate the removal of MG from model 
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solutions presented, using CCAC material, the data obtained from adsorption 
kinetic experiments were simulated using four kinetic models, which are 
pseudo-first order, pseudo-second order reaction rate, Weber-Morris intra-
particle diffusion and Boyd models. 

The pseudo-first-order rate equation, or Lagergren equation, is derived 
on the assumption of one step reaction [17,31] and is expressed as: 

 

tkqln)qqln( 1ete                                                                       (6) 
where, qe is the amount of dye adsorbed at equilibrium (mg/g),  
            qt is the amount of dye adsorbed at time t (mg/g),  
            k1 is the pseudo-first-order reaction rate constant (1/min).  
 

For the pseudo-second order model, data were applied to the Ho and 
McKay’s pseudo-second order chemisorption kinetic rate equation, which 
expressed as [17,32,33]: 

 

e
2

e2t q

t

qk

1

q

t
                                                                                   (7) 

where, k2 is the pseudo-second order reaction rate equilibrium constant (g/mg· min).  
 
In order to determine the rate constant and equilibrium uptake, the 

straight line plots of ln(qe-qt) against t, eq. (6), were made at different initial 
MG concentrations, figure 4. 

 
Figure 4. First order plots for different initial MG concentrations  

(C0=74, 158, 183, 231 and 279 mg MG/L) using 1 g CCAC  
(200 rpm, 296 K, pH=6.3, 100 mL MG solution). 
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The coefficient of correlation (R2), which represent the percentage of 
variability in the dependent variable (the variance about the mean) is employed to 
analyse the fitting degree of isotherm and kinetic models with the experimental 
data [34] and as is well known, may vary from 0 to 1. The values of k1 and qe 
calculated from the slope and intercept obtained from the linear plot of ln(qe-qt) 
vs.t, and the R2 values of fitting the first-order rate model at the five concentrations 
are presented in Table 2.  

Linear plot of t/qt vs. t, figure 5, was used for calculating the qe (cal) of 
pseudo-second order and k2, and these values are also shown in Table 2. 

 

 
 

Figure 5. Second order plots for different initial MG concentrations (C0=74, 158, 183, 
231 and 279 mg MG/L) using 1 g CCAC (200 rpm, 100 mL MG solution, 296 K). 

 
 
Table 2. First-order and second-order model rate coefficients for MG adsorption on 

CCAC, C0=74-279 mg/L, 200 rpm, 296 K. 
 

C0 

mg /L 
qeexp 

(mg/g) 
First-order model Second-order model 

k1 
(1/min) 

qecalc 
(mg/g) R2 

k2 

(g/mg·min) 
qecalc 

(mg/g) R2 
74 7.381 0.825 9.932 0.93 18.360 7.380 1 
158 15.803 0.640 15.906 0.96 2.356 15.797 1 
183 18.343 0.327 18.096 0.99 0.341 18.348 0.99 
231 22.760 0.214 23.492 0.99 0.115 22.675 0.99 
279 27.940 0.053 27.678 0.95 0.014 27.727 0.99 
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Taking into consideration the correlation coefficient (R2), which for the 
pseudo-second order is between 0.99 and 1 (Table 2), it can conclude that 
MG sorption on CCAC can be classified as pseudo-second order, fact 
confirmed by the literature scientific results [5,6,35]. In addition, based on the 
fact that pseudo-second-order equation is derived on the assumption of a 
two-step reaction, we concluded that MG adsorption takes place as a two-
step reaction scheme. 

 
 Intra-particle and film diffusion models 

In order to identify diffusion mechanism, Weber-Morris [36] and Boyd 
[37] models were employed.  

The intra-particle diffusion model (Webber and Morris) can be written 
as follows [36,38]: 

 

௧ݍ ൌ  ଵ/ଶ                                                                                    (8)ݐ	ܭ
 

where: Kip is the intra particle diffusion rate constant (mg/g min-½). 
 

If the intra-particle diffusion is rate-controlling step, the plot of qt versus 
t1/2 should be linear and pass through the origin, figure 6 [38]. Values of the 
intra particle diffusion constant, Kip (0.9227 mg/g min-½ for the concentration 
74 mg MG/L and 0.2431 mg/g min-½ for the 279 mg MG/L) were obtained. The 
correlation coefficients (R2) for the intra-particle diffusion model were between 
0.908 and 0.980 (Table 3). These values indicate that intra-particle diffusion is 
not the rate-controlling step for MG adsorption onto CCAC. 

 
Figure 6. Weber-Morris intraparticle model plot for adsorption of initial MG 

concentrations, C0=74-279 mg MG/L, 200 rpm, 296K, 1 g CCAC, 100 ml MG solution. 
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 The film diffusion model (Boyd) [37] is expressed as: 

	ሺ1 െ ሻܨ ൌ െ݇ௗ ∙  (9) ݐ

where F is the fraction attainment at equilibrium (F = qt/qe), and kfd is the 
liquid film diffusion rate constant (1/min).  

 
If the obtained plots give straight lines passing through origin, film 

diffusion is considered to be rate determining step, figure 7. Also from the 
slope of these plots, film diffusion rate constants can be determined, Table 3. 
Very small values of the intercept in the case of extra particle diffusion model 
suggest that extra-particle (film) diffusion could be a rate determining step 
towards the end of the adsorption process. 
 

 
Figure 7. Fitting of the extra particule diffusion model, adsorption at C0=74-279 mg 

mg/L, 200 rpm, 1 g CCAC, 100 ml MG solution. 
 

Table 3. Intra-particle and external diffusion rate coefficients for MG adsorption on 
CCAC, C0=74-279 mg/L MG, 200 rpm, 276 K. 

 

C0 
(mg/L) 

Intra-particle diffusion External diffusion 
Kip 

(mg/g min½) 
Intercept R2 Kfd 

(min-1) 
Intercept R2 

74 0.9227 2.06 0.908 0.0138 0.209 0.930 
58 0.9121 4.62 0.919 0.0106 0.136 0.960 
183 0.8963 4.01 0.980 0.0054 0.141 0.993 
231 0.5302 2.46 0.910 0.0031 0.057 0.978 
278 0.2431 2.27 0.957 0.0005 0.050 0.967 

0

1

2

3

4

5

6

0 1 2 3 4 5 6

-l
n

 (
1-

q
t/q

e
)

t (h)

74 mg/L

158 mg/L

183 mg/L

231 mg/L

279 mg/L



SILVIA BURCĂ, CERASELLA INDOLEAN, ANDRADA MĂICĂNEANU 
 
 

 
304 

CONCLUSIONS 
 
The past ten years has seen a developing interest in the preparation 

of activated carbons from low-cost agro-industrial wastes as adsorbents for 
water and wastewater treatment processes.  
 Corn cob activated carbon (CCAC) was prepared through chemical 
activation using concentrated sulphuric acid (98%). The maximum adsorption 
capacity for CCAC was determined to be 12.35 mg/g (C0=158 mg MG/L, 296 K, 
100 mL solution, Φ=1.6-1.8 mm, pH = 6.3, 296 K, 24 h, 200rpm). Pseudo-
second order kinetic model was found to adequately describe the adsorption 
process. 
 The sorption diffusion mechanisms were determined from the intra-
particle (Weber-Morris) and film diffusion (Boyd) models. It has been found that 
the adsorption of MG dye onto CCAC was mainly governed by film diffusion 
model. 

These results indicated that corn cob could be a good and cheap 
precursor for the production of an effective activated carbon adsorbent and 
alternative to commercial-activated carbon. 
 
 
EXPERIMENTAL SECTION 
 
 Materials 

 Collection and preparation of adsorbent material (CCAC) 

Agricultural waste biomass (corn cob) was received freshly from farm 
fields from Transylvania, Cluj County, Romania. The material was initially 
washed with deionized water several times, to remove the dust particles, and 
then biomaterial was cut, crushed and grounded to get size fraction of Φ=1.6-
1.8 mm, dried at 95ºC for 24h, then was impregnated with concentrated sulfuric 
acid (98%) for 24h, with an impregnation rate of H2SO4: corn cob biomass = 
1: 5. The carbonated material was neutralized with 2% sodium bicarbonate 
(NaHCO3) solution, washed with distillate water, until the pH of the wash 
water reaches the pH of the distilled water (pH ≈6.3), dried at 105°C for 24 h. 
Acid impregnated CCAC was carbonized at a tube furnace under nitrogen 
atmosphere. It was heated from room temperature to 500ºC (heating rate of 
5ºC/min) with 1h holding time at 100ºC interval. After cooling to room temperature, 
the activated carbon was washed thoroughly with distilled water until the washing 
water became neutral and dried in oven at 105ºC, for 12 h approximately. 
The resulted activated carbon (CCAC) was grinded, shived (Φ=1.6-1.8 mm) 
and kept in a desiccator for further use. 
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Specific surface area, real and apparent density, calculated porosity 
(using gravimetric method), ash content and pore volume were determined 
for obtained carbon material [27, STAS 5628-73, STAS 10967-88, STAS 
5265-86]. 

Malachite green (MG) oxalate (C23H25N2·C2HO4·0.5C2H2O4, MW= 
463.5) was purchased from Penta (Czech Republic) and used without further 
purification. 1000 mg MG/L of stock solution was prepared by dissolving the 
required amount of dye in distilled water. Other concentrations (74-279 mg 
MG/L) of MG were obtained by dilution of stock solution.  
 
 Adsorbent characterization 

Elemental analysis (C, H, N, S) was performed using a CHN CARLO 
ERBA EA 1108 Elemental Analyzer. The oxygen percentage was estimated 
by difference. 

Specific surface area and pore specific volume for the CCAC were 
determined by the Brunauer–Emmett–Teller (BET) method using a Sorptomatic 
ADP-nitrogen adsorption analyzer (Thermo Electron-Corp.). Prior to N2 
adsorption, samples were out gazed for 20h at 105°C.  
 
Adsorption experiments 

The MG adsorption process was studied using the batch technique, 
by contacting different quantities of adsorbent (0.25-1.5 g), magnetic stirring 
(200-1000 rpm), room temperature (296K) with 100 mL MG aqueous 
solutions with different initial concentrations (C0=74-279 mg MG/L). The MG 
concentration in aqueous phase was determined using a double beam UV-
visible spectrophotometer (GBC Cintra 202) at λ = 618 nm. The experiments 
were repeated three times and concentration values were calculated using 
averaged concentration values. 

 
Data evaluation 

The amount of dye (MG) adsorbed per gram of CCAC, qe (mg MG/g 
CCAC), was calculated using the equation (11) [14,17] 

݁ݍ ൌ 	
ሺܥ		 െ ሻ	ܥ	

݉
	ൈ	

ܸ
1000

 
     (11) 

           
where:  

C0 – is the initial MG concentration (mg/L) 
Ce – is the equilibrium MG concentration (mg/L) 
V – is the volume of MG solution used (mL) 
m – is the mass of CCAC used (g). 
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The percentage removal (or removal efficiency), E (%) of the MG, 
was calculated with formula (12) [14,17]: 

 

%ܧ                                ൌ
ሺబ		ି		ሻ	

బ
	 ∙ 100																																																								ሺ12ሻ 

 

Experimental data were used to establish which equilibrium and 
kinetic model describe better the adsorption process. 
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COMPARATIVE STUDY OF SPRAY-DRYING AND FREEZE-
DRYING ON THE SOLUBLE COFFEE PROPERTIES 

 
 

ADINA GHIRIŞANa, VASILE MICLĂUŞa* 

 
 

ABSTRACT. The paper presents a comparative study of some physical 
properties, microstructure and antioxidant capacity of soluble coffee 
obtained at laboratory scale using spray-drying (SD) and freeze-drying 
(FD) as dehydration techniques. SEM was used for monitoring structures 
and size of the coffee powder. The results of SEM show the difference in 
the microstructure with the used drying technique. SD dried coffee has only 
spherical shape, narrow distribution, with the particle mean size of about 
10 m and smooth surface. The FD dried coffee has spherical shape with 
the size of about 40 m and flaky structure, non-spherical shape, with the 
dimensions between 10 x 20 m and 30 x 90 m. EPR was used for the 
determination of coffee antioxidant capacity. SD coffee powder shows a 
higher antioxidant activity in comparison with FD dried coffee. 
 
Keywords: soluble coffee, spray-drying, freeze-drying, physical properties, 
microstructure, antioxidant activity. 

 
 
 
INTRODUCTION 
 
 Soluble coffee, also called instant coffee or coffee powder, is obtained 
from freshly ground-roast coffee beans by extraction with hot water at high 
pressure in order to extract water-soluble compounds. This soluble material 
is then cooled and sometimes centrifuged, concentrated by heating, and 
dried to reduce moisture to approximately 5%. Alternatively, steam/water 
and/or oil may be used to rewet the surface of the instant coffee granules, 
followed by drying. This process is called agglomeration [1]. 

Manufacturers use different techniques to improve the appearance 
and taste of the final product. Ground-roast coffee generally consists of 
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Arabica species. Robusta coffee is often used at a high percentage or alone 
in blends designated for instant coffee production. Robusta seeds contain 
higher amounts of soluble solids, which increases yield extraction [2]. 

There are two basic methods available to convert the liquid coffee 
extract to the dried powder: spray-drying (SD) and freeze-drying (FD) or 
lyophilisation. By spray-drying the coffee liquid is pulverized into hot air, in 
spray dryer (atomizer). Through the heat the water evaporates during the 
downfall of coffee to the bottom of the spray dryer [3]. Freeze-drying is a 
gentle method used for sensitive products. The concentrated coffee liquid is 
first frozen and than water changed in ice crystals is removed as vapours by 
sublimation [4, 5]. 

Comparing these drying techniques, it is obvious that spray-drying is 
done at high temperature, affecting some characteristics of final product, but 
it is less costly and shorter times drying, and so, it allows larger scale 
economic production [6]. The freeze-drying provides a product with higher 
quality, overcoming the loss of flavor and aroma, but is energy intensive and 
expensive due to the low temperature and low-pressure operation [7]. Till now 
freeze-drying technology is only used at industrial scale to dry coffee, milk, spices, meats and 
other high-value foods. 

In the present work, some physical properties and the antioxidant 
activity of coffee powder obtained by spray-drying (SD) and freeze-drying 
(FD) were determined.  

Antioxidant activity is an important issue that must be followed during 
the technological process of producing soluble coffee. According to the 
literature, coffee is one of the food sources rich in antioxidants. Antioxidants 
are substances that through their action protect the body against oxidative 
stress, which unfortunately increase the risk of various diseases of which the 
most common are cancer, cardiovascular and neurological. 
Antioxidant activity of coffee brews is related to chlorogenic, ferulic, caffeic, 
and n-coumaric acids contained in it [8]. Melanoidins (brown pigments) and 
phenylalanines showing strong antioxidant activity are synthesized during the 
roasting process when the Maillard reaction is produced [8,10-12].  
 
 
RESULTS AND DISCUSSION 
 
 a. Moisture content of dehydrated materials plays an important role 
in the handling of soluble coffee powder. The moisture content (% wet basis) 
determined gravimetric by the mass loss on coffee powder shows higher 
moisture of freeze dried coffee (7.46 %) than spray dried coffee (4.72%). The 
lower moisture content of spray dried (SD) coffee, which means better 
preservation and stability, was expected due to the high temperature used by 
this technique comparative to freeze-drying process.  
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 b. Microscopic structures, the shape, the surface morphology and 
the particles size of coffee powder, were examined by Scanning Electron 
Microscopy (SEM). The results of SEM show the difference in the microstructure 
with the used drying technique (Figures 1 and 2).  

In the case of SD technique, the obtained dried particles have only 
spherical shape, monomodal with a mean size of about 10 m, and smooth 
surface. As in other articles atomization seems to promote the formation of 
particles with narrow distribution and spherical shape [13]. 

 

 
Figure 1. SEM micrographs of spray dried coffee sample 

 

 
a. 

b. 
 

Figure 2. SEM micrographs of freeze dried coffee sample:  
a. first experiment, b. second experiment 



ADINA GHIRIŞAN, VASILE MICLĂUŞ 
 
 

 
312 

In the case of powder obtained by FD, the particles show sperical and 
flaky structure with irregular shapes: sperical shape with the size of about 40 m 
and flaky structure, non-spherical shape, with the dimensions of 20 x 50 m 
and 30 x 90 m, for first experiment and spherical particles with diameter of 
40 m, and flattened particles with the dimensions 10 x 20 m și 20 x 30 m, 
for the second experiment [14]. 

Scanning electron micrographs of freeze dried and spray dried coffee 
were realized at a magnification of 4x, 10x and 40x. Due to the smoller size 
of SD coffee particles it is expected an increase of specific surface area and 
in consequence the increse of solubility comparative with the FD powder, as 
in other articles has described [15, 16].  
 

 c. Bulk porosity 

An other property which characterizes the soluble coffee is the bulk 
porosity. Bulk porosity was calculated by determining the ratio of particle 
density (p) and bulk density (b) using next equation [17]: 
 

p

b
b 1




  

  
The particle density (p) of soluble coffee was determined by 

pycnometer method. The bulk density of the coffee powder obtained from 
both drying techniques was measured following the procedure described in 
literature [16, 17]. The free bulk density of SD dried coffee was 0.324 g/cm3 
comparative to FD dried coffee it was 0.338 g/cm3. The higher values of FD 
powder bulk density can be due to its higher residual moisture content, and 
wider particle size distribution. The obtained values of porositiy soluble coffee 
were: for SD powder b(SD) = 0.640 and for FD powder b(SF) = 0.624. In our 
case, the porosity of the SD powder containing smaller particles has a higher 
porosity than FD dried powder.  
 

d. Antioxidant capacity 

Roasting markedly affects the composition of the coffee polyphenols 
through the Maillard reaction and confers to coffee its pleasant taste and 
aroma [18]. The coffee beverage is the dietary source of potential antioxidants, 
such as caffeine, phenolic compounds (mainly chlorogenic acid), hydroxycinnamic 
acids and Maillard reaction products [19]. The antioxidant capacity of coffee is 
related to the presence of both natural constituents and compounds formed 
during its processing [20].  
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The antioxidant activity of obtained coffee powders was evaluated 
through their ability to reduce tempol free radical by EPR. 
 The tempol was used as solution of 0,01% mixed with dried coffee 
powder obtained by SD and FD techniques.   
 An overview on the fall time of the soluble coffee antioxidant activity 
obtained under laboratory conditions is shown in Figure 3: coffee_1 is SD 
dried coffee, coffee_2 the FD dried coffee (first experiment) and coffee_3 the 
FD dried coffee (second experiment). The antioxidant activity decreases after 
30 minutes to half from the initial activity followed by a slower decline after 
that. It can be seen for all three samples that the antioxidant activity 
decreases at a rate of about 60-70% in the first 60 minutes. After that the 
decrease is slower, reaching zero value in about 400 minutes from the start 
of the experiment. 
 

 
 

Figure 3. Antioxidant activity vs. time for: coffee_1 - SD dried (black), 
coffee_2 - FD dried sample 1 (green) , and coffee_3 - FD dried sample 2 (pink) 

 
 
 The results have shown that the FD dried coffee obtained by us has a 
lower antioxidant activity than SD dried coffee. The lower antioxidant activity 
of freeze dried coffee can be explained considering the duration of the drying 
method which is larger for freeze-drying (hours) comparative with the spray-
drying (seconds). Similar conclusion was obtained when the antioxidant 
activity was analyzed as total phenolic content [21]. 
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CONCLUSIONS 
 
 The physical properties and the microstructure of soluble coffee were 
affected by drying methods.   

By spray-draying technique it was obtained a product with smooth 
and spherical shape and large number of smaller particles of about 10 m 
diameter. 

SD coffee powder has shown smaller free bulk density, higher 
porosity and higher total antioxidant activity in comparison with FD coffee 
powder, for the laboratory conditions mentioned in the presented study. 

EPR analysis could be a useful method of coffee antioxidant activity 
evaluation during the drying. 

On the basis of physical characteristics (residual moisture, particle 
size, microscopic structure, bulk porosity) and antioxidant activity we consider 
spray-drying a good technique which can be used to obtain soluble coffee.  
 
 
EXPERIMENTAL SECTION 
 

Materials  

Coffee solution/liquid was prepared by adding 30 grinded coffee from 
Firma Tchibo Exclusiv (purchased from local market) to each 100 mL of 
distillated water. The obtained liquid was heated until it had foamed twice, 
allowed to settle and than decanted/filtrated. The concentrated solution was 
used in order to obtain soluble coffee through spray-drying and freeze-drying. 
 

Spray-drying (SD) 

SD was carried out in a single stage in the laboratory dryer (Atomizer 
Mini Spray Dryer BUCHI B-290, Suisse) with co-current drying configuration. 
Peristaltic pump was used to deliver the feed coffee solution to the atomizer. 
Ambient air with the flow rate 4105 L/h was electrical heated. The inlet air 
temperature was 145 °C. The outlet air temperature was maintained at 100 °C 
by the adjusted feed flow rate. Product was collected from the outlet chamber 
and stored in a desiccator at the ambient temperature.  
 

Freeze-drying (FD) 

The concentrated coffee solution, with layers of 7 mm placed in Petri 
dishes, was frozen for 1 hour at -80 0C in the freezer. Than the frozen samples 
were transferred inside the freeze dryer (ALPHA 1-2 LDPlus, MARTIN CHRIST 
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Gefriertrocknungsanlagen GmbH, Germany) for a period of 7 hours under 
the pressure of 0.1 mbar (experiment 1) and 0.045 mbar (experiment 2) and 
a shelf temperature starting from 20 °C. The condenser temperature was kept to 
-50 0C. The obtained freeze dried coffee powder was stored in a desiccator 
at the ambient temperature.  
 

Moisture content 

The moisture content (% wet basis) was analyzed based on the 
gravimetric determination of the mass loss on drying. 1 g of the coffee 
sample was placed on the dish and heated at 95 °C for 4 h in the hot air 
oven. The analysis was performed in duplicates, and the mean value was 
calculated. 
 

Scanning Electron Microscopy (SEM)  

SEM was used to examine the shape, the surface morphology and 
the particles size of coffee powder samples. The equipment used in our 
reserch was Nikon Eclipse E200 from Nikon GmbH Niederlassung Wien, 
Austria. The used resolution was 40x Binocular. 
 
EPR spectra were recorded with a Bruker EMX spectrometer (Germany), 
operating in the X-band (9.1GHz – 9.6 GHz) equipped with a computer 
acquisition system. 
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ABSTRACT. Contamination of vineyard soils with heavy-metals has been a 
worldwide concern, determination of these elements it is important for the wine 
industry. The aim of this research was to determine the concentration of 
different heavy metals (Cd, Pb, U, Hg, As, Sr, Co, Cu, Ni and Cr) from vineyard 
soil on different depths in an area of vineyard cultivation from Dealu Bujorului 
Galati County. In order to highlight the combination of different sources, natural 
or anthropogenic of heavy metals the isotopic ratios for 206Pb/207Pb, 
208Pb/206Pb, 206Pb/207Pb and 87Sr/86Sr from soil were established. The highest 
concentrations for heavy metals were recorded on the surface, with increasing 
depth of the soil these concentrations decrease. Regarding of Pb sources 
(lithogenic or anthropogenic), the average 206Pb/207Pb, 208Pb/206Pb and 
206Pb/204Pb ratios in soil profile increase horizons followed the order: 1.13526 
(0-10 cm 206Pb/207Pb) > 1.13427 (10-20 cm 206Pb/207Pb); 2.12626 (10-20 cm 
208Pb/206Pb) > 2.12472 (10-20 cm 208Pb/206Pb) and 17.36201 (10-20 cm 
206Pb/204Pb) > 17.36128 (0-10 cm 206Pb/204Pb). Statistically, in the case of 
206Pb/207Pb and 208Pb/206Pb there are very significant differences between the 
analyzed variants while 206Pb/204Pb does not show any differences with in 
terms of distribution on the depth of the soil profile. Our results confirm that the 
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207Pb/206Pb, 208Pb/206Pb, 204Pb/206Pb and 87Sr/86Sr isotope ratio can be used to 
track the geographical origin of wine, discriminate between wine production 
regions, and be used to characterize wine terroirs for forensic purpose.  
 
Keywords: heavy metals, soil profile, 207Pb/206Pb, 208Pb/206Pb, 204Pb/206Pb, 
87Sr/86Sr isotope ratio. 

 
 
 
INTRODUCTION  

 
The soil conservation is an important and fundamental factor for 

sustainable development and preservation, biodiversity and balance of 
ecosystems. The main sources of different elements in soil are natural 
background (elements derived from parent rocks) and anthropogenic, which 
include agrochemicals, amendments, mineral fertilizer, irrigation, sewage 
sludge and also, the industrial wastes [1, 2]. Nevertheless, the concentration, 
the distribution and the bioavailability of chemical elements in the 
environment are influenced mainly by the climatic conditions, soil type, 
topography, geology, and erosive process [3, 4].  

Between anthropic activities, agriculture is the main pollutant and 
contaminant of soil. Viticulture is an intensive practice, so the phytopharma-
ceuticals and chemical fertilizers are the main source of elemental pollution 
[5]. In vineyard areas, the use of fungicide based on Cu in their composition 
pollute the soil by accumulation in high concentrations in worldwide 
grapevine areas [6-9]. Vines and other plants have the capacity to tolerate 
Cu in excess. Plants differ in terms of their capacity to accumulate heavy 
metals depending on genotype, on the soil conditions and on the 
microorganism associated to the soil, which play the role of pollutants 
absorbers [10]. The most of the cooper and other applied chemical tends to 
remain on the surface of soils [11]. Some European countries have banned 
the use or restricted the amount of copper-based fungicides, in response to 
environmental concerns over the accumulation of copper in agricultural soils 
and the potential impact on soil ecology [12].  

Lead is an element found in the Earth’s crust and soil and may be 
taken by plants (some species absorbing more than others, especially in 
certain parts) and grazing animals. The lead is evacuated in the atmosphere 
by different sources and can get directly into organism within the inspired air, 
or indirectly, after the depositing on the surface or soil, then water and food 
[13]. Nickel is an element found in soil and is highly dependent on the 
content of the parent rock material and climatic conditions, meaning that, in 
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soil of arid and semiarid regions, its amounts are higher [14]. The total 
content of Ni showed significant positive correlation with the organic matter 
from soil surface (0-20 cm depth) which indicate that the organic matter on 
the first layer of the cultivated soil contribute to Ni retention in the soil [9]. 
Nickel may be removed by some cultures or by leaching to deeper layer in 
the soil profile and this could justify the reduction of this element in some 
areas given its high mobility [15, 16]. Arsenic is a metalloid well-known for its 
toxicity and it is found in the environment from natural and anthropogenic 
sources (represented by mining, the use of pesticides in agriculture, industrial 
and municipal wastes discharging, burning of fossil fuels) [17].  

Evaluation of natural abundance isotope ratios provides information 
on plant type or animal diet (carbon ratios) and geographical origin (lead, 
strontium, deuterium and oxygen isotopic ratios) [18]. Strontium is found in 
nature as three abundant isotopes: 86Sr, 87Sr, 88Sr and 84Sr as less abundant 
isotope [19–20]. Since the content of 87Sr in soil varies with geological age 
and geographical location, the 87Sr/86Sr isotopic ratio can be used as a 
tracer for determining the geographical origin of grapes and wine [21]. Lead 
is found in nature as four abundant isotopes: 206Pb, 207Pb, 208Pb and 204Pb 
as less abundant isotope [22]. The Pb isotope of ore deposits and 
anthropogenic sources has their distinct isotopic ratios or signatures [23]. 
The Pb isotope ratio did not change in industrial or environmental processing 
and it’s retained its characteristic ratio from source ore [24]. Each geologic 
substratum of vineyards is liable to heave its own Sr isotope composition, 
which can potentially represent a fingerprint to trace the wine production 
provenance [25]. The use of 87Sr/86Sr in tracking wine regional provenances 
was among the most pioneering application of isotope geology to other 
sciences [26]. In most of the cases, however, the analytical uncertainty 
observed in Sr isotopes analyses of wines from literature is larger than most 
of the soil/rock isotopic variability, giving strong difficulties in matching data 
of wines with those from geologic substrata of the vineyards. Recently, high 
precision analytical method for determining 87Sr/86Sr has been provide 
enabling then direct comparison between data on wines with those of the 
pedological and geological substrata [27,28]. Long lived isotope ratios of 
heavy metals of geological interest, such as 87Sr/86Sr, 206Pb/204Pb, 
207Pb/204Pb, 208Pb/204Pb, have in the last decades gained importance in 
tackling the issues of geographical food traceability as well as in solving 
issues related with archaeological, environmental, medical and also 
forensic sciences [29]. 

The purpose of this study was to determine the elemental composition 
(Cd, Pb, U, Hg, As, Sr, Co, Cu, Ni and Cr) from vineyard soil, on different 
depths (0-120cm) using the ICP-MS technique (method approved by 
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L’Organisation International du Vie et Vin) and also to complete the 
knowledge of the large-scale distribution of strontium (87Sr/86Sr) and lead 
(206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb) isotope ratios in soil from Dealu 
Bujorului Vineyard (Galati county). 

 
 

RESULTS AND DISCUSSION 
 
Heavy metals content from Merlot soil samples  

In Table 1 are summarized the total contents of Cd, Pb, U, Hg, As, Sr, 
Co, Cu, Ni and Cr on the depth of the soil profile. The mean contents of Cd 
and Pb were 0.33±0.05 mg/kg and 6.20±0.57 mg/kg, in case of Cd the 
lowest concentrations were recorded in the surface of the soil profile 
[0.19±0.02 mg/kg (10-20 cm)], while the highest concentration was recorded 
on the depth of the soil profile [0.61±0.05 mg/kg (90-100 cm)]. Pb content in 
sol ranged from [10.46±1.28 mg/kg (10-20 cm)] and [2.61±0.73 mg/kg (110-
120 cm)], the highest concentration was recorded on the surface of the soil 
profile. The results agree with other scientific papers [30] 0.30 mg/kg (Cd), 
11.50 mg/kg (Pb); [31] 0.18 mg/kg (Cd) and significantly lower than those 
obtained by some authors [32] 7.38 mg/kg (Cd), 132.30 mg/kg (Pb) and [31] 
36.00 mg/kg (Pb). The U concentration from soil was between [0.51±0.10 
mg/kg (0-10 cm)] and [0.25±0.10 mg/kg (110-120 cm)] with an average of 
0.35±0.06 mg/kg. Regarding the distribution of U concentration on the depth 
of the soil profile, it can be observed that with increase of the depth the U 
concentration from soil decreases, as in the case of Pb. The results agree 
with Moragues-Quiroga et al. [33] 0.03 mg/kg (U); and significantly lower 
than those obtained by Saat et al. [34] 2.21 mg/kg (U).  

The content of Hg, As Sr and Co found in Dealu Bujorului Vineyard 
agreed with literature data [33, 35-37]. The average values of these metals 
0.076±0.012 mg/kg (Hg), 1.31±0.11 mg/kg (As), 34.44±1.62 mg/kg (Sr) and 
3.45±0.25 mg/kg (Co) do not indicate soil pollution in Dealu Bujorului 
vineyard (Table 1). 

In terms of Ni and Cr the highest concentration was recorded in the 
surface of the soil profile for both metals, Ni [9.17±0.99 mg/kg (0-10 cm); 
8.18±1.00 mg/kg (10-20 cm)] and Cr [13.80±1.33 mg/kg (30-40 cm); 13.08±0.83 
mg/kg (20-30 cm)] with an average value of 5.61±0.23 mg/kg (Ni) and 
10.81±0.72 mg/kg (Cr) (Table 1). The results agree with literature data [30-37]. 

Concerning Cu concentration in soil, at the surface of the soil profile 
were recorded the highest concentration [546.01±9.15 mg/kg (0-10 cm); 
521.37±4.59 mg/kg (10-20 cm)] with an average value of 371.25±2.01 mg/kg, 
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these concentrations from far exceed the maximum allowed by the legislation 
(20 mg/kg). The data demonstrate strong pollution of vineyard soil by copper. 
Copper concentrations in the topsoil of Dealu Bujorului vineyard was between 
the values of 546.01±9.15 mg/kg (0-10 cm) and 120.59±1.15 mg/kg (80-90 cm) 
with an average value of 356.03±4.36 mg/kg. The copper enrichment in different 
vineyard soil types reflects the period of copper-based pesticide application [39]. 
We consider the climate and application of elevated volumes of fungicide as 
the circumstantial factor for the high copper contamination in vineyards soil. 
Copper concentration in soil is significantly lower than the maximum value 
reported in literature (1500 mg/kg) [40]. Regarding the distribution of copper 
concentration on the depth of the soil profile, it can be observed that with 
increase of the depth the copper concentration from soil decreases. We assume 
that total copper distribution between vine lines mainly depends on certain 
technical operations, such as implemented spraying technical operations, 
foliage removing from midway zones or simply foliage and other organic debris 
redistribution in horizontal directions by winds, machine wheels, animals 
and/or humans [39].  

The copper sulphate actually are used in all wine counties and also in 
Bordeaux, according to Mirlean et al. [39] mixture preparation contains: Zn 
1309 mg/kg, Pb 95 mg/kg, Cr 19 mg/kg Ni 10 mg/kg and Cd 1.4 mg/kg. 
Therefore, we considered that copper-based pesticide is the principal source of 
established soil enrichment by heavy metals. Similar conclusions have reached 
also some authors in Serbia [32], Brasil [39], Italy [41], Romania [42], France 
[43] and Spain [44]. The results agree with Alagić et al. [32] 315.00 mg/kg (Cu), 
Couto et al. [45] 602.23 mg/kg (Cu), Romić et al. [46] 586 mg/kg (Cu), Chaignon 
et al. [47] 398 586 mg/kg (Cu) and significantly higher than those obtained by 
Rusjan et al. [48] 88.00 mg/kg (Cu).  

Concerning factor which influences the distribution of metals on the 
soil profile, it can be seen as the depth factor had influenced very significant 
distribution Cd, Pb, U, As, Sr, Co, Cu, Ni and Cr, in case of Hg distribution on 
the soil profile depth factor had a lesser influence (Table 1).  
 Reporting the obtained results [Cd average 0.33±0.05 mg/kg (1mg/kg 
M.A.L = (maximum limit allowed); Pb average 5.82±0.75 mg/kg (20 mg/kg M.A.L); 
Hg average 0.076±0.012 mg/kg (0.1 mg/kg M.A.L); As average 1.31±0.11 mg/kg 
(1 mg/kg M.A.L); Co average 3.45±0.25 mg/kg (15 mg/kg M.A.L); Ni average 
5.61±0.23 mg/kg (1 mg/kg M.A.L) and Cr average 10.81±0.72 mg/kg (30 mg/kg 
M.A.L)] to national and international legislation we can say that the soil from 
Dealu Bujorului vineyard falls within the limits set by the law, except the Cu 
average 356.03±4.36 mg/kg concentration which exceeds this limit (20 mg/kg) 
(Table 1).  
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206Pb/207Pb, 208Pb/206Pb, 206Pb/204Pb, 87Sr/86Sr, isotope ratio from 
Merlot soil samples  

The Pb isotope ratio for the selected soil (Table 2) varies in range 
between 1.13142-1.14205 (206Pb/207Pb), 2.12065-2.14153 (208Pb/206Pb) and 
17.29604-17.42010 (206Pb/204Pb) with average 1.13418 (206Pb/207Pb), 
2.12906 (208Pb/206Pb) and 17.36398 (206Pb/204Pb). The wide range of isotope 
ratio obtained suggest that Pb content in the soil is a product of the 
combination of different sources and not from a sole origin, natural or 
anthropogenic, and that it has also been accumulating over time since the 
massive use of Pb in fuel, pain [49]. The 206Pb/207Pb ratio is most commonly 
used in environmental studies because it can be determined precisely, and 
the abundances of these isotopes are relatively important [50]. The isotope 
ration 206Pb/207Pb revealed a different behaviour between soil profiles at each 
sampling site.  

Regarding 206Pb/207Pb isotope ration based on analyses it can be 
concluded that the vineyard soil from Dealu Bujorului with an average 
values of 1.13418 206Pb/207Pb come from automobile emissions (if 
206Pb/207Pb=1.1000-1.1400 [automobile emissions]) [51]. The values of 
208Pb/206Pb and 206Pb/204Pb isotope ratio are between the ranges from 2.12065 
to 2.14153 (208Pb/206Pb) and 17.29604 to 17.42010 (206Pb/204Pb) with an 
average values of 2.12906 (208Pb/206Pb) and 17.36398 (206Pb/204Pb). The 
highest values of 208Pb/206Pb and 206Pb/204Pb isotope ratio were registered on 
the depth of the soil profile from 70-80 cm [2.14153 (208Pb/206Pb)] followed by 
80-90 cm [2.13417 (208Pb/206Pb)] and values recorded at 50-60 cm [17.42010 
(206Pb/204Pb)] followed by 90-100 cm [17.41431 (206Pb/204Pb)] and 110-120 cm 
[17.39252 (206Pb/204Pb)]. The lowest values of 08Pb/206Pb and 206Pb/204Pb 
isotope ratio were recorded also on the depth of the soil profile 30-40 cm 
[2.21065 (208Pb/206Pb)] followed by 110-120 cm [2.12311 (208Pb/206Pb)], 10-20 
cm [2.12472 (208Pb/206Pb)], 60-70 cm [2.12443 (208Pb/206Pb)], 90-100 cm 
[2.12512 (208Pb/206Pb)], 100-110 [2.12457 (208Pb/206Pb)]. 

Regardless of Pb sources (lithogenic or anthropogenic), the average 
206Pb/207Pb, 208Pb/206Pb and 206Pb/204Pb ration in soil profile horizons followed 
the order: 1.13526 (0-10 cm 206Pb/207Pb) > 1.13427 (10-20 cm 206Pb/207Pb); 
2.12626 (10-20 cm 208Pb/206Pb) > 2.12472 (10-20 cm 208Pb/206Pb) and 
17.36201 (10-20 cm 206Pb/204Pb) > 17.36128 (0-10 cm 206Pb/204Pb). 
Statistically, in the case of 206Pb/207Pb and 208Pb/206Pb there are very significant 
differences between the analyzed variants while 206Pb/204Pb does not show 
any differences with in terms of distribution on the depth of the soil profile.  

These results demonstrate that Pb isotopic ratios were derived mainly 
from weathered parent material, except the 206Pb/207Pb uppermost horizons 
of soil profiles which come from automobile emissions. The more radiogenic 
208Pb/206Pb and 206Pb/207Pb ratio in soil probably reflects the Pb derived from 
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weathered bedrock, and the isotopic composition of Pb is mostly influenced 
by the decay of U and Th content in the soil, weathering processes and 
original rock age, which provide a fingerprint used for different forensic and 
archeological purposes [52]. 

Concerning 87Sr/86Sr, isotope ratio the values are between the ranges 
from 0.72316 to 0.72701, with an average value of 0.72514. The highest 
values were registered on the depth of the soil surface profile 60-70 cm 
(0.72701) followed by values recorded at 40-50 cm (0.72653) and 50-60 cm 
(0.72616), the lowest value of 87Sr/86Sr isotope ratio was registered on the 
depth of the soil at 70-80 cm (0.722316) (Table 2). In this case, these are no 
significant differences between the 87Sr/86Sr isotope ratio. These obtained 
values of 87Sr/86Sr isotope ratio can be attributed to a larger proportion of 
radiogenic (K and Rb rich) mineral due to the weathering of the most weatherable 
mineral, i.e. Ca-plagioclase, which is promoted by a strong decrease of the 
soil pH [53].  

 
 

CONCLUSIONS 
 
In this work the heavy metals concentration from Merlot plantation 

was studied in order to highlight the heavy metals composition of soil. In 
case of Cd (1 mg/kg), Pb (20 mg/kg), Hg (0.1 mg/kg), As (5 mg/L), Co (15 
mg/kg), Ni (20 mg/kg) and Cr (30 mg/kg) metals in analysed soil samples 
were under Maximum Permissible Limits (MPL). Cu concentration in the 
soil exceeds the maximum admissible limit (20 mg/kg) having the average 
value of 371.25 mg/kg, this value is a common one for vineyards soils.  

Regardless of Pb sources (lithogenic or anthropogenic), the 
average 206Pb/207Pb, 208Pb/206Pb and 206Pb/204Pb ration in soil profile 
horizons followed the order: 1.13526 (0-10 cm 206Pb/207Pb) > 1.13427 (10-
20 cm 206Pb/207Pb); 2.12626 (10-20 cm 208Pb/206Pb) > 2.12472 (10-20 cm 
208Pb/206Pb) and 17.36201 (10-20 cm 206Pb/204Pb) > 17.36128 (0-10 cm 
206Pb/204Pb). Statistically, in the case of 206Pb/207Pb and 208Pb/206Pb there 
are very significant differences between the analyzed variants while 
206Pb/204Pb does not show any differences with in terms of distribution on 
the depth of the soil profile.  

Our results confirm that the 207Pb/206Pb, 208Pb/206Pb, 204Pb/206Pb and 
87Sr/86Sr isotope ratio can be used to track the geographical origin of wine, 
discriminate between wine production regions, and be used to characterize 
wine terroirs for forensic purpose.  
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EXPERIMENTAL SECTION 
 
Study area 

Soil samples was harvested from Dealu Bujorului vineyard 
(45°52′10″ N, 27°55′8″E), the scattered spreading territory of this vineyard 
corresponds almost entirely to the geographical subunit known as Colinele 
Covurluiului, in whose area is also the Dealu Bujorului vineyard. The 
vineyard is crossed by the parallel 46° latitude north, intersected by the 28° 
longitude meridian. Dealu Bujorului vineyard belongs to Galați country. The 
specificity of the transition area is highlighted by the predominance of 
deposits of clays and sands. Versants were made from clay deposits and 
sandy sands.  

 
Soil sample collection  

Soil sampling was carried out on the depth of the soil profile (0-10 
cm, 10-20 cm, 20-30 cm, 30-40 cm, 40-50 cm, 50-60 cm, 60-70 cm, 70-80 
cm, 80-90 cm, 90-100 cm, 100-110 cm and 110-120 cm). Soil samples were 
collected using stainless steel shovels and were stored in individual black 
plastic bags (darkness). All samples were taken in triplicates from the defined 
experimental plot. Soil samples have been brought first to sand-size material 
(< 2 mm) using a jaw crusher then mechanically split to obtain a 
representative samples and eventually pulverized to powder-size, grain-size 
smaller than 100 µ (< 400 mesh), using a ball mill. Agate ball mill is used in 
place of any other pulverization metal device to avoid possible trace element 
contamination [54]. Soil samples before splitting and pulverisation have been 
dried at 60 0C.  

 
Reagents and solutions 

Ten elements (Cd, Pb, U, Hg, As, Sr, Co, Cu, Ni and Cr) were 
determined in order to assess their ability to discriminate wines by 
geographical origin. The analysis was made using multielement analysis and 
ICP-MS technique, after an appropriate dilution, using external standard 
calibration method. The calibration was performed using XXICertiPUR 
multielement standard, and from individual standard solution of Cr and Hg. 
The working standards and the control sample were prepared daily from the 
intermediate standards that were prepared from the stock solution. The 
intermediate solutions stored in polyethylene bottles and glassware was 
cleaned by soaking in 10% v/v HNO3 for 24 hours and rinsing at least ten 
rimes with ultrapure water (18.2 MΩ cm-1 ultrapure water-Types 1). The 
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accuracy of the methods was evaluated by replicate analyses of fortified 
samples (10 µL-10 mL concentrations) and the obtained values ranged 
between 0.8-13.1 percent, depending on the element. The global recovery 
for each element was estimated and the obtained values were between 84.6-
100.9% [21].  

For quality control purpose, blanks and triplicates samples (n = 3) 
were analyzed during the procedure. The variation coefficient was under 5% 
and detection limits (ppb) were determined by the calibration curve method. 
Limit of detection (LoD) and Limit of quantification (LoQ) limits were 
calculated according to the next mathematical formulas: LoD = 3SD/s and 
LoQ = 10 SD/s (SD = estimation of the standard deviation of the regression 
line; s = slope of the calibration curve).  

 
 

Table 3. Instrumental conditions for the determination of each element 
(ICP-MS technique) 

 

Element 
Correlation 
coefficient 

LoD* 
(µg/L) 

LoQ*** 
(µg/L) 

BEC** 
(µg/L) 

Cd 0.9999 0.0202 0.0673 0.027 
U 0.9999 0.0253 0.0842 0.005 
As 0.9999 0.2335 0.7776 0.538 
Co 0.9999 0.0365 0.1215 0.152 
Ni 0.9999 0.0591 0.1968 0.091 
Pb 0.9999 0.0003 0.0010 0.002 
Hg 0.9999 0.0417 0.1379 0.128 
Sr 0.9999 0.1434 0.4775 0.955 
Cu 0.9999 0.0402 0.1339 0.237 
Cr 0.9999 1.6630 5.5378 0.636 

 

*Detection limit; **Background equivalent concentration;  
***Quantification limit. 

 
 
For calibration and also to verify the achieved accuracy and 

precision, ten NIST-SRM 987 and NIST-SRM 982 analysis results were 
pooled together with the calculated relative standard deviation presented in 
Table 4. Based on the obtained results, it was verified that, applying 
quadrupole ICP-MS, relative standard deviation and reproducibility of 
approximately 0.5% for 87Sr/86Sr, 206Pb/207Pb and 208Pb/206Pb are feasible. 
The results were in agreement with those reported by [21, 52].  
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Table 4. Lead isotopic ration and Lead isotopic ration determination precision 
 and accuracy based on the NIST SRM 982 (Lead) NIST SRM 987 (Strontium) 

(n=10) 
 

Replicate 207Pb/206Pb 
(a) 

RSD 
(%) 

208Pb/206Pb 
(b) 

RSD 
(%) 

204Pb/206Pb 
(c) 

RSD 
(%) 

87Sr/86Sr 
(d) 

RSD 
(%) 

1 0.46483 0.51 0.99891 0.67 0.00271 0.32 0.70493 0.31 
2 0.47891 0.48 0.99452 0.61 0.00272 0.41 0.72046 0.45 
3 0.46978 0.32 0.99794 0.55 0.00275 0.28 0.70325 0.63 
4 0.47123 0.64 0.99688 0.64 0.00273 0.51 0.70634 0.48 
5 0.46987 0.56 0.99726 0.48 0.00246 0.14 0.71478 0.36 
6 0.46154 0.37 0.99647 0.56 0.00258 0.39 0.71245 0.59 

7 0.47362 0.70 0.99969 0.34 0.00279 0.47 0.70987 0.46 
8 0.45641 0.43 0.99744 0.58 0.00278 0.51 0.72326 0.42 
9 0.41562 0.36 0.99576 0.59 0.00273 0.49 0.70845 0.68 
10 0.45612 0.45 0.99874 0.61 0.00278 0.36 0.10789 0.47 

Average 0.46179 0.48 0.99736 0.56 0.00270 0.41 0.71117 0.49 
 
aCertified value=207Pb/206Pb (0.46707±0.00020);  
bCertified value=208Pb/206Pb (1.00016±0.00036);  
cCertified value=204Pb/206Pb (0.027219±0.00027);  
dCertified value=87Sr/86Sr (0.71034±0.00026); RSD (%) = relative standard deviation. 
 
 

Sample preparation for determination of heavy metals and 
isotopic ration from soil using ICP-MS 

 
For the determination of heavy metals from soils samples were used 

an amount of 0.5 g soil and adjust 8 mL (7 mL HNO3 65%+1 mL H2O2) were 
placed in a clean Teflon digestion vessel,  after 15-30 minutes the 
mineralization was performed using a microwave system Milestone START D 
Microwave Digestion System set in three steps: step I (time 10 min., 
temperature 220ºC), step II (time 15 min., temperature 220ºC) and step III 
(time 60 min., ventilation - temperature 35ºC). After mineralization, samples 
were filtered through a 0.45 mm filter and brought to a volume of 50 mL. The 
Pb and Sr isotope ration in the analysed soil samples (206Pb/207Pb, 
208Pb/206Pb, 206Pb/204Pb, 87Sr/86Sr,) were determined according to the 
methodology indicated by Mihaljevič et al. [51]; Geana et al. [21]. 

In order to confirm the best chosen conditions for soil digestion 
standard additions for checking accuracy of the microwave digestion and 
recoveries were calculated (Table 5). The digestion seemed visually 
completed in all of the combinations, but the spiked recoveries showed 
significant differences for total elements content (p = 0.005). 
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Table 5. Standard additions for checking accuracy of the microwave 
digestion ICP-MS method (n = 3) 

 

Element 
Certified Concentration 

(mg/kg) 
Measured Concentration 

(mg/kg) 
Cd 0.371±0.002 0.369±0.006 
U 3.15±0.05 3.17±0.03 
As 10.50±0.30 10.26±0.18 
Co 130.00±9.00 129.32±0.36 
Ni 85.00±2.00 83.65±1.89 
Pb 0.00173±0.00001 0.00169±0.0002 
Hg 0.90±0.20 0.91±0.21 
Sr 239.00±6.00 238.02±1.56 
Cu 33.90±0.50 33.96±0.53 
Cr 130.00±9.00 130.15±0.78 

 
 
Instrumentation 

The determination of metals was performed on mass spectrometer 
with inductively coupled plasma, (ICP-MS) iCAP Q Thermo scientific model, 
based polyatomic species before they reach the quadrupole mass 
spectrometer, using a PFA micro flow concentric nebulizer. The argon used 
was of 99.99% purity (Messer, Austria). The instrument was daily optimized 
to give maximum sensitivity for M+ ions and the double ionization and oxides 
monitored by the means of the rations between Ba2+/Ba+ and Ce2+/CeO+, 
respectively, these always being less than 2%. The experimental conditions 
were: argon flow on nebulizer (0.82 L/min.), auxiliary gas flow 0.80 L/min., 
argon flow in plasma 15 L/min., lens voltage 7.30 V; RF power in plasma 
1100 W, spray chamber temperature (2.50±1.00oC). Accuracy was calculated 
for the elements taken into consideration (0.5-5.0%).  

 
Statistical analysis 

The statistical interpretation of the results was performed using the 
Duncan test, SPSS Version 24 (SPSS Inc., Chicago, IL., USA). The statistical 
processing of the results was primarily performed in order to calculate the 
following statistical parameters: average and standard deviation. This data 
was interpreted with the analysis of variance (ANOVA) and the average 
separation was performed with the DUNCAN test at p ≤ 0.05.  
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ABSTRACT Mineralogical and chemical characterization of soils is important 
in for the use of soils as agricultural land. The soil from downstream Bârzava 
River was characterized and existing geological features of this soil were 
presented and correlate with the size surfaces. pH measurements of soils 
samples collected from three different locations and from two different depths 
were performed. The soil samples were also analysed in order to assess the 
major and trace elements content. It is known that the pH and heavy metal 
concentrations are vital factors for plant growth and the obtained results could 
be use in future for elaboration of some soil bioremediation techniques. 
 
Keywords: soil geological features, acidity control, metal concentration 

 
 
 
INTRODUCTION  
 
 Acid soils occupy approximately 30% of the world’s land area and 
restrain global agricultural production1. Numerous factors can contribute to 
soil acidification, such as large inputs of inorganic fertilizers, high rainfall, acid 
deposition and greenhouse gas2. As the concentration of H+ in the soil 
increases, it can inhibit root growth3, disrupt the functions of the plasma 
membrane4, cell wall5, or increase the Al3+ toxic levels6. Deficient levels of 
calcium (Ca), magnesium (Mg) and phosphorus (P) are also frequent under 
low pH conditions. 
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 Soil pH is widely accepted as a dominant factor that regulates soil 
nutrient bioavailability, vegetation community structure, plant primary 
productivity, and a range of soil processes including soil microbial community 
structure and activity7. 

All the soil properties and the value of the soil pH can widely differ in 
reliance on soil type, topography, climate, vegetation, and anthropogenic 
activity, because all these factors influence the spatial variability of the 
observed soil types8.The value of soil pH is directly influenced by all five soil-
forming factors (parent rock, climatic conditions, organisms, topography, and 
time) and further the value of soil pH is dependent on the season influence, 
way of management, tested soil horizon, soil water contents, and time limit of 
sampling for analysis9. In literature there are only some few studies regarding 
the correlation between soil acidity and agricultural plant cultures cultivated in 
Romania. Some studies and researches at national level have pointed out 
that there are relations of interdependence between plant cultivation 
technologies, the environment, the level of economic development and the 
quality of life10,11,12,13a,b,14. Anthropogenic metals and metalloids in soils 
represent a potential risk for the environment. Accumulation of the heavy 
metals in agricultural soils and water resources poses a great threat for the 
living organism as well for the human health (due to high risk of their entry 
into food chain)15. Prolonged consumption of contaminated vegetables and 
cereals can lead to the disruption of numerous biological and biochemical 
processes in the human body16.  

Taking into account all these, our paper presents eco-pedological 
research in the area of the Bârzava River, Caraş-Severin County, Romania, 
from a soil chemistry perspective, aiming at establishing improvement 
measures. The focus has been on soils characterization and determination of 
acidity and metal concentrations of soils samples. The characterization of 
soils, from this area, is important for the future studies regarding soils 
bioremediation.  
 
 
RESULTS AND DISCUSSION 

 
The study focussed on the lands downstream Bârzava River, Caraş-

Severin County, Romania. The main soil types identified in the studied area, 
where soils with specific features have developed in close relationship with 
the variety of geomorphologic factors determining the existence of diversified 
relief units, of geolitic and hydrologic factors, and of different anthropogenic 
factors. Six soil samples were collected from three different locations in 



MINERALOGICAL AND CHEMICAL CHARACTERIZATION OF THE SOIL FROM BÂRZAVA RIVER AREA  
 
 

 
335 

Bârzava river area, two different samples (from 0-20 cm and 20-40 cm) from 
each location (Voiteni, Partoş, Banloc-Livezile) Samples were codified as A, 
B, C, D, E, F. (A soil sample from Banloc-Livezile pump station area (0-20 
cm); B. soil sample from Partoş rice plantation area (0-20 cm); C. soil sample 
from Voiteni Farm of USAMVBT (0-20 cm); D. soil sample from wheat 
plantation area from Voiteni Farm of USAMVBT (20-40 cm); E. soil sample 
from Banloc-Livezile pump station area (20-40 cm); F soil sample from 
Partoş rice plantation area (20-40 cm)). Samples were mineralogical and 
chemical characterized, acidity and metal concentrations were determined.  

Bârzava River is a river of 166 km long in Caraş-Severin County 
situated in south-west part of Romania. Location coordinates are 45o17’59’’N 
20o38’46’’E. 

In the low plain downstream Bârzava River, the soil type is gleic 
eutricambosoil, moderately gleized, moderately decarbonized (balticalcaric), 
medium sandy clay/medium clay, developed on medium fluvial carbonate 
materials. 

Soil from downstream Bârzava River was characterized and main 
features of this soil were presented in Table 1. 
 The soil horizon or pedogenetic horizon is a layer approximately 
parallel to the soil surface, which has a number of properties resulting from 
the soil formation process, properties that differ from those of the above or 
underlying strains. The soil horizon is meant a component layer of the profile, 
characterized by the entire mass of the same properties (color, texture, 
structure, etc.). The Ao ocric horizon is a too bright or too bioaccumulative 
horizon in organic matter to be molluscic or shady, or which becomes 
massive and harsh during periods of drought. The AB horizon is a transition 
horizon between A and B, with horizon A properties and rock fragments, 
which are at least 30% altered. The Bvg2 horizon is a cambic surface horizon 
(change-over, modification), also known as the horizon of alteration of the 
parental material in situ, g2 signifies the degree of gleizing-weakness. BCg2 
horizon is a transition horizon between B andC horizon, with the characters 
of the supriacent B horizon and the underlying C being partially expressed, 
with a glearing degree (g2). Ckg3 horizon is underlying material, having a 
moderate (g3) degree of accumulation of carbonates. The Ckg4 horizon is 
underlying material, with a high degree (g4) of carbonate accumulations. 

A moderate humus supply in the first 50 cm of soil and a low nitrogen 
level between 0-24 cm was observed. Also, highly acid soil between 43-64 
cm, moderately acidic zone between 0-43 cm and 64-123 cm and low 
alkaline zone between depth of 123 and 165 cm was observed.  
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Table 1. Main soil features downstream Bârzava, Caraş-Severin County, Romania 
 

Horizon Ap Ao AB Bvg2 BCg2 Ckg3 Ckg4 

Depth (cm) 0-24 -43 -64 -96 -123 -148 -165 

Coarse sand (2.0-0.2 
mm) (%) 

7.3 1.2 1.3 3.6 2.9 4.7 4.7 

Fine sand  
(0.2-0.02 mm) (%) 

60.5 60.8 58.3 53.5 59.9 69.8 73.4 

Dust  
(0.02-0.002 mm) (%) 

18.5 12.8 17.1 22.1 18.4 9.0 6.9 

Colloidal clay  
(< 0.002 mm) (%) 

13.5 25.2 23.3 20.8 18.8 16.5 15.0 

Physical clay  
(< 0.01 mm) (%) 

28.3 33.8 31.5 26.6 24.4 17.1 17.2 

Texture SM LN LL LL SF SM SM 

Apparent density (Da) 
(g/cm3)  

1.4 1.5 1.6 1.6    

Specific density (Ds) 
(g/cm3) 

2.7 2.6 2.6 2.6    

Water pH  5.3 5.2 4.9 5.7 6.2 8.2 8.4 

Carbonates(CaCO3) 
(%) 

     5.8 5.2 

Humus (%) 2.4 1.4 1.1     

Nitrogen index (IN) 1.9       

Humus reserve (t/ha) 80.3 41.6 12.0 133.9    

Exchange bases (SB) 
(me/100) 

7.4 8.9 12.0 19.1 21.6   

Exchange hydrogen 
(SH) (me/100) 

4.6 4.6 4.4 3.3 1.9   

Cation exchange 
capacity (T) (me/100) 

11.9 13.5 16.4 22.4 85.4   

Base saturation 
degree (V) (%) 

61.8 66.2 73.0 85.4 91.5   

Legend: Ap-ploughed layer; Ao-ocric horizon; AB- horizon; Bvg2 horizon; BCg2 horizon; 
Ckg3 horizon; Ckg4 horizon; SM- sandy gray clay; LN - sandy clay; LL- middle clay; SF- 
sandy fine clay; 
 
 

For soils characterization, agricultural surface with acidic soils 
distribution from downstream Bârzava River, were systematized from data 
obtained from administrative-territorial units of the studied area. As far as 
acid soils are concerned, they cover 47,297 ha of agricultural lands within the 
studied area (Table 2). These soils share a common feature; low pH values  
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(5.0-6.8), which groups them into two large groups depending on acidification 
and soil formation type: soils with a B argillic horizon (Bt) and soils with a B 
cambic horizon (Bv).  

 
 

Table 2. Distribution of acidis soils in agricultural lands from downstream  
Bârzava river, Caras-Severin County, Romania 

 

Commune/ 
Town 

Total 
agricultural 
lands (ha) 

Of which acid soils: 
low 

pH: 5.8-6.8 
moderate 

pH: 5.1-5.8 
high-

excessive < 
5.1 

Banloc(+Livezile) 15481 6337 1832 --- 
Denta 8414 4644 1712 --- 
Deta 2904 1702 484 --- 
Gătaia (+ Birda) 19496 9850 2724 83 
Ghilad 10487 6023 1603 --- 
Giera 8556 4479 482 --- 
Voiteni 6523 3836 1506 --- 
Total  71861 36871 10343 83 
% 66.0 51.3 14.4 0.1 

 
Acidity, expressed as actual acidity (pH) and titratable acidity 

(exchange and hydrolytic) influences directly (through the root system) the 
process of nutrition in plants. Acidity influences deeply the process of 
metabolism by disturbing the formation of protein substances: this is the 
reason why nitrogen substances remain as amino acids in the root.  

Some pH measurements were achieved, according the literature 
procedures17,18,19 from collected soils and results were presented in Table 3. 
From measurements we can observed that surface soil is more acidic. 

Many studies reported that the soil pH and heavy metal 
concentrations are vital factors for plant growth20,21 . Therefore, in this study 
the six soil samples were analysed in order to assess the major and trace 
elements content. The obtained results are presented in the Table 4.  
 The metal content in collected soil samples was determined using an 
Inductively Coupled Plasma Mass Spectrometer. Over 50 different metals 
were identified. Some in higher concentration like Ca, Fe, Mg, Mn, Ba some 
in medium concentration like Sr, Na, Ti, Zn, Y, As, Co, Ni and some in low 
concentration, Sc, Ge, Rb, Zr, Cd. Some rare metals were detected but the 
concentration was under 0.01mg/Kg. Some lactinides metals were identified, 
the highest concentration was Ce, Nd, La, Gd, Dy.  
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Table 3. pH-values for soil samples obtained from Bârzava river, Caras-Severin 
County, Romania; (A soil sample from Banloc-Livezile pump station area (0-20 cm); 

B. soil sample from Partoş rice plantation area (0-20 cm); C. soil sample from 
Voiteni Farm of USAMVBT (0-20 cm); D. soil sample from wheat plantation  
area from the Voiteni Farm of USAMVBT (20-40 cm); E. soil sample from  

Banloc- Livezile pump station area (20-40 cm); F soil sample from  
Partoş rice plantation area (20-40 cm)) 

 

Soil 
samples 

A B C D E F 

pH 5.3 5.6 5.4 6.1 5.9 6.1 
       

 
 

Table 4. The total metal concentrations in soil samples collected from different 
areas: A. soil from Banloc-Livezile pump station area (0-20 cm); B. soil from  
Partoş rice plantation area (0-20 cm); C. soil from Voiteni Farm of USAMVBT  
(0-20 cm); D. soil from wheat plantation area from Voiteni Farm of USAMVBT  

(20-40 cm); E. soil from Banloc-Livezile pump station area (20-40 cm);  
F. soil from Partoş rice plantation area (20-40 cm) 

 

Element 
A.  

C M =mg/kg 
B. 

C M =mg/kg  
C. 

C M =mg/kg 
D. 

C M =mg/kg 
E. 

C M =mg/kg 
F. 

C M =mg/kg 
Li 1.63 0.88 2.07 1.95 0.97 1.19 
Be 0.61 0.48 0.72 0.73 0.28 0.55 
Na 29.65 75.91 54.87 70.39 15.72 71.89 
Mg 3474.8 1796.4 2627.9 2487.2 1503.8 1793.6 
Ca 8846.2 4338.5 6946.7 7063.1 3369.4 4843.1 
Sc 0.64 0.94 0.65 0.62 0.30 0.98 
Ti 14.76 8.23 12.69 12.93 6.15 9.23 
V 23.38 19.32 15.96 14.16 10.29 21.07 
Cr 4.17 2.51 4.12 3.53 2.15 3.22 
Mn 307.03 112.57 477.34 379.92 128.59 132.31 
Fe 320.78 3635.8 2560.7 2211.4 1363.6 283.87 
Co 5.25 6.91 6.36 6.27 2.11 3.41 
Ni 7.69 4.61 9.22 8.50 3.44 5.37 
Cu 8.45 7.68 7.75 6.56 3.30 8.09 
Zn 14.76 17.69 15.12 15.60 6.02 20.97 
Ga 0.95 0.59 0.88 0.76 0.42 0.69 
Ge 0.03 0.02 0.03 0.02 0.01 0.02 
As 7.32 4.72 5.22 4.99 2.74 4.90 
Se <0.01 0.15 <0.01 <0.01 0.09 <0.01 
Rb 0.43 0.25 0.43 0.47 0.16 0.25 
Sr 24.17 16.32 20.61 19.51 9.48 18.45 
Y 9.12 7.16 10.11 9.79 3.75 8.25 
Zr 0.39 0.15 0.25 0.21 0.12 0.18 
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Element 
A.  

C M =mg/kg 
B. 

C M =mg/kg  
C. 

C M =mg/kg 
D. 

C M =mg/kg 
E. 

C M =mg/kg 
F. 

C M =mg/kg 
Nb 0.03 0.02 0.02 0.02 0.01 0.02 
Mo 0.03 0.01 0.01 <0.01 <0.01 <0.01 
Ru <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Rh <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Pd <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Ag 0.06 0.06 0.04 0.04 0.02 0.06 
Cd 0.14 0.20 0.13 0.11 0.05 0.22 
In <0.01 0.03 <0.01 <0.01 <0.01 0.03 
Sn 0.04 0.04 0.02 0.02 <0.01 0.03 
Sb 0.02 <0.01 <0.01 0.01 <0.01 <0.01 
Te <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
I 0.01 <0.01 0.04 0.04 <0.01 <0.01 
Cs <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Ba 127.69 76.31 140.36 131.24 46.41 93.10 
La 10.01 8.11 10.89 10.07 3.68 9.53 
Ce 24.97 19.13 27.38 24.63 9.13 22.79 
Pr 3.02 2.29 3.29 3.09 1.10 2.78 
Nd 12.95 10.02 14.34 13.61 1.56 12.06 
Sm 1.09 0.81 1.24 1.19 0.36 1.01 
Eu 0.28 0.21 0.31 0.29 0.09 0.26 
Gd 6.76 1.04 7.47 7.07 0.41 6.05 
Tb 1.02 0.14 1.13 1.08 0.06 0.17 
Dy 6.53 0.78 7.05 6.86 0.33 0.97 
Ho 1.68 0.14 1.82 1.76 0.06 0.18 
Er 0.53 0.40 0.56 0.55 0.17 0.49 
Tm 0.07 0.06 0.08 0.07 0.02 0.07 
Yb 0.50 0.39 0.52 0.50 0.16 0.47 
Lu 0.08 0.06 0.08 0.08 0.02 0.07 
Hf 0.01 0.01 0.01 0.01 <0.01 0.01 
Ta <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
W <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Re <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Os <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Ir <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Pt <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Au <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Hg <0.01 0.01 0.01 <0.01 <0.01 0.02 
Tl <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Pb <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Bi 0.15 0.42 0.09 0.09 0.05 <0.01 
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CONCLUSIONS 
 
 Soil from downstream Bârzava River was characterized and main 
features were presented. The six soil collected samples were characterized 
and analysed and in order to assess the major and trace elements content 
and to determine the acidity of soils. The pH of soils was determined from 
different depths, the surface soil being more acidic. It was revealed that Ca, 
Fe, Mg, Mn, Ba were the most abundant elements in the studied soil 
samples. It is known that the pH and heavy metal concentrations are vital 
factors for plant growth and the obtained results could be use for elaboration 
of some soil bioremediation techniques. 
 
 
EXPERIMENTAL SECTION 
 
 Material and methods 

 Six soil samples were collected from different areas, from lands 
downstream Bârzava River, Caraş-Severin County, Romania: a soil sample 
from Banloc-Livezile pump station area (0-20 cm); B. soil sample from Partoş 
rice plantation area (0-20 cm); C. soil sample from Voiteni Farm of 
USAMVBT (0-20 cm); D. soil sample from wheat plantation area from 
Voiteni Farm of USAMVBT (20-40 cm); E. soil sample from Banloc-Livezile 
pump station area (20-40 cm); F soil sample from Partoş rice plantation 
area (20-40 cm). 
 The metal contents were determined by Inductively Coupled Plasma 
Mass Spectrometer (SCIEX Perkin Elmer Elan DRC II) using a semi-
quantitative analysis. Merck ICP multi-element standard solution VI was 
diluted and used for factor response calibration, while the dynamic reaction 
cell was used in rf-only mode (no gas). Oxides and double charged ions were 
kept below 3%, plasma power was set at 1450 W and the instrument was 
optimised for lowest signal/noise raise before measurements. 
 All reactive and standards were purchased from Merck (Darmstadt, 
Germany).  
 
 Sample preparation and pH measurement 

The soil samples were air-dried and grounded to 2 mm. Soil samples 
pH were measured in soil-water slurry (1:5, w/v) with a pH meter. The pH 
meter was calibrate according to manufacturer's instructions using buffer 
solutions (pH 4.0 - 10.0).The pH measurement was performed at  room 
temperature (20°- 23°C). 
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 Extraction and determination of metals from soil samples 

The total metal content of the soil samples were determined on 
centrifugated extracts (0.5 g/mL) obtained from 5 g samples which were 
digested with 10 ml 1M HCl. The total metal determinations were conducted 
by Inductively Coupled Plasma Mass Spectrometer (SCIEX Perkine Elmer 
Elan DRC II).  
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STUDY OF (PB, BA) - CRT GLASS WASTE BEHAVIOUR  
AS A PARTIAL AGGREGATE REPLACEMENT  

IN CEMENT MORTARS 
 
 

LILIANA HORNEAa, MARIA GOREAb, NICOLAE HARa* 
 
 

Abstract: This study investigates the usability of the cathode ray tube 
(CRT) glass waste in a binder system. The raw materials – glass waste, river 
sand and cement were characterised. CRT waste was added in the amount 
of 30, 40 to 50 weight percent, as replacement for river sand. Glass chemical 
composition shows a high content in lead and alkaline oxides. Mortar prisms 
were prepared and kept under humid conditions. The mechanical properties 
were studied after 7, 28 and 90 days respectively. SEM with additional EDS 
was used in order to investigate the microstructure of the samples. All the 
samples containing glass waste achieved higher compressive strength than 
the control mortar. After 14, 28 and 42 days of maintaining the mortar in 
water no evidence of Pb was detected in the solutions.  
 
Key words: cement, mortar, CRT glass waste, compressive strength  

 
 
 
INTRODUCTION 
 

It is well known that the process of recycling represents the trend of 
the modern world. This process is closely related to the quantity of products 
removed from the market [1-5]. The electronic and electro-technical fields 
go through changes every day since the beginning of rapid technological 
achievements [6]. Good examples are computer monitors and TV sets that 
are composed of cathode ray tube (CRT) glass. If 25 years ago, these 
products were recycled, being used to create new devices, at present, their 
market demand is non-existent, given the superiority of liquid crystal display 
(LCD) and light emitting diode (LED) technology [7]. 
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Introduction of glass waste as aggregate replacement in mortar and 
concrete has been studied for a long time. In the last 10 years this area has 
been intensely discussed by researchers due to high costs required for 
disposal but especially as a consequence of the new environmental 
regulations [8-11]. Electrical and electronic waste equipment involves serious 
environmental problems both due to their growing volume as well as to their 
toxicity caused by their content in Pb, Mn, Zn, Sn, Co etc., respectively. 
Eliminating CRT glass has become a worldwide environmental problem due 
to its high content in lead [12]. There are now plenty of ways to recycle this 
waste. One of them is to use it in the manufacturing of other monitors but the 
method becomes useless due to the low demand of CRT monitors [13]. 
Another method involve using these materials as flux in glass and ceramics 
industry [14-17].These technologies limit the content of toxic oxides, mainly 
PbO. As a result, a separation of glass waste containing lead is required. 
This increases the price of the final product. Waste shredding and washing 
with acid to remove lead is also a complex process [4, 18]. Castro and Brito 
[19] review the main attempts regarding the feasibility of introducing glass 
waste in concrete as an aggregate. Promising results on lead immobilization 
from waste in a binder matrix (Portland cement, mixed silicate binders and 
other derived blender cements) would justify their use as a partial 
replacement of mineral aggregates in certain types of concrete [20]. 

The main aim of this study is to characterize the composition of CRT 
glass and to prepare the cement mortars in which the natural sand is partially 
replaced by these wastes. Also the microstructure characteristics correlated 
with the mechanical properties of hardened mortar are highlighted. Capacity 
of lead immobilization in the binder system is also studied. 

 
 

RESULTS AND DISCUSSION 
 
Characterization of raw materials 

CRT glass waste aspect 

Cathode ray tube glass waste used in this study represents a mix of 
funnel and screen glass obtained by the shredding of computer monitors. 
The computer monitors were scrapped; glass components were separated 
from the metal and plastic parts, then crushed and finally sieved below 4.00 
mm particle size. The glass waste without any further chemical treatment 
was used. Particle size of river sand is in the range of 0 to 4.00 mm.  

Macroscopic and microscopic aspect of the CRT glass waste is 
highlighted in Figure 1. The colour of waste is light grey. After the crushing 
process, the SEM image highlights angular fragments of glass, isometric or 
elongated in shape, with different sizes up to 4.00 mm.  
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Figure 1. CRT glass waste with size less than 4 mm: a – macroscopic aspect;  
b - SEM image 

 
Physical-chemical characterisation 

The traditional river sand for mortar contains a high amount of silicon 
oxides besides small quantities of aluminium, calcium and alkaline oxides, 
respectively. The silicon oxide content is lower in CRT glass wastes than in 
river sand, about 46 wt%. The content of both fluxes oxides and earth and 
alkaline oxides, respectively is high and lead oxide is also present in high 
quantity, about 25 wt%.  

The CRT glass composition is rich in lead oxide (25 wt %) which 
makes this waste difficult to store; hazardous oxides as BaO (2.23 wt%) and 
SrO (2,4 wt%) are also present. A high content of alkali and alkali-earth 
oxides Na2O, K2O, MgO, and CaO is observed. The sand contains a high 
amount of silica, about 89 wt % and aluminium oxide (3.95 wt%) and, in 
small proportions, alkali and alkali-earth oxides. 

As expected, the glass waste shows a slow water absorption value 
of 0.04 wt%, smaller as compared with the sand, which is 1.93 wt%. Due to 
its vitreous texture, glass adsorbs less water than the other aggregate. This 
fact leads to a higher water amount in the mortar mixture, which involves a 
better workability. 

As compared with sand density (2620 kg/m3), CRT glass has a 
higher density (3020 kg/m3), due to its content in heavy metal oxides BaO, 
SrO and PbO. This value is closed to the cement powder density (3150 
kg/m3), providing a good blending of raw materials and avoiding aggregates 
segregation.  

Regarding the size distribution of aggregates there are no relevant 
differences between river sand and CRT glass waste. Therefore, the mortar 
compactness is expected to be close for control and CRT studied samples. 

The physical-chemical characteristics of materials are presented in 
Tables 1 and 2.  
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Table1. Physical-chemical characteristics of raw materials 

 

Material/oxide Portland Cement 
[wt%] 

CRT glass waste 
[wt%] 

Traditional river 
sand [wt%] 

SiO2 20.39 46.10 88.97 
Al2O3 4.71 3.26 3.95 
Fe2O3 3.91 0.13 0.53 
CaO 61.62 3.41 2.00 
MgO 1.11 1.71 1.00 
Na2O 0.21 6.24 1.05 
K2O 0.72 7.40 1.26 
TiO2  0.12  
SrO  2.40  
ZrO2  0.22  
BaO  2.23  
PbO  25.00  
SO3 2.74   
Cl- 0.0049   
LOI  0.72 0.62 

Physical Properties    
Density [kg/m3]  3020 2620 
Water absorption [wt%]  0.14 1.93 
 

The different aggregates density in the cement mortar has to be close 
to each other and to the binder density. The CRT glass waste and river sand 
have an adequate density to avoid the aggregates sedimentation during the 
mixing. The water absorption of CRT glass waste is lower than of the river 
sand, so the mixture workability is not influenced. 

 
Aggregate sizes  

The size distribution of the aggregates is presented in Table 2. The 
size of both aggregates are similar. This fact involves a good homogenisation 
of aggregate fragments and of mortar mixtures. 
 

Table 2. Aggregates sizes 
 

Aggregate/Sieve size [mm] 4.00 3.15 2.00 1.40 1.00 0.71 0.50 

CRT glass waste [wt%] 100.00 93.50 87.17 76.34 64.34 53.67 44.00 

Traditional river sand [wt%] 100.00 95.90 81.20 72.70 62.60 56.00 45.30 
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Alkali solubility of glass waste 

The pH measurements show that the pH value of the glass solution 
has slight variations in the first two hours. In this time interval the highest 
value is 9.68 (Figure 2,a).  

Following the pH evolution, in the 3rd day, the pH value increases to 
10.15 then drops to 10.07. pH values remain almost constant starting with 
the 5th day (Figure 2, b). This pH value is recommended for the cement 
mortars. 
 

 

 
 

Figure 2. Evolution of pH solution of CRT glass waste during  
(a) 2 hours; (b) 7 days 

 
Hydraulic activity of CRT waste  

Hydraulic activity measures the reaction capacity of a substance/ 
material with calcium hydroxide in the presence of water.  The hydraulic 
activity of CRT glass waste was studied at two different maturation intervals 
of 8 and 16 days, respectively. Following the processing of the data obtained 
from solution titration, it can observe that the values of CRT glass hydraulic 
activity are above the saturation curve of CaO (Figure 3).  
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Figure 3. Distribution of sample concentrations on CaO saturation curve: 
 - control mortar, - 30 wt% CRT waste mortar,  - 40 wt% CRT waste mortar, 

- 50 wt% CRT waste mortar. 
 
According to the convention regarding the hydraulic behaviour, the points 

above the saturation curve of CaO indicate a poor hydraulic activity.  This 
encourages the use of cathode glass waste as aggregate in cement mortars. 
 

Mortar Characterization 

Cement mortars compositions 

Four cement mortars compositions were prepared according to Table 
3. The control mortar mixture (M1) is free of CRT glass waste, while the other 
three compositions have the river sand aggregates substituted by CRT glass 
waste in the proportions of 30 wt %, 40 wt %, and 50 wt % respectively. All 
the mixtures were prepared with water/cement ratio of 0.5 and with 
aggregate/cement ratio of 3. 

 
Table 3. Experimental mortars mixtures 

 

Sample / Component [wt%] Portland cement Aggregate 
River sand CRT glass 

M1 25 75.00 - 
M2 25 52.50 22.50 
M3 25 45.00 30.00 
M4 25 37.50 37.50 
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Mineralogical investigations 

The mortar phases are well revealed by BSE images in Figure 4. As 
expected, grains of quartz (Q), feldspars (Fsp) and glass (G) appear in the 
cement matrix (M). 

 

 

 

 
Figure 4. BSE images of mortars: a - control mortar 28 days, b - control mortar 90 

days, c - 30% CRT mortar 28 days, d - 30% CRT mortar 90 days, e - 40% CRT 
mortar 28 days, f - 40% CRT mortar 90 days (quartz - Q, feldspars –Fsp, lead 

glass - PbG, barium glass – BaG and cement matrix - M) 
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The mortar control sample aspect is illustrated in Figure 4a and b. In 
each samples grains of quartz and feldspar with specific shapes and sizes 
from the aggregate in mortars are well observed. As expected, mortar 
samples are well blended, the aggregate grains are dispersed in the cement 
matrix and the mortar microstructure is compact. The cracks observed in the 
samples are the result of the mechanical tests and the dehydration processes 
which took place during sample preparation. 

Quartz grains are bound in a matrix that consists of calcium silicate 
hydrates, calcium ferrite aluminate hydrates and also magnesium compounds. 
These components are hydrated and form a homogenous mixture. On the 
upper side of the sample, the carbonation process is present. Its appearance 
may have different explanations. It might be that the mortar samples were 
held in natural atmosphere, so the CO2 could enter through the pores in the 
mortar structure. There, it would react with the portlandite resulted from 
calcium oxide hydration and form calcium carbonate - calcite. Another 
possible explanation could be the presence of limestone as additive in 
Portland cement type II A-LL. 

The 30 wt% CRT mortar microstructure, in which the CRT glass (BaG 
– barium glass and PbG – lead glass) has angular shape with sharp edges 
as a result of the grounding process, is shown in Figure 4c and d. The same 
sharp boundaries of glass in the cement matrix can be observed on the 40 
wt% CRT mortar microstructure – Figure 4e and f. 

The composition of glass waste aggregates of mortar containing 50 
wt% glass (sample M4) was investigated by BSE and EDS (Figure 5). 
Pieces of glass with high Pb content (spectrum b) and Ba content (spectrum 
a) are revealed. 

 
 

 
 

Figure 5. BSE image and EDS spectrum of the 50% CRT mortar after 90 days 
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EDS investigations reveals the same chemical elements found by 
the chemical analysis. Two types of glass are highlighted: one that contains 
Pb and one that is rich in Ba. This fact indicates the different sources of 
glass: computer pannel for Ba type and cathode for Pb type. The occurence 
of Pb and Ba glass pieces in the mixture is rather random, no particular 
distribution is observed. 
 

Density of the hardened mortar  

The density of studied hardened mortars increases with the increase 
of CRT glass waste content in mortar compositions. The highest density is 
reached by the 50 wt% CRT glass containing mortar – 2286.29 kg/m3, while 
the control mortar has the lowest value - 2190.63 kg/m3 (Figure 6).  

 

 
 

Figure 6. Density variation of studied mortars: a - control mortar,  
b – 30 wt% CRT mortar, c – 40 wt% CRT mortar, d - 50 wt% CRT mortar 

 
The density of the glass containing hardened mortars (30 wt%, 40 wt%, 

and 50 wt%) presents an increase of 2.46 wt%, 3.64 wt%, respectively 4.37 wt% 
as compared to the control mortar. The high mortar density values can be 
correlated with the high glass density due to its content in heavy oxides. 

 

Mortar porosity  

 According to the size distribution of both aggregates, there are no 
relevant differences between the size of CRT waste and river sand. As such, 
the mortar compactness should be close. The pore distribution, illustrated by 
blue colour, is presented in Figure 7. An uniform distribution and small size 
pores are present in both type of mortars, the control one and CRT waste 
mortar, respectively.  
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a    b 

Figure 7. Porosity distribution of two studies samples: a - control mortar,  
b – 30 wt% CRT waste mortar 

 
 

Compressive strength  

Mechanical test reveals a better behaviour of the CRT glass 
containing mortars as compared to the control mortar (Figure 8). In each 
case, the glass has a positive influence on the mortar resistance. The 
compressive strength increases progressively with the decreasing of the river 
sand in favour of glass waste and with curing age.  

 
 

 
 

Figure 8. Compressive strength of studied mortars 
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The mortars with 50 wt% CRT glass content show the highest 
compressive strength at 90 days, 61.69 MPa. This represents about 113 % of 
control mortar strength at the same age. Romero [22] also demonstrates that 
the strength of mortars prepared with CRT glass waste in a lower amount 
(10 wt%, 20 wt% and up to 30 wt%) surpass that of the control mortars. The 
improved behaviour could be explained by the glass’s low water absorption 
that facilitates workability, and reduces drying shrinkage. Maschio [23] 
supports the fact that mortar samples prepared with glass prove a more rapid 
increase of strength as compared to the control mortar in long-term ageing. 

 

Leaching test 

After each period of maintaining the mortar samples in water, the 
resulting solutions were analysed by AAS apparatus with absorption limits 
between 0.1-100 ppm.  

No evidence of Pb was detected in the solutions in this range.  
 
 

CONCLUSIONS 
 
This study investigates the characteristics of CRT glass cement 

mortars and possibility of encapsulating hazardous metal oxides from scrap 
monitors in these mortars as aggregates. CRT glass waste, traditional river 
sand, cement and water were mixed in order to obtain mortars.  

The density of CRT waste mortars show higher values than control 
mortar as the aggregate is enriched in PbO and BaO glass. 

The pH data fits into standard values for cement mortars. The AAS 
analysis made on the solutions consisting of mortar samples and deionised 
water indicates no dissolution of Pb in the 0.1-100 ppm range. It can be 
presumed that lead and barium oxides are well embedded by the cement 
matrix.  

An uniform distribution and small size of the pores both in control as 
well as in CRT waste mortar are evidenced. 

Compressive strength of studied mortars increases when a high percent 
of river sand aggregate is replaced. The best value is recorded by composition 
M4, in which CRT glass waste to river sand ratio is 1:1. In each case, the control 
mortars strength is exceeded by that of the CRT glass mortars.  

Despite of their angular shape this type of aggregate makes a good 
bond with the cement matrix, fact proved by the compressive strength of 
mortar samples. 
 In conclusion, the CRT glass waste could be used as aggregates in 
cement mortar for replacing the river sand. 
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EXPERIMENTAL  
 

Materials and methods 

Materials 

In order to prepare the mortar samples, the cement, aggregate, and 
water as raw materials are necessary. A type II Cement A-LL 42.5 R was 
used for this study. Chemical composition of cement is presented in Table 1. 
Both traditional river sand and CRT glass waste as aggregates were used. 
River sand was sourced from the Cluj area and CRT glass was provided by 
Babeş-Bolyai University laboratory (scrap computers). 

Mortar samples preparation  

According to the standard EN-196-1-ASTM C305 three mortar prisms 
for each composition were prepared. The raw materials were mixed in a 
laboratory mixer. The mixture was immediately put into standard steel 
moulds (160x40x40 mm). The mortars were compacted using a shock table. 
After 24 hours they were removed from the moulds and kept in 70 wt% 
humidity atmosphere for 7, 28 and 90 days respectively.  

Tests methods 

Glass waste investigations 
Alkali solubility was measured over a period of 7 days. 10g of glass 

waste were weighted into a plastic jar with 100 ml deionised water. The pH 
was determined with VERFAHREN pH –stat method (according to LAGA 
standard EW 98 P). The pH of the solution was measured every 5 minutes in 
the first 2 hours, then every 24 hours.  

Mortars investigations  

Compressive strength  

Compressive strength of the hardened mortar was investigated after 
each setting time (7, 28, 90 days) using a CONTROLS Hydraulic Press 50-
36V2 according to Romanian SR EN 196-1.   

Chemical composition and surface phases 

Chemical composition and surface phases of the samples were 
studied with JEOL 640 Electron Microscope (Scanning Electron Microscopy -
SEM and Back Skattering Electron Microscope- BSE) coupled with Energy 
Dispersive Spectroscopy (EDS). The microstructure of prepared mortars was 
investigated at two different curing periods: 28 and 90 days. Presence of 
cracks in the images is common fact due to dehydration effects during 
sample preparation for SEM and BSE [21]. 
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Leaching test 
Lead solubility was determined at 14, 28 and 42 days. Pieces of 

mortars from mechanical tests are introduced in deionised water (1 part 
mortar in 2 parts water). After each period 10 ml solution was collected for Pb 
testing with an AVANTA PM GBC Atomic Absorption Spectrometer. 
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ABSTRACT. The corrosion inhibition efficiency of three commercial inhibitors 
on low carbon steel was investigated by electrochemical methods (EIS and 
polarization curves). The efficiency of corrosion inhibitors was tested at 
different concentrations. Corrosion tests were carried out in a solution 
simulating a saline wastewater from petroleum industry (pH = 3) in order to 
find the best inhibitor for the protection of steel pipelines. 
 
Key words: steel, corrosion inhibitors, electrochemical impedance 
spectroscopy, polarization curves, inhibitor efficiency, synthetic wastewater 
from petroleum industry. 
 
 
 

INTRODUCTION 
 

The corrosion of pipelines from petrochemical industry can lead to 
decreased production, economic losses and also security risks [1]. Pipelines 
corrosion can be caused by a wide variety of factors, including physical, 
chemical and biological ones [2]. Almost any aqueous environment can 
promote corrosion, which occurs under numerous complex conditions in oil 
and gas production, processing, and pipeline systems [3]. 

Water is frequently injected into wells to increase oil recovery. There 
is referred to as produced water, and is the largest volume by product stream 
in oil and gas production, having an adverse environmental impact due to 
its complex composition and high disposal costs. The cost of producing, 
handling, and disposing of the produced water often defines the economic 
lifetime of an oil field and the actual hydrocarbon reserves; therefore, 
understanding and predicting the aspects, behavior, and problems induced 
by the produced-water flow is important. 

                                                            
a “Babeş-Bolyai” University, Department of Chemical Engineering, 11 Arany Janos St., 400028 

Cluj-Napoca, Romania 
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The composition of produced water is complex. The major 
hydrocarbon groups present in produced water include alkanes, aromatics, 
polynuclear aromatics, hydrocarbon compounds containing oxygen, nitrogen 
and sulfur and unknown hydrocarbons (oil & grease) [4 - 6]. Produced water 
also contains high amounts of dissolved salts with predominant cations such 
as Na+, K+, Ca2+ and Mg2+; anions such as Cl− and SO4

2−, and silica (SiO2) [6].  
Due to its composition, produced water is a highly corrosive medium 

for the steel pipelines. In order to prevent their corrosion, the first priority is to 
find the factors that lead to corrosion and after that, to use the most 
appropriate methods of corrosion protection.  

The use of inhibitors is one of the most practical methods for 
protecting metals or alloys from corrosion [7]. There is a wide variety of 
organic compounds used as corrosion inhibitors for steel in acid media: 
amines [8], compounds based on imidazoline [9], triazoles, pyridine [10], 
aromatic aldehydes, but also “green compounds” such as henna extract [11], 
Justicia gendarussa plant extract [12] etc., but to find new efficient corrosion 
inhibitors remains a challenge. 

In this context, the aim of this paper is to investigate the corrosion of 
low carbon steel in synthetic solutions simulating wastewater from petroleum 
and oil industry (pH 3) in the absence and in the presence of two commercial 
phosphino succinic oligomer derivatives from Nalco Products, USA, 
(3DT177, 3DT179). They inhibit calcium carbonate scale formation and are 
used in a variety of cooling water applications in many industries. The effect 
of these inhibitors was compared with that of Galoryl IC20 (produced by 
ArrMazz Chemicals SAS, USA).  

The protective effect of inhibitors at different concentrations was 
investigated by electrochemical methods (polarization measurements and 
electrochemical impedance spectroscopy). 
 
 
RESULTS AND DISCUSSION 
 

Polarization measurements 
 

In order to characterize the protective effect of the inhibitors at 
different concentrations in the synthetic wastewater (pH = 3), electrochemical 
corrosion measurements were carried out. 

The evolution of the open circuit potential (OCP) of the low carbon 
steel was recorded, in the absence and in the presence of corrosion 
inhibitors, during 1 hour (Fig. 1). Analyzing the data it can be observed a 
positive shift of OCP values in the presence of inhibitors, but no clear 
correlation was found between the OCP and the inhibitors concentration. 
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Figure 1. Open circuit potential measurements for the tested samples in the 
presence of corrosion inhibitors, immersed in corrosion solution, pH 3 

Electrochemical impedance spectroscopy 

Impedance spectra were recorded immediatly after OCP monitoring in 
the simulated produced water in the presence of various concentrations of 
inhibitors and the results obtained were compared with those without inhibitors. 

The Nyquist diagrams for steel corrosion in the presence of 3DT177 
and Galoryl IC 20 are presented in Fig. 2. It can be observed that the 
impedance spectra exhibit a capacitive behaviour in the whole frequency 
domain. The experimental impedance spectra were analyzed for all cases by 
fitting to a 2RQ equivalent electrical circuit (Fig. 3). The parameters obtained 
for all samples by using the proposed equivalent electrical circuits are shown 
in Table 1. The quality of fitting procedure was evaluated by the chi squared 
(χ2) values, which were of order 10-4. 

Time [sec] Time [sec] 
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The equivalent electrical circuit from Fig. 3 consists of: the Rct - Cdl 
couple at high frequencies, representing the charge transfer resistance Rct 
and the double layer capacity, Cdl, at the steel | electrolyte interface and a 
second couple (RF – CF) at low frequencies, where RF represents the faradic 
resistance of the corrosion products accumulated at the interface and CF, the 
faradic capacity due to an oxidation - reduction process taking place at the 
electrode surface, probably involving the corrosion products. Re represents 
the electrolyte resistance. Coefficients ndl and nF represent the depressed 
feature of the capacitive loop in Nyquist diagram (0 < n ≤ 1). The values of CF 
and Cdl were calculated using the equation C = (R1-nQ)1/n, where Q is the 
constant phase element. 
 
 

0 20 40 60 80 100
0

20

40

60

80
 0
 0.2 mL / L
 0.4 mL / L
 0.6 mL / L
 0.8 mL / L
 1.2 mL / L

 - 
Z

im
[o

h
m

*c
m

2
]

Zreal [ohm*cm2]

steel/3DT177

        

0 60 120 180 240 300 360
0

60

120

180

240
steel/Galoryl IC 20

 - 
Z

im
[o

h
m

*c
m

2 ]

Zreal [ohm*cm2]

 0
 0.2 mL / L
 0.4 mL / L
 0.6 mL / L
 0.8 mL / L
 1.2 mL / L

 
 

Figure 2. Nyquist impedance diagrams for the steel electrodes in synthetic 
wastewater (pH 3), at diferent concentrations of inhibitors;  

the lines represent fitted data 
 
 

 Analyzing the data from Table 1, it can be observed that, the value of 
the corrosion resistance depends on the concentrations of inhibitors, which 
influences the formation of the oxide film which inhibits the corrosion process 
on the surface of steel. 
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Figure 3. The equivalent electrical circuit used for fitting of the experimental results 

 
Table 1. The electrochemical impedance parameters estimated by fitting the 

experimental impedance data from Figure 6. 
 

 Concentration 
[mL / L] 

Re 
[Ω*cm2] 

Rct 
[Ω*cm2] 

Cdl 
[µF/cm2] 

ndl 
RF 

[Ω*cm2] 
CF 

[mF/cm2] 
nF 

Rp* 
[Ω*cm2] 

 0 1.55 11.15 215.5 0.804 97.9 19.23 0.648 109.03 

3D
T

17
7 

0.2 1.80 71.51 321.2 0.804 200.6 51.77 0.492 272.11 

0.4 1.56 27.90 165.9 0.775 289.8 52.55 0.501 317.70 

0.6 1.73 26.84 132.5 0.851 276.2 44.17 0.230 303.04 

0.8 1.67 35.08 177.6 0.884 179.2 21.60 0.435 214.28 

1.2 2.03 24.01 369.4 0.807 110.8 15.25 0.401 134.81 

G
al

o
ry

l I
C

 2
0 

0.2 1.6 19.9 39.75 0.85 659.8 307.5 0.38 679.7 

0.4 2.93 10.11 18.52 0.79 2045 251.5 0.46 2055.11 

0.6 2.19 11.47 17.65 0.84 952.4 311 0.44 963.87 

0.8 1.10 3.63 2.72 0.65 466.8 263.9 0.45 470.43 

1.2 2.37 8.83 17.87 0.46 445.3 399.4 0.46 454.13 

Rp
* = Rct + RF 

 
The highest polarization resistance (Rp = Rct + RF), which is an indicator of 

corrosion resistance, was observed at the concentration of 0.4mL/L. From the three 
tested inhibitors, Galoryl IC 20 was proven to be the best. The results were 
confirmed by linear and potentiodynamic polarization measurements. 

Re 

RF 

Rct 

CF, nF 

Cdl, ndl 

Electrolyte 

Steel pipeline 

Corrosion 

products 
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Figure 4. The polarization curves (± 200 mV vs. OCP) for the studied electrodes 
immersed in synthetic wastewater (pH = 3) at different concentrations  

of inhibitors; scan rate, 10 mV / min. 
 

To determine the polarization resistance of the electrodes, linear 
polarization curves were recorded, in the potential domain of ± 20 mV vs. 
OCP. The polarization resistance (Rp) values, for each electrode, was 

calculated with the formula: 
i

E
R Ep 


 )0( , (1), and are shown in Table 2. 

The protection efficiency of the inhibitors on steel was determined with the 

formula: 100[%]
0





inh
p

p
inh
p

R

RR
IE , (2), where Rp

inh is the polarization 

resistance in presence of inhibitors and Rp
0 is the polarization resistance 

without inhibitors, respectively. 
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In order to determine the kinetic parameters of the corrosion process, 
potentiodynamic polarization curves were recorded in the potential range of ± 
200 mV vs. OCP (Fig. 4). The Tafel interpretation of the polarization curves 
led to the results presented in Table 2. 
 

Table 2. Corrosion process parameters for the examined samples 
 

Inhibitor 
Concentration 

[mL/L] 
Ecorr 
[mV] 

icorr 
[µA/cm2] 

-βc 
[mV] 

βa 
[mV] 

Rp 
[Ω*cm2] 

IE  
[%] 

- 0 -654.34 61.80 166.79 46.36 80 - 

3DT177 

0.2 -587.81 38.38 447.07 84.40 570 84.04 

0.4 -613.35 18.36 145.87 103.16 970 86.61 

0.6 -658.06 24.46 155.38 36.87 480 84.38 

0.8 -558.11 86.09 401.05 110.99 400 74.14 

1.2 -541.08 74.06 186.23 84.12 280 74 

3DT179 

0.2 -627.44 73.45 180.60 82.81 90 16 

0.4 -655.14 60.51 140.29 80.28 90 16 

0.6 -665.63 60.38 135.18 89.61 110 31.81 

Galoryl  
IC 20 

0.2 -628.58 7.18 105.54 48.00 450 83.33 

0.4 -607.73 5.75 78.75 132.13 580 87.07 

0.6 -636.34 9.59 62.81 114.91 380 80.26 

0.8 -521.64 48.86 115.87 142.83 340 77.94 

1.2 -564.22 49.2 118.57 149.49 260 75.80 
 

βa and βc are the Tafel coefficients [mV] 
 
The analysis of the data from Table 2 led to the conclusion that in case of 

3DT177 and Galoryl IC 20 an increase of corrosion resistance takes place at all 
inhibitors concentrations. The highest corrosion resistance and the lowest 
corrosion current density were noticed at 0.4 mL/L concentration of inhibitors. 
This is in agreement with the results obtained from the EIS measurements. 

In case of 3DT179, the increase of the corrosion resistance was not 
significant. 
 
 Adsorption isotherm 

 
The polarization resistance values (Table 2), were used to calculate 

the degree of surface coverage (θ) with inhibitor molecules according to the 

following equation: 
inh
p

p
inh
p

R

RR 0
θ , (3). 
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Since the corrosion inhibition process is based on the adsorption of 
corrosion inhibitor molecules on steel surface, it is important to elucidate their 

adsorption behaviour. Fig. 5 shows that the plot of 
θ
inC  versus inC  results in a 

straight line, confirming that the adsorption of both inhibitors (3DT177 and 

Galoryl IC20) on low carbon steel obeys Langmuir isotherm: in
in C

K

C


1
θ

, 

(4) where K is the adsorption equilibrium constant and Cin is the inhibitor 
concentration. 

0.0 0.2 0.4 0.6 0.8 1.0
0.0
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Slope = 1.31
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C
in

/θ
 [

m
L

/L
]

Cin [mL/L]

R2 = 0.998

 

Figure 5. Langmuir isotherm for adsorption of 3DT177, Galoryl IC 20  
on low carbon steel surface 

 
 

The beneficial effect of Galoryl IC 20 can be seen also by naked eye, 
inspecting the steel electrodes surface after the corrosion tests. As can be 
observed from Fig. 6, in the absence of inhibitors, the surface is non-
uniformly corroded. In the presence of 3DT177, the surface is covered with a 
uniform layer of corrosion products which may confer to steel a certain 
resistance to further corrosion. Best results were obtained in the case when 
Galoryl IC 20 was used, the electrode surface remaining clean and bright 
after the corrosion tests. 
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a) b) c) 

 

Figure 6. Surface of low corbon steel electrodes after corrosion tests:  
in the absence of inhibitors (a), in the prezence of 3DT177 (b) / Galoryl IC 20 (c) 

 
 

CONCLUSIONS 
 
Electrochemical investigations (polarization and impedance measurements) 

have shown that two of the three inhibitors used exert a good protective 
effect against steel corrosion in simulated wastewater from petroleum and oil 
industry. The best anticorrosive effect was noticed when 0.4 mL inhibitor were used 
(PE = 86.61 % for 3DT177 and respectively PE = 87.07 % for Galoryl IC 20). 
With the increase of inhibitors concentration in corrosion solution, the anticorrosive 
effect in both cases decreases. 

The corrosion behavior of the steel immersed in synthetic wastewater 
from petroleum and oil industry (pH 3) solution can be simulated with a 2RQ 
electric circuit. 

Adsorption of both inhibitors (3DT177, Galoryl IC 20) on low carbon 
steel surface obeys Langmuir isotherm. 

 
 

EXPERIMENTAL 
 
 Materials 

The working electrodes used in this work were cut from an OL37 
steel bar, with the chemical composition (wt. %): C (0.22), Mn (0.85), P 
(0.055), S (0.055) and Fe balance. The surface of the working electrodes 
exposed to the corrosive solution was disk - shaped, with a surface S = 0.5 
cm2. The working electrodes were sealed by encapsulation in Teflon. For 
electrical contact, a copper rod was attached. Before the corrosion tests, the 
working surface of the electrodes was ground sequentially with emery papers 
from # 800 up to # 2000 grades, and degreased with acetone, washed with 
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distilled water and dried. The surface of the steel electrodes was examined 
by optical microscopy using an OLIMPUS GS 51 optical microscope. For this 
purpose, the electrodes were polished on the sample polishing machine with 
alumina paste, after which the surface was attacked with nital for a few 
seconds. The microstructure of the steel contained ferrite and pearlite (Fig. 7). 

 

Figure 7. Microscopic structure of low carbon steel used  
for electrochemical studies X500 

 
Corrosion inhibitors 

The inhibitors used in the experiments were: 

 (i) 3DT177, 3DT179 (Nalco Products) 

 Physical Chemical Properties:  
- clear, light yellow liquid 
- slight acidic odor 
- miscible in water 
- pH 3.1 
- vapor pressure 15.6 mm Hg at 100 °F / 20 °C 

 (ii) Galoryl IC 20 EU is an aqueous anionic solution of organic and 
inorganic additives specifically developed as a corrosion inhibitor in fertilizer 
industries. 

 Typical properties: 
- physical appearance, yellow liquid 
- pH 9.0 
- specific gravity (25 °C), 1.03  
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The inhibitors were dissolved in the corrosive solution at different 
concentrations: 0.2 mL / L, 0.4mL / L, 0.6 mL / L 0.8 mL / L, 1.2 mL / L. 

 Experimental investigation 

The electrochemical corrosion measurements were performed on a 
PC – controlled electrochemical analyzer PAR 2273 (Princeton Applied 
Research, USA) using a three electrodes cell containing a working electrode 
(steel), a saturated calomel electrode (ECS) as reference electrode and a 
platinum counter electrode. The electrolyte solution for corrosion measurements 
prepared conform Table 3, was acidic (pH = 3) and had high salinity. 
 

Table 3. The composition of the “produced water” used in corrosion tests (pH = 3) 
 

Conc. Fe3+ Ni2+ Cu2+ Na+ K+ SO4
2- NO3

- Cl- 

g / L 0.02 0.006 0.1·10-3 50 5.4 6.64 0.27·10-3 77.09 

 
 

The open circuit potential for steel immersed in the corrosive solution 
was monitored during 1 hour. The EIS was then measured in the frequency 
range from 10 kHz to 10 mHz at 30 points with a disturbance voltage of ± 10 
mV. The impedance data were fited with a 2RQ equivalent electrical circuit, 
using the ZSimpWin V3.21 software. 

After the EIS measurement was finished, polarization curves were 
recorded immediately by scanning in a potential range of ± 20 mV and of ± 
200 mV vs. open circuit potential, with a scan rate of 10 mV / min. The testing 
temperature was kept at 20 °C. 
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GENERALISED DIMENSIONAL ANAYSIS  

 
 

MISCA B.R.H.a*, CHIRA G.C.b 

 
 

ABSTRACT. This paper work contains the study of non-stationary dissolution 
of individual urea granules used as fertilizers. The present study is based on 
The Generalized Dimensional Analysis and includes comments about the 
fundamental factors, the important factors, the secondary factors and about 
the unimportant factors which can control the phenomenon. It also contains 
experimental determinations on simple and filmed urea granules that lead to 
a general equation for the dissolving process. 
 
Keywords: Generalized Dimensional Analysis, non-stationary dissolution, 
pure and filmed urea granules, mathematical equations for non steady-state 
dissolution. 

 
 
 
INTRODUCTION  
 
 Starting with The Generalized Dimensional Analysis Method (GDAM), 
defined by Prof. Dr. Eng. Staicu C-tin, [1] and later developed by others, [2], 
we tried to study the dissolution of urea granules utilized as fertilizers. According 
to the methodology, we established the list of variables, that can influence the 
process. The list is presented below: 

|| τ, D, d, c sat, m, d, V, g, ρ, η,  || 
where: 
  - L, M, T - the symbols of the measuring units for Length, Mass and Time; 
  - Fo d = ( D di)/d 2 - the Fourier criteria for diffusion, [-]; 
  - Sc = (/D di) - the Schmidt criteria, [-],  
  - k 1, k 2, k 3, k 4, … - the numerical coefficients of the monomial relation, [-]. 
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Table 1. The parameter’s exponent of variables 
 

The parameter’s exponent The parameter, (variable) 
a , - dissolution time, [s]; 
h Ddi, - diffusion coefficient, [m2/s]; 
b csat, - concentration at saturation, [kg/m3]; 
e m, - the mass of particle, [kg]; 
i d, - the diameter of particle, [m]; 
f V, - the volume of particle, [m3]; 
p g, - the gravitational acceleration, [m/s2]; 
t ρ, - the solvent’s density, [kg/m3]; 
r η, - dynamic viscosity, [kg/m·s]; 
s , - kinematic viscosity, [m2/s]; 

 
 The working procedure is detailed in the bibliographical references 
[1, 2] and in others as well [3, 4, 5]. The linear matrixes of the minimum 
parameters that can influence the variables with direct action over the 
process are separated by the variables that have a reverse action over the 
process. The undetermined dimensional system of the variables exponents 
is attached to this linear matrix. This truncated system is resolved by the 
progressive homogenization method. The solution to this system must be: 
minimal, integer, positive and nonzero. The variables are introduced one by one 
and the computation procedure is repeated for each case. The numeric value of 
the parameters exponent and the number of solutions accepted by the GDAM 
establish the level of hierarchization of the parameter, from fundamental to 
unimportant. The monomial expression of the distributed variables is formed 
with the numeric value identified for each parameter’s exponent. In order for a 
monomial expression to be correct it must be dimensionally homogenous and 
the numeric value of the monomial’s coefficient must be constant. Through 
common mathematical operation the similitude criteria or simplexes can be 
obtained, offering new possibilities for interpretation to each parameter’s 
importance.  

 a) The study starts with the minimum number of variables that can 
possibly influence the dissolving process. The linear matrix with dimensional 
matrix of the variables attached to it is:  
 

    ||  ,a      c bsat, ; m e, || 
L  0 - 3 0 
M  0 1 1 
T  1 0 0 
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 The undetermined system of variable’s exponents is: 
 

L  - 3b = 0 
M      b = e 
T      a = 0 

 

 This system doesn’t follow the type of solution accepted by the 
method: integer, positive, minimum and nonzero, two of the exponents, a and 
b, being equal to zero. 
 

b) The parameters are replaced with others circular permutations and 
the result we get are two other linear matrixes:  
 

 || ,a c bsat, ; Vf,  || and                     || ,a   c bsat, ;   d i,  || 
L 0 - 3 3   L 0 - 3       1 
M 0 1 1   M 0 1         1 
T 1 0 0   T 1 0         0 

 

 Neither one nor the other matrixes follow the type of solution 
accepted by the method, because a = 0 in both cases. 
 Commentary: These parameters are not sufficient for describing the 
process. 
 The fact that linear dimensions, V and d, are closer to an accepted 
solutions can be remarked. 
 

c) The process is repeated with the following linear matrixes: 

||  ,a  D hdi, ; m e, ||    ||  ,a  D hdi, ;  Vf, || ||  ,a  D hdi, ; d i, || 

 The solutions are: 

  a = 1; h = 1; e = 0;  a = 1; h = 1; f = 2/3;  a = 1; h = 1; i = 2; 

 One of the above matrixes generates a solution accepted by the 
method, containing the diameter of the granule. 
 The monomial expression is:  

 = k1·(d2/D di), [s] = [s]; 

it is dimensionally homogeneous and can be rewritten as:   

(· D di/ d2) = k1 = (Fo d). 

 Conclusion: The fundamental parameters for the process are: , D di, 
and d, parameters also encountered in the Fourier criteria for diffusion for 
mass transfer. 
 

 d) The simultaneous introduction of the variables that describe the 
general processes of mass transfer: csat and Ddi generate the following linear 
matrixes: 
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||  ,a c bsat, D hdi, ;  m e, ||     ||  ,a  c bsat ,, D hdi, ;  Vf, || 
          || ,a   c bsat,   D hdi, ;  d i, || 

  

 None of them contains solutions accepted by the method. 
 Conclusion: It is very likely for the parameter concentration to have a 
secondary or reduced importance. 
 

 e) Introducing the variable gravitational acceleration, in all the possible 
permutations, nine in total, does NOT generate solutions accepted by the method. 
 Conclusion: The parameter gravitational acceleration is a secondary 
parameter or has a reduced influence on the dissolving process. 
 

 f) By introducing the variable dynamic viscosity, in all permutation, 
nine in total, we do not obtain any solutions accepted by the method. 
 Conclusion: It is very likely that the parameter dynamic viscosity to 
have a secondary or reduced importance on the dissolving process. 
 

 g) Introducing the kinematic viscosity as a variable, in all possible 
permutations, nine in total, we obtain only one solution accepted by the 
method. 
 

      || ,a      D hdi, ; d i, s || 
 L   0   2 1   2 
 M   0   0 0   0 
 T   1 - 1 0 - 1 
 

 The system solution is: a = 1; s = 1; h = 2; i = 2, and the monomial 
expression is: 
 

 = k 2·(d2· /D 2di) 
 

and can be rewritten as: 
 

(·D di)/d2 = k 2·(/D di)       or         Fo d = k 2·(Sc). 
 

 Conclusion: Kinematic viscosity is a secondary parameter or has a 
very little influence on the dissolving process. 
 This unic result accepted leads to the idea of verifying the solution’s 
density as a working parameter.  
 

 h) By introducing the variable solution’s density, in all permutations, 
nine in total, we obtain a single solution accepted by the method. 
 

||  ,a   c bsat,  D hdi ,  s,  ;  d i,   ρ t,     η r, || 
 L   0 - 3 2    2  1     - 3    - 1 
 M   0   1 0    0  0       1       1 
 T   1   0     - 1  - 1   0       0     - 1 
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 The system’s solution is: a = 1; s = 1; h = 1; i = 2; t = 1; r = 1; b = 2, 
and the monomial: 
  

 = k 3 ·(d 2 ·ρ ·η)(c 2sat ·D di ·), 
 

or rearranged:  
 

(τ·D di/d 2) = k 3·(ρ·η)·(c 2sat ·) = k 5·(ρ 2)/(c 2sat ); 
Fo d = k 3·(ρ 2)/(c 2sat ). 

 

Conclusion: Obtaining a simplex of similitude, dependent on the 
solution’s density and the concentration at saturation shows that in addition 
to Fourier’s criteria, an essential criteria in the non-steady-state dissolving 
process, both of the variables can be accounted in some cases, for example 
when the quantity of solution is considerably higher than the quantity of solid 
or in the case of reaching the saturation concentration, cases that can not be 
met when dissolving urea granules in the soil. 
 

 i) If the following variables are considered: 
 

  ||  ,a  c bsat,  D hdi ,  s,  ;   d i,   m e , || 
  L   0 - 3 2    2    1     0 
  M   0   1 0    0    0     1  
  T   1   0     - 1  - 1     0     0    
 

 The system’s solutions is: a = 2; s = 1; h = 1; i = 1; t = 1; e = 1; b = 1, 
and the monomial expression is:   
 

   2 = k 4· (d·m)(c sat ·D di ·),  or rearranged:  
  ( ·D di/d 2) 2 = k 4·(D di /)·(m/c sat ·d 3);   
  Fo 2d ·Sc = k 4·(m)·(c sat ·d 3);  or:  
  Fo 2d ·Sc = k 4·(c particule)/(c sat). 
 

 Conclusion: By introducing the variable mass of granule, it was 
obtained a single solution accepted by the method.  
 The generation of a new simplex of similitude, dependent on the 
density of the particle, (which represent the concentration of the solid, m/V, or 
density of particle, ρ, as well) and the concentration of saturation, shows that 
in addition to Fourier’s criteria, we obtain Schmidt’s criteria, Sc, and both 
variables can be accounted for in some cases, for example when the solid is 
not pure, or when the concentration at saturation is reached, cases not met 
when dissolving the granule in soil. 
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RESULTS AND DISCUSSION 
 
 The evolution of dissolving pure and filmed urea granules are 
presented below: 
 

 
 

Figure 1. Dissolution of pure urea into block granules 
 

 For each determination, the average slope of measures, meaning the 
average dissolving speed is: 
   - for 3 [g];  1/120 = 0.00083 [g/s]; 
   - for 5 [g];  1/125 = 0.00080 [g/s]; 
   - for 10 [g];  2/326 = 0.00061 [g/s]. 
 

 
 

Figure 2. Dissolution of filmed urea into block granules 
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 For each concentration of the varnish, we found values of the 
dissolving speeds in the following manner: 
 

 c 5) - between 0 and 120 [s]: 0.5/120 = 0.004 [g/s]; 
  - between 120 and 326 [s]: 0.5/(326–120) = 0.00243 [g/s]. 
 c 4) - between 0 and 75 [s]: 1.0/75 = 0.0066 [g/s]; 
  - between 75 and 272 [s]: 0.5/(272 – 75) = 0.005 [g/s]. 
 c 3) -between 0 and 60 [s]: 0.5/60 = 0.0083 [g/s]; 
  - between 60 and 135 [s]: 0.5/(135 – 60) = 0.0066 [g/s]. 
 c 2) - between 0 and 135 [s]: 0.5/75 = 0.0066 [g/s]. 
 c 1) - between 0 and 109 [s]: 1.0/109 = 0.0092 [g/s]; 
  - between 109 and 162 [s]: 0.5/(162 – 109) = 0.0094 [g/s]; 
  - between 162 and 191 [s]: 0.25/(191–162) = 0.0086 [g/s]. 
 

 From the graphs and computation results, we noticed a different 
behavior at dissolving between pure and filmed granules, fact expected to 
manifest due to the presence of the polymeric film. 
 The pure granules have a linear and higher dissolving speed than the 
filmed granules. The film, depending on the concentration of the varnish, 
meaning the thickness of the film, modifies the behavior of dissolving process. 
 

 
Figure 3. Dissolution of pure urea single particle 
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Figure 4. Dissolution of filmed urea single particle 

 
Figure 5. Dissolution of pure and filmed urea single particle 

 
 In order to verify the speed determining phase, the classic relations 
and the relation resulted from the generalized dimensional analysis were 
tested: 

(t 1/t 2) = (d 1/d 2) x, [6]; 
 

- if x = 2   determinant phase is internal diffusion; 
- if x = 1  determinant phase is dissolution; 
- if x = (1.5 – 2.5)  determinant phase is external diffusion. 
 

 The equation is solved by applying the logarithm: 
 

log(t 1/t 2) = x·log(d 1/d 2)  x = [log(t 1/t 2)/log(d 1/d 2)]. 
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 For pure urea granules the results are presented in Table 1. The 
values obtained are close to 1, which means that the determining speed step 
is the dissolution, a fact that is normal and was expected, because the 
process studied was the dissolution. 
 

Table 1 Dimensional analysis results 
 

Pure 
urea granules 

Filmed 
urea granules 

Ratio 

x 2,1/di x  2,1/d i  p   t/d^2  f    t/d^2 
0.934479 1.711885 20.45351 20.43084 
0.937766 3.472922 19.92439 19.96219 
0.941538 1.90115 22.528 19.584 
0.74215 2.11096 22.44083 20.0 

0.962214 1.665457 22.8 23.35556 
0.969388 3.912924 22.08448 22.06612 
0.999258 0.931743 23.38235 22.09343 
0.947109 1.178802 22.66939 21.72642 
1.028271 0.617695 21.65814 22.67755 
0.98282 0.397741 20.13807 20.86194 

0.958663 0.790347 19.3375 20.13807 
1.013165 1.385157 17.71769 20.48125 
0.967862 1.360509 17.46901 18.80476 
0.97803 1.146694 17.21975 18.9876 

1.003171 0.619985 16.89981 18.98272 
   19.09914 

 
 
 For filmed urea granules the results are presented in Table 1. 
 The values presented show a high fluctuation of exponents. If the 
higher values, at the initial phase of the process, close to ,2’, show the 
influence of the polymer film, the external diffusion being the determinant 
speed phase, in final, the exponent gets close to value ‚1’, so the destroyed 
film has a smaller influence, and the process gets closer to pure dissolution.
 From the generalized dimensional analysis method results that the 
monomial which describes dissolution,  = k 1·(d 2/D dif), can be verified by the 
experimental data presented above. In order to do so, we formed the ratio: 
(/d 2) = k 1·(1/D dif), or (/d 2) = const, a plausible fact, considering that the 
diffusion coefficient is constant at the same temperature. The value of this 
ratio for pure, (p) and filmed, (f), granules are presented Table 1. 
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Figure 6. Verifying the monomial constant 
 
 In both cases the same effects appear: 
 - for pure granules, the particle with a diameter between 2.5 and 3.7 
[mm] have a different behavior than the rest of diameters studied, 2.1 ÷ 2.3 
and respectively 3.9 ÷ 4.7 [mm]. The arrangement of diameters is the same: 

 2.1 ÷ 2.3 [mm]  2.5 ÷ 3.7 [mm]  3.9 ÷ 4.7 [mm] 

 - for filmed granules, the evolution is the same, only the diameters differ: 

 2.1 ÷ 2.6 [mm]  3.0 ÷ 4.0 [mm]   4 ÷ 4.7 [mm]. 

 The nonlinear evolution is in contradiction with the generalized 
dimensional analysis, where the constant numeric coefficient is stated from 
the monomial. I put this evolution on the experimental errors, the inaccuracy 
of measures to both the diameter and the final time of dissolution. Small 
errors can generate high errors of computation and that is the reason why 
the values of speed for instantaneous dissolution are not presented here. 
Getting a relatively narrow interval for the values, 4 units for pure urea, and 
8 units for filmed urea, is a reason to continue further measuring of these 
parameters but in higher accuracy conditions. 

 
 

CONCLUSIONS 
 
We applied the generalized dimensional analysis method to the 

dissolving of granules without stirring in liquid. 
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The main parameters of the process are: the time , the diameter of 
granule d, and the diffusion coefficient D dif. 

Kinematic viscosity is a secondary parameter. 
 The results of the mathematical analysis lead too the following relations: 
 - the minimum one:   = k1·(d2/D di), or (·D di/ d2) = k1 = ( Fo d). 
 - the extended one: 
  = k 2·(d2·/D 2di),  (·D di)/d2 = k 2·(/D di)  or Fo d = k 2·(Sc). 
 A device for measuring the time of dissolution of a granules quantity 
was improvised. The speed and the dissolving time depend on the quantity of 
solid, which is a secondary parameter. 
 The time or the speed of dissolutions depends on the nature of the 
solid, pure or filmed. The time increases with the thickness of the film. 
 The verification of the speed determinant phase for the process lead 
to a value of 1 for the exponent, meaning that dissolution is the main phase 
for pure granules and a value close to 2 for filmed granules. 
 The verification of the numeric coefficient generated by the generalized 
dimensional analysis method lead to an interval of values higher for the 
pure solid, 8 units, and a narrower interval for the filmed granules, 4 units. 
 
 
EXPERIMENTAL SECTION 
 
 The objective of the experimental part is the practical determination of 
pure and filmed urea granule’s behavior at dissolution. Filmed urea granules 
refer to the granules covered in a polymeric compound that generates a thin 
membrane on the surface of the granule. 
 For the experimental part of the study of urea without stirring, two 
sets of experiments were conducted: 

1. The dissolution of a set of granules; 
2. The dissolution of individual granules. 
 
Materials, tools and methods 

- urea granules; 
- varnish solutions of various concentrations; 
- tap water; 
- Berzelius glass, weights, chronometer, calipers. 

For the dissolution of a set of granules an experimental device, based on 
Archimedes’s principle was elaborated and applied by the Mohr – Westphal 
balance. As working principle: the nacelle containing the urea granules is immersed 
in the glass containing water and then the balance is set to `0`. A determined 
quantity of granules is then introduced in the nacelle and the balance is set again to 
the zero value. From this moment, considered ‚0’ as well, the time necessary 
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to a 0.25 [g] weight to readjust the balance to zero is measured. Then another 
0.25 [g] weight is added and the time necessary to readjust the balance is 
measured. This process is repeated until the granules are completely dissolved 
and the balance becomes immobile.  
 The filming of the granules was performed by immersing the granules into 
a varnish with different concentrations, draining the excess varnish and drying the 
granules through continuous stirring in the vase, at atmospherically conditions, until 
complete drying. The stirring was performed through continuously rotating the 
recipient in order to avoid the granules to stick to each other during drying. 
 The varnish concentration was determined in the following manner: 
 - a quantity of varnish of 38.4 [g] was left in a capsule until reaching a 
constant mass. The quantity of solid resulted was 0.82 [g]. The initial concentration 
of the varnish is 2.135 [%]. 
 - the solution was gradually diluted to double, resulting the following 
working concentrations: 

5) 2.135 [%];   4) 1.068 [%];   3) 0.534 [%];   
2) 0.267 [%];   1) 0.133 [%]. 

 - for each determination 500 [ml] of water were used, in order to get 
closer to an infinite dilution, but mostly for providing enough space for the 
nacelle to travel vertically during the determination.  
 - quantities of 3, 5, and 10 [g] of pure granules and 5 [g] of filmed 
granules were used. 
 - the working temperature was room temperature, 20 [0C]. 
 For the dissolutions of individual granules, the method was simple: 
the diameter of granule was measured, then the time it passed from the 
moment of immersing it in 500 [ml] of water and it’s visual desperation. 
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ABSTRACT. New precursors for functionalized grass fibres were obtained 
through deposition of functionalized calix[4]arenes on G14 short glass fibers. 
The methods employed for the preparation as well as the characterization by 
thermal analysis, FT-IR spectroscopy, TEM and SEM microscopy of the 
newly obtained materials is presented. 
 
Keywords: calixarenes, functionalized glass fibers, thermal analyses, 
electronic microscopy 
 
 
 
INTRODUCTION  
 
Calix[n]arenes macrocyclic compounds obtained by the condensation 

of para- substituted phenol with formaldehyde or para-formaldehyde, [1] can 
be functionalized with a large number of organic or organometallic groups 
[2,3], at both the lower rim (the hydroxyl groups) or the upper rim (the para 
position of the phenyl rings) leading to an important class of organic 
compounds. Their characteristic structure, namely the existence of a 
hydrophobic cavity which can be tuned in size by the number of phenolic 
units (n= 4–20) as well as the type of the functional groups grafted onto the 
aromatic rings, makes this class of compounds versatile in a large number 
of applications ranging from host-guest interactions [4] with metallic ions [5] 
and neutral molecules to biomedical research [6,7], chromatography [8], 
electrochemical and luminescent sensors [9,10,11] and catalysis [12].  
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A new and exciting field in which calixarenes have recently shown 
their potential is their use as interfaces towards new materials [13,14,15]. 
The use of calixarenes as coupling agents assures a better binding to the 
inorganic material due to multiple connection sites and could increase their 
elasticity by concurrently taking over the stress on all four connectivity points 
[16,17].  

This work presents a new functionalization method of short glass 
fibers with substituted calix[4]arene as well as the thermal behavior of the 
new product and their precursors together with the characterization of the 
studied systems.  

 
 

RESULTS AND DISCUSSION 
 
New inorganic based materials were prepared by the deposition of 

lower rim tetracarboxyl functionalized para-tertbutyl-calix[4]arene 2 onto short 
glass fibers of G14 type. Calix[4]arene systems were chosen for their relative 
good solubility when compared to their larger analogues and their preference 
to adopt a cone conformation, which is more favorable for their study as 
coupling agents. 

The preparation of the organic macrocycle 2 (Scheme 1), was 
achieved through the methods described in the scientific literature, starting 
from the commercially available para-tert-butyl calix[4]arene 1. Derivative 2 
was obtained in a two step reaction, and after the purification and separation 
of the obtained solid, its structure was confirmed by 1H NMR, FT-IR and MS 
studies, giving results similar to those already described in the literature 
[18,19,20].  

The new product glass fibers-tetracarboxyl functionalized para-
tertbutyl-calix[4]arene 3 (Scheme 1) was obtained by the deposition of 
calixarenic coupling agent 2 in dilute solutions of ethanol and acetone on 
short glass fibers type G14.  

The methods employed for this deposition consists in the preparation 
of dilute solutions of functionalized calixarene 2 (5%) in acidified ethylic 
alcohol 3a (method 1) or acetone 3b (method 2). Fine grinded type G14 
glass fibers were added to the prepared solutions and the obtained mixture 
was stirred at room temperature. 

After drying, washing and thermal treatment, the resulted products 
were granulometrical sorted and characterized by means of FT-IR 
spectroscopy, thermogravimetric analysis and electron microscopy (SEM 
and TEM).  
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Scheme 1 
 
 

In order to fully comprehend the thermal behaviour of the products 3a 
and 3b, their thermograms, together with the ones of the non-modified glasses, 
calix[4]arene 1 and functionalized calix[4]arene 2 have been recorded (Figure 1).  

 

   
 

Figure 1. DTG and DTA plots for (a) para-tert-butylcalix[4]arene 1, (b), para-tert-
butylcalix[4]arene acetic acid 2, (c) glass fibers, (d) product 3a (glass fiber – 

functionalizad calixarene) in alcohol, (e) product 3b (glas sfiber –  
functionalizad calixarene) in acetone. 
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Analysing the recorded thermograms, for products 3a and 3b, it is clearly 
to notice a better deposition onto glass fibers by the use of an acidulated 
solution of ethanol (method 1, Figure 1d). For product 3a, two important weight 
loss intervals can be evidenced: 16.1% in the temperature range of 160-340C, 
corresponding to the decomposition of the tetraacid calix[4]arene 2 [21], and 
a second mass loss of 15.0% in the 540-1100C range, which clearly represents 
the decomposition of the G14 type glass fibers. For the functionalized tetraacid 
calix[4]arene 2 (Figure 1b) the first significant weight loss of 38.1% in the 
280-460C temperature range correlates to the similar decomposition observed 
in case of product 3a. The fact that the peak temperature for the decomposition 
in case of 3a (278C) is substantially lower than in case of functionalized 
calixarene 2, denotes the functionalization of the glass fibers. The thermal 
stability of the functionalized calixarenes decreased [21,22] if the functional 
groups grafted at the lower rim of the macrocycles are connected tu the 
inorganic substrate [23]. 

On the other hand, analyzing the recorded DTG and DTA of the 
system 3b (Figure 1e), the obtained plot is almost identical to the starting 
glass fibers, which sugests that the deposition of the calixarenic coupling 
agent from acetone solution did not occurred as expected, and if it did, it was 
to a very small extent. 

The FT-IR spectra (Figure 2) confirm the results of the thermogravimetric 
analysis previously discussed. The spectra measured for compounds 3a and 
3b suggest furthermore that the deposition of the calixarenic coupling agent 
in alcohol gives the expected results. The broad bands specific to the -OH 
functional groups around 3500 cm-1 for compound 2 are less significat in 
the spectrum of product 3a, suggesting their involvement in the interactions 
with the surface of the inroganic substrate. The characteristic bands for the 
organic moieties of calixarenic macrocile are situated in the specific range, 
accordingly with the literature [1, 24, 25]. 

For a complete characterization of the product 3a and 3b, a morphological 
study using scanning electron SEM (Figure 3) and transmission electron 
microscopy TEM (Figure 4) respectively was realized.  
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Figure 2. IR spectra of para-tert-butylcalix[4]arene 1 (a), para-tert-butylcalix[4]arene 
acetic acid 2 (b), glass fibers (c), system 3a (glass fiber – functionalizad calixarene) 

in alcohol (d), system 3b (glass fiber – functionalizad calixarene) in acetone (e). 

SEM images suggest that, in the case in which the functionalization of 
the glass fibers has been achieved in acidulated solution of alcohol, the 
deposition of the functionalized calixarene 2 is much more efficient than if the 
process is undertook in acetone (Figure 3). 



R. AN. SEPTELEAN, M. VELNAZAROV, D. PRODAN, I. PERHAITA, O. NEMES, M. MOLDOVAN

386 

Glass particles (100m) 
Para-tert-butylcalix[4]arene  

acetic acid (100m) 

Product 3a (100m) Product 3b (100m) 

Product 3a 50m Product 3b 10m 

Figure 3. SEM images of used glass fibers, acid functionalized calixarene 2  
and the products 3a and 3b. 

The SEM images of the precursors suggest a clean flat surface in the 
case of the glass fibers while the acid functionalized calix[4]arene 2 shows a 
needle-like surface sharp form 3a. The images recorded for 3a show the 
deposition of a continuous layer of coupling agent on the glass surface, while 
for the product 3b, the changes of the glass surface are less obvious. 
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  Product 3a (300 nm)          Product 3b (500 nm) 

Figure 4. TEM images of product glass fiber – functionalizad calixarene. 

The results obtained by SEM are supported by TEM analysis, in 
which a more uniform deposition in the case of 3a compared to 3b can be 
observed (Figure 4). 

The complex morphostructural analysis carried out show that the new 
material has been formed. 

CONCLUSIONS 

This work presents the successful binding of tetraacetyl functionalized 
calix[4]arene to short glass fibers of type G14. The deposition of the macrocycle 
to the glass surface has been done through a novel method, in acidified alcohol 
solution. The new system together with his precursors were characterized 
by specific methods including FT-IR, DTG, SEM and TEM, which prove the 
presence of interactions of the functionalized calixarenic macrocycle system 
on the inorganic substrate. 

EXPERIMENTAL 

All the chemicals were used as purchased without any further 
purification with the exception of THF which was distilled from Na/benzo-
phenone before using. 

The 1H NMR spectra were recorded on a Bruker Avance 400 MHz 
spectrometer in CDCl3, with TMS as reference at a frequency of 400.13 MHz.  

The thermal behavior of the samples was investigated by thermo-
gravimetry (TG) differential thermal analysis (DTA) and derivative thermo-
gravimetry (DTG) using a Mettler Toledo TGA/SDTA851 instrument in alumina 
crucible, with a heating rate of 10 C min-1 under nitrogen flow of 50 mL min-1.  
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The scanning electron microscopy experiments were performed on 
an Inspect S microscope (FEY Company). The TEM images were obtained 
using a Hitachi Automatic TEM H7650 system (accelerating voltage 40-120 
kV, zoom 200x-600000x) 

Synthesis of product 2 
Step 1: 3.40 mL of ethyl bromoacetate (5.029 g, 30.11 mmol) were 

added to a suspension of 1 g (1.54 mmol) of para-tert-butylcalix[4]arene and 
1.655g (69 mmol) NaH in 30 ml of THF. The resulting mixture was refluxed 
for one hour, quenced in water after cooling and filtered to yield 1.37 g of 
tetraethyl calix[4]arene acetic ester (95% yield). The obtained ester was 
characterized by 1H NMR giving resonance signals in the ranges described 
by the literature. [19] 

Step 2: A Mixture of 1.37 g brute tetraethyl calix[4]arene acetic ester 
(1.381 mmol), 25 mL of methanol and 600 mg of NaOH (5.524 mmol) 
dissolved in 10 mL of water was refluxed for an hour. After cooling, water was 
added to the reaction mixture. The off-white waxy solid was filtered and 
washed with several portions of acetone (5 x 10 mL) to yield 2 as a white 
powder. The derivative was characterized by 1H NMR, MS and FT-IR giving 
similar results to those reported in the literature.[20] 

Deposition of the organic coupling agent on the glass fibers 
The functionalized calix[4]arene was deposited on the glass fibers by 

dissolving into an alcoholic solution (90 ethanol and 10% distilled water) 
acidified to a pH of 3.5-4 by means of glacial acetic acid. Due to the low 
solubility of the macrocycle, a 5% (in weight) solution was used for the 
deposition. 10 mL of this solution was added to 2 g of finely grinded G14 glass 
fibers. The mixture was vigorously stirred for 1 hour at room temperature. The 
thick white paste thus obtained was allowed to dry, in air. After 2 days at room 
temperature, the resulted product was fixated by thermal treating at 70 °C, in a 
1 cm layer for 7 hours. The final product was obtained after sieving through a 
vibrating sieve (50 µm). The deposition in acetone was achieved in the same 
manner by dissolving the functionalized calix[4]arene in acetone (5% weight 
solution) and following the same working procedure.  
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QUANTITATIVE MEASUREMENT OF THE LEATHER  
DEGREE OF SWELLING 

 
 

SIMONA POPAa, SORINA BORANa,* 

 
 

ABSTRACT. In this paper are presented the experimental results obtained 
in assessing the degree of swelling of the leather by means of shrinkage 
temperature. The moisture content of the skin was determined in its various 
processing steps, correlated with the leather shrinkage value. 

 
Keywords: drying process, skin type, shrinkage temperature 

 
 
 
INTRODUCTION 
 
 During processing of the animal skin there are stages that change the 
internal protein structure of the collagen fibers [1-5]. Rheology of collagen 
films is presented in [6]. 
 Some of the stages have a pollutant effect on the environment. To 
reduce the negative effects of industrial activities on the environment can be 
used the following solutions: recycling some of the poluating materials [7-9], 
obtaining other useful products by reusing wastes [10-11] or to immobilize 
other hazardous waste [12-13].  
 In industrial technologies, for assessing the degree of leather 
processing, there are still only qualitative assessments, such as: craving, 
elasticity, softness etc. [1-4] 
 From the best of our knowledge, the introduction of quantitative 
parameters for characterizing the different stages of the process is not yet 
accomplished. 
 The present paper attempts to explore one of the few quantitative 
parameters for characterizing the degree of leather licking, namely: the 
shrinkage temperature, using the drying operation. 
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 Drying of colloidal materials is a process of heat and mass transfer, 
usually accompanied by the deformation processes of the material [14].  
 The shrinkage temperature characterizes the degree of crosslinking 
of the collagen fibers, by determining the resistance of the dermal tissue to 
the heat and humidity action. It represents the temperature at which the 
shortening of the dermal tissue fibers begins to occur in the aqueous medium 
when raising the temperature [4]. 
 The shrinkage temperature of the finished skins is influenced by 
several factors, including the water content of the skin. 
 Quantatively, it is expected that the contraction temperature will vary 
inversely with the degree of swelling of the skin, with its non-reticulation. The 
moisture content of the skin may be calculated using the following 
relationship [15-17]: 

100,% ⋅
−

=
d

di

m

mm
U  

where: mi – initial leather mass, g 
 md – dried leather mass, g 
 
 The aim of the paper is to correlate the degree of swelling of the 
dermis expressed by the shrinkage temperature with the moisture content 
using the drying process of the skin samples from different stages of leather 
production. 
 
 
RESULTS AND DISCUSSION 
 
 By drying in an oven at 100°C of the skins, their weight will decrease 
over time. In Table 1 are presented the weight of the skins at different stages 
of processing at different drying times 
 
 
Table1. The weight of the skins at different stages of processing at different drying times 

 

No. Time, Weight depending on skin type, g 
 min Soaked  Gelatine Pickled Tanned 

1 0 23.8 23.8 23.8 23.8 
2 60 15.1 7.6 10.47 8.23 
3 120 10.9 4.43 6.95 4.7 
4 180 7.2 2.95 5.48 4.7 
5 240 7 2.8 5.4 4.7 
6 300 7 2.8 5.4 4.7 
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Analysing these values it is found that the drying processes of 
different skin types have a similar evolution. The most water is eliminated by 
drying at the beginning of the process, this being the existing water between 
the fibers, then by diffusion from the inside of the fibers outwards, and 
eventually the removing it completely from the skin. 

The gel material, i.e. the soaked skin, gelatin and pickled ones, dries 
slower because the water is strongly retained inside it. The fastest drying 
process appears for the tanned skin (the fibrous body). 

The equations of the mass loss curves of the skins at different stages 
of processing at different drying times are presented in Table 2. 
 
 

Table 2. The equations of the mass loss curves of the skins at  
different stages of processing at different drying times 

 

Skin type y = ax2 – bx + c R2 
Soaked y = 0,0003x2 - 0,1419x + 23,375 0.992 
Gelatine y = 0,0004x2 - 0,1714x + 22,133 0.939 
Pickled y = 0,0005x2 - 0,1874x + 21,524 0.896 
Tanned y = 0,0005x2 - 0,1961x + 21,571 0.918 

 
 
 On the basis of these results it was possible to determine the 
decrease in time of the water content for the respective skins, values shown 
in Table 3. 
 
 
Table 3. The water content at different stages of processing at different drying times 

 

No. Time, The water content at different stages of processing, % 
 min Soaked  Gelatine Pickled Tanned 
1 0 70.6 88.23 77.31 80.25 
2 60 34 20.2 21.3 14.8 
3 120 16.4 2.65 6.51 0 
4 180 0.84 0.63 0.34 0 
5 240 0 0 0 0 

 
 

The equations of the water content of the skins at different stages of 
processing and different drying times are presented in Table 4. 
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Table 4. The equations of the water content curves of the skins at different  
stages of processing at different drying times 

 

Skin type y = ax2 – bx + c R2 
Soaked y = 0,0013x2 - 0,5895x + 68,606 0.987 
Gelatine y = 0,003x2 - 1,0426x + 83,024 0.957 
Pickled y = 0,0024x2 - 0,8642x + 73,319 0.967 
Tanned y = 0,0029x2 - 0,986x + 74,884 0.946 

 
 By determining the shrinkage temperature in the skins of the various 
manufacturing steps, the results presented in Table 5 are obtained. 
 
 

Table 5. The skin shrinkage temperature of the different 
stages of manufacture 

 

No. The shrinkage temperature of different skin type, oC 
 Soaked  Gelatine Pickled Tanned 
1 62.5  -  66.5 52  -  58 49.5  -  53 89  -  92 

 
 
 It is found that the highest shrinkage temperature occurs in tanned 
leather, which is a fibrous material. 
 The other forms of leather processing (soaked, gelatin, and pickled) 
refer to gel bodies, which can be transformed by incorporating water to the 
sol-gel. 
 This also explains the variation in the shrinkage temperature of these 
skins depending on their moisture content, which also results from the 
analysis of the graph in Figure 1. 
 

 
 

Figure.1. Dependence of shrinkage temperature on skin moisture content 
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CONCLUSIONS 
 
As the skin sprouting progresses, the gelling components are 

eliminated, leaving only the fibrous material (collagen fibers) which is more 
resistant and determines the characteristics of the leather, in our case, the 
shrinkage temperature, which is the greatest for the tanned skin. 
 The works have shown that the shrinkage temperature cannot alone 
assess the state of the fibrous material, due to the massive gel matrix at the 
beginning of the processing. 
 Determinations made on various processed materials indicate a 
qualitative correlation between the shrinkage temperature and the degree 
of crosslinking of the collagen material, which gives mechanical strength to 
the leather. 
 
 
EXPERIMENTAL SECTION 
 
 In order to determine skin moisture, STAS 8574/70 was worked out, 
taking skin samples of the same weight from different skin processing steps, 
namely: soaked skin, gelatin skin, pickled skin and tanned leather. 
 They were placed in the oven at 100oC for water evaporation, 
weighing periodically until a constant mass was reached. 
 Determination of the shrinkage temperature is performed, according 
to STAS 5053/70, by means of a device which allows tracking of the moment 
when the skin contraction occurs on a graduated dial. 
 The temperature at which the indicator needle deviation occurs is the 
skin's shrinkage temperature. Usually there is a temperature range in which 
the skin contraction occurs. 
 
 
 

REFERENCES 
 
 

1. F.O’Flaherty, W.T. Roddy, R.M. Lollar (Ed.), „The Chemistry and Technology of 
Leather”, Vol.I., Krieger Publishing Company, Malabar, Florida, 1979. 

2. K. Bienklewicz, „Physical Chemistry of Leather Making”, R.E. Krieger 
Publishing Company, Malabar, Florida, 1983. 

3. G. Chiriţă, „Tehnologia Pieilor şi Blănurilor”, Vol.I, Ed.Tehnică, Bucureşti, 1985. 
4. E. Heidemann, „Fundamentals of Leather Manufacture”, Roetherdruck, 

Darmstadt, 1993. 



SIMONA POPA, SORINA BORAN 
 
 

 
396 

5. J.H. Sharphouse, „Leather Technician’s, Handbook”, Leather Producers’ 
Association, Northhampton, 1995. 

6. S. Popa, S. Boran, V. Simulescu, Materiale Plastice, 2017, 54, 359. 
7. G. Mosoarca, P. Negrea, M. Motoc, M. Craciunescu, M. Anghel, D. David, Rev. 

Chim. 2009, 60, 636. 
8. G. Mosoarca, V. Pode, Rev. Chim. 2009, 60, 836. 
9. G. Mosoarca, P. Negrea, Journal of Environmental Protection and Ecology, 

2012, 13, 198. 
10. I. Lazau, C. Vancea, Romanian Journal of Materials, 2012, 42, 270. 
11. C. Vancea, I. Lazau, Central European Journal of Chemistry, 2014, 12, 804. 
12. I. Lazau, C. Vancea, G. Mosoarca, Romanian Journal of Materials, 2013, 43, 

210. 
13. C. Vancea, G. Mosoarca, A. Negrea, A. Latia, R.M. Jurca, Romanian Journal 

of Materials, 2016, 46, 296. 
14. V.A. Sychevskii, International Journal of Heat and Mass Transfer, 2015, 85, 

740. 
15. E.A. Bratu, „Operaţii unitare în ingineria chimică”, vol.II., Ed. Tehn., Bucureşti 

1985. 
16. A. Dăscălescu, „Uscarea şi aplicaţiile ei industriale”, Ed. Tehn., Bucureşti 

1974. 
17. F. Vitan, N. Badea, M. Macoveanu, I. Iacomi, „Ingineria proceselor în textile şi 

pielărie”, Casa de presă şi Editura Cronica, Iaşi 1992. 



STUDIA UBB CHEMIA, LXII, 4, Tom II, 2017 (p. 397-410) 
(RECOMMENDED CITATION) 
DOI:10.24193/subbchem.2017.4.34 
 
 
 
 

 
 

THE INFLUENCE OF MINERALS AND LACTOSE CONTENT ON 
THE STABILITY OF WHEY PROTEIN POWDERS 

 
 

DOINA PRODANa, MIUȚA FILIPa, IOANA PERHAIȚAa,  
MIHAELA VLASSAa, VIOLETA POPESCUb, IOAN MARCUSc, 

MARIOARA MOLDOVANa,* 
 
 

ABSTRACT. The aim of this paper was to determine the minerals and lactose 
from a Zonar lactoserum concentrate (L-ZS) obtained by lyophilization as 
compared to other two commercial powders: a bio whey concentrate (BWP) 
and a whey protein isolate (IWP), in order to investigate the influence of the 
mineral and lactose concentration on the protein denaturation temperature. 
The BCAA content from protein hydrolysates and surface structure of whey 
powder samples have been also investigated. Lactose content of samples 
whas: 47.4 g/100g for L-ZS, 46.4 g/100g for BWP, 0 g/100g for WPI. The 
highest concentrations of minerals Ca, K, Mg, Na and P has been found in 
BWP, followed by, L-ZS and IWP powders. The fact that L-ZS sample shows 
a peak temperature (Tp) with 15.82 °C higher than in the case of BWP 
sample, makes it more resistant to denaturation. The IWP powder has Tp of 
87.25 °C, because contains the high quantity proteins that are more resistant 
to unfolding (denaturation) than the other two samples. Loss of calcium ions 
leads to partial protein unfolding. The lower mineral content increases the 
stability of whey protein. A high lactose content leads to the protein 
aggregation; the functional properties of powder is changes by protein 
crosslinking. Branched-chain amino acids content in studied samples is in 
accordance with whey proteins powders type. 

 
Keywords: lactoserum Zonar, bio whey concentrate, whey, protein isolate, 
lactose, BCAA, minerals, DSC, SEM 
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INTRODUCTION  
 
Sweet whey is the liquid left after extraction of casein and milk fat in 

the cheese making process. This contains a large proportion of milk salts, 
lactose and water-soluble proteins. The most important whey proteins are 
alpha-lactalbumin (α-la), beta-lactoglobulin (β-lg), bovine serum albumin, 
immunoglobulins and protease peptones [1]. The whey composition varies 
according to the milk composition, the cheese type from which it derives, the 
heat treatment and other factors. The name of sweet whey protein is due to 
the fact that it is derived from the production of matured cheeses (like swiss, 
cheddar, provolon, etc.) and its pH (6.2 - 6.6) is slightly lower than that of 
fresh milk [2].  

The current industrial processes for the production of whey protein 
concentrates are based on the following processing steps: the whey that 
containing only about 0.5-0.7 % protein is pasteurized; is concentrated by 
ultrafiltration (UF) to obtain a fold protein concentration of 20-25; UF retentate 
being very thick after ultrafiltration is diluted and filtered once more 
(diafiltration); UF retentate is concentrated by vacuum evaporation; and the 
UF retentate is concentrate by spray-dried [3].  

By the ultrafiltration process is reduced the concentration of lactose 
and whey minerals. Some of the mineral components can bind to proteins by 
hydrogen bonding or other attraction forces and can be retained with them. 
Calcium from whey can prevent or reduce the flow rate of water through the 
membranes. Techniques such as heating and the pH adjusting of the whey to 
avoid the problem of water flow rate through the filtration membranes are 
pre-treatments having an effect by the final mineral content [2].  

According to published data [4] “protein denaturation is any modification 
in secondary, tertiary or quaternary conformation that is not accompanied 
by the rupture of peptide bonds involved in the primary structure” and “the 
terms aggregation refer to unspecified protein-protein interactions that 
result in the formation of large complexes with higher molecular weights” 
[4]. A biomolecule is in equilibrium in solution between native conformation 
(folded) and its denaturated (unfolded) state. The temperature at which 
50% of biomolecules are unfolded is named intermediate transition point 
(Tm). Higher Tm corresponds to more stable molecules [5,6]. Transition of 
proteins from native form to denatured conformation is accompanied by 
breakage of inter and intramolecular bonds. DSC allows the determination 
of the denaturation temperature of the protein [5]. In [7] these transitions 
explain that the gelation phase of whey globular proteins in heating involves 
two separate stages. In the first stage there is a partial (denaturation) of  
the native global structure involving a breakdown of intramolecular (non-
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covalent, disulfide) bonds leading to an endothermic process. In the second 
step an intermolecular aggregation involves the formation of new bonds 
between the protein molecules and therefore an exothermic DSC process 
is expected. 

Dairy protein hydrolysates contain bioactive peptides with anti-
inflammatory properties but also some amino acids. Amino acid profile differs 
between caseins and whey proteins; caseins contain a large proportion of 
glutamine and proline residues and minor proportions of arginine, while whey 
proteins contain branched-chain amino acid (BCAA) residues [8]. BCAAs are 
so called because of their structure, which includes a side chain of one 
carbon atom and three hydrogen atoms. 

The BCAA are three of the nine essential amino acids respectively 
leucine (Leu), isoleucine (ILeu) and valine (Val). They are important precursor 
for muscle protein synthesis [9]. The high level of BCAA and their good 
digestibility from whey proteins, in particularly Leu, confer those proteins a 
good nutritional profile for sports nutrition [10]. 

The proposal of this study is to investigate a powder obtained by 
lyophilisation of a commercial whey formula (lactoserum namely Zonar) (L-ZS) 
and to compare it with other two commercial powders, bio whey concentrate 
(BWP) and whey protein isolate (IWP) in order to corelate influence of the 
minerals and lactose concentrations upon protein denaturation temperature. 
The BCAA content from protein hydrolysates and surface structure of studied 
samples have been investigated. 

 
 

RESULTS AND DISCUSSION 
 
 At present, there are a large variety of applications of milk whey, 
especially in medicine and in the food industry, depending on the 
characteristics of each type of whey. The Zonar lactoserum, produced and 
distributed by S.C. EmbryOm Capital investment S.R.L., (Satu-Mare, 
Romania) is obtained from cow's milk and intended to use in curative 
purposes, at nutritional therapies, or as an adjuvant in the treatment of various 
diseases such as obesity or type II diabetes [11]. Two commercial powders, 
from the Romanian market, a bio whey concentrate (distributed by SC Deco 
Italia SRL, Suceagu, Romania) and a whey protein isolate (distributed by S.C. 
Way Better Nutrition from Cluj-Napoca) were also investigate. 
 

Quantification of minerals and trace elements in the whey powders 
The concentrations of minerals (Ca, K, Mg, Na, P) and trace elements 

(Cu, Fe, Pb, Zn) in studied whey powders are shown in Figure 1 and 2. 
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In Figure 1 it can be observed high concentrations of Ca, K, Mg, Na 
and P in BWP sample compared with L-ZS and IWP samples.  

The natrium concentration, of 0.45 mg / kg in L-ZS sample is lower by 
compared with 570 mg / kg in BWP sample and 166.91 mg / kg in IWP 
sample. The calcium concentration is 3134 mg / kg in L-ZS sample while in 
BWP sample is 4220 mg / kg and in IWP sample is the lowest 2376 mg / kg. 
The high content of calcium in the BWP sample is an important reason for a 
lower stability of the protein compared to the L-ZS sample due to hydrophobic 
interactions that favoring the formation of a very little hydrated gel. [12]. The 
potassium concentration in L-ZS sample is 7880 mg / kg, but the largest 
amount was found in BWP sample of 10340 mg / kg, while in IWP sample is 
the 1380 mg / kg. The magnesium concentrations are 799 mg / kg in L-ZS 
sample, 1060 mg / kg in BWP sample and 594 mg / kg in IWP sample. 
Phosphorus is an essential component in many biological molecules, proteins, 
carbohydrates and nucleic acids. Phosphor concentration found in L-ZS 
sample is 4900 mg / kg comparative with 5440 mg / kg in BWP sample and 
1770 mg / kg in IWP sample. 

 
 
 

 
 

Figure 1. The minerals distribution in the studied whey powders (L-ZS is  
Zonar lactoserum concentrate, BWP is bio whey concentrate,  

IWP is whey protein isolate). 
 
 



THE INFLUENCE OF MINERALS AND LACTOSE CONTENT ON THE STABILITY OF … 
 
 

 
401 

 
 

Figure 2. Distribution of the trace elements in the studied whey powders. 
 
 

The Figure 2 shows that the L-ZS sample contains the highest iron 
concentration, of 16.87 mg / kg, while the BWP sample contains of 14.79 mg 
/ kg and the IWP sample contains of 1.405 mg / kg . 

In the immune system the zinc have a lot of functions like produce 
energy, to synthesize proteins, to stabilize membranes against bacterial 
endotoxins, to produce antioxidant enzymes and to produce antibodies [13]. 
The L-ZS sample also contains a higher concentration of zinc of 3.1 mg / kg 
while the BWP sample contains 2.66 mg / kg and IWP sample contains 1.23 
mg / kg. Concerning the cooper and lead concentrations, these are below 1 
mg / kg in all investigated samples. 
 The concentrations of the investigated elements may varies, 
depending on the milk type (from cow or goat), the animals feeding, the whey 
obtaining method and not the least, the analysis method used for whey 
caracterisation [14]. 
 
Determination of lactose in the whey powders by HPLC 

Lactose affects the whey protein powders stability, protecting the 
proteins against thermal denaturation during drying. If the lactose content of 
the powder is lower, then the amount of denatured protein is greater. Lactose 
from the studied powders affects the aggregation of thermally denatured 
proteins as well as the characteristics of these aggregates; Also it has the 
ability to replace the water molecules in hydrophobic areas and to prevent 
complet unfolding of protein [15].  
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Determination of lactose in the whey powders was perform by high 
performance liquid chromatography with reflectance index detector (HPLC-RI). 
Figure 3 shows the chromatograms of lactose standard and studied samples.  

 

 
 

Figure 3. HPLC-RI chromatograms of lactose standard (RT = 7.24 min) and Zonar 
lactoserum concentrate (L-ZS), whey bio concentrate (BWP) and whey protein 

isolate (IWP) samples. 
 
 

The lactose concentrations in studied samples are: L-ZS sample 
contain 47.4 g lactose / 100 g powder and BWP sample contain 46.4 g 
lactose/100g powder. The IWP sample do not contains the lactose because 
this is a powder of isolate in proteins and not a concentrate in proteins.  

Because the lactose contain in the L-ZS sample is highest, this 
sample is more stable at unfolding of proteins, than BWP sample.  
 
Determination of branched-chain amino acids in whey protein 

hydrolysates by OPLC 
 

Proteins are macromolecules made up of amino acid chains. To be 
absorbing in the body, these protein chains it break by means of enzymes. 
Determination of branched-chain amino acids (BCAA) in whey protein 
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hydrolysates was performed by Overpressured Layer Chromatography 
(OPLC) technique. The prepared solutions of whey protein hydrolysates 
where submitted to the OPLC chromatographic separation for determination 
of BCAA according to previously reported procedure [16]. 

 

 
 

Figure 4. OPLC Chromatoplate and overlay densitograms of the studied samples. 
Leu, ILeu, Val are individual standards (1 mg ml-1 each,); AA is amino acids 
standards mixture (0.333 mg ml-1); samples: 1 (L-SZ); 2 (IWP); 3 (BWP). 

 
The obtained results are presented In Table 1. 
 
 

Table 1. The content of whey protein hydrolysates samples in BCAAs 
 

Sample Val [g/100g] ILeu [g/100g] Leu [g/100g] Total 
BCAA[g/100g] 

L-SZ 1.36 0.536 1.28 3.176 
IWP 6.26 6.407 16.27 28.937 
BWP 0.233 0.401 1.69 2.324 

 
 

The OPLC analysis of the BCAAs in hydrolysates samples (whey 
concentrates, L-SZ and BWP) show that the L-SZ sample contains a larger 
quantity of BCAAs total than the BWP sample.  
Regarding the IWP sample, this contains the higher quantity of BCAAs total 
is due to that the whey protein isolate is a isolate in whey protein, so it 
contains more proteins. 
 
Whey powders surface structure investigation by SEM 

The surface structure investigation of studied powders was performed 
by Scanning Electron Microscopy (SEM) using a magnification of 1000. In 
Figure 5 are shown the structure of studied powders: L-SZ, BWP and IWP. 
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Figure 5. The SEM micrographs with 1000 magnification of: a) Zonar lactoserum 
concentrate (L-ZS), b) bio whey protein concentrate (BWP) and  

c) whey protein isolate (IWP). 
 
 

From the micrographs a) and b) one can observe a similar structure 
of the surfaces of the two powders, with agglomerations of particles of 
different shapes. In the case of microscopy c) crystalline agglomerations with 
glowing particles of round or irregular shape, characteristic image for the 
whey protein isolate are observed. 

Concerning the powder obtained by lyophilization, the powder surface 
it should be porous due to the removal of the ice during the lyophilization 
process, but this was not observed in the case of the L-SZ powder Figure 6 a). 

At a larger magnification, at x 5000 (Figure 6), in the case of L-ZS, 
and BWP samples, a wrinkled structure of the sample surfaces with particles 
of 1-10 μm, more or less rounded, is observed. These are characteristic 
micrographs of powders with lactose, as whey protein concentrates 

 
 

 
 

Figure 6. The SEM micrographs with 5000 magnification of:  
a) Zonar lactoserum concentrate (L-ZS), b) bio whey protein concentrate (BWP) 
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In conclusion, from, a clear difference can be observed (Figures 5 
and 6) between the lactose free sample surface (IWP) and the samples 
surface with lactose content (L-ZS) and (BWP) respectively  

 
 

Protein denaturation of whey powders by DSC 
In differential scanning calorimetry (DSC), one or more peaks or 

inflection points may occur that reflect heat-induced transitions. Depending on 
the transition that takes place with heat absorption (endotherm) or with heat 
release (exotherm), the direction of the peak recorded on the thermograms 
differs. While solids melting and protein denaturation are endothermic 
processes, the crystallization of carbohydrates and the aggregation of 
proteins are manifested as exothermic processes [17]. 

In Figure 7 can see the protein denaturated temperatures of the 
investigated samples: L-ZS, BWP and IWP. 

 
 

 
 

Figure 7. DSC analyses of: L-ZS - Zonar lactoserum concentrate, BWP - bio whey 
protein concentrate and IWP - whey protein isolate. 
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In this study, it is noted that and in other previous studies on the 
thermal gelation of whey protein, carried out on conventional scanning 
systems (typical sample mass ~ 15-50 mg), appears only endothermic 
transitions [7].  

In Figure 7 has been observed that L-ZS sample and BWP sample 
have transition endotherms at the temperatures of 80.53 °C and 64.71 °C, 
respectively, representing the unfolded of the two major whey proteins α-lg 
and β-lg. The fact that L-ZS sample shows a peak temperature (Tp) of 15.82° 
C higher than in the case of BWP sample, makes it more resistant to 
denaturation. The IWP sample has a Tp of 87.25 °C, so it contains proteins in 
higher quantity and is more resistant to distortion than the other two.  

Wit and Klarenbeek (1981) [19,20] analyzed by DSC the thermal 
behavior of major whey protein to 150 °C and observed two distinct heat 
effects: up to 70 °C the effect is attributed to denaturation and near 130 °C is 
attributed to the denaturation of the remaining protein structure. Regarding to 
the second transition isotherm, after Wit and Fitzsimons [7, 18,19] this can be 
attributed over 100 °C, to β-Ig, and the breakdown of disulfide bonds, which 
have a very important role in stabilizing the spatial architecture of the protein 
molecule, followed by protein denaturation. 

In Figure 7 we can see an isothermal transition in the case of the L-
ZS sample having Tp of 144.23 °C and BWP sample with Tp of 126.94 °C. It 
is observed in the BWP sample a third isothermal transition to Tp of 147.3 °C 
which could be attributed to possible denaturation of other proteins unfolded 
yet. For a higher ratio of β-Ig / α-lg, the denaturation temperature increases 
and this increase is more pronounced when the overall protein concentration 
is lower, probably due to the lower amount of protein that is unfolding [5]. 

From a biological point of view, α-Ig is small protein, compact, has a 
more or less spherical shape and behaves like a coenzyme in lactose 
synthesis. The Ca ions are strongly bound and stabilize protein conformation. 
Loss of Ca ions at an acidic pH leads to partial protein unfolded; in this case, 
even at a low temperature, irreversible degradation of the protein takes 
place. However, the β-Ig protein, the major serum protein, with properties 
that tend to dominate in particular the thermal treatment reactions. The β-Ig 
protein shows secondary and tertiary structures, having two -S-S bonds and 
a free sulfhydryl group. The tertiary or quaternary protein is subject to a 
series of changes depending on the pH or temperature changes [20]. 
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CONCLUSIONS 
 
Loss of calcium ions leads to partial protein unfolding. The lower 

mineral content increases the stability of whey protein. A high lactose content 
leads to the protein aggregation and the functional properties of powder is 
changes by protein crosslinking. The present of BCAAs (leucine, isoleucine 
and valine) in studied samples were quantified in order to establish the 
quality of protein source. 

 
 

EXPERIMENTAL SECTION 
 

Materials, reagents  
The studied samples were three powders of Zonar lactoserum 

concentrate (L-ZS), bio whey protein concentrate (BWP) and whey protein 
isolate (IWP). All chemicals used were analytical-grade from commercial 
sources and used as received.  

 

Equipments and sample preparation 
ICP-OES analysis 
A quantity of 5 grams of each studied sample were used to 

determine the concentration of mineral and trace element. Three parallel 
determinations of each sample were made. The sample crucibles were 
introduced into a thermostated electric furnace, raising the temperature 
gradually from 50 °C to 50 °C (maintaining the temperature one hour on 
each level) to a temperature of 550 °C where it was maintained for 7 hours. 
After the samples were removed from the oven, they were treated with a 
mixture of concentrated HNO3 (65%) and H2O2 (30%) in a ratio of 1:0.6, v/v 
successively added to each sample. After addition of HNO3, the sample 
crucibles were placed on a sand bath to evaporate gradually. After cooling, 
H2O2 was added to the samples and heating was continued on the sand 
bath until the samples were again brought to dryness. The operation was 
repeated two more times. Determination of mineral and trace element from 
the clear solutions, was done with the Optima 2100- Perkin Elmer inductively 
coupled plasma-optical emission spectrometer (ICP-OES) connected to a 
computer. 

HPLC analysis 
Determination of the lactose content was performed by high-

performance liquid chromatography (HPLC). Lactose was purchased from 
Aldrich (Milwaukee, USA). HPLC Sample preparation: 1 mL of milk-serum 
sample was diluted with 4 mL water. To 1 mL of this diluted solution 4 mL of 
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70% of acetonitrile were added, leading to protein precipitation; the solution 
was passed through a 0.45 µm filter and injected in the HPLC system. A 
HPLC Jasco Chromatograph (Japan) with a refractive index detector (RI) 
was employed. The data were processed with the ChromPass software. 
Separation was carried out on a CARBOSep column at 70ºC column 
temperature. The mobile phase was a Milipore ultrapure water and the flow 
rate was 0.5 mL min-1 and the injector volume was 20 µL [21].  

 

OPLC analysis 
The acidic hydrolysis of the protein samples was performed in a 

hydrolysis tube: a protein mass of about 5-10 mg was treated with 1mL of 
6M HCl, and heated at 110 ºC for 24 h. The acid-hydrolyzed solutions were 
neutralized at pH 7 and then filtered on Munktell quantitative filter paper 
grade 389 (Munktell & Filtrak Gmbh, Barenstein, Germany).The filtrate of 
each sample was collected in a volumetric flask of 10 mL and brought to 
volume with water. OPLC analysis was performed with the Personal OPLC 
50 chromatograph (OPLC-NIT, Budapest, Hungary) on 20 cm × 20 cm. 
OPLC plates precoated with 5-μm particle silica gel F254 (LA001; OPLC-
NIT). The standards and the samples were applied on the plate with 
micropipettes in quantities of 2 µL. 

 

SEM analysis 
For surfaces analysis of the samples an INSPECT S (FEI Co) 

microscope was used. 
 

DSC analysis 
Differential scanning calorimetry (DSC) was performed using a 

Mettler Toledo DSC 823e/700 °C. The measurements were carried out in 
the 25-200 °C temperature range, in aluminum crucibles, under nitrogen 
flow (80 mL·min-1) with a heating rate of 10 °C ·min-1. The sample weight 
was in the range of 7 -13 mg. The variation of the heat flow transmitted 
through the sample relative to a reference (empty crucible) is recorded. 
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NEW PHOSPHORUS CONTAINING BIS-SULFONE LIGANDS 
 
 

NOÉMI DEAKa,b, SONIA MALLET-LADEIRAc, 
LUMINITA SILAGHI-DUMITRESCUa, DAVID MADECb*,  

GABRIELA NEMES*a 
 
 

ABSTRACT. Derivatives of bis-sulfone 1,3-bis{(p-tolyl)SO2}-5-tert-
butylbenzene 1, containing P(III) and P(V) were obtained and characterized 
in solution by multinuclear NMR spectroscopy. For two of the compounds 
([2,6-{(p-tolyl)SO2}24-t-Bu-C6H2]PCl2 2 and [2,6-{(p-tolyl)SO2}24-t-Bu-
C6H2]P(O)(H)OEt) 4 the crystal and molecular structures in solid state were 
also determined by single crystal X-ray diffraction.  
 
Keywords: bis-sulfone, phosphorus derivatives, dichlorophosphine 

 
 
 
INTRODUCTION 

 
The study of phosphorus containing organic and organometallic 

derivatives has been a topic of interest for a long time, continuously 
expanding with numerous interesting results surfacing regularly. In the last 
decades, the chemistry of phosphines and low valent phosphorus containing 
compounds also came in focus. In the case of all these species the organic 
moieties play a very important role in the stabilization and the particular 
properties. Several types of ligands used to obtain low valent phosphorus 
derivatives are described in the literature,[1–4] like bulky organic groups 
(Mes, Mes*, Tip, etc),[1,5] or ligands containing electron donating heteroatoms 
(N, O, etc).[3] The synergic effect of both the bulkiness of the ligand and its 
electron donating properties was also proven several times.[1,2,5,6]. 
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Since the stabilization of the first species containing low valent 
phosphorus atoms [7–9] the chemistry of these derivatives experienced a 
great development, becoming a versatile field of study. A large number of 
studies were reported over the years on the stability, reactivity and applications 
of P(III) containing derivatives, where the importance of these compounds was 
highlighted for their role as ligands in organometallic chemistry [1,3,10,16], in 
catalytic processes,[3] or compounds containing p-block elements.[5,6] The 
investigation of some derivatives containing phosphaalkenyl –P=C< moieties, 
their synthesis, characterisation and applications in organometallic and 
coordinative compounds, represents one of our research interests. [6,10–15]  

In this study we investigated the connecting behaviour of the bis-
sulfone 1,3-bis{(4-methylphenyl)sulfonyl}-5-tert-butylbenzene 1 as a ligand 
towards phosphorus tri-chloride PCl3 in order to obtain new derivatives that 
can be used as building blocks in today's chemistry. The importance of bis-
sulfone as ligands was recently highlighted as they function as pincer-type 
ligands for the stabilization of metallylenes and have an important effect in 
their reactivity.[17–19]  
 
RESULTS AND DISCUSIONS 

 

Based on the good results obtained with the bis-sulfone 1 in the 
stabilization of low valent group 14 elements and their reactivity,[18,19] the 
synthesis of phosphorus containing derivatives was also realised. A new 
dichlorophosphine was obtained with bis-sulfone 1, as shown in Scheme 1, 
using a slightly modified method from literature.[7,20,21] 

Tri-chlorophosphine was added at low temperature to the carbanion 
of the bis-sulfone 1, obtained according to previously described methods.[18] 

 

Scheme 1. Synthesis of phosphorus containing derivatives 
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The new (1,3-bis{(4-methylphenyl)sulfonyl}-5-tert-butylphenyl)- 
dichlorophosphine 2 was characterized in solution by NMR spectroscopy. The 
singlet signal in the 31P NMR spectrum at 139 ppm (C6D6) confirms the 
formation of derivative 2, the value of the chemical shift being in the range of 
chemical shifts characteristic for organo-dichlorophosphines.[22,23] In the 1H 
NMR spectrum of compound 2 the disappearance of the multiplet signal at 
8.90 ppm (C6D6, 4JHH = 1.64 Hz), assigned for H1 of bis-sulfone 1, can be 
observed, that confirms the connection of the –PCl2 fragment to the C1 atom 
(see Scheme 1). The downfield shift of the meta protons H3 and H5 on the 
central aromatic ring from 8.25 ppm (in bis-sulfone 1, C6D6, d, 4JHH = 1.64 Hz) 
to 8.47 ppm (C6D6, d, 4JHH = 1.74 Hz) also suggests the formation of the new 
compound. The signal for the C1 atom in the 13C NMR spectrum of compound 
2 appears at 137.3 as a doublet (1JC-P= 104.3 Hz), because of the bonding with 
the phosphorus atom, with a downfield shift from 124.6 ppm for bis-sulfone 1, 
characteristic shift and coupling constant for such derivatives.[22,24]  

The structure of the bis-sulfone-dichlorophosphine 2 was confirmed in 
solid state by single crystal X-ray diffraction; the molecular structure together 
with some important geometrical parameters is presented in Figure 1. 

 

 
 

Figure 1. Molecular structure of compound 2 the solid state (50 % probability level 
for the thermal ellipsoids). For clarity, hydrogen atoms are omitted, tolyl and t-butyl 
groups are simplified. Selected bond distances [Å] and bond angles [deg]: S1-O1 

1.441(3), S1-O2 1.435(3), S2-O3 1.434(3), S2-O4 1.432(3), P1-C1 1.859(3),  
Cl1-P1 2.050(1), Cl2-P1 2.057(1), C1-P1-Cl1 104.37(11), C1-P1-Cl2 99.57(11), 

Cl1-P1-Cl2 102.80(6), C6-S2-C7’ 102.91(16), C2-S1-C7 106.64(15),  
P1-C1-C2 115.1(2), P1-C1-C6 129.1(3) 
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The solid state molecular structure of compound 2 shows that the 
phosphorus atom adopts a pseudo-tetrahedral geometry, considering the 
lone pair of electrons, with the angles C1-P1-Cl1 of 104.37(11)°, C1-P1-Cl2 
of 99.57(11)° and Cl1-P1-Cl2 of 102.80(6)°. The C1-P1 bond length of 
1.859(3) Å and P-Cl bond lengths of 2.050(1) and 2.057(1) Å, are close to 
values found in the literature for other organo-dichlorophosphines.[20,25] 
The tolyl groups are situated on opposite sides of the central aromatic ring; 
the S=O bonds are close to values observed in the case of the previously 
reported metallylenes with bis-sulfone ligands.[17–19] The O1-P1 distance in 
the dichlorophosphine 2 is of 2.754(3) Å, value between the sum of the covalent 
radii (1.73 Å)[26] and the sum of the van der Waals radii (3.38 Å),[27,28] 
while the O3-P1 distance of 3.367(3) Å is almost equal to the sum of the van 
der Waals radii (3.38 Å).[27,28] The orientation of the sulfonyl groups (the O1, 
O3) and the phosphorus atom does not make possible an interaction, moreover, 
in the case of the phosphorus(III) atom, the presence of the lone pair of 
electron could lead to repulsions with the lone pair of electron on the oxygen 
atom. However, the bulkiness of the bis-sulfone ligand 1 makes possible the 
stabilization of the dichlorophosphine 2. It is to note, that in the literature there 
are only a few examples for phosphines stabilized by pincer ligands.[21,29–32] 

The bis-sulfone-dichlorophosphine 2 was also used as precursor in 
the synthesis of the (1,3-bis{(4-methylphenyl)sulfonyl}-5-tert-butylphenyl)- 
dichlorophosphaalkene 3. The formation of compound 3 was evidenced in 
solution by NMR spectroscopy, mainly through the 31P NMR, where the 
presence of a singlet signal at a the chemical shift 201.6 ppm, downfield 
shifted compared to the dichlorophosphine 2, is characteristic for derivatives 
containing the –P=C< moiety.[3,8,10-12,33] The 1H and 13C NMR spectra 
also confirm the formation of the expected compound 3, data are presented 
in experimental part. The dichlorophosphaalkene 3 is stable under inert 
atmosphere, and presents low stability at air, after a few days decomposition 
can be observed with the formation of the bis-sulfone ligand 1.  

The reactivity of the derivative 2 was also tested in the presence of 
ethanol and oxygen, the oxidation state of phosphorus atom switch from 
P(III) to P(V), together with the substitution of the chlorine atoms, the 
formation of ethyl(1,3-bis{(4-methylphenyl)sulfonyl}-5-tert-butylphenyl)-
phosphinate 4 was observed, as shown in Scheme 1. 

The 31P NMR spectra of derivative 4 exhibits a doublet signal at 12.60 
ppm (1JPH = 615.4Hz), with an upfield shift compared to dichlorophosphine 2 
(139 ppm), found in the characteristic region for P(V) phosphorus atom 
containing derivatives.[10,13,22] The coupling constant of 615 Hz suggests 
the presence of a hydrogen atom linked to the phosphorus atom.[22] In the 
1H NMR spectrum of compound 4 slight downfield shifts can be observed for 
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the signals for the methyl and tert-butyl group and the aromatic protons of the 
bis-sulfone ligand compared to the compound 2. At 1.11 ppm a triplet and at 
4.13-4.35 ppm multiplet signals can be seen for the ethoxy group linked to 
the phosphorus atom.  

Single crystals, suitable for X-ray analysis, were obtained and the 
molecular structure of compound 4 in solid state is presented in Figure 2 as 
well as some representative geometrical parameters. 

 
 

 
 

Figure 2. Molecular structure of compound 4 the solid state (50 % probability level 
for the thermal ellipsoids). For clarity, hydrogen atoms are omitted, tolyl and t-butyl 
groups are simplified. Selected bond distances [Å] and bond angles [deg]: S1-O1 
1.434(1), S1-O2 1.442(1), S2-O3 1.439(1), S2-O4 1.438(1), P1-C1 1.828 (1), P1-
O5 1.458(1), P1-O6 1.572(1), P1-H1 1.295(18), C1-P1-O5 113.55(6), C1-P1-O6 

102.53(6), C1-P1-H1 106.9(8), P1-C1-C2 123.15(10), P1-C1-C6 121.67(10). 
 
 
The solid state molecular structure of compound 4 shows a similar 

geometrical arrangement to derivative 2. The tolyl groups are situated on 
opposite sides of the central aromatic ring. The O1-P1 distance is of 3.195(1) 
Å, the O3-P1 is 2.924(1) Å, values between the sum of the covalent radii 
(1.73 Å)[26] and the sum of the van der Waals radii (3.38 Å).[27,28] The P-
O5 and P-O6 distances are in the range of values found in the literature for 
P=O bonds.[35] 

Compound 4 is stable in the presence of moisture and oxygen.  
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CONCLUSIONS 
 
The synthesis and characterization of three new organophosphorus 

derivatives containing bis-sulfone ligand 1 is presented. All compounds were 
characterized in solution by multinuclear NMR spectroscopy; for compounds 
2 and 4 the solid state molecular structure was also determined by single 
crystal X-ray diffraction. 

The P(III) containing derivatives show good stability under inert 
atmosphere of argon, while the P(V) containing derivative proved to be stable 
under air too.  

The newly obtained organophosphorus derivatives are good candidates 
as precursors for organometallic compounds because of the stability of these 
derivatives under controlled atmosphere and the existence of multiple connecting 
points: lone pair of electrons of the phosphorus atom in compound 2, P=C double 
bond in compound 3, oxygen atom of the P=O bond in compound 4 and the 
oxygen atoms of the bis-sulfone ligand in all the cases.  
 
 
EXPERIMENTAL SECTION 

 
All syntheses were realized under dry and oxygen free argon atmosphere 

by using Schlenk-line and glove-box techniques; all solvents were purified using 
MBRAUN SBS-800 purification system. Bis-sulfone 1 was prepared according 
to literature procedures.[18] The NMR spectra were recorded with a Bruker 
Avance II 300 MHz apparatus: 1H (300.13 MHz, reference TMS), 13C (75.48 
MHz, reference TMS), 31P (121.51 MHz, reference H3PO4) at 298 K and Bruker 
Avance 400 MHz apparatus: 1H (400.13 MHz, reference TMS), 13C (100.61 
MHz, reference TMS), 31P (161.92 MHz, reference H3PO4) at 298 K. The signals 
in the 1H and 13C NMR spectra were assigned by COSY (1H), HSQC (1H-13C), 
and HMBC (1H-13C) experiments. The X-ray data were collected at 193(2) K 
on a Bruker - AXS PHOTON100 D8 VENTURE diffractometer using MoKα 
radiation (wavelength = 0.71073 Å). Phi- and omega- scans were used. The 
data were integrated with SAINT[36] and an empirical absorption correction with 
SADABS[36] was applied. The structures were solved by direct methods with 
SHELXS-97[37] or by intrinsic phasing method (SHELXT)[38] and refined using a 
least-squares method on F2.[37] All non-H atoms were refined with anisotropic 
displacement parameters. CCDC 1587350 (2), CCDC 1587350 (4) contain 
the supplementary crystallographic data for this paper. These data can be 
obtained free of charge from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 
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 Synthesis of compound 2 

 To a solution of bis-sulfone 1[18] (300 mg, 0.678 mmol) in 12 mL of 
toluene cooled to -40°C, n-butyl lithium (0.44 mL, 0.711 mmol, 1.6 M in hexane) 
was added dropwise. The deep red solution was stirred 20 minutes at this 
temperature then was added over a solution of freshly distilled PCl3 (0.118 mL, 
1.356 mmol, 2eq) in 2 mL of toluene at -40°C. The dark red reaction mixture 
slowly turned white while it was allowed to warm to room temperature then it 
was stirred for 18 hours. After the evaporation of the volatiles, the solid was 
extracted with Et2O and the lithium salts were eliminated by centrifugation in 
toluene. The compound was obtained as a white powder (185 mg, yield=50%). 
Colourless crystals suitable for X-ray analysis were obtained in toluene solution.  
 1H NMR (C6D6) δ = 0.86 (s, 9H, t-Bu), 1.78 (s, 6H, Me), 6.67 (d, 4H, 
3JHH = 7.97 Hz, m-CH Tol), 7.78 (d, 4H, 3JHH = 8.17 Hz, o-CH Tol), 8.47 (d, 2H, 
4JHH = 1.74 Hz, m-CH Ph).  
 13C NMR (C6D6) δ = 21.2 (Me), 30.1 (t-Bu), 35.3 (C t-Bu), 128.3 (d, JC-P = 
4.47 Hz, o-CH Tol), 130.0 (m-CH Tol), 132.2 (m-CH Ph), 137.3 (d, 1JC-P = 
104.3 Hz, C1), 140.1(ipso-Tol), 144.5 (p-Tol), 149.0 (d, JC-P = 22.7 Hz, C2, 
C6) 157.1 (C4).  
 31P NMR (C6D6) δ = 139.1 

Note: The numbering for carbon atoms in all compounds is according to 
Scheme 1. 
 

Synthesis of compound 3 

To a solution of bis-sulfone 1 (300 mg, 0.678 mmol) in 12 mL of 
toluene cooled to -40°C, n-butyl lithium (0.44 mL, 0.711 mmol, 1.6 M in hexane) 
was added dropwise. The deep red solution was stirred 20 minutes at this 
temperature then was added over a solution of freshly distilled PCl3 (0.118 mL, 
1.356 mmol, 2eq) in 2 mL of toluene at -40°C. The dark red reaction mixture 
slowly turned white while it was allowed to warm to room temperature then it 
was stirred for 18 hours. All volatiles were evaporated, the white solid was 
solubilized in 12 mL of THF and freshly distilled CHCl3 (55 μL, 0.678 mmol) 
was added to this solution. The mixture was cooled down to -100°C and n-
BuLi (0.89 mL, 1.42 mmol, 2eq, 1.6 M in hexane) was added dropwise. The 
red reaction mixture was allowed to warm to room temperature, and slowly 
became transparent. The mixture was stirred 18 hours at room temperature. 
After evaporating all volatiles the compound was washed with pentane and 
obtained as a white solid. 

1H NMR (CDCl3) δ = 1.46 (s, 9H, t-Bu), 2.37 (s, 6H, Me), 7.26 (d, 4H, J = 
8.08 Hz, m-CH Tol), 8.54 (s, 4H, m-CH Ph), 7.71 (d, 2H, J = 8.31 Hz, o-CH Tol).  
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13C NMR (CDCl3) δ = 21.8 (Me), 31.1 (t-Bu), 35.9 (C t-Bu), 128.9 (o-
Tol), 129.9 (m-Tol), 131.7 (m-CH Ph), 137.0 (ipso-Tol and C2, C6), 136.3 and 
144.9 (p-Tol), 146.3 (d, JC-P = 3.06 Hz, C1), 156.0 (C4), C=P not seen.  

31P NMR (C6D6) δ = 201.6 
 
Characterization of compound 4 

To a solution of dichlorophosphine 2 in C6D6, 10 μL distilled EtOH was 
added. Transparent crystals were obtained in C6D6 and separated through filtration.  

1H NMR (C6D6) δ = 0.94 (s, 9H, t-Bu), 1.76 (s, 6H, Me), 1.11, (t, 3H, 
3JHH = 6.96 Hz -O-CH2-CH3), 4.13 and 4.35 (m, 2H, -O-CH2-CH3 ) 6.71 (d, 
4H, 4JHH = 7.90 Hz, m-CH Tol), 8.02 (d, 4H, 4JHH = 7.82 Hz, o-CH Tol), 8.89 
(d, 2H, 1JHH = 2.62 Hz, m-CH Ph).  

31P (C6D6) δ = 12.6 (d, 1JP-H = 615.4 Hz) 
31P{H} (C6D6) δ = 12.6 
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ABSTRACT. The regularities of precipitation and dissolution of thallium (III) 
oxide were studied by using cyclic and linear voltammetry. It is established 
that at 1.5V potential, a peak corresponding to the process of oxidation of 
monovalent to trivalent thallium is observed, according to: Tl+ → Tl3+ + 2e-.  
Two peaks are observed in the cathode region, at 0.65V and -0.17V 
potential values. At E = -0.17V, the thallium oxide Tl2O3 dissolves, as at E = 
0.65V, the intermediate products of the hydrolysis of trivalent thallium 
(Tl(OH)2+, Tl (OH)2+) are probably recovered. It was found that with increase 
of solution pH, the dissolution processes of thallium oxide intensified, while 
the optimum pH value was 11, also activation energy of the electrodeposition 
of thallium(III) oxide were calculated. 
 
Keywords: thallium, thallium(III) oxide, electrolysis, voltammetry, precipitation, 
dissolution/solution. 

 
 
 

INTRODUCTION 
 

Today it is difficult to call the field of technology that would not use rare 
metals, their alloys and various compounds. Due to its physical-chemical 
properties, thallium, as well as its compounds of high purity, is widely used in 
many fields of science and technology. In particular, metal thallium is used to 
obtain bearing and low-melting alloys, in semiconductors, as a source of β-
radiation it is used in radioisotope devices [1-3]. Alloys containing thallium 
have increased resistance, inertness with respect to acids, low melting point. 
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It is known that thallium is used as a catalyst in the obtaining of special alloys, 
optical lenses, jewelry, and the creation of low temperature thermometers. 
Thallium compounds are also used as medicines against rodents and 
insecticides [4-6]. It should be noted that the high toxicity and volatility of 
thallium compounds are not fundamental obstacles for the use of compositions 
based on it in engineering. In modern production and technology, the obtaining 
and use of particularly pure and ultrapure substances play an important role. 
Obtaining thallium of high purity is a complex technological task requiring the 
use of complex technological schemes, including both physical and chemical 
methods of purification.  To determine the amount of impurities or the detection 
of traces of foreign matter in various materials, it is possible to successfully 
apply electrochemical methods, in particular, the method of electrochemical 
refining [7]. Therefore, the physical-chemical study of processes in the refining 
of thallium is very relevant.  
 This is characterized by the simplicity of appliance design and the 
possibility of effectively conducting the process at medium temperatures and 
pressures, yet with high performances. However, it is quite difficult to obtain 
high-purity thallium by electrolysis due to the similarity of chemical properties 
and very close position of electrode potentials of thallium and other metal 
impurities. The authors demonstrated previously [8-12] the principles of 
possible electrochemical thallium refining through the dissolution stage of 
anodically-deposited thallium(III) oxide. 

As a result, this work aimed the establishing the regularities 
during precipitation and dissolution of thallium(III) oxide, for the selective 
electrochemical deposition of a rare metal. 

 
 
RESULTS AND DISCUSSION 
 

 In order to optimize the purification process of rough thallium, the 
studies were carried out in a volumetric electrolysis cell with a potential of 1.5 
V. A glassy carbon plate was used as cathode, platinum served as anode, 
and a silver chloride electrode as reference, respectively. In addition to the 
deposition of thallium (Tl++ 1e- → Tl0) on the cathode, the platinum plate at 
the anode was covered at pH> 2 with a dark brown precipitate that 
corresponds to the trivalent thallium oxide [13]. Thus, the following process 
takes place on the anode: 

 
2Tl++3H2O=Tl2O3+6H++4e- 
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Higher impurity contents (such as Pb, Cu, Cd) are observed in the 
cathode sediments, because of their close or more positive electrode 
potentials [8]. The anode’s precipitate, thallium oxide Tl2O3, is purer. The 
only impurity which precipitates along with thallium oxide, due to the close 
pH of hydrate formation, is iron hydroxide. The purity of the anode sediment 
is 99.6%. The fact of formation of purer thallium(III) oxide on the anode can 
be used for refining the rough metal. Results in the literature [14] indicate 
the possibility of selective precipitation of thallium by using an anode 
precipitate - Tl2O3, while the purity of rare metal is 99.98%. 

To establish the regularities of electrochemical deposition and 
dissolution of Tl2O3, cyclic polarization curves were taken at different 
scanning rates, electrolyte stirring rates and temperatures. 

Figure 1 shows cyclic volt-ampere curves at different scanning 
speeds. In the anode region, where the potential equals 1.5 V, a peak 
corresponding to the process of oxidation of monovalent to trivalent thallium 
(Tl+ - 2e- = Tl3+) is observed. 

After that, the oxide formation takes place according to the following 
scheme: 
 
 

Tl3+↔TlOH2+↔Tl(OH)2 
+↔Tl(OH)3↔Tl2O3 

 
 
In the cathode region, two peaks are observed with potentials 

equaling 0.65 V and -0.17 V, respectively. At -0.17 V, Tl2O3 dissolves 
according to the reaction: 

 
 

Tl2O3+3H2O+4e- = 2Tl+ +6OH- 

 
 

At 0.65V potential, the intermediate products of the hydrolysis of 
trivalent thallium (TlOH2+, Tl(OH)2

+) are probably recovered. With a decrease 
scanning speeds of the amount of electricity spent on the reduction process, 
presumably intermediate hydrolysis products, quantitatively goes into the 
amount of electricity spent to dissolve thallium oxide. 

This indicates that the intermediate products of hydrolysis are not 
very stable and eventually transform into Tl2O3. To confirm this fact, Tl2O3 
was precipitated in potentiostatic mode, at E = 1.5V, for 30 seconds. The 
cathode polarization curves were registered immediately after precipitation, 
and furthermore after every 5, 10, 15 seconds. These are presented in Fig. 2. 
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Figure 1. Cyclic polarization curves of thallium on a glassy carbon electrode  
(c = 10-2 M) at different scanning speeds 
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1-0 s; 2-5 s; 3-10 s; 4-15 s. 

 
Figure 2. Cathode polarization curves on glass carbon electrode at different 

holding times, after precipitation of thallium oxide, 
at a potential of 1.5 V 
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Table 1. Amount of electricity, %, spent on cathodic processes at potentials of 0.65 
and - 0.17 V, respectively. 

 

E (V) Amount of 
electricity, %, 

(0 sec) 

Amount of 
electricity, % 

(5 sec) 

Amount of 
electricity, % 

(10 sec) 

Amount of 
electricity, %  

(15 sec) 
0.65 32.1±0.28 11.9 ±0.13 9.5±0.11 4.8±0.06 
-0.17 67.9±0.70 88.1±0.91 91.5±0.94 95.2±0.97 

 
 

As can be seen from figure 2 and table 1, over time of the amount of 
electricity spent on the reduction process, presumably intermediate hydrolysis 
products, quantitatively goes into the amount of electricity spent to dissolve 
thallium oxide, which gives the possibility of complete electrochemical 
dissolution of the oxide when potential equal to -0.17 V.  

In order to prove the fact that thallium oxide dissolves with the 
formation of monovalent thallium, Tl2O3 was precipitated in potentiostatic 
mode (E = 1.5V) during the 5 minutes. Further, cathode polarization curves 
were registered to study the cathode peaks (Fig. 3). As can be seen from Fig. 
3, two peaks are observed on the graph, indicating a two-stage dissolution 
mechanism of Tl2O3. At E = -0.25V, thallium(III) oxide is recovered in a 
monovalent state: 

 

Tl2O3+3H2O + 4e- = 2 Tl+ +6 OH- 

 

Further, at E = -0.86V, the recovery of the monovalent to metallic 
thallium takes place [15]: Tl++ e- =Tl0  
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Figure 3. Cathode polarization curve on glass carbon electrode of deposited 
thallium oxide after precipitation during 5 minutes. 



G. A. SEILKHANOVA, A. P. KURBATOV, Y. ZH. USSIPBEKOVA, A. V. BEREZOVSKIY, M. K. NAYRYZBAEV 
 
 

 
426 

The dependence of the magnitude of the thallium peak amperage on 
the potential sweep speed is analyzed. As can be seen from Figure 4, an 
increase of the sweeping speed increases the amperage’s peak. This may 
indicate a diffusion mode of the electrode process, because with an increase 
of the sweep rate, a linear dependence of the amperage density in the anode 
processes on the square root of the sweep speed is observed. In cathode 
processes, it is impossible to draw unambiguous conclusions through this 
parameter, because the processes of recovering intermediate products of 
trivalent thallium hydrolysis interfere with voltammograms. 
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Figure 4. The amperage density dependence of the anode peaks on √υ,  

where υ is the sweep speed (Tl2SO4, c = 10-2 mole/L) 
 
 
In order to determine the nature of the limiting stage of the process of 

precipitation and dissolution of Tl2O3, cyclic polarization curves were taken at 
different rates of electrolyte mixing (Fig. 5). 

It can be seen from the Figures 5 and 6 that the speed of the anode 
and cathode processes increases till ω = 500 rev/min and does not change 
further, which indicates insignificant contribution of the mass transfer rate to 
the rate of electrochemical processes. On the other hand, the process can be 
limited by diffusion to a large extent till stirring speed reaches 500 rev/min. 
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1- 0 rev/min, 2- 250 rev/min, 3- 500 rev/min,4- 750 rev/min, 5- 1000 rev/min 
Figure 5. Cyclic polarization curves of Tl2SO4 on the glass carbon electrode 

at different mixing rates of the solution, υ = 20 mV/s, c = 10-2 mole/L 
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Figure 6. The amperage density dependence of cathode (1) and anode (2) peaks 
on √ ω, where ω is the mixing rate (Tl2SO4, c = 10-2 mole/L) 
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In order to determine the effect of temperature on the precipitation 
and dissolution of thallium oxide, cyclic polarization curves were taken at 
different temperatures, without and with (ω = 500 rev/min) sweep rate of 
solution (Fig. 7). 

 
                         а)                                                   b) 

-1000 -500 0 500 1000 1500 2000

-10

-5

0

5

10

I/μA 

 

 

Å/mV

1

2

3
4

5

O r i g i n P r o  8  E v a l u a t i o n O r i g i n P r o  8  E v a l u a t i o n

O r i g i n P r o  8  E v a l u a t i o n O r i g i n P r o  8  E v a l u a t i o n

O r i g i n P r o  8  E v a l u a t i o n O r i g i n P r o  8  E v a l u a t i o n

O r i g i n P r o  8  E v a l u a t i o n O r i g i n P r o  8  E v a l u a t i o n

O r i g i n P r o  8  E v a l u a t i o n O r i g i n P r o  8  E v a l u a t i o n

O r i g i n P r o  8  E v a l u a t i o n O r i g i n P r o  8  E v a l u a t i o n

     
-1000 -500 0 500 1000 1500 2000

-40

-30

-20

-10

0

10

20

 

I/μA 

E/mV

1
2

3

4

5

O r i g i n P r o  8  E v a l u a t i o n O r i g i n P r o  8  E v a l u a t i o n

O r i g i n P r o  8  E v a l u a t i o n O r i g i n P r o  8  E v a l u a t i o n

O r i g i n P r o  8  E v a l u a t i o n O r i g i n P r o  8  E v a l u a t i o n

O r i g i n P r o  8  E v a l u a t i o n O r i g i n P r o  8  E v a l u a t i o n

O r i g i n P r o  8  E v a l u a t i o n O r i g i n P r o  8  E v a l u a t i o n

O r i g i n P r o  8  E v a l u a t i o n O r i g i n P r o  8  E v a l u a t i o n

 
 

Figure 7. Cyclic polarization curves on the glassy carbon  electrode at different 
temperatures, without sweep rate of solution (a) and ω = 500 rev/min (b),  

Tl2SO4, c = 10-2 mole/L.    1- 20; 2- 30, 3- 40; 4- 50, 5- 60 0С 
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Figure 8. The amperage density dependence of cathode (1) and anode (2)  
peaks on temperature (Tl2SO4, с = 10-2 mole/L) 
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Graphs 7 and 8 show that a linear increase of the speed of the 
cathode and anode processes occurs with the increase of temperature up to 
60°C. Further, the speed maintains the same level and does not change. 
Therefore, it means that ω = 500 rev/min and T = 600C can be considered as 
optimal conditions for the precipitation and dissolution of thallium oxide. In 
Table 2, the activation energies for the cathode and anode process were 
calculated with and without stirring the electrolyte. 

 
 

Table 2. The value of activation energy of cathode and anode processes 
 

Process W, rev/min Number of 
points 

Correlation 
coefficient 

Ea, kJ/mole 
 

cathode 0 5 0,90 11,7±0,13 
anode 0 5 0,97 33,4±0,35 

cathode 500 5 0,99 6,5±0,08 
anode 500 5 0,97 11,8±0,13 

 
 
 

The values of the activation energies lead to the following 
conclusions: the anode process of thallium oxide precipitation is limited by the 
rate of supply of the Tl+ ion to the electrode surface. It is also evident that with 
stirring, the activation energy increases, indicating the transition to the 
internal-diffusion region of the precipitation process. It means that the process 
is limited by the rate of charge transfer through the film formed by Tl2O3. 

The anode process, even without stirring the electrolyte, is 
characterized by a high activation energy. At electrolyte mixing rates equal to 
500 rpm, the activation energy significantly reduces. This can be explained 
by the fact that without mixing, the process of dissolution of Tl2O3 is limited by 
mixed-diffusion kinetics: the thallium transfer process through the oxide film 
and the Tl+ withdrawal process from the electrode surface to the solution 
volume. When the solution is stirred, the cathode process is limited by the 
rate of charge transfer through the oxide film. 

It is also found that with the increase of temperature, the formation 
of trivalent thallium intensifies, which can lead to acceleration of the formation 
of thallium oxide in the anode’s space: 

 
2Tl++3H2O=Tl2O3+6H++4e- 
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Figure 9. The deposited thallium oxide(III) mass dependence  

on time at different temperatures 
 
 

To confirm this fact, the oxide of thallium(III) was deposited on the 
anode at different temperatures and at various times. The results are shown in 
Fig. 9. It can be observed that the increase of temperature contributes to 
achievement of a constant mass of oxide at lower electrolysis time. From the 
obtained data, values of the rate and activation energy of the electrodeposition 
processes of Tl2O3, were calculated.  

 
 

CONCLUSIONS 
 

Thereby, there has been established that intermediate products are 
formed when Tl2O3 precipitates, presumably: TlOH2+, Tl(OH)2

+. However, over 
time they transfer into Tl2O3, which should allow complete dissolution of 
obtained thallium oxide at potential values equal to -0.17 V. It has been 
established that the process of dissolution of thallium(III) oxide is a two-step 
process, the optimal background electrolyte is 1 mole/L Na2SO4, the optimum 
pH value is 11, ω = 500 rev/min and T = 600С. The results of the work indicate 
the possibility of selective precipitation of thallium via anode precipitation of 
Tl2O3. The obtaining thallium can be used for further purification, in particular 
by zone melting. It is known that the purer the metal enters for refining by the 
zone melting method, the higher the degree of its purity. High-purity rare 
metals, in particular thallium, are used in semiconductor technology. 
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EXPERIMENTAL 
 
Materials and methods  
 

 Electrochemical measurements were performed on an AUTOLAB-30 
potentiostat - galvanostat with a computer control station in its potentiostatic 
mode, in 0.01 mole/L Tl2SO4 solutions. The background electrolyte was of 
0.5 mole/L Na2SO4. The area of the working electrode was 1 cm2, platinum 
was used as an auxiliary electrode, and a silver chloride electrode served as 
reference. Preparation of electrodes was carried out by mechanical and 
chemical cleaning. 

Mechanical treatment was carried out in order to remove visible 
contaminants. Chemical cleaning contributed to the dissolution of various 
compounds from the electrodes’ surface. Concentrated solution of nitric acid 
(HNO3) was used for this. Nitrate, sulfate, and sodium acetate were used as 
background electrolytes. Cyclic polarization curves were obtained in the 
temperature range of 20-600С and at potential sweep rates of 5-50 mV/s. 

In order to establish the limiting stage of the electrochemical process, 
experiments were carried out at solution stirring rates equal to 0-1000 
rev/min. All quantitative measurements were carried out in at least three 
replicates and processed statistically. Electrochemical calculations were 
performed by using Microcal Origin 8. Quantitative analysis of the 
composition of the precipitates was carried out by using an ICP OES 8000 
optical emission spectrometer (Perkin Elmer) with the WinLab 5 software. 
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DIETHYLENE GLYCOL BASED DEEP EUTECTIC SOLVENTS 
AND THEIR PHYSICAL PROPERTIES 

 
 

RUSUL KHALEEL IBRAHIMa, MAAN HAYYANb,c*,  
MOHAMMED ABDULHAKIM ALSAADIb,d, SHALIZA IBRAHIMa,  

ADEEB HAYYANb,d*, MOHD ALI HASHIMb,e  
 
 

ABSTRACT. In this study, diethylene glycol (DEG), as a hydrogen bond 
donor (HBD), was mixed with three ammonium based salts, namely N,N-
diethylethanolammnium chloride, tetra-n-butylammonium bromide and 
choline chloride, as well as two phosphonium based salts, namely benzyl-
triphenylphosphonium chloride and methyltriphenylphosphonium bromide, 
to prepare five different deep eutectic solvents (DESs) series. The DESs 
freezing points and functional groups were investigated. In addition, the 
physical properties viscosity, density, conductivity and surface tension were 
determined as function of temperature in the particular temperature range 
of 293.15- 353.15 K. It is worth mentioning that all examined DESs were 
stable and in liquid phase at room temperature which emphasize their 
promising potential to be utilized as inexpensive environment-friendlier 
solvents. Owing to their low recorded freezing points and viscosities, DEG 
based DESs can be effortlessly processed without any further heating 
required in diverse industrial applications. 
 
Keywords: deep eutectic solvents; ionic liquids; diethylene glycol; physical 
properties; chemical processes; industrial applications. 
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INTRODUCTION  
 
Owing to their distinctive physiochemical properties, ionic liquids (ILs) 

have served various purposes and gained a considerable attention in different 
academic and industrial fields. For instance, ILs have been used in metal 
extraction, in polymeric electrolyte membrane fuels cells, in Solar Cells and in 
biological applications such as drug delivery and activation of enzymes, as 
well as they have been applied as electrolytes in batteries and as reaction 
media for organics synthesis and biochemical reactions [1]. However, many 
studies have underlined the limitations of ILs, which restrain their applications 
on large scale in commerce, including their poor sustainability and 
biodegradability [2], their high toxicity to human and environment and the high 
required cost for their complicated synthesizing process [3, 4]. Therefore, the 
emergence of deep eutectic solvents (DESs) as inexpensive solvents with 
easier preparation and better biodegradability [5], has enlightened the 
opportunities of their exploitations as appealing alternatives to maintain the 
useful characteristics of ILs and to overcome the challenges that hinder ILs 
applications [6, 7]. Generally, the formation of DES can be easily obtained by 
mixing two or more of cheap and biodegradable components, namely, 
hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD), which are 
connected with each other by hydrogen bond interactions [8]. DES is well 
characterized by its freezing point which is usually lower than that of its 
individual components. The main reason behind the depression of the 
eutectic mixture freezing point, is the delocalization of the charge occurring 
through hydrogen bonding between the halide anion and the HBD [9, 10]. 

Besides of having low production cost and having a good 
biocompatibility [11], DESs have been reported to own remarkable properties 
such as high viscosity, high thermal stability and low vapor pressure [12]. 
Therefore, many studies have been widely investigating the possibility of 
employing DESs in different applications [13]. For instance, DESs have 
shown interesting potentials in the electrochemistry technology, such as 
surface cleaning and metallurgy, due to their capability of donating or 
accepting electrons or protons to form hydrogen bonds which makes them of 
a great interest for dissolution of metal oxides [14]. The solubility of CuO in a 
choline chloride (ChCl) –urea (U) eutectic mixture was first studied by Abbott 
et al. [15]. Another example, DESs have been used to remove air pollutants 
from gas emissions, due to their physiochemical properties which make them 
superior substitutes for volatile organic compounds. Yang et al. [16] explored 
the removal of Sulfuric dioxide (SO2) by (ChCl)-glycerol DESs. The results 
revealed the high absorption efficiency of SO2 by the eutectic mixture and 
which was increased by decreeing the temperature, moreover, the absorbed 
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SO2 could be easily stripped out from the DES by bubbling nitrogen through 
the eutectic mixture [16]. In addition, the effect of different temperatures and 
different DES molar ratio on the solubility of carbon dioxide (CO2) was 
investigated by Han and co-workers using ChCl-U DES [17]. In like manner, 
Wong and co-workers explored the effect of water content on the absorption of 
CO2 by using ChCl-U-H2O [18]. These studies are considered of great concern 
for the development the separation and gas purification technology using DESs. 
Furthermore, Morison et al. [19] examined the potentials of ChCl-U and 
ChCl-malonic acid DESs for the drug solubilization, Hayyan et al. [20] studied 
the application of ChCl-glycerol based DESs in fuel purification by extracting 
glycerol from palm oil-derived biodiesel, and Abbott et al. used ChCl-
Ethylene glycol (EG) as dispersant for electrodeposition of Ag and formation 
of Ag/ SiC/Al2O3 nanocomposite film [21]. 

DESs have been reported to have a promising industrial application 
[22]. Therefore, in order to suggest further application and design green 
technologies involving DESs, many studies have extensively been attempting 
to cover and understand the unique and common properties of DESs 
followed by applying them in different chemical researches. For example, 
Shahbaz et al. [23, 24] had successfully predicted the density and the 
surface tension of different DESs, and the effect of salt to HBD molar ratio 
on the predicted DESs densities was investigated. Also, Yadav et al. [25] 
investigated the densities and the dynamic viscosities of (ChCl:Gl) DES at a 
temperature range of (283.15–363.15 K). Similarly, the main purpose of this 
study is to document the physical properties as function of temperature (e.g. 
freezing point, FTIR analysis, density, surface tension, viscosity, conductivity) 
of five DES systems prepared by mixing five different salts, namely N,N-
diethylethanolammnium chloride, benzyltriphenylphosphonium chloride, choline 
chloride, methyltriphenylphosphonium bromide and tetra-n-butylammonium 
bromide, and diethylene glycol (DEG) as HBD. DEG is an aliphatic compound 
which is widely used as solvent, antifreeze, chemical feedstock, and it can be 
found in automotive products and wallpaper stripper [26, 27]. For our best 
knowledge, there are no recorded data in literature concerning the physical 
properties of DEG based DESs.  

 
 

RESULTS AND DISCUSSION 

FREEZING POINT 

The selected series of DESs are in liquid form under room-temperature 
conditions, which facilitate their exploitations in different industrial applications. 
Abbott et al. [28] stated that the freezing point of DES can be partially 
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measured by the melting points of the pure components parts, and it is 
dependent on the entropy changes, lattice energy and on the way of 
interaction between cation and anion components [28, 29]. The melting points 
of the salts used in this study, i.e., BTPC, MTPB, ChCl, DAC, and TBAB, are 
603.15, 507.15, 575.15, 409.15, and 376.15 K, while the freezing point of 
DEG is 264.15 k. Table 1 displays the freezing points of the five studied DESs 
and their composition and abbreviations. It is clear that all the values are in 
agree with the general definition of DES that characterize the DES mixture 
with a lower freezing point than that of its individual constituents. As can be 
concluded from the data, the freezing points range between 247.92- 262.39 
K, with the highest freezing point for [DAC:DEG] while the lowest freezing 
point for [TBAB:DEG]. All the recorded freezing points were below 323.15 K, 
and as reported by Zhang et al. [30], DESs with freezing points lower than 
323.15 K are more attractive to be employed as cheap and safe ambient 
temperature solvents in many different fields.  

 
Table 1. Composition, abbreviations and freezing point for the studied DESs. 

 

Salt* Salt 
Molar 
ratio 

HBD HBD 
Molar 
ratio 

DES 
Abbreviation 

DES 
molecular 
weight 

Freezing 
point.a 
(Tf /K) 

ChCl 1  
 
DEG** 

2 [ChCl:DEG] 117.288 260.52 

DAC 1 3 [DAC:DEG] 118.002 262.39 

TBAB 1 2 [TBAB:DEG] 178.202 247.92 
BTPC 1 7 [BTPC:DEG] 141.463 248.52 
MTPB 1 4 [MTPB:DEG] 156.340 248.39 

a Freezing point value represents the average point between the first crystal appearance and the 
last liquid drop disappearance. All freezing point data are reported at pressure of 0.1 MPa. *ChCl: 
choline chloride, DAC: N,N-diethylethanolammonium chloride, TBAB: tetra-n-butylammonium 
bromide, BTPC: benzyltriphenylphosphonium chloride, MTPB: methyltriphenylphosphonium 
bromide. ** DEG: diethylene glycol. 

 
FTIR 

The result of FTIR analysis is shown in Figure 1 indicates that the pure 
constituents of DESs (salt-HBD) have obvious effects on the structure of the 
DESs. The effect of DEG as HBD can be noticed in all DESs spectrums at 
peaks between 3500-3200 cm−1, representing the O–H stretching bond [31-34]. 
Moreover, due to the utilization of DEG as HBD in the current DESs synthesizing 
process, the spectral peaks of the examined DES systems are virtually alike. 
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On the other hand, the effect of salts can be inferred from the existence of the 
P–H bonds in the structure of phosphonium based DESs, which could be 
overlapped with C–H bands at the region between 3000-2800 cm−1 [31, 33, 34]. 
In addition, the effect of salts on ammonium based DESs assimilated in the 
presence of ammonium structures between 3200-2400 cm−1, mainly N–H stretch 
at 2870 cm−1 [33-36]. For all examined DESs, the intense absorption bands at 
(800-700 cm−1) and (700-600 cm−1) were assigned to aliphatic organohalogen 
compounds with stretching bonds (C–Cl) and (C–Br) respectively [32]. Furthermore, 
the strong bonds ranging from (1200-1050 cm−1), (1600-1800 cm−1), and 
(1400-1340 cm−1) are assigned to C–O, C=O and N–O correspondingly. The 
stretch PO4−3 at (1100-1000 cm−1) [32, 34] was strong and broad in [MTPB:DEG] 
and [BTPC:DEG] while peaks at (1310-1230 cm−1) [32, 34] representing C–N 
stretch, were explicit in [ChCl:DEG], [DAC:DEG], and [TBAB:DEG]. 

 
 

 
Wavenumbers 

 

Density 

The density values of the five selected DESs as function of temperature 
are illustrated in Figure 2. At room temperature, [MTPB:DEG] attained the 
highest density of 1.209 g.cm−3, whereas [TBAB:DEG] attained the lowest density 
of 1.078 g.cm−3. At 293.15 K, the density of [ChCl:DEG] (1.1216 g.cm−3) was 
found to be similar to that of  [ChCl: ethylene glycol] (1.12 g.cm−3) [37, 38],and 
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lower than that of [ChCl:urea] (1.25 g.cm−3) [39-41]. Additionally, [MTPB:DEG] 
had a density value of  1.209 g.cm−3 which was lower than the reported density 
for [MTPB:glycerol] (1.30 g.cm−3) [42], and slightly higher than that reported for 
[MTPB: triethylene glycol] (1.19 g.cm−3) [43]. For further comparison purposes, 
Table 3 is arranged to compare the densities of the studied DESs with those of 
some reported ILs in literature.  

 

 
Figure 2. Densities for DEG based DESs as a function of temperature. 

 
The calculated densities using the simple mixing rule (Eq 1) [44] were 

found to be incompatible with the recorded experimental densities and that 
indicates the interaction of both components molecules and confirms the 
hydrogen bonding formation which reduces the molecular distance between 
the salt and HBD. 

ଵ

ఘ
ൌ 	∑ ௫

ఘ
 		                                                                                        (1) 

where ߩ is the density of DES mixture (gm.cm−3), ݔ is mass fraction of 
component i, and ߩ is the density of component i (gm.cm−3). 

Moreover, the densities of the examined DESs series decreased with 
the increase of temperature due to the effects of the increased internal 
energy on the mobility of DES molecule resulting in increasing the thermal 
expansion of DES volume [45].  
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For all examined DESs, the density-temperature relationship was 
fitted linearly using Eq 2 with regression values R2 of 0.99. 

 
	ߩ ൌ ܽ  ܾT                                                                                        (2) 

 
where ρ is the density, T is temperature in Kelvin, and a and b are constants 
and their values are listed in Table 4. 

 
 

Table 4. Density- temperature model parameters. 
 

DES a b R2 

[ChCl:DEG] 1.2932 -0.0006 0.99 

[DAC:DEG] 1.2922 -0.0006 0.99 

[TBAB:DEG] 1.2581 -0.0006 0.99 

[BTPC:DEG] 1.3358 -0.0007 0.99 

[MTPB:DEG] 1.4055 -0.0007 0.99 

 

Viscosity and conductivity 

The values of viscosity and conductivity are the prominent attributes 
of DESs to be utilized as significant candidates as an electrolyte in 
electrochemical applications such as batteries, electroplating, and 
electrolysis. Figure 3 and Figure 4 elucidate the effect of temperature on the 
viscosity and the electrical conductivity of the studied DESs, respectively. For 
all selected DESs, the noted values of viscosity and conductivity were 
determined at temperature range of (293.15-353.15 K), and both of these 
physical properties for DESs were higher than those for DEG. At room 
temperature, the deliberated DESs series had the following viscosity 
sequence: [TBAB:DEG] > [MTPB:DEG] > [BTPC:DEG] > [DAC:DEG] > 
[ChCl:DEG]; while their conductivity order was as following: [ChCl:DEG] > 
[DAC:DEG] > [MTPB:DEG] > [BTPC:DEG] > [TBAB:DEG]. It is noticeable 
that DES with the highest viscosity attained the lowest conductivity value due 
to the extreme high consistency of DES mixture that constrained the 
transmission of the electrical current through the mixture. Another significant 
factor that has a perceptible impact on the viscosity and conductivity values 
is the ratio of salt in the DES mixture. Table 5 depicts that although 
[MTPB:DEG] has a higher viscosity than that of [BTPC:DEG], it recorded a 
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higher electrical transmission ability due to its high salt ratio content; 
moreover, it can be concluded from Table 5 that DES viscosity data is 
relatively proportional to the ratio of salt in DESs. It is noteworthy, that the 
temperature has an adverse influence on the viscosity because of the 
energetic motion gained by DESs molecules when the temperature increases, 
resulting in reducing the strength of intermolecular forces, decreasing the 
mixture viscosity and consequently increasing its conductivity.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Viscosities for DEG based DESs a function of temperature 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Conductivities for DEG based DESs as a function of temperature 
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Comparing the current considered DES systems with previous works, 
reveals that [ChCl:DEG] had a viscosity value of (52.49 cP at 293.15 K) 
higher than that of [ChCl: ethylene glycol] (37.0 cP at 298.15 K) [46], lower 
than that of [TBAC:EG] (>200 cP at 293.15 K) [45]  and extremely lower than 
that of [Chcl: zinc chloride] (85000 cP at  298.15 K) [47]. Also, the viscosity of 
[MTPB:glycerol] was reported to be very high ( 2775.9 cP) at 298.15 K [48], 
while the viscosity of [MTPB:DEG] in this study was found to be comparatively 
low (141.3 cP) at 293.15 K. All the recorded viscosities of the concerned 
DESs at 353.15 K were much lower than the lowest viscosities values reported 
for triethylene glycol (TEG) based DESs [35]. 

 
Table 5. Salt ratio effect on the viscosity and conductivity (At 293.15 K). 

 

DES Salt ratio μ (cP) S (µs/cm) 

[ChCl:DEG] 30.49 52.49 2670 

[DAC:DEG] 32.55 56.09 1940 

[TBAB:DEG] 60.3 203.9 325 

[BTPC:DEG] 34.36 124.8 466 
[MTPB:DEG] 45.7 141.3 618 

 
Additionally, Table 3 presents a simple comparison between the 

viscosities of the studied DESs with some reported ILs. On the other hand, 
the conductivity of [DAC:DEG] (2040 µS.cm−1) at 298.15 K was found to be 
higher than that of [DAC: malonic acid] (1130 µS.cm−1) and much lower 
than that of [DAC: zinc nitrate] (7050 µS.cm−1) [49]. The conductivity of 
[ChCl:DEG] at 293.15 was found to be (2670 µS.cm−1) which is higher than 
that of [ChCl: 1,4-butanediol] (1654 µS.cm−1) [50] and that of [ChCl: 
triethanolamine] (650 µS.cm−1) [49]. It is worth mentioning that in this study 
ChCl salt based DES had attained the lowest viscosities and the highest 
conductivities among all DESs and that was similar to the reported case of 
ChCl salt based DES with glycerol (GLY) as HBD [48].  

The trend of viscosity-temperature can be expressed with a regression 
value (R2) higher than 0.97 for all DESs by the following Arrhenius-like 
equation, Eq 3 [51]: 

 

ߤ ൌ ݁	°ߤ
ቂ
ಶഋ
ೃ
ቃ
                                                                    (3) 

 

where ߤ is the viscosity,  ߤ° is a pre-exponential factor, Eµ is the viscosity 
activation energy, R is them gas constant and T is temperature in K.  

The model parameter values are listed in Table 6. 
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Table 6. Viscosity- temperature model parameters. 
 

DES ࣆ° (Eµ R−1) R2 

[ChCl:DEG] 7ൈ10−3 2654.02 0.97 

[DAC:DEG] 3ൈ10−3 2908.94 0.98 

[TBAB:DEG] 4ൈ10−4 3892.81 0.99 

[BTPC:DEG] 6ൈ10−4 3599.62 0.99 

[MTPB:DEG] 3ൈ10−4 3784.48 0.98 

 
 
The trend of conductivity-temperature is similar to that of viscosity-

temperature but in the opposite direction and it can also be fitted using the 
following Arrhenius model, Eq 4 [52]: 

 

ܵ ൌ °ܵ	݁
ሾ
షಶೞ
ೃ

ሿ                                                                      (4) 
 

where S is the conductivity in (µs/cm), °ܵ is pre-exponential factor, ܧ௦ is the 
activation energy of electrical conduction, R is the gas constant, and T is the 
temperature in K. The model parameter and the regression coefficient values 
for all five DESs are arranged in Table 7. 

 
 

Table 7. Conductivity- temperature model parameters. 
 

DES ࡿ° (EsR−1) R2 

[ChCl:DEG] 6ൈ105 -1584.26 0.98 

[DAC:DEG] 6ൈ105 -1697.13 0.99 

[TBAB:DEG] 1ൈ107 -3010.37 0.99 

[BTPC:DEG] 2ൈ106 -2461.27 0.98 

[MTPB:DEG] 2ൈ107 -2960.37 0.98 

 
 

Surface tension 

The surface tension is one of the important properties that affects the 
reactivity of DESs and it is one of the crucial liquid characterization that is 
required in many industries. Figure 5, represents the surface tension of the 
studied DESs as function of temperature.  
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Figure 5. Surface tension for DEG based DESs as a function of temperature 
 
 
At 293.15 K, the highest surface tension value was 66.98 mN m−1 

for [MTPB:DEG], while the lowest surface tension value was 48.49 mN m−1 
for [ChCl:DEG]. At 353.15 K, the surface tension of [MTPB:DEG], [ChCl:DEG] 
and [DAC:DEG] were almost the same with a value of 33.0 mN m−1. 
Comparatively, at 313.15 K, the surface tension of [ChCl:DEG] (42.82 mN m−1) 
was higher than that of [ChCl: 2,2,2-trifluoroacetamide] (35.9 mN m−1) [40]. 
Meanwhile, at 293.15 K, [ChCl:DEG] had a surface tension value (48.49 
mN m−1) higher than that of [ChCl: 1,4-butanediol] (47.6 mN m−1) and lower 
than that of [ChCl:Glycerol] (50.8 mN m−1) [30]. More comparison examples 
between the studied DESs and ILs are listed in Table 3. 

As expected, the trend of the surface tension-temperature is similar 
to that of viscosity-temperature, since both of the properties are highly 
dependent on the strength of the molecular interaction that rules the 
formation of DES mixture [30]. As can be simplified from Figure 5, when the 
temperature increases, the surface tension of DES decreases because of 
the reduced effects of the cohesive forces between the surface molecules 
which is resulted from the vibrant motion of molecules due to the thermal 
expansion [45]. The surface tension-temperature relationship was linearly 
fitted according to Eq 5:  
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ߪ ൌ ܽ  ܾT                                                                      (5) 
 
where ߪ	is the surface tension, T is the temperature in K, and ܽ and ܾ are 
constants. The model parameters along with the regression coefficient 
values (R2) are shown in Table 8. 

 
 

Table 8. Surface tension-temperature model parameters. 
 

DES a b R2 

[ChCl:DEG] 115.0892 -0.2297 0.98 

[DAC:DEG] 233.3722 -0.5631 0.94 

[TBAB:DEG] 170.1202 -0.3932 0.95 

[BTPC:DEG] 238.0510 -0.5840 0.95 

[MTPB:DEG] 249.7380 -0.6098 0.95 

 
 
 

CONCLUSIONS 
 
The physical properties of the five DES systems were obtained at a 

temperature range of 293.15- 353.15 K. At 293.15 K, [TBAB: DEG] attained 
the highest viscosity with a value of 203.9 cP and the lowest conductivity with 
a value of 325 µs.cm−1. Both surface tension and density data decreased 
with the increase of temperature and their temperature trends were fitted 
linearly. By contrast, the temperature trends for the conductivity and viscosity 
were exponential growth and exponential decay, respectively, and both of the 
trends were successfully fitted to Arhenius-like model. The freezing points of 
all considered DESs series were below 323.15 K, and compatible with the 
general definition of DES. The FTIR analysis revealed the existence of P–H 
bonds in the structure of phosphonium salts based DESs, and the presence 
of N–H in the structure of ammonium based salts DESs. The physical 
properties of DEG based DESs were found to be similar to those of some 
reported ILs. The variation in the temperature, and/or the DESs individual 
components, and/or the ratio of salt to HBD are of a considerable concern to 
obtain a eutectic mixture with adaptable physical characterizations to a 
specific type of application, which consequently contributes in widening the 
horizon of DESs employment as ILs alternatives. 
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EXPERIMENTAL  
 
N,N-diethylethanolammonium chloride (DAC), tetra-n-butylammonium 

bromide (TBAB), methyltriphenylphosphonium bromide (MTPB), benzyl-
triphenylphosphonium chloride (BTPC), and diethylene glycol (DEG) were all 
supplied by Merck, while choline chloride (ChCl) was supplied by sigma 
Aldrich. All chemicals were supplied with purity (≥ 98.0 %) except ChCl and 
TBAB their purity was (≥ 99.0 %). The chemicals were dried in a vacuum 
oven for 3 h before conducting any experiments to prevent the adverse 
effects of moisture content on the physical properties measurements. Figure 
6 displays the chemical structure and molecular formula of the chemicals 
used in this work.  

The optimum DES composition ratio, at which DES is homogeneous 
and stable, was determined by carrying out an incipient screening where 
different ratios of salt to HBD were stirred at 180 rpm and 343.15 K for 120 
min. The five selected DESs along with their relevant optimum ratios are 
listed in Table 1 were prepared at atmospheric pressure in moisture 
controlled environment followed by measurements of their physical 
properties as function of temperature in the range 293.15-353.15 K.  

 

 
 

Figure 6. The chemical structure and molecular formula of DESs components 
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The functional groups were identified using spectrum 400 FT-IR 
spectrometer. Freezing points of the five selected DESs were measured using 
differential scanning calorimetry (DSC) METTLER TOLEDO, Figures 6S to 
10S. A density meter (DM 40) METTLER TOLEDO, a Brookfield R/S Rheometer 
and an automated tensiometer Krüs K10ST classification B with Du Noüy ring 
method were utilized to determine densities, viscosities and surface tensions 
correspondingly. The conductivity of selected DESs was measured using Eutech 
Cyberscan Con 11 hand-held meter and the variation in the temperature range 
was controlled using an external water circulator (Techne-Tempette TE-8A). 
The standard uncertainties in measurements of each studied physical property 
are listed in Table 9. 

 
 

Table 9. Standard uncertainties of measurements. 
 

Measurements Estimated uncertainties 
Density (g.cm−3) ± 0.0001 
Viscosity (cP) (3-5) % 
Surface tension (mN m−1) ± 0.1 
Conductivity (µs/cm) ± 18 
Freezing point (K) ± 0.01 

 
 
ACKNOWLEDGMENTS 

 
The author would like to acknowledge financial support from the 

UMRP grant RP019C-13AET for research assistantship (RKI) and materials. 
University of Malaya HIR-MOHE (D000003-16001) is also acknowledged for 
use of analytical instruments. 
 
 
 

REFERENCES 
 
 

1. Patel, D.D. and J.M. Lee, The Chemical Record, 2012, 12, 329. 
2. Paiva, A., R. Craveiro, I. Aroso, M. Martins, R.L. Reis, and A.R.C. Duarte, 

ACS Sustainable Chemistry & Engineering, 2014, 2, 1063. 
3. Hou, Y., Y. Gu, S. Zhang, F. Yang, H. Ding, and Y. Shan, Journal of Molecular 

Liquids, 2008, 143, 154. 



R. K. IBRAHIM, M. HAYYAN, M. A. ALSAADI, S. IBRAHIM, A. HAYYAN, M. ALI HASHIM 
 
 

 
448 

4. Dai, Y., J. van Spronsen, G.-J. Witkamp, R. Verpoorte, and Y.H. Choi, 
Analytica chimica acta, 2013, 766, 61. 

5. Lee, Y.R. and K.H. Row, Journal of Industrial and Engineering Chemistry, 
2016. 

6. Durand, E., J. Lecomte, and P. Villeneuve, European Journal of Lipid Science 
and Technology, 2013, 115, 379. 

7. Tang, B. and K.H. Row, Monatshefte für Chemie-Chemical Monthly, 2013, 
144, 1427. 

8. Pena‐Pereira, F. and J. Namieśnik, ChemSusChem, 2014, 7, 1784. 
9. Carriazo, D., M.C. Serrano, M.C. Gutiérrez, M.L. Ferrer, and F. del Monte, 

Chemical Society Reviews, 2012, 41, 4996. 
10. Hayyan, M., M.A. Hashim, M.A. Al-Saadi, A. Hayyan, I.M. AlNashef, and M.E. 

Mirghani, Chemosphere, 2013, 93, 455. 
11. Hayyan, M., M.A. Hashim, A. Hayyan, M.A. Al-Saadi, I.M. AlNashef, M.E. 

Mirghani, and O.K. Saheed, Chemosphere, 2013, 90, 2193. 
12. Maugeri, Z. and P.D. de María, Green Chem, 2011, 13, 82. 
13. Hayyan, M., C.Y. Looi, A. Hayyan, W.F. Wong, and M.A. Hashim, PloS one, 

2015, 10, e0117934. 
14. Abbott, A.P., G. Frisch, J. Hartley, and K.S. Ryder, Green Chemistry, 2011, 

13, 471. 
15. Abbott, A.P., D. Boothby, G. Capper, D.L. Davies, and R.K. Rasheed, Journal 

of the American Chemical Society, 2004, 126, 9142. 
16. Yang, D., M. Hou, H. Ning, J. Zhang, J. Ma, G. Yang, and B. Han, Green 

Chemistry, 2013, 15, 2261. 
17. Li, X., M. Hou, B. Han, X. Wang, and L. Zou, Journal of Chemical & 

Engineering Data, 2008, 53, 548. 
18. Su, W.C., D.S.H. Wong, and M.H. Li, Journal of Chemical & Engineering Data, 

2009, 54, 1951. 
19. Morrison, H.G., C.C. Sun, and S. Neervannan, International journal of 

pharmaceutics, 2009, 378, 136. 
20. Hayyan, M., F.S. Mjalli, M.A. Hashim, and I.M. AlNashef, Fuel Processing 

Technology, 2010, 91, 116. 
21. Abbott, A.P., G. Capper, K.J. McKenzie, and K.S. Ryder, Journal of 

Electroanalytical Chemistry, 2007, 599, 288. 
22. Guo, Z. and X. Lin, Journal of Electroanalytical Chemistry, 2005, 576, 95. 
23. Shahbaz, K., F. Mjalli, M. Hashim, and I. AlNashef, Thermochimica acta, 

2011, 515, 67. 
24. Shahbaz, K., F. Mjalli, M. Hashim, and I. AlNashef, Fluid phase equilibria, 

2012, 319, 48. 
25. Yadav, A., S. Trivedi, R. Rai, and S. Pandey, Fluid Phase Equilibria, 2014, 

367, 135. 
26. Manfra, L., A. Tornambè, F. Savorelli, A. Rotini, S. Canepa, M. Mannozzi, and 

A. Cicero, Journal of hazardous materials, 2015, 284, 130. 
27. Marraffa J.M., Diethylene Glycol, in: Wexler P., eds., Encyclopedia of 

Toxicology (Third Edition), Academic Press, Oxford, 2014, 140. 



DIETHYLENE GLYCOL BASED DEEP EUTECTIC SOLVENTS AND THEIR PHYSICAL PROPERTIES 
 
 

 
449 

28. Abbott A.P., Boothby D., Capper G., Davies D.L., Rasheed R.K., J. Am. 
Chemical Society, 2004, 126, 9142. 

29. Liu, Y.-T., Y.-A. Chen, and Y.-J. Xing, Chinese Chemical Letters, 2014, 25, 
104. 

30. Zhang, Q., K.D.O. Vigier, S. Royer, and F. Jérôme, Chemical Society 
Reviews, 2012, 41, 7108. 

31. Stuart, B., Infrared spectroscopy. 2005: Wiley Online Library. 
32. Coates, J., Encyclopedia of analytical chemistry, 2000.  
33. Roeges, N.P., A guide to the complete interpretation of infrared spectra of 

organic structures. 1994: Wiley. 
34. Smith, B., Boca Raton, 1999. 
35. Hayyan, M., T. Aissaoui, M.A. Hashim, M.A. AlSaadi, and A. Hayyan, Journal 

of the Taiwan Institute of Chemical Engineers, 2015, 50, 24. 
36. Luo, J., O. Conrad, and I.F. Vankelecom, Journal of Materials Chemistry, 

2012, 22, 20574. 
37. Abbott, A.P., R.C. Harris, K.S. Ryder, C. D'Agostino, L.F. Gladden, and M.D. 

Mantle, Green Chemistry, 2011, 13, 82. 
38. Shahbaz, K., S. Baroutian, F. Mjalli, M. Hashim, and I. AlNashef, 

Thermochimica Acta, 2012, 527, 59. 
39. Abbott, A.P., G. Capper, D.L. Davies, R.K. Rasheed, and V. Tambyrajah, 

Chemical Communications, 2003, 70. 
40. Abbott, A.P., G. Capper, and S. Gray, ChemPhysChem, 2006, 7, 803. 
41. Abbott, A.P., J.C. Barron, K.S. Ryder, and D. Wilson, Chemistry–A European 

Journal, 2007, 13, 6495. 
42. Kareem, M.A., F.S. Mjalli, M.A. Hashim, and I.M. AlNashef, Journal of 

Chemical & Engineering Data, 2010, 55, 4632. 
43. Shahbaz, K., F. Mjalli, M. Hashim, and I. AlNashef, Energy & Fuels, 2011, 25, 

2671. 
44. Williams, J.D., W. Svrcek, and W. Monnery, Developments in Chemical 

Engineering and Mineral Processing, 2003, 11, 267. 
45. Mjalli, F.S., J. Naser, B. Jibril, V. Alizadeh, and Z. Gano, Journal of Chemical 

& Engineering Data, 2014, 59, 2242. 
46. Abo-Hamad, A., M. Hayyan, M.A. AlSaadi, and M.A. Hashim, Chemical 

Engineering Journal, 2015, 273, 551. 
47. Abbott, A.P., G. Capper, D.L. Davies, and R. Rasheed, Inorganic chemistry, 

2004, 43, 3447. 
48. AlOmar, M.K., M. Hayyan, M.A. Alsaadi, S. Akib, A. Hayyan, and M.A. 

Hashim, Journal of Molecular Liquids, 2016, 215, 98. 
49. Bahadori, L., M.H. Chakrabarti, F.S. Mjalli, I.M. AlNashef, N.S.A. Manan, and 

M.A. Hashim, Electrochimica Acta, 2013, 113, 205. 
50. Abbott, A.P., R.C. Harris, and K.S. Ryder, The Journal of Physical Chemistry 

B, 2007, 111, 4910. 
51. Giap, S.G.E., Journal of Physical Science, 2010, 21, 29. 
52. Vila, J., P. Gines, J. Pico, C. Franjo, E. Jimenez, L. Varela, and O. Cabeza, 

Fluid Phase Equilibria, 2006, 242, 141. 



R. K. IBRAHIM, M. HAYYAN, M. A. ALSAADI, S. IBRAHIM, A. HAYYAN, M. ALI HASHIM 
 
 

 
450 

53. Gan, Q., D. Rooney, M. Xue, G. Thompson, and Y. Zou, Journal of Membrane 
Science, 2006, 280, 948. 

54. Zhou, Z.B., H. Matsumoto, and K. Tatsumi, Chemistry–A European Journal, 
2004, 10, 6581. 

55. Nishida, T., Y. Tashiro, and M. Yamamoto, Journal of Fluorine Chemistry, 
2003, 120, 135. 

56. Huddleston, J.G., A.E. Visser, W.M. Reichert, H.D. Willauer, G.A. Broker, and 
R.D. Rogers, Green chemistry, 2001, 3, 156. 

57. Zhao, D., Z. Fei, C.A. Ohlin, G. Laurenczy, and P.J. Dyson, Chemical 
communications, 2004, 2500. 

58. Berthod, A., M. Ruiz-Angel, and S. Carda-Broch, Journal of Chromatography 
A, 2008, 1184, 6. 

59. Greaves, T.L., A. Weerawardena, C. Fong, I. Krodkiewska, and C.J. 
Drummond, The Journal of Physical Chemistry B, 2006, 110, 22479. 

60. Greaves T.L., Weerawardena A., Fong C., Drummond C.J., Langmuir, 2007, 
23, 402. 

61. Kulkarni, P.S., L.C. Branco, J.G. Crespo, M.C. Nunes, A. Raymundo, and C.A. 
Afonso, Chemistry–A European Journal, 2007, 13, 8478. 

62. Yoshida, Y., K. Muroi, A. Otsuka, G. Saito, M. Takahashi, and T. Yoko, 
Inorganic chemistry, 2004, 43, 1458. 

63. Zhou, Z.B., H. Matsumoto, and K. Tatsumi, ChemPhysChem, 2005, 6, 1324. 
64. Mateus, N.M., L.C. Branco, N.M. Lourenço, and C.A. Afonso, Green 

Chemistry, 2003, 5, 347. 
65. Branco, L.C., J.N. Rosa, J.J. Moura Ramos, and C.A. Afonso, Chemistry–A 

European Journal, 2002, 8, 3671. 
66. Gupta, O.D., B. Twamley, and M.S. Jean’ne, Tetrahedron letters, 2004, 45, 

1733. 
67. Zhou, Z.-B., H. Matsumoto, and K. Tatsumi, Chemistry Letters, 2004, 33, 886. 



STUDIA UBB CHEMIA, LXII, 4, Tom II, 2017 (p. 451-458) 
(RECOMMENDED CITATION) 
DOI:10.24193/subbchem.2017.4.38 
 
 
 
 

 
 

DETERMINATION OF HLB VALUES OF SOME NONIONIC 
SURFACTANTS AND THEIR MIXTURES 

 
 

RÉKA KOTHENCZa*, ROLAND NAGYa, LÁSZLÓ BARTHAa 
 
 

ABSTRACT. Advanced analytical and impact assessment methods are 
needed for the development of modern surfactants, so the composition, the 
effect and other properties of surfactants are examined by analytical tools 
which may be suitable for the quality testing of the raw materials, the 
intermediates and the final products. The HLB values of non-ionic surfactants 
and their mixtures were determined by three different methods: theoretical 
HLB based on the chemical structure and the given HLB of surfactants, the 
Greenwald method and an improved, titrimetric method. Our aim was to 
investigate if the new method to determine the water number and HLB 
value is suitable for this type of commercial surfactants and their mixtures. 
The particle size and the turbidity of micelles formed in surfactant solutions 
were also measured and evaluated. 

 
Keywords: surfactant, surfactant mixtures, theoretical HLB value, 
experimental HLB value 

 
 
 
INTRODUCTION  

 
Surfactants in science and industry are widely used, ranging from 

primary production processes such as the recovery and purification of raw 
materials in the mining and petroleum industries, to enhancing the quality of 
finished products such as paints, cosmetics, pharmaceuticals, and foods. 
Polyethoxylated ester (POE) non-ionics, such as Tween product family, are 
generally excellent dispersing agents [1]. Sodium dodecylbenzenesulfonate 
(SDBS) is an anionic surfactant which is the major component of laundry 
detergents [2]. 
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The capacity of the emulsification, the solubility and other surfactant 
properties depend on the HLB value of a given non-ionic surfactant which 
information is necessary for its practical application. The HLB (hydrophilic-
lipophilic balance) concept was introduced by Griffin [3]. The HLB of an 
emulsifier is a number which expresses the mass ratio of water-soluble and 
oil-soluble groups in the surfactant molecule. The HLB value can be a critical 
factor in the development of new emulsions and in surfactant synthesis. The 
number of experiments can be reduced during the formulation screening 
stage and can be used as an important parameter for quality control [4]. 

The present work aimed to investigate if the new method to 
determine the water number and HLB value is suitable for this type of 
commercial surfactants and their mixtures. The difference between the HLB 
values determined by different methods was examined, the particle size and 
the turbidity of their aqueous solution was also investigated. 

 
 

RESULTS AND DISCUSSION 
 
Investigation of non-ionic surfactants 

The HLB of POE surfactants was determined by conventional 
analytical method (Greenwald et al) [6] and by our improved method then it 
was compared with the HLB given by the manufacturer (Table 1, Figure 1). 
No information was provided about the HLB measurement method of the 
manufacturer.  
 

Table1. The HLB values of Tween non-ionic surfactants 
 

Product 
name 

HLB
(given by 

manufacturer) 

HLB 
(Greenwald) 

HLB
(improved 
method) 

Tween 20 16.7 20.4 16.0
Tween 40 15.6 18.9 16.0
Tween 60 14.9 16.1 14.7
Tween 80 15.0 16.6 14.4
Tween 85 11.0 14.9 10.6

 
 

The HLB values determined by our new developed method 
approximates better the given HLB values, than the HLB values of 
Greenwald method [7]. 

The hydrodynamic size of each surfactant was determined by 
dynamic light scattering method and the turbidity by fiber-optic 
spectrophotometer (Table 2). 



DETERMINATION OF HLB VALUES OF SOME NONIONIC SURFACTANTS AND THEIR MIXTURES 
 
 

 
453 

The average size of the surfactant micelles was between 11.4 nm 
and 90.4 nm. It can be explained by the different micelle formation because 
of the diverse structure of surfactants.  
 

 
Figure 1. Difference between the HLB values determined by different methods 

 
 

Table 2. Hydrodynamic size and turbidity of POE and SDBS surfactant solutions 
 

Product 
name 

Hydrodynamic 
size (nm) 

Turbidity 
(%) 

Tween 20 44.3 62 
Tween 40 61.4 58 
Tween 60 56.2 52 
Tween 80 11.4 7 
Tween 85 90.4 77 

 
 
Investigation of surfactant mixtures 

The surfactants are usually applied as surfactant mixtures [10] thus 
our aim was to determine their HLB value by our improved, titrimetric method 
described in the previous chapter. 

No experimental results were published about the determination of 
HLB values of surfactant mixtures by Greenwald et al [11]. 

The HLB of surfactant mixtures was determined as follows (Table 3): 
• weighted regarding the mixing ration (50 w/w% anionic, 50 w/w% 

non-ionic surfactant), the following HLB values were considered for 
the calculation [12, 13]: 

H
L

B
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u

e 

Product name 

HLB (given by
manufacturer)

HLB (Greenwald)

(improved method)



RÉKA KOTHENCZ, ROLAND NAGY, LÁSZLÓ BARTHA 
 
 

 
454 

o anionic surfactant: HLB calculated by the chemical structure, 
o non-ionic surfactant: HLB given by the manufacturer. 

• conventional analytical method (Greenwald method), 
• the improved method. 

The HLB value of SDBS was 19.9 and it was calculated based on its 
chemical structure. 

 
Table 3. The HLB values of surfactant mixtures 

 

Surfactant 
mixture

HLB
(theoretical) 

HLB
(Greenwald)

HLB 
(improved method) 

T-1 18.25 19.70 18.25 
T-2 17.70 19.20 17.58 
T-3 17.35 19.10 17.41 
T-4 17.40 19.30 18.00 
T-5 15.40 16.90 15.20 

 
It was found that our improved method is suitable to determine also 

the HLB of this type of surfactant mixtures. 
The difference between HLB values determined by different methods 

is shown in Figure 2. 
 

 
 

Figure 2. The difference between HLB values of surfactant mixtures  
determined by different methods 

 
The HLB measured by our improved method approximates better the 

calculated theoretical HLB based on the chemical structure. Adding SDBS to 
the surfactant mixtures has resulted higher HLB values, thus the solubility in 
water has increased. 
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Surfactant mixture 
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The average size of the surfactant micelles was between 123 nm and 
910 nm and the turbidity was between 7-57%. The higher HLB value of 
surfactant mixtures has shown lower turbidity. However based on the 
measured particle size it was obtained that the formed micelles are bigger 
which require more detailed structural analysis. 
 

Table 4. The particle size of the micelles and the turbidity of  
surfactant mixture solutions 

 

Surfactant mixture Particle size (nm) Turbidity (%) 
T-1 384 52 
T-2 624 48 
T-3 684 53 
T-4 910 7 
T-5 123 57 

 
 

No correlation was found between the HLB value and the average 
particle size. The HLB value of the surfactant mixture can provide information 
about the hydrophilic or lipophilic nature but not about the ability of association 
or the colloidal properties of the surfactant mixture. Thus the HLB can be 
applied for the classification of surfactants which is important in terms of use. 
 
 
CONCLUSIONS 

 
The HLB values of non-ionic surfactants and their mixtures, the 

turbidity of their aqueous solution and the average size of micelles formed in 
aqueous solution of non-ionic surfactants and their mixtures were analyzed. 
The new experimental results can be summarized as follows. 

• Based on the experimental data a more accurate method was 
developed for the determination of HLB which is applicable to POE 
type non-ionic surfactants. 

• The improved method is suitable for the determination of HLB of this 
type of surfactant mixtures. 

• In both case (nonionic and anionic surfactant alone or in their 
mixtures) the HLB value determined by our method approximates 
better the HLB value calculated by chemical structure. 

• The particle size of surfactant association of the components not 
depends on the HLB value, but depends on the structure of surfactants. 
Further developments could contribute significantly to the formulation 
of the surfactant mixtures. 
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EXPERIMENTAL 
 
Materials 

Polyethoxylated sorbitan esters, environmentally friendly non-ionic 
surfactant family marketed under the Tween product name were used in the 
measurements. A polyethoxylated monoester of 3,6-sorbitan is represented 
in figure 3. POEs are hydrophilic in nature and are soluble or dispersible in 
water and dilute solutions of electrolytes [5]. The chemical identity of Tween 
products is shown in Table1. 

 

 
 

Figure 3. Chemical structure of a polyethoxylated monoester 
(R: alkyl group of fatty acid where (x+y) is the total number of moles  

of ethylene oxide) 
 
 

Table 5. Chemical identity of Tween products 
 

Product name Chemical identity 

Tween 20 PEG-20 sorbitan monolaurate 

Tween 40 PEG-20 sorbitan monopalmitate 

Tween 60 PEG-20 sorbitan monostearate 

Tween 80 PEG-20 sorbitan monooleate 

Tween 85 PEG-20 sorbitan trioleate 

 
 
Sodium dodecylbenzenesulfonate (SDBS) is a member of the linear 

alkylbenzenesulfonates, the dodecyl group is unbranched. This dodecyl 
chain is attached at the 4-position of the benzenesulfonate group. 

The composition of the surfactant mixtures is shown in Table 6. The 
mixtures contained 50 w/w% of non-ionic and 50 w/w% of anionic surfactants.  

For preparing the surfactant solutions, the surfactants were dissolved 
in distilled water in 1 w/w% of total concentration. 
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Methods 
Water Number and HLB determination 
 

 The method developed by Greenwald, Brown and Fineman [6] is 
suitable to determine the hydrophilic-lipophilic nature of the surfactants. It can 
provide information about the possible effectiveness of the emulsifiers. 
 

Table 6. The composition of the surfactant mixtures 
 

Surfactant 
mixture 

Non-ionic surfactant
component 

Anionic surfactant 
component 

T-1 Tween 20 SDBS 
T-2 Tween 40 SDBS 
T-3 Tween 60 SDBS 
T-4 Tween 80 SDBS 
T-5 Tween 85 SDBS 

 
 The surfactant is dissolved in benzene-dioxane mixture and the 
solution is titrated with distilled water until its permanent turbidity according to 
Greenwald et al [6]. Our method was developed to avoid the use of the highly 
toxic benzene. In our new process of sample preparation the test materials are 
dissolved in the mixture of cyclohexane-dioxane (with 4% cyclohexane 
content). The distilled water is added to the solution of surfactant until it 
becomes permanently cloudy and the transmittance cannot be decreased 
radically by the further addition of water. The transmittance is measured by 
fiber-optic spectrophotometer. The current transmittance values are represented 
as a function of distilled water volumes. The equivalence point of the obtained 
curve is the volume which corresponds to the Water Number (WN) of the 
surfactant [6]. The HLB value can be calculated from the Water Number, the 
equation of the improved method was created by linear regression. 
 Equation 1 can be applicable for non-ionic surfactants [7] and 
Equation 2 for surfactant mixtures [8]. HLB = .ହଶସ − 0.6339     (1) 
 HLB = ଵ.ଶ − 10.5     (2) 
 
Solubility in water 

1 w/w% of surfactant is dissolved in distilled water. The turbidity is 
measured by spectrophotometer. The solubility in water is characterized by 
the transmittance (T) value (0% completely cloudy, 100% transparent). The 
turbidity of the diluted surfactants was calculated as [9]: 

 Turbidity = 100 − T(%)    (3) 
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Particle size analysis 
The average particle size and the distribution of the surfactants were 

measured by dynamic light scattering using Malvern Zetasizer Nano ZS 
instrument. The hydrodynamic radius determined by photon correlation 
spectroscopy (i. e. dynamic light scattering) and is estimated from the 
particles’ diffusivity using the Stokes–Einstein relationship (Equation 4). The 
peak values of particle diameter (nm) for the different samples were obtained 
as an average of the data. In this work particle size means the size of 
surfactant associations formed in the aqueous solution. 

    D = ୩ଷୢ     (4) 
where: 
 D0 : diffusion coefficient 
 k: Boltzmann constant 
 T: temperature 
 dynamic viscosity :ߟ 
 d: particle diameter 
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AN EXPERIMENTAL AND MODELING INVESTIGATION ON 
DRYING OF CHICKEN MEAT IN CONVECTIVE DRYER 

 
 

OSMAN ISMAILa 
 
 

ABSTRACT. This work reported a theoretical and experimental study on the 
thin layer drying kinetics of chicken meat samples under different air drying 
conditions. Experimental drying curves of chicken meat were performed under 
different drying air conditions (three air temperatures: 40, 50 and 60 °C, air 
velocities: 1 ms−1, and at atmosphere humidity). The drying rate was found to 
increase significantly with increase in temperature. The duration of constant 
rate period was found to be insignificant considering the total duration of drying 
and the entire drying period was considered to follow falling rate period. The 
experimental moisture ratio data was fitted to eight thin layer drying models. The 
Midilli et al. model showed the best fit in all drying conditions. The effective 
moisture diffusivity has been found to be varying between 4.39 x 10-10 and 
9.96 x 10-10 m2s-1 and activation energy was 27.85 kJ mol-1. 
 
Keywords: Chicken meat, mathematical modeling, diffusion, activation energy 

 
 
 
INTRODUCTION 

 
Increasing life standards impose people to change their eating 

habits and promote them to consume. With population growth and 
increasing income, the consumption of meat is expected to grow by 73% by 
2050 [1]. U.S. Department of Agriculture (USDA) statistical data showed 
that the production of chicken meat world-wide is about 84 million tons; the 
major producer countries are USA, China, Brazil, European union etc. and 
Turkey. Turkey produced 1.7 million tons in 2013 [2]. From a nutritional 
perspective, chicken consists of high-quality protein (that is, protein that 
contains the eight essential amino acids), low in cholesterol and a relatively 
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low amount of fat. Thus, chicken is often recommended by physicians and 
nutrition counselors as an alternative to red meat [3]. 

It is seen that the amount of meat production and consumption is 
associated with a special occasion and meat is consumed in large quantity 
for a limited period. The excess meat should be preserved for future 
consumption. A major problem associated with traditional or sun drying of 
meat is the infestation of the product by the fly and insect larvae during 
drying and storage and products are deteriorated before consumption. 
Recently some drying techniques have been developed to prevent this. 
One of these techniques is the convection drying method. Hot air drying is 
widely used for centuries to preserve food products and it allows their 
availability regardless the season of the year [4]. 

Drying is one of the oldest food preservation methods for decreasing 
available water in food materials and increasing shelf life of foods. In other 
words, drying of meat or any food material reduces the availability of water in 
meat and thus also water activity to a level where microbes cannot survive 
and thus meat is preserved. Moreover, volume and weight of the product 
decreases significantly resulting in lower costs and making easy the transport 
and the storage of the dried products comparing to the fresh ones [5] This 
process involves simultaneous heat and mass transfer, however due to the 
complexity of this process, some researchers developed semi-theoretical and 
empirical models derived from Fickian diffusion approach to explain the water 
movement within the solid food materials [6]. The semi-theoretical and 
empirical models have been applied and found best at describing the drying 
process and predicting the drying kinetics of numerous agricultural foods. 
Thin layer convective hot air drying technique enables the effective control 
and uniform distribution of drying air and temperature conditions over the 
material, thereby improving the overall quality of the final product. 
Decreasing the relative humidity and increasing the drying temperature is a 
potential way of shortening the process of producing dry cured meat 
products [7] and has been successfully applied to shorten the drying period 
of raw and cooked chicken meats [8].  

Knowledge of the drying kinetics is essential for a good modeling of 
the drying process. Some studies have been conducted on the drying 
kinetics of chicken meat [7-9] which have mainly covered the effect of the 
drying air parameters and the modeling of this kinetics. 

The objectives of this study, is to determine the drying mechanism 
of chicken meat with increasing drying temperature. Also thin layer drying 
modeling of the drying process to predict and simulate the drying behavior 
of chicken meat has been studied. For this purpose, eight different thin 
layer drying models were fitted to experimental drying data and applicability 
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of the models was compared according to statistical parameters. In addition, 
the diffusion coefficient and the activation energy of the samples were also 
calculated. 
 
 
RESULT AND DISCUSSION 

 
 Chemical composition of fresh chicken meat samples 

Initial moisture content, protein, fat and ash were determined using 
the method of AOAC [10]. The initial moisture content, ash, protein and fat 
percentage of fresh chicken meat samples are shown in Table 1.  

 
 

Table 1. Composition of the fresh chicken samples 
 

Moisture content Protein Fat Ash 
73.96 ± 0.04 22.38 ± 0.16 2.39 ± 0.15 1.22 ± 0.04 

 
 
The initial moisture content and dry matter were 73.96% and 26.04% 

respectively. As seen from the table, protein is the major component of 
chicken samples other than water. The protein, fat and ash content of 
chicken samples was 22.38%, 2.39% and 1.22%, respectively. Our findings 
are consistent with the literature in which it was reported that chicken meat 
tissue consists of approximately 74.71% water, 25.29% dry matter, 21.86% 
protein, 1.75% fat and 1.13% ash [11]. 

 
 

 Drying curves 

Drying rates (DR) were determined by using the forward finite 
difference method according to Equation 1 [8]. 

t

MM
DR ttt




 
                                                      (1) 

where: Mt+∆t is the moisture content of samples at t+ ∆t (gwater/gdry matter), t is 
the time (min). 

Drying rate is defined as the amount of water removed and time is 
shown in Figure 1 for chicken samples during thin layer drying at 40, 50 
and 60 °C. 
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Figure 1. Variation of drying rate with drying time of chicken meat  
samples at different temperatures 

 
 

 Modelling of the thin-layer drying characteristics 

The experimental drying data resulting from hot-air drying of chicken 
samples at different temperatures were fitted to eight different thin-layer 
drying models shown in Table 2.  

 
Table 2. Mathematical models for drying curves 

 

Model Name Equation Reference 
Newton MR= exp (-kt) [14] 
Page MR= exp (-ktn) [14] 
Henderson and Pabis MR= a exp (-kt) [15] 
Logarithmic MR= a exp (-kt) + b [11] 
Aghbashlo et al. MR = exp((-k1t)/(1+k2t)) [16] 
Wang and Singh MR= 1+bt+at2 [11] 
Midilli et al. MR= a exp (-ktn) + bt [17] 
Alibas MR= a exp((-ktn) + bt)+g [18] 
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The moisture content of a drying sample at any time t can be 
expressed as moisture ratio (MR) as follows: 

eo

t

MM

MeM
MR




                                                              (2) 

where: Mt, Me and Mo are the moisture content at selected time, at 
equilibrium and the initial value in gwater/gdry matter. 

The obtained drying data was evaluated using nonlinear least squares 
regression analysis. The regression anlaysis was performed using the 6.0 
program software (Statsoft Inc., Tulsa, OK) computer program. The correlation 
coeficient (R2), reduced chi-square (χ2) and root mean square error (RMSE) 
were used as the primary criteria for selection of the best model to define the 
drying curves [19]. These statistical values can be determined using the 
following equations: 
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where MRexp and MRpre represent experimental and predicted values of 
moisture ratios, respectively. N is the total number of experiments, and z is 
the number of constants in the drying model. The best model was selected 
with based on the highest R2 and the lowest χ2, and the lowest RMSE 
values.  The curve fitting criteria or statistical calculation results for these 
models are shown in Table 3.  

As seen from the tables, R2 values higher than 0.98 indicating a good 
fit since R2 value close to unity implies that the predicted drying data is close 
to the experimental drying data. This means that all established models 
successfully described the relation between time and MR. Another statistical 
parameters calculated to compare the model’s accuracy were χ2 and RMSE 
values, which represent the differences between the predicted and experimental 
values. Therefore, the fact that χ2 and RMSE values are close to zero is desired. 
Among the thin-layer drying models, the Midilli et al. model was found to 
represent the drying kinetics of chicken samples with high R2 values and low 
χ2 and RMSE values for all temperatures. It is clear that the R2, χ2 and RMSE 
values of this model were changed between 0.9992 and 0.9998, 0.000019 
and 0.000121, 0.004006 and 0.010466, respectively. Variation of experimental 
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and predicted moisture ratio by Midilli et al. model with drying time are shown 
in Figure 2. As can be observed in this figure, good agreement between the 
former variables is observed. 

 
 

Table 3. Curve fitting criteria for the thin layer drying models  
for drying of chicken meat samples 

 

Models 
Drying temperature 

(°C) 
R2 χ2 RMSE 

Newton 

40 0.9987 0.000178 0.013191 
50 0.9957 0.000596 0.023992 

60 0.9954 0.000670 0.02519 

Page 

40 0.9988 0.000171 0.012762 
50 0.9961 0.000549 0.022634 

60 0.9972 0.000428 0.019563 

Henderson  
and Pabis 

40 0.9991 0.000128 0.011064 
50 0.9967 0.000460 0.020721 
60 0.9971 0.000438 0.019798 

Logarithmic 
40 0.9992 0.000128 0.010479 
50 0.9980 0.000445 0.020012 
60 0.9973 0.000443 0.019304 

Aghbashlo  
et al. 

40 0.9987 0.000182 0.013179 
50 0.9957 0.000615 0.02395 
60 0.9963 0.000573 0.022636 

Wang and 
Singh 

40 0.9904 0.001368 0.036114 

50 0.9872 0.001816 0.041147 

60 0.9834 0.002547 0.047728 

Midilli et al. 
40 0.9992 0.000121 0.010466 
50 0.9998 0.000019 0.004006 
60 0.9997 0.000041 0.005680 

Alibas 
40 0.9992 0.000124 0.010468 
50 0.9998 0.000024 0.004539 
60 0.9996 0.000073 0.007322 

 
 
As seen in Figure 2, chicken meat drying curves were obtained using 

a convective tray drier at different temperatures of 50, 60 and 70 °C requiring 
of 1260, 870 and 540 min, respectively, to reach dry basis moisture content 
of about 14%. 
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Figure 2. Variation of experimental and predicted moisture ratio by Midilli et al. 
model with drying time at different drying temperatures 

 
 
 
Determination of the effective moisture diffusivity and activation 

energy 

Effective moisture diffusivity (Deff) was determined according to the 
general solution of Fick’s second law equation for slab geometry (where L half 
thickness) in Equation 5 and only the first term of the equation was used [20]. 
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where, Deff is the effective moisture diffusivity (m2/s) and L is the half 
thickness of chicken samples (m). 

The variation in ln (MR) and drying time (t) at different temperatures 
have been plotted to obtain the slope Equation 5 which can give the effective 
moisture diffusivity.  

2
eff

2

L4

D
S


                                                                    (6) 

By the help of the slope Equation 6, effective moisture diffusivity of 
chicken meat samples were calculated and shown in Table 4. 
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Table 4. Effective moisture diffusivity values for chicken meat samples  
at different temperatures 

 

Drying Temperature (°C) Effective moisture diffusivity (m2/s) 
40 4.39 x 10-10 
50 6.08 x 10-10 
60 9.96 x 10-10 

 
As seen in Table 4, it was observed that Deff values increased with 

increasing air temperature. This phenomenon might be due to the fact that 
effective moisture diffusivity (Deff) depends on the drying air temperature, cultivar, 
and composition of the drying samples [21]. The effective moisture diffusivity of 
chicken samples was 4.39 x 10-10, 6.08 x 10-10 and 9.96 x10-10 m2/s at 40, 50 
and 60 °C, respectively. Deff values for different food and agricultural products 
usually varied between 10-11–10-9 m2/s [21]. 

The Arrhenius equation was developed to relate the effective moisture 
diffusivity values to temperatures Equation 7. 









RT
E

expDD a
oeff                                                    (7) 

where Do is the pre-exponential factor of Arrhenius equation or is the diffusivity 
for infinite temperature (m2/s), Ea is the activation energy (J/mol), R is the 
gas constant (8.31451 J/mol K) and T is the drying temperature (Kelvin). 

Values of ln (Deff) plotted against 1/(T+273) for calculated activation 
energy are shown in Figure 3. 

 

 
 

Figure 3. Arrhenius-type relationship between effective  
moisture diffusivity and temperature. 
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The activation energy is a sign of the required energy to delete moisture 
from a solid matrix. Higher Ea value indicates greatest temperature sensitivity 
of diffusion coefficient. The Ea value for chicken meat samples was found 27.85 
kJ/mol. The values of the activation energy lie from 12.7 to 110 kJ/mol for most 
food materials [22]. Hii et al. [8] reported this value varying from 16.3 and 
22.8 kJ/mol for for the raw and cooked chicken meat samples. 

 
 

CONCLUSIONS 
 
In this study, thin layer drying kinetics of chicken meat was studied at 

drying air temperatures of 40, 50 and 60°C. In conclusion, drying of chicken 
meat in the convective dryer was only described by the falling rate period. Drying 
air temperature were influencing factor to drying kinetics. Both the drying rate and 
moisture ratio decreased with time. Effective moisture diffusivity increased with 
increasing air temperature, and varied from 4.39 to 9.96 ×10−10 m2/s over the 
temperature range investigated, with activation energy equal to 27.85 kJ/mol. 
Eight selected thin layer drying models showed that the Midilli et al. model 
resulted in an excellent fit for all drying temperatures. These results clearly 
show that the Midilli et al. model was most suitable for predicting the drying curve 
of chicken meat. The Midilli et al. model was further validated by comparing the 
predicted moisture ratio against the experimental moisture figures. Therefore, 
the Midilli et al. model could be applied in describing the drying behavior and 
predicting the drying kinetics of chicken meat. 
 
 
EXPERIMENTAL SECTION 

 
Sample preparation 

Chicken breast, used as raw material in the present study, was 
obtained from a butcher in Istanbul, Turkey. Chicken breast meat was 
obtained from the broiler chicks (Ross 308) at 45 days (Banvit A.Ş., 
Bandırma, Turkey). The chicken breasts were cut to a size of 6 cm × 4 cm × 
1 cm (24 ± 0.5 g). In order to preserve its original quality, they were stored 
in a Arcelik 1050 model refrigerator (Arcelik, Eskisehir, Turkey) at 4 °C until 
drying experiments were conducted.  
 

Drying equipment and drying procedure 

Drying experiments were performed in a cabinet laboratory type dryer 
(API & PASILAC Limited of Carlisle, Cambria, UK). In each experiment, 95±2 g 
of chicken samples was used. The chicken meat samples, was uniformly 
spread in a square basket in a single layer after the desired drying conditions 
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had stabilized. In order to prevent sticking and to facilitate easy removal of 
the sample after drying, the tray was lined with 80 μm thick polyethylene 
sheet. The dryer was installed in an environment with the relative air humidity 
of about 40–50% and the ambient air temperature about 18–25 °C. Drying 
experiments of chicken samples were conducted at three temperatures, 40, 
50 and 60 ºC, at a constant air velocity (1.0 m/s). To record the moisture loss 
during drying the trays were taken out of the dryer at regular intervals, 
weighed at 30 minute intervals by using an Ohaus PA214C digital balance 
which has an accuracy of 0.001 g (Ohaus, NY, USA) and quickly replaced 
inside the dryer. It was assumed that brief interruptions (less than 20 s) did 
not interfere with the drying process. The drying process was continued until 
the weight of the sample was reduced by the initial moisture content of about 
0.14±0.03 gwater/gdrymatter at air temperatures of 40, 50 and 60 °C, respectively. 
 

Statistical analysis 

All experiments and analyzes were repeated three times and data 
sets were subjected to analysis of variance using the general linear models. 
Significant differences between the samples means were determined at the 
p < 0.05 levels by ANOVA. 
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ABSTRACT. An alternative source of energy like biogas has become of 
interest to reduce the dependence on depleting fossil fuels for the source of 
energy. It is environmentally friendly and can be generated from various 
biomass wastes. It consists of CH4 (55%- 65%) and CO2 (35%- 45%) with a 
calorific value of 22 000- 25 000 kJ/m3 when raw and after CO2 is removed, 
the methane gas has a calorific value up to 39 000 kJ/ m3 and is referred to as 
biomethane. Ammonia is used as an absorbent in chemical scrubbing to 
remove CO2 from biogas. A continuous system consisting of 1L digester was 
used for biogas production which was bubbled through an absorbent in 500mL 
gas washing bottle at a constant temperature in a water bath. The obtained 
biomethane potential was found to be 0.387 m3 CH4/ kg VS which simply 
means that more methane gas can be obtained when using ammonia for 
absorption. An increase in the gas flow rate leads to an increase in the mass 
transfer coefficient resulting in an increase in the rate of absorption. The initial 
CO2 concentration affects the removal efficiency because more work needs to 
be done for biogas with a high initial concentration of CO2. NH3 has better 
absorption capacity because higher biogas purity was achieved at lower NH3 
concentration. The removal efficiency for NH3 increased from 69%-79% on 
average with CH4 concentration reaching over 85% vol. This is equivalent to a 
calorific value ranging from 25- 33.5 MJ/Nm3 which is promising in terms of the 
gas ability to run in an automobile engine.  
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INTRODUCTION  
 
Energy is an important part of our daily lives. As a result, the world is 

facing energy crisis due to depleting oil reserves, emissions from this energy 
source and unstable prices among other several negative factors. An 
alternative source of energy like biogas has become of interest as it is 
environmentally friendly in additional to other several advantages.  

Raw biogas as generated from various biomass wastes consists of 
CH4 (55%- 65%) and CO2 (35%- 45%). Its calorific value when raw is 22 000- 
25 000 kJ/m3 and after CO2 is removed, the methane gas has a calorific value 
of up to 39 000 kJ/ m3 and is referred to as biomethane [1, 2]. Ammonia has 
potential to yield purified gas of over 95% vol. CH4 which is considered as 
biomethane and can be used for similar applications as natural gas.  

Ammonia is used as an absorbent in chemical scrubbing to remove 
CO2 from biogas. Though amines like MEA are primarily used, ammonia has 
number of advantages: higher CO2 loading capacity, no solvent degradation, 
and equipment corrosion, has low regeneration heat requirements, it has a 
potential to simultaneously remove CO2, SO2 and NOx, suitable for large-
scale applications, [3-9], it has good oxidative and thermal stabilities [10-13]. 

Solvent slippage is defined as the amount of liquid solvent that 
vaporises and is collected with the biomethane. Solvent slippage depends on 
the volatility of the solvent and the volatility depends largely on the operating 
temperature [14]. The MEA and NH3 have a high slippage compared to the 
hydroxides at 22 oC. This means that for the same amount of biogas collected 
for every digester, the solvent composition is highest for NH3. This also means 
that the quality of the gas is compromised by the added solvent vapour.  

Ammonia is a promising solvent that has been under investigation for 
carbon capture systems. However, it has a challenge of volatility which may 
result in solvent slippage. This occurs when some amount of liquid solvent 
vaporises and collected with the biomethane. The operating temperature 
plays a huge role as it affects the volatility of the solvent. Alleviating the 
temperature can limit the slippage of ammonia into the gaseous phase during 
CO2 absorption [14].  

Despite the fact that ammonia is gaining strength and recognition as 
an absorbent for removing acidic gases from flue gas and also biogas, it has 
high volatility and low carbon dioxide absorption rate [8, 11]. Promoters are 
often added to the aqueous ammonia solution to increase the absorption 
rate. The use of ammonia for removing impurities such as acidic gases 
from biogas has been researched by other researchers, however higher 
concentrations have not been extensively studied and this research seeks 
to address this aspect.  
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Table 1. Comparison of different absorption units 

Absorption 
Unit Dimensions Operating Conditions Removal 

Efficiency Source 

This study: 
Buchner flask 500 ml Total Pressure Atmospheric ~1atm 22-79% 

Temperature 293-333 K 
Absorbent: 5-15 wt.% ammonia 
CO2 concentration: 46 vol.% 

Microchannel 
reactor  60 × 0.5 x 0.5 mm3 Total pressure: 141- 401 kPa   72-97% [15] 

Temperature: 283- 303 K 
Absorbent: 4-10 wt.% ammonia 
CO2 concentration: 10 vol.% 
Gas flow rate: 0.0285 m3 h-1 
Liquid flow rate: 0.00012- 0.0003 m3 h-1 

Packed 
column 

600 mm in height,  
100 mm in diameter CO2 partial pressure: 5- 15 kPa 52-99% [22] 

Temperature: 293-328 K 
Absorbent: 2- 16 wt.% ammonia 
CO2 concentration: 5- 15 vol.% 
Gas flow rate: 0.6- 1.68 m3 h-1 
Liquid flow rate: 0.008- 0.024 m3 h-1 

Spray tower  
350 mm in height, 
55 mm in diameter Total pressure: 0.1 MPa - [17] 

Temperature: 293-323 K 
Absorbent: 1- 7 wt.% ammonia 
CO2 concentration: 10- 20 vol.% 
Gas flow rate: 0.2- 0.4 m3 h-1 
Liquid flow rate: 0.09- 0.18 m3 h-1 

Bubble column  
305 mm in height, 
42 mm in diameter Total pressure: 100 kPa - [16] 

Temperature: 283- 313 K 
Absorbent: 0- 9 wt.% ammonia 
CO2 concentration: 0- 15 vol.% 
Gas flow rate: 0.06 m3 h-1 
Liquid volume: 0.15 L 

Multistage 
spraying tower  

540 mm in height, 
50 mm in diameter Total pressure: 0.7- 1 MPa 72-87% [23] 

Temperature: 293 K 
Absorbent: 10- 20 wt.% ammonia 
CO2 concentration: 10- 20 vol.% 
Gas flow rate: 1.8- 3.6 m3 h-1 

    Liquid flow rate: 0.0696- 0.1296 m3 h-1     
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 The absorption process is affected by the type of absorption unit and 
mechanism used. The types of columns include; packed column, bubble column, 
spray tower, multi-stage spraying tower, and microchannel reactor [15-19]. The 
type of packing also plays a role in the performance of the column; packings can 
either be random or structured [20]. Experimental flowsheet of a wetted-wall 
column was previously described [21]. 
 
 Chemical reactions of the absorption process 

Ammonia reacts with carbon dioxide to form ammonium carbonate in the 
liquid phase. Reaction 1 and 2 are intermediate reactions which are summarized 
by reaction 3. The reactions occurring in the absorption column are shown below: 

 

)(2)(3)(2 aqaqg COOHNHNHCO       (1) 

)(
1

2)(4)(2)(3 aqaqaqaq COONHNHCOOHNHNH     (2) 

)(42)(3)(2 2 aqaqg COONHNHNHCO      (3) 

)(3)(3)(2)(2 aqaqlaq NHHCOOHCOONH      (4) 
1

)()(4)(2)(3
  aqaqlaq OHNHOHNH     (5) 

 
 
RESULTS AND DISCUSSION 

 
Ammonia was used to absorb carbon dioxide from biogas, concentrations 

were varied, and temperature effect was studied and discussed. The concentration 
studied were 10, 15, and 20% as shown in Table 1. The removal efficiency was 
also calculated and included in Table 1. It is observed that the absorption rate 
increases with increasing ammonia concentration, which is in agreement 
with the findings of [22].  

Ammonia is a good carbon dioxide absorber and it is potent to 
remove the carbon dioxide from the biogas to produce methane rich gas. The 
cumulative methane yield was realized to be increasing with increasing aqueous 
ammonia concentration [22, 24, 25]. The obtained biomethane potential was 
found to be 0.387 m3 CH4/ kg VS which simply means that more methane 
gas can be obtained when using ammonia for absorption.  

 
A. The effect of solvent concentration on absorption  
The results obtained from the tests that were done are also represented 

graphically in Figure 2 to Figure 4. An overall observation from the above 
graphs is that the absorption of carbon dioxide didn’t occur steadily. This can be 
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attributed to the gas flow rate in the system which affects the rate of absorption. 
An increase in the gas flow rate leads to an increase in the mass transfer 
coefficient resulting in an escalation in the speed of the absorption process. 
Thus, it can be said that the days the absorption was higher the gas flow rate 
was high also because an increase in the gas flow rate improves the absorption 
rate and the opposite is true for the days the absorption was low. 

The surface/contact area which is the gas-liquid interphase plays a 
huge role in the overall absorption rate and the mass transfer coefficient. The 
tests yielded an average methane content in the gas of 75%, 79%, and 83% 
for the 10%, 15%, and 20% ammonia concentration respectively. This can be 
a result of an increase in the active ammonia present in the solution due to 
an increase in concentration which is able to diffuse in the gas-liquid interface 
reacting with the carbon dioxide. This further leads to a decrease in the mass 
transfer resistance resulting in increased absorption rate.  

 

B. Effect of liquid phase temperature on absorption 
The effect of the solvent temperature on the absorption process was 

studied. The investigated temperatures were room temperature, 30 °C and 
40 °C. Figure 5 shows the results obtained by comparing the gas quality from 
the different temperatures. The methane composition and yield increased 
with increasing temperature.  

The results are further summarised in Table 4. The increase in CH4 
composition between room temperature and 30 °C is not significant, however, 
there is an improvement in the 40 °C study. The CH4 composition recorded the 
highest at 40 °C. Furthermore, temperature helps in reducing the viscosity of 
the solvent to improve the absorption performance. However, the temperature 
of ammonia solvent and the absorption column should not be high above 60 °C 
in order to avoid slippage. In addition, higher temperatures also lead to 
decomposition of the ammonium bicarbonate salt at a temperature above 
the acceptable range of 20 °C to 40 °C. This is due to the reversibility of the 
reaction of carbon dioxide and ammonia, in which increases in temperature 
favours the forward reaction [26]. However, a further increase beyond 40 °C 
shifts the equilibrium to the reverse reaction.  

 
C. Effect of solvent concentration on removal efficiency 
The CO2 removal efficiency for ammonia was calculated using Eq. 6 

and the results are represented in Figures 6 and 7. The removal efficiency is 
influenced by many factors including, the concentration of aqueous ammonia, 
gas flow rate, and the ammonia to carbon dioxide molar ratio. The highest 
removal efficiency recorded was 66% which is contrary to what was obtained 
by reference [27]. It could be attributed to the process setup as a spray column 
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was used and it provides a good gas-liquid interface for the contact and thus 
resulting in high removal efficiency. It can be observed that the gas flow rate 
also plays a role in CO2 removal. However, an increase in the gas flow rate 
leads to an increase in the removal efficiency. The molar ratio can either improve 
the efficiency or reduce it, hence it needs to be cautiously kept at an appropriate 
point. 

%1001
2

2
2











raw

pur
CO CO

CO
η      (6) 

Where: 
 
ȠCO2- carbon dioxide removal efficiency 
CO2pur- carbon dioxide content of the purified sample 
CO2raw- carbon dioxide of the raw sample 

 
The experimental configuration and type of absorber affect the carbon 

dioxide removal efficiency. This is illustrated in Table 1, where the removal 
efficiency for a packed column had a higher removal efficiency. Although high 
removal efficiencies were obtained by the other studies, it can be attributed to 
the operating conditions and initial concentration of carbon dioxide which was 
low in their case. Furthermore, the increase in concentration may lead to a 
decline in the removal efficiency as it leads to increase in viscosity which may 
contribute to the solvent loss.  

  

 
 

Figure 1. Schematic diagram of laboratory set up for absorption  
in aqueous ammonia 
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Figure 2. Absorption of CO2 with NH3 at 10% concentration.  

 

 
Figure 3. Absorption of CO2 with NH3 at 15% concentration.  

 

 
Figure 4. Absorption of CO2 with NH3 at 20% concentration.  
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Table 2. Notation table for Figures 2-4 
 

Acronym           Meaning 

MRS Methane (CH4) content of the raw sample 

MPS Methane (CH4) content of the purified sample 

CRS Carbon dioxide (CO2) content of the raw sample 

CPS Carbon dioxide (CO2) of the purified sample 
 
 

 

Figure 5. The effect of temperature on methane content in biogas purification 
 
 

 

Figure 6. Effect of concentration on carbon dioxide removal efficiency 
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Figure 7. Carbon dioxide removal efficiency 

Figure 8. Effect of temperature on carbon dioxide removal efficiency 

Table 3. Performance of NH3 in CO2 absorption 

Gas Composition Raw Biogas 10% 15% 20%

CH4 % 52 75 79 83

CO2 % 46 22 19 16
ƞ % - 51 58 66

Table 4. Summary of results on temperature variation 

Parameter RMT 30 °C 40 °C 

CH4 83 85 88
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CONCLUSIONS 
 
Chemical absorption technique has been widely used to remove 

impurities from biogas as it is deemed to be cheap and effective. An increase 
in the concentration of ammonia enhanced the rate of absorption, which was 
mainly because the concentration of the reacting ions in the aqueous ammonia 
solution increases and contact between the gas-liquid interface is increased. 
The raw biogas had on average 52% CH4 vol. which improved to 83% CH4 vol. 
after absorption. The CO2 removal efficiency improved from 22% to 66%. The 
initial CO2 concentration affects the removal efficiency because more work 
needs to be done for biogas with a high initial concentration of CO2. NH3 has 
better absorption capacity because higher purity was obtained using even lower 
absorbent concentration.  

The absorption rate also improved with an increase in temperature. 
The removal efficiency for NH3 increased from 69%-79% on average with 
CH4 concentration reaching over 85% vol. This is equivalent to a calorific 
value ranging from 25- 33.5 MJ/Nm3 which is promising in terms of the gas 
ability to run in an automobile engine. The less the impurities in the gas the more 
or easily combustible it becomes. Ammonia has high absorption capacity and 
can also be regenerated with ease, it also has an advantage of the use of 
ammonium carbonates as inorganic fertilizers.    
 
 
EXPERIMENTAL SECTION 

 
A continuous system was used according to literature data [15]. 1L 

digester was used for biogas production which was bubbled through an absorbent 
in 500mL gas washing bottle. The digester was kept in a water bath to 
maintain a constant operating temperature throughout the experiment. To study 
the effect of temperature on absorption the absorption column was also kept in a 
water bath and the temperature varied accordingly. Nitrogen gas was used to 
purge and create anaerobic conditions in the system. A valve is used to let 
the N2 gas into the digester and closed after purging is done. Two sampling 
points in a form of T’s closed with a septa between the processes, for the raw 
biogas and the purified gas. The gas exiting the absorption unit goes to 1L 
measuring cylinder for volume capturing using downward displacement. 

Ammonia was used as an absorbent supplied by Sigma-Aldrich 
(South Africa). 10 – 20 %wt solution was used for the purification in a 500mL 
vessel which was kept at constant temperature. The gas exiting the absorption 
column was analysed using Gas Chromatography (SRI 8610C GC) equipped 
with FID and TCD detectors, packed with 6’ Hayesep-D/ 6’ Molecular Sieve-13 X. 
1 mL SGE gas tight syringe was used to draw the gas for sampling from the 
septa. 
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ABSTRACT. In this study, the method development is described for the multi 
elemental determination of organic rich soil reference material (BCR 700) by 
the new microwave plasma atomic emission spectrometry (MP-AES). Two 
sample preparation methods were compared (open vessel digestion on a hot 
plate and closed vessel microwave assisted digestion) for the BCR sample 
and EDTA extraction was carried out. The recoveries were tested by MP-
AES and inductively coupled plasma optical emission spectrometry (ICP-
OES) method to investigate whether the more cost-effective nitrogen 
supplied microwave plasma is appropriate for the elemental determination of 
digested organic rich soil samples. The BCR 700 sample was not certified for 
digestion methods yet similar sample pretreatment is present in the literature 
with which a good agreement was found. Our results also correlated with the 
values provided in the certification of the BCR 700 material for EDTA 
extraction. It was found that the microwave plasma is an effective and low-
cost alternative of ICP-OES for soil analysis and with the convenient 
atmospheric digestion even the organic rich soil samples can be prepared 
prior to the elemental determination. However, the microwave assisted 
digestion is faster and easier to conduct. The limit of detection values of the 
measured elements by MP-AES are sufficiently low for the micro element 
determination of soils (Cd 70 µg kg-1, Cr 5 µg kg-1, Cu 25 µg kg-1, Mn 12.5 µg 
kg-1, Ni 45 µg kg-1, Pb 220 µg kg-1, Zn 155 µg kg-1).  
 
Keywords: microwave plasma, inductively coupled plasma, atomic emission 
spectrometry, soil analysis, sample preparation 
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INTRODUCTION  
 
Atomic spectrometry provides several tools for elemental analysis 

[1-3]. The most widely applied technique is inductively coupled plasma optical 
emission spectrometry (ICP-OES), which is nowadays a routine method for 
the quantitative determination of elements from solutions [4]. Nearly together 
with the ICP, in the 1970s, the microwave excitation sources had been 
developed and tested [5, 6], which application possibilities were discussed in 
several papers so far [7-11]. The conventional MIP instruments operate on a 
lower electric capacity and gas flow compared to the ICPs, and their 
analytical performance is lower due to the lower thermal stability and matrix 
tolerance of the applied emission source [12]. For these disadvantages it did 
not became commercially available, however the development of stable MIP 
sources continuously stayed in the focus of researchers [7, 8, 13 -18].  

The new method has already been applied for several purposes yet 
many fields of application is still open to the MP-AES technique [19]–[22]. 

Soil is one of the most important energy source of ecosystem, which 
quality must be monitored and preserved. The biological components are the 
most sensitive to the environmental change and tend to degrade upon 
human activity [19-24]. The chemical composition of soil is also an important 
parameter and can indicate pollution both from natural and anthropogenic 
origin. Several essential elements are present in soil which are vital for the 
terrestrial flora and fauna (such as Co, Cu, Fe, Mn, Zn) however, above the 
threshold limit, they have a toxic effect [25-28]. There are also toxic elements 
which have no essential functions to living organisms (such as Al, Pb, Cd, Hg) 
therefore considered as pollutants in soils [19, 24, 29-33]. The elemental 
analysis of soil samples is of high importance to determine the amount of either 
essential trace metals or the quality and quantity of elemental contaminants. 
Atomic spectrometric methods are widely applied for this purpose and 
continuous development is required to meet the environmental principles.  

The aim of this paper is to investigate the multi elemental determination 
of organic rich soil and the new method MP-AES was developed for trace 
element analysis by measuring a CRM soil (BCR 700) sample for Cd, Cr, 
Cu, Ni, Pb and Zn.  
 
 
RESULTS AND DISCUSSION 

 
The organic rich BCR sample was pre-treated by open vessel 

digestion on a hot plate and closed vessel microwave assisted digestion with 
the mixture of nitric acid and hydrogen peroxide. The effectiveness of the 
digestion methods was investigated with internal standards of Bi (added prior to 
the sample preparation process) and Y (added prior to the elemental analysis). 
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Since the applied multi element stock solution originally contained Bi, the 
experiment can be considered as a standard addition procedure. As seen in 
Figure 1 a good recovery was obtained, since the added Bi concentration was 
gained in a good agreement and with a low standard deviation.  

 

 
 

Figure 1. The Bi concentration of the digested SA (multi element stock solution + 
nitric acid + hydrogen peroxide) and SB (SA + BCR700 soil sample +  

Bi internal standard+ Y internal standard) (mg L-1 ± SD, n=3) 
 

The analysis results for Y is indicated in Figure 2. It was observed 
that a 14.02% more than the originally added Y concentration was found in 
the digested samples, respectively, while in the blank samples the expected 
value was found. It suggests that the reference material contained Y however 
its level was under the limit of detection of the MP-AES method. Therefore, it 
was not detected from the soil samples before its addition.  

 

 
 

Figure 2. The Y concentration of the digested SB sample (SA + BCR700 soil 
sample + Bi internal standard + Y internal standard) (mg L-1 ± SD, n=3) 
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The two internal standards proved that no sample loss occurs during 
the open vessel sample preparation process. The optimization of the sample 
pre-treatment was continued with the comparison of the open vessel 
digestion on a hot plate and closed vessel microwave assisted digestion, with 
two different initial sample masses (0.2 g and 0.5 g). Figure 3 shows the  
MP-AES results for the measured elements (Cd, Cr, Cu, Mn, Ni, Pb and Zn) 
of the BCR 700 sample in case of the two digestion techniques. 

 

 
 

Figure 3. The elemental analysis results of soil samples (BCR700) prepared by 
open vessel (atm) and microwave assisted (MW) digestion with 0.2g and 0.5g of 

initial sample masses (mg kg-1 ± SD, n=3) 
 
 
The concentrations gained after both open vessel digestion on a hot 

plate and closed vessel microwave assisted digestion provided similar 
concentration results regardless the initial masses (p>0.05). It indicates that 
both methods are appropriate for the elimination of the organic matter from 
the organic rich BCR 700 sample and 0.2 grams is enough to carry out the 
quantitative analysis. However, the microwave assisted method is faster and 
requires less attention during operation. 

The measurement of Cd, Cr, Cu, Mn, Ni, Pb and Zn was carried out 
by ICP-OES and MP-AES, respectively. Limit of detection (LOD) values were 
determined for the measured elements by both techniques and are 
compared in terms of the applied wavelengths in Table 1. We can conclude 
that the MP-AES method is sufficient regarding the LOD data for soil 
analysis. In some cases, similar LOD results were gained compared to ICP-
OES suggesting that the lower temperature plasma source is enough for the 
excitation of the measured elements.   
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Table 1. The limit of detection values together with the applied wavelengths  
for ICP-OES and MP-AES methods 

Element 
Wavelength 

(nm) 

MP-AES 
LOD  

(µg L -1) 

MP-AES 
LOD  

(µg kg -1) 
Wavelength 

(nm) 

ICP-OES 
LOD  

(µg L -1) 

ICP-OES  
LOD  

(µg kg -1) 

Cd 228.802 1.4 70 228.802 0.04 2 

Cr 425.433 0.1 5.0 267.716 0.20 10 

Cu 324.754 0.5 25 324.754 0.15 7.5 

Mn 403.076 0.25 12.5 257.61 0.03 1.5 

Ni 352.454 0.9 45 231.604 0.70 35 

Pb 405.781 4.4 220 220.353 1.10 55 

Zn 213.857 3.1 155 213.857 0.10 5 

 
 
Table 2 indicates the detailed experimental results of BCR 700 analysis 

comparing ICP-OES and MP-AES data as well as the applied sample pre-
treatment techniques. The used organic rich reference material is only certified 
for elemental analysis after EDTA extraction, but Begum et al. (2012) studied its 
composition after wet digestion [38]. Thus, in the table concentration results 
gained by digestions are compared with literature data. A good correlation 
was found between the two atomic spectrometric methods and no significant 
difference occurred between them according to the statistical analysis. These 
results prove that the microwave plasma is suitable for the elemental analysis of 
organic rich soil samples providing a satisfactory multi elemental alternative 
to ICP-OES.  

The excitation source of newly released MP-AES instrument is supported 
by nitrogen gas instead of argon which price is significantly lower. Also, a 
nitrogen generator can be applied producing nitrogen gas from air making 
the system even more cost-effective during operation. However, as found in 
this study, the emission line of Zn for example is in the ultraviolet range 
(213.857 nm) which requires the continuous gas purge of the optical system 
to avoid the absorption caused intensity decrease. The nitrogen generator of 
MP-AES cannot produce enough gas for purging thus an externally connected 
nitrogen gas cylinder is suggested to purge the optics.  

In case of the EDTA extracted soil samples better recoveries were gained 
by ICP-OES compared to MP-AES (Table 3). Although both methods proved 
to be accurate we assume that the applied EDTA concentration was high and 
loaded the lower temperature microwave plasma thus further experiments 
are required to find the right concentration of the extraction solution that can 
be directly introduced to the microwave plasma without causing interferences.  
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Table 2. The elemental analysis results of BCR 700 by MP-AES and ICP-OES 
after open vessel digestion on a hot plate and closed vessel microwave  

assisted digestion (n.d.: no data is available) 

Sample Element (mg kg-1) 
MP-AES c  
(mg kg-1) Cd RSD% Cu RSD% Ni RSD% Pb RSD% Zn RSD% 

ATM_0.2g 111±0.1 0.08 192±4 2.16 389±11 2.79 305±15 4.78 947±24 2.53 

ATM_0.5g 108±2 1.65 186±4 2.36 411±24 5.83 321±2 0.58 958±69 7.17 

MW_0.2g 105±0.8 0.70 196±5 2.57 328±2 0.55 285±4 1.46 941±16 1.70 

MW_0.5g 111±5 4.79 207±14 6.66 352±5 1.47 300±0.6 0.20 914±5 0.50 
ICP-OES c  
(mg kg-1) 

ATM_0.2g 107±0.6 0.57 158±4 2.35 259±0.7 0.27 233±0.3 0.13 1342±3 0.22 

ATM_0.5g 104±1 0.95 158±2 1.05 299±4 1.38 224±5 2.14 1346±11 0.79 

MW_0.2g 89±1 1.18 157±2 1.07 329±10 3.06 239±4 1.68 1343±25 1.86 

MW_0.5g 93±0.4 0.40 158±4 2.51 221±7 3.35 232±0.8 0.35 1325±58 4.39 
Begum et al., 

2012 [34] 
132±2 n.d. 169±4 n.d. 373±6 n.d. 288±3 n.d. 1584±22 n.d.

Table 3. The MP-AES and ICP-OES results of EDTA extracted BCR700 compared to 
the certified values (recoveries are expressed in percentage difference) 

Element 
BCR 700 certified 
values (mg kg-1) 

ICP-OES 
(mg kg-1) 

Recovery 
(%) 

MP-AES 
(mg kg-1) 

Recovery 
(%) 

Cd  65.2±3.5 67.2±1.5 3.02 76±0.5 16.4

Cr  10.1±0.9 27.8±0.5 63.6 35.4±0.6 250 

Cu  89.4±2.8 85.7±0.7 -4.3 108.9±0.9 21.8

Ni  53.2±2.8 65.4±0.4 18.6 86.6±0.2 62.7 

Pb  103±5 110±2.1 6.75 119±2.5 15.1

Zn  510±17 503±18 -1.31 577±19 13.1

CONCLUSIONS 

The new microwave plasma atomic emission method was tested for 
the elemental analysis of organic rich soil (BCR 700) certified reference 
material. It was found that no significant difference occur between the open 
vessel digestion on a hot plate and closed vessel microwave assisted wet 
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digestion. Both sample preparation techniques are suitable for the pre-treatment 
of organic rich soil samples, however the microwave digestion is faster and 
easier to conduct. 

The MP-AES method proved to be appropriate for the determination of 
Cd, Cr, Cu, Mn, Ni, Pb and Zn after the digestion procedure. However, the 
EDTA level present in the extracted soil samples loaded the microwave plasma 
and better recoveries were gained by ICP-OES. The EDTA content should be 
reduced or completely removed prior to the MP-AES determination to avoid the 
matrix effects or external oxygen should be applied among nitrogen to elevate 
the robustness of the excitation source.  
 
 
EXPERIMENTAL SECTION 

 
 Sample preparation 

 

The BCR 700 certified reference material of organic rich soil was 
homogenized then dried until constant weight at 105°C in drying cabinet.  

For the open vessel digestion, on a hot plate, 0.5 grams of the dried 
sample was weighed on analytical balance (Precisa 240A) into glass beakers 
and was digested on an electric hot plate along with 4 ml 65 % (m/m) nitric 
acid (analytical grade VWR) and 0.50 ml of 30 % (m/m) hydrogen peroxide 
(reagent grade Scharlau). After the heating, samples were transferred without 
loss into volumetric flasks and filled up until 25 ml with 0.1 M nitric acid prepared 
in ultrapure water (MilliQ A10, Millipore). The sample pretreatment was carried 
out with a reduced, 0.2 grams of initial sample mass as well. The preparation 
was carried out in triplicate.  

The closed vessel microwave assisted digestion was carried out in an 
ETHOS UP system from Milestone. Digestion parameters and the thermal 
program are indicated by Table 4. The same amount of dried soil sample (0.2 g 
and 0.5 g) and chemicals were applied as well as the final volume of the gained 
solutions was 25 ml - similarly to the atmospheric digestion process.  

 
Table 4. Digestion parameters of the EHOS UP (Milestone) 

 

MW program "BCR 700" 

Nr  t  T1  E  

1 0:15:00 200°C 1800W 

2 0:20:00 200°C 1800W 
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In order to verify the digestion steps internal standards were used. 
Prior to the sample pretreatment a known concentration of Bi stock solution was 
applied since according to our preliminary measurements Bi was present under 
the limit of detection in the BCR material. Two sample series were prepared: 

 SA - containing a multi element standard stock solution (Merck IV) 
nitric acid and hydrogen peroxide,  

 SB - SA + BCR 700 and Bi.  

The prepared 5 samples contained the multi element solution in an 
increasing order from 1 mg L-1 to 5 mg L-1. After the atmospheric digestion a 
known concentration (1 mg L-1) of Y standard solution was also added to SB 
samples. The detailed compositions of the model samples are indicated in 
Table 5. 
 

Table 5. The composition of the model samples, the volume and concentration  
of the applied internal standards and digestion chemicals 

 

SA 
multi element 

standard  
1000 mg L-1 

BCR 
700 (g) 

Bi 100 
mg L-1 

Y 100 
mg L-1 

reagent 
final  

volume  
(ml) 

1. atm 0 µl - - - 
4ml 65 % HNO3 +  
30 % 0.5ml H2O2  

25 

2. atm 250 µl - - - 
4ml 65 % HNO3 +  
30 % 0.5ml H2O2 

25 

3. atm 500 µl - - - 
4ml 65 % HNO3 +  
30 % 0.5ml H2O2 

25 

4. atm 750 µl - - - 
4ml 65 % HNO3 +  
30 % 0.5ml H2O2 

25 

5. atm 1000 µl - - - 
4ml 65 % HNO3 +  
30 % 0.5ml H2O2 

25 

6. atm 1250 µl - - - 
4ml 65 % HNO3 +  
30 % 0.5ml H2O2 

25 

SB 

7. atm 0 µl 0.2000 250 µl 250 µl 
4ml 65 % HNO3 +  
30 % 0.5ml H2O2  

25 

8. atm 250 µl 0.2000 250 µl 250 µl 
4ml 65 % HNO3 +  
30 % 0.5ml H2O2 

25 

9. atm 500 µl 0.2000 250 µl 250 µl 
4ml 65 % HNO3 +  
30 % 0.5ml H2O2 

25 

10. atm 750 µl 0.2000 250 µl 250 µl 
4ml 65 % HNO3 +  
30 % 0.5ml H2O2 

25 

11. atm 1000 µl 0.2000 250 µl 250 µl 
4ml 65 % HNO3 +  
30 % 0.5ml H2O2 

25 

12. atm 1250 µl 0.2000 250 µl 250 µl 
4ml 65 % HNO3 +  
30 % 0.5ml H2O2 

25 
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The BCR 700 material is certified for EDTA extraction. On analytical balance 
5 grams of dried BCR sample was measured and 50 ml of 0.05 M EDTA 
(Merck) was added to it in Erlenmeyer flasks. Ultrasound bath (Transsonic 460/H) 
was used for one hour. Then extracted soil samples were filtered (Schleicher & 
Schuell 595 ½ 1.4 µm) into 50 ml volumetric flasks. In Table 6  the conditions 
of sample preparation applied for BCR 700 reference material are summarized.  

 
 

Table 6. The sample preparation parameters of the organic rich soil  
(BCR 700) reference material 

 

digestion BCR 700 (g) reagent final volume (ml) 
 atm. 

0.5000 
4ml 65 %HNO3 +  
30 % 0.5ml H2O2  

25 

MW 
0.5000 

5ml 65 %HNO3 +  
30 % 0.5ml H2O2 

25 

atm. 
0.2000 

4ml 65 %HNO3 +  
30 % 0.5ml H2O2 

25 

MW 
0.2000 

5ml 65 %HNO3 +  
30 % 0.5ml H2O2 

25 

extraction 5.0000 0.05M EDTA 50 

 
 
Instrumentation 

The BCR soil samples were determined for Cd, Cr, Cu, Ni, Pb and Zn 
by inductively coupled plasma optical emission spectrometry (ICP-OES 5100 
Agilent Technologies) and microwave plasma atomic emission spectrometry 
(MP-AES 4200, Agilent Technologies) after the open vessel digestion on a 
hot plate and closed vessel microwave assisted digestion as well as the EDTA 
extraction. A 5 points calibration was applied (Merck ICP IV) and the purity of 
chemicals were verified by measuring blank samples.  

The first commercially available microwave plasma atomic emission 
spectrometer (MP-AES) was released in 2011, which applies a robust excitation 
source for stable and continuous measurements. The magnetron generates 
electromagnetic wavelengths at 2.5 GHz and the magnetic field is focused 
axially around the torch. Plasma is supplied with nitrogen produced by a 
generator from air which makes the technique the most cost-effective one in the 
field of atomic spectrometry. The excitation source has a lower temperature 
(approx. 5000-6000 K) to that of the inductively coupled ones (approx. 8000-
10000 K) and the interferences occurring in the plasma is less studied so far. 
  



CSILLA NOÉMI TÓTH, SÁNDOR HARANGI, ANIKÓ KÁROLYI, ISTVÁN FÁBIÁN, EDINA BARANYAI 
 
 

 
492 

Measuring parameters together with the applied wavelengths are indicated 
in Table 7. The MP-AES software provides less parameters to be adjusted by the 
user since the microwave plasma provides robust in a narrower range compared to 
the inductively coupled one. Thus, values of nitrogen flow are fixed however the 
nebulizer pressure can be adjusted per the measured elements.  

The viewing position in case of both instruments was zero. In MP-AES 
automatic background correction was applied while in ICP-OES measurements 
fitted correction was used - both offered by the Agilent Spectra software. Solutions 
were measured in analyte type except the standards of calibration. Double pass 
spray chamber and sea spray nebulizer was used for sample introduction along 
with SPS3 (Agilent Technologies) autosampler. 

 
Table 7. The measurement parameters of MP-AES and ICP-OES 

 

MP-AES measurement conditions ICP-OES measurements conditions 

Elements 
(nm) 

Read 
time 
(s) 

Nebulizer 
pressure 

(kPa) 
Fixed 

values* 
 Read time 

(s): 5 
Nebulizer 

flow (L/min): 0.70 

Ni (352.454) 5 240 
Nitrogen 
(L/min): 22.5 

RF power 
(kW): 1.20 

Plasma flow 
(L/min): 12.00 

Cd (228.802) 5 140 
Air (L/min): 

25 
Stabilaziton 

time (s): 10 
Aux flow 
(L/min): 1.00 

Cu (324.754) 2 240 
Intermediate 

(L/min): 170 
Viewing 
mode: SVDV 

Make up flow 
(L/min): 0.00 

Mn (403.076) 2 240 

Outer 
(L/min): 

 
170 

Viewing 
height 
(mm): 8 

Pb (405.781) 5 240 
*Fixed values cannot be adjusted by the users 

Cr (425.433) 3 240 
 Bi (306.772) 5 140 

Y (371.029) 2 140 

Al (396.152) 2 240 

Zn (213.857) 3 140 

Fe (371.993) 3 120 

 
 Evaluation of data  

Statistical analysis was applied to compare the elemental analytical 
results gained by ICP-OES and MP-AES method. General Linear Model 
(ANOVA) was used (SPSS IBM 22) where the homogeneity of the groups 
was tested by Levene’s test and the significant differences were evaluated by 
Tukey’s Multiple Comparison test.  
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COMPUTATIONAL INVESTIGATION OF SPECTROSCOPIC 
PARAMETERS IN PUTATIVE SECONDARY STRUCTURE 
ELEMENTS FOR POLYLACTIC ACID AND COMPARISON  

WITH EXPERIMENT 

IZABELLA IRSAIa, ALEXANDRU LUPANa, CORNELIA MAJDIKa,  
RADU SILAGHI-DUMITRESCUa* 

ABSTRACT. Putative elements of secondary, tertiary and quaternary 
structure were examined for polylactic acid chains, attempting a parallel with 
secondary structure elements known from protein biology and also attempting 
an estimate, based on accurate atomic-level calculations, of interaction 
energies between polylactic acid chains. Spectroscopic parameters were 
predicted for all types of structure examined, in an attempt to aid our on-going 
efforts in synthesis and characterization of polylactic acid variants. 

Keywords: polylactic acid, secondary structure, NMR, EPR, DFT, 
semiempirical 

INTRODUCTION  

Poly(lactic acid) (PLA) as a biodegradable polymer has a tremendous 
potential in medical, pharmacological and environmental applications [1-4]. It 
degrades to nontoxic lactic acid which is naturally present in human body. 

PLA homopolymer can crystallize in three polymorphs: α [5-9], β 
[8,10] and γ [7, 12]. The crystal structures have been studied by X-ray 
method, the experiments show the presence of 103 and 31 helical chains of 
molecules [6,11]. 

The equimolecular mixture of poly(L-lactic acid) (PLLA) and poly(D-
lactic acid) (PDLA) enantiomers has another crystal modification known as 
the sc-form with 31 helices [13-19]. 
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The crystal structures were also analyzed by computational chemistry. 
The poly(lactic acid) polymorphs were studied by rotational isomeric state 
models [20, 21], molecular dynamics [9, 10], Monte Carlo models [21,22], 
molecular mechanics [9] and quantum chemical [23-25] simulations. It was 
found that neither a pre 103 nor 31 helix could fit the experimental data 
perfectly, suggesting a certain degree of disorder in the structure.  

RESULTS AND DISCUSSION 

Four secondary-types structure were optimized – helical structures 
(α, π, 103) and β-sheet – employing molecular mechanics, semiempirical, ab 
initio and density functional methods. The highest-level method (DFT/M062x) 
denotes that the α, π and 103 structures have very similar energies, with π 
slightly favored by values, this in a contrast with results obtained with less 
accurate semiempirical and empirical methods, which predict larger 
differences and other structures as favorites. 

Figure 1 shows optimized geometries for models of polylalctic acid 
(PLA) employed in the present study. Decameric structures of L-lactic acid 
(PLLA) as well as of alternating D,L monomers (PDLLA) were employed. 
Details of these structures and their relative energies are described 
elsewhere. The energy in the case of PLLA are generally smaller than in the 
case of PDLLA, suggesting that such structures are more stable. 

Figure 1. Graphical representation of polylactic acid geometries optimized by DFT 
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The vibrational frequencies were computed for these optimized 
structures. In addition it was calculated the vibrational frequencies of the 
polylactic structure described by DeSantis. 

The IR spectra shows characteristic bands mainly due to methylene 
and carboxylic C=O bonds. A repeat unit of PLA consists of three skeletal 
bonds: C-O, O-Cα, Cα-C. For PLA the bands are assigned due to backbone 
bond stretching (C-O, O-Cα, C-Cα,), backbone bond angle bending (O-C-Cα, 
C-O-Cα, O-Cα-C), for the side branches the bending (O-Cα-Cβ, C-Cα-Cβ, Cα-
C=O) and stretching (Cα-Cβ, C=O).

Figure 2 shows the IR spectrum of polylactic acid prepared as 
described in the Methods section. It can be seen the bands of C=O 
stretching (1751,20 cm-1), C-OC stretching (1117,42 cm-1) and CH bending 
and C-OC stretching (1064,37 cm-1). 

Figure 2. IR spectrum of poly(L-lactic acid) (cf. Materials and Methods ) 

Figure 3 shows computed IR spectra for the five secondary structure 
elements considered in the present work. The intensity of IR vibrations 
depend on the structure of the poly(lactic acid). 
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Figure 3. IR spectra of PLLA (M062x/6-31G**):(a) full spectrum; 
(b) carbonyl stretching region; (c) backbone stretching region

The IR spectra of the five structures show the same number of 
bands. The solvation does not involve any additional band. 

The bands below 225 cm-1 are mainly due to the skeletal torsion. The 
225-925 cm-1 region bands are assigned due to the bending of the side
branches. There are no significant intensities.

The CH3 is responsible for the appearance of the band in the 925-
1110 cm-1 region due to the rocking vibrations. The solvation increases the 
intensities in the case of the three helical structures.  

The C-CH3 and C-OC stretching cause the presence of bands in the 
1124-1213 cm-1 backbone stretching region. The intensities of the bands 
corresponding to C-CH3 stretch are medium in the case of the helical 
structures, the water double these values. The β-sheet and the structure 
described by DeSantis provide weak bands. C-OC stretching band are 
shown in 1151-1217 cm-1 region. Assignment of the β-sheet is the most 
intensive, six times higher than the others. The solvation increases the 
intensity further. The structure described by DeSantis has a strong band in 
this region. 

In the 1215-1412 cm-1 region it can be seen bands assigned to CH, 
CH3 bending and C-O-C stretching. The intensity of the CH bending and C-
O-C stretching in the case of β-sheet and the structure described by 
DeSantis are very strong in contrast with the helical structure. These are the 
highest intensity bands in the entire spectrum. The water does not influence 
these intensities. The CH bending intensities are roughly the same with the 
exception of structure described by DeSantis. The solvation increases the 
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intensities in the case of the helical structures. A different medium band 
appear in this region due to the CH bending and CH3 scissoring. It is worth 
noting the assignments in the 1407-1437 cm-1 region. In this interval appear 
the bands due to CH3 scissoring vibrations. In the case of the three helical 
structures are not significant intensities, but in the case of β-sheet the 
intensity is notable. 

IR spectra of the PLLA in the range of 1865-1932 cm-1 appear to be 
distinct for each of the five conformations. There is not much difference 
between the C=O stretching intensities calculated by DFT/M062x/6-31G** 
method. In turn the solvation increases the intensities in all five structures. 
The five conformers exhibit single absorption bands, spaced by about 9 and 
18 cm-1 from each other.  

The CH stretching, the symmetric and asymmetric stretching of CH3 
result the appearance of weak bands in the 3050-3191 cm-1 CH spectral 
region. It can be seen that the stretching frequencies are higher than the 
corresponding bending frequencies. 

The calculated frequencies (cm-1) and peak band assignment for the 
helical structures and β-sheet of PLLA are shown in tables 1-4. 

In order to demonstrate that the chain conformation changes the 
interval of IR frequencies it was calculated the IR spectra of PDLLA and then 
compared to experimental data. Figure 4. shows the IR spectrum of PDLLA. 
The spectrum represent the bands of CH bending and C-OC stretching 
(1088 cm-1), C-OC stretching (1188 cm-1), C=O stretching (1752 cm-1), CH3 
symmetric stretching (2945 cm-1), CH3 asymmetric stretching (2997 cm-1) and 
OH stretching (3737 cm-1). 

In the IR spectra of PDLLA it can be seen the same bands as in the 
case of PLLA. The bands below 900 cm-1 represent weak intensities. The 
CH3 rocking and C-CH3 stretching band intensities decrease slightly 
compared to PLLA. The C-OC stretching’s bands appear at lower values 
(1146-1215 cm-1) than in the case of PLLA. The intensities of the α helix and 
the β-sheet increase significantly. The calculated intensity of assignment of 
β-sheet is bigger in vacuum than in the solvated model. 

The CH bending and C-OC stretching bands have equivalent values 
in the 1204-1325 cm-1 interval, but bigger than the PLLA’s one; the β-sheet 
and the structure described by DeSantis bands’ intensities are 5-8 higher 
than in the case of the helices. It was observed that intensities of β-sheet in 
vacuum and solvation show outstanding values over the others, but these 
values are much smaller than in the case of PLLA. 



IZABELLA IRSAI, ALEXANDRU LUPAN, CORNELIA MAJDIK, RADU SILAGHI-DUMITRESCU 

500 

Table 1. Peak band assignments for α-L-LA10 

α-L-LA10 
M062X 6-31G** M062X 6-31G** water 

ν(cm-1) Intensity ν(cm-1) Intensity Assignment 
18-224 0-6 13-216 0-9 skeletal torsion

233-296 0-6 224-266 0-12 CH3 rocking 
302-399 0-48 299-394 0-73 CH3 wagging 

402 147 399 216 OH (free) bending 
407-411 32-59 401-405 32-88 CH3 wagging 

413 63 406 88 OH (free) bending 
416-558 1-18 409-592 0-148 CCO bending 

627 91 631 116 OH (COOH) bending 
663-789 1-34 663-787 1-38 C=O bending 

848 7 841 11 C-CO (carboxyl) stretching
879-909 1-31 880-908 2-37 CH3 bending + COC bending 

925-1105 1-107 924-1096 1-238 CH3  rocking 
1127-1164 13-105 1120-1155 11-220 C-CH3 stretching
1167-1189 5-82 1158-1182 2-127 C-OC stretching
1218-1331 1-118 1217-1330 31-228 CH bending + C-OC 

stretching 
1336-1373 1 -328 1331-1366 13-1022 CH bending 
1376-1406 10- 287 1367-1402 17-303 CH bending + CH3 

scissoring 
1417-1427 2-53 1409-1421 3-65 CH3 scissoring 

1447 19 1434 104 CH3 twisting (COOH end) 
1448 159 1439 148 CH3 twisting (OH end) 

1494-1532 1-19 1483-1516 3-22 CH3 twisting 
1876-1909 30 -947 1854-1885 72-1580 C=O stretching 
3074-3094 7-10 3078-3089 9-18 CH3 sym stretching 
3110-3153 1 -9 3140-3152 2-15 CH stretching 
3162-3196 1-16 3164-3196 1-25 CH3 asym stretching 

3839 61 3817 155 OH (free) stretching 
3846 94 3820 96 OH (COOH) stretching 

The intensities of the bands appearing in the IR spectra due to CH 
bending are much smaller in all five structures than the corresponding bands 
of PLLA. The band caused by CH bending and CH3 scissoring vibrations 
have the same intensity, with the exception the β-sheet. 

The values of the CH3 scissoring vibrations show tremendous growth 
relative to PLLA. In the C=O stretching region the bands are very strong, but 
they are slightly smaller than the corresponding values in PLLA. The 
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solvation increases importantly the intensities of CH bending and C-OC 
stretching and C=O stretching vibrations. In the 1815-1935 cm-1 region are 
the C=O stretching bands of PDLLA. The greatest intensity is shown by the 
β-sheet calculated in the solvated model.  

Table 2. Peak band assignments for 310-L-LA10 

310-L-LA10 

M062X 6-31G** M062X 6-31G** water 
ν(cm-1) Intensity ν(cm-1) Intensity Assignment 

19-226 0-11 17-214 0 -8 skeletal torsion
234-281 0-14 219-286 0-9 CH3 rocking 
299-400 0-58 295-396 0-170 CH3 wagging 

409 22 399 141 OH (free) bending 
410-416 9-40 403-406 4-8 CH3 wagging 

419 4 407 5 OH (free) bending 
425-588 1-230 410-596 1-135 CCO bending 

636 70 644 63 OH (COOH) bending 
655-788 0-35 660-775 0-50 C=O bending

824 14 842 21 C-CO (carboxyl)
stretching

878-910 1-45 891-909 1-37 CH3 bending + COC 
bending 

925-1106 1-93 925-1099 0-217 CH3  rocking 
1127-1164 15-106 1104-1161 41-232 C-CH3 stretching
1167-1189 5-146 1162-1185 3-213 C-OC stretching
1222-1331 3-89 1213-1329 8-369 CH bending + C-OC 

stretching 
1332-1372 11-403 1331-1365 4-938 CH bending 
1373-1403 6-182 1367-1402 11-311 CH bending + CH3 

scissoring 
1412-1426 3-88 1407-1421 12-80 CH3 scissoring 

1445 28 1430 1430 CH3 twisting (COOH 
end) 

1448 83 1445 120 CH3 twisting (OH end) 
1495-1528 0-46 1486-1518 1-33 CH3 twisting 
1875-1931 32-756 1852-1894 57-1074 C=O stretching 
3078-3094 7-10 3071-3091 9-17 CH3 sym stretching 
3115-3152 1-9 3120-3154 4-13 CH stretching
3171-3193 0-14 3159-3194 2 -25 CH3 asym stretching 

3826 62 3850 75 OH (free) stretching 
3830 100 3807 159 OH (COOH) stretching 
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Table 3. Peak band assignments for π-L-LA10 

π-L-LA10 
M062X 6-31G** M062X 6-31G** water 

ν(cm-1) Intensity ν(cm-1) Intensity Assignment 
18-225 0-6 10-222 0-6 skeletal torsion

239-286 0-66 229-291 1-12 CH3 rocking 
290-398 0 -66 296-393 1-157 CH3 wagging 

403 22 398 47 OH (free) bending 
408-411 7-26 400-403 3-81 CH3 wagging 

414 6 406 23 OH (free) bending 
420-587 2 -34 410-586 1-87 CCO bending 

611 73 606 95 OH (COOH) bending 
640-790 1-71 638-789 2-78 C=O bending

832 5 835 8 C-CO (carboxyl)
stretching

894-915 0-47 890-911 12-70 CH3 bending + COC 
bending 

928-1102 0-91 927-1097 2-240 CH3  rocking 
1124-1165 8-85 1106-1157 45-233 C-CH3 stretching
1166-1217 9-150 1163-1186 8-127 C-OC stretching
1231-1330 11-192 1216 -1334 22-320 CH bending + C-OC 

stretching 
1334-1373 6-416 1335-1365 21-586 CH bending 
1378-1411 6-222 1368-1407 6-291 CH bending + CH3 

scissoring 
1417-1433 6-104 1409-1426 9-104 CH3 scissoring 

1436 53 1431 110 CH3 twisting (COOH 
end) 

1451 3 1432 121 CH3 twisting (OH end) 
1494-1530 2-20 1487-1513 0-29 CH3 twisting 
1865-1910 34-999 1854-1878 56-1313 C=O stretching 
3050-3090 6-32 3080-3098 9-21 CH3 sym stretching 
3093-3154 0-11 3100-3151 2-15 CH stretching
3170-3191 1-12 3166-3201 1-24 CH3 asym stretching 

3835 53 3854 72 OH (free) stretching 
3846 98 3821 155 OH (COOH) stretching 

CH3 scissorings cause bands in 1409-1438 cm-1 region. The 
intensities are medium, with the solvated β-sheet showing larger values. 

The calculated frequencies (cm-1) and peak band assignment for the 
helical structures and β-sheet of PDLLA are shown in tables 5-8. 
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Table 4. Peak band assignments for β-L-LA10 

β-L-LA10 
M062X 6-31G** M062X 6-31G** water 

ν(cm-1) Intensity ν(cm-1) Intensity Assignment 
5-202 0-31 5-203 0-36 skeletal torsion

220-313 0-18 208-301 0-145 CH3 rocking 
317 65 314 8 OH (free) bending

327-402 0-18 329-397 1-26 CH3 wagging 
421-579 0-38 416-578 0-62 CCO bending

587 79 593 102 OH (COOH) bending 
602-801 0-40 601-799 2-134 C=O bending

844 13 844 14 C-CO (carboxyl) stretching
896-912 1-22 894-909 2-36 CH3 + COC bending 

932-1110 0-54 928-1106 0-49 CH3 rocking 
1130-1145 1-20 1124-1143 0-47 C-CH3 stretching
1157-1213 23-970 1151-1187 3-2171 C-OC stretching
1215-1290 4-3164 1213-1286 3-3093 CH bending + C-OC stretching 
1318-1370 1-378 1316-1366 1-341 CH bending 
1375-1412 1-83 1369-1407 2-54 CH bending + CH3 scissoring 
1414-1437 4-332 1408-1433 8-455 CH3 scissoring 

1447 76 1444 109 CH3 twisting (COOH end) 
1468 5 1459 9 CH3 twisting (OH end) 

1508-1518 5-55 1495-1509 2-75 CH3 twisting 
1865-1932 9-563 1850-1898 4-1293 C=O stretching 
3058-3095 5-23 3076-3104 8-22 CH3 sym stretching 
3117-3130 5-22 3125-3134 8-16 CH stretching
3169-3196 3-14 3163-3196 7-25 CH3 asym stretching 

3829 112 3819 103 OH (free) stretching 
3810 81  3806 169 OH (COOH) stretching 

Figure 4. IR spectrum of poly(DL-lactic acid). 
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Figure 5. IR spectra of PDLLA (M062x/6-31G**):(a) full spectrum; 
(b) carbonyl stretching region; (c) backbone stretching region

Table 5. Peak band assignments for α-DL-LA10 

600160026003600
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18501950 110012001300

α-DL-LA10 
M062X 6-31G** M062X 6-31G** water 

ν(cm-1) Intensity ν(cm-1) Intensity Assignment 
8-190 0-6 13-189 0-9 Skeletal torsion

199-241 0- 44 201-237 0-5 CH3 rocking 
242 56 238 1-5 OH (free) bending

246-290 1-7 241-294 0-18 CH3 rocking 
302-408 0-26 298-422 1-156 CH3 wagging 
428-580 1-47 427-567 2-96 CCO bending 

585 41 576 63 OH (COOH) bending 
593-807 0-57 603-802 1-87 C=O bending 

819 22 821 37 C-CO (carboxyl) stretching
881-900 3-56 881-900 2-63 CH3 bending + COC bending 

923-1092 1-35 923-1087 1-71 CH3 rocking 
1139-1168 3-39 1130-1164 10-90 C-CH3  stretching
1175-1199 12-296 1167-1198 17-289 C-OC stretching
1232-1323 10-320 1225-1324 22-838 CH bending + C-OC stretching 
1327-1380 7-163 1326-1374 17-258 CH bending 
1383-1416 13-147 1378-1412 7-294 CH bending + CH3  scissoring 
1419-1429 7-287 1414-1424 14-230 CH3 scissoring 

1436 29 1437 62 CH3  twisting (COOH end) 
1464 31 1451 40 CH3  twisting (OH end) 

1492-1528 0-35 1481-1515 1-30 CH3 twisting 
1871-1930 42-875 1854-1888 127-1047 C=O stretching 

3039 28 3029 40 CH stretching
3073-3101 3-17 3082-3102 4-20 CH3 sym stretching 
3111-3137 1-13 3115-3150 5-11 CH stretching 
3153-3213 1-26 3167-3209 2-25 CH3 asym stretching 

3907 48 3882 78 OH (free) stretching 
3830 103 3809 160 OH (COOH) stretching 
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Table 6. Peak band assignments for 103-DL-LA10 

Comparing the calculated data with the experimental data it can be 
seen that the calculated frequency values are bigger than the experimental 
values. 

103-DL-LA10

M062X 6-31G** M062X 6-31G** water 
ν(cm-1) Intensity ν(cm-1) Intensity Assignment 

15-203 0-6 23-184 0-8 Skeletal torsion
211-248 0-73 191-227 0-3 CH3 rocking 

249 0-6 23-184 0-8 OH (free) bending 
252-292 1-5 236-291 1-10 CH3 rocking 
295-420 0-17 298-420 2-192 CH3 wagging 
428-572 2-39 431-560 3-105 CCO bending

581 10 564 28 OH (COOH) bending 
604-808 0-76 601-798 0-141 C=O bending

826 10 814 21 C-CO (carboxyl) stretching
882-903 2-43 867-889 1-135 CH3  bending + COC  

bending 
924-1093 1-28 911-1080 1-123 CH3 rocking 

1138-1171 1-40 1111-1141 31-258 C-CH3  stretching
1174-1202 13-120 1146-1177 10-264 C-OC stretching
1218-1325 28-455 1204-1313 62-1119 CH bending + C-OC 

stretching 
1330-1384 7-203 1316-1368 11-286 CH bending 
1385-1419 11-139 1369-1407 4-310 CH bending + CH3 

scissoring 
1421-1429 7-248 1410-1418 13-40 CH3  scissoring 

1443 115 1428 66 CH3 twisting (COOH end) 
1464 37 1444 28 CH3  twisting  (OH end) 

1496-1533 0-26 1486-1513 6-20 CH3  twisting  
1871-1910 62-672 1815-1840 31-1034 C=O stretching 

3052 26 3045 34 CH stretching
3073-3096 3-21 3071-3097 8-15 CH3 sym stretching 
3108-3141 2-8 3117-3155 2-22 CH stretching
3154-3215 0-25 3158-3196 1-22 CH3 asym stretching 

3839 104 3764 159 OH (COOH) stretching 
3907 50 3854 76 OH (free) stretching 
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Table 7. Peak band assignments for π-DL-LA10 

π-DL-LA10 

M062X 6-31G** M062X 6-31G** water 

ν(cm-1) Intensity ν(cm-1) Intensity Assignment 

15-200 0-5 14-186 0-10 Skeletal torsion

202-247 0-3 192-236 0-7 CH3 rocking 

249 3 240 4 OH (free) bending 

253-290 1-53 242-296 0-21 CH3 rocking 

304-405 1-26 298-409 1-97 CH3 wagging 

437-565 3-36 410-568 2-59 CCO bending

585 11 572 15 OH (COOH) bending 

588-805 1-72 596-803 1-141 C=O bending

832 9 825 48 C-CO stretching

879-903 2-25 857-902 0-43 CH3  bending + COC  
bending 

923-1099 1-32 923-1087 1-96 CH3 rocking 

1134-1169 4-59 1125-1163 11-144 C-CH3  stretching

1171-1199 31-144 1167-1196 36-185 C-OC stretching

1221-1323 20-433 1209-1323 24-1048 CH bending+ C-OC 
stretching 

1329-1379 6-177 1331-1372 11-213 CH bending 

1386-1417 14-209 1377-1412 12-178 CH bending + CH3 
scissoring 

1421-1438 1161-101 1413-1429 6-236 CH3  scissoring 

1440 40 1437 106 CH3 twisting (COOH end) 

1466 18 1454 33 CH3  twisting (OH end) 

1488-1526 3-20 1482-1516 2-32 CH3  twisting   

1856-1910 29-531 1854-1881 87-886 C=O stretching 

3066 12 3031 40 CH stretching

3084-3102 3-15 3081-3101 4-19 CH3 sym stretching 

3109-3154 2-9 3118-3153 5-14 CH stretching

3163-3210 1-29 3167-3208 2-22 CH3 asym stretching 

3893 51 3882 79 OH (free) stretching 

3836 102 3815 156 OH (COOH) stretching 
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Table 8. Peak band assignments for β-DL-LA10 

NMR 

Another important tool to characterize the structure of the polymer is 
the NMR spectroscopy. It was used 1H NMR and 13C NMR spectroscopy. In 
the 1H NMR spectra the determined chemical shifts correspond to CH and 
CH3 resonance. CO, CH3 and CH resonance are found in 13C NMR spectra. 
The 1H NMR spectra of the PDLLA obtained by polycondensation of DL-lactic 
acid is shown in figure 6. The NMR analysis of poly(lactic acid) were found 

β-DL-LA10 
M062X 6-31G** M062X 6-31G** water 

ν(cm-1) Intensity ν(cm-1) Intensity Assignment 
4-197 0-47 5-194 0-41 Skeletal torsion

212-244 0-7 208-240 0-4 CH3 rocking 
248 23 244 2 OH (free) bending 

256-318 1-11 249-316 0-161 CH3 rocking 
329-389 0-16 320-384 1-22 CH3 wagging 
396-600 0-71 390-602 0-102 CCO bending 

607 205 615 24 OH (COOH) bending 
613-808 1-45 616-803 1-224 C=O bending 

844 11 846 14 C-CO (carboxyl) stretching
896-912 2-43 891-908 1-29 CH3  bending + COC  

bending 
931-1105 1-46 926-1104 1-93 CH3 rocking 

1126-1146 1-24 1121-1140 2-32 C-CH3  stretching
1152-1215 9-1571 1147-1201 5-1311 C-OC stretching
1217-1286 1-2570 1211-1283 3-2270 CH  bending + C-OC 

stretching 
1295-1367 7-166 1301-1363 13-150 CH bending 
1367-1411 1-102 1365-1406 0-80 CH bending + CH3 

scissoring 
1412-1435 1-254 1409-1435 1-403 CH3  scissoring 

1445 88 1449 102 CH3 twisting (COOH end) 
1454 37 1452 55 CH3  twisting  (OH end) 

1507-1523 3-37 1495-1516 6-57 CH3  twisting 
1900-1935 24-888 1870-1901 5-2423 C=O stretching 

3042 28 3065 34 CH stretching 
3075-3092 5-15 3077-3094 8-321 CH3 sym stretching 
3114-3125 9-13 3128-3137 5-27 CH stretching 
3156-3198 0-20 3162-3199 7-23 CH3 asym stretching 

3827 110 3797 170 OH (COOH) stretching 
3903 39 3887 81 OH (free) stretching 
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considerably improved by recording spectra in DMSO-d6 instead of CDCl3 
[27].The most intensive signals were those located at 1.45 and 4.93 
respectively 1.46 and 5.16 ppm which correspond to CH and CH3 resonance 
in PLLA respectively PDLLA. 

Figure 6. 1H-NMR spectrum of PDLLA. 

 The simulated 1H NMR spectrum of PLLA is shown in figure 7. 

Figure 7. 1H NMR spectra of PLLA (M062x/6-31G**). 

123456

10alfa

10Pi
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The shifts of 13C NMR spectrum of the four secondary-type structure 
of PLLA calculated by DFT/M062x/6-31G** method are larger than those 
calculated in solvated models (Table 9.). The 1H NMR chemical shifts of 
PLLA are not always smaller in solution (Table 10.). Taking into account all 
five NMR signals covered by these two Tables, the β and π structures appear 
to generally yield the closest values to the experiment. 

Table 9. Computed and experimental 13C NMR Chemical shifts (δ, in ppm) of 
CO, CH and CH3 of PLLA in vacuum (v) and water (w), respectively 

PLLA α π 103 β 
Exp.  

v w v w v w v w 
δ (CO) 178 175 178 175 177 175 175 172 172 
δ (CH) 72 68 72 68 72 68 72 67 66 
δ (CH3) 19 13 19 13 18 13 19 14 17 

Table 10.  Computed and experimental 1H NMR Chemical shifts (δ, in ppm) of 
CH and CH3 of PLLA in vacuum (v) and water (w), respectively

PLLA α π 103 β 
Exp. 

v w v w v w v w 
δ (CH) 5.2 5.1 5.1 5.1 5.2 5.1 5.3 5.5 4.9 
δ (CH3) 1.7 1.7 1.7 1.6 1.7 1.7 1.7 1.6 1.5 

Figure 8 shows the calculated 1H NMR spectrum of PDLLA. 

Figure 8. 1H NMR spectra of PDLLA (M062x/6-31G**). 

123456

10 DL alfa

10 DL Pi

10 DL 310

10 DL
DeSantis
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Same as in the case of PLLA the chemical shifts of 13C NMR spectrum 
of PDDLA show smaller values in solvated model (Table 11.). The 1H NMR 
shifts due to CH resonance are bigger in all four structures (Table 12.).  

Table 11. 13C NMR Chemical shifts (δ, in ppm) of CO, CH and CH3 of PDLLA in 
vacuum (v) and water (w), respectively 

PDLLA α π 103 β 
Exp. 

v w v w v w v w 
δ (CO) 177 174 177 174 178 176 175 172 169 
δ (CH) 73 68 73 69 73 67 71 67 69 
δ (CH3) 18 13 18 13 18 13 19 14 16 

Table 12.  1H NMR Chemical shifts (δ, in ppm) of CH and CH3 of PDLLA 
in vacuum (v) and water (w), respectively

PDLLA α π 103 β 
Exp. 

v w v w v w v w 
δ (CH) 5.0 5.1 5.1 5.1 5.1 5.1 5.4 5.5 5.2 
δ (CH3) 1.7 1.7 1.6 1.6 1.7 1.6 1.5 1.6 1.5 

The NMR spectra of PLA can give information about the 
stereochemistry of the composition. The CO chemical shifts are larger in 
the α, π and β forms of PLLA, while the CH3 shifts are larger in the case of 
the three helical structures of PLLA. The chemical shifts of 1H NMR spectra 
of PLLA show larger values in all cases except the CH shifts of β-sheet.  

CONCLUSIONS 

Geometry optimization performed on polylactic acid at different levels 
of DFT methods suggest that the most stable of the four structures is the π 
helix and the least stable is the β sheet.  

The calculated chemical shifts of both 13C NMR and 1H NMR are 
slightly larger than the experimental one. The solvation reduces the value of 
the NMR chemical shifts.   

The secondary structure of poly(lactic acid) cannot be conclusively 
clarified from the calculated IR and NMR spectra, suggesting either a need for 
using more appropriate computational methods or the occurrence of previously 
unconsidered elements of secondary structure, or the total lack thereof.  
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EXPERIMENTAL SECTION 
 
 Materials. Aqueous solutions of L-(+)-lactic acid from Sigma-Aldrich 
(80%), DL-lactic acid from Fluka (90%) were used. PLLA and PDLLA were 
synthetized by direct dehydropolycondensation. Lactic acid, toluene and 
0.1% tin(II) 2-ethylhexanoate catalyst were mixed into a reaction vessel 
equipped with a Dean-Stark-type condenser, and heated to the refluxing 
temperature of the solvent. The reaction time was 20 h. The final product was 
dissolved in chloroform and precipitated in diethyl ether for purification. The 
polymer was then filtered out from diethyl ether and dried under vacuum. 
 Measurements. NMR spectra were recorded with a Bruker Avance 
300 spectrometer at the following frequencies: 1H, 300.13 MHz; 13C, 75.47 
MHz (reference TMS) with DMSO-d6 as the sovent. IR spectra were 
recorded with a Vector 22 Bruker spectrometer by direct introduction method 
and a Jasco FT/IR Specord 600 spectometer in KBr pills. The molecular 
weights were determined by MALDI-TOF MS (Matrix Assisted Laser 
Desorption Ionization) analysis with a Bruker BIFLEX IIITM spectrometer.  

Molecular simulation. A vibrational analysis and NMR simulation 
has been carried out to analyze the secondary structure of poly(lactic acid) 
resulted from esterification of ten lactic acid units, hereafter referred to as 
LA10. These models were built in the Hyperchem [28] software package using 
built-in options of the Editor module for creating helical structures as well as 
sheet. Spectroscopic parameters were predicted for helical (α, π, 103) and β-
sheet structures, in an attempt to aid our on-going efforts in the synthesis and 
characterization of poly(lactic acid) variants. 

The methods tested here include density functional (M062X/6-31G*, 
M062X/6-31G**, solvated M062X/6-31G**) applied with standard convergence 
criteria as defined in Gaussian 09 [29]. Spectral parameters were invoked 
using the commands Freq and NMR. In terms of the importance of solvation, 
this is estimated by comparing values computed in water (as a limit of very 
polar medium) and vacuum (as a limit of completely non-polar medium). 
Further detail on geometry optimizations and on relative energies of the 
structures are given elsewhere [30].  
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