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ABSTRACT. Ifosfamide is a potent alkylating agent used to treat many forms
of human cancer. Exposure to this substance for the long term even in small
quantities has serious negative effects on human health and the environment.
This study presents an ecological method of electrochemical inactivation of
ifosfamide in an automatic laboratory installation. The neutralization process
consists of ifosfamide electrochemical and chemical oxidation via reactive
chlorine species generated in situ at the anode of the electrochemical reactor
with asymmetric current densities. The neutralization efficiency of ifosfamide
using this method is approximately 99% if the duration of the electrodegradation
process under the presented conditions is 30 minutes.

Keywords: electrochemical wastewater treatment, ifosfamide, electrooxidation,
asymmetric current density reactor

INTRODUCTION

In recent years, the problem of eliminating liquid waste from medical
institutions by ecological methods has become increasingly acute. In most
cases, incineration is not a viable solution for this category of waste due to
the very large volumes, and at the same time, during incineration process a
series of chemical compounds harmful to the environment are generated [1,2].
Medical units with an oncological profile generate large amounts of liquid waste
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(i.e. patients' urine) that often contains significant amounts of cytostatic drugs
either unmetabolized or metabolized into other species with cytotoxic, mutagenic,
carcinogenic and teratogenic activity. In 1996, the International Agency for
Cancer Research (IARC) proposed the use of chemical treatments with oxidizing
agents, acids or bases for the neutralization of cytostatic wastewater [3,4].

Nowadays, hematooncology is increasingly using high-dose cytostatic
therapies associated with stem cell transplantation in order to save a large
proportion of patients who until recently were considered incurable. I[fosfamide is
one of the most commonly used cytostatic drugs in these treatments, administrated
in high-doses per day from which approximately 50% is excreted unchanged
in patients’ urine [5,6].

The aim of this current study is the design and testing of an automated
laboratory installation that allows inactivation of ifosfamide content from
contaminated wastewater by chemical and electrochemical oxidation in a reactor
with asymmetric current densities [7,8]. In the literature, electrochemical methods
are used relatively frequently to remove hazardous pollutants but ordinary
electrochemical reactors are used having electrodes with equal surfaces that
can not only promote the oxidation reaction of the pollutants, thus implicitly
generating reduced forms of them which themselves constitute potential polluting
agents. The major advantage of the installation presented in the paper is the
use of the electrochemical reactor with asymmetrical current densities, which
is especially favoring the anodic electrooxidation reactions by using an anode
with a significantly larger surface area than the cathode. This constructive aspect
ensures a high efficiency of inactivation of cytotoxic pollutants compared to
a regular electrochemical reactor. Compared to the classical methods, the
electrochemical methods are much more eco-friendly [9].

RESULTS AND DISCUSSIONS

The experimental installation designed by our group, consists of three
distinct parts: the electrochemical reactor with asymmetric current densities,
hydraulic part and the automation devices [10]. Figure 1 presents the scheme
of experimental installation depicted at large in the experimental section. The
ifosfamide contaminated wastewater from tank-14 is fed inside the electrochemical
reactor-1. The electrochemical reactions takes place for about 30 minutes,
during which samples are being collected from time to time and analyzed by
HPLC in order to determine ifosfamide contents. After reaction completion, the
treated ifosfamide wastewater is placed in tank-17. The experiment involved
several runs, using an artificial sample with predefined ifosfamide content
(50 mg/dL) and samples of urine from patients under the cytostatic therapy.
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Legend:

1 - Electrochemical reactor

2 -Fill / drain nozzle

3 - Mechanical stirrer

4 - Electric engine

5 - Catode

6 - Anode

7 - Upper level detector

8 - Lower level detector

9 - Compressor

10 - Electrolysis gas evacuation
11 - Nozzle sampling

12 - Electrolysis power supply
13 - Electric pump

14 - Wastewater tank

15- Sense valve

16 - Electromagnetic valve

17 - Treated water tank

Figure 1. The simplified scheme of laboratory-scale ifosfamide

wastewater depuration installation

The evolution of the ifosfamide concentration during treatment of artificial
wastewater and the urine samples from the ten patients is presented in Table 1.
The ifosfamide concentration is gradually decreasing until dropping below
the limit of detection (LOD) of the HPLC detector in about 30 minutes. The
calculated values for the detection and quantification limits were: LOD = 0.05
mg ifosfamide/dL, and LOQ = 2.54 mg ifosfamide/dL.
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Table 1. Evolution of ifosfamide concentration during electrochemical
treatment for synthetic and urine samples

Time (min) 0 1 2 3 4 5 10 15 30
Ifosfamide
artificial 50 35 27 205 14 12 3 0.3 -
sample
[mg/dL]
Sample 1
[ma/dL] 32 24 19 14 11 9 0.6 0.2 -
Sample 2\ 435 | 33 | 265 | 19 | 145 |115| 08 | 03 | -
[mg/dL]
Sample 3
[mg/dL] 30 22 17 12.5 10 8 0.6 0.2 -
Sampled | 55 | o4 | 185 | 135 | 10 | 7 | 06 | 03 | -
[mg/dL]
Sample 5
[ma/dL] 42 31 25 18 14 11 0.7 0.2 -
Sample 6
[ma/dL] 41 31 23 16.5 12 10 0.7 04 -
Sample 7
[mg/dL] 54 40 32 23 18 14 1 0.3 -
Sample 8 | g | o7 | 22 16 | 125 | 95 | 06 | 02 | -
[mg/dL]
Sample 9
mgrL] | 2 18 14 | 105 8 65 | 04 | 0.1 -
Sample 10
[ma/dL] 36 26 21 15 11.5 9 0.7 0.3 -

Figure 2 shows the variation of ifosfamide concentration from artificial
sample during electrochemical depuration process obtained by regression
curve. From the analysis of the experimental data it is observed that 15 minutes
are sufficient for the inactivation of synthetic wastewater and 10 minutes for urine
samples (ifosfamide concentration decreases below LOQ in all samples).
From the chart, it can be noticed that the decreasing in ifosfamide concentration
during electrochemical process follows an exponential equation (1) obtained
by regression curve:
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Figure 2. Variation of ifosfamide concentration from artificial wastewater
during electrochemical depuration

The correlation coefficient (R? = 0,994) indicates that equation (1) fits
very well the evolution of ifosfamide concentration from synthetic wastewater
during the electrochemical process of treatment [11,12].

Ifosfamide is a cyclophosphamide isomer, having one of the N-chloroethyl
substituents moved to the nitrogen atom from the oxazophosphoric ring. The
mechanism of action is similar to that of cyclophosphamide. From the
pharmacokinetic data it is found that the bioavailability of the product is
100%, the half-life is 5-6 hours, and the renal elimination is 50% unchanged.
Ifosfamide is administrated in patients in high doses of 2 - 3 g/m? body
surface area per day in bone marrow transplantation procedure.

Experimental data show that this electrochemical method is efficient
for purifying wastewater with ifosfamide content. The operating parameters
of the electrochemical treatment device have been optimized through a series of
preliminary experiments. The concentration of 5% NaCl solution was optimal
in terms of the speed of the electrochemical process, under the conditions in
which it was desired to minimize the amount of reagents used. Also the intensity
of the electrolysis current of 1 A ensures a reasonable speed of inactivation
of the cytotoxic agent, avoiding an excessive heating of the electrolyte that
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would generate harmful vapors and would require the existence of a cooling
system that would increase the total energy consumption of the installation.
The most likely mechanism of this degradation is presented by the sequence
of reactions shown in Figure 3.
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Figure 3. Degradation mechanism of ifosfamide
by electrochemical oxidation
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From the analysis of the experimental data obtained from the depuration
of the urine samples from the 10 patients it is observed that they are very
close to the theoretical regression curve calculated using the equation (1) and
shown in Figure 4. This confirms that the proposed electrochemical method
can be successfully applied to any urine sample containing ifosfamide within
the specified concentration range.
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Figure 4. Experimental data obtained during electrochemical depuration of
ten urine samples vs. theoretical model applied on the synthetic sample.

The yield of the electrochemical degradation (2) was calculated using
the initial average concentration (C;) of the ten urine samples before
the electrochemical treatment and the final average concentration (Cy) after
10 minutes of degradation treatment (value below LOQ), right before the
concentrations drops below the limit of detection. Equation (2) displays the
average calculated yield for the electrochemical method of ifosfamide wastewater
treatment using average concentrations of the real urine samples:

Nifosfamize = 100 — =2+ 100 = 99.33% (2)

1
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CONCLUSIONS

The proposed electrochemical method and the experimental installation
presented are very well suited for treatment of wastewater with ifosfamide content
from medical institutions with an oncological profile. The use of electrochemical
reactors with asymmetric current densities represents an ecological method
of treatment of these wastewaters, as their products are mostly compounds
with reduced impact onto environment in the given concentrations.

EXPERIMENTAL SECTION

Description of the experimental installation and the operating
mode

The experimental installation consists of: the electrochemical reactor
with asymmetric current densities, tanks for sample storage and related
pumps and the automation devices [10]. Figure 1 presents the scheme of the
laboratory-scale experimental installation.

The most important part of the experimental installation is the
electrochemical reactor with asymmetric current densities (fig. 1 - 1), made
up of a plexiglass container with a useful volume of 100 cm?, with a filling /
draining nozzle at the bottom (fig. 1 - 2), a mechanical stirrer (fig. 1 - 3), operated
by an electric micro-motor (fig. 1 - 4). The cathode of the reactor (fig. 1 - 5)
is constructed from a stainless steel wire spiraled around the shaft of the
mechanical stirrer with a diameter of 1 mm and a length of 115 mm, having
a working surface of 3.6 cm?. The anode (fig. 1 - 6) is made of 8 graphite
bars connected in parallel from an electrical point of view, with a total usable
area of 45.2 cm?. Under the experimental conditions presented in this paper,
the anodic current density is 220 A/m?, while the cathodic current is 2700
A/m?. The power supply of the electrochemical reactor (fig. 1 - 12) generates
a constant current (1 A) throughout the electrolysis thus maintaining the kinetic
constant of the electrochemical process. To remove the gases resulting from the
electrochemical process, the reactor is continuously purged with compressed air
(100 cm? / min) generated by a microcompressor (fig. 1 - 9) and discharged
out of the laboratory through the corresponding nozzle (fig. 1 - 10). For sampling
of the reaction mass for physico-chemical analyses, the reactor is provided
with a nozzle valve (fig. 1 - 11). The reactor is provided at the top and bottom
respectively with two level sensors (fig.1 - 7,8) through which the electric pump is
controlled during the filling of the reactor, respectively the electromechanical valve
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for draining [11]. The hydraulic part includes the wastewater tank (fig. 1 - 14) with
the volume of 2 L from which the water is fed to the reactor using an electric
pump (fig. 1 - 13). In order to avoid water leakage back, a sense valve is mounted
on the hydraulic path immediately after the pump. The purified waste water is
evacuated from the reactor by means of the electromechanical valve (fig. 1 - 16),
in a storage tank of 2 L capacity (fig. 1 - 17).

The automation device includes an acquisition board (LabJak U3) with
appropriate amplifiers for all signals, a laptop, and custom made software. This
device controls the filling and emptying of the reactor by means of level sensors,
the electric pump and the electromechanical valve, as well as the duration of the
electrolysis by controlling the power supply of the electrochemical reactor.
Additionally, this device controls the operation of the mechanical agitator and
the compressor for the exhaust gases resulting during the electrochemical
process [14,15].

Depuration of Ifosfamide contaminated wastewater

For these experiments, urine samples were collected from 10 patients
treated for various malignant lymphomas. The administered doses were in
the range 3.4 - 5.1 grams ifosfamide in 24 hours. Of this, about 50% is eliminated
unchanged by the kidneys and along the urine of the respective patients the
environment is contaminated.

The medium concentration of ifosfamide in the analyzed samples was
37 mg/dL in the salefied urine (5% NaCl). An artificial ifosfamide wastewater
with a concentration of 50 mg/dL ifosfamide in 5% NaCl solution was also
prepared and compared against the real samples. Depuration duration was
30 minutes for all samples including the artificial waste water, at electrolysis
constant current 1A [16,17,18].

For the collection of urine samples, each patient completed and signed
an informed consent and obtained the approval of the Bioethics Commission
of the University of Medicine and Pharmacy "V. Babes” Timisoara.

Ifosfamide concentrations were measured using a high performance
liquid chromatography (HPLC) - Agilent 1100 system equipped with a
spectrophotometric detector. The analysis conditions were as follows: mobile
phase acetonitrile : water = 20 : 80. The pH of the samples was adjusted to
5 with phosphate buffer. The mobile phase flow rate was constant: 1 mL / min. A
20 uL sample was injected into a C18 Zorbax SB column at 25°C temperature.
The spectrophotometric detector was set at 373 nm. The acquisition time was 10
minutes for each sample [19,20]. Prior to HPLC analysis, all samples were
treated with a 5% sodium thiosulphate solution (100 yL to 900 pL sample) to
neutralize traces of free chlorine and kept in the refrigerator until analysis.
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To determine the concentration of ifosfamide in the studied samples,
both synthetic residual water with ifosfamide content and urine samples from
patients, a calibration curve was constructed using ifosfamide (= 98%) purchased
from Sigma-Aldrich, in the concentration range 0, 1 - 50 mg / dl. For all
concentrations, three determinations were made. Figure 5 shows graphically
the average values of the areas corresponding to the peaks of ifosfamide for
each concentration.
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Figure 5. Ifosfamide HPLC calibration curve

The limit of detection (LOD) and the limit of quantification (LOQ) were
estimated with the following mathematical relations:

__ (3,3:SD)—intercept
- slope

LOD

3)

and

(10 -SD)— intercept
slope

LOQ =

(4)
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