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bstract

Electrolytic transformation of benzene in water is evaluated as a potential mechanism that can be implemented for in situ remediation of benzene
n groundwater. Electrolytic transformation experiments were conducted using inert electrodes that are separated by a membrane. Electrolytes
hat consist of sodium chloride or sodium nitrate solutions with 40 mg/L benzene concentration were used. Electric currents of 1, 5 and 10 mA
1.8, 9.0 and 18.1 mA/L, respectively) were applied and the transformation of benzene was monitored and compared with a control. The results
how that electrolytic transformation of benzene occurred under different rates that depend upon the type of electrolyte and the current density.
ransformation results in formation of chlorinated benzene when sodium chloride is the electrolyte. However, processing for long enough time
up to 300 h) resulted in transformation of the chlorinated benzene byproducts. Benzene transformation occurred when the electrolyte was sodium

itrate but the rate was slower than the case with sodium chloride. The results did no show formation of byproducts in this case. The transformation
ate was dependent on the current density. The results with sodium chloride showed that the rate increases with increasing the current density, but
here is an optimum value, beyond which increasing the current density will not increase the transformation rate.

2007 Elsevier B.V. All rights reserved.
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. Background

Benzene, also known as benzol is a colorless liquid with a
weet odor that is found in the environment mainly as a result of
uman activities. Benzene is a very stable (non-reactive) organic
ompound. Because of its wide use, benzene ranks among the top
0 chemicals produced in the United States. Industrial processes
re the main sources of benzene in the environment. Industrial
ischarge, disposal of products containing benzene, and gaso-
ine leaks from underground storage tanks can release benzene
nto water and soil. Groundwater contamination by benzene is
ery common in industrialized countries specially United States,
estern Europe and countries that produced oils in economical
evels. Petroleum contamination is a result of surface leakage,
eakage from tank storage and landfill leachate.

� Any opinions, findings, and conclusions or recommendations expressed in
his material are those of the authors and do not necessarily reflect the views of
he National Science Foundation.
∗ Corresponding author. Tel.: +1 617 373 3994.

E-mail address: aalsha@coe.neu.edu (A.N. Alshawabkeh).
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Methods used for benzene treatment in soil and ground-
ater include biological degradation (aerobic or anaerobic),

hemical oxidation, adsorption, and soil washing with surfac-
ants. Rooney-Varga et al. [1] investigated the composition of

icrobial community during benzene oxidation by in situ Fe
III)-reducing conditions in a petroleum-contaminated aquifer.

einer and Lovely [2] showed that [14C] benzene was converted
o 14CH4 and 14CO2 by methanogenesis without an apparent lag.
henol, acetate, and propionate were intermediates in benzene
ineralization. Lo et al. [3] showed that tricaprylmethyl-

mmonium (TCMA)–bentonite complexes could be used as an
dsorbent to enhance the purification of aromatic hydrocarbon-
ontaminated water or act as a liner material for removing non-
olar contaminants. While benzene, and other contaminants,
an be transformed by biological and chemical methods, there
re always challenges. For example, biological methods tend to
equire a relatively long time (on the order of weeks) for degra-
ation, and chemical methods require injection of significant

olumes of additives, such as hydrogen peroxide or chlorine gas.

Electrolytic methods can be used for transformation of
rganic contaminants, such as benzene. Electrolytic methods
re based on passing a direct current (dc) across electrodes in

mailto:aalsha@coe.neu.edu
dx.doi.org/10.1016/j.jhazmat.2007.01.033
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metal oxide coating (MMO) and having a mesh structure,
are 10.2 cm× 1.3 cm× 0.12 cm (4 in.× 0.5 in.× 1/16 in.). A lab
bench dc power supply (HPE3612A) is used to deliver direct
50 H. Sarahney, A.N. Alshawabkeh / Journa

n aqueous medium. If the electrolytes are separated to pre-
ent mixing but allow charge flow, then two main pH and redox
onditions may develop: at the anolyte (anode solution), pro-
ons and oxygen are produced (oxidizing, acidic conditions
evelop); at the cathode, hydroxyl anions and hydrogen gas are
roduced (reducing, alkaline conditions develop). Other elec-
rolysis products may result depending on the availability of
ons and their electrochemical redox potentials. Although some
econdary reactions might be favored at the cathode because of
heir lower electrochemical potential, the water reduction half-
eaction is dominant. Within the first few days of processing,
lectrolysis reactions drop the pH at the anode to below 2 and
ncrease it at the cathode to above 10 [4]. The presence of chlo-
ide ions may result in the formation of chlorine gas instead of
xygen gas at the anode.

The process can be used for in situ transformation of contam-
nants in groundwater. Electrochemical redox barriers (ERBs)
re permeable electrodes that can inserted in aquifers to inter-
ept and treat contaminated flowing groundwater. The concept
s introduced in recent studies [5,6]. Oxidizing or reducing con-
itions can be developed at the electrodes, depending on the
ransformation kinetics of the target contaminants. Once the
ontaminated water flows through the electrochemical redox
arriers, transformation will occur. The ERB’s can be used for
ransformation of petroleum products, such as benzene. Sev-
ral studies have indicated that electrolytic transformation of
enzene and other organics is feasible.

Ito et al. [7] evaluated electrochemical effects on benzene
sing an aqueous sulfuric acid containing 10 ml of benzene per
00 ml solution as an anolyte and an aqueous 0.1 M acetate solu-
ions with some acetonitrile and 10 ml of benzene as a catholyte.
enzene was oxidized to hydroquinone at the cathode compart-
ent indirectly, while at the anode, benzene was oxidized to

enzoquionone. To generate the indirect oxidation conditions
t the cathode, oxygen was bubbled through the catholyte dur-
ng electrolysis producing OH• radicals that are required for
he oxidation of benzene. Zaveri and Flora [8] demonstrated the
erformance of laboratory-scale two compartment septic tanks
n response to electrolytic aeration of the septic tank compart-

ent to stimulate biodegradation. In a study of electrochemically
nhanced oxidation of naphthalene, Franz et al. [9] evaluated
he characteristics of oxygen generation, and side reactions of
n electrolytic cell assembly that could be used to remediate
ites with contaminants that are amenable to aerobic biodegra-
ation. The distance between the electrodes was 1.4 cm, which
oes not allow separation of electrolysis products at the cath-
de and anode. Removal of 98% of naphthalene was reported
hen chlorine concentration in the electrolyte was 35 mg/L at
H 4. The removal efficiency was orders of magnitude higher
han that at neutral pH. Goel et al. [10] investigated naphthalene
emoval by electrochemical aeration and evaluated the role of
nodic oxidation of chloride, formation of HOCL and cathodic
eduction of oxygen, producing hydrogen peroxide for direct

xidation of naphthalene. Alshawabkeh and Sarahney [5] eval-
ated the effect of current density on electrolytic transformation
f naphthalene. The results showed that transformation rates
ere dependent on the current density. Most of naphthalene

e

a

azardous Materials 143 (2007) 649–654

ransformation occurred in the first four hours under rates of
.24 and 1.11 mg/L h under 18.2 and 9.0 mA/L, respectively.
aphthalene transformation was attributed to electrochemically

nhanced oxidation at the anolyte by chlorine gas produced by
lectrolysis.

Direct electrochemical oxidation at the anode may result in
reakdown of some organic contaminants, depending upon the
lectrode type and the electrochemical redox potential of the tar-
et. Arapoglou et al. [11] used a Ti/Pt anode and a stainless steel
athode to electrochemically detoxify methyl-parathion (MeP)
esticide in 2 h. The transformation of MeP was more effective
hen the pH of the brine solution was acidic. Torres et al. [12]
emonstrated electrochemical oxidation of industrial wastewa-
ers containing 5-amino-6-methyl-2-benzimidazolone (AMBI),
n Pt anodes in 45 min. Pulgarin et al. [13] showed that electro-
xidation of 1,4-benzoquinone in water solution depends on the
ypo of electrode. Primary oxidation (i.e., the breakdown of the
enzene ring), was attained at the IrO2 anode, resulting in an
ccumulation of carboxylic acids formation as final non-toxic
roducts. Using the SnO2 anode, carboxylic acid was formed as
n intermediate product by oxidation to form CO2 as the final
roduct.

Based on these studies, a technology for electrochemically
nhanced transformation of contaminants, such as benzene, can
e developed for in situ or ex situ treatment of contaminated
roundwater. However, it is necessary to evaluate electrochem-
cally enhanced transformation of contaminated water prior to
ngineer in situ electrochemical remediation technologies. This
tudy focus on batch reactors to demonstrate electrochemically
nhanced transformation of benzene. The specific objective of
his study is to evaluate benzene transformation at the anode
sing different electrolytes and under different electric current
ensities.

. Materials and methods

The electrochemical transformation experiments were con-
ucted using glass reactors. Glass was used as the reactor
aterial to minimize cell wall adsorption. Each reactor con-

ists of two 550 ml, bottle shaped compartments that are
onnected together by a glass tube at the bottom (Fig. 1). A
roton-permeable membrane (Nafion®1-112) was used as a
ell junction that physically separates the electrolytes in the
wo compartments. Nafion® membranes perform as a sepa-
ator and solid electrolytes that selectively transport cations
cross the electrochemical cell junction. They are chemically
esistant and durable. Each compartment has one port that is
sed for both fitting the electrodes into the solution and sam-
ling. The electrodes, made of a titanium core with mixed
lectric current.

1 Nafion® is a Dupont registered trademark for its brand of perfluorosulfonic
cid polymer products, made and sold by E.I. du Pont de Nemours and Company.
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faster rate. Fig. 3 shows that more than 87% of benzene was
transformed in the first 50 h of treatment. While the current
density is five times the previous experiment (1.8 mA/L), the
transformation percentage increased from 56% to 87%. In other
Fig. 1. Experimental setup.

The study evaluated the effects of three current densities: 1.8,
.0 and 18.2 mA/L (1, 5 and 10 mA, respectively) on 40 mg/L ini-
ial benzene concentration. The current densities are presented
er volume of electrolyte to indicate the amount of electric
harge applied per specific volume of electrolyte, which is use-
ul for evaluating the electrochemical changes in the electrolyte.
his is different than the electrokinetic or electrophoresis appli-
ations in which the current densities are measured per cross
ectional area, an important parameter for species transport rates.
fter 9 days of processing, the electrode polarity was reversed

or 3 days to assess the role of electrochemically enhanced
eduction following the electrochemically enhanced oxidation.
nother cell was used as a control (no electric current applied)

o account for physical losses through volatilization, the losses
hrough adsorption onto the electric cell glass walls and the
osses into the Teflon coated port cover.

Fifty millilitres of NaCl (0.2 M) was used to increase the
onductivity of the electrolyte. To assess the effects of chlo-
ide, tests were also conducted using similar concentrations of
odium nitrate solution as an electrolyte. All electrochemical
edox cells, including the control, were conducted inside dark
oxes to prevent any potential photo-oxidation. Replicate exper-
ments were also conducted to assess the effect of the anolyte
as a medium) on the benzene degradation. A current density of
8.9 mA/L was applied for 3 days on a 0.018 M NaCl solution
n deionized water without injecting benzene. The anolyte was
ransferred to 100 ml serum bottles and benzene was injected
nto the solution to form 45 mg/L concentration.

Measurement of pH was conducted using ThermoOrion com-
ination electrode with a VWR Scientific Model 200 Meter.
he pH electrode was standardized using commercial buffer
f pH 7 and appropriate buffer of either pH 4 or pH 10.
edox potential (Eh) of the electrolytes was determined using
Cole–Parmer combination Ag/Ag/Cl reference electrode with

platinum (Pt) band and an Accumet Basic meter. The elec-

rode was standardized by YSI Zobell ORP calibration solution.
illivolt readings were converted to Eh, using the electrode

eadings plus the standard potential of reference electrode at a
azardous Materials 143 (2007) 649–654 651

iven temperature. Conductivity measurements were conducted
sing a Cole–Parmer conductivity cell, model 19550-60, and a
ole–Parmer conductivity meter, model 30. Chemical injection
nd liquid sampling were conducted using Hamilton series 1700
astight Syringes equipped with Teflon fluorocarbon Resin Luer
ook (TLL).

Benzene was purchased from ACROS ORGANICS (NJ,
SA), with 99% or greater purity. Ultra pure deionized water
as used to prepare the stock solution for the reactors with
8 M� cm. Benzene was analyzed by SRI 8610 C gas chro-
atograph (GC) equipped photo ionization detector (PID) with
Purge and Trap terminal (SRI P&T 10 A/S) and a DF 3 cap-

llary column, 15 m× 0.53 mm, Restek Corp. Helium was used
s a carrier gas, and it was purified by pretreatment through a
ab Clear disposable gas filter that is installed between the gas
ylinder and the GC.

. Results and discussion

Fig. 2 shows the changes in benzene concentration,
ichlorobenzene products and total byproducts after applying a
urrent density of 1.8 mA/L. The figure summarizes the average
alues achieved in two tests for each case as tests were con-
ucted in duplicates. The results show transformation of 56% of
enzene in the first 48 h and more than 96% after 216 h under
.8 mA/L. Monitoring the byproduct of transformation show
ormation of 1,2-dichlorobenzene, up to 8 mg/L, at a constant
ate in the first 150 h. Beyond that, dichlorobenzene concentra-
ion decreased to less than 3 mg/L. Other products, including
,4-dichlorobenzene, did not show significant buildup during
reatment.

A similar behavior is noted under 9.0 mA/L, but at a much
Fig. 2. Benzene breakdown under 1 mA (1.8 mA/L).
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Fig. 3. Benzene breakdown under 5 mA (9 mA/L).

ords, increasing the current density did not cause a linear
ncrease in transformation percentage. Formation and buildup
f 1,2 dichlorobenzene is also observed with significant buildup
o more than 30 mg/L in the first 50 h. The build up was followed
y a steep drop in the concentration of 1,2 dichlorobenzene to
ess than 5 mg/L after 150 h. The buildup and transformation
f 1,4 dichlorobenzene was not as dramatic. Its concentration
ncreased to above 10 mg/L after 150 h and then decreased to
elow 5 mg/L after 300 h. The results show that while ben-
ene concentration almost disappeared after 100 h, the total
oncentration of the byproduct was around 7 mg/L after 300 h.

ig. 4 shows the concentration profile for benzene and byprod-
cts under 18.1 mA/L. The behavior is similar under 9 and
8.1 mA/L. Fig. 4 shows that more than 300 h were required for

Fig. 4. Benzene breakdown under 10 mA (18.1 mA/L) current.

F
d

d
i

p
t
1
i
d
T
c

r
h
0
s
t
s

b
h
n

ig. 5. Comparison of (a) benzene breakdown rates and (b) byproducts under
ifferent currents.

ecay of the byproducts, even though benzene was transformed
n less than 100 h.

A comparison of the results under 1.8, 9.0 and 18.1 mA/L is
resented in Fig. 5a. The effect of current density is clear on
he rate of transformation. Increasing the current density from
.8 to 9.0 mA/L improved the rate of transformation. However,
ncreasing the current density beyond 9 mA/L (to 18.1 mA/L)
id not cause any significant increase in transformation rate.
herefore, there is an optimum for the effect of increasing the
urrent density.

Fig. 6 shows transformation rates in time under different cur-
ent densities. Under 1.8 mA/L, the transformation started at a
igh rate (0.77 mg/L h) in the first 24 h and then was steady at
.14–0.2 mg/L over the next 200 h. For the higher current den-
ities, the rate started significantly high within the first 24 h and
hen decreased to less than 0.05 mg/L after 96 h. The results
how the differences between high and low currents.
More than 300 h are required for transformation of the
yproducts under the three current densities (Fig. 5b). The
igh currents caused faster transformation of benzene and sig-
ificant buildup of the byproducts, while the lower current
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ig. 6. Benzene transformation rates in mg/L h under 1, 5 and 10 mA currents
1.8, 9 and 18.1 mA/L), respectively.

roduced slower transformation rate and less buildup of the
yproducts. This effect indicates that benzene transformation
ate should not be the primary factor for selecting the cur-
ent density. The byproduct buildup and transformation should
lso be considered. Rate of formation of byproducts, which are
ainly chlorinated benzene such as 1,4-dichlorobenzene and

,2-dichlorobenzene, is dependent on current density. In case
f 1.8 mA/L, the maximum concentration of dichlorobenzene
as 7.8 mg/L after 144 h. After that, the total byproducts went

hrough the transformation and their concentrations reached
mg/L after 300 h. The increase in chlorine production under
.0 and 18.1 mA/L led to buildup of high concentrations of 33.1
nd 33.6 mg/L total byproducts after 72 and 48 h, respectively.
he byproducts are also toxic and their buildup is not practical
r acceptable. Complete transformation is important. This leads
o the point that lower current densities on the order of 1–2 mA/L
hould be more efficient and cost effective than higher current

ensities (on the order of 9.0–20 mA/L), even though higher
urrents cause faster transformation rate of benzene.

The results are summarized in detail in Table 1. The table
lso shows the changes of benzene concentrations in the control

i
b
i
u

able 1
verage benzene concentrations, piece transformation rates and percent under electro

ime (h) Current = 10 mA, current
density = 18.1 mA/L

Current = 5 mA, current
density = 9.0 mA/L

Concentration
(mg/L)

Transformation Concentration
(mg/L)

Transfo

Rate mg/L h % Rate mg

0 40.2 0 0 40.2 0
24.00 15.56 1.03 61.10 13.08 1.12
48.00 3.01 0.52 92.48 5.07 0.33
72.00 0.64 0.10 98.40 1.78 0.14
96.00 0.25 0.02 99.39 0.64 0.05
44.00 0.31 0.00 99.23 0.01 0.01
16.00 0.24 0.00 99.41 0.30 0.00
88.00 0.19 0.00 99.53 0.25 0.00
12.00 0.25 0.00 99.38 0.28 0.00
azardous Materials 143 (2007) 649–654 653

eactor. During the period of 312 h the change in concentration
n the control setup was from 40.2 to 35 mg/L, which represent
2.6% loss. The control shows that the losses are reasonable and
hat the effect of volatilization and/or adsorption was limited.
he reactors are made of glass and were completely sealed to
inimize the effect of potential losses.
To assess the role of the electrolytes on the transforma-

ion, experiments were conducted using sodium nitrate solution
nstead of sodium chloride. The experiments also assess the
mpacts of chlorine gas formation at the anode. The standard
eduction potential for oxidizing water to oxygen gas and hydro-
en ions is very close (1.33 V) to the standard reduction potential
or the formation of chlorine gas from chloride ions (1.36 V), as
iven by

2(g) + 4 H+(aq) + 4 e−← 2 H2O(l) E0= −1.23 V

l2(g) + 2 e−← 2 Cl− E0= −1.36 V

he effect of secondary reaction, such as the oxidation of sodium
itrate, in the anode reactor may be minimized. It is known
hat nitrate can be reduced to nitrate, nitrous oxide, nitrogen,
mmonia and ammonium. It is possible to oxidize the ammo-
ium, ammonia, nitrogen and nitrite to nitrate but it is difficult
o oxidize the nitrate which considered as a terminal nitrogen
xidation process.

Fig. 7 shows the transformation of benzene under 18.1 mA/L
sing sodium chloride and sodium nitrate as electrolytes. Degra-
ation of benzene occurred from 41 mg/L to almost 1 mg/L
ithin 120 h, which indicates that the rate of transformation

s slower than using sodium chloride solution. However, the
ransformation is significant. Note that the change in the con-
rol concentration was from 41 to 37 mg/L. Furthermore, the
ransformation in the absence of chloride ions is important since
hlorinated benzene products will not be anticipated in this case.
n fact, analysis of the byproducts of transformation showed that
sing of sodium nitrate as an electrolyte in the reactor resulted

n benzene transformation without any significant buildup of
yproducts. This indicates that the transformation at the anode
s possible without the formation of the chlorine gas (which
sually serves as oxidant).

chemical redox

Current = 1 mA, current
density = 1.8 mA/L

Control 0 mA

rmation Concentration
(mg/L)

Transformation Concentration
(mg/L)

/L h % Rate mg/L h %

0 40.2 0 0 40.2
67.31 21.78 0.77 45.82 40.07
87.32 17.64 0.17 56.12 40.41
95.55 13.82 0.16 65.62 39.78
98.40 9.77 0.17 75.70 40.85
99.97 4.67 0.21 88.38 37.75
99.26 1.31 0.14 96.74 38.46
99.38 0.71 0.03 98.23 38.2
99.29 1.19 -0.02 97.04 35.11
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ig. 7. Benzene breakdown in NaCl and NaNO3 electrolytes under 10 mA
18.1 mA/L).

Changes in pH and redox potential were consistent with pre-
ious studies (see for example [5]). Since non-reactive electrodes
ere used, the anode pH dropped to around 2 and the redox
otential increased to more the 1000 mV. The most significant
hanges were under 18.1 mA/L, where the potential reached
round 1300 mV.

. Conclusions

The study findings are summarized below:

Electrolytic transformation of benzene in a sodium chlo-
ride electrolyte occurred forming byproducts that include
dichlorobenzene. Continuous treatment under electric cur-
rents resulted in transformation of the chlorinated benzene
byproducts.
Benzene electrolytic transformation is dependent on the cur-
rent density. Increasing the current density results in a faster
transformation until an optimum is reached beyond which
there is no increase in the transformation rate. However, the
higher current densities (9.0–18.1 mA/L) result in buildup of
higher concentration of chlorinated benzene byproducts when

compared to lower current densities (1.8 mA/L). The trans-
formation of the byproducts occurs at a slower rate, such that
the time required for complete transformation of benzene and
its byproducts is independent of the current density. In this

[

azardous Materials 143 (2007) 649–654

study, about 2 weeks were required for the transformation of
benzene and the byproducts.
When sodium nitrate was used as the electrolyte, transforma-
tion of benzene also occurred, but under a slower rate than that
of the sodium chloride electrolyte. However, the advantage is
the byproducts were not detected in this case.
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