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Abstract

The electrochemical oxidation of paper mill wastewater was studied using a dimensionally stable anode of
composition Ti/RuPb(40%)0x. The oxidation process was analyzed as a function of electrolysis time and
with respect to the cell potential difference, electrolyte (NaCl) concentration, and pH of the sample. The pu-
rification of the effluent was evaluated through measurements of the removal of chemical oxygen demand
(COD), color, and total polyphenols, and using UV-Vis spectroscopy. The results showed that the presence
of NaCl is a determining factor in the purification process. Electrolysis of wastewater containing 5 g/L. NaCl
at a cell potential difference of 6 V for 120 min, removed 99% of COD and the percent removal values of
color and polyphenols were 95% after 15 min of electrolysis. The UV-Vis spectrum showed evidence of the
formation of hypochlorite ions (ClO7) during the electrolysis process, indicating that the electrochemical

oxidation proceeds via an indirect mechanism with the participation of hypochlorite ions.
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1. Introduction

The wastewater produced by pulp and paper mills is a
serious environmental hazard because it contains diverse
chemical compounds and is produced in large volumes.
More than 250 chemicals have been identified in efflu-
ents produced at different stages of papermaking [1].
The high organic content of these effluents is primarily
in the form of chlorinated compounds, suspended solids
(mainly fibers), fatty acids, tannins, resin acids, lignin
and its derivatives, and sulfur compounds. Given that
chlorinated organic compounds such as dioxins and fu-
rans can induce genetic changes in exposed organisms
[2], there is a pressing need for effective methods for
purifying paper mill wastewater prior to discharge into
bodies of water.

The classical treatment applied to pulp and paper mill
effluent consists of an initial clarification step followed
by a secondary biological treatment (anaerobic or aero-
bic and activated sludge) [3,4]. Although such treatments
have been used to reduce the organic content, they fail to
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remove diverse recalcitrant organic compounds that re-
sist the biological degradation and hence remain in the
effluent. In an effort to develop more effective methods
for purifying the effluent produced by the pulp and paper
industry, various studies have examined treatments based
on biological processes (aerobic, anaerobic, algal, fungal
biomass) [5-7] and physicochemical approaches (coagu-
lation-flocculation, ozonation, photocatalysis, electroche-
mistry) [8-12].

Electrochemical methods for wastewater treatment
have attracted increasing interest due to their outstanding
capacity to eliminate a wide variety of pollutants nor-
mally present in wastewaters, such as refractory organic
matter [13]. Electrocoagulation and electrochemical
oxidation have been applied to the study of purification
of wastewater from paper mill. Buzzini et al. [14] con-
ducted an exploratory study to test the technical feasibil-
ity of electrolytic treatment and coagulation followed by
flocculation and sedimentation as post-treatment of ef-
fluent from a UASB reactor treating simulated wastewa-
ter from an unbleached Kraft pulp mill. They found that
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electrolytic treatment removed up to 67% of the remain-
ing COD and 98% of the color from the wastewater. In a
study on paper mill wastewater treatment, Ugurlu et al.
[15] investigated the removal of COD, lignin, and phenol
using an electrochemical cell consisting of a graphite
electrode and powder-activated carbon as the working
electrode. They found that more than 90% of COD, lig-
nin and phenol was removed by electrolysis under the
following conditions: cell voltage, 25.0 V; 5.0 min, in
presence of air 2.0 Lmin™; 5.0 g L™ NaCl; low pH; and
20 g L™ activated carbon. Mahesh et al. [12] investigated
the electrochemical degradation of agri-based paper mill
wastewater (black liquor) in a 2 dm’® electrolytic batch
reactor using iron plate electrodes. Under optimal condi-
tions (current density 55.56 A/m” at neutral pH with a
six-plate arrangement), 80% and 90% of COD and color
were removed, respectively. The authors found that
treatment time could be significantly reduced, and the
sludge settling characteristics improved, by increasing
the salinity. In a recent study of electrocoagulation
treatment of black liquor from the paper industry, Zaied
and Bellakhal [16] found that, under the optimal experi-
mental conditions (initial pH 7, electrolysis time = 50
min and J =14 mAcm ), such treatment of black liquor
removed 98% of COD and 92% of polyphenols and re-
duced the color intensity by 99%. In the same year
(2009), Khansorthong and Hunsom [17], reported the
optimum conditions for color and total COD reduction in
wastewater from the pulp and paper mill industry by
using electrocoagulation techniques. The results indi-
cated that at optimum conditions, greater than 97% of
color and 77% of total COD were effectively removed.

The removal of organic contaminants by electro-
chemical oxidation at titanium electrodes coated with
noble oxides has been shown to be an effective means of
wastewater treatment because of its performance, stabil-
ity, cost, and lifetime [18-20]. However, only limited
information is available about the application of these
electrodes on the electrochemical oxidation of organic
matter from paper mill wastewater.

We therefore investigated the performance of Ti/RuPb
(40%)Ox as type dimensionally stable anode in the
process of oxidation electrochemistry of paper mill
wastewater. The effects of the potential difference, elec-
trolyte (NaCl) concentration, and pH of the solution on
the removal of COD, color and total polyphenols were
analyzed.

2. Materials and Methods
2.1. Characteristics of the Paper Mill Effluent

The wastewater samples used in this study were obtained
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from a paper production plant, and stored at 4°C. The
characteristics of the raw effluent are listed in Table 1.

2.2. Materials

Experiments were conducted in cylindrical Pyrex cells of
150 cm’ capacity. A Ti/RuPb(40%)Ox electrode was
used as the anode and a Ti/PtPd(10%)Ox electrode was
employed as the cathode. The mesh area of the elec-
trodes was 41.25 cm® (7.5 cm x 5.5 cm). The electrodes
were prepared in our laboratory following the method
described in reference [22]. Sodium chloride (Merck AR)
was used as the support electrolyte. Sodium hydroxide
and hydrochloric acid solutions were prepared at 1 M
concentrations in deionized water using sodium hydrox-
ide (Merck AR) and hydrochloric acid (37% by mass,
Merck, AR). These solutions were used to adjust the pH
of the raw wastewater samples. pH measurements were
performed using a Conductronic PC 18 pH meter. COD,
color and turbidity were monitored using a spectropho-
tometer (SQ118, Merck) at wavelengths: 585, 446 and
525 nm, respectively. The COD expresses the amount of
oxygen originating from potassium dichromate that re-
acts with the oxidizable substances in the samples and
was evaluated using COD vials (Merck, Germany) with
different sensitivity ranges. Sample digestion was per-
formed in a TR 300 Thermoreaktor (Merck) over 2 hours
at 148°C. UV-Vis spectra of the samples were obtained
using a Perkin—Elmer Lambda 20 spectrometer. The total
polyphenol content was determined colorimetrically us-
ing the Folin-Ciocalteu reaction [21]. Chloride determi-
nation was carried out using the Spectroquant chloride
test (Merck Germany).

2.3. Electrochemical Methodology

The electrochemical oxidation process was performed in
an electrochemical cell with a sample volume of 100 mL.
The parallel electrodes were placed vertically with a
separation distance of 3 mm. Raw wastewater samples
were subjected to electrolysis with and without a support

Table 1. Characteristic parameters of the raw paper mill
wastewater.

Parameters Values
COD (mg O/L) 2585
Conductivity (mS cm™) 29
Color (m™) 101.2
Turbidity (NTU) 486
pH 6.3
TDS (g/L) 2.1
Chloride concentration (mg/L) 80
Total polyphenols (mg/L) 48
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electrolyte. The operation variables were the cell poten-
tial difference, electrolysis time, concentration of support
electrolyte (NaCl), and pH of the solution. The potential
difference was applied from an external power source
(DS-304M, Zurich), and current and voltage were meas-
ured using a multimeter (MUL-500, Steren). The effects
of the electrochemical treatment were analyzed by de-
termining physicochemical parameters such as COD,
color, polyphenol content, and chloride concentration, as
well as examining UV-vis spectra. The experimental
design was based in obtaining high efficiency in the re-
moval of organic matter with low cell potential differ-
ences and optimal conditions of pH and electrolyte
(NaCl) concentration.

3. Results and Discussion
3.1. Effect of Potential Difference

Raw wastewater samples without the support electrolyte
(NaCl) were subjected to electrolysis with various cell
potentials and examined as a function of electrolysis
time. The effect of the potential difference was analyzed
in terms of the variations of COD, color, polyphenols,
and final pH.

The variations in COD removal as a function of elec-
trolysis time at cell potentials of 4, 6 and 8 V are shown in
Figure 1. For each applied potential difference, the per-
cent COD removal increases with increasing electrolysis
time and plateaus to a constant value that depends on the
applied potential difference. For applied potentials of 4, 6
and 8 V, the maximum values of the percent COD re-
moval after 60 min of electrolysis were 38%, 55% and
61%, respectively. Thus, after 60 min of electrolysis at the
maximum applied potential difference of 8 V, the removal
of organic matter does not exceed 61%.

The effect of the applied potential difference on color

80
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COD removal (%)
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Electrolysis time, min

Figure 1. Percent COD removal as a function of electrolysis
time at different cell potentials.
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removal can be seen in Figure 2. The removal of color
increases with increasing potential difference and elec-
trolysis time. The highest color removal values were
obtained at 8 V. In this case, the color removal reached
90% after 45 min of electrolysis and 100% after 120 min.
The observation that the maximum COD removal was
61% and the maximum color removal was 90% indicates
that the organic compounds responsible for the color are
more prone to removal compared to the recalcitrant
compounds that resisted removal.

The effect of the potential difference on polyphenol
removal is shown in Figure 3. For each potential differ-
ence applied, the percent polyphenol removal increases
with electrolysis time, reaching an almost constant value
after 60 min of electrolysis. For the potential difference
of 4 V, the maximum polyphenol reduction was ap-
proximately 60%. For 6 V, the percent removal reached
83%, while for 8 V, 91% of polyphenols were removed.
These findings suggest that polyphenol removal and
color removal show similar behavior as the applied po-
tential difference is varied.

Electrolysis of the wastewater samples caused the pH
to increase monotonically from an initial value of 6.3 to
a final value (pHy) between 7 and 8, where pHy depended
on the applied potential (Figure 4). A similar trend was
observed for all of the applied cell potentials. These
findings indicate that the electrolysis process caused a
reduction in the concentration of protons, leading to a
slightly alkaline pH. As reported by Rajeshwar et al.
[23], the electrochemical oxidation of contaminants is
accompanied by side reactions involving the solvent, for
example:

2H,0 >0, +4H" + 48 (1)
2H,0+28 —> H, +20H" )

Such reactions may be responsible for the change in
pH observed during oxidation.
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Figure 2. Percent color removal as a function of electrolysis
time at different cell potentials.
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Figure 3. Percent polyphenol removal as a function of elec-
trolysis time at different cell potentials.

R.5

pH;

15

0 20 40 60 80 100 120 140

Electrolysis time/min

Figure 4. Variation of the final pH of wastewater samples
as a function of electrolysis time at different cell potentials.

The behavior observed in our study of the variations in
COD, color and polyphenols with increasing the cell
potential difference and electrolysis time is consistent
with previous findings [15,24,25]. For each potential
difference applied, the percent removal of contaminants
increases with electrolysis time and reaching a limiting
value proportional to cell potential.

3.1. Effect of Electrolyte Concentration

Wastewater samples with different concentrations of
NaCl as an electrolyte (1 to 5 g/L) and pH 6.3 were sub-
jected to electrolysis with a potential difference of 6 V,
and the removal of COD, color and polyphenols was
examined as a function of electrolysis time for each sys-
tem. The effect of support electrolyte concentration on
COD removal is shown in Figure 5. The presence of
NaCl promotes the removal of COD. For wastewater
samples with 1 g/L of NaCl, 53% of COD was removed
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Figure 5. Percent COD removal as a function of electrolysis
time at different concentrations of NaCl. Cell potential
difference, 6 V.

after 15 min of electrolysis, whereas in the absence of
NaCl a similar degree of removal was achieved only
after 45 min. The percent COD removal increased with
increasing NaCl concentration and with electrolysis time.
The maximum percent COD removal values, achieved
after 120 min of electrolysis, were 66%, 81% and 99%
for electrolyte solutions concentrations containing 1, 3
and 5 g/L NaCl, respectively.

The effect of electrolyte concentration on the removal
of color is shown in Figure 6. At each NaCl concentration,
the percent color removal increases with increasing elec-
trolysis time. As the electrolyte concentration increases,
the curves of color removal as a function of electrolysis
time converge to a maximum value close to 100%. Thus,
increasing the NaCl concentration serves to lower the
electrolysis time required to reach a high percent color
removal. For example, when the concentration of NaCl
was 5 g/L, 95% of color was removed after 15 min of
electrolysis, whereas in the absence of NaCl only 36% of
the color was removed after the same electrolysis time.

The curves of percent polyphenol removal as a func-
tion of electrolysis time (Figure 7) at various NaCl con-
centrations show behavior similar to that observed for
color removal (Figure 6). Specifically, the polyphenol
removal curves converge at a value close to 100% as
electrolysis proceeds. At the highest NaCl concentration
used (5 g/L), almost 100% of polyphenols were removed
within 15 min. The trends observed in the removal of
color and polyphenols as a function of electrolysis time
and electrolyte concentration suggest that the polyphe-
nols present in wastewater are responsible for the color
of the samples.

Additionally in wastewater samples with a NaCl con-
centration 5 g/L, the increase in electrolysis time is
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Figure 6. Percent color removal as a function of electrolysis
time at different concentrations of NaCl. Cell potential
difference, 6 V; initial pH, 6.
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Figure 7. Percent polyphenol removal as a function of elec-
trolysis time at different concentrations of NaCl. Cell po-
tential difference, 6 V; initial pH, 6.

accompanied by the emergence and growth of a peak in
the UV-Vis spectrum (Figure 8(a)) at A = 292 nm,
which is consistent with the presence of hypochlorite
ions (OCI") [26]. This result indicates that the electroly-
sis of paper mill wastewater with a NaCl concentration
of 5 g/L generates hypochlorite ions. However, when
wastewater containing NaCl concentrations less than 2
g/L was subjected to electrolysis, the absorbance peak at
292 nm was not observed (Figure 8(b)), indicating that
the OCI formed during electrolysis had been consumed
in the oxidation of organic matter. In contrast, when an
excess of electrolyte was used (5 g/L NaCl), the hy-
pochlorite ions were produced in excess and could be
detected in the UV-Vis spectrum (Figure 8(a)).

The results obtained show that the presence of NaCl in
wastewater undergoing electrochemical oxidation facili-
tates the removal of COD, color and polyphenols. In
addition, increasing the NaCl concentration gives more
rapid removal of color and polyphenols, in agreement

Copyright © 2011 SciRes.
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Figure 8. UV-Vis spectra of paper mill wastewater samples
with NaCl concentrations of a) 5 g/L and b) 1 g/L, after
different electrolysis times. Cell potential difference, 6 V.

with previously reported results [27,28].

In general, organic pollutants can be destroyed elec-
trochemically by either direct or indirect oxidation. In
direct anodic oxidation, the pollutants are first adsorbed
on the anode surface and then destroyed by the anodic
electron transfer reaction. In indirect oxidation, by con-
trast, strong oxidants such as hypochlorite/chlorine, 0zo-
ne, and hydrogen peroxide are electrochemically gener-
ated [23]. The electrochemical generation of hypochlo-
rite/chlorine in a solution containing chloride ions pro-
ceeds according to the following reaction:

2CI" > Cl, +2¢ 3)
Cl,+H,0 > HOCI+H" +CI~ 4)
HOCI = H* +OCI" 5)

The hypochlorite ion is powerful oxidizing agent that
is referred to as active chlorine. Therefore, the pollutants
are destroyed in the bulk solution by the oxidation reac-
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tion with the generated oxidant. Feng et al. [26] demon-
strated that the active chlorine species in a solution de-
pend fundamentally on the pH. At pH < 7, HCIO pre-
dominates, whereas hypochlorite ions predominate at pH
> 7. Thus, our results indicate that the electrooxidation
of contaminants at the Ti/RuPb(40%)Ox anode proceeds
via an indirect oxidation mechanism with the participa-
tion of hypochlorite ions.

3.3. Effect of pH

The effect of pH on the electrolysis process was ana-
lyzed in experiments using wastewater samples contain-
ing 5 g/L NaCl and different initial pH values. In all ex-
periments, the electrolysis was performed at a potential
of 6 V, and the solution was monitored as a function of
the time. The curves of percent COD removal as a func-
tion of electrolysis time at different pH values are shown
in Figure 9. At pH 4 and 9, the percent COD removal
increases approximately linearly with electrolysis time.
For these pH values, the amounts of COD removed at a
given electrolysis time are similar, with the value ob-
tained under acidic conditions being slightly greater than
that under basic conditions. At pH 7, the percent COD
removal remains at approximately 79% for electrolysis
times up to 45 min, and then increases with further elec-
trolysis. The percent COD removal during the initial 45
min is thus much lower at pH 7 than at pH 4 and 9. For
all three pH values, the percent COD removal converges
to close to 100% after 120 min of electrolysis. These
findings indicate that COD removal is favored at pH 4
and 9 compared to pH 7, but that almost 100% removal
is obtained for all systems after 120 min of electrolysis.
Figure 10 shows the percent color removal as a func-
tion of electrolysis time for wastewater samples contain-
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Figure 9. Percent COD removal as a function of electrolysis
time at different pH values. Chloride concentration, 5 g/L.
Cell potential difference, 6 V.
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Figure 10. Percent color removal as a function of the elec-
trolysis time for wastewater samples with different pH values.
Chloride concentration, 5 g/L; cell potential difference, 6 V.

ing 5 g/L NaCl with different pH values. The percent
color removal reaches 96% by 15 min of electrolysis and
then continues to increase, reaching 100% after 120 min.
Similar behavior was observed at each of the three pH
values tested (pH 4, 7 and 9), indicating that the elimina-
tion of the organic matter responsible for the color of the
paper mill wastewater does not significantly affect the
pH of the sample.

Figure 11 shows the percent polyphenol removal as a
function of electrolysis time in wastewater samples con-
taining 5 g/L NaCl with different pH values. At all of the
pH values studied, the percent polyphenol removal
reaches a very high value within a relatively short elec-
trolysis time (15 min), and then continues to increase
with further electrolysis.

At each of the pH values tested, the percent polyphe-
nol removal increases from approximately 95% to 99%
as the electrolysis time increases from 15 to 120 min.
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Figure 11. Percent polyphenol removal as a function of
electrolysis time for wastewater samples with different pH
values. Chloride concentration, 5 g/L; cell potential differ-
ence, 6 V.
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Thus, the removal of polyphenols from paper mill
wastewater is almost independent of the pH of the elec-
trolyte solution.

The results presented above demonstrate that varying
the pH in the range of 4 to 9 has little effect on the re-
moval of COD, color, and polyphenols during electro-
chemical oxidation of paper mill wastewater containing
5 g/L NaCl.

Similar results were obtained by Gotsi et al. [29], Ra-
jkumar and Palanivelu [25], Israilides et al. [30] and
Umran Tezcan Un et al. [31]. In this regard, Rajkumar
and Palanivelu [25] emphasized that initial pH does not
significantly affect the degradation of organic pollutants
in the range of 3.0-10.0 using a Ti/TiOy— RuO,-IrO,
anode. The Ti/RuPb(40%)Ox anode used in the present
experiments showed similar behavior.

The values of the paper mill wastewater parameters
before and after electrochemical oxidation treatment are
listed in Table 2. Electrochemical oxidation using the
Ti/RuPb(40%)Ox anode under optimal operating condi-
tions showed good purification performance, affording
satisfactory reductions in COD, color, turbidity, and
polyphenol content. The process does, however, increase
the chloride content and electrical conductivity of the
wastewater due to the addition of NaCl.

The advantage of electrochemical oxidation method
over other methods used in the treatment of effluents
from paper industry is the ability to oxidize recalcitrant
organic compounds that resist biological methods (6,7)
or combined system of activated sludge and ozonation
(9). Comparable values of COD, color and polyphenol
removal from electrochemical oxidation have been ob-
tained with combined treatment as coagulation-floccu-
lation followed by heterogeneous photocatalysis (8) or
electrocoagulation (12,14-16), however, the sludge pro-
duction by electrochemical oxidation is negligible.

Table 2. Comparatives parameters of the raw paper mill
wastewater before and after electrochemical treatment.

Paper mill wastewater

Parameters After
Raw Electrchemcal
treatment*

pH 6.3 7.9
COD (mgL™) 2585 3
Color (m™) 101.2 0.1
Turbidity (NTU) 486 nd
TDS (mg L) 2.1 4.9
Chloride concentration (mg L™) 80 180
Total polyphenols (mg L) 48 0.8
Conductivity (mS cm™) 2.9 8.4

* Electrochemical oxidation of a wastewater sample containing 5 g/L NaCl;
pH 6.3; cell potential difference, 6 V; electrolysis time, 120 min.

Copyright © 2011 SciRes.

Important factors in the electrochemical oxidation proc-
ess are the properties of anode material and the presence
of NaCl as electrolyte, which facilitates the process via
an indirect mechanism with the participation of hy-
pochlorite ions. In this study the Ti/RuPb(40%)Ox anode
has showed a suitable performance.

4. Conclusions

The present study demonstrates that the electrochemical
oxidation of paper mill wastewater using a dimension-
ally stable anode with composition Ti/RuPb(40%)0x
significantly lowers the organic content, color, and
polyphenol content. Addition of 5 g/ NaCl to the
wastewater prior to treatment enhanced the purification
process, allowing a given degree of purification to be
achieved at a smaller potential difference and shorter
electrolysis time. Varying the pH within the range of 4 to
9 did not have a marked effect on the removal of COD,
color, and polyphenols. The emergence of an absorption
band in the UV-Vis spectrum at 292 nm during elec-
trolysis suggested that the anodic oxidation occurs via an
indirect mechanism with the participation of the hy-
pochlorite ion responsible for the oxidation of organic
matter.
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