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Abstract: In this work, an electrochemical method for chemical oxygen demand (COD) and total
nitrogen (TN, including ammonia, nitrate, and nitrite) removal from wastewater using a divided
electrolysis cell was developed, and its process optimization was investigated. This process could
effectively relieve the common issue of NO3~ /NO,~ over-reduction or NH4* over-oxidation by
combining cathodic NO3;~ /NO; ™ reduction with anodic COD/NH4* oxidation. The activity and
selectivity performances toward pollutant removal of the electrode materials were investigated
by electrochemical measurements and constant potential electrolysis, suggesting that Ti electrode
exhibited the best NO3;~ /NO; ™ reduction and N, production efficiencies. In-situ Fourier transform
infrared spectroscopy was used to study the in-situ electrochemical information of pollutants con-
version on electrode surfaces and propose their reaction pathways. The effects of main operating
parameters (i.e., initial pH value, CI~ concentration, and current density) on the removal efficiencies
of COD and TN were studied. Under optimal conditions, COD and TN removal efficiencies from
simulated wastewater reached 92.7% and 82.0%, respectively. Additionally, reaction kinetics were
investigated to describe the COD and TN removal. Results indicated that COD removal followed
pseudo-first-order model; meanwhile, TN removal followed zero-order kinetics with a presence
of NH4* and then followed pseudo-first-order kinetics when NH4* was completely removed. For
actual pharmaceutical wastewater treatment, 79.1% COD and 87.0% TN were removed after 120 min
electrolysis; and no NHy ™ or NO, ™ was detected.

Keywords: electrochemical oxidation; electrochemical reduction; COD; total nitrogen; wastewater

treatment

1. Introduction

A large quantity of wastewater produced from industrial manufacturing process is
contaminated by two often-regulated primary contaminants: organic matter and nutrients,
such as nitrogen in the forms of ammonia, nitrate, and nitrite [1,2]. Biological technology
has been considered an effective method for chemical oxygen demand (COD) and total ni-
trogen (TN) removal from wastewater [3,4], but rigorous monitoring (e.g., pH, temperature)
is needed to maintain daily operations [5,6]. Several other methods, such as membrane
filtration [7,8], ion exchange [9,10], and adsorption [11], are also extensively used to remove
COD and nitrogen contamination; however, these techniques may result in secondary
pollution [12,13].

Electrochemical method is proposed as a promising alternative for wastewater treat-
ment because of its high efficiency, versatility, easy operation, and environmental compati-
bility [14-16]. Ganzoury et al. [17] summarized that, compared with traditional biological
technology, the electrochemical method is much more suitable for removal of persistent
color and pollutants from wastewater. In recent literatures, many scholars investigated the
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anodic oxidation of COD or NH* and proved the superiority of electrochemical wastew-
ater treatment [18,19]. For example, Zollig et al. [20] reported that, for real stored urine
treatment by electrochemical method, ammonia could be efficiently removed by direct
and indirect oxidation. In addition, many researches focusing on cathodic reduction of
NO;3;~ or NO; ™ have been reported [21,22]. Su et al. [13] presented the performances of
Co0304/Ti, Fe,03/Ti, and Cu cathodes on NO3~ removal, and Co30y4/Ti exhibited better
NO3 ™ removal efficiency.

Current studies for wastewater treatment by electrochemical method mainly con-
centrate on the removal of a single pollutant or two mixed pollutants, and there are few
investigations on the electrochemical treatment of wastewater containing COD, NH,*,
NO;3;~, and NO; ™. In our previous work [23], the feasibly of simultaneous removal of
COD and TN was proven; however, it should be noticed that one of the issues for COD
and TN removal is to restrain the problems of side reactions of NHy* over-oxidation
on anode and NO3™ /NO; ™ over-reduction on cathode. Actually, many literatures indi-
cate that the over-oxidation or over-reduction is a common phenomenon in the process
of nitrogen-containing wastewater treatment by electrochemical method [24-26], which
means that the TN removal is limited. For instance, Shih et al. [27] studied the electro-
chemical performance of ammonia oxidation over a modified nickel foam electrode. The
results indicated that, though high ammonia removal rate was achieved, N-atom was
easily over-oxidized to NO3;~ and NO, ™. Li at al. [28] investigated the NO3 ™ reduction
with Fe cathode, and the concentration of NO3; ™~ decreased from 100.0 to 7.2 mg-N 11
in 3 h, but 51.1 mg-N-L~! NH,* was generated as the by-product. In order to relieve
the issue of over-reduction/oxidation, it is essential to find a suitable reaction cell and
key operating parameters to perform the balance between cathodic reduction and anodic
oxidation. Li et al. [29] and Mandal et al. [30] reported that a divided cell was more proper
for electrochemical denitrification than undivided cell thanks to the ion-exchange mem-
brane, which could reduce the interactions between anodic and cathodic reactions. Many
investigators [31,32] also presented that operating parameters, e.g., electrode material,
current density, NaCl concentration, pH, flow rate, and temperature, could strongly affect
the electrochemical performance of pollutant removal.

In this work, an electrochemical process for COD and TN removal was optimized, and
its feasibility to relieve the issue of over-oxidation or over-reduction was evaluated. Ti, Cu,
and stainless steel were selected as cathode material to study their reduction performance
for NO3~ /NO,~ removal. The in-situ electrochemical information of COD/NH4* oxida-
tion and NO3; ™~ /NO, ™ reduction on electrode surfaces were explored by in-situ Fourier
transform infrared spectroscopy (in-situ FTIR). The key operating parameters, i.e., initial
pH value, chloride concentration, and current density, were studied to perform cathodic
reduction of NO3~ /NO, ™ and anodic oxidation of COD/NH,*. Additionally, kinetics and
reaction mechanism were also proposed to describe the redox process. Finally, an actual
pharmaceutical wastewater was investigated to verify the electrochemical performance for
COD and TN removal.

2. Materials and Methods
2.1. Wastewater Characteristics

Simulated wastewater containing COD and TN was prepared by dissolving ethyl
acetate, ammonium sulfate, sodium nitrate, and sodium nitrite into 0.1 mol L~ Na,SO,
solution. Sodium chloride was added into the solution to maintain the concentration
of chloride ion. Actual pharmaceutical wastewater, which was characterized by low
biodegradability and complex composition, was collected from a pharmaceutical factory
(Zhejiang, China). The wastewater characteristics are summarized in Table 1.
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Table 1. The main characteristics of the applied wastewater.

Parameters Simulated Wastewater Actual Wastewater

pH 6.0 £ 0.1 81+0.2

COD/mg-L~! 250 £ 15 337.57 £ 20

Total nitrogen (TN)/ mg—N-L*1 105 £+ 10 120.53 + 15
Ammonia (NH4+/NH3)/mg-N~L_1 60 £5 87.88 £8
Nitrate (NO3~)/mg-N-L~1 30+3 283345
Nitrite (NO,~)/mg-N-L~! 15+2 432 +3

Chloride (C17)/mg-L~! 0~1500 987.95 + 35

2.2. Experimental Setup

Electrochemical experiments were conducted in a divided electrolysis cell (Figure S1).
Ti/PbO; electrode (10 cm x 10 cm) was used as anode, while Ti, Cu, and stainless steel
were selected as cathode, respectively. A volume of 600 mL wastewater was circulated
between anode and cathode chamber by a peristaltic pump.

Electrochemical measurements (i.e., steady-state polarization curves and linear sweep
voltammograms) and constant potential electrolysis were executed for the choice of a
proper cathode with an electrochemical workstation. The different cathodes were used
as the working electrode; platinum sheet and saturated calomel electrode (SCE) were
employed as the counter and reference electrode, respectively. In-situ FTIR spectra were
obtained by a FTIR spectrometer equipped with a self-made spectroelectrochemical cell
(Figure S2).

2.3. Analytical Methods

COD, TN, and ammonia were determined by the dichromate, alkaline potassium
persulfate, and Nessler reagent spectrophotometry, respectively [4,13]. Anions (e.g., nitrate,
nitrite, and chloride) were determined by ion chromatography. Nitrogen oxides were
monitored by gas chromatography. The pollutant removal efficiency, product selectivity,
and energy consumption were calculated based on our previous work [33].

3. Results
3.1. The Choice of a Proper Electrode

In the electrochemical system for COD and TN removal, both anode and cathode
materials are conclusive for optimizing the redox process [34]. The investigations of
anode selection had been reported in our previous work: commercial electrode mate-
rials of Ti/PbO,, Ti/IrO;, Ti/RuO;, and BDD were compared for treatment of typical
industrial wastewater, suggesting that Ti/PbO, anode was suitable for COD and NH4*
removal [35,36]. Similarly, cathode material plays an important role in electrochemical
denitrification. From the view of practical applications, Ti, Cu, and stainless steel were
selected as cathode materials in this work to study the electrochemical properties and
NO3;~/NO, ™ removal efficiencies due to their high stability and low cost.

Figure 1a shows the steady-state polarization curves of the hydrogen evolution reac-
tions using three cathodes at a scan rate of 10 mV-s~!. Results indicated that Ti electrode
had a hydrogen evolution potential of —1.542 V, which was more negative than those of
Cu (—1.532 V) and stainless steel (—1.466 V), meaning that a side reaction of hydrogen
evolution was least likely to occur on Ti electrode. Figure 1b presents the linear sweep
voltammograms of three electrodes on NO3~ /NO; ™ reduction. Obvious cathodic peaks
and extended broad waves were observed with the addition of NO3;~ /NO, ™ into the blank
solution, which meant the direct NO3~/NO,~ reduction occurred. Cathodic peaks of
Ti, Cu, and stainless steel were at about —1.10, —0.99, and —0.82 V for NO5; ™~ reduction,
respectively. For NO, ™ reduction, cathodic peaks of —0.68 and —0.81 V were observed for
Ti and stainless steel (not observed on Cu), respectively.
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Figure 1. Electrode characterization and pollutant removal. (a) Steady-state polarization curves; (b)
linear sweep voltammograms (blank: 0.1 mol-L~1 NapSOy); (¢) NO;3 ~ reduction (0.1 mol L™! NaySOy
+ NO;3~ solution), and the inset shows the selectivity of nitrogen species after 5-h electrolysis; (d)
NO, ™ reduction (0.1 mol-L~1 Na,SO, + NO, ~ solution), and the inset shows the nitrogen species
after 5-h electrolysis.

The removal and selectivity of NO3;~/NO, ™ reduction with three electrodes at a
constant potential of —1.26 V are shown in Figure 1c,d. Figure 1c displays that the highest
electrocatalytic performance for NO3 ™ reduction was obtained with the Ti cathode, while
that with stainless steel was the lowest. The inset of Figure 1c indicates that NO, ™ and
NH,;* were the intermediates or by-products during the NO3 ™ reduction process [37,38].
The order of N selectivity of these three electrodes was Ti (63.3%) > Cu (48.9%) > stainless
steel (31.5%). This result might be related to the relative hydrogen evolution potential
shown in Figure 1a. Su et al. [13] and Reyter et al. [39] presented that NH4* as the NO3;~
reduction by-product was favored in a potential region closing to the hydrogen evolution
reaction region; in other words, more negative hydrogen evolution potential led to higher
Nj selectivity. The information regarding NO, ™ reduction from wastewater with different
cathodes as working electrode is shown in Figure 1d. The amounts of NO, ™ reduction
for Ti, Cu, and stainless steel were 10.46, 8.67, and 5.96 mg-N in 5 h; the N selectivities
with these three electrodes were 76.6%, 68.4%, and 51.8%, respectively. According to the
results shown in Figure 1, the electrochemical properties and catalytic activities of the
three cathodes for NO3~ /NO, ™~ reduction decreased in the following order: Ti > Cu >
stainless steel; the Ti electrode was therefore selected for subsequent experiments to study
the optimal reaction conditions.

3.2. In-Situ FTIR Studies on Pollutants Removal

To explore solid/liquid interfacial phenomena, i.e., identify the intermediates, ad-
sorbed species, and products during pollutants removal, in-situ FTIR spectroscopy was
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Figure 2. In—situ FTIR spectra collected in electrolysis of COD (a), NH4* (b), NO3 ™~ (c), and NO, ~
(d) solution with electrolysis time.

As shown in Figure 2a, the ester bond of the organic is confirmed at the positive bands
of 1242 and 1767 cm ™! during COD electro-oxidation. Two negative infrared (IR) bands are
observed at about 1271 and 1709 cm ™!, representing the C—OH and C=0 scissors vibration
in COOH, respectively. The downward band at 2314 cm ™! is assigned to CO, absorption.
The results indicated that the organic matter was decomposed to low molecule acid and
then converted to CO,.

Figure 2b shows that the vibrations of NH,* are detected at 1597 and 3005 cm~!. The
weak bands located at 980 and 1666 cm ™! represent the absorption of NHj ,q45. Besides,
dispersed bands are observed around 2000-3000 cm~!. According to the study by Grif-
fiths and Haseth [40], the complex bands may be attributed to the vibrations of NH;",
NH,*, and NH*. A band at 1238 cm~! can be also observed, indicating the generation of
NO,™ [40]. Though NO, ™~ band was observed, the vibration of NO3~ was not shown. This
phenomenon might be related to the operating conditions. For example, Kapatka et al. [41]
indicated that ammonia removal and product distribution were strongly pH dependent.
Likewise, operating parameters, e.g., chloride concentration and current density, could also
affect the distribution of products during NH* electro-oxidation because of the concentra-
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tions of generated active radicals, which was reported by Anglada et al. [42]. On the basis
of experimental results, a simple reaction route of NH,* electro-oxidation in this system
was proposed as shown in Equation (1):

NH; < NH3.s — NH — NHy — NH' — N

1 @
NO;

The in-situ FTIR spectra measured during electro-reduction of NO3;~ are given in
Figure 2c. The IR absorption at 1350 cm ™! is ascribed to the existence of NO3 . The peak of
1265 cm ! suggests the presence of NO, ~ in electrolysis. Dispersed bands are presented at
ca. 1800-3000 cm 1, indicating the vibrations of NH,* and NHs* [43]. Three characteristic
IR bands at 957-980, 1628, and 3101 cm ! are observed and assigned to absorbed NHj ,4,
and the weak band at 1485 cm ! is confirmed as NH4*. As shown in Figure 2d, the band
for NO, ™ appears at 1230 cm~ L. Similar to the spectra of NO3~, NHj3 .45 generated at the
bands of 1014, 1639, and 3116 cm ™! in the electro-reduction of NO, ~, and then, the NH4*
is detected at 1408 cm~!. Additionally, weak bands at about 1843 and 2854-2924 cm ™!
are discovered with electrolysis time, which are ascribed to volatile by-products of NO
and NO,, respectively [44]. Similar to the condition of NH;* oxidation, nitrate/nitrite
reduction and products distribution also highly rely on operating parameter, such as
optimum voltage, electrode distance, and initial pH [45]. In this electrochemical system,
the NO3 ™ /NO; ™ electro-reduction mechanism was speculated in Equation (2), according

to the FTIR spectra.
NO; — NO; — NHS — NHI — NHj,gs < NH;
i @)
N, NO — NO,

3.3. Main Factors on COD and TN Remouval

As stated above, operating parameters can make great influences on the performance
of electrochemical process; moreover, actual wastewater is known for its characteristics
of complexity and variety. Therefore, main factors, including initial pH value, chloride
concentration, and current density, were investigated on COD and TN removal.

3.3.1. Effect of Initial pH Value

Figure 3 presents the variations of COD and TN removal as a function of initial pH
value. The COD removal efficiency decreased with the increase of pH value. However, the
TN removal increased with the increase of pH value in acidic and non-acidic conditions,
respectively. The inset of Figure 3a presents that a linear relationship was observed between
the logarithm of COD concentration and electrolysis time; i.e., pseudo-first-order kinetics
model emerged. Table S1 displays the apparent reaction rate constants K. As shown, the
value of K at pH 3 was about 1.6 times that of pH 11, suggesting that COD removal was
more favorable in acidic solution, which was in agreement with the findings by Chen
et al. [32] and Zhao et al. [46]. Figure 3b shows that zero-order kinetics provided a suitable
description of TN removal, and the rate constants K’ were listed in Table S1. The value of K’
increased about 1.2 times as pH from 3 to 6 and 1.8 times as pH from 7 to 11; however, the
lowest rate was found at pH 7. Besides, it was observed that the TN removal efficiencies
were close at pH values of 6, 9, and 11. This phenomenon might be associated with the
effects of pH value on NO3;~, NO,~, and NHy* removals. As shown in Figure S3, acidic
condition was more favorable for NO3;~ and NO, ™ reduction than neutral or alkaline
condition due to the H-atom adsorbed on the surface of electrode, which was necessary for
the NO3;~ /NO; ™ indirect reduction [47]. However, a small quantity of NO was detected
as by-product (Equation (3)) under the strong acid condition (pH < 3) [48]. Moreover,
Figure S3 displays that the removal efficiency of NH4* was negative, suggesting that more
NHj* was generated in electrolysis rather than being removed. This could be explained by
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the over-reduction of NO3~ /NO, ~; i.e,, NHy* was generated as by-product in the process,
indicating that the side reaction of over-reduction was the fundamental reason for limiting
the TN removal in this electrochemical system. Taking into account the above results, initial
pH value of 6 was selected for the further experiments.

3NO; +NOj +6e” +10H" — 5Hy0 + 4NOyq, 3)
(a) 250 (b) 105
i m pH3
< A ® pHO
L A pH7
200 100 v pHO
—.: i < pHII
2 150 % ost N N
= 0 20 40 60 80 100120 | E 0
8 9 Time (min) Z. D ! \4
s} m pH3 “lzh !
100 e pH6 —;‘12 i'A‘
A pH7 g 8 s &
v pHY — 4 i A
50 < pHII 81 N
0 20 40 60 80 100 120
. | ) L L ! ,  Time Gnin) ) ! L L
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)
Figure 3. Effect of initial pH on COD (a) and TN (b) removal (no C1~, 10.0 mA-cm 2, diluted H2504,
and NaOH solutions were used for pH adjustments, and pH 6 was the natural pH of simulated
wastewater).
3.3.2. Effect of Chloride Concentration
Figure 4 shows the simultaneous removal of COD and TN with the C1~ concentration
varied from 0 to 1500 mg-L’l. The results indicated that, as C1~ was added, the removal
of COD improved from 77.4% (0 mg-L’l -Cl7) to 88.6% (250 mg-L’l-Cl’), then increased
slightly when further increasing C1~ concentration. The TN removal efficiency increased
from 18.1% to 26.0%, 46.7%, 82.0%, and 87.0% with the increase of C1~ from 0 mg-L_1
to 250, 500, 1000, and 1500 mg-L’l, respectively. Besides, COD removal at different CI1™
concentrations followed pseudo-first-order kinetics. Meanwhile, the process of TN removal
matched a zero-order model as NH,* existed and then fitted on pseudo-first-order kinetics
as NH;* removed completely. According to the removal efficiency and rate constant, it
seemed that C1~ concentration of 1000 mg-L~! was suitable for the next investigations.
(a) 250 00 (b)
N . 100 |
200 = ) ¢ T . 80F m nocr
S 16 2 . ol © 250mgL:1
—~ = ; ° - A 500mgL
'_:, 150 24 < : 2 40} w 1000mgL’
g s | % < 1500mgL’
a “0 20 40 60 80 100120 | & 20 100
o 100 ® noCl Time (min) E ) < -
© ® 250mgL’ = 0‘575 <, v 0.152
50 A 500mg L"_] 20 _gsn <y LA : , -0.30 %‘
v 1000 mg L S Bl < ‘ : g 8= R*=0.986 045 %
< 1500mg L IR A0 o g 30 60 80 100120 80 100 120 -0
0 ! . ! L L L | Timg(min) | Time (min) . .
20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)

Figure 4. Influence of C1~ concentration on COD (a) and TN (b) removal. (pH = 6, 10.0 mA-cm~2).

3.3.3. Effect of Current Density

Figure 5 shows that increase of current density was beneficial to enhance the COD

and TN removal efficiencies. The COD removal efficiency increased from 78.4% to 95.3%

as current density increased from 5.0 to 12.5 mA cm~2; meanwhile, the TN removal
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efficiency increased from 72.6% to 86.0%. Figure 5 also displays that the pseudo-first-
order and zero-order kinetics were still suitable for describing the COD and TN re-
moval, respectively. As shown in Table S1, when current density improved from 5.0
to 12.5 mA-cm 2, the corresponding rate constant for COD removal increased from
1.269 x 1072 to 2471 x 102 min~!; and rate constant for TN raised from 6.032 to
7.918 mg-L~!- min~!. Though increasing current density was conducive to pollutant re-
moval, the energy consumption would increase obviously. Current density of 10 mA-cm ™2
was thus selected as the optimal one.

@ 250 0.0 (b) M
X
_ 08 100 i
200 Q° )4
o -1.6 4
E 80 : i
To1s0f 1) N 7
ED %0 20 40 60 80 100120 Z 40 60 80 100 120
= Time (min) eh 60 Time (min)
[a] g
8 100 | E )
m 50mAcm’ = ol : 3(5) mi o’
® 75mAcm’ .5 mA cm .
S0 A 10.0mAcm” . A 10.0mAcm”
v 125mA cm” 20 F v 125mAcm”
0 1 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)

Figure 5. Effect of current density on COD (a) and TN (b) removal. (pH = 6, 1000 mg L-1cr).

3.4. Verification of Actual Wastewater Treatment

Considering to literatures and experimental results, a mechanistic model of electro-
chemical treatment of COD and TN containing wastewater in a divided electrolysis cell
is proposed in Figure 6 [4,24]. In the process, the by-product of NHs* generated during
NO3;~ /NO; ™ reduction was circulated into anode chamber by loop operation and then
oxidized to N, on anode; meanwhile, the NO3 ™ /NO, ™ as the over-oxidation by-product
of NH4" could be recirculated into the cathode chamber and continuously reduced to Nj.
This process could relieve the common issues of over-reduction and over-oxidation by
combining cathodic NO3~ /NO; ™~ reduction with anodic COD/NH,4" oxidation and thus
improve the TN removal.

To further investigate the feasibility for COD and TN removal by this electrochemical
method, an actual pharmaceutical wastewater was sampled and treated in this study.
Figure 7 shows the variations of COD and TN removal with electrolysis time. As shown,
COD was effectively reduced from 337.57 to 70.64 mg-L~! with the removal efficiency of
79.1%. Moreover, similar to the simulated wastewater treatment, COD removal in actual
wastewater treatment followed pseudo-first-order kinetics. Figure 7b shows that the TN
removal efficiency reached 87.0%; and no NHs* or NO,~ was detected after 120 min
treatment, while NO3~ was removed from 28.33 to 15.69 mg-L~!. The concentrations of
nitrogen oxides were under the detection limit. In addition, Figure 7b shows that, with the
presence of NH;*, TN removal followed zero-order kinetics model; however, when NH,*
was completely removed, pseudo-first-order kinetics was fitted. After 120 min electrolysis,
the dissolved concentration of Pb?* was measured to evaluate the safety of the treated
wastewater; it was found that Pb2* concentration was 0.008 mg/L, which met the Standard
for Drinking Water Quality in China (plumbum < 0.01 mg/L). Beside, with removal of
79.1% COD and 87.0% TN, the energy consumption was calculated as 13.3 kWh-m~3, which
was much lower than that of traditional electrochemical method reported by other authors
(Table S2). Meanwhile, compared with biological method, the electrochemical process in
this work exhibited remarkable superiorities, such as high efficiency, short treatment time,
and easy operation [49,50].
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Figure 7. The simultaneous removal of COD (a) and total nitrogen (b) in actual pharmaceutical
wastewater treatment.

4. Conclusions

This work optimized the electrochemical treatment of COD and TN containing wastew-
ater with a divided cell. The effects of cathode material, initial pH value, C1~ concentration,
and current density were investigated on the COD and TN removal. At an optimized pH 6,
Cl~ concentration of 1000 mg~L’1, and current density of 10 mA-cm 2, this method could
remove 92.7% COD and 82.0% TN in simulated wastewater using Ti cathode and Ti/PbO,
anode. Besides, kinetics and reaction mechanism were also proposed to describe the elec-
trochemical process of COD and TN removal. For treatment of an actual pharmaceutical
wastewater, the extents of COD and TN removal were 79.1% and 87.0%, respectively.
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