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Abstract

In this study, we proposed electrolysis method to remove TN of the simulated coastal secondary
effluent with high chloride ion concentration. TN, nitrate-N, ammonia-N nitrite-N were detected to
evaluate the evolution of nitrogen. Under the set conditions, Nitrate-N, ammonia-N removal rate and
nitrite-N concentration increased with the rising FRC concentration. The higher the initial nitrate-N, the
lower the ammonia-N removal rate and the higher nitrite-N accumulation. The nitrate-N concentration
was almost not influenced by ammonia-N, and nitrite-N accumulation was greatly influenced by the
ammonia-N and nitrate-N. TN removal rate got up to from 87.6% to 50.0% without the influence of
COD. COD could greatly influence the removal of ammonia-N but little for the removal of nitrate-N and
nitrite-N accumulation. The TN removal rates reached from 68.0% to 57.2% with the influence of COD.
All the TN index met the discharge standard no higher than 15 mg/L. The conversion between nitrate-N
and ammonia-N did happen and intermediate product nitrite-N could be produced by nitrate-N and
ammonia-N. The application of the electrolysis method on the removal of TN in effluent improved the
understanding the TN removal mechanism and proposed a promising and reliable method for practical

engineering.
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Introduction

In coastal areas of China, underground water level
is usually higher than that inland. Uneven settlement
of drainage pipes causes serious leakage. This directly
leads to high chloride ion concentration in the influent
of WWTP and its concentration may reach 3000 mg/L
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or higher. In comparison, the value of chloride ion
in municipal WWTP in the inland is approximately
100 mg/L. Given the fact, could the chloride ion play a
role in removing total (TN) process.

Total nitrogen (TN) is taken as a key water quality
index in wastewater treating process, which may
cause water eutrophication [1] and oxygen deficiency.
The methods of removing TN include chemical [2],
biological and biochemical methods. It is a common
method and feasible way to remove TN via biological
process so as to meet the rigorous TN discharge limit
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value 15mg/L according to level B of the standard [3]
nowadays. However, biological approach has its own
limitation, because it requires longer treating time [4],
enough carbon sources [5] and many structures. To this
end, it is urgent to propose a new method to effectively
and directly remove TN in costal WWTP to meet the
discharge standard.

In recent years, electrochemical technology, as
an alternative method for TN removing, has been
attracting much attention. The method enjoys such
advantages as producing no sludge, low investment, no
carbon source required and environmental friendliness
[6-10]. However, much of the research focused on either
oxidation of ammonia-N or the reduction of nitrate-N.
There is only a little research simultaneously focusing
on the two reactions, and much less in WWTP in coastal
areas, because of the complexity and uncertainty during
the reaction.

Electrolysis process includes ammonia-N oxidation
and nitrate-N reduction. For ammonia-N oxidation,
the electrolysis process carries out usually with the
existence of chloride ion. Hypochlorous acid being
produced, ammonia-N is oxidized to several products-
nitrite, nitrogen gas and some nitrogen oxides [11].
For nitrate-N reduction, the nitrate-N concentration in
wastewater could be reduced, such products might be
found as the nitrogen gas (the main product), nitrite-N,
ammonia-N and some other nitrogen oxides [12, 13].
However, some researchers think that ammonia-N is
the main product of the nitrate reduction, especially
when initial nitrate-N concentration is high [14, 15].
The reduced nitrate-N can reach a relatively low level,
but hard to be removed completely [16, 17]. During the
whole electrolysis process, over-oxidation and over-
reduction can occur with by-products produced. The
nitrogen gas is the target product [18] and the removal
of TN is what we concerned in practical engineering.
Based on the analysis, if the chloride ion could be
electrolyzed to hypochlorous acid, the acid oxidizes
ammonia-N and by-products, and then the oxidized by-
products could be reduced to nitrogen gas or other by-
products, the process could produce more nitrogen gas
and improve the TN removal.

Combining the above analysis and the fact of costal
WWTP with high chloride ion and low carbon source,
the experiment takes Ti/IrO, [19-21], Cu [22, 23] as
the anode and cathode respectively to treat the water

samples, The simulated water sample was made, some
water quality indexes were detected to evaluate the TN
removal law.

Material and Methods
Electrodes and Apparatus

Three electrodes were selected in the experiment.
Cu (Shenzhen Yunding Metal Material Co., Ltd) and
Ti/IrO, (Baoji Longsheng Nonferrous Metals
Corporation) were chosen as the cathode and anode,
respectively. The required three plates were designed
5 cmx6.5 cmx0.1 cm. The Cu electrode was embedded
between two Ti/IrO, electrodes, and the distance
between them was 10 mm. The saturated calomel
electrode (Shanghai Yueci Electronic Technology Co.,
Ltd.) was taken as the reference electrode (shown in
Fig. 1).

An electrochemical workstation was purchased
from Tianjin Lanlike chemical and electricity high
technology Co., Ltd. The equipment was made of
Polymethyl methacrylate with the effective volume
250 mL (length, width and height was 5 cm, 6 cm and
12 cm respectively). The equipment was set on the
electromagnetic stirrer.

Experimental Method and Conditions

In order to take the simulated water as a typical
sample and better approximate the real wastewater,
nitrate-N, ammonia-N and carbon oxygen demand
(COD) concentration referred to the Grade 1B in
Discharge Standard of Pollutants for Municipal
Wastewater Treatment Plant (GB18918-2002) (Chinese
national standard) and was configured into different
step concentrations. Superior pure potassium hydrogen
phthalate and analytically pure KNO,, NH,CI are used
to configure COD, nirate-N and ammonia-N solution.
The water for the experiment was deionized water.
Analytically pure NaCl was used to adjust the chloride
ion concentration in solution.

The concentration of NO,”, NO,-, CI" was detected
by ion chromatography Ammonia-N was determined
by Nessler’s reagent spetcrophotometry and COD was
measured by potassium dichromate method and the

Electrochemical
workstation
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Fig. 1. Experimental equipment schematic diagram.
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effect of chloride ion on COD was eliminated by adding
mercury sulfate. All the methods were mentioned in
Water and Wastewater Analysis Method (4™ edition).

In preliminary optimization experiments, the
electrodes Ti/IrO, and Cu were chosen as anode and
cathode. Cathode voltage was -1.6V. The electrolytic
time was set within 60 mins so that it could meet
the TN index discharge standard 15 mg/L (the value
mentioned in the introduced standard) and leave some
space. So the next experimental parameters were fixed
as before.

Oxidation and Reduction Reaction Equation

During the electrolysis, on the surface of anode, Cl
transfers to CI, losing electrons and then hydrolyzes
into HCIO, which can react with reductive nitrogenous
substances to give oxidation nitrogenous products.
Nearby cathode, nitrate gets electron, then converts to
nitrite, ammonia or nitrogen gas. The possible main
reactions are listed as Table 1.

Results and Discussion

Parameters under Different Chloride
Concentrations

Fig. 2 shows the wvariation of four different
parameters, namely, free residual chloride (FRC),
nitrate-N, nitrite-N and ammonia-N under different
chloride ion concentrations. The initial ammonia-N and
nitrate-N concentration were 10 mg/L and 20 mg/L,
respectively.

In 30 mins, the FRC concentration increased with
the rise of initial chloride ion concentration, but no
obvious value difference appeared. The reaction on the
anode referred to equation (1, 2, 3, 4). When the initial
chloride ion concentration was 200 mg/L, 60 mins’
electrolysis saw the FRC reaching 1.1 mg/L. When the

Table 1. Referred equation of possible oxidation and reduction
reaction [24-26].

2C1~ - Cl, + 2e™ 1
Cl, + H,0 - HCIO + H* + CI~ 2
HCIO - Cl0™ + H* 3

3C10™ + 2NHf — N, T +3H,0 + 2H* +3Cl~ | 4

3ClI0~ + NHf - NO3; + H,0+3Cl” + H* |5

ClO~ + NO; - NO3 + CI~ 6

NO3 + H,0 + 2e~ — NOj + 20H™ 7

NO3 + 3H,0 4+ 5¢~ » —N, T +60H" 8
NOj + 6H,0 + 8¢~ — NH; + 90H™ 9
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Fig. 2. Variation of the tested parameters with different
chloride concentrations. (On above column chart, the different
color columns L, and represent nitrate-N, nitrite-N
and ammonia-N, respectively; in each four-column group,
the parameters were conducted under the initial chlorine
concentration being 200, 1000, 2000, 3000 mg/L from left to
right; in the line+symbol diagram, The FRC variation was also
obtained under four different initial chlorine concentrations.)

initial chloride concentration was 1000 mg/L, the FRC
initially increased starting with the time 50 mins. For
the chloride concentration 2000 mg/L and 3000 mg/L,
the initial increasing time started from 40 mins and
30 mins respectively. The rising rate shared a similar
trend, but the time FRC concentration began rising was
related to the initial chloride ion concentration. The
higher of the initial chloride ion concentration was, the
earlier of the time for FRC rose obviously. The key was
chloride ion concentration-controlled. With the chloride
ion concentration rising, its gradient close to anode
changed more slightly. Moreover, the FRC could oxidize
the ammonia-N more quickly. But for low chloride
concentration, the reaction process changed slowly.

For the wvariation of ammonia-N, when the
initial chloride ion concentration was 200 mg/L, the
ammonia-N concentration decreased slowly and kept at
high level above 6.15 mg/L and its removal rate remained
at 38.5% after 60 mins. By comparison, for initial
chloride concentration 1000 mg/L, the electrolysis rate
remained almost unchanged with the time prolonged
until the ammonia-N was removed completely. When
the initial chloride concentration was 2000 mg/L and
3000mg/L, the ammonia-N concentration decreased
much more quickly. The ammonia-N was removed
completely in 50 mins and 40 mins. The electrolysis
removal rate was obviously higher than that with low
chloride ion concentration 1000 mg/L and 200 mg/L.

Based on the above analysis, it can be concluded
that, the higher the initial chloride ion concentration
was, the higher the ammonia-N removal rate, and the
shorter time for ammonia-N being removed completely.
The removal rate has a good positive correlation with
FRC in the simulated water. That reason was that
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the oxidation removal of ammonia-N mainly depending
on the hypochlorite acid. By electrolysis, the chloride
ion transformed to hypochlorite acid with strong
oxidizability [27], that could oxidize ammonia-N
quickly and effectively. So there was no rising trend
in the first 30 mins for FRC. After the ammonia-N
being completely removed, there is no other substances
consumed FRC, so the chloride ion being used to
produce FRC. During the process, the main products
were nitrogen gas, a certain quantity of nitrite-N and
nitrate-N [28], the oxidation process might refer to
formula (4, 5, 6), which would be proved in following
experiments.

With the increase of chloride ion concentration, the
nitrate-N concentration in outlet read from 12.74 mg/L
to 8.55 mg/L and the removal rate rose from 36.3% to
57.3%. The removal rate slowed down as time went on.
The different removal rate of nitrate-N attribute to that
the over-oxidation occurred [29] and the oxidation of
intermediate product. It meant that part of ammonia-N
and nitrite-N were oxidatived to nitrate-N, similar to
formula (5, 6), that was not what we needed, but the
oxidative rate were very slow and did not dominate the
whole reaction. This finding was consistent with the
research by Sergi Garcia-Segura [28] and was to be
certificated in the following experiment.

The experiment on nitrite-N accumulation was also
depicted in Fig. 1. Nitrite-N accumulation was apparent
and playing an important role as an intermediate
product in the redox process. The conclusion did not
confirm to Song who argued no nitrite-N accumulation
occurred [6]. The nitrite-N concentration increased
quickly within 10 mins, but over 10 mins, it kept almost
constant. During the whole electrolysis process, the

35+ . 135
Nitrate-N ~ —=— 15mg/L
3090 wp Nitrite-N ~ —e— 20mg/L {30
= i Ammonia-N —— 25mg/L
W 257 4 | —v— 30mg/L 125
E ~
5 20 1 C i 120 Eﬂ
g 15 15 >
3 =
Q \
5 104 Hi 110
@)
51 15
0 T 0

Time (min)

Fig. 3. Variation of the tested parameters with different initial
nitrate-N concentrations. (On the column chart, the different
color columns L, ©" and ' also represent nitrate-N, nitrite-N
and ammonia-N, respectively; in each four-column group,
the parameters were conducted under the respective 10, 15,
20, 25 mg/L nitrate-N concentration from left to right and the
ammonia-N concentration was 10 mg/L; in the line+symbol
diagram, The TN was also got under that condition.)

reaction might follow the following reaction: the was
absorbed on the surface of Cu cathode, obeying the
reaction equations [30] below.

NO3 + Cu —» Cu — NO3
Cu—NO3 + Cu — NOj + Cu,0

So nitrite-N was a key intermediate in the conversion
from nitrate-N to nitrogen gas. With the increase of FRC
concentration, the nitrite-N concentration increased,
and the FRC could inhabit the process from nitrite-N to
nitrogen gas to some extent. The degree of inhabitation
varied with the different FRC concentration.

It also showed that when the initial chloride
concentration was 3000 mg/L, the nitrate-N and
ammonia-N removal rate were the highest. Therefore,
the next experiment was conducted with the chloride
ion concentration 3000 mg/L and the concentration
more approached the actual chloride ion concentration
in real wastewater.

Parameters under Different Nitrate-N
Concentrations

The ammonia-N concentration in Fig. 3 decreased
obviously with electrolysis time elapsing. It was
removed completely with the time 20, 30, 50 mins
when the initial nitrate-N concentration was 5, 10 and
15 mg/L correspondingly. But when the initial nitrate-N
was 20 mg/L, the ammonia-N was 2.92 mg/L with its
removal rate 70.8%.

Fig. 3 also depicted that the nitrate-N concentration
showed a gentle decrease. Over 60 mins’ electrolysis,
the nitrate-N concentration was 1.81, 4.27, 7.45 and
10.61 mg/L and the removal rate was 76.4, 57.6, 50.3
and 47.0%.

According to Fig. 3, the nitrite-N concentration
was a little different under different initial nitrate-N
concentrations. Those increased quickly in the first
20 mins and then began to fluctuate. For the initial
nitrate-N being 20 mg/L, within 10 mins, the nitrite-N
concentration was the highest reaching about 1.5 mg/L.
For other initial nitrate-N concentrations, the
accumulated nitrite-N concentrations were a little
different, roughly lower than 1.5 mg/L.

The higher the initial nitrate-N concentration, the
lower the nitrite-N and ammonia-N removal rate. That
meant a certain amount of nitrate-N transformed into
nitrite-N and ammonia-N during the nitrate reducing
process [31]. The generated ammonia-N and the
accumulated nitrite-N concentration increased along
with the rise of the initial nitrate-N concentration.

TN concentration in outlet was 19, 52, 8.7,
15.0 mg/L, and its corresponding removal rate was
87.6%, 74.1%, 65.1% and 50.0%. The difference of the TN
removal rate mainly attributed to the different removal
rate of ammonia-N. The TN maximum value was
15.0 mg/L, which meant TN within 60 mins’ electrolysis
could meet the discharge standard 15 mg/L.
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Parameters under Different Ammonia-N
Concentrations

The ammonia-N in Fig. 4 always kept a steady value
0 with the initial ammonia-N concentration 0 mg/L and
there was no variation during the whole experiment. It
indicated that the ammonia-N yielded rate was much
lower than oxidation rate or there was no ammonia-N
being produced by the reduction of nitrate-N. The
ammonia-N was got rid of completely within 30 mins
when the initial ammonia-N concentration was 5 mg/L.
However, under the condition of 10mg/L, the removal
rat was only 70.8% within 60 mins.

The nitrate-N reductions rate showed a slight
difference, but was not dramatic. The ultimate TN
concentration was 9.09, 9.99 and 10.61 mg/L respectively
within 60 mins with corresponding removal rate being
54.6%, 50.1 and 50.0%. The different values could infer
that different amount of ammonia-N was over-oxidized
to nitrate-N.

When the initial ammonia-N concentration was null,
nitrite-N still came out, which confirmed that it was the
oxidation of ammonia-N that produced the nitrite-N.
With the rise of the ammonia-N concentration, the
nitrite-N concentration increased. There was a little
higher for the nitrite-N with the initial ammonia-N
concentration 10mg/L than other both concentrations.
The both were almost the same when the initial
ammonia-N 0 and 5 mg/L. The risen nitrite-N was
produced by the oxidation of ammonia-N, and its yield
was related to initial ammonia-N concentration. The
nitrite-N concentration would briefly remain within a
certain range after 10 mins, their ultimate concentration
was 0.8-0.9 and 1.4 mg/L respectively after 60 mins.
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Fig. 4. Variation of the tested parameters with different initial
ammonia-N concentrations. (On the column chart, the different
color columns ", I and I also represent nitrate-N, nitrite-N
and ammonia-N, respectively; in each three-column group, the
parameters was conducted under the ammonia-N concentration
were 5, 10, 15 mg/L from left to right and the nitrate-N
concentration was 20 mg/L; in the line+symbol diagram; the TN
was also got under that condition.)

Furthermore, the transformation between ammonia-N
and nitrate-N did occur and the nitrite was intermediate
product.

For the TN removal, when the initial ammonia-N
was 0 and 5 mg/L, the removal rate shared a similar
trend and both of them were lower than when the
initial ammonia-N was 10mg/L. The differences
turned up mainly at the beginning, which could owe
to the existence of ammonia-N. The TN removal rate
was mainly influenced by the removal of ammonia-N.
The ultimate TN value was 9.9, 11.0 and 15.0 mg/L in
60 mins and their corresponding removal rate was 50.7,
56.1 and 50.0%. All the final TN value met the discharge
standard 15 mg/L within 60 mins’ electrolysis.

Parameters under Different COD
Concentrations

In Fig. 5, COD concentration decreased with the
electrolysis time going on. But the COD removal rate
was a little higher with the initial COD concentration
increasing. The oxidation of COD by hypochlorous
acid could account for the concentration decrease. COD
removal rate of was positively correlated to the initial
COD concentration. Over 60 mins, the COD value was
14.5, 25.4 and 29.8 mg/L and its corresponding removal
rate was 27.5%, 36.4% and 50.3% respectively.

COD concentration had an obvious impact on the
removal rate of ammonia-N, and the impact occurred
wihtin different time. Furthermore, the ammonia-N
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Fig. 5. The influence of COD concentration on TN, nitrate-N,
nitrite-N and ammonia-N. (The different color columns
[, and|  also represent nitrate-N, nitrite-N and ammonia-N,
respectively; in each four-column group, the parameters were
conducted under the ammonia-N and nitrate concentration were
10 and 20 mg/L respectively with COD concentration were 0,
20, 40, 60 mg/L from left to right; in the linet+symbol diagram,
TN was got under four different COD concentrations depicted
with four solid symbols; the variation of COD concentrations
also showed with hollow symbols. TN and COD concentration
was calculated on the right Y axis.)
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removal rate decreased gradually with the rise of initial
COD concentration. The ammonia-N removal rate was
100% when the initial COD concentrations were 0 and
20 mg/L within 60 mins. For the COD of 60 mg/L,
the value was 1.72 mg/L with the removal rate 82.6%.
The main reason of different ammonia-N removal rate
attributed to the consumption of FRC by different COD
concentration. More COD would consume more FRC,
so the ammonia-N oxidation rate slowed down with the
rising COD concentration.

The nitrate-N  concentration decreased with
the electrolysis time prolonged. There was a little
difference of nitrate-N removal rate, the ultimate
concentrations read 8.55, 898, 9.31 and 9.84 mg/L,
all of which were below 10 mg/L. All the nitrite-N
concentration remained at around 1.1 mg/L after
10 mins. Furthermore, the nitrite-N concentration was
almost not influenced by COD concentration. Therefore,
the existing COD could have negative influence on the
oxidation of ammonia-N. The oxidation of ammonia-N
and COD also simultaneously happened, but no obvious
influence on concentration change of nitrite-N. A
little decelerating the reduction of nitrate-N compared
without the existence of COD, all the nitrate-N values
were below 10 mg/L.

TN concentrations decreased and the removal rates
increased with electrolysis time going by. COD had a
negative impact on the removal of TN. The higher of the
initial COD concentration, the lower of the TN removal
rate. The differences of the TN removal rate were made
by the removal of ammonia-N. The TN result values
were 9.6, 10.1, 11.2 and 12.8 mg/L and their removal
rates were 68.0%, 66.2%, 62.5 % and 57.5%. All the
final TN values met the discharge standard 15 mg/L.

Conclusions

The work was conducted by simulating the
wastewater with high chloride ion concentration in
secondary effluent of costal WWTP. The conclusions
could be drawn as follows:

(I) Under different chloride ion concentration,
when the initial ammonia-N was 20 mg/L and nitrate-N
concentration was 10 mg/L, the starting time for abrupt
rise of the FRC had a positive correlation with the initial
chloride ion concentration. The nitrate-N, ammonia-N
removal rate and the accumulation of nitrite-N increased
with rising of FRC. Nitrate-N and ammonia-N could get
the best removal rate under the condition of chloride ion
concentration 3000 mg/L.

(2) Under the constant ammonia-N concentration
10 mg/L and different nitrate-N concentration,
the higher the initial nitrate-N was, the lower the
ammonia-N removal rate was and the higher the
nitrite-N accumulated. The TN got better removal rate,
with the value between 87.6% and 50.0%. Under the
constant nitrate-N concentration 20 mg/L and different
ammonia-N concentration, TN removal rate was greatly

influenced by the existence of ammonia-N, the TN
removal rate being from 56.1% to 50.0%. Under all the
experiment conditions, the TN ultimate values all met
the discharge standard of no higher than 15 mg/L.

(3) Different COD concentrations could greatly
influence the removal of ammonia-N but little for
nitrate-N removal and nitrite-N accumulation. The
transformation of nitrate-N and ammonia-N happened,
the intermediate product nitrite-N could be produced
by nitrate-N and ammonia-N and the value fluctuated
between 0.5 and 1.5 mg/L.
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