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ABSTRACT

This study on tannery wastewater treatment showed that indirect electrooxidation by chlorine
generated at a Ti/SnO,/PdO,/RuO, (SPR) anode led to full ammonia removal and a decrease in
chemical oxygen demand (COD) up to 58.9%. Summarized current efficiency of ammonia removal
and apparent current efficiency of COD removal was very high and (up to 127.2%). Individual
compounds present in raw and electrochemically treated wastewater and in synthetic tannin
solutions were identified by GC-MS method. Dibutyl phthalate was determined in all samples of
raw and/or wastewaters treated by electrooxidation and also in tannin solutions. For the wastewater
sample D, current density of 1.0 A/dm? values of adsorbable organically bound halogens were: 15.7,
19.8 and 12.9 mg/L after 15, 30 and 46 min, respectively. Additionally, a cost evaluation of this process
was established. At a current density of 1.5 A/dm?, the energy consumption was in range from 78.2

to 171 kWh/kg of N-NH;.
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1. Introduction

Tannery wastewaters are characterized by high con-
centrations of organic and inorganic pollutants and a wide
variety of compositions due to variations of production
processes. Most pollutants are soluble, though some occur
as suspensions or colloids [1]. Chlorides and ammonia are
the primary inorganic impurities; chloride concentrations
range from several hundred to >10,000 mg/L Cl, while
ammonia concentrations range from tens to several hun-
dred mg/L. Additionally, the content of organic pollutants
is high; it is predominantly composed of proteins (collagen)
and amino acids (from the skin) as well as fatty aldehydes
and quinones (tannins used in skin treatment) [2]. High

* Corresponding author.

concentrations of pollutants of low biodegradability make
biological tannery wastewater treatment insufficient in
most cases. A more effective electrooxidation process has
recently been extensively investigated. Results from pub-
lished studies [3-15] show that electrooxidation can occur
both directly and indirectly; the effectiveness of the process
strongly depended upon the electrode material, opera-
tional conditions (pH, current density, temperature) and
the characteristics of the wastewater. In the case of tannery
wastewaters, ammonia is an important impurity so the
effectiveness of chlorine generation on the anode surface
is crucial. In our own research [3], the Ti/SnO,/PdO,/Ru0O,
(SPR) anode was the most effective one of all six anodes
investigated.
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There are three main parameters which affect the
purification method effectiveness: ammonia, chlorides
and organics concentration (COD). The effectiveness
increases with increased COD and ammonia concentrations
[4,7]. Most researchers carried out the electrooxidation of
wastewaters during a predefined time, with no attempt
to optimize the process duration. The process is often ter-
minated when ammonia is still present in wastewaters in
high quantities. Ammonia is one of the primary impurities
in tannery wastewater and is readily removed by chlo-
rine; so the proper time for ending anodic oxidation of
tannery wastewaters is when the concentration of ammo-
nia disappears. A few studies [4,6,7] addressed this issue.
Szpyrkowicz et al. [6], examined four anodes for removing
ammonia and COD. They obtained the best results for bio-
logically pretreated (anaerobically) wastewater. In the case
of a Ti/Pt-Ir anode, ammonia was removed by 66% after
90 min (200 A/m?); in the case of the Ti/PbO-Co,O, anode,
82.2%. Analogical results obtained for raw wastewater were
as follows: 55.5% and 46.3%. Under the same conditions,
COD was removed from pretreated wastewater by 53.5%
using a Ti/Pt-Ir anode and by 72% using a Ti/PbO-Co,0O,
anode. Continuation of electrooxidation after complete
removal of ammonia resulted in further COD removal, but
with low efficiency. Additionally, it caused a significant
increase in chlorine concentration, which increases the
toxicity of wastewater.

There are few studies (including our own publica-
tions [16]) devoted to chlorination products as a result of
anodic oxidation of tannery wastewaters. Rao et al. [17]
compared the effectiveness of three anodes: Ti/Pt, Ti/PbO,
and Ti/MnO,; the best results were obtained using the Ti/
Pt anode. GC-MS results showed that phenol, naphtha-
lene and steroids were totally removed during the process,
while concentration of other chemical compounds were
also reduced. On the other hand, some new substituted
phenolic compounds formed. Among the chloroorganic
compounds, only tetrachloroethane was detected. Results
from GC-MS analysis of raw tannery wastewaters were
also reported by Vijayalakshmi et al. [18] and indicated

Table 1
Characteristic of wastewater subjected to electrooxidation

that phthalates (and other esters), hydrocarbons, nitro com-
pounds, acrylamide and benzoquinone were all present.

Conclusions drawn from a tannery wastewater treat-
ment literature review provided the foundation for the goals
of this study, which significantly expand the knowledge of
chemical tannery wastewater treatment.

The main goals of presented studies were as follows:

e assessment of the effectiveness of ammonia, organic com-
pounds (COD), total Kjeldahl nitrogen (TKN) removal by
electrooxidation;

e assessment of the effects of current density, chloride
concentration and process time on the effectiveness of
electrooxidation;

e calculation of the current efficiency of ammonia removal
and apparent current efficiency (ACE) of COD removal
for all wastewater samples and current densities;

¢ identification of organic compounds in raw and treated
wastewaters and in synthetic tannin solutions (GC-MS).

2. Experimental and methods

Tannery wastewater samples were collected from tanner-
ies located in Poland. They were refrigerated before analysis,
but not for longer than 72 h.

Four tannery wastewater samples were subjected to
electrooxidation:

* Samples A and B — raw tannery wastewater;
¢ Samples C and D - tannery wastewater biologically
pretreated in the tannery;

The characteristics of the wastewater samples are shown
in Table 1. All samples were characterized by different COD
values — from 2,288 (sample C) to 4,982 (sample B) mg/L O,.
However, significantly higher concentrations of ammonia
were observed in cases of biologically pretreated wastewater
(samples C and D); three samples (A, C and D) had similar
TKN to ammonia ratios of approximately 1.2; sample B had a

A B C D
pH 6.7 6.6 8.2 7.7
Conductivity uS/cm 24,800 23,600 21,700 10,800
Total suspended solids mg/L 70 30 27 26
Chlorides mg/L Cl 6,738 6,735 4,821 3,600
Sulfates mg/L SO, 3,200 5,000 4,200 4,200
Ammonia mg/L N-NH} 346 340 745 608
Nitrites mg/L N-NO; 0.04 0.12 0.18 0.02
Nitrates mg/L N—NO; 1.0 1.3 0.4 10.4
Total Kjeldahl nitrogen mg/L N 426 501 905 724
Orthophosphates mg/L PO;~ 2.0 4.2 2.7 1.6
COD mg/L O, 2,417 4,982 2,288 3,017
Sulfides mg/L S* 27.2 210 100 84
Anionic surfactants mg/L 21.2 400 24 12.0
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higher ratio (~1.5). Differences discussed above are due to the
different tanning processes applied in that tannery. Different
skin types required different chemical treatments during the
tanning process. Ammonia present in wastewater primarily
comes from ammonium salts used as chemicals. Ammonia is
also the product of deamination process which occurs under
anaerobic conditions in an expansion tank after biologi-
cal treatment. On the other hand, the TKN contains amino
acids and proteins leached from skins. However, wastewa-
ter samples C and D were biologically treated in the tannery,
their characteristics indicate that biological treatment at the
plant worked incorrectly (what was also reported by tannery
workers). On the other hand, the concentrations of chlorides
in samples C and D were almost two times lower than
samples A and B. Chlorides primarily come from the added
salts during the tanning process, though small amounts also
come from the skin.

Other parameters were similar in all wastewater samples.
The concentration of Cr in wastewater was <5 mg/L (Table 1).

Additionally, synthetic solutions of tannin used in that
tannery were subjected to electrooxidation. The tannin was
added (in two concentrations: 300 and 500 mg/L) to chlo-
ride and ammonia solutions in concentrations from 3,510
to 22,000 and 190 to 1,176 mg/L, respectively, as well as to
the same solutions without ammonia containing the same
concentration of chloride ions. The aim of that part of the
study was to determine the influence of ammonia on indirect
electrooxidation of the tannin and identification of tannin
electrooxidation products.

The studies on electrooxidation were conducted in a rect-
angular, Plexiglas electrolyzer (200 (height) x 120 x 70 mm) in
which five electrodes were placed in parallel and alternately
—two SPR anodes and three steel cathode (100 x 100 x 2 mm);
the gap between the electrodes was 12 mm and distance
from the bottom of electrolyzer was 3 cm. The SPR anode
Ti/RuO,/SnO,/PdO, 40%/30%/30% was prepared according
to the Comminelis and Vercessi [19]. The volume of tested
wastewater was 1,030 mL. During electrolysis, wastewater
was magnetically stirred. Wastewater samples, 10-20 mL,
were taken from the reactor at pre-selected time intervals
for analysis (after 5, 15 and then after every 15 min of the
process). When the concentration of ammonia became below
15 mg/L its concentration was determined every 1 min in
order to get the point in which it was removed totally. The
process was conducted until the removal of ammonia was
complete. The current was kept constant while the voltage
and temperature were controlled continuously. The current
density used in the process varied from 0.5 to 2 A/dm?.

The efficiency of tannery wastewater electrooxidation
was evaluated based on the following parameters: tempera-
ture, pH, COD, ammonia, chlorides, as well as free and total
chlorine concentration. Additionally, for the selected experi-
ments, TKN was determined. For wastewater sample D, the
AOX was determined at a current density of 1 A/dm? and
electrolysis times of 15, 30 and 46 min. In case of tannin
solutions, the effectiveness of the process was evaluated by
changes in COD and tannin concentrations. All determina-
tions were conducted in accordance to European Standards
The test values are presented as the average of the three
measurements, and the standard deviations of measured
data were below 5%.

Additionally, the current efficiency of ammonia and
ACE of COD removal was calculated for each wastewater
sample and current densities. Calculation assumptions (from
Faraday’s Law) for the removal of 8 mg O, (in case of COD)
or 14/3 mg of N (in case of ammonia) required an electrical
charge of 96.5°C. Current efficiency calculations for ammo-
nia removal assumed that ammonia reacts with chlorine
generated at the electrode surface according to reaction 1:

6 CI-+2NH, - 6e” — 3N, + 6HCl 1)

In our paper, the term ACE used in case of COD is equal
to the electrochemical oxidation index (EOI) introduced by
Comninellis and Plattner [20], and used by other research-
ers. EOl is defined as a mean value of instantaneous current
efficiency calculated during the entire process. However, in
calculations of ACE of COD removal, it was assumed that
organic compounds were oxidized by chlorine generated at
the electrode surface; it is highly probable that some addi-
tional oxidation reactions took place, which “apparently
increased” the current efficiency of COD removal. ACE COD
removal was calculated according to the following formula:

(COD, -COD,)
8x I x At

ICE = FxV @)

where COD, and COD, — COD at times 0 and ¢ respectively;
V — the volume of electrolyte; I — current; F — Faraday’s
constant

For samples A and D, chromatographic analyses (GC-MS)
were performed using a Hewlett Packard 589011 /5971 HP-1
capillary column chromatography (24 m, 0.2 mm, 0.33 pum).
The following temperature conditions were used: the initial
temperature was 35°C, heated at a rate of 5°C/min until it
reached 310°C and held there from 15 min. The mass detec-
tor worked in SCAN mode, from 20 to 570 u (250°C). Samples
were extracted twice with 200 mL with dichloromethane
(15 +10 mL) at pH 8 and 2. As an internal standard, 1.0 mL
of pure (2,6,10,16-tetramethylpentadecane) in dichlorometh-
ane (0.1 mg/mL) was added.

3. Results and discussion
3.1. Electrooxidation of wastewater

Table 2 shows the summary of wastewater electro-
oxidation results; Fig. 1 shows the ammonia concentration
changes during the electrolysis of wastewater and Fig. 2
shows analogous changes in COD values.

The COD values decreased by 48.6%-58.9% in time
required for total ammonia removal for all wastewater
samples. Those values strongly depended on the current
density and for higher values they were lower.

Those results were just slightly worse than those obtained
in our previously published results [16]. In that studies, the
coagulation of four raw wastewater samples resulted in a
COD decrease of 56.5%-74.1%, while electrooxidation gave
a decrease of 55.9%-73.1%. These differences in COD reduc-
tion were probably due to differences in the quantity and
quality of the organics in the studied samples. However,
those results, together with results published earlier [21,22]



Table 2

Summary of research results on electrochemical treatment of tanning effluents and values of energy consumption, current yields and final concentrations of total chlorine

Energy consumed Voltage

(kWh/kg N-NH,)

Energy

Total current

COD

N-NH

COD

pH Electrolysis  Final

final

Current

Wastewater

V)

consumed
(KWh/m?3)

28.1

efficiency (%)

current

current

removal

(%)

concentration
CI (mg/L)

6,050

time (min)

density

efficiency (%)

65.9

efficiency (%)

33.5

(A/dm?)
15
2.0

54
6.4
47
55

82.6

89.4

48.8

60

6.1
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95.3

324

97.0

64.2

32.8

48.6

6,060

46

6.0
5.0

49

127
149
171

43.6

127.2
118.8
113.6
80.1

106.1
97.6

21.1

58.9

6,130
6,100
5,970

139
92

1.0
1.5

2.0

51.0

21.2

53.8

6.3
55

58.6

92.7

20.9

51.8

70

47
5.0

49

78.2

58.3

39.7

40.4

55.0
54.5

4,000

106
80
156
102
78

1.5
2.0

6.0
4.8

85.9

64.0

79.3

39.2

40.1

4,040

82.1

499

90.0

56.4

33.6

58.0

3,200

6.0
59

1.0
1.5

2.0

5.6
6.5

93.9

57.1

89.5

55.3

56.6 34.2

3,170
3,180

111.2

67.6

88.7

55.1

33.6

56.7

5.8

enable a comparison of the effectiveness of the coagulation
and electrooxidation processes with respect to COD removal
from tannery wastewater. However, these results show that
the effect of both processes was similar; the main advantage
of the electrooxidation process is a total removal of ammo-
nia, which in addition to organics is the main impurity in
tannery wastewaters. Additionally, results published ear-
lier [16] enabled the comparison of the effectiveness of the
decrease in COD by electrooxidation with that achieved by
AOPs. In case of wastewater sample C-k, the Fenton pro-
cess gave a 54.0% decrease in COD, the H,O,/UV process
gave a 77.6% decrease in COD, and electrooxidation gave
a 39.6% decrease in COD. In the case of wastewater sample
D-k, the H,O,/UV process gave a 70.4% decrease in COD,
and the electrooxidation process gave a 46.0% decrease.
However, electrooxidation resulted in the total removal of
ammonia, which can be considered as a definite advantage
of this method.

Values of ACE of COD removal and current efficiency of
ammonia removal are shown in Table 2. The ACE of COD
removal for wastewater B was higher than that for other
wastewaters and ranged from 92.7% to 106.1%. For waste-
water samples A and D, they were similar and ranged
from 55.1% to 67.9% but was significantly lower for waste-
water sample C (39.2%-39.7%). The ACE of COD removal
depended strongly on the concentration of chlorides and
organics — higher values of both increased the efficiency.

The current efficiency of ammonia removal was the
highest at a current density of 1.5 A/dm? and depended on
the concentration of other oxidized impurities. For waste-
water samples with lower organic concentrations, especially
the biologically pretreated wastewater sample D (the lowest
COD, high ammonia concentration), the efficiencies at 1.0
and 2.0 A/dm?* were similar (33.6%) and was slightly lower
than the efficiency obtained at 1.5 A/dm? (34.2%). For sam-
ple B (high COD), current efficiency at densities of 1.0 and
1.5 A/dm? was similar (21.1% and 21.2%) and slightly higher
than at 2.0 A/dm? (20.9%).

Results presented in Table 2, together with results
published elsewhere [16], allow for the conclusion that
ammonia removal efficiency and ACE of COD removal gen-
erally decreases at higher current densities. In the case of
samples B and D, the highest current efficiency of ammonia
removal was at current density of 1.5 A/dm? and for COD
removal, it was at 1.0 A/dm? In case of samples A and C,
the current efficiency of ammonia and ACE of COD removal
was higher at 1.5 than it was at 2.0 A/dm?2 The influence of
current density on ammonia and COD removal might be
explained by the kinetics of chlorine reaction with impuri-
ties. Chlorine reactions with ammonia, hydrogen sulfide,
amino acids and proteins occur rapidly. Tannery wastewater
contains many other organic pollutants which react with
chlorine at a much lower rate; the current density decrease
results in slower chlorine generation and prolongation of
ammonia removal and formation of chloramines. The pro-
longation of the electrooxidation process favors the slower
reaction of chlorine with organics. It results in an increase in
the COD removal ratio to the removal of ammonia.

Temperature may influence the difference in the degree
of ammonia and COD removal, which was increased during
the process. At the end of the process, it ranged from 30°C
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Fig. 1. Changes in ammonium nitrogen concentration during tannery wastewater electrolysis.
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Fig. 2. Changes in COD values during tannery wastewater electrolysis.
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to 46°C and increased as the current density increased (the
initial temperature was always 19°C-20°C). Higher tempera-
ture accelerates slower processes, such as chlorine reactions
with some organic impurities. It also accelerates the reaction
of chlorine with ammonia. The reactions of chlorine with
hydrogen sulfide and organic compounds compete with
chlorine/ammonia reactions. This explains the significant
decrease in the current efficiency of ammonia removal
when organic compounds are present in the solution.

During electrolysis some changes in pH value were
observed and for all investigated samples the character
of those changes was similar. At the beginning of the pro-
cess, pH value increased slightly than after about 15 min
decreased to values between 3.5 and 4.5 (depending on the
sample) for current density 2A and rose again up to final
value presented in Table 2. Discussed changes in pH value
were effect of different reactions ongoing in bulk solution
during electrolysis. It is well known that form of chlorine
depends strongly on the pH value of the solution, and
below pH 2.0 it is present only as Cl,, in pH in range from
2.0 to 5.5 dominates HCIO and ClO- is in low concentration.
In case of presented studies pH value of the solution was
up to 6.0 during the whole electrolysis time, which allow
to conclude that the dominant oxidizing factor was HCIO.
HCIO is considered as weaker oxidant than ClO- that is
why substitution of Cl in organic compound molecules
took place rather than destruction. Additionally with the
time of the process, pH value of solution rose and chlorine
started to be present also as C1O- which is stronger oxidant
and cause destruction of big organic compounds without
substitution of Cl atom. That thesis was reflected in AOX
and GC-MS results which are discussed later in this paper.

In addition to chlorine generation on the anode surface,
the oxidation of water occurs which results in the generation
of hydroxyl radicals (reaction 2):

HO+e - H"+OH" 3)

Hydroxyl radicals produced in that way and adsorbed
on the anode surface are also involved in the oxidation of
organics. As previously reported [23], hydroxyl radicals, in
the absence of chlorides, are the main factors responsible for
the degradation of organic compounds.

The generation of hydroxyl radicals on the Boron-doped
diamond anode is quite high in comparison with the DSA
type anodes [24]. On the other hand, on the DSA anodes,
the generation of chlorine is very effective. In solutions with
high chloride content, the production of chlorine on DSA
anodes significantly exceeds the production of hydroxyl
radicals [22]. The efficiency of chlorine generation on the
anode surface increases with the concentration of chlorides
[3]. The oxidation of ammonia with hydroxyl radicals does
not occur [23]. However, in the present study, hydroxyl rad-
icals measurements were not conducted. Radical scavengers
(e.g., HCO; [3]), which reduce the concentration of hydroxyl
radicals in the oxidation of organic compounds, are produced
during the tannery process.

For samples with higher chloride and organic compound
concentrations (sample B), the total current efficiency was
higher than 100%. Such high current efficiencies have a
few possible explanations. It could be due the presence of

additional oxidants in treated wastewater, such as oxygen
from the atmosphere (the solution was mixed on magnetic
stirrer during the entire process). In the reaction of OH*
and CI* with organic compounds, some organic radicals are
created which react with oxygen. These reactions are likely
responsible for the >100% efficiency of the oxidant in AOPs
as well [25].

Another possible reason could be due to secondary
oxidation reactions of some impurities by chloramines. The
reactions of chloramines, especially monochloramine, with
organic compounds and sulfides cause a rapid loss of chlo-
ramine content.

Removal of organic nitrogen concentration was higher
than that of COD removal, but never reached 100% during
the time needed to total removal of ammonia. In wastewater
sample B, this value reached 79% after 60 min and 80% for
wastewater sample C after 80 min of electrolysis (current
density of 2.0 A/dm?). Prolongation of the electrolysis to
120 min increased this value only to 87.5%. Total removal of
nitrites occurred within 5 min for each process.

The reaction of chlorine and chloramines with organics
in wastewater led to the formation of chlorinated organic
compounds. The total content of chlorinated compounds
was measured as AOX. For wastewater sample D, at a cur-
rent density of 1.0 A/dm? the AOX values were: 15.7, 19.8
and 12.9 mg/L after 15, 30 and 46 min, respectively. These
results, together with the results published elsewhere [3],
indicated that the content of the halogenated derivatives
during electrolysis initially increased then decreased. Similar
phenomena were observed by Chiang et al. [26] during
electrolysis of coking wastewater and by Rebhun et al. [27]
during chlorination of household wastewater. The initial
increase in the AOX value could be explained by the fact dis-
cussed in case of pH - initially dominates in solution HCIO.
The subsequent drop in AOX values could be explained by
further degradation of chlorinated derivatives. The rate of
this degradation after electrolysis exceeds the rate of new
chloroorganics formation.

Substances identified by GC-MS in raw wastewaters
represented less than 1% of all organic impurities present
in tannery wastewaters (determined as COD). This is due to
the fact that the organic substances that enter the wastewater
from different technological processes have high molecular
weight and high polarity; therefore, they are not identified
by GC-MS. The wastewater samples differed in the compo-
sition of pollutants due to different technological processes
and different preparations used during those processes. The
results obtained for wastewater samples A and D are pre-
sented in Table 3 (together with results for electooxidized
wastewaters A-e and D-e).

The total concentration of identified substances in waste-
water sample A was 2.01 mg/L. The decomposition of
nonionic surfactants (e.g., Rokafenol) could explain the
origin of 4-nonylphenol and 4-dodecylphenol. The amount of
identified carboxylic acids was small. Approximately 70% of
electrooxidation products constituted non-chlorinated com-
pounds, among which dihydro-4-methyl-2 (3H)-furanone
was the primary species present (178 pg/L).

On the other hand, the amount of substances identified
by GC-MS in biologically treated wastewater (D) was very
small. Their total concentration was approximately 669 pg/L
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and main compound was dibutyl phthalate (615 pg/L). Such
a small amount of identified impurities is probably due to the
fact that the products of biological processes are compounds
with higher polarity and/or higher molecular weight which
are not detectable by GC-MS. Products of electrooxidation
of wastewater samples A (A-e) and D (D-e) determined by
GC-MS are listed in Table 3. Mono- and dicarboxylic acids
dominated the identified non-chlorinated products of tannery
wastewaters. Some substances present in raw wastewater
(such as furan and pyran derivatives in wastewater sample
A) were not identified in wastewaters after electrooxidation
(A-e).

During electrooxidation, the total concentration of chlo-
rinated compounds initially increased but after some time
decreased. Analogous phenomenon were observed for most of
the identified chlorinated organic compounds. This demon-
strates that destructive oxidation by chlorine (instead of
chlorine substitution) controls the process after some time.
In wastewaters after electrooxidation, the following chlorinated
compounds were identified: lower aliphatic chlorohydro-
carbons (including chloroform), chlorinated derivatives of
acetone and other ketones (including 1,3-dichloropropanol-2),
chlorinated nitrile derivatives, lower carboxylic acids, alde-
hydes and alcohols. These chlorinated compounds were
normally identified among the products of chlorine reaction
with amino acids, humic compounds and lignin.

Based on the identified products of tannery wastewater
electrooxidation, it is not possible to determine the mecha-
nism of the process. On the other hand, the mechanisms of
chlorination of some substances present in tannery waste-
water are well known. This knowledge allows to draw some
conclusions based on the origin of some electrooxidation
products. Chlorination of phenols results in the formation of
chlorophenols, which are readily oxidized to quinones and
dicarboxylic acids. The absence of these compounds in the
GC-MS results, especially in case of wastewaters A-e, is likely
due to the total oxidation of chlorophenols within 15 min of
the process or the polymerization of the phenols [28].

Some of the identified electrooxidation products are
probably chlorination products of proteins and amino acids.
In particular, dichloro acetonitrile is a product of chlorination
of alanine present in collagen. Other possible chlorina-
tion products of amino acids are: 2-chloropropanenitrile,
2-chloro-N,N-diethylacetamide, chloroaldehydes and benz-
aldehyde. The absence of other amino acid chlorination
products present in collagen was probably caused by their
very low concentrations or/and further chlorination.

Some of the identified electrooxidation products—derivatives
of furan and furanone, probably originated from tannin.
Furanone derivatives are reported as products of lig-
nin oxidation [29-32], which are similar in structure to
tannins. However, chlorinated dibenzidioxins, dibenzo-
furans, highly mutagenic — MX and 2-chloropropanol are
also known as products of chlorination of lignin; they were
not identified among electrooxidation products of tannery
wastewater. On the other hand, in wastewater sample A-e,
mutagenic 1,3-dichloropropan-2-ol was detected and it was
also present among the electrooxidation products of tan-
nin. Other chlorinated products identified in both samples
of wastewaters and in synthetic solutions of tannin were:

1,1,1,3,3-pentachloropropanone, 1,3-dichloropropan-2-one,
ethyl chloroacetate, 1,3-dichloropropanol-2 and 1,3-dichlo-
ropropene-1,1,2,2-trichloropropane. It can be assumed
that other compounds with similar chemical structures
such as: aliphatic and aromatics, mono- and dicarboxylic
acids derived from tannins would be present in tannery
wastewaters. Some of these compounds may also be the
products of electrooxidation of amino acids [33-42] and
humic compounds [43-51] with similar functional groups
to those in tannins. In conclusion, electrooxidation products
were the primary products detected from tannery waste-
water electrooxidation.

3.2. Cost evaluation

From cost effectiveness point of view, the most important
parameter of electrooxidation is energy consumption, equal
to the multiplication of the voltage, intensity and time of elec-
trolysis. These values for all wastewater samples and current
densities are given in Table 2. Additionally, the voltage and
COD load removed with 1 kg of ammonia nitrogen. Energy
consumption decreased as the current density decreased and
related to the lower voltage required to achieve a lower current.

The energy consumed to purify a defined volume of
wastewater is, as expected, low when the load of removed
impurities is also low. The energy consumed to remove a par-
ticular load of pollutant is lower when this load is higher, due
to the higher current efficiency.

At a current density of 1.5 A/dm?, the lowest energy con-
sumption required to remove 1 kg of ammonia was 78.2 kWh/
kg of N-NH; for wastewater sample C; the concentration of
this compound was high — 745 mg/L. N-NH;. On the other
hand, the highest energy consumption was observed for
wastewater sample B; from 127 to 171 kWh/kg of N-NH;
(ammonia concentration was 340 mg/L).

Another parameter which affects the energy consump-
tion is the distance between electrodes. When that distance is
large (a low value of the electrode surface area to the solution
volume), the resistance of the solution is high which requires
a higher voltage. For that reason, in industrial electrolysis,
the distance between electrodes should be small (electrode
surface area/wastewater volume should be high).

4. Conclusions

This study shows that indirect electrooxidation by chlo-
rine allows for total removal of ammonia and significant
reduction of COD (48.6%-58%) in tannery wastewaters.
The efficiency of the process increased with increasing
current density. The current efficiency increased together
with increasing initial chlorides concentration and initial
organics amount (in case of COD removal) and initial ammo-
nia concentration (in case of ammonia removal). However,
when concentration of ammonia was high, the current effi-
ciency of COD removal was lower and analogously when
COD was high the current efficiency of ammonia removal
was lower which allows to state that ammonia and COD
removal processes are competing with each other. The cur-
rent efficiency of ammonia electrooxidation ranged from
20.9% to 40.4%. The summarized efficiencies of ammonia and
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COD removal for sample B exceed 100% (113.6%-127.2%). In
GC-MS studies of wastewater, many organic compounds
were identified; however, the identified compounds were a
negligible part of all substances present in the wastewater.
Furthermore, the number of identified compounds in bio-
logically pretreated wastewater samples C and D was lower
than for samples A and B. This was due to the fact that more
polar compounds were produced in electrooxidation pro-
cesses from biologically pretreated wastewaters. Among the
identified compounds: dibutyl phthalate, pyridine, indole,
phenols, mono- and dicarboxylic acids predominated.

Electrooxidation of wastewaters led to the formation of
many new organic compounds. Despite a significant drop
in COD value, the number of identified substances in the
wastewaters after electrooxidation was significantly higher
than the number of substances identified in the raw waste-
water. This suggests that during electrooxidation, the decom-
position of macromolecular compounds occurs along with
the formation of lower molecular weight compounds (and
less polar products), determined by GC-MS. The products of
electrooxidation were both chlorinated and non-chlorinated
compounds. The number of identified chlorinated organics
was relatively small (<5%) relative to the total chlorinated
organics concentration, (12.9-19.8 mg/L Cl). Several elec-
trooxidation products: derivatives of furan and furanone
(probably originated from tannin) — 1,3-dichloropropan-2-ol
(mutagenic), 1,1,1,3,3-pentachloropropanone, 1,3-dichloro-
propan-2-one, ethyl chloroacetate, 1,3-dichloropropanol-2,
1,3-dichloropropene-1,1,2,2-trichloropropane.

The substance determined in all samples of raw and
electrooxidation treated wastewater as well as in tannin solu-
tions was dibutyl phthalate. This compound was probably a
product of tannin decomposition.

Additionally, a cost evaluation of the process was
conducted. At a current density of 1.5 A/dm?, the energy con-
sumption was in range from 78.2 to 171 kWh/kg of N-NH}.

References

[1] E. Ates, D. Orhon, O. Tunay, Characterization of tannery
wastewaters for pretreatment selected case studies, Water Sci.
Technol., 36 (1997) 217-223.

[2] T.Michalec, K. Pulawski, Technologia Garbarstwa i Futrzarstwa.
Laboratories: University of Technology and Humanities in
Radom, Radom, 1996.

[3] J. Naumczyk, Electrooxidation of Some Impurities in Its
Application to Tannery Wastewater, Publ. Office Warsaw Univ.,
Techn., Res. Pap., Environment, Warsaw, 2001.

[4] L. Szpyrkowicz, . Naumczyk, F. Zilio-Grandi, Electrochemical
treatment of tannery wastewater using TiPt and Ti/Pt/Ir elec-
trodes, Water Res., 29 (1995) 517-524.

[5] J. Naumczyk, L. Szpyrkowicz, F. Zilio-Grandi, Electrochemical
treatment of textile wastewater, Water Sci, Technol., 34 (1996)
17-24.

[6] L. Szpyrkowicz, SN. Kaul, R.N. Neti, S. Satyanmaranan,
Influence of anode material on electrochemical oxidation for
the treatment of tannery wastewater, Water Res., 39 (2005)
1601-1613.

[7] L. Szpyrkowicz, J. Naumczyk, F. Zilio-Grandi, Application of
electrochemical processes for tannery wastewater, Toxicol.
Environ. Chem., 44 (1994) 189-202.

[8] M. Panizza, G. Cerisola, Electrochemical oxidation as a final
treatment of synthetic tannery wastewater, Environ. Sci. Technol.,
38 (2004) 5470-5475.

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

J.H. Naumczyk et al. / Desalination and Water Treatment 162 (2019) 166175

L. Szpyrkowicz, G.H. Kelsall, S.N. Kaul, M. De Faveri, Perfor-
mance of electrochemical reactor for treatment of tannery
wastewaters, Chem. Eng. Sci., 56 (2001) 1579-1586.

C.-H. Yang, C.-C. Lee, T.-C. Wen, Hypochlorite generation on
Ru-Pt binary oxide for treatment of dye wastewater, ]. Appl.
Electrochem., 30 (2000)1043-1051.

C.R. Costa, P. Olivi, Effect of chloride concentration on the
electrochemical treatment of a synthetic tannery wastewater,
Electrochim. Acta., 54 (2009) 2046-2052.

C.R. Costa, CM.R. Botta, E.L.G. Espindola, P. Olivi, Electro-
chemical treatment of tannery wastewater using DSA®
electrodes, J. Hazard. Mater., 153 (2008) 616-627.

S. Sundarapandiyan, G. Rajeswari, P. Saravanan, M.C.K. Dhana-
sevan, S. Ramalingam, N.K. Chandrababu, Electrochemical
oxidation and reuse of pickling wastewater from tanneries,
J. Environ. Sci. Health. Part A Toxic/Hazard. Subst. Environ.
Eng., 103 (2008) 370-376.

C.R. Costa, F. Montilla, E. Morallon, P. Olivi, Electrochemical
oxidation of synthetic tannery wastewater in chloride-free
aqueous media, J. Hazard. Mater., 180 (2010) 429-435.

G. Lofrano, S. Meric, G.E. Zengin, D. Orhon, Chemical and bio-
logical treatment technologies for leather tannery chemicals
and wastewaters: a review, Sci. Total Environ., 461-462 (2013)
265-281.

J. Naumczyk, M. Kucharska, Electrochemical treatment of
tannery wastewater—Raw, coagulated, and pretreated by
AOPs, ]J. Environ. Sci. Health. Part A Toxic/Hazard. Subst.
Environ. Eng., 52 (2017) 649-664.

N.N. Rao, KM. Somasekhar, SN. Kaul, L. Szpyrkowicz,
Electrochemical oxidation of tannery wastewater, J. Chem.
Technol. Biotechnol., 76 (2001) 1124-1131.

P. Vijayalakshmi, G. Bhaskar Raju, A. Gnanamani, Advanced
oxidation and electrooxidation as ter tiary treatment techniques
to improve the purity of tannery wastewater, Ind. Eng. Chem.
Res., 50 (2011) 10194-10200.

Ch. Comninellis, G. Verseci, Characterization of DSA-type
oxygen evolving electrodes: choice of a coating, J. Appl.
Electrochem., 21 (1991) 335-343.

Ch. Comninellis, E. Plattner, Electrochemical wastewater
treatment, Chimia, 42 (1998) 250-252.

J. Naumczyk, M. Kucharska, Tannery wastewater treatment
by anodic electrooxidation coupled with electro-Fenton process,
Environ. Prot. Eng., 37 (2011) 47-54.

J. Naumczyk, M. Rusiniak, Physicochemical and chemical
purification of tannery wastewaters, Pol. ]J. Environ. Stud.,
6 (2005) 789-797.

G.C. Pathiraja, P.B. Jayathilaka, C. Weerakkody, P. Karunarathne,
N. Nanayakkara, Comparison study of dimensionally stable
anodes for degradation of chlorpyrifos in water, Curr. Sci.,
107 (2014) 219-226.

T.A. Enache, A-M. Chiorcea-Paquim, O. Fatibello-Filho,
AM. Oliveira-Brett, Hydroxyl radicals electrochemically generated
in situ on a boron-doped diamond electrode, Electrochem.
Commun., 11 (2009) 1342-1345.

A. Krzysztoszek, J. Naumczyk, Landfill leachate treatment by
Fenton, photo-Fenton processes and their modification, J. Adv.
Oxid. Technol., 15 (2012) 53-63.

L.-C. Chiang, ].-E. Chang, T.-C. Wen, Indirect oxidation effect in
electrochemical oxidation treatment of landfill leachate, Water
Res., 29 (1995) 671-678.

M. Rebhun, L. Heller-Grossman, ]. Manka, Formation of
disinfection byproducts during chlorination of secondary
effluent and renovated wastewater, Water Environ. Res., 69 (1997)
1154-1162.

L.-C. Chiang, J.-E. Chang, S.-C. Tseng, Electrochemical oxidation
pretreatment of refractory organic pollutants, Water Sci. Tech.,
36 (1997) 123-130.

K.DP. Kringstad, K. Lindstrom, Spent liquors from pulp
bleaching, Environ, Sci. Technol., 18 (1984) 236A-248A.

K. Lindstrom, F. Osterberg, Chlorinated carboxylic acids in
softwood Kraft pulp spent bleach liquors, Environ. Sci. Technol.,
20 (1986) 133-145.



(31]

(32]

[33]

[34]

[35]

(36]

[37]

(38]

(39]

[40]

[41]

[42]

J.H. Naumczyk et al. / Desalination and Water Treatment 162 (2019) 166-175

H.R. Buser, L.O. Kjeller, S.E. Swanson, C. Rappe, Methyl-,
polymethyl-, and alkylpolychlorodibenzofurans identified
in pulp mill sludge and sediments, Environ. Sci. Technol.,
23 (1989) 1130-1137.

R.G. Hise, B.T. Wright, S.E. Swanson, Formation of chlorinated
dioxins and furans from lignin and lignin model compounds,
Chemosphere, 20 (1990) 1723-1730.

Z. Alouni, R. Seux, Kinetics and mechanisms of hypochlorite
oxidation of a-amino acids at the time of water disinfection,
Water Res., 21 (1987) 335-343.

A. Nweke, F.E. Scully, Stable N-Chloroaldimines and other
products of the chlorination of isoleucine in model solutions
and in a wastewater, J. Environ. Sci. Technol., 23 (1989) 989-994.
E.F. McCormick, B. Conyers, E.E. Scully, N-chloroaldimines. 2.
Chlorination of valine in model solutions and in a wastewater,
Environ. Sci. Technol., 27 (1993) 255-261.

B. Conyers, F.E. Scully, N-chloroaldimines. 3. chlorination of
phenylalanine in model solutions and in a wastewater, Environ.
Sci. Technol., 27 (1993) 261-266.

B. Conyers, E. Walker, F.E. Scully, G.D. Marbury, N-chloroald-
imines. 4. Identification in a chlorinated municipal wastewater
by gas chromatography/mass spectrometry, Environ. Sci.
Technol., 27 (1993) 720-724.

B. Conyers, EE. Scully, Chloramines V: products and implications
of the chlorination of lysine in municipal wastewaters, Environ.
Sci. Technol., 31 (1997) 1680-1685.

D.J. Keefe, T.Ch. Fox, B. Conyers, F.E Scully, Chloramines VI:
chlorination of glycylphenylalanine in model solutions and in
a wastewater, Environ. Sci. Technol., 31 (1997) 1973-1978.

T.C. Fox, D.J. Keefe, F.E. Scully, A. Laikhter, Chloramines VII:
chlorination of alanylphenylalanine in model solutions and in
a wastewater, Environ. Sci. Technol., 31 (1997) 1979-1984.

L. Hureiki, J.P. Croue, B. Legube, Chlorination studies of free
and combined amino acids, Water Res., 28 (1994) 2521-1531.

A. Abarnou, L. Miossec, Chlorinated waters discharged to the
marine environment chemistry and environmental impact. an
overview, Sci. Total Environ., 126 (1992) 173-197.

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

(51]

175

M.M. Vidovic, B. Milovanovic, LS. Trajkovic, J.G. Momic, L.
Tomic, Reduction of trihalomethanes forming potential by
adsorption of natural organic matter on ionic exchange resins,
Environ. Sci. Technol., 24 (1990) 1655-1664.

R.J.B. Peters, EEW.B. de Leer, L. de Galan, chlorination of
cyanoethanoic acid in aqueous medium, Environ. Sci. Technol.,
24 (1990) 81-86.

A. Smeds, R. Franzen, L. Kronberg, Occurrence of some
chlorinated enol lactones and cyclopentene-1,3-diones in
chlorine-treated waters, Environ. Sci. Technol., 29 (1995)
1839-1844.

S. Kanno, K. Nojima, T. Ohya, Formation of cyanide ion or
cyanogen chloride through the cleavage of aromatic rings
by nitrous acid or chlorine. IV: on the reaction of aromatic
hydrocarbons with hypochlorous acid in the presence of
ammonium ion, Chemosphere, 11 (1982) 663-667.

J. Hoigne, H. Bader, The formation of trichloronitromethane
(chloropicrine) and chloroform in a combined ozonation/
chlorination treatment of drinking water, Water Res., 22 (1988)
313-319.

S.W. Krasner, M.J. McGuire, ].G. Jacangelo, N.L. Patania,
K.M. Reagan, E.M. Aieta, The occurrence of disinfection
by-products in US drinking water, J. Am. Water Works Assn.,
81 (1989) 41-53.

G. Becher, N.M. Ovrum, R.F. Christman, Novel chlorination
by-products of aquatic humic substances, Sci. Total. Environ.,
117-118 (1992) 509-520.

A.S. Ginwalla, M.A. Mikita, Reaction of Suwannee River
fulvic acid with chloramine: characterization of products via
N NMR, Environ. Sci. Technol., 26 (1992) 1148-1150.

PJ. Vikesland, K. Ozekin, R.L. Valentine, Effect of natural
organic matter on monochloramine decomposition: pathway
elucidation through the use of mass and redox balances,
Environ. Sci. Technol., 32 (1998) 1409-1416.



	baep-author-id2
	baep-author-id3

