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ABSTRACT

The aim of this work was to study the feasibility of treating real textile wastewater by
combined chemical coagulation (using poly aluminum chloride (PAC) as coagulant), elec-
trocoagulation (using aluminum electrodes), and adsorption process (using pistachio nut shell
ash) to achieve the required standards. The influence of the critical operating variables such as
coagulant dose, electrical potential, reaction time, and adsorbent dose on the removal efficien-
cies of major pollutants was determined. The results of this study were showed that removal
of pollutants increased with increasing doses of PAC and applied voltage. The chemical coag-
ulation process showed 40% of chemical oxygen demand (COD), 34% of biochemical oxygen
demand (BOD5), 23.7% TSS, and 44.5% of dye removal efficiency, even though using relatively
low PAC concentration (30 mg/L). COD, BOD5, and dye removals of 93.1, 88.8, and 98.6%
were achieved by electrocoagulation process (applied voltage 60 V). In addition, COD, BOD5,
and dye removals of 98, 94.2, and 99.9% were achieved by overall combined process (chemical
coagulation, electrocoagulation, and adsorption processes). The experiments demonstrated
the effectiveness of combined processes for the treatment of real textile wastewaters. Conse-
quently, combined processes are inferred to be superior to these processes alone for the
removal of both organic and inorganic compounds from textile wastewater.
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1. Introduction

Textile wastewater includes a large variety of dyes
and chemicals additions that make the environmental
challenge for textile industry not only as liquid waste
but also in its chemical composition [1], hence the tex-
tile industry wastewater is one of the most polluting

among all industrial sectors. Important pollutants in
textile effluent are mainly recalcitrant organics, color,
toxicants and inhibitory compounds, surfactants,
chlorinated compounds, salts, high temperature (at
least 40˚C), and high pH due to the large amount of
alkali in wastewater [2]. On the other hand, textile dye
wastewater is well known to contain very strong color,
wide range of pH from 2 to 14, presenting large
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amount of suspended solids, chemical oxygen demand
(COD) (from 50 mg/L to approximately 18,000 mg/L),
high toxicity, and low biodegradable chemicals,
especially the effluent from the dyeing stages of the
dyeing, printing, and finishing processes [3–7]. Textile
industry is among the activities that consume large
capacities of fresh water on daily basis and can benefit
from recycling programs.

At present time, there are various techniques avail-
able for the removal of dyes by conventional treatment
technologies including biological and chemical oxida-
tion, advanced oxidation, coagulation and adsorption
processes but they cannot be effectively used individu-
ally. For example, the coagulation process effectively
decolorized insoluble dyes, such as disperse dyes, but
does not work well for soluble dyes. Furthermore, in
coagulation process, large amount of sludge is created
which may become a pollutant itself and increase the
treatment cost [8,9].

Another most popular method is adsorption pro-
cess. Adsorption technology for color removal is based
on the affinity of various dyes for adsorbents. Activated
carbon is most commonly used adsorbent and can be
very effective for many dyes [10]. The limitations of this
technology are the eco-friendly disposal of spent adsor-
bents, excessive maintenance costs, and pretreatment of
wastewater to reduce the SS under acceptable range
before it is fed into the adsorption column. Cost effec-
tiveness of biological treatment process makes it attrac-
tive which can efficiently remove most of the dyes used
in the textile industry because dyes generally possess
high level of adsorption on to the activated sludge.
However, longer duration of treatment, toxicity of dyes,
large operational area, and its low biodegradability are
the major limitations [11–14].

Advanced oxidation techniques result in high
treatment cost and are generally used to obtain high
purity grade water [8,14,15]. Generally, physicochemi-
cal treatment processes alone are not preferred,
despite their effectiveness, due to the high costs
involved [14]. Therefore, application of combined
treatment processes can be a suitable solution for
efficient removal of pollutants.

In the past, several researchers have studied the
coagulation of synthetic and real textile wastewater
using various inorganic chemicals (e.g. FeCl3, FeSO4,
alum, lime, and MgCl2) as well as components of
biological origin, such as chitosan [16–22].

In recent years, electrochemical methods such as
electrooxidation [23] and electrocoagulation have been
widely used as an attractive and suitable method for
the treatment of water and wastewater containing oil
wastes [24,25], colloids, surfactants [26,27], dye com-
pounds [11,28–31], and wastewaters contain heavy

metals and pesticides, by virtue of various benefits
including environmental compatibility, adaptability,
energy efficiency, safety, selectivity, amenability to
automation, and cost effectiveness [32–36].

The electrochemical treatment of wastewater is
considered as one of the advanced oxidation pro-
cesses, potentially a powerful method of pollution
control, offering high removal efficiencies [37]. Elec-
trocoagulation process involves the generation of
coagulants in situ by dissolving electrically either alu-
minum or iron ions from aluminum or iron electrodes,
respectively. In this process, the metal ions generation
takes place at the anode and hydrogen gas is released
from the cathode. The hydrogen gas bubbles carry the
pollutant to the top of the solution where it can be
more easily concentrated, collected, and removed.
Various reactions take place in the electrocoagulation
process, where aluminum is used as the electrode:

At the anode:

Al ! Al3þðaqÞ þ 3e (1)

At the cathode:

3H2Oþ 3e ! 3=2H2 þ 3OH� (2)

The cathode may also be chemically attacked by
OH− ions generated during H2 evolution at high pH:

2Alþ 6H2Oþ 2OH� ! 2Al OHð Þ�4 þ3H2 (3)

Al3þðaqÞ and OH− ions generated by electrode reac-
tions (1) and (2) react to form various monomeric spe-
cies such as Al(OH)2+, AlðOHÞþ2 , Al2ðOHÞ4þ2 , AlðOHÞ�4 ,
and polymeric species such as Al6ðOHÞ3þ15 , Al7ðOHÞ4þ17 ,
Al8ðOHÞ4þ20 , Al13O4ðOHÞ7þ24 and Al13ðOHÞ5þ34 , which
transform finally into Al(OH)3 according to complex
precipitation kinetics [38].

Freshly formed amorphous Al(OH)3 “sweep flocs”
have large surface areas which are beneficial for a rapid
adsorption of soluble organic compounds and trapping
of colloidal particles. These flocs polymerize as:

nAl OHð Þ3! Aln OHð Þ3n (4)

and they are easily removed from aqueous environment
by sedimentation and by H2 flotation. Secondary anodic
reactions occur also during electrocoagulation process,
for example, in neutral and acidic chloride solutions,
native and free chlorine and hypochlorite are formed
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which are strong oxidants [39]. On the other hand, the
aluminum hydroxide flocs normally act as adsorbents
and/or traps for pollutants. Therefore, they would
eliminate them from the solution [35,40].

Nevertheless, if suspended or colloidal solids were
in high concentration in the wastewater, they delay
the electrochemical reactions. Consequently, these
materials need to be adequately removed before the
electrochemical oxidation. It would be of more practi-
cal significance to the textile industry to operate the
combined process in the pilot scale. Because of
variability of textile wastewater composition, the tradi-
tional methods become inadequate. Various methods
have been developed for treatment textile wastewater,
but most of them could not be used individually in
full scale because of the characteristics of textile
wastewater [37,41,42].

Afterward, many combined processes are suggested
in these days. One of reported combined method
showed that original raw textile wastewater was treated
by the combined process of chemical coagulation, elec-
trochemical oxidation, and activated sludge [43]. Kim
et al. studied pilot scale treatment of textile wastewater
by combined process (fluidized biofilm process–chemi-
cal coagulation–electrochemical oxidation) [37]. In
another study that was performed by Ahn et al. Fen-
ton’s oxidation and activated carbon adsorption (as the
main treatment process) were employed as pretreat-
ment processes for dyestuff wastewater having high
salinity, color, and non-biodegradable organic concen-
trations [9]. In addition, the combined process of chemi-
cal coagulation, activated sludge filtration, and
disinfection was used for treatment of textile wastewa-
ter by Nicolaou and Hadjivassilis [44].

Therefore, this study aimed to investigate the per-
formance of conventional chemical coagulation and
electrocoagulation process for pretreatment of textile
wastewater prior to an adsorption process and finally
to an acceptable level that can be discharged to envi-
ronment with minimal adverse effects. Sequence of
these processes can enhance removal efficiency of
various pollutants present in textile effluents. Hence,
several fundamental aspects regarding the effects of
coagulant dose (poly aluminum chloride (PAC)), elec-
trical potential, reaction time, and dose of adsorbent
on the pollutants removal efficiency from real textile
wastewater are explored.

2. Materials and methods

2.1. Textile wastewater

The wastewater samples were collected from the top
of the settling tank in a local textile factory (with

wastewater production approximately 11–13 m3/d)
situated in Iranshahr, Iran. Different classes of dyes
such as acid, basic, direct, disperse, reactive and sulfur
were used at various stages. The characteristics of the
raw textile wastewater are presented in Table 1. Sam-
ples were collected in polypropylene bottles, shipped
cold, and kept at 4˚C before analysis. The effluent has
been sampled at different times during this study and
the initial characteristics varied with time (Table 1). This
effluent initially contained high concentrations of
soluble and suspended materials (278.54 ± 65.23 mg/L
BOD5, 1,346.17 ± 123.36 mg/L COD, 178.28 ± 23.82
mg/L TSS).

The continuous combined process for textile
wastewater treatment consists of chemical coagulation,
electrochemical oxidation, and adsorption process. A
flow diagram of the continuous textile wastewater
treatment system used in this study is shown in Fig. 1.

2.2. Chemical treatment (coagulation) of textile wastewater

All the chemicals used in the study were of ana-
lytical reagent (AR) grade. PAC Al12Cl12(OH)24 was
chosen for this study because it has been used exten-
sively at water and wastewater treatment plants to
remove solids and may function as an effective and
less expensive coagulant. PAC was used in this study
up to 30 mg/L (5, 10, 15, 20, 25 and 30 mg/L).

The coagulation studies were conducted in a jar
test apparatus (TLT6 model) with six beakers of 2 L
capacity each. Each of the beakers contained 2 L of
settled textile wastewater. The coagulant (PAC) was
added into the beakers without pH adjustment. Rapid
mixing at 150 rpm for 4 min was followed by slow
mixing at 40 rpm for 20 min. The flocs were allowed
to settle for 1 h and the supernatant was carefully
extracted by pipetting just below the surface of settled
water. Afterward, the supernatant was filtered
through a Whatman filter paper (grade 4) before
examining pH, COD, biochemical oxygen demand
(BOD5), and dye concentration of the treated wastewa-
ter. Finally, after chemical coagulation, electrocoagula-
tion process with aluminum electrodes was performed
on the supernatant. All experiments were performed
at room temperature (22 ± 1˚C).

2.3. Electrochemical treatment (electrocoagulation) of textile
wastewater

In each run, wastewater (supernatant) after chemi-
cal coagulation (first stage of treatment) was poured
into the electrocoagulation cell. All experiments were
performed in a bipolar batch reactor (Fig. 1), with four
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aluminum electrode connected in parallel. The volume
(V) of the solution of each batch was 2 L. The active
area of each electrode (plate) was 16 × 21 cm with a
total area of 336 cm2. The distance between electrodes
was 1.5 cm. A power supply having an input of 220 V
and variable output of 0–60 V (10, 20, 30, 40, 50, and
60 V) with maximum current of 5 A was used as
direct current source. Different samples of 100 ml
were taken at 15 min intervals for up to 1 h and fil-
tered before being analyzed to determine BOD5, COD,
TS, TSS, and residual dye concentration. During the
runs, the reactor unit was stirred at 120 rpm by a
magnetic stirrer to allow the chemical precipitate to
grow large enough for removal. Also, during elec-
trocoagulation process, an oxide film formed at the
anode and with the aim of overcoming electrode

passivation the electrodes were rinsed in HCl solution
(0.2 N) after each experiment and rinsed again with
distilled water and finally weighted. To calculate
sacrificial electrode consumption, the electrodes
reweighted. These values are used in the calculations
of the total operating cost. Furthermore, the electrical
energy consumption per unit volume of treated
wastewater has been calculated for different experi-
mental conditions. The electrical energy consumption
was calculated using the following equation [7]:

E ¼ U � I � t=V (5)

where E is the energy consumption (kW h/m3), U is
the applied voltage (V), I is the current intensity (A), t

Table 1
Characteristics of the raw textile wastewater used for this study

Parameters
Raw wastewater 12 h settled wastewater

Permissive levels (Iran standard)Mean ± S.D. Mean ± S.D.

Number of samples 36 36 –
Color Blue–green Blue–green
Total COD (mg/L) 1,346.17 ± 123.36 1,239.3 ± 93.4 60
Total BOD (mg/L) 278.54 ± 65.23 234.38 ± 21.05 30
Total solids (mg/L) 593.55 ± 16.7 231.22 ± 15.14 –
Total suspended solids (mg/L) 178.28 ± 23.82 73.54 ± 6.4 60
Dye concentration (Pt–Co) 91.7 ± 11.4 89.6 ± 8.1 –
Conductivity (mS/cm) 1.73 ± 0.2 1.62 ± 0.19 –
pH 7.72 ± 0.03 7.64 ± 0.39 6.5–8.5

Fig. 1. The flow diagram of pilot scale combined process for textile wastewater treatment.
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is the electrocoagulation time (h), and V is the volume
of the treated wastewater (L). All analyses were
conducted in duplicate for reproducibility of the
experimental results.

2.4. Adsorption process

For further treatment of textile wastewater, adsorp-
tion experiments with the pistachio nut shell ash
(PNSA) as a low-cost adsorbent were carried out in
1 L flasks. Each test consisted of 500 mL of super-
natant (after electrocoagulation) with a desired initial
concentration of adsorbent without pH adjustment
and transferring it into the beaker on the magnetic
stirrer. Different doses of PNSA (100–800 mg/L) was
then added to the solution (according to previously
study that was performed by author) [45], and the
obtained suspension was immediately stirred for
60 min (shaking speed 150 rpm). After the desired
contact time, the samples were withdrawn from mix-
ture using a micropipette and centrifuged for 5 min at
5,000 rpm. After centrifuged, supernatants were ana-
lyzed for the determination of the final concentration
of dye at a wavelength of 525 nm and also other
mentioned parameters.

2.5. Analytical

The measurements of COD, BOD5, TS (total solids),
TSS (total suspended solids), and dye concentration
followed the procedure of a standard method. COD
was measured using COD reactor and direct reading
spectrophotometer (DR/5000, HACH, USA). Five-day
BOD5 was determined by the manometric method
with a respirometer (BSB-Controller Model 620 T
(WTW)). The conductivity of solutions was measured
using a Jenway Conductivity Meter (Model 4200). Tur-
bidity of the solution was determined using a T80
UV/VIS spectrometer and pH was measured using
E520 pH meter (Metrohm Herisau, Switzerland Ultra
Basic, U.S.). The initial and residual dye concentra-
tions in the solutions were analyzed using UV–Vis
spectrophotometer at 525 nm wavelength (Shimadzu,
Tokyo, Japan; Model 1601). The optimum wavelength
was obtained by scanning the untreated samples.

3. Results and discussion

3.1. Characterization of textile wastewater

The characteristics of textile wastewater prior to
any treatment, after 12 h settling time and also the
guidelines from Iran for effluent discharge in the

sewage urban works are presented in Table 1. BOD5

and COD of the raw textile wastewater were 1,346.17
and 278.54 mg/L, respectively. Also, it can be noted
that this effluent is not suitable for aerobic biological
process due to low BOD5/COD ratio (~0.21). Never-
theless, as it could be seen, all parameters were low-
ered after 12 h of preliminary settling time, however
these values still very higher than recommended stan-
dard values. Consequently, the textile effluent needed
to be treated before any discharge to environment.

3.2. Effect of preliminary settling

Preliminary settling process is an usual treatment
method that requires no chemical addition. Although
some workers realized the importance of the natural
settling process, there is little information available in
the literature on the effect of the preliminary settling
time on pollutants removal capacity. It is clear that
this wastewater with this quality is not suitable for
discharge into environment.

At present study, the raw textile wastewater was
allowed to settle in a preliminary settling tank before
the addition of PAC as a chemical coagulant. The set-
tling time had an effect on COD, BOD5, TS, TSS, and
dye concentration removals on the first 12 h. Accord-
ing to results presented in Table 1, TS and TSS were
reduced from 593.55 and 178.28 mg/L to 231.22 and
73.54 mg/L (~61–66% removal efficiency), respectively.
Similar results were reported by Amuda and Alade
[46]. In addition, total COD was reduced in the textile
wastewater from 1,346 to 1,239 mg/L (resulting in an
8% COD removal efficiency). Furthermore, concentra-
tion of BOD5 reduced to 234 mg/L, which shows 16%
reduction and also, BOD5/COD ratio reached to ~0.18.
As it mentioned earlier, low BOD5/COD ratio indi-
cates the necessity of an efficient physicochemical
treatment for this wastewater. Similar findings were
reported by Bazrafshan et al. on slaughterhouse
wastewater treatment by combined chemical coagula-
tion and electrocoagulation [47].

3.3. Effect of coagulation process (first step)

Coagulation is an essential process in the overall
solid–liquid separation scheme in water and advanced
wastewater treatment. Consequently, at present study
chemical coagulation was employed as a pre-treatment
to electrochemical oxidation. The main purpose of
chemical coagulation was decreasing the pollutant
loading on posttreatment. On the other hand, to obtain
dischargeable effluents, PAC was intended to be used
as the coagulant. Therefore, PAC was added to the
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wastewater to achieve particle instability and increase
in the particle size, consequently achieving effective
removal of organic substances present as COD and
BOD5 and other pollutants (such as TSS, turbidity,
and dye). The coagulation efficiency depended on the
dosage amount of coagulant. Hence for this study, the
doses of PAC as coagulant were varied between 0 and
30 mg/L. During these runs, no adjustment in pH was
made. Results from the jar test experiments are shown
in Table 2 and Fig. 2.

It is shown that at lower doses of the PAC (5 mg/
L), COD removal efficiency reached a maximum of
10.55%; BOD5 removal efficiency reached a maximum
of 7.54%; TS removal efficiency reached a maximum
of 14.06% and TSS removal efficiency reached a maxi-
mum of 11.07%. As it shown in Fig. 2, the efficiency of
the process increased with increasing dosages of
coagulant (PAC). On the other hand, maximum
removal efficiencies for all pollutants were obtained
using PAC at the highest dosage of 30 mg/L.

Maximum dye removal efficiency of >44% (Fig. 2)
was obtained using PAC at the dosage of 30 mg/L.
The dye concentration reduction, enhance with
increase in coagulant dosage. Dye concentration of
effluent with coagulant dose 5 mg/L PAC was
reduced from 89.6 to 80.3 mg/L (dye reduction ~10%),
and by increasing the coagulant dose to 30 mg/L, the
dye concentration of effluent was decreased to
49.7 mg/L (resulting in a 44.53% dye removal effi-
ciency) that is much more than permissible level.

As seen in Fig. 2, an increase in COD, BOD5, TS,
TSS, and dye removal efficiency is noted with increas-
ing PAC dosage, reaching nearly 40–45% for PAC
dosage of 30 mg/L. Similar results were reported by
Kim et al. for COD and color removal (51.2% reduc-
tion by alum as coagulant) from textile wastewater
[37]. In fact, at high coagulant doses, higher metal
hydroxides are produced and organic substances or
soluble pollutants and colloidal particles are removed

by incorporation into or sorption onto hydroxide flocs
[48]. In addition, Tezcan et al. were presented alike
findings regarding the application of electrocoagula-
tion process with adding PAC as coagulant aid for
treatment of vegetable oil refinery wastewater [49].

Al-Kdasi et al. has mentioned that the chemicals
and dyes that are used in textile dying process are
mostly organic compounds with complex structures
and hence at present study the biodegradability of the
treated wastewater after chemical coagulation was
determined [13]. The results revealed that the BOD5/
COD ratio was increased from 0.18 to 0.21 after the
coagulation process; nevertheless, this effluent is not
suitable for aerobic biological process.

In accord with the results of this study (Table 2) it
can be concluded that although the removal of most
pollutants from textile wastewater is high, but the con-
centration of pollutants in effluent of chemical coag-
ulation process does not meet the effluent discharge
standards to the environment. Thus, the effluent from
conventional coagulation should be followed by
another treatment process to be completed. For this

Table 2
Influence of PAC dosage on water quality parameters of coagulated mixed liquor

PAC dosage (mg/L)

Water quality parameters of treated effluent after chemical coagulation unit

COD (mg/L) BOD5 (mg/L) TS (mg/L) TSS (mg/L) Dye (mg/L)

0 1,239.3 234.38 231.22 73.54 89.6
5 1,108.6 216.7 198.7 65.4 80.3
10 1,073.4 207.1 196.1 63.1 74.6
15 986.7 192.8 184.7 62.6 71.4
20 921.8 181.2 173.4 59.2 62.3
25 819.2 165.1 171.8 57.4 53.2
30 743.8 154.8 164.6 56.1 49.7
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Fig. 2. Effects of coagulant dose (PAC) on pollutants
removal efficiency at pilot scale coagulation process (initial
pH ~ 7.6, temperature = 22 ± 1˚C).
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purpose, in this research, electrocoagulation was
employed as a completion of treatment process to
obtain discharge standards.

3.4. Effect of electrocoagulation process (second step)

Electrocoagulation has recently attracted attention
as a potential technique for treating industrial effluent
due to its versatility and environmental compatibility.
In addition, the electrochemical treatment of wastewa-
ter is considered as one of the advanced oxidation pro-
cesses, potentially a powerful method of pollution
control, offering high removal efficiencies [8]. The basic
premise of electrocoagulation is the production of a
coagulant via an electrolysis process. By applying a
current to metal plates of the required coagulant (usu-
ally aluminum or iron), metallic ions from the anode
plate are released into the aqueous solution [50].

The dissolved metal ions, at an appropriate pH,
can form wide ranges of coagulated species and metal
hydroxides that destabilize and aggregate the sus-
pended particles or precipitate and adsorb dissolved
contaminants [51]. In addition, hydrogen gas is liber-
ated at the cathode which causes the flotation process.
The chemical reactions when using aluminum
electrodes are:

Anode : AlðsÞ $ Al3þaq + 3e� (6)

Cathode: 3H2Oþ 3e� $ 3=2 H2ðgÞ þ 3OH�
ðaqÞ (7)

Totally: Al3þðaqÞ þ 3OH�
aqð Þ $ Al OHð Þ3 (8)

The Al3+ ions created can efficiently remove
organic compounds, heavy metals, and even some
ionic species such as fluoride and nitrate through pre-
cipitation or co-precipitation to the precipitate [52].
Then, the precipitate is captured by the Al(OH)3 or
polymeric aluminum hydroxide flocs and floated into
a gel state.

At present work, the electrocoagulation process
was employed for further treatment of effluent. In
adopting the electrocoagulation process, it was
intended to treat the pollutant efficiently as well as
economically. Therefore, at current study the effect of

critical operating parameters including applied voltage
and reaction time on electrocoagulation process of
textile wastewater was investigated. The results of
effects of operating parameters on electrocoagulation
process are shown in Table 3.

Applied voltage at the electrodes is one of the
most important parameters influencing the perfor-
mance and economy of the electrocoagulation process
[53]. To survey the effect of applied voltage on the
efficacy of electrocoagulation (after chemical coagula-
tion), several voltages in the range of 10–60 V were
applied between the electrodes in the electrocoagula-
tion cell, and pollutants removal was determined at
the conditions given in Table 3.

As presented in Table 3, the percentage of pollu-
tants removal increases by increasing the applied volt-
age within the range from 10 to 60 V. These results
can be explained by the fact that, increasing applied
voltage or operating current would increase the dis-
solution rate of aluminum electrode according to Fara-
day’s law [54] with the formation of Al3+ and hence
the formation of Al(OH)3 coagulant (reactions were
presented previously). Higher rate of freshly formed
amorphous Al(OH)3 has large surface area on which
rapid adsorption of soluble pollutants and trapping of
colloidal particles take place with a consequent
removal of various pollutants such as COD, BOD5, TS,
TSS, and dye from textile wastewater.

As it can be seen from Table 3, the removal effi-
ciency of pollutants is very high and as expected, it
appears that for a given time, the removal efficiency
increased significantly with increase of electrical
potential. As an example, COD concentration of
chemical coagulation process with 5 mg/L PAC has
decreased from 1,108.6 to 542.1 mg/L after electroco-
agulation process with electrical potential of 10 V (ap-
proximately 51% COD removal efficiency). Again, by
increasing electrical potential to 30 and 60 V for
reaction time 60 min, the COD concentration in the
effluent decreased to 411.8 and 152.6 mg/L. Further-
more, the COD of effluent from chemical coagulation
with 30 mg/L PAC was decreased from 743.8 to
183.5 mg/L by electrocoagulation process with electri-
cal potential of 10 V, and by increasing the electrical
potential to 60 V, the COD of effluent was decreased
to 51.1 mg/L (approximately 93% COD removal effi-
ciency), that is lower than permissible level. Similar
findings were reported by Phalakornkule et al. [7] on
application of electrocoagulation in treating textile
effluent.

Additionally according to the results of Table 3,
BOD5 of chemical coagulation process with 5 mg/L
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PAC was reduced to 147.2 mg/L after electrocoagula-
tion process with electrical potential of 10 V (approxi-
mately 32% BOD5 removal efficiency), and by
increasing electrical potential to 60 V, the BOD5

concentration in the effluent decreased to 43.4 mg/L
(about 80% BOD5 removal efficiency). Furthermore,

with increase in coagulant dose to 30 mg/L and
increase of applied voltage to 60 V, BOD5 concentra-
tion in effluent was reduced from 154.8 to 17.4 mg/L
(on average 89% BOD5 removal efficiency). A similar
trend was seen for TS and TSS parameters. Similar
findings were reported by Bazrafshan et al. [47].

Table 3
Influence of electrocoagulation process on effluent quality parameters (time = 60 min)

PAC dosage
(mg/L) Applied voltage (V)

Water quality parameters of treated effluent after electrocoagulation unit

COD (mg/L) BOD5 (mg/L) TS (mg/L) TSS (mg/L) Dye concentration (mg/L)

5 0 1,108.6 216.7 198.7 65.4 80.3
10 542.1 147.2 71.6 38.2 22.1
20 478.4 130.8 66.7 36.1 18.7
30 411.8 121.7 59.3 32.9 16.4
40 317.4 107.3 50.2 25.7 11.6
50 186.2 72.6 40.6 17.1 10.3
60 152.6 43.4 29.3 16.4 9.4

10 0 1,073.4 207.1 196.1 63.1 74.6
10 463.5 124.6 67.4 37.4 19.3
20 371.2 118.2 62.6 33.6 18.6
30 243.7 103.5 53.8 28.1 16.3
40 225.6 87.3 48.3 20.4 11.8
50 196.1 63.1 33.6 15.2 10.1
60 123.7 40.7 22.1 13.7 6.1

15 0 986.7 192.8 184.7 62.6 71.4
10 413.7 108.7 63.5 33.1 17.2
20 384.3 90.4 60.4 30.6 16.7
30 309.7 78.2 49.8 25.4 14.2
40 194.3 62.7 44.1 19.1 10.9
50 178.3 55.7 30.4 11.7 9.2
60 123.8 28.9 19.7 12.9 6.0

20 0 921.8 181.2 173.4 59.2 62.3
10 365.2 83.6 59.4 32.3 13.7
20 296.3 76.4 57.1 27.6 12.2
30 231.7 64.8 45.3 24.3 10.3
40 198.6 57.1 42.7 16.2 8.2
50 154.4 46.2 26.2 10.1 6.2
60 102.7 23.7 16.9 9.4 3.5

25 0 819.2 165.1 171.8 57.4 53.2
10 247.3 70.3 57.3 28.4 10.8
20 236.9 63.6 56.2 26.1 10.1
30 184.2 55.7 42.8 20.7 8.3
40 151.6 46.1 38.3 14.6 5.6
50 84.3 37.9 22.7 9.2 3.1
60 72.6 20.3 15.1 8.1 2.4

30 0 743.8 154.8 164.6 56.1 49.7
10 183.5 62.7 50.2 28.2 7.6
20 168.1 52.7 48.3 23.7 6.1
30 127.4 47.6 37.4 20.2 4.3
40 105.3 45.4 32.9 15.1 2.4
50 84.6 32.6 19.6 8.6 1.2
60 51.1 17.4 9.2 6.7 0.7
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Furthermore, from the results presented at Table 3,
it is apparent that as the applied voltage proceeds, the
dye removal efficiency increased too. For example, the
dye removal efficiency at applied voltage 10 V (with
coagulant dose 30 mg/L) was about 84% and by
increasing the voltage to 60 V, removal efficiency was
increased to more than 98%. In fact, appearance of
effluent after chemical coagulation and electrocoagula-
tion (PAC 30 mg/L and applied voltage 60 V) was
very clear. In addition, the biodegradability (BOD5/
COD) of the treated wastewater after electrocoagula-
tion process was also slightly improved, so BOD5/
COD ratio was increased from 0.21 to 0.34 (at PAC
dosage 30 mg/L and applied voltage 60 V).

Electrical energy consumption is one of the most
important economical parameters in the electrocoagula-
tion process. Therefore, for the same operating condi-
tions, after 60 min of electrocoagulation, consumption
of energy and electrode material is also represented in
Figs. 3 and 4. The electrical energy consumption was
calculated using the related equations [7].

It can be seen from Figs. 3 and 4 that electrical
energy and electrode consumption were found to
increase with increasing the applied voltage as would
be expected in any other electrolytic process and pre-
sented by many researches [33–36,55]. An increase in
applied voltage from 10 to 60 V causes an increase in
energy consumption from 0.0093 to 0.0843 kW h/L
and 0.0101 to 0.0915 kW h/L of pollutants for 5 and
30 mg/L of PAC, respectively (Fig. 3). Also, an
increase in applied voltage from 10 to 60 V causes an
increase in electrode consumption (Fig. 4) from 0.32 to
1.38 g/L and 0.41 to 1.05 g/L of pollutants for 5 and
30 mg/L of PAC, respectively. These results are
according to phenolic compounds removal efficiency
by aluminum electrodes that reported by Adhoum
et al. and also other researchers [40,56–60].

3.5. Effect of adsorption process (third step)

Preliminary experiments were performed in order
to investigate the effect of operating parameters and
optimize the conditions of chemical coagulation and
electrocoagulation process in pilot scale. The perfor-
mances by the two pretreatment, namely chemical
coagulation and electrocoagulation were not carried
out efficiently enough for all pollutants to satisfy the
Iranian guideline of effluent qualities. Additional
dosage of coagulant, applied voltage, and longer
reaction time were needed to keep the national guide-
line of the effluent qualities. Therefore, the adsorption
process was employed as the final treatment step in
this study.

Adsorption technology is currently being used
extensively for the removal of organic and inorganic
micropollutants from aqueous solutions [61]. At pre-
sent study, the supernatant (after chemical coagulation
with PAC 30 mg/L and electrocoagulation process at
applied voltage 60 V) left after the separation of
sludge was subjected to adsorption process. For the
posttreatment step, the adsorbent dose was varied
from 100 to 800 mg/L. COD and BOD5 removals
during the adsorption process for varying dose of
activated carbon obtained from PNSA are illustrated
in Fig. 5.

As it can be seen from Fig. 5, COD and BOD5

removals are dependent on the mass of adsorbent pre-
sent in the solution and it increases when the adsor-
bent dosage increases. On the other hand, the
percentage of pollutants removal steeply increases
with the adsorbent loading up to 600 mg/L. This result
can be explained by the fact that the sorption sites
remain unsaturated during the sorption, whereas the
number of sites available for sorption site increases by
increasing the adsorbent dose. The maximum
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adsorption efficiency of COD and BOD5 onto PNSA
was found to be 70.1 and 57.98% at adsorbent concen-
tration of 800 mg/L. Also, as it can be seen from Fig. 5,
there was a no significant increase in the percentage
removal of pollutants when the adsorbent concentra-
tion increases beyond the 600 mg/L. This suggests that
after a certain dose of adsorbent, the maximum
adsorption is attained and hence the amount of pollu-
tants remains constant even with further addition of
dose of adsorbent [62,63]. On the other hand, after a
certain dose of adsorbent (600 mg/L), the maximum
adsorption sets in and hence the amount of COD and
BOD5 bound to the adsorbent and the amount of COD
and BOD5 in solution remains constant even with fur-
ther addition of the dose of adsorbent.

The biodegradability of the treated textile
wastewater after posttreatment (adsorption process)
was determined. The results revealed that the BOD5/
COD ratio was increased from 0.39 to 0.54.

According to results of this study, it can be con-
cluded that after the combined treatment methods, the
real textile wastewater can be subjected discharge to
environment, safely.

Temperature has a clear effect on the adsorption
capacity of the various adsorbents. To study the influ-
ence of temperature on the efficiency of adsorption
process, the experiments were performed at different
temperatures by maintaining the other parameters
constant. For this purpose, experiments were carried
out at temperatures ranging 295–313 K, pH equal 7.9,
and adsorbent dosage 800 mg/L. As it can be seen
from Fig. 6, the removal efficiency of COD and BOD5

increased slightly, when the temperature was
increased from 295 to 313 K.

Increasing the temperature is known to increase
the rate of diffusion of the adsorbate molecules across
the external boundary layer and in the internal pores
of the adsorbent particle, owing to the decrease in the
viscosity of the solution. Furthermore, changing tem-
perature will change the equilibrium capacity of the
adsorbent for a particular adsorbate. Patel and Vashi
[10] investigated the effect of temperature (ranging
300–360 K) on removal of COD, BOD5, and color from
textile wastewater. Their findings showed that the
removal efficiency continuously increases with
increase in temperature [10]. Furthermore, similar
findings were reported by other researchers [63,64].

4. Conclusions

In this study, chemical coagulation using PAC,
electrocoagulation process with aluminum electrodes,
and adsorption process using PNSA of textile
wastewater was investigated. The effects of the differ-
ent operational parameters on the removal of pollu-
tants were analyzed. The following conclusions can be
reached from the results obtained in this work:

(1) Preliminary settling time was investigated and
found to be important operational parameter
for effective treatment of real textile
wastewater.

(2) A preliminary settling time of 12 h had an
effect on the COD, BOD5, TS, TSS, and dye con-
centration with removal efficiency up to 7.94,
15.85, 61.04, 58.75, and 2.29%, respectively.

(3) According to the findings obtained from this
study, the removal efficiencies increased by
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increasing the coagulant dose, applied electri-
cal potential, and adsorbent dose. Moreover,
the energy consumption increased by increas-
ing the applied electrical potential.

(4) Finally, it can be concluded that the combined
process chemical coagulation, electrocoagula-
tion, and adsorption process has the potential
to be utilized for the cost-effective removal of
pollutants from real textile wastewater.
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