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bstract

The decolorization and reduction of COD of dyeing wastewater from a cotton textile mill was conducted using catalytic thermal treatment
thermolysis) accompanied with/without coagulation. Thermolysis in presence of a homogeneous copper sulphate catalyst was found to be the
ost effective in comparison to other catalysts (FeCl3, FeSO4, CuO, ZnO and PAC) used. A maximum reduction of chemical oxygen demand (COD)

nd color of dyeing wastewater of 66.85% and 71.4%, respectively, was observed with a catalyst concentration of 5 kg/m3 at pH 8. Commercial alum
as found most effective coagulant among various coagulants (aluminum potassium sulphate, PAC, FeCl3 and FeSO4) tested during coagulation
perations, resulting in 58.57% COD and 74% color reduction at pH 4 and coagulant dose of 5 kg/m3. Coagulation of the clear fluid (supernatant)
btained after treatment by thermolysis at the conditions previously used resulted in an overall reduction of 89.91% COD and 94.4% color at pH 4

nd a coagulant dose of 2 kg/m3. The application of thermolysis followed by coagulation, thus, is the most effective treatment method in removing
early 90% COD and 95% color at a lower dose of coagulant (2 kg/m3). The sludge thus produced would contain lower inorganic mass coagulant
nd, therefore, less amount of inorganic sludge.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Wastewater generated by different production steps of a
otton textile mill have high pH, temperature, detergents, oil,
uspended and dissolved solids, toxic and non-biodegradable
atter, color and alkalinity [1,2]. Dyes used in the cotton textile
ills are characterized as per their application method into vat

ye, reactive dye, disperse dye and cationic dye. Wastewater
rom fabric and yarn printing and dyeing pose serious envi-
onmental problems both because of their color and high COD

3–6]. Biological treatment process is generally efficient in BOD
nd suspended solids removal, however, it is considered unsat-
sfactory because of the low efficiency and low reaction rate
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f treatment. The coagulation process is widely employed for
olor removal. Adding a coagulant to the wastewater stream
s costly and the sludge formed requires further treatment. The
reatment of textile wastewater with ferrous sulphate and/or lime
as proved to be very effective in removing color (70–90%)

nd COD (50–60%) [7–11]. Activated carbon adsorption has
he associated cost and difficulty of the regeneration process
nd a high waste disposal cost. Advanced oxidation process like
zonation, UV and ozone/UV combined oxidation, photocatal-
sis, etc. are not economically feasible due to high consumption
f energy and raw material. Fenton’s oxidation and ozone pro-
ess removed the COD in the range of 59% and 33%, while
olor removal was 89% and 91%, respectively. Advanced oxi-

ation methods used before biological treatment increase the
atio of BOD/COD after ozonation and improved the biodegrad-
bility of toxic substances. However, the major disadvantage of
sing ozone is that it may form toxic byproducts even from

mailto:schanfch@iitr.ernet.in
dx.doi.org/10.1016/j.jhazmat.2007.09.007
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Nomenclature

A filtration area (m2)
AGR atmospheric pressure glass reactor
BOD biochemical oxygen demand (kg/m3)
C concentration of slurry (kg/m3)
Cw catalyst mass loading (kg/m3)
CCC critical chemical concentration (kg/m3)
COD chemical oxygen demand (kg/m3)
COD0 initial concentration of organic matter in the efflu-

ent expressed as COD (kg/m3)
e Neper’s number (2.7183)
�G Gibbs free energy
h Plank’s constant
�H change of the enthalpy
kB Boltzmann’s constant
PCU platinum cobalt unit (Pt–Co)
Rm filter medium resistance (m−1)
�S change in entropy for the active complex forma-

tion from the reactant.
t time (s)
tR treatment time (h)
T absolute temperature (K)
Vf volumetric flow rate (m3/s)

Greek symbols
α average cake resistance (m/kg)
θ pre-heating time
μ viscosity of the filtrate (Pa s)
χ transmission coefficient (1.0 for mono-molecular
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Table 1
Characteristics of dyeing wastewater

S. no. Parameters Value

1 Total suspended solids 152.1
2 Total iron (as Fe) 0.447
3 Chlorides (as Cl) 60
4 BOD, 3 days at 20 ◦C 1525
5 Oil and grease 62.4
6 Sulphate (as SO4) 306.74
7 Copper (as Cu) 0.046
8 Zinc (as Zn) 0.048
9 COD 5744

10 Color 3840 (Pt–Co)
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ash content (proximate analysis) was determined by Bureau
reaction)

iodegradable substances [12–17]. Wet air oxidation has been
emonstrated to be a viable process for the treatment of desizing,
couring, dyeing and printing wastewater from the textile indus-
ry. Wet air oxidation requires high temperature (at 300 ◦C) and
igh pressure (over 10 MPa) [18–20]. Thermolysis is a chemical
rocess by which a substance is decomposed into other sub-
tance by use of heat. Thermolysis is reported to have improved
he biogasification of biomass due to breakdown of lower molec-
lar weight compounds. During thermal treatment, a significant
mount of COD reduction of about 63% was achieved in the
uthor’s laboratory for highly concentrated distillery/paper mill
astewater [21–26].
This study proposes the treatment of textile dyeing wastew-

ter using the thermolysis and coagulation process. The
ffectiveness of the processes is measured by color and COD
emoval. The treatment of dyeing wastewater by catalytic ther-
olysis has been attempted in the presence of different catalysts.
he effect of different parameters, such as initial pH (pH0),
hemical concentration (catalysts/coagulants) and temperature
ere also studied. The elemental analysis of the effluent and
he precipitate as well as the thermogravimetric analysis (TGA)
f the precipitate formed after the thermolysis was performed
o understand its thermal degradation characteristics. In addi-

o
(
t

1 pH 10.30

ll values except pH and color are in mg/l.

ion, the settle ability and filterability characteristics of the slurry
btained after treatment were also performed to see the optimum
reatment conditions.

. Materials and methods

.1. Substrate

The dyeing wastewater samples were obtained from a textile
ill located at Ghaziabad, UP, India. The original effluent has
COD of 5744 mg/l and color 3840 Pt–Co, containing reactive
yes. The effluent without any dilution was used for all treatment
teps. The characteristics of the untreated dyeing wastewater are
iven in Table 1.

.2. Chemicals

The chemicals used as catalysts and as coagulants were of
nalytical reagent grade. CuSO4·5H2O and CuO were procured
rom S.D. Fine Chemicals Ltd., Mumbai, India, whereas, ZnO,
eCl3, and FeSO4·7H2O were obtained from Qualigens Fine
hemicals, Mumbai, India. Ammonia solution and aluminum
otassium sulphate [KAl(SO4)2·16H2O] were procured from
anbaxy Fine Chemicals Ltd., Mumbai, India and PAC was
btained from Vam Organics Ltd., Gajraula, UP, India.

.3. Analytical methods

The chemical oxygen demand (COD) of the effluent was
stimated by the standard dichromator closed reflux method
APHA-1989) using a COD analyzer (Aqualytic, Germany).
he color in Pt–Co unit was estimated using a color meter

Hanna HI93727, Hanna Instruments, Singapore) at 470 nm. The
oncentration of ions in the substrate (pretreated effluent) was
easured by Avanta GBC, Australia atomic absorption spec-

rometer. Elemental analyzer model Vario EL III by Elementar,
ermany, was used for elemental (C, H, N and S) analysis. The
f Indian Standards IS:1350 (Part-I)-1984. Thermal analysis
TGA/DTGA/DTA) of the wastewater and residue left after the
hermolysis and coagulation was carried out using a TG analyzer
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Table 2
Effect of catalyst on the reduction of pH after treatment of dyeing wastewater

pH pH reduction after treatment with Without
catalyst

CuSO4 FeSO4·16H2O FeCl3 CuO ZnO PAC

2 1.96 2.08 1.75 3.07 2.98 1.98 2.00
4 3.94 3.68 3.64 5.30 3.66 3.9 3.98
6 5.84 5.92 5.52 8.57 5.52 5.64 6.10
8 7.97 7.92 7.72 9.17 7.94 7.82 8.00
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Pyris Diamond, Perkin-Elmer). Filtration for all the treated
ffluent was done using Millipore filtration assembly using
.45 �m filters. The pH was measured using a Thermo Orion,
SA make pH meter. The treated wastewater samples were

entrifuged (Model R24, Remi Instruments Pvt. Ltd., Mumbai,
ndia) to obtain the supernatant and the precipitate [23,24].

.4. Experimental procedure

.4.1. Catalytic thermal treatment (thermolysis)
The experimental studies at temperatures higher than ambient

emperature were carried out in a 0.5 l three-necked glass reac-
or. Initially, the pH of the wastewater was adjusted by adding

2SO4 or ammonia solution and then the wastewater (300 ml)
as shifted to the three-necked glass reactor. Thereafter, the cata-

yst/coagulant were added to the solution. The catalyst (CuSO4,
eCl3, FeSO4, etc.) were used with a concentration range of
–8 kg/m3. The temperature of the reaction mixture was raised
sing a hot plate to the desired value by a PID temperature
ontroller, which was fitted in one of the necks through the ther-
ocouple. The raising of the temperature of the wastewater from

mbient to 95 ◦C took about 30 min (th). A vertical water-cooled
ondenser was attached to the middle neck of the reactor to pre-
ent any loss of vapour. The time taken to attain the desired
emperature is the heating time, th. Further heating is done at the
esired temperature and the time is measured by subtracting th
rom the total time. Thus, th is taken as zero for further heating.
he reaction mixture was agitated using a magnetic stirrer. Ini-

ial experimental runs with different chemicals were conducted
or 4 h at 95 ◦C and the reactor samples (5 ml) were taken at
eriodic intervals for the measurement of COD, color and pH.
he samples were centrifuged to decant the supernatant. Except

or initial runs, rest of the experiments, at temperatures higher
han ambient temperature were carried out for 30 min reaction
eriod, after attaining the desired temperature and then allowed
o settle for 2 h. Then, the treated effluent including sludge was
apidly mixed and the slurry so formed was used to study the
ettling and filterability characteristics of the sludge. The effects
f the reaction parameters, such as temperature, catalyst mass
oading and reaction time were studied. The residue obtained
fter treatment using the best catalyst was assayed for its C, H,
, S and ash content.

.4.2. Jar test
A series of six graduated glass cylinders were used for the

xperiments. A 5 min rapid mixing (RM) at 80 rpm was followed
y 30 min slow mixing (SM) at 40 rpm and 30 min settling. The
bjective of this experiment was to study the settling character-
stics as well as estimation of COD and color in the final clear
iquid.

. Results and discussion
The effluent containing dyes when released into water bodies
re visual even in small quantities due to their brilliance. As bio-
ogical activities are incapable of removing dyes from effluent
n a continuous basis, physicochemical methods have been sug-

r
t
a
8

0 9.56 9.24 9.40 9.95 9.86 9.81 9.98
2 11.24 10.2 11.55 11.65 11.64 11.65 11.99

ested to be effective [25] only if the effluent volume is small.
dsorption and coagulation produce large quantity of residue.

t is, therefore, desirable to use process which are cost effective
s well as produce less inorganic sludge.

The experiments were planned to treat the undiluted dyestuff
astewater (COD0 = 5744 mg/l) by catalytic thermal treatment

ollowed by coagulation. During thermolysis the catalyst used
ere CuSO4, FeSO4, FeCl3, CuO, ZnO and PAC whereas the

oagulants used in the subsequent process include commercial
lum, aluminum potassium sulphate, PAC, FeCl3 and FeSO4.
he two processes (thermolysis and coagulation) were opti-
ized with respect to the process parameters, such as pH,

atalyst/coagulant concentration, etc.

.1. Catalytic thermal treatment (thermolysis)

.1.1. Effect of pH
The experiments on the effect of pH0 on COD and color

eduction of dyeing wastewater were conducted at 95 ◦C for
h with a catalyst mass loading of 2 kg/m3. The initial pH was
aried during the experiments in the range of 2–12. After each
xperimentation, a portion of the treated effluent was taken out
nd centrifuged. The clear liquid was separated and its COD as
ell as color was measured. The results are shown in Fig. 1(a)

nd (b). Fig. 1(a) shows a slow increase in percent COD reduc-
ion initially from pH 2 to 4, which rises at a faster rate between
H 4 and 8. From pH 8 to 12 there has been almost no increase
n COD reduction. This trend is uniformly followed by all the
atalysts. CuSO4 happens to be the best amongst the other cat-
lysts showing a maximum percent COD reduction of about
2.16% at pH 8. The final pH after the treatment was also
easured and a decrease in pH was observed in all the cases

xcept the effluent treated by CuO. The results are presented in
able 2. The reasons for these phenomena may be attributed to

he dissociation of sulphate/chlorides into corresponding ions
nd thereby forming H2SO4/HCl which are responsible for the
eduction of the pH of the solution. Carboxylic acids may also
ave formed out of the degradation of high molecular weight
ydrocarbons.

When the initial effluent was heated without catalysts, under
he identical conditions as mentioned above, the maximum COD

eduction obtained at pH 8 was 12.6%. The pH0 adjustment of
he dyeing wastewater has been found to reduce the COD as well
s color of the order of less than 10% mainly in the pH range of
–12.
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Fig. 1. (a) Effect of pH0 on COD reduction of the dyeing wastewater by thermol-
ysis. COD = 5744 mg/l, T = 95 ◦C, P = atmospheric, t = 4 h and C = 2 kg/m3.
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The results are presented in Fig. 3. The percent reductions of

COD and color increased as the temperature increased from 60 to
95 ◦C. The percent COD reduction (maximum) at 95 ◦C obtained
was 66.85%, at which the percent color reduction was 71.4%.
0 R r w

b) Effect of pH0 on color reduction of the dyeing wastewater by thermoly-
is. COD0 = 5744 mg/l, TR = 95 ◦C, P = atmospheric, tr = 4 h, Cw = 2 kg/m3 and
olor = 3840 Pt–Co.

The effect of pH0 on percent color reduction of dyeing
astewater is shown in Fig. 1(b). A similar trend as noted in
ig. 1(a) has been observed with CuSO4 giving the best color
eduction of 58.71% at pH 8.

.1.2. Effect of catalyst mass loading
Fig. 2 shows the effect of catalyst mass loading on COD as

ell as color reduction of dyeing wastewater during catalytic

hermal treatment at 95 ◦C, pH 8 and 4 h duration. The per-
ent reductions of COD and color increased with the increase in
atalyst mass loading from 1 to 5 kg/m3. With further increase
n catalyst mass loading from 5 to 8 kg/m3, there has been no

F
a
1

ig. 2. Effect of catalyst (copper sulphate) concentration on COD and color
eduction of the dyeing wastewater. COD0 = 5744 mg/l, tr = 4 h, P = atmospheric,
H0 10 and color = 3840 Pt–Co.

ncrease in percent COD as well as color reduction. The cat-
lyst concentration of 5 kg/m3 may thus be considered as the
ptimum concentration at the given operating conditions. The
aximum COD and color reduction obtained at 5 kg/m3 catalyst

oncentration were 66.85% and 71.4%, respectively.

.1.3. Effect of temperature
ig. 3. Effect of temperature on COD and color reduction of the dyeing wastew-
ter of catalytic thermolysis. COD0 = 5744 mg/l, tr = 4 h, P = atmospheric, pH0

0, Cw = 5 kg/m3 and color = 3840 Pt–Co.
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Table 3
Kinetic parameters calculated for the solid residue left after treatment with
copper sulphate from the one-way transport diffusion kinetics (D1) and
Ginstling–Brounstein diffusion (GB) model

Parameters Models

D1 GB

n 1 1
A (min−1) 1.525 0.180
E (kJ/mol) 29.205 29.374
k (min−1) 0.077 0.009
�S (J/(mol K)) −264.60 −264.90
�H (kJ/mol) 19.39 19.56
�G (kJ/mol) 331.66 332.18
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ince the experiment was conducted at atmospheric pressure (in
glass reactor under reflux), the reaction temperature was not

xceeded beyond 95 ◦C.
Chen et al. (2003) observed similar phenomena where the

eduction in COD was observed during the pre-heating period
n absence of oxygen. Heating the reactor to the desired reaction
emperature took 1–2 h time, when the textile mill wastewater
as heated from 20 to 150 ◦C. The percent reduction of COD was

ound during this period to be much less than 1%. As the temper-
ture increased, the COD reduction due to heating increased and
eached to about 18% at 200 ◦C. The increase in COD reduction
uring heating was also observed for textile desizing wastew-
ter by others [26,27]. The phenomena of reduction in COD
uring heating period, in the absence of oxygen, has been indi-
ated to be caused by the loss of volatile organic compounds
ith continuous stirring as well as from thermal decomposition

28].

.1.4. TGA and DTA of sludge
The thermal degradation data (TGA, DTA and DTGA) were

nalyzed using the kinetic models available in the literature
29–31]. The first order irreversible reaction rate constant, k,
an be written as [32]:

=
(

χekBT

h

)
exp

(
�S

R

)
exp

(
− E

RT

)
(1)

q. (1) may be rewritten in the form:

=
(

χekBT

h

)
exp

(
�S

R

)
(2)

r

S = R

(
ln A − ln χekBT

h

)
(3)

The �H, �G for the active complex formation and �S can
e calculated at DTG peak temperature using the equations:

= �H + RT (4)

G = �H − T�S (5)

The DTG peak temperature characterizes the highest rate of
he process and, therefore, is its most important parameter.

The steric factor for a particular temperature zone of degra-
ation of the precipitate may be given by P = exp(�S/R) [29].
his factor allows to estimate whether the degradation taking
lace in the selected zone is slow or fast. If value of P is closer
o unity for the selected zone, than that for the other zone, it
s inferred that the degradation in the selected zone is faster
han that for the other zone. The best fit values of the kinetic
arameters from the one-way transport diffusion kinetics (D1)
nd Ginstling–Brounstein diffusion model [29,31] are given in
able 3.
Thermogravimetric analysis of sludge provides useful infor-
ation on the kinds of materials present in it and their detection

t various temperatures. To collect information on such mate-
ials, sludge sample was heated at a rate of 10 ◦C/min under

h
g
c
(

s (×1014) 1.50 1.45
2 1 0.614

urified air with a rate of 200 ml/min. The TGA profile pre-
ented in Fig. 4(a) shows the endothermic weight loss of 7.3%
n the temperature range of 100–200 ◦C. This is possibly due
o dehydration of sample along with the removal of organic
olatiles. A weight loss of 24.98% occurs endothermically in
he temperature range of 200–280 ◦C. The peak rate of weight
oss at Tmax = 255 ◦C is 0.5 mg/min. The endothermic weight
oss with heat requirement of 526 MJ/kg suggests the involve-

ent of energy in the oxidation of low C and H containing
rganic substance followed by their removal. As absorption
f energy is relatively high, a partial oxidative decomposition
f high concentration of dye may also be considered along
ith low hydrocarbons. The weight remains constant on fur-

her increment of temperature upto 417 ◦C and then a sharp
eight loss of 5.23% in a very narrow temperature range of
17–420 ◦C with a peak rate of 2.4 mg/min occurs. This weight
oss may possible be due to further decomposition of remainder
f decomposed dye or decomposition of dye coordinated with
etal ions present in the sludge. The complete decomposition of

uch metal coordinated dye occurs above 770 ◦C and continues
ill the formation of metal oxide at about 1000 ◦C. After ther-

olysis the dye coordinated with metal ions might have broken
own into organics and metal ions. The organics part has been
educed as shown in the TGA curve between 200 and 700 ◦C in
ig. 4(a). The metal part got oxidized between 700 and 1000 ◦C
Fig. 4a). Since the oxidation of metal-to-metal oxides is nei-
her an exothermic nor an endothermic process, no such peak,
herefore, is found in Fig. 4(b). The existence of an endother-

ic peak between 700 and 1000 ◦C possibly indicates the heat
equirement for the decomposition of dye (organics) coordi-
ated with metal ions, which could not be decomposed earlier.
he residue due to metal oxide obtained at this temperature is
.5%.

Fig. 4(b) shows the thermogravimetric trace of the dyeing
astewater was done after drying the wastewater at 45 ◦C for
6 h in an oven. The TGA curve shows only about 3.86%
ecrease in weight upto 110 ◦C from 110 to 791 ◦C and there

as been very little weight drop of 11.57%, which has been
radual all along. From 791 ◦C onwards and upto 933 ◦C, a per-
ent weight loss of the order of 65.84% at a rate of 1.0 mg/min
at 907 ◦C), was recorded. This is the maximum weight loss
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ig. 4. (a) TGA–DTA of dyeing residue. Sample weight, 10.36 mg; atmosphere
tmosphere, air at 200 ml/min.

bserved during the entire process. This may once again be
ttributed to the oxidation of metal ions coordinated to dye
resent in the dyeing wastewater.

.1.5. Settling characteristics of the precipitate in the
reated effluent

A faster settling of the treated effluent is desirable. The
ettling characteristics are strongly affected by the treatment
arameters [33–36]. Various methods have been suggested for

alculating compression zone height in continuous thickeners
rom the batch sedimentation data [36–40]. The method pro-
osed by Richardson et al. [33] to design a continuous thickener
ased on single batch sedimentation test seems to be the most

s

C
o

t 200 ml/min. (b) TGA–DTA of dyeing wastewater. Sample weight, 10.26 mg;

ppropriate. The settling of an effluent is strongly influenced by
ts pH.

In order to see the effect of pH on the settling characteris-
ics of the precipitate obtained after thermolysis using CuSO4
s catalyst, three different pH, i.e., pH 6, 8 and 10 were main-
ained in a 100 ml measuring cylinder. The settling rate was
bserved to be higher for pH 6 than that of pH 10. This may
robably be due to the bigger size and more compact aggre-
ated flocs. Fig. 5 shows the behavior of treated effluent during

edimentation.

The calculation of sedimentation velocity (uc), concentration
(t), and the sedimentation flux were done using the Kynch the-
ry [33]. The sedimentation velocity (uc) was found as the slope
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ig. 5. Settling characteristics of sludge in the treated effluent at ambient
emperature using CuSO4 as catalyst. COD0 = 5744 mg/l, P = atmospheric and

w = 5 kg/m3.

f the tangent at a given solids concentration, C. The concen-
ration of sludge at a time t was determined using following
elationship:

= C0(total height)

height of suspension after time t

he concentration of the solids required in the underflow, Cu, for
he effluents treated at pH 6, 8 and 10 were found to be 29 kg/m3

n each case. The maximum value of [{(1/C) − (1/Cu)}/uc] were
hus determined as 0.136 × 103, 0.039 × 104 and 0.044 × 104 at
H 6, 8 and 10, respectively. Using these values, the area of
he sedimentation tank for any effluent flow rate can thus be
alculated as

= vfC0
[
(1/C) − (1/Cu)

]
uc

rom Fig. 5, it can also be seen that the settling rate is very fast
uring the zone settling region at pH 6. The settling rate becomes
ery slow, as the solids settling enter compression region. It is
lso seen that the compression region for the pH 6 settled sludge
s much denser than that for the pH 10 settled sludge.
.1.6. Filterability
Filtration is one of the steps used to clarify the treated

ffluent. The filterability studies are important to decide
pon the optimal treatment process parameters which could

w
o
c

able 4
ilterability of the slurry: effect of the initial pH (pH0)a

H0 kp (×10−10 s/m6) β (×10−6 s/m3) C (kg/m3)

6 0.125 0.12 6.34
8 0.178 0.04 6.96
0 0.138 0.00 6.10

a A = 6.358 × 10−3 m2.
ig. 6. Filterability characteristics of sludge in the treated effluent at ambient
emperature using CuSO4 as catalyst. COD0 = 5744 mg/l, P = atmospheric and

w = 5 kg/m3.

roduce a treated effluent with flocs having faster filtra-
ion.

The gravity filtration of the slurry was carried out at room
emperature on an ordinary filter paper supported on a Büchner
unnel, under constant pressure filtration. The filtrate volume
btained as a function of time was observed and a plot between
t/�V and V was drawn for the effluents treated at different

H. The plot in Fig. 6 shows a linear relationship. It is evident
hat the filterability of the treated effluent gets improved with
n increase in the pH0. pH 10 seems to offer least resistance to
ltration. The filtration resistances for the filter media as well as

he filter cake were obtained using the filtration equation [40]:

dt

dV
= kpV + β (6)

here

p = Cαμ

A2(−�p)
(7)

nd

= μRm (8)

A(−�p)

here kp (slope) and β (intercept) are determined by the plot
f Eq. (6) as shown in Fig. 6. The values of α and Rm were
alculated from kp and β and are presented in Table 4.

μ (×103 PaS) α (×10−10 m/kg) Rm (×10−8 m−1)

1.96 0.058 0.563
1.987 0.075 0.185
1.951 0.067 0.000
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Table 5
Elemental analysis of dyeing wastewater and precipitate formed as a result of
thermal pretreatment with CuSO4

Material

C (%) H (%) N (%) S (%)

Dyeing wastewater 0.114 17.57 0.00 0.00
Precipitate 3.083 3.287 0.00 0.00
S
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T
i
p
hydrolyzed dyes act as a good reagents and electron acceptors
from Al3+. PAC is found to be active at pH 10. The multiva-
lent Al cations of PAC coordinate with the anions present in
the effluent and result in complexation. The gel structure of the
upernatant 1.53 0.05 0.00 0.00
ndian coal 4.887 5.01 0.80 1.70

Typical values of specific cake resistance (α) for different
ind of sludges are given by Barnes et al. [41] for pulp and
aper mill effluent by Garg et al. [23] and for alcohol distillery
aste by Lele et al. [42].
The reported values for other effluents are higher than those

hown in Table 4 for textile mill effluent. The difference in the
alue can be ascribed to several factors like treatment conditions,
orphological and floc characteristics of the sludge.

.1.7. Elemental and compositional characterization of the
ludge and composite wastewater

The C, H, N, S and proximate analyzes of the settled pre-
ipitate and the dyeing wastewater, respectively are presented
n Tables 5 and 6. The elemental analysis shows that there is an
ncrease in carbon and hydrogen composition in the precipitate.

The carbonaceous load of the treated wastewater after fil-
ration has gone down considerably as the supernatant is much
eaner in carbon and hydrogen composition. The proximate anal-
sis, as shown in Table 6, indicates a considerably lower ash
ontent in the precipitate than that in the dyeing wastewater and
considerably higher fixed carbon content in the precipitate than

hat in the dyeing wastewater.

.2. Coagulation

The combined thermolysis/coagulation treatment process
as performed in two successive steps where thermolysis was

ollowed by coagulation. The thermolysis and coagulation stud-
es were also conducted independently on fresh samples. The
hemical coagulation using various coagulants such as com-
ercial alum, aluminum potassium sulphate, PAC, FeCl3 and
eSO4 were studied as a function of initial pH (pH0). The results
re presented in Figs. 7 and 8 as COD and color reductions,
espectively. It can be seen that the (maximum) COD and color

eductions of 34.57% and 60.33%, respectively, were obtained
sing commercial alum as coagulant at pH 4 and a coagulant
oncentration of 3 kg/m3. The effect of pH on the dye reduction
ould be explained by the combined effect of (i) the ionization of

able 6
roximate analysis (moisture-free basis) of dyeing wastewater and precipitate
ormed as a result of thermal pretreatment with CuSO4

aterial Ash (%) Volatile matter (%) Fixed carbon (%)

yeing wastewater 91.1 5.74 0.09
recipitate 47.0 31.0 10.0

F
d
a

ig. 7. Effect of pH0 on COD reduction of the dyeing wastewater by using differ-
nt coagulants. COD0 = 5744 mg/l, tr = 1 h, P = atmospheric and Cw = 5 kg/m3.

mino, hydroxy and sulpho groups in the dye molecules which
ncreases with pH in acidic range, (ii) the decrease in the concen-
ration of dissolved hydrolysis products [43] and (iii) Al-based
oagulants show better results than that of Fe-based coagulants.
his may be attributed to dominance of compounds having pos-

tive charge. Fe3+ has more coordination than Al3+ due to the
resence of unfilled d-orbitals. The cationic compounds of the
ig. 8. Effect of pH0 on color reduction of the dyeing wastewater by using
ifferent coagulants. COD0 = 5744 mg/l, tr = 1 h, P = atmospheric, Cw = 5 kg/m3

nd color = 3840 Pt–Co.
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effective process for reduction of COD as well as color at a lower
coagulant concentration which would lead to lesser production
of inorganic sludge and thereby reducing the sludge disposal
problem.
ig. 9. Effect of coagulant (commercial alum) concentration on COD and color
eduction of the dyeing wastewater. COD0 = 5744 mg/l, tr = 1 h, P = atmospheric,
H0 4 and color = 3840 Pt–Co.

AC also enmeshes the organics present in dyeing waste. Thus,
he complexation followed by precipitation and the capture of
rganic in the gel are responsible for both COD and color reduc-
ion by PAC as compared to those obtained with FeSO4 and
eCl3. Figs. 7 and 8 reveal that the optimum pH0 for COD and
olor reduction for all the five coagulants are different. Some
re better active in acidic medium whereas the other are active
n alkaline medium. The reduction of dissolved organics during
oagulation with metal salts at different pH values follow two
ifferent mechanisms. At low pH the effluent containing anionic
rganic molecules coordinate with metal cation and form insolu-
le metal complexes at higher pH (alkaline range). The organics
re adsorbed on to pre-form flocs of metal hydroxides and get
recipitated. The combined effect of two mechanisms is that the
eduction of dissolved organics with different functional groups
an occur at different pH. The maximum COD and color removal
ay thus occur at a pH where the combined effect of both the
echanisms is high.

.2.1. Effect of coagulant doses
During coagulation, the effluent is gently mixed which ini-

iates floc formation, complexation and adsorption of organics
esulting in precipitate formation and settling down of insolu-
le solids. In order to determine the optimum coagulant dose of
he best coagulant (commercial alum) from amongst the vari-
us coagulant used, the effect of coagulant dose (1–13 kg/m3)
t optimum pH 4 was studied. The results are shown in Fig. 9 as
ercent COD as well as color reduction. It is clear that the reduc-
ion in both color and COD increases as the dose is increased
rom 1 to 5 kg/m3, giving a maximum COD reduction of 58.57%

nd a color reduction of 74%. With further increase in coagulant
ose, the percent reduction in COD and color do not change sub-
tantially. Thus, a coagulant dose of 5 kg/m3 is assumed to be
n optimum value under the prevailing treatment conditions. In

F
l
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oagulation process, color degradation is observed after effec-
ive COD reduction. Some metal complexes may be formed
uring coagulation [44]. The assay of commercial alum used
or coagulation experiments show a (maximum) concentration
f aluminum (as Al) of 16,289 ppm, followed by potassium con-
ent (as K) of 42 ppm, hydrogen (as H2) of 0.49% and sulphur
as S) of 2.33%.

It has been seen that the addition of coagulants reduces the
H of the effluent. The pH reduction was found to be high with
eSO4 and FeCl3. This indicates that if Fe-based coagulants
re used, higher amount of alkali is required to be added to
eutralize the effluent during disposal. This further indicates
hat commercial alum is better from the point of view of post-
oagulation treatments.

.2.2. Thermolysis accompanied with coagulation
The treatments carried out using thermolysis show a maxi-

um of COD and color reduction of 66.85% and 71.4% at pH
with catalyst concentration of 5 kg/m3 using CuSO4, whereas
aximum COD and color reduction during coagulation using

ommercial alum were 58.57% and 74%, respectively at a coag-
lant dose of 5 kg/m3 at pH 4. In order to see the effect of the
ombined treatment by thermolysis as well as coagulation, the
hermolysis studies were conducted as before and the super-
atant obtained was subsequently treated with the coagulant
t optimized conditions mentioned above (except the coagu-
ant concentration 2 kg/m3). An overall reduction of COD and
olor of 89.91% and 94.4%, respectively as shown in Fig. 10,
ere obtained. The results thus indicate that the combined

reatment of thermolysis followed by coagulation is the most
ig. 10. Reduction of COD and color with time by coagulation. Coagu-
ant = commercial alum, pH0 4, TR = 18 ◦C and Cw = 2 kg/m3.
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. Conclusion

The treatment of dyeing wastewater of a cotton textile mill for
he reduction of COD and color was carried out using catalytic
hermal treatment (thermolysis) with/without coagulation. Dur-
ng thermolysis of the fresh effluent, copper sulphate was found
o be the best catalyst giving 66.85% COD as well as 71.4% color
eduction, respectively, with a catalyst concentration of 5 kg/m3

t pH 8 and 95 ◦C temperature. The settle ability as well as fil-
erability of the slurry obtained are strongly influenced by pH.
he slurry obtained after catalytic thermolysis at pH 6 settled
uch faster than the one obtained at pH 10. During treatment

y coagulation process, commercial alum is found to be the
est coagulant among the other coagulants tested, resulting in
8.57% COD and 74% color reduction, respectively, at pH 4 and
coagulant concentration of 5 kg/m3. Coagulation of the super-
atant obtained after catalytic thermolysis at above-mentioned
perating conditions (except at a lower coagulant concentration
f 2 kg/m3) resulted in overall reduction of about 89.91% COD
nd 94.4% color.

Thermolysis followed by coagulation is, therefore, the most
ffective process in removing COD as well as color at a lower
ose of coagulant. The sludge thus produced would contain
ower inorganic mass coagulant and, therefore, less amount
f sludge containing dye coordinated metal ions has to be
isposed.
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