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Abstract

This study was designed to investigate the removal of reactive dyes, C.I. Reactive Red 45 and C.I. Reactive Green 8,
from wastewater using a two-step, Al(III) coagulation/activated carbon adsorption method. The effect of pH and
coagulant dosage as well as the effects of contact time and a powdered activated carbon dosage on dye removal have
been studied. The process was optimized with reasonable consumption of coagulant and quantity of obtained sludge.
Coagulation as a main treatment process followed by adsorption achieved almost the total elimination of both dyes
from wastewater with significant reduction (90%) of chemical oxygen demand (COD), total organic carbon (TOC) and
adsorbable organic halide (AOX). Besides high efficiency of dye removal, the combined treatment process offers many
advantages for potential application such as coagulant savings, minimal amount of sludge formation and also a
economic feasibility since it does not require high costs for chemicals and equipment.
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1. Introduction

Wastewater generated by the dye production
industry and many other industries which use dyes
and pigments is characteristically high in both
colour and organic content. About 10, 000 differ-
ent commercial dyes and pigments exist, and over
7x10° tons are produced annually world-wide. It
was estimated that about 10-15% of these dyes
are released in effluents during dyeing processes
[1]. Reactive dyes represent an increasing market
share, (currently about 20-30%) of the total
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market for dyes because they are used to dye cot-
ton which makes up about half of the worlds fibre
consumption. A large fraction, typically around
30%, of the applied reactive dye, is wasted
because of dye hydrolysis in the alkaline dyebath.
The conventional wastewater treatment plants,
which rely on aerobic biodegradation, have low
removal efficiency for reactive and other anionic,
soluble dyes [2]. The discharge of highly coloured
waste is not only aesthetically displeasing, but it
also impedes light penetration, thus upsetting bio-
logical processes within a stream. In addition,
many dyes are toxic to some organisms and may
cause direct destruction of aquatic communities.
Hence, removal of dyes from such wastewaters is a
major environmental problem complete dye
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removal is necessary because dyes will be visible
even at low concentrations.

During the last few years, new and stricter regu-
lations coupled with increased enforcement con-
cerning wastewater discharges were established in
many countries. In the past, legislation has con-
trolled the discharge of organic material by setting
limits on the permissible biological and chemical
properties of the effluent, limits can include the
degree of colouration of the effluent [3]. The abil-
ity to reclaim dye wastewater for discharge or
reuse would also be a giant step toward over-all
waste reduction.

There are many processes available for wastewater
treatment in these industries: chemical oxidation,
foam flotation, electrolysis, biodegradation,
adsorption, chemical coagulation and photo-
catalysis [4-14]. Advanced oxidation processes
[15-18] are possibly the best technologies to totally
eliminate organic carbons in wastewater, but these
processes are only effective in wastewater with
very low concentrations of organic dyes. Thus,
significant dilution is necessary as a facility
requirement. In addition, these processes are too
expensive and complex at the present level of their
development. The coagulation/flocculation pro-
cess is in extensive use for pre-, main or post-
treatment, and full decolourization is possible by
this process. The limitations of coagulation/floc-
culation are that it is not always effective and there
are problems associated with sludge disposal.
Thus, interest in coagulant recovery stems not
only from the potential savings in chemical costs
but also from substantial reductions in sludge
volume. Some research has been conducted to
show the feasibility of recycling the coagulants
[19,20]. In the present study, the removal of reac-
tive dyes from wastewater by the combinaton of
AI(IIT) coagulation and activated carbon adsorp-
tion was investigated. Low cost adsorbents like
those obtained from waste materials have an eco-
nomic advantage, but they are much less effective
than activated carbon [21]. Two commercial reac-
tive dyes, C.I. Reactive Red 45 and C.I. Reactive
Green 8, were chosen for this study. The purpose
of the present work was to lower the coagulant
consumption using activated carbon in the final
polishing step and to achieve complete dye

removal. This approach offers a simple and
economic “‘end-of-pipe” solution to the challenges
set by new legislation covering dye wastewater
discharges. Water reuse may be possible as well.

2. Experimental

As in the previous studies [13,22], the experi-
ments were conducted using two commercial
reactive dyes C.I. Reactive Red 45 (RR 45) and
C.I. Reactive Green 8 (RG 8) manufactured by
Ciba-Geigy. The chemical structures and Apay
values are shown in Table 1. Calibration curves
were made for each dye at its absorbance max-
imum. The synthetic wastewater was prepared by
dissolving the dyes into distilled water. The con-
centration of the dye solutions was 1 g 1=!. The jar
test procedure was applied at room temperature
which ranged from 22 to 25 °C, and at various
coagulant dosages (0.4-5.0 g I"!) and pH condi-
tions (3-5 units). The coagulant used was alum
chloride- AICI; 6H,O (Riedel de Haén) having a
gram molecular weight of 241.45. The coagulant
was added to 500 ml beakers containing synthetic
wastewater and mixed using magnetic stirrers at
300 rpm for 1 min. The pH was varied by adding
HCI or Na,CO; (Kemika) after coagulant addi-
tion. The stirring speed was adjusted thereafter to
50 rpm for the next 20 min. A sedimentation per-
iod followed and after 2 h the height of sludge was
measured and the dye concentration of the super-
natant determined using SPEKOL 210 MA 9525-
Iskra spectrophotometer. The height of the pre-
cipitate was measured and the percentage of the
sludge volume in the overall treated wastewater
volume was calculated.

The adsorption experiments were conducted by
adding different amounts (0.05, 0.10, 0.25, 0.50,
1.00, 1.50, 2.50 g) of powdered activated carbon
(PAC), by Kemika, into the flask containing 100
ml of synthetic wastewater after a chosen coagu-
lation treatment and pH adjustment to pH 6.
After magnetic stirring at constant temperature
(22 °C) for a certain period (0.25, 0.50, 1.00, 1.50,
2.00, 4.00, 6.00 h) the sample taken from the flask
was filtered through a Whatman glass microfiber
filter. The filtrate was then measured for the dye
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Table 1
Dye structures and their A,,,x values
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§O3Na HO
C. I. Reactive Red 45 @—N= N— 520
N
—NH-#
S G,
~ SO3Na
Cl
O NH2
C. 1. Reactive Green 8 — SO3Na 430
O NH —SO03Na NH—CO—NH2  g03Na

|
AH —I//NTrNH @—N:N
NN
|

Cl

NaO3S SO3Na

concentration. The results of adsorption experi-
ments were used to determine equilibrium iso-
therms for both dyes.

A standard method based on oxidation of oxid-
able components in the sample has been used for
chemical oxygen demand (COD) measurements.
The reaction is made in the closed ampule and the
oxygen quantity is measured colorimetricaly with
spectrophotometer at 600 nm with standard. The
concentrations of the total organic carbon (TOC)
were determined using TOC-Vcpy, Total Organic
Carbon Analyzer 5000 A, Shimadzu. The con-
centrations of the adsorbable organic halide
(AOX) were measured using Halide Analyzer DX-
2000, Dohrman.

Table 2
The effect of coagulant dose and pH on removal of RR 45 dye*

3. Results and discussion

The combined coagulation/carbon adsorption
process for reactive dye removal from synthetic
wastewater was performed as a two-step process
whereby coagulation was followed by adsorption.
Chemical coagulation using Al(IIT) as a coagulant
was shown to be highly effective in the removal of
both dyes. The interdependence of optimum pH,
coagulant dose and dye removal are shown in
Tables 2 and 3. It can be seen that to achieve good
dye removal (higher than 90%) the pH should
be between 3.5 and 5.0 and coagulant dose
should be greater than 0.4 g 17!, The appearance of
the maximum in dye removal could be explained

RR 45 dye removal, %

pH Coagulant dose Coagulant dose Coagulant dose Coagulant dose Coagulant dose
0.4 gl! 0.8 gl7! 1.5g17! 3.0g1! 50gl1!

3.0 33.4 74.9 71.7 65.3 75.2

35 484 88.0 73.2 99.1 97.8

4.0 84.0 96.2 97.5 99.6 90.6

4.5 57.3 98.8 99.8 99.4 93.3

5.0 67.0 84.7 91.1 99.0 76.4

2 The numbers in bold are the highest percentages of dye removal achieved with particular coagulant doses.
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Table 3
The effect of coagulant dose and pH on removal of RG 8 dye?*
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RG 8 dye removal, %

pH Coagulant dose Coagulant dose Coagulant dose Coagulant dose Coagulant dose
0.4gl! 08 gl! 1.5g17! 3.0gl7! 50gl7!

3.0 17.9 59.2 60.1 40.0 432

35 36.1 71.2 80.0 60.0 51.2

4.0 65.8 98.4 99.6 99.8 99.7

4.5 83.6 99.0 99.1 88.0 73.8

5.0 63.0 96.2 99.9 98.9 98.6

4 The numbers in bold are as for Table 2.

by the combined effect of a) the ionisation of
sulpho, amino and hydroxy groups in the dye
molecule, which increases with pH, and b) the
decrease in the concentration of dissolved AI(III)
hydrolysis products when pH increases. The mag-
nitude of the maximum dye removal and the pH
value at which the maximum occurs depends on the
coagulant dose. A broad optimal pH range does
not occur for all applied coagulant doses. The
broadest pH range is at coagulant doses of 3.0
and 1.5 g 17! for RR 45 and RG 8, respectively.
From the results, presented in Tables 2 and 3, it
can be seen that the almost complete dye removal
(99.8% RR 45 and 99.9% RG 8) could be achieved
with 1.5 g 17! alum coagulant at pH 4.5-5.0. Similar
results were obtained for treatment of the same
wastewater with Fe(III) coagulation [13]. These
large percentages of dye removal lead to residual
dye concentrations under 0.001 g I=! that satisfy
regulatory requirements. Since the presence of a
dye in wastewater can be observed at very low dye
concentration, 0.001 g 1=! is visible; it is necessary
to achieve the complete dye removal using an
efficient treatment process.

It has to be emphasised that for maximum dye
removal with coagulant treatment a large volume
of sludge is formed which can be seen from Fig. 1.
Although a large percentage of dye removal
(99.9%) could be achieved by coagulation, for
industrial application it is necessary to optimise
the process by means of reasonable consumption
of coagulant and quantity of obtained sludge.
Results of the present work showed that approxi-
mately half of the coagulant dose (0.8 g 17!) leads
to significantly less sludge in comparison with that

used for the maximum dye removal (1.5 g 171).
Therefore, the percentage of dye removal is
decrease by only 1%, from 99.8% to 98.8% for
RR 45 and from 99.9% to 99.0% for RG 8
(Tables 2 and 3) while the sludge volume is sig-
nificantly decreased from 18 to 8% for RR 45 and
from 13 to 6% for RG 8 (Fig. 1). Concerning
coagulant savings and the decrease in sludge
volume, the use of the coagulation process in
combination with other processes is recom-
mended. Because the dyes are visible even at very
low concentrations the treatment process has to
provide complete removal of dye from the waste-
water. In the present work, adsorption onto PAC
was applied as a finishing and a polishing step

20

Sludge volume (%)

0.4

0.8

LS5 3.0
coagulant dose (gl-1)

5.0

Fig. 1. The volume of sludge formed at maximum removal of
RR 45 and RG 8 using different coagulant dose.
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after coagulation with half the coagulant dosage
(0.8 g 171). The removals of RR45 and RGS by
PAC as functions of contact time are shown in
Fig. 2. Under the conditions of the experiment,
both cases approached equilibrium within 2 h
contact times for which the maximal dye removals
of 98% for RR45 and of 91% for RG8 were
achieved. The effect of PAC dosage on dye
removal can be seen from Fig. 3, which shows that
dye removal increases with dosage rate up to a
maximum after which an increase in the amount
of PAC used does not improve dye removal. The
experimental data have been used to evaluate the
experimental constants of the Freundlich adsorp-
tion isotherm equations. The Freundlich equation
is an empirical relationship describing the adsorp-
tion of solutes from a liquid to a solid surface. The
Equation (1) for this type of adsorption isotherm
is given by:

x/m = kel (1)

where ¢, is equilibrium concentration of impurity
in solution (mg 1=!); x/m is the amount of impur-
ity adsorbed per unit of adsorbent (mg g~ '); k
represents the quantity of impurity adsorbed in
mg g~! adsorbent for a unit equilibrium concen-
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Fig. 2. Kinetics of dye removal by PAC (1.5 g 1=!) at concen-
tration of residual dye in water after coagulation treatment
(0.012 g 17! RR 45 and 0.010 g 17! RG 8).

tration of the compound under test (i.e. ¢c.=1) and
1/n is a measure for the adsorption intensity.
Freundlich adsorption plots of dyes RR45 and
RGS8 on PAC are shown in Fig. 4. The adsorption
capacity of RR45 is much higher than that of
RG8. The greater affinity of RR45 for PAC than
that of RG8 can be attributed to the chemical
structure of the dyes. The molecular structures of
the dyes have a significant effect on the extent to
which they will adsorb to activated carbon. In
general, adsorbability is enhanced by increasing
molecular size and aromaticity, and by decreasing
solubility, polarity and carbon chain branching.
RGS is a larger molecule than RR45 (Table 1) but
it contains more sulphonic acid groups, which
decreases adsorbability on PAC. The Freundlich
adsorption parameters of both dyes on PAC are
listed in Table 4. The R? values indicate that the
Freundlich type of isotherm fits well the adsorp-
tion experimental data.

Almost complete removal of these dyes from
synthetic wastewater was achieved by using Al(III)
coagulation pre-treatment followed by carbon
adsorption as can be seen in Table 5. With a single
coagulation treatment (treatment 1) greater than
90% reduction of ecological parameters (TOC,
COD, AOX) was obtained. This reduction was
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Fig. 3. The percentage of dye removal vs PAC dosage at con-
centration of residual dye in water after coagulation (0.012 g 17!
RR 45 and 0.010 g 17! RG 8).
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Fig. 4. Freundlich plots for the adsorption of dyes RR 45 and
RG 8 on PAC.

Table 4
Freundlich isotherm parameters for dyes RR 45 and RG 8
adsorption from aqueous solutions (pH 6 and 22 °C) on PAC

RR 45 dye RG 8 dye
K=2.722 K=2.005
1/n=1.192 1/n=0.795
akR2=().989 R?>=0.989

a *R2 value = goodness of fit criterion computed by linear
regression.

improved further after the PAC finishing step
(treatment 2). The most significant result is that
the combination of coagulation and adsorption
resulted in water quality where the dye was no
longer visible (i.e. <1 mg 17!). The same water
quality could be obtained by coagulation only, but
with a much larger quantity of coagulant as well
as a much greater volume of sludge. It would be
more practical and of economic significance to
operate such a combined process because of the
capability of total decolourisation, coagulant sav-
ings and the minimal amount of sludge formation.
The consumption of PAC is not large and can be
calculated from maximal adsorption capacity
(x/m). The maximum carbon capacities are 41.0
mg 17! for RR45 and 11.8 mg 1=! for RG8, which

can be seen from Fig. 4. The quantities of carbon
required to treat 1 litre of wastewater are 0.24 g
for RR 45 and 0.85 g for RG 8.

Chemical coagulation is applied as a pre- and
main process for the treatment of municipal, pulp
and paper and tannery effluents [23-27]. For
treatment of effluents resulting from dye manu-
facturing and the textile industry, coagulation is
applied as a post- treatment process [12, 28]. There
is a lack of established data and there are no
comparative studies on dye coagulation, particu-
lary of reactive dyes present in wastewaters. On
the other hand there is much literature data con-
cerning the degradation of dyes in wastewater by
advanced oxidation processes (AOPs) [18,29].

In the present investigation coagulation was
applied as a main treatment process because of the
high concentration of reactive dyes in wastewaters
and requirements for not only complete decolour-
ization but also for the removal of organic content
to obtain acceptable values of ecological para-
meters in treated water. Sarasa et al. [12] studied a
combined ozone/chemical coagulation treatment
of wastewater resulting from dye manufacturing
and established that ozone is not very effective in
removing azo dyes, but coagulation treatment is
very effective in removing the remaining com-
pounds of ozonaton including those from azo
dyes. They used Ca(OH), as a coagulant with
consumption of 787 mg 1='. Sheng et al. [28] also
used this process for textile wastewater treatment.
The results of their experimental work show that
ozonation offers an excellent means for decolour-
ization of textile wastewater, but it is relatively
ineffective in reducing the COD in a short time
period. Chemical coagulation is rather effective in
reducing the COD content after ozonation and the
COD removal efficiency was between 41 and 66%.
The COD concentration above 300 mg 1=! of the
treated wastewater indicated the need for acti-
vated sludge treatment to further reduce COD.
Similar studies on dyehouse effluents containing
commercially important reactive dyes were carried
out by Arslan et al. [29]. Complete decolourization
was achieved after only 5 min of ozonization with
8% TOC and 25% COD removal. In the present
study, coagulation as a main treatment process
followed by activated carbon adsorption achieved
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Table 5

The efficiency of coagulation (treatment 1) and combined process coagulation/carbon adsorption (treatment 2) in reactive dye waste-
water treatment expressed by percentage of dye concentration, TOC, COD and AOX reduction

Before treatment

After treatment 1 After treatment 2

RR 45

c(gl™h 1.0
¢ reduction (%) -
TOC (mg 171 755
TOC reduction (%) -
COD (mg 11 893
COD reduction (%) -
AOX (ug17h 5530
AOX reduction (%) -

RG 8

c(gl™ 1.0
¢ reduction (%) -
TOC (mg 171 383
TOC reduction (%) -
COD (mg 171) 470
COD reduction (%) -
AOX (ug 171 4262

AOX reduction (%) -

1.2 102 24104
98.8 99.9

14 2

98.1 99.7

59 38

934 95.7

38 10

99.3 99.8

1.0 102 9.0 104
99.0 99.9

12 3

96.9 99.2

76 41

83.8 91.3

20 7

99.5 99.8

almost total elimination of both dyes from waste-
water as well as 95.7 and 91.3% COD, 99.7 and
99.2% TOC and 99.8% AOX removal in RR 45
and RG 8 wastewater. The ecological parameters
of synthetic wastewater treated by combined pro-
cess coagulation/carbon adsorption (Table 5)
imply that the water can be discharged into the
environment or reused as a process water.

4. Conclusion

The applied process Al (III) coagulation/carbon
adsorption achieved complete decolourization and
almost total elimination (99.9%) of both reactive
dyes from wastewater as well as 95.7% and 91.3%
COD, 99.7% and 99.2% TOC and 99.8% AOX
reduction in RR45 and RGS8 wastewater, respec-
tively. This result was obtained with half the
coagulant consumption and lower volume of
sludge formation in comparison with dye removal
by coagulation only and by a small amounts of
activated carbon. This combined treatment pro-
cess offers many advantages for potential indus-
trial use such as high efficiency, coagulant savings,

minimal amount of sludge formation, high quality
of treated water, possibility for the potential reuse
of water and also a economic feasibility since it does
not require high costs for chemicals and equipment.
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