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a b s t r a c t

In this study, the possibility of the use of alum sludge as an adsorbent in reactive dye (Remazol Blue 
RR) removal from wastewater was investigated. The effects of adsorbent dose, initial dye concentra-
tion, initial solution pH and salt concentration on reactive dye adsorption were investigated by batch 
studies. The equilibrium data were analyzed using Langmuir, Freundlich and Dubinin-Radushkev-
ich (D-R) isotherm models. The Freundlich isotherm model was found to be better fitted than the 
Langmuir and D-R isotherm models, and the monolayer adsorption capacity for Remazol Blue RR 
(RB) onto alum sludge was 0.453 mg/g. The results indicated that the alum sludge, aluminium-coag-
ulated water treatment residue, is suitable as an adsorbent material for removing reactive dye from 
aqueous solution.
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1. Introduction

Aluminum salts are one of the most commonly used 
coagulants in the water treatment industry. In potable 
water treatment plants where aluminum salts are used as 
the primary coagulating-flocculating agents, huge amounts 
of alum sludge are generated every day. The proper collec-
tion, transport and disposal cost to landfilling of the sludge 
is one of the most significant problems for the potable water 
treatment plants. Therefore, attention has been focused on 
research towards its reuse. Up to now, several researchers 
have investigated the suitability of alum sludge taken from 
drinking water treatment works for the removal of lead 
[1,2], chromium [2], arsenic [3,4], phosphate [4] and phos-
phorus [5–7] from aqueous solution.

When different research works were reviewed, it was 
seen that no study on dye adsorption on alum sludge (alu-
minium-coagulated water treatment residue) from aqueous 
solutions is available in the literature. Therefore, the pur-
pose of this study was to evaluate the use of alum sludge 

for the removal of reactive dye (Remazol Blue RR) from 
aqueous media. 

Reactive dyes have advantages such as bright colours and 
ease of application. Therefore, they are commonly used in tex-
tile dyeing industries [8]. They are generally used for cotton 
and other cellulosics. They are also used to a small extent on 
wool and nylon. Reactive dyes make a covalent bond with the 
fiber and contain chromophoric groups such as azo, anthra-
quinone, triarylmethane, phthalocyanine, formazan, oxazine, 
etc. Their chemical structures are simpler, absorption spec-
tra show narrower absorption bands, and the dyeings are 
brighter, making them advantageous over direct dyes [9].  

In the experimental studies, the dewatered alum sludge 
was used without any physical or chemical pre-treatment. 
The effects of adsorbent dose, initial dye concentration, ini-
tial solution pH and salt concentration on the adsorption 
efficiency of the Remazol Blue RR from aqueous solutions 
by alum sludge was reported in the present study. Equilib-
rium data was fitted to Freundlich, Langmuir and Dubi-
nin-Radushkevich (D-R) isotherm models. In this study, the 
alum sludge was characterized using surface area analyzer, 
Fourier transform infrared spectroscopy (FTIR), and scan-
ning electron microscopy (SEM).
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2. Materials and methods

2.1. Adsorbent and adsorbate

Dewatered alum sludge was obtained from Kagıthane 
Water Treatment Plant in Istanbul, Turkey. In the experi-
mental studies, the dewatered alum sludge was used with-
out any physical or chemical pre-treatment. Remazol Blue 
RR (RB) was supplied from a textile factory in Istanbul, Tur-
key. The properties of the RB are shown in Table 1. 

A stock solution of 1000 mg/L was prepared by dis-
solving an appropriate quantity of RB in a liter of deionised 
water. The stock solution was diluted to the required initial 
concentration. 

The FT-IR spectrum of the alum sludge before and after 
adsorption was obtained by the use of a Fourier trans-
form infrared (FT-IR) spectroscopy (Perkin Elmer Precisely 
Spectrum One FTIR). The surface morphology of the alum 
sludge before and after the adsorption of RB was observed 
by using a FEI Quanta FEG 450 scanning electron micros-
copy (SEM) equipped with energy dispersive X-ray (EDX) 
analysis. Analyses of the surface area of the alum sludge 
were carried out in the METU Central Laboratory-Training 
Centre in Ankara, Turkey.

2.2. Batch adsorption studies

Adsorption experiments were conducted at room tem-
perature and batch mode. A fixed amount of adsorbent 
was added to a series of 250 mL Erlenmeyer flasks contain-
ing 100 mL of dye solution and shaken at 150 rpm using 
a temperature-controlled water bath with shaker (Zhcfeng 
ZHWY-211B). The flask contents were centrifuged at 2000 
rpm for 10 min. Then the residual concentration of the RB 
dye was analyzed using UV-Visible spectrophotometer (DR 
5000 Hach Lange) at a wavelength of 600 nm. 

pH was adjusted by the addition of dilute (0.01 M) 
aqueous solution HCl or NaOH. The effect of salt concen-
tration on the RB adsorption by alum sludge was studied 
using NaCl at different concentrations (4–40 mg/L). 

The percent removal (R%) of the RB dye is defined as:

R
C C

C
e%

( )
=

−
×0

0

100  (1)

The amount of the RB dye adsorbed (q) was calculated 
from the following equations:
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where C0 and C are the initial and equilibrium concentra-
tions of the RB in the solution, respectively, V is the vol-

ume of dye solution (L), and m is the amount of adsorbent 
used (g).

Dublicate experiments were carried out, and the mean 
values are reported. The average deviation is found to vary 
as ± 5%.

2.3. Theory-equilibrium isotherms

Langmuir model (Eq. (3)) [10] and Freundlich model 
(Eq. (4)) [11] are expressed in linear form as follows: 
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where Ce is the equilibrium dye concentration (mg/L), qe is 
the amount of dye uptake per unit weight of the adsorbent 
(mg/g), qmax is the maximum adsorption capacity of the 
adsorbent (mg/g), b is the Langmuir isotherm constant (L/
mg), and KF (mg/g) and 1/n are the Freundlich constants 
representing the adsorption capacity and adsorption inten-
sity, respectively. 

Dubinin-Radushkevich (D-R) isotherm model [12]:

ln qe = ln qm – Bε2 (5)
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where qe is the amount of dye uptake per unit weight of 
the adsorbent (mg/g), qm is the maximum adsorption capac-
ity (mg/g), B is a constant related to the adsorption energy 
(mol2/kJ2), ε is the Polanyi potential, R is the gas constant 
(kJ/mol K) and T is the absolute temperature (K). 

3. Results and discussion

3.1. Characterization of the alum sludge

In this study, the alum sludge was characterized accord-
ing to the surface area, surface morphology, and available 
functional groups. The specific surface area obtained by 
BET analysis for the alum sludge was 71.43 m2/g. 

The FT-IR spectrum of the alum sludge before and after 
adsorption is shown in Fig. 1. The peak in the region of 3400–
3500 cm−1 can be assigned to HO-OH2 and H2O-OH2 vibra-
tions. The bands in the 450–650 cm−1 region may be related 
to the characteristic vibrations of metal oxides (MgO, Al2O3, 
CaO and Fe2O3), which make it a good potential adsorbent 
for the treatment of wastewater [13]. It is thought that the 
bands in 1065 and 1071 cm−1 may be due to S=O stretching 
of sulfonate group (SO3

−) of RB dye [14].
Scanning electron microscopic (SEM) images of the 

alum sludge before and after RB adsorption is shown in 
Fig. 2a and b. The results obtained by EDS are presented 
in Fig. 3a and b. The EDS results showed that the raw alum 
sludge consists of oxygen, aluminum, carbon, silisium, 
sulphur, and calcium with atomic percentages of 56.57%, 
21.19%, 17.81%, 3.57%, 0.52% and 0.34%. From the quali-

Table 1
Properties of Remazol Blue RR (VS: vinyl sulphone)

Structure Bifunctional

Reactive group VS/VS
Reactivity Medium
Substantivity Medium
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tative EDX spectra for dye loaded alum sludge, it was seen 
that the atomic percentages of oxygen, aluminum, carbon, 
silisium, sulphur, and calcium are 54.99%, 20.61%, 20.71%, 
3.01%, 0.34% and 0.34%, respectively. After RB dye adsorp-
tion, the percentage of the carbon on the surface of the alum 
sludge was increased from 17.81% to 20.71%.

Fig. 1. FTIR spectra of the alum sludge before (a) and after (b) dye adsorption.

(a)

(b)

Fig. 2. SEM images of the alum sludge before (a) and after (b) 
dye adsorption.

(a)

(b)

Fig. 3. Spectra of EDS of the alum sludge before (a) and after (b) 
dye adsorption.
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3.2. Adsorbent dosage

In the present study, the dye removal efficiency of 
alum sludge was examined with different adsorbent dos-
ages (5–100 g/L) and shown in Fig 4. The RB removal (%) 
increased with the increase in dosage of the alum sludge. 
This is due to the availability of more active sites [15]. As can 
be seen from Fig. 4, the RB uptake, q (mg/g) decreased by 
increasing the alum sludge due to a reduction in the adsor-
bate/adsorbent ratio [16].

3.3. Initial dye concentration

The effect of the initial dye concentration on the capacity 
of the alum sludge for adsorbing dye from aqueous solution 
was studied in the range 5–30 mg/L. As can be seen in Fig. 
5, the RB adsorption increases with the increase of the initial 
concentration of the RB. This is probably due to a high-mass 
transfer driving force. It can be said that the initial dye con-
centration provides an important driving force to overcome 
the resistances to the mass transfer of dye molecules between 
the aqueous and solid phases [15]. This means that the inter-
action between the RB and the alum sludge enhances as the 
initial concentration of the RB increases. 

Similar observations have been reported for the adsorp-
tion of reactive red 189 on chemical cross-linked chitosan 

beads [17], adsorption of C.I. reactive black 5 on activated car-
bon derived from solid waste [18], and the adsorption of acid 
red 14 and acid red 18 on soy meal hull activated carbon [19].

3.4. Adsorption isotherm

The equilibrium data were analyzed using Langmuir, 
Freundlich and Dubinin-Radushkevich (D-R) isotherm 
models. The plot of qe vs. Ce is shown in Fig. 6. The equi-
librium isotherm constants for the adsorption of RB on the 
alum sludge are given in Table 2. The equilibrium data sug-
gest that the Freundlich model provided better fitting than 
the Langmuir and Dubinin-Radushkevich isotherm model. 
The order of the best-fit isotherm models was found to be 
Freundlich (R: 0.9794) > Dubinin-Radushkevich (R: 0.9402) 
> Langmuir (R: 0.8845).

Confirmation of the experimental data with the Fre-
undlich isotherm model indicates equilibrium on hetero-
geneous surfaces and thus does not suggest monolayer 
capacity [20]. It is well known that an n > 1 indicates that 
the adsorbate is favorably adsorbed onto an adsorbent [21]. 
As can be seen from Table 1, the n value (1.139) was greater 
than one, suggesting favorable adsorption. 

The Freundlich constant n is also a measure of the devia-
tion from linearity of the adsorption. When n = 1, the adsorp-
tion is linear.  If n < 1, this implies that the adsorption process 
is chemical. If n > 1 or becomes larger (n >> 1), the adsorption 
bond becomes weak, and adsorption is a physical process 
[22]. In the present work, the n value of the alum sludge is 
above unity. This suggests that the physical adsorption is 
dominant when it is used for adsorbing the RB.

It is known that the mean free energy (E) of adsorp-
tion from the Dubinin-Radushkevich isotherm could be 
used to estimate the adsorption mechanism as a chemical 
ion-exchange. When the value of E is between 8 and 16 kJ/
mol, the adsorption process is followed by chemical ion-ex-
change. When E is < 8 kJ/mol, the adsorption process is of a 
physical nature. The E value of 0.20 kJ/mol for the adsorp-
tion of RB suggested that the adsorption of this dye onto the 
alum sludge might occur via physical interactions [23,24]. 

3.5. Initial solution pH

The influence of the initial solution pH on the dye adsorp-
tion on alum sludge was studied. The adsorption of the RB 

Fig. 4. The effect of adsorbent dosage (C0: 20 mg/L, pH: 6.4, t: 
60 min).

Fig. 5. The effect of initial dye concentration (pH: 6.4, m: 30 g/L, 
t: 90 min). Fig. 6. The plot of qe versus Ce.



N. Balkaya, N. Büker / Desalination and Water Treatment 93 (2017) 297–302 301

decreased with an increase in the pH (Fig. 7). High dye 
removal at acidic pH is due to the fact that at acidic pH, the 
number of positively charged sites increases and the num-
ber of negatively charged sites decreases. Due to electrostatic 
attraction, a positive charged surface site on the adsorbent 
does favor the adsorption of anionic dye. At low pH, a strong 
electrostatic attraction occurs between the positively charged 
surface of the adsorbent and anionic dye molecule. 

The maximum adsorption of the RB was at pH 2. The 
adsorption of the RB was not affected by pH except minor 
variations in the pH range of 3–7. Higher adsorption of the 
RB at pH 2 is due to the higher strong electrostatic attrac-
tion which is caused by the increased number of positively 
charged sites. Similar adsorption behavior with variation 
in the initial solution pH has been reported for the adsorp-
tion of reactive gray BF-2R [16], reactive blue 29 [20], C.I. 
reactive red 194 [25], reactive red 198 [26], reactive black 5 
and reactive yellow K-4G [27], and direct blue-71 [28] in the 
literature. 

3.6. Initial salt concentration

As stated by Aksu and Balibek [29], real textile dye efflu-
ents contain both dyes and salts. In addition to pH, ionic 
strength is also one of the important factors that affect the 
equilibrium uptake. The ionic strength of aqueous solution 
is directly proportional to the salt concentration. 

The effect of salt concentration on the dye adsorption on 
alum sludge is shown in Fig. 8. As can be seen from Fig. 8, 
increasing the salinity does not lead to a dramatic decrease 
in the amount of the dye removed from the aqueous solu-
tion. The effect of the salt concentration on the dye adsorp-
tion seems to be negligible, especially within the range of 
salt concentration of 10–40 mg/L. Accordingly, it can be 
said that Cl– ions do not significantly compete with the sul-
fonate group of the RB molecules for the active sites of the 

adsorbent [27,30]. A similar trend was observed for adsorp-
tion of reactive red 4 on coke waste [30], and reactive black 
5 and reactive yellow K-4G on a solid waste product from 
food processing, crayfish carapace [27].

4. Conclusions

The adsorption of the reactive dye (Remazol Blue RR) 
was carried out through alum sludge. Based on the present 
results, it can be said that the Freundlich isotherm was the 
most appropriate isotherm to describe the equilibrium data 
for dye adsorption. The maximum adsorption capacity, qmax 
was found to be 1.54 mg/g. Adsorption was pH dependent 
and the maximum dye removal was observed at pH 2.0. 
The effect of the salt concentration on the dye adsorption 
was negligible. In the light of the results obtained from the 
present study, the evaluation of the use of alum sludge as 
an efficient adsorbent for the reactive dye removal showed 
that the alum sludge could be used as a low-cost material 
for reactive dye removal from an aqueous system. 
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