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a b s t r a c t
The objective of this study was to test the effectiveness of recycled alum sludge, a low-cost mate-
rial obtained after the coagulation/flocculation process, used as adsorbent to remove an anion dye 
called Melioderm black AFP 135 (MB-AFP 135) from Rouiba tannery dyeing wastewater (ACED 
Rouiba). Both of alum sludge and Melioderm black AFP 135 dye were characterized using differ-
ent analysis methods. The experimental study, carried out in batch, made it possible to study the 
influence of the operating parameters such as pH solution, alum sludge dosage (Cs), initial dye con-
centration (C0) and temperature (T). The results showed that maximal MB-AFP 135 removal of 97% 
is obtained with: pH = 2, Cs = 2 g/L, C0 = 100 mg MB-AFP 135 L–1 and T = 20°C ± 1°C. The appli-
cation of different adsorption models showed that the MB-AFP 135 adsorption on alum sludge is 
well described by Freundlich‘s and Langmuir‘s model. The maximum adsorption capacity is esti-
mated at 123.46 mg/g.The data are well correlated with pseudo-second-order kinetic model and 
MB-AFP 135 adsorption is spontaneous (ΔG° < 0) and endothermic (ΔH° > 0). These experimental 
results have shown that reusing the alum sludge as a low-cost adsorbent can be considered as a 
reasonable alternative for such wastewater industry.
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1. Introduction

Dye-containing industrial wastewater presents a major 
risk to the environment. With the continuous development 
of the industrialization process of printing and dyeing, large 
parts of dyes are released into the environment [1]. It is esti-
mated that only the textile industry can be responsible for 

the loss of 280.000 tons of dyes in wastewater [2]. Controlling 
the pollution of this resource has become very important 
in recent years. For this purpose, several techniques have 
been used and developed to reduce or eliminate the diffu-
sion of these dyes such as biological degradation, mem-
brane separation, advanced oxidation processes, chemical 
precipitation, electrochemical and adsorption [3].
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Several approaches focused on the adsorption of dyes 
on different supports. Kaolinite has been effectively used 
for the removal of Maxilon yellow 4GL and Maxilon red 
GRL (cationic dyes) [4]. Also, calcite, a natural untreated 
clay montmorillonite, nickel doped zinc oxide nanoparti-
cles and magnesium phyllosilicate have been effectively 
used for the removal of anionic dyes [1,5–9].

Alum sludge remains the inevitable by-product of 
drinking water treatment in water production units when 
aluminum sulfate is used as a coagulant. The hardness 
and ferruginous nature of the water to be treated, leads to 
sludge with more oxides of aluminum, iron, silica and cal-
cium [10]. Beneficial reuse of the material reduces both 
the cost and the need for disposal.

Alum sludge has recently been used as an effective 
adsorbent for anions such as phosphate [11,12], arsenate 
[13], and hexavalent chromium [14] as well as the cations 
Pb(II) [15] and Hg(II) [16]. Alum sludge was also used as 
adsorbent for dyes. Nageeb Rashed et al. [17] studied the 
removal of methylene blue dye from aqueous solution by 
modified alum sludge. The optimum adsorbent dosage, 
solution pH, initial dye concentration were 0.25 g/L, 7 and 
100 mg/L, respectively.

In this paper, we aim to evaluate the effectiveness of 
alum sludge in the treatment of anionic dye, Melioderm 
black AFP 135 (MB-AFP 135) from wastewater tanner indus-
try. The characterization of this material was determined 
using different analytical methods. Adsorption properties, 
based on equilibrium adsorption capacity, effect of pH, 
effect of dye concentration, adsorbent dosage, temperature 
and contact time on the adsorption process were tested. 
Kinetic studies were performed and the results were ana-
lyzed by applying conventional theoretical methods.

2. Materials and methods

The Melioderm black AFP 135 dye (MB-AFP 135) (type: 
anionic, solubility: 50 g/L at 20°C, λmax = 605 nm) was sup-
plied from Rouiba Tannery. The chemical composition of 
MB-AFP 135 was defined using X-ray fluorescence. The 
functional groups present in this anionic dye were deter-
mined by infrared spectroscopy using KBr Alpha Bruker 
Fourier-transform infrared spectroscopy (FTIR) spec-
trophotometer in range of 400–4,000 cm–1.

The used alum sludge (AS) was generated after sedi-
mentation process in water treatment plant located in West 
of Algiers precisely at Reguig–Kaddour. Alum sludge was 
heated in an oven at 105°C for 24 h. After that, the dried 
sludge was maintained at room temperature. The sludge 
particles were then crushed and screened to obtain a par-
ticle size smaller than 200 μm.

Elemental chemical analysis of AS was defined using 
X-ray fluorescence spectroscopy (XRF). FTIR spectra of 
AS was recorded using KBr Alpha Bruker FTIR spectrom-
eter in range of 400–4,000 cm–1. AS particle morphology 
was viewed by scanning electron microscopy using an 
XL30 ESEM at accelerating voltage of 20 kV. The structural 
characteristics of AS were identified by X-ray diffraction 
(XRD) using an X’Pert PRO Diffractometer with CuKα 
radiation (λ = 1.54060 Å) at 45 kV and 40 mA. Scanning 
diffraction angle is set at the speed of 0.01°/s. The pH at 

point of zero charge (pHZPC) was determined by measur-
ing pH at various values, which were obtained using KNO3 
and HCl [18]. The specific surface area (SBET) and volume 
of pore (VTotal) were measured with N2 absorption–desorp-
tion isotherms, using the Brunauer–Emmett–Teller (BET) 
method [19]. Particle-size distribution was determined 
with Laser Ray Granulometer in liquid phase (The Malvern 
Mastersizer 2000 Particle-Size Analyzer).

The stock solution of dye at a concentration of 1 g/L 
was prepared by dilution in distilled water. Successive 
dilutions allow obtaining the desired concentrations.

The retention kinetics of MB-AFP 135 on the alum 
sludge was determined in batch mode. The experiments 
were performed in an Erlenmeyer flask, containing 
50 mL of a dye solution with various initial concentra-
tions (50–500 mg/L). The AS amount varying from 0.5 to 
5 g/L was mixed with MB-AFP 135 solution and stirred at 
220 rpm. The effect of temperature (10°C–60°C) and solu-
tion’s pH (1–5), were studied. pH solutions was adjusted 
by adding NaOH (0.1 mol/L) or HCl (0.1 mol/L). The 
mixture was continually agitated to reach equilibrium. 
Then, the suspensions were centrifuged at 4,000 rpm for 
4 min and the supernatants were dosed using ultravio-
let visible spectrophotometry at λ = 605 nm. Duplicate 
analyses were performed on each sample.

The dye removal rate (%) was calculated using Eq. (1):
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The adsorption capacity at time t (qt, mg/g) and equilib-
rium (qe, mg/g) was determined from Eqs. (2) and (3):
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where C0, Ct and Ce (mg/L) are respectively: initial concen-
tration, concentration at time t and concentration at equi-
librium, m (g) the adsorbent mass, and V (L) is the volume 
of solution.

3. Results and discussion

3.1. Characterization of MB-AFP 135

The results of the chemical composition of MB-AFP 135 
are shown in Table 1.

SO3, Cl and Na are the dominant components in the 
dye, with SO3 being more than 2 times more important 
than Cl and more than 3 times more important than Na 
(Table 1). The other elements are present in trace amounts. 
The dye also contains a significant amount of organic 
matter, as shown by the LOI value.

The ATR-FTIR spectrum of MB-AFP 135 revealed the 
presence of azo, sulfonic groups, which are confirmed by 
the observed bands at 1,588.39; 1,138.13 and 1,041.99 cm–1 
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respectively (Fig. 1). The attribution of the main observed 
bands is presented in Table 2.

3.2. Characterization of AS sample

3.2.1. Physico-chemical compositions of AS

The chemical composition analysis of AS: pH, biochem-
ical oxygen demand (BOD5), moisture content and poros-
ity are summarized in Table 3. The pH value of 8, shows 
that this sludge is basic. The BOD5 value reveals that the 
sludge has a low organic matter; which indicates that it is 
non-fermentable and stable. The moisture content is very 
high, while the porosity percentage is about 69%.

From the analytical results in Table 3 it can be seen that 
the sludge contains the following elements Al, Si, Ca, Fe, S, 
K, Ti, P, Mg and Na. The predominance of Al, Fe and Ca is 
due to the use of aluminum sulfate as a coagulant as well 
as the ferruginous and hard nature of the dam water. The 
presence of Al, Fe and Ca in sludge is important since the 
oxides of these elements confer adsorbent properties to 
this material, which could subsequently explain the phe-
nomena observed during the adsorption process.

3.2.2. X-ray diffraction of AS

The XRD pattern shows that the AS particles are crys-
talline and not very amorphous and are composed of clay 

minerals represented by illite and kaolinite and other 
mineral phases (Fig. 2).

3.2.3. Infrared spectrum of the AS sample

The infrared spectrum of the AS sample is presented 
in Fig. 3. The broad triplets located at 3,737.11; 3,622 
and 3,465.5 cm–1 correspond to stretching vibrations of 

Table 1
MB-AFP 135 components

Elements Value (%) Elements Value (%)

SiO2 0.03 SO3 29.23
Al2O3 <0.01 P2O5 0.07
Fe2O3 0.07 TiO2 <0.01
CaO 0.04 Mn2O3 <0.01
Na2O 8.18 NiO 0.0028
MgO 0.05 CuO 0.0084
K2O 0.02 ZnO 0.0016
Cl 12.34 *LOI 92.21

*LOI: Loss on ignition at 1,000°C.

Table 2
Attribution of the bands in the FTIR spectrum of MB-AFP 135

Wave number (cm–1) Functional group

3,322.48 O–H of phenol
1,588.39 N=N
1,484.13 CH of naphthalene
1,326.01 CH of alkene
1,138.13 and 1,041.99 S=O
838.75 C–H of benzene

Fig. 1. FTIR spectrum of MB-AFP 135.

Table 3
Properties and chemical composition of AS

Physical property

pH 8.00
Moisture (%) 87.35
SM (%)a 12.65
BOD5 (mg·O2/L) 14.50
Porosity (%) 68–69

Chemical composition (%)

SiO2 42.09 SO3 0.34
Al2O3 19.73 P2O5 0.18
Fe2O3 5.57 TiO2 0.59
CaO 8.21 Mn2O3 0.06
Na2O 0.52 BaO 0.03
MgO 1.34 CuO 0.0084
K2O 1.74 SrO 0.03
Cl 0.06 LOI 19.78

aSM: Solid matter.
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the OH functional groups of water. A less intense hook 
located at 1,429.6 cm–1 reveals the presence of CO3

2– from cal-
cite. An intense band at 1,033 cm–1 is characteristic of valence 
vibrations of the Si–O bond of the silicate structure. The 
rest of the bands between 875.6 and 472.3 cm–1 correspond 
to the stretching vibrations of Si–O, Si–O–Si, OH attached 
to Al3+, Fe3+ and Mg2+ groups and to quartz impurities.

3.2.4. Analysis by scanning electron microscopy

Scanning electron microscopy was used to observe the 
organization and morphology of the sludge particle aggre-
gates. The image obtained by scanning electron micros-
copy of the alum sludge before adsorption is shown in 
Fig. 4. This figure shows the presence of the gray particles 
with irregular forms which are organized in aggregates. The 
sludge surface also contains a porous network represented 
by cavities, which are deposited in a random fashion.

3.2.5. Particle-size distribution

The AS contains mainly particles with diameter 
d = 9.539 μm (90%), 50% of particles have a diameter of 

5.894 μm and 10% of particles with diameter d = 3.407 μm 
(Fig. 5).

3.2.6. Zero-point charge pH (pHzpc) of AS

The point zero charge (pHzpc) of AS (Fig. 6) was found 
at 7.86. The surface of AS becomes positively charged at 
pH < pHzpc favoring the adsorption of anionic pollutants, 
whereas cationic pollutant sorption would be favorable at 
pH > pHzpc [20]. Point zero charge for AS reported in the 
literature varies between 5.5 and 6.9 [21].

3.2.7. BET analysis of AS

The sorption–desorption isotherm of the N2 gas is shown 
in Fig. 7. According to the IUPAC classification [19], the 
plot of the N2 adsorption isotherm belongs to type IV, while 
the desorption branch shows a large hysteresis loop that 
occurred over a raised relative pressure range, that is, at 
P/P0 = 0.4–0.99.

This result suggests that the AS material had a predom-
inantly mesoporous structure (Vmesopore = 99.32%) with 

Fig. 2. X-ray diffraction pattern of AS sample.

Fig. 3. FTIR spectrum of AS.
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an average pore diameter of 7.86 nm. The data in Fig. 7 
also shows that the AS material had a specific surface area 
(SBET = 29.86 m2/g and a relatively low total pore volume 
(VTotal = 0.059 cm3/g).

These results are in agreement with Yang et al. [22], 
who studied the influence of ageing on the structure 
and phosphate adsorption capacity of dewatered alum  
sludge.

3.3. Parametric study of MB-AFP 135 adsorption on AS

3.3.1. Effect of contact time and solution’s pH on 
MB-AFP 135 removal

The contact time effect on MB-AFP 135 removal is 
shown in Fig. 8. We note that the MB-AFP 135 removal 
process can be divided into three phases: a first very fast 
phase is observed in the first 5 min, the dye removal rate 
exceeds 42%. The kinetics is fast and the dye binds quickly 
to the easily accessible sites. The second-phase is slow. The 
number of available sites becomes less and less import-
ant. The third phase is the equilibrium phase represented 
by a plateau, which means the saturation of the pores. 
The removal rate of MB-AFP 135 reaches 65% after 60 min.

The same result was obtained for methylene blue 
dye removal onto modified alum sludge [17], and Congo 
red dye removal by mixed iron oxide-alumina nanocom-
posites from wastewater [23].

The pH is an important factor in the study of dye 
adsorption. It can condition both the surface charge of 
the adsorbent as well as the structure of the dye. The 
MB-AFP 135 removal on alum sludge as a function of pH 

 
 
 
 
 
 
 
 

Fig. 4. SEM image of alum sludge.

Fig. 5. Distribution of alum sludge particles according to their diameters.
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Fig. 6. Zero point charge pH (pHzpc) of AS.
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was studied (Fig. 9). The adsorption rate decreases with 
increasing pH (from 65.43% for pH 1 to 6.17 for pH 4). We 
can see from these curves that the maximal adsorption rate 
of the anionic dye is obtained at pH = 2.

The previous trend can be explained by referring to 
the results of pHzpc and the equilibrium value of pH solu-
tion. At pH ≤ pHzpc (7.86); the positive charge dominates the 
adsorbent surface. Thus, a significantly high electrostatic 
attraction exists between the positively charged adsorbent 
surface and the negative charges of the dye. However, the 
concentration of positively charges decreases with the 
increase of the pH values which leads to the decrease of the 
adsorption efficiency. It can be noted that the equilibrium 
pH solution increases as the adsorption reaction proceeds, it 
passes from 2 to 5 when initial pH varies from 1to 4. This 
could be explained by the fact that when the adsorption 
process takes place the negative charges occur [24].

Similar result was found by Ozcan et al. [25], Akar 
and Uysal [26] and Sadri Moghaddam et al. [27].

3.3.2. Effect of adsorbent dose and temperature on 
MB-AFP 135 removal

Fig. 10 shows the effect of adsorbent dose (0.5, 1, 2, 
3, 4 and 5 g/L) on the anion dye adsorption. The MB-AFP 
135 removal increases significantly from 25.93% to 96.61% 
with the adsorbent dose increases from 0.5 to 2.0 g/L and 
after that, the increase is relatively slow or insignificant. 

Fig. 7. Nitrogen adsorption–desorption isotherm of AS at 77.4°K and its textural analysis.
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Fig. 8. Effect of contact time on MB-AFP 135 adsorption. 
(C0 = 100 mg/L, Cs = 1 g/L, pH = 2.06, T = 20°C ± 1°C, N = 220 rpm).
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The enhanced removal with the raised adsorbent dose is 
due to the increase in the adsorbent surface area and so 
the presence of more binding sites for adsorption [28]. A 
slight increase in MB-AFP 135 removal from 96.61% to 
97.53% was observed when the AS dose was increased from  
2 to 5 g/L.

Abbad and Lounis [29] showed that at high adsor-
bent dosage, equilibrium was established at an extremely 
low adsorbate concentration in the solution before reach-
ing saturation. The adsorbent dose was fixed at 2 g/L for 
the other experiments.

Fig. 11 translates the effect of the temperature on the 
dye adsorption capacity by AS. It shows that the augmen-
tation of the temperature from 10°C to 60°C increases the 
retention of the dye from 95% to 97.65%, meaning that the 
adsorption is endothermic. This evolution was observed 
also for the Congo red removal (diazo anionic dye) [30] and 
Methyl orange (anionic dye azo) [31]. The increase in tem-
perature promotes the mobility of anions in solution which 
improves their exposure to the active sites of the adsorbent. 
Nthumbi et al. [32] corroborate our obtained results. 

3.3.3. Effect of initial dye concentration on 
MB-AFP 135 removal

In order to study the effect of the initial concentration 
on the adsorption process, kinetics were performed by 
contacting 2 g/L of AS with different initial concentrations 
of the dye (from 25 to 500 mg/L).

The results show that the amount of MB-AFP 135 
adsorbed increases with initial dye concentration (Fig. 12). 
The removal process is fast at the beginning of the contact 
and becomes slower as equilibrium is approached. The 
results also reveal that the equilibrium is reached for lower 
concentrations (<100 mg/L) at 30 min and 60 min for the con-
centrations above 100 mg/L. Fig. 12 shows that the amount 
of MB-AFP 135 adsorbed increases from 23.83 to 140 mg/g, 
for initial concentrations ranging from 50 to 500 mg/g 
corresponding to a decrease in the adsorption rate from 
97.04% to 56.17%. Indeed, for a given adsorbent amount 
in the solution, the number of active sites is available for 
setting a limited quantity of adsorbate; this site number is 
insufficient for higher concentrations [33].

3.4. Modeling of adsorption isotherms (adsorption isotherms)

The adsorption isotherm of MB-AFP 135 on alum 
sludge is shown in Fig. 13.

According to the classification of Giles et al. [34], the 
isotherm on AS is L-type. The latter indicates that alum 
sludge exhibited a high adsorption affinity to MB-AFP 
135 in solution. This means that the adsorption efficacy of 
MB-AFP 135 under low initial concentrations was nearly 
99%. Three isotherms model (Langmuir [35], Freundlich 
and Temkin [36]), as described in equations (4) to (6), 
were used for fitting the experimental data. (Table 4).

Where qe is the amount of dye adsorbed per unit of 
sorbent (mg/g) and Ce is the equilibrium concentration in 
solution (mg/L). The other parameters are different iso-
therm constants, which can be determined by regression 
of the experimental data.

For the purpose of quantitatively comparing the appli-
cability of different adsorption isotherms and kinetics 
models in fitting to data, the coefficient of correlation and 
the following error functions were employed [37]:

The coefficient of correlation:
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Fig. 11. Effect of temperature on MB-AFP 135 adsorption. 
(Cs = 2 g/L, C0 = 100 mg/L, pH = 2.06, N = 220 rpm).
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where qe,exp and qe,cal are respectively the experimental values 
and calculated values by adsorption isotherm, qmean is the 
mean of qe experimental values, n and p refer to the num-
ber of data points and the number of isotherm parameter, 
respectively.

The estimated model parameters with the coefficient 
of correlation R2 and the error analysis using two dif-
ferent error functions for the different models are given 
in Table 5. The fitting curves from these three isotherms 
are also illustrated in Fig. 13.

Similarly, a comparison could be made for two error 
functions for the different models as illustrated in Fig. 14. 
It was shown that the experimental data of dye adsorp-
tion on alum sludge was well fitted by the Freundlich 
and Langmuir model. The Freundlich equation suggests 
the adsorption onto a heterogeneous surface [29]. The 
Langmuir equation describes monolayer adsorption onto 
a surface containing a finite number of identical sites. 
The Freundlich constant value kF (24.38 (mg/g)(mg/L)1/nF) 
greater than 1, is meaning that the adsorption capacity is 
high and the value of 1/nF (0.331) between 0 and 1 indicates 
that the adsorption is favorable in the concentration range 
[2,38]. For Langmuir, a dimensionless constant equilib-
rium parameter RL greater than 0 but less than 1 indicates 
that Langmuir isotherm is favorable. Based on Langmuir 
isotherm, the maximum MB-AFP 135 dye adsorption 
capacity on AS (qm) is 123.46 mg/g.

A comparison of the maximum dye adsorption capac-
ity on AS with other adsorbents is given in Table 6.

3.5. Adsorption kinetic

The dye adsorption kinetic data were fitted with 
two kinetic models: pseudo-first-order [41] and pseudo- 
second-order [42], which were described in Eqs. (10) and (11) 
respectively:

ln lnq q q k te t e�� � � � � � 1  (10)

t
q k q

t
qt e e

� �
1

2
2  (11)

where qe and qt are respectively, the dye amounts adsorbed 
on alum sludge (mg/g) at equilibrium and at time t, k1 
(min–1) and k2 (g/mg·min) are the rate constant of both 
pseudo-first-order and pseudo-second-order models. All 
results obtained are listed in Table 7. Based on correlation 
coefficient values R2 and dye amounts at equilibrium, cal-
culated by the two models and compared with the experi-
mental results, it was found that the pseudo-second-order 
model provided close fit with the MB-AFP 135 removal data.

The calculated kinetics parameters k2 decrease with 
increasing initial dye concentration which is in agree-
ment with the experimental curves shown in Fig. 12 due 
to the change of the equilibrium at high concentrations.

Table 4
Models of isotherm equation

Isotherm Non-linear equation Linear equation Plot N° Eq.
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Table 5
Isotherm parameters with error analysis for MB-AFP 135 
adsorption on AS

Equation Parameters Values

Langmuir I

q
q K C
K Ce

m L e

L e

�
�1

qm (mg/g) 123.46
KL (L/mg) 0.128
RL 0.057
R2 0.987
χ2 9.683
SD 15.497

Freundlich
q K Ce F e

n= 1/
1/nF 0.331
kF (mg/g)(mg/L)1/nF 24.38
R2 0.990
χ2 3.197
SD 7.199

Temkin
q RT

b
A Ce

T
T e= ln

bT (kJ/mol) 0.112
R2 0.864
χ2 156.87
SD 83.667
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Several studies showed that anion dye adsorption on 
mineral adsorbents were conducted by pseudo-second- 
order kinetic model [43]. The second-order model assumes 
that the adsorption process is of pseudo-second-order 
and the rate limiting step is chemisorption’s. The mecha-
nism may involve sharing of valence forces or through 
the exchange of electrons between the adsorbent and the 
adsorbate [44,45].

3.6. Evaluation of thermodynamic parameters of adsorption

Thermodynamic parameters shed valuable insight 
into feasibility and spontaneity nature of the adsorption 
process [46].

The thermodynamic parameters are calculated from 
the following relationship:

� � � �G RT KCln  (13)

K
C C
CC

e

e

�
�� �0  (14)

lnK S
R

H
RTC �

� �
�
� �  (15)

where KC (dimensionless) is the thermodynamic equilib-
rium constant obtained by multiplying its value by the 
density of the aqueous solution [47], ΔH°, ΔS° and ΔG° are 
respectively, the standard enthalpy, the standard entropy 
and the standard free energy of adsorption. R is the gas 
constant (8.314 J/K·mol).

By plotting lnKC vs. 1/T (Fig. 15) the values of ΔH and 
ΔS were estimated from the slopes and intercepts. Based 

0
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150

200

250

300

Langmuir Freundlich Temkin

X2 SD

Fig. 14. Comparison of isotherms in the data fitting from error 
analysis.

Table 6
Anions dye capacity adsorption on various adsorbents and their experimental conditions reported in the literature

Adsorbent Dye pH C0 (mg/L) T (°C) qm (mg/g) References

Calcite Acid Black 210 6 10–50 – 210 [1]
Untreated natural clay Reactive Red 120 5.7 5–25 30 9.7 [5]
Montmorillonite clay Methyl blue 5 100 35 95.95 [6]
Nickel doped zinc oxide 
nanoparticles

Methyl orange 4 19–91 35 22.41 [7]
Tartrazine 6 20–98 20 22.82

Aminopropyl functionalized 
magnesium phyllosilicate

Reactive Red 120 2 5–100 25 229.9 [8]

Smectite Acid Brown 75 2 – – 8.33 [39]
Chitosan/bentonite hybrid 
composite

Amaranth Red 2 100 25 362.1 [40]
Methylene blue 10 496.5

Alum sludge Melioderm black AFP 135 2 100 20 123.46 This study

Table 7
Kinetic parameters for MB-AFP 135 removal using AS at 
different initial dye concentration

Parameters of 
kinetic models

C0 (mg/L) of dye solution

50 100 200 300 400 500

qexp (mg/g) 24.26 47.75 79.01 110.80 120.99 140.43

Pseudo-first-order kinetic model

qe (mg/g) 9.37 25.18 40.89 64.97 97.42 76.63
k1 (min–1) 0.088 0.104 0.049 0.077 0.086 0.062
R2 0.878 0.956 0.842 0.922 0.933 0.895

Pseudo-second-order kinetic model

qe (mg/g) 25.00 47.62 79.33 110.92 121.85 140.66
k2 (g/mg·min) 0.030 0.01 0.0035 0.0033 0.0018 0.0023

y = -7400/T + 31,89
R² = 0,9787

6.0

7.0

8.0

9.0

10.0

0.003 0.0031 0.0032 0.0033 0.0034 0.0035

ln
(K

d)

1/T (°K-1)

Fig. 15. Evolution of lnKC vs. 1/T.
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on the approach, the free energy change (ΔG), enthalpy 
change (ΔH) and entropy change (ΔS) were calculated 
for the sorbent (Table 8).

The thermodynamic equilibrium constant KC increases 
with the temperature. The free energy (ΔG°) was found 
negative for the studied temperatures; indicate that this 

adsorption process is spontaneous in nature and favorably. 
In addition, the low value of ΔG° is consistent with electro-
static interaction between adsorption sites and the adsorb-
ing ion (physical adsorption) [48,49]. Malkoc and Nuhoglu 
[50] noted that the ΔG° values between 0 and –20 kJ/mol 
are in the range of multilayer adsorption. According to 
Erdoğan et al. [51], the positive values of ΔH° confirm the 
endothermic nature of adsorption. The positive values 
of the standard entropy ΔS° indicate an increase in the 
freedom degree (or disorder) of the adsorbed species [52].

The FTIR spectra before and after adsorption are almost 
the same (Fig. 16). However, we notice the appearance of 
an absorption band of weak intensity located at 1,350 cm–1, 
which could be attributed to the deformation of the C=O 
bond.

The XRD analysis of the sludge before and after 
adsorption (Fig. 17) gave almost the same spectrum except 
that the calcite concentration decreased. This is proba-
bly due to the interaction between the calcite crystals and  
the dye.

After adsorption 

Fig. 16. FTIR spectrum of AS before and after adsorption.

Table 8
Values of the thermodynamic parameters

T (K) KC ΔH° 
(kJ/mol)

ΔS° 
(kJ/mol·K)

ΔG° 
(kJ/mol)

283 641 55.49 0.247 –15.21
293 765 –16.17
303 1,413 –18.27
313 2,065 –19.86
323 10,587 –24.89
333 16,392 –26.87

Fig. 17. Diffractogram of the alum sludge before and after adsorption
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The scanning electron microscopy (SEM) images 
obtained for the alum sludge after dye adsorption are pre-
sented in Fig. 18. They show an increase in the size of the 
particle aggregates and became bound together masking 
the porosity.

4. Conclusion

The aim of this work was to study the removal of an 
anionic dye (Melioderm black AFP 135) by adsorption 
using alum sludge. The obtained results show that the 
alum sludge offers a new and cost effective approach for 
anion dye removal from aqueous system. The adsorbent 
samples before and after adsorption have been well char-
acterized by FTIR, XRD and SEM analyses. Adsorption 
capacity is strongly dependent on initial dye concentra-
tion, initial pH and adsorbent dosage.The batch study 
showed that the maximal dye removal was obtained at 
acid pH (pH 2). In addition, considering the pHzpc of the 
adsorbent surface, it was suggested that the main mech-
anism behind adsorption was through the electrostatic 
attraction between alum sludge and MB-AFP 135 ions. The 
kinetic was rapid and the equilibrium was reached after 
60 min. The data are well correlated with the kinetic model 
of the pseudo-second-order. The anionic dye adsorp-
tion on alum sludge is well described by Freundlich and 
Langmuir model, the maximal adsorption capacity was 

123.46 mg/g. Thermodynamic results confirm that the 
adsorption process is spontaneous and endothermic. 
It can be concluded that the mechanism of adsorption is 
carried out with physical adsorption. These results show 
that alum sludge can become an alternative adsorbent 
due to its low production cost coupled with excellent dye  
removal.

Symbols

AT — Temkin constant, L/mg
bT — Temkin isotherm constant
E — Mean free energy (E Kd= 1 2/ ), kJ/mol
BET — Brunauer–Emmett–Teller
B —  Constant relative to the adsorption heat 

(B = RT/bT), J/mol
C0 — Initial solute concentration, mg/L
Ce — Solute concentration at equilibrium, mg/L
Cs —  Concentration of alum sludge in solution, g/L
Ct — Solute concentration at time t, mg/L
KL — Langmuir constant, L/mg
kF —  Freundlich isotherm constant, kF (mg/g)(mg/L)1/nF

k1 —  Rate constant for a pseudo-first-order kinetics, s–1

k2 —  Rate constant for the pseudo-second-order 
kinetics, s–1

m — Mass of alum sludge, mg
1/nF — Heterogeneity factor

 

 

 

 

 

 

  

  

(a) (c) 

(b) (d) 

Fig. 18. SEM images of alum sludge: (a,b) before and (c,d) after MB-AFP 135 adsorption.
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qe — Adsorption capacity at equilibrium, mg/g
qm — Maximum capacity of adsorption, mg/g
qt — Adsorption capacity at time t, mg/g
R —  Universal gas constant (8.314 J/mol·K), J/mol·K
R2 — Correlation coefficient
T — Temperature, Kelvin
V — Solution volume, mL
N — Stirring velocity, rpm
∆H° — Standard enthalpy, kJ/mol
∆S° — Standard entropy, kJ/mol·K
∆G° — Standard free enthalpy, kJ/mol
KC — Thermodynamic equilibrium constant
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