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a b s t r a c t

Aluminum drinking water treatment residuals (Al-WTRs) were calcined at different temperatures 
and used for the adsorption of Congo red (CR) from aqueous solution. Scanning electron microscopy 
(SEM), energy dispersive X-ray spectroscopy (EDX), zeta potential measurement, N2 gas adsorp-
tion-desorption, X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and ther-
mogravimetric/differential thermalanalysis (TG/DTA) techniques were utilized to characterize the 
properties of Al-WTRs. The obtained results revealed that the framework integrity of Al-WTRs was 
not changed within the range of investigated calcination temperatures, while the surface properties, 
pore structures and specific surface areas changed significantly. Adsorption kinetic data showed 
that a rapid initial adsorption rate of Al-WTRs was obtained at calcination temperatures higher than 
200 °C. Isothermal adsorptions showed that the optimum calcination temperature for CR adsorption 
was 400°C and the maximum adsorption capacity was 72.5 mg/g. Compared to other industrial 
waste solids used as adsorbents, Al-WTRs calcined at 400°C exhibited a relatively higher adsorption 
capacity for CR. These findings suggested that optimizing the calcination temperature could be an 
effective approach to increase the adsorption rate and capacity of Al-WTRs for CR removal.
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1. Introduction

The effluent water of many industries such as tex-
tile industries, pulp mills and dyestuff manufacturing, 
contains large amounts of hazardous dyes, which are of 
great concern all over the world [1]. Color is the first con-
taminant to be recognized in wastewater. The presence 
of low levels of dyes in water (even less than 1 ppm for 
some dyes) is highly visible and aesthetically unpleasant 
[2]. Additionally, a variety of dyes or their metabolites 
are considered as possible carcinogens or mutagens to 
aquatic life and humans [1,2]. Therefore, it is necessary 
to remove dye in the wastewater before it is released into 
the environment. 

Various treatment processes such as physical separation, 
chemical oxidation and biological degradation have been 
widely employed for the removal of dyes from wastewaters 
[1,2]. Among the treatment options applied, considerable 
attentions have been paid to adsorption technology as an 
efficient and versatile approach. The selection of a suitable 
adsorbent is crucial for the application of adsorption pro-
cess. As a commonly used adsorbent, activated carbon has 
a high capacity for the removal of dyes [2]. However, acti-
vated carbon is relatively expensive and difficult to regen-
erate, which gives the increase in cost of the wastewater 
treatment. Most recently, many researchers have focused 
on the naturally available low cost, eco-friendly and effec-
tive adsorbents such as industrial by-products, plant waste, 
fruit waste, fly ash and clay for the removal of dyes [2,3].



Q. Qin et al. / Desalination and Water Treatment 68 (2017) 293–300294

Drinking water treatment residuals (WTRs) are 
non-hazardous byproducts of drinking water treatment 
produced daily and in large amounts [4,5]. They are pro-
duced by the addition of aluminum or iron salts as primary 
coagulants to raw water to remove colloids, fine soil par-
ticles, and natural organic matter. WTRs have a relatively 
large surface area and are highly reactive, which give them 
several potential applications as adsorbents for negatively 
charged ions removal such as phosphate [6], fluoride [7], 
perchlorate [8], and arsenic [9]. Besides, WTRs have been 
recycled for soil amendment [10]. The successful applica-
tions of WTRs indicate that WTRs are effective and attrac-
tive adsorbents in environmental remediation. However, 
WTRs usually contain a certain amount of organic sub-
stances, which can not only occupy the adsorption sites 
in WTRs, but also form a diffusion-limiting layer on the 
surface of WTRs [11]. Thus, some pretreatment procedures 
are necessary to improve WTRs adsorption capacity. Wang 
et al. demonstrated that phosphorus adsorption capability 
on ferric and alum WTRs can be enhanced by sequential 
thermal and acid activation [11]. In addition, they found 
that oxygen-limited heat treatment significantly increased 
the adsorption capability of WTRs for heavy metals [12]. 
However, to the extent of our knowledge, there are few 
studies on the removal of dyes with WTRs [13]. The 
influence of the calcination temperature of WTRs to their 
adsorption ability for dyes from aqueous solution remains 
unclear.

In the present study, aluminum drinking water treat-
ment residuals (Al-WTRs) are utilized as adsorbents for 
the removal of Congo red (CR). The effects of calcination 
temperature on the physical and chemical properties of 
Al-WTRs as well as the subsequent CR adsorption density 
of these materials were carefully investigated. The overar-
ching goal of this study is to achieve a better understanding 
of the changes of Al-WTRs properties with thermal treat-
ment and the influence of corresponding Al-WTRs proper-
ties on CR adsorption.

2. Materials and methods

The Al-WTRs were collected from an open air disposal 
site located next to the Binjiang Drinking Water Treatment 
Plant in Nanjing, Jiangsu province, China, where alu-
minum sulfate was employed for Yangtze River surface 
water flocculation. The Al-WTRs material was air-dried at 
room temperature for a period of 4 weeks. Then, Al-WTRs 
were ground to less than 38 μm in diameter and calcined 
under air atmosphere with a heating rate of 15°C/min to 
reach five settled gradient temperatures (200, 300, 400, 500 
and 600°C) for 4 h. The produced solids were denoted as 
Al-WTRs-200, Al-WTRs-300, Al-WTRs-400, Al-WTRs-500 
and Al-WTRs-600, respectively. The negatively charged 
dye, CR is the sodium salt of 3,3’-([1,10-biphenyl]-4,4’-diyl) 
bis (4-aminonaphthalene-1-sulfonic acid) with a formula: 
C32H22N6Na2O6S2. CR has a molecular weight of 696.66 g/
mol and was obtained from Sigma-Aldrich with 99.99% 
purity. Stock solutions of CR were prepared by dissolving 
the dye in distilled water.

Powder X-ray diffraction (XRD) patterns of Al-WTRs 
were recorded on a Bruker D8-Discover diffractometer 

using Cu Kα radiation. N2 adsorption-desorption iso-
therms were measured at 77 K on a Micromeritics ASAP 
2020 sorptometer, with the samples out gassed for 16 h at 
110°C and 10−6 Torr prior to measurement. Scanning elec-
tron microscopy (SEM) was carried out by FEI 3D appa-
ratus coupled with energy dispersive X-ray spectroscopy 
(EDX). Fourier transform infrared spectroscopy (FTIR) 
spectra of Al-WTRs were recorded with KBr pellets on a 
Perkin-Elmer Spectrum One FTIR between wave num-
bers of 400 and 4000 cm–1. Thermal analysis of the samples 
was performed on a Shimadzu DTG-60H Simultaneous 
DTA-TG apparatus from 20 to 800°C with a heating rate 
of 12°C/min. Zero point of charge was determined using a 
ZetaSizer 3000 (Malvern Instrument). The sample contain-
ing 0.2 g/L Al-WTRs was suspended in a 0.01 mol/L NaCl 
solution (electrolyte). Then, the equilibrated slurry was 
injected into the microelectrophoresis cell using dispos-
able syringes to determine the zeta potential at different 
pH values. Prior to each measurement, the electrophore-
sis cell was thoroughly washed and rinsed with deionized 
water, followed by the introduction of the sample solution 
to be measured.

Adsorption experiments were performed by batch 
technique to obtain the adsorption rate and equilibrium 
data. In brief, the CR adsorption experiments were all 
conducted in distilled water and room temperature at a 
constant pH 7.2. For adsorption kinetics, a suspension 
containing 0.5 g of Al-WTRs were mixed by stirring the 
mixture at 200 rpm with a 500 mL aqueous solution of 
CR at a known initial concentration in a flask immersed 
in a temperature-controlled water bath kept at constant 
working temperature (24.5°C ± 0.5°C). An aliquot of 2.0 
mL of the solution was withdrawn at appropriate time 
intervals and immediately filtered through a cellulose 
acetate membrane of 0.45 μm pore size. The residual con-
centration of CR in the filtrate was subsequently deter-
mined by UV-vis spectrophotometer at the wavelength 
corresponding to the maximum absorbance (λmax = 497 
nm). A five-point calibration curve was made with CR 
standard solutions ranged from 5.0 mg/L to 100 mg/L. 
To ensure that the adsorption of CR onto the cellulose 
acetate membrane was negligible, the concentrations of 
CR standard solutions passed through the filter mem-
brane were measured and recalculated using the cali-
bration curve and the differences were less than 2%. For 
isotherm studies, a certain amount of adsorbent (0.02 g) 
was placed in a 50-mL flask, into which 20 mL of CR solu-
tion with varying initial concentrations were added. The 
experiments were performed in a temperature-controlled 
water bath shaker for 48 h at a mixing speed of 180 rpm. 
The shaking time was deemed sufficient to ensure appar-
ent equilibrium as determined by preliminary kinetic 
tests. After the adsorption reached equilibrium, the solu-
tions were filtered and the remaining concentrations of 
CR were measured by UV-vis spectrophotometer. The 
samples were diluted if necessary to ensure the CR con-
centration in the diluted samples were within the range 
of the calibration curve. The amount of CR adsorbed onto 
Al-WTRs was calculated from the mass balance equation. 
To ensure reproducibility, all CR adsorption tests were 
carried out in duplicate. The coefficients of variations 
(CV) of the duplicates were all below 5%.
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3. Results and discussion

3.1.Characterization of Al-WTRs

SEM images of the Al-WTRs are illustrated in Fig. 1. 
The Al-WTRs were heterogeneous mixtures of particles 
with irregular shape and variable size, which showed a 
lack of crystal structure. The particles of Al-WTRs (raw 
Al-WTRs,Al-WTRs-200, Al-WTRs-300 and Al-WTRs-400) 
had fluffy appearance indicating highly porous structure, 
which was also supported by the specific surface areas mea-
surement.

The changes in the surface elemental composition were 
monitored by EDX-ray spectroscopy and the results are 
shown in Table 1. It was observed that chemical composi-
tions for Al-WTRs were similar to other Al-WTRs reported 
elsewhere [8]. The major inorganic components in the 
Al-WTRs included aluminum, iron and silica. The organic 

C content decreased with increasing calcination tempera-
ture, indicating that some organic components such as 
humic substances disappeared at high calcination tempera-
ture [11]. 

The N2 gas adsorption/desorption isotherms were 
used to determine the pore size, pore volume and sur-
face area. The results are shown in Table 1. It was clearly 
seen that the mesopore volume at pore radius 2–50 
nm showed an order of Al-WTRs-300 > Al-WTRs-200 
≈ Al-WTRs-400 ≈ Al-WTRs-500 ≈ Al-WTRs-600 > raw 
Al-WTRs. These results suggested that calcination sig-
nificantly affected the pore structures of Al-WTRs. The 
specific surface areas of Al-WTRs are also listed in Table 
1. It was observed that Al-WTRs-300 had the largest spe-
cific surface area. It is likely that water and some impu-
rities were expulsed from the Al-WTRs to create more 
porosity and ultimately enlarge the specific surface area 

   
(a) (b) (c) 

   
(d) (e) (f) 

Fig. 1. SEM micrographs of Al-WTRs: (a) Al-WTRs, (b) Al-WTRs-200, (c) Al-WTRs-300, (d) Al-WTRs-400, (e) Al-WTRs-500, and  
(f) Al-WTRs-600.

Table 1
Chemical composition and physical properties of the Al-WTRs

Adsorbent C
(%)

Aluminum
( g/kg)

Iron
(g/kg)

Silica
(g/kg)

pHpzc SBET

(m2/g)
Mesopore 
volume (cm3/g)

Al-WTRs 17.6 40.7 29.2 42.2 5.70 24.7 0.0555
Al-WTRs-200 12.4 49.3 38.5 45.9 5.94 23.9 0.0575
Al-WTRs-300 2.4 63.0 40.9 88.0 6.96 28.0 0.0621
Al-WTRs-400 6.6 58.2 58.5 84.0 7.45 24.4 0.0570
Al-WTRs-500 2.9 69.0 47.3 82.3 7.61 19.9 0.0562
Al-WTRs-600 1.5 92.9 46.2 82.4 7.48 18.2 0.0567
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[14]. In contrast, Al-WTRs-600 had the smallest specific 
surface area. It might be attributed to the fact that some 
hydroxyl groups were decomposed and the sintering 
shrinkage of Al-WTRs occurred at 600°C and led to the 
collapse of pore structure [15,16]. 

The pH values at the point of zero charge (pHpzc) of 
Al-WTRs are showed in Table 1. The pHPZC value of the raw 
Al-WTRs was similar to other aluminum-derived WTRs 
reported previously [17]. In addition, the raw Al-WTRs 
were more acidic than the calcined Al-WTRs. This increas-
ing trend of pHpzc along with the increasing calcination 
temperatures was likely resulted from combustion and/
or decomposition of natural organic matter such as humic 
substances. It was reported that natural organic matter in 
surface water could be absorbed by aluminum hydrox-
ide precipitates after the flocculation-clarification pro-
cess during drinking water treatment [12]. The natural 
organic matter adsorbed in Al-WTRs surface was able to 
decrease pHpzc of Al-WTRs by its abundant carboxylic acid 
groups [12].

The XRD patterns of the Al-WTRs are shown in Fig. 2. 
The XRD pattern of the raw Al-WTRs (Fig. 1(a)) was similar 
with those reported previously, which displayed that the 
raw Al-WTRs contained quartz, feldspar and illite/smectite 
[18]. Additionally, X-ray diffraction analysis revealed that 
there was no crystalline Al(OH)3 component, indicating 
that Al-WTRs was amorphous and particles poorly ordered. 
The peaks remained almost unchanged after calcination, 
although a decrease in peak 12.5° along with the increasing 
calcination temperature was noticed, which might be due 
to the distortion of mesoporous channels caused by the col-
lapse of pore structure during the calcination process [15]. 

The FTIR spectra of Al-WTRs before and after cal-
cination are shown in Fig. 3. It can be seen that the spec-
trum of raw Al-WTRs was similar to that of Al-WTRs-200, 
Al-WTRs-300, and Al-WTRs-400, which indicated that the 
increase of temperature from 200–400°C did not affect their 
surface chemical properties apparently. However, the peaks 
at 3696, 3620, 1430, and 915 cm–1 disappeared after calcina-
tion at 500 and 600°C, which suggested the great changes 
of Al-WTRs surface properties. In the case of raw Al-WTRs, 
the spectrum exhibited the absorption bands at 3696, 3620, 

3440, 1640, 1430, 1030, 915, 797, 534 and 463 cm–1. The pres-
ence of such bands can be related to the chemical complex-
ity of the Al-WTRs which incorporate organic and inorganic 
substances. The peaks at 3696 and 3620 cm–1 (present in raw 
Al-WTRs, Al-WTRs-200, Al-WTRs-300, and Al-WTRs-400) 
were most likely to correspond to the stretching vibration 
generated by the hydroxyl groups in Al-WTRs [19,20]. The 
broadened band around 3440 cm–1 (present in all Al-WTRs) 
could be assigned to the bending vibration of adsorbed 
molecular water and/or stretching vibration of hydroxyl 
group [19]. The peak at 1640 cm–1 (present in all Al-WTRs) 
belonged to the O–H bending vibration of adsorbed 
water, which was derived from the interlayer water in 
Al-WTRs [19]. Apparently, this peak went smaller in the 
calcined Al-WTRs due to water desorption at high calcina-
tion temperature. The observed band at 1430 cm–1 (except 
Al-WTRs-600) could be assigned to C–H deformation of CH2 
and CH3 groups [9,20,21]. The sharp peak at 915 cm–1 can 
be attributed to the vibration of the hydroxyl group com-
bined with Al atoms [20]. It disappeared in Al-WTRs-500 
and Al-WTRs-600, demonstrating the surface hydroxyl con-
densation of Al-WTRs at high calcination temperature. The 
absorption bands of Al-WTRs appeared at 1030, 797, and 
463 cm–1 (present in all Al-WTRs) which were attributed 
to asymmetric stretching vibration of Si–O–Si, symmetric 
stretching vibration of Si–O–Si and bending vibration of O–
Si–O respectively [22]. The peak at 534 cm–1 was assigned to 
Si–O–Al (octahedral Al) bending vibrations [22].

Thermogravimetric analyses of Al-WTRs were carried 
out under flowing air. The TG and DTA profiles correspond-
ing to Al-WTRs samples are depicted in Fig. 4 and exhib-
ited a similar trend. Full temperature range (25–800°C) TG 
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Fig. 2. XRD patterns of Al-WTRs: (a) Al-WTRs, (b) Al-WTRs-200, 
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analyses for raw Al-WTRs, Al-WTRs-200, Al-WTRs-300, 
Al-WTRs-400 and Al-WTRs-500 showed a maximum 
weight loss of about 11.9%, 10.6%, 8.7%, 8.2% and 5.2%, 
respectively. Most of the weight loss could be attributed 
to water desorption, organic matter combustion and metal 
hydroxides dehydroxylation, which was consistent with 
the weight loss of Fe-WTRs [23]. 

It was observed from DTA profiles (Fig. 4) that there 
were three distinct stages in full temperature range (25–
800°C) for the raw Al-WTRs. These stages were probably 
resulted from specific thermal events. The first stage (25–
200°C) was usually associated to the release of occluded 
water. The second stage (200–500°C) was likely caused 
by the decomposition organic matter combustion, since 
organic C decomposition weight losses begin at tempera-
tures ≥200°C [23]. The third stage (600–700°C) was derived 
from the dehydroxylation of metal hydroxides [16]. How-
ever, only two stages were found for Al-WTRs-500 in full 
temperature range (25–800°C). The very limited mass loss 
in temperature range (200–500°C) for Al-WTRs-500 indi-
cated that most carbonaceous materials had been removed 
at calcination temperature 500°C. Results given by TG/
DTA analysis are in good agreement with that obtained by 
EDX and FTIR analyses. Similar findings were also reported 
by Tantawy[24].

3.2. Kinetics of adsorption

The kinetic behavior of the adsorption process was stud-
ied under the temperature of 24.5°C ± 0.5°C and pH 7.2. 
Shown in Fig. 5, for all Al-WTRs, there was a rapid uptake 
of CR during the initial stage of the adsorption process 
within the first 1 min, indicating a high affinity between CR 
molecules and the Al-WTRs surface. Following this phase, 
the adsorption process slowed down, suggesting a gradual 
equilibrium, possibly due to the intraparticle diffusion of 
CR molecules. 

Kinetic modeling not only allows estimation of adsorp-
tion rates but also provides insights into the possible reac-
tion mechanisms. In this respect, the pseudo-first-order, 

pseudo-second-order and Elovich equations were used to 
fit the experimental data [25]. 
The pseudo-first-order kinetic model is given as follows:

q q et e
k t= −( )−1 1   (1)

where qe and qt are the amounts of dye adsorbed on adsor-
bent at equilibrium and at time t (min), respectively (mg/g), 
and k1 is the rate constant of pseudo first-order adsorption 
(min–1). 

The pseudo-second-order kinetic model is expressed by 
the following equation:

q
k q t

k q tt
e

e

=
+

2
2

21
 (2)

where k2 is the rate constant of the pseudo-second-order 
model (g/mg/min). This model is based on the assumption 
that the rate-limiting step involves chemisorption of adsor-
bate on the adsorbent.

The Elovich equation is given as follows:

q
lnt

t = ( )
+

ln α
β β  (3)

where α is the initial adsorption rate of Elovich equation 
(mg/g/min), and the parameter β is related to the extent of 
surface coverage and activation energy for chemisorptions 
(g/mg). 

In order to quantitatively compare the applicability 
of different kinetic models in fitting to data, a normalized 
standard deviation, Δq (%), was calculated as follows:

Δq
q q q

n
texp tcal texp%

( )/( ) = ×
∑ −

−
100

1

2

 (4)

where n is the number of data points; qtexp is the experimen-
tal values; and qtcal is the calculated values by the model. 

The results from fitting experimental data with pseu-
do-first and pseudo-second-order models and Elovich 
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equation are presented in Table 2. It was observed that the 
order of Δq was pseudo-first > pseudo-second > Elovich 
model, suggesting the Elovich model was the best to rep-
resent adsorption kinetic of CR on Al-WTRs. This result 
revealed that adsorption of CR on Al-WTRs was mainly 
controlled by the chemisorption behavior likely attributed 
to exchanging or sharing of electrons between anionic dyes 
and Al-WTRs [26]. On the other hand, the α value of raw 
Al-WTRs was smaller than that of Al-WTRs calcined at 
300, 400, 500 and 600°C, indicating that organic substances 
in raw Al-WTRs could form a diffusion-limiting layer on 
the surface of Al-WTRs. Moreover, the largest α value was 
observed in Al-WTRs-300, demonstrating that calcination 
at 300°C favored a rapid adsorption. Previous studies have 
confirmed that increasing numbers of mesopores can accel-
erate the pore diffusion of organic molecules [27]. There-
fore, the observed rapid adsorption at 300°C was likely 
linked to its largest mesopore volume among all studies 
Al-WTRs (Table 1). 

3.3. Adsorption isotherm

To compare adsorption density of Al-WTRs under dif-
ferent calcination temperatures, the adsorption isotherms 
were assessed. Fig. 6 displays the adsorption isotherms at 
24.5°C ± 0.5°C, pH 7.2 of CR on Al-WTRs with a solid/liq-
uid ratio of 1 g/L. 

The adsorption of CR onto Al-WTRs exhibited a typical 
Langmuir-type isotherm (Fig. 6). Therefore, the obtained 
experimental equilibrium adsorption data were then fitted 
using Langmuir model: 

C
q Q K

C
Q

e

e L

e= +
1

0 0
 (5)

where qe (mg/g) is the adsorbed amount of CR; Ce (mg/L) is 
the equilibrium concentration of CR in solution; Q0 (mg/g) 
is the maximum mono layer adsorption capacity; KL (L/
mg) is the constant related to the free energy of adsorption. 
The corresponding parameters are shown in Table 3. It is 
apparent that the fits are quite well for CR within the con-
centration range studied (correlation coefficient, R2 > 0.99), 
suggesting that the adsorption of CR onto Al-WTRs closely 
followed a Langmuir isotherm. The good fitness with the 
Langmuir model also suggested that the  adsorption was 
 limited by mono layer coverage and the surface was rela-

tively homogeneous. The mono layer saturation capacities 
(Q0) of Al-WTRs, Al-WTRs-200, Al-WTRs-300, Al-WTRs-400, 
Al-WTRs-500 and Al-WTRs-600 were found to be 56.2, 63.7, 
69.0, 72.5, 48.5 and 37.3 mg/g, respectively. Q0 decreased 
in the following order: Al-WTRs-400 > Al-WTRs-300 > 
Al-WTRs-200 > Al-WTRs > Al-WTRs-500 > Al-WTRs-600. 
The adsorption capacity of Al-WTRs-400 was significantly 
higher than that of raw Al-WTRs. However, the adsorp-

Table 2
Parameters of kinetic model of CR adsorption onto Al-WTRs

Adsrobent Pseudo-first-order model Pseudo-second-order model Elovich

k1

(min–1)
qe

(mg/g)
Δq
(%)

k2

(g/mg/min)
qe

(mg/g)
Δq
(%)

α 
(mg/g/min)

β 
(g/mg)

Δq
(%)

Al-WTRs 1.10 24.8 21.1 0.032 26.9 18.6 298.6 0.32 8.7
Al-WTRs-200 0.27 28.9 24.3 0.014 30.9 16.6 127.0 0.25 3.4
Al-WTRs-300 0.88 34.5 14.2 0.025 36.8 10.6 1044.8 0.27 2.2
Al-WTRs-400 0.66 35.6 15.1 0.019 38.3 10.8 485.4 0.23 1.7
Al-WTRs-500 0.85 26.6 15.4 0.030 28.5 11.6 608.0 0.33 2.4
Al-WTRs-600 0.83 21.5 17.2 0.033 23.2 13.3 321.7 0.39 2.8
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Fig. 6. Adsorption isotherms of CR on Al-WTRs (experimental 
conditions: pH 7.2; Al-WTRs dose, 1 g/L).

Table 3
Langmuir isotherm constants for CR adsorption onto Al-WTRs

Adsorbent Langmuir model

Q0 (mg/g) KL (L/mg) R2

Al-WTRs 56.2 0.22 0.996
Al-WTRs-200 63.7 0.18 0.995
Al-WTRs-300 69.0 0.34 0.997
Al-WTRs-400 72.5 0.31 0.993
Al-WTRs-500 48.5 0.13 0.990
Al-WTRs-600 37.3 0.17 0.995
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tion capacity of Al-WTRs-600 was much lower than that 
of other Al-WTRs. On the other hand, the affinity (KL) of 
Al-WTRs-400 toward CR molecules was greater than that 
of raw Al-WTRs, indicating that CR has a stronger adsorp-
tion affinity with Al-WTRs-400 surface than that with raw 
Al-WTRs surface.

In the aqueous solution,CR molecules are dissociated to 
anionic dye ions at natural solution pH of 7.2. The oxides 
of Al, Fe and Si present in the Al-WTRs develop charges 
in contact with water. Except silica, all other oxides pos-
sess positive charges under the studied pH as zero point 
charge of SiO2, Al2O3 and Fe2O3 are 2.3, 8.6 and 7.5, respec-
tively [28]. It was proposed that anionic dye adsorption by 
inorganic solid wastes was favored at pH < pHpzc where a 
significantly high electrostatic attraction existed between 
the positively charged surface of the adsorbent and the 
anionic dye [1,29]. CR is a negatively charged dye and the 
surface of raw Al-WTRs under experiment pH 7.2 was also 
negatively charged (pHpzc = 5.70). Therefore, the smaller 
adsorption capacity of raw Al-WTRs compared to that of 
Al-WTRs-300 and Al-WTRs-400 was most likely due to the 
electrostatic repulsion between CR and negatively charged 
particles. Moreover, the high content of organic substances 
in the raw Al-WTRs could occupy the adsorption sites [11], 
resulting in a decrease of CR adsorption. However, signifi-
cant adsorption of CR by raw Al-WTRs was also observed. 
This suggested that other interactions might involve in CR 
adsorption. Fu and Viraraghavan reported that two pri-
mary amines (–NH2)attached to the two naphthalene rings 
located at the two ends of the CR molecule can be protonated 
(–NH3

+) at the initial pH of 6.0 and exhibit stronger basicity, 
which could result in the attraction between the proton-
ated amine (–NH3

+)and the negatively charged surface of 
the adsorbent [30]. It should be noted that the adsorption 
capacities of Al-WTRs-500 and Al-WTRs-600 were lower 
than that of Al-WTRs-400, although their zeta potential val-
ues were similar. This might be due to the decrease of spe-
cific surface area at higher calcination temperatures, where 
the available adsorption sites were reduced. Nevertheless, 
it can be concluded that optimizing the calcination tem-
perature can be an accessible approach to achieve a most 
suitable pHpzc and specific surface area, and finally, maxi-
mize the adsorption capacity of Al-WTRs for CR removal.

To compare our data with previous studies, the maxi-
mum adsorption capacity (Q0) of CR on adsorbents based 
on industrial solid wastes is summarized in Table 4. Com-
parative values of Q0 clearly suggested that the adsorption 
capacity of Al-WTRs-400 was much higher than that of most 
of industrial by-products such as metal hydroxide sludge, 
fly ash and red mud. Although electrocoagulated metals 
hydroxide sludge (EMHS) exhibited a better adsorption 
capacity than our Al-WTRs-400, the application of EMHS as 
a CR adsorbent should be carefully assessed because EMHS 
usually contains a relatively high level of toxic heavy metal 
Cr, which is possibly introduced to the environment and 
causes other serious problems [31]. The relatively higher 
adsorption capacity of acid mine drainage sludge is likely 
attributed to the chemical precipitation between calcium 
ion and dye molecules, since calcium ion leaches from the 
adsorbent material [32,33]. Generally, the present results 
imply that Al-WTRs can serve as a potential adsorbent for 
the removal of CR from water.

4. Conclusions

Thermal modification of aluminum drinking water treat-
ment residuals for removal of Congo red from water was 
investigated using the batch adsorption technique. Kinetic 
data was best interpreted by an Elovich kinetic model. The 
rapid initial adsorption rate of Al-WTRs calcined at tempera-
tures higher than 200°C was observed, indicating the destruc-
tion of diffusion-limiting layer on the surface of Al-WTRs by 
the organic substances. The adsorption isotherms showed 
that the highest adsorption capacity was found at calcina-
tion temperature of 400°C. These phenomena were suc-
cessfully linked to the changes of surface properties, pore 
structures and specific surface areas of Al-WTRs, where the 
chemical and physical characterization of Al-WTRs revealed 
that a suitable zeta potential, pore structure and specific 
surface area of Al-WTRs for CR adsorption were obtained 
at calcination temperature of 400°C. These findings suggest 
that optimizing the calcination temperature could be used 
to increase the adsorption rate and capacity of Al-WTRs for 
CR removal. Compared to other commonly used industrial 
waste materials, Al-WTRs-400 showed a relatively higher 
adsorption capacity for CR. The present results suggest that 
Al-WTRs have a potential and promising application in the 
removal of CR from water.
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