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a b s t r a c t
An effective aluminum-dolomite composite, developed with a mixture of dolomite, bentonite, saw-
dust, and AlCl3, has been used for Cr(VI) removal from aqueous solution. Optimal mixture design 
method was used to determine the optimum mixture proportions by evaluating both chromium 
removal efficiency and mechanical strength. It was found that the optimum adsorption capacity and 
strength can be achieved with the proportion of 4.90 g dolomite, 3.12 g bentonite, 1.48 g sawdust, and 
0.50 g AlCl3 (10 g in total). Batch experiments were carried out using the composite revealed that 92% 
removal efficiency for Cr(VI) was occurred at pH 6 and room temperature (20°C). The adsorption 
kinetic and isotherm data well agreed with the pseudo-first-order kinetic and the Freundlich iso-
therm models, respectively. The co-existing anions (chloride, nitrate, and acetate) had slight negligible 
influence, and sulfate could significantly decrease the Cr(VI) adsorption efficiency. The aluminum- 
dolomite composite is a cost-effective adsorbent for Cr(VI) removal from aqueous solution, especially 
from low-level (<50 mg/L) sulfate solution, and no secondary pollution was observed after adsorption 
process.

Keywords:  Chromium(VI) adsorption; Aluminum-dolomite composite; Isotherms; Kinetics; Optimal 
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1. Introduction

Release of chromium in aqueous solution has become 
a serious threat to environment and human health due 
to its carcinogenicity and toxicity [1]. Chromium is a pri-
mary metal pollutant in aqueous medium mainly due to 
anthropogenic activities (e.g., mining, leather tanning, 
cement, electroplating, dyeing, pesticides, and fertilizer) 
[2,3]. Usually, chromium exists as both trivalent and hexava-
lent species, while hexavalent chromium Cr(VI) is more toxic 
and relatively nocuous [4,5]. The detrimental health effects of 
Cr(VI) promoted the World Health Organization (WHO) and 
United States Environmental Protection Agency (USEPA) 

to reduce the maximum limit in drinking water from 0.05 
to 0.1 mg/L [6,7]. Nevertheless, China, India, Pakistan, and 
some other developing countries where a high risk of Cr(VI) 
poisoning exists retain the former standard as the guideline 
for drinking water [8].

A variety of technologies are available for Cr(VI) removal 
from aqueous solution, such as adsorption [9], ion-exchange 
[10], membrane technology [11], electrodialysis [12], and 
photocatalytic degradation [13]. As a consequence of the 
consideration of cost effectiveness, high efficiency, ease in 
operation, and simplicity of design, adsorption is the most 
available method in recent decades.

Many previous researchers focused on Cr adsorption 
with polyvalent metal-modified natural mineral materials, 
activated carbon, and nanomaterials [8,14,15]. Despite such 
advantages as high surface area and positive charge, such 
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adsorbents are still difficult to apply due to their short life 
expectancy, pH adjustment, and high cost of reagent [4,16]. 
In particular, these materials are available only as fibrous 
or fine powders that are difficult to separate from liquid after 
adsorption [17].

This study has developed a novel aluminum-dolomite 
composite for removing Cr(VI) from aqueous solution in 
order to overcome these obstacles. This composite is the solid 
spherical shape (D = 1–2 mm), with high Cr(VI) adsorption 
efficiency and strong mechanical strength to retain physical 
property after cyclic adsorption process. Aluminum-dolomite 
composite was comprised of dolomite, bentonite, sawdust, 
and AlCl3 powder. Bentonite was used as plasticizer due to 
its stickiness and ability to be prepared to any shape and 
size. Sawdust was used to increase the porosity of the alu-
minum-dolomite composite after calcination. Maximization 
of Cr(VI) adsorption efficiency and optimization of com-
posite mechanical strength are the factors in evaluating the 
adsorbent for practical applications.

The objective of this study was to prepare and investigate 
the aluminum-dolomite composite as a feasible chromium 
adsorbent. The optimal mixture design (OMD) method 
was used to determine the optimum proportion for Cr(VI) 
adsorption efficiency and mechanical strength. The effects 
of pH, contact time, and temperature were investigated to 
evaluate the performance of Cr(VI) adsorption onto alumi-
num-dolomite composite. Mechanisms involved in Cr(VI) 
adsorption were explored by combining materials character-
ization and adsorption performance in batch experiments.

2. Materials and methods

2.1. Materials

Dolomite and bentonite materials (below 200 mesh) were 
provided by Zhenyongwei Technology Development Co., 
Ltd. (Beijing, China). The powders were dried at 105°C for 
24 h and then used for developing the composite. Sawdust 
(150–200 μm) was collected from wood processing factory in 
Changping District (Beijing, China). Potassium dichromate 
and AlCl3 were purchased from Aladdin Industrial Co., Ltd. 
(Shanghai, China). Other chemical agents used were all ana-
lytical grade and all solutions were prepared with distilled 
water. The solution pH was adjusted with 0.1 M HCl or 
NaOH solutions.

2.2. Methods

2.2.1. Preparation of aluminum-dolomite composite

The aluminum-dolomite composites were made of the 
prepared powders (dolomite, bentonite, sawdust, and AlCl3) 
with different proportions. Dolomite, mainly consisting 
of calcium and magnesium carbonate minerals, was used 
as aggregate of the composite. Bentonite, a common and 
inexpensive nonmetallic mineral, was used as binder of the 
adsorbent. Sawdust was taken as a porosifier to make more 
pores after the composites were calcined in muffle furnace. 
Aluminum chloride was introduced as a modifier for the 
content of Al, which has a good affinity with dichromate.

The prepared powders were mixed homogeneously and 
added with distilled water to make the desired moisture. 

Then, the paste was divided and kneaded into spherical 
granules 1–2 mm in diameter. After preparation, these sam-
ples were dried at 105°C in an oven and maintained for 24 h. 
The dried samples were taken out and placed in a muffle 
furnace. The calcination temperature was set to be 700°C and 
maintained for 1 h. Finally, the prepared composites were 
naturally cooled to room temperature for further adsorption 
experiments.

2.2.2. Mixture design and statistical analysis

The OMD method, provided by Design-Expert statistical 
software (version 8.0.6.1, Stat-Ease, Inc., Minneapolis, MN), 
was used to determine the optimal mixture proportion of alu-
minum-dolomite composites for Cr(VI) removal efficiency 
and mechanical strength. The OMD method can not only 
establish the response surface model of continuous variables, 
determining each component in the mixture and their inter-
actions, but also optimize the proportion of the component 
according to the target [17,18]. In this study, four components 
had their own functions in composite production. They were 
defined as independent variables and designated as X1, X2, 
X3, and X4, respectively. Considering the advantage of low 
cost in using natural materials and less chemical reagent, 
the proportion of each component in the mixture has its 
restriction, 40% ≤ X1 ≤ 60%, 20% ≤ X2 ≤ 40%, 10% ≤ X3 ≤ 20%, 
5% ≤ X4 ≤ 15%, in the form of X1 + X2 + X3 + X4 = 1. A four- 
component OMD consists of 24-1 run sheets, which are 
the four permutations of (+0.5, –1, +1, –1), (+1, –0.5, –1, –1), 
(–0.5, 0, 0, 0), and (–0.5, –0.5, 0, +1) as vertexes and interiors, 
respectively [19].

The OMD with the above constraint on the component 
proportions was ascertained in Table 1. The regression mod-
els of two responses (Y and Z) were obtained through a cubic 
polynomial regression fitting as given by the following equa-
tion [17]:
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i
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where Y is Cr(VI) removal efficiency (%), Z is mechanical 
strength of composites (Hv kgf/mm2), Xi, Xj, and Xk are the 
levels of variables, bi is the coefficient of the linear term, bij 
and bijk are the coefficients of the cross-product terms, and n 
is the number variables. The analysis of variance (ANOVA) 
of Eq. (1) was generated by Design-Expert software (shown 
in Table 2), and the regression coefficients were then used to 
generate contour plots for determining the optimum region 
for each response.

2.2.3. Characterization analysis

The surface morphology of aluminum-dolomite com-
posites were carried out using the scanning electron micro-
scope (SEM) (SHIMADZU SSX-550, Japan). Composites 
were freeze fractured, using liquid N2 to produce a clean 
brittle fracture, and were subsequently sputter-coated with 
Au before SEM observation. The specific surface areas of 
composites were determined by the Brunauer–Emmett–
Teller (BET) method with N2 adsorption (Coulter SA3100, 
USA). Mechanical strength was tested using a Micro Vickers 
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hardness testing machine (AKASHI MVK-E, Japan). Fourier 
transform infrared (FTIR) spectroscopy (Vertex 70V, Bruker, 
Germany) was used to determine the surface functional 
groups change in the adsorbent before and after Cr(VI) 
adsorption. The crystallinity of the aluminum-dolomite 
composites was identified by X-ray powder diffraction 
(XRD) (D/max-2500, Rigaku, Tokyo, Japan) with Cu-Kα 
radiation (λ = 1.54056 Å). Moreover, powdered samples were 
directly analyzed without pretreatment. Chromium(VI) 
concentration in the solution was determined with a 
UV-visible spectrophotometer (HACH DR/6000, USA). A 
digital standard pH meter was used for pH measurements 

(ORION 8157BNUMD, USA). The leached aluminum was 
analyzed by inductively coupled plasma optical emission 
spectrometry (THERMO ICAP6300, USA).

2.2.4. Batch adsorption experiments

Batch adsorption experiments were performed to obtain 
kinetic and equilibrium data. For kinetic study, 100 mL syn-
thetic Cr(VI) solutions with initial concentrations of 10 and 
50 mg/L were loaded into a 250 mL glass-stoppered conical 
flask, respectively. The adsorption process was carried out 
with a dosage of 10 g/L at room temperature (25°C ± 2°C). 

Table 2
ANOVA for Cr(VI) removal efficiency and mechanical strength calculated from the optimal mixture design (OMD)

Response Source DF (Degree of freedom) Sum of squares Mean square F-Value P-Value

Y (%) (removal 
efficiency)

Regression 13 6,153.48 473.34 222.71 <0.0001
Linear 3 4,038.28 1,346.09 633.33 <0.0001
Residual error 6 12.75 2.13
Lack of fit 1 12.75 12.75
Pure error 5 0.00 0.00
Cor total 19 6,166.24

Z (Hv) (kgf/mm2) 
(mechanical strength)

Regression 13 24.34 1.87 14.26 <0.0001
Linear 3 19.52 6.51 18.55 <0.0001
Residual error 16 5.61 0.35
Lack of fit 11 5.61 0.51
Pure error 5 0.00 0.00
Cor total 19 25.13

Table 1
Experimental variables and responses used in the optimal mixture design (OMD)

Run Actual values Coded values Response

X1 (g)  
(dolomite)

X2 (g)  
(bentonite)

X3 (g)  
(sawdust)

X4 (g) 
(AlCl3)

X1 (g)  
(dolomite)

X2 (g)  
(bentonite)

X3 (g)  
(sawdust)

X4 (g) 
(AlCl3)

Y (%)  
(removal 
efficiency) 

Z (Hv)  
(kgf/mm2) 
(mechanical 
strength) 

1 4.5 2.0 2.0 1.5 –0.5 –1 0 +1 20.5 7.4
2 4.5 4.0 1.0 0.5 –0.5 +1 –1 –1 84.5 12.0
3 4.0 3.5 1.0 1.5 –1 +0.5 –1 +1 51.2 11.0
4 5.5 2.0 1.5 1.0 +0.5 –1 0 0 88.1 10.2
5 5.5 2.0 2.0 0.5 +0.5 –1 +1 –1 91.2 8.5
6 4.0 3.0 2.0 1.0 –1 0 +1 0 73.5 9.8
7 4.5 3.0 1.5 1.0 –0.5 0 0 0 65.4 10.0
8 4.5 2.5 1.5 1.5 –0.5 –0.5 0 +1 78.0 10.1
9 5.5 2.0 1.0 1.5 +0.5 –1 –1 +1 74.5 9.7
10 5.0 3.0 1.0 1.0 0 0 –1 0 85.1 10.5
11 6.0 2.5 1.0 0.5 +1 –0.5 –1 –1 86.5 10.2
12 5.5 2.5 1.5 0.5 +0.5 –0.5 0 –1 90.2 10.8
13 4.5 2.5 2.0 1.0 –0.5 –0.5 1 0 87.8 9.6
14 5.0 3.0 1.5 0.5 0 0 0 –1 94.0 10.5
15 5.0 3.5 1.0 0.5 0 +0.5 –1 –1 88.4 12.5
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Samples were taken at a constant interval and filtered 
through a 0.45 μm nylon membrane filter to measure the 
Cr(VI) concentration. The adsorption equilibrium isotherm 
parameters of the process were obtained via the addition of 
10 g/L of the composites into 100 mL of various initial Cr(VI) 
concentrations (10, 30, 50, 75, 100, and 150 mg/L) at different 
(10°C, 20°C, 30°C, and 40°C) temperatures.

The experiments of pH effect on Cr(VI) adsorption were 
tested by using 100 mL Cr(VI) solutions at room tempera-
ture. The initial solution pH values ranged from 2 to 11 by 
using 0.1 M NaOH or HCl solution to achieve the desired 
value. In order to identify the effects of co-existing anions 
on Cr(VI) adsorption, the adsorptions were carried out 
using Cr(VI) solutions of 10 mg/L containing 10, 20, 50, 100, 
and 200 mg/L of anions, including Cl–, NO3

–, CH3COO–, SO4
2, 

and S2–.
Each test was conducted in duplicate and averaged 

results were reported. The amount of Cr(VI) adsorbed was 
calculated using the following equation:

q
C C V
mt

e=
−( )0  (2)

where C0 and Ce are the initial and equilibrium Cr(VI) 
concentrations (mg/L), respectively, V is the volume of the 
aqueous solution (L), and m is the adsorbent mass (g).

3. Results and discussion

3.1. Analysis of the OMD model

The data in Table 1 were used to fit the polynomial 
model representing the responses (Y and Z) as a function of 
dolomite, bentonite, sawdust, and AlCl3. The following two 
equations express the overall predictive models in terms of 
the coded variables:
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with adj R2 = 0.997.
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with adj R2 = 0.998. The adequacy of the regression model 
for explaining the experiment at a 95% confidence level 
was tested by ANOVA results. The ANOVA includes some 
statistic factors such as lack of fit, R2, and adjusted R2. The 
ANOVA results (Table 2) indicated that the model was 
highly significant, as P-value for the model was <0.0001. 
The value of adjusted R2, a measurement for fitness of the 
regressed Eq. (3), was 0.997, and that of Eq. (4) was 0.998. 
These results indicated that the models obtained were able 
to give a good estimate of response of the system in the stud-
ied range. The calculated F-values were 222.71 and 14.26, 

demonstrating that most of the variables in the response 
can be explained by the regression equations [20]. In Eq. (3), 
three of the variables (X1, X3, and X4) had positive effects on 
Cr(VI) removal, but the value of X4 > X3 > X1 demonstrated 
that the linear term influence of X4 was more significant than 
that of X1 and X3, indicating that the amount of AlCl3 was the 
main factor influencing Cr(VI) removal. Fig. 1 shows a com-
parison between predicted and actual values of the Cr(VI) 
removal efficiency and mechanical strength by using the 
resulted polynomial Eqs. (3) and (4). This plot confirms that 
the actual values are in good agreement with the predicted 
values.

3.1.1. Mixture contour plots and responses

The mixture contour plots of the two responses are shown 
in Fig. 2 to present more detailed interactions related to the 
regression models on Cr(VI) removal efficiency and mechani-
cal strength. The plots gave three variations of interactions on 
the responses (AlCl3 = 0.500, 1.000, and 1.500, respectively), 
and the darker red areas represent the higher Cr(VI) removal 
efficiency and mechanical strength. Chromium(VI) removal 
increased with increasing dolomite and decreasing AlCl3 
proportions, while bentonite and sawdust amount did not 
significantly influence the Cr(VI) adsorption. Nevertheless, 
increasing the ratios of bentonite and decreasing the ratios of 
sawdust would improve the mechanical strength. The lowest 
mechanical strength was found in the highest mass ratio of 
sawdust (20%) and AlCl3 (15%), as well as the lowest ratio of 
bentonite (20%).

Fig. 1. Plot of predicted results of Cr(VI) removal efficiency and 
mechanical strength versus actual (experimental) values.
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3.1.2. Optimization of mixing proportion for responses

Considering the significant differences in the optimum 
proportions for Cr(VI) removal and mechanical strength, 
a response optimizer was used to determine the optimum 
proportions to meet the expectations of both responses. The 
optimizer started from a constant composition and termi-
nated when the target response values were obtained. The 
optimization contour and 3D surface plots (Fig. 3) depict that 
the optimum proportion of each component in a 10 g mix-
ture was 4.90 g of dolomite, 3.12 g of bentonite, 1.48 g of saw-
dust, and 0.50 g of AlCl3. The predicted responses for Cr(VI) 
removal efficiency and mechanical strength were 95.09% 
and 10.7 Hv with a high composite desirability of 1.000.

An experiment with the optimized composite was con-
ducted to gain the validity of OMD model. The results 
identified that the actual data (94.2% and 10.3 Hv) were in 
a good agreement with the predicted values. Further batch 
experiments were carried out by using the aluminum- 
dolomite composite with the optimum proportions.

3.2. Characterization of aluminum-dolomite composite

In order to obtain more insight into the Cr(VI) removal 
process, SEM and BET analytical technologies were employed.

The prepared aluminum-dolomite composite is gray-
ish-white colored, spherical particulate and 1–2 mm in 

Fig. 2. Triangular-dimensional contour plots and responses for the effect of dolomite (X1), bentonite (X2), sawdust (X3), and AlCl3 (X4) 
on Cr(VI) removal efficiency and mechanical strength.

Fig. 3. Optimization mixing proportion and composite desirability for responses of Cr(VI) removal efficiency and mechanical strength 
based on the OMD.



173Y. Peng et al. / Desalination and Water Treatment 123 (2018) 168–178

diameter (Fig. 4(a)). SEM images of pristine and saturated 
aluminum-dolomite composites at the same magnifica-
tion (1,000×) are shown in Figs. 4(b) and (c). The pristine 
composite (Fig. 4(a)) exhibited irregular large amounts of 
porous structures (10–20 μm in diameter), which indicates 
the composite may have a high adsorption capacity. These 
micron grade pore structures can be explained by the sinter-
ing of inorganic and organic substances in natural mineral 
materials and sawdust during the calcination process [21]. 
Conversely, the adsorbed composite (Fig. 4(c)) appeared to 
be slice state and scalelike, which would be attributed to the 
formation of new chromium crystalline complexes on the 
surface of adsorbent.

The BET surface area of aluminum-dolomite composite 
was found to be 37.83 m2/g. The corresponding pore volume 
and average pore diameter were 0.0610 cm3/g and 15.20 nm, 
respectively. The typical nitrogen adsorption–desorption 
isotherm for the aluminum-dolomite composite is shown 
in Fig. 4(d). The composites displayed a type IV isotherm 
model according to International Union of Pure and Applied 
Chemistry (IUPAC) classification [22]. A small H2-type hys-
teresis loop was observed in the range of 0.3–0.9, indicating the 
presence of ink-bottle pores with narrow necks. Meanwhile, 
at high relative pressure between 0.9 and 1.0, the shape of 
hysteresis loops resembles type H3, which is associated with 
slit-like pores [23]. In addition, the observed hysteresis loop 
shifted to a higher relative pressure (P/P0 > 0.9) was due to 
increase in the nitrogen adsorption in macropores [22].

XRD data obtained from the aluminum-dolomite com-
posite were analyzed by the software of Search Match and 
the patterns are shown in Fig. 5. As can be seen from Fig. 5, 
the composition of the aluminum-dolomite composite is 
Mg0.06Ca0.94CO3, (Al(OH)2)0.33Al2(Si3.67Al0.03O10)(OH)2, and AlCl3.

The FTIR spectra were obtained to get the information 
on the structural changes of the aluminum-dolomite compos-
ite before and after Cr(VI) adsorption (Fig. 6). The band at 
876 cm–1 was the characteristic dolomite band [24]. The bands 
around 1,437 and 3,435 cm–1 were related to the presence of 
hydroxyl groups (OH) and HCO3

– group, respectively [25]. 
The band at 2,974 cm–1 was assigned to carbonates [26]. There 
were two new bands around 2,520 and 3,702 cm–1 after Cr(VI) 
adsorption. The band at 2,520 cm–1 was due to the presence 
of carbonates [26]. The band at 3,702 cm–1 was assigned to 
–OH [27]. Thus, those demonstrated that Cr(VI) could be 
immobilized well onto the aluminum-dolomite composite 
due to the chemical reaction.

3.3. Batch adsorption experiments

3.3.1. Kinetic study

Kinetic study was carried out under the described condi-
tions in Section 2.2.4 for 6 h per sample until the equilibrium 
was achieved. Chromium(VI) uptake at any time qt (mg/g) 
was calculated using Eq. (2). Pseudo-first-order and pseudo- 
second-order kinetics were applied to study the kinetics of 

Fig. 4. Photo of the aluminum-dolomite composite (a), SEM images (1,000×) of pristine composite (b) and adsorbed composite (c),  
nitrogen adsorption–desorption isotherm of composite (d).
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Cr(VI) adsorption process by using the nonlinear model as 
following equations (Fig. 7(a)) [28,29]:

q q k tt e= − −( )[ exp ]1 1  (5)

q
q K t
q K tt
e

e

=
+

2
2

21
 (6)

where qe and qt (mg/g) are the amount of adsorbate adsorbed 
at equilibrium and at any time t (h), respectively, k1 is the 
pseudo-first-order kinetic rate constant (h–1), and k2 is the 
pseudo-second-order kinetic rate constant (g/mg h).

The model constants and the correlation coefficients (R2) 
are presented in Table 3. The pseudo-first-order rate equa-
tion was found to better explain the data compared with the 
pseudo-second-order equation, suggesting that the Cr(VI) 
adsorption process onto aluminum-dolomite composite 
was more inclined to physical adsorption [30]. The equilib-
rium adsorption capacity calculated from pseudo-first-order 
model was 0.997 mg/g (initial concentration of 10 mg/L), 
which was closer to the experimental value (0.923 mg/g). 
Besides, the adsorption rate constant k1 value was found to 
be 0.044 and 0.037 g/h at the initial concentration of 10 and 
50 mg/L, respectively.

3.3.2. Adsorption isotherms

The adsorption equilibrium isotherm models would 
help to reveal the Cr(VI) adsorption mechanism, the surface 
properties, and affinity of the adsorbent. In this study, the 
Langmuir and Freundlich isotherm models were established 
to describe the dynamic balance on solid and liquid interface.

The Langmuir model is based on the hypothesis that 
uptake occurs on a homogenous surface by monolayer 
adsorption without interaction between adsorbed molecules. 
The nonlinear Langmuir equation is expressed as follows [31]:

q
K q C
K Ct

L e

L e

=
+

max

1
 (7)

where qe and qmax represents the equilibrium and maximum 
adsorption capacity (mg/g), Ce is the equilibrium Cr(VI) con-
centration in the solution (mg/L), and KL is the adsorption 
intensity related to the adsorption energy (L/mg).

The Freundlich isotherm model is based on the assump-
tion that the adsorbent surface energy is heterogeneous and 
adsorption is multilayered. The nonlinear Freundlich equa-
tion is expressed as follows [25]:

q K Ce F e
n= 1/  (8)

where KF ((mg/g)(L/mg)1/n) provides an indication of the 
adsorption capacity (mg/g) and n is related to the intensity 
of adsorption.

The values of KL, qmax, KF, n, and correction coefficients 
(R2) were shown in Table 3, while the plot of Freundlich iso-
therm model of Cr(VI) removal on the composite at different 
temperatures was displayed in Fig. 7(b). It can be seen from 
the data that the Freundlich isotherm yields a better fit to the 
experimental data by evaluating the correlation coefficient 
values than the Langmuir isotherm. The fact indicates that 
Cr(VI) adsorption process is multilayered and nonhomoge-
neous. The Freundlich parameter, n, was estimated as 2.290, 
2.702, 2.279, and 2.375 (<10.000), which confirms that Cr(VI) 
adsorption by aluminum-dolomite composite was favor-
able. The qmax was 4.586 mg/g at 20°C and 7.695 mg/g at 30°C, 
respectively.

3.3.3. Adsorption thermodynamics

The thermodynamic parameters are related to the adsorp-
tion action. Generally, the standard of Gibbs free energy ΔG, 
entropy and enthalpy change ∆S and ∆H can be expressed by 
the following equations [32]:

K
C C V
mCd

e

e

=
−( )×0  (9)

lnK G
RTd =
−∆  (10)

∆ = ∆ − ∆G H T S  (11)

where Kd is the distribution coefficient, m is the dosage of 
adsorbent (g), R is the gas constant, and T is the Kelvin tem-
perature. The calculated values of ΔH, ΔS, and ΔG for the 

Fig. 5. XRD patterns of the aluminum-dolomite composite.

Fig. 6. FTIR spectra of the aluminum-dolomite composite (a), 
Cr(VI)-laden aluminum-dolomite composite (10 mg/L) (b), and 
Cr(VI)-laden aluminum-dolomite composite (50 mg/L) (c).
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adsorption of Cr(VI) onto the composite material are listed in 
Table 4. The obtained positive ΔH values indicated endother-
mic nature of Cr(VI) adsorption. The positive values of ΔS 
reflected increased randomness at the solid/solution interface 
in the course of removal. Negative values of ΔG confirmed 
that Cr(VI) adsorption onto the composite was spontaneous.

3.3.4. Effect of pH

The effect of pH on Cr(VI) removal from aqueous solu-
tion is presented in Fig. 7(c). The optimal value for Cr(VI) 
uptakes appeared at pH 6, with a removal efficiency of 92%. 

The removal ability fluctuated slightly in the pH range of 
3–11, indicating that the composite could adapt to a wide 
range of pH for Cr(VI) adsorption and was suitable for prac-
tical application in industrial conditions. The decrease of 
adsorption efficiency at pH < 3 was mainly due to the adsor-
bent loss caused by the solubilization and degradation [17]. 
The speciation of Cr(VI) in aqueous solution as a function 
of pH was obtained from Visual MINTEQ results (Fig. 8). 
It could be found that HCrO4

– was the main ionic form at 
pH 2.00–6.50, while CrO4

2– was predominant in the range of 
pH > 6.50. The final pH changed from 10.05 to 12.00, with the 
initial pH increased from 2.00 to 11.00. Therefore, HCrO4

– and 

Table 3
The constant parameters of kinetic and isotherm models for Cr(VI) adsorption onto the aluminum-dolomite composite

Concentration (mg/L) Pseudo-first-order kinetic Pseudo-second-order kinetic

k1 (g/h) qe (mg/g) R2 k2 (g/mg h) qe (mg/g) R2

10 0.044 0.997 0.946 0.029 1.328 0.917
50 0.037 4.293 0.956 0.005 5.946 0.937

Temperature (°C) Langmuir isotherm Freundlich isotherm

qmax (mg/g) KL (L/mg) R2 n KF (mg/g)(L/mg)1/n R2

10 3.730 0.034 0.979 2.290 0.395 0.979
20 4.586 0.061 0.943 2.702 0.760 0.925
30 7.695 0.038 0.923 2.279 0.872 0.981
40 8.465 0.439 0.936 2.375 1.082 0.989

Fig. 7. Plot of pseudo-first-order model of the removal of Cr(VI) by the aluminum-dolomite composite (a), plot of Freundlich isotherm 
model of Cr(VI) removal on the composite (b), effect of pH (2.0–11.0) on the removal of Cr(VI) by the composite (c), and effects of 
co-existing anions and mixed ions on Cr(VI) adsorption (d).
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CrO4
2– were the main ions with the initial pH ranged from 2.00 

to 6.50, and CrO4
2– was the main ion in the initial pH > 6.50. As 

shown in Fig. 7(c), the point of zero charge was determined 
as 11.5 according to the method reported by Chen et al. [21]. 
Therefore, the surface characteristic of the composite is pos-
itive at pHf < 11.5, neutral at 11.5, and negative at pHf > 11.5. 
In addition, the positively charged surface sites formed on 
the composite can favor the adsorption of HCrO4

– as a result 
of electrostatic attraction with decreased pH. Conversely, the 
increased concentration of OH– would compete with CrO4

2– at 
pH above 11.5.

3.3.5. Effect of co-existing anions

The effect of co-existing anions was presented in Fig. 7(d), 
the presence of chloride, nitrate, and acetate ions did not sig-
nificantly affect Cr(VI) removal even at a high concentration 
of 200 mg/L. Sulfur ion can obviously promote the Cr(VI) 
removal efficiency to be 98.5%, when the concentration is 
200 mg/L. The surface of adsorbent turned to be green (tri-
valent chromium), which indicated that the reduction reac-
tion occurred between sulfur and hexavalent chromium ions. 
However, sulfate ion exhibited great adverse effect, and the 
removal efficiency dramatically decreased from 92% to 70.5% 
with an increase of sulfate concentration from 0 to 200 mg/L. 
This phenomenon suggested that some adsorption sites on 
the surface of composite could be occupied by both Cr(VI) 
and sulfate. In addition, sulfate has two negative charges, 
indicating that it would have a strong electrostatic attraction 
with the surface of composite. Zhao et al. [9] reported that 
sulfate inhibited Cr(VI) removal due to competition between 
chromium and sulfate species. There are a large number of 
co-existing ions in industrial wastewater. Therefore, we simu-
lated the industrial wastewater, including Cl–, NO3

–, CH3COO–, 
SO4

2, and NH4
+ (S2– was not included), to do the experiments in 

the laboratory scale. As shown in Fig. 7(d), the Cr(VI) removal 
efficiency decreased from 92% to 80% with the increased 
concentration of mixed ions from 10 to 200 mg/L. The above 
results indicated that the aluminum-dolomite composite pre-
pared in this study can be potentially applied to the Cr(VI) 
pollution in industrial wastewater in a certain range.

3.3.6. Comparison of Cr(VI) adsorption capacities of various 
mineral adsorbents

The adsorption capacity of the synthesized composite 
in this study was compared with other mineral adsorbents 
reported in literatures as shown in w 5. It was difficult to 
make a direct comparison with other adsorbents reported 
in the literature because of the different operating condi-
tions such as pH, temperature, and initial concentration. 
But a major point worth noting was that the capacity of 
aluminum-dolomite composite for Cr(VI) removal was con-
siderably higher as compared with other reported mineral 
adsorbents, thus demonstrating the application possibility of 
this synthesized composite.

Table 4
Thermodynamic parameters for Cr(VI) removal onto the 
composite at the initial concentration varying from 10, 30, and 
50 mg/L, dosage of 10 g/L

Concentration 
(mg/L)

∆H  
(kJ/mol)

∆S 
(J/mol K)

∆G (kJ/mol)

293 K 303 K 313 K

10 65.81 0.23 –2.61 –6.15 –7.16
30 32.97 0.12 –1.19 –2.24 –3.61
50 27.18 0.09 –0.38 –1.29 –1.67

Fig. 8. Cr(VI) speciation simulated using Visual MINTEQ 
(Version 3.0) (Cr(VI) concentration = 10.0 mg/L, the tempera-
ture = 25°C ± 2°C).

Table 5
Summary of Cr(VI) adsorption capacities of various mineral adsorbents

Adsorbent Temperature (°C) qmax (mg/g) References

Raw dolomite 20 10.01 [25]
30 8.39

Bentonite clay 50 5.90 [33]
Dolomite–montmorillonite–corn stover composite 20 1.15 [4]
Calcined bauxite 30 2.00 [34]
Fe(III)-coated natural zeolite 23 0.082 [35]
Surfactant-modified montmorillonite clay 25 0.041 [36]
Aluminum-dolomite composite 20 4.586 This work

30 7.695
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4. Conclusions

The predicted values of Cr(VI) removal efficiency and 
mechanical strength obtained using the OMD method were 
in good agreement with the experimental data, demonstrat-
ing that it is a favorable method for determining the opti-
mum mixture proportion. The ANOVA result indicated that 
the proportion of AlCl3 is positively related to Cr(VI) removal 
efficiency and sawdust has negative effect on mechanical 
strength.

The prepared aluminum-dolomite composite is an effec-
tive, solid-phase adsorbent for Cr(VI) removal under prac-
tical conditions (room temperature, wide pH range, and 
anticlogging characteristic), and almost no toxic sludge or 
leached metal ions can be observed. The Cr(VI) adsorption 
capacity on composite, estimated by the Langmuir equation, 
was 4.69 mg/g. The presence of chloride, nitrate, and acetate 
had slight effect on Cr(VI) removal, while sulfate can signifi-
cantly decrease Cr(VI) adsorption. The pseudo-first-order 
kinetic model and the Freundlich isotherm equation were 
suitable for Cr(VI) adsorption onto aluminum-dolomite 
composite. The excellent Cr(VI) removal performance in 
the mixed ions solution of the aluminum-dolomite com-
posite suggested it would be used in practical wastewater 
treatment.
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