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Characteristics of Cadmium 
Sorption by Heat-Activated Red 
Mud in Aqueous Solution
Tianxue Yang1,2, Lianxi Sheng1, Yongfeng Wang2, Kristen N. Wyckoff  2, Chunguang He1 & 

Qiang He2,3

Red mud as a waste material is produced in large quantities by the aluminum industry. Heat activation 
has been used to enhance sorption capacity of red mud for its beneficial reuse as an effective sorbent. 
In this study, heat-activated red mud (HARM) was investigated for its Cd(II) sorption capacity 
under various process conditions (Cd concentration, pH and contact time) using response surface 
methodology (RSM). Analysis with RSM identified pH as the most important process parameter. The 
positive correlation between higher pH and greater Cd(II) sorption was likely due to: (i) decreased 
proton competition with Cd(II) for sorption sites at higher pH; (ii) enhanced sorption via ion exchange by 
monovalent Cd species from hydrolysis at higher pH; and (iii) improved thermodynamics of sorption at 
higher pH as protons are being released as products. Further analysis indicated the sorption process was 
thermodynamically favorable with a negative change in Gibbs free energy. Additionally, the sorption 
process exhibited a positive change in enthalpy, indicative of endothermic nature of sorption; this is 
consistent with sorption increase at higher temperature. These findings provide needed insight into the 
mechanisms underlying Cd(II) sorption by HARM for more effective applications of heat-activated red 
mud as sorbents for Cd(II) removal.

Red mud is an abundant solid waste generated during the caustic digestion of bauxite ores with sodium hydroxide 
at increasing temperature and pressure for the production of alumina1. Red mud has shown characteristics as a 
promising sorbent due to its high surface reactivity2 and heterogeneous mineral composition1,3,4. Many studies 
have con�rmed the sorption capacity of red mud for some anions such as phosphate5,6, �uoride7, and boron8. 
More importantly, red mud has been shown to be potentially e�ective in the sorptive removal of many cationic 
contaminants, particularly for certain toxic heavy metals9–11.

Cadmium (Cd) has been exerting a great pressure on the environment due to its increasingly higher input �ux 
from anthropogenic sources like battery, alloy, and metal plating industries12,13. Moreover, Cd(II) is highly toxic 
to human. Intake of Cd(II) through drinking water damages the vital body organs like lungs14 and kidneys, which 
are two of the primary sites of injury a�er chronic Cd(II) exposure15. Cd(II) intake may further increase the 
risk of death from cancer, cardiovascular disease, and Alzheimer’s disease15; therefore it is necessary to develop 
e�ective remediation methods for Cd(II) contamination12. Sorption has proven to be an e�ective and economical 
method for the removal of Cd(II) in the aqueous environment12,16; thus using mineral wastes, red mud, as sorb-
ents to remediate toxic Cd(II) should be a promising strategy.

Given the potential of red mud in the sorptive removal of heavy metals, e�orts have been made to improv-
ing the sorption capacity of red mud. Heat activation has been proven to be an e�ective strategy to enhance the 
sorption capacity1,17. �e e�ectiveness of heat activation in enhancing sorption performance has been conducted 
on a number of other heavy metals such as nickel18 and manganese19. Based on these studies, process parameters 
including pH, contact time, and adsorbate concentration have been shown to have a major in�uence on the sorp-
tion of heavy metals by heat-activated red mud. Due to the considerable di�erences in the investigated sorbates, 
as well as in the characteristics of starting red mud samples, the e�ects of process parameters on sorption were dif-
ferent; so it is necessary to study the Cd(II) sorption by heat-activated red mud which has seldom been reported.
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�e objectives of this work are to characterize Cd(II) sorption by heat-activated red mud using a mathemat-
ical model developed by response surface methodology (RSM) and to predict sorption behavior under various 
process conditions.

Materials and Methods
Preparation and characterization of heat-activated red mud. �e original red mud samples were 
taken from the red mud disposal site of an alumina re�nery in China. Samples were air-dried before passing 
through a 140-mesh sieve. �en 10 g portions were heated in an electrical furnace (�ermolyne, U.S.) at 200 °C, 
400 °C, 500 °C, 800 °C and 900 °C for 3 hours, respectively. Since the result of Cd(II) sorption tests showed that the 
most e�ective red mud sample was the one obtained by heating at 500 °C (detailed results were provided in Results 
and Discussion section), denoted as HARM, samples heated to this temperature were selected for next analyses.

The mineralogical composition of HARM was studied by X-ray diffraction (XRD) analysis using a D2 
PHASER Di�ractometer with CuKα radiation, and a step/time scan mode of 0.75°/1 min. �e crystalline phase 
was identi�ed by comparing the XRD patterns with standards available in the powder di�raction �le (PDF2) 
database. XPS data were acquired with a Phoibos 150 with Al Ka radiation (SPECS, U.S.). �e binding energy 
correction due to the charging e�ects has been based on the main contribution of the carbon C1s line, assuming 
it corresponds to adventitious carbon at 284.8 eV. Scanning electron microscopy (SEM) was performed using a 
Zeiss LEO 1525 SEM. Particle size analysis of the components of HARM was obtained using the laser di�rac-
tion method with a Malvern Mastersizer S instrument, long bench with 300RF lens. �e speci�c surface area of 
HARM was determined by Brunauer–Emmett–Teller (BET)/N2 adsorption method using an automatic speci�c 
surface area measurement (Belsorp-max, MicrotracBEL, Japan). To determine the pH of HARM, 1 g of air-dried 
HARM was mixed with 5 mL of deionized water for 5 minutes and le� to stand for 30 minutes. �e supernatant 
was used to measure pH with a combination pH electrode (Oakton pH 700, U.S.). �e batch equilibrium method 
was used for the determination of the point of zero charge (pHPZC) of HARM20. 0.1 g of dried HARM was shaken 
at 250 rpm in a glass vial for 24 h with 20 mL of 0.1 mol∙L−1 NaCl solution of a known initial pH. Initial pH val-
ues of solution were adjusted in a wide pH range (from 1 to 11) by adding either 0.1 mol∙L−1 HCl or 0.1 mol∙L−1 
NaOH. �e pHPZC values were determined using the plateau of a graph of the �nal pH against the initial pH.

Sorption experiments. Sorption was tested in batch conditions by shaking suspensions of 0.01 g of red mud 
and 20 mL of CdCl2 solution in closed glass bottles on a horizontal laboratory shaker (New Brunswick Scienti�c 
Co., Inc, U.S.) at a constant speed of 250 rpm. Each process parametric sorption experiment was tested in tripli-
cate. A�er each set of sorption experiments, the liquid phase was separated from the solid residue by centrifuga-
tion (SORVALL RC 6, �ermo Scienti�c, U.S.) for 15 min at 14000 rpm, and the remaining Cd(II) concentrations 
(Ce) were determined by ICP-OES (iCAP 7000, �ermoFisher Scienti�c, U.S.). Sorption e�ciency was evaluated 
by calculating the amount of metal sorbed (qe, mg∙g−1) (Equation 1).
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where V (L) is solution volume, m (g) is red mud sample mass, C0 (mg∙L−1) is initial Cd(II) concentration, and Ce 
(mg∙L−1) is equilibrium Cd(II) concentration in the solution.

E�ect of heat treatment. �e maximum Cd(II) sorption capacities of original red mud and red mud heat-treated 
at di�erent temperatures (200–900 °C) were evaluated through batch sorption experiments. �e sorbent dosage, 
initial pH, temperature, initial Cd(II) solution concentration, and contact time were 0.5 g∙L−1, 6, 20 °C, 200 mg∙L−1 
and 24 hours, respectively.

E�ect of pH. �e e�ect of initial pH was examined using HARM at 20 °C and a contact time of 24 h. �e initial 
Cd(II) concentration was 10 mg∙L−1, and initial pH of the suspension was adjusted between 2–8 at the beginning 
of the experiment by adding a negligible volume of 1 mol∙L−1 or 0.1 mol∙L−1 HCl. A�er sorption, the solid phase 
was separated from the solution by centrifugation, and �nal pH value was measured in the supernatant.

E�ect of Cd(II) concentration and reaction temperature. �e impacts from the Cd(II) concentration and the 
reaction temperature were evaluated at an initial pH 6, and contact time of 24 h. Batch sorption experiments 
were conducted at 20 °C, 30 °C and 40 °C with varying initial Cd(II) concentrations ranging from 1 mg∙L−1 to 
227 mg∙L−1. �e �nal pH was measured as the last section.

Response surface methodology modeling. Response surface methodology (RSM) is a mathematical 
model used to predict sorption behavior and to evaluate the relative importance and interaction of each parame-
ter21. In this study, the 3-factor 3-level Box-Behnken experimental design (BBD) was applied in the RSM model. 
�e BBD design was capable of streamlining experimental setup22. Table 1 shows the results of sorption experi-
ments which were conducted on the base of BBD. �e analysis of variables was evaluated by Design-Expert V10.0 
(Stat-Ease Inc., U.S.). �e quadratic equation model was used in RSM modeling (Equation 2).
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where Y is the process response, k is the number of the patterns, i and j are the index numbers for pattern, β0 is 
the o�set term, βi is the linear e�ect of the input factor xi, βii is the quadratic e�ect of input factor xi, and βij is the 
interaction e�ect23.



www.nature.com/scientificreports/

3SCIENTIFIC REPORTS |  (2018) 8:13558  | DOI:10.1038/s41598-018-31967-5

Results and Discussion
Effect of heat treatment on red mud Cd(II) sorption capacity. �e maximum sorption capacities 
of all red mud samples in this study were evaluated through batch sorption experiments. �e sorbent dosage, 
initial pH and temperature were 0.5 g∙L−1, 6 and 20 °C, respectively. In order to reach maximum sorption, the 
initial Cd(II) solution concentration and contact time were �xed at the high level (200 mg∙L−1 and 24 hours, 
respectively). According to Fig. 1, compared with other red mud samples in this work, red mud heat-activated 
at 500 °C (HARM) exhibited the highest sorption capacity. From Table 2, compared with other industrial wastes 
tested under room temperature (20–25 °C) in previous literature, HARM showed higher Cd(II) sorption capacity, 
although the sorption capacity of HARM was lower than the Cd(II) sorption capacities of some synthetic materi-
als or/and the modi�ed typical sorbents such as activated carbon and metal oxides24. So, HARM was selected for 
further investigations in this study.

Characteristics of heat-activated red mud. �e mineralogical composition of HARM was investigated 
using XRD analysis (Fig. 2). �e main crystalline phases were determined to be hematite (Fe2O3) and sodalite 
(Na8Si6Al6O24Cl2), which was consistent with �ndings from previous studies on the XRD patterns of heat-treated 
red mud samples18,25. Additional peaks detected in the XRD di�ractogram also indicated the presence of anatase 
(TiO2) and quartz (SiO2) phases in the HARM. As shown in XPS spectrum of HARM (Fig. 3), Fe, Al, O, Na, C, 
Ti and Si were detected on the surface of RM500, which was consistent with XRD analyzed above (Fig. 2). �e 
morphologies of HARM particles were investigated by scanning electron microscopy (SEM) shown in the Fig. 4. 
HARM contained various particles with di�erent size and shape (Fig. 4). Particle size analysis of HARM showed 
that over 90% of particles had a diameter smaller than 50 µm (Table 3). Based on soil texture classi�cation26, this 
HARM could be classi�ed as a silty clay. Table 3 shows the speci�c surface area of 32.77 m2∙g−1, and mean pore 
diameter and total pore volume were 5.37 nm and 44 mm3∙g−1, respectively. �e HARM samples tested in this 
study exhibited high alkalinity with a pH of approximately 10.9. �e pHPZC value for HARM was approximately 
10.6 which was determined from the plateau region of the initial pH vs. �nal pH plot (Supplementary Fig. S1).

Modeling by heat-activated red mud with response surface methodology (RSM). Model devel-
opment with RSM and statistical evaluation. �e sorption of Cd(II) was expected to be impacted by the Cd(II) 
concentration, pH, and contact time for the sorption process. It is expected that Cd(II) concentration and pH will 
deviate with sorption process. For modeling, initial Cd(II) concentration and initial pH were used. �erefore, 
initial Cd(II) concentration and initial pH would be referred to as Cd(II) concentration and pH, respectively. A 
regression model was developed to investigate the e�ect of these three parameters on the Cd(II) sorption behavior 

Figure 1. �e maximum Cd(II) sorption capacities of original red mud (RM), red mud heat-activated at 500 °C 
(HARM) and red mud heat-treated at 200, 400, 800, 900 °C (RM200–RM900). �e means are not signi�cantly 
di�erent from each other in columns labeled with the same lowercase letters (ANOVA, LSD test, p < 0.05).

Level

Initial Cd(II) 
concentration 
(mg∙L−1) Initial pH Time (h)

Low level (−1) 1 2 1

Center level (0) 102 4 12.5

High level (1) 203 6 24

Table 1. Box-Behnken experimental design for RSM model.
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to heat-activated red mud using the response surface methodology (RSM). A Box-Behnken experimental design 
(BBD) was used to develop the experimental matrix of 15 sorption experiments with Cd(II) concentration, pH, 
and contact time as the independent variables (Table 4). Application of RSM yielded the following equation to 
describe sorption of Cd(II) to heat-activated red mud (Equation 3):

Figure 2. XRD pattern of heat-activated red mud (A-anatase, H-hematite, Q-quartz, S-sodalite).

Figure 3. XPS spectrum of heat-activated red mud.

Sorbent qmax Sorbent qmax

Coal �y ash41 0.089 β-cyclodextrin polymers42 136.43

Lignin43 25.40 Multi-functional cotton �ber44 182.27

Kra� lignin45 8.21 Magnetic iron oxide nanoparticles loaded 
sawdust carbon46 51

NaOH-treated �y ash47 30.21 EDTA modi�ed Fe3O4/sawdust carbon 
nanocomposites46 63.3

Iron oxide activated red mud14 0.116 Alumina nanoparticles48 1.86

TiO2/�y ash49 35.80 Glycerol-modi�ed alumina48 0.67

Acidi�ed red mud50 12.07 Synthetic mineral51 47

Balling milling nano-particle red mud9 23.61 Amino-functionalized activated carbon52 79.2

Acidi�ed red mud9 21.36 �iol-functionalized activated carbon52 130.05

Original red mud9 17.99 Magnesium silicate-hydrothermal carbon53 108

Heat-activated red mud (�is work) 42.74

Table 2. A comparison of maximum sorption capacities (qmax) (mg∙g−1) for Cd(II) ions by various sorbents 
under room temperature (20–25 °C).
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where Y is the predicted amount of Cd(II) sorbed (mg∙g−1); X1, X2, and X3 represent the three independent vari-
ables — Cd concentration (mg∙L−1), pH, and contact time (h), respectively.

Figure 4. SEM image of heat-activated red mud.

Diameter Volume (%)
Speci�c surface 
area (m2∙g−1)

Mean pore 
diameter (nm)

Total pore volume 
(mm3∙g−1)

<2 µm 2 µm–50 µm >50 µm
32.77 5.37 44

51.29 44.78 3.92

Table 3. Particle size analysis, speci�c surface area (BET), mean pore diameter, and total pore volume of heat-
activated red mud.

Run

Cd concentration (mg∙L−1) pH Time (h) qe (mg∙g−1)

Coded Uncoded Coded Uncoded Coded Uncoded Measured

1 −1 1 −1 2 0 12.5 0.33 ± 0.00

2 −1 1 1 6 0 12.5 2.15 ± 0.00

3 1 203 −1 2 0 12.5 3.49 ± 0.80

4 1 203 1 6 0 12.5 31.55 ± 1.02

5 −1 1 0 4 −1 1 0.31 ± 0.01

6 −1 1 0 4 1 24 0.34 ± 0.01

7 1 203 0 4 −1 1 4.39 ± 0.10

8 1 203 0 4 1 24 23.93 ± 0.45

9 0 102 −1 2 −1 1 5.72 ± 0.58

10 0 102 −1 2 1 24 7.34 ± 0.82

11 0 102 1 6 −1 1 22.46 ± 0.54

12 0 102 1 6 1 24 35.13 ± 1.47

13 0 102 0 4 0 12.5 6.36 ± 0.69

14 0 102 0 4 0 12.5 5.92 ± 0.02

15 0 102 0 4 0 12.5 7.55 ± 0.32

Table 4. Box-Behnken design matrix with three independent variables expressed in coded and natural units. qe: 
�e amount of Cd(II) sorbed.
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�e analysis of variance (ANOVA) was conducted to test the signi�cance of the �t of the established quad-
ratic model for the experimental data, and signi�cant e�ect of the terms in the model on the response (Table 5). 
ANOVA is a statistical technique that subdivides the total variation in a set of data into component parts asso-
ciated with speci�c sources of variation for the purpose of testing hypotheses on the parameters of the model27. 
�e ANOVA of the regression model (Equation 3) indicated that the model could explain a considerable amount 
of the variation in the dependent variable (the amount of Cd(II) sorbed) with 95% certainty, as was evident from 
the high F value (30.16) which was higher than the tabulated F value (F0.05, 9, 5 = 4.77) at the 5% level (Table 5). 
Further, the p-value (0.0008) was lower than 0.05, indicating that this quadratic model was statistically signi�-
cant27,28. �e coe�cient of determination (R2) (Equation 4) describes the amount of variation in the observed 
responses that can be explained by the model29. In this case, R2 was 98.19% indicating that only 1.81% of total 
variations could not be explained by this model.

= +R SS /(SS SS ) (4)
2

model model residual

where SS is sum of squares.

Validation of Cd(II) sorption model. To further validate the Cd(II) sorption model (Equation 3) developed 
with RSM, additional sorption experiments were conducted to compare actual Cd(II) sorption performance 
with model prediction (Supplementary Table S1). �e distributions of experimental results and model predic-
tions were close to normal based on the Kolmogorov-Smirnov Test30; therefore a two-sample, unpaired t-test 
was conducted to test the di�erence between experimental results and those predicted by the sorption model 
(Equation 3). Since p > α (0.93 > 0.05), the experimental results and model predictions were not considered to 
be signi�cantly di�erent22, indicating the sorption model (Equation 3) provided a good �t to experiment results. 
�e validity of the sorption model was also evident from the strong correlation between experimental result and 
model prediction according to Pearson’s correlation analysis (Fig. 5). Further, the model predictions and exper-
imental results were very similar in value (Fig. 5), suggesting the accuracy of the sorption model in describing 
Cd(II) sorption behavior.

E�ect of model components and their interactions on Cd(II) sorption. X1, X2, X3, X1X2, X1X3, X1
2, X2

2 and X3
2 were 

signi�cant model terms based on the p-value of each component (Table 5). �e sum of square (SS) of each com-
ponent obtained from ANOVA quanti�es the importance of each component in the sorption process. As the value 
of the SS increases, the signi�cance of the corresponding component in the undergoing process also increases29. 
Based on the SS obtained from the ANOVA (Table 5), the percent contribution of each RSM model component to 
Cd(II) sorption (PC) was calculated (Equation 5):

∑=
=

PC SS / SS
(5)j

c

ji i
1

where SSi is the sum of squares of i component of the model, and c is the total number of components of the 
model.

From examining the PC values of the components, the �rst-order term showed the highest level of signif-
icance, followed by interaction and quadratic terms (Fig. 6). pH was dominant with a contribution of 36.9%, 
followed by Cd(II) concentration and contact time (Fig. 6).

Factors

Statistics

Sum of 
squares

Degrees of 
freedom

Mean 
square F value

p-value 
prob > F Remark

Model 1884.73 9 209.41 30.16 0.0008 signi�cant

X1 453.54 1 453.54 65.32 0.0005

X2 692.18 1 692.18 99.69 0.0002

X3 143.16 1 143.16 20.62 0.0062

X1X2 172.08 1 172.08 24.78 0.0042

X1X3 95.24 1 95.24 13.72 0.0139

X2X3 30.53 1 30.53 4.40 0.0901

X1
2 53.99 1 53.99 7.78 0.0385

X2
2 160.60 1 160.60 23.13 0.0048

X3
2 73.36 1 73.36 10.57 0.0227

Residual 34.72 5 6.94

Lack of �t 33.31 3 11.10 15.74 0.0603 not signi�cant

Pure error 1.41 2 0.71

Cor. total 1919.44 14

Table 5. ANOVA of the RSM model. X1, X2, and X3 are the actual terms for three independent test variables — 
Cd(II) concentration, pH, and contact time, respectively.
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To further explore the e�ects of pH on the Cd(II) sorption behavior, contour plot was carried out (Fig. 7). 
Contour plots of experimental factors can only show two factors at a time, the other factor which was not included 
in the �gure was held at the center level (Cd(II) concentration = 102 mg∙L−1). In general, pH had a positive cor-
relation with Cd(II) sorption. In the pH ranged from 2 to 4, Cd(II) sorption capacity was relatively low. However, 
the considerable increase in sorption was observed at higher pH. To elucidate the mechanism of the e�ect of pH 
on the sorption, other batch sorption experiments and chemical analysis were conducted.

The effect of pH on Cd(II) sorption. �e batch sorption experiments were conducted to further con�rm 
and try to explain the e�ect of pH on the Cd(II) sorption by HARM. Initial Cd(II) concentration, contact time, 
HARM dosage and reaction temperature were 10 mg∙L−1, 24 h, 0.5 g∙L−1 and 20 °C, respectively. �e initial pH 
was adjusted between 2–8. From Fig. 8, the amount of Cd(II) sorbed onto HARM (qe) increased with an increase 
of pH was consistent with the RSM result. �is is in agreement with previous research on the e�ect of pH on the 
sorption of metal cations to red mud14,18,19 and other adsorbents31,32. At lower pH, the amount of Cd(II) sorbed 
was relatively low due to competitive sorption between more H+ and Cd(II) cations (Fig. 8). However, at higher 
pH, with less H+ in the solution, the competitive sorption was weak, contributing to a higher sorption e�ciency.

Figure 5. Correlation between Cd(II) sorption experimental result and model prediction. �e diagonal line 
indicates equality between experimental result and model prediction. qe is the amount of Cd(II) sorbed. r 
(correlation coe�cient) is a parameter of Pearson’s correlation analysis between experimental result and model 
prediction. **Indicates correlation is signi�cant at 0.01 level.

Figure 6. Percent contribution of RSM model components to Cd(II) sorption.
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Moreover, the distribution of the Cd(II) speciation in the solution which is controlled by pH also has an 
e�ect on Cd(II) sorption onto HARM. Using appropriate Cd2+ and Cl− concentrations, Visual MINTEQ so�-
ware (EPA, U.S.) was applied for the calculation of the speciation of Cd(II) vs. pH (Fig. 9). At higher pH (pH > 8), 
the hydrolysis of Cd2+ initiates contributing to the increase in the percentage of monovalent Cd species (CdCl+ 
and CdOH+) (Fig. 9). As a result, sorption e�ciency was enhanced as greater Cd(II) sorption occurred via ion 
exchange, when equilibrium pH (�nal pH) exceeded 8 (Fig. 8). For further veri�cation of this result, the e�ect of 
pH on ion exchange process during Cd(II) sorption, and the mechanism of ion exchange were explored based on 
the number of exchangeable metal cations released from HARM when the Cd(II) was sorbed onto HARM with 
di�erent pH. Two sorption experiments were conducted at 24 h (contact time), 0.5 g∙L−1 (dose), 20 °C (reaction 
temperature), and 200 mg∙L−1 (initial Cd(II) concentration). �e initial pH values of these two sorption experi-
ments were 6 and 8, respectively where the corresponding �nal pH values were 7 and 9. In order to suppress the 
e�ect of pH on HARM dissolving, two control experiments were carried out in the absence of Cd(II) with the 
same experimental procedure and the same �nal pH (7 and 9, respectively) as the sorption experiments. Distilled 
water (DI water) was used as reference instead of Cd(II) solution. A�er equilibration, the mixtures HARM/DI 
water and HARM/Cd(II) solution were centrifuged, and the concentrations of cations including Na+, Ca2+, K+, 
Mg2+ and Cd(II) in the supernatant were recorded (Table 6). �e results showed K+ and Mg2+ were not detected. 
Compared with control, it was observed that Cd(II) sorption was accompanied by the stoichiometric release of 

Figure 7. Contour plot showing the impact on Cd(II) sorption by the process variable pair of pH and contact 
time with Cd(II) concentration at 102 mg∙L−1. �e numerical labels on the contour lines indicate the amount of 
Cd(II) sorption (mg∙g−1).

Figure 8. E�ect of initial pH on the amount of Cd(II) sorbed (qe) (solid line) and �nal pH (dashed line). Error 
bars indicate the standard deviations.
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the Na+ and Ca2+ (Table 6). �e concentrations of Na+ and Ca2+ released on the Cd(II) uptake by HARM were 
used to calculate the number of positive charges released through ion exchange (Equation 6).

= +

− +

+ +

+ +

sorption

Thenumber of positive charges released

Cd(II) (Na 2Ca )

Control(Na 2Ca ) (6)

released released
2

released released
2

�e number of positive charges released at �nal pH 7 and it at �nal pH 9 were similar (0.027 and 0.029 mmol∙g−1, 
respectively). However, at pH 7, Cd2+ cations are prevalent ( > 80%), and at pH 9, the fraction of Cd2+ cations 
decreased, and the percentage of monovalent Cd species (CdCl+ and CdOH+) increased (Fig. 9) contributing to the 
stronger ion exchange. So, it could be concluded that the ion exchange process was stronger at higher pH due to the 
increase in the percentage of monovalent Cd species which contributed to the higher sorption capacity shown in 
Table 6. From Fig. 9, the precipitation of Cd(OH)2 could contribute to the Cd ion removal, where equilibrium pH 
(�nal pH) was greater than 9.

The effect of pH on the Cd(II) sorption can be interpreted through other batch sorption experiments 
(1.15 mg∙L−1–227.34 mg∙L−1 initial Cd(II) concentration, 0.5 g∙L−1 HARM dosage, 24 h contact time, 6 initial pH 
and 20 °C reaction temperature). �e results indicated that Cd(II) sorption onto HARM (qe) increased with ini-
tial Cd(II) concentration increase, then reached saturation sorption capacity (Fig. 10a). �e increased sorption 
capacity of Cd(II) was followed by considerable proton release, resulting in a decrease in �nal pH (Fig. 10b). �is 
demonstrated that based on sorption capacity increase, more H+ on the surface of HARM was replaced by Cd2+ 
through speci�c cation sorption18. Speci�c sorption can be expressed by surface complexation model demonstrat-
ing that Cd2+ could be sorbed to the hydroxyl functional groups of red mud and the H+ could be replaced by Cd 
ions33–35 (Eqs 7 and 8).

+ + ++ +Cd SOH H O SOCdOH 2H (7)
2

2

and/or

Figure 9. Distribution of various Cd(II) species as a function of pH.

pH
Cd(II) sorption 
capacity (mg∙g−1)

Concentrations of released 
exchangeable metal cations (mmol∙g−1)

7 42.64

Experiment Na+ Ca2+

Control 1.591 0.061

Cd(II) sorption 1.610 0.065

9 55.19

Experiment Na+ Ca2+

Control 1.025 0

Cd(II) sorption 1.054 0

Table 6. �e concentrations of metal cations released from heat-activated red mud (HARM) on the 
Cd(II) uptake by HARM under di�erent conditions. pH: �nal pH. Control experiment conditions: sorbent 
dose = 0.5 g∙L−1, initial Cd(II) concentration = 0 (distilled water), and temperature = 20 °C, contact 
time = 24 hours. Cd(II) sorption conditions: sorbent dose = 0.5 g∙L−1, initial Cd(II) concentration = 200 mg∙L−1, 
and temperature = 20 °C, contact time = 24 hours.
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+ ++ + +Cd SOH SOCd H (8)2

where SOH represents the functional groups of Fe– and Al–oxyhydroxide mineral phases in red mud.
Equations 7 and 8 indicated another reason for the positive relationship between higher pH and greater sorp-

tion capacity (Fig. 8). At lower pH, more H+ in the solution suppressed the speci�c sorption process through 
increasing in ∆G of the speci�c sorption.

The effect of reaction temperature on Cd(II) sorption. In order to elaborate the feasibility of the sorp-
tion process, thermodynamic studies were carried out based on the e�ect of reaction temperature on the Cd(II) 
sorption at di�erent initial Cd(II) concentration levels. Moreover, isotherm study at di�erent reaction temper-
ature could con�rm the feasibility of the sorption, while also provide a mechanistic understanding of sorption.

In isotherm and thermodynamic studies, di�erent initial Cd(II) concentrations (1.15 mg∙L−1–227.34 mg∙L−1) 
were used in conjunction with a 24 h contact time, an initial pH of 6, a HARM dose of 0.5 g∙L−1, and three di�er-
ent temperatures (20 °C, 30 °C and 40 °C) to perform the sorption experiments. At higher initial Cd(II) concen-
trations, increasing reaction temperature could enhance the sorption capacity (Fig. 11); however at lower initial 
concentrations (C0 < 11 mg∙L−1), the amount of Cd(II) sorbed (qe) was independent of reaction temperature. �is 
may be because when compared with the lower Cd(II) sorbates concentration, sorption sites on the surface of 
HARM were su�cient causing the decrease of sorption enhancement by higher temperature.

�e Langmuir isotherm model was used for equilibrium data �tting (Equation 9)36.

= +
C

q

C

q q b

1

(9)

e

e

e

0 0

where qe (mg∙g−1) and Ce (mg∙L−1) denote the equilibrium concentrations of Cd(II) in the solid and liquid phases, 
respectively, q0 (mg∙g−1) is the maximum sorption capacity, b (L∙mg−1) is the Langmuir constant related to the 
sorption energy.

�e dimensionless separation factor RL shows the feasibility of the process (Equation 10)37.

Figure 10. (a) �e relationship between initial Cd(II) concentration (C0) and the amount of Cd(II) sorbed 
(qe). (b) �e relationship between the amount of Cd(II) sorbed (qe) and �nal pH. Error bars indicate standard 
deviations.



www.nature.com/scientificreports/

1 1SCIENTIFIC REPORTS |  (2018) 8:13558  | DOI:10.1038/s41598-018-31967-5

=
+

R
C b

1

1 (10)
L

0

�e RL values lie in the range of 0–1, demonstrating the sorption is a favorable process14,38.
�e values of q0 and b in the Langmuir isotherm model were evaluated from the slope and intercept of plots of 

Ce/qe vs. Ce at 20 °C, 30 °C and 40 °C (Supplementary Fig. S2) (Table 7). �e Langmuir model had a higher regres-
sion coe�cient (R2), indicating that sorption corresponds to a monolayer formation of Cd(II) onto the HARM 
surface14 (Table 7). �e maximum sorption capacity (q0) and the sorption capacity at unit concentration (kF) 
increased with increasing temperature, indicating the endothermic nature of sorption. �e calculated RL values 
were in the range of 0–1, indicating favorable sorption of Cd(II) onto HARM39.

�e change in free energy (∆G0 (kJ∙mol−1)) was calculated using Langmuir constant, b (Equation 11). �e 
values of change in enthalpy (∆H0 (kJ∙mol−1)) and entropy (∆S0 (kJ∙mol−1)) were calculated from the intercept 
and slope of the linear plot of ∆G0 vs. T (Equations 11 and 12) (Supplementary Fig. S3). Negative ∆G0 values 
indicated the spontaneous nature of the sorption of Cd(II) onto HARM (Table 8). �e positive ∆H0 value con-
�rmed the endothermic nature of the process while the positive value of ∆S0 indicated an increase in the degree 
of freedom of this adsorbing system, which may be attributed to the cation exchange process and speci�c sorption 
process. Because during these processes the amount of Na+ and H+ released was more than the amount of Cd2+ 
sorbed by red mud40, however there was no remarkable change in the structure of HARM during the sorption 
process because ∆S0 was not considerable14.

∆ = −G RTlnb (11)0

∆ ∆ ∆= −G H T S (12)0 0 0

Figure 11. E�ect of initial Cd(II) concentration (C0) and reaction temperature on the amount of Cd(II) sorbed 
(qe). Error bars indicate standard deviations.

Temp. (°C) q0 (mg∙g−1) b (L∙mg−1) RL (range) R2

20 42.74 0.160 0.03–0.85 0.98

30 50.25 0.162 0.03–0.85 0.98

40 75.76 0.176 0.03–0.84 0.97

Table 7. Parameters of Langmuir model for Cd(II) sorption onto heat-activated red mud. q0: the maximum 
sorption capacity calculated from Langmuir model. b: the Langmuir constant related to the sorption energy. RL: 
the feasibility of the process.

Temp. (°C) ∆G0 (kJ∙mol−1) ∆H 0 (kJ∙mol−1) ∆S0 (kJ∙mol−1)

20 −29.20 3.61 0.11

30 −30.22

40 −31.43

Table 8. �ermodynamic parameters of Cd(II) sorption onto heat-activated red mud.
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where R is the universal gas constant (8.314 J∙mol−1∙K−1), T is temperature in Kelvin, the Langmuir constant, b is 
simply recalculated as dimensionless.

Conclusion
In this study, the heat-activated red mud (HARM) sorbent was prepared and characterized by XRD and other 
physicochemical methods. To characterize the Cd(II) sorption behavior of HARM under various process condi-
tions, a three-factor, three-level Box-Behnken experimental design combined with response surface methodology 
(RSM) was employed to develop a mathematical model. Based on the RSM result, initial pH was identi�ed as the 
most important process parameter and had a positive correlation with sorption. Greater Cd(II) sorption exhibited 
at higher pH could be attributed to weaker H+ competition with Cd(II) cations for HARM sorption sites at lower 
H+ concentration. It might also be the result of enhanced Cd(II) sorption via ion exchange due to increases in 
monovalent Cd species from hydrolysis at higher pH. Moreover, less H+ in the solution enhanced speci�c sorp-
tion through decreasing ∆G of the speci�c sorption. Isotherm and thermodynamic studies demonstrated that 
sorption was a favorable and spontaneous process. A positive ∆H0 value indicated the endothermic nature of 
the process, which was consistent with the increase in sorption at higher temperature; however the sorption was 
independent of reaction temperature at lower initial Cd concentrations (C0 < 11 mg∙L−1). It may be because when 
compared with the lower Cd(II) sorbates concentration, sorption sites on the surface of HARM were su�cient, 
causing the decrease of sorption enhancement by increasing temperature.

Data Availability
All data generated or analyzed during this study are included in this published article and its Supplementary 
Information �le.
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