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a b s t r a c t
The iron-aluminum (Fe-Al) hydroxides adsorbent with high efficiency for removal Cr(VI) and 
As(III) was facilely synthesized via coprecipitation method and applied for individual and compet-
itive adsorption. Fe-Al hydroxides were characterized by Brunauer–Emmett–Teller (BET), scanning 
electron microscope (SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR) analysis, and X-ray photoelectron spectroscopy (XPS) to reveal 
the microstructure of adsorbent and adsorption mechanism. A series of batch experiments were con-
ducted with different parameters (pH, adsorbent dosage, and initial concentration) to determine the 
optimum condition. The maximum capacity of the Fe-Al hydroxides for Cr(VI) was 33.64 mg/g at pH 
5.0 using 1.4 g/L adsorbent and 80 mg/L of initial concentration; and As(III) was 8.12 mg/g at pH 6.0 
with 1.4 g/L adsorbent and 16 mg/L of initial concentration, respectively. In the single component 
system, the adsorption of both Cr(VI) and As(III) better fitted with Langmuir isotherm and pseudo- 
second-order kinetic model. In the binary system, the results showed that the extended Freundlich 
isotherm model (EFIM) was suitable for evaluating adsorption equilibrium data with reasonable 
regression coefficients. The desorption studies showed the best recovery of heavy metals in NaOH.
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1. Introduction

Water contamination by heavy metals has become 
a significant issue throughout the world with the rapid 
industrialization and urbanization. As one of the priority 
contaminants, Cr(VI) is widely present in effluents drained 
from industries such as electroplating, leather tanning, pig-
ments, and textile with varied concentrations (5–220 mg/L) in 
aquatic environment. Due to its high toxicity, carcinogenic-
ity, and mutagenicity [1], US EPA set the maximum level of 
Cr(VI) in drinking water at 0.05 mg/L [2]. Arsenic (As) is also 
one of the toxic contaminants that derived from the patho-
genic sources occurs in surface soils. Moreover, As(III) redox 

state is considerably more poisonous and the maximum 
contaminant level for As(III) in US drinking water is 10 μg/L 
on the grounds of its high toxicity [3].

In terms of the treatment of Cr(VI) and As(III), various 
methods have been developed including chemical precip-
itation, ion exchange, membrane separation, photocatalytic 
reduction, and adsorption [4,5]. However, none of these 
methods are ideal, since every method has its disadvantage 
and limit. Comparing all the advantages and disadvantages 
of the above-mentioned strategies, adsorption processes are 
considered as efficient and low-cost means for the removal 
of heavy metals due to their cost-effectiveness and ease of 
operation.

Recent years, many researchers have hammered at devel-
oping effective adsorbents, such as activated carbon [6], waste 
agricultural materials [7], carbon–clay nanocomposites [8], 
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and metal hydroxides [9]. In comparison with other adsor-
bents, metal hydroxides are more promising on the grounds 
of their excellent adsorption properties for heavy metals, 
their common existence in the natural environment and their 
great possibility to realize engineering application. Among 
metal hydroxides materials, Fe and Al hydroxides are cheap, 
eco-friendly and widely used. Albeit Fe or Al hydroxides 
have great application in water treatment, the utilization 
of mixed Fe-Al hydroxides is rare. Biswas et al. [10] had 
applied Fe-Al hydroxides to absorb fluoride from aqueous 
solutions, thus the Fe-Al hydroxides could be anticipated to 
be effective in removing other contaminants such as Cr(VI) 
and As(III).

In this work, the composited Fe-Al hydroxides were 
successfully synthesized by facile and effective strategy for 
removing Cr(VI) and As(III) in aqueous solution. The Fe-Al 
hydroxides were characterized by Brunauer–Emmett–Teller 
(BET), scanning electron microscope (SEM), energy disper-
sive spectroscopy (EDS), X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR) analysis, and X-ray 
photoelectron spectroscopy (XPS). The effects of pH, adsor-
bent dosage, and initial concentration of heavy metals were 
investigated in the single component system to determine 
the optimum conditions for the adsorption process. Isotherm 
equilibrium and adsorption kinetics were comprehensively 
investigated in both single and binary component system to 
determine the adsorption mechanism.

2. Materials and methods

2.1. Materials 

Reagents used in this research were analytically pure 
and purchased from Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai Chemical Company, Shanghai, China). The stock 
solution of 100 mg/L Cr(VI) was prepared by dissolving 
0.2829 g K2Cr2O7 in 1 L deionized water, a stock solution of 
1,000 mg/L As(III) was prepared with deionized water using 
NaAsO2. pH of the solution was adjusted with 0.1 M of HCl 
or 0.1 M of NaOH.

2.2. Synthesis and characterization of Fe-Al hydroxides

A modified coprecipitation method [11] was applied for 
the preparation of Fe-Al hydroxides. In general, 500 mL of 
0.1 M FeCl3 (with several drops of 0.01 M HCl) and 500 mL 
of 0.1M AlCl3 (with several drops of 0.01 M HCl) were mixed 
together to form a 1 L solution and heated to 338 K. Then, 
2.0 M NaOH was dropped into the mixture under vigorous 
magnetic stirring until the pH of the solution reached about 
7.4. After 12 h of aging, the fluffy precipitate was centrifuged 
at 6,000 rpm for 5 min and the compact precipitate was 
separated by filtration, washed twice by deionized water and 
dried at 378 K for 24 h in an oven. Finally, the dried product 
was ground and sieved to pass 100 mesh by standard sieves 
as adsorbent and stored in a desiccator for further use.

The Fe-Al hydroxides were characterized by a series 
of techniques. N2 adsorption–desorption isotherms were 
performed at 77 K with ASAP 2010 Surface Analyzer 
(Micromeritics Instrument Corp., USA). The surface area 
and pore size of Fe-Al hydroxides were calculated by 

BET equation and BJH method. The morphology of Fe-Al 
hydroxides was observed by SEM (SIGMA, Carl Zeiss, 
Germany) and the elemental composition was analyzed by 
EDS (SIGMA, Carl Zeiss, Germany). The crystallinity of the 
sample was investigated by an XRD diffractometer (SRA 
M18XHF, MAC Science Co. Ltd., Japan). FTIR analysis with 
KBr disks containing ground samples was performed in an 
FTIR spectrometer (Spectrum 100, PerkinElmer Corp., USA) 
and XPS spectra were obtained with an electron spectrome-
ter (ESCALab220iXL, VG Scientific, UK) using 300 W Al Kα 
radiation.

2.3. Batch adsorption experiments

Adsorption experiments in the single system were car-
ried out in conical flasks with 50 mL of Cr(VI) or As(III) solu-
tions. The conical flasks were shaken at 140 rpm for 4 h. A 
series of experiments were conducted by varying initial pH 
(3.0–9.0), adsorbent dosage (0.2–1.6 g/L), and initial metal 
ion concentrations (10–80 mg/L for Cr(VI), 2–16 mg/L for 
As(III)) in order to investigate that how these factors affect 
adsorption performance. The effects of initial pH were con-
ducted with 30 mg/L Cr(VI) or 10 mg/L As(III), the adsorp-
tion dosage is 1.0 g/L. In a binary system, the effect of pH on 
the adsorption of Cr(VI) or As(III) was also investigated in 
the range of 3.0–9.0. Equilibrium isotherm was determined 
with different initial concentration of Cr(VI) (10–80 mg/L) 
and As(III) (2–50 mg/L) at 298, 308, and 318 K. For kinetic 
studies, samples were withdrawn at predetermined time 
intervals. After adsorption, the samples were filtered and the 
residue solutions were examined to determine the concentra-
tion by an ultraviolet spectrophotometer (UV-1201, Rayleigh, 
Beijing, China) at a wavelength of 540 nm for Cr(VI) and 
510 nm for As(III), respectively. The standard solutions of 
Cr(VI) (0.004–0.2 mg/L) and As(III) (0.02–0.5 mg/L) were pre-
pared from stock solutions to plot calibration curves (Fig. S1), 
and the coefficient (R2) was 0.9966 and 0.9949 for Cr(VI) and 
As(III), respectively.

All of the batch experiments were conducted in triplicate 
and the average value was used for data analysis.

The adsorption efficiency (%) and adsorption capac-
ity (qe (mg/g)) of heavy metals were depicted as following 
equations:

Sorption % %( ) = −
×

C C
C

e0

0

100  (1)

q
C C V
Me

e=
−( )0  (2)

where C0 is the initial metal concentration (mg/L), Ce is 
the final metal concentration (mg/L), V (L) is the volume of 
the solution, and M (g) is mass of the dry adsorbent.

2.4. Desorption experiments

The desorption experiments were carried out by add-
ing 0.1 g of adsorbents loaded with heavy metals in conical 
flasks with 100 mL of 10 mM eluents. Five types of eluents 
were used for desorption, including HCl, CH3COOH, NaCl, 
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Na2CO3, and NaOH. The desorption ratio can be calculated 
according to the following equation:

Desorption ratio %( ) = ×
−( )×
C V

C C Ve

2 2

0 1

 (3)

where C2 is final metal concentration after reaching desorp-
tion equilibrium (mg/L) and V1 (L) and V2 (L) are volumes of 
heavy metal solution and eluent, respectively.

Meanwhile, in order to test the regeneration property of 
Fe-Al hydroxides, the five cycles of adsorption–desorption 
experiments were also carried out by using the recovered 
adsorbents for repeated adsorption (50 mg/L of Cr(VI) and 
10 mg/L of As(III) under optimum conditions), and the 
adsorption capacities of Fe-Al hydroxides for Cr(VI) and 
As(III) in each cycle were recorded.

3. Results and discussion

3.1. Characterization of Fe-Al hydroxides

After completing the synthesis of Fe-Al hydroxides, the 
surface area and pore size of adsorbent material were ana-
lyzed by BET. The BET surface area of Fe-Al hydroxides was 
294.979 m2/g, the measured pore volumes were 0.261 cm3/g, 
and the average pore diameter was 3.756 nm. The relatively 
large surface indicates that the Fe-Al hydroxides could have 
good adsorption property. The pore size distribution of Fe-Al 
hydroxides was shown in Fig. S2. After adsorption process, 

the BET surface area decreased slightly to 289.632 m2/g, with 
pore volumes decreasing to 0.248 cm3/g, which indicated that 
the heavy metal ions have been adsorbed onto the surface of 
adsorbents and occupied the binding sites.

The surface morphology and elemental composition of 
Fe-Al hydroxides before and after adsorption process were 
studied by SEM and EDS (Fig. 1). It could be distinguished 
clearly from SEM figures that the original Fe-Al hydroxides 
(Fig. 1(a1)) have coarse surfaces with small steps, suggest-
ing the existence of gibbsite in Fe-Al hydroxides, which can 
provide >AlOH2 as binding sites [12]. But the adsorbent sur-
face became smooth after adsorption of Cr(VI) and As(III) 
(Fig. 1(b1)). Generally speaking, the uneven surface could 
be helpful for the adsorption of heavy metals, then the holes 
of adsorbent would be blocked after the adsorption and the 
surface would be glossy. Fig. 1(a2) revealed that the Fe-Al 
hydroxides were successfully synthesized, Fig. 1(b2) showed 
that the Fe-Al hydroxides had adsorbed Cr(VI) and As(III) 
simultaneously.

In order to test whether the Fe-Al hydroxides was synthe-
sized successfully and observe the diffraction peaks’ change 
of Fe-Al hydroxides after adsorption, XRD was employed to 
examine samples. X-ray diffraction results (Fig. 2) showed 
that the synthesized Fe-Al hydroxides have poor crystalline 
with broad background peaks. Peaks centered at 2θ values 
of 18.3°, 20.3°, 27.9°, and 37.6° are corresponding to the (002), 
(110), (112), and (311) planes of gibbsite (JCPDS No. 07–0324), 
peaks located at 2θ = 35.1° (100), 40.4° (011), 53.8° (012), 62.9° 
(110), and 87.6° (202) can be well indexed as iron oxide 

(a1) (a2)

(b2)(b1)

Fig. 1. The SEM and EDS for Fe-Al hydroxides before and after adsorption. (a1, a2): original Fe-Al hydroxides; (b1, b2): Fe-Al 
hydroxides after adsorbing Cr(VI) and As(III).
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hydroxides (JCPDS No. 77–0247). The diffraction patterns of 
Fe-Al hydroxides with Cr(VI) or As(III) loading are similar 
to original Fe-Al hydroxides patterns, which means the crys-
tal phase of bimetal hydroxides is stable. But the diffraction 
peaks of iron oxide hydroxides and gibbsite all weaken to 
different extents after adsorption process. These phenomena 
may be due to the lattice strain caused by the differences of 
various atomic sizes [13].

FTIR spectra of Fe-Al hydroxides before and after 
adsorption are shown in Fig. 3. The band at 1,625 cm–1 was 
designated to the deformation of water molecules, suggest-
ing that the physisorbed water was presented on the hydrox-
ides [14]. Peaks at 3,680, 3,691, and 3,701 cm–1 were assigned 
to the O–H stretching vibration [15]; the bands at 2,951, 2,952, 
and 2,997 cm–1 were attributed to the broad O–H stretching 
vibration [16]; peaks at 2,364 cm–1 were suggested to the O–H 
stretching vibration. The occurrence of the peak at 1,396 cm–1 

after adsorption of Cr(VI) and As(III) may be attributed to 
the interaction between ferric or aluminum hydroxides in 
adsorbent and metal ions since this peak did not appear in 
original Fe-Al hydroxides. The band at 1,023 cm–1 was due to 
asymmetrical vibrations for Al–O–H [17]. After reaction with 
metal ions, the band at 883 cm–1 disappeared, suggesting 
that the redox reaction between Fe-Al hydroxides and metal 
ions cause the surface alteration. The new peak at 820 cm–1 
after As(III) adsorption could be attributed to As–O vibra-
tion in As(III) species. Bands in the range of 650 cm–1 were 
attributed to metal-oxygen-metal stretching after adsorption 

process [18]. The peak at 472 cm–1 was the characteristic 
peaks of Fe–O bond in α-FeOOH and γ-Al(OH)3 [19,20] and 
thus the adsorbent could be confirmed the hydroxides.

According to some related literature [21,22], the valences 
of some elements on adsorbent and adsorbate may change 
during the adsorption process. Hence, the XPS was con-
ducted and the spectra of Fe, Al, Cr, and As are presented 
in Fig. 4. The spectra of Cr and As occurred on the Fe-Al 
hydroxides after adsorption, illustrating the Cr and As 
removal directly. The spectra of Fe 2p in original Fe-Al 
hydroxides are depicted in Fig. 4(a), the peak at 711.6 eV in 
high-resolution spectra of Fe 2p3/2 represented Fe(III) in Fe3O4 
[23], the peak at 724.7 eV in spectra of Fe 2p1/2 corresponded 
to Fe2O3. In the high resolution of Al 2p in the original Fe-Al 
hydroxides (Fig. 4(b)), photoelectron peak at 74.2 eV referred 
to Al(OH)3 [24]. The binding energy peaks of Fe 2p and Al 
2p shifted after reaction with Cr(VI) and As(III), the peaks of 
Fe 2p and Al 2p moved to lower energy (Figs. 4(c) and (d)), 
probably implying that –OH bonded to Fe-Al were engaged 
in adsorption of heavy metals and the Fe-Al oxides with low 
binding energy were formed after adsorption process [25]. 
Fig. 4(c) illustrates that for Cr-loaded adsorbent, the binding 
energy for Fe 2p3/2 at 709.5 eV corresponded to FeO [26], the 
binding energy peaks at 711.2 and 722.6 eV were ascribed to 
Fe(III) in Fe oxides [27]; for As-loaded adsorbent, the bind-
ing energy peak at 709.5 eV referred to Fe(II), the peaks at 
711.8 and 722.7 eV related to Fe(III). Al 2p XPS spectrum after 
adsorption (Fig. 4(d)) also changed and the peaks shifted 
to lower energy which illustrated the Al oxides with low 
binding energy were formed. Moreover, peaks at 73.4 and 
73.6 eV both represented Al(III), there were no Al0 existed 
after adsorption. After Cr(VI) adsorption, the high-resolution 
spectra of Cr 2p3/2 on Cr-loaded Fe-Al hydroxides are shown 
in Fig. 4(e). Binding energy 576.1 and 578.1 eV were obtained 
after XPS-peak-differentiation-imitating analysis of Cr 2p3/2 
and the peak at 576.1 eV corresponded to Cr(III) in Cr2O3 [28] 
yet the peak at 578.1 eV referred to Cr(VI) in CrO3. The Cr(III) 

Fig. 2. Powder XRD patterns of Fe-Al hydroxides before and 
after adsorption.

Fig. 3. FTIR spectra of Fe-Al hydroxides before (a) and after 
adsorption of Cr(VI) (b) and As(III) (c).
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accounted for 23.57% of Cr(VI) based on peak areas and this 
result was proved by Wang et al. [25]. Binding energy 44.2 
and 45.9 eV for spectra of As 3d are reflected in Fig. 4(f), peak 
at 44.2 eV represented As(III) in As2O3 but peak at 45.9 eV 
represented As(V) in As2O5 [29]. The As(V) occupied 43.98% 
of As(III) according to peak area analysis and this phenome-
non verified that a portion of As valences were raised during 
the adsorption process and the combination of As(V) with 
Fe-Al hydroxides was formed. According to the XPS results 
described previously, the probable mechanism of reaction 
between Fe-Al hydroxides and heavy metals is depicted in 
Fig. 5.

Prior to using Fe-Al hydroxides as adsorbents in adsorp-
tion process, it is necessary to compare the adsorption per-
formance of Fe-Al hydroxides with that of pure Fe(OH)3 or 
Al(OH)3, the adsorption experiments using Fe(OH)3, Al(OH)3, 
and Fe-Al hydroxides were carried out and the results were 
depicted in Fig. S3. The concentrations of heavy metal ions 
were 10 mg/L; the adsorption dosage was 1.0 g/L. It can be 
easily found that the adsorption ratios for Cr(VI) by Fe(OH)3 
and Al(OH)3 are 71.23% and 73.62%, respectively, but the 
removal ratio increases to 89.23% when Fe-Al hydroxides 
are used as adsorbents for adsorption. The Fe-Al hydroxides 
can remove 95.37% of As(III) from aqueous solution, while 
Fe(OH)3 and Al(OH)3 can only remove 86.11% and 69.18% of 
As(III). From the XRD analysis of Fe-Al hydroxides and other 
researchers’ previous work [30], the Al3+ was largely incor-
porated into the structure of iron oxide hydroxides, leading 
to the lattice expansion and the formation of microcrystal 
structure in Fe-Al hydroxides [31], which will result in the 

improvement of adsorption capability [32]. Moreover, the 
Fe-Al hydroxides can provide more binding sites for heavy 
metal ions, hence the bimetallic hydroxides exhibit signifi-
cantly high adsorption performance compared with that of 
single metal hydroxide. In addition, considering the better 
adsorption performance of bimetallic hydroxides, there is no 
need to use single metal hydroxide as a comparison in fol-
lowing adsorption experiments.

3.2. Single component system adsorption experiment

3.2.1. Effect of initial pH

The process of adsorption depends mainly on solution 
pH values, which affect both the ionization degree and sur-
face property of the adsorbents. The effect of pH on Cr(VI) or 
As(III) adsorption is shown in Fig. 6(a), which illustrates that 
the maximum adsorption capacity of Cr(VI) (26.35 mg/g) is 
observed at pH 5.0 and the maximum adsorption capacity 
of As(III) (8.34 mg/g) is observed at pH 6.0. For Cr(VI), the 
adsorption capacity increased slowly when pH range from 
3.0 to 5.0 and decreased gently from pH 5.0 to pH 6.0, but 
decreased sharply after pH 6.0. This suggests that the adsorp-
tion of Cr(VI) onto Fe-Al hydroxides has a wide suitable pH 
range. For As(III), the adsorption capacity increased greatly 
before pH 6.0 but decreased after pH 6.0.

The distribution of Cr(VI) (Fig. S4(a)) and As(III) 
(Fig. S4(b)) as functions of pH was obtained with the help 
of Visual MINTEQ [33] and Excel. According to Fig. S4(a), 
when pH < 5.0, the dominant form of Cr(VI) was HCrO4

– and 

(a) (b) (c)

(d) (e) (f )

 

Fig. 4. XPS patterns of (a) Fe 2p of original Fe-Al hydroxides, (b) Al 2p of original Fe-Al hydroxides, (c) Fe 2p of Fe-Al hydroxides after 
adsorption, (d) Al 2p of Fe-Al hydroxides after adsorption, (e) Cr 2p after adsorption, and (f) As 3d after adsorption.
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Fig. 5. The reaction mechanism between Fe-Al hydroxides and Cr(VI)/As(III) during the adsorption process.

(a) (b)

(c) (d)

Fig. 6. Effect of initial pH (a), adsorbent dosage (b), initial Cr(VI) concentration (c) and initial As(III) concentration (d) on adsorption 
of Cr(VI) and As(III) on Fe-Al hydroxides.
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other researchers also had this conclusion [34]. In an acidic 
environment, the –OH on the Fe-Al hydroxides were eas-
ily protonated. The mechanism for pH-dependent interac-
tion of Cr(VI) on Fe-Al hydroxides could be represented as 
follows [10]:

≡ − + ↔≡ −+ +M OH H M OH2  (4)

≡ − + ↔≡ −+ − −M OH HCrO M HCrO +H O2 4 4 2  (5)

where M represents metal ions (Fe or Al), M–OH stands for 
the Fe-Al hydroxides, M–OH2

+ represents Fe-Al hydroxides 
with protonated surface hydroxyl groups, and M–HCrO4

– a 
surface site occupied by HCrO4

–.
These two steps were favorable at lower pH, while at 

pH > 6.0, the Cr(VI) ions were predominantly adsorbed by 
the following process:

≡ − + ↔≡ −− − −M OH HCrO M HCrO +HO4 4  (6)

The higher adsorption of Cr(VI) at low pH could be 
attributed to the positive surface of Fe-Al hydroxides which 
leads to prominent increase of Cr(VI) adsorption through 
electrostatic interaction between positively charged metal 
hydroxides’ surface and negatively charged Cr(VI) ions as 
described in Eqs. (4) and (5). As the solution pH continued 
increasing, the positively charged sites on Fe-Al hydroxides 
decreased, and the electrostatic repulsion between Cr(VI) 
and adsorbent became elevated. Besides, the ligand exchange 
interaction between Cr(VI) and adsorbent occurred at neu-
tral and alkaline pH region as Eq. (6) depicts. Competition 
of OH– for limited adsorption sites became more severe with 
the increasing pH.

As demonstrated in Fig. S4(b), the dominant species of 
As(III) before pH 7.0 were H3AsO4 and there was no elec-
tronic attraction between H3AsO4 and adsorbent. Thus, the 
adsorption of As(III) may be attributed to van der Waals force 
between the adsorbent surface and adsorbate [33]. When pH 
was higher than 7.0, the H2AsO3

– gradually become domi-
nant species, the electronic repulsion between As(III) and 
adsorbent could reduce the adsorption of As(III), and the 
competition of OH– for active sites on Fe-Al hydroxides could 
also cause the decrease for As(III) adsorption [17].

3.2.2. Effect of adsorbent dosage

The dosage study is significant due to the fact that it 
could reflect the adsorbability of adsorbent when the ini-
tial concentration of metal ions was given. As showed 
in Fig. 5(b), the adsorption capacity of Cr(VI) or As(III) 
increased with the increase of adsorbent dosage until 1.4 g/L, 
then the adsorption capacity remained almost constant with 
the enhancement of adsorbent dosage. This phenomenon 
could be attributed to the increased binding sites with a spec-
trum of binding energy on the surface of Fe-Al hydroxides 
and therefore the removal efficiency raised gradually [35]. 
The maximum adsorption capacity (19.11 mg/g adsorbent 
for Cr(VI) and 5.99 mg/g adsorbent for As(III)) was found at 
1.4 g/L because the saturation capacity was reached. Thus, 

the optimum adsorbent dosage was selected as 1.4 g/L for 
other batch experiments.

3.2.3. Effect of initial metal ion concentration

The effects of initial concentration on the removal of 
Cr(VI) or As(III) were studied at optimum pH (pH 5.0 for 
Cr(VI) and pH 6.0 for As(III)). As shown in Figs. 6(c) and (d), 
the uptake of metal ions onto Fe-Al hydroxides increased 
from 4.28 to 33.64 mg/g with the Cr(VI) concentration in the 
range of 10–80 mg/L, from 1.16 to 8.12 mg/g with the As(III) 
concentration ranging from 2 to 16 mg/L, respectively. 
Different metal ions concentrations were selected according 
to various concentrations of Cr(VI) and As(III) in industrial 
wastewater.

The initial concentration of metal ions plays a significant 
role due to the driving force it provides which could over-
come mass transfer resistance between the aqueous solution 
and solid adsorbent during the adsorption process [36]. In 
fact, as the metal ions concentration raised, the driving force 
became stronger as well, the accessibility of metal ions to the 
binding sites on Fe-Al hydroxides was relatively high, ions 
exchanged frequently, and the uptake of metal ions became 
more and more [37].

3.2.4. Isotherm analysis 

The equilibrium isotherm experiments were conducted 
for assessment of adsorbent and could provide fundamental 
data for adsorption process. The adsorption isotherm could 
be expressed mathematically and the experimental data were 
often fitted to Langmuir [38] and Freundlich [39] model. The 
Langmuir model is effective in monolayer adsorption on sur-
faces and the Freundlich model is valid for nonideal multi-
layer adsorption [40]. These two models could be expressed 
by the following equation:

Lamgmuir : q
q bC
bce

m e

e

=
+1

 (7)

Freundlich : q K Ce f e
n=  (8)

where qe (mg/g) is the amount of uptake at equilibrium time, 
qm (mg/g) is the quantity of metal ions adsorbed at satura-
tion or monolayer adsorption capacity, b is the equilibrium 
constant, and Kf and n are constants related to adsorption.

As shown in Figs. 7(a1) and (a2) and Table 1, the Cr(VI) 
adsorption data fitted to Langmuir and Freundlich models 
very well, the regression coefficient (R2) exceeded 0.90 for 
both models, but the Langmuir could better describe the 
adsorption process with higher R2 value, suggesting that 
the adsorption of Cr(VI) onto Fe-Al hydroxides to be mono-
layer. Figs. 7(b1) and (b2) depicted the fitting result of As(III) 
adsorption data for two models, suggesting that the adsorp-
tion process of As(III) fitted very well to both Langmuir 
model and Freundlich model. The value of R2 in Table 1 could 
reveal that the adsorption data could be better described by 
Langmuir model with higher R2. The values of b in Langmuir 
model were between 0 and 1 for both Cr(VI) and As(III), 
which illustrated that the isotherm is favorable.
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3.2.5. Kinetic study

Kinetic studies were often conducted to evaluate the 
uptake rate and the mechanism of adsorption. In this investi-
gation, the kinetic parameters were analyzed by plotting the 
adsorption efficiency of heavy metal ions for different agitation 
times at a constant initial concentration and temperature. Figs. 
S4(a) and (b) displayed the effect of sorption time on removal 
efficiency of Cr(VI) and As(III) from the single system. The 
pseudo-first-order [41] and pseudo-second-order models [42] 

were applied to evaluate the kinetic data and the results are 
shown in Table 2. The pseudo-first-order model was applied 
to depict the adsorption of liquid/solid system based on solid 
capacity [43], which can be expressed as follows:

q q et e
K t= −( )−1 1  (9)

where qt (mg/g) is metal uptake at time t (min) and K1 
(min−1) is rate constant of pseudo-first-order equation. 

(a1) (a2)

(b2)(b1)

Fig. 7. Adsorption isotherm models for Cr(VI) (a1, a2) and As(III) (b1, b2). (a1, b1): Langmuir isotherm model; (a2, b2): Freundlich 
isotherm model.

Table 1
Adsorption isotherm constants for the adsorption of As(III) and Ni(II) by the Fe-Al hydroxides in single system

Model Parameters Cr(VI) As(III)

298 K 308 K 318 K 298 K 313 K 328 K

Langmuir qm (mg/g) 28.4541 26.6877 27.4567 41.0793 113.7960 85.7407
b (L/mg) 0.4593 0.3368 0.1741 0.0816 0.0257 0.0387
R2 0.9881 0.9853 0.9807 0.9562 0.9937 0.9813

Freundlich n 3.6382 4.4335 4.3760 1.4861 1.1350 1.2217
KF (mg/g) 8.8856 11.2501 12.4667 3.7299 3.0750 3.5971
R2 0.8798 0.9254 0.9556 0.9365 0.9923 0.9743
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The pseudo-second-order model was used for analyzing the 
adsorption mechanism of rate-controlling steps [44], which 
can be depicted by the following equations:

q
q K t
q K tt
e

e

=
+

2
2

21
 (10)

h K qe= 2
2  (11)

where K2 (g mg−1 min−1) is the rate constant of pseudo- second-
order model and h (mg g–1 min–1) is the initial reaction rate.

As shown in Figs. S5(a) and (b), the pseudo-second- 
order model gave an excellent adaption to the adsorp-
tion data. The values of R2 in pseudo-second-order model 
(0.9977 for Cr(VI), 0.9878 for As(III)) are higher than that 
of pseudo-first-order model (0.9387 for Cr(VI), 0.8175 for 
As(III)), which suggest that the pseudo-second-order model 
is more applicable and the adsorption process is chemisorp-
tion process involving sharing or exchange of electrons 
between metal ions and –OH on Fe-Al hydroxides [45]. A 
comparison of adsorption capacity for Cr(VI) and As(III) 
by Fe-Al hydroxides and other reported adsorbents was 
made as presented in Table 3. It is obvious in Table 3 that 
the fabricated Fe-Al hydroxides show a better adsorption 
performance than previous work.

3.3. Binary component system adsorption experiment

3.3.1. Effect of pH

The adsorption efficiency of Cr(VI) and As(III) versus pH 
in the binary system was shown in Fig. S6. As can be seen 
in Fig. S6, the results of Cr(VI) and As(III) adsorption in a 
binary component system exhibited a similar trend to that 

of a single system. Whereas, both Cr(VI) and As(III) adsorp-
tion efficiency decreased in a binary system when compared 
with that in a single system, which illustrated that the exis-
tence of As(III) or Cr(VI) inhibited the adsorption process of 
Cr(VI) or As(III). When the amount of adsorbent was fixed, 
the coexisted metal ions would compete for limited adsorp-
tion sites on the adsorbent and thus the adsorption results 
for one of the metal ions would descend. Meanwhile, the 
adsorption capacity for Cr(VI) and As(III) in binary sys-
tem was also studied and the results are shown in Fig. S7. 
In binary system, 100 mL of 0.5 mM Cr(VI) and 100 mL of 
0.5 mM As(III) were mixed together to make sure the system 
has the equal amounts of Cr(VI) and As(III) ions. Fig. S7 illus-
trated that the adsorption capacity for Cr(VI) decreased from 
16.23 to 14.73 mg/g, and the adsorption capacity for As(III) 
reduced from 12.47 to 7.19 mg/g, when compared with that 
in single system. The Fe-Al hydroxides in binary system have 
much higher adsorption capacity for Cr(VI) than for As(III), 
even though the amounts of Cr(VI) and As(III) ions are 
equal. This is because that both electrostatic attraction and 
ligand exchange interaction between Cr(VI) and adsorbents 
contribute to the adsorption of Cr(VI), while only van der 
Waals force (relatively weak) between As(III) and adsorbents 
accounts for the adsorption of As(III), which make Cr(VI) 
ions have more opportunity to occupy the adsorption sites 
on Fe-Al hydroxides than As(III).

3.3.2 Binary component system isotherm studies

Albeit the Langmuir and Freundlich isotherm could well 
depict the adsorption process in the single component sys-
tem, they could not describe the relationship between adsor-
bent and adsorbate in the binary or multicomponent system. 
Accordingly, the extended Langmuir isotherm model (ELIM) 

Table 2
Kinetic parameters for Cr(VI) and As(III) adsorption in single system

Metal ion Pseudo-first-order Pseudo-second-order

k1 (min–1) qe (mg/g) R2 h (mg g–1 min–1) qe (mg/g) R2

Cr(VI) 0.0230 14.6896 0.9387 0.5346 16.3496 0.9977
As(III) 0.0869 6.0326 0.8175 0.9042 6.3533 0.9878

Table 3
Adsorption capacity of MGTW and other reported adsorbents

Adsorbent Adsorption capacity (mg/g) C0 (mg/L) References

For Cr(VI) For As(III)

Peanut shell derived carbon 6.25 – 50 [46]
Phosphoric acid activated peanut shell 27.64 – 100 [47]
Chitosan based nanohydrogel 25.00 – 120 [48]
Fe-Al hydroxides 33.64 – 80 Present study
Modified green tea waste – 0.2096 23 [49]
Activated Moringa oleifera – 7.375 20 [50]
Nanofibers of resorcinol–formaldehyde – 11.09 1,000 [51]
Fe-Al hydroxides – 8.12 16 Present study
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[52] and extended Freundlich isotherm model (EFIM) [53] 
were selected to reveal the adsorption progress in Cr(VI) 
and As(III) binary component system. The ELIM assumes a 
homogeneous surface with respect to the energy of adsorp-
tion, no interaction between adsorbed species and all bind-
ing sites are equally available to adsorbates. The equation of 
ELIM is depicted as follows:

q
q K C

K C
i

i e i

j e j
J

N=
+

=
∑

max ,

,1
1

 (12)

where qi is the amount of metal i adsorbed per mass of adsor-
bent, mg/g; qmax is the maximum adsorption capacity of metal 
i, mg/g; Ki and Kj are the ELIM constant of metal i and j, 
respectively; and Ce,i and Ce,j (mg/L) are the concentration of 
metal i and j in aqueous solution at equilibrium, respectively.

The EFIM is an empirical formula describing adsorption 
onto a heterogeneous surface. The EFIM is commonly pre-
sented as:
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where Ce,1 is the concentration of metal 1 in aqueous solution 
at equilibrium and Ce,2 is the concentration of metal 2 in aque-
ous solution at equilibrium, mg/L; kf,1 and kf,2 are the EFIM 

equilibrium constants of metal 1 and 2, respectively; and n1, 
n2, x1, x2, y1, y2, z1, and z2 are the EFMI constants. 

For this paper, in one of the binary adsorption experi-
ments, the Cr(VI) concentration remains 30 mg/L (0.6 mM), 
and the concentration of As(III) ranges from 7.5 to 75 mg/L 
(0.1–1.0 mM); in the other experiment, the As(III) keep the con-
centration at 45 mg/L (0.6 mM) and the concentration of Cr(VI) 
are in the range of 5–50 mg/L (0.1–1.0 mM). The data obtained 
in experiments were selected to fit the ELIM and EFIM and 
the equilibrium concentrations of As(III) or Cr(VI) are plotted 
to the uptake of Cr(VI) or As(III) in Fig. 8. The parameter val-
ues of two models were shown in Table 4. As can be observed 
in Fig. 8, the adsorption equilibrium data of Cr(VI) in binary 
system fell over the surface of EFIM and the R2 value is 0.9895. 
The fit result of As(III) shows that the EFIM is more suitable.

3.4. Desorption and regeneration studies

After adsorption process, it is necessary to recover heavy 
metals by desorption, and adsorbents should be reused for 
repeated adsorption–desorption cycles. Here we use five 
types of eluents for desorption, and the results were illus-
trated in Fig. S8. As can be seen in Fig. S8, Na2CO3 and NaOH 
can be regarded as effective eluents for both Cr(VI) loaded 
adsorbents and As(III) loaded adsorbents, due to their higher 
desorption ratios than other three types of eluents. Since 
Na2CO3 and NaOH can provide basic condition for adsor-
bents, and the heavy metal ions can hardly occupy the bind-
ing sites on adsorbents under alkaline condition due to the 
electronic repulsion and the competition of anion ions such 
as CO3

2– and OH–, which have been fully discussed in Section 
3.2.1. The acid condition would favor the adsorption of heavy 
metals mainly due to the electronic attraction, thus the HCl 
and CH3COOH nearly have no effects on desorption process. 
Under neutral condition (NaCl), the ligand exchange between 

(a) (b)

(d)(c)

Fig. 8. ELIM for Cr(VI) (a)/As(III) (b) and EFIM for Cr(VI) (c)/As(III) (d) in binary system.
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heavy metal ions and Cl– would be helpful to desorption, so 
NaCl has a little better effect on desorption process.

As for adsorption–desorption cycles, Fig. S9 shows that 
the Fe-Al hydroxides have favorable reusability even after 
five cycles. The NaOH treated adsorbents can still have rela-
tively high adsorption capacities: around 20 mg/g for Cr(VI) 
and around 4 mg/g for As(III), which are very closed to orig-
inal adsorbents according to Fig. 6 (23.25 mg/g for Cr(VI) 
and 5.81 mg/g for As(III)). The decrease in efficiency can be 
attributed to the inevitable mass loss during repeated adsorp-
tion–desorption cycles [54]. So NaOH can be selected as effec-
tive eluent for desorption, and the great regeneration property 
of Fe-Al hydroxides suggested that it can be regarded as 
cost-effective adsorbents for Cr(VI) and As(III) removal.

4. Conclusion

The composited Fe-Al hydroxides were successfully 
synthesized and applied in treating wastewater, which con-
tains Cr(VI) and As(III). The BET analysis disclosed that 
the Fe-Al hydroxides have a relatively high surface area at 
294.979 m2/g. The SEM and EDS analysis revealed that the 
Fe-Al hydroxides could adsorb heavy metals and the surface 
of adsorbent would be smoother after adsorption process. 
The XRD patterns and FTIR analysis showed the existence of 
iron and aluminum hydroxides in the Fe-Al hydroxides. The 
XPS assessment revealed that valences of elements involved 
in adsorption have changed during the adsorption process. It 
was found that the adsorption capacity reach the maximum 
(33.64 mg/g for Cr(VI), 8.12 for As(III)) at pH 5.0 (for Cr(VI)) 
or pH 6.0 (for As(III)), adsorbent dosage of 1.4 g/L and ini-
tial concentration of 80 mg/L (Cr(VI)) or 16 mg/L (As(III)) 
in single component system. The Langmuir isotherm model 
and pseudo-second-order kinetic model could better fit the 
adsorption data of both Cr(VI) and As(III) in the single com-
ponent system. In the binary component system, the EFIM 
was more suitable for both Cr(VI) and As(III) adsorption 
equilibrium. NaOH is effective for desorption and alkali 
treated adsorbents showed good adsorption performance in 
repeated adsorption–desorption cycles.
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Supplementary information:

 

(a) (b)

Fig. S1. The calibration curves for measuring Cr(VI) (a) and As(III) (b) concentrations. 

 

Fig. S2. The pore size distribution of original Fe-Al hydroxides.
Fig. S3. The adsorption capability of Cr(VI) and As(III) by pure 
Fe(OH)3, pure Al(OH)3, and Fe-Al hydroxides.

(a)
(b)

Fig. S4. Diagram for Cr(VI) (a) and As(III) (b) chemical species in aqueous solution. 
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(a) (b)

Fig. S5. The kinetic model for adsorption of Cr(VI) (a) and As(III) (b). 

 

(a) (b)

Fig. S6. Effect of pH on the adsorption of (a) Cr(VI) and (b) As(III) in binary component system.

 

Fig. S7. The comparison of adsorption capacity for Cr(VI) and 
As(III) in single and binary system. The concentration for each 
heavy metal is 0.5 mM.

Fig. S8. The desorption performance of Fe-Al hydroxides with 
different eluents.
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(a) (b)

Fig. S9. The reusability of Fe-Al hydroxides for Cr(VI) (a) and As(III) (b) after different cycle times with different eluents. 
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