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a b s t r a c t

Cadmium is a toxic contaminant in environment, it is essential to remove Cd2+ from wastewater. This 
study has investigated the feasibility of using synthetic schwertmannite for Cd2+ removal from aque-
ous solution. Schwertmannite was synthesized by two methods, and characterized by XRD, SEM and 
FTIR. The slow synthetic schwertmannite was used for batch experiments, which were conducted 
under different Cd2+ concentrations, temperatures, pH and Cd2+ desorption ability at different pH 
was also investigated. Results showed that the Langmuir isotherm described the adsorption of Cd2+ 
well. Thermodynamic study manifested the absorption was spontaneous and endothermic. The syn-
thetic schwertmannite had high adsorption capacity for Cd2+ removal of 110 mg/g with an adsorbent 
dosage of 1 g/L and an initial pH 8.0 at 25ºC. At pH > 6.0 cadmium adsorption was dramatically 
increased, nearly 100% cadmium was adsorbed at pH = 8.0. In natural pH range for schwertmannite, 
Cd2+ adsorbed in schwertmannite had a good regeneration ability, Cd2+ desorption proportion of 
total sorbed quantity was 50–80%, and the desorption rate increased with the decrease of pH. There-
fore, Schwertmannite can be employed as an efficient adsorbent for the removal of cadmium from 
contaminated water.
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1. Introduction

Heavy metal contamination due to developments in tech-
nology is one of the world-wide environment issue. It has 
high toxicity, bioaccumulation and biomagnifications effect, 
which imposed great concern to our environment [1]. Cad-
mium is a toxic contaminant in environment, it has been clas-
sified as a human carcinogen and teratogen, impacting the 
lungs, kidneys, liver and reproductive organs [2]. The harm-
ful effects of cadmium include a number of acute and chronic 
disorders, such as renal damage, emphysema, hypertension 
and testicular atrophy [3]. Cadmium is principally dispersed 
in nature and environment through various agricultural, 
mining, industrial activities and the exhausts of automobiles 
[4–6]. With the increase of cadmium in environment, the con-
tent of cadmium in water has also increased. Therefore, it is 
essential to mitigate Cd2+ from water and wastewater prior 

to transport in order to prevent it cycle into the natural envi-
ronment. Cadmium removal from water can be achieved 
by chemical precipitation [7], ion exchange [8], electroflota-
tion [9], reverse osmosis [10] and adsorption [11,12]. Among 
these methods, adsorption has been developed as an efficient 
method for the removal of heavy metals from contaminated 
water. A variety of conventional adsorbents, including clays, 
red mud, kaolin, metal oxides, activated carbon were used 
for cadmium removal [13,14]. Besides, many non-conven-
tional adsorbents like Setaria verticillata Carbon, poly sulpha 
sponge, microorganisms, fly ash were used to reduce the 
many contaminants in the wastewater [15,16]. However, 
few studies had focused on Cd2+ removal using non-con-
ventional adsorbents – schwertmannite. It was reported that 
the synthetic schwertmannite had a high adsorption capac-
ity and good adsorption kinetics for removal of As [17,18], 
Cu [19,20], F [21,22], Cr [23,24]. Schwertmannite (ideally 
Fe8O8(OH)6SO4) is a poorly crystalline iron oxyhydroxysul-
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fate that is stable under highly acidic conditions (2.5–4.5) and 
at high SO4

2– concentrations [25–27]. It is a good adsorbent 
because of its extremely high surface area, adsorption capac-
ity and reactivity. In this study, the removal feasibility of cad-
mium by synthetic schwertmannite had been investigated by 
batch experiments.

The main objectives were as follows: (i) to give insight 
into Cd2+ adsorption from thermodynamic views, (ii) to 
assess the impact of pH, temperature on Cd2+ removal, and 
(iii) to describe the adsorption-desorption ability of Cd2+. In 
addition, the recycle of cadmium and schwertmannite due 
to the desorption ability of Cd2+ was discussed.

2. Materials and methods

2.1. Chemicals

All reagents were of analytical grade. Stock Cd2+ solu-
tion was 0.020 mol/L. Working cadmium solutions of 
required concentrations were prepared by appropriate dilu-
tion of the stock solution.

2.2. Synthesis of schwertmannite

Schwertmannite was synthesized by two different 
procedures: method 1 (slow synthesis) was described by 
Bigham et al. [28] and method 2 (rapid synthesis) was 
described by Regenspurg and Peiffer [29]. In method 1, 2000 
mL pre-heated (60ºC) deionized water was mixed with 10.8 
g FeCl3·6H2O and 3 g Na2SO4 in a round-bottomed flask. The 
solution was kept further for 12 min at 60ºC, and the fresh 
precipitates were cooled to room temperature. The precipi-
tates were then centrifuged in 50 mL tube for 30 min at the 
speed of 2000 r/min. Afterwards, the mixture was dialyzed 
(Serva dialysis bags, φ 2.4 nm) in ~ 4.0 L of deionized water 
which was renewed four times daily. The conductivity of 
the dialysis water was found to be < 5 μs for the last 5 days 
indicating that ion exchange was ceased. Then freeze-dried 
before use. In method 2, 18.3 g FeSO4·7H2O was dissolved 
in 1 L deionized water and reacted with 5.3 mL 30% H2O2. 
The solution became dark, and a red-orange material pre-
cipitated immediately with the final pH of 2.4 after 24 h. 
The solid was then centrifuged, washed and freeze-dried 
before use.

2.3. The adsorption preparation

Adsorption isotherm studies were carried out by react-
ing 0.5, 1.0, 2.5, 5.0, 25.0, 50.0 mL Cd2+ (0.020 mol/L) solu-
tion in 250 mL polyethylene bottles with 0.1 g adsorbent 
and 1 mL NaNO3 (1 mol/L). NaNO3 solution was used to 
provide a stable background of ionic strength (0.01 mol/L). 
The solution pH (i.e., 4.0, 5.0, 6.0, 7.0, 8.0) was adjusted by 
using HNO3 (0.1 mol/L) or NaOH (0.1 mol/L) solutions at 
25ºC. The batch bottles were kept in a shaking water bath 
with a thermostatic controller at specified temperature for 
a predetermined contact time. The shaker speed was 180 
rpm. After a predetermined contact time, the supernatant 
was decanted, centrifuged and filtered with 0.45 μm cel-
lulose acetate membranes, and analyzed for residual Cd2+ 
concentrations.

To determine the effect of temperature on Cd2+ adsorp-
tion, the solution pH was 7.0. Batch tests were performed at 
25 and 50ºC.

2.4. The adsorption-desorption preparation

Schwertmannite (0.5 g) was added to 50.0 mL of 0.020 
mol/L Cd(NO3)2 at pH 7.0, 25ºC, and the ionic strength was 
0.01 mol/L. The suspension pH was adjusted to 7.0 using con-
centrated NaOH or HNO3. Deionized water was added to the 
polyethylene bottles to make up to the 90 mL final volume. 
This suspension was shaken at 25ºC, 180 r/min for 24 h and fil-
tered through a 0.45 μm membrane. The filtrate Cd2+ adsorbed 
schwertmannite were dried, dispensed into 250 mL polyeth-
ylene bottles. The NaNO3 (1 mol/L) solution and deionized 
water were added to make up to the 90 mL final volume.

Desorption experiments were performed at various pH 
(i.e., 2.5, 3.0, 3.5, 4.0, and 4.5). The solution pH was adjusted 
by the addition of NaOH or HNO3. Deionized water were 
added to make up to the 100 mL final volume, and shaken 
at 25ºC, 180 r/min for 24 h. Then filtered through a 0.45 μm 
membrane.

2.5. Analytical methods

Standard pH meter (PHSJ-4A, Shanghai) was used for 
pH determination. Concentration of cadmium in solution 
was measured by flame atomic absorption spectroscopy 
(AAS). The crystalline structure of schwertmannite was 
characterized by X-ray diffraction (XRD, D/Max-2500, 
Rigaku) using an X-ray diffractometer fitted with a Cu X-ray 
source. Samples were scanned from 2θ = 2.6–80º, with a 2θ 
= 0.01º step size. Morphological analysis of the adsorbents 
was performed by Scanning electron microscopic (SEM, 
TESCAN VEGA II LMU, Europe) at 20 kV. The functional 
groups present in the adsorbent were analysed by Fourier 
transform infrared (FTIR, Vector 22, Bruker). The KBr pel-
leted samples were scanned over the wavenumber range 
400–4000 cm−1 with resolution of 0.5 cm−1.

3. Results and discussion

3.1. Characterization of synthesized schwertmannite

The XRD patterns of synthetic schwertmannite pro-
duced by both synthetic methods were shown in Fig. 1 XRD 
results showed that the two both synthesis schwertmannite 
did not have significant differences in crystalline structure.

FTIR spectrum showed that the vibrational bands in 
two synthetic schwertmannite were similar based on the 
number of obvious peaks and their positions. Infrared spec-
tra of schwertmannite included absorption bands due to 
ν1-SO4

2 at 980 cm–1, ν4-SO4
1 at 608 cm–1, and ν3-SO4

1 at 1124, 
1090, and 1050 cm–1, respectively. These bands, along with 
those at 800–880 and 3410 cm–1 (OH stretching vibration), 
are typical of schwertmannite (Fig. 2).

SEM micrographs (Figs. 3, 4) showed both synthesis 
schwertmannite differ mostly in their surface characteris-
tics: grains (or crystal aggregates) of slow synthesis were 
larger than rapid synthesis. And the slow synthesis crystal 
surface had compact-grain, while the rapid synthesis was 
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porous. Both SEM micrographs were different from previ-
ous studies.

Regenspurg S. found that the specific surface area of 
slow synthesis was much larger compared to rapid syn-
thesis. And the grains formed by rapid synthesis are large 
spheroids [29]. The slow synthesis method generated crys-
tals, grew as long needles, which formed the characteristic 
“hedge-hog” habit of schwertmannite particles. The natural 
sample had a specific surface area of 72 m2/g and its mor-
phology were resembled that of the specimen synthesized 
by the long-time experiment [29]. The wide difference in 
the two specimens surface area was related to their particle 
morphology, which was controlled by the synthesis path-
way. As we know, high surface area had good probability 
of adsorption performance. The surface area was a key 
factor to schwertmannite adsorption of Cd2+, which deter-
mined the adsorption uptake. The batch experiments chose 
the slow synthesis schwertmannite. Why? The adsorption 

experiments were carried out using the slow synthetic 
schwertmannite due to its higher surface area. The fresh 
schwertmannite was crushed into powder (200 mesh), and 
kept in a desiccator. The powder was used as adsorbent for 
Cd2+ removal in the following studies.

3.2. The study of cadmium adsorption isotherms

The study of cadmium adsorption isotherm was tested 
with initial Cd2+ concentrations between 0.1 and 10 mmol/L, 
adsorbent dosage of 1 g/L, at pH 4.0, 5.0, 6.0, 7.0, and 8.0. 
The equilibrium adsorption capacity q (mg/g) is calculated 
by using the following equation:

q
c c

m
V M(mg/g) =

−
× ×0  (1)

where c0 is the initial concentration of Cd2+ (mmol/L); c is 
the equilibrium concentration of Cd2+ (mmol/L); m is adsor-
bent mass (g); V is the solution volume; M is atomic weight 
of cadmium (51.996 g/mol).

Fig. 1. XRD patterns of synthetic schwertmannite (produced by 
two synthesis methods).

Fig. 2. FTIR-spectra of synthetic schwertmannite (produced by 
two synthesis methods).

Fig. 3. SEM of schwertmannite in method 1 (slow synthesis).

Fig. 4. SEM of schwertmannite in method 2 (rapid synthesis).
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The equilibrium isotherm models would help to reveal 
the adsorption mechanism, the surface properties and affin-
ity of the adsorbent. The experimental data of equilibrium 
isotherm for Cd2+ onto synthetic schwertmannite were mod-
eled using the most frequently used Langmuir, Freundlich, 
and Temkin isotherms. The Langmuir equation, which 
assumed that homogeneous monolayer surface adsorption 
occurred, was expressed in the following equation:

q q
kc

kc
=

+max 1
 (2)

The Freundlich equation assumed a heterogeneous and 
patch-wise surface that was independent from one another 
and is expressed in the following equation:

q kc n= 1/  (3)

The Temkin isotherm considered the effects of indirect 
adsorbate/adsorbate interactions, which has been used in 
the form as follows:

q a b c= + ln  (4)

where c is the equilibrium concentration of Cd2+ in aque-
ous phase (mg/L); q is the equilibrium adsorption capacity 
(mg/g); qmax and k are the maximum adsorption capacity 
(mg/g) and adsorption equilibrium constant (L/mg) in 
Langmuir isotherms, respectively; k and 1/n are empirical 
constants of Freundlich isotherms, indicating the adsorp-
tion capacity and adsorption intensity, respectively; Temkin 
isotherm has two isotherm constants a and b.

The adsorption data were fitted to the three models. 
The plots of Langmuir, Freundlich and Temkin isotherms 
are shown in Figs. 5–7. The correlation coefficients and con-
stants for Langmuir, Freundlich, and Temkin isotherms at 
various temperatures are summarized in Table 1.

It was observed that there were higher correlation coef-
ficients for Langmuir isotherm than both Freundlich and 
Temkin isotherm, indicating that Cd2+ adsorption closer 
followed Langmuir isotherm and presented a monolayer 
adsorption trend [30]. The adsorption capacity indicated 
the same trend with the increase of pH, and the maximum 
removal capacity (Fig. 7) was 110 mg/g. This was much 
higher than the adsorption capacity of other adsorbents 
reported in the literature. A comparison of the schwertman-
nite with other adsorbents are shown in Table 2. It indicated 
that schwertmannite had a relatively good adsorption abili-
ties than many other reported adsorbents (except phospho-
gypsum).

3.3. Effect of solution pH

The solution pH strongly affects the adsorption pro-
cess, the adsorbent surface charge, the ionization degree 

Fig. 5. Langmuir isotherm model fits to the cadmium sorption 
data (adsorbent dosage = 1 g/L, ionic strength = 0.01 mol/L, 
T = 25°C, initial Cd2+ concentrations = 0.1–10 mmol/L, pH = 
4.0–8.0).

Fig. 6. Freundlich isotherm model fits to the cadmium sorption 
data (adsorbent dosage = 1 g/L, ionic strength = 0.01 mol/L, T = 
25°C, initial Cd2+ concentrations = 0.1–10 mmol/L, pH = 4.0–8.0).

Fig. 7. Temkin isotherm model fits to the cadmium sorption data 
(adsorbent dosage = 1 g/L, ionic strength = 0.01 mol/L, T = 25°C, 
initial Cd2+ concentrations = 0.1–10 mmol/L, pH = 4.0–8.0).
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and the adsorbate species speciation, which is a vital 
parameter in adsorption process [46,47]. Effect of initial 
solution pH on Cd2+ adsorption was carried out by using 
Cd2+ solutions with various initial pH between 4.0 and 
8.0. As represented in Fig. 8, cadmium adsorption ratio 
steadily increased with the increase of pH, and decreased 
with the increasing Cd2+ concentrations, exhibiting typ-
ical pH edge curves. At an initial Cd2+ concentration of 
0.1 mmol/L, cadmium adsorption ratio kept a relatively 
constant value at pH = 4.0–5.0, the cadmium adsorption 
rate was slightly increased at pH = 5.0–6.0, while at pH 
> 6.0 cadmium adsorption was dramatically increased. 
At pH = 8.0, nearly 100% cadmium was adsorbed. This 
phenomenon could be explained by the Cd2+ removal was 
suppressed by H+ at low pH. H+ surrounded the surface 
of the adsorbent, competed Cd2+ for the adsorption sites, 
hindering the approach of Cd2+ to the adsorption sites 

[46]. When pH increased, the availability of H+ decreased 
leading to higher adsorption of Cd2+. This trend was sim-
ilar to behavior of other adsorbents (such as ferrihydrite, 
goethite, zeolite, vermiculite, pumice, edible mushrooms 
[46–49]) in different pH. The increase of cadmium adsorp-
tion at higher pH might also be attributed to hydrolysis of 
Cd2+ (formation of Cd(OH)+ and Cd2(OH)3+ and precipita-
tion (Cd(OH)2 ≥ 8.0) in aqueous solution, multivalent ions 
were adsorbed more readily at solution particle interfaces 
than non-hydrolyzed metal ions [49,50].

3.4. Effect of solution temperature

The effect of temperature on Cd2+ adsorption is 
shown in Fig. 9. Langmuir model was employed to 
describe the experimental data, giving higher correla-
tion coefficients (R2 > 0.95). Maximum removal capac-
ities and K were 107.9 mg/g, 33.59 L/g at 25°C, and at 
50°C, respectively, Maximum removal capacities and 
K are 108.9 mg/g, 56.41 L/g, indicating the increasing 
reaction temperature promote Cd2+ adsorption, which 
was an endothermic reaction.

Table 1
Isotherm parameters at different pH. (adsorbent dosage = 1 g/L, ionic strength = 0.01 mol/L, T = 25°C, initial Cd2+ concentrations = 
0.1–10 mmol/L, pH = 4.0–8.0)

pH Langmuir Freundlich Temkin

q q
kc

kc
=

+max 1
q kc n= 1/ q a b c= + ln

qmax
k R2 k n R2 a b R2

4.0 0.046 0.0003 0.97 0.0000 1.317 1.00 –0.0062 0.0021 0.84
5.0 1.028 0.0030 1.00 0.0194 1.868 0.96 –0.4858 0.1755 0.95
6.0 50.98 0.0034 1.00 1.0932 1.911 0.98 –22.3734 8.6078 0.95
7.0 107.86 0.0336 1.00 17.3803 3.675 0.91 –7.8538 17.1542 0.98
8.0 110.28 0.3756 1.00 40.4126 6.308 0.80 35.5816 12.4163 0.90

Table 2
A comparison of the Cd2+ adsorption capacities of various 
published adsorbents

Adsorbents qmax (mg/g) References

Manganoxide 98 [31]
Activated carbon 47.85 [32]
Phosphogypsum 131.58 [33]
Perlite 0.64 [34]
Goethite 7.54 [35]
Clinoptilolite 7.41 [36]
Modified corncobs 9.0 [37]
Modified Pine bark 50.0 [38]
Macrofungus biomass 27.3 [39]
Granular red mud 6.69 [40]
Activated red mud 12.55 [41]
Polyphosphate-modified kaolinite 
clay

13.23 [42]

Manganese nodule residue 19.8 [43]
Fired coal fly ash 18.98 [44]
Coal combustion fly ash 4.3 [45]
Schwertmannite 110 –

Fig. 8. Effect of pH on the adsorption of cadmium ion (initial Cd2+ 
concentration = 0.1–10 mmol/L, adsorbent dosage = 1.0 g/L).
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To provide further insight into the mechanisms of Cd2+ 
adsorption, the thermodynamic parameters, including ΔG, 
ΔH and ΔS, were calculated, and the results were listed in 
Table 3. It was necessary to evaluate the thermodynamic 
feasibility and to confirm the nature of the adsorption pro-
cess based on the determination of thermodynamic param-
eters. The Gibbs free energy change (ΔG in kJ/mol), is an 
indication of spontaneity of a reaction. It can be given by the 
following equation:

ΔG RT k= − ln  (5)

ΔH R
T T

T T
k
k

T

T

= ×
−







×2 1

2 1

2

1

ln  (6)

Δ
Δ Δ

S
H G

T
=

−
 (7)

where R is the universal gas constant (8.314 J/mol K); T is 
absolute temperature (K); K is the adsorption equilibrium 
constant. The ΔG values were negative, and their absolute 
values increased with the increasing temperature, indicat-
ing that the adsorption process was spontaneous. The ΔS 
values were positive implied that the increase of tempera-
ture resulted in an increase in randomness of the systems, 
which was good for the Cd2+ adsorption. The positive ΔH 

values indicated an endothermic process, confirming Cd2+ 
adsorption isotherm experiments results that the values of 
qmax increased with the raising temperature.

3.5. The adsorption-desorption reaction

To test schwertmannite desorption ability of Cd2+ and 
regeneration ability, the experiment simulated the natu-
ral pH range for schwertmannite, and investigated the 
relationship between cadmium desorption rate and pH. 
The Fig. 10 showed that pH highly affected the desorp-
tion behavior of cadmium. Cadmium desorption rate 
decreased with increasing pH from 3.0 to 5.0. The desorp-
tion rate was 80% at pH 3.0, respectively 50.6% at pH 5.0. 
The solution with lower pH exhibited higher desorption 
ratio.

This indicated that the cadmium adsorbed schwert-
mannite had good regeneration ability in the natural envi-
ronment acidity range for schwertmannite, and with pH 
decreased the desorption of cadmium improved. Schwert-
mannite had a good Cd2+ adsorption ability in pH 6.0–8.0, 
and it had strong regeneration ability with the reduced 
acidity. Therefore, schwertmannite can serve as an effective 
adsorbent to remove Cd2+ in water.

The phenomenon that cadmium desorbed rate 
decreased with increasing pH might be attributed to at low 
pH, high concentration of H+ had competed successfully 
and rapidly with Cd2+ for adsorption sites on schwertman-
nite, releasing the Cd2+ [51, 52]. In addition, the instability of 
schwertmannite might have contributed to the desorption 
of Cd2+. In low pH, the dissolution of schwertmannite could 
release the adsorbed Cd2+, thus increased the cadmium 
desorption rate.

4. Conclusions

The texture and composition of synthetic schwertman-
nite were the same in the two methods (slow synthesis 
and rapid synthesis). But there existed a big difference in 

Fig. 9. Effect of temperature on the adsorption of Cd2+ (initial 
Cd2+ concentration = 0.1–10 mmol/L, adsorbent dosage = 1.0 
g/L, ionic strength = 0.01 mol/L, pH = 7.0).

Table 3
Thermodynamic parameters of Cd2+ adsorption on synthetic 
schwertmannite

T (K) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (J/mol K)

298 –8.707 16.595 84.906
323 –10.829 16.595 84.906

Fig. 10. Desorption of Cd2+ from schwertmannite as a function 
of pH (ionic strength = 0.01 mol/L, T = 25 °C, pH = 3.0–5.0).
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schwertmannite surface morphology. The rapid synthesis 
schwertmannite grain size was large, and had a low crys-
tallinity, respectively, the slow synthesis schwertmannite 
was better crystallized and had a larger surface area than 
rapid synthesis. The batch results showed that the adsorp-
tion of Cd2+ fitted the Langmuir isotherm, which indicated 
that the monolayer adsorption mechanism. Thermody-
namic study manifested that Cd2+ adsorption on synthetic 
schwertmannite was spontaneous and endothermic. The 
synthetic schwertmannite had high adsorption capacity 
for Cd2+ removal, which was up to 110 mg/g in the batch 
with an adsorbent dosage of 1 g/L and an initial pH 8.0 at 
25ºC. At pH > 6.0, cadmium adsorption was dramatically 
increased, nearly 100% cadmium was adsorbed at pH = 8.0. 
The Cd(II) adsorption on shoe waste adsorbent was inves-
tigated and conditions were optimized using RSM tech-
niques under CCD statistical design in natural pH range for 
schwertmannite, Cd2+ adsorbed schwertmannite had a good 
regeneration ability, Cd2+ desorption rate was 50–80%, and 
the Cd2+ desorption rate increased with a decrease of pH. 
Therefore, schwertmannite can serve as a good adsorbent 
of Cd2+, and release adsorbed Cd2+ in low pH. The cadmium 
and schwertmannite can be efficiently recycled due to the 
desorption ability of Cd2+, which is environment-friendly.
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