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ABSTRACT

Hydrous manganese dioxide (HMO) was synthesized by redox reaction of potassium per-
manganate (KMnO4) and hydrogen peroxide (H2O2), and then freshly synthesized HMO
(FSHMO) was used for cadmium (Cd(II)) removal from aqueous solutions. The specific sur-
face area and the maximum adsorption capacity of FSHMO for Cd(II) are 127.46 m2 g−1 and
168.36 mg g−1 at 298 K. The adsorption equilibrium can be well described by the Langmuir
isotherm model and the adsorption capacity of FSHMO is higher than most of the average
materials. The calculated theromodynamic parameters indicate a spontaneous and endother-
mic adsorption process. The pseudo-second-order equation gives a good fit for the adsorp-
tion process, and the calculated adsorption activation energy (Ea) is 48.68 kJ mol−1. The
uptake of Cd(II) by FSHMO is mainly attributed to the chemisorption. The velocities of film
diffusion process and mass transfer process of Cd(II) on FSHMO are rapid enough, while
the intraparticle diffusion process is the rate-limiting step for the uptake of Cd(II). The spe-
ciation of Cd(II) on the surface of FSHMO is close to Cd(OH)2, but there is no formation of
the new solid phase of Cd(OH)2. In general, FSHMO is a promising candidate for Cd(II)
removal from aqueous solutions.
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1. Introduction

Cadmium (Cd(II)) can enter the food chain
through drinking water and crop irrigation [1]. Due to
its acute toxicity, carcinogenic properties, non-
biodegradability, and bioaccumulation, Cd(II) has
joined in the most toxic category of heavy metals with
the greatest potential hazard to humans and the
environment [2]. It is necessary to develop effective
technologies to remove Cd(II) from aqueous solutions.

Traditional processes, such as chemical precipita-
tion [3], ion exchange [4], reverse osmosis [5], adsorp-
tion [6], and dialysis–electrodialysis [7], have been
tested for the effective removal of toxic metals from
water or wastewater. Especially, the adsorption
process stands out for its rapidness and cost-effective-
ness [8]. To develop a more efficient and economical
process, a variety of natural minerals, waste biomass,
and artificially synthesized materials have been used
for the removal of metals [9]. With chemical activa-
tion by zinc chloride, Cronje et al. [10] synthesized an
adsorbent from sugarcane bagasse for Cr(VI)
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adsorption, as well as Acharya et al. [11] developed a
kind of tamarind wood-based activated carbon for the
removal of Pb(II). Hydrous metal oxides, such as
hydrous ferric oxide [12], hydrous manganese dioxide
(HMO), nano-sized aluminum [13], titanium, zinc,
magnesium, cerium oxides [14], show great talent in
scavenging Cd(II) from aqueous solutions. In particu-
lar, HMO, due to its high surface charge [8], low cost,
and availability, has demonstrated to be an excellent
adsorbent to remove trace heavy metals from water
and has become the focus of attention of many stud-
ies since the 1960s [15]. In the present field, the
performance of the pre-prepared HMO [16], HMO-
loaded materials [17], manganese dioxides formed
in situ (MOF) [18], and MOF-loaded materials [19] in
the removal of heavy metals has been studied in
detail. Unfortunately, the pre-prepared HMO will suf-
fer from relatively low adsorption capacity and poor
selectivity [17], and the HMO-loaded materials will
inevitably produce much more heavy metal-bearing
residues. Although the MOF shows a promising
ability in remedy of heavy metal-contaminated water
[18], the potential risk that arises by pouring the
oxidants and/or reducing agents directly into the
water system and the convenience of operation need
to be further considered.

The objectives of the work are: (a) to develop a
kind of freshly synthesized hydrous manganese oxides
and to characterize the structure of the materials and;
(b) to evaluate the adsorption behavior of the
materials for Cd(II) removal in aqueous solutions, and
to explore the adsorption mechanism preliminarily.

2. Materials and methods

2.1. Materials

All chemicals，such as cadmium nitrate (Cd
(NO3)2·4H2O), hydrogen peroxide (H2O2), potassium
permanganate (KMnO4), sodium hydroxide (NaOH),
and hydrogen nitrate (HNO3), were analytical grade
and were purchased from Beijing Chemical Co. (Beijing,
China). The Cd(II) stock solutions were prepared by
dissolving Cd(NO3)2·4H2O in appropriate amounts of
deionized water. The concentrations of Cd(II) were
always given as elemental cadmium concentration.

2.2. Adsorbent preparation

The HMO is freshly synthesized according to the
previous works [20–22]. The main differences from the
previous works are: (a) no ultrasound irradiation and
no inert gas protection during the reaction and; (b) no
drying process was conducted and the freshly

synthesized adsorbent was dosed in 30 min without
further treatment. The revised procedures are as fol-
lows. At 298 K, 1.816 g of KMnO4 is dissolved in
100 mL of deionized water under vigorous magnetic
stirring. Then, 30 mL of H2O2 (30%) is added dropwise
into the KMnO4 solution with addition of 0.1 M HNO3

to keep the solution pH at 7.0 ( ± 0.02). After addition
of H2O2, the reaction went on for another 5 min. Such
formed deep-brown suspension is identified as freshly
synthesized hydrous manganese dioxide (FSHMO).
After the reaction, a certain volume of FSHMO is
injected directly into the solutions with preset concen-
tration of Cd(II) for 0.5 h. Another 2 mL of the suspen-
sion is passed through a 0.45 μm membrane and the
cake is digested by HNO3. Then, the content of Mn is
analyzed at wavelengths of 279.5 and 279.8 nm by an
atomic adsorption spectrophotometer (AAS, AA-6300
Shimadzu Co., Acetylene air burner: 100 mm; Nitrous
oxide acetylene flame head: 50 mm; Ignition dynamic
baseline drift: ≤0.006A 30 min−1; Related standard
deviation of the accuracy: ≤0.5%). The concentration of
such synthesized FSHMO is calculated as 4 mg mL−1

according to the concentration of Mn.

2.3. Characterization

The freeze-dried samples of FSHMO are character-
ized using several characterization techniques, includ-
ing scanning electron microscopy (SEM, S-3000N
Hitachi Co.), transmission electron microscopy (TEM,
H-7500 Hitachi Co.), X-ray powder diffraction (X’Pert
PRO MPD), and Fourier transform infrared spectros-
copy (FT-IR, Nicolet 5700). Nitrogen (N2) adsorption–
desorption isotherms of the sample are measured by
Brunauer–Emmett–Teller method (ASAP 2000, Micro-
metrics Co.), and the chemical analysis on the surfaces
of the adsorbent is conducted by X-ray photoelectron
spectroscopy (XPS, Kratos AXIS Ultra, UK) with a
monochromator (Al Kα, hν = 1486.71 eV) or a dual
anode (Al–Mg target).

2.4. Batch adsorption experiments

To investigate the influence of pH on Cd(II)
adsorption, experiments are carried out by adding
2.5 mL of FSHMO sample into 100 mL of Cd(II) solu-
tions with initial concentration of 20 mg L−1. The pH
conditions (2.0, 3.0, 4.0, 5.0, 6.0, and 7.0) are selected
and the pH is adjusted every 2 h with 0.1 M HNO3 or
NaOH solution during the shaking process to desig-
nated values. After the reaction, all of the samples are
filtered by a 0.45 μm film and the Cd(II) concentration
of the filtrates are analyzed by an AAS at the
wavelength of 228.8 nm.
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To evaluate the effect of ionic strength on Cd(II)
adsorption, 100 mL of 20 mg L−1 Cd(II) solutions at
ionic strength ranged from 0.001 to 0.1 mol L−1 are
prepared with NaNO3, in 250 mL conical flasks. Other
procedures are the same as those in the pH effect
experiments.

Adsorption isotherms are determined by batch
tests. 100 mL of Cd(II) solutions are added into
250 mL conical flasks with initial Cd(II) concentrations
varying from 5 to 40 mg L−1. Hundred milligram per
liter of FSHMO is added into the bottles and the solu-
tion pH is maintained at 7.0 (±0.02). The bottles are
shaken on at 140 rpm for 24 h at 288, 298, and 308 K,
respectively. After the reaction, all samples are filtered
by a 0.45 μm film and the Cd(II) concentration of the
filtrates are analyzed by an AAS at the wavelength of
228.8 nm.

The kinetic experiments are carried out at 288, 298,
and 308 K. The initial Cd(II) concentration is 20 mg L−1

and the dosage of FSHMO is 100 mg L−1. The solution
pH is adjusted to 7.0 (±0.02) by adding 0.1 M HNO3

and/or NaOH and the agitation speed is fixed at
140 rpm. 5 mL of solutions are extracted from the
suspension at various time intervals (0.1–24 h). All
samples are filtered by a 0.45 μm film and the Cd(II)
concentration of the filtrates are analyzed by an AAS
at the wavelength of 228.8 nm.

The uptake of Cd(II) at time t (qt) is calculated
using the equation as follows:

qt ¼ VðC0 � CtÞ
W

(1)

where C0 (mg L−1) is the initial concentration of Cd(II)
in solution, Ct (mg L−1) is the concentration of Cd(II)
in solution at time t, W (g) is the weight of FSHMO,
and V(L) is the volume of the solution.

2.5. Modeling of adsorption isotherm and kinetics

The experimental results are fitted for using
Langmuir [23] (Eq. (2)) and Freundlich isotherm
models [24] (Eq. (3)), respectively.

qe ¼ qmax KLCe

1þ KLCe
(2)

qe ¼ KFC
1=n (3)

where qe is the equilibrium amount of Cd(II) adsorbed
on FSHMO (mg g−1); qmax is the maximum amount of
Cd(II) adsorbed (mg g−1); Ce is the equilibrium concen-
tration of Cd(II) (mg L−1); KL is the Langmuir adsorption

constant (L mg−1); and KF ((mg g−1)(L mg−1)1/n) and n
are the Freundlich adsorption isotherm constants.

The thermodynamic parameters of the adsorption
process including Gibbs free energy (△G), enthalpy
(△H), and entropy (△S) are also calculated according
to the following equations:

DG ¼ �RT ln
qe
Ce

� �
(4)

DG ¼ DH � TDS (5)

ln
qe
Ce

� �
¼ DS

R
� DH

RT
(6)

where R is gas constant (8.314 J (K mol)−1) and T (K)
is the temperature.

The pseudo-first-order Eq. (7) and pseudo-second-
order kinetic model equations Eq. (8) are represented
by the Lagergren equation [25] as given below:

log qe � qtð Þ ¼ log qeð Þ � K1t

2:303
(7)

t

qt
¼ 1

K2qe2
þ t

qe
(8)

where K1 and K2 (g (mg min)−1) are the rate constants
of pseudo-one-order and second-order equation,
respectively, qt is the same as Eq. (1), and t is the time
(h).

Elovich equation [26] is commonly used in the
kinetics of chemisorption of gas-state and liquid-state
sorption on solids. The linear form of the simplified
Elovich equation is given as follows:

qt ¼ ln abð Þ
b

þ ln t

b
(9)

where α is the initial sorption rate of Elovich equation
(mg (g min)−1), and the parameter β is related to the
extent of surface coverage and activation energy for
chemisorptions (g mg−1). The constants can be
obtained from the slope and the intercept of a straight
line of qt vs. ln t.

Mass transfer [27] study is carried out using the
following equation:

ln
Ct

C0
� 1

1þmKL

� �
¼ ln

mKL

1þmKL
� 1þmKL

mKL
b1Sst (10)
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where KL is the Langmuir constant, m is the mass of
the adsorbent per unit volume of particle-free adsor-
bate solution (g L−1), which is given by m =W/V, Ss is
the outer surface of the adsorbate per unit volume of
particle-free slurry (cm), and β1 (cm s−1) is the external
mass transfer coefficient.

Since the Elovich and pseudo-order kinetic models
are unable to clarify the diffusion mechanism of the
adsorption process, the intraparticle diffusion model
[28] is used to determine the rate-limiting step of the
adsorption kinetics. It is expressed as:

qt ¼ k1=2t þ C (11)

where qt and t are the same as Eq. (1) and K is the rate
constant for intraparticle diffusion (mg g−1 h1/2).

3. Results and discussion

3.1. Adsorbent characterization

The results of N2 adsorption–desorption isotherms
and zeta potential experiments are illustrated in Fig. 1.
All of the plots exhibit type IV isotherms with H1 hys-
teresis loop type according to the International Union
of Pure and Applied Chemistry, which is the typical
characteristic of mesoporous structure [26]. With the
prolonged aging time, the inflection point shifts to
lower partial pressure corresponding to the decrease
of the pore diameter of the mesoporous materials. The
values of specific surface area are 129.38 m2 g−1,
127.50 m2 g−1, 116.42 m2 g−1, and 87.24 m2 g−1 with
aging time prolonged from 0 to 8 h. Meanwhile, the
values of point of zero charge (pHpzc) maintain almost
the same level (pHpzc = 3.1) during the initial 2 h. To
minimize the negative effect of aging time, FSHMO is
dosed within 0.5 h after preparation.

As observed by SEM, the particle size of the
clumps formed by spherical FSHMO nanoparticles is
<200 nm (Fig. 2(a)), which is resembled as the
reported materials [29]. The TEM image (Fig. 2(b))
presents the disordered mesoporous structure of
FSHMO. The pore size is estimated to be 12 nm,
which is slightly lower than the calculated results
using BJH method.

3.2. Effect of pH and ionic strength

The effect of pH and ionic strength on Cd(II)
removal are evaluated and the results are illustrated
in Fig. 3. The Cd(II) removal efficiency increases
steadily with the increase of solution pH from 2.0 to
7.0 and the maximum adsorption removal efficiency

Fig. 1. N2 adsorption/desorption isotherms and the corre-
sponding zeta potential of the FSHMO at different aging
times: 0, 0.5, 2, and 8 h.

Fig. 2. SEM (a) and TEM (b) images of the FSHMO.
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(82.4%) is acquired at pH 7.0. To avoid the negative
effect of precipitation (pH > 8.0) [30], the adsorption
experiments are conducted at pH 7.0. Meanwhile, the
level of ionic strength has negligible effect on adsorp-
tion capacity, which indicates the adsorption of Cd(II)
on FSHMO is ionic strength independent and the
adsorption mechanism of Cd(II) is inner-sphere com-
plexation, rather than ion exchange [31].

3.3. Effect of adsorbent dosage

The effect of FSHMO dosage on the adsorption per-
centage and the residual Cd(II) concentration in the
solutions are shown in Fig. 4. With the increase of dos-
age from 0 to 7.5 mg L−1, the residual Cd(II) concentra-
tion in the solutions decreases dramatically from 0.1 to
0.004 mg L−1. There is a little increase in the removal
efficiency by dosing extra adsorbent and the lowest
residual Cd(II) concentration is 0.003 mg L−1 with
12.5 mg L−1 of FSHMO. After treated by FSHMO, the
residual Cd(II) concentration in the solutions is < the
limit of drinking water in China (≤ 0.005 mg L−1),
which demonstrates the potential ability of FSHMO in
drinking water purification from Cd(II)-polluted water.

3.4. Adsorption isotherms

Isotherm studies are crucial to determine the maxi-
mum adsorption capacity (qmax) of Cd(II) onto
FSHMO and the results are illustrated in Fig. 5. The

experimental data are fitted by the Langmuir and
Freundlich equations and the isotherm parameters are
presented in Table 1. The values of coefficient of deter-
mination (R2) indicate that the Langmuir model
(R2 = 0.987) gives a better fit for the experimental data
than that of the Freundlich model (R2 = 0.867). The
qmax calculated by Langmuir model is consistent with
the experimental equilibrium adsorption capacity
(qexp).

Besides, the comparison in specific surface area
and maximum adsorption capacities between FSHMO
and other reported adsorbents are listed in Table 2.
The performance of FSHMO is almost at the same

Fig. 3. (a) Effect of pH on Cd(II) removal: FSHMO,
100 mg L−1; Cd(II), 20 mg L−1; and T, 298 K; and (b) Effect
of ionic strength on Cd(II) removal; pH 7.0; Cd(II), and
20 mg L−1.
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Fig. 4. Effect of the dosage on Cd(II) removal; pH 7.0; Cd
(II), 0.1 mg L−1; T, 298 K; and 24 h.

Fig. 5. Adsorption isotherms of Cd(II) removal at different
temperatures: FSHMO, 100 mg L−1; pH 7.0; Ionic strength,
0.01 mol L−1 NaNO3; and 24 h.
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level as that of MOF, but higher than most of the
others.

3.5. Thermodynamic analysis

The negative values of ΔG are −6.68, −7.88, and
−9.53 kJ mol−1 at 288, 298, and 308 K, respectively,
which determined a spontaneous adsorption process.
The positive value of ΔS (142.8 J mol−1) reflects the
randomness at the solid–liquid interface during the

adsorption of Cd(II) on FSHMO. Besides, the positive
value of △H (34.55 kJ mol−1) determines that the
adsorption process is endothermic.

3.6. Adsorption kinetics and activation energy

The variation of the adsorbed Cd(II) on the FSHMO
with prolonged contact time is shown in Fig. 6. The
adsorption capacity of Cd(II) on the FSHMO increases
sharply within the initial 2 h at different temperatures,

Table 1
Isotherm, kinetic parameters, and qexp for the adsorption system

Models and parameters

FSHMO

288 K 298 K 308 K

qexp (isotherm) mg g−1 69.60 167.23 216.76
Langmuir equation
KL L mg−1 16.26 24.05 41.40
qmax mg g−1 82.08 168.36 224.74
R2 0.987 0.960 0.992

Freundlich equation
KF (mg g−1)(L mg−1)1/n 136.64 260.69 327.49
n 0.19 0.29 0.33
R2 0.867 0.925 0.961
qexp (kinetic) mg g−1 66.77 158.77 212.75

Pseudo-first-order equation
K1 g (mg min)−1 0.967 0.828 0.751
qe mg g−1 61.75 146.73 202.39
R2 0.920 0.946 0.844

Pseudo-second-order equation
K2 g (mg min)−1 0.00137 0.00613 0.0157
qe mg g−1 67.50 161.27 215.69
R2 0.992 0.996 0.994

Elovich equation
α mg (g min)−1 39.67 88.07 158.48
β mg (g min)−1 8.948 23.06 0.014
R2 0.885 0.894 0.789

Intraparticle diffusion
K1 23.552 29.328 11.346
K2 mg g−1 min1/2 1.069 2.365 1.355
K3 0.111 0.165 0.040

Table 2
Comparison of the qmax and specific surface area of various adsorbents

Adsorbent pH qmax (mg g−1) Specific surface area (m2 g−1) References

HMO 3.5–4.0 104 100.5 [16]
MOF ~5.0 176 – [18]
δ-MnO2 6.05 40.75 – [9]
MnO2-loaded D301 resin 5.5 77.88 – [19]
Magnetic manganese dioxide (MMO) 7.0 67.33 – [33]
manganese dioxide 7.0 < 100 83.5 [27]
FSHMO 7.0 168.36 127.5 This work
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then continues with a slower rate, and finally tends to
reach equilibrium. Meanwhile, the temperature has an
obvious positive effect on the uptake of Cd(II).

The parameters calculated according to the kinetic
models are listed in Table 1. The value of the external
mass transfer coefficient (β1) is calculated to be
1.88 × 10–4 cm s−1, which suggests that the velocity of
mass transfer of Cd(II) on FSHMO is rapid enough
[27]. The values of coefficient of determination
(R2 > 0.99) suggest that the pseudo-second-order
model gives a good fit for the adsorption process, and
the values of qe are in accordance with that of the qexp.
It predominantly indicates the chemical adsorption of
Cd(II) on FSHMO [32].

In order to further clarify the adsorption mecha-
nism, the intraparticle diffusion model is used to
determine the rate-limiting step of the adsorption pro-
cess and the results are presented in Fig. 7. The multi-
linearity plots imply the external diffusion,
intraparticle diffusion, and asdsorption equilibrium
stages. Comparing the corresponding values of K1, K2,
and K3 for the stages in Table 1, the rate-limiting step
of the adsorption process is ascribed to the intraparti-
cle diffusion stage. Meanwhile, the line of the second
step does not pass through the origin, which indicates
that the rate of adsorption is controlled by the combi-
nation of intraparticle diffusion and the surface
diffusion processes [28].

Arrhenius equation parameters are fitted by the
rate constants simulated in pseudo-second-order
kinetics to determine temperature-independent rate
parameters and adsorption type. The value of the cal-
culated activation energy (Ea) for Cd(II) adsorption

onto FSHMO is 48.69 kJ mol−1, which indicates that
the chemical adsorption process dominates the
adsorption process [34].

3.7. FTIR and XPS

The comparison of FTIR spectra of FSHMO before
and after Cd(II) adsorption is illustrated in Fig. 8. The
broad bands of hydroxyl groups at 3,410 and
1,630 cm−1 [35] are significantly shifted to 3,427 and
1,637 cm−1 and the peak at 1,637 cm−1 is strengthened
after Cd(II) loading. Besides, the occurrence of the

Fig. 6. Adsorption kinetics of Cd(II) at different tempera-
tures: FSHMO, 100 mg L−1; Cd(II), 20 mg L−1; pH 7.0; and
Ionic strength, 0.01 mol L−1 NaNO3.

Fig. 7. Plots of qt vs. t
1/2 for the intraparticle transport of

Cd(II) onto FSHMO; pH 7.0; Cd(II), 20 mg L−1; and Ionic
strength, 0.01 mol L−1 NaNO3.

Fig. 8. FTIR spectra of FSHMO before and after Cd(II)
adsorption.
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peaks at 1,039 and 1,538 cm−1 is attributed to the
metal hydroxyl groups and the peaks are also
strengthened after Cd(II) uptake [36]. It indicates that
the adsorption could occur through the interaction
between Cd(II) and the surface hydroxyl groups [37].

In order to further explore the mechanism of Cd(II)
adsorption, XPS analysis of FSHMO before and after
Cd(II) loading is conducted. The banding energies of
Mn 2p are 642.61 and 642.40 eV before and after Cd(II)
adsorption, which indicate the FSHMO is mainly in
the form of MnO2 [38]. The strong peaks of Cd
appeared (Fig. 9(a)) after Cd(II) adsorption and the
peaks at 411.63 and 404.80 eV (Fig. 9(b)) are assigned
to Cd 3d3/2 and Cd 3d5/2 [39], which confirms the
uptake of Cd(II). The banding energy of Cd 3d5/2 in
Cd(NO3)2 is 406.66 eV, while a remarkable shift of the
value (404.80 eV) is observed after Cd(II) adsorption.
Moreover, the value of the banding energy of Cd 3d5/2

acquired in the test is close to the values reported for
Cd(OH)2 [40], which indicates the possible specific
interaction between Cd(II) and the FSHMO [41]. The
high-resolution XPS spectra of O 1s before and after
Cd(II) loading are shown in Fig. 9(c) and (d), respec-
tively. The peaks at banding energies of 529.69 and
529.72 are assigned to the lattice oxygen of virgin and
Cd(II)-loaded FSHMO, meanwhile the peaks at
banding energies of 531.94 and 531.60 eV are ascribed
to the metal surface hydroxyl groups, respectively [42].
It is reported that the banding energy of O 1s in Cd
(OH)2 is 530.90 or 532.50 eV [43], which is much differ-
ent from the result in Fig. 9(d). It demonstrates that
there is no formation of the new solid phase of Cd
(OH)2. Meanwhile, the uptake of Cd(II) is correlated
with the increase of the content of metal surface hydro-
xyl groups, which is in accordance with the FTIR
results.

Fig. 9. XPS wide scan for FSHMO before and after Cd(II) adsorption (a); XPS detailed spectra of (b) Cd 3d; (c) O 1s before
Cd(II) adsorption; and (d) O 1s after Cd(II) adsorption.
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4. Conclusions

The FSHMO presents the disordered amorphous
mesoporous structure. The Langmuir isotherm model
could fit well for the experimental results and the maxi-
mum equilibrium adsorption capacities of FSHMO are
82.08, 168.36, and 224.74 mg g−1 at 288, 298, and 308 K,
respectively. The maximum adsorption capacity of
FSHMO for Cd(II) are on close to that of MOF, but
higher than most of the other adsorbents. The pseudo-
second-order equation describes the adsorption process
well. Chemisorption dominated the adsorption process
and the value of the calculated adsorption activation
energy (Ea) is 48.68 kJ mol−1. The velocities of film dif-
fusion process and mass transfer process of Cd(II) are
rapid enough, while the intraparticle diffusion process
is the rate-limiting step for the uptake of Cd(II). The
speciation of Cd on the surface of FSHMO is close to
Cd(OH)2, but there is no formation of the new solid
phase of Cd(OH)2. In general, the freshly synthesized
hydrous manganese oxide is a promising candidate for
Cd(II) removal from aqueous solutions.
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