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Abstract−The simultaneous removal of Methyl orange (MO) and Cd2+ (mainly from organo-metallic dyes) onto
magnesium hydroxide modified clinoptilolite (MHMC) was described and compared to a single adsorbate situation.
The adsorption performance was studied by batch experiments. The adsorption mechanism of MO and Cd2+ on
MHMC was investigated. Langmuir and Dubinin-Raduskevich (D-R) isotherm successfully predicted the adsorption of
MO and Cd2+ in single and binary systems. Maximum adsorption capacity calculated from Langmuir isotherm equa-
tion in single solution for MO and Cd2+ was 0.305 and 0.282 mmol/g, respectively. In a binary system of MO/Cd2+, the
adsorption capacity for both MO and Cd2+ was higher than in single solutions. The results indicated that the adsorp-
tion system of MO/Cd2+ presented a synergistic effect, not competitive adsorption, which suggested that MHMC can
be used as an adsorbent for removal of dyes and heavy metal in the multi-solute system.

Keywords: Magnesium Hydroxide Modified Clinoptilolite (MHMC), Adsorption, Isotherms, Kinetics, Methyl Orange,
Cd2+

INTRODUCTION

Wastewater containing dye and heavy metal ions from dyestuff
and textile industries is one of difficult industrial wastewaters to
treat or dispose of. Dyes and heavy metal ions are important pol-
lutants, causing environmental and health problems to humans and
aquatic animals. Dyes can be classified as anionic (direct, acid and
reactive dyes), cationic (basic dyes) and non ionic (disperse dyes)
[1]. Removal of many reactive azo dyes from textile wastewater is
difficult because of their highly solubility in water, complex struc-
ture and synthetic origin [2]. Heavy metals have harmful effects on
human physiology and other biological systems when they exceed
tolerance levels, which are generally in the level of less than one part
per million (ppm) [3]. Therefore, the removal of dyes and heavy
metals from wastewater before discharging to the environment is
important. Adsorption has been recognized as a conventional pro-
cess for the removal of dyes and heavy metals from effluents [4,5]
because of its chemical stability, high efficiency, high selectivity,
facility of employment, wide range of available adsorbents and eco-
nomic feasibility.

In recent years, due to the environmentally benign nature, excel-
lent adsorption properties and low cost, metal oxide or metal hy-
droxide as the materials for water treatment have caused more and
more widespread concern [6]. Magnesium hydroxide has a high
surface free energy with a large adsorptive surface area and a posi-
tive surface charge, it can be used to attract negatively charge ions
such as anionic dyes. It also can be used as a neutralizing agent for

some wastewater steams [7]. However, the fine particle size of the
magnesium hydroxide makes it very difficult to separate from the
water phase, which limits its application in wastewater treatment.
But coating magnesium hydroxide to a media surface may pro-
vide an effective surface and may be a promising medium for dyes
and heavy metal removal from wastewater [8]. The clinoptilolite
coated with a layer of magnesium hydroxide can not only overcome
their respective shortcomings, but also enhance sorption capacity
of clinoptilolite because of bigger surface area and stronger ion ex-
change capacity. To our best knowledge, little study has been reported
to use the magnesium hydroxide modified clinoptilolite as adsor-
bent and investigate the effects of dye and heavy ion on the adsorp-
tion performance of magnesium hydroxide modified clinoptilolite
so far.

Within literature a large number of research papers have consid-
ered adsorption processes for the single component systems (dye
or metal ion) [9-16]. However, most industrial effluents contain a
mixture of several dyes; moreover, in the wastewater of pigments
industries, paints, paper manufacturing and automobile produc-
tion, heavy metals are also present with dyes. Since some dyes are
toxic, nondegradable, stable and even carcinogenic, the treatment
of these wastewaters is very difficult and mostly ineffective when
using traditional purification processes [17]. But few studies have
focused on the simultaneous removal of dyes and metal ion in mul-
tiple systems. Meanwhile, the nature of adsorption mechanism has
been inadequately understood. So it is necessary to study the simul-
taneous adsorption process involving two or more components
because sole dye or toxic metal ions rarely exist in wastewater [18].

In this paper, magnesium hydroxide modified clinoptilolite
(MHMC) was used as an adsorbent for removal of Cd2+ and Methyl
orange (MO) (Scheme 1) from single and binary solutions. Hence,
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the objectives of the study were to assess adsorption behavior of
Cd2+ and MO in single and binary systems toward MHMC, deter-
mine the simultaneous removal properties for Cd2+ and MO by
MHMC through isotherm and kinetic modeling; and understand
the adsorption mechanism and components associated with removal
of Cd2+ and MO.

MATERIALS AND METHODS

1. Adsorbent Preparation and Characterization
Nature clinoptilolite (NC) samples were taken from Xinyang City,

P. R. China. The clinoptilolite was sieved to obtained average size
particles about 20-40 mesh and washed several times by distilled
water and dried at 378 K in an oven for 24 h. The dry clinoptilo-
lite was stored for surface coating. Then, the magnesium hydrox-
ide emulsion was synthesized by using magnesium chloride and
ammonia with a definite MgCl2/NH3 mole ratio of 1 : 2. Next, 50 g
clinoptilolite and 100 mL magnesium hydroxide emulsion were
mixed with slight stirring. Later, the mixture was placed in a muf-
fle furnace and keeping 378K for 5h. Finally, the mixture was cooled
to room temperature and washed to pH 8.50 using distilled water.
Last, the sample of MHMC was dried at 378 K and stored in air-
tight container for use.

Photomicrography of the exterior surface of NC and MHMC
was obtained by JSM-7500 F (Japan) scanning electron micro-
scope (SEM). The functional groups present in NC and MHMC
were characterized by a Fourier transform infrared spectrometer
(PE-1710, USA), using potassium bromide discs to prepare the
NC and MHMC samples. The spectral range varied from 4000-
400 cm−1. The mineralogy of the sample was characterized by X-
ray diffraction (XRD) (Tokyo ShibauraModel ADG-01E). The pH
of zero point charge (pHpzc) was obtained to evaluate the MHMC
surface charge at different pH and the pHpzc was found to be 8.61. The
pHpzc of the MHMC was determined according to reference [19].
2. Adsorbate

Anionic dye (MO with 99% purity) was used to test the adsorp-
tion capacity of MHMC without further purification. The dye stock
solutions were prepared by dissolving accurately weight dyes into
deionized water to desired concentration. The stock solution of
Cd2+ was prepared from Cd(NO3)2·4H2O (analytical grade) in deion-
ized water, and to prevent the precipitation of Cd2+ by hydrolysis, the
stock solution of Cd2+ contained a few drops of 0.1 mol/L HNO3.
The experimental solutions were obtained by diluting the stock
solutions in accurate proportions to different initial concentra-
tions. The initial pH of the working solution was adjusted by add-
ing a small volume of 1.0 mol/L HCl or 1.0 mol/L NaOH solution
and monitored by a pH meter.
3. Adsorption Experiments
3-1. Adsorption Isotherms

The adsorption of MO and Cd2+ by MHMC in single and binary

systems was performed by a batch equilibrium technology at 298 K.
For single adsorption system, a series of 125 mL Erlenmeyer flasks
with 2.0 g/L of MHMC and 10 mL solution at different initial con-
centrations were shaken by the thermostat-shaking equipment at
100 rpm for 360 min. The initial concentration of MO and Cd2+

varied from 0.153 to 1.833 mmol/L and 0.178 to 2.590 mmol/L,
respectively. The initial solution pH value was adjusted with 1.0
mol/L NaOH or HNO3 solutions. After adsorption, the pH values
of the solution were also analyzed, and the variations were all within
one unit.

For binary adsorption system, the initial concentrations of the tar-
get species MO varied over the range of 0.153-1.833 mmol/L with
a pH level of 7.0, which is the same phenomenon as the initial
concentrations in single adsorption system. In the mixture solutions,
the initial concentration of the interferential species Cd2+ was fixed
at 0.604, 0.893 or 1.227 mmol/L, respectively. Similarly, the initial
concentrations of the target species Cd2+ varied over the range
from 0.178 to 2.590 mmol/L, while the initial concentration of the
interferential species MO was fixed at 0.603, 1.033 or 1.242 mmol/
L in the binary systems, respectively.
3-2. Adsorption Kinetics

The kinetic experiments involved the same method as described
earlier, except that the samples were collected at predetermined
time intervals to determine the adsorption equilibrium time.

For a single component system, a series of 125 mL flask with
2.0 g/L of MHMC and 10 mL MO or Cd2+ solution at the same ini-
tial concentrations of 1.2 mmol/L were shaken at 298 K. The flasks
were then taken out at predetermined time intervals. For binary
adsorption system, MHMC at loadings of 2.0 g/L was mixed with
MO and Cd2+ mixture solution at the same initial concentrations
(0.6 mmol/L).
4. Analytical Methods

The concentration of MO that remained in solutions as the
residual dye after adsorption was determined using a UV spectro-
photometer (Shimadzu UV-3000) at λmax 463 nm, and the concen-
tration of Cd2+ was measured by AAanalyst 300 flame atomic ab-
sorption spectrometer at λmax 228.8 nm. Since the λmax of dye solu-
tion might shift to different wavelength, particularly at different
pH, the pH of diluted residual solutions was fixed at pH 7.0 before
measuring the absorbance.

The adsorption capacity of MHMC at equilibrium (qe, mmol/g)
and at time t (qt, mmol/g) was calculated with Eq. (1) and Eq. (2).
The equilibrium distribution coefficient (Kd, mmol/L) could be
determined with Eq. (3).

(1)

(2)

Kd=qe/Ce (3)

where v (L) is the volume of adsorbate solution, C0 (mmol/L) is
the initial concentration of adsorbate, Ct (mmol/L) is the concen-
tration of adsorbate at a given time t, Ce (mmol/L) is the equilib-
rium concentration of adsorbate at equilibrium and m (g) is the
dry weight of the adsorbents. Kd is the equilibrium distribution

qe = 
C0 − Ce( )v

m
-----------------------

qt = 
C0  − Ct( )v

m
-----------------------

Scheme 1. The structure of Methyl orange (MO).
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coefficient (mmol/L). All the adsorption experiments were con-
ducted in triplicate, and the mean values were presented.

RESULTS AND DISCUSSION

1. Characterization of NC and MHMC
1-1. SEM Observations and EDAX Analysis

The sample of clinoptilolite coated with magnesium hydroxide
was white colored precipitate, indicating the presence of magne-
sium hydroxide in the form of insoluble hydroxide. SEM observa-
tion reported in Fig. 1 showed the porous structure of NC and
MHMC (5000×enlargement). It can be seen that the NC’s surface
texture was irregular. Comparing the images of NC, the MHMC’s
surface did not grow randomly but was homogeneously distributed
on the surface. In conjunction with electron microscopy, elemen-
tal identifications of surface features were performed by qualita-
tive EDAX analysis. The EDAX results are the following: there are
O (48.10%), Mg (0.52%), Al (6.21%), Si (40.21%), in surface of
clinoptilolite by EDAX analysis, while O (50.86%), Mg (14.47%),
Al (4.78%), Si (9.56%) in surface of MHMC (Fig. 2). The EDAX
analysis yielded direct evidence for magnesium hydroxide coated
on the surface of clinoptilolite.

1-2. FTIR Analysis
The FT-IR spectrum of NC and MHMC is shown in Fig. 3.

The FTIR spectra of clinoptilolite were composed of the peaks of
sorbed water, vibration of framework of Si-O or Al-O [8]. Com-
pared to FTIR of clinoptilolite, the spectra of MHMC can be
matched with the spectrum of the virgin clinoptilolite, with addi-
tional peaks detected at 1,400 cm−1. These peaks can be attributed
to the bending and stretching vibrations of the -OH bond in the
crystal structure of magnesium hydroxide [20].
1-3. XRD of NC and MHMC

The XRD spectra of NC and MHMC are shown in Fig. 4. The
mineralogical composition of NC was comprised primarily of
clinoptilolite (2θ : 22o, 23o, 28o) and additionally of montmorillon-
ite, quartz and feldspar by means of XRD [8]. Compared to XRD
of NC, XRD of MHMC contained the peak of magnesium hydrox-
ide (2θ: 38o) [21]. The XRD result was in agreement with the FTIR
analysis.
2. Effect of Initial pH Value on MO and Cd2+ Adsorption in
a Single Adsorption System

One of the most important factors in adsorption studies is the

Fig. 3. FT-IR spectrum of NC and MHMC.

Fig. 1. SEM of NC (a) and MHMC (b).

Fig. 2. EDAS spectra of modified clinoptilolite.
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effect of pH of the medium. The effect of initial pH of MO and
Cd2+ was analyzed individually within the pH range of 2.0-10.3 and
2.1-7.00, respectively (Fig. 5). As can be seen from Fig. 5, the max-
imum adsorption capacity for MO onto MHMC was at pH 2.0.
When the pH of solution changed from 2.0 to 10.3, the adsorp-
tion capacities decreased from 0.349 mmol/g to 0.140 mmol/g.
The variation in MO uptake with respect to the initial solution pH
can be explained on the basis of the structure of MO molecule
and the pHpzc of MHMC. When the pH of solution was lower
than pHpzc, the surface charge of MHMC was positive. The higher
removal efficiency of MO may be due to neutralization of the neg-
ative charge at its surface as -SO3

− anion, which increased the pro-
tonation and the electrostatic attraction between the negatively
charged -SO3

− anion and the positively charged adsorption site [22].
The increase in solution pH increased the number of hydroxyl
groups, so decreased the number of positively charge sites and
reduced the attraction between MO and MHMC. When the solu-
tion pH is above the pHpzc value, the MHMC particle acquires a

negative surface charge. There was competition adsorption between
the OH− ions and the dye anions. Hence, the removal efficiency of
the MO decreased with increasing the value of pH. But still a sig-
nificant amount of MO removal was observed as the pH of the
solution increased from 8.0 to 10.0. The result suggested that a
hydrogen bond may be exist between the -SO3

− anion of MO and
hydroxy contained in MHMC (Scheme 2).

For Cd2+, on increasing the pH from 2.1 to 7.0, the adsorption
capacity increased from 0.016 mmol/g to 0.19 mmol/g. The increase
in the adsorption at higher pH may be attributed to two reasons.
At low pH, the number of positively charged adsorbent sites in-
creased, which did not favor the adsorption of positively charged
Cd2+ ions due to electrostatic repulsion. Secondly, lower adsorp-
tion of Cd2+ at acidic pH is due to the presence of excess H+ ions
competing with Cd2+ for the adsorption sites of MHMC [23].
3. Adsorption Equilibrium Isotherms

Equilibrium data is significant for the design of adsorption sys-
tem. In this work, the Langmuir, Freundlich, and Dubinin-Radu-
shkevich models were applied to describe the adsorption equilibrium.

The Langmuir adsorption isotherm [24], as widely applied to
describe experimental adsorption data, is given as:

(4)

where Ce is the concentration of adsorbate (mmol/L) at equilib-
rium, qe is the amount of solute adsorbed at equilibrium (mmol/
g), qm (mmol/g) and KL (L/mmol) are Langmuir constants related
to adsorption capacity and energy of adsorption.

The Freundlich model [25] proposes a monolayer sorption with
a heterogeneous energetic distribution of active sites. It assumes
that an interaction between the adsorbed molecules takes place,
can be expressed as:

(5)

where KF ((mmol/g)(L/mmol)1/n) is the Freundlich constant which
is correlated with the capacity of adsorption and 1/n is an indica-
tor of adsorption intensity, and the value of the empirical parame-

qe = 
qmKLCe

1+ KLCe
-------------------

qe = KFCe
1/n

Fig. 4. The XRD spectra of NC and MHMC.

Scheme 2. Adsorption mechanism of MO on MHMC. The force of
attraction between the hydrogen present in MHMC (-OH)
and the oxygen present in the MO (-SO3

−).
EA: Electrostatic attraction; HB: Hydrogen bonding.

Fig. 5. Effect of solution pH on MO and Cd2+ on MHMC (C0,Cd
2+=

0.36 mmol/L; C0,MO=0.31 mmol/L; t=360 min, 298 K, MHMC
dosage: 2 g/L).



Investigation of synergistic adsorption between MO and Cd(II) from binary mixtures on MHMC 2077

Korean J. Chem. Eng.(Vol. 33, No. 7)

ter 1/n (0.1<1/n<1), indicates favorable adsorption [26].
The Dubinin-Radushkevich model is generally applied to express

the adsorption mechanism with the characteristic porosity and the
apparent free energy. The non-line presentation of Dubinin-Radu-
shkevich isotherm equation [27] is as follows:

(6)

where qe is the amount of adsorbate molecules adsorbed on per unit
weight of adsorbent (mmol/g), qm is the maximum adsorption capac-
ity (mmol/g), β is the activity coefficient related to adsorption mean
free energy mol2/J2, and ε is the Polanyi potential [28] given by:

(7)

E per molecule of adsorbate (of removing a molecule from its loca-
tion in the space to the infinity) can be computed by the relationship:

(8)

The parameter gives information about the type of adsorption
mechanism as a chemical ion-exchange or a physical adsorption.
If the magnitude of E is between 8 and 16 kJ/mol, the sorption
process is supposed to proceed via chemisorption, while for val-
ues of E <8 kJ/mol, the sorption process is of a physical nature.

The relative parameters for isotherm and kinetic equation were
calculated employing the χ2 between the experimental data and
calculated data using non-linear regression analysis. The expres-
sion for χ2 can be given as:

qe = qmexp − βε
2( )

ε = RT 1+ 
1

Ce
-----

⎝ ⎠
⎛ ⎞ln

E = 
1
2β

----------

Fig. 6. Adsorption isotherms of MO and Cd2+ on MHMC in single and binary systems using non-linear regressive methods (MHMC dos-
age: 2.0 g/L; t=360 min; 298 K). 
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(9)

where qe, calc. is the calculated adsorption capacity of MO or Cd2+

adsorbed onto MHMC, which is correlated with the various ad-
sorption models and qe, exp. is correlated with the experimental data
of adsorption capacity.
3-1. Adsorption Isotherms for the Single System

Fig. 6 illustrates the adsorption isotherms of MO and Cd2+ in
single systems. The isotherms rise steeply at low liquid phase con-
centration, indicating completion adsorption with a plateau formed

χ
2

 = 
qe, exp. − qe, calc.( )2

qe, calc.
--------------------------------------∑

Table 1. Parameters for adsorption isotherms of adsorbates on MHMC in single or binary systems
Adsorbate MO Cd2+

C0/mmol·kg−1 C0, Cd
2+/mmol/L C0, MO/mmol/L

0 0.60 0.89 1.23 0 0.60 1.03 1.24
Langmuir isotherm
qm/(mmol/g) 0.305 0.418 0.491 0.52 0.282 0.511 0.596 0.566
KL/(L/mmol) 7.03 6.29 5.61 7.22 3.71 1.63 1.45 1.94
R2 0.981 0.925 0.915 0.891 0.995 0.983 0.969 0.967
χ

2×103 0.80 1.53 2.27 3.51 0.40 0.36 0.77 0.88
Freundlich isotherm
KF (mmol/g) (L/mmol)1/n 0.270 0.376 0.445 0.499 0.182 0.310 0.357 0.369
1/n 0.29 0.35 0.38 0.36 0.34 0.54 0.57 0.51
R2 0.941 0.899 0.890 0.885 0.953 0.965 0.955 0.952
χ

2×103 0.24 2.05 2.94 3.69 0.49 0.71 1.12 1.30
Dubinin- Radushkevich isotherm
qm/(mmol/g) 0.287 0.386 0.445 0.479 0.247 0.374 0.421 0.428
E/(kJ/mol) 4.22 4.46 4.34 4.78 3.66 2.98 2.86 3.15
R2 0.984 0.927 0.917 0.889 0.995 0.968 0.952 0.949
χ

2×103 0.46 1.50 2.22 3.56 0.30 0.65 1.20 1.39

Table 2. The comparison of adsorption capacities of MO and Cd2+ onto various adsorbent from the literature
Adsorbate qm/(mmol/g) Adsorbent References

MO

0.278 Modified clinoptilolite This paper
0.103 Bentonite [47]
0.273 Carbon coated monolith [48]
0.110 Anaerobic sludge [49]
0.322 Quaternary ammonium polyethylenimine modified silica [50]
2.700 Hierarchical nano/micro-structured Zn-Mg-Al layered double hydroxides [51]
0.064 Banana peel [52]
0.062 Orange peel [52]
0.157 Ficus caria fiber [53]

Cd2+

0.270 Modified clinoptilolite This paper
0.034 Raw corn stalk [54]
0.250 Hetero-atom functional mesoporous silica [55]
0.051 Banana peels [56]
0.312 Activated alumina [57]
0.253 Sewage sludge [58]
0.163 Al13-pillared acid-activated montmorillonite [59]

when the maximum adsorption capacity was achieved. This sug-
gests that a saturation adsorbate monolayer was established.

Langmuir, Freundlich, and Dubinin-Radushkevich models have
been used to describe the experimental data of adsorption iso-
therms. The parameters of the three models calculated on the basis
of Eqs. (4), (5) and (6) are listed in Table 1. It can be seen that regres-
sion coefficients R2 obtained from the Langmuir and Dubinin-Radu-
shkevich models were bigger than that of the Freundlich model for
MO and the values of χ2 were lower, which suggests both the
Langmuir and Dubinin-Radushkevich models appeared to be the
better models for the adsorption of MO onto MHMC. However,
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for Cd2+, regarding the regression coefficients R2, all the three
models seem to be fit for the adsorption of Cd2+ onto MHMC.
Therefore, it indicates that after adsorption, MO or Cd2+ mono-
layer covered the surface of adsorbent. From Table 1, one can see
that the values of 1/n (0.1<1/n<1) indicating the adsorption behav-
ior of MHMC were favorable for the MO and Cd2+ in single sys-
tem. The values of E were lower than 8 kJ/mol for MO and Cd2+,
respectively, indicating that the nature of adsorption may contain
physical adsorption process.

The value of qm obtained from Langmuir isotherm of MO and
Cd2+ is 0.305 and 0.282 mmol/g, respectively. This result indicates
that the functional groups on the surface of MHMC had a rela-
tively stronger affinity for MO than Cd2+.

Part of the data on MO and Cd2+ adsorption capacity (values of
qm derived from the Langmuir equation) of various adsorbents is
summarized in Table 2. Although the values of adsorption capaci-
ties were obtained at different experiment conditions, the results
show that MHMC can be considered as a promising adsorbent for
the removal of MO and Cd2+ from aqueous solutions.
3-2. Adsorption Isotherms for the Binary System

The adsorption isotherms in binary adsorption system of MO/
Cd2+ and the fitted curves by the Langmuir, Freundlich and Dubinin-
Radushkevich models of MO and Cd2+ are shown in Fig. 6. On the
basis of the values of R2, χ2 and the experimental results showed
in Table 1, both the Langmuir and Dubinin-Radushkevich models
appear to be the better models for the adsorption of MO onto
MHMC in binary adsorption system. For Cd2+, all the three models
seem to be fit for the adsorption of Cd2+ onto MHMC in binary
system. The calculated E values for our system (Table 1) hint to the
physical nature of the adsorption of MO and Cd2+ onto MHMC.

The adsorption capacity of MO increased with the initial con-
centration increasing under a fixed concentration of Cd2+ in the
mixture solution and the tendency was the same as that of the sin-
gle adsorption system. However, there is a novel phenomenon in
the MO/Cd2+ binary adsorption system; the equilibrium uptake of
MO onto MHMC increased continuously with an increase of the
initial Cd2+ concentration. From Fig. 6, the initial concentration of
Cd2+ was increased from 0.604 to 1.227 mmol/L, the adsorption
capacity of MO was increased from 0.418 to 0.520 mmol/g in the
MO/Cd2+ binary solution (Table 1). The same facilitated phenom-
enon was also found when Cd2+ was the target component. When
the initial concentration of MO increased from 0.603 to1.242mmol/
L, the adsorption capacity of Cd2+ increased from 0.511 to 0.566
mmol/g. The higher adsorption capacity in binary system vali-
dated the synergism effect between Cd2+ and MO. The synergism
effect caused by the two species could be observed evidently from
Fig. 6 and Table 1. As to the uptake capacity of MO and Cd2+, com-
paring the profiles of the single and binary systems, the latter were
always higher during the experimental processes.

The synergism or competition among the dyes and heavy met-
als onto adsorbent can affect the mobility and the efficiency with
which they can be removed from multicomponent solutions. Equi-
librium distribution coefficient (Kd) can be used for the evaluation
of selectivity and affinity of adsorbent MHMC for MO and Cd2+

in solution. The Kd values obtained from this study for MO or
Cd2+ in MO/Cd2+ binary solution system are shown in Fig. 7. High

values of Kd indicate that the dye or heavy metal has been retained
by the solid phase through sorption reactions, while low values of
Kd indicate that a large fraction of the dye or metal remains in
solution [29].

In Fig. 7 the Kd (MO) values increased obviously with the con-
centration of Cd2+ increasing from 0 to 1.23 mmol/L; the same ten-
dency was observed for the values of Kd (Cd2+) increasing with the
concentration of MO increasing from 0 to 1.24 mmol/L. Accord-
ing to the distribution coefficient (Kd), the sequence of adsorption
affinity of MO and Cd2+ toward MHMC was found to be the fol-
lowing: Kd (MO) binary>Kd (Cd2+) binary>Kd (MO) single>Kd

(Cd2+) single, indicating that MO was stronger adsorbed by MHMC
than Cd2+ in binary metal system. These results show that the pres-
ence of Cd2+ or MO has an important advancement effect on the
uptake of MO or Cd2+ in binary system.

In general, a mixture of different adsorbates may exhibit three
types of behavior: synergism, antagonism and non-interaction. In
MO/Cd2+ binary system, the presence of Cd2+ promoted the ad-
sorption capacity of MO; the same trend is also observed for Cd2+,
which suggests that the adsorption system of MO/Cd2+ presented
a synergistic effect, not competitive adsorption. The increase in
Cd2+ adsorption efficiency can be explained by that the abundant
MO molecules attract to the surface of MHMC due to electrostatic
attraction (Eq. (10)). The positive electrostatic charges on the MHMC
surface will be neutralized, which would reduce electrostatic repul-
sion between MHMC and Cd2+. Meanwhile, the Cd2+ could be
adsorbed on the MHMC surface through complexation (Eq. (11))
[30] or ion exchange (Eq. (12) and Eq. (13)) [30]; then the MHMC
surface adsorbed Cd2+ have positive charges, which would serve as
the sites for electrostatic attraction to negative charged of MO as
shown in Eq. (14) and Eq. (15). On the other hand, there may exist
the hydrogen bonding between the -SO3

− group of MO and the hy-
drated cadmium ions, so MO-cadmium complexes may be formed
in binary systems. Through the complexation or ion exchange be-
tween MHMC and Cd2+, Cd2+ could attached to the surface of
MHMC individually or bound by the MO-cadmuim complex as
shown in Eq. (16), which also results in an increase in adsorption
capacity. Scheme 3 shows the likely molecular arrangements of

Fig. 7. The distribution coefficients Kd (mmol/g) of MO or Cd2+ in
binary system.
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adsorption of Cd2+ and MO on MHMC. The complex reactions
of Cd2+ and MO with magnesium hydroxide may be written as
follows [31]:

≡MgOH2
++MO− ≡MgOH2

+ --- MO− (10)

≡MgOH+Cd2++H2O ≡[MgOH---CdOH]++H+ (11)

≡MgOH+Cd2+ ≡MgOCd++H+ (12)

≡MgOH+Cd2++H2O ≡MgOCdOH++H+ (13)

≡MgOH+Cd2++MO−+H2O ≡[MgOH---CdOH]+---MO−+H+ (14)

≡MgOH+Cd2++MO− ≡MgOCd+---MO−+H+ (15)

≡MgOH+Cd2++H2O+MO− ≡MgOCdOH---MO+H+ (16)

4. Adsorption Kinetics
To interpret the experimental data, it is necessary to identify the

step that controlled the overall rate in adsorption processes. In this
study, five kinetic models including pseudo-first-order model,
pseudo-second-order model, Elovich model, the intra-particle dif-
fusion model and Bangham’s equation were used to investigate the
mechanism of adsorption and potential rate controlling steps such as
chemical reaction, diffusion control and mass transport processes.

The pseudo-first-order model [32] has been widely employed
to predict adsorption kinetics. The model is given as follows:

(17)

where qe is the adsorbate adsorption capacity at equilibrium, while
qt is the adsorbate adsorption capacity at time (min), and k1 (min−1)
is the pseudo-first-order rate constant.

The pseudo-second-order kinetic model [33] can be written as
the following equation:

(18)

where k2 (g mmol−1 min−1) is the pseudo-second-order rate constant.
The Elovich kinetic equation [34] is given by the following equa-

tion:

qt=A+B lnt (19)

where A and B are the Elovich kinetic model constants.
The adsorbate transport from the solution phase to the surface

of the adsorbent particles occurs in several steps. The overall ad-
sorption process may be controlled either by one or more steps, e.g.,
film or external diffusion, pore diffusion, surface diffusion and ad-
sorption on the pore surface, or a combination of more than one
step. The possibility of intra-particle diffusion was explored by using
the intra-particle diffusion model [35]:

qt=kidt1/2+C (20)

where kid (mmol/g min0.5) is the intra-particle diffusion rate constant
and C (mmol/g) is a constant related to the thickness of the bound-
ary layer, which is in direct ratio to the effect of the boundary layer.

Bangham’s equation can be further employed to check whether
pore diffusion was the only rate-controlling step or not in the ad-
sorption system. If this equation is an adequate representation of
experimental data, the adsorption kinetics is limited by pore diffu-
sion [36]. Bangham’s equation is given as:

(21)

where C0 is initial concentration of adsorption of adsorbate in
solution (mmol/L), v is the volume of solution (L), m is the weight
of adsorbent used per liter of solution (g/L), qt (mmol/g) is the
amount of adsorbate retained at time t, and α (<1), k0 is constant.
4-1. Single System of MO and Cd2+

The effect of contact time on the amount of adsorbed in single
system of MO and Cd2+ is shown in Fig. 8: the adsorption rate
was rapid at first 100 min, after which the rate slowed down and
the equilibrium was reached in 360 min contact time. The relative
parameters of three kinetic models (pseudo-first-order model,
pseudo-second-order model and Elovich model) and values of R2,
χ2 using nonlinear regressive method for adsorption of MO and
Cd2+ onto MHMC are listed in Table 3.

All three models have a high value of R2 and low value of χ2 for
MO in the single system, which shows that the pseudo-first-order
model, pseudo-second-order model and the Elovich model can be

qt = qe 1− e−k1t( )

qt = 
k2qe

2t
1+ k2qet
-------------------

C0

C0  − qtm
--------------------

⎝ ⎠
⎛ ⎞  = 

k0m
2.303v
---------------

⎝ ⎠
⎛ ⎞  + α tloglogloglog

Scheme 3. MO and Cd2+ adsorption on MHMC in binary system.
EA: Electrostatic attraction; HB: Hydrogen bonding; IE:
Ion exchange; CP: Complexation.

Fig. 8. Effect of contact time on the amount of adsorbed in single
and binary systems (MHMC dosage: 2.0 g/L; 298 K; pH=7;
Single system: C0(MO)=C0(Cd2+)=1.2 mmol/L; binary system:
C0(MO)=C0(Cd2+)=0.60 mmol/L).
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used for predicting the kinetic process of MO adsorption on
MHMC in the experimental conditions. However, the values of R2

and χ2 show that the pseudo-first-order model and pseudo-sec-
ond-order model were better fitted than that of the Elovich model
for the adsorption of Cd2+ on MHMC. The results indicate that
the adsorption process of MO and Cd2+ include chemisorption
and physisorption. The values of qe, calc calculated by pseudo-first-
order model for MO (0.272mmol/g) and Cd2+ (0.207mmol/g) agreed
better with the experimental qe, exp values (qe, exp(MO)=0.277 mmol/
g, qe ,exp(Cd2+)=(0.215 mmol/g) than those from the pseudo-second-
order model (qe, calc(MO)=0.319 mmol/g, qe, calc(Cd2+)=0.246 mmol/
g) in single systems, respectively. The removal effective is in the
order of MO>Cd2+. This result is also consistent with the forego-
ing conclusion derived from the Langmuir model.

Adsorption kinetics is usually controlled by different mecha-

nisms. To gain insight into the mechanisms and rate controlling
steps affecting the kinetics of adsorption, the kinetic experimental
results were fitted to the intraparticle diffusion model. The intra-
particle diffusion model implies that the plot of qt values t1/2 should
be linear. If the line passed through the origin, the intra-particle diffu-
sion would be the sole rate limiting step. If the line did not pass
through the origin, it implies that intra-particle diffusion was not
the sole rate control step, and other processes may control the
adsorption rate [37]. The plot of qt versus t0.5 for MO and Cd2+ ad-
sorption on MHMC in single system is shown in Fig. 9, and the
values of kid and C are listed in Table 3. From Fig. 9, the experi-
mental data points show two linear sections, which indicates the
adsorption processes have two steps. The first linear segments did
not pass through the origin, suggesting that pore diffusion was not
the sole rate limiting step. The result indicates the mechanism of dyes

Table 3. Parameters for adsorption kinetics of adsorbates on MHMC in single and binary systems

Adsorbate
MO Cd2+

Single Binary Single Binary
Pseudo-first-order model
qe, exp/(mmol/g) −0.277 −0.227 −0.215 −0.136
qe, calc/(mmol/g) −0.272 −0.211 −0.207 −0.128
k1×102 (min−1) −2.15 −3.06 −1.90 −2.86
R2

−0.996 −0.976 −0.988 −0.984
χ

2×102
−0.34 −1.34 −0.61 −0.64

Pseudo-second-order model
qe, exp/(mmol/g) −0.277 −0.227 −0.215 −0.136
qe, calc/(mmol/g) −0.319 −0.242 −0.246 −0.147
k2×102 (g/mmol min) −7.62 15.1 −8.37 23.70
R2

−0.989 −0.980 −0.988 −0.987
χ

2×102
−1.33 −1.77 −0.98 −0.86

Elovich model
A −0.088 −0.043 −0.075 −0.027
B −0.066 −0.048 −0.051 −0.029
R2

−0.976 −0.966 −0.982 −0.973
χ

2×102
−1.77 −4.70 −2.02 −1.18

Intra-particle diffusion model
ki1×102/(mmol/g min1/2) −3.06 −3.02 −2.57 −1.43
C1×102 (mmol/g) −4.28 −4.11 −4.68 −0.99
R1 −0.994 −0.983 −0.995 −0.965
SD1×102

−0.97 −1.27 −0.557 −1.08
ki2×103/(mmol/g min1/2) −4.04 −4.86 −5.87 −2.16
C2×102 (mmol/g) 20.34 13.72 10.89 −9.50
R2 −0.972 −0.987 −0.965 −0.938
SD2×102

−0.42 −0.392 −0.73 −0.330
Bangham’s model
α −0.623 −0.626 −0.627 −0.5544
K0×102 (L/g) −1.15 −2.42 −0.77 −1.60
R2

−0.895 −0.861 −0.908 −0.832
SD −0.134 −0.158 −0.125 −0.156

SD: standard deviation
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and Cd2+ adsorption is complex and the actual process may con-
tain surface adsorption and intra-particle diffusion for MO and Cd2+

in the single system. Table 3 indicates that the order of adsorption
rate is kd1(MO)>kd1(Cd2+) in single systems, which suggests that the
existence of electrostatic repulsion affected the diffusion rate of Cd2+

from solution to the surface of MHMC. Meanwhile, it can be seen
from Table 3, the value of kd2(Cd2+) was bigger than that of kd2(MO),
which indicates that the smaller ion radius size of Cd2+ may be en-
hance the diffusion rate into the internal pore structure of MHMC.

Bangham’s plot for MO and Cd2+ adsorption on MHMC in sin-
gle system is shown in Fig. 10, and the values of k0 and α are listed
in Table 3. The experimental data put to representation by Eq. (20)
did not give a good fit to the model data as expressed in Fig. 10.
This indicates that the diffusion of the adsorbate into the pores of
the adsorbents is not the only rate controlling step [38].

To corroborate the actual rate controlling steps in MO and Cd2+

adsorption on MHMC, the experimental data was further ana-
lyzed by the following equation [39]:

(22)

where k2 and qe can be obtained from Table 3, r is the radius of the
adsorbent particle in centimeters and Di (20-40 mesh, 30 mesh
was chosen) is the diffusion coefficient value for the intraparticle
transport of MO and Cd2+ in cm2/s. According to Singh et al. [40],
a value of Di of the order of 1010-1011 cm2/s indicates that intrapar-
ticle diffusion is the rate limiting step in the adsorption process. In
this study, the values of Di for MO and Cd2+ were 4.57×10−8 and
3.87×10−8 cm2/s, respectively, which is larger than 3-4 orders of
magnitude. This indicates that the intraparticle diffusion is not the
rate-controlling step.
4-2. Binary Component of MO and Cd2+

The kinetic result of MO and Cd2+ in a binary system is also
shown in Fig. 8. The adsorption capacity of MO or Cd2+ increased
with the time increasing, followed by a plateau, which was the same
phenomenon as single adsorption system. Compared with the ad-
sorption capacity of MO and Cd2+ in the single system, the higher
total adsorption capacity in the binary adsorption system was ob-
served from Fig. 8.

The relative parameters of three kinetic models and values of
R2, χ2 for the binary system are listed in Table 3. It can be seen that
the values of R2 obtained from the pseudo-first-order model and
pseudo-second-order mode were higher than that of the Elovich
model, which suggests that the pseudo-first-order model and pseudo-
second-order mode appear to be suitable for the adsorption of
MO or Cd2+ onto MHMC in binary system.

Fig. 9 shows the fitted curves of the intraparticle diffusion model
of MO and Cd2+ in binary adsorption systems. The adsorption of
MO and Cd2+ shows two stage diffusion processes, which was the
same as the single system. It suggests the adsorption process of MO
and Cd2+ may contain the surface adsorption and intraparticle dif-
fusion in the MO/Cd2+ binary system. From Table 3, the value of
kt1(MO) was greater than that of kt1(Cd2+) in binary system, which
indicates MO still exhibited higher diffusion rate than Cd2+. It was
because the electrostatic attraction between MO and MHMC en-
hanced the diffusion rate. However, the value of kt2(MO) was also
slightly greater than that of Cd2+, which was different from the sin-
gle system. The reason may be that MO-cadmium complex exists
in the binary system and the bigger molecule size of the complex
could impede the diffusion from the surface into the internal pore
structure of MHMC. In a binary system, the values of Di for MO
and Cd2+ were 6.87×10−8 and 6.55×10−8 cm2/s, respectively. It indi-
cates that the intraparticle diffusion is not the rate controlling step.

Bangham’s plot for MO and Cd2+ in binary adsorption system
is shown in Fig. 10. The values of k0 and α are also listed in Table 3.
The results show that the model did not match experimental data, so
the diffusion in the pores of MHMC was not only rate controlling.

The values of qm calculated by pseudo-first-order model and
pseudo-second-order model were all in the order of MO>Cd2+,
which shows that MHMC has a stronger adsorption affinity to
MO than Cd2+. It is no surprise for such a phenomenon, MO is
an anionic dye; thus electrostatic attraction could result in strong
adsorption of MO on MHMC. Another reason is that there may
exist a hydrogen bond between -SO3

− (from MO) and -OH (from
MHMC). Although Cd2+ ion has a smaller radius size, MHMC
has a stronger adsorption affinity to MO than Cd2+. However, the
total adsorption capacity of MO and Cd2+ on MHMC was higher

Di = 
0.03r2

t1/2
-------------- = 0.03k2qer

2

Fig. 9. Intra-particle diffusion plots for single and binary systems
onto MHMC (MHMC dosage: 2.0 g/L; 298 K; pH=7).

Fig. 10. Bangham’s plot for single and binary systems onto MHMC
(MHMC dosage: 2.0 g/L; 298 K; pH=7).
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than that of the adsorption capacity of MO and Cd2+ at equilib-
rium in single adsorption system, which suggests that MHMC can
be used as an adsorbent for removal of dyes and heavy metal in
the multi-solute system. The likely molecular arrangements of ad-
sorption of MO and Cd2+ on the MHMC in binary solution are
shown in Scheme 3.

CONCLUSION

MHMC showed a high adsorption capacity for MO and Cd2+

ions from single and binary solutions, and the adsorption capacity
followed the order of MO>Cd2+. The maximum adsorption amounts
in single system were 0.305 and 0.282 mmol/g for MO and Cd2+,
respectively. In the binary system of MO/Cd2+, the equilibrium ad-
sorption capacities of MO and Cd2+ increased as compared to sin-
gle systems, which indicated that the adsorption system presented
a synergistic effect, not antagonistic interaction between MO and
Cd2+ on MHMC. Experimental adsorption data from single and
binary systems were successfully described by the Langmuir and
Dubinin-Radushkevich equilibrium isotherm models, which may
indicate that the number of adsorption sites available for MO and
Cd2+ on MHMC is limited, and that an adsorbate monolayer was
established at saturation. The adsorption kinetic studies showed
that the adsorption process followed pseudo-first-order model and
pseudo-second-order model in single and binary systems, which
indicated that the adsorption process of MO and Cd2+ included
chemisorption and physisorption. The process mechanism of MO
and Cd2+ adsorption was found to be complex, consisting of both
surface adsorption and pore diffusion with chemical process in
the single and binary systems.
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