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a b s t r a c t
The aim of this article is to understand the adsorption mechanism and adsorption kinetics law of 
Yellow River sediment on arsenic with different gradations. Adsorbent particles with different sizes 
and states were tested in order to acquire better insight into the adsorption process. Different kinetic 
models, such as the first order kinetic model, the two-level kinetic model and the particle diffusion 
model, were used to fit the experimental results. The correlation coefficient of the silver sand were all 
above 0.9200 in the first kinetic fitting curves and that of the coarse sand were all above 0.9900 in the 
two-level kinetic fitting curves. Both of the first order kinetic and the two-level kinetics model fitting 
results indicated that silver sand and the coarse sand had good correlation. The mass transfer kinetic 
model fitting results indicated that the adsorption reaction was mainly controlled by intra particle dif-
fusion. By fitting the experimental results of silver sand in static and turbulent conditions, concluded 
that the average values of correlation coefficient were 0.9600 and 0.9368 in static and turbulent con-
ditions respectively, which manifested that under static conditions had better correlation, at the same 
time, because the value of c was not equal to 0, the adsorption reaction was mainly controlled by intra 
particle diffusion, liquid film diffusion and surface adsorption.
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1. Introduction

Nowadays, the discharge of heavy metal ions in natural
water by industrial activities is increasing, which is one of 
the most serious environmental problems even at very low 
concentrations [1]. Arsenic is a kind of metalloid, but the tox-
icity of arsenic ions in aqueous solution is very tragic, which 
is equal to the heavy metal. So far, there are many methods 
of removing arsenic ions and other heavy metal ions from 
water, such as reverse osmosis, electrodialysis, electrochemi-
cal technology and so on [2–7]. However, these methods have 
many shortcomings, such as high material consumption, 
chemical residues. In order to solve this problem, at the same 

time to easily take the material and to realize innovation, 
this paper mainly studies the adsorption of arsenic by the 
Yellow River sediment. As the muddiest river in the world, 
the Yellow River is a significant water source in the northwest 
and north of China [8]. In recent years, the pollution of the 
Yellow River appeared with a rapidly expanding economy of 
Yellow River basin, and arsenic pollution [9,10] has became a 
big problem on water safety of Yellow River, therefore arse-
nic pollution control and management of water resources 
were already a research focus [11,12]. The research of adsorp-
tion mechanism and adsorption kinetics law of Yellow River 
sediment on arsenic will provide a theoretical basis for the 
pollution control and the management of water resources of 
Yellow River.
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There are so many papers already published on the 
removal of pollutant using different adsorbents, such as 
activated lignin–chitosan extruded blends, agricultural waste-
based activated carbon, novel guar gum/Al2O3 nanocompos-
ite, ZrO2/Fe3O4/chitosan nanomaterials and so on [13–18]. 
However, the study on the adsorption of arsenic by sediment 
is rare. In this study, the experimental materials can be easily 
obtained and then we can use the existing materials effectively 
to study the adsorption of arsenic. The Yellow River sediment 
particles have large specific surface area. There are many 
kinds of active substances on the particle surface, which can 
combine with heavy metal (including metalloid) pollutants 
[19]. As an effective carrier for the migration, transformation 
and diffusion of heavy metals in water, sediment affects heavy 
metal pollutants valence state, transformation and water envi-
ronment capacity. The contaminants adsorption of sediments 
can significantly affect the bioavailability, toxicity and mobil-
ity of contaminants [20]. The sediment adsorption changes 
with hydrodynamic conditions. Therefore, the study of the 
water and sediment system of heavy metals will be conducive 
to understanding the characteristics and rules of migration 
and transformation of pollutants in water and sediment.

Equilibrium experimentation and modeling, as well as 
kinetic studies are widely used to study the adsorption pro-
cess [21]. Adsorption kinetics model study is an important way 
to understand the mechanism of the adsorption process and 
the potential rate limiting step, which can be used to express 
the process of chemical reaction, diffusion and mass energy 
transfer [22]. The adsorption kinetics, such as the adsorption 
dynamic equilibrium and adsorption rate measurements, can 
theoretically illustrate the relationship between adsorption 
capacity and adsorption time [23]. The first order kinetics 
model, the two-level dynamic model and the mass transfer 
kinetics model are widely used in dynamic models study of 
adsorption process [24]. In this paper, the arsenic adsorption 
of the Yellow River sediment was studied with dynamic fitting 
of the arsenic adsorption in different gradation of the sediment.

2. Materials and methods

2.1. Materials

The sand used in this study was collected from the river 
shoal near Huayuankou section of the Yellow River. The 
sampling uniformity of the sediment was taken into account 
during the sampling process. After naturally drying in the 
absence of light, the impurities were removed and then the 
sediment was divided into coarse sand, medium sand and 
silver sand according to size distribution. The medium sand 
consisted of coarse sand and silver sand with the quality 

ratio of 1:1. The grain size of coarse sand and silver sand was 
observed and analyzed by photoelectric particle size analyze, 
the median particle diameters of silver sand, medium sand 
and coarse sand were 0.01, 0.017 and 0.036 mm, respectively. 
The detail is listed in Table 1.

2.2. Methods

According to the sediment gradation requirements (coarse 
sand, medium sand and silver sand) and concentration (1, 5 
and 10 kg/m3 requirements), dry sand was put into 500 mL 
conical flask, then activated with high purity water 24 h. Water 
samples of different concentrations prepared with arsenic 
reserves were added to conical flask, so that the total volume 
can be 1 L. The adsorption experiments were carried out in 
the static and turbulent conditions. When saturated adsorp-
tion was reached, the sample was filtered with 0.45 μm ultra-
filtration membrane to remove the adsorption interference 
of colloid and organic macromolecules, and then 5.00 mL of 
filtrate was used for arsenic concentration measurement with 
standard method.

In order to better understand the surface characteristics 
of sand, scanning the washed sand by using scanning elec-
tron microscope (SEM). To further reveal the mechanism of 
the adsorption, different kinetic models were used to fit the 
experimental results, which were shown below.

3. Results and discussion

3.1. Characterization of the sand

3.1.1. Characterization of microstructure by SEM

The surface characterization of sediment particles is 
important to the arsenic adsorption in aqueous phase. As 
shown in Fig. 1, the morphologies of the cleaned sand and 
the sand after adsorption equilibrium were characterized by 
SEM. The surface of the cleaned sand particle was rough and 
irregular, there were some fine flakes or blocks attach to the 
depression or flat place of the particle. And the surface tex-
ture of cleaned sand was clear and complex, and there were a 
lot of pores on the particles. This feature was due to the com-
position of the sediment and the forces acting during migra-
tion. After adsorption, the surface of the sand became smooth 
and fine, with fractured pores and small spherical particles. 
Because there were varieties of organic and inorganic pol-
lutants, the different pollutants and the components of sed-
iment itself affected each other in the process of adsorption, 
and there were constant migration and transformation under 
the water flow, which made the surface morphologies of sed-
iment particles became more complex and changeable.

AQ2

Table 1 
Grain size analysis of sediment used in the experiments

Sample The percentage of particles smaller than a certain size φ (%) Median particle 
size (μm)

Average particle 
size (μm)Particle size (μm)

2 8 16 25 50 75 100 250 1,000

Silver sand 12.62 43.26 64.27 76.84 91.93 97.11 99.03 100.00 100.00 10.02 17.75
Medium sand 8.85 31.13 47.81 61.21 84.46 93.83 97.21 99.26 100.00 17.32 28.25
Coarse sand 2.55 7.06 15.05 30.20 70.19 89.00 95.90 99.11 100.00 35.84 43.76
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3.1.2. Characterization of microstructure by SEM-EDS

SEM-EDS can be used to detect and analyze the local 
range of the particle surface and to detect the percentage of 
mass fraction (W) and the number of atoms (A) in the region. 
As seen from the Figs. 2 and 3, the main atoms in the particle 
detection area were C, O, Al and Si, in which the content of O 
and Si was higher. It was consistent with the conclusion that 
the sediment particles are mainly composed of SiO2. It was 
obvious that the content of arsenic on the sediment surface 
increased after adsorption, which indicated that the adsorp-
tion capability of the sediment for arsenic was good.

The classical method to investigate the adsorption mech-
anism and kinetics law of adsorption process is kinetic model 

fitting with the adsorption results under different conditions. 
In this study, the experimental results of different sediment 
gradation were fitted with the first order kinetic model, two-
level kinetic model and intra particle diffusion model to 
obtain the first order kinetic equation, two-level kinetic equa-
tion and intra particle equation.

3.2. First order kinetic model

The first order kinetic model is the kinetic equation of the 
relationship between the reaction rate and the concentration 
of the reactant in the system; the expression of which is as 
follows:

Fig. 1. SEM images of (a) cleaned sand and (b) sand after adsorption equilibrium.

Fig. 2. SEM-EDS images of cleaned sand.
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The boundary condition is when t = 0; qt = 0; when t = t; 
q = qe, the integration is taken over boundary conditions on 
both sides of Eq. (1), it becomes:

ln( ) lnq q q k te t e− = − 1  (2)

where qe is the adsorption capacity of unit adsorbent at equi-
librium condition (μg/g); qt is the adsorption capacity of unit 
adsorbent at t moment (μg/g); k1 is the kinetic adsorption rate 
constant for first order kinetics (g/μg·min–1).

When we plot ln(qe – qt) vs. time and perform linear fit-
ting, the slope of the fitting straight line provides the rate 
constant of the first order kinetic adsorption, and the inter-
cept provides the equilibrium adsorption capacity. The fitting 
curves are shown in Fig. 4, and the corresponding first order 
kinetic parameters are shown in Table 2.

As seen in Table 2, the correlation coefficients of coarse 
sand were 0.7066, 0.7786 and 0.8374; the correlation coeffi-
cients of medium sand were 0.9198, 0.8481 and 0.9902; and the 
correlation coefficients of silver sand were 0.9624, 0.9769 and 
0.9217 at the concentration of 1, 5 and 10 kg/m3, respectively, 
which showed that the correlation coefficient obtained for 
the silver sand was better than the medium sand and coarse 
sand. The correlation coefficient generally increases with the 
increase of initial aqueous phase arsenic concentration.

The first order kinetic model cannot express the arsenic 
adsorption process well, because the difference between the 

equilibrium adsorption capacity qe and the experimental 
results qe* was relatively large, that is the value of qe obtained 
in the adsorption experiment deviated from the theoretical 
model fitting value.

3.3. Two-level kinetic model

The two-level kinetic model is used to describe the 
divalent metal ions adsorption process, assuming that the 
adsorption is proportional to the amount of adsorbent on 
adsorption site; the expression of which is as follows:

d
d
q
t

k q qt
e t= −( )2

2
 (3)

The boundary condition is t = 0; qt = 0; t = t; q = qe, 
integration is taken over boundary conditions on both sides 
of Eq. (3), it can be obtained as:

t
q k q

t
qt e e

= +
1

2
2  (4)

where qe is the adsorption capacity of unit adsorbent at equi-
librium condition (μg/g); qt is the adsorption capacity of unit 
adsorbent at t moment (μg/g); k2 is the kinetic adsorption rate 
constant for two-level kinetics (g/μg·min–1).

A plot of the two-level kinetic model can be obtained by 
taking the time as the abscissa and t/qt as the ordinate, the 
equilibrium adsorption capacity can be calculated according 
to the intercept. The adsorption rate constant can be obtained 

Fig. 3. SEM-EDS images of the sand after adsorption equilibrium.
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from the intercept and the equilibrium adsorption capacity. 
Compared with the first order kinetic model, the two-level 
kinetic model reveals the entire absorption process which is 
consistent with the rate control step.

The experimental results were fitted with the two-level 
kinetic model. The fitting curves are shown in Fig. 5, and the 
corresponding first order kinetic parameters are shown in 
Table 3.

It can be seen that the difference between the equilibrium 
adsorption capacity qe and the experimental results qe* 
was small, so by fitting the experimental results with the 
two-level kinetic equation can well describe the arsenic 
adsorption process. It also can be seen from Table 4 that the 
two-level kinetic model correlation coefficient of coarse sand, 
medium sand and silver sand could reach more than 0.98, 
among them, the coarse sand has better correlation and the 

Fig. 4. Fitting curves of the first order kinetics with different sediment gradation: (a) coarse sand, (b) medium sand, and (c) silver sand.

Table 2
Parameters of the first order kinetic model with different sediment gradation

Sediment gradation Sediment concentration (kg/m3) First order kinetic model
k1 qe qe* R2

Coarse sand 1 0.0218 6.8569 19.6300 0.7066
5 0.0567 10.1736 18.2200 0.7786

10 0.0496 11.5742 17.3200 0.8374
Medium sand 1 0.0836 100.3195 44.1400 0.9198

5 0.0415 15.6143 23.9900 0.8481
10 0.0653 20.6768 20.9100 0.9902

Silver sand 1 0.0610 46.5078 52.6400 0.9624
5 0.0514 54.2900 44.9700 0.9769

10 0.0835 65.7559 38.1700 0.9218
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correlation coefficient can reach above 0.99, which indicated 
that the two-level kinetic fitting has a good linear correlation.

3.4. Mass transfer kinetics

The particle diffusion model can be expressed as [25]:

q k t Ct i= +1 2/  (5)

where qt is the adsorption capacity of unit adsorbent at t 
moment (μg/g); ki is the diffusion rate constant (μg g–1·min1/2); 
c is the characterization of the boundary layer effect and the 
degree of membrane diffusion. The parameter c has positive 
correlations with the external diffusion effect.

A plot of the intra particle diffusion model can be 
obtained by taking t1/2 as the abscissa and qt as the ordinate, 
the slope is rate constant ki and intercept is parameter c. The 
parameter c is considered to characterize the boundary layer 

Fig. 5. Two-level kinetics fitting curve of the different sediment gradation: (a) coarse sand, (b) medium sand, and (c) silver sand.

Table 3 
Parameters of the two-level kinetic model under different gradation

Sediment gradation Sediment concentration (kg/m3) Two-level kinetic model
K2 qe qe* R2

Coarse sand 1 0.0115 19.8650 19.6300 0.9949
5 0.0089 18.9466 18.2200 0.9941

10 0.0057 18.6047 17.3200 0.9909
Medium sand 1 0.0007 55.8347 44.1400 0.9662

5 0.0032 26.6667 23.9900 0.9958
10 0.0033 23.8095 20.9100 0.9897

Silver sand 1 0.0019 57.2738 52.6400 0.9985
5 0.0009 54.2888 44.9700 0.9886

10 0.0012 45.4959 38.1700 0.9834
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effect and membrane diffusion degree; its value can reflect 
the impact of liquid film diffusion (external surface diffusion) 
in the adsorption rate controlling step. In general, the value 
of parameter c increases with the thickness of the diffusion 
boundary layer, the liquid film diffusion rate decreases with 
the increase of mass transfer resistance, which can enhance 
the effect of liquid film diffusion.

3.4.1. Mass transfer kinetics model

The simulation results of the mass transfer kinetics model 
can be used to determine the controlling factors of specific 

adsorption process. Intra particle diffusion model is one of 
the mass transfer kinetic models, which is used most widely, 
therefore, in this study, the intra particle diffusion model 
is used to study the adsorption process in order to further 
reveal the adsorption mechanism. The experimental data and 
the fitting curve of intra particle diffusion model are shown 
in Fig. 6, and the fitting parameters are shown in Table 4.

It can be seen from Table 4 that the average value of 
correlation coefficient R2 with different sediment gradation 
were 0.7280, 0.7745 and 0.8501 respectively, which means 
the correlation coefficient increases with decrease of par-
ticle size. The fitting results show that silver sand is better 

Table 4 
Parameters of the intra particle diffusion model under different gradation

Sediment gradation Sediment concentration (kg/m3) ki c R2 Average value of R2

Coarse sand 1 1.4582 7.0865 0.7345 0.7280
5 1.1109 7.6661 0.6914

10 1.2489 5.3729 0.7491
Medium sand 1 4.3428 3.9053 0.8351 0.7745

5 1.8254 7.3080 0.7755
10 1.6953 5.8861 0.7130

Silver sand 1 3.430 21.1829 0.8258 0.8501
5 4.0575 6.2199 0.9138

10 3.4324 6.9459 0.8108

Fig. 6. Intra particle diffusion fitting curve of the different sediment gradation: (a) coarse sand, (b) medium sand, and (c) silver sand.
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than medium sand and coarse sand. Because the value of 
parameter c is not equal to 0, which means the adsorption 
reaction is mainly controlled by the intra particle diffusion, 
but the particle diffusion is not the only rate control step in 
the adsorption process, the adsorption rate is also affected by 
liquid film diffusion and surface adsorption.

3.4.2. Mass transfer kinetic model fitting curve in static and 
turbulent conditions

As shown above, the experimental results of silver sand 
fitted well with the mass transfer kinetic model. For a deep 
study of the mass transfer rules, the results of adsorption 
experiment of silver sand, which were carried out at both 
static and turbulent conditions, were fitted with the mass 
transfer kinetic model. The fitting results are shown in Fig. 7 
and the fitting parameters are shown in Table 5.

As shown in Fig. 7 and Table 5, the average values of 
correlation coefficient R2 were 0.9598 and 0.9368 in static 
and turbulent conditions respectively, the fitting correlation 
coefficient R2 of the silver sand at a concentration of 10 kg/m3 
in turbulent conditions was 0.991, which indicated that the 
fitting results are very good and the fitting effect performs 
better in static condition than that in turbulent condition. 
This is often observed in experimental mass transfer work. 
Moreover, because parameter c is the characterization of the 
boundary layer effect and the degree of membrane diffusion, 
at the same time, the value of parameter c is not equal to 0, so 

the adsorption reaction is mainly controlled by the diffusion 
of the particles and the adsorption rate is also affected by liq-
uid film diffusion and surface adsorption.

4. Conclusions

In this paper, the effects of different gradation of the 
Yellow River sediment on arsenic adsorption were analyzed. 
The first order kinetic model, the two-level kinetic model and 
the intra particle diffusion model were used to fit the experi-
mental results, through the fitting curves and the parameters 
of different kinds of kinetics model and mass transfer model, 
the results are shown as follows:

Fig. 7. Mass transfer kinetic model fitting in static and turbulent conditions.

Table 5
Parameters of intra particle diffusion model in static and 
turbulent conditions

Experimental 
condition

Sediment 
concentration (kg/m3)

ki c R2

Static 1 0.9452 14.9929 0.9760
5 2.7067 –3.9470 0.9836

10 0.7632 3.4174 0.9198
Turbulent 1 9.8748 –7.6413 0.9042

5 2.0828 5.3115 0.9154
10 1.1036 6.1275 0.9910
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1. The first order kinetic model was used to fit the exper-
imental results, which showed that the correlation 
coefficient performance as the silver sand was better 
compared with coarse and medium sand. From the dif-
ference between the equilibrium adsorption capacity qe 
and the experimental results qe*, it can be seen that the 
error was relatively large.

2. The correlation coefficient of coarse sand was larger than 
medium sand and silver sand in the two-level kinetic 
model fitting parameters, which revealed that the coarse 
sand has better adsorption for arsenic. The difference 
between the equilibrium adsorption capacity qe and the 
experimental results qe* was small, which showed the 
error of two-level kinetic fitting was small.

3. The average value of correlation coefficient of differ-
ent sediment gradation were 0.7280, 0.7745 and 0.8501, 
respectively, by fitting with the intra particle kinetic 
model, the fitting results manifested as silver sand was 
better than medium sand and coarse sand. Because the 
value of parameter c was not equal to 0, so the adsorp-
tion reaction was mainly controlled by the intra particle 
diffusion.

4. The intra particle kinetic model in static and turbulent 
conditions was used to fit the experimental results, which 
showed that the average values of correlation coefficient 
were 0.9598 and 0.9368 in static and turbulent conditions, 
indicating that the fitting in static conditions had good 
correlation. Because the value of parameter c was not 
equal to 0, it further revealed that the adsorption reaction 
was affected by the intra particle diffusion, liquid film 
diffusion and surface adsorption.

Acknowledgments

Foundation: Major Research Plan of the National Natural 
Science Foundation of China (Nos: 51190093, 51309188, 
51409104).

References
[1] M.C. Panya, K.K. Surachai, Adsorption behavior of Fe(II) and 

Cr(VI) on activated carbon: surface chemistry, isotherm, kinetic 
and thermodynamic studies, J. Chem. Thermodyn., 106 (2017) 
104–112.

[2] M.S. Karmacharya, V.K. Gupta, I. Tyagi, S. Agarwal, Removal 
of As(III) and As(V) using rubber tire derived activated carbon 
modified with alumina composite, J. Mol. Liq., 2 (2016) 836–844.

[3] A.A. Alqadami, M. Naushad, M.A. Abdalla, T. Ahamad, Z.A. 
ALOthman, S.M. Alshehri,  A.A. Ghfar, Efficient removal of toxic 
metal ions from wastewater using a recyclable nanocomposite: 
a study of adsorption parameters and interaction mechanism. J. 
Cleaner Prod. 156 (2017) 426–436.

[4] A.A. Alqadami, M. Naushad, M.A. Abdalla, Adsorptive removal 
of toxic dye using Fe3O4–TSC nanocomposite: equilibrium, 
kinetic, and thermodynamic studies, J. Chem. Eng. Data, 61 
(2016) 3806–3813.

[5] H. Javadian, M.T. Angaji, M. Naushad, Synthesis and 
characterization of polyaniline/γ-alumina nanocomposite: a 
comparative study for the adsorption of three different anionic 
dyes, J. Ind. Eng. Chem., 20 (2014) 3890–3900.

[6] A. Kumar, G. Sharma, M. Naushad, Polyacrylamide/Ni0.02Zn0.98O 
nanocomposite with high solar light photocatalytic activity and 
efficient adsorption capacity for toxic dye removal, Ind. Eng. 
Chem. Res., 53 (2014) 15549–15560.

[7] D. Pathania, R. Katwal, G. Sharma, Novel guar gum/Al2O3 
nanocomposite as an effective photocatalyst for the degradation 
of malachite green dye, Int. J. Biol. Macromol., 87 (2016) 366–374.

[8] G.H. Hu, P.L. Zhao, X.Q. Xiao, Characteristics of sediment in 
the Yellow River and its influence on water environment, Water 
Conserv. Hydropower Technol., 8 (2004) 17–20.

[9] J.D. Chwirka, B.M. Thomson, J.M. Stomp III, Removing arsenic 
from groundwater, J. Am. Water Works Assoc., 92 (2000) 79.

[10] J.H. Man, Y.J. Yang, X.L. Wang, Survey of surface water 
pollution in the Yellow River river system, J. Environ. Health, 
30 (2013) 325–327.

[11] S.S.-H. Tao, P.M. Bolger, Toxic Metals: Arsenic, Encyclopedia of 
Food Safety, Vol. 2, 2014, pp. 342–345.

[12] Y. Di, X. Zhang, D. Tong, T. Xiao, The harmfulness of arsenic 
pollution and the method of removing arsenic, Liaoning Chem., 
263 (2008) 629–631.

[13] E. Daneshvar, A. Vazirzadeh, A. Niazi, Desorption of 
Methylene blue dye from brown macroalga: effects of operating 
parameters, isotherm study and kinetic modeling, J. Cleaner 
Prod., 152 (2017) 443–453.

[14] A.B. Albadarin, M.N. Collins, M. Naushad, Activated lignin-
chitosan extruded blends for efficient adsorption of methylene 
blue, Chem. Eng. J., 307 (2017) 264–272.

[15] M. Naushad, M.R. Khan, Z.A. Alothman, Removal of BrO3
− from 

drinking water samples using newly developed agricultural 
waste-based activated carbon and its determination by ultra-
performance liquid chromatography-mass spectrometry, 
Environ. Sci. Pollut. Res., 22 (2015) 15853–15865.

[16] M. Naushad, Z.A. Alothman, G. Sharma, Kinetics, isotherm and 
thermodynamic investigations for the adsorption of Co(II) ion 
onto crystal violet modified amberlite IR-120 resin, Ionics, 21 
(2015) 1453–1459.

[17] M. Naushad, Z.A. Alothman, Separation of toxic Pb2+ metal 
from aqueous solution using strongly acidic cation-exchange 
resin: analytical applications for the removal of metal ions 
from pharmaceutical formulation, Desal. Wat. Treat., 53 (2015) 
2158–2166.

[18] A. Kumar, C. Guo, G. Sharma, Magnetically recoverable ZrO2/
Fe3O4/chitosan nanomaterials for enhanced sunlight driven 
photoreduction of carcinogenic Cr(VI) and dechlorination and 
mineralization of 4-chlorophenol from simulated waste water, 
RSC Adv., 6 (2016) 13251–13263.

[19] J.P. He, Adsorption of sediment in natural water, JiangSu, 
Environ. Sci. Technol., 2 (2006) 89–91.

[20] C. Wang, X.L. Fan, P.F. Wang, Adsorption behavior of lead 
on aquatic sediments contaminated with cerium dioxide 
nanoparticles, Environ. Pollut., 219 (2016) 416–424.

[21] S.S. Mohammad, M.A. Wan, D. Wan, S. Ahmad, A review of 
mathematical modeling of fixed-bed columns for carbon 
dioxide adsorption, Chem. Eng. Res. Design, 92 (2014) 961–988.

[22] A.J. Maher, Kinetic models for adsorption on mineral particles 
comparison between Langmuir kinetics and mass transfer, 
Environ. Technol. Innovation, 6 (2016) 27–37.

[23] H.J. Shipley, S. Yean, A.T. Kan, A sorption kinetics model for 
arsenic adsorption to magnetite nanoparticles, Environ. Sci. 
Pollut. Res., 17 (2010) 1053–1062.

[24] H.F. Bao, W.W. Yang, L.Q. Zhang, Study on the effect and 
kinetics of heavy metal ions removal by activated sludge based 
activated carbon, China Environ. Sci., 33 (2013) 69–74.

[25] P.C. Chiang, S.Y. Pan, Application of Mass Transfer Model in 
Environmental Engineering, 2015, pp. 10–22.


