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Arsenic is a metalloid, which occurs in nature in various forms, but in 
natural waters mainly in the form of pentavalent oxyanion of arsenate As(V) and 
trivalent arsenite As(III), which dominates under anaerobic conditions. Arsenic 
water pollution is a serious problem due to its pronounced negative impact on 
human health. This paper describes the kinetic and equilibrium studies of the 
sorption mechanism of oxyanion As(V) in monocomponent aqueous solutions on 
a silanized magnetic amino-functionalized copolymer of glycidyl methacrylate 
and ethylene glycol dimethacrylate m-Si-PGME-deta. It has been shown that the 
sorption of As(V) on m-Si-PGME-deta is a rapid process, initially controlled by 
ion diffusion rate through solution. After achieving the saturation of the sorbent 
surface, the sorption rate decreases, because the sorption rate determines 
the process of intraparticle pore diffusion. The maximum sorption capacity is  
5.61 µmolˑg-1. 

Paper received: 25 June 2021
Paper accepted: 12 July 2021
Paper available from 29 Dec 2021
at https://glasnik.tf.unibl.org/

Keywords: 
arsenic, 
sorption, 
kinetic, 
magnetic nanocomposite.

INTRODUCTION

Arsenic is a metalloid in group 15 and period IV of the 
periodic table, widely distributed in the Earth’s crust, 
present in 150 different types of minerals. In natural 
waters, it occurs mainly in the form of oxyanions of 
arsenate As(V) and arsenite As(III) (arsenite dominates 
under anaerobic conditions) (Organization, 2017).

Arsenic has a pronounced  negative effect on the 
human health, from carcinogenic effects due to chronic 
exposure to death by acute poisoning (Chowdhury et 
al., 1999; Han et al., 2003). It is estimated that 30% 
of the total amount of arsenic in the atmosphere is of 
natural origin (from volcanic gases) and about 70% is a 
product of human activities (mining, agriculture, wood 
industry). When found in the atmosphere, arsenic is 
mainly adsorbed on dust particles and the soil surface, 
where it easily reaches watercourses. While the 
level of arsenic in the air is not of particular concern, 
water pollution by arsenic is a serious problem. 
Therefore, WHO recommendations limit the maximum 
concentration of arsenic in drinking water to 10 μg ˑ L-1 
(Organization, 2017).

Various methods have been developed to remove 
arsenic from wastewater: flocculation, membrane 
separation and adsorption (Mudzielwana et al., 2019; 
Nicomel et al., 2015; Rahdar et al., 2019; Smith et 
al., 1992; Zhang et al., 2008). Adsorption methods 
have proven to be very effective. The sorption of 
As(V) ions from an aqueous solution on a magnetic 
amino-functionalized polymer composite of glycidyl 
methacrylate and cellulose has been described in 
the literature (Anirudhan et al., 2011). Macroporous 
amino-functionalized copolymers based on glycidyl 
methacrylate and ethylene glycol dimethacrylate have 
so far been investigated as sorbents of many different 
cations and oxyanions (Ekmeščić et al., 2019; Maksin 
et al., 2012; Malović et al., 2007; Marković et al., 
2017; Nastasović et al., 2004; Nastasović et al., 2007; 
Nastasović et al., 2009; Sandić & Nastasović, 2009).

In this paper, we investigated the mechanism of arsenic 
sorption on silanized magnetic amino-functionalized 
copolymer of glycidil methacrilate and ethilen glycol 
dimethacrilate m-Si-PGME-deta. The tested sorbent 
m-Si-PGME-deta was synthesized and characterized 
as described in previous work (Suručić, 2019). The 
sorption was tested from diluted aqueous solutions of 
As(V) oxyanions (Ci = 25 ppm) in a batch system, at 
room temperature (298K) and atmospheric pressure 
(101,3 kPa), as a function of concentration, contact 
time and pH. The oxyanion concentrations in a solution 
were determined by inductively coupled plasma  optical 
emission spectrometry (ICP-OES).*Corresponding author: 
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MATERIALS AND METHODS

A freshly prepared solution of disodium hydrogen 
arsenate Na2HAsO4 (Sigma-Aldrich, Germany) in 
deionized water (Milli-Q Millipore, conductivity 
18 MΩˑcm-1) was used for the sorption assay. The 
sorption capacity, i.e., the amount of As(V) sorbed onto 
unit mass of magnetic sorbent, Q, was calculated from:

(1)

where Ci and C are initial concentration and 
concentration in the sample after sorption; V is 
the solution volume (20 mL) and m is the sorbent  
mass (0.2 g).

Kinetic data were analyzed with the pseudo first 
model, PFO, pseudo second model, PSO, Elovich and 
intraparticle diffusion, IPD (Table 1).

For equilibrium data analysis, the Langmuir (2) 
(Langmuir, 1918), Freundlich (3) (Freundlich, 1907) and 
Temkin (4)  (Temkin & Levich, 1946) isotherm models 
were used.

(2)

(3)

(4)

The influence of pH value on the arsenic species 
distribution and adsorption was studied using a surface 
complexation model (Marjanović et al., 2020).

RESULTS AND DISCUSSION 

The sorption capacity was tested in the pH range of 
3-10 and maximum sorption capacity is achieved 
at acidic solutions, and ranges up to pH = 5.9. The 
dependence of the sorption capacity on pH is shown 
in the Figure 1.

Therefore, further kinetic and thermodynamic tests 
were performed at pH = 5.9.

Kinetic study of sorption

The experimental kinetic results were reported in 
Figure 2.

Sorption kinetic data were analyzed using the 
surface-reaction (PFO and PSO), Elovich and particle 
diffusion-based (IPD) kinetic models to investigate 
the controlling mechanism of As(V) sorption by  
m-Si-PGME-deta (Figure 3).

Model PFO PSO Elovich IPD

Equation

Table 1. Kinetic equation

Figure 1. Effect of pH on As(V) species distribution (a)  
and adsorption (b) from aqueous solutions  

onto m-Si-PGME-deta

https://pubchem.ncbi.nlm.nih.gov/search/#query=Na2HAsO4
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Kinetic parameters calculated from these models are 
presented in Table 2, where: Qt is the amount of sorbed 
metal ions at time t, Qe is the amount of sorbed metal 
ions at equilibrium, k1 is PFO rate constant, k2 is PSO 
rate constant, h is the initial sorption rate, be is Elovich 
parameter determined by the surface coverage, kid  is 
IPD coefficient, Cid  is the intercept of IPD plot.

The initial sorption rate (h) can be expressed 
by the following equation:   , where k2 is 
the pseudo-second order rate constant, which was 
determined by y axis intercept from the graph, while 
value of the sorption capacity (Qe) was determined 
from the slope of the same linear function.

The sorption of As(V) on m-Si-PGME-deta is very fast, 
the sorption half time, was approximately t1/2 < 3 min 
(the time required to reach 50% of the total sorption 
capacity), while for 10 minutes 75% of the maximum 
sorption capacity was reached. During the initial stage, 
the saturation of the active site on the sorbent surface 
is dominant, the sorption process is film diffusion 
controlled, and PSO model is applicable. 

Figure 3. (a) PFO, (b) PSO, (c) Elovich and (d) IPD kinetic plots for As(V) sorption on solutions onto 
m-Si-PGME-deta (pH=5.9, initial ions concentration: 25 mg·dm-3)

Figure 2. Effect of contact time on As(V) sorption from 
aqueous solutions onto m-Si-PGME-deta (pH=5.9,  

initial ions concentration: 25 mg·dm-3)
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As the saturation rate of surface active sites gradually 
increases, the process becomes interparticle-diffusion 
controlled, and the data become better described by 
the IPD model.

Sorption isotherms

The experimental isotherm data (Table 3, Figure 
4a) have been fitted with Langmuir, Freundlich  and 
Tempkin equations (Figure 4b, 4c and 4d).
The calculated adsorption parameters are summarized 
in Table 4.
As expected, the maximum sorption capacity increases 
in solutions with a higher initial concentration of As(V). 
This trend is explained by the larger number of contacts 
of oxyanions and active centers on the sorbent surface 
in more concentrated solutions. The experimental 
data are best described by Freundlich isotherm model 
widely applied for multilayer sorption.

CONCLUSION

The sorption of As(V) on m-Si-PGME-deta is very fast, 
with sorption half time t1/2 < 3 min. The maximum 
sorption capacity Qmax is 5.61 µmolˑg-1obtained by 
kinetic study after 180 min sorption process with 
sorbent fully saturated. The PSO model is the most 

applicable for the sorption kinetics in the initial phase, 
where the sorption rate is determined by the diffusion 
ions to the sorbent surface. When the saturation of 
the active site on the surface of the sorbent (after 
10 min) is achieved, the sorption rate is controlled 
by interparticle diffusions through the pores of the 
sorbent, where the most applicable model is IPD. Also, 
the Freundlich isotherm best fits the experimental data, 
which describes multilayer sorption on the sorbent 
surface with active sites of different binding energies 
(amino groups of diethylenetriamine and APTMS). 

Acknowledgement: This work was financially supported 
by the Ministry of Education, Science and Technological 
Development of the Republic of Serbia (Grant No. 
451-03-68/2020-14/200026 and 451-03-9/2021-
14/200135).

Kinetic model Parameter value

PFO

k1 (min-1) -0.004

Qe (µmol·g-1) 0.310

R2 0.809

PSO

k2  (g·µmol-1·min-1) 0.637

Qe (µmol·g-1) 0.196

h (µmol ·g-1 min-1) 0.024

R2 0.998

Elovich

ae (µmol ·g-1 min-1) 0.522

be (g·µmol-1) 2.559

R2 0.937

IPD

Kid (µmol ·g-1·min-0,5) 0.196

Cid (µmol ·g-1) 2.989

R2 0.751

Table 2. PFO, PSO, Elovich and IPD kinetic parameters  
As(V) ion sorption using m-Si-PGME-deta

Table 4. Isotherm parameters and regression data for 
As(V) sorption on m-Si-PGME-deta 
(T = 298 K, P=101,3 kPa, t = 60 min, pH = 5,9).

Co, mg·dm-3 1.21 3.01 5.06 9.40 14.44 23.40 37.77 57.54 84.65 113.81 141.23

Ce, mg·dm-3 0.85 2.09 3.28 7.66 11.60 18.82 34.15 52.10 78.15 106.08 131.00

Qe, mg·g-1 0.04 0.09 0.18 0.17 0.28 0.32 0.36 0.54 0.65 0.77 1.02

Table 3. Experimental values of As(V) ion concentration in solution and sorption capacity

Isotherm models Parameters As(V)

Langmuir

Qmax (mg·g-1) 1.018

KL (dm-3·mg-1) 34.06

R2 0.870

Freundlich

N 1.739

KF (mg·g-1)/(mg·dm-3)1/n 0.057

R2 0.955

Temkin

AT (dm3·mg-1) 0.168

bT  (kJ·mg-1) -0.065

R2 0.843



Journal of Chemists, Technologists and Environmentalists, 2(1) 1-7 (2021)

5

REFERENCES

Anirudhan, T., Senan, P., & Suchithra, P. (2011). 
Evaluation of Iron(III)-Coordinated Amino-
Functionalized Poly(Glycidyl Methacrylate)-
Grafted Cellulose for Arsenic(V) Adsorption 
from Aqueous Solutions. Water, Air, & Soil 
Pollution, 220(1-4), 101-116. https:/doi.
org/10.1007/s11270-010-0738-9

Chowdhury, T., Basu, G., Mandal, B., Biswas, B., 
Samanta, G., Chowdhury, U., Chanda, C. 
R., Lodh, D., Roy, S. L., Saha, K. C., Roy, S., 
Kabir, S., Quamruzzaman, Q., & Chakraborti, 
D. (1999). Arsenic poisoning in the Ganges 
delta. Nature, 401(6753), 545-546. https:/doi.
org/10.1038/44056

Ekmeščić, B., Maksin, D., Marković, J., Vuković, Z., 
Hercigonja, R., Nastasović, A., & Onjia, A. 
(2019). Recovery of molybdenum oxyanions 

using macroporous copolymer grafted 
with diethylenetriamine. Arabian Journal 
of Chemistry, 12(8), 3628-3638. https:/doi.
org/10.1016/j.arabjc.2015.11.010

Freundlich, H. (1907). Über die Adsorption in Lösungen. 
Zeitschrift für Physikalische Chemie, 57U(1). 
https:/doi.org/10.1515/zpch-1907-5723

Han, F., Su, Y., Monts, D., Plodinec, M., Banin, A., 
& Triplett, G. (2003). Assessment of global 
industrial-age anthropogenic arsenic 
contamination. Naturwissenschaften, 90(9), 
395-401. https:/doi.org/10.1007/s00114-
003-0451-2

Langmuir, I. (1918). The Adsorption of Gases on Plane 
Surfaces of Glass, Mica and Platinum. Journal 
of American Chemical Society, 40(9), 1361-
1403. https:/doi.org/10.1021/ja02242a004

Figure 4. Adsorption isotherm of As(V) sorption onto m-Si-PGME-deta (pH = 5.9, t = 60 min,  
concentration range: 1.21-141.23 mgˑdm-3 ) (a), Langmuir (b), Freundlich (c), and Tempkin (d) isotherms

https:/doi.org/10.1007/s11270-010-0738-9
https:/doi.org/10.1007/s11270-010-0738-9
https:/doi.org/10.1038/44056
https:/doi.org/10.1038/44056
https:/doi.org/10.1016/j.arabjc.2015.11.010
https:/doi.org/10.1016/j.arabjc.2015.11.010
https:/doi.org/10.1515/zpch-1907-5723
https:/doi.org/10.1007/s00114-003-0451-2
https:/doi.org/10.1007/s00114-003-0451-2
https:/doi.org/10.1021/ja02242a004


Ljiljana Suručić et al., Kinetic and equilibrium study of arsenic sorption on silanized magnetic...

6

Maksin, D., Nastasović, A., Milutinović-Nikolić, A., 
Suručić, L., Sandić, Z., Hercigonja, R., & 
Onjia, A. (2012). Equilibrium and kinetics 
study on hexavalent chromium adsorption 
onto diethylene triamine grafted glycidyl 
methacrylate based copolymers. Journal of 
Hazardous Materials, 209-210, 99-110. https:/
doi.org/10.1016/j.jhazmat.2011.12.079

Malović, L., Nastasović, A., Sandić, Z., Marković, J., 
Đorđević, D., & Vuković, Z. (2007). Surface 
modification of macroporous glycidyl 
methacrylate based copolymers for selective 
sorption of heavy metals. Journal of Materials 
Science, 42(10), 3326-3337. https:/doi.
org/10.1007/s10853-006-0958-y

Marjanović, V., Perić-Grujić, A., Ristić, M., Marinković, 
A., Marković, R., Onjia, A., & Šljivić-Ivanović, 
M. (2020). Selenate Adsorption from Water 
Using the Hydrous Iron Oxide-Impregnated 
Hybrid Polymer. Metals, 10(12), 1630. https:/
doi.org/10.3390/met10121630

Marković, B., Vuković, Z., Spasojević, V., Kusigerski, V., 
Pavlović, V., Onjia, A., & Nastasović, A. (2017). 
Selective magnetic GMA based potential 
sorbents for molybdenum and rhenium sorption. 
Journal of Alloys and Compounds, 705, 38-50.  
https:/doi.org/10.1016/j.jallcom.2017.02.108

Mudzielwana, R., Gitari, M. W., & Ndungu, P. (2019). 
Enhanced As(III) and As(V) Adsorption From 
Aqueous Solution by a Clay Based Hybrid 
Sorbent. Frontiers in Chemistry, 7, 913. https:/
doi.org/10.3389/fchem.2019.00913

Nastasović, A., Sandić, Z., Suručić, L., Maksin, D., 
Jakovljević, D., & Onjia, A. (2009). Kinetics 
of hexavalent chromium sorption on 
amino-functionalized macroporous glycidyl 
methacrylate copolymer. Journal of Hazardous 
Materials, 171(1-3), 153-159. https:/doi.
org/10.1016/j.jhazmat.2009.05.116

Nastasović, A., Jakovljević, D., Sandić, Z., Đorđević, 
D., Malović, L., Kljajević, S., Marković, J., 
& Onjia, A. (2007). Amino-functionalized 
glycidyl methacrylate based macroporous 
copolymers as metal ion sorbents, In M. I. 
Barroso (Ed.), Reactive and functional polymers 
research advances (pp. 79-112.). Nova Science 
Publishers, Inc.

Nastasović, A., Jovanović, S., Đorđević, D., Onjia, 
A., Jakovljević, D., & Novaković, T. (2004). 
Metal sorption on macroporous poly(GMA-
co-EGDMA) modified with ethylene 
diamine. Reactive and Functional Polymers, 
58(2), 139-147. https:/doi.org/10.1016/j.
reactfunctpolym.2003.11.015

Nicomel, N., Leus, K., Folens, K., Van Der Voort, P., & 
Du Laing, G. (2015). Technologies for Arsenic 
Removal from Water: Current Status and 
Future Perspectives. International Journal of 
Environmental Research and Public Health, 13(1). 
https:/doi.org/10.3390/ijerph13010062

Rahdar, S., Taghavi, M., Khaksefidi, R., & Ahmadi, 
S. (2019). Adsorption of arsenic (V) from 
aqueous solution using modified saxaul ash: 
isotherm and thermodynamic study. Applied 
Water Science, 9(4). https:/doi.org/10.1007/
s13201-019-0974-0

Rajaković, L., Todorović, Z., Rajaković-Ognjanović, 
V., & Onjia, A. (2013). Analytical methods 
for arsenic speciation analysis. Journal of the 
Serbian Chemical Society, 78(10), 1461-1479. 
https:/doi.org/10.2298/jsc130315064r

Organization, W. H. (2017). Guidelines for drinking-
water quality: fourth edition incorporating 
first addendum (pp. 541). Geneva: World 
Health Organization.

Sandić, Z., & Nastasović, A. (2009). Functionalized 
macroporous copolymer of glycidyl 
methacrylate: The type of ligand and 
porosity parameters influence on Cu(II) 
ion sorption from aqueous solutions. 
Hemijska Industrija, 63(3), 269-273. 
https:/doi.org/10.2298/hemind0903269s

Smith, A., Hopenhayn-Rich, C., Bates, M., Goeden, 
H., Hertz-Picciotto, I., Duggan, H., Wood, R., 
Kosnett, M.,  & Smith, M. (1992). Cancer risks 
from arsenic in drinking water. Environmental 
Health Perspectives, 97, 259-267. https:/doi.
org/10.1289/ehp.9297259

Suručić, Lj. (2019). Speciation of metal oxyanions 
from water on magnetic amino-functionalized 
polymer. [Doctoral disseration University 
of Belgrade]. https://nardus.mpn.gov.rs/
handle/123456789/11671

Temkin, M., & Levich, V. (1946). Adsorption equilibrium 
on heterogeneous surfaces. Russian Journal of 
Physical Chemistry, 20, 961-974. 

Zhang, Q., Pan, B., Chen, X., Zhang, W., Pan, B., Zhang, 
Q., Lv, L., & Zhao, X. S. (2008). Preparation 
of polymer-supported hydrated ferric oxide 
based on Donnan membrane effect and its 
application for arsenic removal. Science in 
China Series B: Chemistry, 51(4), 379-385. 
https:/doi.org/10.1007/s11426-007-0117-6

https:/doi.org/10.1016/j.jhazmat.2011.12.079
https:/doi.org/10.1016/j.jhazmat.2011.12.079
https:/doi.org/10.1007/s10853-006-0958-y
https:/doi.org/10.1007/s10853-006-0958-y
https:/doi.org/10.3390/met10121630
https:/doi.org/10.3390/met10121630
https:/doi.org/10.1016/j.jallcom.2017.02.108
https:/doi.org/10.3389/fchem.2019.00913
https:/doi.org/10.3389/fchem.2019.00913
https:/doi.org/10.1016/j.jhazmat.2009.05.116
https:/doi.org/10.1016/j.jhazmat.2009.05.116
https:/doi.org/10.1016/j.reactfunctpolym.2003.11.015
https:/doi.org/10.1016/j.reactfunctpolym.2003.11.015
https:/doi.org/10.3390/ijerph13010062
https:/doi.org/10.1007/s13201-019-0974-0
https:/doi.org/10.1007/s13201-019-0974-0
https:/doi.org/10.2298/jsc130315064r
https:/doi.org/10.2298/hemind0903269s
https:/doi.org/10.1289/ehp.9297259
https:/doi.org/10.1289/ehp.9297259
https://nardus.mpn.gov.rs/handle/123456789/11671
https://nardus.mpn.gov.rs/handle/123456789/11671
https:/doi.org/10.1007/s11426-007-0117-6


Journal of Chemists, Technologists and Environmentalists, 2(1) 1-7 (2021)

7
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Arsen je metaloid, koji pripada IV periodi i 15. grupi periodnog sistema, široko rasprostranjen 
u Zemljinoj kori u obliku različitih vrsta minerala. U vodenoj sredini pretežno se nalazi u obliku 
petovalentnog oksianjona аrsenаta As(V) i trovalentnog аrsenita As(III) koji dominira u anaerobnim 
uslovima. Zаgаđenje vode аrsenom predstavlja ozbiljan problem zbog izraženog negаtivnog efekta 
ovog elementa nа ljudsko zdrаvlje. Zbog toga su za uklanjanje arsena iz otpadnih voda razvijene 
različite metode koje se uglavnom zasnivaju na flokulaciji, sorpciji ili membranskoj separaciji. U 
ovom radu opisano je ispitivanje efikasnosti sorbenta na bazi silaniziranog magnetita i amino-
funkcionalizovanog kopolimera glicidil metakrilata i etilen glikol dimetakrilata, m-Si-PGME-deta, za 
uklanjanje petovalentnog oksianjona arsena iz vodenih rastvora. Mehanizam sorpcije oksianjona 
As(V) na sorbentu m-Si-PGME-deta ispitan je praćenjem kinetičkih i ravnotežnih parametara u 
monokomponentnim vodenim rastvorima. Kinetika sorpcije analizirana je primenom modela pseudo-
prvog i pseudo-drugog reda, Jelovičevog i modela unutarčestične difuzije (IPD). Ravnotežni podaci 
analizirani su Lengmirovim, Frojndlihovim i Temkinovim modelima izotermi. Pokazalo se da je sorpcija 
oksianjona As(V) na m-Si-PGME-deta brz proces koji je u početnoj fazi kontrolisan brzinom difuzije 
jona u rastvoru, zbog čega i kinetika sorpcije u toj fazi odgovara modelu pseudo-drugog reda. Po 
dostizanju saturacije površine sorbenta, dolazi do rapidnog opadanja brzine sorpcije jer postaje 
dominantno vezivanje jona za aktivna mesta u unutrašnjosti sorbenta, kada proces unutarčestične 
difuzije kroz pore sorbenta određuje brzinu vezivanja jona, što najbolje opisuje kinetički model 
IPD. Ispitivanje ravnotežnih parametara pokazuje najbolje slaganje Frojndlihovog modela sa 
eksperimentalnim podacima, iz čega se može zaključiti da na površini sorbenta postoje aktivna mesta 
sa različitim energijama vezivanja jona. Maksimalan kapacitet sorpcije iznosi 5.61 µmolˑg-1. 

Ključne riječi: 
arsen, 
sorpcija, 
kinetika, 
magnetični 
nanokompozit


