
* Corresponding author.

1944-3994/1944-3986 © 2020 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2020.25437

185 (2020) 262–276
May

Modeling and optimization of removal of strontium and cesium from aqueous 
streams by size enhanced ultrafiltration using chitosan derivative

Edward Kavitha*, Mukund Dalmia, Alexander Mammen Samuel, Sivaraman Prabhakar, 
Mathur P. Rajesh
Department of Chemical Engineering, SRM Institute of Science and Technology, Kattankulathur, Chennai, Tamilnadu, India,  
603203, Tel. +91-9445609098; email: kavi0910@gmail.com (E. Kavitha), Tel. +91-9840501588;  
email: mukunddalmia148@gmail.com (M. Dalmia), Tel. +91-9869346720; email: alexandermsamuel@gmail.com (A.M. Samuel),  
Tel. +91-9445259977; email: sivaprabha50@gmail.com (S. Prabhakar), Tel. +91-9677149224; email: mprajesh@gmail.com (M.P. Rajesh)

Received 27 July 2019; Accepted 4 January 2020

a b s t r a c t
Treatment of fission product aqueous waste is a challenging problem as their chemical concentrations 
are too low but have significant radiation hazard due to their half-life. The current methods of co-pre-
cipitation lead to more sludge and require more space for confinement. Size enhanced ultrafiltration 
(SEUF) is an emerging technology with a potential not only to effectively separate the species of inter-
est namely Strontium [Sr(II)] and Cesium [Cs(I)] but also recover them by reversing certain chemical 
conditions. The present paper concerns the removal of Sr(II) and Cs(I) from aqueous streams using 
SEUF. The studies were conducted using chitosan derivative, carboxymethyl chitosan (CMCh) as a 
size enhancing agent. The effect of process variables such as initial pH, loading ratio (P/M), and initial 
concentration of Sr(II) and Cs(I) on the percentage rejection and binding capacity have been studied. 
The design of experiments was performed by response surface methodology (RSM). The maximum 
percentage rejection of Cs(I) was found to be 99% at the following optimum process conditions: initial 
pH of the feed solution is 12, initial concentration of Cs(I) is 10 mg/L, and P/M value is 0.5. The maxi-
mum percentage rejection of Sr(II) was found to be 99% at the following optimum process conditions: 
initial pH of the feed solution is 12, initial concentration of Sr(II) is 9 mg/L, and P/M value is 0.5. The 
results show that SEUF with CMCh could be an effective method for the removal of Sr(II) and Cs(I).
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1. Introduction

Water has become a scarce, valuable commodity due to 
the increased population, living style of people, industrial 
growth, and technological development. Water resources 
have been polluted by an enormous volume of industrial 
effluents containing organic, inorganic, biological, and toxic 
pollutants. Effluents from industries such as electroplating, 
mining, textile, tannery, dyes, pigments, and nuclear power 
plants have been identified to contain a high level of heavy 
metals [1–3]. Among the toxic contaminants, the radio-active 

wastes are considered to be more dangerous as it contains 
isotopes with very long half-life period. 90Sr and 137Cs are the 
two chief isotopes formed during the nuclear fission pro-
cess, and most of the low-level nuclear wastes contain these 
two fission products [4,5]. The half-life of all the strontium 
nuclides is <65 d, except 90Sr, which has a half-life of 29 y [6,7]. 
The chemical form of Strontium strongly influences its envi-
ronmental transport, and it can move down through soil with 
percolating water to groundwater. They have direct effects on 
humans and animals and can seriously affect human health 
and the environment. The principal source of internally 
deposited strontium is the gastrointestinal absorption from 
food or water. The primary health issues related to strontium 
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are bone tumors and tumors of blood cell forming organs [5]. 
Cesium is naturally present as the isotope 133Cs. Breakdown 
of Uranium in fuel elements can produce two radio-active 
forms of cesium, 134Cs, and 137Cs. The half-life period of 134Cs 
is 2 y. 137Cs is a toxic radionuclide with the long half-life of 
30 y, high solubility, and higher activity [8].

137Cs and 90Sr are the two species present in low-level 
radioactive waste in nuclear power plants [4,5]. Even though, 
the chemical concentration of strontium and cesium isotopes 
are abysmally low (<<ppb), the radio-toxicity is quite wor-
risome. These are long-lived isotopes, and the philosophy 
of waste treatment is to reduce the volume of the waste and 
confine them in a desolate environment under surveillance 
for an extended period. Conventional treatment methods 
such as adsorption [9–13], chemical precipitation [14–17], 
ion exchange [18–20], and biological treatment [21–23] have 
been employed for the separation of Sr(II) and Cs(I) from 
wastewater. The process of separating them from aqueous 
wastes is by co-precipitation of strontium as phosphate along 
with calcium phosphate [24], while Cs is separated along 
with copper-ferro-cyanide precipitate through ion exchange 
mechanism and also by flocculation [25,26]. However, chemi-
cal precipitation processes have a low decontamination factor 
[27]. Also, the chemical precipitation process may not form 
an insoluble precipitate of radioactive wastes which is pres-
ent in the lower concentration [28]. At deficient levels, ion 
exchangers were also used. In all these cases, it involves the 
addition of a huge volume of chemicals which in-turn leads 
to the generation of large volumes of sludge and the removal 
efficiency is also quite low. The separation of Cs(I) and Sr(II) 
by sorption has been proved to be an efficient process with a 
high decontamination factor [13]. However, these processes 
have some limitations such as limited selectivity, poor regen-
eration, and reusability of adsorbent or ion exchange resin 
[28]. Also, these processes have limitations such as equilib-
rium governed processes, usually requiring long operating 
time, may require additional treatment for the recovery, 
sludge disposal, and large footprint area.

For the removal of these trace contaminants from aque-
ous streams, membrane separation processes such as reverse 
osmosis (RO) and nano-filtration (NF) have been used [29–
31]. Because of the inherent limitations of high-pressure 
operation and limited volume reduction of contaminated 
streams, they could not, however, be adopted on a large scale 
[30]. In recent years, there is a growing interest in the applica-
tion of ultrafiltration based membrane separation processes 
for the removal of radio-active contaminants from wastewa-
ter. Size enhanced ultrafiltration (SEUF) is an emerging sep-
aration process, which involves the addition of water-soluble 
polymer with the metal ions to be removed and separation 
by UF. In this process, Sr(II) and Cs(I) to be separated from 
aqueous streams, complex with polymer ligands to form a 
macromolecular structure which can be easily retained by UF 
membrane. This process has been employed for the follow-
ing reasons: (i) all the functional groups in the ligands can be 
utilized, (ii) the contact duration required is relatively less,  
(iii) large volume can be treated within a short span of time, 
(iv) volume reduction, and (vi) less sludge formation [32].

In this work, chitosan derivative carboxymethyl chitosan 
(CMCh) has been utilized for the removal of Sr(II) and Cs(I) 
as a size enhancing agent. The coordination mechanism of 
Sr(II) and Cs(I) with CMCh is utilized for the separation of it. 

Chitosan is a cheap, biodegradable, and abundantly available 
polymer. It has hydroxyl and amino groups in its structure. 
It can be modified physically and chemically to incorporate 
new and desired functional groups to complex with the 
metal ions. Some of the derivatives of chitosan such as pyr-
idyl methyl chitosan [33], amino acid conjugated chitosan 
[34], dithiocarbamate chitosan [35], crown ether cross-linked 
chitosan [36], EDTA linked chitosan [37], polyethylenimine 
cross-linked chitosan [38], and CMCh [39,40] have been 
reported in the literature. The removal of metal ions using 
chitosan derivatives by SEUF has been reported in only a few 
papers. In this paper, the separation of Sr(II) and Cs(I) using 
water-soluble CMCh have been investigated with SEUF 
under various experimental conditions such initial pH of 
the feed solution, P/M, and initial concentration of Sr(II) and 
Cs(I) in feed solution in detail. Scanning electron microscope 
(SEM), energy-dispersive X-ray analysis (EDX), and Fourier 
transform infrared spectroscopy (FTIR) analysis were used 
to characterize the complex of Sr(II)-CMCh and Cs(I)-CMCh.

The design of experiments (DoE) has been performed 
using response surface methodology (RSM) combined with 
a face-centered central design. RSM is a set of mathematical 
and statistical tools used for the DoE, and for improving and 
optimizing the processes [41]. This method can be utilized 
for evaluating the effects of individual process variables and 
their relative significance, the interactive effects amongst the 
process variables and also for assessing the optimum pro-
cess conditions for desired process responses [42]. RSM gen-
erally involves the following steps: the selection of process 
variables, DoE, and formulation of a suitable model for the 
experimental data to analyze the process variables and their 
significant interaction upon process responses, and the opti-
mization of process conditions [43]. The analysis of variance 
(ANOVA) was performed to evaluate the significance of the 
model, process variables, and their interactive effects on the 
process responses and also to validate the model equations. 
The process responses such as percentage rejection of Sr(II) 
and Cs(I), and binding capacity of CMCh with Sr(II) and 
Cs(I) have been investigated, and the optimization studies 
were performed to maximize the process responses.

2. Materials and methods

2.1. Materials

The stock solutions of Sr(II) and Cs(I) of concentration 
100 mg/L were prepared by Sr(NO3)2 and CsNO3, (AR grade), 
respectively. The pH of the aqueous solutions was adjusted 
using a dilute solution of NaOH (0.1 M) and HCl (0.1 M). All 
the chemicals used were of analytical grade. The commer-
cially available water-soluble CMCh (M/s. Everest Biotech, 
Banglore) was used.

2.2. Experimental setup

Cylindrically coated domestic polyethersulfone (PES) 
UF membrane element (M/s Rupali Industries, Mumbai) of 
molecular weight cut-off (MWCO) 50 kDa was used for the 
studies. The UF candle consists of PES coated on a cylindri-
cal surface with a diameter 0.054 m, length of 0.27 m, and 
a membrane area of 0.05 m2. The flow of feed was from the 
outside surface of the membrane to the inner side of the 
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membrane. PES UF membranes on the industrial scale are 
considered to be the most economical and feasible for the 
treatment of heavy metal contaminants. PES membrane is 
more flexible, and it has exceptional chemical, electrical, 
mechanical, and thermal properties such as exceptional 
heat-aging resistance and environmental endurance as well 
as easy processing [44,45]. The ultrafiltration membrane of 
MWCO 50  kDa is the readily available commercial mem-
brane. This 50  kDa PES membrane was chosen owing to 
its higher rejection capacity and moderate permeate flux. 
The studies have been carried out in the dead-end mode 
operation. In dead-end mode, the total volume of the feed 
passes through the membrane, leaving all the components 
that are larger than the pores of the membrane, in or on the 
membrane surface. Unlike cross-flow systems, it does not 
require more energy. Fig. 1 shows the schematic diagram of 
the experimental setup.

2.3. Experimental procedure for the removal of Sr(II) and Cs(I) by 
SEUF

Aqueous feed solutions of Sr(II) and Cs(I) were prepared 
with the initial concentrations in the range of 2–10  mg/L. 
The size enhancing polymer CMCh was added with the feed 
solution in the range of loading ratio (P/M) 0.5–3, and the 
initial pH of the feed solution was adjusted from 2 to 12. The 
feed solution was supplied to the membrane through a pump 
operated at a pressure of 2  bar and a flowrate of 10  LPH. 
The feed solution was passed through the outer surface of 
the membrane. The permeate coming out from the interior 
surface of the membrane was collected. After completion of 
the filtration process, the retentate held inside the candle was 
also collected. Both the samples were analyzed with atomic 
absorption spectroscopy to evaluate the concentration of 
Cs(I) and Sr(II).

(a) 

 

 

 

 

  

 

 

 

 

 

 

 

Fig. 1. (a) Schematic diagram of experimental setup and (b) experimental setup. Feed: 5 L, flowrate: 10 LPH, and operating pressure: 
2 bar.
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The percentage rejection R, which measures the separa-
tion capability of membrane, was calculated using Eq. (1).
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where Cf and Cp are the concentration of a metal ion in feed 
and permeate, respectively (mg/L).

The binding capacity of a polymer, which indicates 
the quantity of metal ion uptake, was calculated using  
Eq. (2) [46].
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where q is the binding capacity (mg/g), a is the mass of 
polymer used (g), and V is the volume of feed solution (mL).

2.4. Experimental design and optimization of conditions using 
RSM

Literature shows the successive results for the precise 
prediction and optimization of process variables using RSM 
for the removal of Cu(II), Ni(II), Co(II), Zn(II), and Cr(VI) 
[46,47]. The central composite design (CCD) was widely 
used for obtaining response surface models to get the rela-
tion between process input variables and process responses 

since it does not require excessive experimental runs [46–48]. 
In this work, RSM has been adopted for the studies on the 
separation of Cs(I) and Sr(II) from aqueous streams. The total 
number of experimental runs (N) required can be calculated 
by using the following Eq. (3):

N n Nn= + +2 2 0 	 (3)

where n represents the number of factors analyzed and N0 
represents the number of center points.

Optimization was carried out using the statistical soft-
ware Design Expert 10.0.0 (Stat-Ease, Inc., Minneapolis, MN, 
USA). In this study, face-centered CCD (Tables 1 and 2) was 
used to (i) design the experiments, (ii) analyze the input 
variables and interactive effect of input variables on process 
responses, (iii) predict the mathematical model equations, 
and (iv) obtain the optimized parameters for the removal of 
Sr(II) and Cs(I). In this study, the following input variables 
were selected: (i) initial concentration of the feed, (ii) initial 
pH of the feed solution, and (iii) polymer to metal ratio (load-
ing ratio), P/M [40,46]. The following responses were obtained 
from the experimental runs performed based on the DoE: (i) 
percentage rejection of Sr(II) and Cs(I) using CMCh and (ii) 
binding capacity of CMCh with Sr(II) and Cs(I) [40,49].

Response surface models are widely used to approxi-
mate the experimental data using polynomial expressions. 
Response surface model is given by the Eq. (4):

y x f x( ) ( )= + ε 	 (4)

Table 1
Design of experiments for the removal of Sr(II) using CMCh

Std. Run Factor 1 Factor 2 Factor 3 Response 1 Response 2

A: initial pH B: P/M (w/w) C: initial  
concentration (mg/L)

Percentage  
rejection (%)

Binding  
capacity (mg/g)

1 9 2 0.5 2 3.25 65
2 10 12 0.5 2 35.25 705
3 18 2 3 2 8.5 28.33
4 14 12 3 2 68.6 228.67
5 12 2 0.5 10 10.24 204.8
6 3 12 0.5 10 99.1 1,982
7 19 2 3 10 10.5 35
8 8 12 3 10 99.6 332
9 1 2 2 6 21.97 109.85
10 17 12 2 6 74.6 373
11 11 7 0.5 6 53 1,060
12 13 7 3 6 69.15 230.5
13 5 7 2 2 4.1 20.5
14 4 7 2 10 3.8 19
15 16 7 2 6 64.6 323
16 2 7 2 6 64.6 323
17 15 7 2 6 64.6 323
18 7 7 2 6 64.6 323
19 20 7 2 6 64.6 323
20 6 7 2 6 64.6 323
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where y(x) represents the unknown function of interest, f(x) 
represents the known polynomial function of × and e is the 
random error.

A second-order polynomial model equation can be devel-
oped to fit the experimental data obtained from the experi-
mental runs performed based on DoE. The model Eq. (5) is 
given by the following relationship:


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where 

Y  represents the predicted response (predicted 
percentage rejection, binding capacity). xi represents the 
coded levels of the process input variables. b0, bi, bii, and bij 
are the regression coefficients determined through the least 
square regression (offset term, main, quadratic, and interac-
tion effects). Least square regression determines the partial 
derivatives of the coefficients and minimizes the sum of the 
squares of the residuals of the predicted response values 
from the actual values.

The basic form of least square regression is given by the 
following Eq. (6) [50]:

b x x x y= ′  ′
−1

	 (6)

where x represents (N  ×  L) the extended design matrix of 
the coded levels of the process input variables, x′ represents 
its transpose, and y (N = 1) represents column vector found 
experimentally, that contains the values of the response 

at each sample point. The number of experimental runs is 
represented by N, and the number of regression coefficients 
within the extended response surface model is represented 
by L [49].

3. Results and discussions

3.1. Characterization of CMCh, CMCh-Cs(I) complex, and 
CMCh-Sr(II) complex with SEM, EDX, and FTIR

The surface morphology and elemental composition of 
CMCh, Complex of CMCh with Cs(I) and Sr(II) were ana-
lyzed by SEM, EDX, and FTIR as shown in Figs. 2, 3. The SEM 
image of CMCh shows its amorphous and porous nature 
(Fig. 2a). The surface morphology was modified after com-
plexation with Cs(I) as shown in Fig. 2b. The change in the 
surface morphology was also observed after complexation 
with Sr(II) as shown in Fig. 2c. The EDX analysis as shown 
in Fig. 3b also reveals the confirmation of the complexation 
of CMCh with Cs(I) as it provides the peaks C, O, and N cor-
responding to CMCh and the peaks corresponding to Cs(I). 
The peaks corresponding to CMCh and Sr(II) confirm the 
complexation of CMCh with Sr(II) as shown in Fig. 3c.

The FTIR spectra of CMCh, Cs(I) with CMCh complex, 
and Sr(II) with CMCh complex are shown in Fig. 4. Fig. 4a 
shows the FTIR spectrum of CMCh. The peak at 1,521 cm–1 
corresponds to C=C, C=N stretch. The peak at 1,213 cm–1 rep-
resents the C–O stretch and the peak at 1,150  cm–1 reflects 
the C–O stretch. The peak at 1,622 cm–1 corresponds to car-
boxyl group and –CH2COOH group which represents the 

Table 2
Design of experiments for the removal of Cs(I) using CMCh

Std Run Factor 1 Factor 2 Factor 3 Response 1 Response 2

A: initial pH B: P/M (w/w) C: initial  
concentration (mg/L)

Percentage  
rejection (%)

Binding capacity  
(mg/g)

1 15 2 0.5 2 85.6 1,712
2 18 12 0.5 2 95.7 1,914
3 11 2 3 2 90.72 302.4
4 20 12 3 2 97.5 325
5 4 2 0.5 10 98.24 1,964.8
6 14 12 0.5 10 98.5 1,970
7 3 2 3 10 98.32 327.73
8 16 12 3 10 99.04 330.13
9 5 2 2 6 91.57 457.85
10 8 12 2 6 98.32 491.6
11 19 7 0.5 6 91.56 1,831.2
12 7 7 3 6 95 316.67
13 17 7 2 2 90.9 454.5
14 1 7 2 10 98.2 491
15 2 7 2 6 93.5 467.5
16 9 7 2 6 93.5 467.5
17 12 7 2 6 93.5 467.5
18 10 7 2 6 93.5 467.5
19 13 7 2 6 93.5 467.5
20 6 7 2 6 93.5 467.5
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carboxymethylation on both the amino and hydroxyl groups 
of chitosan [51,52].

Fig. 4b shows the FTIR spectrum of Cs(I)—CMCh com-
plex. The peak at 2,927  cm–1 represents the C–H stretch. 
The peak at 2,381  cm–1 corresponds to C≡C, C≡N stretch. 
The peak at 1,300  cm–1 corresponds to C–C stretch. Fig. 4c 
shows the FTIR spectrum of Sr(II)-CMCh complex. The 
peak at 3,378  cm–1 corresponds to C–H stretch, which rep-
resents the absorbed water with hydrogen bonding. The peak 
at 1,627  cm–1 refers to C≡N stretch, 1,525  cm–1 corresponds 
to N–H stretch and peak at 1,328  cm–1 corresponds to C–C 
stretch.

3.2. Influence of initial pH of the feed solution, P/M, and initial 
concentration of Sr(II) in feed solution on the percentage rejection 
of Sr(II)

The 3D response plots representing the interactive effects 
amongst the process input variables such as initial pH of the 
feed solution, P/M, and the initial concentration of Sr(II) in 
feed solution on the percentage rejection of Sr(II) are shown 
in Fig. 5. It is observed from Fig. 5a that when the initial pH 
of the feed solution is increased at constant P/M, the percent-
age rejection of Sr(II) with CMCh increases more rapidly 

from pH 2 to 12. As the pH increases, the complexation is 
more favored due to the affinity of carboxyl moiety in CMCh, 
which dominates the hydroxyl ions in the aqueous solution 
for binding with the Sr(II). With the increase in the initial pH, 
percentage rejection of Sr(II) increases [27,53]. As the P/M 
increases from 0.5 to 2, when the initial pH of the solution is 
maintained constant, the percentage rejection of Sr(II) drops, 
and it starts to increase as the P/M increases from 2 to 3. The 
drop in percentage rejection of Sr(II) is due to the insuffi-
cient polymer ligands for complexation with Sr(II). But as 
the availability of polymer ligands increases, the percentage 
rejection of Sr(II) also increases and the same is reflected in 
Fig. 5a from P/M 2 to 3.

The interactive effects among the initial pH of the feed 
solution and the initial concentration of the feed solution 
are illustrated in Fig. 5b. The percentage rejection of Sr(II) 
increases with the initial pH of the feed solution when 
the initial concentration of feed solution is kept constant. 
As explained earlier, as the initial pH of the feed solution 
increases the carboxyl moiety complexes with Sr(II). It is also 
observed from Fig. 5b that the percentage rejection of Sr(II) 
increases more significantly with the initial concentration of 
the feed solution from 2 to 6 mg/L when the initial pH of the 
solution is maintained constant. The increase in percentage 

 

 

 

 

 

 

 

 

 

                                                                       

 

Fig. 2. Scanning electron microscope (SEM) image of (a) CMCh, (b) CMCh-Cs(I) complex, and (c) CMCh-Sr(II) complex.
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rejection is because of the presence of more and more Sr(II) 
for complexation with CMCh. But as the initial concentration 
of the feed solution increase beyond 8 mg/L, the percent-
age rejection of Sr(II) drops due to the excess availability of 
Sr(II) [53].

The interactive effects among P/M and the initial con-
centration of the feed solution are illustrated in Fig. 5c. 
It is shown in Fig. 5c that the percentage rejection of Sr(II) 
decreases as the P/M increases from 0.5 to 2 when the ini-
tial concentration of the feed solution is maintained constant. 
As the availability of polymer ligands are not sufficient for 
complexation with Sr(II), the percentage rejection of Sr(II) 
drops. At the same time as the P/M increases from 2 to 3, 
the percentage rejection of Sr(II) starts to increase due to the 
presence of sufficient polymer ligands for the complexation 
with Sr(II). It is also observed from Fig. 5c that the percentage 
rejection of Sr(II) increases more intensely with an increase in 

the initial concentration of the feed solution from 2 to 8 mg/L, 
at a constant value of P/M. The rise in the percentage rejec-
tion is because of the more availability of the Sr(II) to com-
plex with CMCh. But as the initial concentration of the feed 
solution increases from 8 to 10 mg/L, the percentage rejection 
of Sr(II) drops more steeply, since the presence of polymer 
ligands is excess than its requirement for complexation with 
Sr(II).

3.3. Influence of initial pH of the feed solution, P/M, and initial 
concentration of Sr(II) in feed solution on the binding capacity of 
CMCh with Sr(II)

The response surface 3D plots representing the interac-
tive effects amongst the process input variables on the bind-
ing capacity of CMCh with Sr(II) are shown in Fig. 6. It is 
observed from Fig. 6a that as the initial pH of the feed solu-
tion increases at a constant P/M, the binding capacity also 
increases more rapidly. As mentioned earlier, the increase in 
the binding capacity is due to the affinity of carboxyl moiety 
to complex with Sr(II). This behavior remains the same until 
P/M 1. From P/M 1 to 2 with an increase in the initial pH of 
the feed solution, the increase in the binding capacity is not 
significant. The binding capacity drops due to the insufficient 
ligands for complexation with Sr(II). But beyond P/M 2, the 
increase in the initial pH of the feed solution does not have 
any significant effect on the binding capacity of CMCh with 
Sr(II), since the polymer concentration is quite more than the 

Fig. 3. EDX analysis of (a) CMCh, (b) CMCh-Cs(I) complex, and 
(c) CMCh-Sr(II) complex.

 

 

 

Fig. 4. FTIR spectrum of (a) CMCh, (b) CMCh-Cs(I) complex,  
(c) CMCh-Sr(II) complex.
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requirement for complexation with Sr(II). From Fig. 6a it is 
also observed that the binding capacity of CMCh with Sr(II) 
decreases with an increase in P/M from 0.5 to 2 at a constant 
initial pH of the feed solution. The drop in binding capacity 
is due to the insufficient ligands for complexation with Sr(II) 
until P/M 2. Bur further increase in the P/M, increases the 
binding capacity due to the presence of sufficient ligands for 
complexation. The above-mentioned behavior is observed 
from Fig. 6a until the initial pH of the feed solution is 6. 
Beyond this value, as the P/M increases from 2 to 3, binding 
capacity of CMCh with Sr(II) nearly remains constant.

It is illustrated in Fig. 6b that as the initial pH of the feed 
solution increases at a constant initial concentration of Sr(II) 
in the feed solution, the binding capacity of CMCh with Sr(II) 
does not change. Although the affinity of carboxyl moiety 
increases with an increase in the initial pH of the feed solu-
tion, because of the insufficient presence of Sr(II), the bind-
ing capacity remains constant till the initial concentration 
4  mg/L. But beyond this value of the initial concentration 
of Sr(II) in the feed solution, the binding capacity starts to 
increase quite significantly as the initial pH of the feed solu-
tion increases. The rise in the binding capacity is because of 
the adequate quantity of Sr(II) for the complexation. It is also 
observed from Fig. 6b as the initial concentration of Sr(II) 
increases, the binding capacity of CMCh with Sr(II) remains 
the same at a constant initial pH of the feed solution. The 
same behavior is reflected until initial pH 4. As the initial pH 

of the feed solution is more than four, with an increase in the 
initial concentration of Sr(II) in feed solution, increases the 
binding capacity of CMCh with Sr(II), since the quantity of 
Sr(II) increases.

Fig. 6c reveals that at a constant initial concentration of 
Sr(II) in the feed solution, the binding capacity of CMCh 
with Sr(II) drops with rise in P/M value from 0.5 to 1.5, then 
it remains constant as the P/M value is increased beyond 
1.5. The initial drop is due to the inadequate availability of 
ligands to complex with Sr(II), but beyond P/M 1.5, the con-
stant binding capacity is due to the excessive ligands than 
its requirement for the complexation with Sr(II). It is also 
revealed from Fig. 6c, with an increase in the initial concen-
tration of Sr(II) in the feed solution at a constant P/M, the 
binding capacity of CMCh with Sr(II) increases. However, 
this behavior is observed in Fig. 6c till the P/M value 1.5. As 
the initial concentration of Sr(II) increases, the binding capac-
ity remains constant when the P/M value is maintained from 
1.5 to 3.

3.4. Influence of initial pH of the feed solution, P/M, and initial 
concentration of Cs(I) in feed solution on the percentage rejection 
of Cs(I)

The 3D response surface plots representing the interac-
tive effects amongst the process input variables initial pH of 
the feed solution, P/M, and the initial concentration of Cs(I) 

Fig. 5. Percentage rejection of Sr(II) with CMCh (a) interactive effect of initial pH of the feed solution and P/M on percentage rejection, 
(b) interactive effect of initial pH of the feed solution and initial concentration of Sr(II) on percentage rejection, and (c) interactive 
effect of P/M and initial concentration of Sr(II) on percentage rejection.

Fig. 6. Binding capacity of CMCh with Sr(II) (a) interactive effect of initial pH of the feed solution and P/M on binding capacity,  
(b) interactive effect of initial pH of the feed solution and initial concentration of Sr(II) on binding capacity, and (c) interactive effect 
of P/M and initial concentration of Sr(II) on binding capacity.
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in the feed solution are represented in Fig. 7. From Fig. 7a 
it is observed that the percentage rejection of Cs(I) increases 
gradually with the increase in the initial pH of the feed solu-
tion at a constant P/M. The increase in the binding capacity 
is due to the increase in the affinity of carboxyl moiety in 
CMCh to complex with Cs(I). It is also revealed from Fig. 7a 
that, the percentage rejection of Cs(I) does not change with a 
rise in P/M at a constant initial pH of the feed solution. Since 
the lower value of P/M itself is sufficient for the complexation 
because of the adequate quantity of polymer ligands for the 
complexation and higher the value does not alter the percent-
age rejection of Cs(I).

With an increase in the initial pH of the feed solution at 
a constant initial concentration of Cs(I) in the feed solution, 
the percentage rejection of Cs(I) slightly increases as shown 
in Fig. 7b. But at the initial concentration of 10 mg/L, there 
is no perceptible change in the percentage rejection of Cs(I) 
with the increase in the initial pH of the feed solution. The 
slight increase in the percentage rejection is due to the affin-
ity of carboxyl moiety in CMCh towards complexation and 
also due to the adequate quantity of Cs(I) for complexation. 
Although the affinity of carboxyl moiety is more, the per-
centage rejection remains constant at the initial concentra-
tion of 10 mg/L due to the excessive quantity of Cs(I) than its 
requirement for the complexation. It is also observed from 
Fig. 7b, at a constant initial pH of the feed solution, the per-
centage rejection of Cs(I) increases slightly with an increase 
in the initial concentration of Cs(I) in the feed solution. But at 

initial pH value 12, the percentage rejection remains constant 
with the increase in the initial concentration of Cs(I).

It is revealed from Fig. 7c, at a constant initial concentra-
tion of Cs(I) in the feed solution, the percentage rejection of 
Cs(I) remains nearly constant with the increase in the P/M 
value, since the P/M and initial concentration are interrelated 
factors. It is also observed from Fig. 7c that as the initial con-
centration of Cs(I) in the feed solution increases, the percent-
age rejection of Cs(I) increases slightly when the P/M value is 
maintained constant.

3.5. Influence of initial pH of the feed solution, P/M, and initial 
concentration of Cs(I) in feed solution on the binding capacity of 
CMCh with Cs(I)

The 3D response surface plots reflecting the interactive 
effects amongst the process input variables on the process 
response binding capacity of CMCh with Cs(I)are shown in 
Fig. 8. It is observed from Fig. 8a that there is no change in 
the binding capacity of CMCh with Cs(I) with the increase 
in the initial pH of the feed solution when the P/M value is 
held constant. However, the affinity of carboxyl moiety in 
CMCh increases with pH, due to the inadequate availabil-
ity of CMCh the binding capacity does not change. It is also 
revealed from Fig. 8a that the binding capacity drops down 
with the increase in the P/M value till two when the initial 
pH of the feed solution is kept constant. The drop in bind-
ing capacity of CMCh with Cs(I) is due to the insufficient 

Fig. 7. Percentage rejection of Cs(I) with CMCh (a) interactive effect of initial pH of the feed solution and P/M on percentage rejection, 
(b) interactive effect of initial pH of the feed solution and initial concentration of Cs(I) on percentage rejection, and (c) interactive effect 
of P/M and initial concentration of Cs(I) on percentage rejection.

Fig. 8. Binding capacity of CMCh with Cs(I) (a) interactive effect of initial pH of the feed solution and P/M on binding capacity,  
(b) interactive effect of initial pH of the feed solution and initial concentration of Cs(I) on binding capacity, and (c) interactive effect of 
P/M and initial concentration of Cs(I) on binding capacity.



271E. Kavitha et al. / Desalination and Water Treatment 185 (2020) 262–276

quantity of polymer ligands for complexation with Cs(I). 
When the P/M value is increased further, the binding capac-
ity remains constant. The binding capacity remains constant 
because of the excessive quantity of polymer ligands than its 
requirement for complexation.

From Fig. 8b it is observed that the interactive effects of 
initial pH of the feed solution and the initial concentration of 
Cs(I) in the feed solution do not have a significant influence 
on the binding capacity of CMCh with Cs(I).

It is reflected in Fig. 8c, as the P/M value increases from 
0.5 to 2, the binding capacity drops perceptively when the 
initial concentration of Cs(I) in the feed solution is main-
tained constant. But with further increase in the P/M value, 
the binding capacity of CMCh with Cs(I) remains constant. 
Since the availability of polymer ligands for the complexation 
is not sufficient until P/M value 2, beyond this, the polymer 
ligands become excess than its requirement for complexation. 

It is also shown in Fig. 8c that the increase in the initial con-
centration does not reflect any change in the binding capacity 
of CMCh with Cs(I).

3.6. Analysis of variance

To ensure the fitness of a model and the significance of 
individual model coefficients, ANOVA was performed. The 
ANOVA table for the process response percentage rejection 
of Sr(II) and the binding capacity of CMCh with Sr(II) are 
shown in Tables 3, 4, respectively. The process input variables 
initial pH of the feed solution, and initial concentration of 
Sr(II) have a significant effect on the process response per-
centage rejection of Sr(II) as the P-value is <0.05. But the P/M 
has no significant effect on the percentage rejection of Sr(II) 
as its P-value is more than 0.05. Concerning the interactive 
effects amongst these process input variables on the process 

Table 3
ANOVA table for the percentage rejection of Sr(II) using CMCh

Source Sum of squares df Mean square F value p-value Prob > F

Model 17,731.11 9 1,970.12 10.313 0.000553898 Significant
A-initial pH 10,309.49 1 10,309.49 53.967 2.46461E-05
B-P/M 308.136 1 308.14 1.613 0.2328
C-initial concentration 1,113.463 1 1,113.46 5.829 0.0364
AB 83.56133 1 83.56 0.437 0.5233
AC 921.4925 1 921.49 4.824 0.0528
BC 219.1835 1 219.18 1.147 0.3093
A^2 60.54791 1 60.55 0.317 0.5858
B^2 940.2771 1 940.28 4.922 0.0508
C^2 4,321.751 1 4,321.75 22.623 0.0007728
Residual 1,910.35 10 191.035
Lack of fit 1,910.35 5 382.07
Pure error 0 5 0
Cor. Total 19,641.46 19  

Table 4
ANOVA table for the binding capacity of CMCh with Sr(II)

Source Sum of Squares df Mean square F value p-value Prob > F

Model 3,633,923 9 4,03,769.3 15.001 0.000108 Significant
A-initial pH 1,071,491 1 1,071,491 39.809 8.8E-05
B-P/M 1,000,014 1 1,000,014 37.153 0.000116
C-initial concentration 2,53,314.1 1 2,53,314.1 9.411 0.011886
AB 4,93,230.2 1 4,93,230.2 18.325 0.00161
AC 1,90,303.4 1 1,90,303.4 7.070 0.023941
BC 2,32,109.4 1 2,32,109.4 8.623 0.014873
A^2 502.0316 1 502.0316 0.01865 0.89408
B^2 2,90,975.7 1 2,90,975.7 10.810 0.008179
C^2 1,52,109.7 1 1,52,109.7 5.651 0.038795
Residual 2,69,160.9 10 26,916.09
Lack of fit 2,69,160.9 5 53,832.19
Pure error 0 5 0
Cor. total 3,903,084 19
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response percentage rejection of Sr(II), does not have any 
significant impact as their P-value is more than 0.05. The 
R-squared value for the percentage rejection of Sr(II) is 0.91, 
which is nearly close to 1 and acceptable. It implies that 91% 
of the variability in the data is explained by the predicted 
model.

The process input variables initial pH of the feed solu-
tion, P/M, and initial concentration of Sr(II) in the feed solu-
tion have a significant effect on the process response binding 
capacity of CMCh with Sr(II) as the P-value is <0.05. The inter-
active effects amongst these process input variables are also 
significant as their P-value is <0.05. The R2 value for the bind-
ing capacity of CMCh with Sr(II) is 0.93, close to 1.0, which is 
acceptable. The value of R2 implies that 93% of the variability 
in the data can be explained by the predicted model.

The ANOVA table for the process response percentage 
rejection of Cs(I) and the binding capacity of CMCh with Cs(I) 

are shown in Tables 5, 6, respectively. The interactive effects 
of the initial pH of the feed solution and the initial concen-
tration of Cs(I) in the feed solution on the process response 
percentage rejection of Cs(I) are significant since the P-value 
is <0.05. The R2 value for the percentage rejection of Cs(I) is 
0.97, close to 1.0, which is acceptable. The R2 value reflects 
that 97% of the variability in the data can be explained by 
the predicted model. The individual effects and interactive 
effects of process input variables have a significant effect on 
the process response binding capacity of CMCh with Cs(I) 
since the P-value is <0.05. The R2 value for the binding capac-
ity of CMCh with Cs(I) is 0.99, very close to 1.0, which is 
acceptable. Also, it shows that 99% of the variance in the data 
can be explained by the predicted model.

The normal probability plot of the internally studentized 
residuals is shown in Figs. 9 and 10. All the points on these 
plots lie either on the straight line or reasonably close to the 

Table 5
ANOVA table for the percentage rejection of Cs(I) using CMCh

Source Sum of squares df Mean square F value p-value Prob > F

Model 227.853 9 25.317 42.227 8.7787E–07 significant
A-initial pH 61.055 1 61.055 101.834 1.4624E–06
B-P/M 12.056 1 12.056 20.108 0.001171
C-initial concentration 103.372 1 103.372 172.415 1.2473E–07
AB 0.7716 1 0.7716 1.287 0.2831
AC 31.601 1 31.601 52.708 2.7261E–05
BC 4.637 1 4.637 7.735 0.01941
A^2 4.848 1 4.848 8.086 0.01744
B^2 0.0376 1 0.0376 0.06282 0.8072
C^2 2.392 1 2.392 3.990 0.07368
Residual 5.996 10 0.5996
Lack of fit 5.996 5 1.199
Pure error 0 5 0
Cor. total 233.849 19

Table 6
ANOVA table for the binding capacity of CMCh with Cs(I)

Source Sum of squares df Mean square F value p-value Prob > F

Model 8,092,303.7 9 8,99,144.9 1,549.003 1.61E–14 significant
A-initial pH 7,557.43 1 7,557.439 13.019 0.004782
B-P/M 6,068,519.1 1 6,068,519 10,454.55 1.96E–16
C-initial concentration 15,175.99 1 15,175.99 26.144 0.000455
AB 4,294.24 1 4,294.239 7.398 0.02156
AC 5,886.13 1 5,886.125 10.140 0.009747
BC 10,148.35 1 10,148.35 17.483 0.001884
A^2 559.242 1 559.2416 0.963 0.3495
B^2 5,69,750.4 1 5,69,750.4 981.538 2.58E-11
C^2 415.064 1 415.0641 0.715 0.4175
Residual 5,804.67 10 580.4668
Lack of fit 5,804.67 5 1,160.934
Pure error 0 5 0
Cor. total 8,098,108.4 19
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straight line. This confirms that the errors were normally 
distributed. This can be taken as an additional tool to verify 
the competency of the final model.

3.7. Empirical model equations for the percentage rejection  
of Sr(II)

The empirical model equation for the percentage 
rejection of Sr(II), R expressed in terms of the coded and 
actual variables are given by the following Eqs. (7) and (8):

R A B C
AB A

= + × + × + ×
+ × + ×

54 3122 32 1402 5 551 10 5625
3 21905 10 7325

. . . .
. . CC BC

A B C
− ×

+ × + × − ×

5 21349
4 69227 19 3672 39 64272 2 2

.
. . .

	 (7)

R = − − × − × +
×

38 4397 0 320708 36 2908
30 441

. . .
.

Initial pH P/M
Initial CConcentration Initial 

pH P/M Initial pH
+ ×

× + ×
0 515048

0 536625
.

. ××
− × ×

+

Initial 
Concentration P/M Initial 
Concentration

1 0427
0

.

..
. .

187691
12 395 2 47767

2

2

× +

× − ×

Initial pH
P/M Initial Concentrattion2

	 (8)

3.8. Empirical model equations for the binding capacity of CMCh 
with Sr(II)

The empirical model equation for the Binding capacity 
of CMCh with Sr(II), q expressed in terms of the coded and 
actual variables are given by the following Eqs. (9) and (10):

Fig. 9. Normal plot of residuals (a) percentage rejection of Sr(II) with CMCh and (b) binding capacity of CMCh with Sr(II).

Fig. 10. Normal plots of residuals (a) percentage rejection of Cs(I) with CMCh and (b) binding capacity of CMCh with Cs(I).
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q A B C= + × − × + ×
− × + ×
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3.9. Empirical model equations for the percentage rejection of Cs(I)

The empirical model equation for the percentage rejec-
tion of Cs(I), R expressed in terms of the coded and actual 
variables are given by the following Eqs. (11) and (12):

R A B C
AB A

= + × + × + ×
− × − ×

93 3322 2 47337 1 098 3 21833
0 309325 1 9875

. . . .
. . CC BC
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− ×

+ × − × + ×
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.
. . .

	 (11)
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+ ×
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	(12)

3.10. Empirical model equations for the binding capacity of CMCh 
with Cs(I)

The empirical model equation for the binding capacity 
of CMCh with Cs(I), q expressed in terms of the coded and 
actual variables are given by the following Eqs. (13) and (14):

q A B C
AB A

= + × − × + ×
− × − ×

601 418 27 5181 779 007 38 995
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. . . .
. . CC BC
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The empirical equations for the percentage rejection of 
Sr(II) and Cs(I) expressed in terms of coded factors are used 
to make predictions about the response percentage rejection 
for given levels of each factor. The high levels of the factors 
are codes as +1, and the low levels of the factors are coded as 
–1. This equation is used to identify the relative influence of 
the factors by comparing the factor coefficients.

The empirical equations for the percentage rejection of 
Sr(II) and Cs(I) expressed in terms of the actual factors can be 
used to make predictions about the response binding capac-
ity for the given levels of each factor. Here, the levels should 
be specified in the original units for each factor. These equa-
tions cannot be used to determine the relative influence of 
each factor because the coefficients are scaled to accommo-
date the units of each factor.

3.11. Optimization of process input variables

The process input variables initial pH of the feed solu-
tion, P/M, and the initial concentration of Sr(II) and Cs(I) in 
the feed solution were optimized to maximize the process 
responses percentage rejection of Sr(II) and Cs(I) and the 
binding capacity of CMCh with Sr(II) and Cs(I). The maxi-
mum percentage rejection, 99.6% of Sr(II) with CMCh, and 
the maximum binding capacity, 1,800  mg/g of CMCh with 
Sr(II) were found to be obtained at the following optimum 
values: The initial pH of the feed solution is 12, P/M value is 
0.5, and the initial concentration is 9 mg/L.

The maximum percentage rejection, 99.14% of Cs(I) with 
CMCh and the maximum binding capacity 1,982  mg/g of 
CMCh with Cs(I) were found to be obtained at the follow-
ing optimum values: The initial pH of the feed solution is 
12, P/M value is 0.5, and the initial concentration is 10 mg/L. 
However, more than 97% rejection of Cs(I) with a binding 
capacity of 1,950 mg/g was obtained in the pH range of 7–8. 
So, the maximum recovery can be achieved without much 
altering the initial pH of the feed solution, which intern 
reduces the volume of sludge and requirement of chemicals 
for the adjustment of pH of the feed solution.

4. Conclusions

This present study investigated the (i) success of SEUF for 
the removal of Sr(II) and Cs(I), (ii) competence of CMCh as a 
size enhancing agent, and (iii) the DoE by RSM. The exper-
imental findings, percentage rejection and binding capacity 
of CMCh show that SEUF process is a promising method for 
the removal of Sr(II) and Cs(I). It has also been proved that 
CMCh could be an excellent size enhancing species for get-
ting the removal of Sr(II) and Cs(I) from aqueous streams. 
The maximum percentage rejection of 99% of Sr(II) and Cs(I) 
was obtained at the optimum values. The optimum values 
for the maximum percentage rejection of Sr(II) are as follows: 
Initial pH of the feed solution is 12, P/M value is 0.5, and 
initial concentration of Sr(II) in the feed solution is 9 mg/L. 
The optimum values for the maximum percentage rejection 
of Cs(I) are as follows: Initial pH of the feed solution is 12, 
P/M value is 0.5 and initial concentration of Cs(I) in the feed 
solution is 10  mg/L. However, It is also observed from the 
results that about 97% rejection of Cs(I) can be possible with-
out much altering the initial pH of the feed solution. It has 
also been proved that the RSM as an efficient mathematical 
and statistical tool, which took into account all the essential 
aspects of the process to achieve the maximum percentage 
rejection and binding capacity. ANOVA indicated the sig-
nificance of the predicted model and the individual process 
input variables and the interactive effects amongst those vari-
ables on the percentage rejection and the binding capacity. 
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The optimum values of the process variables were obtained 
for maximizing the process responses. The optimum values 
were verified with the experimentally found values to check 
the consistency. The quadratic equations developed for the 
percentage rejection and the binding capacity show the pres-
ence of a high correlation between observed and predicted 
values.
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