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A solvent impregnated resin (SIR) with sec-octylphenoxy acetic acid (CA-12) impregnated on a 

styrene-divinylbenzene copolymer support (HZ818) was first prepared. To improve the stability of the first 

SIRs for indium adsorption, a novel type of SIR (NSIR) had been prepared by forming a PVA–boric acid 

protective layer on the first SIR containing CA-12. The NSIR and SIR were characterized, and their 

adsorption behavior for indium(III) were compared by batch and column methods in a hydrochloric acid 

medium. Both the NSIR and SIR showed high adsorption capacities for In(III) at pH 3.0, and the maximum 

adsorption capacities increased with temperature. The Langmuir isotherm and pseudo second-order model 

fit the experiment data well at different temperatures. The NSIR showed better stability and reusability than 

the SIR. It is possible to separate In(III) from a mixed solution containing Zn(II), Cu(II), Cd(II) and In(III) 

at pH 3.0 from hydrochloric acid medium with SIR and NSIR. 

 

 

1. Introduction 

Indium is a rare and valuable metal that is used in a variety of industrial applications, such as liquid 

crystal displays (LCDs), semiconductors, low-temperature solders, infrared photodetectors, and solar cells. 

However, there are no discrete reserves of indium, and its global distribution is very sparse [1]. Therefore, 

it has to be recovered as a byproduct from other metallurgical processes or from secondary raw materials. 

Most commonly indium is associated with zinc, lead, copper, and tin ores [2]. Solvent extraction or ion 

exchange processes have been employed in the extraction of indium [3-9]. However, the main drawback of 

the solvent extraction process is the loss of extractant into the aqueous solution, which may cause 

environmental hazards and economic limitations [10]. Compared with solvent extraction, ion exchange is 

much simpler. Nonetheless, the low selectivity and slow adsorption and desorption rates for metal ions are 

its main problems. 

Solvent impregnated resins (SIRs) can be considered as alternative adsorbents since they are 

similarly capable of selective sorption. SIRs comprising a polymeric matrix and an impregnated liquid 

extractant, are relatively easily to prepare. They combine the unique features and advantages of 

liquid-liquid extraction and ion exchange [11-13].  In SIRs, a soluble complexant (including an inert 

organic solvent acting as a diluent, if necessary) is sorbed into a porous polymer matrix by an 
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impregnation technique [13]. 

In previous papers, we investigated the adsorption and separation properties for indium with SIRs 

containing 2-ethylhexylphosphoric acid mono-2-ethylhexyl ester [14]. However, the present extractants 

used in SIRs for indium adsorption have some disadvantageous features, such as low adsorption capacity, 

toxicity and high costs. Therefore, an alternative extractant for use in SIRs for extracting indium is required. 

Sec-octylphenoxy acetic acid (CA-12) as a novel carboxylic acid is cheap and non-toxic, and easy to  

synthesize. Furthermore, CA-12 has good chemical stability, a stable composition, low aqueous solubility 

and little emulsification during extraction. The applications of CA-12 in the extraction of rare metals have 

been investigated [7,15-18]. Recently, we used CA-12 as the extractant in preparing SIRs by impregnation 

on modified styrene-divinylbenzene copolymer supports (HZ818) to increase the adsorption capacity for 

indium [19]. The maximum adsorption capacity increased by over 20% by using CA-12 [19] compared 

with organophosphorus compounds [14]. 

Sometimes, leakage of the extractant from the polymeric support may be found for SIRs, which 

results in the gradual loss of SIR capacity and the shortening of its life time. In order to prevent extractant 

loss from SIRs, different approaches have been applied to stabilize the adsorption capacities of SIRs 

[20-22]. In this paper, a solvent impregnated resin (SIR) with sec-octylphenoxy acetic acid (CA-12) 

impregnated on a HZ818 support was first prepared. To improve the stability of the first SIR for indium 

adsorption, it was coated with a PVA–boric acid protective layer, to form the SIR (NSIR). The adsorption 

and elution behavior of In(III) from hydrochloric acid solution by the SIR and NSIR were investigated by 

both batch and dynamic methods. 

 

2. Experimental 

2.1 Materials 

Sec-octylphenoxy acetic acid (CA-12) was supplied 

by Shanghai Rare-earth Chemical Co., Ltd, China. Its 

purity is approximately 95%. The CA-12 molecular 

structure is shown in Figure 1.  

Poly (vinyl alcohol) (PVA) with a polymerization 

degree of 1750±50 was purchased from Shanghai Aibi 

Chemical Co., Ltd, China. HZ818 support (styrene-divinylbenzene copolymer) was obtained from 

Shanghai Huazhen Polymer Co., Ltd, China. The specific surface area and pore volume of porosity for the 

adsorbents are 718.8 m
2
/g and 1.66 mg/L, respectively. The average particle size is 0.45 mm with a mean 

pore size of 4.56 nm. All other chemicals used in this work are of analytical reagent grade, and were used 

without any further purification.  

The concentration of indium in single component solutions was determined spectrophotometrically 

using a UV–2550 spectrophotometer (Shimadzu, Japan), and the concentration of indium in mixed 

component solutions was determined with an ICPE-9000 multitype ICP emission spectrometer (Shimadzu, 

Japan). 

2.2 Preparation of SIRs and NSIRs  

Before impregnation, the HZ818 support was kept in ethanol for 4 h, and washed with 5% 

Figure 1. The molecular structure of CA-12. 

 C8H17

OCH2COOH
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hydrochloric acid solution to remove inorganic impurities and monomeric material. The support was then 

rinsed thoroughly with distilled water to eliminate chloride ions.  

The SIRs were prepared using a dry impregnation method. A known amount of the HZ818 support 

was placed in 50 mL of a CA-12–n-heptane solution. The mixture was stirred for 48 h at 313 K. Then the 

SIRs were separated from the mixed solution and the solvent removed by evaporation at 333 K in a vacuum 

oven. 

The NSIRs were prepared in the following way: a known amount of the SIRs was immersed in 50 

mL of 3% PVA –0.06% sodium alginate (w/w) solution and shaken for 22 h at 313 K. After that, the resins 

were separated from the solution. Then, the beads were re-immersed in a solution consisting of saturated 

boric acid and shaken for 8 h, and the NSIRs were obtained by a cross-linking reaction between PVA and 

boric acid. The beads were separated and washed with distilled water subsequently. Finally, the solvent was 

removed from the NSIRs by evaporation at 333 K . 

The extractant investigated in this study is an acid type. Therefore, the amount of impregnated 

extractant was determined by washing a known amount of resin with ethanol, which can completely elute 

the extractant. The content of the extractant was determined by titration with an NaOH solution. A 

calibration curve of the extractant titration with the NaOH solution was established to determine the 

amount of extractant [23]. The extractant content of the SIRs and NSIRs are 2.10 and 1.81 mmol/g, 

respectively. 

2.3 Characteristics of SIRs and NSIRs  

The shapes and surface morphology of samples were examined using a scanning electron 

microscope (SEM), JSF5600LV, JEOL, Japan. Infrared spectra were recorded on a Nicolet MAGNAIR 550 

(series II) spectrophotometer. Test conditions: potassium bromide pellets, scanning 32 times, a resolution of 

4 cm
-1

. The data were treated using Thermo Nicolet Corporation OMNIC32 software, version 6.0 a. 

Thermogravimetry analysis was performed on a Netzsch TG 209 thermal analyzer, using 20–30 mg of the 

sample under nitrogen at a heating rate of 10 K/min. 

2.4 Batchwise adsorption 

A 25 mL metal ion solution of known concentration was placed in a 100 mL glass-stoppered flask 

and the pH was adjusted to the desired value by adding an appropriate amount of hydrochloric acid solution 

or sodium hydroxide solution. Then, a known amount of resin was introduced and the mixture in the flask 

was shaken until equilibrium in a thermostatic bath. After filtration, the equilibrium pH was measured. The 

concentration of metal ions in the aqueous phase was analyzed. The amount of metal ions adsorbed by the 

resin was determined from the mass balance. The adsorption capacity Q (mg/g) was calculated using the 

following equation: 

M

VCC
Q e）（ 
 0         (1) 

where C0 and Ce represent the initial and equilibrium concentrations (mg/L) of metal ion in the aqueous 

solution and V and M are the volume of the aqueous solution (mL) and the weight of resins used (mg), 

respectively[24]. 

2.5 Column adsorption 

The column was prepared by placing 300 mg of resin in an empty glass column (150 mm×3.0 mm 
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i.d). In order to avoid resin loss, a small amount of absorbent cotton was plugged at both sides of the 

column before the sample solution was passed through the column. SIRs and NSIRs were first washed with 

HCl solution of pH 3.0 to reach the suitable pH before use. The pH of the indium(III) feed solution was 

also 3.0. Then the metal ion solution was fed into the column. The concentrations of the effluent samples 

were determined at appropriate time intervals. The saturated capacity of the resins was calculated on the 

basis of the total amount of metal adsorbed until the effluent concentration reached the feed concentration.  

 

3. Results and Discussion 

3.1 Characterization of SIRs and NSIRs 

3.1.1 Scanning Electronic Microscopy (SEM) 

The appearance and morphology of the 

SIRs and NSIRs was examined using scanning 

electron microscopy. Figure 2 shows that the 

protective layer changes the morphology of the 

beads. Figure 2 (a) shows the SIR obtained from 

HZ818 and CA-12. The bead has a smooth 

surface appearance. Figure 2 (b), (c) and (d) show 

different surface morphologies for the coated 

beads produced by cross-linking reaction of PVA 

and boric acid. The surface of perfect NSIRs has a 

distinct “skin” compared with the SIRs. This 

provides a protective barrier on the SIRs to 

prevent the loss of the extractant from the internal 

pore structure of the SIRs to the external aqueous 

phase.  

3.1.2 Thermogravimetry (TG) 

The thermal stability of two types of 

resins was established by thermogravimetry 

analysis. Their thermogram curves are shown in 

Figure 3. The HZ818 support was used as the 

reference material. The weight loss of HZ818 

started at 350 ℃, which means that HZ818 has 

good thermal stability and can be used as the 

matrix material.  

The weight loss between 230
 o

C and 320
 

o
C for SIRs and NSIRs is due to the fracture of 

the organic chain of the impregnated extractant. The weight losses in this temperature range were about 

57.2% and 52.2% for SIRs and NSIRs, respectively. Therefore the extractant content in the pore structures 

of the SIRs and NSIRs was calculated to be 2.06 mmol/g for the SIRs and 1.88 mmol/g for the NSIRs, 

respectively. These results were consistent with the results of acid base titration experiments (section 2.2). 

Figure 2. SEM photographs of SIRs (a),  

NSIRs (b, c and d). 

c d 

b a 

Figure 3. TGA of the HZ818 support, SIRs and NSIRs. 
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In addition, the extractant amount for the NSIRs is slightly lower than that for the SIRs because of the 

added weight of the PVA–boric acid protective layer in the NSIRs. The second obvious mass loss is 

observed from 340 
o
C with both resins, which results from the decomposing of the matrix material HZ818. 

The thermal stability indicated that the two types of resins could meet the requirements for adsorbing metal 

ions. 

 

Figure 4. FTIR spectra of the HZ818 support, SIRs and NSIRs. 

 

3.1.3 Fourier transform infrared spectra (FTIR) 

Fourier transform infrared spectra can provide a qualitative and preliminary analysis of the main 

functional groups in the adsorbents. Figure 4 shows a FTIR profile for both the SIRs and NSIRs. The peak 

representing the C=O stretching frequency for the carboxylic acid appears at 1740 cm
-1

, and the band peak 

for O-H is found at 1223 cm
-1

. There was no change in the characteristic peaks before and after the coating 

cross-linking reaction. As can be seen, there was no influence on the nature of the extractant due to the 

coating procedure. 

3.2 Bathwise adsorption properties of In(III)  

3.2.1 Effect of pH on adsorption 

The influence of pH on the adsorption performance of In(III) with both the SIRs and NSIRs was 

investigated by varying the initial solution pH (keeping other parameters constant). Figure 5 (A) shows the 

adsorption results. The adsorption capacities for In(III) with two types of SIRs increased gradually with 

increasing pH from 1.5 to a maximum value (pH 3.2), indicating that the adsorption of In(III) ions 

progresses via a cation exchange reaction[24]. The capacities did not chang much beyond pH 3.2 under the 

experimental conditions. This means that the nature of the extractant for In(III) adsorption changed little 

before and after coating. This result was consistent with the infrared analysis. In addition, because the 

surface protective layer causes a relative decrease in extractant content of the NSIRs, the adsorption 

capacities of the NSIRs were a little lower than that of the SIRs.  

Figure 5 (B) shows the effect of equilibrium pH on adsorption. The adsorption curves were similar to 

that of Figure 5 (A), while only shifted slightly to lower pH values because of the hydrogen ions release via 

the cation exchange reaction.  
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Figure 5.  Effect of solution pH on In(III) adsorption with SIRs and NSIRs. (A) initial solution pH (pHi); 

(B) equilibrium solution pH (pHe); Experiment condition: V = 25 mL, m = 25 mg, T=25 
o
C, C0 = 60 mg/L 

 

3.2.2 Adsorption isotherms 

For interpretation of the isothermal adsorption experimental data, Langmuir and Freundlich isotherm 

models were used [25]. The Langmuir model assumes that the uptake of metal ions occurs on a 

homogeneous surface by monolayer adsorption without any interaction between adsorbed ions. The 

Freundlich model assumes that the uptake or adsorption of metal ions occurs on a heterogeneous surface by 

multilayer adsorption. The Langmuir (2) and Freundlich (3) models can be represented in a linearized form 

as 

00

1

Q

C

KQQ

C e

L

e                                     (2) 

eF C
n

KQ log
1

loglog                               (3) 

where Q is the adsorption capacity, mg/g; Ce is the equilibrium concentration of In(III), mg/L; Qo is the 

saturated adsorption capacity, mg/g; KL is an empirical parameter; n is Freundlich constant and KF is the 

binding energy constant reflecting the affinity of the adsorbents to metal ions. The adsorption data for the 

Langmuir and Freundlich isotherm models along with the regression coefficients (R
2
) with SIRs and NSIRs 

for In(III) are shown in Table 1. 

As seen from Table 1, the R
2
 values indicate that the Langmuir isotherm fits the experimental data 

better than the Freundlich isotherm at different temperatures. This fact shows that the two types of 

adsorbents prepared by different methods have similar mechanisms and both of them exhibit monolayer 

adsorption [25].  
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Table 1. Freundlich and Langmuir constants for In(III) adsorption with SIRs and NSIRs 

Experiment condition: V = 25 mL, m= 25 mg, T=25 
o
C, pHe=3.05±0.05 

Resins T (K) 
Freundlich isotherm Langmuir isotherm 

KF (mg/g) n R
2
 Q0 (mg/g) KL (L/mg) R

2
 

SIRs 

288 8.76 3.61 0.816 33.3 0.134 0.996 

298 10.8 3.09 0.667 48.7 0.136 0.994 

308 13.9 3.22 0.588 59.5 0.119 0.991 

318 18.5 3.28 0.602 71.7 0.184 0.993 

NSIRs 

288 5.08 2.72 0.787 31.9 0.063 0.993 

298 10.3 3.29 0.675 42.5 0.150 0.994 

308 13.0 3.36 0.564 53.6 0.112 0.993 

318 13.7 3.06 0.688 63.4 0.108 0.994 

 

3.2.3 Adsorption thermodynamics  

The effect of temperature on the adsorption of indium (III) using the SIRs and NSIRs was 

investigated from 15 to 45℃ (288–318 K). The experiments were carried out with 0.025 g of the SIR or 

NSIR of a contact time of 24 h and a liquid/solid ratio of 1 (L/g). The equilibrium constant is expressed by 

equation [25]:  

Ae
c

e

C
K

C
                                    (4) 

where Kc is the distribution coefficient, CAe (mg/L) is the equilibrium concentration of In(III) on the 

adsorbent, Ce (mg/L) is the equilibrium concentration of In(III) in solution. 

Thermodynamic parameters such as free energy change (G), enthalpy change(H) and entropy 

change(S) can be calculated by following equations:  

cG RTLnK                                       (5) 

STHG                                       (6) 

c

H S
LnK

RT R

 
                                     (7) 

where R is the universal gas constant (8.314 J·mol
-1

·K
-1

) and T is the absolute temperature (K). The values 

of H and S were calculated from the intercepts and slopes of the straight line plots of LnKc vs. 1/T 

(Figure 6) and are given in Table 2. 

The positive values of the enthalpy change (H) indicate an endothermic adsorption process. The 

positive entropy value (S) may be related to the increased randomness at the solid-solution interface due 

to the adsorption of In(III) [26,27]. The negative values of G confirm the feasibility of the adsorption 

process of In(III) on NSIRs at 298 K, 308 K, 318 K, as expected for a spontaneous process. The decrease in 

G with the increase in temperature indicates more efficient adsorption at higher temperatures. These 

results are consistent with the adsorption of In(III) on modified solvent impregnated resins containing 

CA-12, reflecting the nature of the extractant (CA-12) impregnated on the resin.  
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Figure 6. Plots of LnKc vs 1/T for In(III) adsorption with SIRs and NSIRs. 

Experiment condition: V = 25 mL, m = 25 mg, T=25 
o
C, pHe=3.05±0.05 

 

Table 2. Thermodynamic Parameters for In(III) adsorption with SIRs and NSIRs 

Resins T(K) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (J·mol
-1

·K
-1

) 

SIRs 

288 -0.052 

58.5 205.1 
298 -2.700      

308 -4.872 

318 -6.676 

NSIRs 

288 0.025 

48.9 170.6 
298 -2.198 

308 -4.285 

318 -4.742 

 

However the value of G is positive for the NSIRs at 288K. Similar phenomena were found in the 

adsorption of Hg(II) on chitosan-coated cotton fibers[26], and Ag(I) on amidoximated porous 

acrylonitrile/methyl acrylate copolymer beads[27], which was attributed to the presence of an energy 

barrier in the adsorption process and to the activated complex in the transition state in an excited form.  

3.2.4 Adsorption kinetics 

The kinetics of adsorption that describes the solute uptake rate which governs the contact time for 

the adsorption reaction is one of the important characteristics that define the efficiency of adsorption. 

Hence, in the present study, the kinetics of In(III) removal was determined to understand the adsorption 

behavior of the SIRs and NSIRs at different temperatures (Figure 7). 

It can be seen from Figure 7 that, with increasing temperature, the adsorption rate of In(III) for the 

two types of resins gradually increased. The adsorption rate for In(III) with the NSIRs is similar to that for 

the SIRs. The Lagergren first order kinetics model and a pseudo second order model were used to 

investigate the dominant mechanism of the adsorption process. The Lagergren first order model is 
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represented by the equation:[26]  

t
k

QQQ ete
2.303

log)log( 1            (8) 

where Qe is the amount of adsorbed In(III) at equilibrium (mg/g), Qt is the amount of adsorbed In(III) at 

time t (mg/g), and k1 is the Lagergren first order rate constant (min
−1

). The calculated parameters are 

presented in Table 3.  
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Figure 7. Effect of contact time on In(III) adsorption at different temperatures. 

Experimental conditions: pHi = 3.0, V = 25 mL, m = 25 mg, C0 = 60 mg/L. 

 

Table 3. Calculated parameters for the kinetic models for In(III) adsorption with SIRs and NSIRs  

Resins T (K) 
Qe.exp 

(mg/g) 

Legergren-first-order model pseudo-second-order model 

Qe,cal 

(mg/g) 

k1 

(min
-1

) 
R

2
 

Qe,cal 

(mg/g) 

k2 

(g/mg min) 
R

2
 

SIRs 

288 31.9 33.2 0.1521 0.6690 37.9 0.0047 0.9621 

298 39.1 39.2 0.1798 0.9780 47.9 0.0041 0.9928 

308 47.8 25.0 0.1679 0.9882 51.1 0.0111 0.9995 

318 51.9 13.3 0.1468 0.8751 53.3 0.0230 0.9997 

NSIRs 

288 29.4 42.9 0.1876 0.7075 37.9 0.0034 0.9649 

298 40.1 42.5 0.1878 0.9802 48.9 0.0040 0.9977 

308 43.9 41.7 0.1937 0.8866 50.3 0.0056 0.9984 

318 49.1 29.7 0.2369 0.9782 52.5 0.0131 0.9987 

  

It was observed that the adsorption of In(III) at different temperatures did not fit the Lagergren first 

order model. The kinetic data were further analyzed using a pseudo second order model, and the linear 

form of this model is shown as follows [26]: 

t
QhQ

t

et

11
                (9) 

where the initial adsorption rate h (mg/g min) is given by h = k2Qe
2
, and k2 is the rate constant of the 

pseudo second order equation (g/mg min
1/2

). The calculated parameters are also presented in Table 3. It can 
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be observed from Table 3 that the pseudo second order model fitted the data well with a good linearity over 

the entire investigation, because the values of the correlation coefficients (R
2
) for equation (8) were very 

high. Also the theoretical Qe values calculated from the pseudo second order model were more in 

accordance with the experimental values than the Lagergren first order model with the two types of resins. 

Therefore, it was appropriate to use the pseudo second order kinetic model to predict the adsorption 

kinetics of the studied ions. 

According to Reichenberg [28] and Boyd et al. [29], the adsorption procedure of the SIRs for metal 

ions takes place through two diffusion mechanisms, film diffusion and particle diffusion. Film diffusion is 

the rate–controlling step when the concentration of metal ions is low, particle diffusion could be the rate–

controlling step while the concentration of metal ions is high. 

The kinetic data were analyzed by the diffusion mechanism model given by Reichenberg [28] and 

Helfferich [30]. The following equations were used:  







1

2

0

22

22

0 n

t

r

ntD

nQ

Q
tF )(-exp

16
-1)(




      (10) 

or 







1

2

2
n

Btn
n

tF )(-exp
16

-1)(
2

       (11) 

2

0r

D
B

2
            (12) 

where F(t) is the degree of ion exchange at time t, Qt and Q0 are the adsorption capacity at time t and 

equilibrium respectively (mg/g), D  is the effective diffusion coefficient of indium ions in the adsorbent 

particle, r0 is the radius of the adsorbent particle, and n is an integer that defines the infinite series solution. 

The Bt values were obtained from the corresponding values of F(t). The Bt values for each F(t) value were 

given by Reichenberg [28].  

The linear plots of Bt versus t are shown in Figure 8, and the linear equations and correlation 

coefficients are shown in Table 4. If the plot was a straight line passing through the origin, the adsorption 

process should be governed by the particle diffusion mechanism, otherwise it might be dominated by the 

film diffusion mechanism. As shown in Figure 8 and Table 4, all the lines of the linear plots did not pass 

through the origin under the experimental conditions, suggesting that film diffusion dominated the 

adsorption process. 
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Table 4. The Bt vs. t Linear equations and R
2 

coefficients  

Adsorbent Temperature (K) Linear equation R
2
 

SIRs 

288K Bt=0.080t+0.015 0.888 

298K Bt=0.172t-0.373 0.966 

308K Bt=0.168t+0.181 0.992 

318K Bt=0.139t+0.905 0.844 

NSIRs 

288K Bt=0.095t-0.153 0.935 

298K Bt=0.171t-0.364 0.973 

308K Bt=0.143t-0.055 0.977 

318K Bt=0.201t+0.194 0.936 
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Figure 8. Plots of Bt vs. t for the adsorption of In(III) with SIRs and NSIRs. 
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Figure 9. Influence of the composition of the solution on In(III) adsorption 

(A) influence of the presence of Zn(II), Cu(II), Cd(II) at different pHi with SIRs; 

(B) influence of the presence of Zn(II), Cu(II) and Cd(II) at different pHi with NSIRs. 

 

3.2.5 The effects of competing metal ions 

The recovery of indium was investigated from copper smelter flue dust containing various metals, 
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such as zinc, copper, indium, cadmium, et al [31]. Hence the selective adsorption of In(III) from a mixed 

HCl solution containing Zn(II), Cu(II), Cd(II) and In(III) was investigated with both SIRs and NSIRs. The 

effects of acidity and competing metal ions on In(III) recovery were studied. The results are shown in 

Figure 9.  

It is shown that the adsorption of In(III) increased with an increase in the initial pH. The competing 

anions of the other metal ions cause a decrease in the In(III) adsorption since their anionic species compete 

for the same binding sites. Zn(II) was not adsorbed in the range of acid concentration studied with both 

SIRs and NSIRs. This is probably due to the fact that Zn(II) does not form anionic complexes with chloride 

ions. Its charge is not favorable for electrostatic attraction/ion exchange [32]. The presence of other metals 

such as Cu(II) and Cd(II) in the mixed solution hardly interfere with In(III) adsorption at an initial pH=3.0 

with SIRs and NSIRs. Hence, it is possible to separate In(III) from a mixed solution containing Zn(II), 

Cu(II), Cd(II) and In(III) in hydrochloric solution at an initial pH=3.0 with the SIRs and NSIRs.  
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Figure 10. Recycle tests with the SIRs and NSIRs. (A) Comparison of breakthrough curves of SIRs and 

NSIRs after several resin bed adsorption-elution cycles: m = 300 mg, 150 mm×3.0 mm i.d.; sample flow 

rate, 1.0 mL/min; loading solution, CIn = 90 mg/L, pHi = 3.0; (B) Comparison of elution curves for the 

SIRs and NSIRs after several resin bed adsorption-elution cycles : m = 300 mg, 150 mm×3.0 mm i.d.; 

elution rate, 1.2 mL/min; loading solution, CHCl = 2.0 mol/L. 
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3.3 Recycle Test  

The recycle performances of the SIRs and NSIRs were investigated for several adsorption-elution 

cycles, respectively. Figure 10 shows the breakthrough curves and stripping curves for the SIRs and NSIRs. 

Table 5 shows the adsorption capacities and stripping amounts for the SIRs and NSIRs after several 

adsorption-elution cycles. The adsorption capacity (mg) was calculated on the basis of the total amount of 

metal ion adsorbed until the effluent concentration reached the feed concentration. The stripping amount 

(mg) was the amount of metal ions stripped from loaded SIRs to the stripping solution. The stripping 

efficiency (%) was calculated from equation (12). 

Stripping efficiency (%) = 100
SIRson  sorbed In(III) ofamount 

solution stripping  tostripped  In(III) ofamount 
  (13) 

The breakthrough curves and stripping curves for the NSIRs in the 2-4th run were not obviously 

different from that in the first run (Figure 10). From Table 5, the adsorption capacity of the NSIRs in the 

4th run (6.31 mg) was almostly the same as that in the first run (6.19 mg). Therefore we can conclude that 

the amount of the extractant contained in the NSIRs remained nearly constant, and the NSIRs were of good 

stability and can be considered suitable for repeated use. However, the breakthrough curves for the SIRs 

shifted a little from right to left as the cycle number increase (Figure 10). Also the adsorption capacities of 

the SIRs in the 2-4th cycles obviously decreased compared with the first run (Table 5). This may will be 

due to the gradual slight loss of the extractant amount contained in the SIRs. From Table 5, we can also see 

that the stripping efficiency was high (almost 100%), which indicated that the In(III) ion adsorbed on the 

two types of resins can be thoroughly stripped with 2.0 mol/L HCl solution. 

 

Table 5. Comparison of parameters of the SIRs and NSIRs after several adsorption-elution cycles 

 Cycle times Adsorption capacity/mg Stripping amount/mg Stripping efficiency/% 

SIRs 1 6.04 6.05 100.2 

2 4.04 4.08 101.0 

3 4.11 4.14 100.7 

4 4.41 4.40 99.8 

NSIRs 1 6.19 6.18 99.8 

2 6.07 6.00 98.8 

3 6.28 6.24 99.4 

4 6.31 6.34 100.5 

 

4. Conclusions 

SIRs and NSIRs containing sec-octylphenoxy acetic acid as the extractant have high adsorption 

capacitise for In(III). The NSIRs prepared by formation of the PVA–boric acid protective layer are more 

stable, and the utilization rate of the extractant in the NSIRs is better than in the SIRs. The optimal initial 
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pH for the adsorption of indium was found to be 3.0 with born types of resins in the hydrochloric acid 

system. The Langmuir isotherm fits the experiment data well at different temperatures. Adsorption capacity 

increased with increasing temperature. The reaction is endothermic and the enthalpy change was close to 

8.41 kJ/mol for the SIRs and 35.19 kJ/mol for the NSIRs, respectively. The kinetic data indicated that the 

In(III) adsorption process followed a pseudo second-order rate equation. The NSIRs have greater stability 

than the SIRs and can be considered suitable for repeated use. It is possible to separate In(III) from a mixed 

solution (Zn(II), Cu(II), Cd(II) and In(III)) at an initial pH 3 in hydrochloric acid medium with SIRs and 

NSIRs. 
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