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ABSTRACT: This research studied the selective separation of CwPb S"l“‘i""Mngl 40 Resin 1 Stage
lead and copper ions in acidic solutions using Puromet MTS 9140 { Solution
resin with a thiourea functional group. The effects of operation

parameters, that is, resin dosage, solution pH, ion exchange time, :> :>

metal concentration, and temperature, on metal ion exchange were
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investigated using batch-test protocols. Ion-exchange experimental
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data were analyzed with Langmuir, Freundlich, and Temkin
models. The results demonstrate that the MTS 9140 resin has ion-
exchange selectivity for copper ions over lead ions. The ion-
exchange recovery of Cu exceeded 95%, while Pb coloading was
under 19% with MTS 9140 resin dosage of 0.070 g/mL in the pH
range of 2.5 to 4.5. The kinetic studies showed that the ion exchange process could be better described by the pseudo-second-order
model for lead and copper ions. The temperature dependence indicates the endothermic nature of the ion-exchange process. The
resin also showed potential application as an effective adsorbent for removing heavy metal ions in water or wastewater treatment.
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1. INTRODUCTION

Heavy metal ions are hazardous environmental pollutants,
which can be toxic even at very low concentrations, hence
posing great challenges to researchers addressing environ-
mental degradation. Lead and copper ions are two of these
environmental pollutants and are commonly present in
industrial effluents from processes such as electroFlating,
chemical, petrochemical, and metallurgical operations.” Many
different technologies are being used for treating wastewaters,
such as precipitation, sedimentation, membrane filtration,
electrochemical techniques, and ion exchange.”’ Among
these methods, ion exchange is considered to be the best
process choice in many applications because it has high
selectivity and can treat a large wastewater volume.*
Numerous studies have been conducted on the removal and
separation of toxic metals using different resins possessing
various functional groups.”~” A resin with a sulfonic functional
group, for example, has been studied by Demirbas et al.* They
studied the ion-exchange mechanism of metal ions on
Amberlite IR-120-sulfonated resin and investigated the
influence of resin dosage, pH, and temperature. In addition,
Pehlivan et al.” reported the ion-exchange properties of Dowex
50 W resin toward Cu, Zn, Ni, Cd, and Pb, and the equilibrium
ion-exchange capacity of resin for metal ions was explored
using Freundlich and Langmuir isotherms. The resins with
carboxylic functional groups were examined by Silva and
Brunner.'” They found that the efficiency of the IRC-50 resin
was lower than that of the IRC-86 resin for the ion exchange of
Cd, Cu, and Pb, and the sorption of metal ions depended
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strongly on the feed concentration. The Dow M-4195 resin
with a quaternary ammonium function group has been studied
by Diniz et al."" The production of pure manganese chloride
solution with the Dow M-419S resin from an acidic manganese
chloride leach solution contaminated by Cu, Ni, Co, Pb, and
Fe was demonstrated. Also, a resin with a tertiary amine
functional group was tested by Jachuta et al.'?

The separation of Cu(II) and Pb(II) in the water system is a
common practice in hydrometallurgy.'>'* However, currently,
there is no theoretical standard for the choice of resins for a
selective Cu(Il) and Pb(II) separation in water solutions. It is
well known that thiourea has strong complexing power to gold
ions.'>'® As reported by Purolite Co., commercial polymeric
exchanger Puromet MTS 9140 with a thiourea functional
group was efficient for Au recovery. As copper and gold are
both group IB metals in the periodic table, it may also have an
ion-exchange preference for copper ions. Therefore, Puromet
MTS 9140 and some commercial resins with various functional
groups from different suppliers have been explored for such
purposes. It was found that Puromet MTS 9140 with a
thiourea group had a strong ion exchange preference for
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Figure 1. Three major structure units in the MTS 9140 resin: p-thiourea-styrene, o-thiourea-styrene, and m-thiourea-styrene (from left to right)

(Blue: N, Yellow: S, Dark gray: C, Gray: H).

Table 1. 1-Physical and Chemical Properties of the MTS 9140 Resin

characteristics physical form

shipping weight

particle size specific Gravity

values spherical beads 690—730 g/L 300—1200 pm 1.12
characteristics matrix functional group total exchange capacity temperature Limit
values polystyrene DVB macroporous thiourea 1 eq/L 100 °C

Cu(II) over Pb(II). Resins with a thiourea functional group are
rarely reported to be used in the separation and recovery of
Cu(1I) and Pb(II). In this work, a systematic study on the
selective separation of copper from lead in a water system
using Puromet MTS 9140 resin has been conducted. Batch
experiments were performed at different conditions of solution
pH, resin dosage, metal concentration, and ion-exchange time
in order to investigate the resin ion-exchange performance.

2. MATERIALS AND METHODS

2.1. Materials and Instruments. The macroporous
polystyrenic chelating resin MTS 9140 with a thiourea group
used in the experiments was supplied by Purolite USA. It
contains three major structure units: p-thiourea-styrene, o-
thiourea-styrene, and m-thiourea-styrene. Their molecular
structures, built with GaussView 6.1.1 software, are illustrated
in Figure 1. Its physical and chemical properties, as reported by
the suppliers, are shown in Table 1. Other commercial resins
were also provided by their producers. Before using for the ion-
exchange test, the resin was washed several times with
deionized water to remove impurities, dried at room
temperature for 10 d to constant mass, and stored safely in
the lab for further experiments. Cupric chloride, CuCl,-2H,0,
was purchased from A&C American Chemicals Ltd (Québec,
Canada), and lead nitrate, Pb(NOj;),, was obtained from ACP
Chemicals Inc. (Québec, Canada). A wavelength dispersive X-
ray fluorescence (WDXRF) spectrometer (model Supermini
200) was used for the metal concentration analysis, an orbital
shaker (model Promax 2020) was employed for ion exchange
tests with 20 mL of solutions in 125 mL flasks, and an Orion
Star A211 pH meter was used for the solution pH
measurement.

2.2. Experimental Procedures. To find the most selective
resin for the separation of Cu(II) and Pb(II) in the water
system, a number of commercial resins with different
functional groups from various suppliers have been tested at
the dosage range of 0.005—0.025 g/mL in a 20 mL solution
containing 1800 mg/L Pb(II) and 1200 mg/L Cu(II) with pH
4.5 in a one-stage 2 h ion exchange.

Due to the low density of Puromet MTS 9140 resin, the
resin cannot be totally submerged in the 20 mL water solution
when the resin amount is over 1 g. Therefore, systematic ion-
exchange batch tests with Puromet MTS 9140 resin were
performed in two stages by shaking 125 mL flasks on an
electrical shaker for a period of 2 h in each stage, as shown in
Figure 2. Unless otherwise specified, the experiments were

Cu/Pb Solution

. 1* Stage .
MTS 9140 Resin Solution MTS 9140 Resin
Filtration Filtration
Shaking Shaking
1* Ton exchange 2" Jon exchange
Analysis Analysis

Figure 2. Flow sheet of the metal ion-exchange process using the
MTS 9140 resin.

conducted at 20 = 1 °C, with a shaking speed of 150 rpm,
using 0.6 g dry resin in thelst ion-exchange stage and 0.8 g dry
resin for the 2nd ion-exchange stage added in a 20 mL solution
containing 1800 mg/L Pb(1I) and 1200 mg/L Cu(II) with pH
4.5. After each ion-exchange stage, the resin was filtered out,
and the metal concentration in the remaining solution was
measured by X-ray fluorescence (XRF). For single metal ion-
exchange tests, separate 1800 mg/L Pb(II) solution and 1200
mg/L Cu(Il) solution with pH 4.5 were used following a
similar procedure, as mentioned above. The average value of
duplicate experiments was taken. The reproducibility deviation
of the measurements was within 10.0%.

The metal recovery was calculated through the difference
between the initial metal concentration in the solution and the
final concentration in the filtrate after ion exchange. The
following formula was used to calculate metal removal
efficiency (%).
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Removal (%) = X 100

( G - Cf)
G
where C;, and C; are the initial and final concentrations of the

studied metal ions, respectively.

3. RESULTS AND DISCUSSION

3.1. Exploration of Resins for the Cu- and Pb-
Selective Separation. In the ion-exchange process, the

Table 2. Resins Explored for the Ion Exchange of Lead and
Copper Ions (Resin Dosage 0.025 g/mL)

function group resin Pb% Cu%
sulfonic Dowex G-26 99.9 96
Amberlite IR-120 H 96 85
iminodiacetic Purolite S930Plus 93 99
Lewatit 96 96
MonoPlusTP207
Amberlite IRC7841 87 97
Lewatit MonoPlus 99.9 99.9
TP208
Purolite S930EPlus 79 90
aminophosphonic SIR 500 91 84
Amberlite IRC747 99.9 99.9
Purolite $940 79 58
Purolite S950Plus 91 78
Puromet MTS 9500 88 73
aminomethylphosphonic Lewatit MonoPlus TP 97 96
260
phosphonic and sulfonic Purolite MTS 9570 87 45
bis-picolylamine Lewatit MDS TP220 98 93
carboxilic Dowex Mac-3 31
WAG RTI 26600 34 3
N-methylglucamine Purolite $108 34 62
di-2-ethylhexylphosphate Lewatit VP OC 1026 37 3
(D2EHPA)
thiourea Lewatit 69 43
MonoPlusTP214
PuroliteMTS 9140 3 43
trimethyl ammonium Amberjet 4400 Cl 2 0
isothiouronium Purolite MTS 9200 4 7
amidoxime Puromet MTS 9100 43 25
thiol Puromet MTS 9240 36 23
sulphonic and Amberlite IRN150 77 34

trimethylammonium

selection of proper exchange resins for the metal separation is
one of the biggest challenges due to the availability of various
commercial adsorbents. The efficiency of the ion-exchange
system is controlled by resin selectivity.'” Various commercial
resins with different functional groups from different suppliers
have been tested at the dosage range of 0.005—0.025 g/mL in a
20 mL solution, which contains 1800 mg/L Pb(II) and 1200
mg/L Cu(Il) with pH 4.5, in a one-stage ion exchange. The
experimental results shown in Table 2 indicate that most of the
studied resins have a high ion-exchange affinity for both the
metals, for example, Lewatit MonoPlus TP208 and Amberlite
IRC747 had a 99.9% removal rate for both Cu(1l) and Pb(II)
ions. They could be applied in the removal of both the metals
from the water system, which is very important from the
perspective of environmental remediation and protection. Of
course, further studies are required. The possibility of Pb and
Cu separation may be achieved by using Dowex Mac-3, WAG
RTI 26600, Lewatit VP OC 1026, and Purolite MTS 9140
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Figure 3. Effect of the resin dosage on Pb (II) and Cu(II) recoveries
in binary metal solution in the 1st (a) and 2nd (b) ion-exchange
stage.
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Figure 4. Effect of the resin dosage on Pb(1I) and Cu(II) recoveries
in the single metal solution in the 1st (a) and 2nd (b) ion-exchange
stage.

resins, which have large differences in the ion-exchange
preference between Cu(Il) and Pb(II). Owing to the largest
recovery difference for Cu(II) and Pb(1I) ions, the MTS 9140
resin was chosen for copper and lead separation in this study
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Figure 5. Effect of pH on Pb (II) and Cu (II) recoveries in the 1st (a)
and 2nd (b) ion-exchange stage.

Figure 7. Effect of contact time on Pb(II) and Cu(II) recoveries in
the 1st (a) and 2nd (b) ion-exchange stage.
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Figure 6. Effect of Temperature on Pb(II) and Cu(Il) recoveries in
the Ist (a) and 2nd (b) ion-exchange stage.

by improving its performance with two ion-exchange stages, as
mentioned above. Systematic ion-exchange experiments were
conducted for the separation of lead and copper ions from aN
acidic water solution at different operating conditions of the
pH, temperature, ion exchange time, agitation speed, and metal
concentration.
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Figure 8. Effect of the initial metal concentration on adsorption of

Pb(11) (a) and Cu(II) (b).

3.2. Effect of the Resin Dosage. The effect of the MTS
9140 resin dosage on ion-exchange recovery of Pb and Cu
from the water solution was tested in the range of 0.005—0.070
g/mL resin while keeping the other parameters constant as
described in Section 2.2.
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Figure 9. Langmuir isotherm (a), Freundlich isotherm (b), and
Temkin isotherm (c) of Pb(II) and Cu(II) adsorption on the MTS
9140 resin.

Table 3. Isotherm Parameters for Pb(II) and Cu(II) Ion
Exchange on the MTS 9140 Resin

first ads. stage second ads stage

isotherm Pb Cu Pb Cu

Langmuir

Q° (mg/g) 5.30 26.30 11.05 37.03

b (L/g) 0.0027 0.0046 0.0084 0.0045

R? 0.9901 0.9956 0.9914 0.9993
Freundlich

Kg 0.00045 4.286 0.01379 2.59

n 0.553 4.91 0.966 1.38

R? 0.9964 0.9808 0.9247 0.9989
Temkin

by 261.89 761.39 263.8 384.1

B 9.4603 3.254 9.3907 6.547

R? 0.991 0.9704 0.9923 0.9638

The ion-exchange results demonstrate that both metal
recoveries increase with the resin dosage. The ion-exchange
recovery was 3.64% for Pb and 41.68% for Cu at 0.03 g/mL

resin dosage (1% ion-exchange stage, Figure 3a). Recovery
increased to 15 and 99% for Pb and Cu, respectively, at 0.07 g/
mL resin dosage after the 2nd stage ion exchange (Figure 3b).

To help understand the ion-exchange mechanism of Pb (II)
and Cu(II) in the binary metal solution, the ion exchange of
Pb (1I) and Cu(II) with the MTS 9140 resin in a single 1800
mg/L Pb (II) solution and single 1200 mg/L Cu (II) solution
was studied as shown in Figure 4a,b. It was found that the ion-
exchange recoveries for both Pb (II) and Cu(Il) in the single
metal solution were higher than those in the binary solution.
Especially for Pb (II), its recovery can be over 40% at the resin
dosage of 0.070 g/mL. This is because the MTS 9140 resin has
a stronger ion-exchange preference for Cu(Il) over Pb (II),
and there are more adsorption sites for Pb(II) in the single
metal solution.

3.3. Effect of pH. The effect of pH on the recovery of
Pb(II) and Cu(II) ions was studied in the range of 1.5 to 4.5,
and the results are shown in Figure Sab. The maximum
recovery of Pb was at pH 1.5 in the 1st stage ion exchange,
which agrees with the earlier results."® Between pH 2.5 and 4.5,
Pb recovery was constant in the range of 0.8%. Cu recovery
was in the range of 43 to 45% and did not change much with
pH. During the 2™ stage, the recovery for Cu increased to 98%
and was quite stable across the whole pH range. Precipitation
of copper was observed at pH > 5. Therefore, the solution pH
was kept at 4.5 in the subsequent tests.

3.4. Effect of Temperature. The influence of temperature
on ion exchange of Cu(II) and Pb(II) ions on the MTS 9140
resin was studied at 20, 40, 60, and 80 °C. The recovery of Pb
ions is not affected remarkably by temperature in both the first
and second ion-exchange stages, while the ion-exchange
recovery for Cu ions increased with a temperature rise. Cu
recovery increased quickly to 73% at 80 °C in the first ion-
exchange stage and reached 100% at 60 and 80 °C in the
second ion-exchange stage, as shown in Figure 6a,b. This may
be attributed to the endothermic character of this ion-exchange
process as temperature increment favors an endothermic
reaction thermodynamically.

3.5. Effect of lon-Exchange Time. Ion-exchange time has
an important effect on the recovery/removal of toxic metals
using resins. The influence of contact time on Pb and Cu
recoveries was tested up to 180 min, and the results are shown
in Figure 7a,b. The metal recoveries increase with time. Ion
exchange attains equilibrium in 30 min for lead and 90 min for
copper. The metal removal percentage from water in thelst
stage ion exchange was about 7% for Pb and 42% for Cu, while
in the 2nd stage ion exchange, the cumulative recovery
increased to 17 and 97% for Pb and Cu, respectively.
Therefore, the MTS 9140 resin has a remarkable ion-exchange
selectivity for Cu(1I) over Pb(II).

3.6. Effect of the Initial Metal lon Concentration. The
effect of the initial metal ion concentration on Pb(II) and
Cu(II) recoveries in the first and second ion-exchange stages is
shown in Figure 8a,b. Lead recovery decreases slightly with the
increase in the initial Pb concentration. However, Cu recovery
at the 1st ion-exchange stage decreases remarkably at high
initial Cu concentrations. The slight dependence of Pb
recovery on initial Pb concentrations may refer to the higher
affinity of the MTS 9140 resin to Cu ions over Pb ions, while
the decrease of Cu recovery at a high concentration in the 1*
ion-exchange stage is due to insufficient adsorption sites on
resin at a high concentration of metal ions. This result has a
similar trend to what was revealed by Zewail & Yousef."’
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Table 4. Comparison of the Maximum Ion-Exchange Capacity of the MTS 9140 Resin with Some Other Adsorbents for Pb(II)

and Cu (II) Adsorption

adsorbent
Na—Mt
Ca—Mt
Dowex S0W
amidoxime-chelating resin (AO AN/MA)
sugar beet pulp
activated carbon (ac) granular AC
dithiocarbamated-spororpollenin (DTC-S)
polystyrene microspheres
magnetic GO (simultaneous adsorption)
silica-supported dithiocarbamate
1,8-DAN/XAD-4

metal ions

Pb(II) and Cu(II)
Pb(11) and Cu(II)
Pb(II) and Cu(II)
Pb(II) and Cu(II)
Pb(II) and Cu(II)
Pb(II) and Cu(II)
Pb(11) and Cu(II)
Pb(II) and Cu(II)
Pb(11) and Cu(II)
Pb(II) and Cu(II)
Pb(II) and Cu(II)

reported sorption capacity(mg/g) conditions references
53.8 and 9.53 pH = 6.5, na 23
34.2 and 6.61 pH = 6.5, na 23
45.5 and 20.2 pH = 6.7 and 5.0, 25 °C 9
124 and 127.7 pH 3.0, 25 °C 24
36 and 20.9 pH = 55,35 °C 25
8.28 and 5.59 pH = 5.0, 30 °C 26
44.6 and 17.15 pH =5.5,20 °C 27
6.17 and 3.76 pH =5.5,20 °C 28
27.7 and 18.3 pH = 4.0, na 29
70.4 and 20.3 pH = 6.0, 60 °C 30
29.01 and 13.98 pH = 6—7, na 31
11.05 and 37.07 pH = 45,20 °C this study

MTS 9140 Pb(II) and Cu(II)
2
y=-0.026x+1.4727 @
I R’>=0.7007 ®  Cu Istads pseudo I st order
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0+
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Figure 10. Pseudo-first order for adsorption of Pb(II) and Cu(II)
onto the MTS 9140 resin for the Ist (a) and 2nd (b) ads stage.

3.7. lon-Exchange Isotherms. The ion-exchange iso-
therms could be explained by Langmuir,”” Freundlich®' and
Temkin®* models. The linear forms of these isotherm models
are represented with eqs 1—3, respectively.

Langmuir equation

C 1 4+ G
0 0
q, Qb Q (1)
where g, is the equilibrium ion-exchange capacity of ions on
the exchanger (mg/g); C,, the equilibrium ion concentration in
solution (mg/L); Q°, the maximum capacity of the adsorbent

(mg/g); and b, the Langmuir ion-exchange constant (L/mg).
Freundlich equation

C

1
1 =log K + —log C
0og qe 0g Kg n og e (2)

13047

40

(2)

®  Cu Ist ads pseudo 2nd order
[ ® Pb Istads pseudo 2nd order

y=0.1924x+0.1229
R*=0.9986

t/qt
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Figure 11. Pseudo-second order for adsorption of Pb(II) and Cu(II)
onto the MTS 9140 resin for the Ist (a) and 2nd (b) ads stage.

Table 5. Kinetic Parameters for the Simultaneous Ion
Exchange of Pb(II) and Cu(II) Ions Onto MTS 9140

Ist ads stage 2nd ads stage

equations Pb Cu Pb Cu
Pseudo-First Order
4o exp (mg/g) 5.40 19.96 10.70 37.70
4o cal (mg/g) 0.9687 4.36 3.314 10.77
ky (m™) —0.000081  —0.00014  —0.00013  —0.00016
R? 0.7660 0.7007 0.8290 0.9264
Pseudo-Second Order
qo cal (mg/g) 5.19 19.96 10.76 38.60
k, (g/mg min) 0.3012 0.0246 0.0223 0.00571
R? 0.9986 0.9996 0.9982 0.9985

where the equilibrium capacity (q.) and C, are defined in the
above model, K is the Freundlich constant (L/mg), and n is
the heterogeneity factor.
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Temkin equation
RT
q,=B In(K) + B In(C); B= —
br (3)

where K1 (L/g) and B (J/mol) are the Temkin and the heat of
sorption constants, respectively. R = universal gas constant
(8.314 J/mol/K), and T = Temperature at 298 K.

All isotherm equations evaluated from the linear plots are
presented in Figure 9a—c, and their calculated parameters are
listed in Table 3.

Compared with the other two ion-exchange isotherms, the
R? values for both metal ions in the Langmuir ion-exchange
isotherm were all above 0.99 (very close to 1), as shown in
Table 3, which means the Langmuir isotherm model fits the
ion-exchange process best for both Cu (II) and Pb (II) ions.
The values of the Freundlich ion-exchange isotherm constant,
n, were 0.553/0.966 and 4.91/1.38 for Pb(II) and Cu(II),
respectively. All the values were within 0—10, indicating that
the sorption of lead and copper ions by the MTS 9140
macroporous resin was favorable. As shown in Table 4, the
maximum ion-exchange capacity Q° values of MTS 9140 are
higher than many adsorbents reported in the literature,
especially for the removal of copper ions.

3.8. lon-Exchange Kinetics of Cu(ll) and Pb(ll). A
pseudo-first-order and a pseudo-second-order kinetic model
were applied to study the mechanism of the two ion-exchange
stages. The pseudo-first-order and the pseudo-second-order
rates are expressed as eqs 4 and S, respectively.”

ki t
In(g — =In(g ) — ———
(q, — q,) (q,) 5,303 @
t t 1
—_ =4 3
q, 9, kyq; (5)

where ¢, and g, are the amounts of metal adsorbed at time ¢
and equilibrium (mg/g), respectively, and k; is the first-order
rate constant (min~"'). The slopes and intercepts of the plots of
In(g. — q,) versus contact time (t) were used to determine the
first-order rate constant k; and equilibrium ion exchange
capacity(g.), as shown in Figure 10a,b for both the metals in
the 1st and 2nd ion-exchange stages, respectively.

k, is the second-order rate constant (mg/g min). The k, and
q. values were calculated from the slope and intercept of the
linear plot of t/g, versus t, as shown in Figure 11a,b for Pb and
Cu in the 1st and 2nd ion-exchange stages, respectively. A
comparison of the results with the correlation coefficients for
the kinetic models is presented in Table 5. The correlation
coeflicients for the pseudo-second-order kinetic model for Pb
and Cu in the two ion-exchange stages (lst stage 0.9986,
0.9996; 2nd stage 0.9982, 0.9985) were high and close to 1,
and closer values of g, exp and g, cal show that the data fit well
with the pseudo-second-order model, which suggests a
chemical adsorption process.’

4. CONCLUSIONS

Puromet MTS 9140 resin with a thiourea group, which was
rarely used in the separation of Cu(1I) and Pb(II) in a water
system, was found to have a strong ion-exchange preference for
Cu(II) over Pb(II). In this work, a systematic study on the
selective separation of copper from lead using Puromet MTS
9140 resin has been conducted. Experimental results revealed
that metal recovery increased with time and attained an ion-

exchange equilibrium in 30 min for Pb(II) and 90 min for
Cu(II) with initial concentrations of 1800 mg/L Pb and 1200
mg/L Cu. Metal recovery increased with a temperature rise,
especially for Cu adsorption, which may be attributed to the
endothermic nature of the ion-exchange process. A 97%
recovery for copper and 17% recovery for lead was obtained at
the resin dosage of 0.07 g/mL and pH 4.5 after a two-stage ion
exchange, which demonstrated that the MTS 9140 resin had
an excellent adsorption selectivity to Cu(II) over Pb(II).
Langmuir, Freundlich, and Temkin isotherm models were
constructed for analyzing the adsorption of Cu(Il) and Pb(1I)
ions on the resin. The Langmuir isotherm was the best fit for
both the metal ions. Adsorption kinetics analysis showed that
the ion-exchange process complied with the pseudo-second-
order kinetic model.

In this study, it was also found that Lewatit monoplus
TP208 and Amberlite IRC747 resins had a high adsorption
affinity for both Cu(II) and Pb(1I) ions. They could be applied
in the removal of both the metals from a water system for
environmental remediation and protection. Further studies are
required.

B AUTHOR INFORMATION

Corresponding Author
Yahui Zhang — Faculty of Engineering and Applied Science,
Memorial University of Newfoundland, St. John’s NL
A1B3X5, Canada; Email: yahuiz@mun.ca

Authors

Salem Elfeghe — Faculty of Engineering and Applied Science,
Memorial University of Newfoundland, St. John’s NL
AIB3XS, Canada

Qiuyue Sheng — Faculty of Engineering and Applied Science,
Memorial University of Newfoundland, St. John’s NL
AI1B3XS, Canada; School of Resources and Civil Engineering,
Northeastern University, Shenyang, Liaoning 110819,
China; ® orcid.org/0000-0002-5518-9520

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c00417

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors gratefully acknowledge the financial support of
this work by the Natural Sciences and Engineering Research
Council of Canada (NSERC) (Funding Application # RGPIN-
2017-04354).

B REFERENCES

(1) Liu, C; Bai, R; San Ly, Q. Selective removal of copper and lead
ions by diethylenetriamine-functionalized adsorbent: Behaviors and
mechanisms. Water Res. 2008, 42, 1511—1522.

(2) Kenawy, I. M. M.; Hafez, M. A. H,; Akl, M. A; Lashein, R. R.
Determination by AAS of some trace heavy metal ions in some natural
and biological samples after their preconcentration using newly
chemically modified chloromethylated polystyrene-PAN ion-exchang-
er. Anal. Sci. 2000, 16, 493—500.

(3) Bulgariu, L.; Bulgariu, D. Functionalized soy waste biomass—A
novel environmental-friendly biosorbent for the removal of heavy
metals from aqueous solution. J. Cleaner Prod. 2018, 197, 875—88S.

(4) Abo-Farha, S. A.; Abdel-Aal, A. Y.; Ashour, I. A.; Garamon, S. E.
Removal of some heavy metal cations by synthetic resin purolite
C100. J. Hazard. Mater. 2009, 169, 190—194.

https://doi.org/10.1021/acsomega.2c00417
ACS Omega 2022, 7, 13042—13049


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yahui+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:yahuiz@mun.ca
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Salem+Elfeghe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiuyue+Sheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5518-9520
https://pubs.acs.org/doi/10.1021/acsomega.2c00417?ref=pdf
https://doi.org/10.1016/j.watres.2007.10.031
https://doi.org/10.1016/j.watres.2007.10.031
https://doi.org/10.1016/j.watres.2007.10.031
https://doi.org/10.2116/analsci.16.493
https://doi.org/10.2116/analsci.16.493
https://doi.org/10.2116/analsci.16.493
https://doi.org/10.2116/analsci.16.493
https://doi.org/10.1016/j.jclepro.2018.06.261
https://doi.org/10.1016/j.jclepro.2018.06.261
https://doi.org/10.1016/j.jclepro.2018.06.261
https://doi.org/10.1016/j.jhazmat.2009.03.086
https://doi.org/10.1016/j.jhazmat.2009.03.086
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00417?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(5) Gurnule, W. B.; Katkamwar, S. S. Selective removal of toxic
metal jons from waste water using phenol-formaldehyde type
chelating resins. Rasayan J. Chem. 2012, S, 365—375.

(6) Moore, G. E.; Kraus, K. A. Adsorption of iron by anion exchange
resins from hydrochloric acid solutions. J. Am. Chem. Soc. 1950, 72,
5792—-5793.

(7) Gurnule, W. B; Vajpai, K.; Belsare, A. D. Selective removal of
toxic metal ions from waste water using polymeric resin and its
composite. Mater. Today: Proc. 2020, 36, 642.

(8) Demirbas, A.; Pehlivan, E.; Gode, F.; Altun, T.; Arslan, G.
Adsorption of Cu(II), Zn(II), Ni(II), Pb(II), and Cd(II) from
aqueous solution on Amberlite IR-120 synthetic resin. J. Colloid
Interface Sci. 2008, 282, 20—25.

(9) Pehlivan, E.; Altun, T. The study of various parameters affecting
the ion exchange of Cu*, Zn**, Ni*!, Cd*, and Pb** from aqueous
solution on Dowex SOW synthetic resin. J. Hazard. Mater. 2006, 134,
149—-156.

(10) Silva, D. L.; Brunner, G. Desorption of heavy metals from ion
exchange resin with water and carbon dioxide. Braz. J. Chem. Eng.
2006, 23, 213—-218.

(11) Diniz, C. V.; Doyle, F. M.; Martins, A. H. Uptake of heavy
metals by chelating resins from acidic manganese chloride solution.
Miner. Metall. Process. 2000, 17, 217—222.

(12) Jachula, J.; Kolodynska, D.; Hubicki, Z. Removal of Cd(1I) and
Pb(II) complexes with glycolic acid from aqueous solutions on
different ion exchangers. Can. J. Chem. 2010, 88, 540—547.

(13) Szczepanski, P.; Guo, H.; Dzieszkowski, K; Rafinski, Z.;
Kujawski, W. New reactive ionic liquids as carriers in polymer
inclusion membranes for transport and separation of Cd(II), Cu(1l),
Pb(II), and Zn(II) ions from chloride aqueous solutions. J. Membr.
Sci. 2021, 638, 119674.

(14) Mendil, D.; Karatas, M.; Tuzen, M. Separation and
preconcentration of Cu(II), Pb(II), Zn(II), Fe(IIl) and Cr(III) ions
with coprecipitation method without carrier elementand their
determination in food and water samples. Food Chem. 2018, 177, 320.

(15) Liu, J; Jin, C; Wang, C. Hyperbranched thiourea-grafted
electrospun polyacrylonitrile fibers for efficient and selective gold
recovery. J. Colloid Interface Sci. 2019, 561, 449.

(16) Yang, X.; Moats, M. S.; Miller, J. D.; Wang, X.; Shi, X; Xu, H.
Thiourea—thiocyanate leaching system for gold. Hydrometallurgy
2011, 106, 58—63.

(17) Lugman, I Ion Exchange Technology I Theory and Mater;
Springer, 2012.

(18) Morales, D. V.; Rivas, B. L. Poly(2-acrylamidoglycolic acid-co-
2-acrylamide-2-methyl-1-propane sulfonic acid) and poly(2-acrylami-
doglycolic acid-co-4-styrene sodium sulfonate): synthesis, character-
ization, and properties for use in the removal of Cd(II), Hg(II),
Zn(11), and Pb(II). Polym. Bull. 2014, 72, 339—352.

(19) Zewail, T. M.; Yousef, N. S. Kinetic study of heavy metal ions
removal by ion exchange in batch conical air spouted bed. Alexandria
Eng. J. 2015, 54, 83—90.

(20) Langmuir, I. the Constitution and Fundamental Properties of
Solids and Liquids. Part I. Solids. J. Am. Chem. Soc. 1916, 38, 2221—
2298S.

(21) Freundlich, H. Uber die Adsorption in Losungen. Z. Phys.
Chem. 1906, 57, 385—470.

(22) Temkin, M.; Pyzhev, V. Kinetics of Ammonia Synthesis on
Promoted Iron Catalysts. Acta Physicochim. URSS 1940, 12, 327—356.

(23) Chen, C; Liu, H; Chen, T.; Chen, D.; Frost, R. L. An insight
into the removal of Pb(II), Cu(II), Co(II), Cd(II), Zn(II), Ag(I),
Hg(I), Cr(VI) by Na(I)-montmorillonite and Ca(II)-montmorillon-
ite. Appl. Clay Sci. 2015, 118, 239—247.

(24) El-Bahy, S. M.; El-Bahy, Z. M. Synthesis and characterization of
a new iminodiacetate chelating resin for removal of toxic heavy metal
ions from aqueous solution by batch and fixed bed column methods.
Korean ]J. Chem. Eng. 2016, 33, 2492—2501.

(25) Reddad, Z.; Gerente, C.; Andres, Y.; Le Cloirec, P. Adsorption
of several metal ions onto a low-cost biosorbent: Kinetic and
equilibrium studies. Environ. Sci. Technol. 2002, 36, 2067—2073.

13049

(26) An, H,; Park, B. Y,; Kim, D. S. Crab shell for the removal of
heavy metals from aqueous solution. Water Res. 2001, 35, 3551—
3556.

(27) Unlii, N.; Ersoz, M. Removal of heavy metal ions by using
dithiocarbamated-sporopollenin. Sep. Purif. Technol. 2007, 52, 461—
469.

(28) Denizli, A.; Kesenci, K.; Arica, Y.; Pigkin, E. Dithiocarbamate-
incorporated monosize polystyrene microspheres for selective removal
of mercury ions. React. Funct. Polym. 2000, 44, 235—243.

(29) Zare-Dorabei, R.; Ferdowsi, S. M.; Barzin, A.; Tadjarodi, A.
Highly efficient simultaneous ultrasonic-assisted adsorption of Pb(II),
Cd(1I), Ni(II) and Cu (II) ions from aqueous solutions by graphene
oxide modified with 2,2'-dipyridylamine: Central composite design
optimization. Ultrason. Sonochem. 2016, 32, 265—276.

(30) Ge, F.; Li, M.-M,; Ye, H.; Zhao, B.-X. Effective removal of
heavy metal ions Cd*, Zn**, Pb*, Cu®* from aqueous solution by
polymer-modified magnetic nanoparticles. J. Hazard. Mater. 2012,
211-212, 366—372.

(31) Hoque, M. L. U,; Chowdhury, D. A; Holze, R.; Chowdhury, A.-
N.; Azam, M. S. Modification of Amberlite XAD-4 resin with 1,8-
diaminonaphthalene for solid phase extraction of copper, cadmium
and lead, and its application to determination of these metals in dairy
cow’s milk. J. Environ. Chem. Eng. 20185, 3, 831—842.

(32) Haribabu, E.; Upadhya, Y. D.; Upadhyay, S. N. Removal of
phenols from effluents by Fly Ash. Int. J. Environ. Stud. 1993, 43,
169-176.

https://doi.org/10.1021/acsomega.2c00417
ACS Omega 2022, 7, 13042—13049


https://doi.org/10.1021/ja01168a549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01168a549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.matpr.2020.04.372
https://doi.org/10.1016/j.matpr.2020.04.372
https://doi.org/10.1016/j.matpr.2020.04.372
https://doi.org/10.1016/j.jcis.2004.08.147
https://doi.org/10.1016/j.jcis.2004.08.147
https://doi.org/10.1016/j.jhazmat.2005.10.052
https://doi.org/10.1016/j.jhazmat.2005.10.052
https://doi.org/10.1016/j.jhazmat.2005.10.052
https://doi.org/10.1590/s0104-66322006000200008
https://doi.org/10.1590/s0104-66322006000200008
https://doi.org/10.1007/bf03403237
https://doi.org/10.1007/bf03403237
https://doi.org/10.1139/V10-027
https://doi.org/10.1139/V10-027
https://doi.org/10.1139/V10-027
https://doi.org/10.1016/j.memsci.2021.119674
https://doi.org/10.1016/j.memsci.2021.119674
https://doi.org/10.1016/j.memsci.2021.119674
https://doi.org/10.1016/j.foodchem.2015.01.008
https://doi.org/10.1016/j.foodchem.2015.01.008
https://doi.org/10.1016/j.foodchem.2015.01.008
https://doi.org/10.1016/j.foodchem.2015.01.008
https://doi.org/10.1016/j.jcis.2019.11.016
https://doi.org/10.1016/j.jcis.2019.11.016
https://doi.org/10.1016/j.jcis.2019.11.016
https://doi.org/10.1016/j.hydromet.2010.11.018
https://doi.org/10.1007/s00289-014-1277-0
https://doi.org/10.1007/s00289-014-1277-0
https://doi.org/10.1007/s00289-014-1277-0
https://doi.org/10.1007/s00289-014-1277-0
https://doi.org/10.1007/s00289-014-1277-0
https://doi.org/10.1016/j.aej.2014.11.008
https://doi.org/10.1016/j.aej.2014.11.008
https://doi.org/10.1021/ja02268a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja02268a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1515/zpch-1907-5723
https://doi.org/10.1016/j.clay.2015.09.004
https://doi.org/10.1016/j.clay.2015.09.004
https://doi.org/10.1016/j.clay.2015.09.004
https://doi.org/10.1016/j.clay.2015.09.004
https://doi.org/10.1007/s11814-016-0070-1
https://doi.org/10.1007/s11814-016-0070-1
https://doi.org/10.1007/s11814-016-0070-1
https://doi.org/10.1021/es0102989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es0102989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es0102989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0043-1354(01)00099-9
https://doi.org/10.1016/S0043-1354(01)00099-9
https://doi.org/10.1016/j.seppur.2006.05.026
https://doi.org/10.1016/j.seppur.2006.05.026
https://doi.org/10.1016/S1381-5148(99)00099-1
https://doi.org/10.1016/S1381-5148(99)00099-1
https://doi.org/10.1016/S1381-5148(99)00099-1
https://doi.org/10.1016/j.ultsonch.2016.03.020
https://doi.org/10.1016/j.ultsonch.2016.03.020
https://doi.org/10.1016/j.ultsonch.2016.03.020
https://doi.org/10.1016/j.ultsonch.2016.03.020
https://doi.org/10.1016/j.jhazmat.2011.12.013
https://doi.org/10.1016/j.jhazmat.2011.12.013
https://doi.org/10.1016/j.jhazmat.2011.12.013
https://doi.org/10.1016/j.jece.2015.03.020
https://doi.org/10.1016/j.jece.2015.03.020
https://doi.org/10.1016/j.jece.2015.03.020
https://doi.org/10.1016/j.jece.2015.03.020
https://doi.org/10.1080/00207239308710824
https://doi.org/10.1080/00207239308710824
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00417?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

