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ABSTRACT: The ion/molecular imprinting technique is an efficient method
for developing materials with high adsorption selectivity. However, it is still
difficult to obtain an imprinted adsorbent with desirably high selectivity when
the preparation processes are not well designed and optimized. In this present
work, a chitosan-based ion-imprinted adsorbent was optimally prepared
through Box−Behnken experimental design to achieve desirably high
selectivity for Pd anions (PdCl4

2−) from aqueous solutions with high acidity.
The dosage of epichlorohydrin (ECH) used in the first and second steps of
cross-linking as well as the pH of the imprinting reaction medium is likely one
of the key factors affecting the selectivity of the synthesized ion-imprinted
chitosan adsorbent, which were selected as factors in a three-level factorial
Box−Behnken design. As a result, the effects of these three factors on Pd(II)
selectivity were able to be described by using a second-order polynomial
model with a high regression coefficient (R2; 0.996). The obtained optimal
conditions via the response surface methodology were 0.10% (v/v) of first cross-linking ECH, an imprinting pH of 1.0, and 1.00% of
second cross-linking ECH. Competitive adsorption was performed to investigate the selectivities of the ion-imprinted chitosan
adsorbents prepared under the optimal conditions. The selectivity coefficient of Pd(II) versus Pt(IV) (βPd/Pt) of the Pd(II)-
imprinted adsorbent was 115.83, much greater than that of the chitosan adsorbent without imprinting and various reported selective
adsorbents. Therefore, the Box−Behnken design can be a useful method for optimizing the synthesis of ion-imprinted adsorbents
with desirably high adsorptive selectivity for precious metals.

■ INTRODUCTION

Platinum group metals (PGMs) as marvelous metallic
materials show wide utilization in various industries, including
applications in photography, jewelry, dentistry, hydrogen
storage, electronics, and catalysts.1,2 The increasing commer-
cial values of PGMs have prompted focus on their recovery
from secondary sources, such as inactivated catalysts and
electronic devices.3−5 Generally, PGMs are dissolved in acids
through reaction with chlorine solution and transformed to be
anionic metal species such as PdCl4

2− and PtCl6
2− in

hydrometallurgical processes. Conventional methods for
recovering dissolved metal ions in hydrometallurgical pro-
cesses, such as ion exchange, reverse osmosis, co-precipitation,
solvent extraction, and membrane filtration,4,6 have significant
shortcomings, which include generating toxic byproducts,
extensive costs of labor, large energy requirements, high
doses of reagents, or low recovery efficiency or selectivity.
Fortunately, adsorption is believed to be one of the most
promising alternative techniques for separation and extraction
of PGMs without the aforementioned disadvantages.

Chitosan, an easy-to-obtain and price-moderate biopoly-
meric derivative, is well known as a high-potential adsorbent
for metal recovery owing to its abundant amine groups, which
can electrostatically attract or complex with metallic anions or
cations, respectively.7−9 Nevertheless, the poor acid stability
and insignificant selectivity of chitosan in multiple-metal
solutions impede its practical applications. Therefore, several
studies of precious metal adsorption on chitosan aimed to
improve its stability at low pH and selectivity for target
metals.10−12

Ion imprinting is effective for developing adsorbents with
high selectivities for target ions.13,14 Taking the ion-imprinted
chitosan adsorbent for example, the ion-imprinting technique
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involves the following steps (Scheme 1): (i) chitosan materials
in a shape body react with cross-linkers to obtain enough
stability for subsequent steps, (ii) the resultant chitosan
materials are mixed with template ions to form specific
adsorptive bindings, (iii) the template-loaded chitosan
materials react with the cross-linker again to fix the specific
binding environments in the adsorbents, and (vi) the template
ions are removed from the chitosan materials.15,16 After
imprinting, the imprinted chitosan adsorbent (ICA) reserves
an appropriate size of binding space and a specific binding site
that are able to accommodate and bind a specific ion, which
contributes to its recognition/selectivity for the target ion.17,18

Recently, a great deal of attention has focused on adopting
ion-imprinting methods to prepare selective adsorbents for
heavy metals,19−21 including our previous study: an ion-
imprinted chitosan fiber synthesized via twice of cross-linking
and Pd imprinting.16 However, the preparation of an ion-
imprinted adsorbent generally needs many steps as afore-
mentioned, and the conditions in each step can significantly
affect the selective performance of the resultant adsorbent. To
ensure desirably high selectivity toward the target Pd(II) ions,
the response surface methodology (RSM), which explores the
relationships among several explanatory and response variables
to determine the optimal response,22−24 was applied to figure
out the optimal conditions for the synthesis of the ion-
imprinted adsorbent. In this work, the dosage of epichlorohy-
drin (ECH) used in the first and second steps of cross-linking
as well as the pH of the imprinting reaction medium is likely
one of the key factors affecting the selectivity of the
synthesized ion-imprinted chitosan adsorbent, which were
selected as factors in a three-level factorial Box−Behnken
experimental design, which is considered to be more proficient
and most powerful than other designs such as the three-level
full factorial design, central composite design, and Doehlert
design.25 RSM successfully verified the effect of these major
factors on the adsorbent’s selectivity. The optimal conditions
were determined and employed to prepare a desirably high-
selective adsorbent for Pd(II) from acidic solutions.

■ MATERIALS AND METHODS
Materials. PGM salts (PdCl2 and H2PtCl6·5.5H2O) were

purchased from Kojima Chemicals Co., Ltd. (Sayama, Japan).
Three commercial ion-exchange resins, Amberlite IR-120H
(IR-120H), Amberjet 4200 (IR-4200), and Amberlite IRA-900
(IR-900); heavy metal salts [Co(NO3)2·6H2O and NiSO4·
6H2O]; chitosan (75−85% deacetylated); ECH; and thiourea
were obtained from Sigma-Aldrich (Yongin, Korea).

Adsorbent Synthesis. The ion-imprinted chitosan adsorb-
ent was synthesized using a method reported previously.16 In
brief, a chitosan solution (5 g of powder-form chitosan was
fully dissolved in 100 mL of 3% (v/v) acetic acid aqueous
solution) was extruded through the spinneret (0.25 mm inner
diameter) into 1 M NaOH solution for coagulating into a
fibrous form and then separated for subsequent steps. As
illustrated in Scheme 1, (i) the first cross-linking was
performed by reacting 2.0 g of undried chitosan fibers with
25 mL of ECH solution (0.10, 0.55, and 1.00 v/v %; the molar
ratios of ECH to the chitosan monomer are 0.5:1, 2.75:1, and
5:1, respectively) under alkaline conditions (pH 12.5) at 40 °C
for 4 h and then filtrated out and washed for the imprinting
process; (ii) the cross-linked fibers were contacted for 12 h
with 40 mL of Pd(II) solution (1200 mg L−1), which was
prepared by dissolving PdCl2 in HCl solution (pH 1.0, 1.7, and
2.4, 25 °C; slightly cross-linked chitosan could fully dissolve in
solution with pH below 1.0); (iii) further cross-linking was
conducted for 6 h using 40 mL of ECH solution (0.10, 0.55,
and 1.00 v/v %); and (iv) the Pd(II) template was completely
eluted from the ion-imprinted chitosan fibers by 0.2 M
thiourea solution (in 0.05 M HCl solution). The resultant
Pd(II)-imprinted chitosan adsorbent, labeled as ICA, was
washed with an alkaline solution and distilled water and then
dried in a freeze dryer.
Non-ICA (NICA) was synthesized following an identical

process to ICA but without imprinting.
Competitive Adsorption Experiments. The selective

performances of the prepared adsorbents were evaluated by
adsorption experiments, which were carried out at 25 °C and
150 rpm in a multishaking incubator with 0.01 g of adsorbents
in 25 mL of the multiple-metal solution containing metal ions
of Co(II), Ni(II), Pt(IV), and Pd(II). This solution was
prepared by dissolving metal salts of Co(NO3)2·6H2O, NiSO4·
6H2O, PdCl2, and H2PtCl6·5.5H2O in 0.1 M HCl solution with
an initial concentration of 200 mg L−1 for each metal ion. The
pH of the solutions during the 24 h adsorption period were
maintained at 1.0. After reaching the equilibrium, the
concentration of metal ions in the supernatant was determined
after appropriate dilution by inductively coupled plasma-
optical emission spectrometry (ICP-OES), and the metal
uptakes on the adsorbents (q, mg g−1) were determined by eq
1

q
C C V

m
( )i e=

−
(1)

Scheme 1. Concept of the Cross-Linking and Imprinting Processes
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where Ci and Ce are the initial and equilibrium metal
concentrations (mg L−1), respectively; V is the solution
volume (L); and m is the mass of an adsorbent (g). The
selectivity coefficient (β) was introduced to evaluate the
adsorbent’s selectivity for Pd(II) toward a competing metal
ion26,27

K
K

q

C

q

C

Pd/competitive metal
Pd

competitive metal

Pd

e(Pd)

competitive metal

e(competitive metal)

β =

= ÷
(2)

where KPd and Kcompetitive metal are the distribution coefficients
(L g−1) of Pd and a competitive metal, respectively.
Box−Behnken Design. In Box−Behnken design, the

dosage of ECH used in the first and second steps of cross-
linking and the pH of the imprinting reaction were selected as
independent variables. The real values of three factors coded as
−1, 0, and +1 were set at low, center, and high levels,
respectively (Table 1). The selectivity coefficient value of Pd

versus Pt (βPd/Pt) was chosen as the dependent variable.
Therefore, the input factors were ECH concentrations used in
the first (X1) and second (X3) cross-linking and imprinting pH
(X2) values. The three-factorial Box−Behnken design was
performed with 17 runs with 5 center points (Table 2).

Instruments. Fourier transform infrared (FTIR) spectros-
copy (FT/IR-300E, JASCO, Japan) and X-ray photoelectron
spectroscopy (XPS; JSM-6400, JEOL, Japan) were performed
to verify the species of Pd(II) loaded on the chitosan
adsorbent and the functional groups responsible for Pd(II)
imprinting. The metal concentrations were determined by
ICP-OES (ICAP-7500, Shimadzu, Japan).

■ RESULTS AND DISCUSSION
Box−Behnken Statistical Analysis. Based on the Box−

Behnken design matrix in Table 2, Design Expert (v8.0; Stat-
Ease, Inc.) suggested that a quadratic model is most suitable
for fitting experimental results (Table S1). As shown in the
analysis of variance (ANOVA) table (Table 3), these very low
“Prob > F” values (less than 0.05) for the “Model” and the
model terms of X1, X2, X3, X1X2, X1X3, X2X3, X1

2, and X2
2

indicated that the model and these model terms were
significant. Meanwhile, the insignificance for “Lack of fit”
with a high value of “Prob > F” (0.4132)” implied that the
model was fit. Thereafter, the final equations in terms of actual
factors (first cross-linking: FC; imprinting pH: IpH; and
second cross-linking: SC) and coded factors (X1, X2, and X3)
can be represented as the following:

selectivity 142.12 195.88FC 59.13IpH 49.87SC

27.52FC IpH 39.30FC SC

12.56IpH SC 92.13FC 11.90IpH

4.60SC

2 2

2

= − − +

+ × − ×

− × + +

+ (3)

Y X X X X X

X X X X X X

X

27.06 31.21 7.31 5.39 8.67

7.96 3.96 18.66 5.83

0.93

1 2 3 1 2

1 3 2 3 1
2

2
2

3
2

= − − + +

− − + +

+ (4)

The regression coefficient (R2) of the model was 0.996
(Table 3), revealing that eqs 3 and 4 are able to represent the
system under the chosen experimental ranges. Moreover, the

Table 1. Experimental Ranges and Levels of the ECH
Dosages of the First (X1) and Second Cross-Linking (X3)
and Imprinting pH (X2)

range and level

independent variables low (−1) center (0) high (+1)

first cross-linking ECH, % (X1) 0.10 0.55 1.00
imprinting pH (X2) 1.0 1.7 2.4
second cross-linking ECH, % (X3) 0.10 0.55 1.00

Table 2. Box−Behnken Design Matrix with Three Independent Variables for the Experimental and Predicted Pd Selectivity
Coefficient Values

independent variables dependent variable

coded values real values selectivity coefficient

run X1 X2 X3 ECH (%) pH ECH (%) βexp βpred

1 −1 −1 0 0.10 1.0 0.55 100.98 ± 0.70 98.74
2 +1 −1 0 1.00 1.0 0.55 18.04 ± 1.21 18.97
3 −1 +1 0 0.10 2.4 0.55 67.71 ± 0.17 66.78
4 +1 +1 0 1.00 2.4 0.55 19.45 ± 0.94 21.69
5 −1 0 −1 0.10 1.7 0.10 62.42 ± 2.03 64.51
6 +1 0 −1 1.00 1.7 0.10 19.09 ± 0.06 18.00
7 −1 0 +1 0.10 1.7 1.00 90.12 ± 2.36 91.21
8 +1 0 +1 1.00 1.7 1.00 14.96 ± 1.83 12.87
9 0 −1 −1 0.55 1.0 0.10 31.63 ± 2.35 31.78
10 0 +1 −1 0.55 2.4 0.10 26.23 ± 0.15 25.07
11 0 −1 +1 0.55 1.0 1.00 49.32± 1.20 50.48
12 0 +1 +1 0.55 2.4 1.00 28.10 ± 0.71 27.95
13 0 0 0 0.55 1.7 0.55 28.12 ± 0.41 27.06
14 0 0 0 0.55 1.7 0.55 24.72 ± 1.85 27.06
15 0 0 0 0.55 1.7 0.55 27.23 ± 0.56 27.06
16 0 0 0 0.55 1.7 0.55 26.91 ± 0.42 27.06
17 0 0 0 0.55 1.7 0.55 28.31 ± 2.10 27.06
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actual and predicted Pd(II) values of selectivity coefficient are
listed in Table 2 and Figure 1. The actual selectivities (βexp)
were the experimental data obtained under designated
conditions, and the predicted selectivities (βpred) were
determined using eq 3. As listed in Table 3, the “predicted
R2” of 0.961 was consistent with the “adjusted R2” of 0.993,
indicating the successful description of the actual Pd selectivity
coefficient values by eq 3.
The three-dimensional (3-D) response surface plots for the

selectivity coefficient as a measured response were obtained
based on eq 3 (Figure 2). Figure 2a showed the 3-D response
surface relationship between first cross-linking ECH and
imprinting pH on the selectivity coefficient at the high level
of the second cross-linking ECH (1.00%). The selectivity
increased as the first cross-linking ECH dosage and the
imprinting pH decreased. The 3-D response surface relation-
ship between first cross-linking ECH and second cross-linking
ECH on the selectivity coefficient at the low level of the

imprinting pH (1.0) is shown in Figure 2b. The trend for first
cross-linking ECH was the same as that in Figure 2a. The
selectivity increased as the second cross-linking ECH dosage
increased. Figure 2c displays a 3-D response surface between
imprinting pH and second cross-linking ECH on the selectivity
coefficient at the low level of the first cross-linking ECH
(0.10%). The trends for imprinting pH and second cross-
linking ECH were identical to those in Figure 2a,b,
respectively.
The first cross-linking was conducted to impart a degree of

chemical stability on the chitosan fibers before imprinting to
prevent their dissolution in the extremely acidic Pd(II)
imprinting solution. However, excessive cross-linking would
impede reassembly of the template ions and functional groups
on chitosan, leading to the ICA having lower selectivity for the
target Pd(II) ions. Thus, the selectivity coefficient markedly
increased as the dosage of ECH in the first cross-linking
decreased (as seen in Figure 2a,b). In contrast, a sufficiently

Table 3. ANOVA for the Quadratic Modela

source sum of squares df mean square F-value prob > F

model 10753.51 9 1194.83 247.10 <0.0001 significant
X1-first cross-linking 7793.14 1 7793.14 1611.66 <0.0001
X2-imprinting pH 427.49 1 427.49 88.41 <0.0001
X3-second cross-linking 232.52 1 232.52 48.09 0.0002
X1X2 300.68 1 300.68 62.18 <0.0001
X1X3 253.29 1 253.29 52.38 0.0002
X2X3 62.57 1 62.57 12.94 0.0088
X1

2 1465.65 1 1465.65 303.10 <0.0001
X2

2 143.10 1 143.10 29.59 0.0010
X3

2 3.66 1 3.66 0.76 0.4132
residual 33.85 7 4.84
lack of fit 25.64 3 8.55 4.16 0.1010 not significant
pure error 8.21 4 2.05
Cor total 10,787.35 16

aR2 = 0.996, pred. R2 = 0.961, adj. R2 = 0.993.

Figure 1. Plot of actual and predicted selectivity coefficient values.
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high degree of cross-linking (second cross-linking) after
imprinting would fix the chemical structure formed by

imprinting, which is primarily responsible for the recogni-
tion/selectivity for the target ions of ICA. Thus, when the
dosage of ECH in the second cross-linking increased, the
selectivity increased (as seen in Figure 2b,c)
Additionally, the reason that a lower imprinting pH resulted

in a higher Pd(II) selectivity is because the presence of Pd(II)
species depends significantly on the solution pH, and during
imprinting, the functional groups on chitosan showed the
highest affinity for PdCl4

2−. The simulated fraction of Pd(II)
species in solution was obtained by the Medusa program
(Royal Institute of Technology, Sweden). As shown in Figures
3 and S1, all Pd(II) existed as PdCl4

2− in solution at pH 1.0,
and 63.0% of Pd(II) existed as PdCl4

2− in solution at pH 1.7;
meanwhile, in a pH 2.4 solution, 38.0% of PdCl4

2− coexisted
with PdCl3

− (7.5%), PdCl2 (7.5%), and PdO (47.0%). Hence,
the Pd(II) solution at pH 1.0 supplied a greater quantity of
PdCl4

2− for imprinting. Additionally, the Pd(II) species loaded
in/on chitosan fibers and the functional groups were
investigated by XPS analysis after imprinting. The XPS analysis
for Pd 3d, Cl 2p, and N 1s of chitosan fibers imprinted at pH
1.0, 1.7, and 2.4, respectively, was performed (Figure 4). The
Pd 3d peaks with binding energies at 338.2 and at 336.4 eV
could be assigned to PdCl4

2− for imprinting at pH 1.0 and 1.7
and PdO for imprinting at pH 2.4, respectively.28−32 The Cl 2p
spectra of chitosan imprinted at pH 1.0 and 1.7 consist of
doublets at 198.5 eV (Cl 2p3/2) and 200.1 eV (Cl 2p1/2), which
could be assigned to Cl in the complex of PdCl4

2− (Pd−
Cl).32−34 However, a new doublet at 197.6 and 199.1 eV,
assigned to Cl−, was observed for the spectrum of chitosan
imprinted at pH 2.4. The N 1s peaks with the binding energies
at 402.1, 400.6, and 398.8 eV could be assigned to Pd-loaded
−NH3

+, −NH3
+, and −NH2 amine groups, respectively.32,35−37

The XPS results confirmed that in solution at pH 1.0, amine
groups bound with PdCl4

2− for imprinting, as shown in eq 5
and Figure S2, where “C” denotes the chitosan backbone

n2C (NH ) PdCl

C (NH PdCl H N) C
n

n

3 4
2

3 4
2

3

− +

→ − · · −

+ −

+ − −
(5)

When conducting the Pd imprinting at pH 2.4, only PdO
could be found in the chitosan fibers. Therefore, the binding
between PdCl4

2− and protonated amine groups in/on chitosan
made the greatest contribution to Pd(II) imprinting.

Figure 2. Response surface plots illustrating (a) effects of first cross-
linking ECH (X1) and imprinting pH (X2) on the selectivity
coefficient at the high level of the second cross-linking ECH (X3),
(b) effects of first cross-linking ECH (X1) and second cross-linking
ECH (X3) on the selectivity coefficient at the low level of the
imprinting pH (X2), and (c) effects of imprinting pH (X2) and second
cross-linking ECH (X3) on the selectivity coefficient at the low level
of the first cross-linking ECH (X1).

Figure 3. Fractions of Pd species in 1200 mg L−1 Pd(II) solutions:
PdCl2 was dissolved in diluted hydrochloric acid at pH 1.0, 1.7, and
2.4.
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Notably, a higher pH facilitates cross-linking of chitosan
with ECH (Figure S3);38 however, it could also affect the
imprinted Pd species as previously proved. Thus, three samples
of Pd-imprinted chitosan fibers were prepared by adjusting the

pH of the second cross-linking solution to 7.5, 12.5, and 14.5,
and the species of the imprinted Pd(II) retained on/in
chitosan after the second cross-linking were investigated by
XPS analysis. As shown in Figure S4, the imprinted Pd(II) on/
in chitosan maintained its species as PdCl4

2− in solutions with
the pH at 7.5 and 12.5, while no peaks were observed at pH
14.5. This indicated that a solution pH of 7.5−12.5 of the
second cross-linking was suitable for ICA preparation. Hence,
pH 12.5 was chosen as the preferred second cross-linking pH
to ensure good stability of the final adsorbent.
Furthermore, a multiple response method was employed to

optimize the independent variables (ECH dosages used in first
and second cross-linking, the imprinting pH value) and the
response variable [Pd(II) selectivity] through Design Expert.
The best local maximum was observed at 0.10% first cross-
linking ECH, an imprinting pH of 1.0, and 1.00% second cross-
linking ECH, corresponding to a Pd(II) selectivity coefficient
of 116.97 with a desirability of 0.971, which demonstrated that
the experimental model and desired conditions have been
successfully represented by the estimated function.

Characterization of the Ion-Imprinted Chitosan
Adsorbent. To gain insight into the functional groups
responsible for Pd(II) imprinting, FTIR spectra of NICA
(Figure 5a) and chitosan fibers after imprinting (Figure 5b)
after second cross-linking (Figure 5c) and well-prepared ICA
(Figure 5d) were analyzed. As shown in Figure 5a, the strong
band at ∼3361 cm−1 showing overlapping of −NH2 and −OH
stretching vibrations could be assigned to the free amine and
hydroxyl groups;34,39 meanwhile, the bands at 1061 and 1026
cm−1 could be assigned to the C−N stretching vibration in
amine groups.40,41 However, as seen in Figure 5b, the band
assigned to −NH2 and −OH vibrations (∼3361 cm−1) shifted
to 3285 cm−1, and the peaks attributed to the C−N vibration
at 1061 and 1026 cm−1 overlapped into the peak at 1026 cm−1,
verifying that amine groups participated in Pd(II) imprinting.
Additionally, the peak attributed to C−N vibrations main-
tained its position at 1026 cm−1 even after Pd(II) imprinting
and second cross-linking (Figure 5c), indicating that the amine
groups were maintained after imprinting with Pd(II) ions and
cross-linking with ECH. The FTIR spectrum of the prepared
ICA after Pd(II) elution with acidified thiourea is shown in
Figure 5d, with the amine groups still unaffected, indicating
that the imprinted Pd(II) ions were safely and fully eluted by
the acidified thiourea solution without affecting the structure of
the prepared ICA. Overall, the FTIR analysis verified that the

Figure 4. XPS Pd 3d, Cl 2p, and N 1s spectra of chitosan fibers imprinted at pH 1.0, 1.7, and 2.4, respectively.

Figure 5. FTIR spectra of (a) NICA, (b) chitosan fibers after
imprinting at pH 1.0, (c) chitosan fibers after second cross-linking
(final pH 7.5), and (d) prepared ICA.

Figure 6. Metal uptakes on the adsorbents (IR-120H, IR-900, IR-
4200, NICA, and ICA) in a multiple-metal solution containing
Co(II), Ni(II), Pt(IV), and Pd(II).
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amine groups in chitosan fibers were responsible for selectively
adsorbing Pd(II).
Selective Adsorption Studies. The selective adsorption

performance of the ICA synthesized under the optimal
conditions as well as NICA, two industrial-grade strong-base
anion-exchange resins with the quaternary ammonium group
(IR-900 and IR-4200), and a strong-acid cation-exchange resin
with the sulfonic group (IR-120H) were evaluated and
compared through competitive adsorption experiments in
multiple-metal solutions. As shown in Figure 6, the Pd(II)
uptake was as high as 150.30 ± 0.03 mg g−1; meanwhile, the
Pt(IV) uptake was negligible (3.00 ± 2.07 mg g−1) in the case
of ICA. The other competing ions like Co(II) and Ni(II) were,
however, not adsorbed by ICA. This indicates that ICA was a
highly selective adsorbent toward Pd(II) ions in the midst of
the competing ions. By comparison, the adsorption capacity of
ICA for Pt(IV) was markedly lower than those for IR-900, IR-
4200, and NICA. It could thus be noted that although Pt(IV)
ions (PtCl6

2−) are the main competing metallic ions whose
species are similar to the Pd(II) ions (PdCl4

2−) in the acidic
solution, the adsorption was inhibited due to the fixed cavities
created for Pd(II) by the imprinting and cross-linking steps.
The uptakes of Co(II) and Ni(II) cations (Co2+ and Ni2+) on
all adsorbents were negligible, with the exception of IR-120H,
the reason being the inherently strongly acidic IR-120H cation-
exchange resin. The Pd(II) selectivity coefficients (βPd/Co,
βPd/Ni, and βPd/Pt) toward Co(II), Ni(II), and Pt(IV) ions are
shown in Table 4. The βPd/Pt values of IR-120H, IR-900, IR-
4200, and NICA were less than one-tenth that of ICA,
indicating the remarkable selectivity of ICA for Pd(II)
compared with these industrial-grade resins and the chitosan
adsorbent without imprinting. Consequently, a markedly
higher βPd/Pt of 115.83 was obtained for the ICA, which is
close to the predicted Pd(II) selectivity (116.97), indicating
that the Box−Behnken design using the desirability functions
could be used to develop a high-selective-performance
adsorbent. Furthermore, the selectivity coefficients for Pd(II)
(βPd/Pt) and Pd(II) uptakes of ICA prepared under optimal

conditions were compared among various adsorbents (Figure
7), including our previous work of an ion-imprinted adsorbent
without using RSM for optimizing the preparation conditions,
metal−organic frameworks, biosorbents, etc. This indicated the
extraordinary Pd(II) selectivity and uptake of ICA among the
reported selective adsorbents.

Regeneration of Pd(II)-Loaded ICA. After adsorption of
Pd(II) onto 0.04 g of ICA in 100 mL containing 200 mg L−1,
the Pd(II)-loaded ICA was regenerated by desorption using 40
mL of acidic thiourea solution (0.2 M thiourea/0.05 M HCl)
and then rinsed twice with 40 mL of NaOH solution (0.1 M)
and distilled water. The regenerated ICA was reused in the
subsequent adsorption cycles. As shown in Figure S5, the
loaded Pd(II) was completely eluted from ICA, and the stable
adsorption performance of the ICA was maintained up to five
cycles of adsorption and desorption, indicating the excellent
reusability and stability of ICA.

■ CONCLUSIONS

The highly acid-tolerant Pd(II)-selective adsorbent was
developed, and its preparation method was successfully
optimized by the Box−Behnken design. The dosage of ECH
used in two steps of cross-linking and the pH of the imprinting
reaction medium, which were the dominance for synthesizing
an ion-imprinting chitosan adsorbent, were chosen as factors in
a three-level factorial Box−Behnken design. RSM successfully
verified the effect of these dominant factors on the adsorbent’s
selectivity. The optimal conditions were determined as 0.10%
first cross-linking ECH, an imprinting pH of 1.0, and 1.00%
second cross-linking ECH on the basis of 2.0 g of formed
chitosan fibers with a predicted maximum selectivity coefficient
(βPd/Pt) of 116.97. Hereafter, these optimal conditions were
employed to prepare the ion-imprinted chitosan adsorbent,
and the Pd(II) selectivity coefficient of ICA (βPd/Pt: 115.83)
was evaluated and compared with that of the chitosan
adsorbent without imprinting and other various adsorbents,
indicating the extraordinary Pd(II) selectivity on ICA among
the reported selective adsorbents.

Table 4. Selectivity Coefficients of IR-120H, IR-900, IR-4200, NICA, and ICA for Pd(II)

adsorbents IR-120H IR-900 IR-4200 NICA ICA

βPd/Co & βPd/Ni NA ∞ ∞ ∞ ∞
βPd/Pt NA 0.34 ± 0.01 0.17 ± 0.04 9.06 ± 0.71 115.83 ± 0.02

Figure 7. Comparison of the Pt(VI) and Pd(II) uptakes and selectivity for Pd on ICA and NICA with various adsorbents: IR-4200, IR-900, UiO-
66,42 MIL-101(Cr)-NO2 (MIL-NO),43 UiO-66-NHCOCH3 (UiO-66c),

42 Escherichia coli biomass (E-coli),44 Pd(II)-imprinted porous polymer
particles (PIPP),45 MIL-101(Cr)-NH2 (MIL-NH),43 non-imprinted chitosan fibers (NIFs),16 algal-based beads (Algal-B),46 UiO-66-NH2 (UiO-
66b),42 alginate,46 and ion-imprinted chitosan fibers (IIFs).16
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