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Abstract

A new type of magnetic ion imprinted polymer nanoparticles was Received: 28 December 2024
employed to quickly extract, concentrate, and measure Ni(ll) ions in urine Accepted: 27 December 2025
samples from foundry workers. The Box-Behnken design and response Page Number: 22-43

surface methodology were used to optimize the parameters that affect
the preconcentration process. The main factors considered for sorption
optimization were pH value (8), sorption time (10 min), and the amount of
magnetic imprinted polymer (7 mg). The elution step was optimized by
investigating four variables: type, volume, and concentration of
the eluent, as well as elution time. Mentioned parameters were 3.8 mL of
HCI 0.9 M, for 5 min. After the sorption and elution steps, flame atomic
absorption spectrometry was used to quantify the Ni(Il) ions.Equilibrium
isotherms were studied, and two models were utilized to analyze
the equilibrium sorption data. The results showed that the sorption
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process followed the Langmuir model. The maximum monolayer capacity Polymer Nanoparticles,
and the Langmuir constant were49.3 mg g! and 0.205 L mg@, Ni(Il) lons,
respectively. Ultimately this nanosorbent was successfully applied to Response  Surface
the selective determination of urinarynickel in foundry workersand Methodology,

satisfactory results were obtained. Under the optimalcondition the limit of
detection and the relative standard deviations was 0.25 ug L-1 and were
equal or less than 9.5%, respectively.
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Urine Samples
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Figure 1. A schematic diagram of procedure for preconcentration and extraction of Ni(II) ions in urine sample.
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Figure 3. The High-angle X-ray diffraction pattern of (a) Fe;04NPs, (b) Fe;0,@VTES NPs, (c) unleached and
(d) leached ion imprinted polymer NPs.
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Figure 4. Thermogravimetric Analysis/Differential Thermal Analysis (TGA/DTA) results for (a) Fe;0.@ S nano particles,

(b) leached and (c) unleached ion imprinted polymer nano particles.
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Figure 5. Scanning electron microscopy images of (a) Fe;O4NPs, (b) Fe;0,@VTES NPs and (c) ion imprinted polymer NPs.
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Figure 6. EDX spectrum of (a) unleached and (c) leached ion imprinted polymer NPs
(values beside peaks represent the portion of each element in percent).
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1. Box Behnken Design
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Table 1. Experimental variables and levels of the Box-Behnken design (BBD) in sorption and elution steps.
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A: pH 5.0 6.5 8.0

Uptake step B: Sorption time (min) 5.0 10.0 15.0
C: Sorbent amount (mg) 3.0 6.5 10.0

A: Eluent concentration (mol L) 0.1 0.8 15

Elution step B: Eluent volume (mL) 2.0 35 5.0
C: Elution time (min) 2.0 45 7.0

BBD L Gia dla yo (5 jleudings (513 oasdi sl o slagsiule 3T .Y Jgua
Table 2. Experiments designed to optimize the uptake step by BBD.

BLOCK pH Sorp(g]c:r;)time Sorbe?r;g)mount Sorption%
1 6.5 5) 10 50
2 6.5 10 6.5 80
3 5 15 6.5 45
4 8 10 10 95
b 6.5 15 10 60
6 6.5 10 6.5 79
7 6.5 10 6.5 78
8 5 5) 6.5 40
9 5 10 10 55
10 5 10 3 50
11 6.5 5) & 50
12 8 15 6.5 85
13 8 5 6.5 83
14 6.5 10 6.5 82
15 8 10 3 85
16 6.5 15 & 55
17 6.5 10 6.5 81
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Table 3. Analysis of Variance (ANOVA) of the uptake optimization model.

Source Sum of Squares Mean Square
A: pH 3120.5 1 3120.5 1248.20 <0.0001
B: Uptake time (min) 60.5 1 60.5 24.20 0.0079
C: Sorbent amount (mg) 50.0 1 50.0 20.00 0.0111
AA 0.592105 1 0.592105 0.24 0.6520
AB 2.25 1 2.25 0.90 0.3965
AC 6.25 1 6.25 25 0.1890
BB 1234.8 1 1234.8 493.92 <0.0001
BC 6.25 1 6.25 25 0.1890
cC 350.592 1 350.592 140.24 0.0003
Lack-of-fit 285 3 9.5 3.80 0.1149
Pure error 10.0 4 2.5
Total (corr.) 4948.47 16
"P<0.05 considered as significant

1. T-Statistic 2. Analysis of Variance

3. Lack of Fit

4. Response Surface Methodology
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Figure 7. (a) Pareto chart of the main effects in the BBD (uptake step). AA, BB and CC are the quadratic effects of the pH, sorption time
and sorbent amount, respectively. AB, AC and BC are the interaction effects between pH and sorption time; pH and sorbent
amount and sorption time and sorbent amount, respectively. (b) The estimated response surface and two-dimensional
contour plot of pH and sorbent amount.
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Table 4. Experiments designed to optimize the elusion step by BBD.

Eleunt concentration

Eluent volume

Elution time (min Recovery%o

™) (Wily) y
1 0.8 35 45 99
2 0.8 35 45 97
3 0.8 35 45 98
4 15 5 45 70
5 0.1 5 45 60
6 0.8 2 7 75
7 0.8 5 7 80
8 0.8 5 2 82
9 0.8 35 45 96
10 0.1 35 7 59
11 15 35 7 69
12 0.8 35 45 100
13 15 2 45 65
14 0.1 35 2 50
15 0.8 2 2 67
16 15 35 2 61
17 0.1 2 45 55

g gt (5 Hleudings Jua (ANOVA) sl g 50007 .0 Jgua
Table 5. Analysis of Variance (ANOVA) of the elusion optimization model.
Source Sum of Squares Df Mean Square F-Ratio P-Value”

A: Eluent concentration 210.125 1 210.125 84.05 0.0008

B: Eluent volume 1125 1 1125 45.00 0.0026

C: Elution time 66.125 1 66.125 26.45 0.0068

AA 2819.01 1 2819.01 1127.61 <0.0001

AB 0.0 1 0.0 0.00 1.0000

AC 0.25 1 0.25 0.10 0.7676

BB 390.066 1 390.066 156.03 0.0002

BC 25.0 1 25.0 10.00 0.0341

cC 644.803 1 644.803 257.92 0.0001

Lack-of-fit 27.75 3 9.25 3.70 0.1193

Pure error 10.0 4 25
Total (corr.) 4652.24 16
"P<0.05 considered as significant
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Recovery% = -59.0901 + 92.4541*Eleunt concentration +
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concentration*Eluent volume - 0.142857*Eleunt

1. Lack of Fit
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Figure 8. (a) Pareto chart of the main effects in the BBD (elution step). The variables AA, BB, and CC represent the quadratic effects

associated with eluent concentration, eluent volume, and elution time, respectively. The terms AB, AC, and BC denote the interaction

effects that occur between eluent concentration and eluent volume, eluent concentration and elution time, as well as eluent volume and
elution time, respectively. (b) The estimated response surface and two-dimensional contour plot of eluent volume vs. elution time.

Elution time (min)

(16-0) imbsg iy 9 390 0 Lo — aziggesannny Jw — Ol (posth (wddaeo s palis

© 000000000000 00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000:

YY-FY @ o — O, 5 3156 20!

eSS b g S asu ol)f)lS)b)l))JS.ﬁioﬂﬁ,dechl)é;&d



YY-fY Lo - L)b&.«k 9 "}'.&54".““"

0000000000000 0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Do YO Voo mL o Ni(l) 510,59, Ve jotaie fpasy
».\_wl).‘>‘ od_ws.’L?b.t‘ L)”ﬁ)ﬁ .\..»J.’> J}l?bo \YO- 9 Veooo YO
3ot NI() slocyes Sbsb Voo e ML &4 digad poe> il
RGN FyRtv-Y UL g JES e I I Py | BP0 Y R PRIRWESOR YA

gl Falslue sbayyg F14-Y-¥
Sl s 3l coms il (o8 I3 lapg b3k
Lol Gl 6508 sl Sl nlpla 0 25018 beaigas
s Glise glacdile U Jlas| Salslas slagg oo ,Sailsl
2045 jeblen 098 oy p Ni(ll) slagygs Ve ML sla Jgle
B ardy VL g pdyoll Joas gl seonalive (F) Jgor
U s 590 638 slapg ples Bun slapgy 4 Sn

Ayl ool byl s o Ni(Il) slocygy adss yion p giloss

Cal g @max) 4uV ST Qi a8 b SSlas aisd sedids
s YEIFmglg 3 Some oI o ody (ol - /Y-O LiImg 4
5 (KP) gdosis b cull og Gon by jardy sl +/VVY Limg
5 FAY MO/g i pan wiolus mduig s Jae jlas ()N lase
B e 5 s oI ey (sl i +IDYY 5 +FYAY)
3 5 s 5enls g5 5 b i 4 aad e LS (G2

IS gedond gelais b Ja

oS o> 51 F-Y-Y

)08 08l Ldis s Jole o 15 098 oy b s o2

(1) Jsad (paamh y9 Sadilas slag ge Jaad aa P Jgaa

Table 6. The tolerance limit of potentially interfering ions in the determination of Ni(Il) ions.

Potentially interfering ions

Tolerable concentration

Ca2+
Mg?*
Cu*
M n2+
Zn?*
Pb2+
C02+
Fe3+
Cr3+
Sn2+
HgZ+
Cl
Br

NO3

ASOAB_

ratio X/Ni(11) Recovery (%)

10000 101+32
10000 99.3+4.2
1000 98.6+35
1000 99.0+4.1
1000 97.6+28
1000 98.1+3.0
1000 97.0+4.4
1000 96.9+38
1000 97.1+28
1000 98.5+3.2
1000 993450
1000 98.3+4.2

750 96.9+33
10000 102439
5000 97.144.2
2000 98.0+2.9
2000 96.0+5.2
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Table 7. Urinary Ni(II) determination using Fe;O4@IIP NPs.

Obtained value

(ng L-1) RSD (%)
2 33 7.0 7.9
3 29 6.5 8.3
4 38 3.9 95
5 30 7.2 9.0
6 25 5.3 7.6
7 27 5.0 5.9
8 32 5.7 7.3
9 33 6.3 6.4
10 26 6.5 9.2
11 42 6.4 8.6
12 35 19.5 5.0
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Table 8. Comparison of the method used in the present study with other methods for extracting and measuring nickel ions.

Detection

Sorbent
system

FAAS Bulk ion imprinted 16 5.0- 200 13 34 [v.]
polymer 100
FAAS lon imprinted polymer 03 0325 . 10.4 41 [va]
FAAS lon |mpr|nte'd sol-gel 0.9 3.0- 180 34 42 [.]
material 100
1.0- .
FAAS Fe;0,@11P MNPs 0.25 300 15.0 49.3 75 This work
2mg/g
® All concentrations are based on pg/L
DLR=Daynanim Linear Range
LOD= Limit of Detection

Extraction time Sorption capacity
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1. Rodriguez

Iranian Chemical Engineering Journal — Vol. 25 - No. 146 (2026)



[1]

(2]

(3]

[4]

[5]

[6]

[7]

(8]

9]

[10]

Liu, M., Chen, C., Wen, T., & Wang, X. (2014).
Synthesis of magnetic ion-imprinted composites and
selective separation and preconcentration of U (VI).
Dalton transactions, 43(19), 7050-6.

Rao, T. P., Kala, R, & Daniel, S. (2006). Metal
ion-imprinted  polymers—novel  materials  for
selective recognition of inorganics. Analytica
Chimica Acta, 578(2), 105-16.

Liu, Y., Liu, Z., Wang, Y., Dai, J., Gao, J., Xie, J., &
et al. (2011). A surface ion-imprinted mesoporous
sorbent for separation and determination of Pb (1) ion
by flame atomic absorption  spectrometry.
Microchimica acta, 172, 309-317.

Ahmadi, M., Madrakian, T., & Afkhami, A. (2015).
Solid phase extraction of doxorubicin using
molecularly imprinted polymer coated magnetite
nanospheres prior to its spectrofluorometric
determination. New Journal of Chemistry, 39(1),
163-71.

Panjali, Z., Asgharinezhad, A. A., Ebrahimzadeh, H.,
Karami, S., Loni, M., Rezvani, M., & et al. (2015).
Development of a selective sorbent based on a
magnetic ion  imprinted polymer for the
preconcentration and FAAS determination of urinary
cadmium. Analytical methods, 7(8), 3618-24.
Ebrahimzadeh Mabood, H., Khalilzadeh, S.,
Asgharinezhad, A., & Mehrani, Z. (2020). Synthesis
and application of magnetic ion imprinted polymer
nanoparticles  for  selective  extraction  and
preconcentration of Cd (1) in real samples. Applied
Chemistry Today, 15(55), 135-48.

Neolaka, Y. A., Lawa, Y., Naat, J.,, Riwu, A. A,
Lindu, Y. E., Darmokoesoemo, H., & et al. (2021).
Evaluation of magnetic material 1IP@ GO-Fe3O4
based on Kesambi wood (Schleichera oleosa) as a
potential adsorbent for the removal of Cr (VI) from
aqueous solutions. Reactive Functional Polymers,
166(105000.

Kang, Y. S., Risbud, S., Rabolt, J. F,, & Stroeve,
P. (1996). Synthesis and characterization of
nanometer-size  FesOs4 and y-Fe20s3  particles.
Chemistry of materials, 8(9), 2209-11.

Habila, M., Alothman, Z., & Soylak, M. (2014).
FesOs nanoparticles and ultrasound  assisted
dispersive liquid-liquid microextraction of lead (II)
for its microsampling flame atomic absorption
spectrometric ~ determination in  food and
environmental samples. RSC Advances, 4(98),
55610-4.

Ghahraman Afshar, M., Esmaeilpour, M., Larimi, A.,
&  Asgharinezhad, A.  (2024).  Core-shell
Nanoparticles Functionalized with Polyvinyl Alcohol
Molecules: Effective Magnetic Nanoadsorbent for

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

&l
Removing Zn2+ lons from Aqueous Solutions.
Iranian Chemical Engineering Journal, 193568,
[In Persian].
Asgharinezhad, A. A., Esmaeilpour, M., & Afshar,
M. G. (2024). Synthesis of magnetic Fe30s@ SiO2
nanoparticles decorated with polyvinyl alcohol for Cu
(11 and Cd (I1) ions removal from aqueous solution.
Chemical Papers, 78(6), 3799-814.
Larimi, A., Esmaeilpour, M., Ghahramanafshar,
M., Faghihi, M., & Asgharinezhad, A. (2021).
EDTA-functionalized Fe304@Si02 magnetic
nanoadsorbent for divalent cadmium removal from
aqueous solutions. Journal of Applied Research of
Chemical-Polymer Engineering, 5(3), 95-106.
Asgharinezhad, A. A., Esmaeilpour, M., &
Siavoshani, A. Y. (2022). Extraction and
preconcentration of Ni (ii), Pb (ii), and Cd (ii) ions
using a nanocomposite of the type Fes0s@ SiO2@
polypyrrole-polyaniline. RSC Advances, 12(30),
19108-14.
Yilmaz, E., Sarp, G., Uzcan, F., Ozalp, O., & Soylak,
M. (2021). Application of magnetic nanomaterials in
bioanalysis. Talanta, 229(122285).
Zhang, W., Ye, S., Diao, Y., Deng, X., Li, W., He,
H., & et al. (2024). Magnetic multi-walled carbon
nanotubes modified with surface-imprinted polymers
for ultrasensitive electrochemical detection of
trace-level nickel ions in groundwater. Materials
Today Chemistry, 35(101863).
Oliveira, J., Pereira Bastos de Siqueira, M., & Sérgio
da Silva, C. (2000). Urinary nickel as bioindicator of
workers' Ni exposure in a galvanizing plant in Brazil.
International archives of occupational environmental
health, 73(65-8).
Horng, C. -J,, Tsai, J. -L., Horng, P. -H,, Lin, S. -C.,
Lin, S. -R., & Tzeng, C. -C. (2002). Determination of
urinary lead, cadmium and nickel in steel production
workers. Talanta, 56(6), 1109-15.
Klein CB, Costa M, (2022).Nickel. Handbook on the
Toxicology of Metals: Elsevier; 615-637.
Saraji, M., Yousefi, H.,, & Meghdadi, S. (2009).
Preparation and evaluation of an ion imprinted
sol-gel material for selective solid-phase extraction of
Ni (I1). International Journal of Environmental
Analytical Chemistry, 89(5), 305-17.
Saragji, M., & Yousefi, H. (2009). Selective
solid-phase extraction of Ni (lI) by an ion-imprinted
polymer from water samples. Journal of hazardous
materials, 167(1-3), 1152-7.
Ersdz, A., Say, R., & Denizli, A. (2004). Ni (II)
ion-imprinted solid-phase extraction and
preconcentration in aqueous solutions by packed-bed
columns. Analytica Chimica Acta, 502(1), 91-7.

(16-0) imbsg iy 9 390 0 Lo — aziggesannny Jw — Ol (posth (wddaeo s palis

YY-FY @ o — O, 5 3156 20!



YY-FY i o — 0L 5 3156 20!

s.ioSbLs)f‘L:UJ 0|)§)l5)|))|).>d$aj

0000000000000 0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

[22]

[23]

[24]

[25]

Larimi, A., Asgharinezhad, A., & Esmaeilpour, M.
(2022). An Overview on the Use on Metal-Organic
Frameworks as Photocatalysts for Reducing Carbon
Dioxide. Iranian Chemical Engineering Journal,
21(124), 43-56, [In Persian].

Heydari, N., Ghorbani-Kalhor, E., Asgharinezhad, A.,
Bahram, M., & Vardini, M. (2023). Application of
Magnetic Porous Carbon Nanosorbent Derived from
the Pyrolysis of Magnetic r-MIL-88 for the Extraction
and Determination of Polycyclic ~ Aromatic
Hydrocarbons in Environmental Samples. Iranian
Chemical Engineering Journal, 23(132), 132-48,
[In Persian].

Rezvani, M., Asgharinezhad, A. A., Ebrahimzadeh,
H., & Shekari, N. (2014). A polyaniline-magnetite
nanocomposite as an anion exchange sorbent for
solid-phase extraction of chromium (VI) ions.
Microchimica acta, 181,1887-95.

Yamini, Y., Tahmasebi, E., & Ranjbar, L. (2012).
Magnetic nanoparticle-based solid-phase extraction of
vitamin B 12 from pharmaceutical formulations.
Biological trace element research, 147,378-85.

[26]

[27]

[28]

[29]

[30]

Ebrahimzadeh, H., Kasaeianm, M., Khalilzadeh, A.,
& Moazzen, E. (2014). New magnetic polymeric
nanoparticles for extraction of trace cadmium ions
and the determination of cadmium content in diesel
oil samples. Analytical methods, 6(13), 4617-24.
Asgharinezhad, A. A., Jalilian, N., Ebrahimzadeh, H.,
& Panjali, Z. (2015). A simple and fast method based
on new magnetic ion imprinted polymer nanoparticles
for the selective extraction of Ni (1) ions in different
food samples. RSC Advances, 5(56), 45510-9.

Plus, S. (2001). 5.1 for Windows, Statistical Graphic
Crop.(Rockville, MD). Online Manuals,

Flores, J. R., Nevado, J. B., Salcedo, A. C., & Diaz
MC. (2005). Nonaqueous capillary electrophoresis
method for the analysis of tamoxifen, imipramine and
their main metabolites in urine. Talanta, 65(1),
155-62.

Saraji, M., Yousefi, H., & Meghdadi, S. (2009).
Preparation and evaluation of an ion imprinted
sol-gel material for selective solid-phase extraction of
Ni (). International Journal of Environmental
Analytical Chemistry, 89(5), 305-17.

Iranian Chemical Engineering Journal — Vol. 25 - No. 146 (2026)



