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Abstract:A new chromium(III) ion-imprinted polymer (IIP) was prepared from a Cr(III)-nicotinate complex (template),

acrylamide (functional monomer), and ethylene glycol dimethacrylate (cross-linking agent) using 2,2’-azobisisobutyronitrile

as the radical initiator. IIP was characterised and used as a selective sorbent for the solid-phase extraction of Cr(III)

ions. The conditions for dynamic separation of Cr(III) on IIP were optimised. Cr(III) ions are selectively retained on

the sorbent in a pH range from 9 to 10 and can be eluted with 4 mol L−1 acetic acid. Cr(III) ions were determined by

flame atomic absorption spectrometry (FAAS) with a detection limit of 0.08 µg mL−1 . The method was successfully

applied to determine Cr(III) species in wastewater and reference material RES 25.2 with a reproducibility of 1.8%–3.4%.

Key words: Chromium, speciation analysis, ion-imprinted polymers

1. Introduction

Chromium is a toxic element to microorganisms, plants, animals, and humans. In 2015 chromium was classified

as one of the six pollutants posing a major threat to human health.1 Estimates suggest that it affects the health

of 16 million people, especially in low- and middle-income countries. Chromium exists in the environment in two

stable oxidation states: hexavalent [Cr(VI)] and trivalent [Cr(III)]. Chromium(III) was postulated as an essential

nutrient taking part in carbohydrate and lipid metabolism, but nowadays many studies have shown that its role

is controversial.2,3 Supplementing organisms with different Cr(III) complexes does not have an effect on most

blood, biochemical, morphological, and haematological parameters.4 The mutagenic and carcinogenic effect of

chromium(VI) on animals and humans has already been proved.5−7 The toxicity of chromium manifests itself

in the development of debilitating, life-threatening diseases and in death.

The aforementioned metal enters the environment from natural sources, such as the leaching of rocks,

deposition of atmospheric aerosols, and run-off from topsoil. However, significant quantities of chromium are

introduced into the atmosphere, soil, and water systems from various anthropogenic sources.8,9 Worldwide

emission of chromium is high, e.g., in 2009 in EU countries it was estimated at 333 t (336 t in 2013),10 while

in China it was estimated at 192,000 t and the number is still growing (8% per year).11 The main sources

of chromium emission into the atmosphere are coal combustion, oil combustion, iron and steel production,

and cement production.8,11 Chromium can enter ground and surface waters with discharges of wastewater

∗Correspondence: bgodlew@uwb.edu.pl
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from nonferrous metal mining, stainless steel production, and the leather tanning and dressing industry. The

chromium concentration in wastewater is in the range of 3–30 mg L−1 for Cr(VI) and 5–100 mg L−1 for

total chromium, but much higher values have also been observed (e.g., 1800–3200 mg L−1 in wastewater from

electroplating factories12). According to governmental regulations in Poland, the maximum concentration of

chromium in sewage that can be introduced into water or soil must be below 0.05–0.50 mg L−1 of Cr(VI) and

0.5–1.0 mg L−1 of the total chromium, depending on the type of industry.13 Speciation analysis of chromium

in wastewater samples is currently indispensable in order to assess its risk to humans.

Different separation methods coupled with species nonspecific detection techniques, such as atomic

absorption spectrometry (AAS), inductively coupled plasma optical emission spectrometry (ICP-OES), and

inductively coupled plasma mass spectrometry (ICP-MS), were proposed for chromium speciation analysis in

environmental samples. Among them, as has been reported in review papers, chromatography,14,15 liquid–

liquid extraction,16−18 and solid-phase extraction (SPE)19−21 are the most extensively used. Nowadays, flow

systems based on SPE have been recognised as excellent tools for the automation of sample pretreatment,

including separation and/or preconcentration of chromium species.22 Different sorbents have been used for

chromium speciation analysis in wastewater (Table 1). Different chromium forms are retained on commercially

available sorbents23 or sorbents functionalised with reagents containing anion or cation exchange functional

groups,24 chelating groups,25−27 microorganisms,28 or as organic complexes on sorbents possessing adsorptive

properties.28,29 The need for more selective systems has resulted in the development of sorbents of a new

generation, such as ion-imprinted polymers (IIPs). The selectivity of IIPs arises mainly from specific interaction

between the ligand and metal ion, the coordination geometry, and the coordination number of the metal

ion, as well as the charge and size of the metal ion.30 So far, several complexes of Cr(III), such as Cr(III)-

methacryloylhistidine,31 Cr(III)-3-(2-aminoethylamino)propyltrimethoxysilane,32 Cr(III)-polyethyleneimine,33

Cr(III)-polyvinyl alcohol/sodium alginate,34 Cr(III)-pyrrolidinedithiocarbamate,35 Cr(III)-dithizone,36 and

Cr(III)-8-hydroxyquinoline;37 or Cr(VI), such as Cr(VI)-4-vinylpyridine38,39 or Cr(VI)-2-vinylpiridine,40 were

imprinted into a polymeric matrix. Most papers have reported on the synthesis of IIP and on studies of their

adsorptive properties in a batch mode.31−34,38−40 Some polymers were tested for separation of chromium species

from real samples,32,36,39,40 but only two of them were applied in dynamic procedures for their separation from

wastewater.35,37

The aim of our work was to prepare a new selective polymeric sorbent with an imprinted Cr(III)-

nicotinate complex for the separation of chromium(III) ions. The Cr(III) ion-imprinted polymer was prepared

by precipitation polymerisation using acrylamide as the functional monomer, ethylene glycol dimethacrylate

as the cross-linking agent, and 2,2’-azobisisobutyronitrile as the radical initiator. IIP was tested as a sorbent

in the dynamic SPE procedure and applied for selective separation of Cr(III) from wastewater prior to being

determined by FAAS.

2. Results and discussion

Cr(III)-nicotinate complexes are not well characterised since they are insoluble in water and other common

solvents. Both the formula and structure of the complexes depend on the molar ratio of the reagents (Cr to

nicotinic acid) and on the conditions (temperature, acidity) used during the synthesis reaction.41 In this paper,

the Cr(III) nicotinate complex (Cr(nic)2 (H2O)3 (OH) ·H2O)42,43 was imprinted into the polymeric structure

of IIP by noncovalent bonds.
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LEŚNIEWSKA et al./Turk J Chem

T
a
b

le
1
.

S
o
li

d
-p

h
a
se

ex
tr

a
ct

io
n

m
et

h
o
d

s
fo

r
th

e
se

p
a
ra

ti
o
n

a
n

d
d

et
er

m
in

a
ti

o
n

o
f

ch
ro

m
iu

m
(I

II
)

in
w

a
st

ew
a
te

r
a
n

d
ri

v
er

w
a
te

r
sa

m
p

le
s

b
y

F
A

A
S

te
ch

n
iq

u
e.

So
rb

en
t 

D
et

er
m

in
ed

 f
o

rm
 o

f 
th

e 
an

al
yt

e
 

Sa
m

p
le

 
E

lu
en

t/
F

R
, m

L
 m

in
–

1
  

L
O

D
, 

n
g 

m
L

–
1
 

R
SD

, %
 

A
n

al
ys

is
 t

im
e 

 p
er

 
sa

m
p

le
 (

10
 m

L
)/

 
so

rb
en

t 
st

ab
il

it
y 

A
n

al
ys

ed
 s

am
p

le
 

R
ef

. 
p

H
 

F
R

, m
L

 m
in

–
1
 

G
ra

p
h

en
e 

C
r(

II
I)

-8
H

Q
 

8 
2 

2 
m

L
 o

f 
2 

m
o

l L
–

1
 H

N
O

3
/ 

2
 m

L
 m

in
–

1
 

0.
5

 
4.

3
 

21
 m

in
/5

0 
cy

cl
es

 
T

ap
 a

n
d

 r
iv

er
 w

at
er

 
29

 

C
h

ro
m

o
so

rb
 1

08
 

C
r(

II
I)

-d
it

h
iz

o
n

at
e 

8 
5 

10
 m

L
 o

f 
2 

m
o

l L
–

1
 H

N
O

3
 i

n
 a

ce
to

n
e/

 
5 

m
L

 m
in

–
1
 

0.
8 

1.
4

–
5.

8
 

8 
m

in
 +

 e
va

p
o

ra
ti

o
n

 
o

f 
el

u
en

t 
R

iv
er

 a
n

d
 s

ea
w

at
er

 
23

 

X
A

D
-4

 f
u

n
ct

io
n

al
is

ed
 w

it
h

 
m

al
ei

c 
ac

id
 

C
r(

II
I)

 a
n

d
 

C
r(

V
I)

 a
"

er
 r

ed
u

ct
io

n
 

5 
2-

4 
40

-4
5 

m
L

 o
f 

1 
%

 H
2
O

2
 +

 1
 m

o
l L

–
1
 

N
H

3
aq

/ 
 2

 m
L

 m
in

–
1
 

- 
0.

2%
 

30
 m

in
/2

0 
cy

cl
es

 
Sy

n
th

et
ic

 w
as

te
w

at
er

 a
n

d
 s

ea
w

at
er

 
24

 

B
a

ci
ll

u
s 

sp
h

a
er

ic
u

s 
lo

ad
ed

 
D

ia
io

n
 S

P
-8

50
 

C
r(

II
I)

 a
n

d
 

C
r(

V
I)

 a
"

er
 r

ed
u

ct
io

n
 

5 
5 

10
 m

L
 o

f 
1 

m
o

l L
–

1
 H

C
l/

 5
 m

L
 m

in
–

1
 

0.
5

 
<

5%
 

15
 m

in
 

T
ap

, s
p

ri
n

g,
 s

ea
-,

 a
n

d
 w

as
te

w
at

er
 

28
 

C
h

el
at

in
g 

re
si

n
 w

it
h

 
az

o
p

h
en

o
lc

ar
b

o
xy

la
te

 
gr

o
u

p
 

C
r(

II
I)

  a
n

d
 C

r(
V

I)
 

5 2
 

1.
5

 
20

 m
L

 o
f 

4.
0 

m
o

l L
–

1
 H

C
l/

 0
.5

 m
L

 
m

in
–

1
 

0.
6

0.
9

 
0.

3
–

2.
9

 
0.

5
–

2.
1

 

47
 m

in
/u

n
st

ab
le

 i
n

 
N

aO
H

 a
n

d
 m

in
er

al
 

ac
id

s 
In

d
u

st
ri

al
 w

as
te

w
at

er
 

26
 

N
D

SA
 r

es
in

 
C

r(
II

I)
 a

n
d

 C
r(

V
I)

 
6.

5 
  

1.
5

 
0.

5
 

10
 m

L
 o

f 
4.

0 
m

o
l L

–
1
 H

C
l/

 0
.5

 m
L

 
m

in
–

1
 

30
* 

0.
3

–
1.

0
 

45
 m

in
 

In
d

u
st

ri
al

 w
as

te
w

at
er

 
27

 

X
A

D
-1

6 
m

o
d

if
ie

d
 w

it
h

 
ac

et
yl

 a
ce

to
n

e 
C

r(
II

I)
 

5–
7 

1.
0

 
5 

m
L

 o
f 

2 
m

o
l L

–
1
 H

N
O

3
/ 

0.
5

 m
L

 
m

in
–

1
 

20
 

2%
 

20
 m

in
 

W
as

te
w

at
er

 
25

 

**
II

P
:C

r(
II

I)
-d

it
h

iz
o

n
e-

SB
A

-1
5

 
C

r(
II

I)
 

6 
6 

m
in

 i
n

 U
S 

1.
2 

m
L

 o
f 

2 
m

o
l L

–
1
 H

C
l/

 2
 m

in
 

0.
06

 
1.

9
–

3.
8

 
10

 c
yc

le
s 

R
iv

er
 w

at
er

 
36

 

II
P

: C
r(

II
I)

-8
-H

Q
-S

t-
D

V
B

 
C

r(
II

I)
 

9 
1 

0.
3 

m
L

 o
f 

0.
1 

m
o

l L
–

1
 H

N
O

3
/1

 m
L

 
m

in
–

1
 

2.
1

 
0.

5
–

3.
4

 
11

 m
in

/1
70

 c
yc

le
s

 
T

ap
 w

at
er

, m
u

n
ic

ip
al

 w
as

te
w

at
er

 
37

 

II
P

: C
r(

II
I)

-N
ic

-A
A

-
E

G
D

M
A

 
C

r(
II

I)
 

9 
0.

6 
4 

m
L

 o
f 

4 
m

o
l L

–
1
 C

H
3
C

O
O

H
/ 

0.
9 

m
L

 
m

in
–

1
 

80
 

4.
6

–
7.

5
 

30
 m

in
/1

00
 c

yc
le

s
   

   
   

   
M

u
n

ic
ip

al
 w

as
te

w
at

er
 

#
is

 w
o

rk
 

N
o
te

s:
*

-
se

n
si

ti
v
it

y
;

*
*

-
d

is
p

er
si

v
e

S
P

E
w

it
h

u
si

n
g

u
lt

ra
so

n
ic

b
a
th

(U
S

)
N

D
S

A
-

p
o
ly

st
y
re

n
e

d
iv

in
y
l

b
en

ze
n

e
co

p
o
ly

m
er

fu
n

ct
io

n
a
li

se
d

w
it

h
2
-n

a
p

h
th

o
l-

3
,6

-d
is

u
lp

h
o
n

ic
a
ci

d
;

d
it

h
iz

o
n

e-
S

B
A

-1
5

-
m

es
o
p

o
ro

u
s

si
li

ca
S

B
A

-1
5

m
o
d

ifi
ed

w
it

h
d

it
h

iz
o
n

e;
II

P
:

C
r(

II
I)

-8
-H

Q
-S

t-
D

V
B

-
C

r(
II

I)
-8

-h
y
d

ro
x
y
q
u

in
o
li

n
e-

im
p

ri
n
te

d
p

o
ly

(s
ty

re
n

e-
co

-d
iv

in
y
lb

en
ze

n
e)

.

935
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2.1. Optimisation of the separation procedure of Cr(III) ions on IIP

Parameters influencing retention and elution of the analyte were initially optimised in order to evaluate the

sorption properties of IIP toward Cr(III) ions.

2.1.1. Effect of pH on the retention of Cr(III)

The effect of pH of a sample on the retention of the analyte (10 µg of Cr(III)) was tested in a pH range from 2

to 11 (adjusted with HCl or NaOH solution) (Figure 1). It is worth mentioning that nicotinic acid, depending

on the pH of the solution, can exist in three protolytic forms, with pKa1 and pKa2 values equal to 2.01 and

4.72.44 The lowest retention of chromium(III) on the polymer was observed at a pH range of 3–5 due to the

lack of interaction between the analyte’s cationic forms and the neutral form of the ligand. The efficiency of

retention of Cr(III) ions on the IIP polymer increases at pH > 6 and reaches a maximum at a pH range of

9–10. In such an environment chromium(III) may be present in forms of different charge, namely in cationic

form as Cr(OH)(H2O)2+ , in neutral form as Cr(OH)3 (pH 8.5–10), or in anionic form as Cr(OH)−4 (at pH

> 9).8 We presume that single-charged anions, which are coordinated as ligands to hexacoordinated Cr(III)

complexes, can be exchanged with the negatively charged carboxylic group of nicotinic acid that is imprinted

in the polymer. Therefore, retention of the analyte is the effect of the analyte’s interaction with the anionic

form of nicotinic acid as well as of the presence of specific cavities on the imprinted particles. The retention of

Cr(III) ions on the control polymer (CP) at the studied pH range was below 30%, probably due to unspecific

bonding of the analyte on the polymeric matrix.
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%

Sample pH

Cr(III)-IIP CP

Figure 1. Effect of sample pH on Cr(III) retention on IIP and CP (sample: 10 µg of Cr(III), pH: 9, flow rate: 0.6 mL

min−1) .

2.1.2. Effect of the sample’s flow rate on the retention of Cr(III)

The influence of the sample’s flow rate (from 0.3 to 0.9 mL min−1) on the retention of chromium(III) on the

polymer was insignificant. However, the small size of the polymeric particles caused problems with sample

throughput. It was found that conditioning of the sorbent with 0.1% sodium lauryl (dodecyl) sulphate (SDS)

solution as well as adding SDS to the sample improved the sample’s flow through the column due to a reduction

in surface and interfacial tension. Hence, ultimately a sample flow rate of 0.6 mL min−1 was used in subsequent

studies.

2.1.3. Optimisation of elution

The efficiency of elution of Cr(III) ions from the polymeric sorbent was studied using acetic acid (CH3COOH)

as a complexing agent (log β1 = 4.63). Solutions of acetic acid (4 mL) in a concentration range from 0.5 to 4
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mol L−1 were tested independently for desorption of Cr(III) from the column at a flow rate of 0.9 mL min−1 .

It was found that the efficiency of elution of Cr(III) ions increased from 73% to 94% along with an increasing

concentration of the stripping agent from 0.5 mol L−1 to 4 mol L−1 . The reason for this is that the nitrogen

atoms of nicotinic acid are protonated in such a strong acid solution and have lost their ability of coordination

with heavy metals. Moreover, the carboxylic group of nicotinic acid is also protonated. The influence of the

eluent’s volume on the elution efficiency of Cr(III) was studied in the range of 1–4 mL. It was found that 4 mL

of 4.0 mol L−1 CH3COOH was necessary for quantitative elution of Cr(III).

Retention of Cr(VI) ions on IIP and CP polymers at pH 9 was below 20%. It was observed that more than

90% of Cr(VI) retained on IIP was removed with 2 mL of Milli-Q water, which indicates nonspecific sorption

of this ion on the sorbent. However, a small amount of Cr(III) (5%–7%) was also eluted with Milli-Q water.

Hence, in order to improve the selectivity of the procedure we decided to rinse the column with water before

elution of the Cr(III) ions. This additional step allowed us to remove most of the Cr(VI) ions from the column.

Under optimised conditions, the efficiency of Cr(III) retention on IIP evaluated for 6 subsequent cycles was 93.7

± 3.8%; the efficiency of elution was 94.7 ± 4.2%. The recovery of Cr(III), defined as the ratio of the mass of

analyte determined in the eluent to the mass of analyte loaded on the column, was 88.6 ± 2.6%.

2.2. Characteristics of polymers

SEM images of IIP and CP polymers show that their particles have an irregular cauliflower shape sized 100–

200 µm. The surface of the particles is very rough and porous (Figure 2). Nitrogen sorption analysis was

carried out using approximately 0.3-g portions of polymers degassed for 24 h at 80 ◦C. The surface area of

the imprinted and control polymers was derived from adsorption isotherms using the Brunauer–Emmett–Teller

(BET) method. The BET surface area was 340 m2 g−1 for IIP and 358 m2 g−1 for CP, the pore volume was

0.23 cm3 g−1 for IIP and 0.24 cm3 g−1 for CP, and the pore diameter was 1.3 nm for IIP and 1.33 nm for CP.

 

Figure 2. SEM image of a IIP surface particle, 5000× magnification; upper right-hand corner, 1000× magnification.

In order to determine the sorption capacity of IIP and CP towards Cr(III) ions, the standard solution of

Cr(III) (7 µg mL−1) was passed through columns filled with 25 mg of IIP or CP under optimised conditions.
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Successive fractions of effluent (2 mL) were collected and examined to determine the chromium level. The

sorption capacity was evaluated on the basis of the maximum volume of standard solution for which the analyte

was still quantitatively retained (>80%). The sorption capacity was calculated at 4.5 mg g−1 for IIP and 1.8

mg g−1 for CP.

The polymer was subjected to numerous loading and elution operations in order to check the stability of

the sorbent in the flow procedure. Reproducible results were obtained for more than 100 successive sorption–

desorption cycles, indicating good stability of IIP. The prepared material was characterised by much longer

reusability than other Cr-imprinted polymers.32,34,36,38,39

2.3. Selectivity study

The influence of metal ions commonly present in environmental samples (Cu(II), Ni(II), Mn(II), and Co(II)) was

studied regarding selectivity of IIP towards Cr(III). For that purpose, solutions containing equivalent amounts

of Cr(III) and competitive metal (Me) ions (5 µg mL−1) were passed through columns filled with IIP and CP.

The concentration of the analyte and the metal ions in the effluent was measured by FAAS. The distribution

coefficient (D), selectivity coefficient of Cr(III) ions (α), and relative selectivity coefficients were calculated

using the following equations:

D = (C0 − Cf )/Cf × (V/m) (1)

α = DCr(III)/DMe (2)

α′ = αIIP /αCP , (3)

where C0 and Cf were the initial and final concentrations of Cr(III) or competitive Me ions in the solution

[µg mL−1 ], V – volume of the solution [mL], m – mass of sorbent [g].

A comparison of the selectivity coefficients for the Cr(III) ions on the IIP and CP showed that the α

values for IIP were greater than for CP (Table 2). The values of the relative selectivity coefficients were in the

range of 1.6 to 3.7, which indicates that Cr(III) ions can be selectively removed from aqueous samples even in

the presence of other metal ions.

Table 2. Selectivity parameters of IIP towards Cr(III) ions in the presence of competitive ions (sample: 10 µg of Cr(III)

+ 10 µg of other metal ion).

Metal ion Me
Distribution ratio, D, mL g−1 Selectivity coefficient, α Relative selectivity
Cr(III) Me IIP CP coefficient, α’

Co(II) 969 313 3.1 1.7 1.8
Mn(II) 516 138 3.7 1.0 3.7
Cu(II) 576 113 5.1 3.1 1.6
Ni(II) 310 125 2.5 1.1 2.3

The IIP polymer was tested for the separation of Cr(III) and Cr(VI) ions. For that purpose, solutions

containing different concentrations of Cr(III) and Cr(VI) ions were loaded on the column, then the column was

rinsed with 2 mL of Milli-Q to remove the Cr(VI) ions, and Cr(III) was eluted and determined by FAAS. Good

recovery of Cr(III) (Table 3) indicates that the method can be used for the separation of Cr(III) from Cr(VI)

species.
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Table 3. Recovery of Cr(III) from a mixture of Cr(III) and Cr(VI) ions on IIP (sample: pH 9, eluent: 4 mL of 4 mol

L−1 CH3 COOH, mean value ± SD, n = 3).

Model sample
Found mass of Recovery of
Cr(III) ± SD, µg Cr(III) ± SD, %

9.95 µg of Cr(III) 8.82 ± 0.26 88.6 ± 2.6
10.28 µg of Cr(III) + 10.2 µg of Cr(VI) 8.30 ± 0.14 80.8 ± 1.4
10.28 µg of Cr(III) + 50.1 µg of Cr(VI) 8.16 ± 0.04 79.4 ± 0.4

2.4. Method validation and application

Analytical performance of the method was evaluated under optimised experimental conditions. Repeatability of

the separation process of Cr(III) ions on IIP obtained for 6 subsequent cycles was apparent as relative standard

deviation (RSD) and was equal to 2.9%. The calibration graph of Cr(III) was prepared by loading 4 mL of

standard solutions of Cr(III) at a concentration range from 1 to 10 µg mL−1 on the column and its elution

with 4 mL of 4 mol L−1 CH3COOH. The calibration graph was linear up to 8 µg mL−1 , giving the following

regression equation: y = 0.032 x – 0.001 (r2 = 0.991). The limits of detection (LOD) and quantification (LOQ)

of the method were calculated according to the IUPAC recommendation45 at LOD = 3 SDblank /a, and LOQ

= 10 SDblank /a, where SDblank is a standard deviation of the absorbance of a blank sample subjected to the

separation procedure, while a is a slope of the calibration graph. The LOD obtained for 10 successive analytical

cycles was 0.08 µg mL−1 , while LOQ was 0.24 µg mL−1 for 10 mL of a sample.

Applicability of the method was tested for different volumes of samples (2–10 mL) of different concen-

trations (1–8 µg mL−1). It was found that recovery of the analyte from 10 mL of 1 µg mL−1 solution was

77.7 ± 4.8% (n = 3), whereas from 5 and 10 mL of 2.5 µg mL−1 solution it was 100.4 ± 4.0% and 107.1 ± 5.5%

(n = 3), respectively.

The reference material (RM) of municipal wastewater RES 25.2 was used to study the accuracy of the

method. This reference material possesses a certified property value of the total chromium concentration, but we

confirmed, using the method based on ion exchange chromatographic (IC) separation of chromium forms coupled

with their determination by ICP-MS,46 that it contains Cr(III) ions only. An accurate determination of the

chromium content in this material by FAAS is impossible due to the significant influence of matrix constituents

on the chromium signal (the recovery was only 55% of the certified value). The recovery of chromium obtained by

the standard addition method increased to 84%, but this result still shows the presence of matrix interferences.

Our basic studies concerning the effect of potential matrix components on the analytical signal of chromium

measured directly by the FAAS technique showed that the presence of nickel(II), copper(II), and manganese(II)

ions in a concentration range of 5–200 mg L−1 changed the absorbance of chromium by 2%–12%. A more

significant effect was observed in the presence of Fe(III) and Co(II) ions, as the decrease in the Cr signal was

in the range 30%–40%. It is evident from these results that accurate results of determining Cr in complicated

samples may be obtained only after chemical separation of the analyte from the interfering matrix. The recovery

of Cr(III) from RM after its separation on IIP was 89.9 ± 3.1%, n = 6, which confirmed the accuracy of the

developed procedure.

The procedure was applied to an analysis of chromium in treated municipal wastewater. The samples

were filtered through a 0.45 µm Supelco membrane filter, adjusted to pH 9 with sodium hydroxide and left

for equilibration. However, as the concentration of Cr(III) in the analysed samples was below the LOQ of
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the method, the samples were spiked with 12 µg of Cr(III). The absence of the Cr(VI) form in the analysed

samples was proved by the IC-ICP-MS method. The recovery of Cr(III) was in the range of 81%–90% (Table 4).

Reproducibility of the separation procedure for different wastewater samples was below 3.5%. It confirmed that

the developed SPE method using IIP is suitable for chromium speciation analysis in contaminated wastewater.

A comparison of the analytical parameters of the developed method and previously published methods for

analysis of chromium(III) in wastewater is summarised in Table 1. As can be observed, the developed method

is characterised by good reproducibility, small consumption of reagents, and short analysis time.

Table 4. Recovery of Cr(III) from real samples on IIP (sample: 4 mL, pH 9, eluent: 4 mL of 4 mol L−1 CH3 COOH,

mean value ± SD, n = 3).

Sample
Added mass of Found mass of Recovery of
Cr(III), µg Cr(III) ± SD, µg Cr(III) ± SD, %

Treated wastewater A(a) 12 µg 9.7 ± 0.3 80.8 ± 2.5

Treated wastewater B(b) - 13.0 ± 0.5 87.4 ± 3.0

Treated wastewater B(b) 12.4 µg 24.2 ± 0.2 89.9 ± 1.6

Wastewater RES 25.2(c) - 6.2 ± 0.2 89.9 ± 3.1
(a)concentration of total chromium below LOD of the FAAS method
(b)concentration of Cr(III) determined by IC-ICP-MS: 3.72 µg mL−1

(c)wastewater RES 25.2 - property value of Cr: 1.72 ± 0.026 µg mL−1; n = 6.

A new polymeric sorbent with imprinted Cr(III)-nicotinate complex synthesised in this work by pre-

cipitation polymerisation is characterised by good selectivity towards Cr(III) ions in the presence of Cr(IV)

and other competitive ions, good capacity, and high stability during flow working conditions (more than 100

sorption–desorption cycles). The Cr(III) ions are selectively retained on IIP at pH 9 and quantitatively removed

with 4 mol L−1 of CH3COOH. The developed dynamic SPE procedure allows for selective separation of Cr(III)

species from wastewater, which was confirmed by an analysis of the reference material.

3. Experimental

3.1. Instrumentation

A Solaar M6 atomic absorption spectrometer (Thermo Electron Corporation, UK) with atomisation in an air-

acetylene flame and deuterium background correction was used to determine the concentration of chromium. A

chromium hollow cathode lamp (Photron, Australia) was operated at a 6 mA current. The measurements were

done at λ = 357.9 nm with a spectral bandpass of 0.5 nm.

The surface morphology of the polymers’ particles was examined using an Inspect S50 scanning electron

microscope (SEM) (Hitachi, USA). The polymers were coated under reduced pressure with a thin gold layer,

which improved the secondary electron signal required for their topographic examination.

The infrared spectra of polymers by Fourier transform infrared spectroscopy (FTIR) were obtained using

a Nicolet Magna IR 550 Series II FTIR spectrophotometer (Thermo Scientific, Japan). Pore-size distribution

and specific surface area of the particles were determined via nitrogen adsorption/desorption according to the

BET method using a Gemini VII 2390 surface area and porosity analyser (Micrometrics, USA).

A flow SPE system was used for chromium separation. The system consisted of a peristaltic pump

Minipuls 3 (Gilson, France), PTFE tubing of i.d. 0.8 mm, and glass adsorption columns (i.d. 10 mm) filled

with 25 mg of the polymeric sorbent. Both ends of the columns were blocked with PTFE membranes. An
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inoLab pH Level 1 (WTW, Germany) pH meter equipped with an electrode SenTix 21 (WTW, Germany) was

used for the pH measurements.

3.2. Reagents

A stock solution (20 mg mL−1) of Cr(III) as CrCl3 was obtained from Merck (Darmstadt, Germany); a stock

solution (1.001 mg mL−1) of Cr(VI) as K2Cr2O7 (Sigma Aldrich, Germany) was used. Chromium chloride

(CrCl3·6H2O) was used for the syntheses of polymers, sodium hydroxide and hydrochloric acid were used for

pH adjustment, and acetic acid was used as a desorption agent as supplied by POCh (Gliwice, Poland). Sodium

lauryl (dodecyl) sulphate (SDS) was supplied by Sigma Aldrich (Munich, Germany). Solutions of copper(II),

nickel(II), manganese(II), and cobalt(II) nitrates(V) and iron(III) chloride (Fluka, Buchs, Switzerland) were

used for the interference studies. High purity deionised Milli-Q water (Millipore, USA) was used to prepare all

of the solutions. All reagents were of analytical grade or higher.

Nicotinic acid (3-pyridinecarboxylic acid), glycol ethylene dimethacrylate (EGDMA, 98%), and 2,2’-

azobis(isobutyronitrile) (AIBN) were supplied by Sigma Aldrich. Acrylamide (AA), dimethyl sulfoxide (DMSO),

and acetonitrile (ACN) were supplied by POCh.

Reference material from a wastewater treatment plant of urban origin RES 25.2 (Ielab Calidad, Spain)

was used for the accuracy studies. The wastewater samples were delivered from a municipal sewage treatment

plant (Bialystok, Poland).

3.3. Preparation of the chromium(III) imprinted polymer

The Cr(III)-nicotinate complex was prepared according to a procedure described elsewhere.42,43 A hot solution

of Cr(III) ions (2.5 mL, 1.16 mmol Cr(III) as CrCl3) was added to a hot solution of nicotinic acid (2.5 mL, 3.51

mmol). The mixture was adjusted to pH 4 with a diluted solution of NaOH and stirred for 120 min at 80 ◦C.

This way a grey-blue complex with a molar ratio of Cr to nicotinate equal to 1:2 was formed. The solid complex

was filtered, rinsed with water, and dried. The FT-IR (in KBr) spectrum of the Cr(III)-nicotinate complex was

registered and the following characteristic bonds were observed: υasym (–C=O) at 1630 cm−1 , υsym (–C=O) at

1440 cm−1 , υ (–C–N) at 1170 cm−1 , υ (–C=N) at 1560 cm−1 , and υ (–C–H) bands at 760 cm−1 .

Next, 0.12 mmol of the Cr(III)–nicotinate complex (6.05 mg Cr) and 5.74 mmol of acrylamide (0.4046

g) were placed in a magnetically stirred glass polymerisation reactor, dissolved in 23 mL of dimethyl sulfoxide

(DMSO), and mixed for 60 min. Then 0.30 mmol of AIBN (0.1 g) and 22.5 mmol of EGDMA (4.33 mL)

previously dissolved in 23 mL of acetonitrile were added. The solution was purged with argon and precipitation

polymerisation was carried out at 60 ◦C for 24 h at a constant stirring rate of 100 rpm. The obtained precipitate

of polymer was rinsed with methanol–water solution (1:4, v/v) in order to remove the unreacted monomers,

dried at 50 ◦C for 48 h, and sieved. The FT-IR (in KBr) spectrum of the polymer was registered and the

following characteristic bonds were observed: υ (–C=O) at 1727 cm−1 , υ (–C–O) at 1265 cm−1 , υ (–C–N) at

1149 cm−1 , υ (–C=N) at 1560 cm−1 , and υ (–C–H) bands at 752, 1452, 2954, and 2992 cm−1 .

The fraction of particles with a size range of 200–300 µm was used for the experiments. The degree of

chromium imprinted in the polymer was assessed at 82%. The polymers were treated with 2 mol L−1 acetic

acid to remove the imprinted Cr(III) ions. The control polymer (CP) was prepared in the same way but without

the addition of Cr(III) ions.
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