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Separation and enrichment of Cr(VI) ion in waters using
solid phase extraction and evaluation of adsorption,
kinetic and thermodynamic parameters

Adalet Tunceli®”, Hatice Sahin®, Ozcan Yal¢inkaya*'©,
Orhan Acar

Abstract: Cr(III) and Cr(VI) ions in waters were separated by using column method
containing Amberlite IRA 900 copolymer resin. Cr(VI) ion was separated, pre-
concentrated and determined by using flame atomic absorption spectrometry. After
oxidizing all Cr(III) into Cr(VI) with H202, total chromium (Cr(III) + Cr(VI) ions)
was determined. Concentration of Cr(IIl) was obtained by subtracting Cr(VI) level
from whole chromium. Recovery of Cr(VI) ion at optimum conditions such as pH
(5.5 — 6), type and concentration of eluent solution (5 mL of 1 mol/L HCI + 2%
(m/v) ascorbic acid) and flow rate (3 mL/min) obtained was 99 + 1% for five
replicate measurements. Analytical detection and quantification limits were found
as 0.11 and 0.38 pg/L, respectively. The enrichment factor of Cr(VI) ion found was
about 100 after using optimization conditions. Accuracy of proposed method was
checked by analyzing Cr(VI) in CWW-TM-D Wastewater (SRM) containing Cr(III)
and Cr(VI) ions and applied to real waters. Langmuir adsorption model was suitable
for Cr(VI) ion and maximum adsorption capacity found was 303 mg/g at 298 K.
Thermodynamic parameters (AG°, AH® and AS®) and activation energy (Ea) were
determined. Adsorption of Cr(VI) ion on resin was chemical ion-exchange,
spontaneous and exothermic process.
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1. INTRODUCTION

Chromium is widely distributed in the earth crust
and exists mainly in the forms of Cr(lll) and
Cr(VI) ions. Cr(lIll) is a biologically active ion
found in food and it is important in mammalian
metabolism. It is responsible for lowering blood
sugar levels with insulin which is a critical
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hormone for carbohydrates, fat and protein
metabolism in the body [1]. However, Cr(VI) is
toxic form of chromium originating from
industrial pollution. It has toxic effects on
biological systems as a result of possible free
diffusion in cell membranes and also by a strong
oxidative potential. Compounds containing Cr(V1)
ion are highly soluble and more bioavailable than
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poorly soluble Cr(lll) ion. Cr(VI) ion causes
extreme diarrhea, eye and skin irritation, kidney
dysfunction, ulcers, and probably lung carcinoma
in human body (Mohan, and Pittman (2006). The
World Health Organization (WHQ) states that
maximum permissible level of Cr(VI) in drinking
water guideline is 50 ug/L (WHO, 1984). Main
sources of chromium pollution are mining, leather
tanning industry, pigments and paints, ceramics,
glass industry, production of steel and the other
metal alloys such as photographic and corrosion
control materials. Because of these reasons,
separation of Cr(I11) and Cr(V1) ions in biological
and environmental samples has become important
in recent years. It is known that distribution and
the biological effects of chromium ions depend not
only on its concentration but also on chemical
forms of its compounds. It is important to
determine levels of Cr(l111) and Cr(V1) ions in the
environment.

Several analytical methods such as flame atomic
absorption spectrometry (FAAS) (Tungeli and
Turker, 2022; Hassanien et al., 2008; Narin et al.,
2008; El-Shahawi et al., 2008; Tiizen and Soylak,
2007; Chamjangali et al., 2011; Kendiizler et al.,
2007; Hashemi et al., 2004; Cavoca et al., 2009;
Yal¢in and Apak, 2004; Kiran et al., 2008; Uluozlu
et al., 2009; Aydin and Soylak, 2009), graphite
furnace atomic absorption spectrometry (GFAAS)
(Ball and McCleskey, 2003; Gu and Zhu, 2011;
Chwastowska et al.,, 2005; Sadeghi and
Moghaddam, 2016, Bahadir et al., 2016; Beni et
al., 2007), inductively coupled plasma-atomic
emission spectrometry (ICP-AES) (Liang et al.,
2003; Sumida et al., 2005, Motomizu et al., 2003),
spectrophotometry (Hosseini and Belador, 2009;
Yang et al., 2007; Kalidhasan and Rajesh, 2009)
and voltammetry (Bobrowski et al., 2004) are
sufficiently used in the determination of
chromium. However, chromium analysis is
difficult to determine in samples because of
various factors, especially at low Cr
concentrations and high matrix effects. To solve
these problems, the separation and enrichment
methods such as solid-phase extraction (SPE)
(Tungeli and Tiirker, 2022; Hassanien et al., 2008;
Narin et al., 2008; El-Shahawi et al., 2008; Tiizen
and Soylak, 2007; Chamjangali et al., 2011,
Kendiizler et al., 2007; Gu and Zhu, 2011;
Chwastowska et al, 2005; Liang et al., 2003;
Hosseini and Belador, 2009; Yang et al., 2007;

56

Tungeli et al., 2022; Li et al., 2023) ion-exchange
(Hashemi et al., 2004; Cavoca et al., 2009; Yalgin
and Apak, 2004; Ball and McCleskey, 2003; Béni
et al., 2007; Yang et al., 2007), cloud point
extraction (Kiran et al.,, 2008; Sadeghi and
Moghaddam, 2016; Bahadir et al., 2016; Wang et
al., 2010), co-precipitation (uluozlu et al., 2009;
Aydin and soylak, 2009; Li et al., 20223) and
liquid-liquid extraction (Béni et al., 2007;
Kalidhasan and Rajesh, 2009) can be used prior to
analyze. The SPE has been widely applied for
trace elements due to its advantages such as
selectivity, simplicity, fast and low chemical
consumption. In many studies, some synthetic
polymers from styrene-divinylbenzene such as
Amberlite XAD-16 (Tungeli and Tirker, 2002;
Hassanien et al., 2008), Amberlite XAD-1180
(Narin et al., 2008; El-Shahawi et al., 2008),
polyurethane foams (El-Shahawi et al., 2008),
multi  walled-carbon nanotubes (Tiizen and
Soylak, 2007), nanometer titanium dioxide (Liang
et al., 2003), modified silica (Yang et al., 2007)
and organic and inorganic sorbents (Tiirker, 2007)
were used as solid phase extraction for speciation
and pre-concentration of chromium from waters
and wastewaters.

In this study, Amberlite IRA 900 copolymer resin
was used as SPE for separation and enrichment of
Cr(VI)ion. Itis a strong base anion-exchange resin
including quaternary ammonium groups such as
styrene-divinylbenzene copolymer. The ideal
conditions for SPE of chromium were found by
examining critical parameters such as the pH of the
solution, the type and volume of the eluent, the
sample volume, the sample flow rate, and the
resin's adsorption capacity. It was used for
separation and enrichment of Cr(VI) from Cr(ll)
ion. Cr(VI) was determined in water samples by
using the resin. Effects of foreign ions and
adsorption capacity of resin for Cr(VI) were
studied. Chromium in standard reference material
(SRM, CWW-TM-D Certified Waste Water) was
determined for accuracy of method. Analytical
parameters (limits of detection (LOD) and
quantification (LOQ)), precision and linear
working range were studied. The suggested
technique was successfully used to analyze
samples of tap and dam water. Adsorption
isotherm models and adsorption Kkinetics of
Cr(VI), reaction order, adsorption capacities of
resin at different temperatures (298, 308, 318 and
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328 K), thermodynamic parameters (AG°, AH® and
AS°) and the Ea were investigated.

2. EXPERIMENTAL

2.1. Instruments and reagents

Varian AA240-FS model flame atomic absorption
spectrometry (Palo Alto, CA, USA) equipped with
deuterium lamp for background correction and
Varian Cr lamp were used for absorbance
measurements. The operating conditions of Cr
lamp (120 mA lamp current, 357.9 nm
wavelength and 0.5 nm slit width) suggested by
the manufacturer were used. Acetylene/air flow
rate  (1.4/13.2 L/min) was wused. All pH
measurements were performed by WTW 720
model pH meter (Wilhelm, Germany). A shaking
thermostatic bath (Nive ST 402, Turkey)
maintained at the desired temperatures (298 K, 308
K, 318 K and 328 K) with a fixed speed of 150 rpm
was used.

All chemicals were of analytical reagent grade. All
solutions were prepared in ultrapure water (18.3
MQ cm). Stock solutions of Cr(IIT) and Cr(VI)
ions (1000 mg/L for each) were prepared by
dissolving 0.7692 g Cr(NO3)3.9H20 and 0.8269 g
K2Cr.07 (Merck, Darmstadt, Germany) in 0.1
mol/L HNO3z solution and diluting to 100 mL,
separately. 50 mg/L of Cr(lll) and 40 mg/L of
Cr(VI) standard and model solutions were
prepared from these stock solutions by diluting
daily. Nitric acid (65%, m/m), hydrochloric acid
(37%, m/m), Hydrogen peroxide (30%, m/m),
ascorbic acid, sodium fluoride and sodium
hydroxide purchased from Merck (Darmstadt,
Germany) were used. Amberlite IRA 900 chloride
resin purchased from Rohm and Hass
(Philadelphia, USA) was used. Basic
characteristics of resin are polystyrene cross-
linked with divinylbenzene copolymer (macro-
reticular) (strongly basic anion exchange),
(CH3)sRN*-CI" (quaternary ammonium) chemical
structure, spherical beads physical form, 20-50
mesh (650-820 um) particle size, 80°C maximum
temperature range, 0 — 14 operating pH, 55% —
65% moisture, 1 meg/L or 4.2 meg/g exchange
capacity (Berbar et al., 2008; Esfandian et al.,
2020, Jachuta and Hubicki, 2013; Tan et al., 2018).
Due to its macro-reticular structure, it is suitable
for water treatment applications such as potable
water and for industrial uses (Esfandian et al.,
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2020). Amberlite IRA 900 resin was washed with
methanol, 1 mol/L HCI solution, and rinsed with
ultrapure water, dried at 70 °C for 4 h, respectively
and used. The glassware materials were kept an
overnight in a 5% nitric acid solution, rinsed with
water and dried before using.
2.2.  Column  preparation and
concentration procedure

pre-

Glass columns with 1.0 cm inner diameter, 30 cm
height and approximately 100 mL volume of
solution reservoir at the upper end were used in the
studies for separation and enrichment of Cr(lll)
and Cr(VI) by fixing on Amberlite IRA 900 resin.
After the columns were cleaned and dried, a piece
of glass cotton was placed at the bottom, and 0.3 g
of the resin was placed on glass cotton. Another
piece of glass wool was placed on the resin to
prevent it from falling apart and to prevent channel
formation. 0.1 mol/L HCI solution and ultrapure
water were passed through columns for cleaning
and regenerating of the resin after each usage.

The 50 mL of model solution including 0.2 pg/mL
of Cr(III) and 0.2 pg/mL of Cr(VI) was placed in
a beaker and pH of solution was adjusted to 6 by
adding 0.1 mol/L HCI and 0.1 mol/L of NaOH
solutions, separately. After preconditioning
column with the solution adjusted to pH 6, model
solution was passed through the column at a flow
rate about 3 mL/min. A 10 mL volumetric flask
was used to elute the adsorbed Cr(V1) on the resin
using 5 mL of an eluent solution that contained 0.1
mol/L ascorbic acid and 1 mol/L HCI.
Concentration of Cr(VI) in eluent solution was
analyzed by using FAAS. The percentage of
recovered Cr(VI) was determined by dividing the
Cr(V1) concentration determined by FAAS by the
starting Cr(VI) concentration, which was
theoretically predicted using the previously
described approach.

2.3. Oxidation of Cr(I11) ion into Cr(VI) ion

Oxidation of Cr(Ill) into Cr(\VI) was carried out
using the procedure given in the literature(Tiizen
and Soylak, 2007). The pH of Cr(l1l) solution was
adjusted to 10 by adding 0.1 mol/L NaOH
solution. After adjusting pH of solution, 10 mL of
3% (v/v) H2O2 was added and heated at 80 °C for
40 min. Solution was then boiled for 10 min to
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evaporate the excess amount of H.O,. After
applying the general procedure for the solution,
Cr(VI) was determined by using FAAS.

2.4. Collecting and getting preparing samples

Tap water from laboratory and dam waters from
Cubuk Dam Ankara in 2.5 L plastic bottles were
collected. The samples were acidified by adding 1
mL concentrated nitric acid into each bottle to
prevent adhering of ions onto surface of the
vessels. Samples were filtrated from membrane
filters (Millipore, 0.45 pm pore size) and the
procedure given above was applied.

2.5. Batch adsorption procedure

Batch adsorption method was used to determine
adsorption kinetics of Cr(VI) on Amberlite IRA
900 resin. Batch equilibrium tests were carried out
adding 50 mL of Cr(VI) solutions in 100 mL flasks
containing 0.05 g of adsorbent. Range of
concentrations of Cr(VI) solutions prepared was
varied from 25 to 800 mg/L to investigate the
effect of mass transfer. pH values of solutions
were set to 6 by using 0.1 mol/L HCl and 0.1 mol/L
of NaOH solutions. Flasks were placed onto a
mechanical shaker and stirred for 2 h at suitable
temperatures (298 K, 308 K, 318 K and 328 K) at
150 rpm fixed speed, separately. The suspensions
were filtered and Cr(VI) in filtrates were
determined by using FAAS after a suitable
dilution.

The amount of Cr(VI) ion adsorbed at equilibrium
ge (Mg/g) was obtained from Equation (1).

120
100

R %

60 - ——Cr(VI)
—— Cr(IIT)

(Co —Ce Y%
e = B @)

m
where, Co, and Ce are initial and equilibrium
concentrations (mg/L) of the solutions. V is
volume of a solution (L) and m is mass of
Amberlite IRA 900 (g).

3. RESULTS AND DISCUSSION
3.1. pH effect of solution

pH of solution containing Cr(111) or Cr(\V1) ions for
adsorption onto Amberlite IRA 900 resin was
investigated. The pH of 50 mL model solution
containing 0.2 mg/L Cr(lll1) or 50 mL model
solution containing 0.2 mg/L Cr(V1) was adjusted
to 2.0 - 10.0 pH range with 0.1 mol/L HCl and 0.1
mol/L NaOH solutions, separately. At a flow rate
of roughly 1 mL/min, they were passed through
the column. The adsorbed Cr(l1l) and Cr(V1) ions
on the resin were eluted by adding 5 mL of eluent
solution containing 1 mol/L HCI + 0.1 mol/L
ascorbic acid. The concentrations of Cr(Ill) or
Cr(VI) in eluent solutions were analyzed by using
FAAS. The percent recoveries of Cr(lll) and
Cr(VI) ions obtained versus pH of the solutions
were presented in Figure 1. As shown in Figure 1,
the quantitative percent recovery of Cr(VI)
(>95%) was obtained at pH 5.5 - 6.0, while the
percent recovery of Cr(l1l) found was lower than
5%. According to these results, it was possible to
separate Cr(VI) ion from Cr(Ill) ion at this pH
range.

" | W
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0

8 10
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Figure 1. pH effect on adsorption of Cr(VI) and Cr(IIT) (Sample volume; 50 mL containing 10 ug Cr(VI)
and 10 pg Cr(II))
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3.2. Impact of eluent solution type and
concentration and volume

To find a proper concentration and volume of
eluent solution type for retaining Cr (VI) onto
Amberlite IRA 900 resin, different concentrations
(1 or 2 mol/L) and different volumes (5 or 10 mL)
of HCI solutions were examined and adequate
percent recovery for Cr (VI) was not obtained.
When ascorbic acid solution was only used as
eluent solution, the percent recovery for Cr(VI)
was found as 51 + 3% because Cr(VI) ion can be
reduced to Cr(I1l) ion and ascorbic acid in solution
can easily oxidize into dehydroascorbic acid and
2H* ions by air oxygen. To prevent this oxidation,

ascorbic acid and HCI mixture solutions were
prepared and used as eluent solution. The average
values of Cr(V1) recoveries obtained with ascorbic
acid solution only or mixtures of HCI + ascorbic
acid solutions prepared were given in Table 1. As
seen in Table 1, when 5 mL eluent solution
containing 1 mol/L HCI + 2% (m/v) ascorbic acid
solution was used, the percent recovery of Cr(VI)
obtained at pH 6 was about 100%. Therefore, the
pH effect of solution containing Cr(I11) and Cr(VI)
ions for adsorption on the resin was repeated five
times by using 5 mL of eluent solution containing
1 mol/L HCI and 2% (m/v) ascorbic acid.

Table 1. Effect of eluent solution type and concentration on the recovery of Cr(VI)

Eluent solution type

R% +s?

10 mL of 2 % (m/v) ascorbic acid

51«3

10 mL of 2 mol/L HCI + 2 % (m/v) ascorbic acid

61+£2

10 mL of 2 mol/L HCI + 1 % (m/v) ascorbic acid

64+1

10 mL of 1 mol/L HCI + 2 % (m/v) ascorbic acid

87+3

10 mL of 1 mol/L HCI + 1 % (m/v) ascorbic acid

49+£3

5 mL of 2 mol/L HCI + 2 % (m/v) ascorbic acid

98 +£3

5 mL of 2 mol/L HCI + 1 % (m/v) ascorbic acid

81+ 4

5 mL of 1 mol/L HCI + 2 % (m/v) ascorbic acid

100£2

5 mL of 1 mol/L HCI + 1 % (m/v) ascorbic acid

90 +4

Note: 2 Mean of the three determinations
3.3. Flow rate effect of sample solution

Flow rate effect of sample solution containing
Cr(111) and Cr(VI) ions passing through column
was studied. Because a large volume of sample
solution was needed to get a high enrichment
factor, passing this solution through column was
time-consuming. The highest flow rate for passing
the sample solution was preferred. On the other
hand, adequate contact time may not be obtained
to retain the Cr(VI) ions on the resin at high flow
rates. Because of this, it was agreed upon that the
sample solutions might be run through the column
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at an appropriate flow rate in order to maximize
recovery. In order to determine the appropriate
flow rate, the model solutions were passed through
column under optimum conditions (pH of solution
and type of eluent solution) with flow rate adjusted
in the range of 1 - 6 mL/min. Figure 2 showed the
means of the recovery values obtained vs the
sample solution's flow rate. The best flow rate was
discovered to be roughly 3 mL/min, as seen in
Figure 2, as the percent recovery declined above
this point. The flow rate of eluent solution was
applied as 1 mL min? because the volume of
elution solution was small.
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Figure 2. Effect of flow rate of sample solution

3.4. Sample volume effect

Sample volume effect was investigated to
determine a suitable and applicable sample
volume. For this purpose, 50, 100, 250, 500, 750
and 1000 mL of the model solutions containing 10
ng of Cr(VI) were prepared by applying general
procedure given above. The percent recovery of
Cr(VI) quantitatively increased up to 100% when
the sample volume was about 500 mL. The percent
recovery of Cr(VI1) ion decreased to 85% when 750
mL or higher sample volume was used. The
enrichment factor (EF) of Cr(VI) ion was found as
100 (500 mL of sample/5 mL of eluent). This
result showed that Cr(VI) could be pre-
concentrated from sample solutions at low
concentration (0.020 mg/L) and determined by
using FAAS.

3.5. Analytical features

Analytical features such as limits of detection
(LOD) and quantification (LOQ), precision and
linear working range were calculated for Cr(V1) at
optimum conditions obtained. For the precision of
method, a general procedure was carried out using
50 mL solution containing 10 pg Cr(VI) and 10 pg
Cr(I1l) and concentration of Cr(VI) ion was
determined by using FAAS after pre-
concentration. The average values of recoveries
obtained from eight determinations for Cr(VI) was
about 99 + 1% at 95% confidence level, and the
percent standard deviation of recovery was about
2.0%. The 50 mL solution containing only 10 pg
Cr(ll) was first oxidized to Cr(VI) using
procedure and pre-concentration /elution cycle
was applied. The eluent solution was analyzed as
Cr(VI) and 100 £+ 1% recovery for Cr(VI) was
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obtained from eight determinations of Cr(I11) with
standard deviation of recovery about 1.4%. The
Linear working range for Cr determination was
0.04 - 5 mg/L using direct calibration graphic
method. Calibration equation obtained was A =
0.07177xC+0.00069, where C is Cr concentration
(in mg/L) and A is absorbance. The 50 mL blank
solution was passed through the column at pH 6.0
to determine the instrumental detection limit and
the retained Cr(VI) was eluted using 50 mL of
eluent solution containing 1 mol/L HCI + 0.1
mol/L ascorbic acid solution. The ratio of three
times the standard deviation of the blank
absorbance readings (N = 17) to the slope of the
calibration curve (LODi = 3s/m) vyielded the
instrumental  detection limit, which  was
determined to be 11.3 ug L for Cr(V1). Analytical
detection limit was obtained as 0.113 pg/L by
dividing the instrumental detection limit to
enrichment factor (100) (Sahayam, 2002). The
instrumental limit of quantification (LOQ =
10s/m) was calculated as 37.5 pg/L and the
analytical limit of quantification was calculated as
0.38 pg/L.

3.6. Matrix effect

Matrix effect of foreign metal ions in real samples
such as waters for the retention of Cr(VI) on
Amberlite IRA 900 resin was also studied. For this
purpose, solutions containing Fe(lll), Cu(ll),
Zn(11), Cd(I1), Mn(11), Ni(ll), Na(l), K(I), Ca(ll)
and Mg(ll) ions at different concentrations were
prepared from nitrate salts. Appropriate
concentrations of foreign ions were separately
added to 50 mL - volumetric flask containing 10
ug of Cr(VI) and total volume was diluted to 50
mL. Means of recovery values of Cr(VI) in
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different concentrations of foreign ions were given
in Table 2. As seen in Table 2, after applying
proposed method, Cr(VI) was determined
quantitatively (about 100 %) in presence of 250
mg/L of K, 50 mg/L of Na, 25 mg/L of Ca and Mg
and 5 mg/L of Cd. In presence of other ions,
percent recovery of Cr(VI) decreased seriously.
The reason of this decrease could be the formation
of metal-chromate aqueous complexes such as

NaCrOg, FeCrO4*, CaCrOs, NiCrOs, ZnCrOs4 and
MnCrO4 (Tungeli et al., 2013). The interferences
of these ions were prevented by masking them
with the addition of sodium fluoride (NaF) and
ethylenediamine tetra acetic acid (EDTA) mixture
solutions (Table 2). The results showed that Cr(V1)
could be determined from water samples by using
this proposed method.

Table 2. The concentration effects of some foreign ions on the recovery of Cr(VI)

Foreign ions Concentration (mg/L) Recovery? (%) Recovery®® (%)
K* 250 104 +3 -
500 83+3 -
Na* 5 100 +2 -
50 95+4 -
100 85+3 -
Mg?* 25 101+5 -
100 87 +2 -
Ca? 25 101 +5 -
50 92 +4 -
Cd?* 5 96+4 -
50 82+3
Zn?* 5 91+4 101 +£2
25 80+ 1 103+ 1
50 - 102 £2
Mn?* 25 87+3 96 +2
100 53+£2 82+3
Cu®* 1 86+3 99+2
5 - 102 +3
50 - 97+4
Fe3* 1 821 101 +3
2 - 100 +5
5 - 65+1
Ni2 1 83+3 104£5

@Mean =+ standard deviation for five determination

b By masking agent (2.0 mL of 0.01 mol/L EDTA and 0.1 mol/L NaF)

3.7. Column reusability, accuracy and
application of the method proposed

The reusability of the column containing
Amberlite IRA 900 resin was investigated. After
regeneration with 10 mL of 1 mol/L HCI solution
and water, respectively, a column can be used
again. For approximately 25 cycles of adsorption,
elution, and regeneration, the resin remained stable
with no discernible decrease in Cr(VI) ion
recovery.
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The chromium-containing standard reference
material (CWW-TM-D Waste Water) was
examined to assess the precision of the suggested
technique and is provided in Table 3. Table 3
illustrates that the results showed a good
agreement with the certified value, with a percent
relative error of less than 4%. The suggested
technique was used to measure the chromium
content of the dam and tap waters.
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Table 3. Determination of chromium in real samples (Volume of water sample: 50 mL)

Added (mg/L) Found (mg/L)? Certified | Relative error
Sample Cr(VI) | Cr(ll) | Cr(VI) Cr(111) Total (mg/L) for total
Chromium chromium
(%)
CWW-TM-D | - - 98.5+1.2 - 98.5+1.2 100+ 1 -1.5
Waste Water
Tap Water - - <LOQ <LOQ <LOQ -
(Ankara) 0.200 - 0.193+0.020 | - 0.193+0.020 -3.5
0.400 - 0.394+0.035 | - 0.394+0.035 -15
- 0.200 - 0.201+0.022 | 0.201+0.022 +0.5
- 0.400 - 0.398+0.038 | 0.398+0.038 -0.5
0.100 0.200 0.101+£0.020 | 0.203+0.025 | 0.311+0.032 +3.7
0.200 0.200 0.198+0.028 | 0.199+0.030 | 0.399+0.041 -0.25
Dam Water - - <LOQ <LOQ <LOQ -
(Cubuk 0.200 - 0.196+0.016 | - 0.196+0.016 -2.0
Ankara) 0.400 - 0.386+0.028 | - 0.386+0.028 -3.5
- 0.200 - 0.199+£0.015 | 0.199+0.015 -0.5
- 0.400 - 0.402+0.030 | 0.402+0.030 +0.5
0.100 0.200 0.098+0.009 | 0.202+0.014 | 0.309+0.017 +3.0
0.200 0.200 0.198+0.014 | 0.200+£0.016 | 0.401+0.021 +0.25
#Mean of three replicate measurements at 95% confidence level, X = txs/m.
3.8. Effect of initial Cr(VI) concentration on starting concentration of Cr(VI) increases.

amberlite IRA 900 resin

A batch approach was employed at pH 6 with four
distinct initial  Cr(VI) concentrations at
temperatures (298 K, 308 K, 318 K, and 328 K) in
order to ascertain the impact of the initial Cr(\V1)
concentration on the adsorption capacity of
Amberlite IRA 900. Figure 3 showed the outcomes
derived from the mean of three duplicate
measurements. Up to the necessary equilibrium,
the adsorption capacity of the resin increases as the

320
280
240
200
160
120
80
40 r
0 L

q. (mg/g)

Because the initial concentration of a metal acts as
a catalyst to reduce the resistance to mass transfer
between the solid phase and aqueous solution. As
demonstrated in Figure 3, the adsorption
equilibrium capacity grew until it reached 300
mg/L at which point it stabilized as the
temperature rose. For the purpose of determining
the adsorption kinetics, the equilibrium
concentration of Cr(VI) was therefore determined
to be 300 mg/L.

0 200

400
C, (mg/L)

600 800

Figure 3. The effect of initial concentration of Cr(\V1) on adsorption at different temperatures (Sample
volume: 50 mL, pH: 6)
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3.9. Adsorption isotherm models

Adsorption isotherm models were used to explain
the relationship of metal ions between in aqueous
solution and in solid-phase at equilibrium. The
Langmuir, Freundlich, and Dubinin-Radushkevich
isotherm models were each used independently for
this purpose.

For the adsorption of metal ions from aqueous
solutions, the Langmuir adsorption isotherm
model was frequently employed. A Dbasic
assumption of the Langmuir theory is that the
adsorption of a metal can be increased until the
saturated monolayer adsorption is reached Tungeli
and Tirker, 2002).

Ce/qe (g/L)

y=0.0033x + 0.0532
R*=0.9838

The linearized Langmuir isotherm model for the
saturated monolayer side was given in Eqgn. (2).

Ceq
dm

Ceq 1
K1.qm

)

deq

where, Ceq is equilibrium concentration of metal
ion (mg/L), Qeq is amount of metal ion adsorbed
(mg/g) at equilibrium experimentally, gqm is
monolayer adsorption capacity of adsorbent
(mg/g) and Ky is the Langmuir adsorption constant
(L/mg) related to free energy of adsorption. A plot
Of Ceg/Qeq Versus Ceq Was depicted in Figure 4. As
seen in Figure 4, the slope and the intercept of the
calibration graphic were 1/gm and 1/(KL gm),
respectively.

200

300

Ce (mg/L)

Figure 4. The linearized Langmuir isotherm model at 298 K (pH: 6)

For active sites with varying energies and
heterogeneous adsorption, the Freundlich isotherm
model may be applied (Zarghami et al., 2016). The
Linearized Freundlich model was given in Eqn.

(3).

log qeq = log Kp + %log Ceq (3)

where, Kr is a constant related to the adsorption
capacity and 1/n is an empirical parameter related
to the adsorption intensity which varies with the
heterogeneity of adsorbent. A plot of loggeq Versus
Ceq Was indicated as a straight line with slope 1/n
and intercept Kr of the calibration graphic,
respectively. The parameters obtained from the
Langmuir and Freundlich isotherm models were
given in Table 4. As seen in Table 4, experimental
adsorption capacities (Qeq,exp) at each temperature
were nearly the same with the theoretical
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adsorption capacities (Qgm.ca) Obtained from the
Langmuir adsorption model. The correlation
coefficients (R?) obtained from the Langmuir
adsorption model were more acceptable than the
Freundlich adsorption model at different
temperatures. Because of these, the Langmuir
adsorption model was preferred. In addition, the
isotherm model's form was utilized to forecast the
favorable or unfavorable adsorption system.
Equation (4) defined the equilibrium parameter
RL, which was used to describe the Langmuir
isotherm model.

1

RL =
1+K1,Co

(4)

where KL is the previously mentioned Langmuir
constant and C, is the initial Cr(VI) ion
concentration (mg/L). Four probabilities are
utilized to determine the RL value: (i)
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advantageous adsorption, defined as 0<RL<1, (ii)
unfavorable adsorption, defined as RL>1, (iii)
linear adsorption, defined as RL=1, and (iv)
irreversible adsorption, defined as RL = 0. For
every starting concentration (10-800 mg/L) at
every temperature, the computed RL values
ranged from 0 to 1. It was demonstrated that
Cr(VI) ion adsorption on Amberlite IRA 900 was
advantageous at all temperatures.

The Dubinin-Radushkevich (D - R) isotherm
model was fitted to the experimental equilibrium
data (qeq) in order to identify whether the
adsorption process was physical or chemical [24].
Equation (5) provided an explanation of the
linearized D-R isotherm model.

In Qeq = Ingy, — BSZ (5)

where, geq iS amount of metal ion adsorbed per
weight of adsorbent (mol/g), gm is maximum
adsorption capacity (mol/g), g is activity
coefficient (mol?/J?) related to the adsorption mean

free energy and ¢ is the Polanyi potential [e =
RTIn(1 +Ci)]. Difference in free energy
eq

between the adsorbed phase and the saturated
liquid phase was referred to as adsorption potential
which was first put forward by the Polanyi and
developed by the Dubinin [40]. Free energy E
(J/mol) was given by Equation (6).

1

b= = ©)

A plot of Ingeq versus e2 was depicted in Figure 5.
As seen in Figure 5, the slope of D-R plot was
given as f constant and gqm values were calculated
from the intercept. The E value explains that
adsorption mechanism is the physical or chemical
ion-exchange. If E is between 8 and 16 kJ/mol, the
adsorption process is chemical ion exchange.
When E is less than 8 kJ/mol, adsorption process
is explained as physical ion exchange [28]. Mean
adsorption energy (E) at each temperature was
calculated and given in Table 4. As seen in Table
4, adsorption process was chemical ion exchange.

—3 T T T T T T T T 1
200 400 600 800 1000 1200 1400 1600 1800
4 F
@ y =-0.0016x-5.0406
s -5
R2=0.9781
=
6 F
., R
8L

€2 (kJ*/moP)

Figure 5. Linearized D-R isotherm at 298 K

Table 4. Parameters obtained from Langmuir, Freundlich and D-R isotherms

Temperature Qeexp | Langmuir Freundlich D-R

(K) (mg/g) Qm,cal KL R? Kr n R? E qm R?
(mg/g) | (L/mg) (kd/mol) | (mg/g)

298 305 303 |0.062 0.9838 | 87.5 | 4.86 | 0.9804 17.68 336 0.9781

308 295 294 10.059 0.9835 | 73.2 | 4.27 | 0.9566 16.22 371 0.9767

318 267 263 | 0.062 0.9874 | 65.8 | 4.27 | 0.9358 16.22 345 0.9722

328 239 238 ]0.075 0.9946 |60.3 | 4.230.9392 16.66 324 0.9748
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3.10. Chi-square (X?) analysis

The Chi-square (X?) analysis was used to explain
a suitable isotherm model for the adsorption of Cr
(VI) ions on Amberlite IRA 900 resin from
aqueous solutions (Tungeli et al, 2022; Mustapha
et al., 2019; Karthik and Meenakshi, 2015).
Mathematical explanation of the X? analysis was
given by equation (7):
XZ — (Ge— qm)?
dm

n
i=1

(7)
where, ge and gm are the experimental equilibrium
(Qe, exp) and theoretical equilibrium adsorption
capacities (qm, cal) calculated from models (mg/g),
respectively. Asseen in Table 4, the ge exp and gmcal
values were close to each other for Langmuir
isotherm model at 298, 308, 318 and 328 K and X2
values were near to zero. When the correlation
coefficients (R?) obtained from isotherm models
for Cr (V1) were compared, R? values found from
the Langmuir model were about 1.0 and higher
than the R? values from other isotherm models.
Therefore, the Langmuir isotherm model was
suitable for adsorption process proposed.

3.11. Contact time and temperature

Contact time and temperature for adsorption of
Cr(VI) ions are suitable for adsorbents in
applications. Adsorption rate may be related to
form and structure of adsorbent [29, 43 - 47].
Effects of contact time and temperature on
adsorption of Cr(VI) on resin were studied to
obtain the optimum contact time and temperature
for adsorption process. The means of three
replicate measurements with standard deviation
(less than 3%) were obtained. The contact times
for the absorption of Cr(VI) on resin at 298, 308,
318 and 328 K were shown in Figure 6. As seen in
Figure 6, absorption of Cr(V1) increased faster by
increasing the contact time up to 15 min and
slowly increased up to 90 min and after then, it was
almost constant. Optimum contact time of Cr(VI)
was about 90 min. When temperature of
adsorption process was increased from 298 K to
328 K, the adsorption of Cr(V1) decreased slowly.
These results were explained that the adsorption of
Cr(VI) on the resin was exothermic. Therefore,
298 K was found to be the ideal temperature
(Tungeli et al., 2022; Karthik and Meenakshi,
2015; Wang et al., 2016; Xiong et al., 2015).

210 °
180 | —3
< 150 |
én 120 | ——298 K
= 90 ——308 K
= — 318K
60 ——328K
30 1
0 1 1 1 1 1 1 1 J
0 15 30 45 60 75 90 105 120
Time (min)

Figure 6. Effect of contact time and temperature for adsorption of Cr(VI) on Amberlite IRA 900 resin at

3.12. Adsorption kinetics

50 mL of 300 mg/L Cr(VI1) ion solutions, including
0.05 g of resin, were agitated at predetermined
intervals (15, 30, 45, 60, 90, and 120 min) at a
fixed speed of 150 rpm in order to ascertain the
adsorption kinetics of Cr(VI) on Amberlite IRA
900. The experimental data was subjected to
linearized variants of the pseudo-first order,
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pH 6.0.

pseudo-second order, and second order kinetic
models developed by Lagergren (Tungeli et al.,
2013; Aksu, 2002). The following equations (8, 9,
10) provided models:

Pseudo first order:
109(0eq — t) = 109 Qeq -

(8)

kq
2.303
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Pseudo second order:
t 1

1
i k2q5q+ a)t )
Second order:
1 - 1
(Qeq_ Qt) - deq + ket (10)

where, geq and g: (mg/g) are metal ions adsorbed
by adsorbent at equilibrium and at time t (min),
respectively. The ki is rate constant of pseudo-first
order kinetic model (1/min). The k2 is rate constant
of pseudo second order kinetic model (g/(mg min))
and k is rate constant of second order kinetic model

(9/(mg min)).
Table 5. Lagergren parameters for kinetics

The adsorption rate constants were determined
experimentally by plotting of log (geq-q), t/gt and
1/(qeq—0t) Versus t, respectively and Kinetic
parameters obtained were given in Table 5. The
plot of t/qt versus t was depicted in Figure 7 as an
example. It was clear from the results given in
Table 5 that the adsorption of Cr(VI) on Amberlite
IRA 900 resin was suitable for the pseudo-second
order kinetic, because its R? values (0.9961-
0.9981) found at different temperatures were
higher than R? values of pseudo-first order kinetic
(0.8512 - 0.9095) and R? values of the second
order kinetic (0.6016 - 0.9118) found.

Temperature | Puseudo first order Puseudo second order Second order
(K) Qe ki R? Qe [ R? Qe k R?
(mg/g) |(1/min) (mg/g) | g/(min mg) (mg/g) | g/(min mg)
298 172.8 | 0.053 |0.9095| 208.3 | 1.14x10° | 0.9987 | 5.16 0.0123 |0.8366
308 170.4 | 0.059 |0.9091 | 200.0 | 1.40x10° | 0.9973 | 2.24 0.0213 ]0.6016
318 93.2 | 0.035]0.8673| 192.3 | 1.70x10° | 0.9981 | 107.5 0.0200 ]0.9118
328 87.3 | 0.035]0.8512| 185.2 | 1.83x10° | 0.9979 | 6.21 0.0024 10.8359
0.6
Ei
= 04 y = 0.0048x +0.0125
Fi R2=0.9987
02
0‘0 1 1 1 1 1 J
0 20 40 60 80 100 120
t (min)
Figure 7. Lagergren Puseudo second order rate kinetic for Cr(\V1) absorption.
3.13. Adsorption thermodynamics where, Cadeq and Ceq are equilibrium

Metal ions in solution — Metal ions on adsorbent
is one way to explain the adsorption-desorption
process of metal ions on adsorbent at equilibrium.

Equation (11) explains the apparent equilibrium
constant (K/ of the adsorption reaction dependent
on concentration.

C

’ ad.eq

KC — C_
eq

11)
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concentrations of metal ions on adsorbent and in
solution, respectively. Apparent equilibrium
constant values (K,) were calculated according to
Equation (11) at different initial concentrations of
Cr(VI) to obtain thermodynamic equilibrium
constant (K?). K, versus concentration of Cr(V1)
in the solution (Ceq) at each temperature was
plotted. Obtained-line was extrapolated to zero for
infinite dilution and thermodynamic equilibrium
constants (K2) were obtained at 298, 308, 318 and
328 K [48].
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The thermodynamic parameters (AG°, AH® and
AS®) were calculated with the Equations (12) and
(13).

AG® = —RTInK? = AH® - TAS® (12)
o _ AS° _AH®
InK? = T (13)

where, R is gas constant (8.314 J/mol) and T is
temperature (K). AG® indicates the spontaneity of
chemical reaction. The AG® values for adsorption
of Cr(VI) on Amberlite IRA900 resin were
calculated according to Equation 12 and the results
were given in Table 6. As seen in Table 6, all AG®
values found were negative. Negative values of
AG® indicated that the adsorption of Cr(VI) on
resin was feasible and spontaneous at four
different temperatures.

The plot of In K2 values versus 1/T according to
Equation 13 was depicted in Figure 8. Enthalpy
and entropy changes were determined from slope
and intercept, respectively. The AH® and AS°

values obtained were given in Table 6. As seen in
Table 6, negative value of enthalpy change (AH®)
showed that adsorption of Cr(\VI) on resin was
exothermic. The negative value of entropy change
(AS®) indicated that regularity at solid/liquid
interface was increased during adsorption of
Cr(VI) on Amberlite IRA 900 resin.

After determining kinetics of ion exchange
reaction related to the adsorption of Cr(VI) ion on
the resin as pseudo-second-order, the activation
energy (Ea in J/mol) was calculated using
Equation (14).

Egi 1
Ink--(K);HnA (14)
Plotting the rate constant values versus 1/T for
Cr(V1) at four distinct temperatures (298 K, 308 K,
318 K, and 328 K) was done using pseudo second
order kinetics. The results are shown in Figure 9.
Activation energy of Cr(VI1) ion was obtained from

the slope of straight line according to Equation
(14) and was given as 13.12 kJ/mol in Table 6.

1.50
*
y=0.5502x-0.3833
1.42 | R?*=0.9896
X
=
1.34
1.26 1 1 1 1 1 1 L J

3.00 3.05 3.10 3.15

3.20 3.25 3.30 3.35 3.40

/T x 103 (1/K)

Figure 8. Determination of enthalpy any entropy

Table 6. Thermodynamic parameters for adsorption of Cr(\VI) on Amberlite IRA 900 resin

36 K° AG° AH° AS° Ea

c (kJ/mol) (kJ/mol) J/(mol/K) (kJ/mol)
298 4.3570 -3.65 -4.57 -3.19 13.12
308 4.0295 -3.57
318 3.8373 -3.56
328 3.6632 -3.54

67




21. Yiizyilda Fen ve Teknik Dergisi 2024, 11(22), 55-71

3.40

_6¢2 T T T T T 1 L}
3o 3. 310 315 320 325 330 335
L 2

64
4 y=-1.5775x - 1.4595
= R2=0.9811
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4. CONCLUSION

Amberlite IRA 900 resin as a solid-phase extractor
provides a simple, selective, accurate, economic,
rapid and precise for separation of Cr(lIl) and
Cr(V1) ions and for the determination of Cr(VI).
The Langmuir model is better in application than
the Freundlich adsorption isotherm model. Mono
layer adsorption capacity of Amberlite IRA 900
for Cr(VI) was found as 305 mg/g at 298 K. From
D - R model, Cr(VI) adsorption on the resin was
found to be a chemical ion exchange process. The
Kinetic data revealed that adsorption of Cr(V1) ion
on resin followed by pseudo second order Kinetic.
Negative values of AG° support spontaneous and
favorable adsorption of Cr(VI) ion and negative
value of AH° shows exothermic nature of
adsorption. Negative value of AS® indicated that
randomness had decreased at solid liquid interface.

ACKNOWLEDGEMENTS
The laboratory investigations were supported by
Gazi University, which the authors acknowledge.

CONFLICTS OF INTEREST
The authors disclosed no conflicts of interest.
REFERENCES

Aksu, Z., (2002). “Determination of the
equilibrium, kinetic and thermodynamic
parameters of the batch biosorption of
nickel(I) ions onto Chlorella wvulgaris”,

Process Biochemistry, 38: 89 — 99,

1/Tx10°3 (1/K)
Figure 9. Determination of activation energy for adsorption of Cr(VI) on the adsorbent.

68

Aydin, F.A., Soylak, M., (2009). “Thulium
hydroxide: A new coprecipitant for
speciation of chromium in natural water
samples”, J. Hazard. Mater., 162: 1228—
1232,

Bahadir, Z., Bulut, V.N., Hidalgo, M., Soylak, M.,
Margui, E., (2016). “Cr speciation in water
samples by dispersive liquid-liquid micro
extraction combined with total reflection X-

ray fluorescence spectrometry”,
Spectrochim Acta Part B, 115: 46-51

Ball, J.W., McCleskey, R.B., (2003). “A new
cation-exchance method for accurate field
speciation of hexavalent chromium”,
Talanta, 61: 305-313,

Béni, A., Karosi, R., Posta, J., (2007). “Speciation
of hexavalent chromium in waters by liquid-
liquid extraction and GFAAS
determination”, Microchem. J., 85: 103—-108

Berbar, Y., Amara, M., & Kerdjoudj, H. (2008).
Anion exchange resin applied to a separation
between nitrate and chloride ions in the
presence of aqueous soluble polyelectrolyte.
Desalination, 223(1-3), 238-242.

Bobrowski, A., Bas, B., Dominik, J., Niewiara, E.,
Szalinska, E., Vignati, D., Zarebski, J.,
(2004). “Chromium speciation study in
polluted waters using catalytic adsorptive
stripping voltammetry and tangential flow
filtration”, Talanta, 63: 1003-1012,



21. Yiizyilda Fen ve Teknik Dergisi 2024, 11(22), 55-71

Cavoca, S.A., Fernandes, S., Augusto, C.M.,,
Quina, M.J., Gando-Ferreira, L.M., (2009).
“Evaluation of chelating ion-exchange
resins for separating Cr(I11) from industrial
effluents”, J. Hazard. Mater., 169: 516-523,

Chamjangali, M.A., Goudarzi, N., Mirheidari, M.,
Bahramian, B. (2011). “Sequential eluent
injection technique as a new approach for the
on-line enrichment and speciation of Cr(l11)
and Cr(VI) species on a single column with
FAAS detection”, J. Hazard. Mater., 192:
813-821,

Chwastowska, J., Skwara, W., Sterlinska, E.,
Pszonicki, L., (2005).  “Speciation of
chromium in mineral waters and salinas by
solid-phase extraction and graphite furnace
atomic absorption spectrometry”, Talanta,
66: 1345 — 1349

Deng, S., Wang, P., Zhang. G., Dou, Y., (2016).
“Polyacrylonitrile-based fiber modified with
thiosemicarbazide by microwave irradiation
and its adsorption behavior for Cd(Il) and
Pb(Il)”, J. Hazard. Mater., 307: 6472,

El-Shahawi, M.S., Hassan, S.S.M., Othman, A.M.,
El-Sonbati, M.A., (2008).  “Retention
profile and subsequent chemical speciation
of chromium (I11) and (VI) in industrial
wastewater samples employing some onium
cations loaded polyurethane foams”,
Microchemical J. 89: 13-19,

Esfandian, H., Ghanbari Pakdehi, S., Cattallany,
M., (2020). “Development of a novel
method for sodium azide removal from
aqueous solution using amberlite IRA-900:
batch and column adsorption studies”,
Desalination and Water Treatment, 193:
381-391,

Gu, Y., Zhu, X., (2011). “Speciation of Cr(III) and
Cr(VI) ions wusing a p-cyclodextrin-
crosslinked polymer micro-column and
graphite  furnace  atomic  absorption
spectrometry”, Microchim. Acta, 173: 433 —
438

Hasayn, S.M., Saeed, M.M., Ahmed, M., (2002).
“Sorption and thermodynamic behavior of

69

zinc(I)-thioctnate complexes onto
polyurethane foam from acidic solutions. J.
Radioanal. Nucl. Chem., 252(3): 477-484,

Hashemi, P., Boroumand, J., Fat’hi, M.R., (2004).
“A dual column system using agrose-based
adsorbents  for  preconcentration and
speciation of chromium in water”, Talanta,
64: 578-583,

Hassanien, M.M., Kenawy, |.M., EI-Menshawy,
AM., El-Asmy, A.A., (2008). “A novel
method for speciation of Cr(111) and Cr(VI)
and individual determination using Duolite
C20 modified with active hydrazine”, J.
Hazard. Mater., 158: 170-176

Hosseini, M.S., Belador, F., (2009).
“Cr(II)/Cr(VI) speciation determination of
chromium in water samples by luminescence

quenching of quercetin”, J. Hazard. Mater.,
165: 1062-1067,

Jachuta, J., Hubicki, Z. (2013). “Removal of
Cr(VI) and As(V) ions from aqueous
solutions by polyacrylate and polystyrene

anion exchange resins”, Appl. Water Sci., 3:
653 — 664,

Kalidhasan, S., Rajesh, N., (2009). “Simple and
selective extraction process for chromium

(VD 1in industrial wastewater”, J. Hazard.
Mater., 170: 1079-1085,

Karthik, R., Meenakshi, S., (2015). “Synthesis,
characterization and Cr(VI) uptake study of

polyaniline coated chitin”, Intern. J. Biolog.
Macromolec., 72: 235-242,

Kendiizler, E., Yalginkaya, O., Baytak, S., Tiirker,
A.R., (2007). “Application of full factorial
design for the preconcentration of chromium
by solid phase extraction with Amberlyst 36
resin”, Microchim. Acta, 160; 389395,

Kiran, K., Kumar, K.S., Prasad, B., Suvardhan, K.,
Babu, L.R., Janardhanam, K., (2008).
“Speciation determination of chromium (III)
and (V1) using preconcentration cloud point
extraction with flame atomic absorption
spectrometry (FAAS)”, J. Hazard. Mater.,
150: 582-586,



21. Yiizyilda Fen ve Teknik Dergisi 2024, 11(22), 55-71

Li, G., Zhang, A., Qi, X,, Yan, G., Zhi, G., (2023).
“Arsenic removal from aqueous solution by

chitosan loaded with Al/Ti elements”, Sep.
Sci. Technol., 58(13): 2298-2306,

Liang, P., Shi, T., Lu, H., Jiang, Z., Hu, B., (2003).
“Speciation of Cr(Ill) and Cr(VI) by
nanometer titanium dioxide micro-column
and inductively coupled plasma atomic
emission spectrometry”, Spectrochim. Acta
Part B, 58: 1709 — 1714

Mariano Alegre, D.C., Dos Santos, P.M., De
Oliveira, P.C., Tarley, C.R.T., Barros,
W.R.P., Corazza, M.Z., (2021). “Simple and
efficient method for the determination of
Cr(VI) ions in water samples using m-
MWCNT@APTMS through dispersive
magnetic solid phase extraction”, Intern. J.
Environ. Anal. Chem., 103(8), 1-19,

Mohan, D., Pittman Jr, C.U., (2006). “Activated
carbons and low cost adsorbents for
remediation of tri- and hexavalent chromium
from water”, J. Hazard. Mater., 137: 762—
811,

Motomizu, S., Jitmanee, K., Oshima, M., (2003).
“On-line collection/concentration of trace
metals for spectroscopic detection via use of
small-sized thin solid phase (STSP) column
resin reactors. Application to speciation of
Cr(IIT) and Cr(VI)”, Anal. Chim. Acta, 499:

149 — 155,

Mustapha, S., Shuaib, D.T., Ndamitso
Etsuyankpa, M.M., Sumaila, M.B., (2019).
“Adsorption  isotherm,  kinetic  and

thermodynamic studies for the removal of
Pb(I1), Cd(I1), Zn(I1) and Cu(ll) ions from
aqueous solutions using Albizia lebbeck
pods”, Applied Water Science, 9(6): 142.,

Narin, L., Kars, A., Soylak, M., (2008). “A novel
solid phase extraction procedure on
Amberlite XAD-1180 for speciation of
Cr(ll1), Cr(VIl) and total chromium in
environmental and pharmaceutical
samples”, J. Hazard. Mater., 150: 453-458,

70

Pomeroy, S. L., Tamayo, P., Gaasenbeek, M.,
Sturla, L. M., Angelo, M.
(2002).,“Prediction of central nervous
system embryonal tumor outcome based on
gene expression”, Letter to Nature, 436-442,

Sadeghi, S., Moghaddam, A.Z., (2016). “Multiple
response  optimization of  sequential
speciation of chromium in water samples by
in situ solvent formation dispersive liquid—

liquid microextraction prior to
electrothermal atomic absorption
spectrometry determination”, J. Iranian

Chem. Soc., 13: 117-130

Sahayam, A.C., (2002). “Speciation of Cr(III) and
Cr(VI) in potable water by using activated
neutral alumina as collector and ET-AAS for
determination”, Anal. Bioanal. Chem., 372:

840-842

A., Tizen, M., (2009). “Kinetic and
equilibrium studies of biosorption of Pb(Il)
and Cd(ll) from aqueous solution by

Sari,

macrofungus (Amanita rubescens)
biomass™, J. Hazard. Mater., 164: 1004—
1011,

Sumida, T., Ikenoue, T., Hamada, K., Sabarudin,
A., Oshima, M., Motomizu, S., (2005). “On-
line preconcentration wusing dual mini-
columns for the speciation of chromium(lIl)
and chromium(VI) and its application to
water samples as studied by inductively
coupled plasma-atomic emission
spectrometry”, Talanta, 68: 388 — 393

Tan, L.C., Calix, E.M., Rene, E.R., Nancharaiah,
Y.V., Van Hullebusch, E.D., Lens, P.N.L.,
(2018). “Amberlite IRA-900 lon Exchange
Resin for the Sorption of Selenate and
Sulfate:  Equilibrium,  Kinetic, and
Regeneration Studies”, J. Environ. Eng.,
144(11): 04018110

Tungeli, A., Tiirker, A.R., (2002). “Speciation of
Cr(lll) and Cr(VI) in water after
preconcentration of its 1,5-
diphenylcarbazone complex on amberlite
XAD-16 resin and determination by FAAS”,
Talanta, 57: 1199-1204,



21. Yiizyilda Fen ve Teknik Dergisi 2024, 11(22), 55-71

Tungeli, A., Ulas, A., Acar, O., Tiirker, A.R.,
(2022). “Adsorption isotherms, kinetic and
thermodynamic studies on cadmium and
lead ions from water solutions using
Amberlyst 15 resin”, Turk J. Chem., 46:
193-205,

Tungeli, A., Yal¢inkaya, O., Tiirker, A.R., (2013).
“Solid phase extraction of Pb(Il) in water
samples on Amberlite 36 and determination
of the  equilibrium, Kkinetic and
thermodynamic ~ parameters  of  the
adsorption. Curr. Anal. Chem., 9(3): 513-
521,

Tirker, A.R., (2007). “New Sorbents for Solid-
Phase Extraction for Metal Enrichment”,
Clean-Soil Air Water, 35: 548 -557,

Tilizen, M., Soylak, M., (2007). “Multiwalled
carbon nanotubes for speciation of
chromium in environmental samples”, J.
Hazard. Mater., 147: 219-225,

Uluozlu, O.D., Tiizen, M., Soylak, M., (2009).
“Speciation and separation of Cr(VI) and
Cr(111) using coprecipitation with Ni2+/2-
Nitroso-1-naphthol-4-sulfonic acid and
determination by FAAS in water and food
samples”, Food Chem. Toxicol., 47: 2601—
2605,

Wang, F., Lu, X,, Yan, L.-X., (2016). “Selective
removals of heavy metals (Pb2+, Cu2+, and
Cd2+) from wastewater by gelation with

alginate for effective metal recovery”, J.
Hazard. Mater., 308: 75-83,

Wang, L.L., Wang, J.Q., Zheng, Z.X., Xiao, P.,
(2010). “Cloud point extraction combined

71

with high-performance liquid
chromatography  for  speciation  of
chromium(ll) and chromium(VI) in
environmental sediment samples”, J.

Hazard. Mater., 177: 114 — 118,

WHO (World Health Organization) (1984).
“Guidelines for Drinking Water Quality:
Health Criteria and Supporting
Information”, World Health Organization,
Vol. 1l Geneva, Switzerland

Xiong, C., Wang, W., Tan, F., Luo, F., Chen, J.,
(2015). “Investigation on the efficiency and
mechanism of Cd(ll) and Pb(Il) removal

from aqueous solutions using MgO
nanoparticles”, J. Hazard. Mater., 299: 664—
674.

Yalcin, S., Apak, R., (2004). “Chromium (III, VI)
speciation analysis with preconcentration on
a maleic acid-functionalized XAD sorbent”,
Anal. Chim. Acta, 505: 25-35

Yang, N., Li, J,, Wang, J., (2007). “Field
speciation of chromium with a sequential
injection lab-on-valve incorporating a
bismuthate immobilized micro-column”,
Talanta, 72: 1710-1716

Zarghami, Z., Akbari, A., Latifi, A.M., Amani,
M.A., (2016). “Design of a new integrated
chitosan-PAMAM dendrimer biosorbent for
heavy metals removing and study of its

adsorption kinetics and thermodynamics”,
Bioresour. Technol. 205: 230-238,



