
T
p

C
a

b

c

a

A
R
R
A
A

K
T
P
C
B
F

1

d
s
p
s
t
i
m
c
t
a
p
i
e
[

0
d

Analytica Chimica Acta 688 (2011) 75–83

Contents lists available at ScienceDirect

Analytica Chimica Acta

journa l homepage: www.e lsev ier .com/ locate /aca

ea-industry waste activated carbon, as a novel adsorbent, for separation,
reconcentration and speciation of chromium

elal Durana,∗, Duygu Ozdesa, Ali Gundogdub, Mustafa Imamogluc, Hasan Basri Senturka

Department of Chemistry, Faculty of Sciences, Karadeniz Technical University, 61080 Trabzon, Turkey
Faculty of Engineering, Food Department of Food Engineering, 29100, Gümüşhane, Turkey
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a b s t r a c t

Activated carbon was produced from tea-industry wastes (TIWAC) and employed as a low cost and effec-
tive solid phase material for the separation, preconcentration and speciation of chromium species without
using a complexing agent, prior to determination by flame atomic absorption spectrometry (FAAS). The
characterization of TIWAC was performed by utilizing several techniques such as Fourier Transform
Infrared (FTIR) Spectroscopy, Scanning Electron Microscopy (SEM), and elemental analysis. The adsorp-
tion experiments were conducted in a batch adsorption technique. Under the experimental conditions,
Cr(VI) adsorption amount was nearly equal to zero, however the adsorption percentage of Cr(III) was in
the range of 95–100%. Therefore total chromium was determined after the reduction of Cr(VI) to Cr(III)
and Cr(VI) was calculated by subtracting Cr(III) concentration from total chromium concentration. The
suitable conditions for adsorption and speciation processes were evaluated in terms of pH, eluent type
and volume, TIWAC concentration, adsorption and desorption contact time, etc. Adsorption capacity of

−1 −1
TIWAC was found to be 61.0 mg g . The detection limit for Cr(III) was found to be 0.27 �g L and the
preconcentration factor was 50 for 200 mL of sample volume. The procedure was applied to the determi-
nation and speciation of chromium in stream, tap and sea water. Also, the proposed method was applied
to total chromium preconcentration in microwave digested tobacco and dried eggplant samples with sat-
isfactory results. The method was validated by analyzing certified reference materials (CRM-TMDW-500

-SA-C
Drinking Water and CRM
values.

. Introduction

Chromium is a prevalent and highly reactive pollutant which
issipates into the ecosystems from a variety of industrial activities
uch as electroplating, leather tanning, mining, textile dyeing, wood
reserving, chromate preparation, and metal finishing [1]. The most
table and common forms of chromium in the environment are
rivalent and hexavalent species. The hexavalent chromium, which
s primarily present in the form of chromate (CrO4

2−) and dichro-
ate (Cr2O7

2−), is more toxic to living organisms than trivalent
hromium due to its high oxidation potential and diffusability
hrough cell membranes [2]. Hexavalent chromium is considered
s a powerful carcinogenic agent that modifies DNA transcription

rocess causing important chromosomic aberrations. Furthermore,

t causes cancer in the digestive tract and lungs and may cause
pigastric pain, nausea, vomiting, severe diarrhea and hemorrhage
3,4]. However, trivalent chromium often forms soluble hydroxides

∗ Corresponding author. Tel.: +90 462 3774241; fax: +90 462 3253196.
E-mail addresses: cduran@ktu.edu.tr, celalduran@hotmail.com (C. Duran).

003-2670/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.aca.2010.12.029
Sandy Soil C) and the results were in good agreement with the certified

© 2011 Elsevier B.V. All rights reserved.

thus it is relatively immobile and less toxic for biological systems.
According to the World Health Organization (WHO) drinking water
guidelines, the maximum allowable limit for total chromium is
5.0 �g L−1 [5].

The accurate and sensitive determination of the chromium
species is very important in analytical chemistry because the
change of the oxidation state affects the toxicity of heavy met-
als. Various spectrometric techniques such as atomic absorption
spectrometry (AAS), inductively coupled plasma atomic emission
spectrometry (ICP-AES), and inductively coupled plasma mass
spectrometry (ICP-MS) have been widely used for the determina-
tion of chromium. But these techniques can only yield total amount
of chromium. And also due to insufficient sensitivity and matrix
interferences, the direct determination of chromium species in real
samples may not be possible using these techniques [6]. Hence the
chromium speciation procedures are based on the separation and

preconcentration of one of the chromium species (Cr(III) or Cr(VI))
using several techniques such as coprecipitation [7], solid phase
extraction [8], ion-exchange [9], and cloud point extraction [10]
and the total chromium is determined after the reduction of Cr(VI)
or by the oxidation of Cr(III) [11,12].

dx.doi.org/10.1016/j.aca.2010.12.029
http://www.sciencedirect.com/science/journal/00032670
http://www.elsevier.com/locate/aca
mailto:cduran@ktu.edu.tr
mailto:celalduran@hotmail.com
dx.doi.org/10.1016/j.aca.2010.12.029
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Solid phase extraction (SPE) is one of the widely utilized tech-
iques for the separation and preconcentration of metal ions due
o its simplicity, selectivity, flexibility, low cost, safety, ease of
utomation and high preconcentration factor [13]. The adsorption
aterials (sorbents) play an important role in SPE process hence

he current researches in SPE are mainly focused on the develop-
ent of new sorbents. Although there are many chromium sorbents

uch as zeolite, calcite, organo-modified clay minerals, and tita-
ium oxides in literature, activated carbon (AC) is considered as
ne of the most promising sorbents for SPE of metal ions from aque-
us solutions because of their extended surface area, microporous
tructure, high adsorption capacity and high degree of surface reac-
ivity [14]. AC can be prepared from a wide variety of raw materials
uch as rice husks, fruit stones, nuts, nutshells, soybean, and maize,
hich should be abundant and cheap, with high carbon content and

ow inorganic content [15]. There are two different processes for the
reparation of AC; physical and chemical activation. The physical
ctivation method involves the carbonization of raw material fol-
owed by activation at high temperature in carbon dioxide, steam
r water vapor atmosphere [16]. Chemical activation can be carried
ut in a single step by the thermal decomposition of raw materials
ith acidic reagents such as ZnCl2, H3PO4, HCl and H2SO4 or with

asic reagents such as K2CO3, NaOH and Na2CO3 [17].
The present work aims to evaluate the usage of tea-industry

aste as a potential feedstock for AC preparation and then utilize
he produced and characterized TIWAC for the separation, precon-
entration and speciation of chromium species. According to our
iterature knowledge, there is no information related to the utiliza-
ion of TIWAC for the speciation of metal ions. The tea waste used in
he experiments was provided from tea-processing plants located
n Black Sea Region (Trabzon/Turkey). Approximately 150,000 t per
ear (dry basis) of tea is manufactured and 30,000 t per year of tea
aste is produced in Turkey [18]. Thus, the production of AC from

hese abundant wastes and investigation of the potential usage of
hem for metal speciation analysis is an important application from
he view point of economic and environmental aspects.

In present study, after production of TIWAC by H2SO4 activa-
ion, the characterization of it was performed by FTIR; for chemical
tructure and SEM; for surface morphology. And also pore tex-
ure, available surface functional groups, iodine and methylene
lue numbers, pH of point zero charge (pHPZC), elemental com-
ositions were obtained to characterize the TIWAC. Then a novel
atch adsorption system for the separation, preconcentration and
peciation of chromium species, based on the adsorption of Cr(III)
n the TIWAC and desorption of adsorbed Cr(III) species from the
IWAC, has been investigated. There is no need to use a com-
lexing agent for the preconcentration of chromium species so
ontamination risk from a complexing agent is eliminated. The
otal chromium level was determined after converting all the Cr(VI)
o Cr(III). For separation, preconcentration and speciation experi-

ents, the influences of the various analytical parameters such as
ffects of pH, amount of TIWAC, eluent type and volume, contact
ime of Cr(III) adsorption and desorption, and sample volume were
nvestigated. The adsorption kinetics of Cr(III) was also described
n terms of pseudo-first-order, pseudo-second-order, intraparticle
iffusion models and Elovich models. The proposed method was
pplied to the speciation of chromium in several environmental
amples.

. Materials and methods
.1. Apparatus

The specific surface area of TIWAC was determined from the
2 gas adsorption isotherm at 77 K using a Quantachrome Cor-
a Acta 688 (2011) 75–83

poration, Autosorb-1-C/MS model specific surface area analyzer.
The FTIR spectrum of the TIWAC was recorded between 400 and
4000 cm−1 in a Perkin Elmer 1600 FTIR spectrometer. SEM analyses
were applied using JEOL/JSM-6335F apparatus. Elemental analysis
of TIWAC was performed on a LECO, CHNS-932 apparatus. A Uni-
cam model AA-929 Flame Atomic Absorption Spectrometer (FAAS)
(Solar System ATI, Unicam Analytical Technology Inc., England)
was used for the chromium determination in solutions. All mea-
surements were carried out in a N2O/acetylene flame with 5 cm
burner head, and chromium hollow cathode lamp was used. The
instrumental parameters were those recommended by the manu-
facturer. The wavelength, selected for determination of chromium,
was 357.9 nm. For batch adsorption experiments Edmund Bühler
GmbH model mechanical shaker was used. The pH measurements
were made on Hanna pH-211 (HANNA instruments/Romania) dig-
ital pH meter with glass electrode. pH meter was calibrated with
standard buffer solutions. A centrifuge Sigma 3-16P was employed
for the centrifugation of solutions. Milestone Ethos D closed vessel
microwave system (maximum pressure 1450 psi, maximum tem-
perature 300 ◦C) was operated for the digestion of the solid samples.
Distilled/deionized water was obtained from Sartorius Milli-Q sys-
tem (arium® 611UV).

2.2. Reagents and solutions

All the chemicals used were analytical grade of Merck (Darm-
stadt, Germany) and Fluka (Buchs, Switzerland), unless otherwise.
Distilled/deionized water was used for all experiments. All glass-
ware and plastic materials used were soaked in 10% (v/v) nitric
acid solution for 1 day before use then cleaned repeatedly with
distilled/deionized water. For storage of water samples prior
to analysis, polypropylene bottles (5 L) were used. The working
solutions of Cr(III) and Cr(VI) were prepared by diluting stock
solutions of 1000 mg L−1 of them. Standard reference materials,
CRM-TMDW-500 Drinking Water and Sandy Soil standard (CRM-
SA-C), were obtained from High-Purity Standard Inc.

2.3. Preparation of TIWAC

In present study only one type of tea (Camelia sinensis) was used
for the production of activated carbon and it was provided from
tea factories in Blacksea Region of Turkey (Of/Trabzon) in summer,
2007. Then it was cut in to small pieces of 2–3 cm and dried in sun-
light. The dried tea-industry waste was used for AC preparation by
mixing with concentrated H2SO4 (tea-industry waste:H2SO4 ratio;
1:1.5, w/v) and keeping it at 200 ◦C for 24 h. This carbonized mate-
rial was washed with distilled water for several times to remove the
free acid and soaked in 1% sodium bicarbonate solution overnight
to remove any residual acid. This material was then again washed
with distilled water and dried at 105 ◦C in a hot air oven for 24 h. It
was ground and sieved to obtain a particle size of 150 �m [19].

2.4. Determination of Cr(III)

The batch adsorption method was tested firstly for the separa-
tion, preconcentration and speciation of chromium species using
model solutions, prior to application to the speciation procedure to
environmental real samples. For that purpose, 50 mL of an aqueous
solution containing 10 �g of Cr(III) and 2.0 g L−1 of TIWAC sus-
pension was placed in a centrifuge tube. The pH of the solution
was adjusted to 6.0 using either 0.1 M of HNO3 or NaOH solutions.

Then the mixture was agitated on a mechanical shaker at 400 rpm
for 30 min. After reaching equilibrium, the suspension was cen-
trifuged at 3000 rpm for 5 min. The aqueous solution was removed
by decantation and the solid accumulated at the bottom of the tube
was desorbed with 4 mL of 3.0 M HNO3 solution by agitating on a
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than 1 nm) [24]. The pHPZC of any adsorbent is a very important
characteristic that determines the pH at which the surface has net
electrical neutrality [25]. At pH > pHPZC, the surface charge of TIWAC
is negative, whereas pH < pHPZC the surface charge of TIWAC is pos-
C. Duran et al. / Analytica

echanical shaker for 2.0 h. Then the suspension was again cen-
rifuged at 3000 rpm for 5 min and the concentration of dilute phase
as measured for Cr(III) concentration using FAAS.

.5. Determination of total chromium

Total chromium was determined as Cr(III) after reducing Cr(VI)
o Cr(III) by the addition of concentrated H2SO4 and ethanol [20].
or this, 0.5 mL of concentrated H2SO4 and 0.5 mL of ethanol were
dded into a 50 mL of an aqueous solution containing 10 �g of Cr(III)
nd 10 �g of Cr(VI). After cooling to room temperature, the pH of
he solution was adjusted to 6.0. Then the procedure described in
ection 2.4 was applied to this solution for determination of total
hromium. The concentration of Cr(VI) was calculated by subtract-
ng the amount of Cr(III) from the total chromium content.

.6. Application to real samples

The present speciation procedure for Cr(III) and Cr(VI) based on
atch adsorption technique was applied to various environmental
eal samples. The stream water, sea water, and tap water were used
s liquid real samples for speciation of chromium, tobacco and dried
ggplant were used as solid real samples for determination of total
hromium. The method was applied to CRM-TMDW-500 Drinking

ater and CRM-SA-C Sandy Soil C as standard reference materials.
arious amounts of chromium species were also spiked to liquid
eal samples.

Twenty-five milliliters of CRM-TMDW-500 Drinking Water
ere taken to determine the level of total chromium. From the

ther real water samples, 200 mL of sea water (Blacksea, Tra-
zon/Turkey), stream water (Şana Stream, Trabzon/Turkey) and
ap water (Karadeniz Technical University, Trabzon/Turkey) were
ollected in polyethylene bottles. Before the analysis, the water
amples were filtered through 0.45 �m cellulose nitrate membrane
hen the pH values of the liquid samples were adjusted to 6.0.
he appropriate amount of TIWAC was added and the procedure
iven above was applied. The levels of Cr(III) in the samples were
etermined by FAAS. After the reduction of Cr(VI) to Cr(III) by the
ddition of concentrated H2SO4 and ethanol, total chromium levels
n these liquid samples were determined as Cr(III).

The solid samples were digested with a closed microwave diges-
ion system prior to the application of the present method. For that
urpose, 1 g of tobacco, 0.5 g of dried eggplant samples and 0.1 g
f CRM-SA-C Sandy Soil C were weighed into the Teflon vessels,
eparately, with a balance which has uncertainty of 0.1 mg. 6 mL of
NO3, and 2 mL of H2O2 for tobacco and dried eggplant samples,
.5 mL of HCl, 1.5 mL of HNO3, 2 mL of H2O2 and 1 mL of HF for CRM-
A-C Sandy Soil C standard were added into the vessels. Digestion
onditions for the microwave system for the samples were applied
s (45 bar) 6 min for 250 W, 6 min for 400 W, 6 min for 650 W, 6 min
or 250 W, vent: 3 min. Blanks were prepared in the same way as the
ample, but omitting the sample. The preconcentration procedure
iven above was applied to the digested samples.

. Results and discussion

.1. Characterization of TIWAC

The FTIR Spectroscopy was used to obtain idea about the
hemical structure and functional groups of the TIWAC. The FTIR

pectrum of TIWAC is depicted in Fig. 1. The broad bands observed
t 3390, 1708, 1610 and 1048 cm−1 are due to stretching vibrations
f the bonded hydroxyl group (–OH), C O group (due to carboxyl
roup), C–O group (due to –OCH3) and R–OH (alcohol) groups,
espectively [19].
cm-1

Fig. 1. FTIR spectra of TIWAC.

SEM analyses were applied on the H2SO4 activated TIWAC
in order to disclose the surface texture and morphology of the
adsorbent. The TIWAC surface exhibits porous structure and a pre-
dominately microporous character which is responsible of the high
surface area and adsorption capacity of this material (Fig. 2).

The BET surface area (SBET), total pore volume (Vt) and average
pore diameter (Dp) results obtained by applying the BET equation to
N2 adsorption at 77 K and DR equation to N2 adsorption at 77 K are
listed in Table 1. The elemental analysis of TIWAC was performed
and the percentage amount of C, H, N, S and O contents is given in
Table 1. The surface acidic functional groups and all other charac-
terization parameters were determined using standard methods
[21,22] and listed in Table 1. Because of the H2SO4 treatment
increased the quantity of acidic functional groups on TIWAC sur-
face, a high amount of total acidic groups value has been obtained.
The number of acidic functional groups is closely related to the
capacity of TIWAC to adsorb metallic compounds so it can be con-
cluded that TIWAC should have a great affinity for Cr(III) ions [23].
Methylene blue and iodine numbers of TIWAC have been evaluated
because methylene blue is the most recognized probe molecule for
assessing the ability of the sorbent to remove large molecules via
its macroporosity (pore diameter greater than 1.5 nm) and iodine
number gives an indication on microporosity (pore diameter less
Fig. 2. SEM of TIWAC (magnification: 1000 folds).
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Table 1
Characteristics of TIWAC.

Pore structure of TIWAC
SBET (m2 g−1) 45.5
Vt (cm3 g−1) 0.136
Dp (nm) 2.25

Elemental analysis (wt%)
C 56.27
H 3.12
N 3.70
S 1.93
Oa 34.98

Surface functional groups (mmol g−1)
Carboxylic 2.58
Phenolic 1.93
Lactonic 1.42
Total acidic value 5.93

Proximate analyses (wt%)
Moisture 9.13
Volatile matter 51.68
Fixed carbon 33.75
Ashes 5.44
AC yield 84.2

Iodine number (mg g−1) 167.9

i
c
v

3

a
m
o
o
1
a
t
A
3
a
C

A

w
t

a
a
t
b
c
t
a

3

f
n
o
n
s
o

0

20

40

60

80

100

1086420

pH

A
d
so

rp
ti

o
n
 (

%
)

Cr(III)

Cr(VI)

Fig. 3. Effect of pH on the adsorption of chromium species on TIWAC (TIWAC conc.:

3.0 M of HNO3 solution. Thus, 2.0 g L−1 of TIWAC concentration was
used for subsequent experiments.
Methylene Blue number (mg g−1) 39.1
pHPZC 5.25

a By difference.

tive. Because of the pHPZC value of TIWAC was found to be 5.25, the
ationic Cr(III) ions can bind easily to the surface of TIWAC, at a pH
alue of higher than 5.25.

.2. Effect of pH

The pH value of the aqueous solution is an important factor
ffecting the speciation studies based on the batch adsorption
ethod so the influence of pH on the adsorption of Cr(III) and Cr(VI)

nto TIWAC was investigated in the pH range of 1–8 using 50 mL
f model solutions containing 2.0 g L−1 of TIWAC suspension and
00 �g of Cr(III) and Cr(VI), separately. The pH of the solutions was
djusted using 0.1 M of HNO3 and NaOH solutions then the mix-
ures were agitated on a mechanical shaker at 400 rpm for 30 min.
fter reaching equilibrium, the suspensions were centrifuged at
000 rpm for 5 min and the filtrates were analyzed for the Cr(III)
nd Cr(VI) levels by FAAS. The amount of adsorption percentage of
r(III) and Cr(VI) was calculated using following equation;

dsorption (%) = Co − Ce

Co
× 100 (1)

here Co and Ce (mg L−1) are the initial and equilibrium concen-
rations of chromium species in aqueous solution, respectively.

At low pH values Cr(VI) could be adsorbed onto TIWAC but its
dsorption amount was not quantitative. On the other hand the
dsorption percentages of Cr(III) in the pH range of 6–8 were quan-
itative (>95%), while the adsorption percentages of Cr(VI) were
elow 1% (Fig. 3). The results showed that the separation and spe-
iation of Cr(III) and Cr(VI) are possible by the present procedure in
he pH range of 6–8 so all subsequent experiments were performed
t pH 6.0.

.3. Eluent type and volume

An appropriate eluent for effective desorption of metal ions
rom an adsorbent should be cheap, effective, non-polluting and

on-damaging to the adsorbent. For that purpose, dilute solutions
f some mineral acids such as hydrochloric, sulphuric, acetic and
itric acids are widely used. Under acidic conditions the adsorbent
urface is protonated by H3O+ ions to make possible desorption
f positively charged metal ions from the adsorbent surface [26].
2.0 g L−1, quantity of each chromium species: 100 �g, sample volume: 50 mL, contact
time: 30 min).

For that purpose different concentrations of HCl and HNO3 solu-
tions were used to identify the best eluent for the adsorbed Cr(III)
on TIWAC. The results indicated that the HNO3 solutions provided
higher recovery efficiency compared to the HCl solutions (Fig. 4).
Thus 3.0 M of HNO3 solution was specified as the eluent for the
desorption of Cr(III) from TIWAC.

The effects of volume of 3 M HNO3 as eluent were also evaluated
in the volume range of 2–10 mL and quantitative recoveries were
obtained after 4.0 mL of the eluent volume hence the eluent volume
was specified as 4.0 mL for the subsequent studies.

3.4. Effect of TIWAC concentration

The effects of TIWAC concentration on Cr(III) recovery were
studied using 50 mL of an aqueous solution containing 10 �g of
Cr(III) at pH 6.0 by varying the concentration of TIWAC over the
range of 0.1–2.5 g L−1. As the TIWAC concentration was increased
from 0.1 to 2.5 g L−1, the recovery of Cr(III) increased from 52.0 to
98.2% (Fig. 5). The increase in recovery percentage of Cr(III) was
probably due to the increased more availability of active adsorp-
tion sites with the increase in TIWAC concentration thereby more
Cr(III) can be adsorbed on TIWAC surface and can be eluted with
Fig. 4. Effect of eluent type on the recovery of Cr(III) (Cr(III) amount: 10 �g, pH: 6.0,
TIWAC conc.: 2.0 g L−1).
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ig. 5. Effect of TIWAC amount on the recovery of Cr(III) (Cr(III) amount: 10 �g, pH:
.0, sample volume: 50 mL, eluent type and volume: 4 mL of 3.0 M HNO3).

.5. Effect of sample volume

In order to obtain a high preconcentration factor in the analysis
f real samples, the effect of sample volume on the recoveries of
r(III) was investigated in the sample volume range of 50–1500 mL
ontaining 20 �g of Cr(III) using model solutions. For the sample
olumes above 50 mL, the TIWAC particles were separated from the
olutions by filtration through 0.45 �m cellulose nitrate membrane.
he results showed that the recovery of Cr(III) was quantitative up
o 200 mL of sample volume (Fig. 6). Above 200 mL, the recovery
alues of Cr(III) decreased with increasing sample volume. The pre-
oncentration factor, calculated as the ratio of the highest sample
olume for Cr(III) and lowest final volume, was found 50 for Cr(III)
hen the final volume was 4 mL.

.6. Effect of diverse ions

The influence of matrix components is one of the most sig-
ificant problems in determination of chromium and other heavy
etals in real samples using FAAS. In order to assess possible ana-

ytical applications of the present separation, preconcentration and
peciation procedure, the effects of some common foreign ions on
he recovery of Cr(III) were evaluated under the optimal conditions.

n these experiments, different amounts of salts and heavy metal
ons were added in 50 mL of aqueous solution containing 10 �g
f Cr(III) and then the present procedure was applied (Table 2).
he results showed that the presence of major interfering anions
nd cations and also some transition metals at mg L−1 level had
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ig. 6. Effect of sample volume on the recovery of Cr(III) (Cr(III) amount: 20 �g, pH:
.0, TIWAC amount: 50 mg for each sample volume, eluent type and volume: 4 mL
f 3.0 M HNO3).
Time (min)

Fig. 7. Effect of contact time on Cr(III) adsorption (Cr(III) amount: 20 �g, pH: 6.0,
TIWAC conc.: 2.0 g L−1).

no obvious influences on the determination of Cr(III) under opti-
mal conditions indicating that the TIWAC has a good selectivity for
Cr(III) and the proposed separation, preconcentration and speci-
ation procedure can be applied for the analyses of samples with
complicated matrix [27].

3.7. Effect of adsorption and desorption contact time

The adsorption of Cr(III) onto TIWAC was studied as a function
of contact time in order to decide whether the equilibrium was
reached. For this, 50 mL of an aqueous solutions containing 10 �g
of Cr(III) at pH 6.0 was contacted with 2 g L−1 of TIWAC suspensions.
The samples were taken at different periods of time and analyzed
for their Cr(III) concentrations. The Cr(III) adsorption rate is high at
the beginning of the experiments because initially the adsorption
sites are more available and Cr(III) ions are easily adsorbed on these
sites (Fig. 7). The equilibrium can be reached within 30 min and
thus, further adsorption experiments were carried out for a contact
time of 30 min.

The elution of the adsorbed Cr(III) ions from TIWAC was also
studied in a batch system. To determine the contact time of elu-
tion firstly, 2.0 g L−1 of TIWAC suspensions was equilibrated with
a series of 50 mL of aqueous solutions containing 10 �g of Cr(III)
at pH 6.0. After reaching the equilibrium the TIWAC was separated
by centrifugation at 3000 rpm for 5 min. Secondly, TIWAC, loaded
with Cr(III) ions, was treated with 4 mL of 3 M HNO3 solutions for
different time intervals from 1 to 240 min by agitating at 400 rpm
on a mechanical shaker. The quantitative recovery was obtained for
the elution contact time of 120 min so all the subsequent elution
studies were performed for a contact time of 120 min.

3.8. Adsorption kinetics

The adsorption kinetics is one the most important data in order
to understand the mechanism of the adsorption and to assess the
performance of the adsorbents. Different kinetic models including
the pseudo-first-order, pseudo-second-order, intraparticle diffu-
sion models and Elovich model were applied for the experimental
data to predict the adsorption kinetics of Cr(III) on TIWAC.

The pseudo-first-order kinetic model was described by Lager-
gren [28];

dq

dt
= k1(qe − qt) (2)
where qe (mg g−1) and qt (mg g−1) are the amounts of the Cr(III)
adsorbed on TIWAC at equilibrium and at any time t, respectively,
and k1 (min−1) is the rate constant of the first order model. After
integration and applying boundary conditions qt = 0 at t = 0 and
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Table 2
Influences of some foreign ions on the recoveries of Cr(III) (Cr(III) quantity: 10 �g, N: 3, sample pH: 6, TIWAC concentration: 2.0 g L−1, sample volume: 50 mL).

Ions Added as Conc. (mg L−1) Cr(III) recovery (%)

Na+ NaCl 5000 97.0 ± 3.1
K+ KCl 1000 94.3 ± 3.4
Ca2+ CaCl2 500 99.6 ± 1.1
Mg2+ Mg(NO3)2 250 95.3 ± 0.8
CO3

2− Na2CO3 250 97.0 ± 4.9
NO3

− NaNO3 1000 100.1 ± 0.9
PO4

3− Na3PO4 100 100.2 ± 0.5
SO4

2− Na2SO4 1000 94.2 ± 5.1
NH4

+ NH4NO3 1000 98.0 ± 1.1
F− NaF 500 99.9 ± 0.9
CH3COO− NaCH3COO 250 101.7 ± 1.2
Al3+, Cd2+, Cu2+, Fe3+, Zn2+, Pb2+, V4+, Ni2+ a 25 97.3 ± 2.4

b 92.1 ± 2.6

, CO3
2− , PO4

3− , SO4
2− , NH4

+, F− and CH3COO− , 10 mg L−1 Al3+, Cd2+, Cu2+, Fe3+, Zn2+, Pb2+,
V

q

l

o
i
v
o
v
o
o

w
e
a
i
E

t
t
s
w
T
a
v
o
o
C
c

T
K

Mixed

a V4+ added as VOSO4, other ions added as their nitrate salts.
b 6025 mg L−1 Na+, 8390 mg L−1 Cl− , 2560 mg L−1 NO3

− , 250 mg L−1 K+, Ca2+, Mg2+

4+ and Ni2+.

t = qt at t = t the integrated form of Eq. (2) becomes;

n(qe − qt) = ln qe − k1t (3)

A straight line of ln(qe − qt) versus t suggests the applicability
f this kinetic model and qe and k1 can be determined from the
ntercept and slope of the plot, respectively. The calculated qe cal
alue was not in a good agreement with the experimental value
f qe exp and the correlation coefficient was found a relatively low
alue (Table 3). These observations suggested that the pseudo-first-
rder model is not suitable for modeling the adsorption of Cr(III)
nto TIWAC.

The pseudo-second-order model has the following form [29];

dq

dt
= k2(qe − qt)

2 (4)

here k2 (g mg−1 min−1) is the rate constant of the second-order
quation; qe (mg g−1) and qt (mg g−1) are the amounts of the Cr(III)
dsorbed on TIWAC at equilibrium and at any time t. After definite
ntegration by applying the conditions qt = 0 at t = 0 and qt = qt at t = t
q. (4) becomes the following;

t

qt
= 1

k2q2
e

+ t

qe
(5)

If second-order kinetics is applicable, the plot of t/qt against
gives a straight line and qe and k2 can be obtained from

he slope and intercept of the plot, respectively. The pseudo-
econd-order kinetic model constants, k2 and qe cal values along
ith the corresponding correlation coefficient were presented in

able 3. The correlation coefficient was nearly equal to unity
nd calculated qe cal value was much close to the experimental

alue of qe exp. The results indicated that the pseudo-second-
rder adsorption mechanism is predominant for the adsorption
f Cr(III) onto TIWAC, and it is considered that the rate of the
r(III) adsorption process is controlled by the chemisorption pro-
ess.

able 3
inetic parameters of Cr(III) adsorption onto TIWAC.

Co (�g) Pseudo-first-order model

qe exp (mg g−1) k1 (min−1) qe cal (mg g−1)

10.0 0.460 −0.056 0.174

Co (�g) Intraparticle diffusion model

kid,1 (mg g−1 min−1/2) R2 kid,2 (mg g−1 min−1/2)

10.0 0.057 0.973 0.0005
Fig. 8. Intraparticle diffusion plots for adsorption of Cr(III) on TIWAC.

In order to predict the rate controlling step of the Cr(III)
adsorption, intraparticle diffusion model has been used. Gen-
erally any sorption process involves three main successive
transport steps which are (i) film diffusion, (ii) intraparti-
cle or pore diffusion and (iii) sorption onto interior sites.
The last step is considered negligible since it occurs rapidly
and hence sorption should be controlled by either film dif-
fusion or pore diffusion depending on which step is slower
[30]. The intraparticle diffusion model equation is expressed as
[31];

qt = kidt1/2 + c (6)

where qt (mg g−1) is the amount of sorption at time t (min) and
−1 −1/2
kid (mg g min ) is the rate constant of intraparticle diffusion

model. By evaluating the intraparticle mass transfer curve (Fig. 8),
it was observed that the Cr(III) adsorption process tends to be
followed by two distinct phases. The first phase is attributed to
the diffusion of Cr(III) through the solution to the external sur-

Pseudo-second-order model

R2 k2 (g mg−1min−1) qe cal (mg g−1) R2

0.908 1.520 0.464 0.999

Elovich model

R2 C ˇ (g mg−1) ˛ (mg g−1 min−1) R2

0.721 0.204 0.054 58.556 0.887
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Table 4
Total chromium determination in spiked test solutions (mean ± standard deviation, N = 3, sample volume: 50 mL, sample pH: 6.0, TIWAC concentration: 2.0 g L−1).

Added (�g) Found (�g) Recovery for
total chromium
(%)

Cr(III) Cr(VI) Total chromium Cr(III) Cr(VI) Total chromium

0 25 25 BDLa 24.1 ± 0.7 24.1 ± 0.7 96
5 20 25 4.8 ± 0.1 18.9 ± 0.9 23.7 ± 0.9 95

10 15 25 9.8 ± 0.4 14.9 ± 0.9 24.7 ± 0.8 99
15 10 25 14.5 ± 0.8 9.6 ± 1.3 24.1 ± 1.0 96
20 5 25 19.6 ± 0.7 5.2 ± 1.1 24.8 ± 0.9 99
25 0 25 24.5 ± 0.8 BDL 24.5 ± 0.8 98

a Below detection limit.

Table 5
Speciation of Cr(III), Cr(VI) and total chromium in environmental water samples (mean ± standard deviation, N = 3, sample volume: 50 mL, sample pH: 6.0, TIWAC concen-
tration: 2.0 g L−1).

Samples Added (�g) Found (�g) Recovery (%)

Cr(III) Cr(VI) Cr(III) Cr(VI) Total chromium Cr(III) Cr(VI) Total chromium

Stream water – – BDL BDL – – – –
5 5 4.8 ± 0.3 4.9 ± 0.6 9.7 ± 0.5 96 98 97

10 10 9.4 ± 0.5 9.8 ± 1.2 19.2 ± 1.1 94 98 96
Sea water – – BDL BDL – – – –

5 5 5.1 ± 0.2 4.7 ± 0.4 9.8 ± 0.4 102 94 98
10 10 9.8 ± 0.4 10.4 ± 0.9

Tap water – – BDL BDL
5 5 4.7 ± 0.4 4.9 ± 0.6

10 10 9.9 ± 0.5 10.2 ± 0.9

Table 6
Application of the present method to real water samples for chromium speciation
and to solid samples for total chromium determination.

Cr(III) Cr(VI) Total chromium

Water samples (�g L−1)
Tap watera 3.1 ± 0.2 1.8 ± 0.4 4.9 ± 0.4
Sea watera 7.2 ± 0.4 BDL 7.2 ± 0.4
Stream watera 6.8 ± 0.2 BDL 6.8 ± 0.2

Solid samples (�g g−1)
Dried eggplantb – – 3.8 ± 0.4
Tobaccoc – – 2.7 ± 0.5

f
d
c
a
a
h
s
e
t
m
o
s
[

−1

T
A

a Sample volume: 200 mL.
b Sample quantity: 0.5 g.
c Sample quantity: 1.0 g.

ace of TIWAC and the second phase indicates the intraparticle
iffusion of Cr(III) into the pores of TIWAC. The intraparticle rate
onstants kid,1 (for the first phase), kid,2 (for the second phase)
nd c parameters were obtained from the plot of qt versus t1/2

nd the results were given in Table 3. The values of kid,1 were
igher than kid,2 so it can be concluded that the rate limiting
tep in present adsorption process is intraparticle diffusion. How-
ver the line did not pass through the origin indicating that
he intraparticle diffusion model is not the only rate limiting
echanism. Therefore it can be concluded that Cr(III) adsorption
nto TIWAC is a complex process and both intraparticle diffu-
ion and surface sorption contributes to the rate-limiting step
32,33].

able 7
pplication of the present method to standard reference materials for total chromium de

Samples Total chromium

Obtained value

CRM-TMDW-500 (�g L−1)a 20.4 ± 0.6
Sandy Soil C (�g g−1)b 51.5 ± 3.5

a Sample volume: 25 mL.
b Sample quantity: 0.1 g.
20.2 ± 0.8 98 104 101
– – – –

9.6 ± 0.5 94 98 96
20.1 ± 0.8 99 102 101

The Elovich equation is given as follows [34];

qt = 1
ˇ ln(˛ˇ)

+ 1
ˇ ln t

(7)

where ˛ (mg g−1 min−1) is the initial sorption rate, and the param-
eter ˇ (g mg−1) is related to the extent of surface coverage and
activation energy for chemisorption. If Cr(III) adsorption on TIWAC
fits the Elovich model, a plot of qt versus ln(t) should give a linear
relationship with a slope of (1/ˇ) and an intercept of (1/ˇ)ln(˛ˇ).
The Elovich model constants, ˛ and ˇ values along with the cor-
responding correlation coefficient were presented in Table 3. The
correlation coefficient value was relatively small indicating that
Elovich model is not suitable for modeling the adsorption of Cr(III)
onto TIWAC.

3.9. Adsorption capacity and reusability of TIWAC

The maximum adsorption capacity of TIWAC for the sorption of
Cr(III) was determined by shaking 1000 mL of aqueous solution con-
taining excess Cr(III) ions (1000 �g) at pH 6.0 with 10 mg of TIWAC
under studied conditions [35]. After reaching equilibrium, the sus-
pension was filtered through 0.45 �m of nitrocellulose membrane
and the filtrate was analyzed for residual Cr(III) concentration. The

adsorption capacity of TIWAC was found to be 61.0 mg g using
following equation;

qe = Co − Ce

ms
(8)

termination.

Certified value Error (%)

20.0 ± 0.1 +2.0
54.1 ± 4.2 −4.8
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o (mg L−1) is the initial concentration of Cr(III) solution, Ce (mg L−1)
s the equilibrium concentration of Cr(III) in aqueous solution, and

s (g L−1) is the TIWAC concentration; qe (mg g−1) is amount of
alculated Cr(III) adsorption onto 1.0 g of TIWAC.

In order to evaluate the reutilization of TIWAC, the
dsorption–desorption cycles were repeated for six times using
ame preparations. In these tests, 50 mL of an aqueous solution
ontaining 10 �g of Cr(III) was treated with 2.0 g L−1 of TIWAC
uspension. The concentration of Cr(III) ions was determined after
lution with 4.0 mL of 3.0 M HNO3 solution. There was no signif-
cant change observed for the adsorption performance of TIWAC
fter sixth adsorption–desorption cycle so it can be concluded
hat TIWAC can be used effectively at least 6 times with repeated
lution.

.10. Analytical performance of the method

The precision of the method was evaluated as the relative stan-
ard deviations (RSD). In order to evaluate the precision of the
etermination of Cr(III) (10 �g of Cr(III) in 50 mL aqueous solution),
he procedure was repeated 10 times under studied conditions

entioned above. RSD and the recovery of Cr(III), were found 3.9%
nd 98 ± 3.9 at 95% confidence level, respectively. The detection
imit, defined as the concentration that gives a signal equivalent to
hree times the standard deviation of 10 replicate measurements
f the blank samples, for Cr(III) was 0.27 �g L−1 for 50 mL of sam-
le volume and 4.0 mL of final volume. The limit of detection was
alculated by dividing the instrumental detection limit by the pre-
oncentration factor (50).

The method was also compared with other separation, precon-
entration and speciation procedures for chromium by utilizing the
PE technique in terms of adsorption capacity of sorbents, detection
imit and relative standard deviation of the methods, and precon-
entration factors. The comparative data from some recent studies
n chromium speciation were given in Table 8. As could be seen,
he adsorption capacity of TIWAC has a relatively high value when
ompared the other sorbents. Also the proposed method is supe-
ior to those reported chromium preconcentration and speciation
ethods in terms of low detection limit, relative standard deviation

nd high preconcentration factor.

.11. Determination of total chromium

A series of model solutions containing different concentrations
f Cr(III) and Cr(VI) were prepared in order to determine the total
hromium using present batch adsorption technique. Because of
he quantitative recoveries for Cr(III) were obtained at pH 6.0, after
eduction of Cr(VI) to Cr(III) in the model solutions using 0.5 mL
f concentrated H2SO4 and 0.5 mL of ethanol, the pH values of
hese solutions were adjusted to 6.0. Quantitative recovery val-
es were obtained by applying the presented procedure to these
olutions and a good agreement was found between the added
nd measured Cr(III) and Cr(VI) amount (Table 4). The recover-
es of Cr(III) were higher than 95%. It can be concluded that the
roposed batch adsorption technique for the separation, precon-
entration and speciation of chromium can be successfully applied
or the determination of total chromium.

.12. Application to real samples and method accuracy

The feasibility of the proposed speciation method was inves-

igated in terms of the determination of Cr(III), Cr(VI) and total
hromium in various environmental water samples including sea
ater (Blacksea, Trabzon/Turkey), stream water (Şana Stream,

rabzon/Turkey) and tap water (Karadeniz Technical University,
rabzon/Turkey). Different amounts of chromium species were also Ta
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piked to these water samples in order to test the accuracy of the
ethod. The results for sample volumes of 50 mL were given in

able 5. A good agreement was obtained between the added and
easured analyte amounts. The Cr(III), Cr(VI) and total chromium

ontents of water samples for sample volumes of 200 mL were
iven in Table 6. From the results it can be concluded that the
roposed method can be successfully applied for separation, pre-
oncentration, and speciation of trace amounts of chromium in tap
ater, sea water, and stream water.

In order to decide the applicability of the proposed separation
nd preconcentration method for the environmental solid sam-
les, tobacco and dried eggplant was used for the determination
f total chromium contents of them (Table 6). On the other hand
he validation of the method was performed by determination of
otal chromium using certified reference materials, CRM-TMDW-
00 Drinking Water and CRM-SA-C-Sandy Soil C (Table 7). The
nalytical values were in good agreement with the certified val-
es. Statistical evaluation was applied to the results obtained from
he accuracy study (Table 7) using Student’s t-test [36]. The results
evealed good agreement between the observed values and certi-
ed values such that for CRM TMDW-500 Drinking Water analyses,
he difference between the value of standard material (XR) and

ean value (X̄), obtained by applying the procedure, was found
o be 0.4 and ts/

√
N value was found to be 1.5 (t: 4.30 at 95% confi-

ence intervals, s: 0.6 and N: 3). For CRM-SA-C Sandy Soil C analyses,
R − X̄ value was found to be 2.6 and ts/

√
N value was found to be

.7 (t: 4.30 at 95% confidence intervals, s: 3.5 and N: 3). As can be
een for both standard reference materials analyses (XR − X̄), values
ere lower than (ts/

√
N) values.

. Conclusions

A new solid phase material, activated carbon, was produced
rom tea-industry wastes (TIWAC), characterized and applied for
he separation, preconcentration and speciation of chromium
pecies by batch adsorption technique. The utilization of tea wastes,
hich is industrial waste that must be removed, in the determina-

ion of one of the highly toxic and carcinogenic heavy metals is
he main advantage of present study. There is no need to use a
omplexing agent for the preconcentration of chromium species
o contamination risk from a complexing agent is eliminated
n present study. High adsorption capacity of TIWAC for Cr(III)
61.0 mg g−1), high preconcentration factor (50 for 200 mL of sam-
le volume), low detection limit (0.27 �g L−1), low relative standard
eviation (%3.9), reusability of TIWAC in repeated cycles (at least
ix times), low matrix effects and also simplicity, low cost, safety
nd ease of automation are another advantages of the method.

The results of present study demonstrated that the TIWAC can be
uccessfully applied for the separation, preconcentration and speci-
tion of chromium in environmental water samples (tap water, sea
ater and stream water) and also preconcentration of chromium in

nvironmental solid samples (tobacco and dried eggplant) by batch
dsorption technique.
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