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Abstract The removal of Cr(IIl) ions and methylene blue
(MB) from aqueous solutions by xanthated corn cob (xCC)
in batch conditions was investigated. The sorption capacity of
xCC strongly depended of the pH, and increase when the pH
rises. The kinetics was well fitted by pseudo-second-order and
Chrastil’s model. Sorption of Cr(III) ions and MB on xCC was
rapid during the first 20 min of contact time and, thereafter, the
biosorption rate decrease gradually until reaching equilibrium.
The maximum sorption capacity of 17.13 and 83.89 mg g_1
for Cr(ITD) ions and MB, respectively, was obtained at 40 °C,
pH 5, and sorbent dose 4 g dm > for removal of Cr(IIT) ions
and 1 g dm > for removal of MB. The prediction of purifica-
tion process was successfully carried out, and the verification
of theoretically calculated amounts of sorbent was confirmed
by using packed-bed column laboratory system with recircu-
lation of the aqueous phase. The wastewater from chrome
plating industry was successfully purified, i.e., after 40 min
concentration of Cr(IIl) ions was decreased lower than
0.1 mg dm™. Also, removal of MB from the river water was
successfully carried out and after 40 min, removal efficiency
was about 94%.
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Introduction

Heavy metals are toxic pollutants and non-biodegradable,
which can accumulate in living tissues causing various dis-
eases and disorders. Apart the esthetic problems, the greatest
environmental concern with dyes is their inhibitory effect on
photosynthesis in aquatic ecosystems. The effective removal
of heavy metals and dyes from aqueous waste is among the
most important issues of the world. Electroplating, leather
tanning and dyeing, mining or pigment, wood preservation,
battery manufacturing, and textile industries are examples of
industries that release a high volume of wastewater containing
heavy metals and dyes into the environment and aquatic ecosys-
tems. Trivalent chromium, Cr(Ill), is required for metabolism
sugar and fat metabolism in organisms (Anderson 1997), but
long-time exposure causes skin allergic and cancer (Gupta et al.
2011; Rajurkar et al. 2011; Yun et al. 2001). Methylene blue
(MB) is a thiazine (cationic) dye; it is not regarded as acutely
toxic, but it has various harmful effects (eye burns, may cause
nausea, vomiting, and gastritis problems) (Haque et al. 2002).

The most common method for heavy metal removal from
wastewater is chemical precipitation. Low chromium content
in water leads to an increase of precipitant in the process of
chromium removal. Furthermore, the precipitation process
generates the toxic sludge that has to be dewatered, stabilized,
and disposed of. Chromium will only precipitate in the triva-
lent form, and thus, it must be reduced from its hexavalent
form prior to precipitation. Hexavalent chromium reduction is
achieved at low pH levels (~2-3) with a reducing agent-
usually sodium metabisulfite or ferrous sulfite (Naja and
Volesky 2009).
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If the pH is maintained between 8.2 and 8.6, then the tri-
valent chrome will be precipitated as the hydroxide. This
method produces an effluent containing trivalent chromium
between 2 and 5 mg dm > (Bennett 2001). Trivalent chromi-
um cannot be removed by precipitation below the maximum
permissible limits. The US Environmental Protection Agency
(EPA) and The World Health Organization (WHO) recom-
mended the maximum permissible limits of chromium (as
total chromium) in drinking water of 0.1 and 0.05 mg dm >,
respectively (Rajput and Pittman 2015). Among the various
water treatment techniques, sorption is generally preferred for
the removal of heavy metal ions and other hazardous mate-
rials, especially at the concentrations ranging from 1 to
100 mg dm >, because of its high efficiency, minimization
of chemicals, easy handling, availability of different sorbents,
cost-effectiveness, and higher effectiveness than the conven-
tional methods such as chemical precipitation and ion ex-
change (Schiewer and Volesky 1995). Sorption is a physico-
chemical process by which one substance becomes attached to
another (Michalak et al. 2013). Biosorbent or biological ma-
trix has been proposed as one of the most promising technol-
ogies for the removal of heavy metal and dyes ions from
wastewaters (Wang and Chen 2009). In recent years, a number
of agricultural and forestry by-products such as Soybean meal
(Witek-Krowiak and Harikishore Kumar Reddy 2013), salt-
bush (Atriplex canescens) (Sawalha et al. 2006), blue-green
algae Spirulina sp. (Chojnacka et al. 2005), rose petals bio-
mass (Iftikhar et al. 2009), and bacterial dead Streptomyces
rimosus biomass (Selatnia and Bakhti 2005) have been used
for the removal of Cr(II) ions from water solution. Methylene
blue is selected as a model compound in order to evaluate the
capacity of biosorbent. Many textile manufacturers use and
release aromatic amines (e.g., benzidine, methylene), and they
are potential carcinogens (Raval et al. 2016), wherefore the
attention is focused on the removal of dye from aqueous so-
lutions. The biosorption mechanisms depend on the type of
functional groups on the surface of the biomass and the nature
of the metal. The main goal of such studies is to examine the
possibilities for producing novel and cheaper forms of sor-
bents with standard or even better properties. The majority
of biosorbents explored in previous studies were small par-
ticles with low density, poor mechanical strength, and
small hardness, which resulted in difficult post-separation
of the treated effluent from the biosorbents especially in
the practical application.

The aim of this work is synthesis of new xanthated
biosorbent based on corn cob. In this biosorbent, xanthate
groups (strong acid) are introduced in the structure of basic
corn cob biomass by xanthation and sorption characteristics
and abilities of material were improved. These negatively
charged groups have a high affinity for binding of cations.
Obtained biosorbent will be applied for the removal of
Cr(IIT) ions and methylene blue (MB) from aqueous solutions.

There are no studies of the Cr(IlI) ions and methylene blue
removal by xanthated biosorbents, especially corn cob, as well
as use of xanthated biosorbents for wastewater purification.
Xanthated corn cob (xCC) shows higher affinity and sorp-
tion capacity (about five times higher) for binding Cr(III)
ions and methylene blue than basic corn cob biosorbent
(CC), which predominantly has only weak acid carboxylic
and phenolic groups.

The effect of various experimental parameters on the
biosorption removal of Cr(IIl) and MB by xCC, such as con-
tact time, initial pH, initial metal ion concentration, biosorbent
dose, particle size, temperature, and stirring speed, were in-
vestigated. Biosorption process was described by fitting the
experimental points using equilibrium, kinetic, and thermody-
namic models. Obtained kinetic and equilibrium experimental
data were modeled by non-linear fitting which better repre-
sents real conditions and phenomena which happen during
sorption process than in linear models (Ho 2006). In order to
determine the rate-controlling step in the overall process of
biosorption, kinetic data were also examined by intraparticle
diffusion model and Chrastil’s model. Scanning electron mi-
croscopy (SEM), energy dispersive X-ray analysis (EDX),
and Fourier transform infrared spectroscopy (FTIR) were used
to investigate characteristics of xanthated biosorbent (xCC)
and its interaction with Cr(IIl) ions and MB. In this work
will be also presented new specific laboratory system for
biosorption treatment. This laboratory system can be di-
rectly used for continuous process of purification in rins-
ing water baths in galvanization and similar processes.
This work includes prediction and designing of purifica-
tion process based on detailed equilibrium studies and
mathematical tools for results interpretation.

Materials and methods
Reagents

All chemicals were of reagent grade and used without further
refinement. HNO3, NaOH, CS,, and Cr(NOs);-9H,O were
purchased from Merck (Germany). All solutions were pre-
pared with deionized water (18 M()). Methylene blue
(Riedel de Haen, Germany) was used without further puri-
fication. Standard metal and dye stock solution was pre-
pared by dissolving given amounts of pure Cr(NO53);-9H,O
and methylene blue. All standard solutions were stored in a
refrigerator at +4 °C.

Preparation of xanthated biosorbent
Corn cob (Zea mays) used in the preparation of the xanthated

biomass was harvested in October from a field near the town
of Nis in Serbia. Z. mays was roughly crushed, washed with
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deionized water, and grounded by laboratory mill (Waring,
Germany). Z. mays were initially treated with diluted nitric
acid and after that by sodium hydroxide, producing a basic
CC (Stankovi¢ et al. 2012). Dried corn cob biomass was
fractionized using standard sieves (Endecotts, England).
Xanthation was carried out by following procedure: 10 g basic
biomass, with granulation from 0.8 to 1.25 mm, was soaked in
5 mol dm™3 NaOH, stirred for 90 min, and washed with de-
ionized water. This material was then esterified with 1.0 cm®
of CS, and 50 cm?® 2.5 mol dm > NaOH for another 180 min.
Xanthated material was allowed to settle and separated by
decantation and filtration. Synthesized xanthate was washed
with water several times to remove excess alkali until pH of
water became neutral, which was followed by washing with
acetone. The material was stored in an airtight plastic contain-
er for further use (Kosti¢ et al. 2013).

Batch biosorption experiments

Batch mode sorption experiments were carried out with 1.0 g
sorbent in 250 cm® of Cr(III) solution and 0.25 g sorbent in
250 ¢m® of MB solution and 250 ¢cm® of in 400-cm®
Erlenmeyer flasks with an agitation rate of 200 rpm and tem-
perature 20 °C. To study the effect of pH, the Cr(III) and MB
solution (50 and 100 mg dm >, respectively) was adjusted to
the desired pH (2.0-6.0 for Cr(III) ions and 2—10 for MB) with
HNO; or NaOH using a pH-meter (Senslon5, HACH, USA).
The pH was maintained during treatment and kept to within
+0.2 U by adding 0.01 or 0.1 mol dm > HNO; in small por-
tions. The effect of particle size XCC on biosorption was
assessed in Cr(Ill) and MB solution at 50 mg dm? initial
Cr(IIT) concentration and 100 mg dm > MB, pH 5.0, with
different particle sizes ranging from 0.1-0.4 mm to 2.5—
4.0 mm, at 20 °C and stirring speed 200 rpm. The effect of
variation in the sorbent dose from 0.5 to 8 g dm > on the
sorption of 50 mg dm > initial Cr(Ill) concentration and
100 mg dm > MB at constant values of pH 5 and stirring speed
200 rpm was studied. The effect of stirring speed (the stirring
speed varied from 50 to 600 rpm) on removal of Cr(III) ions
and MB with xCC biomass was carried out at pH 5.0 using
50.0 mg dm > Cr(II) and 100 mg dm > MB solutions. For the
equilibrium and kinetic biosorption studies, XCC biomass
4g dm>) was mixed with Cr(III) solution of different initial
Cr(IIT) concentrations (10, 20, 50, 100, 200, and 400 mg dm73)
and xCC biomass (1 g dm ) was mixed with MB solution of
different initial MB concentrations (100, 150, 200, 250, and
400 mg dm™ ) at 10, 20, 30, and 40 °C in thermostated bath
(Refrigerated/Heating Circulator, Julabo F12-ED, Germany),
with constant agitation at 200 rpm for 180 min to ensure
biosorption equilibrium. Residual Cr(IlI) ions concentrations
in all samples were measured using air—acetylene flame atom-
ic absorption spectrometer. Residual MB concentrations in all
samples were measured using UV—Vis spectrophotometer.

@ Springer

The amount of metal and dye sorbed ¢, (mg g ') was deter-
mined by using the following equation

g = (co—c) X V (1)

m

where ¢ and ¢, are the initial and final concentrations of the
metal ion and dye in solution (mg dm™), V is the solution
volume (dm>), and m is the mass of the sorbent ().

The removal efficiency (RE) of metal ions and dye was
calculated using Eq. 2

Co—Ct
Co

RE% =

% 100 (2)

where ¢, and ¢, are the initial and final concentrations of the
metal ion and dye in the solution (mg dm ), respectively.

The prediction of purification process and verification
of theoretically calculated amounts of sorbent for purifica-
tion of wastewater were carried out in batch conditions,
i.e., laboratory system with packed-bed column and recir-
culation of the aqueous phase. The sorption experiments
were conducted in a transparent cylindrical polypropylene
column. Appropriate, i.e., calculated amount of XCC was
packed between two discs of sintered alumina into a 200-
mm-length column. Cr(Ill) ions and MB solutions were
pumped from the bottom of the column to the top using a
peristaltic pump model SP 311 (VELP Scientifica, Italy).
Samples were collected from the exit of the column after 0,
1, 5,10, 20, 40, 90, 120, and 180 min and analyzed for the
residual concentrations of Cr(III) ions and MB, as de-
scribed above. The different volumes of the wastewater
(from 1 to 5 dm®) and desired removal efficiency were
simulated in order to predict the required amount of sor-
bent for subsequent purification of wastewater with known
concentration of Cr(Ill) ions and MB (114 mg dm* for
Cr(I1I) ions and 100 mg dm? for MB).

Analysis

Cr(IlT) concentrations in the samples were measured using
atomic absorption spectrophotometry (AAnalyst 300;
PerkinElmer, USA), after filtration through a 0.45-pum mem-
brane (Agilent Technologies, Germany). MB concentrations
of the samples were measured using spectrophotometer
Shimadzu UV—-Vis 1650 PC (Shimadzu, Japan). Infrared
spectrum of native biomass and xCC was obtained using a
Fourier transform infrared spectrometer (Bomem Hartmann
& Braun MB-100 spectrometer). The morphology of the
xCC surface was analyzed by scanning electron microscopy
(SEM) (Hitachi SU8030). EDX analysis (Thermo Scientific
NORAN System 7, USA) provides elemental information via
analysis of X-ray emissions from the sorbent surface.
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Elemental composition was analyzed by elemental analysis on
a PerkinElmer series I CHNS/O System Analyzer 2400.

Results and discussion
FTIR, SEM, and EDX characterizations of the xCC

FTIR analysis of basic CC and xCC is represented in Fig. 1.
The very strong sorption band at around 3438 cm™' from CC
corresponds to hydroxyl groups on the biomass surface. The
sorption band around 2921 cm ™" for basic CC corresponds to
C-H stretching of CH, groups. The peaks near 1636 and
1458 cm™ ! for CC are due to asymmetric and symmetric
stretching vibration of C=0 in ionic carboxylic groups (—
COO-). Aliphatic acid group vibration at 1252 cm ™' may be
assigned to deformation vibration of C=0O and stretching vi-
bration of —OH of carboxylic acids and phenols. The intense
band at 1042 cm ™" is related to the C—OH stretching vibration
of alcoholic groups and carboxylic acids. The presence of
sulfur groups in spectrum the xCC has been identified by the
appearance of new peaks at 600, 1025, and 1159 cm ™' corre-
sponding to C-S, C=S, and S—C-S. The peak at 1252 cm !,
present in the spectrum of CC, was disappeared in spectrum of
xCC, which may indicate that this group can be involved in
the synthesis process of xanthate groups.

The SEM image and EDX analysis of xCC and loaded
xCC with Cr(IIl) ions and MB are shown in Fig. 2. The
SEM images (Fig. 2) show a porous morphology of unloaded
and loaded Cr(III) ions material; the external surface is full of
cavities with pores of different sizes and shapes (irregular
tubular structure with cavity 10-30 um in diameter for
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xCC). The presence of macropores increases possibility of
penetration and sorption of Cr(Ill) ions and MB through
xCC with the diffusion.

EDX analysis and elemental composition before and after
sorption of Cr(IIl) ions on XCC are shown in Fig. 2. The
elemental composition of XCC is in accordance with the
chemical composition of lignocellulosic materials. The pres-
ence of sulfur peaks in EDX spectra of xCC indicated emer-
gence of xanthate group on the sorbent. After loading of
Cr(IIT) ions, the presence of characteristic signal for Cr in
EDX spectra (Fig. 2b) was observed, thus suggesting that
the Cr was sorbed onto xCC. The percentage of Na in xCC
was visibly changed after the sorption of the Cr(IIl) ions
which indicates that ion exchange probably existed in the
sorption process.

Physical characteristics and elemental analysis of xCC are
summarized in Table 1.

Effect of initial pH on Cr(III) ions and MB removal

The results of Cr(IlI) ions and MB sorption onto xCC at dif-
ferent pH values are illustrated in Fig. 3. The figure shows that
at pH 2, the sorption capacity of Cr(Ill) ions on xCC was
minimum, after that large increase of sorption capacity of
Cr(IIT) ions occurs, and at pH 5, the removal was maximum.
Similar conclusion was found for Cr(Ill) ions sorption onto
aerobic granules (Yao et al. 2009). It is well known that the
increase of pH solution reduces the competition between
the H* and the Cr(IIl) ions, favoring sorption at high pH,
i.e., as pH rises sorbent surface becomes more negative and
enables unobstructed binding. The biosorption of MB on
xCC is low in acidic medium and with the increase of pH,

1000 800 600 400

Wavenumber (cm-1)

Fig. 1 FTIR spectra of CC and xCC
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15000 XZM
Element | Weight % | Atomic %

C 56.44 64.47

10000 o 38.34 32.92

° Na 2.19 1.30

5000 Al 0.18 0.09

S 2.85 1.22

Na Al s Totals 100 100
o T T T T 1
0 1 2 3 4 s

> KV 8.4mm x1.0
Fig. 2 a The morphology surface and EDX analysis of xCC. b Cr(IlI) ions loaded on xCC. ¢ The morphology surface of MB loaded on xCC

the sorption capacity for MB increases. When solution pH
was increased up to 5, the sorption of MB rapidly in-
creases, whereas in the range from 5 to 8, there was only
slightly increase by pH. Therefore, pH 5 was chosen to
carry out further investigation which is in accordance with
the obtained values for pHpzc (Table 1). The sorption ef-
ficiency at pH values below pHpzc is high, because of the
presence of strong acid xanthate groups, which are not
protonated in applied conditions. These negative groups
have high affinity for the binding of positively charged
metal ions, even at a relatively low pH, probably by means

@ Springer

blSOOﬂ-c

XZM - Cr
Element | Weight % | Atomic %
C 55.03 65.10
10000 0 37.07 3292
Na 0.85 0.53
0 Al 0.21 0.11
5000-] S 1.50 0.67
Cr 5.34 0.67
Na Al s Totals 100 100 Cr cr
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of the ion exchange mechanism. At pH values about
pHpzc, the surface of the sorbent becomes negatively
charged and the surface will be such so as to enhances
the sorption with Cr(IIl) ions and MB as a cationic dye
with xCC (Guiza 2017).

Effect of sorbent dosage on Cr(III) ions and MB removal
The effects of sorbent dose on removal efficiency and the

removal efficiency per unit weight of sorbent (RE %/dose)
have also been investigated (Fig. 4) to define optimal sorbent
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Table 1 Physical

characteristics and Characteristics xCC

elemental analysis of

xCC Moisture (%) 5.36
Ash (%) 0.95
Bulk density (kg m™) 275.75
pHpzc 7.19
CEC (cmol(+) kg ") 20.2
C (%) 47.17
O (%) 44.09
H (%) 6.18
N (%) 0.01
S (%) 2.55

dose. It was examined by varying the amount of XCC from 0.5
to 8.0 g dm >, while keeping other parameters constant. The
results showed that with increase of sorbent dose from 0.5 to
8.0 g dm, removal efficiency on xCC increases from 10 to
89% for Cr(Ill) ions and from 26 to 60% for MB. With in-
crease of sorbent dose, this increases surface area and the
availability of sorption sites. The biggest changes were noted
with increase of sorbent dose from 0.5 to 4.0 g dm > when
removal efficiency of Cr(Ill) ions increases from 10 to 83%.
The biggest changes were in the range of sorbent dose from
0.5 to 1.0 g dm > when removal efficiency of MB increases
from 25 to 51%. A further increase in biosorbent dosage did
not cause a significant improvement in sorption. There are
many factors which can contribute to this phenomenon.
Probably the most important is fact that some sorption sites
remain unoccupied because of the overlapping or aggregation
of biosorbent particles (decreasing in total sorbent surface ar-
ca) (El Nemr et al. 2015; Hafshejani et al. 2015).

—a— Cr(III) ions
—e— MB

50—- /%‘KH

40

o
w
N
[
o
=
=
-3
)

Fig. 3 Effect of pH on the removal efficiency of Cr(Ill) ions and MB
onto xCC. ¢y [Cr(IID)] = 50.0 mg dm > and ¢, [MB] = 100 mg dm > MB,
sorbent dose 4.0 g dm™> for removal Cr(Ill) ions and 1.0 g dm > for
removal MB, temperature 20.0 + 0.2 °C, and stirring speed 200 rpm

100 -
80 |
[0]
[%2]
o
D 60+
X
e —s— RE % for Cr(lll) ions
< 40, —e— RE % for MB
W —o— RE %/dose for Cr(lll) ions
o —o— RE %/dose for MB
20
0 T T T T T T
05 1 2 4 6 8
Sorbent dose (g dm®)

Fig. 4 Effect of sorbent dosage on the removal efficiency and the
removal efficiency per unit weight of sorbent of Cr(Ill) ions and MB
onto XCC. ¢ [Cr(ID)] = 50.0 mg dm > and ¢, [MB] = 100 mg dm>
MB, pH 5, temperature 20.0 = 0.2 °C, and stirring speed 200 rpm

However, with increasing sorbent dosage from 0.5 to
8.0 g dm ™ (Fig. 4), the removal efficiency of Cr(IIl) ions
and MB per unit weight of sorbent (RE %/dose) decreased.
In the case of Cr(IlI) ions for dose from 0.5t0 2.0 g dm > and
for MB from dose 0.5 t0o 1.0 g dm_3, value of RE %/dose is
almost constant, with further decreasing. By comparison of
presented results of change of RE % and RE %/dose, the dose
ofdg dm > for removal Cr(IIl) ions and 1 g dm > for removal
MB was picked as optimal for all experiments.

Effect of particle size on Cr(IIlI) ions and MB removal

The experiments were carried out for five different particle
sizes of xCC: 0.1-0.4, 0.4-0.8, 0.8-1.25, 1.25-2.5, and 2.5~
4.0 (shown in Fig. 5). With increasing particle size from 0.1—
0.4 to 2.5-4.0, removal efficiency decreased from 83.5 to
72.5% for removal Cr(IIl) ions and from 52.9 to 47.6% for
removal MB onto xCC. In accordance with literature, reduce
of particle size leads to increasing of effective surface area
(Singh et al. 2008; Gilbert et al. 2011). The particle size 0.8—
1.25 mm was selected for further experiments due to their high
removal efficiency for Cr(IIl) ions, while smaller particles,
besides insignificant better removal efficiency, were not suit-
able because it was more difficult to remove them from
dispersion.

Effect of stirring speed on Cr(IIl) ions and MB removal

The effect of stirring speed on removal efficiency of Cr(III)
ions and MB was studied in the range from 100 to 600 rpm
(Fig. 6). Optimal value of removal efficiency for Cr(Ill) ions
and MB on xCC was obtained for a stirring speed of 200 rpm.
Increasing stirring rate increases probability of collision
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—a&— Cr(III) ions
85 - —e— MB

80 4

504

45

T T T
0.8-1.25 1.25-2.5 2.5-4.0

Particle size [mm]

T T
0.1-0.4 0.4-0.8

Fig. 5 Effect of particle size on the removal efficiency of Cr(IlI) ions
onto xCC. ¢o [Cr(IT)] = 50.0 mg dm > and ¢, [MB] = 100 mg dm™ MB,
sorbent dose 4.0 g dm™> for removal Cr(Ill) ions and 1.0 g dm > for
removal MB, temperature 20.0 + 0.2 °C, and stirring speed 200 rpm

between Cr(III) ions and sorbent particles, i.e., film boundary
layer thickness, surrounding the sorbent particles decreases
which results in a reduction in surface film resistance.
However, at high stirring speed, the suspension was no longer
homogenous and vortex phenomena can occur (Selatnia et al.
2004). This is also supported by literature.

Kinetic study

In order to investigate the biosorption mechanism of
Cr(I1I) ions and MB on xCC and rate-controlling steps, a
kinetic investigation was conducted. The kinetic sorption
constants were determined in terms of pseudo-first-order,

—&— Cr(III) ions

. —e— MB
84
82
80 +
78 H
76
S
é A
oA
o~
50
48 4 —e
46
44
T T T T T T T T T T T
100 200 300 400 500 600

Stirring speed [RPM]

Fig. 6 Effect of stirring speed on the removal efficiency of Cr(Il) ions
onto xCC. ¢y [Cr(IID)] = 50.0 mg dm > and ¢, [MB] = 100 mg dm > MB,
sorbent dose 4.0 g dm™> for removal Cr(Ill) ions and 1.0 g dm > for
removal MB, and temperature 20.0 + 0.2 °C
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pseudo-second-order, intraparticle diffusion, and Chrastil’s
kinetic models.

The first-order rate expression of Lagergren states that the
rate of occupation of sorption sites should be proportional to
the number of unoccupied sites (Meseguer et al. 2016). The
non-linear form of this equation is as follows

4, = q.(1-¢™") (3)

where g, (mg g™ ") is the mass of metal ions sorbed at equilib-
rium, ¢, (mg gfl) is the mass of metal sorbed at time ¢, and k;
(min ') is the pseudo-first-order reaction rate equilibrium
constant.

The pseudo-second-order equation is also based on the
sorption capacity of the solid phase and non-linear form of
equation is expressed as follows (Deniz and Kepekci 2017)

kzqgt

=2 4
1 + kag,t )

q;

where k, (g mgfl minfl) is the rate constant of second-order
sorption.

Intraparticle diffusion equation was introduced to indicate
the behavior of intraparticle diffusion as the rate-limiting step
in the biosorption (Altenor et al. 2009). The intraparticle equa-
tion can be described as follows

q, = K]Dl‘% +C (5)

where Kip (mg gf1 minfl/z) is the internal diffusion coeffi-

cient, C is the intercept, and the foregoing parameters can be
determined from a plot of g, versus ¢'* (values of intercept
give an idea about the thickness of boundary layer).

Finally Chrastil’s model is analyzed and Chrastil’s equation
can be described as

g, = q,(1-e 4" (6)

where k. is a rate constant (dm> g71 min '), which depends on
diffusion coefficients and sorption capacity of biosorbent, A,
is dose of biosorbent (g dm ™), and 7 is a heterogeneous struc-
tural diffusion resistance constant, which can be ranged from 0
to 1. When diffusion resistance is small, » tends to 1 and the
reaction is of first order. If the system is strongly limited by
diffusion resistance, n is small. In addition, when n > 1, a
consecutive reaction order may be expected (Carrillo et al.
2005; Chrastil 1990).

Calculated correlation coefficients and kinetics parameters
are shown in Tables 2 and 3. The coefficient of correlation
values for sorption Cr(IIT) ions on xCC was for pseudo-first
order in the range from 0.954 to 0.985 and for pseudo-second-
order kinetic from 0.990 to 1.000, respectively (Table 2). It is
clear that determination coefficients (+?) for pseudo-second-
order model are the largest. The sorption capacities calculated
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Table 2 The values of kinetic
parameters for applied kinetic Cr(Ilions (mg dm>) 10 20 50 100 200 400
models for sorption Cr(III) ions
on xCC (sorbent dose 1.0 g dm >, exp 2.285 4.600 10.325 14.100 16.450 17.062
temperature 20.0 = 0.2 °C) P;eudo-ﬁrst onder
ki 0.145 0.142 0.153 0.197 0.184 0.166
qgﬂ' 2228 4.428 9.981 13.481 15.525 16.198
” 0.985 0.985 0.975 0.962 0.954 0.958
Pseudo-second order
k> 0.224 0.215 0.244 0.328 0.299 0.269
qgal 2.380 4.744 10.618 14.255 16.469 17.211
” 0.998 1.000 0.995 0.994 0.990 0.991
Chrastil’s model
qe 2.270 4.519 10.240 13.953 16.190 16.847
N 0.600 0.591 0.495 0.419 0.389 0.407
ke 0.021 0.020 0.017 0.017 0.014 0.014
” 0.997 0.996 0.999 0.997 0.994 0.997
Intraparticle diffusion model
Kigi 0.567 1.100 2.439 3.760 4.149 4171
C —0.046 —-0.082 0.081 0.188 0.274 0.250
” 0.974 0.978 0.996 0.990 0.983 0.986
K 0.185 0318 0.678 0.799 0.805 0.985
G 1.059 2.300 5.511 8.335 9.850 9414
” 0.960 0.872 0.869 0.999 0.991 0.949

by pseudo-second-order model are close to those determined
by experiments, so that this model certainly describes the

Table 3 The values of kinetic
parameters for applied kinetic

models for sorption MB on xCC

(sorbent dose 1.0 g dm3,
temperature 20.0 + 0.2 °C)

sorption kinetics of Cr(IIl) onto xCC. Similar kinetic results
have been reported by other researchers (Elabbas et al. 2016;

MB (mg dm ) 100 150 200 250 400
qo® 51.500 65.300 73.956 79.580 82.320
Pseudo-first order
ky 0.047 0.076 0.093 0.086 0.053
qu‘l 50.259 61.496 70.044 75.184 79.581
” 0.995 0.980 0.984 0.982 0.992
Pseudo-second order
o3 0.047 0.098 0.127 0.116 0.063
qgal 58.601 68.775 77.149 83.206 91.618
> 0.995 0.999 1.000 0.999 0.998
Chrastil’s model
qe 51.479 63.786 71.875 77.503 81.949
n 0.763 0.611 0.629 0.611 0.703
ke 0.034 0.040 0.054 0.047 0.034
” 1.000 0.994 0.996 0.996 0.999
Intraparticle diffusion model
Kig) 6.858 9.311 11.062 11.587 11.196
C, —2.053 0.786 2.444 2216 —1.948
” 0.988 0.959 0.949 0.956 0.991
Kig 2.823 2.535 1.991 2.568 3.879
G 23.168 38.028 52.223 52.009 42.489
” 0911 1.000 0.957 0.940 0.984
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Iftikhar et al. 2009). In Table 3, the values of coefficients of
correlation for the sorption of MB onto xCC are shown, which
show that the pseudo-first and pseudo-second models have a
good agreement with experimental data. Therefore, it can be
concluded that pseudo-second-order model something better
can describe kinetics sorption for MB onto xCC. The sorption
capacities calculated by the pseudo-first and pseudo-second
model are close to those determined by experiments.

Figure 7a, b shows the plot of amount of Cr(IIl) ions/MB
sorbed, g, versus 2, for Cr(IIT) ions/xCC system and the MB/
xCC system. The kinetic data for all initial Cr(Ill) and MB
concentrations were tested, and shows that the plot has three
linear segments, initially curved portion, which suggest film
diffusion and the subsequent linear portion attribute to the
intraparticle diffusion. The second region corresponds to the
gradual uptake, which reflects at the intraparticle diffusion as
the rate-limiting step and increase in initial concentration will
produce a higher concentration of gradient, which will cause
faster diffusion and sorption. The final plateau indicates the
equilibrium uptake which implicates that the intraparticle dif-
fusion is not the only rate-controlling step.

The Chrastil’s model, based on Eq. 6, was applied to all
concentrations (non-linear regression analysis) and was
shown in Tables 2 and 3. The coefficients of determinations
in all cases were very high (* > 0.99). The results obtained for
the diffusion resistance coefficient values were in the range
from 0.389 to 0.600 for removal of Cr(IIT) ions onto xCC and
from 0.611 to 0.763 for removal MB onto xCC. This indicates
that the sorption process of Cr(Ill) ions and MB on xCC is
significantly limited by diffusion resistance. Lower values of n
and higher values for k. at Cr(IIl) ions sorption indicate that
the system is strongly limited by diffusion resistance probably
due to the formation of trivalent chromium hydroxy species at
pH >3.5 (Karaoglu et al. 2010).

Sorption isotherms

Several isotherm models have been used in the literature to
describe the sorption equilibrium data, such as Langmuir
(Koutahzadeh et al. 2013; Park and Chon 2016), Freundlich
(Puchana-Rosero et al. 2016), Sips (Limousy et al. 2016), Hill
(Woitovich Valetti and Pico 2016), Toth (Rafati et al. 2016),
Khan (Khan et al. 1997), and Brouers—Sotolongo (Altenor
et al. 2009). The non-linear forms of the Langmuir (Eq. 7),
Freundlich (Eq. 8), Sips (Eq. 9), Hill (Eq. 10), Toth (Eq. 11),
Khan (Eq. 12), and Brouers—Sotolongo (Eq. 13) models are
represented as follows

quLce
— dm*Lre 7
%=1 Ko (7)
de = KFCL’% (8)
1 (bsce)”
g, = q ( S )” (9)
1+ (bSCe)
_ chenH
e = %0 1 oo (10)
Kre,
q. = T/ (11)
1/
(aT + ce)
asche
_ 12
qe (l + bKCe)aK ( )
Ge = g (176 )) (13)

where g, is the amount of heavy metal ions sorbed (mg g ') by
the sorbent at equilibrium time; ¢, is the concentration
(mg dm ) of metal ions and dye at equilibrium time in solu-
tion; ¢y, is the maximum sorption capacity of sorbent (mg g );
K is Langmuir constant related to the energy of sorption

a b
~ = 0mgg’
18 e 20mgg’ -9
> > 1
16 , L < <« | A 150 mg g_1 A
» v 100 mg g»1 e
14 4 : : v v v | €4 200mgg
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* .
12+ v Cr(I1I) ions .
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= g v ) ® 100 mg dm”
Sl I A ® 150 mgdm®
6 N A 200 mgdm®
o] 1 . . ° @ ° v 250mg dm'j
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Fig. 7 a Intraparticle diffusion plot for Cr(Ill) ions sorption on xCC
(Sorbent dose 4.0 g dm >, pH 5.0, stirring speed 200 rpm, and
temperature 20.0 + 0.2 °C). b Intraparticle diffusion plot for MB
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sorption on xCC (sorbent dose 1.0 g dm >, pH 5.0, stirring speed
200 rpm, and temperature 20.0 + 0.2 °C)
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Table 4 Parameters for

Langmuir, Freundlich, Sips, Hill, Isotherm Calculated parameters

Toth, Khan, and Brouers—

Sotolongo (B-S) isotherm models ~ Langmuir at 10 °C Gm 16.491 Ky, 0.158 0.996

of Cr(I1I) ions sorption on xCC Langmuir at 20 °C 16.807 0.191 0.989
Langmuir at 30 °C 16.635 0.210 0.992
Langmuir at 40 °C 17.130 0.242 0.987
Freundlich at 10 °C Kg 4.885 n 4394 0.846
Freundlich at 20 °C 5.236 4523 0.863
Freundlich at 30 °C 5.394 4.659 0.873
Freundlich at 40 °C 5.960 4959 0.843
Sips at 10 °C Im 16.699 bs 0.151 ng 0.944 0.994
Sips at 20 °C 17.523 0.162 0.835 0.993
Sips at 30 °C 17.529 0.173 0.793 0.998
Sips at 40 °C 17.876 0212 0.803 0.994
Hill at 10 °C qu 16.696 ny 0.945 Kp 5.967 0.994
Hill at 20 °C 17.520 0.835 4571 0.993
Hill at 30 °C 17.528 0.793 4.029 0.998
Hill at 40 °C 17.877 0.803 3.476 0.994
Toth at 10 °C Ky 13.686 ar 5.0872 t 1.036 0.996
Toth at 20 °C 12.405 3.460 1.062 0.996
Toth at 30 °C 11.976 2.921 1.067 0.999
Toth at 40 °C 13.977 2.970 1.040 0.987
Khan at 10 °C qs 14.497 bk 0.196 ag 0.965 0.996
Khan at 20 °C 13.332 0.289 0.942 0.996
Khan at 30 °C 12.811 0.342 0.937 0.999
Khan at 40 °C 14.566 0.337 0.961 0.987
B-Sat 10 °C m 16.064 Kw 0.194 «@ 0.660 0.979
B-S at 20 °C 16.717 0.232 0.595 0.981
B-S at 30 °C 16.616 0.254 0.575 0.988
B-S at 40 °C 16.923 0.271 0.613 0.997

(dm™ mg_l), K. is Freundlich equilibrium constant (mg g_l)
(dm® mgﬁl)” "andn (g dm) is exponent; bg (dm™ mg ') in
Sips model is the affinity constant for sorption; gy is Hill
isotherm maximum uptake saturation (mg dm °); ny is Hill
cooperativity coefficient of the binding interaction; and Kp is
Hill constant in equitation of Hill model. K+ is Toth isotherm
constant (mg gfl); ar is Toth isotherm constant (dm® mgﬁl); tis
Toth isotherm constant; gg is theoretical isotherm saturation
capacity (mg g '); by is Khan isotherm model constant; ay is
Khan isotherm model exponent; Kyy is Brouers—Sotolongo iso-
therm constant ((mg gfl) (dm® mgfl)l/a); and « is Brouers—
Sotolongo model exponent.

The differences between all these models are reflected in
the homogeneous or heterogeneous sorption, presence or ab-
sence of a maximum sorption monolayer, and the number of
parameters to fit. The isotherm models were fitted with exper-
imental data by non-linear modeling using Origin Pro 2016,
and calculated results are shown in Tables 4 and 5. The iso-
therm models have been used to investigate the sorption equi-
librium between the metal and dye solution and the solid

phase (xCC). As it can be seen in Tables 4 and 5, the coeffi-
cients of determinations (+*) obtained for Langmuir isotherm

model in all cases were high (% > 0.97) for sorption Cr(II)
ions and MB on xCC at all temperatures, but not the greatest.
However, values g, fitted by Langmuir isotherm model were
closest to the experimentally obtained ¢, values at tempera-
tures 10, 20, and 30 °C for sorption Cr(III) ions on xCC. At
temperature of 40 °C, the coefficients of determinations ob-
tained for Sips and Hill isotherm models are greater than the
coefficients of determinations obtained for Langmuir model
and values ¢, fitted by Sips and Hill isotherm model were
closest to the experimentally obtained ¢, value for sorption
Cr(III) ions on xCC. The maximum sorption capacity predict-
ed by the Langmuir (16.49, 16.81, 16.63, and 17.13 mg g '
for temperatures 10, 20, 30, and 40 °C, respectively) and Sips
and Hill (16.70, 17.52, 17.53, and 17.88 mg g for tempera-
tures 10, 20, 30, and 40 °C, respectively) isotherms were ap-
proximately same as the experimentally obtained values (16.5,
17.06, 17.03, and 17.30 mg g_1 for temperatures 10, 20, 30,
and 40 °C, respectively) or sorption Cr(IIl) ions onto xCC.
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Table 5 Parameters for

Calculated parameters

Langmuir, Freundlich, Sips, Hill, Isotherm
Toth, Khan, and Brouers— ]
Sotolongo isotherm models of Langmuir at 10 °C qdm

MB sorption on xCC Langmuir at 20 °C
Langmuir at 30 °C
Langmuir at 40 °C
Freundlich at 10 °C Ky
Freundlich at 20 °C
Freundlich at 30 °C
Freundlich at 40 °C

Sips at 10 °C Im
Sips at 20 °C

Sips at 30 °C

Sips at 40 °C

Hill at 10 °C qu
Hill at 20 °C

Hill at 30 °C

Hill at 40 °C

Toth at 10 °C Kt
Toth at 20 °C

Toth at 30 °C

Toth at 40 °C

Khan at 10 °C qs
Khan at 20 °C

Khan at 30 °C

Khan at 40 °C

B-Sat 10 °C qm
B-S at 20 °C

B-S at 30 °C

B-S at 40 °C

91.857 Kp 0.025 0.973
94.791 0.026 0.971
93.293 0.029 0.970
93.535 0.031 0.971
21.882 n 4310 0.837
23.462 4.410 0.832
25.300 4.703 0.825
26.940 4910 0.828
83.275 bs 0.025 ns 1.523 0.996
86.779 0.026 1.462 0.987
85.896 0.028 1.468 0.987
87.297 0.030 1.386 0.980
83.275 ny 1.523 Kp 274.820 0.996
86.781 1.462 202.973 0.987
85.896 1.468 186.799 0.987
87.300 1.385 125.600 0.980
576.808 ar 92.113 t 0.777 1.000
528.343 85.218 0.787 0.996
407.167 73.438 0.811 0.995
309.146 62.480 0.840 0.991
157.455 b 0.011 ag 1.287 1.000
159.080 0.012 1.270 0.996
149.297 0.014 1.233 0.995
140.304 0.016 1.191 0.991
80.092 Kw 0.027 «a 0.908 0.999
83.254 0.031 0.883 0.995
82.756 0.036 0.864 0.994
83.891 0.044 0.823 0.991

From Table 5, it was observed that the Brouers—Sotolongo
isotherm model beside Sips and Hill models gives the best
fit to the experimental data for sorption MB on xCC, which
indicates the presence of active sites with heterogeneous sorp-
tion interactions. It can be inferred that the sorption environ-
ment in xCC material was heterogeneous based on « (being
related to the heterogeneity o < 1).The maximum sorption
capacity predicted by Brouers—Sotolongo (80.09, 83.25,
82.76, and 83.89 mg g{1 for temperatures 10, 20, 30, and
40 °C, respectively) and Sips and Hill (83.27, 86.78, 85.90,
and 87.30 mg gf1 for temperatures 10, 20, 30, and 40 °C,
respectively) isotherm models were approximately same as
the experimentally obtained values (79.5, 82.32, 81.90, and
82.8 mg g71 for temperatures 10, 20, 30, and 40 °C, respec-
tively) for sorption MB onto xCC. Considering the gy, values,
Brouers—Sotolongo equation is the most adapted for fitting
sorption isotherms of MB on the xCC.

Taking into consideration values ¢, and 7> obtained from
non-linear regression of Langmuir isotherm models, sorption
of Cr(Ill) ions and MB on xCC occurs on a homogeneous
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surface by monolayer sorption without any interaction be-
tween sorbed ions, which indicates that the chemical mecha-
nism of sorption probably prevails. However, the fact is that
Sips isotherm model (hybrid of Langmuir and Freundlich iso-
therm models that is based on the theory of a homogenous—
heterogeneous sorbent surface) in good agreement with exper-
imental data indicates that in high sorbate concentrations, this
predicts monolayer sorption onto surface of sorbent like at the
Langmuir isotherm, while at low sorbate concentration, it fol-
lows Freundlich isotherm. Hill model, which describes the
binding of different species onto homogeneous substrates,
i.e., ability ligand binding at one site on the macromolecule,
may influence different binding sites on same macromolecule,
while Brouers—Sotolongo isotherm was specifically devel-
oped for the complex and heterogeneous systems, making it
suitable to describe sorption phenomena involving sorbing
materials with different chemical and structural characteristics
which is precisely the case in this study. The Langmuir sorp-
tion model deviates primarily because it fails to account for
the surface roughness of the sorbate and multi-layered
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sorption phenomenon. The results show that the Cr(III) ions
and MB sorption onto xCC is a complex process because of
heterogeneous surface as a consequence of differences in size
and shape of pores, cracks and pits and different functional
groups (xanthate, carboxylic, hydroxyl etc.) so sorption be-
tween Cr(IlI) and MB on xCC occurs via different possible
interactions mainly electrostatic attraction, ion exchange, and
complexation. Electrostatic interactions are clearly involved
in Cr(I1I) ions and MB sorption mechanism. The acidic groups
such as xanthate and carboxylic groups favor sorption due to
electrostatic interactions between the Cr(Il) ions and MB
molecules and the deprotonated xanthate and carboxylic
groups. Furthermore, ion exchange is an important concept
in biosorption mechanisms; the ion exchange reaction occurs
between light metals, such as Na*, which are released upon
binding of a cation on xCC.

The coefficients of determinations for Freundlich, Toth,
and Khan isotherm models are relatively equal to or less com-
pared to those of Langmuir, Sips, Hill, and Brouers—
Sotolongo models. The experimental ¢, values did not agree
with the calculated sorption capacity values obtained from the
Freundlich, Toth, and Khan isotherm models. From the anal-
ysis of all the isotherms and the knowledge of the most im-
portant parameters (¢,, and ), the comparison of tested
models for the description of sorption equilibrium isotherms
on xCC is as follows: Langmuir > Sips > Hill > Brouers—
Sotolongo > Toth > Khan > Freundlich for Cr(IIl) ions and
Brouers—Sotolongo > Sips > Hill > Langmuir > Toth > Khan >
Freundlich for MB. The results show that maximum sorption
capacity calculated for non-linear models increased as the
temperature increases and at temperature of 40 °C reaches
the maximum value and amounts 17.13 mg g ' (Langmuir)
for sorption Cr(IIl) ions and 83.89 mg g ' (Brouers—
Sotolongo) for sorption MB on xCC, because the increase rate
of diffusion of the sorbate molecules across the external
boundary layer and in internal pores of the sorbent particles
is the result of the reduced viscosity of the solution (micro-
pores favor Cr(Ill) ions sorption, while mesopores favor MB
sorption). In the similar conditions, at 25 °C, basic material
(non-modified corn cob) shows much smaller sorption capac-
ity (3.22 mg g for Cr(Ill) and 16.21 mg g ' for MB), which
confirms significance of chemical modification. Values for K,
and Ky increase with increasing temperature from 10 to 40 °C
that indicates that the Cr(IIT) ions and MP are favorably sorbed
by xCC at higher temperatures, i.e., the sorption process is
endothermic. The separation factor (Ry) value determined
from the Langmuir isotherm indicated that Cr(Ill) ions and
MB sorption onto xCC were in favorable region (R < 1).
The decrease in Ry with an increase in the initial concentration
indicates that the sorption is more favorable at high concen-
trations. The values of nyy for MP were >1, which indicated the
fact that the interaction of binding between MP and xCC was
in the form of positive cooperativity.

Biosorption thermodynamics

The thermodynamic parameters, including the free energy
change (AG®°, kJ mol "), enthalpy change (AH°, kJ mol "),
and entropy change (AS°, J mol "), can be estimated using
equilibrium constant values as a function of temperature. The
free energy change of the sorption reaction is given by the
following equation (Kesraoui et al. 2016)

AG' = —RTInK (14)

where AG® is standard free energy change, J; R the universal
gas constant, 8.314 ] mol ' K™; T the absolute temperature,
K; and K is the equilibrium constant obtained from the
Langmuir model (K} ) for sorption Cr(IIl) ions and Brouers—
Sotolongo model (Kyy) for sorption MB on xCC.

The free energy change indicates the degree of spontaneity
of the sorption process and a higher negative value reflects
more energetically favorable sorption process (Ozer et al.
2004). The equilibrium constant may be expressed in terms
of entropy change and enthalpy change as a function of tem-
perature as follows (the van’t Hoff equation)

AG - (15)
R RT

According this equation, the effect of temperature on the
equilibrium constant K is determined by the sign of AH°.
Thus, when AH°® is positive, i.e., when the sorption is endo-
thermic, increase of temperature results in increase of K.
Conversely, when AH°® is negative, i.e., when the sorption is
exothermic, increase of temperature causes decrease of K.
This implies shifting of the sorption equilibrium to the left.
The other useful parameters are AH° and AS®, and they are
given by the following

AG = AH-TAS' (16)

The standards enthalpy and entropy changes are deter-
mined from the slope and intercept of the plot of In K versus
1000/T (The plot of In K versus 1000/7 is given in
supplementary data Fig. S1), respectively, and are summa-
rized in Table 6.

The #* values of the linear fitting experimental data were
>0.98, which indicates the values of enthalpy and entropy
change calculated for sorption Cr(IIl) ions and MB on xCC
are fairly confident. The values K increase by increasing of
temperature, suggesting that the sorption process is endother-
mic, and the sorption capacity increases with increasing of tem-
perature. Increase of temperatures leads to increasing of the
sorption capacity, which may be attributed to the enlargement
of pore size and activation of the sorbent surface. The negative
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Table 6 Thermodynamic

parameters for the sorption of T(C) gm(mgg" LnkK ” (In K AG° . AH® » AS° »
Cr(III) ions and MB onto xCC versus 1/7) (kJ mol ) (kJ mol ™) (J mol )
Cr(III) ions 10 16.491 9.01439  0.982 -21.22 10.19 111.03
20 16.807 9.20387 —22.43
30 16.635 9.30081 —23.44
40 17.130 9.44185 —24.58
MB 10 80.092 9.06560  0.973 -21.34 11.63 116.31
20 83.254 9.20105 —22.42
30 82.756 9.34081 —23.54
40 83.891 9.54705 —24.86

AG° value at all temperatures points out that sorption processes
were spontaneous nature and feasible; by increasing the tem-
perature, the value of AG®° becomes more negative, suggesting
that higher temperature makes the sorption favorable (Li et al.
2015). The positive values of AH° (about 10 kJ mol ') show
that the nature of sorption is endothermic and suggest that the
sorption is physico-chemical process (Elabbas et al. 2016). The
positive values of AS® also indicate the possibility of some
structural changes, increase in disorder of system’s interface,
and may indicate that ion replacement reaction is taking place.
The positive value of AS® suggests that the process is enthalpy
driven. Similar results were also reported by other researchers
(Sawalha et al. 2006; Elabbas et al. 2016).

Removal of Cr(III) ions and MB from wastewater

The removal efficiency of Cr(Ill) ions and MB, as well as
amount of xanthated biosorbent, could be predicted based on
equilibrium data and mathematical tools for results interpreta-
tion. For predicting performances of sorption based on sorp-
tion isotherms (Langmuir and Brouers—Sotolongo), two equa-
tions were used (Egs. 17 and 18), obtained by combining
Eq. 1 with Egs. 7 and 9.

m Co— ¢ Co— ¢

— = = 17

\% 9m quLCe ( )
14+ Kic.

m o Co—Cy o Co—Cy (18)

Vin gy (1)

The plots obtained from Eqgs. 17 and 18 (Fig. 8a, b) indicate
the predicted amount of xCC required for removing Cr(Ill) ions
and MB from solutions (initial concentration of Cr(III) ions was
20 mg dm > and of MB was 100 mg dm ) to the extent of 80—
99% removal for different solution volumes (1-5 dm?).

For example, from Fig. 8, it can be seen that for removal
efficiency of 99% for volumes 1, 2, 3, 4, and 5 dm 3, the
amounts of xCC were 1.18, 2.36, 3.53, 4.71, and 5.89, and
1.19,2.38,3.57,4.76, and 5.95 g for Cr(IlI) and MB solutions,
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respectively. However, in the experimental results obtained
with the same amount of sorbent, there was a slightly higher
removal efficiency, on average about 5%.

In the chrome plating industry, the plated metal parts are
rinsed with water in one or more rinsing baths. In this study,
treatment of effluent from rinsing baths of chrome plating line is
carried out by continuous circulating of effluent through the
column. After saturation, the column would be changed or there
would be second column with by-bass which enable continuous
process. The concentration of Cr(IIl) ions in tanks must be
reduced to the level in accordance with environmental regula-
tions for various types of water and industrial wastewaters, be-
fore discharging. This wastewater from chrome plating industry
contains chrome in the range from 80 to 160 mg dm>. In the
case of this study, wastewater was from chrome plating compa-
ny Galpres, Leskovac, which contains Cr in concentration of
114 mg dm . Hexavalent chromium was reduced to Cr(III) by
using chemical reducing agents such as sodium bisulfite at pH
about 2.8 (pH was adjusted to the desired pH with sulfuric acid).
In the next step, Ca(OH), was added for Cr(III) precipitation as
insoluble Cr(OH); at pH about 8. After this stage, the concen-
tration of Cr(IIl) ions was decreased to 7.5 mg dm .

The verification of theoretically calculated amounts of
sorbent was carried out by using packed-bed column lab-
oratory system with recirculation of the aqueous phase. By
previous prediction of purification process, calculated dose
of XCC needed for effective removal (RE 100%) of Cr(III)
ions was 0.45 g dm > for 1.0 dm > of effluent with con-
centration 7.5 mg dm . The effluent, with initial pH 5.0
and temperature 20 °C, was treated in packed-bed column
with recirculation of the aqueous phase. After 10 min, con-
centration of Cr(III) ions decreased to 0.86 mg dm ?; after
20 min, it was 0.21 mg dm>; and after 40 min, concentra-
tion of Cr(III) ions was lower than 0.1 mg dm°.

To test the efficiency of xCC for removal of MB from
contaminated water, the river water was used as the matrix
of the sorption solution. By previous prediction of purification
process, calculated dose of xXCC needed for complete removal
(RE 100%) of MB was 1.20 g for 1.0 dm > of the river water
contaminated with MB, with initial pH 5.0 and temperature
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Fig. 8 The predicted amount of xCC for the sorption of a Cr(Ill) ions and b MB, at temperature 20 °C

20 °C. The concentration of MB in sample was 100 mg dm .
Treatment was conducted in system with packed-bed column
with recirculation of the aqueous phase. Results have shown
that removal of MB from contaminated river water was very
effective. The removal efficiency was 90% after 20 min, and
94% after 40 min, which is in a relatively good agreement with
predicted value. Slightly lower value of the removal efficiency
occurs due to presence of other contaminants in river water
(Ca(1l), Mg(II), organic matter, etc.). Competition among ions
for sorption sites could hinder xCC binding ability for MB, as
expected. The high removal efficiency of MB in river water by
xCC, indicates the great application potential of xanthated
biosorbent in removing of cationic pollutants from water.

Conclusion

This study shows that the xanthated corn cob has high poten-
tial as an efficient biosorbent for the removal of Cr(IIl) and
methylene blue from water. The presence of the sulfur func-
tional group on the sorbent surface was confirmed by FTIR
and EDX analysis. The Cr(IlT) intake by xCC was confirmed
by EDX analysis. The kinetic experimental data fitted very
well to pseudo-second order and Chrastil’s kinetic models,
i.e., the sorption is under both reaction and diffusion control.
The Langmuir model can describe the equilibrium data for
biosorption of Cr(Ill) ions onto xCC, and so the nature of
sorption of Cr(III) ions on the sorbent is more compatible with
Langmuir assumptions. However, the sorption of MB is better
described with Brouers—Sotolongo isotherm model. The sorp-
tion mechanism of Cr(III) ions and MB onto xCC is a complex
process, from one side because of different sizes and shapes of
pores on sorption surface and from the other side because of
different functional groups on the surface of xCC (xanthate,

carboxylic, hydroxyl, and other groups). The sorption of
Cr(III) and MB onto xCC occurs via different possible inter-
actions, mainly electrostatic attraction, ion exchange, and
complexation. Investigation of thermodynamics of the sorp-
tion of cations on xCC shows that process is endothermic,
feasible, and spontaneous. The laboratory system with
packed-bed column and recirculation of the aqueous phase,
created in this study, can be used for purification of water in
rinse baths in galvanization and similar processes, offering an
alternative treatment for the removal of heavy metals and sav-
ing of process water.

The developed xCC biosorbent has demonstrated not only
high sorption capacity and faster kinetics, but it also has addi-
tional benefits like simple synthesis, absence of secondary
pollution, cost-effectiveness, and eco-friendliness. It can be
proved to be a promising advanced sorbent for removal of
cationic pollutants from contaminated natural and wastewa-
ters. The regeneration and desorption aspect of xCC needs
further studies for its real cost-effectiveness.
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