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Abstract

A carbon rich adsorbent prepared from the reaction of sugar beet pulp with sulphuric acid and gas formed during carbonization process have
been studied for Cr(VI) removal from aqueous solutions. The SO, rich gas was shown to be an excellent Cr(VI) reductant. The equilibrium and
kinetic studies were conducted by using the carbonaceous adsorbent derived from sugar beet pulp. The lower pH favoured Cr(VI) adsorption
but substantial Cr(VI) reduction was observed. The Langmuir and Freundlich isotherm models were applied and the Langmuir model best fit
the equilibrium isotherm data. The maximum adsorption capacity of chromium calculated from Langmuir isotherm is about 24 mg g~ for 25°C.
The adsorption of Cr(VI) is an endothermic process and follows the pseudo-second-order rate kinetics. The sulphuric acid-carbonization is an
economical method for particularly chromium removal because the gas generated during carbonization exhibits good Cr(VI) reduction properties

and carbonaceous material obtained is an efficient Cr(VI) adsorbent.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Sugar beet pulp, a by-product left after the extraction of
sugar from the sugar beet, is generated more than 14 million
tonnes (in dry matter bases) each year in the European Com-
munity [1,2]. Sugar beet pulp is in polysaccharide structure and
composed primarily of cellulosic and pectic substances. This
product is mostly returned to the farmers to be used as ani-
mal feed, however, several potential ways to enhance its value
such as the production of paper [3-5], detergents [6] dietary
fibers [7,8] and pectins [9,10] have been investigated. Pectins in
the sugar beet pulp contain polygalacturonic acids, which carry
carboxyl groups and consequently exhibit high affinity towards
metal cations [11,12]. Also, polysaccharides and their modi-
fied products adsorb cationic species from aqueous solutions
[13—15]. From the standpoint of environmental pollution con-
trol, heavy metal adsorption of sugar beet pulp has also been
studied [1,2,16-21].

The removal of various organic and inorganic pollutants from
industrial wastewaters is considered as an important application
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of adsorption processes using suitable adsorbent. During recent
years, interest has been primarily focused on the production of
low-cost sorbents from agricultural wastes or by-products. Agri-
cultural cellulosic materials are evaluated to be very economic
precursors for the production of active carbons that has been
used extensively in industrial processes for many purposes of
separation and purification. Conversion of sugar beet pulp into
activated carbon would add its economic value and thus, provide
a potentially inexpensive alternative to the existing commercial
active carbons. Starting from this idea, we have attempted to
produce carbonized sugar beet pulp and reported some heavy
metal adsorption characteristics of different type active car-
bons obtained from sugar beet pulp by pyrolysing techniques
[22,23].

As known, concentrated sulphuric acid has a powerful affin-
ity for water so much so that it removes the elements of water
from many organic compounds by decomposing them to water,
carbon and other simple products. Besides the methods based on
pyrolysing and high temperature activation with various chemi-
cals, sulphuric acid dehydration with or without heating at mild
temperatures are applied as a carbonization method. Since it does
not require high temperature procedures, this method seems to
be a simple carbonization and probably is suitable for preparing
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efficient and low-cost adsorbent from agricultural lignocellu-
losic waste materials. Heavy metals removals from aqueous
solutions using various carbonaceous materials prepared by sul-
phuric acid carbonization method have been reported [24-29].

Chromium, one of the prior heavy metal pollutants, occurs
in two stable oxidation states in aqueous solutions, Cr(VI) and
Cr(III), that their properties are very different. Cr(VI) species,
having mobile and strongly oxidant characters, are known as
mutagen and potential carcinogen [30]. In contrast, Cr(III), hav-
ing a limited hydroxide solubility and low toxicity, is generally
regarded as non-dangerous pollutant. Because of these dramatic
differences in physical and chemical properties of two chromium
types and benign character of Cr(IIl), detoxification and immo-
bilization processes of Cr(VI) is based on its reduction to Cr(III).
Many different processes have been investigated for removing
chromium from aqueous solutions. Principally, two types of
treatment methods are differentiated for Cr(VI) removal. The
first type of methods aim to remove Cr(VI) directly while the
second type is based on the reduction of Cr(VI) to Cr(IIl). The
precipitation of insoluble chromium hydroxide is a final step in
the second type removal processes. The reduction—precipitation
technique is abundantly practised for the treatment of chromium
containing wastewaters [31,32]

In this study, a carbonaceous material was obtained from
sugar beet pulp by carbonizing with concentrated sulphuric acid.
The main objective of this study was to evaluate gas, liquid and
solid products or co-products obtained during carbonization pro-
cess for hexavalent chromium treatment in aqueous solutions. In
this context, (a) hexavalent chromium reduction capability of the
gas evolved during carbonization was determined, (b) character-
isation of unreacted acid recovered by washing the carbonized
product left after carbonization step was done, (c) carbona-
ceous adsorbent obtained was characterized and (d) hexavalent
chromium adsorption characteristics of carbonaceous material
obtained was determined.

2. Materials and methods
2.1. Preparation of sugar beet pulp

Sugar beet pulp was obtained from a local sugar factory in
Elazig, Turkey. The coarse humidity of sugar beet pulp was
removed by air blowing for 24 h. It was then dried in an oven at
50 °C for further 24 h. The dried pulp was grinded in a blender.
The grinded material was sieved and the fraction of —30+ 50
mesh (600 wm < x <300 wm) was used in the experiments. This
sample was named as sugar beet pulp (SBP).

2.2. Preparation of adsorbent

SBP was mixed with two parts of concentrated sulphuric
acid. The mixture was rapidly homogenized by stirring with
a glass rod. A couple of minutes later, the mixture was imme-
diately swelled by gas evolving. In a period of about 10 min,
dark coloured and voluminous material was formed. The mate-
rial was heated at the range of 140-150 °C for further 6 h. In this
period, gas evolving continued for 40-60 min.

In order to remove the unreacted acid, reaction prod-
uct was mixed with distilled water in the ratio of 1/10
(w/w)[water/(SBP + HySO4)], the mixture was agitated for half
an hour and then filtered through vacuum. The first washing-
water was set aside. The washing was repeated two times more.
Then the material was soaked in 10% sodium bicarbonate solu-
tion overnight in the ratio of 1/10 (solid/liquid) to remove the
remaining acid. After filtration, the residual solid was repeatedly
washed with distilled water, until the washing water does not
practically contain sodium. The presence of sodium in washing
water was determined by a flame photometer (Eppendorf). The
pH of the last washing water was about 8. The product obtained
was dried at 105 °C for 24 h. Dried material was roughly grinded
in a mortar and sieved through 100 mesh screen. The final mate-
rials were referred to as carbonized sugar beet pulp (CSBP) and
stored in a tightly capped glass jar and used in adsorption studies.

2.3. Characterisation of recovered acid

In order to determine the acid recovery, washing-water
obtained in first washing was analyzed by titration of liquor
by NaOH solution.

2.4. Preparation of Cr(VI) solution

A stock solution containing 1000 mg/1 of Cr(VI) was prepared
by dissolving K>Cr,O7 in distilled water. Working solution of
desired concentrations, if required, was prepared by diluting of
stock solution. The pH of Cr(VI) solutions was adjusted by using
NaOH and H>SOy solutions.

2.5. Cr(VI) reduction by using the gas evolved during
carbonization

In the study dealing with Cr(VI) reduction by carbonization
gas, various SBP/sulphuric acid (96%, by weight) ratios (1, 1.5,
2.0 and 2.5 w/w) were applied.

Four grams of SBP and a predetermined amount of concen-
trated sulphuric acid (96%, by weight) were mixed in a glass
reactor. Initially, an immediate reaction and an intensive gas
evolving were occurred in a few minutes. During this period,
the temperature of product rose up to approximately 120 °C.
The temperature of the product was then kept at the range of
140-150 °C by heating the reactor with an electrical heater. The
gas evolved during the carbonization and the following heat-
ing, was successively passed through four impingers containing
dichromate solutions of 1000 mg Cr(VI) 17!, the volume and
height of which are 125 ml and 10 cm each (Fig. 1). As a result
of reduction of Cr(VI) to Cr(III), the colour of solutions turned
from orange to green. When the solution in the first impinger
turned green, it was removed from system and a new impinger
is added as fourth. After the gas evolving ended, the system was
demounted and all solutions were mixed. The resulting solution
was agitated for 15 min before Cr(VI) analysis was made. The
amount of reduced Cr(VI) was determined based on the Cr(VI)
concentration measured after and before treatment. The amount
of reduction at the end of treatment, g, (reduced Cr(VI) per gram
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Fig. 1. Schematic diagram of experimental apparatus for the measurement of reduction capability of gas evolved during carbonization.

of H>SO4)(mg g’l), was calculated as follows:

qr (Ci — Cy) (1

= 0.96m

where Cj and Ct are the initial and final Cr(VI) concentrations
(mg 171 of solutions used in reduction experiment, V the volume
of the total solution (1), and m is the weight of the H,SO4 (96%)
(g) used in carbonization experiment.

2.6. Adsorption study

The first set of batch adsorption experiments were performed
to determine equilibrium time for different initial Cr(VI) con-
centration. For this purpose, 1 g of CSBP was added to 200 ml
Cr(VI) solution with a predetermined concentration (50, 100,
150 and 200 mgl’l) and initial pH (2.00, 2.25, 2.50 and 3.00
(£0.05)) in 300ml Erlenmeyer flasks. The flasks placed in
an temperature controlled orbital shaker (Selecta-Rotabit) with
constant shaking at 200 rpm, at varying temperature in the range
of 25-70°C (£1°C). Samples were periodically withdrawn
and the solutions were separated by a suction filter through an
Advantec (no. 6) filter paper. In the supernatant, final pH was
measured, Cr(VI) and, in some cases, in order to control the
reduction of Cr(VI) during adsorption, total Cr were determined.

The amount of adsorbed chromium was determined based on
the chromium concentration measured after and before equili-
bration. The amount of adsorption at equilibrium, g (mgg~!),
was obtained as follows:

Vv
qg=—(Ci—C) @)
m
where Cj and C. are the initial and equilibrium liquid phase
concentrations (mg1~1), V the volume of the solution (1) and m
is the weight of the CSBP used (g).

2.7. Analytical methods

The solutions were analyzed for hexavalent and total
chromium. Cr(VI) was analyzed spectrophotometrically using
the 1,5-diphenylcarbazide method [33]. Analysis of total
chromium was done by atomic absorption spectrophotometer
(AAS). The difference between concentration of total and hex-
avalent chromium was taken as the concentration of trivalent
chromium. The AAS measurements were compared to the mea-
surements made with the Cr(VI)-diphenylcarbazide method on
etalon samples. Analytical measurements made by the two tech-
niques were always comparable within 5%. All experiments
were carried out in duplicate and mean values were reported
or taken for calculations. Maximum deviation was 5%.

3. Results and discussion
The H,SO4 treatment process yielded a stable, granular

adsorbent that was black in colour. Table 1 shows some char-
acteristics of carbonized sugar beet pulp (CSBP). The washing

Table 1

Some characteristics of the adsorbent

Parameter Value
Moisture content (%) 3.3
Ash content (%) 15.4
Specific gravity (gml~") 1.21
Conductivity (uScm™!) 52.30
pH (1% solution) 7.5
Surface area (N,-BET) (m?> g~ ') 37.8
Particle size (pm) <150
Todine number (mg g~!) 193
COD? (mg 0, 171) 922
Acid insoluble inorganic material (%) 9.5

2 Value for water (100 ml) contacted with 1 g material for 24 h.
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Table 2

The results of acid recovery in first washing of carbonized product (washing time: 30 min)

Parameter Values

SBP used (g) 2.0 2.0 2.0 2.0
H,S04 (96%) used (g) 2.0 3.0 4.0 5.0
H,SO04 (96%)/DSBP ratio (w/w) 1.0 1.5 2.0 2.5
H,S04 in H2SO4 (96%) used (g) 1.92 2.88 3.84 4.80
The amount of water used in first washing (ml) 20 20 20 20
0.1N NaOH solution consumed per ml of first washing water (ml) 5.5 8.6 14.5 20.6
Recovered H,SO; in first washing (g) 0.539 0.843 1.421 2.019
Recovery of H2SOy4 used (%) 28.07 29.27 37.01 42.07

water of carbonized material constitutes a diluted acid solution.
Preliminary tests showed that the gas evolved during the car-
bonization process is a good reductant for Cr(VI). The results
of the studies conducted by gas, liquid and solid products are
given in following sections.

3.1. Reduction of Cr(VI) using carbonization gas

During the carbonization process, on one hand, concentrated
sulphuric acid decomposes the organic materials and converts
into carbon rich substances, on the other hand, a SO,-rich gas is
evolved. SO, is formed as a result of reduction of HySOy4. The
Cr(VI) reduction capacity of gas evolved during carbonization
was determined through the system schematized in Fig. 1. The
results of Cr(VI) reduction performed by the gas evolved during
carbonization process is summarized in Table 2.

Formation of SO; can be roughly depicted as in Eq. (3).

Organic substance + H>SO4
— C-rich substances + SO24 +CO;4 +H0 3)

SO, is an efficient reductant for Cr(VI) that is reduced to
Cr(III) according to following equation:

Cr,07%~ +3S0;, + 2H30" — 2Cr3t 4+35042~ +3H,0 (4)

Required H3O" can be met by the acidity formed by disso-
lution of SO; and ionization of H,SOj3 in aqueous system as
described in Eqgs. (5) and (6). While initial pH value of standard
Cr(VI) solution (1000 mg1~') is 3.70, final pH of the reduced
solutions is measured as low values less than 1.5.

SO, +H,O — H,S0s3 (@)
H,SO3 +H,O — H30T +HSO3™ (6)
Table 3

It was observed that gas evolving continued for 30—60 min
depending on acid content of mixture. As can be seen from
Table 3, the gas formed during carbonization could reduce
158.5 mg Cr(VI) per gram SBP used in a solution of 1000 mg1~!
Cr(VI) when 1 g of HySO4 (96%) is used for 1 g of SBP in car-
bonization. The more acid amount the longer gas evolving and
the more Cr(VI) is reduced. When the amount of H,SO4 96% is
increased to 2-folds, Cr(VI) reduction efficiency is achieved to
286.5 mg. Calculation the reduction capacity based on sulphuric
acid gives rather constant values. For example, on increasing
the H,SO4/SBP ratio from 1.0 to 2.5, Cr(VI) reducing capac-
ity calculated based on HySO4 weight varied from 165.1 to
141.7 mg g~ ! while reducing capacity calculated based on SBP
weight varied from 158.5 to 340.0mg g~!. From these results,
it may be concluded that SO, is the main reducing agent in
reduction process.

Consequently, the Cr(VI) reduction capability of SO;-rich
carbonization gas evolved during carbonization process provides
an advantage to the activation method.

3.2. Recovery of unreacted acid

If the carbonaceous adsorbent is used in hexavalent chromium
treatment, unreacted Ho SO4 can partially be recovered as diluted
acid by washing and this acid solution can be utilized in
Cr(VI) adsorption that occurs in acidic media. Alkalimetric
titration analyses of first washing waters showed that about
28 to 42% of H,SO4 used can be recovered in first washing
conducted with 10ml water per gram of SBP. Acid recov-
ery conditions and the results of washing experiments are
given in Table 2. The sum of H>SO4 amounts corresponded
to SO, and recovered after carbonization roughly give the
H>SO4 used in carbonization process. Thus, H,SO4 consumed

The results of reduction of Cr(VI) using carbonization gas (initial pH of Cr(VI) solution is 3.7)

DSBP used (g) H,S04 (96%) used (g) CSBP obtained (g) CSBP yield (%) Cr(VI) reduced (mg) Cr(VI) reducing capacity
mg Cr(VI)/g DSBP mg Cr(VI)/g H2SO4
2 2 1.14 57.00 317 158.5 165.1
2 3 1.05 52.50 457 228.5 158.7
2 4 0.95 47.50 573 286.5 149.2
2 5 0.90 45.00 680 340.0 141.7
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Fig. 2. Effect of contact time on the removal of Cr(VI) by using of CSBP ((O) pH 2.0, (@) pH 2.25, (OJ) pH 2.50, (W) pH 3.0)) (adsorbent dosage: 5 g/1; temperature:

25°C).

in carbonization process may be used for another purpose, i.e.,
Cr(VI) reduction while unreacted H,SO4 recovered through
a simple washing may be utilized in acidifying the Cr(VI)
solution.

3.3. Cr(VI) adsorption of CSBP

3.3.1. Equilibration time and pH study

Fig. 2 shows the time curves of Cr(VI) removed from the
aqueous solution during the experiment performed with four
different pH and four different initial Cr(VI) concentrations.
The results indicated that the adsorption process is rather quick.
Nearly 80% of the adsorption capacity was reached within 4 h
and an approximate equilibrium state could be reached after 6 h
of contact time for all concentration and pH studied.

The pH of the aqueous solutions is an important parameter
in the heavy metal adsorption processes. Its role on the removal
of hexavalent chromium from aqueous solution by using CSBP
is seen in Fig. 2. The solution pH and initial concentration of
hexavalent chromium affected the removal rate of chromium. As
expected, lower pH favoured Cr(VI) adsorption because surface
is covered with positive charge as a result of protonation and
Cr(VI) in anionic forms is well binded by surface. In fact, the
results clearly show that the adsorption of hexavalent chromium
increased with the decrease of solution pH from 3.0 to 2.0.
In more acidic cases, the concentration of trivalent chromium
increases in the solution, which indicates that the removal of
hexavalent chromium proceeds contributing a reduction process.
Further pH decrease was not conducted due to the possibility of
Cr(VI) reduction in high amount at much lower pH, in addition,
very low pH is not practical for a removal process.

3.3.2. Temperature study

The temperature affects the rate and extent of adsorption.
Furthermore, temperature dependence of adsorption provides
thermodynamic and mechanistic information about the sorption
process. The effect of temperature on Cr(VI) adsorption on to
CSBP was studied in the range of 25-70 °C for a contact period
of 6h in the solutions the initial concentrations of which are
varied in the range of 50-200mg1~!. The results are shown in
Fig. 3.

3.3.3. Kinetic study
Mostly, the kinetics of adsorption by any material is tested
for the first-order expression of Lagergren [34]. However, a
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Fig. 3. Adsorption isotherms obtained for Cr(VI) removal by CSBP (adsorbent
dosage: 5 g/l; initial Cr(VI) concentration: 25-250 mg/1; pH 2.25; contact time:
360 min).
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Fig. 4. Application of equilibration data to the Lagergren first order (a) and pseudo-second-order (b) rate expressions.

pseudo-second-order approach can sometimes provide a good
description of the adsorption kinetics [35]. The first-order Lager-
gren equation is:

In(ge — q) = Inge — kt 6)
The pseudo-second-order equation is:

A ™)
q Kai e

where g, (mg g~!) and ¢ (mg g~ !) is the mass of metal adsorbed
at equilibrium and at time 7, respectively, k (min~!), and k'
(gmg~! min~!) is the first-order and pseudo-second-order rate
constants of adsorption.

The plot of In(ge — g) versus # for first-order Lagergren model
and the plot of #/g versus ¢ for pseudo-second-order model are
shown in Fig. 4a and b, respectively. k and k' values can be
calculated from the slope and intercept of the lines. Also, ge
values for both models can be extracted from corresponding
slope and intercept values. Besides the regression coefficients,
it is possible to determine the most suitable kinetic model by
comparing the actual and the estimated values of g.. Whole
kinetic parameters for both models are shown in Table 4. As
seen from Fig. 4 and Table 4, kinetic data fit well to both model.
But, correlation coefficients calculated for pseudo-second-order
model are higher than those of Lagergren model. Also, estimated
qe values for pseudo-second-order model are closer than those
of Lagergren model. Thus, it can be concluded that the pseudo-
second-order model is most suitable model for the data and this
suggests that the rate-limiting step may be chemical sorption
rather than diffusion.

Table 4

3.3.4. Isotherm study

The sorption data obtained at different temperatures were
analyzed by fitting the Freundlich and Langmuir isotherm mod-
els [36,37].

The Freundlich isotherm is most frequently used to describe
the adsorption of heavy metal ions in solution. Freundlich
isotherm assumes that the uptakes of metal ions occur on a het-
erogeneous surface by multilayer adsorption and that the amount
of adsorbate adsorbed increases infinitely with an increase in
concentration. The equilibrium data were analyzed using the
following linearised Freundlich equation:

Inge =In Ky + %lnCe (8)
where Ky is roughly an indicator of the adsorption capacity and
1/nis the adsorption intensity. Kr and 1/n can be determined from
the linear plot of In g, versus In Cege is the amount of Cr(VI)
sorbed (mg g~!) on CSBP at equilibrium and C, is the Cr(VI)
concentration (mg 1=1) of solution at the equilibrium.

The best known of all sorption isotherms is the Langmuir
model that is applicable to sorption processes. In this model, the
sorption of each sorbate molecule onto the surface has equal
sorption activation energy. The linearised Langmuir sorption
isotherm can be used to describe sorption of an ionic species
such as Cr(VI) from an aqueous solution as
Ce 1 Ce

-+ ©)
qe b@max

gmax

where Ce is equilibrium concentration of Cr(VI) (mg 1=h, ge the
amount of Cr(VI) adsorbed per unit mass of sorbent (mg g_l)

Calculated kinetic parameters for first-order Lagergren and pseudo-second-order models

Initial Cr(VI) Actual g, values First-order Lagergren model Pseudo-second-order model
concentration (mg 17! mgg~!
(mg 175 (mgg™) k (min~!) Estimated g R? K (g mg*1 min~!) Estimated ¢, R?
values (mg g~ ") values (mgg~")

50 9.011 0.0162 7.768 0.9964 0.0028 10.000 0.9988
100 13.242 0.0154 10.175 0.9926 0.0024 14.368 0.9988
150 17.811 0.0134 11.648 0.9961 0.0019 19.157 0.9995
200 21.944 0.0110 18.239 0.9935 0.0009 24.814 0.9988
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Fig. 5. Langmuir (a) and Freundlich (b) plots for Cr(VI) adsorption by CSBP.

and gmax is the maximum sorption capacity (mgg~!). b (I1mg™")
is a constant related to the affinity of binding sites or bonding
energy. gmax represents a practical limiting sorption capacity
when the surface of sorbent is completely covered with sorbate.
If a plot of Ce/ge versus C. gives a straight line with a slope
1/gmax and intercepts 1/bgmax, this indicates that the sorption
process follows the Langmuir model. Langmuir and Freundlich
plots for Cr(VI) adsorption by CSBP are shown in Fig. 5. Also,
calculated isotherm parameters and correlation coefficients are
depicted in Table 5. As can be seen, Langmuir model is better
correlated the data obtained at 25, 40, 55 and 70 °C than the
Freundlich model.

From Table 5, the value of gmax and b increases by the
temperature. Thus, on increasing the temperature from 25
to 70°C, the adsorption capacity increased from 24.154 to
38.168 mg g~ !. Consequently, it is clear that adsorption equilib-
rium is temperature-dependent. The Ky represents similar trend.
This situation shows that the Cr(VI) adsorption process by CSBP
has an endothermic nature. Increasing the adsorption ability by
increasing the temperature may be due to widening the pores of
the adsorbent. In addition, endothermic nature of sorption pro-
cess may reveal to the Cr(VI) uptake of CSBP is mainly chemical
sorption. In a previous study [18], it has been observed that
the process of Cr(VI) sorption on depectinated sugar beet pulp
is endothermic and that a large fraction of Cr(VI) is reduced
to trivalent form. Cr(IlT) and Cr(VI) sorption capacities were
reported as 1.19 and 0.40 mg g~ ', respectively, for depectinated
sugar beet pulp [17,18]. The positive values in enthalpy change
for the Cr(VI) adsorption were also found in the studies con-
ducted by rice bran [38], composite alginate-geothite beads

Table 5
Calculated isotherm parameters for Cr(VI) adsorption by CSBP

[39] and activated carbons derived from hazelnut shell [29] and
Hevea Brasilinesis sawdust [40].

Reddad et al. [41] have reported that the reduction of Cr(VI)
into Cr(III) took place in solution by contact with sugar beet
pulp due to it contains carboxylic and hydroxyl groups which
probably play a role as electron donors. It has been proved that
Cr(III) sorption took place with a Ca>* exchange. The Langmuir
adsorption capacity of sugar beet pulp for Cr(IIl) was reported
as about 10 mg g~ ! in the study mentioned. In a previous study
[21], it has been indicated that iron (III)-hydroxide-loaded sugar
beet pulp exhibited about 5mg g~ Cr(VI) sorption. By com-
paring these values with the result of 24.154 mgg~! found in
present study, it can be concluded that the carbonaceous adsor-
bent obtained by sulphuric acid dehydration of sugar beet pulp
is a good deal of advantageous.

Recently, several studies related to chromium adsorption
from wastewater have been carried out. It is needed to compare
the results from the studies using activated carbons or carbonized
materials and adsorbents derived from sugar beet pulp in a
wide perspective. In such studies, however, the parameters such
as adsorbent dosage, adsorbent properties, chromium species,
concentration range and equilibration time are very different
from each other. In addition, chromium adsorption fits different
isotherms by various correlations in those studies. Therefore, the
better comparisons can be made by using the adsorption capac-
ities calculated from isotherms. Table 6 compares chromium
adsorption capacities of adsorbents derived from sugar beet pulp
and various activated carbons reported in previous studies. As
seen activated carbons generally have a high adsorption capac-
ity for chromium. Carbonized sugar beet pulp shows a higher

Temperature (°C) Langmuir isotherm

Freundlich isotherm

Gmax (mgg™") b(Img™") R? R.? Kr (mgg™")(Img™!)" Iin R
25 24.154 0.058 0.985 0.079 3.588 0.389 0.889
40 34.722 0.079 0.998 0.060 4211 0.480 0.932
55 37.175 0.120 0.998 0.040 5.966 0.454 0.921
70 38.168 0.146 0.999 0.033 6.586 0.456 0.907

2 Calculated values for the initial concentration of 200 mg1~".
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Table 6
The adsorptive capacities of some sugar beet based adsorbents and various acti-
vated carbons

Adsorbent Cr species Capacity Reference
studied (mgg™h)

Sugar beet pulp Cr(III) 10.04 [41]

Depectinated sugar beet Cr(IID) 0.19 [17]
pulp

Depectinated sugar beet Cr(VI) 0.40 [18]
pulp

Iron III hydroxide loaded ~ Cr(VI) 5.12 [21]
sugar beet pulp

Carbonized sugar beet Cr(VI) 24.15 Present study
pulp

AC made from Hevea Cr(VI) 44.05 [40]
Brasilinesis (rubber
wood) sawdust

Different granulated and Cr(11I) 3.52-13.31  [42]
fibrous ACs

AC from coconut tree Cr(VI) 3.46 [26]
sawdust

Commercial ACs
ACs made from coconut

Cr(VD-Cr(III)?*
Cr(VD-Cr(III)?*

48.70-57.70  [43]
68.30-73.90  [43]

shell
AC from hazelnut shell Cr(VI) 170.77 [29]
AC from coconut shell Cr(VI) 4.72-10.44  [44]
and its oxidised
products
AC from fir wood slabs Cr(VI) 180.3 [45]
AC from Terminalia Cr(VI) 28.43 [46]
Arjuna nut

2 Real wastewater.

adsorption capacity than sugar beet pulp and its depectinated
product and it has comparable capacity to some activated car-
bons (Table 6).

In some earlier studies [45,47], authors have suggested that
using a dimensionless separation factor is suitable for evaluation
of sorption data. For the Langmuir type sorption process, the
isotherm shape can be classified by a term Ry, dimensionless
constant separation factor, which is defined as in Eq. (10).

1

- 1
(1 4+ bCp) (10)

Ry
where R is dimensionless separation factor, Cy initial metal
concentration (mg 1~ Dandbis Langmuir constant (1 mg™ 1y The
parameter Ry indicates the shape of the isotherm accordingly:

Ry > 1 (unfavourable), Ry =1 (linear),

0 < RL <1 (favourable), Ry =0 (irreversible)

The Ry, values for Cr(VI) sorption by CSBP, were calcu-
lated from Langmuir constant b for various temperatures and
initial metal concentration range of 50-200mg1~! and the val-
ues calculated for highest concentration of 200 mg 1~ are listed
in Table 5. Since all calculated Ry, values are between O and 1,
it can be stated that the process of metal sorption by CSBP is
favourable.

As expected, higher CSBP/solution ratios are required to treat
the solutions having higher metal concentrations. Unnithan and

Table 7
Calculated CSBP dosages to achieve the 95 and 99% removal yield for Cr(VI)

Initial concentration Calculated m/V values (sorbent dosage) (g1~!)

(mg1™)
For 95% removal For 99% removal
150 19.48 76.87
200 21.44 78.92
250 2341 80.97
500 33.25 91.22

Annirudhan [48] have suggested the Eq. (11) which the sor-
bent/solution ratio can be calculated from

m _ C() — Ce
Vo (gmaxbCe)/(1 + bCe)

an

where the m/V is CSBP/solution ratio (in other term, sorbent
dosage) (g17!) and the Cy and C, is initial and equilibrium sor-
bate concentrations (mg1~!), respectively. In order to have an
idea about the required CSBP amount for higher metal uptake,
calculated CSBP dosages to achieve the removal yields of 95
or 99% for Cr(VI) by using Langmuir isotherm parameters
obtained at 25 °C are shown in Table 7. Actual Cr(VI) sorption
percentages for the initial concentration of 150 and 200 mg1~!
by using 5g1~! CSBP dosage were 63.3 and 57.7%, respec-
tively. As shown from the table, these removal yields may be
increased to 95 and 99% by increasing the CSBP dosages to
19.5 and 76.9 g1~! for 150mg1~! and 21.4 and 78.9 g1~ for
200mg 17!, respectively. Also, by this method, required CSBP
dosages for the effective Cr(VI) removal from the solutions hav-
ing the higher initial concentrations such as 250 or 500 mg1~!
can be estimated as in table.

The thermodynamic parameters such as free energy (AG),
enthalpy (AH) and entropy changes (AS) for the adsorption pro-
cess can be determined using following equations:

, AH
Inb=Inb — — (11)
RT
1 A
In{-) = —G (12)
b RT
AH— AG
AS="_""~ (13)
RT

where the b’ is energy parameter, T absolute temperature (K)
and R is the universal gas constant (8.314Jmol~! K—!). The
enthalpy change for chromium adsorption by CSBP determined
from the slope of In b versus 1/7 was found to be 18.18 kJ mol !
(Fig. 6). The positive value of AH confirms that the process
is endothermic. Other thermodynamic parameters calculated
depending on temperature are depicted in Table 8. The nega-
tive values of AG indicate that the nature of adsorption process
is spontaneous. The values of entropy changes are small and
positive for Cr(VI) adsorption process. Positive entropy change
values may show that the some structural deformations occur in
the adsorbent during the sorption process.
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Inb
)
B

i

AH= 18.18 kJ/mol

26 R =0.9877

-2.8 1

-3.0 T T T T
0.0029 0.003 0.0031 0.0032 0.0033

UT,K!

0.0034

Fig. 6. Inb vs. 1/T plot for Cr(VI) adsorption on CSBP.

Table 8
Free energy and entropy changes for Cr(VI) adsorption by CSBP

Temperature (°C) Thermodynamic parameters

AG (KT mol™1) AS (KT mol~' K1)
25 —19.880 0.1331
40 —21.653 0.1325
55 —23.831 0.1331
70 —25.474 0.1321

4. Conclusions

The agroindustrial waste material, i.e., sugar beet pulp was
converted into low cost carbon rich material by reacting with sul-
phuric acid. The gas evolved from the carbonization process has
been used successfully as a Cr(VI) reducing agent. The carbona-
ceous material derived from sugar beet pulp could be used as an
effective adsorbent for the treatment of Cr(VI). Further, unre-
acted H>SOy is recovered as a diluted solution in first step of
washing and may be used in Cr(VI) adsorption which is favoured
in acidic media. In brief, as an alternative to much more expen-
sive reagents and systems, solid and gas products of H,SO4
carbonization process may be used for the Cr(VI) treatment.
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