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Abstract

Modified activated carbon sorbents (ACP-Zn and ACP-Zn-Fe) had been prepared from the activation of corn husks precur-
sor to increase the chemical activity of the resulting adsorbents by increasing the number of active functional groups and
generation of micro-mesoporous structures. Fourier transform infrared (FTIR) assessed the acidic surface properties of the
prepared activated carbons that is due to the presence acidic functional groups such as -OH and -COOH which improves
the removal efficiency of the produced sorbents. Textural characteristics revealed the generation of micro-mesoporous
structures in ACP-Zn and ACP-Zn-Fe. Thus the combination of H;PO, with Zn or Zn—Fe could enhance the mesoporos-
ity with a considerable decrease in the adsorption of nitrogen. However, the formation of mesopores might be attributed
to the template-like effects of the obtained Zn- of Zn-Fe compounds inside the carbon structure. These structures were
employed as sorbents for removal of hexavalent chromium Cr(VI) ions from its aqueous solutions, and the removal efficiency
reached ~ 86% for ACP-Zn-Fe and ~ 82% for ACP-Zn. The kinetic modeling studies revealed that the sorption process follows
the pseudo-second-order model which indicates that the mechanism of process is chemisorptions. Freundlich, Langmuir and
Dubinin—Radushkevich (D-R) models were used to express the experimental data. The isotherm modeling studies revealed
that the sorption process was fit with both Freundlich and Langmuir models with maximum capacity 24.8 and 30.3 mg/g for
ACP-Zn and ACP-Zn-Fe, respectively.
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Introduction

The environmental difficulties caused by heavy metal ions
in water need the development of new efficient methods
for removing these contaminants, especially because their
accumulation in living creatures at extremely low concentra-
tions causes significant health problems (Monier et al. 2010;
Essawy and Ibrahim 2004; Xiao et al. 2017). Because of the
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difficulties in properly removing these pollutants from water,
continuous attempts are made in this situation (Futalan et al.
2012; Baraka and Heslop 2007). Accordingly, several studies
were allocated to evolve suitable sorbents for this purpose
which would be featured by high capacity and selectivity to
a number of metal ions (Yildiz et al. 2010; Kirupha et al.
2013; Saravanan and Ravikumar 2015a; Ahmad et al. 2018).

Although chromium is an essential element for plant and
animal metabolism, its accumulation in the environment as
a result of industrial outputs may have negative impacts on
human health (Fan et al. 2019). Many industrial processes
such as dyes and pigment manufacturing, wood preserving,
electroplating and leather tanning operations are responsible
for discharging wastewater contaminated by chromium (Fan
et al. 2019; Demiral et al. 2008; Kumar and Jena 2017a,
2017b; Yang et al. 2015; Ukanwa et al. 2019; Heidarinejad
et al. 2020). The main oxidation states of Cr ions are +3 and
+6 where the other oxidation states are not stable in aque-
ous media. Cr (VI) ions are more harmful and present in
the forms of chromate (CrO42_) and dichromate (Cr2072_).
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Conventional methods such as reduction followed by pre-
cipitation, solvent extraction, reverse osmosis, ion exchange
and electrolytic methods have been applied for removing
Cr(VI) ions from industrial wastewater. However, these
methods have found limited in the application because
they often involve high capital and operational costs. On
the contrary, adsorption process is an effective and versa-
tile method for removing chromium ions (Fan et al. 2019;
Demiral et al. 2008; Kumar and Jena 2017a, 2017b; Yang
et al. 2015). Particularly, adsorption using activated car-
bon materials derived from agricultural wastes is found to
be effective and eco-friendly process as compared to the
other methods (Demiral et al. 2008; Kumar and Jena 2017a,
2017b; Yang et al. 2015). The obtained AC samples used
in these studies have been prepared using steam activation
(Demiral et al. 2008), ZnCl, activation (Kumar and Jena
2017a), H;PO, activation (Kumar and Jena 2017b) and
NaOH activation (Yang et al. 2015). As well known, two
general preparation schemes are currently used in prepara-
tion of ACs from agricultural wastes (Ukanwa et al. 2019;
Heidarinejad et al. 2020). The first scheme is the physical
activation and involves the pyrolysis of carbonaceous raw
during flow of oxidizing gases such as air, steam and CO,.
The second is the chemical activation scheme and involves
only one thermal treatment stage for carbonaceous raw with
different activating agents which have been reported in the
literature, such as ZnCl,, FeCl;, H;PO,, NaOH, or KOH and
others (Ukanwa et al. 2019; Heidarinejad et al. 2020; Sych
et al. 2012; Kilic et al. 2012). Among these, the activation
with H,PO, offers many recommended advantages; it is per-
formed in one pyrolysis step at a much lower temperature
(400-600 °C), which leads to a much higher carbon yield
(35-50 %), and most of the impregnate can be recovered
by multistage extraction (Sych et al. 2012). Accordingly,
a large number of feedstocks of biomass have been exten-
sively exploited based on their prevalence in the considered
region of the world (e.g., bagasse, wood trees, fruit stones,
nutshells, water hyacinth, coffee beans, cotton stalks, olive
stones and many others) (Ukanwa et al. 2019; Heidarinejad
et al. 2020). In the present investigation, the developed acti-
vated carbons were prepared from corn husks by impreg-
nation with 50 % H;PO, followed by thermal treatment at
700 °C for 2 h, under its own atmosphere, or followed by
mixing with either zinc chloride or zinc chloride/ferric chlo-
ride mixture and then carbonized at the same temperature.
The combination of two or three chemical reagents through
preparation of ACs is reported here for the first time. The
surface and porosity characteristics were evaluated by FTIR,
XRD and N, adsorption at 77 K. Testing of the adsorption
capacity from solution was carried out by determining the
adsorption isotherms of Cr(VI) cations. It was intended to
assess the impact of chemical activation schemes on the
adsorption characteristics of ACs obtained.
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Experimental
Preparation of activated carbons

Corn husks (CHs)were washed several times with distilled
water to remove any impurities then cut into small pieces
and dried at 80 °C for 24 h followed by crushing and siev-
ing (0.5-3.0 mm).

Three schemes of chemical activation route including
phosphoric acid, phosphoric acid-zinc chloride and phos-
phoric acid—zinc chloride—ferric chloride were activated
CHs powder as carbonaceous precursor to produce acti-
vated carbon adsorbents. This precursor of activated car-
bons was local and discarded from food processing indus-
try. CHs were first washed with hot water to be free from
dirt and then dried at 80 °C overnight. The dried species
were cut and ground in a laboratory mill to a grain size
from 0.5 to 3.0 mm. The resultant powder was impreg-
nated using a 100 ml solution of 50% H;PO, (Rasayan,
a concentration of 85%) and left overnight to achieve
good soaking, then separated from the remaining H;PO,
solution and transferred to an oven at 80 °C to be dried
overnight. The sample was divided into two portions to
prepare activated carbons. In the first step, a portion was
transferred to stainless steel reactor (length of 60 cm and
inner diameter of 40 mm and closed at one end) and heated
slowly to 500 °C within 1 h, and then reach to final tem-
perature of 700 °C and hold for 2 h. After heating stop, the
carbonized material was thoroughly washed by boiling in
500 ml aliquots of water, decanted and rewashed several
times until washings filtrate reached pH > 5.5, finally fil-
tered and dried overnight at 110 °C and denoted as ACP.

The second portion of impregnated sample was treated
with zinc chloride (PubChem, assay 98%, 163.3 g/mol) at
mass ratio of sample/salt=>5:1 and dried at 80 °C over-
night. Then, the dried sample was carbonized in the same
furnace and at the same temperature for 2 h. The carbon-
ized product was washed, filtered, dried at 110 °C and
labeled as ACP-Zn. In the third route, H;PO,-ZnCl,-FeCl,4
activation pathway was carried out. A portion of powdered
corn husks which soaked firstly with chemical agents of
H;PO, and ZnCl, was treated with ferric chloride hexahy-
drate (Sigma-Aldrich, assay 98%, 270.3 g/mol) and then
dried at 80 °C overnight. After that, the dried sample was
carbonized as mentioned above under the same conditions.
The produced activated carbon was labeled as ACP-Zn-Fe.

Sample characterizations

The essential surface functional groups formed on the sur-
face of the prepared samples were determined by Fourier
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transform infrared (FTIR) spectroscopy, using KBr pellets
(JASCO, FTIR-460 plus).

The textural parameters such as Brunauer—Emmett—Teller
surface area (Spgy, m?/g), total pore volume (Vp, cm*/g) and
average pore diameter (7, A) (Sych et al. 2012) were deter-
mined using nitrogen adsorption analysis (BEL-Sorp, Micro-
trac Bel Crop, Japan) at —196 °C and P/P,=0.005-0.999.
Before N, adsorption analysis, samples (0.1-0.2 g) were
subjected to a vacuum of 107> Torr at 250 °C for 12 h in the
degassing chamber.

The crystal phase compositions of the obtained catalysts
were defined using X-ray diffraction technique by using a
Bruker diffractometer (Bruker D8 advance, Germany) with
CuK,; (4=0.15418 nm) at room temperature. The accel-
erating voltage of 40 kV, emission current of 40 mA and
scanning speed of 4°/min were used.

Adsorption studies

Stock solution of Cr(VI) was prepared in deionized water
from potassium dichromate (K,CrO,.5H,0) (Merck). A
comparative study was carrying out to assess the uptake
capacities of ACP, ACP-Zn and ACP-Zn-Fefor hexava-
lent chromium. 0.5 g/L of ACP,ACP-Zn and ACP-Zn-Fe
was shaking with a synthetic solution of Cr(VI) (12 mg/L)
in a mechanical shaker at 150 rpm for 3 h at pH value of
25+0.1.

Hexavalent chromium uptake capacities (Q,, mg/g) were
calculated using the following equation:

(Co—C =V

7 ey

Qt =
where C, (mg/L) is the initial concentration of hexavalent
chromium, C; (mg/L) is the equilibrium concentration of
Cr(V]) in aqueous solution, V (L) is the volume of solution,
M (g) is the mass of the adsorbent and Q, (mg/g) is the cal-
culated Cr(VI) adsorption amount onto ACP,ACP-Zn and
ACP-Zn-Fe.

The optimum removal of Cr (VI) by ACP-Zn and ACP-
Zn-Fe, isotherm and kinetic models were studied through
batch adsorption method. Therefore, the effects of differ-
ent parameters on the sorption of chromium ions, such as
pH(from 2 to 8), contact time (from 15 to 300 min.), sorbent
dosage (from 0.25 to 2.0 g/L) and initial ions concentration
(from 5 to 30 mg/L), were investigated using mechanical
shaker at 150 rpm. After filtration using Whatman® (No. 41)
filter papers, concentration chromium ions were measured
in the samples. All experiments were repeated three times,
and the percentage of chromium ions removal by ACP-Zn
and ACP-Zn-Fe during a series of batch investigations can
be expressed using Eq. (2):

(Co—Cp

R 1% =
emoval% e

(2)

The initial and final chromium ions concentrations in
solution are C, and C; (mg/L), respectively. Chromium
ions concentration was determined for the samples using
inductive coupled plasma optical emission spectrometry
(Agilent ICP-OES 5100, Australia) in accordance with
standard methods for water and wastewater analysis (Rice
et al. 2017).For the triplicate, the relative standard deviation
is<1%.

Results and discussion
Surface functional groups

Three obtained samples were analyzed by FTIR, which
are: the activated carbon impregnated with 50% H;PO,
and heated at 700 °C (ACP), activated carbon impregnated
with 50% H,PO,/ZnCl, and heated at 700 °C (ACP-Zn) and
its counterpart of the activated carbon impregnated with
50% H;P0O,/ZnCl,/FeCl; and pyrolyzed at 700 °C (ACP-
Zn-Fe). Their recorded FTIR spectra are shown in Fig. 1,
and their absorption bands can be divided into four regions:
4000-2000, 2000-1300, 1300-900 and 900-600 cm™".
The first region is usually assigned to groups of mostly
free O-H, H-bonded O-H, adsorbed H,O and aliphatic
units of symmetric and asymmetric stretching in CH—,
CH,—, or CH;- bonds, respectively. The second range
(2000-1300 cm™) is ascribed to the most important oxygen
functionalities characterized by the presence of C=0 and
N-O containing structures in carbonyls, lactones, aldehydes
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Fig. 1 FTIR spectra of the prepared samples before and after adsorp-
tion of Cr(VI) ions.
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and carboxylic radicals. A broad and strong absorption
band in the third range, which appears between 1300 and
900 cm™!, is mainly owing to stretching of C—O single bonds
in ethers, esters, phenols and hydroxyl groups. Moreover,
shoulder bands at lower wave numbers (830, 760, 670 and
600 cm™!) are associated with out-of-plane bending modes
of C—H as in benzene derivatives (Sych et al. 2012; Kilic
et al. 2012). Observed shoulders in the 1460-1180 cm™!
range are ascribed to phosphorus species; e.g., P=0, P-O-C
and P=0O0H, and organic P-compounds (Sych et al. 2012).
Two characteristic absorption bands at 1730 and 1630 cm™"
were observed in FTIR spectra of ACP-Zn and ACP-Zn-Fe
samples which are attributed to stretching vibration modes
of both C=0 and O-H groups in the carboxylic acids. As a
result of a combination of Zn— or Zn—Fe bimetallic activa-
tion with H;PO,, the acidity character of activated carbon
surface increased. In addition, the weak absorption bands/
or shoulders at 800—600 cm™! are usually associated with
the residual presence of aliphatic stretching and particularly
the out-of-plane deformation mode of C—H in the substituted
benzene rings. Moreover, the bands at 560 and 445 cm™!
were associated with the Zn—O and Fe—O vibrations bonds
(Tian et al. 2019; Guo et al. 2019). In sum, the strong acidity
in the prepared activated carbons is owing to carboxylic or
acidic functional groups; rather it should be associated with
organic/inorganic phosphorus compounds. This behavior
would increase the removal of Cr(VI) ions using the pre-
pared ACs from corn husks.

Upon adsorption Cr(VI) ions onto ACP-Zn and ACP-Zn-
Fe samples, FTIR spectra are recorded also and exhibited
considerable changes in the stretching vibration modes of
functional groups such as O-H, C=0, C-0O and phospho-
rous groups (Fig. 1). Some of these functional groups are
disappeared (like bands of OH groups) while others showed
a decrease in its transmittance intensity. These findings
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indicated that the prepared AC samples by co-activation
have a high affinity toward Cr(VI) ions adsorption through
formation intermolecular bonds with these groups (Rai et al.
2016). Therefore, the adsorption of Cr(VI) ions on the sur-
faces of ACP-Zn and ACP-Zn-Fe samples is feasible.

Textural and crystalline characteristic

Figure 2a shows the nitrogen adsorption—desorption iso-
therms of ACP, ACP-Zn and ACP-Zn-Fe samples. It can
be seen that ACP sample exhibited type I of adsorption iso-
therm. This finding indicates that ACP is mainly micropo-
rous sample. When activation is carried out using H;PO,
combined with Zn or Zn-Fe, the type of adsorption iso-
therms became a combination between I and IV. This is
corresponded to generation of micro-mesoporous structures
in ACP-Zn and ACP-Zn-Fe. Therefore, the combination of
H;PO, with Zn or Zn-Fe enhanced the mesoporosity with
a considerable decrease in the uptake of nitrogen. And as
illustrated in Fig. 2b, the pore size distributions of samples
were different and uniform and the maximum peaks were
observed at 1.12, 2.30 and 4.08 nm for ACP, ACP-Zn and
ACP-Zn-Fe. This result affirmed that the presence of Zn
or Zn-Fe salts within activation of corn husks with H;PO,
could enhance significantly the formation of mesopores.
Table 1 summarizes the total specific surface areas and total
pore volumes of the samples. The recorded total specific
surface areas manifest that ACP had the highest surface area
474 rnz/g) and lowest mesoporosity (22.6%). The addition
of Zn— or Zn-Fe decreased the total specific surface area.
This may be due to the damage of some pore or block-
ing pores However, the formation of mesopores might be
attributed to the template-like effects of the obtained Zn— of
Zn-Fe compounds inside the carbon structure (Xu et al.
2020). Some studies employed mixtures of iron chloride
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|——ACP-Zn-Fe
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dviv

0 2 4 6 8 10
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Fig.2 a N, adsorption/desorption isotherms and b pore size distributions of the prepared samples
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Table 1 . Surface pH and textural Samples Surface pH ~ Sgpp (m%g) Va(cm’/g) Wp (nm) Vnesopri(€m>/g) Vineso! Vo %
properties of the prepared i i
samples ACP 5.21 474 0.230 1.95 0.052 22.6
ACP-Zn 3.37 227 0.218 3.84 0.156 71.6
ACP-Zn-Fe 421 186 0.272 5.86 0.224 824
500 120
——ACP -
e FE3O4 R é B
46, Fe,04 § » ——ACP-Zn_Fe
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g 300 - E 40
e
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c
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50 Fig.4 Effect of pH on Cr (VI) removal using 0.5 g/L. of ACP-Zn and
ol ACP-Zn-Fe at initial concentration of 12 mg/L
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Fig.3 XRD profiles of the prepared samples

with other activating agents, even including an activating
step in the presence of a gasification agent. In this sense,
Tian et al. (Tian et al. 2019) also prepared activated carbon
by activation of waste cotton with FeCl;/ZnCl, mixture.
According to this study, the pore development process is due
to the creation of molten ZnCl, and Fe species, which act as
templates to create porosity, and the dehydration effect of
ZnCl, and FeCl; on the carbonaceous cotton waste precur-
sor. Guo et al. (Guo et al. 2019) found that FeCl; and ZnCl,
are responsible for microporosity development.

To explore the crystalline phases obtained in the carbon
structure, XRD patterns of ACP (highest total specific sur-
face area) and ACP-Zn-Fe (lowest total specific surface area)
are shown in Fig. 3. XRD pattern of ACP showed the peaks
of graphite lattice at 20 29.5° (110) and 42.2° (200) with
phosphates (P) at 20 35.5° (111) (Kilic et al. 2012; Rice
et al. 2017). For further activation in the presence of Zn and
Fe cations, several peaks were determined that related to
formation of Fe,O; and ZnO into surface of activated car-
bons obtained (Fig. 3). It can be deduced also that there was
no reaction between FeCl3 and ZnCl2 during the activation
process (Tian et al. 2019; Guo et al. 2019).

Studying the ability of ACP, ACP-Zn and ACP-Zn-Fe
for adsorption of hexavalent chromium ions

From studying the ability of 0.5 g/L for each of ACP,ACP-
Zn and ACP-Zn-Fe for adsorbing of 12 mg/1 of Cr(VI) at pH

2.5 for 3 h, it was found that Cr(VI) ions uptake capacities
were 3, 17.7 and 19.54 mg/g, respectively. This means that
the uptake capacity of Cr(VI) ions for ACP-Zn-Fe and ACP-
Zn was more efficient than ACP due to the presence of Zn or
Zn-Fe salts within activation of corn husks with H;PO, that
could enhance significantly the formation of mesopores as
shown in Table 1. Therefore, study is carrying out for ACP-
Zn and ACP-Zn-Fe.

Effect of pH on removal efficiency of hexavalent
chromium ions by ACP-Zn and ACP-Zn-Fe

The pH influence on removal efficiency of hexavalent chro-
mium ions from its aqueous solutions by using ACP-Zn and
ACP-Zn-Fe was investigated in the pH range from 2.0-8.0 at
initial concentration of 12 mg/L. Figure 4 represents the effi-
ciency of hexavalent chromium ions removal; it is decreased
with raising the pH from 2.0 (54.16%) to 8.0 (16.67%) for
ACP-Zn-Fe and from 2.0 (53.3%) to 8.0 (7.5%) for ACP-Zn.
Thus, the pH range 2.0-2.5 is maintaining for all the follow-
ing experiments of this study.

Effect of contact time

Equilibrium time is essential to study the time required for
adsorption process (Maksin et al.2012).Figure 5 illustrates
the removal of Cr(VI) by ACP-Zn and ACP-Zn-Fe. For
ACP-Zn and ACP-Zn, the removal efficiency reached to
31.7% and 38.9% within 15 min, respectively. By increas-
ing the contact time to 240 min., the removal efficiency is
reached to 70.8% and 80%, respectively.
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Fig.5 Effect of contact time on Cr(VI) removal using 0.5 g/L of
ACP-Zn and ACP-Zn-Fe at pH 2.0—2.5
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Fig.6 Removal of Cr(VI) using different doses of ACP — Zn and
ACP-Zn-Fe at initial concentration 12 mg/L, pH 2.0—2.5

Effect of adsorbents dose

Sorbent surface area and accessibility of active sites play an
important role for its removal efficiency, and it is a function
of the sorbent dose (Saravanan and Ravikumar 2015b).

Figure 6 demonstrates the removal behavior of the Cr(VI)
as a function of ACP-Zn and ACP-Zn-Fe sorbents doses,
which ranged from 0.25 to 2 g/L. The equilibrium dose was
attained at 1 g/L for both ACP-Zn and ACP-Zn-Fe, and there
was a slight increase in the removal efficiency of Cr(VI) by
increasing the sorbent dose. This means that there is acces-
sibility of active sites for adsorption of Cr(VI) on the surface
of sorbent.

Effect of initial Cr(VI) concentration on the removal
efficiency the adsorbents

Different concentrations of Cr(VI)(5-30 mg/L) were
employed at the optimum operating conditions of pH values
(2-2.5), contact time (240 min) and sorbent dose (1 g/L) as
demonstrated in Tables 2, 3. It is clear that by increasing the
concentration of Cr(IV), the uptake capacity of both ACP-Zn
and ACP-Zn-Fe was increased, while the removal percent of
Cr(VI) decreased from 82 to 62% for ACP-Zn and from 86
to 70.5 for ACP-Zn-Fe.
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Table 2 Effect of Cr(VI) concentration on ACP-Zn sorption capacity
at optimum operating conditions

Initial concentra- Residual Conc.

Uptake capacity Removal (%)

tions (mg/L) (mg/L) (mg/g)

5 0.9 4.1 82
8.5 1.6 6.9 81.18
12 2.5 9.5 79.17
15 49 10.1 67.33
20 6.6 13.4 67

30 114 18.6 62

Table 3 Effect of Cr(VI) concentration on ACP-Zn-Fe sorption

capacity at optimum operating conditions

Initial Conc.

Residual Conc.

Uptake capacity Removal

(mg/L) (mg/L) (mg/g) (%)

5 0.7 43 86
8.5 1.4 7.1 83.53
12 2.1 9.9 82.5
15 35 11.5 76.67
20 5.5 14.5 72.5
30 8.85 21.15 70.5

Kinetic modeling

Applying of kinetic modeling (Lagergren pseudo-first
order and pseudo-second order) is important for predict-
ing the dynamics of the sorption process and designing
of sorption system (Ho 2006; Plazinski et al. 2009). The
model that fulfillment between the theoretical and experi-
mental data with higher correlation coefficient will be used
for explanation of the sorption process.

Pseudo-first-order kinetic model
The integral form of sorption rate and capacity would

be expressed by the pseudo-first-order (Lagergren 1898)
kinetic model (Eq. 3):

K
log [q,_q,] = loglg,] - [2.3(‘)3]t 3)

where kl(min_l)is the constant of first-order sorption
(Lagergren rate constant), g, is the quantity of hexavalent
chromium ions up taken on the sorbent at the equilibrium
(meq/g) and g,(t, min)is the amount of chromium ions
adsorbed on the sorbent at a time. From the slope and inter-
cept of Fig. 7a and b,k; and g, can be calculated.
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Fig.7 aand b Pseudo-first-
order model for chromium ions
removal using 0.5 g/L of a
ACP-Zn and b ACP-Zn-Fe at
pH2.0—2.5and 25+0.2°C
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The Lagergren pseudo-first order is a hypothesis model
that is the direct relation for removal rate of hexavalent
chromium ions to the number of free sorbent active sites.

The first-order model has not a realistic estimation
of g, for uptake of hexavalent chromium ions where the
experimental value of g, (1.962 and 2.5 meq/g) is not
fitted the calculated value (1.086 and1.3335 meq/g) for
ACP-Zn and ACP-Zn-Fe, respectively. Here the amount
of binding sites (g,) at zero intercept are linked by the
rapid uptake of the hexavalent chromium ions by ACP-
Zn and ACP-Zn-Fe, which is lesser than the equilibrium
uptake that gives misestimating this value. Table 4 shows
that the correlation coefficient (R?) is < 0.95 for both
ACP-Zn and ACP-Zn-Fe which also confirm the denial
for the description of first-order reaction for the uptake
of Cr (VI) ions onto ACP-Zn and ACP-Zn-Fe.

Pseudo-second-order model

Hexavalent chromium ions up taken is proportional to square
of the sorbent unoccupied sites number according to pre-
sume of the pseudo-second-order model Eq. (4) (Ho et al.
2000).

t 1 t

a K=x¢ q,

“

where &, is the reaction rate constant and Eq. (4) represents
the second-order linearized plot of #/q, against ¢ (Fig. 8a and
b). From the y-intercept of the plot, k, value was obtained
(0.0159 and 0.0098); from the slope (2.168 and 2.5 meq/g)
q, was obtained which are nearby to the experimental val-
ues (1.962 and 2.2 meq/g) for ACP-Zn and ACP-Zn-Fe,
respectively. The data from Table 4 confirm that the chem-
isorption reaction follows the pseudo-second-order model
with correlation coefficients > 0.97 for both ACP-Zn and

Table 4 Characteristics of
kinetic models for Cr+6 ions

Pseudo-first-order kinetics

Pseudo-second-order kinetics

removal using ACP-Zn and Sorbents Gepxp. (MeQ/g) g, (meq/g)  k (min~!) R? q, (meq/g) k,(gmg 'min~h) R2
ACP-Zn-Fe sorbents
ACP-Zn 1.962 1.086 0.0088 0.8841 2.168 0.0159 0.988
ACP-Zn-Fe 2.22 1.33 0.0099 0.8705 2.5 0.0098 0.973
&’f&m&ﬁ @ Springer
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Fig.8 a and b Pseudo-second- 160 ¢
order modeling for chromium 140 E
ions removal using 0.5 g/L of 120 _
ACP-Zn, a and ACP—Zn—Foe b at 100 _
pH2.0—2.5and25+0.2 C 20 3

60 £
40 E
20 F

t/qt (min.g/meq)

y=045574x+ 1541544
R*=0.98603

*

100

150 200 250 300 350
Time (min.)

160 ¢
140 |
120 F
100 E
80 F
60 F
40 F
20

t/qt (min.g/meq)

y=0.40656x+14.36215
R*=0.97543

1

ACP-Zn-Fe (Abramian and El-Rassy 2009). In general, the
chemisorption reaction is done by a covalent forces and/

or ion exchange of electrons with the hexavalent chromium
ions and ACP-Zn and ACP-Zn-Fe (Ho and McKay 1998).

Isotherm models

The sorption route of hexavalent chromium ions in the pres-
ence for both ACP-Zn and ACP-Zn-Fe sorbents is examined
using Langmuir, Freundlich and Dubinin—Kaganer—Radush-
kevich (DKR) isotherm models to optimize the parameters
of system design treatment (Mittal et al. 2015).

A linear simplified Eq. (5) for Langmuir isotherm model
is presume a monolayer sorption of hexavalent chromium
ions onto a surface for both ACP-Zn and ACP-Zn-Fe with a
finite number of identical sites (Langmuir 1916).

CC

9. Kqma

e

Qmax (5)
where C, is the equilibrium concentration of Cr(IV) in
solution (mg/L), g, is the adsorbed quantity at equilibrium
onto ACP-Zn and ACP-Zn-Fe(mg/g), K is Langmuir con-
stant relating to enthalpy of the sorption process and g,
is the maximum sorption capacity of chromium ions per
unit mass of the sorbent when all binding sites are occupied
(saturation).

Equation (6) is presume a simplified form of Freundlich
isotherm model

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

150 200 250 300 350

100

Time (min.)
1
log g, = log K + ;logCe 6)

where kand n are constants, corresponding to the sorption
capacity and intensity parameters of chromium sorption onto
both samples (ACP-Zn and ACP-Zn-Fe), respectively. Equi-
librium data were obtained from the main isotherm mod-
els (Schiewer and Volesky 2000; Saygideger et al. 2005).
The isotherm parameters of both models are represented in
Table 4. Values of R were 0.9048 and 0.9243 for ACP-Zn
and ACP-Zn-Fe, respectively, for Langmuir model, which
reveal that monolayer sorption process of hexavalent chro-
mium ions onto a surface of both ACP-Zn and ACP-Zn-Fe
may be occurred.

Moreover, the heterogeneous sorption reaction inter-
preted by Freundlich isotherm model (Freundlich 1906).
The implementation of Freundlich isotherm gives R*of
0.95 and 0.98 for ACP-Zn and ACP-Zn-Fe, respectively,
which confirm the strength of Freundlich isotherm model
for sorption process. The result of Langmuir model gives
the maximum sorption capacity (q,,,,) of 24.8 and 30.3 mg
Cr(IV)/g using ACP-Zn and ACP-Zn-Fe(Figs. 9a, b and
10a,b), respectively. Table 5 shows that 1/n is 0.54 and
0.59 for the adsorption process on the ACP-Zn and ACP-
Zn-Fe, respectively, which concluded that the sorption
process can be significantly remove chromium ions from
aqueous solutions and efficiently occurs at low concen-
tration as 0.1 < 1/n< 1.0 (Guo et al. 2017; Ayawei et al.
2015).
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Fig.9 a, b Langmuir model for 0.6
chromium ions removal using
a ACP-Zn and b ACP-Zn-Fe at
pH 2.0—2.5 and 25+0.2 °C.

Ce/Cads (g/L)

¥ =0.033x +0.157
R:=0.924

Ce (mg/L)

Ce/Cads (g/L)
[—]
-

¥ =0.040x+ 0.196
R:=0.904

-
-
-
-

Fig. 10 a, b Freundlich model 1.4
for chromium ions removal 13 a
using a ACP-Zn and b ACP-
Zn-Fe at pH 2.0—2.5 and
25+0.2°C.

Log Cads (ing/g)
<
o

v=0.542x + 0.689
R* = 0.949

1 1 1 1 1

0.2 0.4 0.6 0.8 1 1.2
Log Ce (ing/L)

Log Cads (ing/g)
<>
o

y=0.595x +0.752
R*=0.983

1 " 1 1 1 P

Dubinin-Kaganer-Radushkevich (DKR) model

DKR model is a broad model as it is not assuming a con-
stant sorption potential or homogeneous surface (Naima

0.2 0.4 0.6 0.8 1 1.2
Log Ce (ing/L)

et al. 2013). Equation (7) simplifies the linear equation of
DKR isotherm:

Ing, =InX, — pe> @)

Pigllase ¢l ay .
e e O) Springer
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Table 5 Isotherm models parameters for chromium ions removal using ACP-Znand ACP-Zn-Fe

Adsorbent type ~ Langmuir model Freundlich model Dubinin—Kaganer—Radushkevich (DKR)

KL/mg g, (mg/e) R K; n n R? X, (mol/g)  f (mol*/?) E,kJ/mol R?
ACP-Zn 10.66 24.8 090  4.89 185 054 095 25x107° -0.456x 1078 10.47 0.95
ACP-Zn-Fe 10.87 30.3 092  5.052 1.68 059 098 56x107° -0.4879x 1078 10.123 0.98

where X, (mol/g) is the maximum quantity of chromium
ions that may be adsorbed onto a gram unit of the ACP-
Zn and ACP-Zn-Fe, § (mol*/J%)is a constant to the sorption
energy and ¢ is the Polanyi potential that can be calculated
by using the following equation:

1
£—RTln<1+a> 8

where R (8.314 J/mol K) is the gas constant and T
(T=298 Kelvin) is the absolute temperature (Foo and
Hameed 2010; Dubinin et al. 1947). Figure 11a, b represents
the relationship between Ing, against to €2, and thus, the
slope was the sorption capacity (X,,) (— 0.2544 x 1078 mol%/
J%) of the (ACP-Zn and ACP-Zn-Fe), respectively. The free
energy of sorption is acquainted as the free energy change
when one mole of chromium ions is transferred from the

solution infinity to the surface of ACP-Zn and ACP-Zn-Fe.
Accordingly, the sorption energy can be calculated by the
following Eq. (9):

E=—— ©)

N=7

Table 5 and Fig. 11a, b show the sorption free energy
(E) of ACP-Zn and ACP-Zn-Fe for chromium ions removal
which was around ~10 kJ/mol. The endothermic reaction
confirmed by the positive free energy. The E value (10 kJ/
mol) that ranged between 8 and 16 kJ/mol means that the
sorption process onto ACP-Zn and ACP-Zn-Fe is chemical
in nature (Samadi et al. 2015) as confirmed before by the
pseudo-second-order model.

Fig.11 a, b DKR isotherm
models for chromium ions
removal using a ACP-Znand b
ACP-Zn-Fe at pH 2.0—2.5 and
25+0.2°C.
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Conclusions

Activated carbon sorbents had been prepared from the acti-
vation of corn husks (CHs) powder as carbonaceous pre-
cursor by using three schemes of chemical activation route
including phosphoric acid, phosphoric acid-zinc chloride
and phosphoric acid-zinc chloride—ferric chloride. The
presence of phosphoric acid-zinc chloride—ferric chloride
increases the chemical activity of the resulting adsorbents
by increasing the number of active functional groups and by
generation of micro-mesoporous structures. The significant
removal efficiency of Cr(VI) ions was achieved using micro-
mesoporous sorbents which reached to 82% for ACP-Zn and
86% for ACP-Zn-Fe under optimized conditions. The free
energy for Cr*® ions removal reaction by ACP-Zn and ACP-
Zn-Fe is endothermic reached to 210 kJ/mol.
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