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ABSTRACT

The aim of this study is to exploit the abundantly available rice hulls and areca nut waste in
obtaining the activated carbons which is further impregnated with a low dose of iron to
obtain the iron-impregnated activated carbon (IIAC) samples. The solids are characterized
by the IR and XRD analytical tools whereas the surface morphology is discussed with the
SEM images of these solids. BET specific surface area which was obtained for these materials
showed that the impregnation of iron did not significantly affect the specific surface area of
these solids. Further, the materials were employed in the removal of two different heavy
metal toxic ions viz. Cu(Il) and Pb(II) under the batch and column reactor operations. The
batch data were collected for various physico-chemical parametric studies, viz. effect of solu-
tion pH, sorptive concentration, contact time, electrolyte concentrations, etc. The mechanism
involved at solid/solution interface was discussed with the help of these studies. Moreover,
the equilibrium state sorption data and the time dependence data were utilized to conduct
the adsorption isotherm and kinetic modeling studies, respectively. The pseudo-second-rate
equation was fitted well to the sorption of these two cations; hence, the sorption capacity
was estimated to be 1.770 and 1.926 mg/g (for Cu(Il)) and 3.507 and 3.439 mg/g (for Pb(ID)),
respectively for IIAC-R and IIAC-N. The removal of these two cations was also performed
under the dynamic experimentations under column studies. The column data were utilized
obtaining the breakthrough curves and hence the breakthrough volumes were obtained.
Further, the breakthrough data were utilized to simulate it with Thomas equation and,
hence, the loading capacity of the columns was estimated to be 2.746 and 3.057 mg/g (for
Cu(II)) and 6.957 and 6.505 mg/g (for Pb(II)), respectively for IIAC-R and ITAC-N samples.

Keywords: Iron-impregnated activated carbons; Porous materials; Sorption; Kinetics;
Breakthrough curve

1. Introduction metals neither can be degraded to harmless end
products nor can be easily removed from the aquatic
environment with usual treatment processes.
Moreover, they accumulate within the biosystem and
cause several biological disorders. Although copper is

Heavy metal contamination of aquatic environment
is one of the serious global problems. These heavy
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known to be an essential metal ion required for
several metabolic functions at a low level, higher
concentration poses serious threat to its varied toxic
effects [1]. The common toxic effects reported are
irritation of the nose, mouth, and eye, leading to head-
ache, stomachache, dizziness, vomiting, and diarrhea.
Liver and kidney damage possibly occurs with much
enhanced intake of copper. On the other hand, lead is
one of the non-essential toxic ions, which possesses
several toxic and environmental issues even at a very
low level. It may interfere with several metabolic
processes of several organs and tissues including
heart, bones, intestine, kidney, reproductive system,
nervous system or even the damage of brain [2]. The
USEPA suggested the limit for copper and lead
presence in the drinking water as 1.3 ppm and 15
ppb, respectively. Therefore, the aquatic environment
contaminated with these heavy metals needs a special
treatment method for its removal from aqueous
solutions as to meet the stringent regulatory laws laid
down by the regulatory authority.

The role of activated carbon (AC) in the advanced
treatment of wastewater or industrial wastewater has
received a greater attention in the last few decades
because of its porous structures—micro-and meso-
pores; surface functional groups—Bronsted acid/base
property; and relatively high specific surface area [3-7].
Commercially available ACs were obtained from
different carbonaceous bulk materials and their physi-
cal and chemical properties were reported to be varied
with the precursor materials as well as with the
method of activation. Moreover, the commercial
products are found to be costly for the bulk treatment
of the waste/industrial waters. However, the use of
natural agricultural by-products or waste dead
biomasses has gained momentum in recent past as
alternative precursor materials for obtaining ACs. This
could perhaps provide cheaper and effective treatment
processes and also alleviate the problem of waste
disposal [1,8]. In a line, several natural agricultural
waste materials were employed to obtain the ACs and
employed in the treatment of heavy metal toxic ions
along with the variety of dyes, antibiotics etc. from
aquatic environment [9-19]. A film-pore diffusion
model was utilized in the removal of lead, copper,
chromium, and cobalt under the batch and fixed bed
operations using the granular ACs [20]. Similarly, the
ACs were found to be a suitable filter medium; the
selectivity and suitability of the AC were enhanced for
several heavy metal toxic ions by impregnating it with
iron or manganese [21-24]. Moreover, the iron
impregnation in AC makes an additional advantage of
easy magnetic separation from the bulk solution using
a simple magnet. It was further reported that
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iron-modified activated carbon derived from Golbasi
lignite showed significantly a higher adsorptive
removal capacity for cyanide than its precursor AC
[25]. Multi-wall carbon nanotube (CNT) was modified
with iron oxide so as to magnetize the sorbent in the
removal of Cr(Ill) from the aquatic environment [26].
Similarly, MnO,/CNT nanocomposite was utilized in
the fixed bed column studies for the removal of Pb(II)
from aqueous solutions [27].

The present study attempted to obtain the AC
samples precursor to the rice hulls and areca nut
waste. The high specific surface area with porous
structure was further utilized to impregnate the
iron-oxide particles onto the AC so as to obtain
suitable and selective iron-impregnated activated
carbon (ITAC) materials. These materials were further
employed in the decontamination of an aquatic
environment contaminated with two important heavy
metal toxic ions, viz. copper(Il) and lead(II), under the
batch and fixed bed column operations.

2. Materials and methods
2.1. Materials

The dead biomasses viz. rice hulls and the areca
nut wastes were collected from Aizawl, Mizoram,
India. Sulphuric acid and ammonia were obtained
from the Merck, India. The manganese nitrate as Mn
(NO3)2.6H,O which was 97% extra pure and lead
nitrate were obtained from the Junsei Chemical Co.
Ltd., Japan, and iron(Ill) nitrate enneahydrate was
obtained from the Kanto Chemicals Co. Inc., Japan.
The copper sulphate, sodium hydroxide and nitric
acid were obtained from the Duksan Pure Chemicals
Co. Ltd., Korea. The deionized water was purified
further by the Millipore water purification system
(Milli-Q™).

2.2. Preparation of AC

The raw biomass materials i.e. rice husk and
areca nut wastes were collected locally and washed
with the deionized distilled water. Samples were
dried at 60°C in a drying oven. Dried biomasses
(each 150 g) were digested in a concentration of
H,SO, (50 mL) and the content was kept at 120°C for
2 h. The carbonized carbon obtained was washed
with the distilled water as to obtain the filtrate
pH~4.0. Again, the samples were dried at 70°C and
then titrated with a small volume of NHj; solution
(10 mL; 36%) to neutralize the excess acid. The solid
sample was washed with the distilled water and



D. Tiwari et al. | Desalination and Water Treatment 53 (2015) 1591-1605

completely dried at 70°C. It was cooled at room
temperature and ground to fine powder. Further, this
carbonized carbon was activated by using a muffle
furnace at 800°C in an N, environment for 3 h and
the ACs obtained from the rice husk and areca nut
waste were termed as AC-R and AC-N, respectively.
These solids were further employed in the prepara-
tion of iron-oxide-impregnated activated carbons (viz.
ITAC-R and ITAC-N).

2.3. Preparation of iron oxide impregnated activated carbons

To prepare iron-oxide-impregnated activated
carbons (IIACs), 60 g of AC was taken in a round-
bottom flask with 100 mL of 0.025 M iron nitrate
solution (pH~9) and was kept in a rotary evaporator
at 60°C at the rotating speed of 30 rpm. Further,
from Ca, 90% of the water was removed by applying
slowly the vacuum. The slurry was taken out in a
beaker and kept in a drying oven at 90°C to dry the
solids completely. It was further kept at 110°C for 2
h for the stabilization of immobilized iron-oxide
particles onto the solid surface. Samples were taken
out from the drying oven and cooled at room
temperature and washed again with the distilled
water. It was dried at 70°C and stored in airtight
polyethylene bottles.

2.4. Characterization of the materials

The solids obtained were characterized by the IR
(Bruker, Tensor 27, USA by KBR disk method) and
XRD (X-ray diffraction machine ie. PANalytical,
Netherland; Model X'Pert PRO MPD) methods. The
XRD data were collected with the scan rate of 0.034 of
26 illumination at an applied voltage of 45 kV with an
observed current of 35 mA, using CuK, radiations
having a wavelength of 15418 A. The surface
morphology of these solids was obtained by the SEM/
EDX (scanning electron microscope model: FE-SEM-
Model: SU-70, Hitachi, Japan; equipped with an
energy dispersive X-ray spectroscopy EDX system)
analysis. The BET specific surface area was obtained
by the Protech Korea BET surface area analyzer
(Model ASAP 2020). Further, the amount of iron
content in ITACs was determined by the standard US
EPA (3050B) method. Moreover, the stability of the
impregnated manganese and iron oxides was
ascertained at a wide range of pH i.e. pH from 2.0 to
10.0 and it was revealed that the coating was fairly
stable within the pH region from 3.0 to 10.0 since an
insignificant amount of the iron was leached into the
bulk solution.
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2.5. pHpzc determination of the solids

The pHpzc (point of zero charge) of these solids
(i.e. ACs and IIACs) was obtained by using the known
method as described earlier [28,29]. Briefly, it was car-
ried out as follows. First, 500 mL of double distilled
water was taken in an Erlenmeyer flask capped with
cotton. It was slowly but continuously heated until
boiling for 20 min so as to expel the dissolved CO,.
The flask was capped immediately to prevent
re-absorption of atmospheric CO, by water. Then, 50
mL of 0.01 M NaCl solutions was prepared using
CO,-free water and taken in two different bottles. The
pH of each solution in each flask was adjusted to its
pH values of 2.0, 4.0, 6.0, 8.0, 10.0 and 12.0 by adding
0.1 M HCI or 0.1 M NaOH, solutions. Then, 0.15 g of
the solid sample was introduced in each bottle and
agitated for 24 h at 25°C, and the solutions were
filtered and its final pH was measured using a
pre-calibrated pH meter. The pHpzc was taken as the
point at which the curve crossed the line where pHgina
equals to pHinitial-

2.6. Batch reactor operations

Batch experiments were carried out to obtain the
adsorption data with a variation in sorptive pH,
contact time, initial metal concentration, and electro-
lyte concentrations. The stock solutions of 100 mg/L
of Cu(l) and Pb(Il) was prepared by dissolving an
accurate amount of their respective salts in the
distilled water and further diluted to its required
experimental concentration by successive dilution
process. The adsorption of Cu(ll) or Pb(II) was investi-
gated by taking 0.25 g of IIACs solids separately in
100.0 mL of sorptive solution having known the
concentration of Cu(Il) or Pb(Il). The solution mixture
was equilibrated by wusing an automatic shaker
(KUKJE, Shaking Incubator, Korea model 36-SIN-125)
for 24 h at 25°C temperature. The solution was then
filtered with a 0.45 um syringe filter, and the final pH
was measured and reported. The filtered solutions
were subjected for AAS analysis (Fast Sequential
Atomic Absorption Spectrometer: Model AA240FS,
Varian) to obtain the final metal concentrations. The
percent removal was calculated as stated elsewhere
[30]. Adjustment of the pH was done by the dropwise
addition of HNO;3; or NaOH concentration. The time
dependence data were collected at different time
intervals.

Similarly, the sorbate concentration dependence
data were collected by taking the M(II) concentrations
from 1.0 to 20.0 mg/L (25.0 mg/L for Cu(l)) at a on-
stant pH ~4.0 and at a constant temperature 25 + 1°C.
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The sorption process was carried out as described
before. Further, the equilibrium concentration
dependence sorption data were employed in
equilibrium modeling studies using the Freundlich
and the Langmuir adsorption isotherms as discussed
elsewhere [30,31].

The electrolyte concentration dependence study
was carried out by varying the electrolyte concentra-
tion of sorptive solutions from 0.001 to 1.0 mol/L of
NaNOj; keeping the solution pH (~4.0) and tempera-
ture (25 + 1°C) constant throughout. Results were
presented as percent removal as a function of
electrolyte concentrations.

2.7. Column studies

The column experiments were performed using a
glass column (1 cm in inner diameter) packed with 1.0
g of IIACs (kept middle in the column); below and
above to this, 1.0 g each of bare sand (30-60 BSS in
size) was kept and then it was packed with glass
beads. The sorbate solutions i.e. Cu(Il) or Pb(I) (10.0
mg/L) having pH 4.0 was pumped upward from the
bottom of the column using a Acuflow Series II, high-
pressure liquid chromatograph; at a constant flow rate
of 1.00 mL/min. Effluent samples were then collected
using a Spectra/Chrom CF-2 fraction collector. The
collected samples were filtered with a 0.45 um syringe
filter and the total bulk sorbate concentration was
measured using AAS.

3. Results and discussion
3.1. Characterization of materials

The ACs obtained from the rice hulls and areca nut
waste along with the IIACs were analyzed with the
FT-IR analytical tool and results were presented
graphically in Fig. 1(a) and (b), respectively, for the
rice hulls and areca nut. The carbon samples may
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possess various functional groups having different
surface structures viz. aliphatic, aromatic, and cyclic
since the IR bands were observed at around 1,480 and
1,110 cm™". Predominant and broad peaks appeared at
around 3,470 cm ! were ascribed to the stretching
vibration of —-OH groups (carboxyl, alcohol or
phenols), etc. [1]. However, it was reported that the IR
bands occurred at around 3,300 and 3,250 cm™' were
indicative of the hydroxyl groups. Further, the band
was shifted at around 3,500 cm ™! in case of non-
bonded alcohols, phenols, and carboxylic acids [32].
Vibration peaks occurred in between 2,930 and 2,910
cm™' were ascribed to the C-H stretching and C-H
scissoring bands. Moreover, it was suggested that the
peaks at 2,800-2,900 cm ! were indicated to the
existence of aldehyde groups [1]. A weak peak
occurred at around 1,460 cm™! showed the C-H vibra-
tion in —-CH,~ deformation [33]. Moreover, the bands
occurred in between 1,600 and 1,400 cm ™! (more pre-
dominant in the areca nut ACs) could be assigned as
C=C vibrations. It was pointed that the peaks in the
region 1,350-900 cm™' was because of the C-O or
C=0O vibrations [34]. Similarly, a vibration band
occurred around 870 cm™' was obtained because of an
external bending of -C-H for different substituted
benzene rings [35]. A peak at around 450-470 cm™'
showed the presence of a-Fe,O5 [36] in both ITAC sam-
ples. Moreover, this peak, which was also present in
both AC samples but with less intensity, indicated that
the bare ACs also included with some iron oxide,
which was again confirmed with the digestive analysis
conducted separately. Similarly, the peaks at around
840 cm! inferred to the v, vibrations of Si—-O-Si or
0-Fe-OH vibrations predominant in the rice hulls AC
samples [37].

Further, the samples were subjected for the X-ray
diffraction analysis and the results were presented
graphically in Fig. 2. It was observed that the AC
obtained by rice hulls possessed a diffraction peak
at 26 value of 22.5 which showed a characteristic
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Fig. 1. FT-IR data obtained for the (a) AC-N and IIAC-N and (b) AC-R and IIAC-R solids.
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Fig. 2. XRD pattern obtained for the ACs and IIACs solids.

peak of amorphous silica [38]. Similarly, the AC of
areca nut showed very broad diffraction peak almost
in the same region indicating, perhaps, the amor-
phous, silica. The XRD data further indicated that
ACs have no ordered crystalline structure since no
sharp reflections were observed for these samples.
Similar to corresponding AC samples, the IIAC-R
and ITAC-N showed almost an identical XRD pattern
except a weak but sharp peak at the 26 value of 39,
which is an indicative of akaganeite (3-FeOOH) min-
eral phase of iron [39]. Possibly, the other diffraction
peak of the akaganeite at 20 value of 35 was missing
because of a low content of iron or of a weak dif-
fraction at this 20 value [25]. Previously, it was
observed that the iron impregnated with the differ-
ent substrates hardly showed sharp XRD diffrac-
tions, perhaps, because of the amorphous iron
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deposited or the particles were significantly small to
diffract or even because of very low content of iron
[5,25,40].

The surface was morphologically obtained by the
SEM images of these solids and presented in Fig. 3.
The SEM images clearly indicated that the surface
morphology of iron-impregnated sample was chan-
ged significantly comparing to its precursor AC
samples. Surface structure of AC showed very por-
ous surface and the pores were very unevenly dis-
tributed on the surface. The pores on the AC-N
surface were opened partly, however, mostly distrib-
uted evenly on the surface. The pore size varies sig-
nificantly for these solids. Moreover, comparing AC-
R, the AC-N possessed more porous surface struc-
ture. The silicon oxide available with the rice hulls
was aggregated on the surface or within the pores
of AC-R making the surface more heterogeneous.
Further, the SEM images of IIACs showed that the
iron-oxide (possibly o-Fe;O; or B-FeOOH mineral
phases) particles were significantly aggregated or
even clustered onto the surface of AC samples or
even within the pores of the ACs. The particles
were distributed unevenly and predominantly small
in size. The previous report indicated that the nano-
sized manganese dioxide or iron-oxide particles were
distributed orderly onto the sand surface providing
a distinct specific surface area [41,42]. These results,
therefore, indicated that the iron-oxide particles were
significantly impregnated on to the surface of AC-N
and AC-R.

Fig. 3. SEM images of (a) AC-N, (b) AC-R, (c) IIAC-N, and (d) IIAC-R.
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The BET specific multi-point surface area was
obtained for these solids and found to be 379.77,
322.14, 370.88, and 303.79 m?/ g, respectively, for the
AC-N, AC-R, IAC-N, and IIAC-R solids. The signifi-
cant specific surface area obtained for the AC samples
was, therefore, employed for the impregnation of iron
oxide onto these solids. The specific surface area of
AC was slightly decreased in the presence of iron
oxide since the iron occupied the spaces and hence
decreased the specific surface area. The similar
decrease in specific area was reported previously in
the case of iron-doped activated carbon sample [24],
whereas the iron- or manganese-impregnated sand
showed an enhanced specific surface area compared
to the bare sand because of the very compact structure
of sand [42].

Further, the effective amount of iron content of the
samples was analyzed by the US EPA 3050B acid
digestion method. The iron content was found to be
107.0, 39.0, 2442.0, and 2221.0 mg/kg, respectively, for
the solids AC-N, AC-R, IIAC-N, and HIAC-R. This
clearly showed that these ACs contained some amount
of iron content, which possibly resulted in the IR
peaks as revealed previously. Moreover, IIACs
possessed a significant amount of iron.

3.2. Batch reactor studies
3.2.1. Effect of pH

The pH dependence study was conducted for it
could enable us to discuss the mechanistic aspects
involved in the solid/solution interface. The pH
dependence sorption data were represented graphi-
cally in Fig. 4(a) and (b), respectively, for the Cu(lIl)
and Pb(Il) removal. It was, in general, observed that
increasing the pH from 2.0 to 10.0 apparently caused
an increase in the percent removal of these two stud-
ied cations. More precisely, for the increase in the pH
from 2.22 to 9.16 (for IIAC-R) and from 2.24 to 9.33
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(for IIAC-N), the corresponding increase in the percent
removal of Cu(Il) was, respectively, from 4.57 to 100%
and from 4.11 to 100%. Similarly, for the increase in
pH from 2.04 to 9.99 (for IIAC-R) and 2.08 to 9.66 (for
ITAC-N), the corresponding removal of Pb(Il) was
found to be, respectively, from 12.17 to 98.17% and
5.78 to 98.07%. Further, it was observed that a gradual
but sharp increase in the uptake of Cu(ll) or Pb(II)
was occurred by these solids up to the pH around 6.0;
after that, it slowed down. Interestingly, about 80% of
the Cu(Il) or Pb(Il) was removed up until the pH was
reached to 6.0. It showed that very high removal
capacity was obtained at the neutral or slightly acidic
pH region.

The mechanism of the adsorption process could be
explained based on the surface properties of IIAC sol-
ids and the speciation of the Cu(Il) and Pb(II) in solu-
tion within the studied pH range. The previous
studies conducted for the Cu(Il) and Pb(II) speciation
using the MINEQL computer simulation program
showed that up to pH 5.8 both Cu(ll) and Pb(II) were
present only as in the cationic forms ie. Cu®** and
Pb** and carrying a net positive charge [41]. Beyond
this, it started to convert into tenorite and Pb(OH),
solid forms, respectively, for Cu(Il) and Pb(II) which
attained almost 100% at around pH 7.0. Moreover,
insignificant i.e. max. 2-4% of Cu(OH)" and Pb(OH)*
species occurred at pH 5.8 (for Cu(I)) and pH 6.0 (for
Pb(ID)). Therefore, the sorption occurred below pH 6.0
is dominant because of the cationic species of Cu(lIl)
and Pb(I). On the other hand, the solid surface
showed the pHpzc for the solids IIAC-N and ITAC-R
was 6.2 and 6.1, respectively. The surface hydroxyl
groups were dominantly involved with the acidic
dissociation and show the Bronsted acid base
behavior. The acidic dissociation of surface functional
groups could be represented as Eq. (1):

=S-OH; <~ =S-OH’ < =S50 ¢))
pHpzc
(b) Pb(ll)
100 »
, ST
s 80 [
g L
£ 60 -
[ b
14 40 - @ IIAC-R
°\° r W IIAC-N
20 | 0.
L & ®
0 2 4 6 8 10 12

Fig. 4. Effect of solution pH in the percent sorption of (a) Cu(Il), and (b) Pb(Il) by using IIACs.
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Significantly, low removal of Cu(l) or Pb(Il) at low
pH values i.e. pH around 2.0-4.0 could be ascribed
because of strong electrostatic repulsive forces
involved between the positively charged surface and
metal cations [31,41]. Moreover, there could, perhaps,
be a competition between the proton and cations for
the same surface sites, which in turn decreased the
percent removal of Cu(l) and Pb(Il) from aqueous
solutions [43,44]. The gradual increase in pH caused a
gradual acidic dissociation of surface functional
groups and enabled further the electrostatic attraction
of metal cations towards the surface followed by a
binding on the surface active sites. The surface
binding of metal cations could be suggested as “inner

sphere”  monodentate and bidentate  surface
complexation:

=50 + M —=50-M"' @)
=50 +M* + H,0 < =S5-O-MOH + H" ®
2=S0 +M*" & (=S-0),M 4)

Egs. (2) and (3) shows a monodentate binding and Eq.
(4) shows a bidendate binding of metal cations. The
similar reaction mechanism was proposed and mod-
eled previously for the sorption of copper(Il) onto the
surface of AC [33]. It was observed that iron-coated or
manganese-oxide-impregnated sand formed a similar
Cu(l) and Pb(Il) surface complexation via the ion
exchange process [41,42].

Further, the increase in pH favored greatly the
removal of these ions onto the solid surface. This
could be because of the mixed effect of adsorption
and co-precipitations since both these metal ions
turned into insoluble precipitates beyond the pH~6.0
resulting in almost 100% of the removal. Moreover, a
comparison of these two solids i.e. IAC-R and IIAC-N

showed an almost identical removal behavior
(a) Cu(ll)
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throughout the entire pH-edge curves. This could be
explicable with the fact that the driving force of the
sorption was mainly due to the immobilized iron
oxide; hence, the two solids possessed an identical
sorption behavior separately for Cu(ll) and Pb(I).
Additionally, it was observed that the physical
parameters viz. BET specific surface area and pHpyc
values of these two solids are also almost same for
these two solids, which pointed it again for identical
sorption behavior.

3.2.2. Effect of sorbate concentration

The concentration dependence data were collected
varying the Cu(Il) and Pb(II) concentration from 1.0 to
20.0 mg/L (25.0 mg/L for Cu(l)) at pH 4.0. Results
obtained were given graphically in Fig. 5(a) and (b),
respectively, for Cu(Il) and Pb(Il). It was observed that
increasing the Cu(ll) concentration from 1.45 to 25.60
mg/L caused a decrease in the percent removal of
Cu(I) from 89.79 to 28.67% for IIAC-R and from 88.62
to 22.60% for IIAC-N. On the other hand, the very
high percent removal of Pb(l) was almost unaffected
with such an increase in concentration. This suggested
the very high affinity of surface active sites for the Pb
(I). The similar results were reported previously for
the adsorption of Cu(Il) and Pb(I) onto the sericite
[31] or onto the granular AC obtained by the coconut
shell [45].

3.2.3. Equilibrium state modeling

The equilibrium state sorption data were utilized
to non-linear Langmuir and Freundlich adsorption
isotherms as stated, respectively, in Egs. (5) and (6):

quaCe
— dm™7ate 5
e =11 K.Ce ©)
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Fig. 5. Effect of sorptive concentration in the percent removal of (a) Cu(ll) and (b) Pb(I) by using IIACs.
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ge = KeCl/" 6)

where g. and C. are denoted the amount adsorbed
and the bulk sorptive concentration at equilibrium,
respectively. g, and K, are the Langmuir constants
referred to the maximum monolayer capacity of solid
and strength or affinity of solid towards the sorbing
ions, respectively. Similarly, the Kr and 1/n are the
Freundlich constants referred to the maximum sorp-
tion capacity and adsorption intensity, respectively.
The non-linear fitting of sorption data to above
equations were performed and the results were
presented graphically in Figs. 6 and 7, respectively,
for Langmuir and Freundlich adsorption isotherms.
Both the equations were fitted in optimizing the two
unknown parameters viz. ¢, and K, for Langmuir
isotherm and Kg and 1/n for Freundlich adsorption
isotherm. The data are reasonably fitted well to the
Langmuir and Freundlich adsorption isotherms espe-
cially for the IIAC-Cu(Il) systems as the least square
sum was obtained in the range of 0.287-0.786. How-
ever, it was not well fitted to the IIAC-Pb(Il) systems
since the least square sum was found in the range of

(a) ie. Cu(ll)
3 r ®
25}
=) L
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0.669-7.756. Very high percent removal of lead(Il)
which was almost independent of concentration
(ranging 1.0-20.0 ppm) was, perhaps, the reason of
improper data fitting. Even the unknown parameters
were estimated for both the ions and given in Table 1.
The Langmuir constants g, and K, were found to be
2.887 mg/g and 0.363 (for ITAC-R-Cu(Il)); 2.582 mg/g
and 0.239 (for IIAC-N-Cu(ll); 38.244 mg/g and 0.165
for (ITAC-R-Pb(D)); and 22.594 mg/g and 0.278 (for
ITAC-N-Pb(ID), respectively. These results showed that
very high removal capacity was obtained for the Pb(II)
comparing to the Cu(ll). The Cu(l itself showed
reasonably a high removal capacity. Moreover, these
values showed significantly higher Langmuir
monolayer capacity compared to the bare ACs as
determined previously [46]. These results clearly
showed that sorption capacity of these solids greatly
enhanced when impregnated with iron. Further, it
was reported that the g,,, had influence on the heat of
sorption: the higher the value of g, the stronger the
bond formation that the heat of sorption forms [47].
The applicability of Langmuir adsorption isotherm
pointed that the surface active sites were distributed
evenly onto the surface. Similarly, it was also reported

(b) Pb(ll)
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Fig. 6. Langmuir adsorption isotherms obtained for the adsorption of (a) Cu(Il) and Pb(II) by using IIACs.
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Fig. 7. Freundlich adsorption isotherms obtained for the adsorption of (a) Cu(Il) and (b) Pb(Il) by using IIACs.
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Table 1
Langmuir and Freundlich adsorption isotherms data for the adsorption of Cu(Il) and Pb(II) onto the solid surfaces
Materials Langmuir Adsorption isotherm Freundlich Adsorption isotherm

Cudn Pb(ID) Cudn Pb(ID

Gm K, LSM Gm K, LSM K¢ 1/n LSM K¢ 1/n LSM
ITAC-R 2.887 0363  0.786 38244  0.165  0.670 0.927  0.368  0.242 5296 0920  0.838
ITAC-N 2.582  0.240  0.287 22594 0278  6.955 0.738  0.010  0.042 4706  0.833  7.756
AC-R[45] 0684 1223 0981 5348 0155 0928 0370 0248 0949 0727 0704 0983
AC-N[45] 0521 1.899 0979  5.000 0.140 0969 0315 0220 0809 0636 0.699  0.991

LSM: Least square sum.
“denotes: R%.

previously that several biosorbents or chitosan-coated
sand possessed higher Langmuir sorption capacity for
Pb(I) than for Cu(ll) even at different experimental
conditions [48,49]. On the other hand, the Langmuir
constant K, was found to be related to the equilibrium
constant of the sorption process of metal cations onto
the solid surface [50] Eq. (7):

M(I) + Solid < M. . .Solid (Surface sorption

complex)

7)

Reasonably, the low value obtained for these systems
indicated the strong affinity and strength of the
sorbent towards these two ions [21,31,51].

On the other hand, the Freundlich constants Kg
and 1/n were computed: 0.927 mg/g and 0.368 for
ITAC-R-Cu(D); 0.738 mg/g and 0.01 for ITAC-N-Cu(ID);
5296 mg/g and 0.920 for IIAC-R-Pb(Il); 4.706 mg/g
and 0.833 for ITAC-R-Pb(Il), respectively. A marked
difference in the sorption capacity estimated by the
two different models for these two solids in the sorp-
tion of Cu(l) and Pb(Il) was ascribed due to different
basic assumptions. The applicability of the Freundlich

(a) Cu(ll)
50
v
s 4 & 8
3 *
E 30 - 4
¢, om
°\° ¢ IIAC-R
10 )
WIIAC-N
0 L Il Il L )
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adsorption isotherm indicated that the sorbing ions
were aggregated by forming strong chemical bonds at
the solid surface and likely to be interacted laterally;
however, the Freundlich isotherm could not provide
the information on the monolayer adsorption capacity
[31,42,52,53]. Similar to the Langmuir isotherm, the
sorption capacity is higher for Pb(Il) than for Cu(ll)
using these two different solids. However, reasonably
high sorption capacity was obtained for these two
pollutants. Further, the 1/n values which relate to the
adsorption intensity showed fractional values (0 < 1/
n < 1), inferring a heterogeneous surface structure of
solid surface with exponential distribution of active
sites [52,54].

3.2.4. Adsorption dynamics

The sorption dynamics was carried out collecting
the time dependence adsorption data for these two
cations. The results obtained were presented
graphically in Fig. 8(a) and (b), respectively, for Cu(Il)
and Pb(Il) adsorption. Results clearly indicated that a
very fast initial rise of adsorption was slowed down
in the latter stage of contact time and it achieved

(b) Pb(ll)
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g 40 @ IACR
< M IIAC-N
X 20 i
0 L Il Il J
0 500 1000 1500

Time (minutes)

Fig. 8. Time dependence sorption of (a) Cu(Il) and (b) Pb(Il) by using IIACs.
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almost a constant adsorption after about 400 min of
contact. Moreover, the maximum adsorption was
taken place within initial few minutes ie. within
60-90 min of contact. Further, the time dependence
data were utilized to discuss the kinetics of sorption
using the pseudo-first-order and pseudo-second-order
equations.

The Lagergren’s pseudo-first-order kinetic model
[53,55] was employed to its linear form (Eq. 8):

k
log(e — ) = logqe — 5oz % ¢ (®)

where g, and g; (mg/g) are the amount of Cu(Il) or Pb
(I) adsorbed at equilibrium and at time ¢, respectively.
The pseudo-first-order constant k; was obtained from
the slope of the plot of Log (g.—4¢ vs. t and results
obtained were given in Table 2.

Similarly, the pseudo-second-order kinetic equation
[56,57] was also employed to its linear form (Eq. 9):

t 1 t
a—@'f’a 9)

where g, is the maximum adsorption capacity (mg/
g) and k, (g/mg/min) is the adsorption rate
constant of pseudo-second order. From the plots of
. against t, the pseudo-second-order rate constant

> along with g. was estimated for these two

Table 2
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cations i.e. Cu(l) and Pb(Il)) and given in Table 3.
It was previously studied for the sorption of
divalent metal cations onto the sphagnum moss peat
and suggested that the uptake of metal cations
followed the second-order rate laws. Further, it was
suggested that the metals cations were bound onto
the surface of biosorbent by the strong chemical
forces which occurred between the valency forces
sharing or the exchange of electrons and the peat
and divalent metal ions forming covalent bonds;
Eq. (9) was derived from its linear form [57,58]. It
was, further, mentioned that the rate of second-
order reaction could depend on the sorbate ion
concentration available onto the surface and amount
of sorbate ions sorbed at equilibrium [57,58].

It was observed that there was a reasonably good
agreement between the kinetic data obtained for both
pseudo-first-order and pseudo-second-order rate
kinetics. Similarly, the sorption capacity of these solids
for Cu(ll) and Pb(l) was optimized, which again
showed a very high removal capacity for these two
cations. These results indicated that these solids have
a reasonably fair affinity and potentiality towards the
removal of Cu(ll) and Pb(Il). Between these two
studied cations, the Pb(Il) was removed at higher
extent in comparison to Cu(ll) using IIACs, which is
in line with the previous observations obtained by the
adsorption isotherm studies. Further, the applicability
of pseudo-second-order kinetic model indicated again
that “chemisorption” could be a predominant uptake

Values of rate constants and maximum sorption capacities of IIACs obtained for the sorption of Cu(Il) and Pb(Il) using

pseudo-first-order kinetic models

Pseudo-first-order

Materials

CudI) Pb(ID)

ki (1/min) x 1072 gde (mg/g) R? ki (1/min) x 1072 qe (mg/g) R?
ITAC-R 7.37 1.189 0.993 6.68 2.321 0.949
ITAC-N 4.84 1.588 0.994 5.07 2.281 0.986
Table 3

Values of rate constants and maximum sorption capacities of IIACs obtained for the sorption of Cu(Il) and Pb(Il) using

pseudo-second-order kinetic models

Pseudo-second-order

Materials

Cu(I) Pb(I)

k; (g/mg/min) de (mg/g) R? k; (g/mg/min) ge (mg/g) R?
ITAC-R 12.22 1.770 0.990 10.05 3.507 0.983
ITAC-N 4.75 1.926 0.971 7.67 3.439 0.983
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process for Cu(ll) or Pb(Il) sorption onto solid
surfaces, which involved valency forces through
sharing or exchanging electrons between the sorbent
surface and the sorbate ions as also studied for
different systems [58-61].

3.2.5. Effect of electrolyte concentrations

The electrolyte concentration is an important
parameter which reveals the mechanism of sorption
process; particularly, the nature of the binding of the
sorbate ions onto the competing solid surfaces. The
electrolyte concentration was increased from 0.001 to
1.0 mol/L NaNO; and the sorption of Cu(l) and Pb
(Il was obtained by these solids. Results were
presented in percent removal against an electrolyte
concentration and given in Fig. 9(a) and (b) for Cu(Il)
and Pb(II), respectively. It was noted that increasing
the electrolyte concentrations from 0.001 to 1.0 mol/L
NaNO; (i.e. 1,000 times increase in the background
electrolyte concentration) caused a decrease in the
percent removal of Cu(l) by 12.51% and 13.96,

(a) Cu(ll
80
_ 60 " .
g ]
£
K 40 " suacr
2 2 WIIAC-N
0 s L1l L1l s L1l
0.001 0.01 0.1 1

Electrolytes concentration (mol/L)
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respectively, for the solids IIAC-R and IIAC-N; and a
decrease in the percent removal of Pb(Il) by 10.09 and
1.60%, respectively, for the solids IIAC-R and IIAC-N.
The insignificant decrease in the percent removal of
Cu(l) or Pb(Il) by these solids even with an increase
in electrolyte concentrations for 1,000 times strongly
favored that the Cu(ll) or Pb(I) ions were adsorbed,
predominantly, specifically onto the solid surface and
form an “inner sphere complexes” onto the surface
[62,63]. These results were in line with the kinetic
studies which enabled the fair applicability of
second-order-rate equation.

3.3. Fixed bed column studies

The fixed bed column studies were conducted,
employing the column conditions as described
previously. The breakthrough curves obtained for
these systems were given in Fig. 10(a) and (b),
respectively, for the Cu(Il) and Pb(Il). A close scrutiny
of the figures revealed that a relatively high
breakthrough volume was obtained for these two

(b) Pb(ll)
100
u [
o .
= 80 P
3
g 60
Q
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Fig. 9. Effect of electrolyte concentrations (NaNOj3) in the percent removal of (a) Cu(l) and (b) Pb(II) by using IIACs.
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Fig. 10. Breakthrough curve obtained for the removal of (a) Cu(I) and (b) Pb(l) by IIACs.
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Table 4
Thomas constants for the removal of Cu(Il) and Pb(II) from aqueous solutions by different samples of IIACs
Materials CuD Pb(ID
Jo Kt Least qo Kt Least
(mg/g) (L/min/mg) x 107 square sum (mg/g) (L/min/mg) x 107 square sum
ITAC-R 2.746 2.97 29 %1072 6.957 2.03 1.4 x 1072
ITAC-N 3.057 242 1.1 x 107" 6.505 1.58 3.5 %1072
AC-R [45] 2316 1.80 28x107" 5.960 1.92 1.8 x 107"
AC-N [45] 2.506 1.76 1.5x 107" 4.932 2.26 33 %1072

cations using these solid materials. Quantitatively, the
complete breakthrough volume was obtained at 0.36,
0.54, 0.86, and 0.82 L for the systems ITAC-R-Cu(Il),
ITAC-N-Cu(), IHAC-R-Pb(I), and HAC-N-Pb(D),
respectively. The high breakthrough volume obtained
for these two cations indicated the strong affinity of
these solids towards the metal cations, even under the
dynamic conditions as well [64,65]. Moreover, it was
pointed that a fixed bed process could have an
additional advantage of a continuous contact between
sorbate ions and solid surface, which may result in
better exhaustion capacity than batch process [58,66].

Further, the breakthrough data were implied to
obtain the loading capacity of these solids under the
dynamic conditions using Thomas Eq. (10) to its
non-linear form [67]:

Ce 1
60 1 + eKr(qom—CoV))/Q (10)

where C. and C; is the Cu(I)/Pb(I) concentration
(mg/L) of effluent and influent solutions, respectively;
Kt is Thomas rate constant (L/min/mg); qo is the
maximum amount of Cu(Il)/or Pb(Il) that could be
loaded (mg/g) in the column under the specified
column conditions; m is the mass of adsorbent packed
in column (g); V is the throughput volume (L); and Q
is the flow rate of pumped Cu(Il)/or Pb(I) solution
(L/min). The pH of the influent solution was kept
constant at 4.0. A non-linear least square fitting was
conducted using the breakthrough column data. The
fitting was performed with two unknown parameters,
ie. Ky and go (Cf Fig. 10). The values of Thomas
constants along with the least square sum obtained for
these systems are given in Table 4. The data clearly
indicated that a very high loading capacity was
achieved for both Cu(ll) and Pb(I) by these solids
even under the dynamic conditions, which showed a
better potential affinity of solids at least for these two
cations. Comparatively, Pb(II) possessed higher
loading capacity than Cu(Il), which is in line with the

previous batch data discussed before. These results
were similar to the findings of batch reactor experi-
ments and to other reports in which Thomas equation
was fitted well to demonstrate the loading capacity of
different sorbents [30,68]. The loading capacity for the
AC samples was also included for its comparison,
which clearly indicated that the iron impregnation
enhanced the capacity of these two solids at least for
the removal of Cu(ll) and Pb(I) from aqueous
solutions.

4. Conclusions

The agricultural by-products/wastes viz., rice hulls
and areca nut waste were employed to obtain the ACs
in an attempt to obtain cost-effective and environmen-
tally benign materials. Further, the large specific
surface area was utilized to impregnate it with lower
dose of iron so as to obtain the IIACs. The solids were
characterized with the IR and XRD analyses. More-
over, the surface morphology was obtained with SEM
images. Results showed that iron was clustered/
impregnated onto the surface and within the pores of
the ACs. The BET specific surface area was slightly,
but significantly, decreased in the presence of iron.
The batch reactor data obtained for various physico-
chemical parametric studies showed that an increase
in the pH greatly favored the removal of Cu() and
Pb(I); whereas, an increase in the sorbate concentra-
tion showed a marked decrease in the percent removal
of Cu(ll) whereas Pb(Il) was almost unaffected for
such sorbate concentration increase. The equilibrium
state sorption data were reasonably fitted well to the
Langmuir and Freundlich adsorption isotherms and,
hence, the removal capacity was estimated. The kinetic
data showed that a fast initial removal was occurred
for both Cu(ll) and Pb(I) by these solids and the
maximum sorption took place between 60 and 90 min
of contact. The data are fitted well to the pseudo-first-
order and pseudo-second-order rate equations. The
sorption capacity estimated by the pseudo-second-order
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equation fitting was found to be 1.770, 1.926, 3.507,
and 3.439 mg/g, respectively, for the systems IIAC-R-
Cu(l), ITAC-N-Cudl), HIAC-R-Pb(1I), and IIAC-N-Pb
(II). The uptake of these ions onto the employed solids
was almost unaffected by an increase in 1,000 times
electrolyte concentration (NaNO3), which showed that
sorbing ions were forming a strong bond at the sur-
face functional groups and, perhaps, making an
“inner-sphere complexes.” The column reactor opera-
tions revealed that relatively high breakthrough vol-
ume was obtained for the Cu(Il) and Pb(l) and the
breakthrough data were reasonably fitted well to
Thomas equation. Therefore, the loading capacities
were estimated for these two materials. The obtained
loading capacity was higher for Pb(Il) than for Cu(Il)
by IIACs. Moreover, both the IIACs, i.e. IIAC-R and
ITAC-N, showed a comparable removal behavior at
least for Cu(Il) and Pb(II). Further, it was revealed that
the impregnation of ACs samples with iron signifi-
cantly enhanced the removal capacities of ACs
samples at least for the removal of Cu(ll) and Pb(II)
from aqueous solutions. This study includes a compre-
hensive data which could further be employed in the
remediation of copper- or lead-contaminated aquatic
environment using IIACs materials at pilot plant scale
or large-scale.
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