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ABSTRACT

The present study aims to synthesize an activated carbon adsorbent (S-AC, P-AC and OH-AC) from
polystyrene divinyl benzene waste under different carbonization temperature (450°C and 900 °C and activation
conditions (H2S04, H3PO4 or NaOH). It being characterized and applied as an adsorbent for manganese removal
from groundwater. FTIR results indicate that the changes in the peak intensities clear that the binding process
was occurring on the surface of the adsorbent. Different factors such as solution pH, adsorbent dosage, contact
time, temperature and Mn(ll) initial concentration were investigated. The results showed that manganese
adsorption capacity decreases with the increase of the carbonization temperature (900°C) and of activating agent
H,SO4 > HiPO4 >NaOH. Kinetically, it was shown that the activation temperature of 450°C is the best
temperature for activating the adsorbent carbons. The pseudo-first-order model is appropriate for predicting the
adsorption process of Mn(ll) onto the P-AC 450°C, P-AC 900°C and OH-AC 900°C, while the pseudo-second-
order model is appropriate for predicting the adsorption process of Mn(ll) onto the both S-AC 450°C, S-AC
900°C, OH-AC 450°Cand OH-AC 900°C. Thermodynamic calculations affirmed that Mn(1l) adsorption onto S-
AC and P-AC was an endothermic process while onto OH-AC was exothermic process. Finally, the results
suggested that the prepared S-AC has high adsorption capacities for Mn(ll) compared with other adsorbents,
such as P-AC and OH-AC. Therefore, S-AC 450°Ccan be used in the groundwater treatment unit.

Keywords: Activated carbon; ion exchange resin; ground water.

INTRODUCTION

Manganese (Mn) is abundant in the earth
and exists as a component of more than 30
kinds of manganese oxides/hydroxide minerals.
The presence of soluble manganese divalent ion

clogging, but also causes chronic poisoning to
the human body and threats to the health [2].
The maximum contaminant level for
manganese in drinking water has been
established as 04mg/L (WHO, 2011),

Mn(ll) is a salient feature in the groundwater
[1].Manganese occurs naturally in surface
water and groundwater, especially in oxygen
depleted or anaerobic  systems. The
concentrations of manganese in groundwater
are dependent upon a number of factors such as
rainfall chemistry, aquifer lithology,
geochemical environment and groundwater
flow paths. Some of these factors can be highly
variable over relatively small spatial and
temporal scales. Manganese can be leached
from overlying soils and minerals in underlying
rocks as well as from the minerals of the
aquifer itself. Mn(lI) contaminated
groundwater not only causes aesthetic and
operational  problems, such as  water
discoloration, laundry stains and pipes

[3]. Therefore, effective removal of Mn(l1) from
the groundwater is necessary to provide safe
drinking water.

In the developing countries, many water
resources are polluted due to a diminished
public awareness regarding environmental
health, which leads to the indiscriminate
disposal of waste or the discharge of effluent
from industrial activity [4]. As the world
population increases, there is an annual decline
in the accessibility of clean and safe water,
despite it being one of the most basic human
necessities. More than half of a body’s weight
is composed of water, and it is important for
cell growth, use as a body coolant, the
protection of tissue from shock and damage,
aiding in the digestion and absorption of food,
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the removal of waste and the maintenance of a
healthy weight [5].

Polystyrene divinyle benzene was produced
from petroleum derivatives, it can use for some
plastic industries as yogurt cans and the waste
of polystyrene divinyle benzene is generated in
large amount which leads to an environmental
problem.

The principal goal of water treatment is to
minimize the risks from biological, chemical
and physical by reducing them to acceptable
levels. This includes ensuring that the water is
of high aesthetic quality; that is, the taste, odor,
clearness, and color of the water do not cause
offense to consumers. This also means
guaranteeing that the water’s chemical
constituents do not cause operational problems
in circulation systems [6]. Various technigques
have been employed for the mitigation of
Mn(11) including those of
coagulation/flocculation [7], ion exchange [8],
oxidationffiltration [9], adsorption [10] and
membrane filtration [11].Due to the advantages
of low cost and environmental friendliness,
adsorption has been preferred worldwide.

The present work aims to introduce an
inexpensive and renewable adsorbent for
Mn2?*removal by converting exhausted resin
with no commercial value into a promising
adsorbent with the aid of mineral acids (H2SO4)
(S-AC) and HsPO4(P-AC) and base NaOH
(OH-AC) activation. The use of exhausted resin
as renewable precursor for producing
carbonaceous adsorbent materials in adsorption
of Mn* from aqueous solutions and
groundwater in the batch-model process will
diminish the large amount of exhausted resin,
reduce environmental complications and
produce value-added products. The adsorption
parameters, Kinetic and thermodynamic studies
were performed to explore and predict the
adsorption of Mn2*ions onto the activated
carbon.

EXPERIMENTAL

Reagents
Sulfuric acid (H2SOs4), Phosphoric acid
(HsPO4), sodium  hydroxide  (NaOH),

hydrochloric (HCI), and manganese chloride

(MnCl,) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Waste polystyrene
ascation exchange resin (Amberjet 1500) was
supplied by Beihua Chemical Building
Materials Co., Ltd. (Hebei, China).

Preparation of the carbon composites

Polystyrene divinyl benzene obtained by
polymerization of (styrene and divinyle
benzene), the styrene (CgHs) is polymerized
with itself and with divinyle benzene (Cio
Hio),prior to its use, the resin waste was
successively rinsed with ethanol, 5% HCI
solution, 5% NaOH solution, distilled water
until the solution had a neutral pH to remove
impurities, dried 60°C for 24h. Carbonization
and activation were conducted in a horizontal
cylindrical furnace (450°C or 900°C) for
3hrs(Qiangian et al., 2014) [12], after cooling
the obtained carbon was mixed with
concentrated sulfuric acid, phosphoric acid and
powdered sodium hydroxide separately at a
mass ratio of 1:3. Subsequently, after cooling
the obtained carbons (S-AC, P-AC and OH-
AC) was crushed and washed with distilled
water until the solution had neutral pH, dried
under vacuum.

Batch adsorption experiments

Batch  adsorption  experiments  were
performed by shaking a mixture of a fixed
amount of S-AC, P-AC and OH-AC separately
with 25ml of manganese solution of a known
concentration in a series of 100ml plastic
bottles in a constant temperature shaker(Stuart
CB302) for a known period of time. The
suspensions were taken out at predetermined
time intervals and centrifuged and analyzed
using  atomic  absorption  spectroscopy
(SHIMADZUAAT00). Several experiments
were carried out with a variety of initial
manganese concentrations, pH, contact time,
adsorbent dosage, and temperature respectively.
The amount of adsorbate that adsorbed onto the
carbon at time t, g: (mg/g) and removal % from
aqueous solution or groundwater are calculated
from Egs.1 and 2,respectively.

— (CU - Cejv
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The removal percentage yield (R%) =
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Where, C, is the initial Mn? ion
concentration (mg/L) at equilibrium, Ce is the
concentration of Mn?* at any time t, V is the
volume of the manganese solution and w is the
weight of carbon in (g). All experimental
measurements were within + 0.1% accuracy.

RESULTS AND DISCUSSION
Characterization of the synthesized carbons

To check about the structure of the new
activated carbon before and after synthesized, a
characterization must be done as the
determination of the functional groups by
FTIR. To better understand the differences
among modified activated carbon produced by
different modifiers, FTIR analysis was
performed to identify surface functional groups
on the carbon surfaces. Fig.(1) shows the FTIR
of the activated carbon at 450°C (AC). The
spectrum show a relatively strong band at
1573.91cm™! due to combined stretching
vibrations of conjugated C=0O group and
aromatic rings [13]. The thermal activated
carbon obtained at 450°C shows a small peak at
1697.36 cm™' characteristic of the C=0
stretching vibration. The small intensity of this
peak suggests a relatively low content of
carboxylic groups as compared to other oxygen
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groups of carbon [14].Weak absorption band in
all spectra at about 3047.53cm™! is ascribed to
aromatic C-H stretching vibrations.

The FTIR spectrum of the S-AC (Fig.2)
shows a band at 3433.29cm™! assigned to OH~
stretching vibration. This finding is apparently
due to the fact that H,SO, initiated bond
cleavage, leading to dehydration and
elimination reactions that release volatile
products such as water, acid, alcohol and other
chemical substances. This is followed by
partially aromatic city and re-combination of
species to form a stronger cross-linked solid. In
other words, H.SO4 breaks many bonds in
aliphatic and aromatic species existed in the
precursor material leading to liberation and
elimination of many light and volatile
substances causing partial aromatization and
thus carbonization. In addition, if the spectrum
of the modified activated carbon- H>SOs is
compared with activated carbon by means of
sulfur related absorption bands, it is seen that
1165cm™! and new absorption bands appeared
in the spectrum of S-AC sample at around
1072.42-1010.7cm™" assigned to asymmetric
and symmetric stretching vibration of SO,
respectively confirming the presence of surface
SO, complexes [15 and 16]. However, the
bands at 1010.7cm™ (C-O stretching in
phenols, alcohols) and H,SO, acid (-SO;

groups).

!

VR0 e

Fig.1. FTIR spectrum of activated carbon at 450°C



36

The band (Fig.3) at 1118.72cm™' could be
assigned to stretching vibrations of C-O-C in
aromatic esters. However, the peak at 1165cm™!
can be assigned to the stretching vibration of
hydrogen-bonded P=0 groups from phosphates
or polyphosphates, to the O-C stretches
vibration in the P-O-C (aomaicy linkage.
Therefore, oxygen and phosphorus enriched
carbon were observed [17]. The observation of
those extra peaks suggests that the biochar
surface was well modified in situ with the
pyrolysis process, and the properties of the as-
obtained carbon surface was significantly
enhanced by covering functional groups and
mineral  precipitants, and then greatly
strengthen the adsorption performance [18].
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As shown in Fig.4, many peaks were
detected such as the broad peak at
3433.29cm!, low peak at 2916.37cm™!, another
peak at 1612.49cm™' with shoulder peak at
1705.07cm™ and a sharp peak at 1041cm™.
These peaks correspond to the functional
groups of O-H stretching, C-H, C=0 and C-O
stretching,  respectively.  These  findings
revealed that the OH-AC has OH, CO and
COOH as their functional groups. The addition
of NaOH onto AC may increase the amount of
the functional groups on OH-AC, and NaOH
has OH groups. The presence of these
functional groups will make the surface of the
adsorbents to be more hydrophilic and thus
could enhance the adsorption of positive metal
ions [19 and 20].
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Fig. 2. FTIR spectrum of sulphonic activated carbon (S-AC)
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Fig. 3.FTIR spectrum of phosphoric activated Carbone (P-AC)



PREPARATION OF ACTIVATED CARBON FROM ION EXCHANGE RESIN ... 37

el |

e\ =y R AT
= :\ e \\/\ / &
3
: [ 1] '
£ 3=

\}/

- l
2
S

- o o B e

oo e e - oo
-

Fig. 4.FTIR spectrum of Hydroxyl activated Carbone (OH-AC)

Influencing factors on the removal

efficiency of Mn(Il)
Effects of pH

The effect of pH on the removal efficiency
of Mn(Il) was investigated in the range of 2 to
5.8. As shown in Fig.5, the removal efficiency
and uptake of Mn(Il) change by changing the
pH value in the range of 2 to 5.8. However, in
case of using S-AC, by increasing the pH value
from 2 to 4, Mn(ll) removal efficiency
increases from 75 to 78% (18.5 to 19.5mg/qg)
and then decreases to reach 76% at pH
5.8.Where by using OH-AC, it was found that
the Mn(ll) removal efficiency decreases
gradually from 72% (18mg/g) until reach to
67% (16.75mg/g) with increasing the pH from
2 to 5.8.Finally, at using P-AC, it was shown
that, the Mn(I1) removal efficiency increases as
the pH increase until reach to 32%(8mg /g) at
pH 3 and then decreases to 26 % (7mg/g) at pH
5.8. The low uptake of Mn(ll) is observed at
lower pH value and this can be attributed to the
large quantities of protons that competes with
Mn(ll) ions at the adsorption sites. In other
words, by increasing pH value, more positively
charged Mn(ll) ions are adsorbed by free
binding sites due to a larger portion of
dissociation of protons from functional groups,
resulting in the promotion of adsorption
capacity [21]. The maximum Mn(ll) removal
efficiency of 78% (pH= 4), 32% (pH= 3) and
72% (pH= 2) by the S-AC, P-AC and OH-AC,
respectively. Then the worked resins are
arranged in the order S-AC>P-AC>0OH-AC
with varying pH value.
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Fog._S Effect of the solution pH on the removal
percentage of Mn (11)

Effect of the adsorbent dosage

Adsorbent dosage is a key parameter in the
determination of removal efficiency and
adsorption capacity. As the adsorbent dosage is
increased, the available adsorption sites are also
increasing; consequently, a better adsorption
takes place. The effect of S-AC,P-AC and OH-
AC dosage on the removal efficiency and
uptake of Mn(ll) from the solution can be
studied in varying dosage 0.1, 0.2, 0.3 and 0.4 g
at pH values 4,3 and 2 for S-AC,P-AC and OH-
AC respectively, contact time 4hrs and at a
constant concentration (50ppm) of the initial
manganese solution (Fig.6).1t was shown from
Fig.6thatthere is an increase in the removal
efficiency from 64 to 94%, 58to 88% and 18 to
60% for S-AC,0H-AC and P-AC respectively,
with increasing the dosage from 0.1 to
0.49.This can be attributed to the fact that by
increasing the adsorbent dosage, the density of
the available reactive groups on the adsorbent
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surface for metal binding increases. While an
opposite trend was observed where, the
adsorption capacity decreases with increasing
the adsorbent dosage. As the S-AC adsorbent
dosage increases from 0.1 to 0.4 g, a decrease
in the Mn(Il) adsorption capacity from 8 to
2.94, 2.25 to 1.875 and 2.75 to 2.75 mg/g was
observed, respectively. Thismay be due to the
interference existed between the binding sites
and adsorbent, or the insufficiency of Mn(ll)
ions in the solution with respect to available
binding sites [21].

103 —»— %-OH-AC

The maximum removal % and uptak
£
(=)
1
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Fig. 6. Effect of the carbon doses on the removal
% and uptake of Mn(l11)

The effect of the initial solution
concentration on the Mn(Il) removal efficiency
by the concerned adsorbent was studied at
initial Mn(Il) concentration varies between
50,75,100,125 and 150mg/L (Fig.7). The
removal efficiency of Mn(ll) onto S-AC450°C,
P-AC450°C and OH-AC450°C decreases from
64 to 58%, 18 to 12% and 58 to 54.6%,
respectively, by increasing its initial
concentration from 50 to 150mg/L. The
removal efficiency is low at the highest
concentration of Mn(ll) due to the lower
available adsorption sites in comparison with
the number of Mn(ll) ions. In brief, the
performance of the S-AC, P-AC and OH-AC
was evaluated by their removal percentages
which were obtained as 64, 18 and 58% for S-
AC, P-AC and OH-AC respectively, where the
adsorption capacities of S-AC,P-AC and OH-
AC change from 8 to 21.75mg/g, 2.25 to
4.5mg/g and 7.25 to 20.5mg/g, respectively, by
increasing Mn(11) initial concentration from 50
to 150 mg/L. This is confirmed with Saharan et
al.,2019[22]who stated that the higher initial
concentration of Mn(Il) provides a driving
force to overcome the mass transfer resistance
between the aqueous and solid phases.
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Fig. 7. Effect of the initial concentration on the
removal % and uptake of Mn(l1)

Effect of contact time and activation
temperature on the Mn(I1) removal

The effect of contact time on the removal
of Mn(Il) from the groundwater was achieved
at different time varies from 1 to 300min by
two groups of activated carbons that have
burned at two temperatures. The first group
includes S-AC450°C, P-AC 450°C and OH-AC
450°C, and the second group includes S-AC
900°C, P-AC 900°C and OH-AC 900°C
(Fig.8). It was observed that the removal of
Mn(ll) by S-AC 450°C,P-AC 450°C and OH-
AC 450°C increases by increasing contact time
till reaches to 0.975,0.95 and 0.725mg/g,
respectively, at contact time 300min, while the
removal of Mn(ll) by S-AC 900°C,P-AC900°C
and OH-AC 900°Cincreases by increasing
contact time till reaches to 0.625, 0.425 and
0.725mg/g, respectively, at contact time
240min.The increase of the adsorption process
at the beginning of the contact time may be due
to a large number of active sites being available
on the adsorbent surface for Mn(ll) adsorption
[23].

Fig.8. shows the effect of activation
temperature (450 and 900°C) on the adsorption
capacity of Mn(ll) removal from the
groundwater at fixed modification (H2SOs4,
HsPO4 and NaOH) and activation time of 300
and 240min, respectively. It was observed that,
large manganese uptake capacity was obtained
at the activation temperature up to 450°C and
this may be due to the formation of a large
amount of micro and mesopores. In other
words, this may be also due to increase in
surface area and total pore volume. In brief,
further increase in activation temperature up to
900°C lead to a decrease in manganese uptake
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capacity and this probably due to burning of
micro and mesopores and matrix of carbon
collapsed causing blockage of pores [24].
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Fig. 8. Effect of activation temperature and
Contac time on the Mn(Il) uptake (5m g/l, 296K.,

25ml and 0.1 g carbon)
Adsorption Kinetics studies

Adsorption  Kinetics  studies help in
assessing the adsorption mechanisms in terms
of order and rate constants, and provides useful
information on possible rate control steps. Four
kinetic models, pseudo-first-order [25], pseudo-
second-order [26], Elovich[27] and intraparticle
diffusion [28] were used to study the kinetics of
the adsorption process of manganese by two
groups of activated carbons, first group
includes S-AC450°C, P-AC 450°C and OH-AC
450°C, and second group includesS-AC900°C,
P-AC 900°C and OH-AC 900°C. The kinetic
graphs obtained are depicted in figures Nos.
9,10, 11 and 12,respectively, and the linearized
equation and plot parameters are summarized in
table (1).

The pseudo-first order model
The pseudo-first order model equation is
generally expressed as follows;
dq
pFrials (e —ag 3
Where de and 9t are the amount of metal
sorbed per unit weight of sorbent at equilibrium
and at any time t (mg/g), respectively, and ky
is the rate constant of pseudo-first order
sorption (min!). After integration and applying
boundary conditions, fort =0 andq =0  the
integrate form of Eq. (3) became
kyt
].ﬂ'iqe - qt] = fanJl - ?.303
The values of rate constant (k1) and
equilibrium capacity (A-(&1.€al)) can be

obtained from the slope and intercept of
plotting log (ge — q:) against time for three
temperatures.

The pseudo-second order model

If the rate of sorption is a second order
mechanism, the pseudo-second order

chemisorption  kinetic rate equation s
expressed as;

dq

— =k — z

3~ k2(ae —ad .

Where Kz is the rate constant of pseudo-
second order sorption [g/(mg min)], Qe is the
amount of solute sorbet at equilibrium(mg/g)
and 4t is the amount of solute sorbet on the
surface of the adsorbent at any time t (mg/qg).

Integrating this equation (4) for the
boundary conditions fort =0, g =0 gives
t 1 1

q kzqiz Qez 5 and

h=kayql,

Where B [mg/(g min)Jmeans the initial
adsorption rate, and the constants can be

determined experimentally by plotting of t/q
against t.

Elovich kinetic model

The Elovich kinetic modelequation is
generally expressed as follows;

1 1
=P In(ap) + BInt

Where a is the initial adsorption rate in
mg/(g.min) and B (g/mg) is the desorption
constant related to the extent of the surface
coverage and  activation energy  for
chemisorption. Both the kinetic constants a and
B will be estimated from the slope and intercept
of the plot of g versus In(t).

Intra-particle diffusion equation
The intra particle diffusion equation is the
following;

Where Kint is the intraparticle diffusion
rate coefficient (mg g' min*) and C (mgg™)
provides an idea about the thickness of the
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boundary layer.The Kint and C can be obtained
from the slope and intercept of a straight line
plot of g versus t°°.

It was shown that the data obtained from
the adsorption experiments of Mn(ll) onto the
first group of activated carbons at 450°C that
namely; S-AC450°C, P-AC450°C and OH-
AC450°C were summarized in table (1). As in
the table(1), it is evident that the correlation
coefficient (R?) values obtained by pseudo-
first-order model are 0.89775 and 0.79645 for
Mn(ll) adsorption onto S-AC450°C and OH-
AC450°C, respectively, which are low in
comparison with that obtained by pseudo-
second-order model (0.99015 and 0.95541) for
S-AC450°C and OH-AC450°C, respectively.

The lower values of the obtainedR? from
the pseudo-first-order model indicate the
unsuitability of this model for predicting the
adsorption of Mn(Il) onto the S-AC450°C and
OH-AC450°C. Thus,pseudo-second-order
model is appropriate for predicting the
adsorption process of Mn(ll) onto the S-
AC450°C and OH-AC450°C.

On the other hand, the obtained correlation
coefficient (R?) value by pseudo-first-order
model of Mn(ll) adsorption onto the P-
AC450°C (0.96642)is higher than that obtained
by the pseudo-second-order model (0.82767)
showing a good fit for pseudo-first-order model
for adsorption of Mnonto the P-AC450°C.

The Elovich coefficients can be obtained
from the linear plot of gt versus In(t). If the
adsorption of manganese ions by using S-
AC450°C, P-AC450°C and OH-AC450°C
carbons fits the Elovich model, a plot of gt
versus In(t) should yield a linear relationship
with a slope of (1/f) and an intercept of
1/BIn(af) [29]. As in tablel, the correlation
coefficients obtained by Elovich model showed
good linearity with both S-AC450°C (R%*=
0.97284) and OH-AC450°C (R?=0.93627),
which means that this model is a good model
for adsorption of Mn(Il) on S-AC 450°C and
OH-AC 450°C.

On the other hand, it can also be observed
that Elovich model gave an account of the
occurrence of desorption process, while this
model was poor fits for P-AC450°C carbon
(R?=0.86538). It is clear that the correlation

coefficients obtained were almost linear which
indicated that Elovich model fitted well for
adsorption by S-AC 450°C and OH-AC 450°C
and not fitted for adsorption byP-AC 450°C.
The model gave a good correlation for
adsorption on highly heterogeneous surface
carbon. Besides, it is also shown that along
with surface adsorption, chemisorption was
also a dominant phenomenon taking place [30].

The obtained correlation coefficients (R?)
of the intra-particle diffusion are 0.86338,
0.93966 and 0.98133, suggesting that two or
more steps are involved in Mn(ll) adsorption
onto the S-AC450°C, P-AC450°C and OH-
AC450°C, respectively. Higher values of the
obtainedR? from intra-particle diffusion model
indicate that this model fitted well for
adsorption of Mn(Il) by P-AC 450°Cand OH-
AC 450°C, respectively, while the lower value
indicates the unsuitability of this model for
predicting the adsorption of Mn(ll) onto the S-
AC 450°C adsorbent.

Noteworthy to mention that, the adsorption
processes of Mn(ll) onto the second group of
carbons were evaluated with different Kkinetic
models. A plot of In(ge-qt) versus t (Fig.9) gave
a linear curve, and the obtained results showed
that the first-order rate constant (ki) was found
to be 0.01383, 0.02564 and 0.00658 for
adsorption of manganese ions onto S-AC900°C,
P-AC 900°C and OH-AC 900°C, respectively,
with a correlation coefficient values (R?) of
0.67014,0.95482 and 0.95709 for S-AC900°C,
P-AC 900°C and OH-AC 900°C, respectively.
The lower correlation coefficient value
suggests that the pseudo-first-order model is
not appropriate for Mn(ll) adsorption onto S-
AC 900°C, while the high correlation
coefficient values suggest that the pseudo-first-
order model is best appropriate for Mn(ll)
adsorption onto both P-AC 900°C and OH-AC
900°C.

The pseudo second-order model describes
the adsorption equilibrium capacity as well as
the chemisorptive behavior of the adsorption
process. A plot of t/g: versus t (Fig.10) gave a
linear curve and high R? value of 0.93727and
0.92893 for S-AC 900°C and OH-AC 900°C,
respectively. These results implied that the
pseudo-second-order model was best described
for Mn(lIl) adsorption onto S-AC 900°C and
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OH-AC 900°C, while it is not fitting for the
adsorption of Mn(ll) onto P-AC 900°C (R? =
0.00424).Also, this suggests that the rate-
limiting step of the adsorption process is
chemical adsorption.

The Elovich model helps in understanding
the kinetics of chemisorptions of the adsorb ate
on the solid surface of the adsorbent. The
values for a and [ are obtained from a plot of q:
versus | nt (Fig.11), and their values are
presented in table (1).As in table 1, the obtained
correlation coefficients by Elovich model was
0.91396, 0.86312 and 0.78213 for OH-AC
900°C,  S-AC900°C and  P-AC900°C,
respectively, which means that the Elovich
model was fitted for adsorption of Mn(ll) onto
OH-AC 900°C, while it was poor fitted for
adsorption of Mn(Il) ontoS-AC900°C and P-
AC900°C.

Weber and Morris's intra-particle diffusion
model helps to identify the diffusion
mechanism and the rate-limiting step. The
boundary layer thickness(C) and intra-particle
diffusion rate constant (ki) can be deduced
from the intercept and slope of the plot of q:
versus the square root of time (tY?),
respectively. It was observed from the plot that,
the adsorption process takes place in two
phases. The first phase depicts the rapid
adsorption of manganese ions over a certain
period of time, whereas the adsorption rate
became slower in the second phase. This could

be due to the chemisorptive interactions during
the first stages of the adsorption process
followed by intra-particle diffusion in the
second stage. From Fig.12, the lines failed to
pass through the origin, which suggests that
intra-particle diffusion cannot be considered the
rate-limiting step. As in table 1, the obtained
correlation  coefficients by intra-particle
diffusion model was 0.96744, 0.85729 and
0.65638 for OH-AC 900°C, P-AC 900°C and S-
AC 900°C, respectively, which means that the
intra-particle diffusion model was fitted for
adsorption of Mn(ll) onto OH-AC 900°C, while
it was poor fitted for adsorption of Mn(ll) onto
P-AC 900°C and S-AC 900°C.

The previous results were shown that the
activation temperature (450°C) is the best
temperature for activation of adsorbent carbons.
The pseudo-first-order model is appropriate for
predicting the adsorption process of Mn(ll)
onto the P-AC 450°C,P-AC 900°CandOH-AC
900°C, while the pseudo-second-order model is
appropriate for predicting the adsorption
process of Mn(ll) onto the both S-AC 450°C,
S-AC 900°C, OH-AC 450°Cand OH-AC
900°C.Also, Elovich modelis appropriate for
predicting the adsorption process of Mn(ll)
onto the S-AC 450°C, OH-AC 450°C and OH-
AC 900°C. Finally, the intra-particle diffusion
model is appropriate for predicting the
adsorption process of Mn(ll) onto the OH-AC
450°C,P-AC 450°C and OH-AC 900°C.

Table 1.Kinetic parameters of Mn?* adsorption in aqueous solutions using different carbons

Kinetic model S-AC S-AC P-AC P-AC OH- AC OH-AC
(450 C°) (900 C°) (450 C°) (900 C°) (450 C°) (900C°)
PFO
e 1,cal 0.8612 0.2160 0.9006 0.544 0.688 0.5478
ki 0.0177 0.0138 0.0088 0.0256 0.0109 0.0065
R? 0.8977 0.6701 0.9664 0.9548 0.7964 0.9570
PSO
qe'ifa' 1.118 0.7881 1.429 1177 8'82% 8'3282
- 0.0238 0.0641 5.5X10° 0.0024 00158 00169
=2 0.0298 0.0398 0.0112 0.0034 09554 09289
0.9901 0.9372 0.8276 0.0042 : :
Elovich
B 4.436 11.550 3.555 7.917 6.888 7.160
a 0.0757 0.7746 0.0284 0.0185 0.0479 0.0497
R? 0.9728 0.8631 0.8653 0.7821 0.9362 0.9139
Intraprticle
diffusion
Kint 0.0540 0.0244 0.0625 0.0409 0.0385 0.0403
C 0.1581 0.3261 -0.0495 -0.0815 0.0691 0.0587
R? 0.8633 0.6563 0.9396 0.8572 0.9813 0.9674
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Fig. 11. Elovich plots of Mn(11) 450°C.

Effect of temperature on the removal% of
Mn(11)

The effect of temperature is accepted as a
major factor affects the adsorption. The effect
of the solution temperature on the removal% of
Mn(Il) by the activated carbons S-AC,P-AC
and OH-AC can be studied at temperature
varies from 296 to 320k (Fig.13).As shown

inFig.13,the removal% of Mn(ll) by both S-AC
and P-AC increases with increasing
temperature till reaches to the maximum
removal% at the temperature 316k and then
decreases with increasing temperature .The
decrease in removal% might be due to the
reduction of the attraction forces between the
adsorbate and adsorbent as a result of increase
in temperature [31]. In addition, the high
temperature can also promote the adsorption
process by accelerating molecular thermal
motion to facilitate the contact between target
ions and the sorbent [32]. On the other hand, it
was shown that the removal% of the Mn(ll) by
OH-AC decreases with increasing temperature .

T T T T T T
295 300 305 310 315 320
Temperature (K)

Fig. 13. Effect of the solution temperature on the
removal percentage of Mn(ll)

Thermodynamic parameters

Data given from the thermodynamic studies
are important for predicting the adsorption
mechanism of heavy metals from the polluted
water and thiscan be achieved at various
temperatures (296, 306, 316 and 320 K).The
thermodynamic  parameters in  particular
are;Gibbs free energy (AG®), enthalpy change
(AH®)and standard entropy change (AS°) are
computed by Egs. 9 and 10.

AG° = RTINK,
INKg= R—RT  —-eemmmemmmeemmeecee (10)

The thermodynamic results of manganese
adsorption by S-AC, P-AC and OH-AC were
shown in both Fig.14 and table 2.The obtained
negative AG°® values indicate favorable,
spontaneous manganese adsorption by S-AC at
the temperatures306, 316 and 320K, whereas,
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the manganese adsorption by both P-AC and
OH-AC at all the four temperatures 296, 306,
316 and 320K was non spontaneous. The
obtained positive AS° values indicate an
increase in the randomness of the solid/liquid
interface, with structural changes in the
adsorbate/adsorbent system [33]. In other
words, the positive AH® values confirm the
endothermic nature of the adsorption processes
[34]using both S-AC and P-AC.

The Negative value of AH® affirmed the
exothermic nature of the adsorption procedure
by OH-AC. This is this agrees with Das et al.,
2014, [35], who stated that, the enthalpy value
in the interval ranging from 2 to 20kJ mol™
points to physisorption, while the value inside
20400 kJ mol™! characterizes chemisorption.
Hence, the obtained enthalpy values show in
table(2) confirm that the chemisorption
characteristics governs the uptake process of
Mn(ll) by both S-ACand P-AC. On the other
side, the negative entropy value shows that
diminished disorder ensues at the solid/solution
interface throughout the adsorption procedure
[36] by OH-AC material.

Table 2. Thermodynamic parameters of Mn(11)
adsorbtion by S-AC, P-AC and OH-AC

Temp. Temp.K AG? AHP AS®
KJ/Mol | KJ/Mol J/mol.K
296 1.966
306 -0.692
316 -0.159
320 -1.141
296 7.144
306 1.839
316 0.615
320 1.434
296 2.636
306 4,991
316 5.622
320 8.101

The obtained results suggest that S-AC has
high adsorption capacities for Mn?* compared
with other adsorbents, such as P-AC and OH-
AC. Therefore, S-AC can be wused in
groundwater treatment unit to give satisfactory
results such as obtaining high removal
efficiency.
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0.00310 0.00315 0.00320 0.00325 0.00330 0.00335 0.00340
1T

Fig. 14. Van't Hoff 'plot's”o'f' Mn(ll) in adueous
solutions

Treatment of the polluted groundwater in
the Northwest coast area-Egypt

In this study, some of polluted groundwater
samples were collected from the Northwest
coast areaFig.15, and transported to the Desert
Research Center laboratories to analyze based
on the international standard methods
according to Rainwater and Thatcher, 1960[37]
and Fishman and Friedman, 1985[38] to
determine both the major and trace
constituents, respectively, in the collected water
samples (Table3).As shown in table 3, it was
noticed that some groundwater samples are
unsuitable for drinking purposes as they have
Mn*?concentration more than the safe limit
(0.4mg/L; WHO,2011). So, it must be using an
adsorbent (as S-AC) to decrease the
concentration of manganese ion from this
polluted groundwater to less than 0.4mg/L. To
achieve this aim, the factors that affect on the
adsorption process of Mn*? from groundwater
have been studied as the following;

Table 3 The concentrations of Mn(l1) and Zn(I1)
in the collected groundwater samples in the study
area

Sample Conc. of Conc. of
No Zinc (mg/L) Mn (mg/L)
1 0.122 0.126
2 1.870 0.876
3 0.919 0.028
4 0.675 0.154
5 0.150 0.024
6 0.256 0.190
7 0.016 0.008
8 0.457 0.130
9 0.363 0.015
10 0.011 0.014
11 1.820 0.013
12 0.289 0.017
13 0.264 0.015
14 0.363 0.461
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Effect of the adsorbent dosageon the
removal% of Mn(Il)

Adsorbent dosage has significant impact on
the adsorption process as it determines the
sorbent-sorbated equilibrium of the system
[39]. The effect of the adsorbent dosage on the
removal% of Mn(ll) from the polluted
groundwater by S-AC was carried out at
adsorbent dosages varies from 0.1 to 0.4mg for
two groundwater samples Nos. (2 and 14) at
pH 4.0and contact time 4h.Fig.16 shows that
manganese ions removal efficiency from
samples Nos.2 and 14 increased with increasing
S-AC dosages from 0.1 to 0.49.The removal
efficiency of Mn(ll) by S-AC increases
gradually by increasing S-AC dosage till reach
to the maximum values(~37% and 17.57%at
samples Nos. 2 and 14, respectively. In brief, at
constant initial Mn(Il) concentration, with
increasing the adsorbent dosage, the adsorption
sites remain unsaturated. On the conrary, at low
adsorbent dosage, all the active sites were
exposed and occupied completely leading to
saturation of the surface.

—=— Sample 2
—e— Sample 14

The maximum removal percentage,%

10

T T T T T T T
0.10 0.15 0.20 0.25 0.30 0.35 0.40
Dose (g)

Fig. 16. Effect of the S-AC dosage on the removal
percentage of Mn(l1) from groundwater samples
2and 14

Effect of the initial manganese concentration
on the removal% of Mn(II)

To evaluate the effect of the initial
manganese concentration on the removal
capacity of the concerned adsorbent, the
experiments were carried out with varying
initial manganese concentrations (0.876 and
0.431mg/L)at 296k,pH 4.0and 0.4g S-AC
adsorbent dosage till 4h of contact time
(Fig.17). It was observed that, a gradual
increase in the adsorption capacity of S-AC
from 0.0111 to 0.0297mg/g and from 0.0025 to
0.0037mg/g of samples Nos.2 and 14,
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respectively, and then decreases at high
concentration to reach to 0.019 and
0.0033mg/g, respectively, with increase of
initial manganese concentration. An increase in
adsorption by S-AC with increase in
manganese concentrations might be due to
relative increase in mass transfer[40].
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Fig. 17. Effect of the initial concentration on the
Mn(Il) uptake from groundwater samples 2 and
14,

Effect of temperature on the removal% of
Mn(ll)

Temperature is one of the most important
factors, which might have a critical role on the
proceeding of the adsorption process of Mn(ll)
from polluted groundwater. The effect of the
temperature on the Mn?*adsorption process
from polluted groundwater onto the S-AC was
investigated at 296, 306, 316 and 320K,S-AC
adsorbent dosage0.4g and initial Mn(ll)
concentrations0.876and 0.431mg/Lfor samples
No0s.2&14 and pH4.0atcontact time 4h
(Fig.18).As shown inFig.18, the processes of
Mn(Il) removal% from groundwater sample
No.2 increases from 1451 to 35.62% by
increasing temperature from 296 to 316K and
then slightly decreases till reaches to 35.5% at
temperature  320k.While for groundwater
sample No.14, the processes of Mn(ll)
removal% increases from 10.84 to 16.05% with
increasing temperature from 296 to 316kand
the removal% still constant(No change was
observed) with increasing temperature till reach
to 320k.This increase of the removal adsorption
with increasing temperature may be due to the
development of new pores in the adsorbent and
reduction in the viscosity of the medium. With

increasing of swelling, the interaction between
the adsorb ate ions and the binding sites on the
adsorbent surface increases and this deal with
increase the removal adsorption. In other
words, the adsorption capacity increases at high
temperature esdue to the superior diffusion rate
of the metal ions and the lower solution
viscosity of the adsorbent particles [41].
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Fig. 18. Effect of the solution temperature on the
removal percentage of Mn(ll) from different
grouundwater samples 2 and 14

Thermodynamic parameters for Mn?*
adsorption onto the S-AC carbon from
different groundwater samples.

The estimated thermodynamic parameters
values of the Van't Hoff equation (Eq.9) for
Mn?*  adsorption on the S-AC from
groundwater samples Nos.2 and 14, were listed
in the table (4) and represented in Fig.19.The
positive values of AG°® (Eq.10) at all four
temperatures indicate that the adsorption
reaction requires energy to carry out and also,
the adsorption process has a non-spontaneous
nature. The decrease of AG® change values as a
function of temperature indicates that the
adsorption may be favored at high temperature
[42]. The positive AS° values indicate an
increase in the randomness of the solid/liquid
interface with structural changes in the adsorb
ate/adsorbent system [43]. Also, the positive
AHP® values confirm that the endothermic nature
of the adsorption processes were corroborate
with the isotherm results. In brief, the
adsorption capacities increase with the increase
in temperature due to the increase in Mn?*
mobility and diffusion through the porous
structures of the S-AC carbon, overcoming the
activation energy.
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Table 4. Thermodynamic parameters for Mn(l1)
adsorption onto the S-AC carbon from
groundwater.

AG kJ/Mol

Sample AH AS

2
No. |kdMol | Motk | R Temperature K

296K | 306K |316K [326K
2 36.223 | 88.800 | 0.7846 | 10.416 |8.266 |7.123 |7.134
14 11.973 | 4.468 |0.718510.850|10.025 |9.738 |9.738
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Fig. 19. Van't Hoff plots of manganese adsorption
in different groundwater samples (S-2 and S-14)

CONCLUSION

In the present study, polystyrene divinyl
benzene (Amberjet 1500 cation exchange resin)
waste-derived carbon at 450°C and 900°C was
prepared, characterized and applied as a cost-
effective adsorbent for manganese (Mn)
removal from the polluted groundwater after
the maodification with H.SOs (S-AC), HsPOq
(P-AC) and NaOH (OH-AC). The effects of the
functional parameters such as solution pH,
contact time, temperature and initial
concentration on the Mn (1) removal efficiency
by the activated carbons were evaluated. The
activated carbons exhibited greater adsorption
efficiency at 450°C than at 900°C, this may be
due to its porosity and surface functionality.
The maximum adsorption was achieved at pH
values 4, 3 and 2, temperature 316, 316 and
296 K, carbon dosage 0.4g, initial manganese
concentration 150mg/l and contact time of 4, 4
and 5 h with modified activated carbons S-AC,
P-AC and OH-AC, respectively at
450°C.While, with activated carbons at 900°C,
the optimum contact times was 3, 3 and 4h
using S-AC, P-AC and OH-AC, respectively.
Kinetically, it was shown that the temperature
450°C is the best temperature for activation of
adsorbent carbons. It was observed that, the
pseudo-first-order model is appropriate for the
adsorption process of Mn(ll) onto the P-AC

450°C,P-AC 900°CandOH-AC 900°C, while
the pseudo-second-order model is appropriate
for the adsorption process of Mn(ll) onto the
both S-AC 450°C, S-AC 900°C, OH-AC
450°Cand OH-AC  900°C.Also, Elovich
modelis appropriate for the adsorption process
of Mn(1l) onto the S-AC 450°C, OH-AC 450°C
and OH-AC 900°C. Finally, intraparticle
diffusion models are appropriate for the
adsorption process of Mn(ll) onto the OH-AC
450°C,P-AC 450°C and OH-AC 900°C.
Thermodynamics calculations affirmed that
Mn(1l) adsorption processes onto S-AC and P-
AC was endothermic processes while the
adsorption  processes onto OH-AC was
exothermic process. The negative AG® values
indicate that the adsorption was favorable and
spontaneous adsorption on S-AC at the three
temperatures 306, 316 and 326K, whereas, the
manganese adsorption by both P-AC and OH-
AC at all four temperatures 296, 306, 316 and
326K was non spontaneous. In brief, the
prepared S-AC, P-AC and OH-AC can be
considered as an effective adsorbent for Mn(ll)
removal from aqueous solutions and polluted
groundwater. While, the obtained results
indicated that S-AC has high adsorption
capacities for Mn?* compared with other
adsorbents, such as P-AC and OH-AC.
Therefore, S-AC 450°Ccan be wused for
groundwater treatment as it gives higher
satisfactory removal efficiency.
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