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ABSTRACT

Enhancement of the adsorptive properties of commercial activated carbons by simple
surface modifications using chemical agents and their application to methylene blue,
bemacid blue N-TF dyes, and nickel(Il) ion removal from their aqueous solutions was the
aim of this study. Impregnations in 10% KOH (MAC-K) for 24 h and concentrated H,SO,
(MAC-S) for 2 h, applied to Merck activated carbon, and NaOH (RHAC-N) with different
strength applied to Riedel- de Haen activated carbon in order to functionalize and to mod-
ify their surfaces were investigated. These treatments were found to increase the adsorption
capacity of the considered pollutants significantly relative to their untreated state of up to
250.00 mg/g for methylene blue, 11.47 mg/g for nickel(Il) ions, and 312.00 mg/g for
bemacid blue ET-L by MAC-K, MAC-S, and RHAC-N, respectively. Three well-known
model equations namely Langmuir, Freundlich, and Temkin were used to analyze the
adsorption equilibrium data. Parameters influencing adsorption capacity such as contact
time, adsorbent dosage, pH, and temperature were studied. FT-IR and DRX analysis were
performed for chemical functionalities; pH,,., methylene blue accessible area, iodine
number, and morphological analysis by scanning electron microscopy determination were
also performed to characterize the prepared adsorbents. Adsorption kinetics was found to
comply with the pseudo-second-order with a good correlation factor (R*=0.99) and with
intra-particle diffusion as the rate-determining steps. This study showed that surface
functionalization of activated carbon could prove to be a very useful method in removing
toxic substances from wastewater and the environment.
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1. Introduction

The growth of the industrial activity in the last
decades had largely contributed to the environment
contamination by different pollutants such as heavy
metals and all kind of organic substances. Thus,
becoming a serious problem, even with low concentra-
tions, these contaminants constitute a major threat
[1,2]. In particular, dyes from textile industries are
often discharged in the environment in the form of
colored wastewater without any prior treatment repre-
senting then, an important class of pollutants affecting
human health by damaging vital organs and also can
be toxic to aquatic life [3-6]. They are often used in
excess to improve the dyeing process leading to water
rejection strongly concentrated in dyes of which
the reliable biodegradability makes the biological
treatments not easily applicable [7].

In this study, one heavy metal and two dyes are
chosen to be removed from aqueous solutions by
adsorption using functionalized commercial activated
carbons. Firstly, nickel as heavy metal is a compound
that occurs in the environment only at very low levels.
Foodstuffs naturally contain small amounts of nickel,
while chocolate and fats are known to contain high
quantities. Nickel uptake increases when people eat
large quantities of vegetables from polluted soils.
Plants are known to accumulate nickel and as a result
the nickel uptake from vegetables will be eminent.
Nickel is released into the air by power plants and
trash incinerators from which humans may be
exposed to this toxic metal by breathing air.

Secondly, methylene blue as basic aniline dye is a
heterocyclic aromatic chemical compound. It has many
uses in a variety of fields such as chemistry, biology,
and aquaculture. In the latter, it is used as a treatment
for fungal infections. Methylene blue is also very effec-
tive when used as part of a “medicated fish bath” for
treatment of ammonia, nitrite, and as an antidote for
cyanide poisoning and a bacteriological stain.

Finally, bemacid blue N-TF is an acid dyestuff
chemically stable used for the textile finishing. Expo-
sure to decomposition products may be hazardous to
health with irritant effects.

It is also harmful and may cause long-term adverse
effects in the aquatic environment. To straighten
legislation, it is desirable to remove these pollutants
among others from effluents before their discharge in
nature. Many conventional methods were used for
toxic pollutants removal from wastewater, but they
are limited to a variety of chemicals for technical
reasons and high cost of exploitation or may not be
capable of treating large volumes of effluent without
the risk of clogging, e.g. membrane filtration [8-12].
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Nowadays, the use of solid materials for these
pollutants removal is widely spreading. Among these
materials, activated carbons have been widely used as
adsorbents and catalyst supports due to their proper-
ties which determine their applications such as high
surface area, large pore volume, and chemical-modifi-
able surface [13]. The adsorption efficiency of carbons
to remove one type of contaminant is strongly depen-
dent on their surface chemical features. Therefore,
materials production by surface modification is of
great interest for specific applications. Many oxidants
such as concentrated HNO;, H,SO,, NaOH, KMnQOy,,
and H,O, have been extensively used for commercial
activated carbons functionalization by impregnation
[14-17]. The oxidizing agent solution, its concentra-
tion, and pH influence strongly the surface structure
of the solid, making it then a good adsorbent.

In this work, two activated carbons commercially
available were chemically modified by introducing
new functional groups on their surfaces in order to
enhance their adsorptive properties and their applica-
tion to remove efficiently the considered pollutants
from their aqueous media.

2. Materials and methods
2.1. Adsorbents and solutions preparations

Simple treatments using potassium hydroxide
(10%, 24 h, 25°C) and sulfuric acid (96%, 2 h, 80°C)
were applied to functionalize the surface and to
modify the structure of Merck activated carbon in
order to eliminate methylene blue and nickel(Il) from
aqueous solutions, respectively, while NaOH solutions
with different concentrations were used to functional-
ize Riedel- de Haen activated carbon for bemacid blue
N-TF dye removal. The obtained samples were
washed several times with distilled water and dried
overnight at 100°C. Then grinded using Crosschop
Vierzen grinder and sieved to obtain particle diameter
lower than 71 pm.

Stock solutions with known concentrations were
prepared according to standard procedure by dissolv-
ing the required amount of methylene blue, bemacid
blue N-TF, and hydrated nickel sulfate separately in
distilled water. Successive dilutions were used to
obtain working solutions of the desired concentrations.
Iodine standard solutions (0.1 + 0.1 N) were prepared
from sublimed iodine dissolved in potassium iodide
and titrated with (0.1 £+0.1 N) sodium thiosulfate
which was standardized with chemically pure potas-
sium iodate. Table 1 summarizes some important
characteristics of the studied dyes and nickel(Il) ions.
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Table 1
Chemical characteristics of adsorbed substances

Methylene blue Bemacid blue N-TF Nickel

Molecular formula C]GH] 8C1N383H20 C31H26N3N306S NISO46H20
Molecular weight (g mol™") 373.90 591.65 262.85
Maximum wavelength (Aa,)” 665 602 465
Supplier Merck Bezema Merck
CAS number 7,220-79-3 67,827-60-5 10,101-97-0
Water solubility (g/L) 44 80 at 80°C 850 at 20°C

“Experimentally obtained values.

2.2. Prepared samples characterization

Determination of the surface area accessible to
methylene blue and iodine, morphological analysis
using SEM, pH of zero point charge (pHpzc), and the
determination of surface functional groups using
IRFT were performed to characterize some selected
samples.

In order to know the adsorption capacities of the
prepared samples, one must evaluate their
physicochemical characteristics. In this study, charac-
terization of the prepared samples was mainly focused
on surface area determination. By comparing the
adsorption characteristics toward Iodine number,
methylene blue index, and phenol index, additional
information was obtained.

Iodine number is a parameter widely used for acti-
vated carbon testing for its simplicity and a rapid
assessment of adsorbent quality. It gives an estimate
of its surface area and porosity. It is defined as the
quantity in milligrams of iodine adsorbed by one
gram of material when the iodine residual concentra-
tion of the filtrate is 0.02 + 0.01 N according to ASTM
D4607 standard method [18], which is based on a
three-point isotherm. A standard iodine solution (0.1
0.1 N) is treated with three different weights of
adsorbent. The sample is treated with 10.0 + 0.1 mL of
5% (V/V) HCl. The mixture is boiled for 30 s and then
cooled at room temperature. 100.0 + 0.1 mL of 0.1
+ 0.1 N iodine solution is immediately added to the
mixture and stirred for 30s. The solution is then
filtered and 50.0 + 0.1 mL of the filtrate is titrated with
0.1 £0.1 N sodium thiosulphate solution using thyo-
dene (or starch) as an indicator. The amount of iodine
adsorbed per gram of adsorbent is plotted against the
residual iodine concentration, using logarithmic axes.
If the residual iodine concentration is not within the
range (0.008-0.04 N), the procedure is repeated using
different carbon masses for each isotherm point. A
regression analysis is applied to the three points and
the iodine number is calculated as the amount

adsorbed at a residual iodine concentration of
0.02 + 0.01 N.

Methylene blue is a typical dye used to calculate
the accessible surface of sorbents to large molecules.
The available surface with methylene blue is calcu-

lated by the following equation:

b.N.S

with Sy is the surface area (m” g’l), b is maximum
adsorption capacity (mg g™') based on a monolayer
coverage (determined from the Langmuir model), N is
Avogadro’s number (6.023 x 10 mol™), S is the
surface occupied by a molecule of methylene blue
(taken as 119 Az), and M is the molecular weight of
methylene blue (319.86 g mol ).

Methylene blue adsorption is often used to charac-
terize the activated carbons mesoporosity, particularly
those with large molecules using the method reported
by Bestani et al. and Ouldmoumna et al. [19,20].

In order to monitor the textural development and
porosity of the prepared activated carbons, scanning
electron microscopy (SEM) was used. Identification of
the principal functional groups present on adsorbents’
surface was obtained using FTIR spectroscopy analysis
(Perkin-Elmer spectrometer employing KBr samples).

pH is one of the most influential variables in the
adsorption from solution, since this parameter can
change the sign (or presence) of charges onto the
adsorbate, the predominant charge (positive or
negative) on activated carbon surface depends on the
acidic or basic character of the adsorbent. Therefore, it
is important to study the presence of acidic or basic
functional groups on activated carbons. A general
measurement of the carbon’s acidity/basicity is the
point of zero charge (PZC) at which the surface charge
density is zero. It is usually determined in relation to
dissolution pH: the pH of the solution at equilibrium
with a solid when the later exhibits zero net electrical
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charge on the surface. pH,,. was determined as
follows: 50.0 + 0.1 mL of a 0.01 + 0.01 M aqueous solu-
tion of NaCl was placed in each of a series of stop-
pered conical flasks. The pH of the solution in each
flask was adjusted (from 2 tol2) using 0.01 = 0.01 M
HCI or 0.01 M NaOH, respectively, following which
0.15+0.01 g of activated carbon was added to each
flask and the resulting suspensions stirred for 48 h
then the final pH value was measured.

2.3. Pollutants adsorption

A completely mixed batch reactor technique for
the adsorption experiments for each one of methylene
blue, bemacid blue N-TF (dyes), and metal ion (Ni%*)
onto the functionalized activated carbon samples was
conducted as a function of the adsorbent dosage (2-
20 mg/L range), contact time (30—480 min range), and
pH (2-12 range) in a series of capped 200.0 + 0.1 mL
Erlenmeyer flasks at ambient temperature. For such
sorption studies, a 25.0 + 0.1 mL volume of a pollutant
solution of known initial concentration was mixed
with a known amount of adsorbent. The adsorbents
prepared, namely, MAC-K, MAC-S and RHAC-N,
were used, respectively, to remove methylene blue,
nickel(I) ions, and bemacid blue ET-L from their
aqueous solutions.

The resulting suspension was then agitated
magnetically at a constant speed of 150 rpm until
equilibrium is reached. The time necessary to attain
equilibrium has been ascertained from previous
kinetic experiments. After the adsorption process had
occurred, the resulting solution in each flask was
centrifuged at 4,000 rpm and the supernatant ana-
lyzed using a UV-visible 2,121 Optizen spectropho-
tometer at maximum wavelength values shown in
Table 1. Some solutions were diluted as required so
that their absorbance remained within the linear
calibration range according to Beer-Lambert law.
Experiments were carried out in triplicate at room
temperature. The equilibrium adsorption capacities
(ge) at different pollutant concentrations were
determined according to mass balance given by the
following relationship:

Co—C,
gm0 Cay @)
m

where C, is the initial dye concentration (mg/L), Ceq
is the equilibrium dye concentration (mg/L), V is the
volume of the liquid phase (mL), and m is the mass of
the activated carbon sample (mg).
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3. Results and discussions
3.1. Functionalized samples characterization
3.1.1. FTIR analysis

FTIR analyses were performed for some samples
(Riedel-de Haén activated carbon) using KBr disk in
order to determine the functional groups responsible
for adsorbate uptakes. The chemical activation by
NaOH induces the appearance of new functional
groups, which transform its surface structure. Analysis
of the measured IR spectra (not shown) show a broad
of large bands at 3,855-3,736 cm !, medium bands at
3,600, and 3,372 cm™! due to bonded and free O-H
vibration, respectively. The two peaks observed at
1,768 and 1,717 cm! correspond to the vibrations of
the carbonyl group (which may belong from carboxyl
groups). The peak observed at 1,530 cm™' suggests the
existence in carboxylate ions. The peaks at 1,174 and
986 cm ™!, may be assigned to the vibrations of the
C-O-C bonds in the carboxylic acids and esters.
Oxygen-containing groups present on the activated
carbon surface may affect both dyes and metal ions
adsorption through complex electron donor-receiver
interactions.

3.1.2. Microporous and mesoporous available areas
determination

As shown in Table 2, iodine numbers of functional-
ized carbons slightly decrease (4.5% for MAC-K and
6.3% for MAC-S) compared to the nontreated commer-
cial Merck-AC. These decreases can be explained by
the increase of functional groups on carbon surface
during treatments by oxidizing agents such as KOH,
H,S50,4, and H3PO, ... which lead to the decrease of
existing micropores [4]. On the other hand, there is an
increase in RHAC-N iodine number. This can be
explained by the increasing number of micropores on
the activated carbon surface. The phenol index repre-
senting the activated carbon macroporosity decreases
by 50 and 76% during treatments by KOH and H,SO,,
respectively, and may become mesoporous, microp-
orous, or a combination of both as shown in Table 2.
The accessible surface of the prepared adsorbents
shows that the MAC-K is mainly mesoporous as
shown by the methylene blue index compared to the
nonfunctionalized Merck-AC.

3.1.3. Morphology

The SEM images of the three biosorbents prepared
show relatively heterogeneous porous surfaces as
shown in Fig. 1. The SEM images of the surfaces indi-
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Table 2
Chemical characteristics of adsorbed substances
Adsorbents Iodine number Phenol index Methylene blue index
Merck-AC 828.00 19.26 543.40
MAC-K 791.00 8.78 611.91
MAC-S 776.00 4.67 407.99
RHAC-N 918.11 339.00
Riedel de Haén-AC 951.91 546.50
Fig. 1. SEM micrograph of the functionalized samples studied: (a) MAC-S, (b) MAC-K, and (c) RHAC-N.
cate that the particles were mainly arranged in layer- 12
like structure.

The SEM images show that the prepared samples 10
exhibit a porous and irregular surface with higher
specific surface as determined by the iodine t 8
number since 1 mg of iodine adsorbed per gram of = 6
carbon represents approximatively a specific surface £
of 1m?/ g [21]. In the case of sulfuric acid treatment, 4
the porous structure of treated Merck activated carbon ——MAC-K
is less important than the untreated one. This may be 2
due to pore destruction at higher concentrations of the o
acidic media. 0 2 4 6 8 10 12

Initial pH
3.14. Zero point of charge determination (pH.,.) Fig. 2.Graphical representation of pH,pe MACK
adsorbent.

Fig. 2 shows the difference between the initial and
final pH values (ApH = pH;-pHp plotted against
(pHy). For the case of MAC-K, the point of intersection
of the resulting curve with the abscissa shown in
Fig. 2, at which ApH = 0, gave the PZC values [22-24].

Sulfuric acid treatments increase acidic functional
groups. This increase has a slight effect on MAC-S
pHzpe from 6.45 to 6.20 increasing then Ni ions
adsorption capacity. At pH < pH,, there is a repul-
sion between the carbon surface and Ni ions since
they are both positively charged indicating a decrease
in nickel(Il) uptake. At pH > pH,,, there is an attrac-

tion between the negatively charged carbon surface
and Ni ions increasing then the adsorption capacity.

3.2. Parameters influencing adsorption
3.2.1. Equilibrium time determination

Depending on the adsorption type, longer contact
time is required to attain equilibrium when the
adsorption is of chemical nature resulting in a strong
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binding of the adsorbate with the adsorbent. However,
in physical adsorption, most of the adsorbate species
are adsorbed on the interface within a short interval
of contact time. In this study, experiments were car-
ried out at optimum adsorbent dosage of methylene
blue (8 g/L), Ni%* (16 g/L), and bemacid blue (8 g/L).
A 25.0 +0.1 mL solution of known initial concentra-
tion of the considered pollutants were mixed
separately with an optimum adsorbent dosage of
carbon determined previously and agitated at different
time intervals ranging from 30 to 480 min at
room temperature. The percentage removal was
determined as:

Cini ial Ce uilibrium
% Removal = (“C—q“’) 100 @®)
initial

Fig. 3 shows the graphically plotted results of the %
removal vs. time in which equilibrium time was
reached after a contact time of 3 h for Ni** onto MAC-
S and Merck-AC. It may be noted that 60% removal of
Ni** onto MAC-S is obtained after 2 h of contact time
and reaches a maximum of 70% after 3h and stay
stable for up to 6 h of agitation which means that
equilibrium has been reached.

Fig. 3 shows that 3 h contact time was largely suffi-
cient to almost completely remove methylene blue
from aqueous solution by MAC-K (99%) in compar-
ison with untreated AC (79%). Similar results have
been obtained for the same concentration range, while
a longer time (24 h) is obtained for higher concentra-
tions [25]. It can be seen that the % removal increases
with increasing contact time until equilibrium is
reached.

The same figure shows that about 90% of the
bemacid blue ET-L was removed within one hour by

100
90 -
— 80
<
>
g
&, 70 - o N A
5 /
60 - & —+— Methylene blue onto MAC-K
50 / —e—Bemacid blue onto RHAC-N
£ —a— Nickel(Il) onto MAC-S
40 T T T T )
0 2 4 6 8 10
Time (h)

Fig. 3. % removal of the considered pollutants by the
prepared samples.
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the RHAC-N material while it took two hours to reach
equilibrium with 99% removal corresponding to a
capacity of 189 mg/g. It has been reported that the
removal efficiency reached 77% for bemacid blue after
4 h using fly ash [26].

3.2.2. pH effect on pollutants adsorption

It is well known that the pH of the adsorption
medium is a critical parameter affecting the whole
adsorption process, particularly the dye uptake
[22,27].

However, the surface charge of the adsorbent type
can be modified by the pH of the external solutions
[28,29]. To determine the optimum pH conditions for
the considered dyes and metal ion onto the chosen
adsorbents, initial pH of the solution of known vol-
ume and fixed initial concentration was varied from 2
to 12 by adding either dilute NaOH or HCl solutions.
Then a certain volume of this solution was placed in a
flask to which a certain amount of adsorbent (dose
determined previously) was added and the mixture
was agitated then filtered and the final concentration
of the considered pollutant determined by spectropho-
tometry. The data are presented in Fig. 4, which
indicates that there was no major effects even at high
pH values in methylene blue uptake onto the MAC-K
adsorbent. In this case, no pH adjustment was needed
for methylene blue adsorption tests. A significant
increase in respective adsorption capacities of Ni*™*
and bemacid blue onto MAC-S and RHAC-N was
observed with pH up to a certain value, then a
decrease was noted at higher pH values. This decrease
in adsorption capacity is due may be to high concen-
tration of OH™ ions (basic environment) competing
with the considered molecules (cationic) for the avail-

102

97 \‘\‘\A

92

87 | —e—Methylene blue onto MAC- K
Tg 82 | * —e—Bemacid blue onto RHAC-N
=} —a— Nickel onto MAC- S
é 77 -
o
S 72

67 -

62 -

57 : : : : : :

1 3 5 7 9 11 13

pH

Fig. 4. pH effect on Ni** uptake onto MAC-S and MAC.
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able sites which do not favor an attraction between
both adsorbent surface and the pollutants and also the
formation of nickel hydroxide. Similar adsorption
behavior with variation in solution pH has been
reported in the literature [23].

From the Fig. 4, maximum Ni** ions uptake was
observed at pH values of 6.48 +0.01 and 5.50 + 0.01
for MAC-S and Merck AC, respectively. At low pH
values, there is a decrease in Ni*" ions uptake; this is
due to the excessive protonation (presence of HY)
competing with metal ions (acid environment) [30-32].

3.2.3. Adsorbent dose effect on adsorption

Carbon dose is usually used to predict the treat-
ment cost of an adsorbent per unit of dye or metal ion
solution and to determine equilibrium between the
sorbent and the sorbate of a system. The adsorption
dependence of methylene blue, bemacid blue, and
Ni** on adsorbents dosage was studied by varying the
amount of MAC-K, MAC-S, and RHAC-N within the
range 2-24 mg/L maintaining all other experimental
parameters constant. As shown in Fig. 5, the maxi-
mum uptake was attained at an adsorbent dosage of
16 g/L for Ni** (74% removal), 8 g/L for methylene
blue (>99% removal), and 4 g/L for bemacid blue
(99% removal) by the MAC-S, Mac-K, and RHAC-N
adsorbents, respectively. Increasing adsorbent dosage
can attribute to the availability of a greater number of
adsorption sites. We note that at higher carbon
dosage, there is a slight decrease in the adsorption
capacity of the three pollutants. This is may be due
to the overlapping of adsorption sites due to over-
crowding of adsorbent particles as reported in the
literature [33].

110

100 - -
90
g 80 -
A/——A
E 70 _—
4 &
o\o 60 ] /
A —a— Bemacid blue onto RHAC-N
50
/ —i— Nickel onto MAC-S
407 4 —=— Methylene blue onto MAC-K
30 T T T T T ,
0 4 8 12 16 20 24
Dose (g/L)

Fig. 5. Dose effect on dyes and metal ion adsorption by
functionalized carbons.
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3.3. Adsorption isotherms

The plots of solid phase against liquid phase
concentrations can be used to describe the adsorbate—
adsorbent interactions in order to depict the
equilibrium adsorption isotherm graphically [24]. Sin-
gle well-known component adsorption isotherms
equations have been tested in the present study,
namely Langmuir, Freundlich, and Temkin. These iso-
therms [34,35] are represented by the following lin-
earized forms:

Ce 1 1
Langmuir isotherm: —*= s Ceq (4)

€

where g, is amount of solute adsorbed per unit weight
of adsorbent (mg/g). Ceq is the concentration of solute
remaining in solution at equilibrium (mg/L), b (mg/g)
is the maximum adsorption capacity corresponding to
complete monolayer coverage, and K is a constant
related to the energy or net enthalpy. b and K are
estimated from the linear relationship obtained by
plotting specific adsorption (C.q/q.) against the equi-
librium concentration (Ceq) as shown in Fig. 6, with
the correlation coefficient (R*=0.99) for all three
pollutants which confirms the applicability of the
Langmuir model indicating the homogeneous nature
of the considered adsorbent, i.e. there is equal adsorp-
tion activation energy for each dye molecules or metal
ion. The data also demonstrate the formation of mono-
layer coverage of dye molecules and metal ions at the
outer surface of the adsorbent studied. Obtained from
the Langmuir model, the maximum monolayer capaci-
ties b for the adsorption of methylene blue, Ni** and
bemacid blue onto MAC-K, MAC-S, and RHAC-N,
respectively, were 250, 11.47, and 312.5 mg/g at ambi-
ent temperature as mentioned in Table 3. The signifi-
cant enhancements of 12% for methylene blue, 82%
for Ni**, and 25% for bemacid blue obtained by the
chemical treatments are clear evidence that the func-
tionalization (activation) improves the adsorptive abil-
ity of commercial AC compared to untreated ones.
Values are compared to some maximum capacities
using other adsorbents obtained from the literature as
shown in Table 4.

1
Freundlich isotherm: loggq, = logk; + glogCeq )

Equilibrium data for the adsorption of methylene blue,
Ni** ions, and bemacid blue were also analyzed using
the Freundlich model represented by Eq. (5). Where k¢
and n are the Freundlich constants related to adsorp-
tion capacity and adsorption intensity that can be
obtained from the intercept and slope of log g. vs. log
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Fig. 6. Plots for Langmuir adsorption isotherms of (a) Methylene blue, (b) Nickel, and (c) Bemacid blue on the modified

activated carbons.

Table 3

Langmuir, Freundlich, and Temkin parameters for Ni*, methylene blue, and bemacid blue ET-L removal by the modified

adsorbents and the commercial one

Isotherm models

Langmuir Freundlich Temkin

Adsorbents Adsorbates b (mg/g) k (L/mg) R? n ke (mg/g) R? br J/mol) InKy R?

Merck-AC? Ni*? 6.30 0.05 099 280 0.87 097 270 0.43 0.91
MAC-S 11.47 0.05 099 213 1.03 093 1.33 0.04 0.95
Merck-AC? Methylene blue 222.20 0.26 099 9.02 118.40 0.83 0.16 8.54 0.92
MAC-K 250.00 0.43 0.99 956 13590 0.75 0.15 9.26 0.87
Riedel-Haen AC* Bemacid blue ET-L  250.00 0.10 099 023 68.77 0.61 0.08 1.86 0.73
RHAC-N 312.50 0.04 099 470 76.12 0.62 0.68 1.65 0.79

“Nontreated activated carbon.

Ceq plot. The Freundlich parameters are shown in
Table 3.

Fig. 7 represents the plot of In g vs. In Ceq, which
is not a straight line, indicating the nonapplicability of
the Freundlich equation for the adsorption of both
dyes, while it is more representative for metal ions
adsorption with correlation coefficients (R > 0.99)
indicating that the experimental data can be fitted well
to this model and the adsorption process is favorable

(n >1). Compared to Langmuir model, the Freundlich

isotherm appears to be less applicable. Similar results
were reported during the adsorption of yellow bema-
cid dye [36].

The Temkin adsorption isotherm model was chosen
to evaluate the adsorption potentials of the adsorbent
for adsorbates. It assumes that the heat of adsorption
(bp) of all the molecules in the layer decreases linearly
with coverage due to adsorbate-adsorbate repulsions
and the adsorption is a uniform distribution of maxi-
mum binding energy (Kp).
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Table 4
Adsorption capacities of methylene blue, Ni?*, and bemacid blue on various adsorbents prepared from raw materials
Pollutant Adsorbent Max. capacity (mg/g) Refs.
Methylene blue Eucalyptus globulus 250.00 [20]
Salsola vermiculata 130.00 [19]
Functionalized AC 250.00 This study
Date pits 259.25 [37]
Nickel(ID) Coir pitch 15.95 [38]
Brewer’s yeast 5.34 [39]
Functionalized AC 11.47 This study
Orange peel 62.89 [40]
Bemacid blue Orange peel 31.39 [41]
Functionalized AC 321.50 This study
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Fig. 7. Plots for Freundlich adsorption isotherms of (a) Methylene blue, (b) Nickel, and (c) Bemacid blue on the modified

activated carbons.

The Temkin isotherm is represented by the follow-
ing equation:

g, = BInKr + BInCeq 6)

where g. (mg/g) and Cq (mg/L) are the amounts of
adsorbed dye per unit weight of adsorbent and unad-
sorbed dye concentration in solution at equilibrium,
respectively, and B = (RT)/by. T the absolute tempera-

ture (°K) and R is the wuniversal gas constant
(8.314 J/mol K). The constant by, is related to the heat
of sorption (J/mol) and Kr is the equilibrium binding
constant.

The Temkin adsorption potential, Kr, of MAC-S for
Ni(II), MAC-K for methylene blue, and bemacid blue
ET-L are summarized in Table 3. Higher values of Ky
for both dyes indicate strong adsorbate-adsorbent
interaction in agreement with the obtained values of
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adsorption capacities of 250 mg/g (methylene blue)
and 312.5 mg/g (bemacid blue ET-L) by MAC-K and
RHAC-N, respectively. Lower values of Kt for Ni ions
indicate a lower MAC-5-metal ion potential for Ni(II)
probably due to its small ionic radius and charge. The
Temkin constant, by, related to heat of sorption for the
three pollutants were 1.33 kJ/mol, 0.15 k J/mol, and
0.07 kJ/mol for Ni**, methylene blue, and bemacid
blue ET-L, respectively (as computed from Fig. 8 and
shown in Table 3).

3.4. Adsorption kinetics

Three models namely pseudo-first-order, pseudo-
second-order, and intra-particle [42-44] were used in
this study to evaluate the kinetic mechanism of the
adsorption process and to test the experimental data
using two different concentrations for each adsorbate.
These models were tested and their validity was veri-
fied by linear equation plot analysis. The linearized
forms of the three models are expressed as follow:

3.4.1. Pseudo-first-order model

Ky
lo - =1lo ——t 7
g(qe qt) gqerl 2303 ( )
(a) 300
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where g. and g;, are the sorption capacity at equilib-
rium and at time ¢, respectively (mg/g). ki is the rate
constant of pseudo-first-order adsorption. k; and 4.
are determined from the slope and intercept of log
(ge — g0 vs. t plot, respectively.

3.4.2. Pseudo-second-order model

t 1 1
4y 8
q keqiy e

where k; is the pseudo-second-order overall rate con-
stant (mgg ' min™'). kj?, can be assumed as the
initial adsorption rate as t goes to zero. The linearity
of t/g; vs. t plots implies that the second-order kinetics
is representative and k, and g., are calculated from
the slope and the intercept, respectively (Fig. 6).

3.4.3. Intra-particle diffusion

It is well known that the transport rate is influ-
enced by the adsorbent’s structure and its interaction
with the diffusion adsorbate. In order to describe the
adsorption process occurring on solid phase, the intra-
particle diffusion model represented by Eq. (9) has

(b) 12
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)
()]
£
= 4
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-2 LnC,,
A
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Fig. 8. Plots for Temkin adsorption isotherms of (a) Methylene blue, (b) Nickel, and (c) Bemacid blue on the functional-

ized activated carbons.



A. Belayachi et al. | Desalination and Water Treatment 57 (2016) 17557-17569 17567
Table 5
Kinetic parameters for the adsorption of Ni**, methylene blue, and bemacid blue ET-L onto the functionalized activated
carbons
Adsorbents MAC-S MAC-K RHAC-N

Ni** Methylene blue Bemacid blue ET-L

Pollutants
Concentration (mg/g) 100 200 1,200 1,500 1,000 2,000
Pseudo-first-order
Jeexp (ME/ ) 2.48 5.23 149.99 187.48 245.37 260.87
e calc (MZ/g) 4.98 1.00 58.55 2.16 76.83 124.59
ki (min™") 3.24 0.99 1.49 1.59 2.19 2.19
rR? 0.87 0.94 0.85 0.90 0.85 0.86
Pseudo-second-order
e calc (ME/g) 3.02 5.31 151.51 188.68 257.34 285.71
k> (g/mg/min) 2.03 2.55 109 2.81 2.01 0.01
h (mg/g/min) 107> 51.02 71.90 2.4 10° 10° 12 10* 694.14
R? 0.99 0.99 0.99 1.00 0.99 0.99
Intra-particle diffusion
kint (mg/g/min"?) 0.81 0.69 0.01 0.42 46.09 50.60
C (mg/g) 3.54 412 149.99 186.72 161.41 164.72
rR? 0.99 0.90 0.88 0.90 0.74 0.90

been used for this purpose. Transport of solute from
the bulk of the solution to the outer surface of the film
surrounding the particle-bulk transport, transport of
solute within the film-film transport and transport in
the interior of the particle or intra-particle transport
are the main consecutive steps that usually occur in
the adsorption process using a porous media.

gr = kint*® + C 9

where Kine (mg g ! min~'/?) is the intra-particle diffu-
sion rate constant and C (mg g™') is the intercept. The
value of C gives an idea about the thickness of the
boundary layer: the larger the intercept, the greater
the boundary-layer effect.

Adsorption rate constants for Niz+, methylene blue,
and bemacid blue ET-L were calculated using the three
mentioned kinetics models represented by Egs. (7)-(9),
which were used to describe the adsorption mecha-
nism. Even with relatively high values of R* (Table 5),
the pseudo-first-order model was not well suited for
describing the adsorption of all three pollutants used
in this study since there is a difference between
Jexp and feale- A relatively high R? values and close val-
ues Of fexp and geqic indicate that pseudo-second-order
model successfully describe the adsorption kinetics of
all considered adsorbents as reported in Table 5.
Weber’s the intra-particle diffusion model Eq. (9) was
used to elucidate the diffusion mechanism and to ana-
lyze the kinetic results. The plots g; vs. t'/? (not shown)
for two solute concentrations were used to calculate

Kint from the slope and C parameters as reported in
Table 5. It is seen that C parameter increased with
increasing initial adsorbate concentration for up to
17.0% for Ni**, 24.5% for methylene blue and 3.4% for
bemacid blue ET-L. The increase in the C values of all
samples correspond to greater contribution in thick-
ness of the boundary layer which lead to the greater
the contribution of the surface sorption in the rate con-
trolling step. The calculated ki, values are listed in
Table 5. Since the linear plots (g; vs. t°°) is of y = ax + b
form, indicating then, that the intra-particle diffusion
was not only rate controlling step [45].

4. Conclusion

The ability of functionalized Merck and Riedel-de
Haén commercial activated carbons to remove dyes
and heavy metal ions from aqueous solutions has been
investigated. This study showed that simple surface
modifications using different chemical agents improve
considerably their uptakes relative to the unfunctional-
ized states. Adsorption tests revealed the significant
adsorptive capacity of functionalized MAC-K, MAC-S,
and RACH-N, respectively, in the removal of methy-
lene blue (12.5%), Ni** (83%), and bemacid blue ET-L
(25%). The presence of surface functional groups, the
pore structure, and the porosity-mesoporosity
obtained by FTIR, SEM, and iodine number-methylene
blue index, respectively, are important in adsorption
experiments. The best fit to the experimental data was
provided by Langmuir isotherm model. The adsorp-
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tion kinetics for all three pollutants studied at differ-
ent initial solutions concentrations and carbon load-
ings were best described using pseudo-second-order.
This study shows that simple surface modifications of
commercial activated carbons using chemical agents
can enhance considerably their adsorptive properties
in order to remove effectively dyes and heavy metals
from aqueous solutions.
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