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ABSTRACT

The adsorption of phenol and methylene blue (MB) on modified activated carbons has been inves-
tigated. The activated carbon was prepared from date pits by physical activation (CO, as activating
agent). Oxidation in the liquid phase with nitric acid and thermal treatment under flowing nitrogen
were carried out in order to produce samples with different surface chemical properties but with no
major differences in their textural properties. The surface area and porosity were characterized by
N, adsorption at 77 K.and CO, adsorption at 273 K. The changes in surface chemistry were studied
by temperature programmed decomposition. Kinetic and equilibrium adsorption data of phenol
and dye were carried out. Adsorption kinetic data were tested using pseudo-first-order, pseudo-
second-order and intraparticle diffusion models. Equilibrium data were analyzed by Langmuir and
Freundlich isotherm models. The maximum adsorption capacities calculated from the Langmuir
isotherm model were 161.8 and 216.4 mg.g™ for phenol and MB, respectively. The different uptakes
obtained are discussed in relation to the chemical properties of the adsorbents. The results show
that surface chemistry of the activated carbon plays a key role in phenol and dye adsorption. Finally,
activated carbon from date pits with appropriate preparations can rich a high adsorption capacity.
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1. Introduction

Water has been found to contain small amounts of
a large number of synthetic organic compounds such
as phenols, pesticides, herbicides, dyes, ethers, amines,
nitro compounds, etc. More than 1500 different organic
compounds are suspected to be present in drinking
waters. These organic compounds are derived from in-
dustrial and municipal wastewater, rural and urban run
off, natural decomposition of animal and vegetable mat-
ter, and from agricultural practices [1]. Such waters are

* Corresponding author.

an increasing concern and represent a serious potential
hazard for human health and aquatic life.

Adsorption of organic solutes from the aqueous phase
is a very important application of powdered and granular
activated carbons. This covers a wide spectrum of sys-
tems such as drinking water and wastewater treatments,
and applications in food, beverage, pharmaceutical and
chemical industries [1,2].

This could be related to the extended surface area,
high adsorption capacity, microporous structure and spe-
cial surface reactivity of activated carbons [3,4]. However,
the adsorption capacity of activated carbons depends
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mainly on the precursor nature, the operating conditions
of adsorption and the adsorbate characteristics. Activated
carbons have been studied with varying success for the
removal of colour and organic matters [5]. The main
benefits of using activated carbons are the possibility
of tailoring their physical and chemical properties for a
specific application [6]. This approach has been applied
successfully in catalysis [7].

The nature of the surface functional groups can be
modified through physical and chemical treatments,
by liquid phase oxidation treatments, using acidic so-
lutions (HNO,, H,O,, etc.) at different concentrations,
temperatures, and contact times, by gas phase oxidation
with O, or N,O at different temperatures, pressures, and
contact times, and by thermal treatments at different
temperatures and in different gaseous environments (Nz,
H,), to selectively remove some of the oxygen surface
compounds [8].

Date pits are among the most common agricultural
by-products available commercially in the palm growing
countries such as Algeria. Date pits constitute roughly
10% in weight of the fruit [9]. They are suitable for pre-
paring activated carbon due to their excellent natural
structure and low ash content [10]. So, the development
of activated carbon with high surface area, micropore
volume and different surface properties from date pits
that can be used in practical applications is a very inter-
esting subject.

In the present work, the activated carbon was pre-
pared from date pits by thermal activation, then, the
sample was modified by appropriate treatments in order
to obtain two additional activated carbons with different
surface chemical properties but with no important dif-
ferences in their textural properties. The adsorbents pre-
pared were subsequently tested in the removal of phenol
and methylene blue from aqueous solution. The aim of
the present paper is to study the interactions between the
adsorbates (phenol and dye) and the functional groups
of modified activated carbons produced from date pits
in order to develop optimised adsorbent materials for
water treatment.

2. Experimental
2.1. Preparation of activated carbons

The starting date pits were washed several times with
water and then dried at 150°C. The dried pits were crushed
and sieved, the fraction of particle size 0.5-1.0 mm being
used for the preparation of activated carbon. The char
was obtained by carbonization in a horizontal furnace
under a flow of nitrogen (150 ml.min™) at 825°C with a
heating rate of 5°C min™, for 2 h. Activation of the char
was carried out in the same furnace, by heating the char
in flowing nitrogen up to 800°C. At this temperature, N,
was replaced by CO, (150 ml min™) and activation was
carried out during different activation times to cover dif-

ferent burn-off. Then, the activating agent was replaced
with nitrogen to cool down to room temperature. In this
application, we choose the activated carbon with 37%
burn-off; it exhibits uniform microporosity (V,(N,) =
V,(CQ,)) [11], the contribution from mesoporosity being
relatively small. The sample was named C37.

The sample C37 was treated with concentrated HNO,
(14 M) at boiling temperature (105°C) during 10 min.
Then it was washed with distilled water to neutral pH
and dried at 110°C. This carbon was referred as C37N.

The thermal treatment was performed on a fraction
of sample C37N under an N, flow with a heating rate of
10°C/min until final temperature of 700°C and kept at this
temperature for 1 h. The sample obtained was referred
as C37NT.

2.2. Characterization of activated carbons
2.2.1. Texture

The textural characterization of activated carbons was
carried out by nitrogen and dioxide carbon adsorption at
77 K and at 273 K respectively, using a static manometric
apparatus. The N, apparent surface area (S,,,) was calcu-
lated by using the B.E.T equation [12].

The Dubinin—-Radushkevich equation was used to cal-
culate the micropore volume (V) from both nitrogen and
carbon dioxide adsorption isotherms [13]. The mesopore
volume was deduced from the N, adsorption isotherm, by
subtracting the value of V (N,) from the amount adsorbed
at P/P,=0.95 [14].

BET

2.2.2. Surface chemistry

There is a variety of techniques for the surface chem-
istry characterisation of activated carbons. However,
temperature-programmed decomposition (TPD) is the
most suitable one for characterizing oxygen containing
surface groups in carbons [15]. The TPD profiles were ob-
tained by using a vertical quartz reactor inside an electric
furnace, connected to a quadrupole mass spectrometer.
About 100 mg of the sample were introduced into it and
thermally treated at 10°C min™ from room temperature
up to 1050°C under a flow of helium, and the evolved
gases were analyzed. The amounts of CO and CO, evolved
during the thermal treatment were calculated by integra-
tion of the desorption profiles. Both CaC,O, - H,0O and
known mixtures of both gases were used as references
for the calibration of the spectrometer.

2.3. Adsorption experiments

Phenol and methylene blue were used to evaluate
the adsorption capacity of the prepared materials. Ki-
netic tests were carried out in order to determine the
equilibrium time, which was found to depend on the
adsorbate. Phenol or dye solutions were put in contact
with the activated carbons for different times, at a con-
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stant temperature of 25°C. For that purpose, a number
of samples were prepared by mixing 10 mg of activated
carbon with 10 mL of a solution of phenol or dye at con-
centration 100 mg/L. After equilibrium time was reached,
the solutions were centrifuged at 2000 rpm for 2 min. The
solutions were carefully decanted to be analyzed using a
UV/VIS spectrophotometer (Unicam helios 0), at 269 nm
and 665 nm, which were the maximum wave lengths for
phenol and methylene blue respectively. Dilution was
undertaken when absorbance exceeded 1.0 for dye; the
phenol’s solutions were in the range of calibration. The
final concentration of the solution was then determined
from the calibration curve.

The amount of adsorption at equilibrium was calcu-
lated based on the following equation:
L _(C=C)V )

e

m

where C_ and C, are the initial and equilibrium concen-
trations of phenol or dye solutions, respectively, m is the
amount of adsorbent and V is the volume of solution.
The equilibrium adsorption isotherms at 25°C were
obtained by introducing 10 mL of phenol or dye solutions
of different concentrations with 10 mg of the activated
carbons and measuring the adsorbate concentration after
24 h, following the procedure mentioned above. The solu-
tion pH was used without adjustment for all experiments.

3. Results and discussion
3.1. Textural characterization

The N2 adsorption—desorption isotherms for activated
carbons (C37, C37N and C37NT) are shown in Fig. 1.
Additionally, Table 1 reports the texture parameters ob-
tained for the three activated carbons. The isotherms are
of type I, which corresponds to microporous materials, all
isotherms present a hysteresis (the desorption is not coex-
istent with the adsorption isotherm), indicating the pres-
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Fig. 1. Adsorption-desorption isotherms of N, at 77K for C37,
C37N and C37NT activated carbons.

Table 1
Surface area, micropore volume and mesopore volume of
activated carbon samples

Sample S_. V,(N,) Voo V.N,) V,(CO,)
(m*g™) (em’g™) (cm*g?) (em’g™) (cm*g™)
C37 1069 044 0.08 0.52 0.36
C37N 950 0.37 0.05 0.42 0.35
C37NT 1160 046 0.07 0.53 0.39

ence of mesopores. As it can be observed C37N (oxidized
activated carbon) presents the lowest adsorption capacity.
After oxidation with HNO, the sample C37N exhibits
the lower surface area and the lower total pore volume,
this is a consequence of the fixation of oxygen groups
essentially at the entrance of the pores, which increased
their constriction. Indeed, the micropore volume V (N,)
has decreased more than the narrow micropore V (CO,),
probably because the limit accessibility of nitrogen to the
porous structure. When C37N was treated under an inert
flow of nitrogen at the temperature of 700°C, it lost the
oxygenated groups, together with carbon atoms. This led
to an activation process that increased the surface area
and the pore volume of carbon C37NT with regard to the
respective values of the original sample C37.

3.2. Surface chemistry characterization

The amount and the nature of the oxygen surface
groups on the parent, oxygenated and thermally treated
carbons were analyzed by temperature programmed des-
orption experiments. Fig. 2 shows the CO,and CO profiles
of the activated carbon before and after treatment. Addi-
tionally, Table 2 reports the total amount of oxygen surface
groups evolved both as CO, and CO. An increase in the
amount of surface oxygen groups was evidenced by the
increase of the CO, and CO peaks for the sample after oxi-
dation (C37N). It presented higher peaks of both CO, and
CO; nitric acid treatment increased the CO, evolution at
low temperature (from 200 to 500°C ). It may be undoubt-
edly attributed to carboxylic acid functions, while the
higher temperature CO, peak was at about 625°C, which
may result from carboxylic anhydrides and lactones [15].
The CO evolution profile presents a large shoulder with
two peaks at high temperature from 400°C to 980°C which
is attributed to carbonyl, ether and quinone [15,16]. This
behaviour has been observed in others activated carbons
after oxidation with nitric acid [17]. On the other hand,
C37 and C37NT exhibited a CO peak at high temperature
from 800 to 1000°C. After thermal treatment, the sample
retained only a small amount of CO-releasing groups at
higher temperatures. These groups can be assigned to
carbonyl, quinine, etc. type of structure which has basic
properties. Previous studies on activated carbon showed
that thermal treatment with N, and H, produces carbons
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Fig.2. TPD spectra of C37, C37N and C37NT activated carbons:
CO and CO, evolutions.

Table 2
Amount of CO, and CO evolved during TPD experiments of
the activated carbon samples

Activated carbons CO, (mmol.g™")  CO (mmol.g™)
C37 0.43 1.17
C37N 1.04 2.55
C37NT 0.15 0.92

with basic characterizations [18]. However the amount of
CO, evolved is almost nil for C37NT and presents a low
peak at low temperature for sample C37.

3.3. Adsorption kinetics

Fig. 3 shows the kinetics of phenol and methylene blue
removal for the three activated carbons. It can be observed
that phenol shows faster removal kinetics than methylene
blue for the three samples. The kinetics adsorption was
studied by applying three different models. One is the
pseudo-first-order model which is also known as Lager-
gren equation [19]. This equation has the form as follows:
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Fig. 3. Kinetic curves for the adsorption of: a) phenol and b)
methylene blue on activated carbons.

where g, and g, are the amount of adsorption (mg.g™) at
equilibrium and at time ¢ (min), respectively, and k, is the
rate constant adsorption (min™). Eq. (2) may be written
in linear form:

k.t
3
2.303 ®

log(q, —q,)=logq, -

Values of k, and g, were obtained from the slope and
the intercept of the linear plots of log (9,—g,) vs. t. On the
other hand, the pseudo-second-order equation [20] based
on equilibrium adsorption is expressed as:

_ kgct (4)

"1y k,q,t

where k, (g.mg™".min™") is the rate constant of second-order
adsorption model. Eq. (4) can be linearized to:

N - (5)
9. kg, 4.

If the second-order kinetics is applicable, the plot of
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t/g, vs. t should show a linear relationship. Values of g,
and k, can then be determined from the slope and the
intercept of the plot. The experimental kinetics data for
phenol and MB onto activated carbons were fitted to the
linear and non-linear forms of pseudo-first-order kinetic
and pseudo-second-order kinetic models. For non-linear
fitting procedure, Origin software was used.

Intraparticle diffusion model based on the theory
proposed by Weber and Morris [21] was tested to identify
the diffusion mechanism. According to this theory:

g =k 1" (6)

where k (mg/g min'?), the intraparticle diffusion rate
constant, is obtained from the slope of the straight line
of g, vs. 2. Such plots may present multi-linearity indi-
cating that two or more steps take place [22]. The first,
sharper portion is the instantaneous adsorption stage or
external surface adsorption. The second portion is the
gradual adsorption stage, where intraparticle diffusion
is rate-limiting. The third portion is the final equilibrium
stage where intraparticle diffusion starts to slow down

Table 3

due to the extremely low adsorbate concentrations left
in the solution.

Table 3 summarizes the kinetic constants and cor-
relation coefficients, R? of the three kinetic models for
activated carbons at 25°C. From Table 3, the best fit of
pseudo-first-order kinetics in the experimental kinetics
data of phenol and MB suggests that it is not appropri-
ate to use the linear regression method. The g, values
calculated by the non-linear method agreed with the
experimental g, ones suggesting the applicability of this
model. The correlation coefficient values (R?>0.99 for MB)
indicate that this model is more suitable for describing
MB adsorption. Non-linear method of the pseudo-first-
order model was found to be a better method than the
linear method for predicting the kinetic parameters [23].

The g, and g, values from pseudo second order ki-
netic model (linear and non-linear method) of phenol are
similar to each other, which indicates that the phenol ad-
sorption obeys the pseudo-second-order kinetics model.
On the other hand, the higher R? values of methylene blue
suggest that the pseudo-second-order kinetic model can
be used to represent the kinetic uptake. While comparing

Kinetic parameters of the pseudo-first-order, pseudo-second-order and intraparticle diffusion models for phenol and methylene

blue adsorption

1storder model

Linear method

Non-linear method

Activated carbon Toexp (mg.g’) g,(mg.g’) k, (min™) R*(mg.g") gq,(min") k| R?
Phenol
C37 93.80 16.34 74107 0.93 90.50 29101 0.97
C37N 81.48 12.64 49103 0.98 77.67 44101 0.42
C37NT 91.30 17.75 129 10°® 091 91.42 3.010" 0.90
MB
C37 96.10 122.73 8.210° 0.96 99.10 57107 0.99
C37N 95.00 142.87 5.810° 0.96 97.45 53107 0.99
C37NT 97.22 123.32 89103 0.92 100.66 6.310° 0.99

2nd order model

Linear method

Intraparticle model

Non-linear method

q k, R?

K, R k R

Activated carbon (reng.g‘l) (gmg'minT) (mg.g?) ( é.mg‘l.min‘l) (mg.g.min?)

Phenol
C37 94.78 71103 1.00 94.51 711071 0.94 1.42 0.77
C37N 82.10 6.7 107 1.00 79.87 9.710" 0.78 1.05 0.95
C37NT 92.50 9.510° 1.00 93.34 711071 0.95 1.25 0.69

MB
C37 143.00 0.410* 0.99 130.28 54102 0.99 4.84 0.98
C37N 12390 0.410* 0.99 125.29 51107 0.99 4.34 0.99
C37NT 116.82  0.610* 0.99 130.02 6.6 10 0.99 522 0.99
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Fig. 4. Weber and Morris intraparticle diffusion plots for removal of (a) phenol and (b) methylene blue.

the g, and g, values, it can be observed (Table 3) that
the second-order model (linear and non-linear regression
method) fails to well represent the kinetics of MB onto
activated carbons.

Fig. 4 shows the plots of phenol and methylene blue
uptake vs. t'2 for the three activated carbons. The phenol
data points are related by two straight lines (Fig. 4a),
indicating that two steps are considered, the first one is
assumed to mass transfer and the second to the intrapar-
ticle diffusion according to Fierro et al. [24]. On the other
hand, Fig. 4b presents a linear portion of the plot for a
wide range of contact time between adsorbent and dye.
The correlation coefficient is greater than 0.98. Further,
it may be seen from Fig. 4b that there are two distinct
regions — the initial pore diffusion due to external mass
transfer effects followed by the intraparticle diffusion
which occurred after 360 min for C37NT, 420 min for C37
and 480 min for C37N.
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3.4. Adsorption isotherms

Fig. 5 shows the adsorption isotherms of phenol and
methylene blue on the three activated carbon samples at
25°C. Correlation of isotherms using an empirical and
theoretical equation is desired for practical operation.
According to the data, the Freundlich and Langmuir
equations seemed applicable:

The Freundlich adsorption isotherm assumes that
adsorption occurs on heterogenous surface through a
multilayer adsorption mechanism, and that the adsorbed
amount increases with the concentration according to the
following equation:

q.=k.-C)" @)

where g, is the amount of the adsorbate per unit mass
of carbon (mg.g™), k; is the Freundlich constant related
to the adsorption capacity (mg.g'.(mg.L")"", C, is the
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Fig. 5. Adsorption equilibrum isotherms of (a) phenol and (b) methylene blue on activated carbons.
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concentration of adsorbate in the solution at equilibrium
(mg/L) and n is the empirical parameter representing the
energetic heterogeneity of adsorption sites.

The Langmuir adsorption model is based on the
assumption that a maximum limiting uptake exists,
corresponding to a saturated monolayer of adsorbate
molecules at the adsorbent surface. In this model, all the
adsorption sites have the same sorption activation energy.
The Langmuir equation can be written as:

e e

+_
q. Qo B Qo

where C, and ge have the same meaning as in the Freun-
dlich isotherm. Q is the maximum uptake per unit mass
of carbon (mg.g™), and b is the Langmuir constant related
to the adsorption energy (L.g™).

The Langmuir models consider several assumptions:
the adsorption is localized, all the active sites on the
surface have similar energies, none interaction between
adsorbed molecules exists, and the limiting reaction step
is the surface reaction as heterogeneous catalytic reaction.

Table 4 summarizes all the constants obtained for the
two isotherm models, for phenol and methylene blue on
the activated carbons. The Langmuir adsorption isotherm
yielded the best fit, as the R? values were relatively high
(close to unity). From Freundlich isotherm model, the
1/n values obtained for all activated carbons were below
one. This indicated that the adsorption process followed a
normal Langmuir isotherm [25]. So, this model was used,
particularly Q,, for the discussion of the results.

Since no important changes were made in the textural
properties of the adsorbents, the disparity in adsorbate
uptakes for different activated carbons may be explained
almost entirely by the differences in the chemical nature
of the prepared samples. It may be observed in Table 4
that the maximum adsorption capacity Q, varies in the
order C37N< C37NT< C37 for phenol and C37N< C37<
C37NT for methylene blue.

Table 4
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Three mechanisms are necessary to understand and
discuss the adsorption of organic solutes on activated car-
bons with different chemicals properties. Acidic groups
were reported to be unfavourably for the adsorption of
aromatics compounds since (i) they extract electronic
density from the basal of carbon, this reducing the -t
interactions; and (ii) they increase the affinity of carbon
for water molecules that can form surface complexes and
then block part of micropores entrance [4,26]. In addition
to the m-m interactions between the aromatic rings of
solute and those of carbon substrate, another adsorption
mechanisms exists, (iii) which is based on the formation of
donor-acceptor complexes between the surface carbonyl
groups (electron donors) and the aromatic rings of solute
acting as acceptors [4,27].

The low capacity of adsorption of phenol was found
for C37N, which presented higher surface oxygen groups.
The adsorption increased when the carbon C37N was
thermally treated at 700°C. The sample C37NT (thermally
treated) had less adsorption capacity than the parent
sample (C37). The extent of increase depended on the
amount of acidic groups removed. The amount adsorbed
was at maximum when the activated carbon surface had
lost most of its acidic surface groups and when carbonyl
groups were the dominating surface groups favours the
adsorption of phenol.

The oxidized sample (C37N) presents the lowest ad-
sorption capacity for the methylene blue too. The acidic
treatment can remove the hydroxide groups and produce
acidic surface groups on the carbon surface, which extract
electrons from the m band of the carbon, reducing the
interactions between the methylene blue molecule and
carbon. This is due to the weakening of dispersion forces
between the 7t electron system of the aromatic ring of
MB and the rw band of the graphitic planes of the carbon,
which are responsible for the adsorption [28]. However,
the thermally treated sample C37NT provides higher
adsorption uptakes than the parent activated carbon C37.
These samples are characterised by high content of elec-

Parameters of the Freundlich and Langmuir models for phenol and methylene bue adsorption isotherms.

Activated carbon Freundlich model

Langmuir model

k, 1/n R2 Q, b R2
(mg.g™)(mg.L)!" (mg.g™) (L-g™)
Phenol
Cc37 6.5 0.57 0.96 161.8 0.13 0.98
C37N 36.0 0.26 0.98 103.7 0.69 0.99
C37NT 28.1 0.43 0.92 135.5 0.32 1.00
BM
Cc37 35.8 0.34 0.92 140.8 0.36 0.99
C37N 15.7 0.46 0.78 105.4 0.11 0.99
C37NT 228 0.53 0.91 216.4 0.09 0.99




M. Belhachemi et al. / Desalination and Water Treatment 7 (2009) 182-190 189

Table 5

Phenol and methylene blue adsorption capacities of various adsorbents

Adsorbent Adsorption capacity (mg/g) Reference
Phenol MB

Commercial activated carbon 137.3 [29]

Bentonite 1.7 [30]

CCM200 (carbon cryogel) 140 [31]

Clay (quartz, kalinite, etc.) 50 mm 30.3 [32]

Olive seed activated carbon 263 [33]

Qil palm shell based activated carbon 243.9 [25]

Oil palm wood activated carbon 90.9 [34]

Commercial activated carbon 160.4 [35]

Date pits activated carbon 161.8 216.4 This work

tron rich sites on the basal planes and a low concentration
of electron withdrawing in this order C37<C37NT, since
this latter contains less amount of oxygen surface groups.

The phenol and MB adsorption capacities of various
potential adsorbents are shown in Table 5. Although the
adsorption capacity of date pits activated carbon for phe-
nol was higher than the other adsorbents; for methylene
blue it was lower than that of olive seed activated carbon
and oil palm shell based activated carbon; it was higher
than that of other potential adsorbents. According to the
results obtained, activated carbon prepared from date pits
could be employed as effective adsorbents and could be
considered as an alternative to adsorbents for the removal
of phenol and dye.

4. Conclusions

Date pits can be used as precursors to produce acti-
vated carbons with a well developed porosity and tailored
oxygen surface groups.

Oxidation with nitric acid produces a slight decrease
of the porosity and the surface area of activated carbon,
although drastic changes in the chemical nature of the
surface take place. Thermal treatment at 700°C of the
acid-treated carbon produces elimination of the oxygen
surface complexes, only a fraction of CO groups with high
thermal stability remain. However, the surface area and
microporosity increase up to that of the original carbon.

The adsorption kinetics of the phenol on the three
activated carbons is well described by the pseudo-second
order model. However, the pseudo-first-order model by
non-linear method is more suitable for describing MB
adsorption. The adsorption isotherms could be very well
fitted by the Langmuir equation and the highest phenol
and methylene blue were obtained with C37 and C37NT
respectively.

The surface chemistry of activated carbons plays a key
role in the performance of the phenol and dye adsorption
process. The presence of acid oxygenated groups on the

activated carbon surface is detrimental to the adsorp-
tion of both adsorbates, whereas the thermal treatment
increases the adsorption capacity for phenol and methy-
lene blue. The elimination of oxygen surface complexes,
increase the electronic density in the basal planes. The
ni-1tinteractions are favoured in thermally treated carbon.
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