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The use of the local common reed (CR) biomass as a novel precursor for activated carbon
(AC) production was investigated. Three activated carbons were obtained by impregnation with 50
v/v% H3PO,4 under different activation temperatures at 400, 450 and 500°C for 2h. Produced
samples were characterized by scanning electron microscope (SEM), Fourier transform infrared
spectroscopy (FTIR), and adsorption of N, at 77 K. The discharge of phenolic compounds into
water-courses is a serious pollution problem which may affect the quality of water supply. Batch
adsorption tests were carried out using para-nitrophenol (PNP) as a probe organic pollutant at the
temperatures of 20, 40 and 60°C to investigate the adsorption efficiency of developed carbons.
Langmuir and Freundlich isotherm models were studied and the former model showed a
satisfactory agreement with experimental data. Adsorption kinetic experiments were determined
by pseudo-first order, pseudo-second order, and intraparticle diffusion models. The kinetic
removal data of PNP agreed with the pseudo-second order and adsorption process controlled by
film diffusion. Overall, the obtained results show that the activation temperature has a significant
impact on textural and adsorption characteristics of developed ACs, producing an effective
adsorbent for removal of organic pollutants from wastewater.
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Introduction

Activated carbons (ACs) are of considerable
interest to the adsorbent materials community, since
they are initially developed as adsorbents to reduce
the environmental pollution in water, soil, or air by
separation and purification processes (Patrick 1995;
Radovic et al. 2001). The adsorption capacity of AC
depends not only on its surface area, but also on its
internal pore structure, surface characteristic, and the
presence of functional groups on the surface. These
parameters depend on both the precursor used and the
method of preparation. Therefore, an adequate
characterization of the adsorbent is crucial to the
adsorption and separation processes.

To reduce the cost of mass production, an
inexpensive and local raw material with high carbon
and low ash contents is preferred as precursor for
preparing AC. In general, a number of feedstocks
(lignocellulosics, polymers, solid wastes, etc.) may be
used as precursors for the preparation of activated
carbons. Two numerous routes are applied to prepare
AC, for example: physical activation with steam, air
and/or CO, (Fan et al. 2004; Zhang et al. 2004; Lua et
al. 2004), chemical activation with reagents such as
H;PO,, ZnCl,, KOH, NaOH (Rodriguez—Reinoso and
Molina—Sabio 1992; Molina—Sabio et al. 1995;
Ahmadroup and Do 1997; Jagtoyen and Derbyshire
1998; Girgis and El- Hendawy 2002; Girgis et al.
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2002; Fathy et al. 2010), or even combinations of
physical and chemical activations (Molina—Sabio et
al. 1996, El-Hendawy et al. 2001; Girgis et al. 2007).
In treatment of various agricultural materials with
H;PO,, the temperatures of 400-500°C were found
suitable to obtain optimum textural properties of AC
(Laine et al. 1989; Philip and Girgis 1996; Girgis and
Ishak 1999, and others). Among the previous
literature, the chosen phosphoric acid, as a
dehydrating chemical activant, was widely used in
production of AC.

Common reed (CR) biomass is widespread,
dominant plant species in many aquatic ecosystems
and is reported to contain a high amount of lignin and
cellulose (Kufel and Kufel 1980). CR is abundant and
widely spread grass in North Delta, Egypt, growing as
an aggressive and invasive plant around lakes, ponds,
river shores, and canals (Abdullah et al. 2010).
Besides, it is useless material that has no economic-
value as foodstuff or animal feeding. Therefore, the
use of CR as a precursor for ACs preparation could
decrease its disposal and environmental concerns.
However, few researchers have studied this novel
plant biomass as biosorbent material for heavy metals
removal (Southichak et al. 2006), or as activated
carbon for removal of raw cane sugar (Abdullah et al.
2010) and dyes (Chen et al. 2010). They have found
that CR (known as phragmites australis) can be used
as a promising AC adsorbent in liquid phase
applications. To the best of our knowledge, no
research has been made on the use of AC from this
precursor for studying the adsorption potential
towards 4-nitrophenol as a common pollutant of
phenolic compounds that is widely employed in
pharmaceutical, petrochemical, and other chemical
manufacturing processes.

Phenolic compounds are recognized carcinogens
and are known to be toxic to the environment. Among
many methods for removing these pollutants,
activated carbon adsorption technique is still one of
the most preferred methods, especially for effluents
with moderate to low pollutant concentrations (Juang
et al. 1999; Li et al. 2002; Moreno-Castilla 2004;
Dabrowski et al. 2005). Moreover, activated carbon
adsorption technique has been cited by the US
Environmental Protection Agency as one of the best
available environmental control technologies (BAT)
(Derbyshire et al. 2001). Removal of phenolic
compounds from aqueous solutions by various
carbonaceous adsorbents has been studied in literature
(Juang et al. 1996; Daifulla and Girgis 1998;
Finqueneisel et al. 1998; Attia et al. 2003; Goyal
2004; Ayranci and Duman 2005; Namane et al. 2005;
Mourao et al. 2006; Radhika and Palanivelu 2006;
Tang et al. 2007; Anirudhan et al. 2009; Aravindhan
et al. 2009).

The main objective of this study is to determine
the effectiveness of AC produced from locally
generated CR biomass on the removal of PNP from
aqueous solution. Adsorption isotherms of Langmuir
and Freundlich equations are often adopted to predict
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adsorption capacities. Besides kinetic models, pseudo-
first order and pseudo-second order models as well as
an intraparticle diffusion equation have been used to
the kinetics of adsorption processes.

2. Materials and methods

2.1. Preparation of activated carbons (ACs)

The investigated lignocellulosic materials were
obtained from hand-picked stems of local CR
collected from around the Brolus Lake in North Delta,
Egypt. The reed biomass was washed with boiling
water and then air dried, cut into short pieces, and
crushed to coarse grains. 20 g of the dried reed
granules were soaked in 100 ml of 50 v/v % H;3PO,,
left in contact overnight, and then separated by
decantation. The impregnated CR was transported to a
stainless steel tubular system admitted to a controller
temperature. The soaked sample was firstly heated at
170°C at a rate of 10°/min and kept at this temperature
for 30 min to remove water. Then the activation
temperature was raised slowly to different
temperatures of 400, 450, or 500°C with a heating rate
of 10°/min under its own atmosphere. Pyrolysis was
continued for 2 h at each temperature. After
activation, the carbon produced was cooled down to
an ambient temperature and then it was subjected to
thorough washing with hot water until neutral pH.
Then the samples were dried overnight in an oven at
110°C. The notation of activated carbons according to
the activation temperatures (i.e. 400, 450, and 500°C)
was designated as follows: 4C40, AC45, and AC50,
respectively. For example, a sample prepared by
heating the CR at 400°C was labeled as AC40.
Derived ACs were analyzed for carbon yield, ash
content, and slurry pH (Table 1). For adsorption
experiments, the samples were ground and sieved to
200 mesh particle sizes by standard sieves before
storage and further testing. Finally, the ACs were then
stored in tide (packed) bottles for later experimental
use.

2.2. Surface characteristics of the prepared ACs

Surface features of common reed raw (CR),
AC40, and AC45 were characterized by scanning
electron microscopy (SEM-JEOL, JXA-840A
Electron Probe Micro-Analyzer Japan). The oxygen-
containing functional groups, presented in the 4AC45
and their parent precursor, were characterized
qualitatively by a Fourier transform infrared
spectroscopy (FTIR — 6100 JASCO) in the range of
4000400 cm . Also, the total acidic groups on AC
were determined by Boehm titration method (Boehm
1994). 0.1 g of each powder AC mixed with 25 ml of
0.1 N NaOH in a glass bottle at a room temperature
for 24 h. 10 ml of supernatant liquid from each bottle
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was titrated with 0.1 N HCI standard solution. The
differences in HCl consumed by blank and sample
were the bases reacted with acidic groups on carbon
surface, and the results were expressed as H'
equivalents per gram of carbon. The acidic surface
groups such as phenolic, carboxylic, and lactone
groups were neutralized by NaOH (pK, = 15.74). For
phosphoric acid ACs from CRs, acidic groups also
conclude some phosphorous-containing groups as
evident by FTIR analysis.

2.3. Porous properties of the developed activated
carbons

Porous properties of developed carbons were
obtained from N, adsorption at 77 K using a surface
area analyzer (NOVA version 2.1, Quantachrome
Corporation, USA). The specific surface area (Spgr,
m?/g) was calculated by applying the BET equation to
the adsorption data (P/P°= 0.05-0.35), and the total
pore volume (V,,;, cm3/g) is currently obtained from
the volume of nitrogen adsorbed at P/P° = 0.95. The
average pore width (D,, A) was calculated from
(4V,o/Sger) * 10%. Pore size distributions in the
present samples were calculated using the Density
Functional Theory (DFT), assuming slit pore. Also,
N, adsorption isotherms were analyzed by means of
the og-method (Selles—Perez and Martin—Martinez
1991). By plotting the standard data of og-values
against the adsorbed amount of N, (V, cm’ /g), three
texture parameters could be obtained as follows: (1)
the total surface area (S%) from a slope of the first
linear section connecting the adsorption points to the
origin, (2) the non-microporous surface area (5%,
from a slope of the rectilinear section connecting the
latter points (at a, > 1.0), and (3) the micropore
volume (V%)) from intersection of the latter line
extrapolated to meet the V,-axis (converted into cm’
of liquid nitrogen). Two other parameters are deduced
microporous surface area (S,.) = S% - §% , and
mesopore volume (Vyes) = Vi V%, .

2.4. Adsorption measurements for p-nitrophenol
(PNP)

A batch procedure was applied to monitor the
concentration of the adsorptive solution in contact
with the adsorbent as a function of time. A stock
solution of PNP (1000 mg/L) was prepared in distilled
water and all working solutions were prepared by
diluting the stock solution to the desired
concentrations.  Adsorption  experiments  were
conducted at the temperatures of 20, 40 and 60°C for
24 h to determine the maximum removal of PNP. The
pH of aqueous solution was adjusted to 6 throughout
adsorption tests in order to attain the maximum
removal of PNP (Anirudhan et al. 2009).

In our experiments, a fixed amount (0.2 g) of
activated carbon adsorbent and 100 ml of a given
concentration from PNP (40-300 mg/L) were added to
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a set of 250 ml glass bottles, provided with screw-up
tops. The filtered residual concentration of PNP was
determined by the UV-Vis Spectrophotometer
(Shimadzu PC2401) at 317 nm. The amount of PNP
taken by the obtained carbon sample was calculated
by applying the mass-balance equation:

QEZMV (1)
m

where Q. is the amount of PNP adsorbed onto
the activated carbon surface at equilibrium (mg/g), C,
and C, are the liquid-phase initial and equilibrium
concentrations of tested adsorbate put in contact with
the adsorbent (mg/L), respectively; V is the volume of
PNP put in contact with the AC adsorbent (ml) and m
is the mass of dry adsorbent in (mg).

3. Results and discussion

3.1. General features for the

activated carbon adsorbents

prepared

Three ACs are developed here under mild
condition of phosphoric acid concentration of 50 v/v
% and at heat treatment temperatures of 400-500°C
(HTT). The process seems feasible, as previously
treated with other plant by-products in the literature. It
is observed that the carbon yield of samples decreases
from 45 to 41.7 % as the reaction temperature
increases while ash content increases from 6.72 —9.32
% (Table 1).

Table 1. Some physico-chemical measurements
of the prepared activated carbons
Physico-chemical measurements
Sample
symbol | Carbon SIM;IW c;;iln ¢ Total acidity
yield (%)| P VR (H mmol/g)
(%)
AC40 45 4.40 6.72 2.41
AC45 43.5 3.82 8.52 2.45
AC50 41.7 3.62 9.32 2.69

This is expected that the increase in temperature
will release volatiles, thereby leading to a decrease in
yield. This finding was also reported by Lua and Ting
(2004). On the other hand, the ash content in the
inherited parent CR plant was found to be ~ 4.44 %,
which is also the same result as reported by Abdullah
et al. (2010). An increase in ash content may be
ascribed to the additional inorganic minerals
accumulated through dehydration of the phosphoric
acid in the form of phosphate products, such as
polyphosphates ~ with  organic and inorganic
phosphates (Puziy et al. 2002 and 2007). These are
permeated in the intricate porosity and some of them
can not be easily leached in the washing process
(Abdullah et al. 2010). These components might
explain the observed acidity character of these H;PO,-
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activated carbons which are evident by slurry pH
(3.62-4.4), and total acidity (2.41-2.69 mmol H'/g
carbon). Also, this result was recently postulated on
ACs prepared from activation of fruit stones or
polymers with H;PO,4 (Puziy et al. 2002 and 2007)
and is similar to those obtained by Abdullah et al.
(2010).

3.2. Investigation of morphology and surface

functional groups

SEM micrographs of the raw materials and their
ACs prepared by activation with 50 v/v % H;PO, at
400 and 450°C are shown in Figure 1. These images
indicate that activation of CR with moderate
concentration phosphoric acid at low temperatures
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affects significantly its surface structure on a
microscopic scale (20um, magnification 2000x).
According to the micrograph, the cavities on the
surfaces have resulted from the evaporation of the
activating agent during carbonization, leaving the
space previously occupied by the activating agent.
This conclusion shows that the increase in a pyrolysis
temperature produces a dramatic change on the
cellular structure accompanied by generation of large
pores of different shapes and sizes (micro-, meso- or
macropores). The activation process is being
accompanied by the evolution of gases and liquids of
low molecular weight resulting from decomposition
processes. A comparison of the SEM images of CR
and the prepared ACs (Fig. 1) illustrates that
phosphoric acid activation has generated a well-
developed porous structure.

Fig. 1. SEM images of (a) CR-raw (b) AC40 and (c) AC45 samples
Table 2. FTIR absorption bands CR-raw and AC45 sample
CR-raw AC45
Absorption bands (cm™) Absorption bands (cm™)
3404 (broad) 3423 (broad)
2922 (shoulder) 2950 and 2880 (shoulders)
1740, 1600-1638 (shoulders) 1627, 1560 and 1510 (shoulders)
1510 (shoulder) 1324 and 1269 (shoulders)
1060 (very sharp) 1020 (sharp)
980-600 (shoulders) 900-734 (shoulders)

Table 2 summarizes the principal absorption
bands which demonstrate the presence of oxygen
functional groups in virgin CRs and AC45 sample
prepared at 450°C. Reed biomass belongs to
lignocellulosic materials which consist of mainly
cellulose and lignin components enriching by carbon,
hydrogen, and oxygen elements in their inherent
structure. By analyzing their FTIR spectra (cf. Table
2), some characteristic absorption peaks were found.
A broad peak at around 3404 or 3423 cm ™' is usually
ascribed to vibration of H-bonded —OH groups. Two
shoulder bands located around 2950 and 2880 cm'
are caused by C-H symmetric and asymmetric
stretching of residual methylene groups on the
surface. The peak at 1620 cm ' corresponds to the
C=C stretching, that may be attributed to the lignin
aromatic C—C bond (Villaescusa et al. 2004) and the
peak at 1510 cm ' is assigned to lignin esters (Devarly

et al. 2008). The band around 1700 cm™' can be
ascribed to the vibration of C=0 bond in carboxylic
acids, ketones, aldehydes, lactones, or esters. The
intensity of absorption bands around 1300-1000 cm
indicates the existence of a C-O single bond in
carboxylic acids, alcohols, phenols, and esters, or a
P=0 bond in phosphate esters, an O—C bond in P-O—
C linkage and P=OOH bond (Puizy et al. 2002 and
2007). The stretching vibrations of P-O-P in
polyphosphate, or the ionized linkage P'~O" in acid
phosphate esters lead to the appearance of the weak
peak around 1050 cm™ (Guo and Rockstraw 2007).
This suggests the presence of phosphorous-containing
groups in this carbon. The relative intensity of the
band at 1060 cm ™' was decreased and shifted to 1020
em' in FTIR spectrum of AC45 sample
characterizing C-O single bond in carboxylic acids,
alcohols, or ethers. Shoulder peaks appearing between
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900 and 600 cm ™' were assigned to an out-of-plane C—
H bending mode in aromatic rings. Overall, FTIR
results have revealed the existence of carbonyl-
containing carboxylic, lactone, and phenolic groups,
and phosphorous-containing groups in the prepared
carbon, which have enhanced the adsorptive
properties.

3.3. Porosity development in relation to the change
in the activation temperature

The activation temperature is one of the most
important factors affecting the development of
porosity in ACs. The N, adsorption-desorption
isotherms of ACs prepared with H;PO, at low
activation temperatures of 400-500°C for 2 h are
shown in Figure 2. Porous textures evaluated from N,
adsorption isotherms are given in Table 3. In fact,
nitrogen adsorption isotherm gives approximate

assessment of the pore size distributions. Clearly, it is
seen that the adsorption isotherm of the AC prepared
at 400°C (AC40) represents Type I in the BDDT
classification, which is a characteristic of typical
microporous  solid with a  well-developed
microporosity. This obviously shows that porosity of
the AC40 obtained from CR impregnated with 50 %
H;PO, was initiated with the development of
micropores, mostly ultra- and super-micropores.
While ACs prepared at 400°C and 450°C have
increments in terms of the micropore surface area,
micropore volume and total volume. Thus, the
increase in a heating temperature enhanced the
development of micropores and total volume because
of a possibility of generating new micropores and
mesopores in the carbon. When the activation
temperature was increased to 500°C (AC50), a larger
total volume and mesopore volume are observed as
compared to AC prepared at 400°C (Table 3).

Table 3. Textural properties of the obtained activated carbons
Sample SBET Vtot Dw Sta Sna Smic Voa Vmesa Smic/stu Voa/ Vtot
Notation | (m’/g) |(em’/g)| (A) | (m’re) | m’/g) | m’/g) | (cm’/0) | (em’/e) | (%) (%)
AC40 164 0.1299 | 31.7 174.5 87 87.5 | 0.0556 | 0.0743 50.1 42.8
AC45 318 0.3370 | 424 325 45 280 | 0.0464 | 0.2906 86.2 13.7
AC50 299 0.3560 | 47.6 305 241 64 0.0247 | 0.3313 20.9 6.94
Activation at 450°C brings not only a  mesoporosity indicating pore widening of the
considerable increase in the amount of pore volumes  micropores and creation of new pores. This

~159 % (V,,, increases from 0.1299 to 0.3370 cm3/g)
but also in the nature of the pores developed (i.e.
~55.6 % of micropore volume is lost between 400 and
40°C while mesopore volume increases about ~ 345
%). At above 400°C, the N, adsorption-desorption
isotherms display Type [ with hysteresis loops
referring to widening micropores or generation of
mesopores as the temperature is increased. These
hysteresis loops are typical of slit-shaped pores and
wide distribution of pore sizes (Rouquerol et al.
1999). Moreover, the widening in the knee of
isotherms indicates the presence of large micropores
and mesopores. The shape of an adsorption isotherm
may give the qualitative information on both
adsorption capacity and the extent of the surface area
available to the adsorbate. Larger hysteresis loop
observed in ACS50 sample suggests a notable
contribution of higher mesopores to their porous
structure. This is supported by the average pore width
(D,, increases from 31.7 to 47.6 A), which is classified
as mesopores carbon (D,> 20 A or 2 nm). The
presence of mesopores together with micropores in
the activated carbon enhances their adsorption
capacities, especially for larger molecules adsorbates
(Chandra et al. 2007).

For AC50 sample, a remarkable reduction in the
total surface area as compared to AC45 sample, which
amounted to 6.5 % (S decreases from 325 to 305
mz/g), and microporosity (Sp;/S* decreases from 86.2
to 20.9 %), was accompanied by an increase in
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observation revealed that an increase in activation
temperature from 450 to 500°C caused some of the
pores to become larger or even collapse, thus
contributed to the reduction in the surface area (Diao
et al. 2001). Thereof, microporosity of activated
carbon decreases with an increase in the temperature
from 450 up to 500°C. Therefore, the activation
temperature of 450°C exhibits good porous texture
parameters. It can be concluded that this is the
optimum activation temperature to the CR biomass.
Other authors agree that 450°C is the optimum
temperature for porosity development in carbons
prepared by phosphoric acid activation of different
precursors (Molina—Sabio et al. 1995; Philip and
Girgis 1996; Girgis and Ishak 1999). Also, the surface
area and micropore volume depend on the
temperature according to the type of carbonaceous
precursors, i.e., the maximum surface area was
observed at 450°C for coconut shells (Laine et al.
1989) and apple pulp (Suarez-Garcia et al. 2002),
350-500°C for white oak (Jagtoyen and Derbyshire
1998), and 500°C for bituminous coal (Jagtoyen et al.
1992). This difference in the optimum activation
temperature has been accredited to reactivity of the
chemical structure in lignocellulosic materials, coals,
and others (Puziy et al. 2002).
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Fig. 2. N, adsorption isotherms of the prepared
activated carbons
The reaction mechanism of H;PO, was

postulated earlier by Jagtoyen et al. (1992), and they
have reported that H;PO4 acts in two different ways
during the chemical activation of lignocellulosic
feedstocks: (i) promoting the rupture of bonds in the
biopolymer constituents, and (ii) forming cross-links
through cyclization and condensation processes. In
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addition, H3;PO, combines with organic species
forming phosphate and polyphosphate bridges that
connect biopolymer fragments; thereby partially
hindering the contraction in materials when the
temperature increases. These bridges become
thermally unstable above 450°C, thus their loss
produces a contraction in the material, which will
result in a decrease in porosity.

Basically, the structure of ACs containing pores
is classified according to the International Union of
Pure and Applied Chemistry (IUPAC) into three
groups: micropores (pore size < 20 A), mesopores
(20-500 A), and macropores (> 500 A). The pore size
distributions (PSDs) of the hereby ACs evaluated by
applying the DFT method on N, adsorption data are
shown in Figure 3. For AC45 and AC50 samples, the
pore size distributions are mostly similar to each other
indicating that the porous structure can be already
formed at a temperature as low as 400°C. The
distributions of pore size in the prepared carbons are
found to be: 4.17, 19.3 and 26.4A for AC40; 17.6,
26.4,33.1 and 43.6 A for AC45 and 16.8, 28.9 and 55
A for AC50. It is obvious that the AC40 and AC50
represent three distinct pore sizes, while AC45 shows
four distinct pore sizes between 10 and 50A
indicating that the prepared carbon at 450°C has a
typical ~micro-mesoporous structure. When the
temperature is raised to 450°C, the main peak at 4.17
A for AC40 is shifted to a broad peak at 17.6 A for
AC45 meaning that the rise in temperature widens the
micropores (ultra- < 7 A or super- > 7 A) on the
AC40 surface. When the temperature is increased to
500°C, disappearance of peaks at 26.4, 33.1 and 43.6
A for AC45 and creation of two small broad peaks at
28.9 and 55 A are observed. This is probably due to
volatilization of some chemical structures composing
some pore walls, which are not resistant to high
temperatures. Comparing the PSDs of these samples,
it is shown that there is a reduction in the highest peak
between 25 and 30 A when the temperature is
increased to 500°C, which may be attributed to the
shrinkage effect. Overall, the activated carbons here
contain pore sizes in the mesoporosity region (2055
A, closing to the lower limit of mesoporosity). This
behavior could be a promise that the prepared carbons
are effective adsorbents for removal of para-
nitrophenol pollutants from wastewater.

3.4. Equilibrium adsorption of PNP onto the
prepared ACs

Para—nitrophenol (PNP) was selected as a model
pollutant to evaluate the adsorption capacity of
prepared activated carbons wusing batch mode.
Adsorption of PNP was recommended long time ago
(Giles and Trivedi 1969) for the determination of
specific surface area, and it has been extensively
reported in recent years (Finqueneisel et al. 1998;
Nouri et al. 2002; Goyal 2004; Tang et al. 2007;
Ahmaruzzaman and Gayatri 2010). Moreover, it is a
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polar organic pollutant having the specific cross
sectional area (or the area covered by an adsorbed

molecule) of 52 A? established by Giles and Trivedi
(1969).

0.0081
0.0071 A
0.0061 -
0.0051

0.0041 -
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0.0031 -
0.0021 -

Diffrentiate pore volume
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Fig. 3.

The surface acidity of obtained activated carbons
might affect the pH of the solution for the adsorption
of PNP onto the activated carbons. Table 1 shows the
surface acidic groups of ACs. The total acidity of
AC40 was the lowest, whereas it was found to be the
highest in the case of AC50. The total or external
surface charges on the surface of carbon are positive
at a lower solution of pH. The maximum adsorption
of PNP was obtained at pH 6 as found previously by
Anirudhan et al. 2009. Pura and Atun (2005) reported
that PNP adsorbate was dissociated to an anionic
component and H' ions in aqueous solution in the pH
range of 4.96—6.0. Accordingly, the adsorption of
PNP occurs by electrostatic attraction between the
negatively charged phenoxide group (C¢H,O3N) and
the positively charged on carbon surface. It is to be
taken into consideration that the n—electron clouds of
the benzene ring are delocalized over the aromatic
ring of PNP leading to strong n—m interactions
between the carbon surface and PNP molecules.
Among the earlier studies on adsorption of PNP and
other phenolic compounds on activated carbons, the
adsorption capacity was dependant upon several
factors such as: (i) surface area and pore volume of
carbon as well as bonded carbon-oxygen groups on
the surface (acidic or basic), (ii) solubility, molecular
dimensions, or molecular weight of organic
compounds, and hydrophobicity of a substituent, and
(iii) electron donor-acceptor complexes formed
between the basic sites on the carbon surface and the
aromatic ring of the phenols.

The adsorption isotherm data evaluated from the
batch experiments, which are carried out on removal
of PNP onto ACs, are shown in Figure 4. It was
clearly observed that the adsorption isotherms of PNP
as a function of the adsorption temperatures of 20, 40,
and 60°C correspond to the isotherms of Type I, i.e.
the convex wupward curves meaning a strong

16

Plots of pore size distributions on the prepared activated carbons

adsorption (Brunauer et al. 1938). Also, when the
temperature increased from 20 to 40°C (Fig. 4), the
adsorption capacity was increased and then decreased
as the temperature increases to 60°C. The increased
adsorption capacity with the raising in temperature is
attributed to the acceleration of slow adsorption steps
or the creation of some active sites on the adsorbent
surface (Hashem 2007). Additional suggestions have
been reported by Horsfall and Spiff (2005), who have
proposed that is due to weak interaction between
adsorbate and adsorbent at the point of which
physisorption dominates. On the other hand, increase
in adsorption capacity at the increased adsorption
temperature can be also ascribed to the enhancement
in mobility of an adsorbate from the bulk solution.
Opposite behavior was observed when temperature
increased from 40 to 60°C and also demonstrated by
Chang et al. (2009). They have found that the uptake
of p-nitrophenol onto the anion—cation modified
palygorskite increased with an increase in the
temperature from 20 to 40°C and decreased when the
temperature rose from 40 to 60°C. Therefore, the
maximum uptake of PNP by these carbon adsorbents
occurred at 40°C.

Two familiar adsorption isotherm models are
performed in this study, i.e. Langmuir and Freundlich
equations in order to determine the equilibrium
adsorption isotherm which is important in evaluating
the adsorption capacity of p-nitrophenol by the
studied carbon adsorbents.

Langmuir equation is based on a theoretical
model and assumes that the maximum adsorption
corresponds to a monolayer saturated with adsorbate
molecules on the adsorbent surface that is
energetically homogeneous. The equation is given as:
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Langmuir parameters can be easily obtained from its
linearized form:

C 1 C

e e

Qe KLqm qm

3

where K; (L/mg) is a parameter which refers to the
adsorption energy (K a e AGRTY. g (mg/g) is a

constant relative to the maximum monolayer
adsorption capacity. The values of K; and ¢, are
presented in Table 4.

On the other hand, Freundlich equation is an
empirical model that considers heterogeneous
adsorptive energies on the adsorbent surface and is
expressed as follows:

- K,C!" @)

where K (mg/g (L/mg)'"™) is relative to the adsorption

capacity and 1/n refers to the process intensity. The
magnitude of the exponent n gives an indication of
favorability of the adsorbent/adsorbate system. The
value of 1/n >1 signifies that solute has low affinity to
the adsorbent at low concentrations and an isotherm
curve shows a concave profile which corresponds to
S-type. The value of I/n = 1 corresponds a C-type
isotherm curve which is strictly linear. Likewise, the
value of 1/m <1 is an indication of favorable
adsorption and is classified to L-type isotherm (cf.
Table 4). This isotherm reflects a relatively high
affinity between the solute and the solid phase. A
linear form of equation (4) can be written as:
nQ.,=InKr+1mnlnC, 5)

The coefficients of determination of the data
suitable to each of the above models are presented in
Table 4 together with the value of the characteristic
parameters for each of the two models studied.
According to the regression coefficient (R°),
Langmuir isotherm model provided good suitability
for the adsorption of PNP molecules over the obtained
ACs with R’ = 0.976-0.999. Also, the adsorption
efficiency of the prepared carbons towards PNP
removal was ranked in the order: ACA45
>AC50>AC40 according to the calculated values of
¢ at each temperature of adsorption (e.g., at 20°C, ¢,
= 212.7 mg/g for AC45, 137 mg/g for AC50 and
116.3 mg/g for AC40, respectively). This behavior
can be attributed to the effect of internal porosity
(surface area and pore volume) of these carbons
which is followed by the same sequence order.

Additionally, a characteristic of Langmuir
isotherm is the definition of dimensionless factor R; =
1/(1+K;C,) called a separation factor (Ayranci and
Duman 2005). The adsorption process is considered
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favorable, when the values of this factor are between
0< R;< 1, which are obtained in all cases of PNP
adsorption studied (Table 4).
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Fig. 4. Adsorption isotherms of p-nitrophenol onto ACs

at 20, 40 and 60°C

The observed differences in carbon texture
should impact on the adsorption process of PNP
onto the prepared carbons. Earlier investigations
presented in literature (Attia et al. 2003; Derylo-
Marczewska et al. 2004) suggest a higher
selectivity of adsorption in respect to preferable
adsorbent material containing narrow micro- or
mesopores. Figure 5 shows the correlation
diagram between monolayer capacity (g,, mg/g)
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and specific surface area (Szzr, m’/g) of the
obtained carbons. It can be seen that an increase
in the surface area results in an increase in
adsorption capacity. Also it is shown that the

adsorption of PNP on these samples is correlated
with an increase in the total pore volume (V,,
cm3/g) and microporosity (S,../ S, %) as given
in Table 3.

Table 4. Langmuir, Freundlich, and thermodynamic parameters for adsorption of PNP onto the ACs
Langmuir parameters Freundlich Thermodynamic
parameters parameters
Sample | Temp | qp AG’® 2 2 AH’ AS°
Notation | °C | mg/g K Ri | k3/mol R Kr 1/n R J/mol | J/mol.K
20 116.3 | 0.030 | 0.100 | —20.3 0.997 5.58 | 0.624 | 0.940
AC40 40 |153.84( 0.080 | 0.041 | —24.2 0.998 7.16 | 0.355 ] 0.807 | +1788.1 | +86.4
60 2 0.030 | 0.100 [ —23.0 0.976 7.25 |1 0.616 | 0.953
20 (212721 0.012 | 0.22 | —18.1 0.997 3.45 1 0.797 | 0.962
AC45 40 27.3 | 0.066 | 0.048 | —23.7 0.999 8.25 [ 0.367 | 0.969 | +5808.6 | +94.7
60 55 0.030 ] 0.100 [ —23.1 0.969 6.25 | 0.740 | 0.951
20 137 10.016 | 0.172 | —18.8 0.991 2.66 | 0.844 | 0.960
AC50 40 164 | 0.082]0.039 | —243 0.999 6.90 | 0.409 | 0.822 | +8104.3 | +103.9
60 49.7 10.016 | 0.172 | —21.3 0.999 2.62 ] 0.940 | 0.965
350 80
300 70 ]
g 60
2 250 | EZ-':
g ki 50
v? 200 1 E 40 1
: :
2 150 & 30 1
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~ 20 A —— AC40
& 100
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Activated carbons
Fig. 5. Correlation diagram between monolayer capacity ] )
(qm mg/g) and specific surface area (Sgey, m*/g) Fig. 6.  Effect of contact time on the removal of PNP onto
of the obtained carbons at 20°C ACs (C, = 200 mg/L, temperature = 20°C, volume
’ =100 ml, contact time = 2 h and carbon dose =
3.5. Kinetic studies on the removal of PNP by the 028

prepared carbons

Adsorption kinetics describes the rate of PNP
uptake on ACs and this rate controls the equation
time. Figure 6 shows the effect of contact time on the
percent removal of PNP at constant initial
concentration of 200 mg/L and the temperature of
20°C. It has been observed that the percent removal of
PNP is increased from 31 to 64, 43 to 66 and 49 to 75
% onto AC40, AC45 and ACS50, respectively, within
140 min of an experiment. The optimum equilibrium
time was attained at 60 min, which is considered the
best contact time as compared to other previous
studies of reported 4 h for adsorption of PNP onto
activated jute stick char (Ahmaruzzaman and Gayatri
2010). Also, the same equilibrium time was attained
for adsorption of p-nitrophenol by anion—cation
modified palygorskite (Chang et al. 2009).
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Kinetic removal of para-nitrophenol by these
carbons has been analyzed by pseudo-first order and
pseudo-second order kinetic models at 200 mg/L
initial concentration of PNP. Their kinetic parameters
are provided in Table 5 and have been compared as
based on the correlation coefficients (R?).

The rate constant of adsorption is determined
from the following pseudo-first order rate expression
obtained from Lagergren equation (Lagergren 1898):

logg, — kit
qt)z gQQ 1

log (g, - 5303

(6)

where ¢; is the amount of PNP adsorbed at time ¢
(min); k; is the pseudo-first order rate constant of
adsorption. A straight line of log (q.— g, vs. t plots
was observed for adsorption of PNP onto the studied
ACs (not shown here), which suggests the
applicability of this kinetic model. The k; and ¢,
values were determined from the slope and intercept
of this plot at different contact time.
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The kinetics of adsorption can also be described
by a pseudo-second order model and is given by the
equation (Ho and McKay 1999):

t 1 t
_— + —

qt quez qe

()

The second order rate constant, k, and ¢, values
were evaluated from the slope and intercept of the
plots obtained by plotting #/q, vs. ¢ (min) (not shown
here). The correlation coefficients (R?) for the first-

order kinetic model were determined and compared to
that of the second-order kinetic model. It can be seen
that the latter model has R values higher than those of
the first-order kinetic along with all tested samples.
This shows that the kinetic adsorption of PNP by
phosphoric ACs derived from CRs suits better the
pseudo-second order kinetic model rather than the
pseudo-first order kinetic model. It is found that the
average correlation coefficient of the second order is
0.990 and it is higher than that of the first order
kinetic model ~ 0.958 (Table 5).

Table 5. Kinetic parameters of PNP removal onto the prepared ACs at 20°C
First order kinetic Second order Kkinetic Intraparticle diffusion
Samples q k, 5 q. k; 2 ky
o R . R . 0.5 G
(mg/g) | (min_") (mg/g) | (g/mg min) (mg/g min")
AC40 15.1 | 3.6x10° | 0.957 | 562 3.2x10™ 0.999 4.4 18.5
AC45 42.6 0.011 0.965 62.9 2.5%x10™ 0.982 5.1 20
AC50 35 | 7.2x10° | 0953 | 654 | 23x10* 0.991 3.9 30.1
Experimental kinetic data were further processed 70
for testing the role of diffusion (as a rate-controlling .
step) in the adsorption process by an intraparticle
diffusion model (Morris and Weber 1963). The 50 |
uptake of PNP at time ¢ (min) is proportional to the &
square root of contact time during the course of g 401
adsorption as follows: & 30
® AC40
20 |
49, :kd\/;JrCi ®) " ACH5
10 |
. . ) A AC50
where k, is the rate constant for intraparticle 0 ‘ ‘ ‘ ‘
diffusion (mg/g min”’) calculated from the slope of 0 2 4, .6 8 1
the linear portion of ¢, — ° plot; ¢’ is the square ¢ (min)
root of the time; C; is the intercept at stage [; the value  Fig. 7. Plots of intraparticle diffusion for kinetic removal

of C; is related to the thickness of a boundary layer.
The larger the intercept (C;), the greater is the
boundary layer effect. The calculated k&, coefficient
values are also listed in Table 5. The plots of q; versus
t** are shown in Figure 7. These plots show two
stages of adsorption with deviation of a straight line
from the origin that may be because of the difference
in the rate of mass transfer between initial and final
stages of adsorption. The initial linear portion refers
to the boundary layer diffusion (film diffusion) and
the latter portion due to the intraparticle diffusion
during accessible micropores on the adsorbents with a
very slow diffusion rate (k; = 3.9 — 5.1 mg/g min"”).
The same result was reported by (Ahmaruzzaman and
Gayatri 2010). It can be observed that the value of &,
for an AC45 sample is higher than those of two
samples, whereas the value of intercept C;, increases
directly with the activation temperature, i.e. from 18.5
for AC40 to 30.1 for AC50. These results show a
substantial effect of the activation temperature on
both the adsorption mechanism of PNP and
adsorption capacity.
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of PNP onto the prepared ACs

3.6. Thermodynamic measurements for PNP

adsorption

To study the effect of the temperature on
adsorption of PNP by ACs, three temperatures were
employed in the range of 20-60°C. The
thermodynamic parameters that are to be considered
in estimating the process are: enthalpy of adsorption
(AH®), free energy change (AG®), and entropy change
(AS°) due to transfer of a unit mole of solute from
solution on the solid-liquid interface (Fonseca and
Airoldi 2001). The positive value of AH® indicates the
endothermic process, and the negative value indicates
the exothermic process. Parameter AS° is used to
identify spontaneity in the adsorption process. The
values of AH® and AS° are evaluated using Van't Hoff
equation as follows:

AS° AH®
nkK, _A5

s ©9)
R 2303RT
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where K; is Langmuir constant L/g; 7, and R are
temperature and universal gas constant, respectively.
AH® and AS° values are obtained from the slope and
intercept of the plot of In K; versus 1/T (K') and
presented in Table 4. It can be seen that the values of
AG® are negative; confirming that the adsorption of
PNP along all carbons is spontaneous and
thermodynamically favorable. The more negative
values of AG® imply that a greater driving force is
required for the adsorption process. The higher
adsorption capacity, the more negative values of AG®
(18.1-24.3 kJ/mol) are obtained. The positive value
of AH® shows the endothermic nature of adsorptions
process, besides, it corresponds to chemisorption
when it becomes higher than 40 kJ/mol. In the study,
the calculated value of AH® is positive and lower than
40 kJ/mol (i.e. adsorption of PNP occurred mainly by
a physisorption process). The positive value of AS°
indicated also greater stability of an adsorption
process with no structural changes at the solid-liquid
interface. Similar results were obtained by adsorption
of PNP by acid activated jute stick char (H;PO, acid
in 1:1 w/w at 110°C for 2 h and then at the raised
temperature to 500°C for 4 h) (Ahmaruzzaman and
Gayatri 2010).

4. Conclusions

In the present work the biomass waste of
common reeds (CR, or phragmites australis) was used
as precursor for activated carbon (AC) production.
The activation process was performed using 50 v/v %
of phosphoric acid at different temperatures (400-
500°C). The results showed that varying of the
activation temperature from 400 to 500°C had a
significant influence on textural and adsorptive
properties of AC. The AC quality was evaluated in
terms of the N, adsorption, reflecting the surface area
and adsorption of PNP as a model pollutant. Sample
AC45 prepared by chemical activation of CR with 50
v/v % H3PO, at 450°C exhibited good microporosity
texture (Spic= 280 mz/g, and Sp/ S* = 86.2 %)
involved in the adsorption process of PNP. Under our
experimental conditions the maximum adsorption
capacity of these carbons was obtained at 40°C as
follows: g, = 153.8 mg/g for AC40, 227.3 mg/g for
AC45 and 164 mg/g for ACS50, respectively. The
adsorption of PNP onto the investigated adsorbents is
described by an isotherm of type I, and it is fully
verified by Langmuir isotherm. The kinetics of this
adsorbate was found to follow a pseudo-second order
rate equation. Therefore, it can be concluded that the
phosphoric acid-activation of CRs develops good
adsorbing activated carbon with well-established
porosity. This is revealed by an increased adsorbed
amount of PNP with the augmented total surface area
and microporosity. Finally, the use of CRs for the
production of the ACs is very important from the
view point of economic aspects, because they are
cheap, widely available, and renewable sources,
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producing an effective adsorbent for removal of
organic pollutants from wastewater.
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