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ABSTRACT

Extremely high surface area, porosity, and other surface properties make activated carbons
(ACs) a versatile and universally acclaimed adsorbent. High production costs limit the use
of ACs as adsorbents, and this is a major driver for worldwide research targeting cheap
precursors to reduce the production cost and to enhance the adsorption efficiency. This
review highlights the preparation of ACs from various precursors, their functionalization,
characterization, and their applications in water decontamination. A list of cost-effective
precursors derived from agricultural waste materials along with the pollutants removed is
presented. ACs can be functionally modified to develop highly efficient and adsorbate selec-
tive materials. Enhancement of the adsorption efficiency of ACs for inorganic pollutants
and metal ions can be achieved by chemical modification, while physical modification of
ACs via thermal treatment can enhance the pore size and surface area. A summary of the
various chemical, physical, and biological processes that are utilized for these modifications

is presented.
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1. Introduction

Contamination of surface and groundwater
resources has long been recognized as a major envi-
ronmental problem. Rapid industrialization is chiefly
responsible for this contamination. The awareness of
the impact of surface or ground water toxicity has
increased, due to episodes of contamination of the
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aquatic environment; examples include the outbreak
of Minamata and Itai-itai diseases in Japan. The
discovery of conversion of inorganic mercury into
methyl mercury and its accumulation in human
body through the food chain, particularly through
fish, and the carcinogenic nature of certain inorgan-
ics and metals have led to a refocusing of the atten-
tion of environmental scientists on this issue.

Some of the most widely used methods for water
decontamination include ion-exchange, chemical
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precipitation, reverse osmosis, evaporation, and mem-
brane filtration. Most of these methods suffer from a
variety of drawbacks, such as high capital and opera-
tional costs, or the disposal of the residual contami-
nated sludge. Besides high capital and operational
costs these conventional methods have inadequate effi-
ciencies at low concentrations, particularly in the
range of 1-100 mg/L [1].

Adsorption is one of the most promising processes
for the removal of inorganic and organic pollutants
from water even at concentrations as low as 1mg/L
[2]. Many non-conventional adsorbents have been
reported for water decontamination, including inor-
ganic adsorbents, organic adsorbents, and biomass.

Activated carbons (ACs) have proven to be partic-
ularly suitable for water and wastewater treatment
due to their high surface area, well-developed pore
structure, and surface properties. However, the high
cost of ACs limits their use as an adsorbent. Much
research on water decontamination has focused on the
identification of cheaper sources for preparation of
ACs and methods for their modification by chemical
and physical activation. A variety of agricultural
wastes and forestry products have been investigated
for the preparation of ACs, including palm oil waste
[3], babool seed [4], tamarind kernel powder [5],
orange waste [6], palm shell [7], rice husk [8], saw
dust [9], corncob [10], eucalyptus bark [11], pine saw
dust [12], pistachio shells [13], and sawdust of
Algarroba wood [14].

The adsorption efficiency of an AC depends on
many parameters, including surface area and pore size
distribution (PSD), its ash content, and surface proper-
ties. The PSD has been shown to be one of the param-
eters that influence the adsorption process the most.
The PSD determines the fraction of the total pore vol-
ume that can be accessed by an adsorbate of a given
size [15]. The nature of the adsorbate has also been
shown to be very important, including parameters
such as the functional groups present, polarity, hydro-
phobicity, molecular weight and size, solubility, and
pK, or pKy, for weak electrolytes. The solution condi-
tions (e.g. pH, temperature, adsorbate concentration,
presence of competitive solutes, and polarity of
solvent) also have an influence [16].

The focus of this review is to collate the latest
developments in the functionalization of ACs to
improve their potential applicability in drinking and
wastewater treatment. Functional groups play a
critical role in the adsorption capacity of ACs, with
targeted functionalization allowing the enhancement
of adsorption selectivity for specific applications.
Some of the methods used for the functionalization
of ACs include liquid phase oxidation with HNO;

and H,O, and gas phase oxidation with O, or N,O,
as well as thermal treatment at high temperatures
[17]. Studies have shown that the introduction of
oxygen-based functional groups on the surface of
ACs can enhance the adsorption efficiency of nitrog-
enous compounds [18] and metal cationic species
[19,20]. Oxygen functional groups are involved in
the formation of surface complexes with metallic
species in aqueous medium and ion-exchange with
the displacement of protons [19]. There are many
functional groups typically present on the carbon
surface (Fig. 1) [21]. It is widely known that car-
boxyl, anhydride, lactone, phenol, carbonyl, and qui-
none groups are the major types of oxygen
functional groups present on the AC surface,
although the presence of more complex functional
groups on the surface is possible [22]. Among them,
carboxyl, anhydride, lactone, and phenol groups typ-
ically contribute to the acidity of the AC surface,
whereas the carbonyl-, quinone-, and pyrone-like
groups contribute to the basicity [23]. Among the
basic functionalities contributing to carbon basicity,
pyrone-like groups are so far the best characterized
both energetically and structurally. The intrinsic
basicity of pyrones ranging over a large pK, interval
(0-12), their relative thermodynamic stability and
potential redox activity, as well as the relative abun-
dance of oxygen in basic carbons strongly suggest
that pyrones can be the most important basic func-
tionalities at the edges of carbon surfaces [23].

2. Activated carbon (AC)

AC is a carbonaceous material produced by heat-
ing cellulose-based substances or bituminous coal at
600-1,200°C in the absence of air [24]. It is widely used
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Fig. 1. Functional groups present on AC surface [21].
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as an adsorbent in water and wastewater treatment
for the removal of relatively lower levels of organic
and inorganic contaminants via transfer from the
dissolved phase (i.e. liquid phase) to the solid carbon
surface (i.e. solid phase). High surface area, porous
structure, and surface reactivity are some of the
important characteristics of ACs [25]. Besides these
properties AC is highly inert and thermally stable,
and can be used over a broad pH range [26]. In spite
of the huge application of ACs in water and wastewa-
ter treatment, the mechanism of the adsorption pro-
cess is yet to be fully understood. Much confusion
exists in the literature regarding these mechanisms
[27]. Better understanding is required to study the sur-
face characteristics of AC as it may help us to func-
tionalize/modify the precursors in a better way to
come up with more selective and efficient end prod-
ucts. Research on the surface chemistry of ACs started
as far back as the 1950s and 1960s [28]. Hassler first
raised the significance of the carbon surface chemistry
in the adsorption process [29]. ACs are known to have
a heterogeneous physical and chemical structure. The
former arises from the existence of micro-, meso-, and
macropores of different sizes [30]. The latter arises
from the variety of functional groups (mainly in the
form of carbon oxygen) that exist on the surface. A
wide variety of oxides may be produced during the
manufacture of ACs. These are the resultants of
oxygen present in the precursors of ACs [21]. ACs like
soot and carbon black consist of a mixture of sp>- and
sp>-hybridized materials [31].

According to the International Union of Pure and
Applied Chemistry (IUPAC) the classification of pore
diameter is as follows: macropores (>500 A°), mesop-
ores (20-500 A°), secondary micropores (8-20 A°), and
primary micropores (<8 A°). Micropores constitute the
largest part of the internal surface area of AC, consti-
tuting at least 90% of the total surface area [32]. The
adsorption of organic compounds usually takes place
within the micropores [33].

The structure of AC is highly complex and
depends on the raw material used to produce it, the
method of production, and pretreatment procedure.
AC is sometimes described as having a “crumpled”
layered surface, in which flat sheets are broken and
curved back upon themselves. It generally consists of
small graphite crystallites with highly disordered,
irregular, rough, and heterogeneous surfaces [34]. The
surface area of ACs can range from 500 to 1,400 m*/g,
with values as high as 2,500 m?/g [35], and they have
been shown to contain carbon nanotube (CNT) like
porous structures [36]. The porosity of AC can be
increased by pretreatment with acids or bases that
causes reorganization of their surface [37] and pores

[36]. The porous structural characteristics of AC are
clearly shown by SEM images of cellulosic jute and
coconut fibers ACs (Fig. 2) [38]. There was no obvious
mesoporosity in the carbonized precursors (Fig. 2(a)
and (c)). The macropores were developed by activa-
tion with CO, (Fig. 2(b)) and H3;PO, (Fig. 2(d)).
Contrary to these results, Brasquet et al. [39] observed
only micropores and mesopores, but no macropores
on activated rayon fibers, which is also a cellulosic
material. To get an insight into the effect of tempera-
ture on the porosity, AC honeycomb monolith (ACH)
was prepared from bituminous coal [40], as shown in
Fig. 3. The carbonization temperature and activation
time were varied, with a higher carbonization temper-
ature resulting in chars more resistant to steam activa-
tion, and yielding ACH with less total-pore volume,
higher percentage of micropore volume, and higher
mechanical strength. A longer steam activation time
resulted in the conversion of a higher proportion of
micropores to mesopores.

The surface chemistry of ACs shows the involve-
ment of both hydrophobic graphene layers (Cn elec-
trons) responsible for the adsorption of organic
compounds and hydrophilic functional groups respon-
sible for the adsorption of polar species. Generally,
AC is non-polar in nature. Graphene is an atom with
a thick layer of covalently bonded carbon atoms
tightly packed into a two-dimensional honeycomb lat-
tice. The adsorption of Hg(I), Cr(Ill), Cd(Il), and Pb
(I) on graphene layers has been reported in the litera-
ture [41-43]. Oxidation of AC has been an effective
option to improve the efficiency of heavy metals
adsorption, though the adsorption of organic sub-
stances is greatly reduced by oxidation [44]. Oxidation
increased the concentration of acidic oxygen groups
on the AC surface, thereby increasing the polarity and
decreasing the point of zero charge. Almazan-
Almazan et al. [45] studied the role of AC porosity
along with oxygen groups on adsorption using inverse
gas-solid chromatography. Benzene, n-alkanes, trichlo-
roethylene (TCE), and 1,2-dichloroethane (DCE) were
chosen as model compounds. It was found that the
adsorbate—adsorbent interactions were governed
mainly by dispersive interactions between the m elec-
trons of the aromatic ring of the adsorbate and those
of the graphene layers of the carbon surface. Introduc-
tion of electron-withdrawing oxygen groups of AC
surface leads to the removal of electrons from the
graphene layers of carbon, and thereby weakens the
dispersive interactions and prevents aromatic
compounds’ adsorption to some extent. The dispersive
interaction dominates even in cases of adsorbates with
strong dipolar moment (TCE and DCE) which
are capable of specific interactions. Although the
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Fig. 2. SEM images of (a) carbonized jute fibers, (b) CO,-activated jute fibers, (c) carbonized coconut fibers, and

(d) H3POy, activated coconut fibers [46].
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Fig. 3. Scheme for the preparation of activated carbon
honeycomb (ACM) monolith [40].

introduction of large amounts of oxygen groups on
the surface of the AC increases the specific component
of the adsorption, the dispersive component is still
clearly dominant. In addition, the introduction of
oxygen groups corresponds to a decrease in the
adsorption capacity. Nevertheless, it was shown that
the presence of pores with appropriate sizes has a
more important effect on the retention of the adsor-
bates than on the chemical surface groups. These
results on oxygen functionality are in good agreement
with the adsorption of VOCs (benzene and toluene)
on AC where narrow micropores dominate for
adsorption, especially for benzene [46]. Therefore, the
limiting parameter for optimum adsorption of these
molecules is the availability of accessible pores of
appropriate size, rather than functional oxygen
groups.

2.1. Preparation of ACs

The two most common forms of AC are powdered
(PAC) (<0.177mm) and granular (GAC) (>0.177 mm)
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[24]. Powdered activated carbon (PAC) is used exten-
sively in dedicated adsorber vessels (e.g. biological
sewage treatment systems) owing to its high contact
surface but with potential head loss. Granular acti-
vated carbon (GAC) is widely used for the removal of
a wide range of toxic organic compounds and heavy
metals from water and vapor-phase waste streams
due to its high fluid conductivity and ease of recovery.
There are two main preparation methods for GACs,
reagglomeration (manufactured by thermally activat-
ing crushed briquettes of agglomerated raw material
powder) and direct activation (carbon prepared
directly from raw material granules). The reagglomer-
ated GACs demonstrate a higher adsorption capacity
and a longer application life than those manufactured
by direct activation, but the extra pulverizing, binding,
and agglomerating steps in reagglomeration involve
additional costs [47].

Any cost-effective raw material with high carbon
and low ash content could potentially be utilized as
the precursor material for the preparation of AC.
Carbonaceous precursors such as coal, wood, and peat
are commercially used for synthesis [48]. Various tech-
niques involving both chemical and physical activa-
tions of the raw materials are also used for the
preparation of ACs. ACs can be prepared by a chemi-
cal activation technique, which involves impregnating
the precursor with strong dehydrating agents such as
H3PO, and ZnCl, at 400-600°C to simultaneously form
and activate the carbon matrix producing an L-type
AC. Physically activating the raw materials (prepared
without any chemical activation) produces an H-type
AC. The differences in L-type and H-type ACs are

Table 1
Difference between L-type and H-type AC [49,50]
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listed in Table 1. Due to the growing need for cheap
ACs in our society, researchers have attempted to uti-
lize various wastes such as agricultural, industrial,
and municipal wastes for the production of AC. This
section gives a brief overview of some of the waste
materials that have been utilized, and the preparation
methods used.

2.1.1. Agricultural wastes

Table 2 lists a variety of ACs derived from a range
of agricultural wastes, along with the pollutants
removed. Agricultural wastes have been shown to be
effective precursors for a range of ACs. For example,
ACs derived from agricultural byproducts such as
bean husk waste, rice husk, and sugar cane bagasse
have been utilized for the removal of heavy metals
[74,75], while a highly porous AC was developed from
Prosopis ruscifolin wood sawdust by impregnation of
H;PO, followed by activation with self-generated
atmosphere [72]. The BET surface area analysis
showed a total volume of 1.7 cm®/g and surface area
of 2,281 m?/g. Foo and Hameed [76] reported the utili-
zation of oil palm waste [biodiesel waste] as an AC
for wastewater treatment.

The preparation of a variety of types of ACs is
possible from the same precursor material depending
on the method of preparation. As an example, olive
stones have been used to prepare modified powdered
AC [52] and carbon foam [77]. Powdered olive stones
were treated with 5% aqueous HCI solution, followed
by washing several times by distilled water, and
drying at 125°C. They were then subjected to

L-type activated carbon

H-type activated carbon

e Low activation temperature (450-600°C) with appro-
priate impregnating chemical agents such as H3PO,
or ZnCl,

e Surface oxygen groups present, originating from the
precursor materials

e Wider micropores present due to the formation of
smaller polyhexagon sheets but with higher aliphatic
and hydrogen content

o Pore size distribution obtained by N, adsorption
indicates that L-type carbons have large micropores
but narrow mesopores

e Lower particle size reduction and higher yields in
chemically activated carbons

e High activation temperature (800-1,000°C) with
appropriate activation with vapor/gas such as CO,
and H,O

e Surface oxygen groups resulting from partial oxida-
tion mechanism by the activation atmosphere

e Smaller micropores present due to the different poly-
hexagon sizes being linked by oxygen bridging in
the intersheet spacings

o Pore size distribution obtained by N, adsorption
indicates that H-type carbons have narrow microp-
ores and wider mesopores

s Higher particle size reduction and lower yields in
physically activated carbons
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Table 2
ACs derived from agricultural wastes
Agricultural waste Pollutants removed References
Euphorbia antiguorum L. wood Acid blue 92 [51]
Olive stones Pb(II) [52]
Nut shell Cu(I) [53]
Corncob Phenols and dyes [54]
Pine bark Malachite green [55]
Oil palm shell 2,4,6-trichlorophenol [56]
Coconut shell Phenol [57]
Bamboo waste Dyes and COD [58]
Oil palm fronds Bentazon [59]
Bamboo waste Reactive black 5 [60]
Rattan sawdust 4-chlorophenol [61]
Rattan sawdust Methylene blue [62]
Hevea brasiliensis seed coat Basic dyes [63]
Coconut husk Basic dyes [64]
Coconut husk 2,4,6-trichlorophenol [65]
Rattan sawdust Phenol [66]
Oil palm empty fruit bunch 2,4,6-trichlorophenol [67]
Date stones 2,4-D pesticide [68]
Bamboo waste Methylene blue [69]
Oil palm fibers Methylene blue [70]
Eucalyptus grandis sawdust Cr(IID [71]
Prosopis ruscifolia sawdust Cu(II) and Cd(I) [72]
Coconut shell Cu(Il) [73]
Coconut and jute fibers Phenol, acid red 27 dye and Cu(II) [38]

destructive distillation for 5h at 600°C under nitrogen
atmosphere. The resulting material was subsequently
activated by gasification with steam at 900°C. The
modified AC sample was prepared by treatment with
ammonium peroxisulfate. The suspension was shaken
for 48 h at room temperature, after which the modified
AC sample was removed by filtration, washed with
distilled water, and dried in an air oven for 24 h at
125°C. While hot, the treated carbon sample was then
quickly transferred into a desiccator and subjected to
low-pressure evacuation [52]. Rio et al. [77] used olive
stones as a precursor for the preparation of carbon
foam. The uniformly grounded olive stones of particle
size 3.5 mm were loaded in a glass tube with internal
diameter of 65 mm. This glass tube was introduced
into a 1,000 mL stainless steel reactor placed inside a
sand-bath furnace previously heated to 500°C. A
thermocouple inserted in the center of the bed of the
precursor registers the solid temperature during pyro-
lysis, and another thermocouple placed near the outlet
of the reactor (5cm below) detects the temperature of
the gases evolved during pyrolysis. The carbon
obtained with initial atmosphere (N, and H,O), pres-
sure (1 MPa), and temperature (500°C) showed 73% of
carbon foam and 23% of granular char. The SEM
images of foam or granular sections are shown in

Fig. 4. Fig. 4(a) shows a transverse cut of the foam
block, showing a continuous mass with a different
appearance to the precursor forming with no detect-
able grain boundaries. A higher magnification image
(Fig. 4(b)) shows the existence of voids/pores with
size in the range of several tens of microns and even
up to 100 pm. Observing the surface with more detail
(Fig. 4(c)), a smooth texture is visible in contrast to
that of a char prepared in a conventional pyrolysis,
which is rough, and reflects the cellular structure of
the precursor. A group of fissures and blisters can be
observed on the surface of the granular fraction
(Fig. 4(d)), the aspect of which suggests that they have
been generated by the release of gases throughout a
liquid of high viscosity. In the same way, a labyrinth
of holes has formed in the fractured grain, some of
them exhibiting an unusual large size.

2.1.2. Industrial wastes

Industrial wastes such as tires [78] and resins [79]
have been used as raw materials for the production of
ACs. The potential for ACs derived from waste tires
for the removal of organic pollutants, heavy metals,
and dyes have been reported [80-83]. Mendez and
coworkers [55] pyrolyzed paper industry waste to
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Fig. 4. SEM images of a carbon: (a—c) foam shape, (d) granular shape [77].

prepare AC, reporting a promising removal rate (99%)
for malachite green dye. Bagasse pith, a sugar indus-
try waste, was utilized for the removal of Cd(Il) [84],
CudD [85], Cd(I), and Pb(I) [86]. Petroleum pitch
was chemically activated with KOH to obtain an AC
for successfully removing VOCs (ethanol and benzene)
[87]. Surface characterization of the petroleum pitch
AC showed an apparently large surface area (Sggr:
3,000m?/g) together with well-developed narrow
micropore size distribution. Dynamic column adsorp-
tion experiments showed that mesophase pitch exhib-
its a superior saturation capacity compared to
conventional carbon (18g/100g AC and 40g/100g
AC, for ethanol and benzene, respectively). The regen-
eration studies showed that ethanol can be easily
desorbed at room temperature by flowing clean air
through the adsorbent, whereas benzene requires
further heating for complete desorption/regeneration.

Fly ash from a thermoelectric power plant has
been utilized for the preparation of GACs (Fig. 5(a))
[88]. Granular samples were formed by pressing the
mixture in a die with the 30 wt.% coal tar and 20
wt.% water as the binder under 30 MPa. Samples were
subjected to carbonization and steam activation. For
physical activation, the activation temperature varied
from 750 to 850°C; For chemical-physical activation,
the carbon powder was pretreated with either a KOH
or an ammonium-salt solution first [NH,SO, 6.6 wt.%
+ (NHy)3POy4 3.4% + H>,O 90 wt.%], with the content of
KOH varying from 075 wt%, 1 wt%, 1.5 wt.%,
2 wt.% separately or the ammonium-salt solution ratio
(mL g) varying from 1.1 to 4.1 (activation temperature
850°C). Results showed that pretreatment with ammo-
nium-salt solution proved to be a good method for
preparing an AC with better adsorption efficiency
than the KOH, while the KOH treatment inferred an
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Fig. 5. (a) Different processes for the preparation of GACs from fly ash [88], (b) plot for specific surface area and iodine

value vs. KOH content [88].

increase in specific surface area (Fig. 5(b)) but reduced
the yield rate of the GACs.

2.1.3. Domestic and municipal wastes

Activated sludge is the waste generated from a
municipal waste treatment plant. AC derived from
dried sewage sludge was utilized for the removal of
Hg(Il) from wastewater [89,90]. Wet activated sludge
(WAS) was chemically activated by ZnCl,, KOH, and
KCI [91]. The effect of varying concentration, time of
impregnation, activation temperature, and time were

studied to determine and to optimize the control
parameters for the process. The maximum iodine
value (mass of iodine adsorbed/100 g adsorbent) was
observed at 0.5M KOH concentration. An increase in
impregnation time from 10 to 20h resulted in a 20%
increase in iodine value. The highest iodine value was
obtained at 600°C activation temperature with 1-h
hour holding time. The sludge water content had a
negligible effect on the iodine value of the prepared
ACs. Raw WAS with a water content of 93.2% can be
converted to an AC with a high specific surface area
(737.6m?/g) and iodine value (864.8mg/g) under
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optimum experimental conditions [91]. Mestre et al.
[92] reported AC prepared from municipal waste
(plastic) and cork powder for the removal of ibupro-
fen (a drug) from water. The waste-derived AC out-
performed commercial ACs in terms of adsorption
capacity for the removal of ibuprofen.

A method termed “express-activation method”
was proposed by Kartel et al. [93] for the preparation
of AC from Polyethyleneterephthalate (PET), a major
post-consumer plastic waste material. The precursor
(PET sample) was soaked in concentrated H,SO, and
heated to 65-70°C. After heat treatment, the sample
was washed with distilled water and dried at 110°C
for about an hour. The dried sample was then acti-
vated with steam. Activation was carried out in a
quartz reactor at 500, 600, 700, and 800°C with 100
mL/h steam flow rate. The BET surface area of the
derived AC was 1,030 m?/g and effective pore size of
1.8nm. The derived AC showed significantly high
adsorption capacity for both methylene blue and
iodine in aqueous solution.

In recent years, many researchers have successfully
utilized microwave heating for the production of ACs.
Higher and more selective heating rates with greater
control, reduced equipment size, no direct contact
between the heating source and heated materials, and
shorter time span for preparation are some of the
merits of microwave heating technique [94]. Highly
mesoporous AC was prepared within 600s by micro-
wave irradiation [95]. AC with BET surface area as
high as 3,000m?®/g was produced from mesocarbon
microbeads with KOH by microwave heating [96].
Microwave-induced CO, reaction was successfully
used to convert oil-palm-stone char into AC within
600s [97]. White pine wood powder as a precursor

e
v
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Ny ‘r“&.“
~aik

748 0
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material was utilized to prepare AC by microwave-
induced ZnCl, treatment [98]. A TEM image of the
modified AC shows interconnected nanoporous chan-
nels (Fig. 6(a) and (b)). The pores were largest in the
sample with a ZnCl,, with a wood ratio of 2.5.1
(Fig. 6(b)) and a BET surface area of 1,459 m?/ g. This
was greater than the BET surface area of 1,321 m?/g
obtained by the preparation of an AC from the same
sample by a conventional method with similar ZnCl,
wood ratio.

Waste ion-exchange resins were also used as a pre-
cursor for the preparation of AC and were compared
with AC derived from commercial ion-exchange resin
under similar conditions [99]. The porosity (0.4 cm®/g)
and specific surface area (600 m*/g) of the AC derived
from waste ion-exchange resins was relatively higher
than that prepared from commercial ion-exchange
resins. Kubato et al. [100] utilized phenolic resin as a
precursor material for the preparation of AC under
microwave irradiation. The prepared AC was
chemically activated with KOH. The input microwave
power was varied, while weight ratios of KOH to phe-
nolic resin, R, were changed. Phenolic resin was also
activated at R=4 using electric furnace heating. The
highest surface area (2,208 x 10° m*/kg) and total pore
volume (1.559 x 10°m®/kg) of AC were obtained at
R =4 with a microwave power of 0.39 kW, and the AC
was characterized by a high mesopore ratio. The
development of mesopores under microwave heating
was attributed to the rapid temperature rise of the
sample in contrast to slow electric furnace heating.
Some other precursors reported for the preparation of
ACs are coffee grounds [101], acrylic textile fibers
[102], textile fibers [103], commercial coal-tar pitch
[96], and waste tea [104].

Fig. 6. TEM images of AC prepared from white pine wood powder by microwave-induced ZnCl, treatment with ZnCl,.

Wood ratio (a) 0.75.1, (b) 2.5.1 [98].
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The “template technique” was developed for the
preparation of a long-range ordered microporous car-
bon with a structural regularity of zeolite-Y [105].
Results showed that the use of chemical vapor deposi-
tion (CVD) gas with a small molecular size (acetylene)
and low CVD temperature (600°C) was the key factor
in obtaining ordered microporous carbons. The
derived microporous carbon showed high BET specific
surface area (>3,000m?/g) with pore size distribution
in the range of 1-1.5nm and almost no mesoporosity.
Inagaki et al. [106] derived mesoporous carbon from
coal tar-pitch using MgO precursors [magnesium ace-
tate Mg(CH3;COO), and magnesium citrate Mg
(CeH507)2] in different mass ratios. Initially, the pitch
was pulverized in an agate mortar before mixing. The
mixtures thus prepared were heated at 900°C (heating
rate—5°C/min) for an hour under Ar atmosphere
(flow rate—60 mL/min). From the carbon-coated MgO
powder thus obtained, the substrate MgO was dis-
solved out using 2mol/L HySO4 and carbon powders
were isolated. A high yield of mesoporous carbon was
obtained by coupling with Mg(CcHs05),, as this itself
gives carbon. The surface area of the resultant carbons
reached up to 1,600 m?/g, most of which was due to
mesopores. A relatively sharp pore size distribution at
about 12 and 5nm was obtained from the mixture
of pltCh with Mg(CH3COO)2 and Mg(C6H507)2,

2.2. Functionalization/Modification of ACs

As mentioned previously, the performance of ACs
is largely governed by their texture and surface modi-
fication [107]. In general, modification of ACs can be
achieved via chemical, physical, and biological
processes depending on the characteristic which needs
to be altered. Fig. 7 shows a flow chart of the
modification techniques that have been applied. While
ACs have proved to be excellent for the removal of
organic compounds from aqueous solutions, generally,
it has been observed that ACs are less effective in
removing inorganic compounds and metals. This is
due to the fact that metals often exist in solution either
in the form of ions or as hydrous ionic complexes.
Research has shown that chemical modifications of
ACs can enhance the adsorption potential for removal
of inorganic compounds and metals in aqueous
solutions [108].

Much ongoing research is directed towards modi-
fying carbon’s surfaces to improve its adsorption
properties. Physical modifications such as altering the
surface area and pore volume of ACs can be achieved
by thermal treatment [109]. Chemical modifications of
ACs initiated with the introduction of primary
functionalities for further introduction of other mole-
cules or a system is known as secondary introduction.

. The concentration and distribution of primary
respectively.
Modification of
activated carbon
v v v
Chemical Physical Biological
modification modification modification
A\ 4 A 4
Acid Base
treatment treatment
v v v
Impregnation of Heat Bioadsorption
foreign materials treatment

Fig. 7. Modification techniques of activated carbon [109].
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functionalities have been shown to have a significant
effect on the yield of secondary introductions. As
such, the selection of primary functionalities onto the
AC surface is a very important step [110]. Secondary
functionalization can be carried out in two steps.
Firstly, the target AC is obtained in a one-pot process,
and the fragment of interest is then introduced
directly onto the surface of the functionalized AC.
Secondly, the fragment of interest is introduced
successively in two or more steps. In this approach,
an organic molecule is anchored onto the AC surface,
and other fragments are then grafted onto the
spacer to afford the target carbon-supporting functions
[110].

Some of the precursor materials along with modifi-
cation processes and the effect of modification on
adsorption are reported in Table 3. Usually, a high
adsorption activity of AC is attributed to the surface
functional groups. An infrared (IR) study [17] indi-
cates that the most common oxygen functionalities on
carbon surface are C=O in lactones and carboxylic
anhydrides (stretching frequency 1,750 cm™"), quinone
and ceto-enol groups (1,600 cm '), and C-O group in
ethers, lactones, phenols, and carboxylic anhydrides (a
broad band centered around 1,250 cm ). Chemically
activated AC has partly aromatic and aliphatic struc-
tures or a highly cross-linked polymer produced from
an almost infinite number of different monomers and
containing a relatively large amount of heteroatoms.
ACs prepared from steam activation consist of basal
planes, which have an aromatic carbon skeleton with
some functional groups involving heterogeneous
oxygen atoms at their edges. It has been shown that
gas-phase oxidation of AC mainly increases the con-
centration of hydroxyl and carbonyl surface groups,
whereas oxidation in the liquid phase especially
increases the concentration of carboxylic acids. Due to
the presence of a polar -OH group, a phenol molecule
is able to form hydrogen bonds with surface func-
tional groups. On the other hand, the aromatic ring of
the molecule determines its ability to have hydropho-
bic interactions. The effect of surface acidity for the
adsorption of ammonia on metal-modified ACs was
studied [107]. The adsorption of ammonia depends on
the nature of metal (Fe, Co, and Cr) deposit and on its
acidity. Moreover, moisture and surface functional
groups play a significant role in the adsorption.
Highly acidic surface functionality favors the adsorp-
tion of ammonia, indicating that the removal process
is essentially governed by acid-base interactions.

The chemical treatment of powdered AC prepared
from olive stone with an aqueous oxidizing agent such
as (NH,),S5,05 leads to the introduction of (COOH)
and (OH) groups onto the surface [52]. Moreno-

Castilla et al. [122] claimed that modification of ACs
with strong acids like HCl, HF, or HNO;, apart from
the removal of the mineral matter, introduced oxygen
surface complexes that are responsible for changing
the surface chemistry and also altering the surface
area and porosity of the original samples. It was
reported that the chemical treatment of ACs with
HNO; [123], ammonia, urea, and melamine suspen-
sion dissolved in ethanol followed by thermal treat-
ment [124] leads to the introduction of nitrogenous
functionality over the surface of ACs. In addition,
treatment with melamine affects the pore size distribu-
tion to a large extent [125]. These groups significantly
increase the polarity of the carbon surface, and thus
its specific interactions with polar species via electro-
static forces [123] or via hydrogen bonding [126].
Nitrogen-containing groups generally provide basic
properties enhancing the interaction between porous
carbon and acid molecules [127]. The nature of nitro-
gen-containing surface groups differs depending on
the thermal activation. At lower activation tempera-
tures (400-700°C), amides, aromatic amines, and pro-
tonated amides dominate the surface [128]. Pyridine,
pyrrol, aromatic amines, quaternary nitrogen, and pro-
tonated pyridine dominate at higher temperatures
(>700°C) [129]. At lower temperature, nitrogen tends
to appear in functional groups that are external to the
aromatic ring structure (with localized charge),
whereas at higher temperatures nitrogen is rather
localized within the aromatic ring structure with a de-
localized charge or no charge [130]. Dai et al. [131]
studied the influence of thermal activation of AC on
the adsorption of N-nitrosodimethylamine. They con-
cluded that thermal activation promotes the hydro-
phobicity over the surface which in turn enhances the
adsorption (Fig. 8).

The treatment of AC derived from palm oil shells
with HCl was reported to introduce carboxylic and
ether groups over the surface [132]. Catalytic decom-
position of AC by H,O, involves directly the exchange
of a surface hydroxyl group with hydrogen peroxide
anion ("OOH) to generate peroxide on the surface,
which then decomposes another H,O, molecule pro-
ducing oxygen and regenerating the AC active site
[133]. It was also reported in the literature that HO,
introduces hydroxyl free radicals on the AC surface
[134,135]. Studies showed that pre-oxidation with per-
oxide promotes the formation of surface oxygen com-
plexes, and at the same time decreases the alkyl
groups over the surface. Lu et al. [136] observed a
reduction in the intensity of alkyl groups (2,900 cm™)
and the appearance of C=O stretching vibrations
(1,700cm™) for H,O, pre-oxidized petroleum coke
(PC) further activated by KOH. The conversion of
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Fig. 8. Mechanism for the adsorption of N-nitrosodimethylamine on thermally treated AC [131].
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Fig. 9. Schematic mechanism for the chemical activation of
petroleum coke [PC] [136].

alkyl groups into oxygen complexes may occur during
the oxidization process. The systematic activation
scheme is shown in Fig. 9.

Physicochemical activation of pomegranate seeds
was carried out by ZnCl, at 600 and 800°C. Zinc chlo-
ride is an effective dehydrating agent that influences
pyrolytic decomposition and inhibits the formation of
tar [137]. High yield of AC compared to bio-chars was
obtained. Impregnation of ZnCl, initially results in
the degradation of cellulosic material and on

carbonization produces dehydration that results in
charring and aromatization of the carbon skeleton
creating a porous structure [138]. Increasing yield of
hydrogen can be partly attributed to the decomposi-
tion of the phenolic compounds and to the decrease of
formation of other gases [139]. Hydrogen is released
from the aromatic/phenolic structure of the precursor,
leaving behind active sites for the reactions [140]. At
this stage, aromatization reactions can take place and
restrict the volatilization of molecules at the process
temperature. Due to the aromatization processes, the
yield of AC increases [141].

In an attempt to functionalize AC, Lukens [142]
tried to alkylate nitrogenous groups on the surface of
AC to convert the pyridinic sites into cationic alkylpy-
ridinium sites selective for binding perchlorate ions.
The effects of alkylation and treatment with reducing
gases like ammonia and hydrogen as well as the
results of the XPS studies strongly suggest that these
chemical modifications mainly change the nature of
the oxygen-containing functional groups rather than
the nitrogenous groups (Fig. 10).

Chen et al. [143] modified commercially available
AC using 1.0M citric acid for the removal of Cu(Il).
Four grams of AC was reacted with 25mL of citric
acid solution. It was shaken for 30 min before being
dried at 50°C overnight. The BET measurement
showed that the specific surface area of the modified
AC was reduced by 34% compared to unmodified AC.
This could arise from pore blockage by adsorbed citric
acid molecules. As the size of the citric acid molecule
is small, it can easily access the pore structure of an
AC. However, the apparent reduction in the surface
area of the carbon does not adversely affect the
adsorption of Cu(ll) ions. Equilibrium results showed
that the adsorption capacity of Cu(l) on citric
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Fig. 11. Reaction scheme for the introduction of amine group on AC [144].

acid-modified AC increased to 14.92 mg/g, which was
140% higher than that on unmodified AC. The result
showed that the immobilization of citric acid over the
surface of AC introduces more surface adsorptive sites
(mainly carboxylic functional groups from the citric
acid), which provide excessive binding capacity for
Cu(II) ions.

To prepare a Cu(ll) selective AC, an electrophilic
aromatic substitution reaction was successfully carried
out for the introduction of nitro (-NO,) groups, which

were subsequently reduced to amine (-NH,) groups
over the surface of AC (Fig. 11—[144]). Results
showed that the functionalized AC was highly selec-
tive for the adsorption of Cu(ll) even in the presence
of competitive ions.

The impact of sulfur (S) and chlorine (Cl) on Hg
(I) removal by AC was studied and reported by
several researchers [145,146]. They found that the
Cl-impregnated carbon exhibited a higher adsorption
capacity for Hg(Il) than the S-impregnated carbon.



436

M.A. Khan et al. | Desalination and Water Treatment 54 (2015) 422449

O
o (0]
O ‘ OH

OH

DOPEINP OO Q"
—_— —_—

O, (¢}
(L) - SOOYNEE

OH

HO

90°C

Intensity

35

Fig. 13. EDS spectra of AC [148].

Studies showed that sulfurization of AC causes a
decrease in surface area and porosity which resulted
in significant decrease in the adsorption rate of Pb(Il),
but markedly enhanced the extent to which it
occurred, except at pH 2 [147]. In an attempt to adsorb
Hg(I) ions, Zhu et al. [148] modified AC by a

combined treatment of nitric acid and thionyl chloride,
followed by reaction with ethylenediamine, to intro-
duce N-, S-, and Cl-containing functional groups
(Fig. 12). The EDS spectra for virgin AC along with
modified (MAC) before and (Hg-MAC) after adsorp-
tion of Hg(Il) showed that the adsorption of Hg(II)
may be associated with S-containing groups, due to
the higher affinity of sulfur for Hg(Il) ions (Fig. 13).
The EDS results also showed that chlorine peaks
became weaker after the MAC was exposed to Hg(I)
solution, which was probably related to the competi-
tion between Cl-active sites and S-active sites (e.g.
-HS, -SO;H) over the surface of the AC. The results
showed a higher adsorption rate and a larger capacity
for Hg(Il) ions. It was also reported that AC impreg-
nated with sulfur-containing groups showed higher
affinity for Cd(II) species [149-151]. The replacement
of oxygen by sulfur over the surface of AC leads to an
increase in the adsorption efficiency of the material for
heavy metals in the aqueous solutions [150]. A three-
step procedure involving oxidation, esterification, and
grafting of a hyper-branched polyethylene imine was
reported for AC modified with poly-alkyl amine to
scavenge Pd(Il), a transition metal [152]. The XPS anal-
ysis revealed Pd(I) ions loaded on the adsorbent in
the form of Pd(II) with chloride as the counter ion.
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Electrochemical methods for the surface modifica-
tion of ACs have also been reported [153-157]. These
methods have several merits over other methods
[158]: (i) one of the reagents is the electron, which can
be easily supplied by a direct current source and does
not need any transport or handling; (ii) they can be
applied in situ; (iii) the treatment can be immediately
interrupted and can be run at room temperature and
atmospheric pressure; (iv) the reaction conditions can
be very precisely reproduced; and (v) oxidation and
reduction processes are more selective and easily con-
trolled by means of electrode potential. Berenguer
et al. [159] studied the effect of the electrochemical
treatment (galvanostatic electrolysis in a filter-press
electrochemical cell) on the surface chemistry and por-
ous structure of GAC in the presence of NaOH,
H,S0,, and NaCl as electrolytes, with applied current
between 0.2 and 2.0 A. Observations showed that both
anodic and cathodic treatments lead to an increase in
the surface oxygen groups without any significant
change to the textural properties of the GAC. The ano-
dic treatment in NaCl produces oxidation degrees
comparable to those achieved by classical chemical
oxidation. In an oxygen-saturated solution, the catho-
dic treatment develops a porosity, indicating that
some carbon gasification occurs.

2.3. Characteristics of ACs

AC can be synthesized with a wide range of
features characterized by pore size distribution (PSD),
specific surface area (SSA), and chemical composition.
The characterization of AC requires a considerable
amount of effort to better understand specific struc-
tural and chemical features that influence their perfor-
mance [160]. Many experimental techniques have been
used to characterize these functional groups, each pre-
senting its own merits and demerits. X-ray diffraction
(XRD) studies showed highly amorphous structural
characteristics that limit to fully resolve the detailed
microstructure of the AC. As a result, a fundamental
understanding of how their structural features can
give rise to their adsorptive properties remains elu-
sive, and thus the ability to develop ACs with optimal
properties for specific applications has not yet been
achieved [161]. Potentiometric titrations in combina-
tion with a non-linear treatment of the experimental
data can be used to study the acid/base properties of
carbonaceous materials [162,163]. Among other analyt-
ical methods available, temperature-programmed
desorption is increasingly utilized. This method is
based on the thermal decomposition of the surface
groups, and is particularly useful when coupled with
mass spectrometric analysis, as this can provide

information relevant to the mechanism of thermal
decomposition of the surface groups [17]. To under-
stand the surface functionality of AC, Fourier trans-
mittance infrared spectroscopy (FT-IR) is a useful tool,
while X-ray photoelectron spectroscopy (XPS) analysis
can be used to identify the elemental composition of
the ACs.

AC was obtained from Eucalyptus grandis sawdust
[71], and the XPS analysis before and after the oxida-
tion of the AC in the C(1s), O(1s), N(1s), and Cr(2p)
spectral regions was studied. It was observed that the
C(1s) XPS spectrum of the CO,-oxidized carbon shows
an asymmetric tailing indicating the contribution of
oxygen-containing functional groups. This spectrum
has been deconvoluted in four symmetric peaks of the
Gaussian type. In addition to a main peak at 284.5eV
due to graphitic carbon, the spectrum can be fitted to
three peaks centered at 285.9, 288.3, and 290.7eV.
These peaks could be associated with the C-O bonds
of functional groups such as hydroxyl and/or ethers,
with a C=0O bond as in the carbonyl group, and with
a —COO- bond characteristic of carboxylic and/or
ester groups, respectively. The O(1s) XPS spectrum for
CO,-oxidized carbon was fitted to three peaks with
binding energies 531.7, 533.5, and 535.8eV that
have been assigned to the O=C bond, the C-O and/or
HO-C bonds, and to adsorbed water, respectively.
Higher thermal treatment of the carbon leads to a
significant reduction in the intensity of these three
peaks, indicating a substantial loss of surface oxygen.

Canizares et al. [164] modified commercial AC
(Calgon F400) by acidic treatment (2 N HCI). The treat-
ment did not significantly affect the surface area of
the AC, but had a large impact on the different func-
tional groups. The presence of a stretching vibration at
a broad band of 3,400 cm ! in the unmodified carbon
spectrum indicates the presence of hydroxyl functional
groups over the carbon surface. The spectrum of the
modified carbon showed the disappearance of this
vibration, indicating that the acid treatment could
have transformed this group to carboxylic, carbonyl,
or ether groups which are indicated by vibrational
peaks appearing as broad bands at 1,200 and 950
cm™'. Fig. 14 shows the FT-IR spectra for the
unmodified and modified ACs.

The effect of the crystallinity of lignocellulosic
materials on the porosity of H3PO,-activated AC was
studied by Zuo et al. [165]. China fir (Cunninghamia
lanceolata) wood (FW), cotton (Gossypium sp.) stalks
(CS), and corn (Zea mays) cobs (CB) were selected as
precursor materials for AC. It was concluded that
crystallinity opposes porosity. AC derived from CB
showed the least crystallinity (29.7%). The BET surface
area analysis of AC derived from CB showed the
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Fig. 14. FT-IR spectrums for unmodified Calgon F400
[F400 DW] and modified Calgon F400 [F400 AW] [164].

highest surface area (2,233 cm?/g) and total surface
volume (2.683cm®/g). It was concluded that lesser
crystallinity allows HzPO, to penetrate rapidly into
the interior of lignocellulosic particles, and thus to be
dispersed highly across cells in the composites.
Among the precursor materials, the hemicellulose con-
tent of CB is the highest (39%), which also favors the
development of mesopores due to the higher reactivity
of hemicellulose with H3;PO, compared to cellulose
and lignin [166]. A composite with a high degree of
H3PO, dispersal may be formed by ensuring a low
impregnation temperature and/or impregnation for a
time short enough to ensure that HzPO, penetrates
fully into the interior of the particles [165]. A similar
effect of crystallinity was observed on AC obtained
from highly crystalline fibrous commercial polymer
precursors such as Kevlar [poly(p-phenylene tereph-
thalamide)] and Nomex [poly(m-phenylene isophthal-
amide)] [167]. Diffuse reflectance infrared Fourier
transform (DRIFTS) spectra of Nomex impregnated
with different ratios of HzPO, (NP) are shown in
Fig. 15. An aryl nitriles band (2,231 cm™ )  was
observed in NP0 (Nomex carbonized alone). The
bands at 1,070 and 999 cm ™" attributed to phosphorous
and phosphocarbonaceous compounds are present in
the spectra of samples impregnated with HzPO,. A
band at 1,070 cm™' can be specifically assigned to the
P-O symmetrical vibration in a chain of P-O-P
(polyphosphate). A band at 999 cm™' can be assigned
to P-O-C asymmetric stretching, interaction between
aromatic ring vibration and P-C (aromatic) stretching,
and/or symmetrical stretching of PO, and POj; in
phosphate—carbon complexes. Therefore, P-containing
carbonaceous structures like acid phosphates and
polyphosphates are formed in samples carbonized in
the presence of H3PO, (NP50—NP187). The surface
analysis showed the highest surface area (1,688 m?/g)

1
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Fig. 15. RIFTS spectra of a Nomex impregnated with phos-
phoric acid [NP] with different impregnation ratios [167].

and total pore volume (0.79 cm®/g) for the AC with
the highest impregnation ratio (NP187).

The chemical state of phosphorous on the surface
of ACs introduced by impregnation of H3PO, is an
issue of controversy. Some researchers had proposed
that C-O-P bonding is more stable [168,169], while
others argued that this bond would not be strong
enough to survive at high temperatures. They pro-
posed the alternative structure C-P-O bonding
[170,171]. Red phosphorous was observed in carbon
fibers obtained by carbonization of phosphorous con-
taining phenol-formaldehyde resin at 1,000-2,000°C
[172]. A separate phase of phosphorus was observed
in carbon obtained by carbonizing a mixture of phe-
nol-formaldehyde resin with P,O5 [173]. To shed light
on the chemical structure of phosphorus species and
the way they are bound to the carbon matrix, Puziy
et al. [174] examined two series of H;PO, ACs
obtained at different temperatures from polymer and
lignocellulose precursors by XPS and solid-state NMR
methods. The XPS spectra of polymer-based H;PO,
ACs obtained at various temperatures showed the
presence of carbon, oxygen, phosphorus, sulfur, and
silicon in the samples. The comparison between sur-
face and bulk concentrations showed that the surface
of the samples was enriched with oxygen for carbons
obtained at 400-600°C and with phosphorus for car-
bons obtained above this temperature. The enrichment
of the AC surface with oxygen for the samples
prepared at lower temperatures as compared to the
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bulk suggests that H3PO, acts as an oxidizing agent
resulting in the formation of oxygen-carbon struc-
tures. The surface concentration of phosphorus is
higher than in the bulk, signifying that chemical reac-
tion of both precursors with H;PO, occurs superfi-
cially. The difference between surface and bulk
concentration of oxygen progressively decreases as
carbonization temperature increases, implying pro-
gressive involvement of deeper layers of carbon in the
oxidation process. The NMR analysis revealed a small
contribution of phosphonates at 500-700°C, which
implies that phosphate-like structures may only be
partly bonded by C-P bonding. The presence of phos-
phonates at higher temperatures was not observed,
showing higher thermal stability of C-O-P over C-P-
O bonding. The resolution of XPS and NMR methods
did not allow the researchers to clearly distinguish
between phosphates and polyphosphates. Another
chemical reaction that could be expected to take part
during H3PO, activation is the reduction of pentava-
lent phosphorus by carbon. However, the study did
not reveal reduced forms of phosphorus at tempera-
tures up to 900°C. The elemental phosphorus was
observed in the matrix of polymer-based carbon
obtained at 1,000°C. Taking into account the volatility
of elemental phosphorus at this temperature, its
location should be in closed pores, between carbon
crystallites or at least in very fine pores that hinder
evaporation.

To study the influence of surface chemistry on the
adsorption characteristics, AC was developed with
similar textural characteristics but different surface
characteristics. Phenanthrene (Phe), a polycyclic
aromatic hydrocarbon, was studied as a model com-
pound [175]. The results suggest that, in addition to
the non-specific dispersion forces and due to the poly-
aromatic structure of the adsorbate, the Phe molecules
can specifically interact with the carbon surface. The
interaction of the electron-rich regions located in the
graphene layers with n electrons of the aromatic com-
pounds was the proposed mechanism for Phe adsorp-
tion. A similar mechanism for the adsorption of
phenols and substituted phenols on AC in liquid
phase was proposed by other researchers [176,177] An
increase in the number of oxygen groups during the
oxidation of AC results in electron withdrawal from
the graphene layers (n-n argument), and consequently
decreases the specific interaction between Phe and the
carbon surface.

The adsorption mechanism of Pb(Il) on modified
AC was studied [178]. Commercial AC (ROW 0.8
Supra—Norit, the Netherlands) was used as the pre-
cursor material. It was washed (demineralized) with
concentrated HF and HCI acids, and subsequently

modified by different methods. A part of this carbon
(indicated by AW—parent sample) was used without
any additional processes. The remainder was divided
into several portions and thermally and/or chemically
modified in different ways. (i) heating at 1,173K
under vacuum 1072 Pa (HTV), (ii) heating in a stream
of ammonia at 1,173 K (HTA), (iii) heating in a stream
of 1.1 oxygen-ammonia mixture at 673 K (OPA), (iv)
oxidation with moist air at 673K (OWA), and (v)
oxidation with concentrated HNO5; at 353 K (ONA).
The results from spectroscopic and electrochemical
analyses showed that the adsorption of Pb(Il) on ACs
with a Lewis base-type surface takes place partially
with the participation of a OH™ intermediate (Fig. 16,
reaction 1). For amphoteric carbons (AW, OPA) and
basic carbons (HTV, HTA) (besides those in Eq. (1)),
interaction between carbon n electrons and Pb(Il) ions
occurs (Fig. 16, reaction 2). Additionally, for basic
carbons (HTV, HTA), the adsorption of Pb(Il) was
supported by reaction Egs. (3)-(5). For acid-oxidized
carbon (ONA, OWA) reactions 6, 7, and 8 dominate.
The proposed reaction schemes present the differences
in the adsorption capability and indicate a variation in
the mechanism of interaction between the carbon
surface and ionic metal species present in aqueous
solution and/or formed in the solution penetrating the
internal pore structure of AC granules. The spectral
studies suggest that not only ion-exchange adsorp-
tion (dominant for acidic carbon) but also surface

complexes formation (with m electrons and
>C : HyO* + PbOH" — 3C: PhOH* + H;0" (1)
3C; +Pb* —>C: Py
(2}

SC—OH +Pb** 4 3H,0 — >COPbOH +2H,0* (3}

SC—0™* + Pb?* + 2H,0 — SC—O—PbOH + H;0*
(4)

SN : 4+Pb?* 4 2H,0 — DN—Pb(OH)* + H;O0  (5)

SC—COOH + P¥** + H,0 — >SC—COOPb* + H,O*

(6}
(>C—COOH), + Pb* + 2H,0 — {(>C—CO0),Pb + 2H,0*
{7)
>C—OH + Pb** + H,0 — >C—OPb* + H,0" (8)

Fig. 16. Systematic scheme for the adsorption of Pb(II) on
modified ACs [178].
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Fig. 17. FT-IR spectra of ACs prepared from palm shell by
different activation methods [179].

heteroatoms—O, N) and sedimentation of lead oxide
and hydroxide may occur during adsorption.

The adsorption of hydrogen sulfide (H,S) onto
ACs derived from oil palm shell by thermal or

chemical activation methods were investigated [179].
The FT-IR spectrum (Fig. 17) of AC prepared by 30%
KOH impregnation displayed the following bands:
1,754 cm ™}, C=0 stretching in ketones; 1,507 cm™ !, C=C
stretching in aromatic rings; 1,251 cm™!, C-O stretch-
ing; and 754cm™!, C-H out-of-plane bending in ben-
zene derivatives. Alkaline groups were presumed to
be the dominating surface functional groups present
on the KOH-impregnated AC. The spectra of the AC
prepared by 40% H,SO, impregnation displayed the
following bands: 3,415 cm ™', H-O stretching in hydro-
xyl groups; 1,723 cm !, C=0 stretching in carboxylic
acids or isolated carbonyl groups; 1,627 cm™', C=O
stretching in quinines or carboxylic anhydrides;
1,502cm™!, C=C stretching in aromatic rings; and
1,204cm™ !, C-O-C stretching in ethers or ether
bridges between rings. For AC prepared by thermal
activation with CO,, the band at 2439cm ' is
attributed to C-H stretching vibrations in aliphatic
structures. The AC prepared by KOH impregnation
showed lactone (0.355meq/g) and carbonyl (1.167
meq/g) groups (Fig. 18(a)). Carboxyl (0.089 meq/g),
phenol (0.208 meq/g), lactone (0.416 meq/g), and
carbonyl (0.604 meq/g) groups were detected on the
surface of the AC prepared by H,SO, impregnation
(Fig. 18(b)), while phenol (0.120 meq/g) and carbonyl
(0.285meq/g) groups were detected on thermally
activated AC (Fig. 18(c)).

(c)

Fig. 18. Surface structures of oil palm shell ACs (a) KOH impregnated, (b) H,SO, impregnated, and (c) thermally acti-

vated by CO, [179].
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3. Application of Functionalized ACs

AC is a material of major industrial importance
due to its well-developed pore structure and excellent
adsorption properties. ACs have been extensively
studied and produced on a commercial scale. Conven-
tional ACs have poor adsorption capacities [116,180],
and therefore various product modifications such as
sulfurization, phosphoric acid activation, and surfac-
tant impregnation were attempted to increase uptake
capacities [116,181,182]. For example, coal, biomass,
and synthetic polymers can be precursors of ACs
either through carbonization followed by activation, or
through a direct activation. During these processes,
porosity and surface area are created, as well as sur-
face chemical functions over the carbon matrix. Table 4
shows the precursor materials used with the modifica-
tion and functionalization material along with the
impact of the surface modifications.

4. Major challenges and future development

“AC, an ideal adsorbent for water and wastewater
treatment.” To what extent is this statement true? No
one can deny the merits of AC as an adsorbent, as it
is the most reliable technology for the treatment of
dissolved organic and inorganic contaminants in
wastewater. However, despite the numerous merits
there are several demerits. One issue association with
the use of AC beds for adsorption is the generation of
hydrogen sulfide due to bacterial growth resulting in
odor and corrosion problems. This is a particular
problem on GAC beds. The wet form of GAC is
highly corrosive and abrasive. Pretreatment of sus-
pended solids is essential. Costs associated with
regeneration of ACs may be prohibitive, and if not
regenerated the use of ACs may present a land
disposal problem.

The worldwide demand for ACs was 650,000 met-
ric tons in 2007 and it is projected to increase annually
at 5% through 2015 [195]. In 2008, 220,000 metric tons
of AC was consumed in the USA [196]. The two most
common materials used for producing AC are bitumi-
nous coal and coconut shell. Due to the rapidly
increasing price of coal and the limited availability of
coconut shell, the search for alternative resources for
manufacturing affordable AC is a major challenge.

Waste derived from cork processing plants could
be an economically appealing precursor for AC. Portu-
gal currently produces about 185,000 tons of cork
annually, which is more than 50% of the world pro-
duction [197]. The most important byproduct of cork
processing is cork powder, comprising on an average
25-30% of the cork processed [198]. Calculations based

on the forest production, industrial yields, and quanti-
ties of different cork products indicate that in Portugal
32,000-37,000 tons of cork powder is produced annu-
ally [199]. This residue is usually used as fuel at cork
processing plants, ending up as a low-value heat
source with little practical use.

Use of residual plastic materials, particularly PET
bottles, as a precursor for AC may potentially be a
good alternative. Worldwide annual consumption of
plastic materials has increased sharply from around 5
million tons in the 1950s to nearly 100 million tones
today. PET consumption has recorded the fastest
growth rate in the global plastic market due to the
ongoing expansion of the PET bottle market [200]. The
current PET consumption rate constitutes a relevant
environmentally unsustainable problem, due to the
huge amount of solid waste produced and due to its
low bio- and photodegradability.

5. Conclusions

The versatility of ACs for water decontamination
applications is well established. AC surface chemistry
and its applications, specifically targeting water
decontamination, has been a topic for research since
the 1950s. High production cost is the biggest hurdle
for its large-scale use in water decontamination.
Research targeting agricultural, industrial, and
domestic waste as precursor for ACs is ongoing in
order to overcome this hurdle. High production cost
is a major drawback for the production of ACs.
Research is ongoing to develop efficient and inexpen-
sive techniques to prepare ACs. Microwave energy
could be a better alternative in comparison to conven-
tional heating techniques, as the heating rate is very
high and selective with greater control of the heating
process. There is no direct contact between the heat-
ing source and heated materials, reduction in the
equipment size and waste produced, and a highly
mesoporous form of AC has been prepared within a
time frame as short as 600s.

Various physicochemical processes have been
investigated for the preparation of functionally modi-
fied ACs to enhance the adsorption potential and also
to make the AC adsorbate selective. Electrochemical
methods for surface modification of ACs have been
shown to have greater potential over other methods.
In the electrochemical method, oxidation and reduc-
tion processes are more selective and easily controlled
by electrode potential, the reaction conditions can be
precisely reproduced, and one of the reagents is the
electron supplied by direct current source and does
not need any transport or handling.



M.A. Khan et al. | Desalination and Water Treatment 54 (2015) 422449 443

Acknowledgments

Dr Moonis Ali Khan is thankful to the Brain
Korea-21 (BK-21) Program of the Ministry of
Education and Korean Ministry of Education,
Science & Technology (MEST) in 2009 [K20815000002]
for financial support.

References

[1] M.A. Khan, R.A.K. Rao, M. Ajmal, Heavy metal pol-
lution and its control through non-conventional
adsorbents (1998-2007). A review, J. Inter. Environ.
Appl. Sci. 3(2) (2008) 101-141.

[2] KH. Chong, B. Volesky, Description of two-metal
biosorption equilibria by Langmuir-type models,
Biotechnol. Bioeng. 47 (1995) 451-460.

[3] A.C. Lua, J. Guo, Preparation and characterization
of chars from oil palm waste, Carbon 36 (1998)
1663-1670.

[4] M. Sujatha, A. Geetha, P. Sivakumar, P.N. Palanisam-
y, Orthophosphoric acid activated babul seed carbon
as an adsorbent for the removal of methylene blue, E.
J. Chem. 5(4) (2008) 742-753.

[5] V. Gupta, J. Agarwal, M. Purohit, Veena, Adsorption
studies of Cu(Il) from aqueous medium by tamarind
kernel powder, Res. J. Chem. Environ. 11(1) (2007)
40-43.

[6] A.B. Pérez-Marin, V. Zapata, J.F. Ortufio, M. Aguilar,
J.5.M. Saez, Removal of cadmium from aqueous solu-
tions by adsorption onto orange waste, J. Hazard.
Mater. 139 (2007) 122-131.

[7]1 D. Adinata, W.M.AW. Wandaud, M.K. Aroua,
Preparation and characterization of activated carbon
from palm shell by chemical activation with K,COs,
Bioresour. Technol. 98 (2007) 145-149.

[8] U. Kumar, M. Bandyopadhyay, Sorption of cadmium
from aqueous solution using pretreated rice husk,
Bioresour. Technol. 97 (2006) 104-109.

[9] V.C. Taty-Costodes, H. Fauduet, C. Porte, A.
Delacroix, Removal of Cd(I) and Pb(I) ions, from
aqueous solutions, by adsorption onto sawdust of
Pinus sylvestris, ]. Hazard. Mater. 105 (2003) 121-142.

[10] T. Vaughan, C.E. Seo, W.E. Marshall, Removal of
selected metal ions from aqueous solution using
modified corncobs, Bioresour. Technol. 78 (2001)
133-139.

[11] S. Vikrant, T.S. Singh, K.K. Pant, Thermodynamic
and breakthrough column studies for the selective
sorption of chromium from industrial effluent on
activated eucalyptus bark, Bioresour. Technol. 97
(2006) 1986-1993.

[12] M. Ozacar, 1.A. Sengil, A kinetic study of metal
complex dye sorption onto pine sawdust, Process
Biochem. 40 (2005) 565-572.

[13] F.C. Wu, R.L. Tseng, C.C. Hu, Comparisons of pore
properties and adsorption performance of KOH-acti-
vated and steam-activated carbons, Microporous
Mesoporous Mater. 80 (2005) 95-106.

[14] J. Matos, C. Nahas, L. Rojas, M. Rosales, Synthesis
and characterization of activated carbon from saw-
dust of Algarroba wood. 1. Physical activation and
pyrolysis, J. Hazard. Mater. 196 (2011) 360-369.

[15] C. Lastoskie, K.E. Gubbins, N. Quirke, Pore size dis-
tribution analysis of microporous carbons: A density
functional theory approach, J. Phys. Chem. 97 (1993)
4786-4796.

[16] L.R. Radovic, LF. Silva, J.I. Ume, J.A. Menéndez,
C.ALLY. Leon, A\W. Scaroni, An experimental and
theoretical study of the adsorption of aromatics pos-
sessing electron-withdrawing and electron-donating
functional groups by chemically modified activated
carbons, Carbon 35(9) (1997) 1339-1348.

[17]1 ].L. Figueiredo, M.F.R. Pereira, M.M.A. Freitas, J.].M.
Orfdo, Modification of the surface chemistry of
activated carbons, Carbon 37 (1999) 1379-1389.

[18] M. Almarri, X.L. Ma, C.S. Song, Selective adsorption
for removal of nitrogen compounds from liquid
hydrocarbon streams over carbon- and alumina-
based adsorbents, Ind. Eng. Chem. Res. 48 (2009)
951-960.

[19] Y.F. Jia, B. Xiao, KM. Thomas, Adsorption of metal
ions on nitrogen surface functional groups in
activated carbons, Langmuir 18 (2002) 470-478.

[20] Y.F. Jia, KM. Thomas, Adsorption of cadmium ions
on oxygen surface sites in activated carbon,
Langmuir 16 (2000) 1114-1122.

[21] F. Rodriguez-Reinoso, M. Molina-Sabio, M.T. Gonza-
lez, Effect of oxygen surface groups on the immer-
sion enthalpy of activated carbons in liquids of
different polarity, Langmuir 13 (1997) 2354-2358.

[22] C.ALY. Leon, LR. Radovic, Interfacial chemistry
and electrochemistry of carbon surfaces, Chem. Phys.
Carbon 24 (1995) 213-310. Marcel Dekker, New York.

[23] M.A. Montes-Moran, D. Suarez, J.A. Menéndez, E.
Fuente, On the nature of basic sites on carbon sur-
faces: An overview, Carbon 42 (2004) 1219-1225.

[24] H. Marsh, F.R. Reinoso, Activated Carbon, Elsevier
Science and Technology Books, Oxford, UK, 2006.

[25] S. Babel, T.A. Kurniawan, Low-cost adsorbents for
heavy metals uptake from contaminated water: A
review, J. Hazard. Mater. 97 (2003) 219-243.

[26] Q.U. Jiuhui, Research progress of novel adsorption
processes in water purification. A review, J. Environ.
Sci. 20 (2008) 1-13.

[27] H.A. Arafat, M. Franz, N.G. Pinto, Effect of salt on
the mechanism of adsorption of aromatics on
activated carbon, Langmuir 15 (1999) 5997-6003.

[28] H.P. Boehm, Advances in Catalysis. vol. 16,
Academic Press, New York, NY, 1966, p. 179.

[29] J.W. Hassler, Chemistry and physics of active carbon
surface, in: Active Carbon, Chemical Publishing Co.
Inc., New York, NY, 1951, p. 127.

[30] A. Derylo-Marczewska, A.W. Marczewski, Nonhomo-
geneity effects in adsorption from gas and liquid
phases on activated carbons, Langmuir 15 (1999)
3981-3986.

[31] A. Rinaldi, N. Abdullah, M. Ali, A. Furche, S.B.A.
Hamid, D.S. Su, R. Schlégl, Controlling the yield and
structure of carbon nanofibers grown on a nickel/acti-
vated carbon catalyst, Carbon 47 (2009) 3023-3033.

[32] H. Sontheimer, J.C. Crittenden, R.C. Summers,
Activated Carbon for Water Treatment, AWWAREF,
Denver, 1988.

[33] C. Pelekani, V.L. Snoeyink, Competitive adsorption
in natural water: Role of activated carbon pore size,
Water Res. 33(5) (1999) 1209-1219.



444 M.A. Khan et al. | Desalination and Water Treatment 54 (2015) 422449

[34] I. Efremenko, M. Sheintuch, Predicting solute
adsorption on activated carbon: Phenol, Langmuir 22
(2006) 3614-3621.

[35] P.N. Cheremisinoff, C.M. Angelo, Carbon Adsorption
Applications. Carbon Adsorption Handbook, Ann
Arbor Science Publishers, Ann Arbor, MI, 1980, p. 1.

[36] P. Pfeifer, F. Ehrburger-Dolle, T.P. Rieker, M.T. Gon-
zalez, W.P. Hoffman, M. Molina-Sabio, F. Rodriguez-
Reinoso, P.W. Schmidt, D.]J. Voss, Nearly space-filling
fractal networks of carbon nanopores, Phys. Rev.
Lett. 88 (2002) 115502-115505.

[37] H.P. Boehm, Surface oxides on carbon and their anal-
ysis: A critical assessment, Carbon 40 (2002) 145-149.

[38] N.H. Phan, S. Rio, C. Faur, L. Le Coq, P. Le Cloirec,
T.H. Nguyen, Production of fibrous activated carbons
from natural cellulose (jute, coconut) fibers for water
treatment applications, Carbon 44 (2006) 2569-2577.

[39] C. Brasquet, B. Rousseau, Observation of activated
carbon fibres with SEM and AFM correlation with
adsorption data in aqueous solution, Carbon 38
(2000) 407-422.

[40] L. Liu, Z. Liu, J. Yang, Z. Huang, Z. Liu, Effect of
preparation conditions on the properties of a
coal-derived activated carbon honeycomb monolith,
Carbon 45 (2007) 2836-2842.

[41] M. Sanchez-Polo, J. Rivera-Utrilla, Adsorbent—adsor-
bate interactions in the adsorption of Cd(Il) and Hg
(II) on ozonized activated carbons, Environ. Sci.
Technol. 36 (2002) 3850-3854.

[42] J. Rivera-Utrilla, M. Sanchez-Polo, Adsorption of Cr
(ITT) on ozonised activated carbon. Importance of Cn—
cation interactions, Water Res. 37 (2003) 3335-3340.

[43] M. Machida, T. Mochimaru, H. Tatsumoto, Lead(II)
adsorption onto the graphene layer of carbonaceous
materials in aqueous solution, Carbon 44 (2006)
2681-2688.

[44] Y. Kikuchi, Q. Qian, M. Machida, H. Tatsumoto,
Effect of ZnO loading to activated carbon on Pb(II)
adsorption from aqueous solution, Carbon 44 (2006)
195-202.

[45] M.C. Almazan-Almazan, M. Pérez-Mendoza, M. Do-
mingo-Garcia, I. Ferndndez-Morales, F. del Rey-Bue-
no, A. Garcia-Rodriguez, F.J. Lopez-Garzén, The role
of the porosity and oxygen groups on the adsorption
of n-alkanes, benzene, trichloroethylene and
1,2-dichloroethane on active carbons at zero surface
coverage, Carbon 45 (2007) 1777-1785.

[46] M.A. Lillo-Rédenas, D. Cazorla-Amords, A. Linares-
Solano, Behaviour of activated carbons with different
pore size distributions and surface oxygen groups for
benzene and toluene adsorption at low concentra-
tions, Carbon 43 (2005) 1758-1767.

[47] N. Megonnell, The great activated carbon dilemma,
Water Qual. Prod. 7 (2002) 28.

[48] F. Rozada, L.F. Calvo, A.l. Garcia, J. Martin-Villa-
corta, M. Otero, Dye adsorption by sewage sludge-
based activated carbons in batch and fixed-bed
systems, Bioresour. Technol. 87(3) (2003) 221-230.

[49] A. Albornoz, M. Labady, M. Lopez, ]. Laine, Evi-
dence for the formation of slit mesopores in activated
carbon, J. Mater. Sci. Lett. 18 (1999) 1999-2000.

[50] M. Lopez, M. Labady, ]. Laine, Preparation of
activated carbon from wood monolith, Carbon 34
(1996) 825-827.

[51] P.N. Palanisamy, P. Sivakumar, Kinetic and isotherm
studies of the adsorption of Acid Blue 92 using a
low-cost non-conventional activated carbon,
Desalination 249(1) (2009) 388-397.

[52] S.E. Ghazy, SM. El-Morsy, Sorption of lead from
aqueous solution by modified activated carbon pre-
pared from olive stones, African J. Biotechnol. 8(17)
(2009) 4140-4148.

[53] C.A. Toles, W.E. Marshall, M.M. Johns, Surface
functional groups on acid-activated nutshell carbons,
Carbon 37 (1999) 1207-1214.

[54] F.C. Wu, R.L. Tseng, R.S. Juang, Adsorption of dyes
and phenols from water on the activated carbons
prepared from corncob wastes, Environ. Technol. 22
(2001) 205-213.

[55] A. Méndez, F. Fernandez, G. Gascdé, Removal of
malachite green using carbon-based adsorbents,
Desalination 206 (2007) 147-153.

[56] LAW. Tan, A.L. Ahmad, B.H. Hameed, Fixed-bed
adsorption performance of oil palm shell-based
activated carbon for removal of 2,4,6-trichlorophenol,
Bioresour. Technol. 100 (2009) 1494-1496.

[57] A.T. Mohd Din, B.H. Hameed, A.L. Ahmad, Batch
adsorption of phenol onto physiochemical-activated
coconut shell, J. Hazard. Mater. 161 (2009) 1522-1529.

[58] A.A. Ahmad, B.H. Hameed, Reduction of COD and
color of dyeing effluent from a cotton textile mill by
adsorption onto bamboo-based activated carbon, J.
Hazard. Mater. 172 (2009) 1538-1543.

[59] B.H. HameedSalman, J.M. Salman, Effect of prepara-
tion conditions of oil palm fronds activated carbon
on adsorption of bentazon from aqueous solutions, J.
Hazard. Mater. 175 (2010) 133-137.

[60] A.A. Ahmad, B.H. Hameed, Fixed-bed adsorption of
reactive azo dye onto granular activated carbon
prepared from waste, J. Hazard. Mater. 175 (2010)
298-303.

[61] B.H. Hameed, L.H. Chin, S. Rengaraj, Adsorption of
4-chlorophenol onto activated carbon prepared from
rattan sawdust, Desalination 225 (2008) 185-198.

[62] B.H. Hameed, A.L. Ahmad, K.N.A. Latiff, Adsorption
of basic dye (methylene blue) onto activated carbon
prepared from rattan sawdust, Dyes Pigm. 75 (2007)
143-149.

[63] B.H. Hameed, F.B.M. Daud, Adsorption studies of
basic dye on activated carbon derived from agricul-
tural waste: Hevea brasiliensis seed coat, Chem. Eng. J.
139 (2008) 48-55.

[64] LA.W. Tan, A.L. Ahmad, B.H. Hameed, Adsorption
of basic dye on high-surface-area activated carbon
prepared from coconut husk: Equilibrium, kinetic
and thermodynamic studies, J. Hazard. Mater. 154
(2008) 337-346.

[65] LA.W. Tan, A.L. Ahmad, B.H. Hameed, Preparation
of activated carbon from coconut husk: Optimization
study on removal of 24,6-trichlorophenol using
response surface methodology, J. Hazard. Mater. 153
(2008) 709-717.

[66] B.H. Hameed, A.A. Rahman, Removal of phenol from
aqueous solutions by adsorption onto activated car-
bon prepared from biomass material, J. Hazard.
Mater. 160 (2008) 576-581.

[67] B.H. Hameed, LA.W. Tan, A.L. Ahmad, Preparation
of oil palm empty fruit bunch-based activated carbon



M.A. Khan et al. | Desalination and Water Treatment 54 (2015) 422449 445

for removal of 24,6-trichlorophenol. Optimization
using response surface methodology, J. Hazard.
Mater. 164 (2008) 1316-1324.

[68] B.H. Hameed, ].M. Salman, A.L. Ahmad, Adsorption
isotherm and kinetic modeling of 2,4-D pesticide on
activated carbon derived from date stones, J. Hazard.
Mater. 163 (2009) 121-126.

[69] B.H. Hameed, A.T.M. Din, A.L. Ahmad, Adsorption
of methylene blue onto bamboo-based activated
carbon: Kinetics and equilibrium studies, J. Hazard.
Mater. 141 (2007) 819-825.

[70] LA.W. Tan, B.H. Hameed, A.L. Ahmad, Equilibrium
and kinetic studies on basic dye adsorption by oil
palm fibre activated carbon, Chem. Eng. ]. 127 (2007)
111-119.

[71] T. Cordero, J. Rodriguez-Mirasol, N. Tancredi, J. Pi-
riz, G. Vivo, ].J. Rodriguez, Influence of surface
composition and pore structure on Cr(IIl) adsorption
onto activated carbons, Ind. Eng. Chem. Res. 41
(2002) 6042-6048.

[72] J. de Celis, N.E. Amadeo, A.L. Cukierman, In situ
modification of activated carbons developed from a
native invasive wood on removal of trace toxic
metals from wastewater, J. Hazard. Mater. 161 (2009)
217-223.

[73] D. Mugisidi, A. Ranaldo, J.W. Soedarsono, M. Hikam,
Modification of activated carbon using sodium
acetate and its regeneration using sodium hydroxide
for the adsorption of copper from aqueous solution,
Carbon 45 (2007) 1081-1084.

[74] L. Chéavez-Guerrero, R. Rangel-Méndez, E. Muioz-
Sandoval, D.A. Cullen, D.J. Smith, H. Terrones, M.
Terrones, Production and detailed characterization of
bean husk-based carbon: Efficient cadmium (II)
removal from aqueous solutions, Water Res. 42(13)
(2008) 3473-3479.

[75] D. Kalderis, D. Koutoulakis, P. Paraskeva, E. Diamad-
opoulos, E. Otal, J.O.D. Valle, C. Fernandez-Pereira,
Adsorption of polluting substances on activated car-
bons prepared from rice husk and sugarcane bagasse,
Chem. Eng. ]. 144(1) (2008) 42-50.

[76] K.Y. Foo, B.H. Hameed, Utilization of biodiesel waste
as a renewable resource for activated carbon:
Application to environmental problems, Renewable
Sustainable Energy Rev. 13 (2009) 2495-2504.

[77] S. Rio, L.L. Coq, C. Faur, P.L. Cloirec, Production of
porous carbonaceous adsorbent from physical activa-
tion of sewage sludge: Application to wastewater
treatment, Water Sci. Technol. 53(3) (2006) 237-244.

[78] ELK. Mui, D.CK. Ko, G. McKay, Production of
active carbons from waste tyres—A review, Carbon
42 (2004) 2789-2805.

[791 Z. Yue, ]. Economy, G. Bordson, Preparation
and characterization of NaOH-activated carbons from
phenolic resin, J. Mater. Chem. 16(15) (2006)
1456-1461.

[80] R. Helleur, N. Popovic, M. Ikura, M. Stanciulescu, D.
Liu, Characterization and potential applications of
pyrolytic char from ablative pyrolysis of used tires, J.
Anal. Appl. Pyrolysis 58-59 (2001) 813-824.

[81] M. Streat, J.W. Patrick, M.J. Camporro, Perez.
Sorption of phenol and para-chlorophenol from water
using conventional and novel activated carbons,
Water Res. 29(2) (1995) 467-472.

[82] J.L. Allen, J.L. Gatz, P.C. Eklund, Applications for
activated carbons from used tires: Butane working
capacity, Carbon 37 (1999) 1485-1489.

[83] T.A. Brady, M. Rostam-Abadi, M.J. Rood, Applica-
tions for activated carbons from waste tires: Natural
gas storage and air pollution control, Gas Sep. Purif.
10(2) (1996) 97-102.

[84] K.A. Krishnan, T.S. Anirudhan, Removal of cadmium
(I) from aqueous solutions by steam activated sul-
phurised carbon prepared from sugar-cane bagasse
pith. Kinetics and equilibrium studies, Water SA 29
(2) (2003) 147-156.

[85] O. Changli, L. Xinliang, H. Fang, N. Shuangxi,
L. Junchao, S. Hainong, Adsorption of Cu(ll) from
aqueous single metal solutions by bagasse pith chem-
ically modified with EDTA dianhydride (EDTAD),
Adv. Mater. Res. 535-537 (2012) 1601-1604.

[86] W.S. Peternele, A.A. Winkler-Hechenleitner, E.A.
Gémez Pineda, Adsorption of Cd(II) and Pb(II) onto
functionalized formic lignin from sugar cane bagasse,
Bioresour. Technol. 68 (1999) 95-100.

[87] A. Silvestre-Albero, ].M. Ramos-Fernandez, M. Marti-
nez-Escandell, A. Sepulveda-Escribano, J. Silvestre-
Albero, F. Rodriguez-Reinoso, High saturation capac-
ity of activated carbons prepared from mesophase
pitch in the removal of volatile organic compounds,
Carbon 48 (2010) 548-556.

[88] JJ. Li, J. Cui, N.Q. Zhao, C.S. Shi, XW. Du, The
properties of granular activated carbons prepared
from fly ash using different methods, Carbon 44
(2006) 1346-1348.

[89] FS. Zhang, J.O. Nriagu, H. Itoh, Mercury removal
from water using activated carbons derived from
organic sewage sludge, Water Res. 39(2-3) (2005)
389-395.

[90] S. Rio, C. Faur-Brasquet, L. Le Coq, P. Le Cloirec,
Structure characterization and adsorption properties
of pyrolyzed sewage sludge, Environ. Sci. Technol.
39 (2005) 4249-4257.

[91] X. Wang, N. Zhu, J. Xu, B. Yin, Preparation of
activated carbons from wet activated sludge by direct
chemical activation, Water Sci. Technol. 59(12) (2009)
2387-2394.

[92] A.S. Mestre, J. Pires, ] M.F. Nogueira, J.B. Parra, A.P.
Carvalho, C.O. Ania, Waste-derived activated carbons
for removal of ibuprofen from solution: Role of
surface chemistry and pore structure, Bioresour.
Technol. 100 (2009) 1720-1726.

[93] M.T. Kartel, N.V. Sych, M.M. Tsyba, V.V. Strelko,
Preparation of porous carbons by chemical
activation of polyethyleneterephthalate, Carbon 44
(2006) 1019-1022.

[94] FK. Yuen, B.H. Hameed, Recent developments in the
preparation and regeneration of activated carbons by
microwaves, Adv. Colloid Interface Sci. 149 (2009)
19-27.

[95] H.I. Lee, ].H. Kim, S.H. Joo, H. Chang, D. Seung, O.S.
Joo, D.J. Suh, W.S. Ahn, C. Pak, J.M. Kim, Ultrafast
production of ordered mesoporous carbons via
microwave irradiation, Carbon 45(14) (2007)
2851-2854.

[96] Y. Ji, T. Li, L. Zhu, X. Wang, Q. Lin, Preparation of
activated carbons by microwave heating KOH
activation, Appl. Surf. Sci. 254(2) (2007) 506-512.



446 M.A. Khan et al. | Desalination and Water Treatment 54 (2015) 422449

[97]1 J. Guo, A.C. Lua, Preparation of activated carbons
from oil-palm-stone chars by microwave-induced car-
bon dioxide activation, Carbon 38 (2000) 1985-1993.

[98] T. Wang, S. Tan, C. Liang, Preparation and character-
ization of activated carbon from wood via micro-
wave-induced ZnCl, activation, Carbon 47 (2009)
1880-1883.

[99] V.M. Gun’ko, R. Leboda, J. Skubiszewska-Zigba, B.
Charmas, P. Oleszczuk, Carbon adsorbents
from waste ion-exchange resins, Carbon 43 (2005)
1143-1150.

[100] M. Kubota, A. Hata, H. Matsuda, Preparation of acti-
vated carbon from phenolic resin by KOH chemical
activation under microwave heating, Carbon 47
(2009) 2805-2811.

[101] M. Hirata, N. Kawasaki, T. Nakamura, K. Matsumot-
0, M. Kabayama, T. Tamura, Adsorption of dyes onto
carbonaceous materials produced from coffee
grounds by microwave treatment, J. Colloid Interface
Sci. 254 (2002) 17-22.

[102] P.J.M. Carrott, ].M.V. Nabais, M.M.L. Ribeiro Carrott,
J.A. Menéndez, Microwave heating as a novel
method for introducing molecular sieve properties
into activated carbon fibres, Carbon 42 (2004)
227-229.

[103] J.M.V. Valente Nabais, P.J.M. Carrott, M.M.L. Ribeiro
Carrott,J.A. Menéndez, Preparation and modification
of activated carbon fibres by microwave heating,
Carbon 42 (2004) 1315-1320.

[104] E. Yagmur, M. Ozmak, Z. Aktas, A novel method for
production of activated carbon from waste tea by
chemical activation with microwave energy, Fuel 87
(2008) 3278-3285.

[105] P.X. Hou, T. Yamazaki, H. Orikasa, T. Kyotani, An
easy method for the synthesis of ordered micropo-
rous carbons by the template technique, Carbon 43
(2005) 2624-2627.

[106] M. Inagaki, M. Kato, T. Morishita, K. Morita, K. Miz-
uuchi, Direct preparation of mesoporous carbon from
a coal tar pitch, Carbon 45 (2007) 1121-1124.

[107] L.M. Le Leuch, T.J. Bandosz, The role of water and
surface acidity on the reactive adsorption of ammo-
nia on modified activated carbons, Carbon 45 (2007)
568-578.

[108] N. Adhoum, L. Monser, Removal of cyanide from
aqueous solution wusing impregnated activated
carbon, Chem. Eng. Process. 41 (2002) 17-21.

[109] Y.Y. Chun, M.K. Aroua, W.M.A. Wan, Daud, Review
of modifications of activated carbon for enhancing
contaminant uptakes from aqueous solutions, Sep.
Purif. Technol. 52 (2007) 403-415.

[110] M.D.L. Lépez de la Torre, M.M. Melguizo Guijarro,
Covalent bonds on activated carbon, Eur. J. Org.
Chem. 2010(27) (2010) 5147-5154.

[111] S. Zhang, X.Y. Li, ].P. Chen, Preparation and evalua-
tion of a magnetite-doped activated carbon fiber for
enhanced arsenic removal, Carbon 48 (2010) 60-67.

[112] Y. Yang, H. Lu, P. Ying, Z. Jiang, C. Li, Selective
dibenzothiophene adsorption on modified activated
carbons, Carbon 45 (2007) 3042-3044.

[113] B.S. Girgis, A.A. Attia, N.A. Fathy, Modification in
adsorption  characteristics of activated carbon
produced by HzPO, under flowing gases, Colloids
Surf. A 299 (2007) 79-87.

[114] G.G. Stavropoulos, P. Samaras, G.P. Sakellaropoulos,
Effect of activated carbons modification on porosity,
surface structure and phenol adsorption, ]. Hazard.
Mater. 151 (2008) 414—421. )

[115] J. Jaramillo, V. Goémez-Serrano, P.M. Alvarez,
Enhanced adsorption of metal ions onto functional-
ized granular activated carbons prepared from cherry
stones, J. Hazard. Mater. 161 (2009) 670-676.

[116] C.K. Ahn, D. Park, S.H. Woo, J.M. Park, Removal of
cationic heavy metal from aqueous solution by
activated carbon impregnated with anionic surfac-
tants, J. Hazard. Mater. 164 (2009) 1130-1136.

[117] G. Liu, J. Ma, X. Li, Q. Qin, Adsorption of bisphenol
A from aqueous solution onto activated carbons with
different modification treatments, J. Hazard. Mater.
164 (2009) 1275-1280.

[118] A.F. Tajar, T. Kaghazchi, M. Soleimani, Adsorption
of cadmium from aqueous solutions on sulfurized
activated carbon prepared from nut shells, J. Hazard.
Mater. 165 (2009) 1159-1164.

[119] R. Pietrzak, T.]J. Bandosz, Activated carbons modified
with sewage sludge derived phase and their applica-
tion in the process of NO, removal, Carbon 45 (2007)
2537-2546.

[120] A.S. Mestre, J. Pires, ] M.F. Nogueira, A.P. Carvalho,
Activated carbons for the adsorption of ibuprofen,
Carbon 45 (2007) 1979-1988.

[121] S. Zhu, N. Yang, D. Zhang, Poly(N,N-dimethylami-
noethyl methacrylate) modification of activated
carbon for copper ions removal, Mater. Chem. Phys.
113 (2009) 784-789.

[122] C. Moreno-Castilla, F. Carrasco-Marin, F.J. Maldona-
do-Hodar, J. Rivera-Utrilla, Effects of non-oxidant
and oxidant acid treatments on the surface properties
of an activated carbon with very low ash content,
Carbon 36 (1997) 145-151.

[123] V.V. Strelko, V.S. Kuts, P.A. Thrower, On the
mechanism of possible influence of heteroatoms of
nitrogen, boron and phosphorus in a carbon matrix
on the catalytic activity of carbons in electron trans-
fer reactions, Carbon 38 (2000) 1499-1503.

[124] S. Bashkova, A. Bagreev, T.J. Bandosz, Adsorption/
oxidation of CH; SH on activated carbons containing
nitrogen, Langmuir 19 (2003) 6115-6121.

[125] M. Seredych, D. Hulicova-Jurcakova, G.Q. Lu, TJ.
Bandosz, Surface functional groups of carbons and
the effects of their chemical character, density and
accessibility to ions on electrochemical performance,
Carbon 46 (2008) 1475-1488.

[126] B. Stohr, H.P. Boehm, R. Schlogl, Enhancement of the
catalytic activity of activated carbons in oxidation
reactions by thermal treatment with ammonia or
hydrogen cyanide and observation of a superoxide
species as a possible intermediate, Carbon 29 (1991)
707-720.

[127] W. Shen, Zh Li, Y. Liu, Surface chemical functional
groups modification of porous carbon, Rec. Pat.
Chem. Eng. 1 (2008) 27-40.

[128] C.L. Mangun, K.R. Benak, J. Economy, K.L. Foster,
Surface chemistry, pore sizes and adsorption proper-
ties of activated carbon fibers and precursors treated
with ammonia, Carbon 39 (2001) 1809-1820.

[129] J.R. Pels, F. Kapteijn, J.A. Moulijn, Q. Zhu, KM.
Thomas, Evolution of nitrogen functionalities in



M.A. Khan et al. | Desalination and Water Treatment 54 (2015) 422449 447

carbonaceous materials during pyrolysis, Carbon 33
(1995) 1641-1653.

[130] W. Chen, F.S. Cannon, ]J.R. Rangel-Mendez, Ammo-
nia-tailoring of GAC to enhance perchlorate removal.
I: Characterization of NHj; thermally tailored GACs,
Carbon 43 (2005) 573-580.

[131] X. Dai, L. Zou, Z. Yan, M. Millikan, Adsorption char-
acteristics of N-nitrosodimethylamine from aqueous
solution on surface-modified activated carbons, J.
Hazard. Mater. 168 (2009) 51-56.

[132] LAW. Tan, A.L. Ahmad, B.H. Hameed, Enhance-
ment of basic dye adsorption uptake from aque-
ous solutions using chemically modified oil palm
shell activated carbon, Colloids Surf. A 318 (2008)
88-96.

[133] R.C. Bansal, J.B. Donnet, F. Stoeckli, Active Carbon,
Marcel Dekker, New York, NY, 1998.

[134] A. Georgi, F.D. Kopinke, Interaction of adsorption
and catalytic reactions in water decontamination pro-
cesses, Appl. Catal. B 58 (2005) 9-18.

[135] H.H. Huang, M.C. Lu, ].N. Chen, C.T. Lee, Catalytic
decomposition of hydrogen peroxide and 4-chloro-
phenol in the presence of modified activated carbons,
Chemosphere 51 (2003) 935-943.

[136] C. Lu, S. Xu, M. Wang, L. Wei, S. Liu, C. Liu, Effect
of pre-oxidation on the development of porosity in
activated carbons from petroleum coke, Carbon 45
(2007) 206-209.

[137] S. Ugar, M. Erdem, T. Tay, S. Karagoz, Preparation
and characterization of activated carbon produced
from pomegranate seeds by ZnCl, activation, Appl.
Surf. Sci. 255 (2009) 8890-8896.

[138] F. Caturla, M. Molina-Sabio, F. Rodriguez-Reinoso,
Preparation of activated carbon by chemical
activation with ZnCl,, Carbon 29 (1991) 999-1007.

[139] ].M. Encinar, F.J. Beltran, A. Ramiro, J.F. Gonzalez,
Pyrolysis/gasification of agricultural residues by car-
bon dioxide in the presence of different additives:
Influence of variables, Fuel Process. Technol. 55
(1998) 219-233.

[140] A. Ahmadpour, D.D. Do, The preparation of
activated carbon from macadamia nutshell by chemi-
cal activation, Carbon 35 (1997) 1723-1732.

[141] J. Hayashi, A. Kazehaya, K. Muroyama, A.P. Watkin-
son, Preparation of activated carbon from lignin by
chemical activation, Carbon 38 (2000) 1873-1878.

[142] W.W.  Lukens, Modified Activated Carbon
Perchlorate Sorbents, Chemical Sciences, Division,
Lawrence Berkeley National Laboratory, Berkeley,
CA, 2007, p. 94720.

[143] J.P. Chen, S. Wu, K. Chong, Surface modification of a

granular activated carbon by citric acid for
enhancement of copper adsorption, Carbon 41 (2003)
1979-1986.

[144] W. Yantasee, Y. Lin, G.E. Fryxell, K.L. Alford, B.J.
Busche, C.D. Johnson, Selective removal of copper(I)
from aqueous solutions using fine-grained activated
carbon functionalized with amine, Ind. Eng. Chem.
Res. 43 (2004) 2759-2764.

[145] R.D. Vidic, D.P. Siler, Vapor-phase elemental mer-
cury adsorption by activated carbon impregnated
with chloride and chelating agents, Carbon 39 (2001)
3-14.

[146] A.A. Presto, E.J. Granite, Impact of sulfur oxides on
mercury capture by activated carbon, Environ. Sci.
Technol. 41 (2007) 6579-6584.

[147] A. Macias-Garcia, C. Valenzuela-Calahorro, A. Espin-
osa-Mansilla, A. Bernalte-Garcia, V. Gémez-Serrano,
Adsorption of Pb** in aqueous solution by SO,-trea-
ted activated carbon, Carbon 42 (2004) 1755-1764.

[148] J. Zhu, B. Deng, J. Yang, D. Gang, Modifying
activated carbon with hybrid ligands for enhancing
aqueous mercury removal, Carbon 47 (2009)
2014-2025.

[149] A. Macias-Garcia, V. Gomez-Serrano, M.F. Alexan-
dre-Franco, C. Valenzuela-Calahorro, Adsorption of
cadmium by sulphur dioxide treated activated
carbon, J. Hazard. Mater. 103 (2003) 141-152.

[150] C. Calahorro, A. Garcia, A. Garcia, V. Serrano, Study
of sulfur introduction in activated carbon, Carbon 28
(1990) 321-335.

[151] V. Gomez-Serrano, A. Macias-Garcia, A. Espinosa-
Mansilla, C. Valenzuela-Calahorro, Adsorption of
mercury, cadmium and lead from aqueous solution
on heat-treated and sulphurized activated carbon,
Water Res. 32 (1998) 1-4.

[152] A. Pefias-Sanjudn, R. Lopez-Garzon, J. Lopez-Garzoén,
M. Pérez-Mendoza, M. Melguizo, Preparation of a
poly-alkylamine surface-functionalized carbon with
excellent performance as a Pd(II) scavenger, Carbon
50 (2012) 2350-2352.

[153] K. Kinoshita, Carbon. Electrochemical and Physico-
chemical Properties, Wiley, New York, NY, 1988.

[154] M. Ishifune, R. Suzuki, Y. Mima, K. Uchida,
N. Yamashita, S. Kashimura, Novel electrochemical
surface modification method of carbon fiber and its
utilization to the preparation of functional electrode,
Electrochim. Acta 51 (2005) 14-22.

[155] Y.Y. Shao, G.P. Yin, J. Zhang, Y.Z. Gao, Comparative
investigation of the resistance to electrochemical oxi-
dation of carbon black and carbon nanotubes in
aqueous sulfuric acid solution, Electrochim. Acta 51
(2006) 5853-5857.

[156] S.S. Barton, M.].B. Evans, E. Halliop, J.A.F. MacDon-
ald, Anodic oxidation of porous carbon, Langmuir 13
(1997) 1332-1336.

[157] M.P. Mehta, J.R.V. Flora, Effects of electrochemical
treatment of granular activated carbon on surface
acid groups and the adsorptive capacity for phenol,
Water Res. 31 (1997) 2171-2176.

[158] D. Pletcher, F.C. Walsh, Industrial Electrochemistry,
Chapman and Hall, London, 1990.

[159] R. Berenguer, J.P. Marco-Lozar, C. Quijada, D.
Cazorla-Amor6s, E. Morallén, Effect of electrochemi-
cal treatments on the surface chemistry of activated
carbon, Carbon 47 (2009) 1018-1027.

[160] Y. El-Sayed, T. Bandosz, A study of acetaldehyde
adsorption on activated carbons, J. Colloid Interface
Sci. 242(1) (2001) 44-51.

[161] J.C. Palmer, J.K. Brennan, M.M. Hurley, A. Balboa,
K.E. Gubbins, Detailed structural models for
activated carbons from molecular simulation, Carbon
47 (2009) 2904-2913.

[162] V. Strelko, D.J. Malik, M. Streat, Characterisation of
the surface of oxidised carbon adsorbents, Carbon 40
(2002) 95-104.



448 M.A. Khan et al. | Desalination and Water Treatment 54 (2015) 422449

[163] A. Contescu, M. Vass, C. Contescu, K. Putyera, J.
Schwarz, Acid buffering capacity of basic carbons
revealed by their continuous pK distribution, Carbon
36(3) (1998) 247-258.

[164] P. Canizares, M. Carmona, O. Baraza, A. Delgado,
M.A. Rodrigo, Adsorption equilibrium of phenol
onto chemically modified activated carbon F400, J.
Hazard. Mater. 131 (2006) 243-248.

[165] S. Zuo, J. Liu, J. Yang, X. Cai, Effects of the crystallin-
ity of lignocellulosic material on the porosity of
phosphoric acid-activated carbon, Carbon 47 (2009)
3574-3584.

[166] Y. Guo, D.A. Rockstraw, Physical and chemical
properties of carbons synthesized from xylan, cellu-
lose, and Kraft lignin by H3PO, activation, Carbon 44
(8) (2006) 1464-1475.

[167] F. Suarez-Garcia, A. Martinez-Alonso, ].M.D. Tascén,
Activated carbon fibers from Nomex by chemical
activation with phosphoric acid, Carbon 42 (2004)
1419-1426.

[168] D.W. McKee, C.L. Spiro, E.J. Lamby, The inhibition
of graphite oxidation by phosphorus additives,
Carbon 22(3) (1984) 285-290.

[169] Y.J. Lee, L.R. Radovic, Oxidation inhibition effects of
phosphorus and boron in different carbon fabrics,
Carbon 41(10) (2003) 1987-1997.

[170] S.G. Oh, N.M. Rodriguez, In situ electron microscopy
studies of the inhibition of graphite oxidation by
phosphorus, J. Mater. Res. 8(11) (1993) 2879-2888.

[171] X. Wu, L.R. Radovic, Inhibition of catalytic oxidation
of carbon/carbon composites by phosphorus, Carbon
44(1) (2006) 141-151.

[172] R. Imamura, K. Matsui, S. Takeda, J. Ozaki, A. Oya,
A new role for phosphorus in graphitization of
phenolic resin, Carbon 37(2) (1999) 261-267.

[173] T. Durkié, A. Peri¢, M. Lausevi¢, A. Dekanski, O.
Neskovi¢, M. Veljkovi¢, Z. Lausevi¢, Boron and phos-
phorus doped glassy carbon: 1. Surface properties,
Carbon 35 (1997) 1567-1572.

[174] AM. Puziy, O.I. Poddubnaya, R.P. Socha, J. Gurgul,
M. Wisniewski, XPS and NMR studies of phosphoric
acid activated carbons, Carbon 46 (2008) 2113-2123.

[175] T. Garcia, R. Murillo, D. Cazorla-Amords, A.M. Mas-
tral, A. Linares-Solano, Role of the activated carbon
surface chemistry in the adsorption of phenanthrene,
Carbon 42 (2004) 1683-1689.

[176] C. Moreno-Castilla, M.A. Ferro-Garcia, J.P. Joly, L
Bautista-Toledo, F. Carrasco-Marin, J. Rivera-Utrilla,
Activated carbon surface modifications by nitric acid,
hydrogen peroxide, and ammonium peroxydisulfate
treatments, Langmuir 11 (1995) 4386—4392.

[177] S. Haydar, M.A. Ferro-Garcia, J. Rivera-Utrilla, ].P.
Joly, Adsorption of p-nitrophenol on an activated
carbon with different oxidations, Carbon 41 (2003)
387-395.

[178] A. Swiatkowski, M. Pakula, S. Biniak, M. Wal-
czyk, Influence of the surface chemistry of modi-
fied activated carbon on its electrochemical
behaviour in the presence of lead(Il) ions, Carbon
42 (2004) 3057-3069.

[179] J. Guo, Y. Luo, A.C. Lua, R.-a. Chi, Y.-l. Chen, X.-t.
Bao, S.-x. Xiang, Adsorption of hydrogen sulphide
(H,S) by activated carbons derived from oil-palm
shell, Carbon 45 (2007) 330-336.

[180] I. Lima, W.E. Marshall, Adsorption of selected
environmentally important metals by poultry
manure-based granular activated carbons, J. Chem.
Technol. Biotechnol. 80 (2005) 1054-1061.

[181] K.A. Krishnan, T.S. Anirudhan, Uptake of heavy
metals in batch systems by sulfurized steam
activated carbon prepared from sugarcane bagasse
pith, Ind. Eng. Chem. Res. 41 (2002) 5085-5093.

[182] AM. Puziy, O Poddubnaya, V.N. Zaitsev, O.P.
Konoplitska, Modeling of heavy metal ion binding
by phosphoric acid activated carbon, Appl. Surf. Sci.
221 (2004) 421-429.

[183] W. Liu, R.D. Vidic, Impact of flue gas conditions on
mercury uptake by sulfur-impregnated activated
carbon, Environ. Sci. Technol. 34 (2000) 154-159.

[184] M.R. Mostafa, Adsorption of mercury, lead and cad-
mium ions on modified activated carbons, Adsorpt.
Sci. Technol. 15 (1997) 551-557.

[185] B. Xiao, KM. Thomas, Adsorption of aqueous metal
ions on oxygen and nitrogen functionalized nanopor-
ous activated carbons, Langmuir 21 (2005) 3892-3902.

[186] W.T. Tsai, C.Y. Chang, S.L. Lee, A low cost adsorbent
from agricultural waste corn cob by zinc chloride
activation, Bioresour. Technol. 64 (1998) 211-217.

[187] LY. Lee, H.Y. Ng, S.L. Ong, ].Y. Hu, G. Tao, K. Ke-
kre, B. Viswanath, W. Lay, H. Seah, Ozone-biological
activated carbon as a pretreatment process for
reverse osmosis brine treatment and recovery, Water
Res. 43 (2009) 3948-3955.

[188] B.H. Hameed, M.I. El-Khaiary, Equilibrium, kinetics
and mechanism of malachite green adsorption on
activated carbon prepared from bamboo by K,CO;
activation and subsequent gasification with CO,, J.
Hazard. Mater. 157 (2008) 344-351.

[189] B.H. Hameed, I.A.W. Tan, A.L. Ahmad, Optimization
of basic dye removal by oil palm fibre-based acti-
vated carbon using response surface methodology, J.
Hazard. Mater. 158 (2008) 324-332.

[190] C.S. Castro, M.C. Guerreiro, L.C.A. Oliveira, M.
Gongalves, A.S. Anastacio, M. Nazzarro, Iron oxide
dispersed over activated carbon: Support influence
on the oxidation of the model molecule methylene
blue, Appl. Catal. A 367 (2009) 53-58.

[191] Q. Gao, H. Liu, C. Cheng, K. Li, J. Zhang, C. Zhang,
Y. Li, Preparation and characterization of activated
carbon from wool waste and the comparison of muf-
fle furnace and microwave heating methods, Powder
Technol. 249 (2013) 234-240.

[192] D. Angin, Production and characterization of
activated carbon from sour cherry stones by zinc
chloride, Fuel 115 (2014) 804-811.

[193] G. Lin, ]. Jiang, K. Wu, K. Sun, Effects of heat pre-
treatment during impregnation on the preparation of
activated carbon from Chinese Fir wood by
phosphoric acid activation, BioEnergy Res. 6 (2013)
1237-1242.

[194] D. Borah, S. Satokawa, S. Kato, T. Kojima, Sorption
of As(V) from aqueous solution using acid modified
carbon black, J. Hazard. Mater. 162 (2009) 1269-1277.

[195] S. Roskill, The Economics of Activated Carbon,
8th ed., Roskill Information Services, London, UK,
2008.

[196] Freedonia Group, World Activated Carbon to 2012,
The Freedonia Group Inc., Cleveland, OH, 2009.



M.A. Khan et al. | Desalination and Water Treatment 54 (2015) 422449 449

[197] A.F. Sousa, P.C.R.O. Pinto, A.J.D. Silvestre, C.P. capabilities and applications, Int. Mater. Rev. 50
Pascoal Neto, Triterpenic and other lipophilic compo- (2005) 345-365.
nents from industrial cork byproducts, J. Agric. Food.  [199] L. Gil, Cork powder waste: An overview, Biomass
Chem. 54 (2006) 6888-6893. Bioenergy 13 (1997) 59-61.

[198] S.P. Silva, M.A. Sabino, E.M. Fernandes, V.M. [200] Association of Plastic Manufacturers in Europe,
Correlo, L.F. Boesel, R.L. Reis, Cork: Properties, APME. Available from: <http.//www.plasticeurope.

org>.


http://www.plasticeurope.org
http://www.plasticeurope.org

	Abstract
	1. Introduction
	2. Activated carbon (AC)
	2.1. Preparation of ACs
	2.1.1. Agricultural wastes
	2.1.2. Industrial wastes
	2.1.3. Domestic and municipal wastes

	2.2. Functionalization/Modification of ACs
	2.3. Characteristics of ACs

	3. Application of Functionalized ACs
	4. Major challenges and future development
	5. Conclusions
	Acknowledgments
	References
	moonisalikhan@gmail.com<email><affid=
	<affid=



