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Abstract

The central theme of this investigation is to evaluate the feasibility of using bituminous coal as a precursor material for the production of
chars and activated carbons using physical and chemical activation processes. The chemical activation process was accomplished by impregnating
the raw materials with different dehydrating agents in different ratios and concentrations, prior to heat treatment (ZnCl2, KCl, KOH, NaOH
and Fe2(SO4)3·xH2O). Steam activation of the precursor material was adopted for the preparation of activated carbon using physical activation
technology. Different types of bituminous coal; namely, contaminated Columbian (contaminated with pet. coke), pure Columbian, Venezuelan
and New Zealand bituminous coal were used in the production processes. BET surface area, micropore area, pore size distribution and total pore
volume of the chars and activated carbons were determined from N2 adsorption/desorption isotherm, measured at 77 K. Charring conditions,
charring temperature of 800 ◦C and charring time of 4 h, proved to be the optimum conditions for preparing chars. Contaminated Columbian
were found to be the best precursor material for the production of char with reasonable physical characteristics (surface area = 138.1 m2 g−1 and
total pore volume of 8.656 × 10−0.2 cm3 g−1). An improvement in the physical characteristics of the activated carbons was obtained upon the
treatment of coal with dehydrating agents. Contaminated Columbian treated with 10 wt% ZnCl2 displayed the highest surface area and total pore
volume (surface area = 231.5 m2 g−1 and total pore volume = 0.1227 cm3 g−1) with well-developed microporisity (micropore area = 92.3 m2 g−1).
Venezuelan bituminous coal using the steam activation process was successful in producing activated carbon with superior physical characteristics

(surface area = 863.50 m2 g−1, total pore volume = 0.469 cm3 g−1 and micropore surface area = 783.58 m2 g−1).
© 2007 Published by Elsevier B.V.
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. Introduction

The resolution of ecological problems and the increase in
nvironmental pollution of waste matter caused by expansion
f human activity, have recently gained global significance. If
aterials with purifying ability could be prepared from these
astes, they would be highly useful in overcoming both the
ollution and waste problems simultaneously. Porous materials
re generally used for such applications as they show excellent
roperties for the adsorption, separation and/or decomposition

f harmful gases and solutions in the environment. Highly func-
ional porous materials are therefore in great demand for these
urposes [1,2].

∗ Corresponding author. Tel.: +44 7746394012/2890974172;
ax: +44 2890974627.
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In order to be commercially attractive, an adsorbent should
mbody a number of features: (i) the adsorbent should have a
arge internal surface area, which should be accessible through
ores big enough to admit the molecules to be adsorbed; (ii)
he adsorbent should have high affinity and capacity for target
ompounds; (iii) the adsorbent should be capable of being easily
egenerated; (iv) the adsorbent should not age rapidly, that is
ose its adsorptive capacity through continual recycling; (v) the
dsorbent should have tolerance for a wide range of wastewater
arameters; (vi) the adsorbent should be mechanically strong
nough to withstand the bulk handling and vibration that are
eature of any industrial unit [3,4].

Any material having a high surface area and a highly porous
tructure can be considered as an adsorbent. Such a highly

orous material maybe carbonaceous or inorganic in nature, syn-
hetic or naturally occurring. The surface area and the chemical
ature of the adsorbent surface are important factors that affect
he performance of the adsorbent, with the former being the most
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mportant. Adsorbent can be made with internal surface areas
hich range from about 100 m2 g−1 to 3000 m2 g−1. For most

dsorbents, the internal surface area is created from pores of
arious sizes [5].

On account of the above facts, carbon adsorbents have
ttracted special attention due to their well-developed porous
tructure, large surface area and good mechanical properties. In
his respect, activated carbon is the most widely used adsorbent
or environmental applications such as gas separation, solvent
ecovery and water purification [6,7]. However, activated carbon
s produced from natural carbonaceous materials such as coal,
oconut shell, agricultural waste, wood and polymer scrap [8,9].
oal is the most commonly used precursor due to its low cost
nd large supply, and also activated carbon prepared from coal is
uperior to those derived from lignocellulosic materials in terms
f mechanical properties [10,11]. Chemically, coal is a macro-
olecular network composed of groups of polynuclear aromatic

ing structures of high molecular weight, to which are attached
ubordinate rings connected by oxygen, sulphur and aliphatic
ridges [12]. More recently, coal has been advocated for pro-
uction of activated carbon. Sun et al. [13] produced granular
ctivated carbons from Illinois bituminous coal using chemical
nd physical activation processes for natural gas storage. Micro-
orous activated carbons using CO2 and chemical activation
ere obtained by Carrasco-Marı́n et al. [14] using bituminous

oal as a precursor material for the production process. Skodras
t al. [15] developed three sequential stages for the production
f suitable activated carbon from Greek lignite.

. Production of activated carbon

Two basic methods are available for the production of acti-
ated carbon; physical and chemical activation. The challenge
s to produce activated carbon with the desired pore size dis-
ribution and surface chemistry from low cost carbons [16,17].
hysical activation includes carbonization of the precursor in
n inert atmosphere and activation of the resulting char by an
ctivation agent such as CO2, steam or air. The carbonization
pyrolysis) process is usually conducted in the absence of air.
uring the carbonization step, most of the non-carbon elements,
ainly volatiles are removed, leaving a char with high carbon

ontent and slight porosity. In addition, a large number of re-
aired electrons are trapped in the microcrystallite structure of
ctivated carbon due to bond breakage at the edge of the planar
tructure. Foreign atoms such as oxygen and hydrogen interact
ith these electrons to form surface complexes or functional
roups. The type of the starting material and the method of
ctivation determines to large extent, the nature of surface func-
ional groups. The oxygen-containing surface groups are the

ost important due to their probable effect on the adsorption
rocess [18].

The porosity of the char can be increased by the activation
rocess. Activation is a controlled gasification process, using an

xidising agent at elevated temperature. The role of the oxidis-
ng agent is to burn away the tarry pyrolysis off-product trapped
ithin the pores and initialising the porosity development. It also

ncreases the surface area and enlarges the pore volume; (i) by

d
c
t
e

ering Journal 142 (2008) 1–13

urning away carbon atoms from the walls of open pores; (ii) by
erforating closed pores and thereby providing access to pores
ormed initially without an inlet. As the oxidising agent burns
way the more active area of the carbon skeleton, the microp-
rous structure is then developed. The presence of oxygenated
onstituents in source materials aids in forming a porous struc-
ure [19]. The characteristics of the activated carbon produced
y physical activation depend on the activation temperature, the
recursor, the oxidising agent used and the degree of activa-
ion [20]. According to Faust and Aly [18] carbons activated at
ow temperatures, 200–400 ◦C, termed L-carbons, generally will
evelop acidic surface oxides and will lower the pH value of neu-
ral or basic solutions. Such carbons sorb bases from solution,
re considered hydrophilic and exhibit a negative zeta potential.
arbons activated at higher temperatures, 800–1000 ◦C, termed
-carbons, will develop basic surface oxides, will raise the pH
alue of neutral or acidic solutions, sorb acids and exhibit a
ositive zeta potential.

Chemical activation is a single-step process including the
mpregnation of the carbonaceous material with dehydrating
gent prior to activation. The significance of the impregnation is
o enhance the pore structure of precursor and hence increases its
urface area. The chemical agents used in the chemical process
re normally alkali and alkaline earth metal containing sub-
tances and some acids such as KOH, K2CO3, NaOH, Na2CO3,
nCl2, MgCl2 and H3PO4. Although, phosphoric acid is shown

o be the most environmentally sound chemical for the activa-
ion processes, most studies have used zinc chloride due to its
ffective activating capability [28]. Chemical activation of car-
onaceous materials has been the subject of considerable interest
n the past because activated carbon, with a well-developed
orosity, can be produced by this process in a single opera-
ion. Also, it has been found that the effect of some chemicals
n the carbon precursor yields more char and less tar than
he untreated sample [10]. If chemical activation is essentially
onsidered as a reaction between the solid precursor and the
hemical, it is clear that concentration, temperature and acti-
ation time determine the extent of the reaction. However, such
eaction cannot proceed to completion because it would mean the
estruction of the precursor [21]. The extent of the chemical acti-
ation can significantly alter the characteristics of the carbons
roduced.

In a comparison in physical activation, elimination of a large
mount of internal carbon mass is necessary to obtain a well-
eveloped carbon structure, whereas in the chemical activation
rocess all the chemical agents used are dehydrating agents that
nfluence pyrolytic decomposition and inhibit formation of tar
hus enhancing the yield of the carbon. The temperatures used
n the chemical activation are also lower than that used in the
hysical activation process, and therefore the development of
porous structure is better in the case of the chemical process

10].
Recently, considerable attention has been paid to the pro-
uction of activated carbon using a combination process of the
hemical and physical activation processes, as this process leads
o the production of activated carbon of specific surface prop-
rties [22]. A study conducted by Gañan et al. [23] showed
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hat high-porosity carbons were prepared from bituminous coal
itches by combining chemical and physical activation.

In general, the activation process has a decisive effect on

he most important properties of activated carbon, as illustrated
n Fig. 1. The degree of activation has a profound effect on
he micropore system. The micropore volume increases almost
inearly with the degree of activation. The macropore volume

b
m
i
w

Fig. 1. Influences of degre
ering Journal 142 (2008) 1–13 3

ndergoes a relatively moderate increase in the course of acti-
ation. The inner surface area does not increase uniformly over
he whole activation process. A sharp initial increase is followed

y a slight decrease as activation continued beyond a maxi-
um value. The bulk density decreases almost linearly with

ncreasing activation due to the pore system becoming larger
ith increasing activation. The decrease of bulk density is due

e of activation [18].
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the nitrogen was switched off and the system was allowed to
cool overnight. Finally the activated carbon was removed from
the furnace and was tested for apparent density and yield. Fig. 2
shows schematic layout of the apparatus setup. PAC1 will refer
E.N. El Qada et al. / Chemical E

o the decrease in apparent density and the constant real density
f the carbon. With increasing micropore and macropore vol-
me, the carbon structure becomes more fragile and the impact
ardness decreases, first fairly slightly, and then at a more pro-
ounced rate beyond medium values of degree of activation
18].

The focal theme of this research is directed to evaluate
he potential use of bituminous coal as precursor material
or the production of highly effective natural adsorbents,
nd to explore the adsorbents characteristics. This is to be
ccomplished by preparing chars from different types of bitu-
inous coal using pyrolysis methods at different temperatures

nd for different time intervals and by production of acti-
ated carbons using both physical and chemical activation
rocesses.

. Experimental

The present work focuses on the evaluation of the potential
se of an inexpensive material which is available at large quanti-
ies (bituminous coal) as precursor material for the production of
ighly effective activated carbons using both physical and chem-
cal activation processes. Different types of chars and activated
arbons produced in small laboratory scale and large industrial
cale were investigated.

Five dehydrating agents were used to treat the coals prior
o pyrolysis to further improve the porous properties of the
ctivated carbon. Table 1 lists these agents. The dehydrating
gents (chemical activators) were used in different concentra-
ions to assess the effect of dehydrating agent/coal ratio on the
haracteristics of the activated carbons.

.1. Production of chars

Different types of bituminous coal from different sources
ere used as precursor materials to produce chars and this

ncludes; contaminated Columbian coal, pure Columbian coal
nd New Zealand coal. Pyrolysis studies were carried out at
ifferent ranges of temperature and for different time intervals.
0 ± 0.1 g of the raw material was placed in a crucible, covered
ith a lid and introduced into a Carbolite LMF4 muffle furnace

fter the furnace reached the designated temperature and held for
he required period of time. At the end of charring process, the

urnace was switched off and the crucible was kept in the furnace
vernight to get cooled. Once cooled, the crucible was removed
nd weighed. The char produced was washed with deionised
ater and dried.

able 1
ehydrating agents for the production of activated carbon

ame Formula Molecular weight

inc chloride ZnCl2 136.29
otassium chloride KCl 74.56
erric sulphate hydrate Fe2 (SO4)3·xH2O 399.88 + aq
otassium hydroxide KOH 56.00
odium hydroxide NaOH 40.00

F
p
(

ering Journal 142 (2008) 1–13

.2. Production of activated carbons

Three methods were adopted in the production process of
ctivated carbons and these include.

.2.1. Production in the muffle furnace
A one-step pyrolysis/activation procedure was used for the

ctivation of raw materials. The pre-treated coal was prepared
y mixing 60 ± 0.1 g of the raw coal with 600 ± 0.5 ml of metal
alt solution and stirred for 1 h. Then the slurry was filtered
sing a Buchner flask and funnel. During the filtration pro-
ess, 1000 ± 0.5 ml of deionised water were used to wash the
lurry from any residual metal salt solution. The coal was then
laced in an oven to dry at 60 ◦C overnight. The dried coal
as subjected to a pyrolysis process in a muffle furnace at
00 ◦C for 4 h. A range of metal salt solutions were prepared:
e2(SO4)3 × H2O (10 wt%, 20 wt% and 25 wt%), KCl (10 wt%,
0 wt% and 25 wt%) and ZnCl2 (10 wt%, 20 wt% and 25 wt%).

.2.2. Production in the tube furnace
A simple process was proposed based on a combination of

arbonization and activation processes in a single step. The
roduction process pass through different stages which include
reparation of the raw material and this included drying, crush-
ng and sieving into the desired size (1.18–2 mm). 12–15 g of
aw bituminous coal was placed to a Carbolite CTF 12/65/550
ube furnace. Low flow of nitrogen (150 ml min−1, STP) was
llowed to pass through the system. Then the furnace was heated
10 ◦C min−1) to the final carbonization temperature (885 ◦C).
uring this step all the volatile materials were repelled out from

he system. Steam was then allowed to get into the furnace to
ctivate the coal. H2 and CO were vented into the fume hood. The
ample was held for 4 h at the final temperature. Then the system
as turned off and was allowed to cool down under the flow of
itrogen until the temperature reached 450–500 ◦C. After that,
ig. 2. Schematic layout of the tube furnace setup. (1) Tube furnace, (2) tem-
erature controller, (3) flow meter, (4) conical flask, (5) stirring and hot plate,
6) cal samples, (7) condenser arrangement and (8) vent to fume hood.
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o the activated carbon produced in the tube furnace using steam
ctivation process.

For activated carbon produced in the tube furnace using
hemical activation process, the following procedure was car-
ied out; the pre-treated coal was prepared by mixing 15 ± 0.1 g
f the raw coal with 150 ± 0.5 ml of prepared dehydrating agent
olution and stirred for 4 h at 85 ◦C. Then the slurry was filtered
sing a Buchner flask and funnel. The coal was then placed in
n oven to dry at 100 ◦C overnight. It has been found that dry-
ng of the mixture of coal and chemicals in the oven at 100 ◦C
rior to carbonization dehydrates the sample and provides a uni-
orm reaction [10]. The dried coal was subjected to a pyrolysis
rocess in Carbolite CTF 12/65/550 tube furnace at 800 ◦C for
h. Low flow of nitrogen (150 ml min−1, STP) was allowed to
ass through the system. Then the system was turned off and
as allowed to cool down under the flow of nitrogen until the

emperature reached 450–500 ◦C. After that, the nitrogen was
witched off and the system was allowed to cool overnight.

After that, the activated carbon was removed from the
urnace, washed with 0.5 M HCl to remove any residual of dehy-
rating agent and to dissolve any ash in the sample. Finally the
ample was washed with hot distilled water (85 ◦C) until the pH
f the filtrate was approximately 6 and dried overnight at 100 ◦C
nd then tested for apparent density and yield. A range of dehy-
rating agent solutions were prepared: KOH (10 wt%, 20 wt%,
5 wt% and 30 wt%) and NaOH (10 wt%, 20 wt%, 25 wt% and
0 wt%).

.2.3. Production in rotary kiln
New Zealand bituminous coal was used as a precursor mate-

ial for the production of activated carbon using steam activation
t temperature = 1000 ◦C for 6 h in a pilot scale rotary kiln. The
iln can produce up to 50 kg of activated carbon per hour. It is
pproximately 10 m in length, has an internal diameter of 87 cm
nd is capable of reaching temperatures up to 1000 ◦C. It has
our burners, a fan system and an exhaust pipe into the plant
crubber. Fig. 3 shows simplified schematic diagram of the kiln.
he weigh belt feeder WBF feeds coal at a controlled rate into

he kiln. Fan F1 feeds air to burners B1–B4, which indirectly heat
he rotating kiln tube from the outside. The exhaust gases from

he end of the tube, which will contain combustible volatiles
rom the coal and/or product hydrogen and carbon monoxide
rom reaction of steam with the coal, pass via a recycle loop
poorly drawn) back into the burner cavity of B1 where they

(
a
d
f

Fig. 3. Simplified schemati
ering Journal 142 (2008) 1–13 5

ill be burned. The exhaust gases from burners B1–B4 pass into
he exhaust pipe going down the side of the kiln, and out into
he exhaust fan. A thermocouple is attached to the end of the
team pipe so that a temperature inside the tube can be obtained,
ogether with temperatures T1–T4 in the heating cavities outside
he tube, Trec measured in the recycle loop, and Tex in the exhaust
efore the exhaust fan, which then pumps the exhaust gases into
he scrubber. The temperatures can then be read from data acqui-
ition software on the adjacent portable P.C. Not shown in the
iagram is that, the outlet end of the kiln is fitted with wheels,
he large exhaust pipe down the side with bellows, and expan-
ion joints have had to be put in before the fan to cope with
he expansion of the system when heated to 1000 ◦C. The kiln
ube expands by over 20 cm when heated to 1000 ◦C. The kiln
s presently elevated by between 8 cm and 9 cm at the inlet end,
iving an elevation of approximately 0.5◦. The kiln can turn at
peeds varying from 2 rpm down to around 0.15 rpm giving res-
dence times from just under 2 h up to 12 h. Steam is fed into
he system from the boiler via a central pipe, fitted with a valve
nd a Spirax Sarco DIVA steam flow meter system to measure
he flow rate in kg/h. The outlet end is fitted with a flexible joint
o be able to facilitate the expansion of the system, and then
ttached to a water-cooled vibrating exit feeder, which empties
he product into a bucket, which this is then bagged. Presently,
here is no oxygen meter fitted to the system, there are sample
oints and pressure measurement points fitted before the exhaust
an, but these are very hot, typically around 600–700 ◦C, making
as measurement by Drager tube difficult/impossible. PAC2 will
efer to the activated carbon produced in the rotary kiln using
team activation process.

.3. Physical characteristics

.3.1. Surface area and pore size distribution
Analysis of the surface physical properties of the carbon

ncludes determination of the total surface area, total pore vol-
me and pore size distribution. Gas sorption analysis can be
onsidered as one of the most important techniques used to
etermine the physical characteristics of the activated carbon.
he adsorption of nitrogen gas at liquid nitrogen temperature
77 K) is routinely used to characterise the porous texture of the
ctivated carbons. Surface area, total pore volume and pore size
istribution of the chars and activated carbons were determined
rom N2 adsorption/desorption isotherms using an adsorption

c diagram of the kiln.
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pparatus (Nova 4200, Quantachrome Instruments, UK). The
easured relative pressure and adsorbed volume of nitrogen gas
ere used in BET mathematical model to calculate the mono-

ayer coverage of nitrogen adsorbed on the adsorbent surface
rom which total surface area was then calculated. The charac-
eristics of pore structure and pore size distribution of mesopores
ere identified using t-plot and BJH methods. Pore size distri-
utions were evaluated by applying the BJH method whereas the
-plot method was used to estimate Vmicro. Before the adsorp-
ion process commences, all the samples were outgassed for
h at 300 ◦C. Outgassing signifies the exposure of the adsor-
ent to the vacuum, very often at elevated temperature, in order
o remove previously adsorbed gases (especially water vapour)
rom the surface. According to Sing [24], this process is usually
erformed to reach a well-defined intermediate state by remov-
ng the physisorbed molecules and to avoid any drastic changes
s a result of ageing or surface modification.

.3.2. Scanning electron microscopy (SEM)
Texture and surface properties of the adsorbents play an

ssential role in determining their performance and the final
pplication of carbon materials will depend on their characteris-
ics. Electron microscopy is widely used technique to probe the
urface topography of activated carbon. Joel Scanning Electron

icroscope, JOEL-JSM 6400, was used to characterise surface
roperties of the chars and activated carbons. A fine layer of
he sample was set on a circular aluminium stub where it was
oated with a layer of carbon and a layer of gold. The sample was
hen placed into the microscope chamber, evacuated and then
hotographed at different magnifications of range X500–X1000.

. Results and discussions

In this study, different types of bituminous coal were used as
recursor materials in an attempt to produce chars and activated
arbons with high surface area, well-developed porous struc-
ure and match the requirements of industry. Physical activation
longside chemical activation process was adopted. The effects
f precursors, chemical activators and various activating con-
itions on the structure and texture properties of the resulting
ctivated carbons were investigated.

.1. Char characteristics

A wide range of chars were prepared at different charring
emperature and charring time in an attempt to investigate the
nfluence of such parameters on the quality of the chars pro-
uced and to choose the optimum conditions under which the
hemical activation process can proceed. Three types of bitu-
inous coal were used namely, contaminated Columbian, pure
olumbian and New Zealand bituminous coal, to produce chars
y a pyrolysis process in a muffle furnace.

Fig. 4 depicts the effect of charring temperature and charring

ime on the burn-off of the chars produced from the contam-
nated Columbian bituminous. Burn-off can be defined as a

easure of the raw material which has either been driven off
n the form of volatiles or burnt off during the pyrolysis process.

(
t
r
r

ig. 4. The effect of charring temperature and charring time on the burn-off of
he chars produced from the contaminated Columbian bituminous coal (muffle
urnace).

he percentage of %burn-off was defined as follows:

burn-off = (w1 − w2)

w1
× 100 (1)

here w1 is the initial weight of coal (g) and w2 the weight of
he obtained char (g).

It can be seen from the figure that by increasing charring
emperature, burn-off increases. This is due to more volatile

aterials removed as the temperature increased. Al-Khalid [8]
eported similar behaviour while activating olive-seed waste
esidue. Pure Columbian and New Zealand bituminous show
very similar trend. It was also noticed that when the char-

ing time was increased, the burn-off increased, i.e., the reaction
roceeds with an almost linear weight loss.

Since there is a relevant relationship between the yield and the
urn-off; as the burn-off increases, the yield decreases; it is obvi-
us that the yield increases with decreasing charring temperature
nd with decreasing charring time. Eq. (2) below represents the
ercentage of yield,

yield =
(

w2

w1

)
× 100 (2)

where w1 is the initial weight of coal (g) and w2 the weight
f the obtained char (g).

Maximum yield obtained was 84% for contaminated
olumbian, 85% for pure Columbian and 90% for New Zealand
ituminous, all of which were charred at 400 ◦C and for 1 h.

Due to the relatively small molecular diameter of nitrogen
25], nitrogen adsorption was used at 77 K to analyse porosity
nd surface area of the chars. Table 2 shows the characteriza-
ion results for chars produced form contaminated Columbian
ituminous coal.

It is clear from Table 2 that as the temperature was increased
rom 400 ◦C to 800 ◦C, the surface area and total pore volume
ncreased. While increasing the charring temperature enhances
urface area and pore volume, it destroys char structure as the
emperature was increased to 900 ◦C. A rapid decrease in the
urface area (164.27–78.05 m2 g−1) and total adsorbed volume

62–30 cm3 g−1) was observed, this is due to the high tempera-
ure (900 ◦C) causing the external surface area to be destroyed,
esulting in an overall loss of surface area. Lua and Yang [26]
eported similar effect of temperature on the characteristics of
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Table 2
Chars characteristics for contaminated Columbian coal (data from muffle furnace)

Temperature (◦C) Time (h) Surface area (m2 g−1) Total pore volume (cm3 g−1) × 102 Burn-off (%) Yield (%)

400 1 0.290 0.158 16.10 83.90
400 4 7.980 0.918 21.05 78.95
400 6 9.050 0.987 25.85 74.15
600 1 47.55 3.659 27.16 72.83
600 4 49.12 3.722 34.15 65.85
600 6 51.26 3.803 39.82 60.18
800 1 80.53 5.409 32.56 67.43
800 4 138.1 8.656 42.86 57.14
8 9.797 46.61 53.09
9 4.931 41.23 58.76
9 1.487 61.22 38.78
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00 6 164.3
00 1 78.05
00 4 19.82

ctivated carbon and attributed this to excessive carbon burn-
ff, resulting in the widening of pores and even the loss of
ome walls between the pores. Prolonged activation time (4 h)
t 900 ◦C, causes more destruction to the surface area and
auses overactivation, accelerating surface erosion in preference
o pore formation [27]. The decrease in the total pore volume
4.931 × 10−0.2 cm3 g−1 to 1.487 × 10−0.2 cm3 g−1) reiterates
he observation, i.e., the characteristics of the chars produced at
00 ◦C were inferior to that obtained at 800 ◦C. Pyrolysis tem-
erature (400 ◦C) was insufficient to produce chars with effective
urface area.

Generally speaking, longer pyrolysis time produced chars
ith higher surface area and total pore volume. Among all

he chars produced, contaminated Columbian has the high-
st surface area and total pore volume of 164.3 m2 g−1 and
.797 × 10−0.2 cm3 g−1, respectively.

Figs. 5 and 6 illustrate the relationships between charring time
ersus surface area and total pore volume of the chars produced
rom contaminated Columbian coal. Chars produced from pure
olumbian coal shows better characteristics than those obtained

or chars produced from New Zealand coal. However, charring
emperature of 800 ◦C proved to be the best temperature for
roducing chars with superior physical characteristics, (i.e., sur-
ace area and total pore volume) for the three precursors used;

ontaminated Columbian, pure Columbian and New Zealand
oal.

Fig. 7 shows the nitrogen adsorption isotherms for con-
aminated Columbian chars produced at different charring

ig. 5. Relationship between charring time and surface area of chars produced
rom contaminated Columbian coal (muffle furnace).

d
p
6
o

F
d

ig. 6. Relationship between charring time and total pore volume of chars
roduced from contaminated Columbian coal (muffle furnace).

emperatures for time interval of 4 h. It is evident from the figure
hat as the charring temperature increases, the amount of nitro-
en adsorbed increases with the exception of char produced at
00 ◦C. This indicates that the surface area was destroyed as the
emperature increased to 900 ◦C. It is also obvious as the charring
emperature increases, the shape of the isotherm turns from type
I to type I with the monolayer completed at P/Po < 6 × 10−0.2.
he slight nitrogen uptake at higher relative pressure reflects

he fact that slight micropore filling occurs at lower relative
ressure and multi-layer adsorption and condensation are pre-

ominant on the non-microporous material at higher relative
ressure. This is very clear as the temperature is raised from
00 ◦C to 800 ◦C and indicates the progress in the development
f the micropore structure within the chars (i.e., at T = 600 ◦C,

ig. 7. Nitrogen adsorption isotherms for contaminated Columbian chars pro-
uced at different charring temperatures and for 4 h (muffle furnace).
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Table 3
Burn-off and yield percentages of activated carbons produced from contaminated
Columbian pre-treated with different types of dehydrating agents (contaminated
Columbian coal, muffle furnace at 800 ◦C for 4 h)

Activated carbon Burn-off (%) Yield (%)

CAC110%ZnCl2 38.25 61.75
CAC120%ZnCl2 38.46 61.54
CAC125%ZnCl2 38.63 61.37
CAC110%KCl 38.77 61.22
CAC120%KCl 39.15 60.84
CAC125%KCl 39.69 60.30
CAC110%Fe2(SO4)3 39.88 60.22
C
C
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ig. 8. Nitrogen adsorption isotherms for chars produced at 800 ◦C and for 4 h
muffle furnace).

he isotherm exhibits type II, non-porous char, at T = 800 ◦C,
sotherm exhibits type I, microporous char). Chars produced
rom pure Columbian exhibit the same behaviour as contami-
ated Columbian, whereas, and New Zealand coal exhibits type
I isotherm. Fig. 8 shows such isotherms for pure Columbian
nd New Zealand coal charred at 800 ◦C and for 4 h.

A relevant relationship exists between the surface area and
arbon porosity. As the porosity increases, the surface area
ncreases especially for carbons with high microporosity since
he microporous region contains the majority of the surface area.
t is well-known that adsorption is possible only in those pores
hat can be accessed by molecules, i.e., the carbon adsorption
rocess is dependent on the physical characteristics of the acti-
ated carbon and molecular size of the adsorbate. Fig. 7 confirms
hese observations and illustrates that as the charring tempera-
ure was increased, pore propagation became more evident. It
s noted that compared to the characteristics of raw materials
analyses show approximately 0–0.12 m2 g−1 surface area for
he three types of coal used in this work), the pyrolysis pro-
ess was successful in creating chars with better characteristics
surface area and total pore volume). Fig. 9 shows the pore size
istribution for the chars produced at 800 ◦C and for 4 h.

.2. Activated carbons characteristics
Since activated carbons were prepared using different types of
recursor and different activating agents, their physical charac-
eristics could be compared to select the most suitable precursor

ig. 9. Pore size distribution for chars produced at 800 ◦C and for 4 h (muffle
urnace).
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AC120%Fe2(SO4)3 39.69 60.30
AC125%Fe2(SO4)3 39.22 60.77

nd activating agent. (CAC: chemically activated carbon; 1,
ontaminated Columbian bituminous coal; 2, pure Columbian
ituminous coal; 3, New Zealand bituminous coal.) Table 3 lists
he burn-off and yield percentages of activated carbons produced
rom contaminated Columbian pre-treated with different types
f dehydrating agents. By comparing the burn-off percentages
f the chars produced at 800 ◦C and for 4 h (Table 2), with that of
he activated carbons produced form the same coal pre-treated
ith different concentrations of the chemical activators and at the

ame charring temperature and charring time (Table 3), it was
bserved that chemical treatment processes prior to the acti-
ation reduces burn-off from 45% to 38% and increased the
ield. This behaviour was more pronounced when the coal was
re-treated with ZnCl2. This accentuates the effect of the impreg-
ation process on the evolution of carbonization off-product. It
s well-known in the literature that zinc chloride promotes the
ecomposition of carbonaceous material during the pyrolysis
rocess, restricts the formation of tar and increases the carbon
ield [22]. Burn-off percentage of around 38–39% was obtained
rrespective of the concentration of the chemical activators. This

eans that after the volatile matter has been removed in the first
tage of the carbonization process, no further volatilization took
lace [8]. Similar trends were observed for activated carbons
roduced from pure Columbian and New Zealand coal.

In this study, to explore the surface characteristics of the acti-
ated carbons, N2 adsorption isotherms were employed. SBET
nd t-plot methods were used to specify the total surface area
nd micropore surface area and micropore volume, respectively.
he total pore volumes were estimated to be the liquid volume
f adsorbate (N2) at relative pressure about 0.99.

Regardless of the dehydrating agents, all samples produced
rom contaminated Columbian show an approximation of a type
isotherm according to IUPAC classification. This indicates

hat all the activated carbons are essentially microporous [28].
n contrast, samples produced from pure Columbian and New
ealand coal show type II isotherms attributed to non-porous
haracteristics. A wide range of surface area and total pore vol-
mes were obtained confirming the significant influence of the

reparation conditions on the porosity development. No overall
rends were observed with the dehydrating agents and precur-
ors used in this study. For zinc chloride and contaminated
olumbian, as the concentration of the pre-treatment solution
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ncreases from 10% to 25% (w/w), the surface area and total
ore volume decreases from 231.50 m2 g−1 to 161.51 m2 g−1

nd from 1.227 × 10−0.1 cm3 g−1 to 9.446 × 10−0.2 cm3 g−1,
espectively. On the contrary, for zinc chloride and pure
olumbian, an increase in surface area (71.29–102.63 m2 g−1)
nd total pore volume (5.066 × 10−0.2 to 6.339 × 10−0.2) was
bserved with increasing zinc chloride concentration. Similar
rends were obtained in the case of KCl. As the concentra-
ion of the pre-treatment solution increases, the surface area
nd total pore volume of contaminated Columbian decreased;
nd an increase in surface area and total pore volume of pure
olumbian was observed with increasing pre-treatment solu-

ion concentration with the exception of 25% KCl. ZnCl2 has
he same effects on the New Zealand coal as it has on contam-
nated Columbian and KCl has the same effects on the New
ealand coal as it has on pure Columbian. Pre-treatment with

erric sulphate gave poor results regarding to the surface area
nd total pore volume compared to potassium chloride and zinc
hloride, except in the case of contaminated Columbian. Whitten
27] reported that the degree of burn-off dictates the final struc-
ural properties of the activated carbon. Although the burn-off
ercentages were approximately constant, the activated carbons
roduced show a wide variety of surface area and total pore
olume. For example, CAC110%KCl shows higher BET surface

rea than CAC120%KCl, but CAC120%KCl has higher micropore
rea than CAC110%KCl. These contradictions can be attributed
o the pore distribution developed within the carbon, whether the
ores are in the macro, meso or micropores range. Contaminated

p
i
f
f

able 4
haracterization results of activated carbon produced in the muffle furnace (Venezue

ctivated carbon Surface area
(BET) (m2 g−1)

Total pore volume
(cm3 g−1) × 102

AC210%ZnCl2 231.5 12.27
AC120%ZnCl2 164.7 10.00
AC125%ZnCl2 161.5 9.446
AC110%KCl 228. 9 12.30
AC120%KCl 224.4 12.05
AC125%KCl 147.5 8.436
AC110%Fe2(SO4)3 159.2 9.701
AC120%Fe2(SO4)3 212.7 12.01
AC125%Fe2(SO4)3 155.6 9.638
AC210%ZnCl2 71.29 5.066
AC220%ZnCl2 85.64 5.681
AC225%ZnCl2 102.6 6.339
AC210%KCl 120.8 7.674
AC220%KCl 126.2 8.071
AC225%KCl 16.41 1.356
AC210%Fe2(SO4)3 48.45 3.431
AC220%Fe2(SO4)3 60.86 4.073
AC225%Fe2(SO4)3 68.21 4.800
AC310%ZnCl2 53.52 3.861
AC320%ZnCl2 36.24 2.416
AC325%ZnCl2 29.56 1.899
AC310%KCl 10.91 0.726
AC320%KCl 63.98 3.923
AC325%KCl 51.08 3.560
AC310%Fe2(SO4)3 36.99 2.598
AC320%Fe2(SO4)3 34.11 2.578
AC325%Fe2(SO4)3 30.30 2.056
ig. 10. Nitrogen adsorption isotherm for activated carbons pre-treated with
5% (w/w) of ferric sulphate for 1 h (muffle furnace at 800 ◦C).

olumbian treated with 10 wt% ZnCl2 displayed the highest sur-
ace area and total pore volume (surface area = 231.5 m2 g−1,
nd total pore volume = 0.1227 cm3 g−1) with well-developed
icroporisity (micropore area = 92.336 m2 g−1). Table 4 sum-
arizes the results. It is obvious from the table that for activated

arbons that exhibited type II isotherms (pure Columbian and
ew Zealand coal), there is excellent agreement between the sur-

ace area values calculated using BET theory and t-plot method.
Fig. 10 depicts the nitrogen adsorption isotherms for con-

aminated Columbian, pure Columbian and New Zealand coal

re-treated with 25% (w/w) of ferric sulphate with dehydrat-
ng agent/coal ratio of 1:1 and for 1 h. Microporosity is evident
or contaminated Columbian and non-porous structure evident
or pure Columbian and New Zealand coal. The shape of the

lan bituminous coal, 800 ◦C for 4 h)

Micropore surface
area (m2 g−1)

Micropore
volume (cm3 g−1)

External surface
area (m2 g−1)

92.34 0.046 139.2
38.00 0.019 126.7

0.000 0.000 161.5
76.00 0.038 152.9

111.1 0.056 113.2
32.04 0.016 115.4
22.89 0.011 136.3
70.41 0.035 142.3
19.17 0.010 136.5

0.000 0.000 71.28
0.000 0.000 85.64
0.000 0.000 102.6
0.000 0.000 120.7
0.000 0.000 126.2
0.000 0.000 16.41
0.000 0.000 48.45
0.000 0.000 60.80
0.000 0.000 68.21
0.000 0.000 53.52
0.000 0.000 36.24
0.000 0.000 29.56
0.000 0.000 10.91
0.000 0.000 63.98
0.000 0.000 51.07
0.000 0.000 36.98
0.000 0.000 34.11
0.000 0.000 30.29
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KOH was attributed to the formation of atomic K according to
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ig. 11. Pore size distribution of activated carbons pre-treated with 25% (w/w)
f ferric sulphate for 1 h (muffle furnace at 800 ◦C).

sotherms and amount of nitrogen adsorbed emphasized the
esults listed in Table 4. Contaminated Columbian acquired the
ighest amount of N2 adsorbed, this in good agreement with
he nature of the pore structure (i.e., microporous, which con-
ains the majority of the surface area available for adsorption).
t is important to note that during the activation processes New
ealand and pure Columbian form hard cake due to the melt-

ng of the coal. This inhibits proper activation of coal. The
resence of petroleum coke in the contaminated Columbian
oal may prevent the formation of cake and enhances activa-
ion process as evident from the high surface area and pore
olume. Fig. 11 shows the pore size distribution for the three
ctivated carbons pre-treated with 25% (w/w) of ferric sulphate
alculated by BJH method using desoprtion isotherms. Fig. 11
hows that contaminated Columbian exhibits a maximum, which
xtend towards pore of 2 nm. This steep increase of the PSD
owards micropore region corresponds to the high BET surface
rea in this carbon. The pore size distribution (PSD) confirmed
gain the non-porosity of activated carbons produced from pure
olumbian and New Zealand coal.

Another range of activated carbon was produced in tube fur-
ace using KOH and NaOH and under the flow of nitrogen.
enezuelan bituminous coal was used as a precursor mate-

ial for the production of activated carbons. The coals were
rst crushed to size 1.18–2.00 mm. To ensure complete reac-

ion between dehydrating agent and coal, coal and dehydrating
◦
gent were mixed at 85 C for 4 h. It was then activated for 2 h

t 800 ◦C. CACV(suf) will be the adopted nomenclature for the
ctivated carbons produced from Venezuelan bituminous coal
sing chemical activation method and (suf) refers to the type

t

C

able 5
haracterization results of activated carbons produced in the tube furnace (Venezuela

ctivated carbon Surface area
(BET) (m2 g−1)

Total pore volume
(cm3 g−1) × 103

ACV10%KOH 8.200 9.548
ACV20%KOH 347.5 313.8
ACV25%KOH 28.07 31.33
ACV30%KOH 27.48 20.23
ACV10%NaOH 6.690 0.567
ACV20%NaOH 11.84 16.13
ACV25%NaOH 171.8 251.3
ACV30%NaOH 23.65 19.74
ering Journal 142 (2008) 1–13

nd concentration of the activating agent used. The effect of
rocess variables such as chemical agents, and impregnation
atio on the chemical activation process was studied in order to
ptimize these preparation parameters. Table 5 summarizes the
esults.

Although it is well-known in the literature that chemical
ctivation processes usually produce activated carbon with well-
eveloped microporosity, it is evident from Table 5 that the
hemical treatment was not effective in creating activated car-
on with micropore structure except in the case of 20% (w/w)
f KOH. As the concentration of KOH increased from 10% to
0% (w/w), a great enhancement in the characteristics of the
ctivated carbon was obtained. Further increase in the concen-
ration led to over load the activated carbon and hampered rather
han enhanced the activation process. Pre-treatment coal with
5% (w/w) NaOH produced activated carbon with surface area
qual to 171.8 m2 g−1. Higher concentration of NaOH seems to
e detrimental. Shawabkeh [29] attributed this to the decompo-
ition of excessive NaOH and KOH molecules into water, which
hence dissolved the carbon content in the material and blocked
he pores.

All the activated carbons produced were tested for apparent
ensity, burn-off and yield. It was recognized that all the acti-
ated carbons gave fairly similar results in terms of burn-off
30–35%) and yield (65–70%). Apparent density was around
.41 g ml. Comparing to the results obtained by researchers in
his field, the carbon appear to have comparatively poor charac-
eristics and this may be attributed to the relatively large quantity
mass) of coal treated each batch (10 g), especially there is no
ixing facility in the tube furnace as opposed to a rotary kiln

nd this gives rise to the poor heat transfer. As a result, only
he coal particles located on the top of the crucible has been
ell activated. In general, treatment with KOH produces acti-
ated carbon with higher BET surface area and total pore volume
han treatment with NaOH. Okada et al. [1] observed the same
nfluence of KOH and NaOH regarding surface area and pore
olume on the activated carbon produced from waste newspaper
repared by chemical activation. These differences in activated
arbon characteristics were related to the ionic radii of the alka-
is used. The reason for higher BET surface area in the case of
he following equation:

+ 2KOH → 2K + CO + H2O (3)

n bituminous coal, 800 ◦C for 4 h)

Micropore surface
area (m2 g−1)

Micropore
volume (cm3 g−1)

External surface
area (m2 g−1)

0.0 0.0 8.189
142.5 0.063 205.0

0.0 0.0 28.07
0.0 0.0 27.47
0.0 0.0 6.691
0.0 0.0 11.89
0.0 0.0 171.8
0.0 0.0 23.65
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ume (Fig. 12a), (3.36 m2 g−1 and 0.001 cm3 g−1, respectively),
E.N. El Qada et al. / Chemical E

Thus atomic K (large cation) may intercalate and expand the
nterlayers of adjacent hexagonal network planes consisting of

atoms, enhancing pore formation.
Physical activation process using steam was also used to

ctivate Venezuelan bituminous coal under flow of nitrogen
n small laboratory scale using single step (direct activation).

any trials have been conducted to study effects of activa-
ion temperature, steam concentration and activation time on
he characteristics of activated carbon. It was observed that acti-
ation temperature of 885 ◦C, activation time of 4 h and steam
oncentration of 3.8 ml g−1 hr−1 are the optimum activation con-
itions to produce activated carbon with good characteristics.
pparent density of 0.26 g ml, burn-off of 70% and yield of
0% were attained. All the activated carbons produced from
enezuelan bituminous coal using steam activation were found

o form a cake (stuck together) on removal from furnace. This
roblem was overcome by carbonising the coal at 250 ◦C for
h prior to the activation process. Physical activation process
as successful in producing activated carbon (PAC1) with sur-

ace area = 863.50 m2 g−1, total pore volume = 0.469 cm3 g−1

nd micropore surface area = 783.58 m2 g−1. Production pro-
ess in rotary kiln was also successful in producing activated
arbon (PAC2) with good physical characteristics (surface
rea = 857.14 m2 g−1, total pore volume = 0.446 cm3 g−1 and
icropore surface area = 801.8 m2 g−1). By comparing physi-

al characteristics of the activated carbons produced in small
aboratory scale (PAC1) and large industrial scale (PAC2) using
hysical activation process with that of the internationally rec-

gnized activated carbon F400 (surface area = 1216 m2 g−1,
otal pore volume = 0.821 cm3 g−1 and micropore surface
rea = 918 m2 g−1), it is clear that the activated carbons

ig. 12. SEM’s (×500) for (a) the char (with optimum condition), (b) acti-
ated carbon produced from contaminated Columbian pre-treated with 25 wt%
f ferric sulphate (muffle furnace at 800 ◦C for 4 h).

w
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ering Journal 142 (2008) 1–13 11

roduced show excellent properties and can be used for
dsorption processes. Overall, PAC1 (from Venezuelan bitu-
inous), and PAC2 (from New Zealand bituminous) were

ctivated using physical activation methods, also some sam-
les of PAC1 were also activated using KOH and NaOH
n a laboratory scale process. However, the experimental
ata indicated that the physical activation produced acti-
ated carbon with better characteristics than the chemical
ctivation.

.3. Topography of activated carbons

Electron microscopy is commonly used for the character-
zation of the topography of activated carbons. It provides
seful information relating to the porous nature of carbon’s
xterior and adsorbent porosity. Scanning electron microscopy
as conducted to study the surface topography of chars and

ctivated carbons. Fig. 12 depicts the micrographs for a char
Fig. 12a) and an activated carbon produced from contami-
ated Columbian pre-treated with 25 wt% of ferric sulphate
Fig. 12b). It is obvious from the figure that char has smooth
urface with well-developed pore structure (mixture of macro,
eso and micropore). On the other hand, activated carbon is

uite irregular in nature and more micropores were created. This
s consistent with the results obtained from analysing the char
nd activated carbon using N2 adsorption isotherm, where the
har was found to has a small micropore area and micropore vol-
hereas activated carbon (Fig. 12b) was found to has a well-
eveloped microporisity with micropore area = 155.64 m2 g−1

nd micropore volume = 0.010 cm3 g−1. The white spheres and

ig. 13. Electron micrograph (×500) for PAC1 (Venezuelan bituminous coal);
a) raw material and (b) activated carbon (tube furnace at 800 ◦C for 4 h).
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Fig. 14. Electron micrograph for PAC2 (New Zealand bituminous coal; (a) raw
m
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aterial (×500) and (b) activated carbon (×600) (industrial kiln at 1000 ◦C for
h).

ome “fluffy” materials may be due to the presence of ferric
ulphate residues and some other impurities.

Fig. 13 shows the micrographs for activated carbon produced
rom Venezuelan bituminous coal using steam activation pro-
ess (PAC1) and Fig. 14 shows micrograph for activated carbon
roduced from New Zealand bituminous coal (PAC2). Close
nspection of Fig. 13 shows that raw material (Fig. 13a) of PAC1
s irregular in nature and the absence of porosity is evident.
ctivation process was able to create pore structure within the

arbon as it is recognized in Fig. 13b. Raw material of PAC2
Fig. 14a) shows smooth surface with non-porous structure.
ctivation process developed the porous structure within the

arbon with layers of flakes are obvious. This might be indi-
ation of the detrital effect of the activation process in this
ase (Fig. 14b). All these micrographs support the N2 adsorp-
ion analysis results and indicate the porosity of the activated
arbon.

. Conclusions

The focus of this research was to investigate the potential use
f bituminous coals as a precursor material for the production
f a range of chars and activated carbons with superior char-
cteristics. Chemical activation process alongside with physical

ctivation process was employed for the production processes.
he effects of dehydrating agents, type of precursor and the
reparation conditions on the physical characteristics of the acti-
ated carbon were investigated. Electron microscopy was used
ering Journal 142 (2008) 1–13

or the characterization of the topography of chars and activated
arbons. On the basis of present studies, many conclusions can
e drawn:

Comparing the physical characteristics of the raw materials,
the chars and activated carbons, all the chars and activated
carbon produced were proven to have a reasonable surface
area and total pore volume. Therefore, the production of chars
and activated carbons using bituminous coals as precursor
materials is applicable from practical point of view.
Charring temperature and charring time had significant role
in imparting physical and chemical characteristics of the
chars and had great effects on the burn-off and the yield.
Increasing charring temperature was accompanied with an
increase in burn-off and a decrease in the yield indicating that
more volatile materials were removed as the temperature was
increased.
As adsorbent adsorption potential is dependent on the avail-
ability of high surface area and total pore volume, longer
pyrolysis conditions, (charring temperature and charring
time) are favourable as chars with higher surface area and
total pore volume were produced at higher charring temper-
ature and charring time. Charring temperature of 800 ◦C and
charring time for 4 h proved to be the optimum charring condi-
tions for producing chars as indicated by the superior physical
characteristics. Increasing charring temperature above the
optimum value results in a loss in both surface area and pore
volume. The destruction in the surface area and pore volume
can be linked to the possibility of overactivation, accelerating
surface erosion in preference to pore formation.
Nitrogen adsorption isotherms show a switch in the shape of
the isotherm from type II to type I indicating the progress in
the development of the micropore structure within the chars.
Chemical treatment process prior to the activation was found
to reduce burn-off from 45% to 38% and increase the yield
of activated carbon irrespective of the concentrations or
the nature of the activating agents used. This accentuates
the effect of the impregnation process on the evolution of
carbonization off-product as the dehydrating agents tend
to strip away hydrogen and oxygen atoms as water rather
than as hydrocarbons leaving the carbon skeleton largely
untouched.
Regardless of the dehydrating agents used, approximately,
all samples produced from contaminated Columbian show
isotherm of type I indicating that all the activated carbons
are essentially microporous. Samples produced from pure
Columbian and New Zealand coal show type II which indi-
cates the non-porous characteristics.
A wide range of surface area and total pore volumes were
obtained confirming the significant influence of the prepara-
tion conditions on the porosity development.
Scanning of the surface topography using electron micro-
scope indicates microporosity of the activated carbons

produced using physical activation technology and confirms
heterogeneity of the activated carbons. This indicates the
essential role of the surface characteristics on the adsorption
process.
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Physical activation process (in small laboratory scale and
large industrial scale) show better physical characteristics of
the activated carbons produced.
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