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Abstract—Power and desalination plants are one of the main anthropogenic sources for CO, generation, which is one
of the key elements to cause greenhouse gas effect and thus contribute to the global warming. Fly ash (FA) generated in
desalination and power plants was converted into activated carbon (AC) treated with KOH at higher temperature and
tested for CO, capturing efficiency. Morphological characteristics of FA such as BET specific surface area (SSA), pore
volume, pore diameter, and pore size distribution (PSD) were performed using N, adsorption isotherm. CO, adsorp-
tion capacity and adsorption isotherms of CO, over AC were measured by performing thermogravimetric analysis at

different temperatures. BET SSA of 161 m’g”'

and adsorption capacity of 26 mg CO,/g AC can be obtained by activa-

tion at KOH/FA ratio of 5 at 700 °C and activation time of 2 h. Therefore, great potential exists for producing AC from
FA, which will have the positive effect of reducing the landfill problem and global warming.
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INTRODUCTION

Global warming is attributed mainly to the increase of CO, emis-
sion to the atmosphere, and subsequently worst climate changes are
predicted if CO, emission is not reduced immediately [1]. Power
generation plants and seawater desalination units utilizing various
fossil fuels are considered as a major contributors to this continu-
ally increasing CO, emission problem. This environmental prob-
lem is further aggravated by fly ash (FA) generated in these plants
as a solid waste residue, which creates not only a solid waste dis-
posal problem, but also a particulate pollution problem in the atmo-
sphere and in the surrounding land area. The FA is being captured
from flue-gas of these industries using suitable particulate collec-
tor. Currently, disposal of larger quantity of this solid waste, gener-
ated in industries, is being done in landfills, mostly without pre-
treatment. This has created an increasing environmental concern
regarding possible leaching of heavy metals present in the FA into
ground water adjacent to FA dumping sites, in addition to dust-
ing problems [2-6].

Various utilization of FA has been implemented, tested or pro-
posed in literature. Strength developments for cement mortars con-
taining FA are modified by altering physical, mineralogical, mor-
phological, and chemical properties by mechanical grinding [7-9].
FA particles and precipitated silica are used in fillers to improve
the vulcanization properties of rubbers [10]. Effects of silica and
alumina contents vary the setting, phase development, and physical
properties of FA [11]. Nonetheless, FA whether treated or untreated,
is considered as a solid waste that creates a serious pollution prob-

"To whom correspondence should be addressed.
E-mail: rathersami@gmail.com, yhamed@kau.edu.sa
Copyright by The Korean Institute of Chemical Engineers.

723

lem in these plants, its surroundings, and in its landfill areas. Re-
searchers have been investigating utilization of FA with two-fold
applicability, ie., reduction of solid waste generation and handling
problem and use FA generated AC to capture CO, emitted from
these industries [12-14].

There are mainly two different processes for preparation of AC,
chemical and physical activation [15-17]. An important advantage
of chemical activation is its ability to take place at lower tempera-
tures and shorter time than those used in physical activation. In
addition, higher surface area and higher yield of carbon can be ob-
tained by using chemical activation [18-20]. Many researchers have
shown that AC produced by KOH activation from carbonaceous
materials such as coke, charcoal, coal, and char provides a high BET
SSA of over 2,000 m’g . In addition, KOH chemical activation is
a very effective method for the production of AC with a narrow
PSD and a well-developed porosity [21-26].

The aim of the present work was to investigate FA generated
AC by KOH produced in power and desalination plants for removal
of CO,.

EXPERIMENTAL

1. Raw Material

The FA used for this study was obtained from Shuaiba desalina-
tion plants, 70 km south of Jeddah, Saudi Arabia. The fuel used in the
desalination plant was heavy vacuum gas oil (Bunker “C”). Burning
this type of fuel emits enormous amounts of obnoxious and toxic
pollutants to the environment along with a large amount of a high
carbon (92%) content FA (36 tons per day) [4]. The properties of
raw FA generated from desalination plant are shown in Table 1.
2. Activation and Purification

About 10 g of as-received FA was mixed vigorously with 0.16 M
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Table 1. Properties of raw FA emitted from Shuaiba desalination plant in Jeddah Saud Arabia

Average particle Cartbon Petroleum ether ~ Loss on ignition Moisture BET specific surface area ~ Pore volume
size (Lm) content (wt%) soluble (Wt%) (LOI) (%) content (Wt%) (SSA) (m® g (em® g
77 92 1.43 95 2.28 6.11 0.029

solution of KOH (1 g KOH per 100 ml of distilled water) to obtain
a targeted weight ratio (R) of KOH to FA (R=0, 1, 2, 4, and 5) and
mixture was kept in an oven to dry at 110 °C overnight. The FA
impregnated with KOH was loaded in a cylindrical stainless steel
reactor (2.54 cmx10cm) closed at one end and provided with a
removable cover at other end. A 2 mm hole drilled in the middle
of the cover is to allow escape of vapors, gases, and pyrolysis prod-
ucts. A number of reactors placed in a muffle furnace and heated
to the activation temperatures 500, 600, 700, 800, and 900 °C at a
heating rate of 5°C/min. At a prescribed activation time 1, 2, 3,
and 4 h, a sample of each ratio was withdrawn from a furnace and
allowed to cool naturally. Activated fly ash (AFA) was then neu-
tralized by HCI followed by washing with distilled water. At the
start of the process, AFA samples were placed in a 500 ml beaker,
and a volume of 5 M HCI enough to neutralize the KOH initially
present in the sample was added. The samples were left overnight
at room temperature (RT). Next day, the supernatant was decanted
and further washed by distilled water followed by decantation. The
whole sample was transferred to the plastic open cone fitted with fil-
ter paper at the bottom. Sample washing continued until pH reached
6.5-7.5. After drying AFA at 110 °C overnight in a vacuum oven,
its weight was determined to calculate the yield as a percentage of
initial raw FA used and hereinafter referred to as the AC or AFA
AC samples were kept in tightly closed labeled plastic bottles placed
in the desiccator.

3. Characterization

BET SSA, micropore volumes (V,,.), mespopore volumes (V,,),
and PSD of all samples of AFA were determined from nitrogen
adsorption at 196 °C. A Nova 2200e instrument (Quantachrome
Instruments, USA) along with a NOVAWIn2 (Quantachrome Instru-
ments) data analysis software was used for these measurements.
The total pore volume (V;) was determined from the amount of
N, adsorbed at a relative pressure of 0.95. The NOVAWIn2 soft-
ware was used to perform PSD analysis by fitting the nitrogen ad-
sorption data using density function theory (DFT) calculations
assuming a slit shaped pore model [27]. Scanning electron micros-
copy (SEM) was used for investigating the morphological proper-
ties of the AFA.

Carbon dioxide (CO,) adsorption capacity studies of AC were
performed using a thermogravimetric analysis (TGA) apparatus
(NETZSCH-Gerétebau GmbH, TG 209 F3). Analysis of TGA data
was performed using NETZSCH Proteus-Thermal analysis soft-
ware. About 15 to 20 mg of AC sample was used in a typical CO,
adsorption experiment study. Prior to each adsorption experiment,
a sample was placed in an alumina crucible loaded in TGA fur-
nace and heated to 150 °C (10 °C/min.) in a flowing nitrogen (100
ml/min.) and kept at that temperature until a constant weight was
obtained. This step continued for 60 to 90 minutes to ensure that
surface of the AC had been properly cleaned prior commencing
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the adsorption measurements. After the sample was cooled to 40 °C,
a gas mixture of 92% CO,-8% N, (100 ml/min.) was vented into
the apparatus containing AC sample at a constant temperature.
The increase in sample weight was observed due to adsorption of
CO, and maintained until the equilibrium was established. Under
these conditions, adsorption capacity of CO, on AC was determined
as the amount of CO, adsorbed in milligrams per gram of AC (mg
CO,/g AC). Adsorption isotherm data at different temperatures
were collected in a similar manner using helium as an inert car-
rier to avoid effect of co-adsorption of nitrogen especially at low
concentrations of CO,.

The above-mentioned TGA and derivative thermogravimetric
analysis (DTG) unit was also used to study the effects of KOH on
the pyrolysis process of FA. Samples of FA loaded with different
ratios of KOH were subjected to TGA in flowing helium (100 ml/
min) at a heating rate of 10 °C/min from 30 to 900 °C.

RESULTS AND DISCUSSION
1. Yield and Purity Assessment with TGA

Effects of KOH on the activation of FA were investigated using
TGA and DTG, as shown in Fig. 1(a) and (b). The results of DTG
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Fig. 1. TGA and DTG profiles of FA impregnated with KOH to ob-
tain a targeted ratio of KOH/FA (R), where Ris 0, 1, 2, 4,
and 5 performed in He atmosphere at a ramp rate of 10 °C/
min.
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shown in Fig. 1(b) indicate that there are three peaks generated
within the region from 80 to 250 °C. Both peak intensity and shift
in temperature was observed as the ratio of KOH to FA (R) increased.
Increase in peak intensity with increasing R indicates a higher rate
of weight loss that can be ascribed to the fact that increasing con-
centration of KOH will certainly increase the rate of reaction dis-
played in Fig. 1(a). The main reactions considered in this region
are described as follows [28]:

2KOH—K,0+H,0 (1)
C+H,0—H,+CO (2)
CO+H,0—H,+CO, (3

The shift in peak temperature by increasing the R is attributed to
the exothermic nature of the above reactions, which will increase
the system temperature. Within the temperature range from 250
to 680 °C, possible reaction is the formation of K,CO; according
to the reaction below:

K,0+CO,—K,CO; )

The peak generated at higher temperature (680 °C) can be attributed
to the possible reactions below [29]:

K,O+H,—2K+H,0 (5)
Or
K,0+CO,—2K+CO+0, (6)

It is clear that generated peaks are mainly for R ratios of 4 and 5,
which can be explained by the presence of residual unreacted K,0
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Fig. 2. Comparison of PSD by DFT of FA activated for 2 h at 700 °C
and different KOH to FA ratio’s.

at higher concentrations of KOH at these ratios.
2. Structural Analysis

Effects of KOH on the surface characteristics of FA produced
AC were also investigated for different R ranging from O to 5 at a
temperature 700 °C for 2 h. It is quite clear from Fig, 2 that a bimodal
PSD is exhibited by the KOH impregnated FA (excluding R=0),
one peak has it maxima in micropore region and the other is in
the mesopore region. Similar kinds of results were also found by
Rouquerol et al. [30]. The peak intensity was increased by increas-
ing the R for both micropore and mesopore region. The above re-
sults can be ascribed to the fact that increasing available amount of
KOH will increase possibility of chemical reactions between car-
bon and KOH, which will generate pores and slits at different loca-
tions of the treated FA. Results generated from Fig. 2 show that in-
creasing R would increase the pore volume per unit pore diame-
ter by a factor of 12.75 by changing the ratio from 2 to 5. In micro-
pore region, we determined the PSD using the N, DFT calculations
with the help of Quantachrome software [31]. FA impregnated
with higher amount of KOH showed a sharp peak below =1 nm
compared to lower amount of KOH suggesting formation of more
slit shaped micropore region as compared to mesopore also con-
firmed by Fig. 2.

Pore size of AFA decreased with increasing R up to 4 and cor-
responded within the mesopore region. BET SSA increased from
132 to 161.3m’ g by increasing the ratio from 2 to 5 respectively,
as shown in Fig. 3 and Table 2. BET SSA of FA without treatment
of KOH merely shows 6.1 m” g' and tremendous enhancement is
observed when treated with different ratios of R. This increase in
BET SSA indicates decrease in the pore diameter and creation of
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Fig. 3. Effect of ratio of KOH to fly ash (R) activated at 700 °C for
2 h on BET SSA, yield, and CO, adsorption capacity.

Table 2. Yield, BET SSA, and CO, adsorption capacity of ratio of KOH to FA (R) activated at 700 °C for 2 h

R Yield BET SSA D, D, V, Vof CO,ads.  V of CO, ads. V of CO, me COJg AC
%)  (mg")  (max) (m) (m’g’) (ml) adsorb/V,  Ads/V,<2nm 678

0 6.1 0 0.001 11

2 7 132 11 2897 0.023 0.0028 0.1249 0.1578 30

36 782 14 2769 0.084 0.0071 0.0855 0.5023 75

4 56 959 11 1178 0.077 0.0147 0.1915 0.5034 154

5 48 1613 13 1348 0.148 0.0192 0.1300 0.4765 20.1

Korean J. Chem. Eng.(Vol. 32, No. 4)
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Fig. 4. Comparison of PSD by DFT of FA activated at different tem-
peratures for 2 h and KOH to FA ratio=5.

defects on the surface. The amount of CO, adsorbed/g AC has been
increased by increasing the R, as more surface area is available to
accommodate higher amount of CO,. Linear scaling of CO, ad-
sorption capacity is observed in BET SSA as displayed in Fig. 3. As
the KOH impregnation with FA increased, yield decreased from
75% to 48%. Formation of potassium carbonate according to Eq.
(4) is expected to form at higher temperature. Further decomposi-
tion with increasing activation temperature, residence time (Fig.
6), and higher amount of R would have caused a decrease in yield.
Similar kinds of results were also observed by Agullo et al. [32].

Five different activation temperatures ranging from 500 to 900 °C
were investigated to find its effect on the characteristics of gener-
ated AFA as shown in Fig. 4. Pore volume per unit pore diameter
increased with increasing temperature up to 700 °C, and a decrease
in generated pore volume was observed as the temperatures fur-
ther increased above 700 °C. Increasing the temperature above a
certain limit can rupture the carbon structure to generate smaller
particles, which breaks the pores and generates slit areas in the form
of channels built on the surface of the generated AFA. In addition,
the results displayed in Fig. 4 show that for temperatures below 700 °C,
PSD is within the mesopore size range. Furthermore, it is clear for
temperature at 500 °C, approximately no micropores were gener-
ated and a single peak of the mesopore size was found at ~3 nm.
At temperatures (600 and 700 °C), two peaks were generated, one
for micropore range and another for mesopore range. The micro-
pore volume increases at higher activation temperature (700 °C).
For higher temperatures (800 and 900 °C), a lower peak height within
the micropore range was obtained, which could be due to the sur-
face rupture at higher temperatures and generation of slits with chan-
nel shape.

Three different calcination time durations at 700 °C and KOH
to FA ratio at 5 were investigated for its effect on the surface char-
acteristics of the FA, as shown in Fig. 5. The results showed that
for 2h of activation, FA generated the highest peak intensity of micro-
pore 1.5nm size. It has to be clarified that increasing time dura-
tion of activation above a certain limit generates higher peak of the
mesopore size range, which may be attributed to the fact that in-
creasing activation time will certainly increase the possibility of car-
bon particle rupture. Furthermore, new pores with higher pore diam-
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Fig. 5. Comparison of PSD of FA activated for different times at
700 °C and KOH to FA ratio=5.

eter are formed due to the collapse of micropores into mesopores.
In addition, the slit area may be generated due to higher activation
time [33]. The amount of CO, adsorbed/g AC has been increased
by increasing the activation time, which can be ascribed to the in-
creased BET SSA and micropore volume (V) due to the high acti-
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Fig. 6. Effect of activation time on BET SSA, yield, and CO, adsorp-
tion capacity of FA activated at 700 °C using KOH to FA ratio
=5.
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Fig. 7. Nitrogen adsorption-desorption isotherms of FA activated
for 2 h at 700 °C and different ratios (KOH/FA).
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Fig. 8. SEM images of (a) fresh and (b), (c), & (d) FA treated with R=5 at a temperature of 700 °C for 2 h with different magnification.

vation time shown in Fig. 6 and Table 2.

The nitrogen adsorption-desorption isotherms of KOH/FA sam-
ples activated for 2 h at 700 °C were performed by keeping the sam-
ples isothermal at 77 K displayed in Fig. 7. According to the ITUPAC
classification, both nitrogen adsorption and desorption isotherms
of AC can be described as a type II for samples treated with R ratios
higher than 3, while for ratios below 3, the isotherm is of type III
[30]. The results show that the samples treated with ratios higher
than 3 have structure of macroporous type, while ratios below 3
are of non-porous type. According to Brunauer’s classification, it is
clear that isotherms of all treated samples behave like smooth mono-
tonic curves, which is true for higher-pressure adsorption. Accord-
ing to the modern classification of hysteresis loops, the loop of ad-
sorption-desorption isotherm for samples treated with ratios above
3 is of H3 type, indicating the adsorption is not limited at higher
P/P, This type of isotherm occurs with aggregation of plate-like
particles giving rise to slit shaped pores, while samples treated with
lower ratios are of H4 type, which is nearly horizontal and parallel
over a wide range of P/P,, [30,34]. The BET SSA of different R ratios
(0 to 5) was estimated from the linear fit to the BET adsorption

isotherms. They are found to be 6.1, 13.2, 782, 95.9, and 161.3 m’
g ' shown in Table 2. The vast enhancement in BET SSA is totally
expected for FA activated with KOH at higher temperatures. Accord-
ing to Yoon et al. [35] partial gasification and expansion of the inter-
layer spacing between the graphenes through simultaneous inter-
calation and deintercalation are ascribed to the higher BET SSA as
R ratio are increased at higher temperatures.

SEM was used for investigating the morphological effect of KOH/
FA ratio. The results show that treatment of fresh FA with KOH
improves the surface porosity largely as displayed in Fig. 8(a)-(d).
It is clear that fresh FA displayed in (a) was approximately free of
pores and has a lower pore volume, also shown in Table 2. A new
slits of a channel-like shape have been generated on the external
surface of the FA shown in (b). It is clear that rupture of the car-
bon surface takes place approximately all over the surface as shown
in (b) and (c); (c) and (d) show that pore size decreases gradually
from outer surface down to the bottom depth of the pore.

3. CO, Adsorption Measurement

CO, adsorption isotherm of AC samples activated at 700 °C for

2h with R=5 performed at different temperatures (25°C, 30°C,

Korean J. Chem. Eng.(Vol. 32, No. 4)
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Fig. 9. Experimental (legends) and fitted Langmuir isotherm (lines)
of CO, adsorption performed at different temperatures (25 °C,
30°C, 40°C, 50°C, 60°C, and 70°C) on AC samples acti-
vated at 700 °C for 2 h with R=5.

40°C, 50°C, 60 °C, and 70 °C) and CO, partial pressure range 0.0
and 0.9 atm are presented in Fig. 9. For all samples, maximum CO,
adsorption capacity linearly increases with partial pressure. Maxi-
mum CO, adsorption capacity of the AC sample was found to be
26 mg/g AC at 25 °C and partial pressure of 0.9 atm. CO, adsorp-
tion capacity of the same samples decreases as the temperature
increases under similar experimental conditions. Physical adsorp-
tion is an exothermic reaction feasible at lower temperature and
decreases as the temperature increases follows Le Chatelier's prin-
ciple. FA generated AC having highest BET SSA (161.3m’ g ) shows
maximum CO, adsorption capacity (20.1 mg/g AC) at 40°C as dis-
played in Table 2 and Fig. 9. Linear scaling of CO, adsorption capac-
ity with BET SSA is shown in Fig. 10. CO, adsorption data obtained
at different temperatures were fitted to Langmuir isotherm to esti-
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Fig. 10. The linear scaling of adsorption capacity of CO, (92% CO,
in N, at 40 °C) of AC with BET SSA.
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Table 3. Effect of temperature on K and q,, of AC samples activated
at 700 °C for 2 h with R=5

Temperature (K) 298 303 313 323 333 343

q. (mg CO,/g AC) 352 3375 29.17 3046 3872 352
K 357 317 255 138 06 041
R? 0991 0992 0981 0974 0929 0.84

mate the maximum adsorption capacity (monolayer coverage), q,,
and the adsorption equilibrium constant (K) according to the Lang-
muir equation [34]:

@)

where p, is the equilibrium partial pressure of CO,. Nonlinear regres-
sion software (Polymath) was used to determine Langmuir equa-
tion parameters (q,,, and K) and R? (correlation coefficient) as a
statistical indicator of goodness of model prediction. It is custom-
ary to conclude that R’ close to unity indicates that model represents
the data accurately. Langmuir isotherms accurately describe the
CO, adsorption data on AC with R* values in excess of 0.929 for
most of the temperatures as shown in Fig. 9 and Table 3. The value
of q,, varies within a narrow range with a mean value of 33.75+
348 mg CO,/g AC as the temperature increases from 25 °C to 70 °C.
Thus, it is plausible to assume that q,, does not change significantly
within the temperature range investigated.

From thermodynamic principles, it is known for a chemical sys-
tem at equilibrium [36]:

AG=—RT InK ®)

where AG, R, T, and K is Gibbs free energy, universal gas constant,
absolute temperature, and equilibrium constant. Also

AG=AH-TAS )

where AH and AS is the heat of reaction and entropy change. From
Egs. (8) and (9), it can be shown that

_AS_AH

InK= R RT

(10)
On the other hand, according to Langmuir single site adsorption
mechanism, we can write the reversible adsorption reaction:

A+S=AS

where A and S is an adsorbate and adsorption site. The Arrhenius
form of adsorption and desorption rate constants can be written
as follows:

B

RT
kads = Audse

(1)

B

kdes = Adese i (12)

where A, Ago Euo Eus Kuge and kg, are adsorption frequency
factor, desorption frequency factor, adsorption activation energy,
desorption activation energy, adsorption rate constant, and desorp-
tion rate constant, respectively. From Egs. (11) and (12), it can be
shown that
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Fig. 11. Relationship between In K and 1/T of AC samples activated
at 700 °C for 2 h with R=5.

Table 4. Effect of temperature range on (E;.—E,;) of AC samples
activated at 700 °C for 2 h with R=5

Temperature range (Baes—Eaad) 2
(K) (A Ase) kcal/mol R
298-313 3.227x10°° 4.13 0.9999
313-343 9.572x107"° 13.45 0.9858
_ Edex _ Eads Auds
InK= RT +In —-;e—s (13)
Comparing Eqs. (10) and (13), it is clear that
E.—Eu=AH (14)
Aads _ AS
In AL R (15)

Thus, the heat of adsorption can be calculated from plotting In K
versus 1/T as shown in Fig. 11. It is clear that there are two regions,
one at lower temperatures (25 to 40 °C) with lower heat of adsorp-
tion (AH=4.13 kcal mole ') and other is at higher temperature range
(40 to 70 °C) with higher heat of adsorption (13.45 kcal mol ), as
shown in Table 4. According to Yang et al. [37] the heat of physi-
cal adsorption is below 10-15kcal mol ™. According to this crite-
rion, lower activation energy obtained between 25 to 40 °C certainly
indicates physical adsorption nature of CO, on AC. However, in-
crease of heat of adsorption to 13.45 kcal mol ' for high tempera-
ture range (40 to 70 °C), although could be considered as physical
adsorption. It may also indicate a change in the nature of adsorp-
tion of CO, at higher temperature.

CONCLUSION

A reasonably high BET specific surface area (SSA) activated car-
bon (AC) was successfully prepared by treating the desalination
and power plant generated fly ash (FA) with KOH. The highest
BET SSA for the AC was found to be 161 m*/g AC by optimizing
the process conditions such as FA to KOH ratio 5, calcination dura-
tion for 2 h, and activation temperature at 700 °C. Adsorption iso-
therms were generated for CO, adsorption on this optimized AC

and maximum adsorption capacity was found about ~26 mg CO,/g
AC at 40 °C. Investigations also revealed that even though CO, ab-
sorption on AC is not very high, but it opens a new kind of research,
where CO, emitted from desalination and power plants can be ad-
sorbed back on the same FA generated within the same plant. Cur-
tailing CO, emitted from the above sources suggests modest reduc-
tion of greenhouse gas emission, which in turn will help to reduce
global warming. In future, modification of FA post generation from
power and desalination plants to obtain a very high BET SSA can
accommodate more CO, may help to reduce greenhouse gas emis-
sion to a greater extent.
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