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Abstract

Unburned carbon in fly ash is an important by-product from coal combustion. In this investigation, unburned carbon has been separated from
fly ash and been employed as a low cost adsorbent for a basic dye adsorption (Rhodamine B) in aqueous solution. Adsorption isotherm and
kinetics of adsorption have been investigated using batch experiments. Itis found that dye adsorption capacity depends on initial concentration,
pH of solution, and temperature. The adsorption isotherm can be described by Langmuir model and the adsorption capacity of Rhodamine
B at 30, 40, and 50C can reach 9.% 107°, 1.14x 10~4, and 1.5x 10*mol g%, respectively. The pseudo first- and second-order kinetic
models have been employed to fit the dynamic adsorption. It is found that the dynamic adsorption follows the pseudo second-order model.
Thermodynamic calculations indicate that the adsorption is endothermic reaction Mitht 25 kJ mot?.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction combustion conditions. Unburned carbon is always present
in fly ash at various contents. High content of the unburned
Dyes and pigments from several industrial branches cancarbon in fly ash limits the application of fly ash for cement
be emitted into water systems. The presence of dye in waterproduction. Due to more stringent environmental regulations,
is highly visible and affects water transparency, resulting in especially, concerning NCemissions, there is an alarming
reduction of light penetration, and gas solubility in water. rise of unburned carbon in fly ash from coal combustion
Moreover, several commonly used dyes have been reportedorocesses. Research on the physical properties of unburned
to be carcinogenic and mutagenic for aquatic organisms. carbon reveals that unburned carbon is a type of carbon pow-
Removal of such compounds are difficult while many physi- der composed of microsized particles, whose carbon content
cal and chemical methods including adsorption, coagulation,can be as high as 73-91%, and ash component approxi-
precipitation, filtration, ozonation, and oxidation have been mately 5-19%3]. The unburned carbon possesses adsorptive
used for the treatment of dye-containing efflughit The ability since it has gone through a devolatilisation process
adsorption process provides an attractive alternative for thewhile in the combustor. However, the fate of unburned car-
treatment of contaminated waters, especially, if the sorbentisbon is mainly disposal due to the present lack of routes
inexpensive and does not require an additional pre-treatmentfor their effective use. In recent years, unburned carbon has
step before its applicatigj]. been explored as low cost adsorbents replacing activated car-
Fly ash is a by-product of fuel combustion and its chem- bon for flue gas treatmei,5]. However, no investigations
ical compositions are influenced by the fuel source and the have been conducted using unburned carbon for water treat-
ment. Our previous investigation has shown that unburned
* Corresponding author. Tel.: +61 8 9266 3776. carbon plays an important role for adsorption in fly ash
E-mail address: wangshao@vesta.curtin.edu.au (S. Wang). [6]. In this paper, we report our investigation on adsorp-
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tion isotherm and kinetics of dye adsorption on unburned The data obtained from the adsorption tests were then

carbon. used to calculate the adsorption capagitymol g—1), of the
adsorbent by a mass—balance relationship, which represents
the amount of adsorbed dye per amount of dry adsorbent,

2. Experimental GG
qr = W
where Co and C; are the concentrations of dye in solution

Fly ash (FA) was obtained from a power station in Western (mol dn3) at timer=0 andt, respectivelyy the volume of

Australia. The chemical compositions of the raw fly ash are the solution (drd), andW is the weight of the dry adsorbent

SiO, (55%), ALO3 (29%), FeO3(8.8%), CaO (1.6%), MgO  used (g).

(1.0%), and 5% unburned carbon. To obtain the unburned

carbon from fly ash, we used a physical sieving method to

separate the raw fly ash to get a carbon-rich sample and ther8. Results and discussion

employed a water washing method to get higher concentrated

unburned carbon sample (UC). Analysis of carbon content 3.1. Dynamic adsorption and kinetics

of the unburned carbon indicates that the carbon content is

85%. Nb adsorption gave the specific surface area and pore Fig. 2presents the dynamic adsorption of RB on unburned

volume as 224 hg~! and 0.16 crig™1, respectively. SEM  carbon at different initial concentrations. One can see that

observation also shows that the unburned carbon has a well-adsorption is fast before 20h, and then it approaches to
developed porous structuj@]. equilibrium. The time profile of dye adsorption is a sin-
A basic dye, Rhodamine B (RB), was obtained from gle, smooth, and continuous curve leading to saturation,

AJAX Chemical. Rhodamine B has moderate wash and light suggesting the possible monolayer coverage of dye on the

fastness properties on wool and has been used for dyeingsurface of the unburned carbon. The adsorption capacity

silk, wool, jute, leather, and cotton. It is also a useful ana- generally increases with the increasing initial concentra-

v 1)

2.1. Adsorbent and dye material

lytic reagent. The molecular formula i$§H31N203Cl with tion and the adsorption equilibrium can reach as high as
molecular weight of 479.0 g mot. Fig. 1shows its chemical ~ 1.5x 10*molgL.
structure. A stock solution with concentration at$®M was Itis well-known that pH of solution influences the adsorp-

prepared and the solutions for adsorption tests were preparedion of dyes on adsorbent. Most of the dyes are ionic and
from the stock solution to the desired concentrations (from upon dissociation release conferred dye ions into solution.
10610 10°°M). The degree of adsorption of these ions onto the adsorbent
surface is primarily influenced by the surface charge on the

) adsorbent, which in turn is influenced by the solution pH. To

2.2. Sorption test study the influence of pH on the adsorption capacity, exper-

iments were performed using various initial pH solutions.

Fig. 3 shows the dynamic adsorption of Rhodamine B on
unburned carbon at three different pH values. It is seen that
the amount of adsorption increases as the pH is increasing.

At low pH, the adsorption changes little while the adsorption

Adsorption kinetics and isotherm experiments for
unburned carbon were undertaken in a batch equilibrium
technique. The adsorption of dye was performed by shak-
ing 0.005-0.010g of solids in a 200 ml of dye solution with
varying concentrations at 100 rpm (Certomat R shaker from
B. Braun) at different temperatures. The determination of dye

concentration was done spectrophotometrically on a Spec-  1.6e-44 v v
tronic 20 Genesis Spectrophotometer (USA) by measuring S 1.4e-4 - e v v M
absorbance atmyax 0f 556 nm. -y v o
p=] VV o < ° z A
2 1.0e4 v o 4 fa o 8
e (o]
3 8.0e-5- °o & ° ©
g Yoab o
£ 6.0e-54 & 00
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Fig. 1. Chemical structure of Rhodamine B. Fig. 2. RB adsorption on unburned carbon at different initial concentrations.
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Fig. 3. Effect of pH on RB adsorption on unburned carbon. 1.6e-4
S 1.4e4
g
shows large difference at high pH. Lower adsorption of RBat = 1:26-4 1
acidic pH is probably due to the presence of excetsors 2 1.0e-4
competing with the cation groups on the dye for adsorption é 8.08-5 |
sites. As surface charge density decreases with an increas' & . |
in the solution pH, the electrostatic repulsion between the %
positively charged dye, RB and the surface of the carbon is g 4.0e-51
lowered, which may resultin anincrease inthe rate of adsorp- 20854
tion. 0.0 -
The adsorption experiments were also conducted at vari- i ‘ i i ‘ i ,
ous temperatures and the amount of adsorption variation with 0 20 40 60 8 100 120 140
time is shownirFig. 4. Itis seen that temperature significantly ~ (b) Time (h)

influences the adsorption capacity. High temperature results

in high adsorption, suggesting the endothermic property. The
adsorption at 50C can reach 1.5 10~* molg .

A study of adsorption kinetics is desirable as it provides
information about the mechanism of adsorption, which is

Fig. 5. Plots of pseudo second-order kinetics of RB on unburned carbon: (a)
linear and (b) experimental form.

modelled by several models, the pseudo first-order Lagergren

important for efficiency of the process. Successful applica- equation and pseudo second-order rate equation given below
tion of the adsorption demands innovation of cheap, easily 5 Egs(2) and(3), respectively.

available and abundant adsorbents of known kinetic parame-

. . . . . . kl
ters, and sorption characteristics. Adsorption kinetics can beIog (e — q1) = 10g ge — " @)
2.303
1.6e-4 " i — i _ il‘ (3)
140t ] A . a qr k2q3  qe
P . whereks is the rate constant of pseudo first-order adsorption
£ 100 - o o o o (h™1), k2 (gmol~1h) the rate constant of pseudo second-
= = o ° a o order adsorptionge andg, are amount of dye adsorbed on
£ 8.0e51 adsorbent (molgt) at equilibrium and at time respectively.
§ 6.0e-5 - For the pseudo first-order kinetic model, E8) can be
€ 40054 transformed to Eq4), which can used to predict the adsorp-
e o 30C tion equilibrium.
< 2.0e-5 4 o 40°C .
© —K1!
0.0 + i155(1 ﬁneﬁc model qr = qe(l —€ ' ) (4)

80 100 120

Time (h)

140

Fig. 4. Effect of temperature on RB adsorption on unburned carbon and
fitting of pseudo first-order kinetic model.

Figs. 4 and 5presents the curves for fitting experimental
data at different temperatures using the pseudo first-order
and pseudo second-order kinetic models. As shown that the
first model seems not good in modelling the kinetics and the
regression coefficients are less than the ones obtained from



74 S. Wang, H. Li / Journal of Hazardous Materials B126 (2005) 71-77

Table 1
Parameters of kinetic models on unburned carbon
T (°C) Pseudo first-order model Pseudo second-order model

ko (b1 ge (molg™) R? k2 (gmolth) ge (molg™) R?
30 0.30 9.21x 10°° 0.963 4994.9 9.7% 107 0.999
40 0.42 1.03 104 0.942 3468.6 1.14 104 0.998
50 0.40 1.34< 10°4 0.937 2329.0 1.5 104 0.998

the second-order kinetic§¢ble 1. From the results, it is  Table 2 o
also seen that the equilibrium adsorption from the pseudo Parameters of kinetic models on unburned carbon

second-order model are much close to the experimental data7 (°C) Kc AG° AH® AS® Ea
suggesting the better application of the second-order kinetics. (Jmor®) (kImor!) (IKmorh) (kImol™)
The pseudo second-order rate constant of dye adsorptior0 9.97 -58
is expressed as a function of temperature by the Arrhenius-4° 12.80 6.6 25.2 1021 —-31.0
type relationship %0 18.57 —1.8
Ink2=InA—E (5)
RT AG® = —RT In K¢ (7)
whereE;is the Arrhenius activation energy of sorption, repre-
; o AS®  AHO
senting the minimum energy that reactants must have for the,, Kc=— 27 (8)
reaction to proceed, the Arrhenius facto® the gas constant R RT

and is equal to 8.314 Jmol K1, and7'is the solution tem-  \yhere ke is the distribution coefficient for the adsorption,
perature. When Iy _is plotted versus 17 a straight Iir_le With Ca the amount of dye (mol) adsorbed on the adsorbent per
slope—E/R is obtained and shown ifig. 6. The activation g of the solution at equilibrium, ans is the equilibrium
energy is obtained as31kJmot ™. This suggests that the  concentration (mol di?) of the dye in the solutiorT is the
adsorption is not a chemically activated process but a phys-gq|ution temperature (K) anlis the gas constana H#° and
ical diffusion process. Ho and Chiarig] investigated the A0 were calculated from the slope and intercept of van't
adsorption of an acid dye onto the mixture of activated clay qff plots of InK¢ versus 17’ (seeFig. 7). The results of
and activated carbon and found that the kinetics of acid dye AG®, AHP, andAS? are listed inTable 2 It is seen that the
adsorption followed the pseudo second-order rate expressiongsorption process is spontaneous with the negative values of
and the activation energy wasl1.7 kJ motf™. _ AGP. The standard enthalpy changeX{°) for the adsorption
The thermodynamic parameters such as change in stanyn ynpurned carbon is positive indicating that the process is
dard free energyXG°), enthalpy A #%), and entropy £5°) endothermic in nature. The adsorption of dyes on adsorbents
were determined by using the following equatifBisand are  jnyolves several processes, diffusion, and surface reaction.

giveninTable 2 The kinetic calculation has suggested that the process is not a

Ca surface chemical reaction but a diffusion process, as diffusion
Kc = Ce (6) is an endothermic process. The positive valuasf shows
S
8.6 3.0
29| °
8.4
2.8
8.2 274
= —_
z < 2.6
8.0 =4 .
2.5
7.8 241
2.3 .
7.6 . . . , ; 55 . . i . ,
0.00305 0.00310 0.00315 0.00320 0.00325 0.00330 0.00335 0.00305 0.00310 0.00315 0.00320 0.00325 0.00330 0.00335
1T (K™ 1T (K)

Fig. 6. Arrhenius plot of the pseudo second-order kinetics. Fig. 7. Plot of InK¢ vs. 1/ for estimation of thermodynamic parameters.
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Table 3
Parameters of kinetic models on unburned carbon
T (°C) Langmuir isotherm Freundlich isotherm

K (dm®mol1) gmax (molg™1) R? RL 1n Ke.{molgt (L mol-1)1} R?
30 2.82x 10° 9.68x 10°° 0.898 0.020 0.0416 1.49104 0.880
40 4.03x 10° 1.14x 104 0.904 0.014 0.0471 1.89104 0.892
50 1.57x 10° 1.49%x 104 0.955 0.035 0.140 6.9710°4 0.933

increased disorder at the solid—solution interface during the
adsorption of dye. The adsorption increases randomness at
the solid/solution interface with some structural changes in
the adsorbate and adsorbent, and an affinity of the adsorben
toward RBJ[1,9]. 0.00014 1

0.00012 4

0.00016

3.2. Adsorption isotherms 000010 .

mol/g)

The equilibrium adsorption isotherm is of importance in 7 000081
the design of adsorption systems. Several isotherms equation: 4 go00s |
are available and the two important isotherms are selected in

0.00004 4

this study, the Langmuir and Freundlich isotherms. o Experiment
_ H H e ] Langmuir
The well-known expression of the Langmuir model is: 0.00002 ~ Freondiich
0.00000 T T T T T T T
ge = KigmaxCe (9) 00 2006 4086 60e-6 80s-6 1065 1265 1.de5 1665
14+ K.Ce (©) Ce(M)

wherege is the equilibrium dye concentration on adsorbent
(molg™1), Ce the equilibrium dye concentration in solu-
tion (mol dnT3), gmax the monolayer capacity of the adsor- 0.00012 1
bent (molg1), andK| is the Langmuir adsorption constant
(dm®*mol~1) which relates to the adsorption energy. The
Langmuir equation is applicable to homogeneous sorption,
where the sorption of each sorbate molecule onto the surface
has equal sorption activation energy. 0.00006 1
On the other hand, the Freundlich equation is:

0.00014

0.00010 -

0.00008 A

g.(mol/g)

0.00004 +

o  Experiment
Langmuir
— — Freundlich

de = KFCel/n (10) 0.00002 -

wherege is the equilibrium dye concentration on adsorbent 0.00000 . . ‘ ‘ . . .
(molg™1), Ce the equilibrium dye concentration in solution 00 20e6 40e-6 60e-6 80e6 10e5 1265 1.4e5 16e5
(moldn3), and ke (dm3g~1) and n are the Freundlich Co M)
constants characteristic of the system, indicators of adsorp-
. . . . . . 0.00012
tion capacity and adsorption intensity, respectively. The Fre- o
undlich equation is employed to describe heterogeneous sys- |
tems and reversible adsorption and is not restricted to the et
formation of monolayers. 0.00008 A

Fig. 8shows the adsorption isotherms of RB on unburned
carbon atdifferenttemperatures and the fitted curves using the
two equilibrium isotherms. The parameters for two isotherms £
obtained from experimental data are presentdble 3 As 7 0.00004
seen that the adsorption equilibrium obtained from Lang- o Experiment
muir isotherm is quite close to the experimental data and the 900002 1 ~—- Freundiich
regression coefficients are better than those obtained from - Langmar
Freundlich isotherm, suggesting the nonapplicability of Fre- 00 0 o es 1505 1405 1805 1805 2065
undlich model to this system. (@) Ce(M)

From the Langmuir parametek) at different tempera-
tures, we can also estimate the thermodynamic parameterFig. 8. RB adsorption isotherms on unburned carbon at different tempera-
enthalpy, using the van’t Hoff E§11). The enthalpy 4 H°) tures: (a) 30C; (b) 40°C; (c) 50°C.

0.00006 4
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Table 4

Comparison of adsorption capacity for various adsorbents

Dye Adsorbent Capacity (mold) References
Methylene blue Activated carbon from coconut shell 0%y 0 [9]
Methyl orange Activated carbon from coconut shell 02904 [9]
Methylene blue Fly ash 0.1410°4 [2]
Methylene blue Red mud 0.028104 [2]
Malachite green Activated carbon from fertiliser waste 2B [11]
Malachite green Blast furnace slag 1.090°4 [11]

RB Iron humate 0.44 104 [12]

RB rice husk-based porous carbons x 7074 [13]

RB Bagasse fly ash (1.18-1.43%10* [14]

RB Activated carbon from pistachio shells (1.6-1904 [15]

RB Carbon from fertiliser waste (1.7-1.9)104 [16]

RB Unburn carbon (0.97-1.5)10* This work

at 30-50C is obtained as 23.8 kJ md, which is close to
the value obtained from the kinetic studies:

T K
( 21>|nl_2

-1 Ky,

AH® = (11)

second-order kinetic model. Equilibrium data agree well with
Langmuir's isotherm model.

References

For Langmuir isotherm, a method has been adapted to cal-

culate the dimensionless separation factyr)([10], which
splendidly determines the favourability and the shape of
the isotherm of the adsorption process by applying the
equation:

1

RL=— "
14+ KL Co

12)
where K| signifies the Langmuir constant anh is the
initial concentration. The value aR_ indicates the type

of the isotherm to be either unfavourabl® ¢ 1), lin-

ear R =1), favourable (OR_ <1), or irreversible §_ =0).

The calculated values of separation factor for the adsor-
bent at different temperatures are presentedahle 3 It

is clear from the table that all the values Bf are less
than unity, confirming thereby the favourable adsorption
process.

Several investigations have been conducted using various

wastes for dye adsorptiomable 4presents a comparison of

the adsorption capacity of the results. Itis seen that unburned
carbon in this report shows the comparable adsorption capac-

ity to other activated carbons, revealing that unburned car-
bon can be employed as a promising adsorbent for dye
adsorption.

4. Conclusion

Equilibrium and kinetic studies were conducted for dye
adsorption on unburned carbon separated from fly ash in
aqueous solution. The adsorption of Rhodamine B was found
to be dependent on solution pH, adsorption temperature, an
concentration. A comparison of the kinetic models and the

overall adsorption capacity was best described by the pseudo
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