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Abstract. The crude dye extracted from the heartwood of Ceasalpinia sappan Linn. was reacted
with alum to form a solution containing a cationic dye complex of [Al(brazilein),|* and used
for the dyeing of silk yarn. The dye solution left after dyeing was treated with coconut shell
activated carbons with different pore structure and surface chemistry to remove the dye
complex and with eucalyptus-based activated carbon to remove the residual aluminium ion
(AP*). Adsorption kinetics of this dye complex was well described by the pseudo-second
order model and the time to reach equilibrium was relatively long, suggesting the intra-particle
diffusion to be the controlling step. Isotherm data for dye adsorption of all tested carbons
could be well fitted by the well-known Langmuir equation. Activated carbon containing
mainly micropores was not effective in adsorbing the relatively large size of dye molecules.
However, after oxidizing the carbon surface with HNOj to fix the oxygen surface functional
groups, the adsorption was enhanced significantly by electrostatic attraction. Porous activated
carbon constituting larger proportion of mesopores gave higher adsorption capacity than that
of microporous carbon with the dispersive-force attraction being the dominant adsorption
mechanism. The adsorption of Al¥* by eucalyptus activated carbon followed the linear
isotherm equation with Henry’s constant of 0.74 L/mg and about 80% removal of the initial
AP* content (8.2 mg/L) could be achieved using a typical carbon dosage of around 6 g
carbon/L of dye solution.
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1. Introduction

The aqueous extract from the heartwood of Ceasalpinia. Sappan Linn. is generally used for the dyeing of silk,
especially in the northeast area of Thailand. The extracted dye, which are mainly composed of brazilin and
brazilein (see Fig. 1), gives a beautiful red or pink color to the silk. However, this natural dye has poor
fastness property. To overcome this problem, some metal ion-based mordants have been used [1, 2]. One
such mordant commonly used is alum, which provides a source of aluminium ions. Wongsooksin et al. [3]
reported that with alum added, the dye presented in the form of [Al(brazilein)s]* complex, considered as a
cationic dye as shown in Fig. 1(c). However, the problem concerning silk dyeing is the release of residual
aluminium ion and coloration of the effluent generated from wastage and washing during the process of
silk dyeing. Aluminium is a potential hazard connecting to Alzheimer’s disease in human being and it is
allowed to have only 0.05 to 0.2 mg/L in drinking water according to standard environmental regulations
[4]. For coloration, complete dye removal is necessary because dyes will be visible even if present at a low
concentration.

Although there are several wastewater treatment methods available, there is virtually no single process
capable of adequate treatment for different types of dyeing effluents. Adsorption is an effective separation
process and activated carbon is the most widely used adsorbent for removing a vatiety of pollutant species
from wastewater, particularly metal ions, organic compounds and dyes [5-8]. Apart from suitable pore size
distribution, the surface chemistry of activated carbon is another factor that may improve or hinder its
ability to adsorb certain species [9-11]. The surface chemistry of activated carbon is related to the presence
of surface functional groups, especially oxygen functional groups usually locating at the edges of graphene
layers. In addition to oxygen acidic surface groups such as carboxylic acid, lactonic and phenolic groups, the
carbon surface is known to have some basic functional groups e.g., ketone and carbonyl groups. Many
researchers have reported that the oxidized activated carbon could enhance the adsorption of different
aqueous metal ions as well as cationic and aniline dyes [12-14]. On the other hand, the oxygen-free
activated carbon with a suitable porosity was used to adsorb anionic dyes where the adsorption was
generally determined by n-n dispersion interaction between the surface electron of activated carbon and the
aromatic ring of the adsorbates|15,16].

In the present study, a coconut shell activated carbons prepared by steam activation and chemical
activation were chosen as potential adsorbents for the adsorption of the residual [Al(brazilien)s]* from real
silk-dyeing effluent. The activated carbon was also modified using nitric acid and thermal treatment in order
to change its surface chemistry. An activated carbon prepared from eucalyptus wood by physical activation
with carbon dioxide was also used to study the adsorption of the above-mentioned cationic dye as well as
the aluminium ion remaining in the spent natural-dye solution.
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Fig. 1. Chemical structure of (a) brazilein, (b) brazilin, and (c) [Al(brazilein)z|* dye complex.

30 ENGINEERING JOURNAL Volume 16 Issue 5, ISSN 0125-8281 (http://www.engj.otg/)



DOI:10.4186/¢j.2012.16.5.29

2. Experimental
2.1 Activated Carbon Preparation

Activated carbons from two types of precursors, namely coconut shell and eucalyptus wood(Ewcalyptus
camaldnlensis Debn.) were used in this study. The coconut shell based activated carbon prepared by physical
activation with steam (1.8 mm average size) was supplied by C. Gigantic Company (Nakhon Ratchasima,
Thailand) and was designated as sample C. The chemically activated carbon from coconut shell (sample
CZ) was prepared in this study by using the procedure suggested by Hu et al. [17] to produce carbon with
larger proportion of mesopores, as follows. The dried coconut shell (average screen size of 1.67 mm) was
impregnated with saturated ZnCly solution, using ZnCl, to coconut shell weight ratio of 3:1. The
impregnated sample was dried in an oven at 110°C for 24 hours. The dried sample was then carbonized
under nitrogen in a tube furnace (Carbolite, UK) at 800°C for 1 hour, after that the inert gas was switched
to carbon dioxide and kept for another hour and cooled down to room temperature under the constant
flow of nitrogen. The resulting carbon was washed several times with hot water until the rinsing water was
free from zinc and chloride ions, as checked by adding AgNOs3 solution and no white precipitate was
formed. The washed product was finally dried at 110°C overnight.

An activated carbon sample was also prepared from eucalyptus wood (0.714 mm average size) by
carbonizing the precursor in a tube furnace under the flow of nitrogen gas at 400°C for 1 hour, followed by
activating the resulting char with carbon dioxide in the same furnace at 800°C for 2 hours. The obtained
carbon sample was designated as sample W.

2.2.  Liquid-phase Oxidation

The oxidizing agent used for the liquid-phase oxidation in order to incorporate oxygen functional groups
onto physically and chemically activated carbons (sample C and CZ) was 7.5M nitric acid solution. Separate
samples of physically activated carbon (one gram each) were refluxed at solution boiling temperatures (80-
90°C) for 1, 2, 4, 8, 16, 24, and 48 hours with the designated sample codes given as C1, C2, C4, C8, C16,
C24 and C48, respectively. The chemically activated carbon (sample CZ) was refluxed under the same
condition as that of sample C4, and given sample code as CZ4.

2.3. Heat Treatment of Oxidized Carbon

Five grams of the oxidized carbon (sample C4) was subjected to heat treatment in a packed bed reactor at
two temperatures of 700 and 900°C under the constant flow of Nz at 100cm3/min for 10 hours. The heat
treated samples were designated as C4-700 and C4-900, respectively.

2.4. Characterization of Activated Carbons

The original activated carbons, the oxidized activated carbons and the heat treated carbons were
characterized for the following : the acidic group contents on the carbon surface using Boehm titration, pH
at the point of zero charge (pHp.c) to assess the extent of surface acidity and N adsorption isotherms to
determine the adsorbent porous properties. Details of experimental measurements and calculation of these
methods are given elsewhere [18].

2.5. Preparation of Natural Dye Extract and Al-dye Complex

The heartwood of Ceasalpinia sapann Linn. was obtained from plantation area in Nakhon Ratchasima
province, Thailand. The dried heartwood (200 grams) was chopped into small size (0.3 cm x 3 cm) and
extracted with boiling deionized water (2 L) using the ratio of 1 gram of wood per 10 mL of water for one
hour at 80-95°C. The aqueous extract was filtered and concentrated using a vacuum rotary evaporator
(model R-210, Buchi). Then, it was dried in a vacuum freeze dryer (DW 3 Drywinner, Heto), giving the
extract in powder form with 13% yield by weight.

The simultaneous-mordanting technique was used for the dyeing of silk in this study. Alum-dye stock
solution (2:1 molar ratio) for dyeing silk yarn was prepared by mixing stock solutions of prepared dye
powder (5x10“M) and alum [KAI(SO4)12.H2O] (5x10-*M). This dye was present in the dye bath as a
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cationic complex [Al(brazilein)s]* or [Al(Ci¢H1405)2]* which has a molar mass of 599 g/mol [3]. After
dyeing onto silk, the residual dye solution was diluted to have initial concentration of 220 mg/L which was
simply called dye solution and kept for subsequent adsorption experiments.

2.6. Adsorption Studies

Tests were carried out to study the adsorption kinetics, the effect of solution pH and carbon dosage on the
adsorption of Al-dye complex. For the study of adsorption equilibrium, 25 mL of dye solution was mixed
with varying amounts of activated carbon. Each suspension mixture was shaken in a thermostat shaking
bath at 30°C until the equilibrium was reached. The equilibrium concentration of the dye solution was
determined from a prepared calibration curve based on measured absorbance using a UV-visible
spectrophotometer (model 8453, Agilent) set at a wavelength (Amay) of 509 nm. The amount of dye
adsorbed at equilibrium, q. (mg/g carbon), was obtained by a mass balance according to the equation,

0 = (Co-Ce)VIW (1)

where C, (mg/L) and C¢ (mg/L) ate the concentrations of dye complex in the solution at time t = 0 and at
equilibrium time, respectively, I is the volume of the solution (L)), and W is the weight of activated carbon
() used.

The adsorption of Al-dye complex and aluminium ion from dye solution by eucalyptus based activated
carbon was also performed using the same procedure as that for coconut-shell based activated carbon. The
total alumimium content in the solution at equilibrium (both in the dye complex and as aluminium ion) was
analyzed by an Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) instrument (7500 Series, Agilent).

3. Results and Discussion
3.1 Porous and Surface Chemical Properties

Table 1 shows the porous properties and pHpzc of all carbon samples studied in this work. For all the
original activated carbons, the order of increasing surface area and pore volume is: W<C<CZ. However,
physically activated carbon from wood (sample W) gave the largest proportion of mesopore volume (31%).
For coconut shell activated carbons, the chemically activated carbon (sample CZ) constituted more
mesopore volume than sample C obtained by physical activation. It is noted that the surface area and pore
volume of sample C decreased after acid oxidation. This result should arise from the inaccessibility of Na
molecule, which was used as a probe molecule for isotherm measurement, into the internal adsorption sites
caused by the presence of functional groups at the pore entrance of slit-shaped graphitic planes and
possibly by the collapse of some thin pore walls due to the strong effect of oxidizing agents [19, 20]. This
lowering in the accessible amount of Nz for the oxidized carbons is further evident from the decrease in the
maximum amount of nitrogen adsorbed with increasing degree of surface oxidation (data not shown here).
The heat treated samples (sample C4-700 and C4-900) showed much higher surface area and micropore
volume than those of the parent oxidized carbon. This is to be expected since the thermal treatment of an
oxidized carbon at high temperatures in an inert atmosphere would cause the detachment of surface
functional groups, thus giving rise to the restoration of its accessible porous properties.

32 ENGINEERING JOURNAL Volume 16 Issue 5, ISSN 0125-8281 (http://www.engj.otg/)



DOI:10.4186/¢j.2012.16.5.29

Table 1.  Textural characteristics and pH at point of zero charge (pHpzc) of the test activated carbons.

SBET Vimic Vmeso Vr D

Sample TG o7e)  (emi/g)  (emi/g) (emi/g) (am) DI
C 977 0.44(88%) 0.06(12%) 0.50 2.03 8.57
C1 905 0.40(85%) 0.07(15%) 0.47 2.09 6.99
C2 852 0.37(84%) 0.07(16%) 0.44 2.08 6.87
C4 581 0.25(83%) 0.05(17%) 0.30 2.08 5.48
C8 * * * * * Xk
C4-700 1140 0.51(86%) 0.08(14%) 0.59 2.05 8.65
C4900 1144 051(88%)  0.07(12%) 058 203 898
7 1079 047(80%)  012(20%) 059 218  7.80
Cz4 525 0.26(79%) 0.07(21%) 0.33 2.09 6.95
W 738 027(69%)  012(31%) 039 212

*Unmeasurable; **not determined; Sser = BET surface area; Vi = miicropore volume; 1V yes =
mesopore volume; V't = total pore volume; D = average pore diameter.

The amounts and distribution of oxygen acidic groups and basic groups on activated carbon surface, as
determined from Boehm titration, are shown in Fig. 2(a). It is seen that the total acidic group increased
after oxidation. About fourfold increase in the acidic content with increasing oxidation time from 1 to 4
houts was observed, but from 4 to 48 hours the increase was only 13.5%. Therefore, the oxidation time of
4 hours was considered to be adequate to obtain a fully oxidized carbon for further dye adsorption study.
The HNO; oxidation of all samples gave the acidic functional group content in the following order:
carboxylic acid>phenolic>lactonic. This maximum creation of carboxylic acid content by oxidizing
activated carbon surface with HNOj; was also reported in the previous work [21]. When comparing with
the original carbon, the basic contents decreased after the HNO; treatment and there was a tendency to
decrease with increasing oxidation time. The observed decrease in basic content has been attributed to the
conversion of some basic groups such as ketone to carboxylic acid and lactone [22] and this may in part
explain the largest percentage increase of carboxylic acid in these oxidized carbons.

In order to further study the effect of surface chemistry on dye adsorption, the oxidized sample was
heat-treated in an inert atmosphere of N2 to selectively remove some of the surface oxygen functional
groups. Heat treatment process reduced the amount of acidic functional groups as indicated in Fig. 2(b) (cf.
C4 versus C4-700 and C4-900). In addition, carboxylic acid is most sensitive to heat treatment, i.e., its
content decreased in the largest percentage (83 and 89% for heating temperatures of 700 and 900°C,
respectively), as compared to the other two acidic groups. Furthermore, the thermal treatment developed
more of the basic groups on the carbon surface. This result could arise from the transformation of some
acidic groups into Bronsted basic groups at the high treatment temperature or from the increase in Lewis
basic content. The latter effect probably comes from the fact that heat treatment removed some of the
electron withdrawing groups (carboxylic acid and lactonic groups), thus leading to the increase in Lewis
basic sites which are associated with 7 electron density within the carbon basal plane [23].
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Fig. 2. Concentration of surface functional groups on coconut-shell activated carbon surface.

The contents and types of surface oxygen functional groups of the chemically activated carbon are
displayed in Fig. 2(c). The chemically activated carbon (sample CZ) prepared from coconut shell contained
slightly higher surface group contents but gave relatively the same percentage distribution of functional
groups as compared to the physically activated carbon (sample C). However, when sample CZ was oxidized
(sample CZ4), a much lower content of oxygen functional groups was noticed compared to sample C4, but
the order of acidic group content of both samples remained the same. It is probable that the physically
activated carbon could contain greater surface defects due to its higher activation temperature, thus
allowing the physically activated carbon to be more susceptible to oxidation treatment and hence producing
a larger number of surface oxygen functional groups.

Table 1 also lists the values of point of zero charge (pHrzc) of various types of activated carbons. As
seen, the oxidized carbons exhibit lower pHpzc values than that of the original activated carbon. This
indicates that all original carbons which have a basic surface become acidic after oxidation. The order of the
pHbpzc values is in agreement with the amount of acidic functional groups obtained from Boehm titration,
that is, the higher the content of acidic functional groups, the lower is the pHpzc. The oxidized acidic
carbon surfaces become basic again after their heat treatments at high temperatures.

3.2 Adsorption Studies

3.2.1. Adsorption kinetics

The kinetics of dye complex adsorption by the original and oxidized carbons (sample C, CZ, C4) was
studied and the results are shown plotted in Fig. 3. The difference in the amount of dye adsorbed among

these samples can be noticed but their adsorption kinetics followed a common trend. That is, the amount
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adsorbed increased with time and finally attained equilibrium within about 4320 min. (72 hours). The time
of 4320 min. was thus selected to be the suitable adsorption time to achieve the final equilibrium condition
for dye adsorption. The long equilibrium time could be attributed to the slow diffusion rate of the relatively
large size of the dye adsorbate inside the adsorbent pores and coupled possibly by the hindrance effect
among the adsorbed molecules. As a result of this mass transfer resistance, the use of smaller size adsorbent
particles should to a certain extent increase the diffusion rate by decreasing the diffusion path of adsorbate
from the exterior surface to the internal adsorption site.
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Fig. 3. Kinetics of dye adsorption and comparison with various kinetic models.
The kinetics of dye adsorption in this study was analyzed using the two commonly used rate equations,

namely the pseudo-first order model and the pseudo-second order model [24, 25], shown as Eq. (2) and
Eq. (3), respectively.

d

%= k(0. -G) &)
and

d

%=k2(qe -q,)? 3

Integrating the above equations gives in non-linear forms:

g =q,[1-e™ ] 4
and
gkt
4= 1+ gkt ©)
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where q. is the amount of dye adsorbed at equilibtium (mg/g carbon), q; is the amount adsorbed at time ¢,
ki (min!) and k; (g/mg-min) are the corresponding rate constants.

The prediction of adsorption kinetics can also be achieved employing a pore-diffusion model [26],
from which the adsorption process is governed by intra-particle diffusion of adsorbate molecules. The final
solution for the fractional uptake of adsorbate (F), assuming a spherical adsorbent and a linear adsorption
isotherm reads

q 6 > 1 —n?z’r
F=—t =1—(;j2—2e ©)

qe n=1 n
where 7 is a non-dimensional time parameter defined as, t = D t/ Ri , D¢ is the effective pore diffusivity

and R; is the radius of adsorbent particle. At long adsorption time (close to equilibrium), only the first term
of the series in Eq. (6) can be considered. Thus,
—r? Dt

F =1—(£2je i ™

Vs

The three kinetic model equations, Eq. (4), (5) and (7), were used to fit the experimental kinetic data of
dye adsorption. Table 2 lists the values of kinetic parameters derived by applying a regression analysis along
with the correlation coefficients (R?) and the comparison between experimental data and those predicted by
each model is shown in Fig. 3. Based on the values of correlation coefficient, the kinetic data of dye
adsorption were perfectly fitted with the pseudo-second order model (R2>0.99) and the order of predictive
capability of the models is: pseudo-2nd order> pore diffusion > pseudo-1%t order model. The equilibrium
adsorbed capacities (q.) estimated from the three models agreed reasonably well with the order of q. for the
activated carbons studied, that is, C4>CZ>C. The difference in the maximum adsorbed capacity is ascribed
to the difference in the adsorption mechanisms as discussed in section 3.2.2. Reasonably good description
of adsorption kinetics by the pore-diffusion model (see Fig. 3) indicates that diffusion of dye molecules
through the internal pores of activated carbon is probably the rate-determining step of the overall
adsorption process. In other words, the rate of diffusion of adsorbate molecules through the external fluid
film and the rate of adsorption on the active sites are much faster than the intra-particle diffusion rate.

It is observed that the effective pore diffusivities (D.) of non-oxidized sample C and CZ are
comparable but are about half less than that of the oxidized sample C4. The higher D. value of sample C4
is attributed to the higher affinity of this carbon towards the dye molecules due to the presence of a large
number of acid surface functional groups. This would lead to a faster rate of adsorption and thus giving less
concentration gradient of adsorbate along the diffusion path inside the adsorbent pores. The values of
effective pore diffusivity of the cationic dye reported in this work was found to vary in the range from
1.82x10? to 3.76x10? cm?/s which can be compared to the values of 3.12x107 to 5.91x107 cm?/s for the
adsorption of a cationic dye (astrazon yellow 7GL) by apricot stone activated carbon [27]. The difference of
the pore diffusivity by about two order of magnitude should be due principally to the differences in the
pore structure of the tested activated carbons (surface area and pore size distribution) and the properties of
the adsorbed dyes (e.g. molecular size and shape).

Table 2. Kinetic parameters of various adsorption kinetic models for dye adsorption with coconut shell
activated carbons.

Pseudo-first order Pseudo-second order Pore diffusion
Sample qe kq R2 qe ko R2 qe D. R2
. mg-
(mg/g) (min) (me/g) ©I% (mg/g) (cm?/s)
C 13.58 1.48x10-3 0.8644 15.10 1.41x10+  0.9997 13.91 1.82x10°  0.9731
C4 21.31 2.46x103  0.8366 21.65 5.45x103  0.9973 21.39 3.76x10°  0.8980
CZ 17.43 1.53x10-3  0.7477 18.12 5.64x10*+ 0.9923 17.91 1.83x10 0.9314

36 ENGINEERING JOURNAL Volume 16 Issue 5, ISSN 0125-8281 (http://www.engj.otg/)



DOI:10.4186/¢j.2012.16.5.29

3.2.2. Adsorption isotherms

Figure 4(a) shows the effect of adsorbent dosage on the percent adsorption of the dye complex for a typical
adsorbent (sample C4), with initial dye concentration and solution volume of 220 g/L and 25 mlL,
respectively. Obviously, increasing the adsorbent dosage at a fixed dye concentration provides more
available adsorption sites and thus giving increased percent adsorption. As the adsorbent dosage increased
from 0.05 to 0.2 gram, the percent adsorption increased rapidly from 45 to 98% and remained substantially
constant at higher dosage. In obtaining experimental isotherm data, the amount of activated carbon used
was therefore varied in the range from 0.05-0.2 gram using a fixed dye solution volume of 25 mL.

It is generally known that pH of solution can influence the adsorption of ionic dyes on an adsorbent.
The amount of adsorption is primarily controlled by surface charge on the carbon, which in turn depends
on the solution pH [28, 29]. The fully oxidized carbon (sample C4) when immersed in the solution is
expected to develop more of negative surface charge from the dissociation of its high content of surface
oxygen functional groups such as carboxylic acid. The effect of solution pH on the adsorption of dye
solution by this oxidized carbon is illustrated in Fig. 4(b). The amount of dye adsorbed first increased
sharply with increasing pH from 2.0 to 3.0, followed by a slow increase before attaining a plateau for pH
values in the range from 4.0-4.5, corresponding to more than 95% removal of the dye.

It was found experimentally that the dye uptake was not possible at pH greater than about 5, since the
precipitation of A[(OH); started to occur in the system. The low adsorption of cationic dye molecules at the
low solution pH results from the lower number of negatively charged active sites of proton-donating
functional groups on the carbon surface at this low pH, and this gives less electrostatic-force interaction.
Similar reasoning can be applied to explain the increased amount of dye adsorbed as the pH is increased,
that is the increase is due to increasing in electrostatic attraction between the more negatively charged
surface of the carbon and the cationic dye molecules. From these results, the pH of 4 was considered to be
suitable for maximum adsorption of the cationic dye in this study. Since the pH range of dye solution after
silk dyeing was found to lie between 3.8- 4.0, the spent dye solution was therefore used as a feed solution
throughout the adsorption experiments in this work without adjusting the pH value.

100 ® ®- L aummm— 100
90 4 ° e
95 4
°
L 807 9 ° °
(S = 90 1
c c
2 S
2 707 g
S -
3 3 854
ke] ie]
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Fig. 4. Effect of carbon dosage (a) and solution pH (b) on dye adsorption efficiency of sample C4

activated carbon at 30°C (solution volume =25 ml, initial dye concentration = 220 mg/L).

Three well-known isotherm equations were tested against the experimental isotherm data in this study,
including Langmuir, Freundlich and Sips equations, as shown in Egs. (8)-(10), respectively.

Langmuir: d. = M ©)
1+ K. C,
Freundlich: g, = K.C ™ ®)
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_ qms (KSCe )l/nS

Sips: -
ps T 14 (K.C,)7

(10)

Langmuir equation for monolayer adsorption on a homogeneous surface where the adsorption energy
is constant contains two model parameters, namely the maximum monolayer capacity (qmr) and the
Langmuir constant (Ki) which is a measure of how strong an adsorbate molecule is attracted onto an
adsorbent surface. The two-parameter Freundlich equation was developed based on monolayer adsotption
on a heterogeneous patchwise surface, that is there is a distribution of adsorption energy which is
characterized by a parameter ng. The larger the value of np, the higher the heterogeneity of the surface and
the more non-linearity of the isotherm. Sips equation is a three-parameter empirical model (gms, Ks, ns) that
has the characteristic of Freundlich isotherm but possesses a finite saturation limit at high concentration
similar to Langmuir equation.

Table 3 lists the fitted adsorption model parameters by regression analysis for all coconut shell activated
carbons studied. By considering the values of correlation coefficients (R?), the following order of prediction
capability of the adsorption models is observed: Sips>Langmuir>Freundlich. However, since Langmuir
equation can give the correct trend of isotherm data (see Fig. 5) and its model accuracy is comparable to
that of Sips equation plus the fact that Langmuir equation is more flexible (a two-parameter equation), it
was decided to use Langmuir equation in describing the adsorption isotherms of Al-dye complex in this
work. From Table 3 and Fig. 2(a), there is a clear indication that the Langmuir constant (Ki) increased with
increasing degree of surface oxidation, in the following sequence: C4-900<C4 700<C1<C2<C4. This result
emphasizes the important role of oxygen functional groups on the affinity of dye molecules towards the
activated carbon surfaces. Similar to the Langmuir constant, the Freundlich isotherm constant, ng, which
reflects the degree of surface heterogeneity, was also found to increase with increasing amounts of surface
oxygen groups on the carbon samples, that is C4>C2>Cl1.

Table 3. Parameters of adsorption isotherm equations for dye adsorption at 30°C by coconut shell
activated carbons.

Langmuir Freundlich Sips
Sample qu KL R2 KF ng R2 qu :Ks ns R2
(mg/g) (L/mg) (mg/g) (L/mg)
C 16.96 0.382 0.9796 7.27 524 0.9044 16.90 0.384 0.976 0.9796
C1 39.41 0.143 0.9632 9.63 3.34 0.8528 36.83 0.170 0.730 0.9743
C2 40.74 0.250 0.9710 12.74 3.87 0.8552 37.88 0.309 0.591 0.9901
C4 42.66 0.757 0.9755 18.36  5.01 0.9097 44.62 0.622 1.273  0.9802
C4-700 39.92 0.048 0.9723 543 249 0.9279 33.22 0.072 0.608 0.9856
C4-900 42.24 0.028 0.9639 408 225 0.9369 35.97 0.038 0.728 0.9673
CZ 50.23 0.023 0.9757 3.74  2.03 0.9665 53.53 0.020 1.072 0.9759
CZ4 46.26 0.044 0.9501 6.13 254 0.8864 37.96 0.064 0.533  0.9763
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Fig. 5. Adsorption isotherms of dye complex at 30°C for coconut shell activated carbons.

Figure 5(a) compares adsorption isotherms of dye complex on C, C1, C2 and C4 carbon samples. The
adsorption capacity was increased in the following order: C<C1<C2<C4. Although the non-oxidized
carbon (sample C) has the highest surface area, it contains mainly micropores which do not permit the
transport and adsorption of relatively large dye molecules inside the pores. This result emphasizes the fact
that a proper porous structure of carbon adsorbent is of prime importance for the adsorption of dye in this
study. It is clear that the dye adsorption capacity was greatly enhanced when the original carbon was
oxidized with HNOj that increased the number of oxygen surface functional groups. The increasing
adsorption capacity follows the same order of increasing acid group contents, i.e., C1<C2<C4. The higher
amount of acid functional groups which provides more negative sites is the main reason for higher
adsorption capacity due to the enhancement of adsorption by electrostatic interaction. Therefore, the
amounts of surface functional groups play a major role in the adsorption of this cationic dye by these
carbons.

After carbon C4 was subjected to decomposition of surface oxygen functional groups by heat
treatment at two elevated temperatures, the adsorbed amounts of dye by the two carbon samples (sample
C4-700 and C4-900) were reduced drastically, as shown in Fig. 5(b). The results from Boehm titration
indicated that the heat treated carbons contained less acidic functional groups on the carbon surface. Since
carboxylic acid group is most sensitive to heat treatment [30], its amount is reduced thermally much more
than the other functional groups (~83% reduction). Therefore, the lower amount of dye uptake of heat
treated carbons is due primarily to the decreasing amount of carboxylic acid. When compared to the non-
oxidized sample C, these heat treated carbons still gave higher dye adsorption, although they contained
comparatively lower amount of surface functional groups. It is possible that proportionally higher surface
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area and pore volume of these two carbons after heat treatment (see Table 1) could be responsible for
higher dye uptake. This signifies that dispersive force interaction will come into play for carbons with
reasonably high proportion of large pores, even though the number of surface functional groups is
relatively low.

The role of pore texture on the adsorbed capacity of dye can be further examined from Fig. 5(b) by
comparing isotherms of the physically activated carbon (sample C) and the chemically activated carbon
(sample CZ) which contains larger surface area and mesopore volume (see Table 1). It is obvious that
sample CZ had higher adsorbed capacity than sample C and gave the isotherm lying among those of heat
treated samples, emphasizing the adsorption of dye molecules by dispersive interaction between the
delocalized m-electrons of the graphene layer and the free electrons of the dye molecules. As Fig. 5(c)
shows, when sample CZ was further oxidized under the same condition as sample C4, the oxidized carbon
(sample CZ4) gave increased dye uptake similarly to sample C4 when the original carbon (sample C) was
oxidized. However, it was found for oxidized samples CZ4 and C4 that the percentage increasing of the
adsorbed amount of the former relative to the percentage increasing of its oxygen functional groups is
much less than that of the latter. From this finding, it may be concluded that the adsorption of the cationic
dye complex in this study depends on the relative effect of both pore structure and the existence of surface
functional groups. To achieve good adsorption capacity, a rather small pore-size carbon requires the
fixation of oxygen functional groups to take advantage of electrostatic attraction, whereas for a carbon with
relatively large pore size the effect of dispersive-force interaction is the dominant mechanism for the dye
adsorption and the role of surface functional groups is of secondary importance.

The treatment of spent dye solution in this study by activated carbons removed not only the molecules
of dye complex but also aluminium ion (AI’" left from mordanting the natural dye with excess alum.
Activated carbon prepared from eucalyptus wood by physical activation with carbon dioxide was employed
to study the adsorption of the cationic dye complex and aluminium ion from the spent dye solution. The
concentrations of aluminium in both forms (as [Al(brazilein)s]* complex and as Al**) presenting in the bulk
solution phase and in the adsorbed phase at equilibrium were determined from the knowledge of the initial
total aluminium content, the final total aluminium concentration and the mole ratio of 1:2 for Al and
brazilein in the dye complex.

Figure 6(a) shows adsorption isotherm of the dye complex which can be fitted reasonably well with the
Langmuir equation, giving qmr and Kr. to be 1403 mg/g and 0.026 L./mg, respectively. It is interesting to
note that the maximum monolayer capacity (qmt) of this carbon adsorbent is much larger than those of all
coconut shell carbons (see Table 3 for comparison), although their porous properties are not so greatly
different (see Table 1). Figure 6(b) illustrates the equilibrium isotherm for the adsorption of aluminium
associated with the brazilein dye. As expected, the shape of isotherm is similar to that of the dye complex
and is well described by the following Langmuir equation,

qu KLCe,AI—dye

eAde T KC 11
Qe Al-dy 1+ KLCe,AI-dYe )

with gmr. = 31.34 mg/g, Ki = 0.87 L/mg and R2 = 0.9565. The adsorption isotherm of aluminium ion
(AP*) in dye solution is presented in Fig. 6(c). It exhibits a linear type of isotherm, indicative of adsorption
in the low concentration region, and the isotherm equation is represented by

qe,AI3* = KHCe,AI3* (12)
whete K is the Henty’s constant and has the value of 0.74 L./ mg.

Since aluminium in the spent dye solution exists mainly as Al>* (~70% out of 11.48 mg/L of total
aluminium content), the effective removal of aluminium ion by adsorption is of particular concern. Apart
from the acquired isotherm data for aluminium adsorption which is essential for the general design of an
adsorption system, a simple correlation between adsorption efficiency and adsorbent dosage should be
useful for the preliminary assessment of a selected adsorbent. Figure 6(d) shows the effect of adsorbent
dosage on the percent removal of total aluminium and aluminium ion from dye solution and the following
empirical equations were proposed:
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For total aluminum: n, = _138W, , R2=0.8955 (13)
171.36W,

For aluminium ion: n = %, R?2=0.9784 (14)
1+ 0.55W,

where 7 and #; are the percent removal efficiencies of total aluminium and aluminium ion, respectively, and
W. is the carbon dosage in g/L of dye solution. As an example of calculation, if the maximum allowable
aluminium content in the discharge effluent is equal to the environmental standard of 0.2 mg/L for
drinking water [4], the removal efficiency of 98.26% (=100(11.48-0.2)/11.48) is required and the amount of

eucalyptus activated carbon needed (Wc) is calculated from Eq. (13) to be 22.5 g catbon/L solution.

1000 14
12 4
800
. G 10 4
2 <
B (=2}
< 600 2 g
S g
s 2 6
% 400 : PY
c Langmuir isotherm ¥ 4] Langmuir isotherm
= 1403 mglg OmL = 31.34  mglg
200 K. = 0026 Limg 5 ] K. = 087 Lmg
2 _
R® = 09547 RT = 0.9565
\Y4
['Av, T T T T 0 T i T i T i T
0 20 20 60 0 100 0.0 02 0.4 0.6 0.8 1.0
Ce,aye (MY/L) Ce Aldye (mg/L)
(a) (b)
6
5 -
<
o 4 e
< &
2 g
2 8
E 31 £
+ —
@ ©
< >
5 o
v 21 £
Linear isotherm
o ® Total Al
1 K? =0.74 L/mg 20 4 A AP
R® = 0.9639 Curve fitting
0 . . . . 0 . i i
0 2 4 6 8 10 0 2 4 5 8

Ceal® (ML)

©

Adsorbent dosage (g carbon/L sol.)

(d)

Fig. 6. Adsorption isotherms of (a) residual Al-dye complex, (b) aluminium in dye complex, (c)
aluminium ion and (d) effect of carbon dosage on percent adsorption of aluminium for eucalyptus

activated carbon.

4. Conclusions

The adsorption of natural cationic dye, remaining in the effluent in the form of [Al(brazilein)s]* complex
after silk dyeing, was investigated using coconut shell activated carbons having different porous structure
and surface chemistry. Moreover, the removal of residual aluminium ion existing in the dye solution by
adsorption with eucalyptus based activated carbon was also undertaken. It was found that the time to reach
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adsorption equilibrium of this dye complex was relatively long, about 72 hours, indicating that the
adsorption process was probably controlled by intra-particle diffusion of dye molecules. The kinetics of dye
adsorption was best described by the global pseudo-second order model, followed by the pore diffusion
model and the pseudo-first order model, respectively. Adsorption isotherms of all activated carbons tested
were reasonably well fitted by the two-parameter Langmuir equation. Coconut shell activated carbon
containing a large proportion of micropores (>80%) was not effective in adsorbing a relatively large size of
dye molecules. However, almost a threefold increase in adsorption capacity was observed when the carbon
adsorbent was fully oxidized to introduce acidic surface groups, from which the dye uptake was enhanced
by electrostatic interaction between negatively charged surface of the carbon and the positively charged dye.
On the other hand, coconut shell carbon with relatively higher mesopore volume (>20%) could adsorb the
cationic dye about three times higher than the microporous carbon, although their surface area and total
pore volume were not significantly different. The mechanism of adsorption for large pore carbon is by
dispersive-force attraction between the n electrons of carbon plane and the m electrons in the aromatic ring
of the dye molecules. Adsorption of residual aluminium ion (AlI**) from the spent dye solution was well
achieved with eucalyptus based activated carbon. The adsorption of aluminium ion followed a linear type of
adsorption isotherm and 80% removal efficiency could be obtained using a carbon dosage of 6 g carbon/ L.
of dye solution, reducing the aluminium ion content from 8.2 to 1.6 mg/L.
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