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Abstract: Activated carbon prepared from tamarind fruit shells by direct
carbonization was used for the removal of rthodamine B and malachite green
dyes from aqueous solutions. Adsorption studies were performed by varying
such parameters as dye concentration, pH of the dye solution, time and
temperature. The equilibrium adsorption data obtained were used to calculate the
Freundlich, Langmuir and Redlich-Peterson isotherm parameters. Increase in pH
of the solution pH resulted in increased adsorption of both the dyes. Kinetic
studies indicate that the pseudo-second order model can be used for describing
the dynamics of the sorption processes. Film diffusion of the dyes was the rate
determining step at low dye concentrations while diffusion of dyes through the
pores the carbon particles determined the overall uptake at high concentrations.
Thermodynamic parameters of the endothermic sorptions were evaluated using
van’t Hoff equation. Desorption studies with acids were also performed in order
to regenerate the used carbons.
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Introduction

The cleaning of wastewater is one of the most serious environmental problems of the present
day. Discharge of dyeing industry wastewater into natural water bodies is not desirable as
the colour prevents reoxygenation in receiving waters by cutting off penetration of sunlight.
This upsets the biological activities in water bodies. Most of the dyes used as colouring
materials are toxic to aquatic organisms'. In addition, wastewaters from dyeing and textile
industries easily produce toxic trihalomethanes when chlorinated®.
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Methods such as chemical coagulation3, ozonization4, membrane filtrations,
electrolysis®, oxidation’ and bio-degradation® have been widely used for the removal of dyes
from water and wastewater. As these established technologies are often unable to adequately
reduce contaminants concentrations to desired levels’ a search is on more effective and
economic treatment techniques.

Adsorption is by far the most effective and non-destructive technique that is widely
used for the removal of dyes from aqueous solutions. It is attractive as the adsorbed dyes can
be recovered with suitable regenerating agents. To make the treatment process economic
several investigators have concentrated their work on low-cost, adsorbent materials.

The present study is undertaken to evaluate the applicability of a carbon prepared from
tamarind fruit shells (TFC) for the removal of rhodamine B and malachite green dyes from
aqueous solutions. Malachite green (MG) is a common basic dyestuff of triphenylmethane
series used for dyeing silk and wool directly and cotton mordanted with tannin. Rhodamine B
is also widely used in many industries. The properties of these dyes are given in Table 1.

Table 1. Properties of malachite green and rhodamine B

Malachite Green Rhodamine B
CH,

HaC—N

Structure
HC—N, ¢
CHj
Molecular formula C23H25N2C1 C28H31N203C1
Molecular weight 364.92 479.02
Aimax, DM 620 555
CAS number 569-64-2 81-88-9
Solubility Appreciable, >10% Very high
CI Number 42000 401501
Experimental
Adsorbent

The activated carbon used in this study was prepared one-step pyrolysis by carbonizing
tamarind fruit shells in a muffle furnace at a temperature of 600°C for 30 minutes. The
carbon was ground and sieved to get particles of size 150-250 um.

Estimation of dyes

The dyes were estimated colorimetrically by monitoring their absorption in the visible
region, 555nm for RB and 620 nm for MG, using Spectronic 20D+ spectrophotometer
(Spectronic Instruments, USA). Calibration graphs were prepared (1-6mg/L for RB and
1-8 mg/L for MG) and concentrations of sample aliquots were established by referring to the
respective calibration graph.
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Adsorption experiments

Batch mode adsorption method was followed. For equilibrium adsorption studies, a known
amount of adsorbent was equilibrated with 50 mL of dye solutions of desired concentrations
for a predetermined period of time at a constant temperature (30, 45 and 60°C). After the
equilibration, the carbon was separated by filtration using Whatmann No.41 filter paper, the
first 10 mL of filtrate was discarded and the remaining filtrate was analyzed for the
unadsorbed dye concentration. For kinetic studies experiments were done with fixed carbon
and adsorbate doses with varying contact times. pH variation studies were performed with
adjusting the initial pH of the dye solutions with dil. HCI or dil. NaOH solutions.

Desorption experiments

To test the recoverability of the adsorbed dye molecules, some desorption experiments were
done with water, dil. HCI and dil acetic acid as the desorbing agents. For this, the dye loaded
carbon particles, after filtration, were contacted with 50 mL of desorbing solutions for four
hours and the extracted dye concentrations are found calorimetrically.

Results and Discussion
Equilibrium studies

The equilibrium adsorption data obtained are correlated to the following three isotherm
equations: Freundlich, Langmuir and Redlich-Peterson. The Langmuir model assumes
monolayer surface coverage on equivalent sites'’, the Freundlich model, on the other hand,
assumes a heterogeneous adsorption surface with sites that have different energies of
adsorption and are not equally available. The Freundlich equation'' is more widely used but
provides no information on the monolayer adsorption capacity in contrast to the Langmuir
model. The Redlich-Peterson model'” is described as a combination of both the other
models and is often used to describe equilibrium over a wide range of concentration.

Freundlich ¢, = x/m = Kz C,""™ W
Langmuir ¢, = K, C,/(I1+ b C,) = q,.b C./(1+ b C,) )
Redlich-Peterson g, = Kz C,/ (1+ by C.%) 3)

The combined isotherm plots are shown in Figure 1. The individual isotherm shapes
have been found from these plots and were labeled under Giles’s classification."” The
sorption of RB is of L1 type while that of MG is that of the high affinity H2 type. The
isotherm constants have been calculated and their values are presented in Table 2 along with
their correlation coefficient values.

Two points are clear from Table 2. The first is that of the three isotherm models used it
is the three-parameter Redlich-Peterson model that describes the equilibrium data with best
accuracy (as inferred from the correlation coefficient values, ). The second fact is the high
adsorption capacity of the carbon towards MG. This is evident from the Langmuir
monolayer capacity values (3.9438 for RB while 83.4063 for MG). The high capacity
towards MG could be due to the small size of MG compared to RB. The small MG
molecules can get access into even small pores while the relatively larger RB can’t.

pH Variation

The effect of initial pH of external solutions on the adsorption extent of dyes are shown in
Figure 2 [Operating conditions: for RB adsorption (initial concentration = 25 mg/L)
0.50 g/50 mL of TFC and for MG adsorption (initial concentration = 80 mg/L) 0.1 g/50 mL
of TFC is used].
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Figure 1. Adsorption of RB and MG on TFC
Table 2. Isotherm constants for adsorption of dyes at 30°C

Model parameters

Dye Model >
Krumol/g 1/n n r
RB Freundlich 0.5112 0.4075 2.4540 0.9935
MG 60.5597 0.0993 10.0692 0.9961
Dye Model parameters
Model K, b 0 2
RB Lanemuir 0.1653 0.0420 3.9438 0.9936
MG & 520.3469 6.2387 83.4063 0.9979
Dye Model parameters
Model Ky by 5 2
RB Redlich- 0.2665 0.1946 0.7839 0.9941
MG Peterson 158.6666 1.0912 0.7598 0.9995
100
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Figure 2. Effect of pH on the adsorption of RB and MG
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Though there are some discrepancies at pHs below 4.0 for RB adsorption, it is seen in
general, that increasing solution pH increases the extent of dye removal. This trend can be
explained as follows. Both the dyes selected for study are cationic dyes. When the solution
pH is increasing, the adsorbents’ surface will become more and more negative which will
increase the affinity of the surface towards the positively charged dye molecules.

Kinetics
The kinetic curves for the adsorption of dyes are shown in Figure 3.

35
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)
g
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®  RB 25ppm
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Figure 3. Kinetic curves for the adsorption of dyes on TFC

The kinetic data obtained were fitted to the following two kinetic models reported in the
literature'* 1° )
First order rate equation  log (g.-q,) =10g g.)— k; ¢t @
Second order rate equation tlg,= (1/h) + (1/g.z) t (®)]

where, ¢, (mg/g) is the amount adsorbed at time ¢ (min); ¢,, amount adsorbed at
equilibrium (mg/g); g.;), adsorption capacity predicted by the I order model (mg/g); k;, first
order rate constant (min'); & (=ko/qe2 )2), initial sorption rate (mgg’lmin'l); and ¢,
adsorption capacity predicted by the II order model (mg/g).

The results of kinetic fittings and the parameters associated with each model along with
the correlation coefficients are shown in Tables 3 and 4.

The high correlation coefficients and the good agreement between the theoretical g, and
experimental g, values for the II order model suggest that the sorptions are better described
by this model. Such a betterment of the II order model over I order model has been observed
for many adsorption processes.

Table 3. Pseudo-first order parameters for adsorption of dyes at 30°C

Dye C;mg/L Equilibrium uptake mg/g  Pseudo- first 0rd<.er_11rate 2
Get) Geexp) constant k; min
RB 25 1.2618 1.003 0.0152 0.9900
100 1.0777 1.665 0.0125 0.9982
MG 50 4.6441 24.340 0.0061 0.9848

100 21.8072 34.41 0.0112 0.9980
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Assuming the dye molecules as ions, attempts were made to study whether the (ionic)
adsorption is film-diffusion controlled or particle-diffusion controlled following the
methodology of Boyd'® and Reichenberg'’ The sorption kinetics is represented by the
following equation:

F=1-6/7%,.," 1/n’ exp (-n°Bt) (6)

where, B(=D,ﬁ2 r2) is a time constant; F is the fractional attainment of equilibrium at
time t; D; is the effective diffusion coefficient of the ions in the adsorbent phase; r is
adsorbent particle radius and n(= 1,2,3,...) are the integers defining the infinite series
solution obtained by a Fourier type of analysis. Bf values can be derived for each F value by
the use of Reichenberg’s table.'” A plot of  versus Bt is used to find whether the process is
film or particle diffusion controlled. The ¢ versus Bt plots are presented in Figure 4.

Table 4. Pseudo-second order parameters for adsorption of dyes at 30°C

Equilibrium uptake, Pseudo- second order

Dye C;mg/L mg/g rate constant, k, gmg’ Initial sorgtloln_l;ate, h 1’
1. ] mgg min
Ge(2) Ge(exp) mn
RB 25 1.2845 1.003 0.0241 0.0397 0.9964
100 1.8556 1.665 0.0360 0.1240 0.9996
MG 50 234742 24340 0.0161 8.8574 0.9995
100 347222 3441 2.6965 3.2510 1.0000
O
3
O (]
2 -
& ]
1k
B RB25ppm
O RB100ppm
0 u ® MG 50ppm
O MG 100ppm
L 1 L 1 L 1 L 1 L
0 20 40 60 80 100
time, min

Figure 4. 1 versus Bt plots for the adsorption of dyes at different concentrations

It is seen from figure 4 that the lower concentrations plots do not pass near the origin
while for higher concentrations the lines cut the x-axis near the origin indicating that pore or
particle diffusion of the dyes is rate determining at higher concentrations. On the other hand,
film diffusions may be controlling the overall rate at low concentrations. The effective pore
diffusion coefficients evaluated are presented in Table 5.

Effect of Temperature

Increase in reaction temperature lead to increase in the extent of adsorption of both dyes.
Isotherm parameters evaluated at the higher temperatures are given in Tables 6 and 7.
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Table 5. Effective pore diffusion coefficients controlling the rate of adsorption at different
initial concentrations of dyes on TFC

C B

Dye me/L min’! D;x 107 cm’min’ r

RB 25 0.0311 3.1511 0.9931
100 0.0280 2.8370 0.9997

MG 50 0.0146 1.4793 0.9910
100 0.0340 3.4449 0.9969

Table 6. Isotherm constants for adsorption of Dyes at 45°C

Model parameters

Dye Model

Kr pmol/g 1/n n r’
RB Freundlich 0.9006 0.3350 2.9851 0.9932
MG 69.9816 0.1118 8.9445 0.9861
Model parameters
Dye Model K, b . 2
RB 0.2980 0.0652 4.5706 0.9938

MG Langmuir i i i i

Dye Model Model parameters

Kk bg s r’
RB Redlich- 0.5132 0.2570 0.8261 0.9998
MG Peterson 1.44x10°  2.066x10’ 0.8882 0.9891

Table 7. Isotherm constants for adsorption of Dyes at 60°C

Model parameters

Dye Model Ky pmol/g 1/n n 1’

RB Freundlich 0.9006 0.3350  2.9851 0.9932

MG reundie 753823 0.1125  8.8889  0.9950
Model parameters

Dye Model K, b “ 2

RB Lanemuir 0.7949 0.1738  4.5736 0.9497

MG s - - - -
Model parameters

Dye Model K, by 3 2

RB 0.3428 0.0065 1.2493 0.9956

MG Redlich-Peterson i i i i

van’t Hoff equation (equation 7) was used to calculate the thermodynamic parameters
involved in the sorption processes.

log Kc = [AS/2.303R] — [AH/2.303RT] @)

where K¢ is the equilibrium constant for the distribution of dyes between the liquid and
solid phases; T is absolute temperature, °K and R the gas constant. Van’t Hoff plots were
constructed for each system and AH and AS were calculated from the slope and intercept of
the plots, respectively (Table 8)
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Table 8. Thermodynamic parameters for adsorption of dyes on TFC

-1

Dye C;mg/lL — _AG4IS<me°1 e AHKImol  ASJK'mol!
10 06208 21775  5.0257 532358 145.5049
20 —0.6229 05894  2.0551 27.6334 89.0170
30 -1.1657 -0.4168  0.1861 14.8454 45.2236

RB 40 _j19075 -1.1660 —-0.6572 14.5771 41.9284
50 23742 -1.8033 -13042  13.1957 35.7496
60 6854 22633 -1.7643 119778 30.6278
40 151381 17.6174 199189  33.1843 159.5780
50 9.0901 10.3247 12.8949  29.1212 125.4482

MG 60  6.5676  8.1603  9.9240 27.3085 111.7217
80  3.6487 47314  5.9996 20.0680 78.1816
100 19945 30143 3.7557 15.8435 59.0115

The negative values of AG obtained for the adsorptions reflect the spontaneity. The
positive values of AH indicate the endothermic nature and the positive values of AS indicate
increased randomness at the interface. The magnitudes of AS for the adsorption of dyes are
much higher than those of metal ions. This could be due to the size of the dye molecules.
A single dye molecule displaces a lot of water molecules from the adsorbent surface, as it is
very large in size compared to water molecules.

Desorption Studies

The results of desorption studies are presented in Table 9. Dilute acetic acid was able to
desorb the adsorbed dyes to the greatest extent. These results strongly points that the dyes
are chemisorbed on the adsorbent.

Table 9. Desorption of dyes

% Desorption with

Dye Water 0.1M AcOH 0.1M HCI
RB 35.01 79.45 5587
MG 40.25 83.19 68.15

Conclusions

The work described has shown that direct carbonization of tamarind fruit shells can be used
as a means of preparation of activated carbon that can be successfully used for the removal
of cationic dyes like rhodamine B and malachite green. The three-parameter Redlich-
Peteroson model was the best among the three isotherm models studied in correctly
predicting the equilibrium adsorption data. The kinetics of the pH dependant sorptions were
found to be film-diffusion controlled at low dye concentrations and particle diffusion
controlled at high dye concentrations. Temperature variation studies indicated that the
sorptions are endothermic. Dilute acetic acid can be successfully used for the desorption of
adsorbed dye molecules.
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