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ABSTRACT

The ability of Terminalia Catappa Linn carbon tonreve malachite green from aqueous
solutions has been studied for different adsorbaiacentrations by varying the amount of
adsorbent, temperature, pH and shaking time. Tbdgmamic parameters such Asi°, AS°®,
and AG®, were calculated from the slope and intercepthef linear plots of InKagainst 1/T.
Analysis of adsorption results obtained at 303,,328 and 333 K showed that the adsorption
pattern on Terminalia Catappa Linn carbon seemitiow the Langmuir and Freundlich. The
temperature increase reduces adsorption capacityféyninalia Catappa Linn carbon, due to
the enhancement of the desorption step in the meéxrha The numerical values of sorption free
energy indicate physical adsorption. The kinetetadindicated an intraparticle diffusion
process with sorption being first order. The corication of malachite green oxalate was
measured before and after adsorption by using WAfb\& spectrophotometer.

Key words: Activated carbon (TCC), Malachite green (MG), Agin isotherm, Equilibrium,
Kinetic and Thermodynamic parameters, Intrapartidfeision, Regeneration pattern.

INTRODUCTION

The concentration and effective utilization of aated carbon generated from natural plant
material have attracted worldwide attention in awiof the large disposal problem without
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detriment to environment. Many investigators hatwalied the feasibility of using inexpensive
alternative materials like pearl millet husk, dptes, saw dust, buffing dust of leather industry,
coir pith, crude oil, residue tropical grass, olatene and almond shells, pine bark, wool waste,
coconut shell etc., as carbonaceous precursorsthiorremoval of dyes from water and
wastewater [1,2,3]. The present study undertakevatuate the efficiency of a carbon adsorbent
prepared from acid activatéiterminalia Catappa Linrcarbon (TCC) for removal of Malachite
green dye in aqueous solution. In order to deadgorption treatment systems, knowledge of
kinetic and mass transfer processes is esseritiathis paper, the applicability of kinetic and
mass-transfer models for the adsorption of Malaclgteen onto acid activated carbon are
reported in elaborately.

EXPERIMENTAL SECTION

Adsorbent Material

The driedTerminalia Catappa Lintruit shells were carbonized with concentrateghutic acid

in the weight by volume ratio of 1:1 (w/v). Heatifay twelve hours in a furnace at 400 has
completed the carbonization and activation. Theultiegy carbon was washed with distilled
water until a constant pH of the slurry was reacfden the carbon was dried for four hours at
120°C in a hot air oven. The dried material was growetl to a fine powder and sieved.

Adsorption dynamic experiments

Batch equilibration method

The adsorption experiments were carried out in &hb@rocess at 30, 40, 50 and 60° C
temperatures. The known weight of adsorbent materas added to 50 ml of the dye solutions
with an initial concentration of 20 mg/L to 100 rhg/The contents were shaken thoroughly
using a mechanical shaker rotating with a speeti26f rom. The solution was then filtered at
preset time intervals and the residual dye conagatr was measured.

Effect of variable parameters

Dosage of adsorbent

The various doses of the adsorbents are mixed thi#ghdye solutions and the mixture was
agitated in a mechanical shaker. The adsorptipaates for different doses were determined
at definite time intervals by keeping all otherttas constant.

Initial concentration of dye
In order to determine the rate of adsorption, expents were conducted with different initial
concentrations of dyes ranging from 20 to 100 mgdLother factors are kept constant.

Contact time

The effect of period of contact on the removal leé dye on adsorbent in a single cycle was
determined by keeping particle size, initial cortcation, dosage, pH and concentration of other
ions constant.

pH

Adsorption experiments were carried out at pH 24,35, 6, 7, 8, 9 and 10. The acidic and
alkaline pH of the media was maintained by addimgrequired amounts of dilute hydrochloric

638



B. R. Venkatramanet al J. Chem. Pharm. Res,, 2011, 3(2):637-649

acid and sodium hydroxide solutions. The pararsdike particle size of the adsorbents, dye
concentration, dosage of the adsorbent and comtiemtrof other ions have kept constant while
carrying out the experiments. The pH of the samplas determined using a portable pH meter,
Systronics make. The pH meter was calibrated idhand 9.2 buffers.

Chloride

The experiments were done in the presence of v@grghoride environments using various
sodium chloride solutions. While doing the expenmts, the absence of other anions has
ensured.

Temperature

The adsorption experiments were performed at fafterdnt temperatures viz., 30, 40, 50 and
60°C in a thermostat attached with a shaker, Reakiem The constancy of the temperature was
maintained with an accuracy of £ 0.5° C.

Zero point charge

The pH at the potential of zero charge of the carfHzpc) was measured using the pH drift
method [4]. The pH of the solution was adjusted using 0.01 M sodium hydroxide or
hydrochloric acid. Nitrogen was bubbled through sioéution at 28C to remove the dissolved
carbon dioxide. 50 mg of the activated carbon wdded to 50 ml of the solution. After
stabilization, the final pH was recorded. The geami final pH versus initial pH used to
determine the zero point charge of the activatebara

Titration studies

According to Boehm [4] only strong acidic carboxyhcid groups are neutralized by sodium
bicarbonate, where as those neutralized by sodanmooate are thought to be lactones, lactol
and carboxyl group. The weakly acidic phenolic g®wnly react with strong alkali, sodium
hydroxide. Therefore, by selective neutralizatiming bases of different strength, the surface
acidic functional group in carbon can be charapgeriboth quantitatively and qualitatively.
Neutralization with hydrochloric acid characterizae amount of surface basic groups that are,
for example, pyrones and chromenes. The basic grepehave described to surface basic
groups and the pi electron system of carbon bdaakp. The results indicate that the activated
carbon used may possess acidic oxygen functiomalpgon their surface and this is supported
well by their respective zero point charge valug&be results obtained from the above
characterization studies are given in the Table 1.

Desorption studies
Desorption studies help to elucidate the natura@dsbrption and recycling of the spent adsorbent
and the dye. The effect of various reagents useddsorption are studied.

RESULTS AND DISCUSSION
Characterization of the adsorbent
Activated carbons are a widely used adsorbent duis thigh adsorption capacity, high surface

area, micro porous structure and high degree dacairrespectively. The wide usefulness of
carbon is a result of their specific surface atdgh chemical and mechanical stability. The

639



B. R. Venkatramanet al J. Chem. Pharm. Res,, 2011, 3(2):637-649

chemical nature and pore structure usually detexsnithe sorption activity. The physico
chemical properties are listed in Table 1.

Table 1 Characteristics of the adsorbent

Properties TCC
Particle size (mm) 0.045
Density (g/cc) 0.3258
Moisture content (%) 1.85
Loss on ignition (%) 82
Acid insoluble matter (%) 3
Water soluble matter (%) 0.78
pH of aqueous solution 7.00
PH,pc 6.15
Surface groups (m equiv/g)

i) Carboxylic acid 0.323
ii) Lactone, lactol 0.065
iii) Phenolic 0.058
iv) Basic (pyrones and chromenes)  0.03Q2

Effect of contact time and initial dye concentration

The experimental results of adsorptions of at wericoncentrations (20, 40, 60, 80 and 100
mg/L) with contact time are shown in representatiigure 1. The equilibrium data were
collected in Table 2 reveals that, percent adsmmptiecreased with increase in initial dye
concentration, but the actual amount of dye adsbpg®r unit mass of carbon increased with
increase in dye concentration. It means that theoration is highly dependent on initial
concentration of dye. It is because of that at loeancentration, the ratio of the initial number
of dye molecules to the available surface areaows $ubsequently the fractional adsorption
becomes independent of initial concentration. Hawveat high concentration the available sites
of adsorption becomes fewer and hence the percem¢mgoval of dye is dependent upon initial
concentration [5,6]. Equilibrium have establishédi@ minutes for all concentrations. Figure 1
reveals that the curves are single, smooth, antinemus, leading to saturation, suggesting the
possible monolayer coverage of the dyes on theooashrface.

Table 2- Equilibrium parameters for the adsorption of Dye onto activated Carbon

[MG]o | | Ce (mg/L) | Qe (Mg/g) | Dye removed (%)
Temperature (C)
3¢ 40 50° 60° 30 40° 50° 60 3¢ | 40 50 60°
20 2.5725| 2.2532 2.013p 1.5835 17.4275 17.7468 ©8.9818.4165 87.1 88.J 8919 92.1
40 6.8234| 6.3324 58254 5.3136 33.1766 33.6676 36.1734.6864 82.9 84.1 854 86.7
60 14.9832| 13.9735 12.9835 11.97f2 45.0168 46.0265.0188| 48.0228 75.0 76/7 78,3 80.0
80 28.4353| 26.9832 25.4835 24.00[12 51.5647 53.01685168| 55.9788 64.4 66,2 68|11 69.9
100 42.5432| 39.523% 36.5433 33.52p1 57.4568 60.4765.4568| 66.4779 57.4 604 6314 66.5
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Table 3 - Langmuir isotherm results
Dye Temp Statistical parameters/constants
°Cc re Qm b
MG 30 0.9882 65.17 0.1401
40 0.9865 66.99 0.1438
50 0.9895 72.97 0.1605
60 0.9875 74.96 0.1663
Table 4 Dimensionless Separation factor (i)
Temperature (°C)
[MGIl, 30 40 50 60
(mg/L)
20 0.263 0.257 0.238 0.231
40 0.151 0.148 0.134 0.131
60 0.106 0.104 0.094 0.091
80 0.081 0.079 0.072 0.070
100 0.066 0.064 0.058 0.058
Table 5 - Freundlich isotherm results
Dye Temp Statistical parameters/constants
°c ? K n
MG 30 0.9850 1.5096 2.4308
40 0.9895 1.5219 2.3203
50 0.9865 1.5318 2.3472
60 0.9925 1.544» 2.7191
Table 6 -Equilibrium constant and thermodynamic parameters for the adsorption of dyes onto carbon
[MG]o Ko AG® AH® AP
Temperature (°C)
30° | 40 | 5¢° 60° 3¢ 40 50 60°
20 6.77| 7.87| 8.93 11.63 -481l -537 -588 -6.79 064. 63.22
40 4.86| 5.32| 5.86 6.52 -398 -434 -448 -5.19 8J16| 39.99
60 3.00| 3.29| 3.62] 4.01 2.7y -3.10 -345 -3.84 7194| 35.29
80 1.81| 1.96| 2.13 2.33 -1.49  -1.75 -2.04 -2.34 6)97| 27.90
100 1.35| 1.53| 1.73 1.98 -0.75 -1.12 -1.48 -1.89 4/60| 16.42

Table 7 - Rate constants for the adsorption of Malehite green dye (18k.g, min %) and the constants for forward (16

k1, min ™) and reverse (18k,, min®) process

Temperature (°C)

Do Kad 30 40 50 60
30° 40° 5¢° 60 kl kz kl kz kl k2 kl kz
2C 17.56 | 20.05 22.18 26.06 1531 2p5 17,81 224 9.981| 2.23 20.00 2.06
40 13.89| 14.65 1584 17.24 1146 2.85 12,33 2/32] 3.54| 2.30 14.95 2.29
60 9.53 | 10.20] 11.32 12.84 715 2.38 7.83 237 8|872.45 10.28 2.56
8C 6.82 | 7.28| 7.84] 8.53 4.40 242 4.83 2.45 5.34 502 5.98| 2.55
100 6.74 | 6.99| 7.26] 7.87 3.84 2.90 4.23  2.76 461 652 520 | 2.64
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Effect of carbon concentration

The adsorption of the Malachite green dye on camdas studied by varying the carbon
concentration (25-250 mg/50ml) for 40 mg/L of dyencentration. The percent adsorption
increased with increase in the carbon concentrgft@mn 2). This was attributed to increased
carbon surface area and availability of more adsmsites [5,6]. Hence the entire studies are
carried out with the adsorbent dose of 50 mg obdznt /50 ml of the adsorbate solution.

Adsorption isotherm

Fig 1 shows the Langmuir adsorption [7] isotherrhshe dye at 303,313,323 and 333 K using
the Terminalia Catappa Linrarbon. The Langmuir equation assumes that teare interaction
between the sorbate molecules and that the sorjgidacalized in a monolayer. It is then
assumed that once a dye molecule occupies a eitieytier sorption can take place at that site.
Theoretically, therefore, a saturation value i<hea; beyond which no further sorption can take
place. Compared to the Langmuir isotherm, the Fikein [8] model is generally found to be
better suited for characterizing multi-layer adsionp process. The Langmuir parameterg, Q
and b were computed from the slopes and interadtee straight lines of plot of @) vs. G
(Fig.3), while the values of Freundlich constamnts, K; and 1/n were calculated from the plots
(Fig.4) of logG against logQ Qn and b are Langmuir constants related to absorgipacity
and energy of adsorption, respectively, whilgeikdicates the adsorption capacity and I/n is
indicative of the intensity of reaction [9,10,11Parameters of the Langmuir and Freundlich
isotherms are computed in Table 3 and 4, the aabehtaracteristics of a Langmuir constant
separation factor or equilibrium parameter, R

R =1/ (1+bG)

Where b is Langmuir constant andi€the initial concentration of the dye [10,1T]he value of
R., calculated from the above expression shown in é&blies in the range of 0.263-0.058,
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indicates favourable adsorption of malachite greealate onTerminalia Catappa Linrcarbon
for all studied concentrations at 303,313,323 &31I18.)

Effect of temperature
The adsorption capacity of the carbon increaset imitrease in the temperature of the system
from 30°-60°C. Thermodynamic parameters such asgh in free energyAG°) (kJ/mol),
enthalpy AH°)(kJ/mol) and entropy AS°)(J/K/mol) were determined using the following
equations:
0K Csolid Ciiquid
AG® = -RT InKg
logKo = AS°/ (2.303RT) AH°/(2.303RT)

Where Ko is the equilibrium constantgfg is the solid phase concentration at equilibrium
(mg/L), Giquid is the liquid phase concentration at equilibriumg(b), T is the temperature in
Kelvin and R is the gas constant. Thld® andAS®° values obtained from the slope and intercept
of van't Hoff plots have presented in Table 6.

The values of AH° andAS° andAG® were calculated as previously. Positive valudesH’® and
AS°® suggest endothermic reaction, while the negataieies of free energy changaQ®)
indicate that the adsorption is spontaneous (T@pl&he positive values ofAS° suggest the
increased randomness at the solid-solution interflaring desorption of malachite green oxalate
on Terminalia Catappa Linrcarbon. In desorption of the dye, the adsorbedesdimolecules,
which are displaced by the adsorbate species,rgare translational entropy than is lost by the
adsorbate ions, thus allowing for the prevalencenflomness in the system [11,12,13,14]

Kinetics of adsorption

The kinetics of sorption describes the solute uptake, which in turn governs residence time or
sorption reaction. It is one of the important cleéeastics in defining the efficiency or sorption.

In the present study, the kinetics of the dye remhexas carried out to understand the behaviour
of these low cost carbon adsorbents. The adsorptidvialachite green dye from an agueous
follows reversible first order kinetics, when agls species are considered on a heterogeneous
surface.

The heterogeneous equilibrium between the dyeisakiand the activated carbon are expressed
as

Ky
Ae——" B

ks
Where k is the forward rate constant ang ik the backward rate constant. A represents dye
remaining in the aqueous solution and B represgat atlsorbed on the surface of activated
carbon. The equilibrium constant dKis the ration of the concentration adsorbatedsogbent
and in aqueous solution ¢&ki/k). In order to study the kinetics of the adsorpfiwacess under
consideration the following kinetic equation propdsby Natarajan and Khalaf as cited in
literature has been employed [1].

log Co/Ci=(Kad2.303)t
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Where G and G are the concentration of the dye in (in mg/L) iatet zero and at time t,
respectively. The rate constantsdfor the adsorption processes have been calculadgdthe
slope of the linear plots of logo(C; versus t for different concentrations and tempeest The
determination of rate constants as describederalitire given by

K ag=ki+ko=k1+(ki/K o) =ka[1+1/Kq]

The overall rate constantdfor the adsorption of dye at different temperaguaee calculated
from the slopes of the linear Natarajan-Khalaf flothe rate constant values are collected in
Table 7 shows that the rate constant)(lncreases with increase in temperature suggestaig
the adsorption process in endothermic in naturethBy kg values decrease with increase in
initial concentration of the dye. In cases of stsgrface adsorption a variation of rate should be
proportional to the first power of concentrationowver, when pore diffusion limits the
adsorption process, the relationship between iniyg concentration and rate of reaction will
not be linear. Thus, in the present study poreusiéin limits the overall rate of dye adsorption.
The over all rate of adsorption is separated ihtorate of forward and reverse reactions using
the above equation. The rate constants for thedi@hand reverse processes are also collected in
Table 7 indicate that, at all initial concentrasoand temperatures, the forward rate constant is
much higher than the reverse rate constant suggetitiat the rate of adsorption is clearly
dominant [1,11,13].

Intraparticle diffusion

The most commonly used technique for identifying thechanism involved in the sorption
process is by fitting the experimental data in @mmaparticle diffusion plot. Previous studies by
various researchers showed that the plot of QtusefS® represents multi linearity, which
characterizes the two or more steps involved insttmption process. According to Weber and
Morris [16], an intraparticle diffusion coefficieit, is defined by the equation:

K=Q/t°

Thus the K(mg/g mirf) value can be obtained from the slope of the pl@t(mg/g) versus’t

for Malachite green. From figure 5, it was notedtttine sorption process tends to be followed by
two phases. The two phases in the intrapartictieigldn plot suggest that the sorption process
proceeds by surface sorption and intraparticleudiéin [15,16]. The initial curved portion of the
plot indicates a boundary layer effect while theosel linear portion is due to intraparticle or
pore diffusion. The slope of the second linear ipartof the plot has been defined as the
intraparticle diffusion parameter,fng/g mirf%. On the other hand, the intercept of the plot
reflects the boundary layer effect. The larger ititercept, the greater the contribution of the
surface sorption in the rate limiting step. Thecukdted intraparticle diffusion coefficient,K
value was given by 0.412, 0.448, 0.485, 0.527 aB64mg/g mift° for initial dye concentration

of 20, 40, 60, 80 and 100 mg/L at’80

Effect of pH

The influence of pH on the dye adsorption omrminalia Catappa Linrcarbon was studied
while the dye concentration, shaking time and armofiadsorbent were fixed. The variation of
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malachite green adsorption derminalia Catappa Linrcarbon over a pH range of 2.0-10.0 is
shown in Figure 6. The result reveals that the igdem of the dye increases from 38% to 95%
with an increase in pH of the solution from 2.09& and then remains almost constant. The
adsorption of these charged dye groups onto therlaelst surface is primarily influenced by the
surface charge on the adsorbent, which is in tuftnénced by the solution pH. The pHzpc value
for Terminalia Catappa Linmarbon was 6.15. At pH values below pHzpc the dmsd had net
positive charge and would, therefore, be pronddot® statically repel cations. Malachite green
is a cationic basic dye as denoted by the preseiite positive nitrogen ion in its structure. On
dissolution, the oxalate ion enters the aqueoustisal ensuring that the dye has an overall
positive charge. The positive charge on the catiolye should ensure that it is attracted by an
anionic adsorbent.

In carbon—aqueous systems the potential of theaseirfs determined by the activity of ions
(e.g.H and pH), which react with the carbon surface. ff@r carbon surface the potential
determining ions are Hand OH and complex ions formed by bonding witd Bhd OH. The
broken bonds along the surface of the carbon resbldrolysis.

At low pH the reaction might be:
Carbon-OH + H -, Carbon-OH,
At high pH the reaction is:
Carbon-OH + OH- Carbon-O + H,0O

In our studies the maximum adsorption is at pH Sd.at high pH, the solution in contact with
the basal oxygen surface of the tetrahedral shiletomtain excess hydroxyls. The surface will
then exhibit a cation exchange capacity [17,18,19].

Effect of theionic strength on the adsorption of Malachite green

The effect of sodium chloride on the adsorptiotMalachite green offerminalia Catappa Linn
carbon is shown in Fig. 7. In a low solution cortcation NaCl had little influence on the
adsorption capacity. At higher ionic strength thisaption Malachite green will be increased
due to the partial neutralization of the positivege on the carbon surface and a consequent
compression of the electrical double layer by thea@ion. The chloride ion can also enhances
adsorption of Malachite green ion oni@rminalia Catappa Linrcarbon by pairing of their
charges and hence reducing the repulsion betweeMébachite green molecules adsorbed on
the surface. This initiates carbon to adsorb mépositive Malachite green ions [1,17,18].

Desorption studies

Desorption studies help to elucidate the natura@dsbrption and recycling of the spent adsorbent
and the dye. If the adsorbed dyes can be desodied neutral pH water, then the attachment of
the dye of the adsorbent is by weak bonds. Iflaudig acid or alkaline water desorp the dye
then the adsorption is by ion exchange. If orgaeids, like acetic acid can desorp the dye, then
the dye has held by the adsorbent through chentisorprhe effect of various reagents used for
desorption studies indicate that hydrochloric asid better reagent for desorption, because we
could get more than 82% removal of adsorbed dye.ré&lersibility of adsorbed dye in mineral
acid or base is in agreement with the pH depen@sudts obtained. The desorption of Malachite
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green dye by mineral acid indicates that the dyesewadsorbed onto the activated carbon
through by physisorption mechanisms [12,18,19].

CONCLUSION

Terminalia Catappa Linplanthas been available in different parts of the cquritr the present
study, Terminalia Catappa Linrcarbon was selected as a local, cheaper and yeadiilable
adsorbent for the removal of Malachite green oxafiadm the aqueous solutions. Adsorption of
the dye was studied by batch technique and it imseroed that >92% of dye removal was
achieved by using 0.05 g dferminalia Catappa Linncarbon. The kinetics of adsorption
developed can be used to achieve low levels offidye aqueous solutions utilizinberminalia
Catappa Linncarbon. Almost 95% removal of dye was observegHabf 9.5. The adsorption
data seems to follow the Langmuir and Freundliokhisrms.
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