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Abstract: The adsorption of chromium(VI) on activated carbprepared from
low cost materials has been studied by batch psodéde influences of various
parameters like contact time, dosage, pH, pHzpc apedons were
experimentally verified. The adsorption of Cr(VI) isaximum at strongly
acidic medium (pH 3). Adsorption is explained usirmggmuir and Freundlich
isotherms with help of chi-square analysis. Therymagnic parameters like
DG®, DH® andDS® were calculated to understand the nature of atlsorprhe
surface morphology of the three activated carboeforb and after metal
sorption was verified using scanning electron nicape (SEM) and X-ray
diffraction studies (XRD).

Keywords: Adsorption, Activated carbons, Adsorption Isoths, Chi-square analysis, Intraparticle
diffusion

Introduction

Recently, a great deal of interest in the resedochthe removal of heavy metals from
environment has focused on the use of indigenausjlable materials as adsorbénts

Among the heavy metals chromium, cobalt, zinc,pespand iron ingestion beyond
permissible quantities, causes various chronicrdiéss in human beings. It is well known that
heavy metals can damage the nerves, liver and lboebey block functional groups of essential
enzyme$ The permissible limit of Cr(VI) for industrial st water to be discharged to surface
water is 0.1 mg /L. Hence it becomes imperativeoove it from waste water before discharging
them into aquatic systems or onto land. Differesthods such as reduction, precipitation, ion
exchange, electro dialysis, solvent extractionctedehemical precipitation and adsorption had
been suggested for the removal of hexavalent chroiniAmong these adsorption is the most
promising technique. The most widely used industidsorbent is activated carbon. However, it
is an expensive material unless regeneratioonhbes relatively easy but is unlikely to betcos
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effective. Various agricultural products and bydarcts have been investigated to remove heavy
metals from aqueous materfals In recent years, investigation have been cawigdfor the
effective removal of large quantities of Cr(VI) finowvaste water using low cost, non conventional
adsorbents which are economically vidblé\dsorption on activated carbon has been a popula
choice in developed countries for the removal qv@rand other metal iol§ The use of
activated carbons to remove Cr(VI) from water wagppsed because of their higher surface area
and active functional groups leading a searchdar dost adsorbents in recent yéardlatural
materials that are available in large quantitiegldcdoe potential low cost adsorbents as they
represent unused resoures

This paper narrates the investigation of Cr(Vlnowal from aqueous solutions by
adsorption on activated carbons prepared fiRetinius Communisinn (RC), Carica
Papaya Linn(CP) andMorinda Pubescenc@P) with adsorption isotherms, chi-square
analysis, thermodynamic parameters and intrapaniifusion.

Experimental

The preparation of activated carbons RC, CP anddMBisted of carbonization of the respective
plant materials. Each dried raw material was ctd small pieces and the carbonization was
conducted in a muffle furnace at 400°C, 450°C &@f6 for RC, CP and MP respectively. The

heating period was 2 hours for all materials. Af@rbonization, the carbon was ground using
domestic mixie. The activated carbons obtained ept in a desiccator and were characterized
for the physical parameters, which are shown ideTab

Table 1.Characteristics of the activated carbons

Adsorbents

S.No Parameters RC cp VP
1 Particle size, mm 0.15 0.11 0.14
2 Density, g/cc 0.54 0.56 0.58
3 Ash content, % 2.04 1.98 2.11
4 Moisture content, % 1.64 1.34 1.50
5 Loss of ignition, % 82.0 85.1 88.3
6 Water soluble matter 0.17 0.31 0.24
7 pH of aqueous solution 7.5 7.2 7.0
8 pH, zpc 7.1 6.9 6.7
9 lodine number, mg/g 204 236 190

Adsorption Studies

The three activated carbons shown in Table 1 weed uo study adsorption of Cr(VI).
Adsorption equilibrium study of Cr(VI) was carriedit in 250 mL stoppered iodine flask by
adding 200 mg RC, 250 mg CP, and 300 mg of MP atetivcarbon to 50 mL of 20 ppm
chromium solution. The concentration of the sampless analyzed on UV/ Visible
spectrophotometer (UV 240 Shimadzu) using 1-5 diphearbazide as the complexing agent at
the wavelength of 540 nm. All other water qualirameters were analyzed by using standard
method$' The pH measurements were done with a pH elec{®yironics) and piic (pH of
zero point charge) was determined by pH drift méfthdhe surface morphology of the raw and
treated activated carbons was visualized by SEM witHITACHI-S-3000H model. XRD
pattern was recorded using XYer PRO (model), PAN analytical (make). Comfiois were
made using Microcal Origin, (version 6.0) softwafbe goodness of the fit is discussed using
the regression, correlation and coefficient (R).
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Results and Discussion
Effect of contact time

The optimum period for the adsorption of Cr(VI) thie sorbents can be observed by looking
at the difference in time after adding the adsothenhe effect of agitation period on the
adsorption of Cr(VI) is shown in Figure 1. The aggion of Cr(VI) increased with agitation
period and attained an optimum at about 14 mirRi©r 16 min for CP and 18 min for M.P.
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Figure 1. Effect of contact time Figure 2. Effect of Dosage

Effect of dosage

The effect of adsorbent dosage is presented inr&i@u It is evident that adsorption
increases with increase in the mass of the adsbrbEhis is because at higher dosage of
sorbent, more adsorption sites are available dircteased surface area. This results in the
removal of more metal ions and after certain doskg#ains equilibrium, beyond which no
change in the adsorption occurs at higher doskeoadsorbent.

Effect of pH

Earlier studies have indicated that solution pHais important parameter affecting
adsorption of heavy metals. Cr(VI) removal was s&ddn the pH range of 3.0 — 7.0 for
all three activated carbons and results are shaviaigure 3. It is clear from the figure that
the percentage of adsorption of Cr(VI) desesawith increase in pH from 3.0 to 7.0.
The maximum adsorption of Cr(VI) occurred at pH 3.0.isThehaviour can be explained
considering the nature of the adsorbent at diftgpehlevels. The cell wall of activated carbons
contains a large number of surface functional gsoljre pH dependence of metal adsorption
can largely be related to the type and ionic stétthese functional groups and also on the
metal chemistry in solution. Adsorption of Cr(Vlelbw pH 5.0 (maximum at pH 3.0)
suggests that the negatively charged species (eltedasithromate in the sample solution) bind
through electrostatic attraction to positively ded functional groups on the surface of
activated carbon. But at above pH 5.0, it seentsatttavated carbon possesses more functional
groups carrying a net negative charge, which témdspulse the anions. However, appreciable
Cr(VI) removal occurs at above pH 5.0, althoughrtite of removal is considerably reduced.
Hence, it could be said that above pH 5.0, othethaweism like physical adsorption on the
surface of adsorbent could have taken an impontéain the adsorption of Cr(VI). In addition,
adjustment of pH is very important. The possiltiof other subsidiary substances and
hydrogen bonding may affect the adsorption proaessneed careful analysis
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Effect of co-ions

The influence of other co-ions such a§ EICO;" SO, NOs, Ca" and Mgf* and which are
commonly present in water, on the adsorption oVgrby the activated carbons was
investigated with varying initial concentrations these ionsviz., 200, 400, 600, 800 and
1000 mg/L by keeping Cr(VI) concentration constdigure 4 gives the effect of co-ions on
the adsorption of Cr(VI) by the activated carbadimsall, the presence of these co-ions did
not significantly alter the Cr(VI) adsorption pess by the activated carbons.
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Figure 4 Effect of co-ions

Adsorption isotherms

The adsorption isotherms indicate how the adsamptimlecules distribute between the
liquid phase and the solid phase when the adsorptiocess reaches an equilibrium state.
The analysis of the isotherm data by fitting theon different isotherm models is an
important step to find the suitable model that banused for design purpose. Adsorption
isotherm is basically important to describe howutssd interact with adsorbents and is
critical in optimizing the use of adsorbents. Adqaam isotherm studies were carried out on
two isotherm modelsiz., Langmuir and Freundich isotherms. Langmuirlisomn assumes
monolayer adsorption onto a surface containingniefinumber of adsorption sites of
uniform strategies of adsorption with no transmiigra of adsorbate in the plane of surface.
The linear form of Langmuir isotherm equation igegi as

Ce i +ice ’ (1)

qe Qob QO
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where G is the equilibrium concentration of the adsorb@te/L), ¢ is the amount of
adsorbate adsorbed per unit mass of adsorbent \m@Jgand b are Langmuir constants
related to adsorption capacity and rate of adsmmptVhen @q. was plotted againsta
straight line with slope of 1/(vas obtained. The Langmuir curves pertaining toGh@/I)
adsorption by RC is provided in Figure 5. Thgufes pertaining to CP and MP also
behave similarly and hence are not included herewdver, Table 2 provides the
experimental data for all the three carbons studidég Langmuir constants b and ®ere
calculated from equation (2) and the values areemgivin Table 2. The essential
characteristics of the Langmuir isotherm can beresged in terms of a dimensionless
equilibrium parameter (B which is defined by,
Ro-_ L . ®)
1+DbC,

where b is the Langmuir constant angliCthe initial concentration (mgA9) The value oR_
indicates the type of the isotherm to be eitheodizable (0 <R_< 1), unfavorableR, . 1), linear
(R.=1) or irreversibleR_ = 0). The value oR was found to be less than one in all cases
reported here and this again confirmed that thegirauir isotherm model was favourable for
adsorption of Cr(VI) onto the activated carbonsauritle conditions used in this study.
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Figure 5. Langmuir plot for RC Figure 6. Freundlich plot for RC

Freundlich isotherm assumes heterogeneous swefegies, in which the energy term
in Langmuir equation varies as a function of thefate coverage. The well-known
logarithmic form of Freundlich isotherm is given the following equation,

®3)

where G is the equilibrium concentration of the adsorb@i®y/L) and g is the amount of
adsorbate adsorbed per unit mass of adsorbent mdd¢g and n are Freundlich constants
representing the adsorption capacity and interditgdsorption respectively. The values gf K
and 1/n were obtained from the slope and interckfite plot of log gversedog G. The slope
of I/n ranging between 0 and 1 is a measure ofrptisn intensity or surface heterogeneity,
becoming more heterogeneous as its value gets ttoserd® Freundlich constants;knd n are
listed in Table 2. The Freundlich plots for the\@f@dsorption by RC is given in Figure 6.

Chi-Square analysis

To identify a suitable isotherm model for the samptof Cr(VI) on activated carbon this
analysis has been carried out. The chi-squaristtatis basically the sum of the squares of
the difference between the experimental data atal@aained by calculating from models,

logq, =logK, +%Iogce )
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with each squared difference divided by correspagdiata obtained by calculation from the
models. The equilibrium mathematic statement is

2

2 _ ( e~ qe.m) (4)

qe,l‘ﬂ
where @ is equilibrium capacity obtained by calculatingrfr model (mg/g) and (qis
experimental data on the equilibrium capacity (fgi§data from the model are similar to the
experimental data;? will be small number while if they diffec? will be a bigger number.
Therefore, it is necessary to also analyze the skftasing chi-squared test to confirm the best
fit isotherm for the sorption system. The values given in Table 2. The lower valuesasf
for Freundlich isotherm than those of Langmuir igoin indicate that the former is more
suitable for adsorption of Cr(VI) on the three eated carbons RC,CP and MP

Table 2. Langmuir and Frendlich constants
Langmuir constants Freundlich constants

AdsorbentTeKmp Qo b R R 2 1/n Kk R 2

305 2.428¢ 0.021f 0.97% 0.92z 0.569: 0.72z 2.70z 0.99¢ 0.007:
RC 31% 2.463: 0.023f 0.98¢ 0.71f 0.254: 0.73z 2.787 0.99¢ 0.004(
325 2.488¢ 0.032! 0.981 0.55¢ 0.196¢ 0.84: 2.957 0.98( 0.002¢
305 2.276. 0.011f 0.971 0.82¢ 0.412: 0.07: 1.68t 0.98¢ 0.007:
CF 313 2.297¢ 0.023f 0.98( 0.53¢ 0.347¢ 0.30¢ 1.58¢ 0.99¢ 0.004¢
32% 2.314¢ 0.0327 0.99¢ 0.52f 0.2987 0.49: 1.52¢ 0.98<¢ 0.003:
305 2.236¢ 0.052: 0.96¢ 0.82¢ 0.659: 0.85¢ 2.70¢ 0.99t 0.012!
MP 31% 2.251¢ 0.0547 0.97¢ 0.53¢ 0.489¢ 0.€87 2.271 0.991 0.005¢
325 2.286¢ 0.056: 0.98: 0.52f¢ 0.369¢ 0.891 2.35¢ 0.99¢ 0.004¢

Thermodynamic treatment of the sorption process

Thermodynamic parameters of the adsorptidn, standard free energy changeGf),
standard enthalpy changBH®) and standard entropy chanBg{) for the reactions were
calculated using the equation given below and Hiaes are given in Table 3.

DG’=-RTIn Ko, (5)
where theDG' is the free energy of adsorption (KJip| T is the temperature in Kelvin and
R is the Universal gas constant (8.314 Ji¢f"). The adsorption distribution coefficient, K
for the adsorption reaction was determined fromsibee of the plot In(gd ¢;) against G at
different temperature and extrapolating to zeg@c€tording to method suggested by Khan
and Singh’.The adsorption distribution coefficient may be ®egsed in terms of enthalpy
change DHY) and entropy chang®g°) as a function of temperature,

DH°  DS° ' ©6)

+
RT R

WhereDHC is the heat of sorption (KJriplandDS’ is standard entropy change (KJMoThe values

of DH® andDS’ can be obtained from the slope and intercepegbitt of In k against 1/72

Table 3. Thermodynamic parameters for sorption of Cr(VI)lidferent temperatures

c

InK, =

Adsorbent DG’, KImol* DH?, KImol* DS, KImol™*
303K 313K 323K

RC -1.966 -1579 -1.123 +4.89 0.023

CP -1.717  -1.456  -1.122 +5.20 0.029

MP -1.787 -1471  -1.071 +5.40 0.045
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Adsorption dynamics

From a mechanistic point of view, to interpret th@erimental data, production of the rate-
limiting step is an important factor to be cons@téin the sorption process. Though kinetic
and equilibrium isotherm studies help to identifye tadsorption process, predicting the
mechanisms is required for design purpose. Falid sliquid sorption process, the solute
transfer is usually characterized by either extenmass transfer (boundary layer diffusion)
or intraparticle diffusion or both.

The sorption dynamics can be described by thresemuiive steps which are as follows:

- Transport of the solute from bulk solution throdgfuid film to the adsorbent exterior
surface
Solute diffusion into the pore of adsorbent exdepta small quantity of sorption on the
external surface; parallel to this intraparticlangport mechanism of the surface
diffusion
Sorption of solute on the interior surfaces of ffleres and capillary spaces of the
adsorbent. The last step is considered to be aitibgtum reaction of the three steps,
the third step is assumed to be rapid and conglderbe negligible.

The overall rate of sorption will be controlled tne slowest step, which would be either film
diffusion or pore diffusion. However, the contiredj step might be distributed between intraparticle
and external transport mechanisms. Whatever beattes external diffusion will be involved in the
adsorption process. The adsorption of Cr(VI) oraittevated carbon may be controlled due to film
diffusion at earlier stages and as the adsorbeiitlpa are loaded with chromium ions, the sorptio
process may be controlled due to intraparticlausiifin. But for design purposes, it is necessary to
calculate the slowest step involved in the sorptimtess. For the adsorption process, the external
mass transfer controls the adsorption processhiersystems that have poor mixing, dilute
concentrations of adsorbate, small particle sifemdsorbent and higher affinity of adsorbate for
adsorbent/ whereas the intraparticle diffusion wdlhtrol the sorption process for a system with
good mixing, large particle size of adsorbent, kighcentration of adsorbate and low affinity of
adsorbate for adsorbent. The most commonly usdthitee for identifying the mechanism
involved in the adsorption process is by fitting #xperimental data in an intraparticle diffusion
plot. Previous studies by various researchers atidhat the plot ofoyersust™ represents multi
linearity which characterized the two or more stapslved in the sorption process.

According to Weber and Morris, an intraparticléfuion coefficient is defined by the
equation.

qt = Kptllz , (7)
g = the amount of Cr(VI) adsorbed per unit massdsoabents at any time t

t2 = square root of time
Kp = Intraparticle diffusion rate constant

The plots of intraparticle diffusion curves shanitial curved portion followed by linear
portion and a plateau. The first sharper portichésexternal surface adsorption or instantaneous
adsorption stage. The second portion is the gtadisarption where the intraparticle diffusion is
rate controlled. The third portion is final equiliom stage where the intraparticle diffusion starts
to slow down due to extremely low solute conceianain solutions’ The representative plot of
Cr(VI1) adsorption by RC is shown Figure 7.

Evidence for intraparticle diffusio(K,)

A preliminary appraisal of the sorbent - sorbatstesy may provide information indicating the
sorption mechanism. For instance, there are sesteeatical groups on the sorbent which can
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undergo chemical reaction to form a chemical béwid groups on the sorbent could provide
ion exchange sites for metal ions and ionic dyesin& groups can provide a lone pair of
electrons for chelation with metal ioetc Relatively inert sorbent surfaces may only previd
physical sites for diffusion controlled bond forioat In order to identify the exact mechanism it
iS necessary to carry out experiments to study rakv@stem variables namely, initial
concentration, sorbent particle size, solution teraure, solution pH and agitation and analyse
the data for different order kinetic reactions or pore/solid phase diffusion mechanisms. If
equilibrium is achieved within three hours, thegass is usually kinetic controlled and above
twenty four hours, it is diffusion controlled. Edthor both kinetic and sorption processes may be
rate controlling in the three to twenty four howaripd. Another very general guide line is that
changes in pH have a greater effect on the sorpticgolutes in reaction controlled sorption
processes. A more appropriate quantitative apprwadtstinguish between kinetic and diffusion
rate control is to perform the square root of ccntime analysis according to equation (7). A
plot of the amount of pollutant adsorbed,amainst the square root of tim, yields a straight
line plot of slope k a diffusional rate parameter. This straight lipassing through the origin,
indicates intraparticle diffusion contfol Additional confirmation of a diffusion mechanisran

be obtained by analysing the effect of the systariables on K The values of Kare given in
Table 4. For intraparticle diffusion controllingssgms K should vary linearly with reciprocal
particle diameter; the product of imes sorbent mass should vary linearly with sorbeass.

120
100 hd
80

60

Ok

40 - RC
* CP
1 A MP
20 at 30°C 20ppm
0 .
0 1 2 3 4
1/2 +:0.5
5, min

Figure 7. Intra particle diffusion for RC
Table 4Values of Kk

Values of Kp
Temperature (K) RC cp I
303 6.28 4.87 5.36
313 10.76 11.08 10.72
323 18.32 18.04 15.57

Instrumental analysis

SEM images of the activated carbons before and afteCr(VI) sorption are shown in
Figures 8, 9 and 10. Comparison of these micro lgrdyefore and after Cr(VI) sorption
shows that the adsorption of Cr(VI) occurs on thefaxe of the activated carbon. XRD
patterns of the treated adsorbents showed signtficdaanges. The XRD data of the treated
activated carbon provided evidence of decreasenénpeak intensity which shows that
adsorption of Cr(VI) on the surface of the adsotbé&gures 11, 12 and 13 indicate the
decrease in the peak intensity values of RC, CPMdespectivelff.
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Figure 8(a).Before treatment for RC Figure 8(b). after treatment for RC
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Figure 10(b) After treatment for MP

Figure 10(a) Before treatment for MP
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Position *2 Theta
Figure 11(a).XRD before treatment for RC

Position *2 Theta
Figure 11(b). XRD after treatment for RC
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Position *2 Theta
Figure 12(a) XRD before treatment for CP

Position *2 Theta
Figure 12(b). XRD after treatment for CP



677 G.KARTHIKEYAN et al.

Position *2 Theta
Figure 13(a).XRD before treatment for MP

Position *2 Theta
Figure 13(b). XRD after treatment for MP
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Conclusion

In conclusion, the results of analysis of all ttas@bents clearly established that these
activated carbons prepared from indigenous masehaVve good adsorption for Cr(VI). The
removal percentage depended on the adsorbent dasagiact time, co-ions, temperature
and pH. The highest Cr(VI) adsorption was 96% at ®H The equilibrium data of
adsorption are in good agreement with Freundlicbhthisrms model whatever the
temperature or concentration. The adsorption degreoe of Cr(VI) on temperature was
investigated and the thermodynamic parameR@8 DH° and DS’ were calculated. The
results show an endothermic heat of adsorptionneggtive free energy value, indicating a
favored adsorption. SEM and XRD studies reveas @r(VI) adsorption takes place on the
surface of the adsorbent.
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