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Abstract

The removal of Cd(ll), Pb(Il), Hg(ll), Cu(ll), Ni(ll), Mn(Il) and Zn(ll) by carbon aerogel has been found to be concentration, pH, contact
time, adsorbent dose and temperature dependent. The adsorption parameters were determined using both Langmuir and Freundlich isotherr
models. Surface complexation and ion exchange are the major removal mechanisms involved. The adsorption isotherm studies clearly indicated
that the adsorptive behaviour of metal ions on carbon aerogel satisfies not only the Langmuir assumptions but also the Freundlich assumptions,
i.e. multilayer formation on the surface of the adsorbent with an exponential distribution of site energy.

The applicability of the Lagergren kinetic model has also been investigated. Thermodynamic cdfgjastandard free energhG°),
enthalpy AH®) and entropy £AS°) were calculated for predicting the nature of adsorption. The results indicate the potential application of
this method for effluent treatment in industries and also provide strong evidence to support the adsorption mechanism proposed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Wastewater from many industries such as metallur-
gical, tannery, chemical manufacturing, mining, battery-
The pollution of water resources due to the indiscriminate manufacturing industries, etc. contains one or more of

disposal of heavy metals has been causing worldwide concernhese toxic heavy metals. Industries carries out operations
for the last few decades. Itis well known that some metals can|ike electroplating, metal/surface finishing and solid-state
have toxic or harmful effects on many forms of life. Metals, wafer processing’ generate wastewater contaminated with
which are significantly toxic to human beings and ecologi- hazardous heavy metals. The concentrations of some of
cal environments, include chromium (Cr), copper (Cu), lead the toxic metals like Cr, Hg, Pb, As, etc. are higher than
(Pb), mercury (Hg), manganese (Mn), cadmium (Cd), nickel permissible discharge levels in these effluents. It, therefore,
(Ni), zinc (Zn) and iron (Fe), etc. becomes necessary to remove these heavy metals from these

This problem has received considerable amount of wastewaters by an appropriate treatment before releasing
attention in recent years. One primarily concern is that them into the environment.

marine animals which can readily absorb those heavy metals
in wastewater and directly enter the human food chains

present a high health risk to consumers. 1.1. Lead

— Lead is one such heavy metal with specific toxicity and
* Corresponding author. Tel.: +91 11 23907270/226;

fax: +91 11 23819547 cumulative effects. The chief sources of lead in water are the
E-mail addressesajaysheera@yahoo.co.in (A.K. Meena), effluents of lead and lead processing industries. Lead is also
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food, beverages, ointments and medicinal concoctions for Methyl mercury causes deformities in the offspring,
flavoring and sweetening]. mainly affecting the nervous system (teratogenic effects).

Lead poisoning causes damage to liver, kidney and reduc-Children suffer from mental retardation, cerebral palsy and
tion in hemoglobin formation, mental retardation, infertility convulsions. Mercury also brings about genetic defects caus-
and abnormalities in pregnancy. Chronic lead poisoning may ing chromosome breaking and interference in cell division,
cause three general disease syndromes: resulting in abnormal distribution of chromosome. Mercury
causes impairment of pulmonary function and kidney, chest
'pain and dyspnoda3,14] The harmful effect of methyl mer-
cury on aquatic life and humans was amply brought out by
the Minamata episode in JapHrb).

(a) Gastrointestinal disorders, constipation, abdominal pain
etc.

(b) Neuromuscular effects (lead lapsy) weakness, fatigue
muscular atrophy.

(c) Central nervous system effects or CNS syndrome that

may result to coma and dedt. 1.5. Manganese

1.2. Cadmium Chronic manganese poisoning has been reported to affect
the central nervous system, and manganese pneumonia has
Cadmium is an irritant to the respiratory tract and pro- Oftén been reported to be resulting in defi8,17] Man-
longed exposure to this pollutant can cause anemia and g9anese compounds are known to catalyze the oxidation of

yellow stain that gradually appears on the joints of the teeth. Other pollutants, such as $@ more harmful compounds.
Cadmium and their salts are used in electroplating, paint pig- Manganese toxicity has been found to results in acute effects

ments, plastics, silver cadmium batterjgk smelting, cad- on lungs, liver, central nerves system and blood system of
mium nickel batteries, stabilizer, phosphate fertilizer, mining the body. Manganese and it salts have been reported to be
and alloy industrie§4,5]. present in the wastewater of the folloyvmg |r_1dustr|es: st_eel

alloy dry cell battery, glass and ceramics, paint and varnish,
1.3. Copper ink and dyes, match and fire worKs3]. Galvanization plant

effluents have also been found to contain Mn(ll) at significant
Environmental contamination due to copper is caused by levels[19].
mining, printed circuits, metallurgical, fibre production, pipe
corrosion and metal plating industri¢g]. The other ma-  1.6. Nickel
jor industries discharging copper in their effluents are paper
and pulp, petroleum refining and wood preserving. Agricul- Electroplating is one important process involved in surface
tural sources such as fertilizers, fungicidal sprays and animalfinishing and metal deposition for better life of articles and
wasteg7] also lead to water pollution due to copper. Cop- for decoration. Although several metals can be used for elec-
per may be found as a contaminant in food, especially shell troplating, nickel, copper, zinc and chromium are the most
fish, liver, mushrooms, nuts and chocolates. Any packaging commonly used metals, the choice depending upon the spe-
container using copper material may contaminate the productcific requirement of the articles. During washing of the elec-
such as food, water and drink. troplating tanks, considerable amounts of the metal ions find
Copper has been reported to cause neurotoxicity com-their way into the effluent. Ni(ll) is present in the effluents of
monly known as “Wilson’s disease” due to deposition of cop- Silver refineries, electroplating, zinc base casting and storage
per in the lenticular nucleus of the brain and kidney failure battery industrieg20].
[8]. In some instances, exposure to copper has resulted in Higher concentration of nickel cause cancer of lungs, nose
jaundice and enlarged liver. It is suspected to be responsibleand bone. Dermatitis (Ni itch) is the most frequent effect of
for one form of metal fume fevg®]. Moreover, continuedin- ~ €xposure to Ni, such as coins and jewellery. Acute poisoning
halation of copper-containing sprays is linked to an increase Of Ni(ll) causes headache, dizziness, nausea and vomiting,

in lung cancer among exposed workers. chest pain, tightness of the chest, dry cough and shortness
of breath, rapid respiration, cyanosis and extreme weakness
1.4. Mercury [21-23]

Mercury is generally considered to be one of the most 1.7. Zinc

toxic metals found in the environmefit0]. Once mercury

enters the food chain, progressively larger accumulation of  Due to its remarkable resistant to atmospheric corrosion,
mercury compounds takes place in humans and animals. Thezinc is commonly used to protectiron from rusting, in the pro-
major sources of mercury pollution in environment are in- cess called galvanization. Zinc is widely used for the manu-
dustries like chlor-alkali, paints, pulp and paper, oil refining, facturing of zinc white and several useful alloys such as brass,
rubber processing and fertiliz¢t1], batteries, thermome-  German silver, delta metal, for the preparation of gold and
ters, fluorescent light tubes and high intensity street lamps, silver in the cyanide method, for the desilverization of lead
pesticides, cosmetics and pharmaceutifE2s. in Parks process and as an anode material in galvanic cells.
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Various zinc salts are used industrially in wood preserva-  The main objective of this study was to investigate the
tives, catalysts, photographic paper, accelerators for rubberfeasibility of using carbon aerogel for the maximum removal
vulcanisation, ceramics, textiles, fertilizers, pigments, steel of above metal ions from aqueous solutions at optimised pro-
production and batterig®4]. Zinc toxicity from excessive  cess parameters such as initial concentration, adsorbent dose,
ingestion is uncommon but causes gastrointestinal distresscontact time and pH.

and diarrhoea.

1.8. Treatment techniques 2. Experimental

In view of the toxicity and in order to meet regula- 2.1. Instrumentation
tory safe discharge standards, it is essential to remove
heavy metals from wastewaters/effluents before it is re- GBC 932 AA atomic adsorption spectrometer (AAS) op-
leased into the environment. Conventional methods for the erating with an air acetylene flame was used to analyze the
removal of heavy metals include precipitation, coagulation/ concentration of heavy metals. The minimum detection limit
flocculation, ion exchange, reverse osmd&s,26], com- was equal to or less than EPA requirement. Three standard
plexation/sequestration, electrochemical operation and bio-solutions with concentrations of heavy metal ionsinthe linear
logical treatmen{27,28] Application of above-mentioned range of the instrument were used to construct each calibra-
methods becomes economically unviable for the removal of tion curve. During analysis of the samples for heavy met-
heavy metals at lower concentrations. Adsorptive treatmentals concentration, those samples in which the concentration
using non-conventional adsorbents, such as agricultural andof heavy metals is observed beyond the linear range of the
industrial solids wastes, have been used for the removal ofreferences were diluted to appropriate concentrations. All
heavy metal§29]. A number of other materials have also measurements were repeated three times and those results
been used to remove heavy metals from wastewater, such agn which the standard deviations were found greater than
peat, human hair, wool, silk, and water hyacifg@g]. Many 0.1 mg/l were not accepted.
papers have appeared on preparation of activated carbonfrom The pH measurements were performed with a controlled
cheaper and readily available materigdd]. Tree bark and  pH analyzer (LAB INDIA). The pH meter was standardized

bottom ash32] from thermal power plari83], sawdusf34], using buffer solutions of pH values: 4, 7, 9 and 12.

cow dung[35], activated rice husk carbdB6], peanut hull, Micromeritics ASAP 2010 surface area analyzer and a me-

carbon blacf37] and activated carbon electroff8], have chanical shaker of WIDSONS SCIENTIFIC make was used

been investigated for the adsorption of heavy metals. for all the adsorption experiments for agitating the sample
Activated carbon produced from almond sH8B], saw- for a desired contact time.

dust based GAQ40], tree bark treated with formaldehyde
and sulphuric acid41], bone char, tea leaves, wood char- 2.2. Chemicals
coal [42], coconut shell carbof3,44], sulphurised acti-
vated carborj45,46], ozonized activated carbon, rice hulls Analytical grade reagents were used for heavy metal so-
and rice bran47], pine bark and agricultural was{d8] lution, ACS reagent grade concentrated nitric acid, NaOH
have been used with and without treatment for adsorption. and pH buffer solutions (E. Merck) were used to adjusted pH
Adsorption of heavy metals by these materials might be at- values of samples. In all experimental work, distilled dem-
tributed to their protein, carbohydrates and phenolic com- ineralised water was used.
poundg49,50], which have metal binding functional groups,
such as carbonyl, hydroxyl, sulphate, phosphate and amino2.3. Adsorbate solution
groupg51]. Some of the other adsorbents used for the adsorp-
tion of heavy metals are fly agb2], dispersed iron-oxide, Synthetic stock solution of heavy metals was prepared
activated carbon fibrg$3], waste rubbefs4], polymerised by dissolving required quantity of Analar grade salts in the
onion skin, peat mog55], polymerised sawdufs6], treated distilled demineralised water. The salts used are cadmium
sawdust, mustard hu$k7], cellulosg[51], aqueous solution  chloride, zinc chloride, manganese chloride, mercury chlo-
of waste Fe(llI)/Cr(lll) hydroxide, rice husfd9], agricul- ride, nickel nitrate, copper nitrate, lead nitrate for Cd(ll),
tural waste and by produdis8], tree bark, peanut skin, citrus  Zn(ll),Mn(11), Hg(11), Ni(ll), Cu(ll), Pb(ll), respectively, for
skin, coffee husk21], coconut shell and peanut hull carbon, the preparation of stock solution. The stock solution was fur-
ozonized GA(59], heat treated and sulphurised GAC, steam ther diluted with distilled demineralised water to desired con-
sulphurised GAC prepared from bagasse pith and activatedcentration for obtaining the test solutions.
alumina[50].

Moreover, the removal of metal ions from their solutions 2.4. Adsorbent
in the presence of agricultural materials may be due to the
adsorption on surface and pores and also to complexation by Carbon aerogels are new and emerging adsorbent ma-
these materials. terials composed of covalently bonded nanometer sized



164 A.K. Meena et al. / Journal of Hazardous Materials B122 (2005) 161-170

Table 1 determined by running the blank experiments was found neg-
Characteristics of the carbon aerogel Iigible.

Parameters Value The results of these studies were used to obtain the op-
pH 8.4 timum conditions for maximum heavy metals removal from
Conductivity @S cnt™) 125 aqueous solution.

Salinity Q0 The percent heavy metal removal was calculated using Eq.
Bulk density (g/ml) 074 1)

Cation exchange capacity (meq/g) .80

Moisture (%) 14 100

Decolorizing capacity (mg/g) 85 metalion removal (%3 (Co — Ce) X — Q)
Single point surface area {ifg) 420 Co

BET surface area (ffg) 426 where Cy: initial metal ion concentration of test solution,
b?g%?g:;s:rgzc(%"’g)e a fitg) ijg mg/l; Ce: final equilibrium concentration of test solution,
Micropore volume (crivg) 0.0632 mg/l.

Average pore diameter A D45

Maximum pore volume (cRig) 0.202

Median pore diameter A .825 3. Results and discussion

Corboxylic functional group (meg/(g CA)) 8

Lactonic functional group (meq/(g CA)) Q7

3.1. Effect of initial concentration of heavy metal

particles that are arranged in three-dimensional network and  The effect of initial concentration on the percentage re-
have high porosity and high surface area. Thus, maybe pro-moval of heavy metals by carbon aerogel is showfim 1
duced in solid shapes, powder and sheet forms and provideit can be seen from the figure that the percentage removal de-
excellent treatment efficiency in a cost effective manner creases with the increase in initial heavy metal concentration.
for the purification of effluents/wastewaters. Stock aerogels For Hg(ll) is seen the percentage removal is almost complete
are derived from the sol-gel polymerization of selected (nearly 100%) throughout the initial metal ions concentration
resorcinol formaldehyde monomers in solution. The SO|—g€| range 1-5 mg/| for10 g/| adsorbentdose, at pH6 and a contact
solution is cast into the desired shape after the formation of atime of 48 h. For Mn(l1), Zn(ll) and Pb(ll) at same adsorbent
highly cross-linked gel, the solvent is removed from the pores dose and contact time, there are slight drop in percentage
of the gel. The remaining rigid monolithic shape consists of removal at higher initial concentration, whereas for Ni(ll),
covalently bonded. Resorcinol formaldehyde (Rf) aerogels Cd(ll) and Cu(ll), the percentage removal is highly effec-
are carbonized to form pure carbon aerogels. They are mainlytive upto 1 mg/l initial concentration after which percentage
prepared by pyrolysis of Rf aerogels in an inert atmosphere. removal decreases gradually to below 80%. At higher ini-
Carbon aerogel (supplied by Marketech International, tial concentrations, Cu(ll) shows greater percentage removal
USA) was used as an adsorbent material without any pre-than Cd(Il) and Ni(ll). At lower initial metal ion concentra-
treatment. However, it was characterized for relevant param-tions, sufficient adsorption sites are available for adsorption

eters before conducting experiments (showmable J. of the heavy metals ions. Therefore, the fractional adsorption
is independent of initial metal ion concentration. However,
2.5. Batch mode adsorption studies at higher concentrations the numbers of heavy metal ions are

relatively higher compared to availability of adsorption sites.
The adsorption of heavy metals on carbon aerogel wasHence, the percent removal of heavy metals depends on the
studied by batch technique. The general method used for thisinitial metal ions concentration and decreases with increase

study is described as below: in initial metal ions concentration. The difference in percent-
A known weight of adsorbent (e.g. 0.5-1.2 g adsorbent)
was equilibrated with 100 ml of the heavy metals solution of Adsorbent dose= 10 gm/l; Contact time =48 hrs; AtpH =6

—u

known concentration in a stoppered borosil glass flask at a
fixed temperature in a thermostatic mechanical shaker (WID-
SONS Scientific) for a known period (24—72 h) of time. After
equilibration, the suspension of the adsorbent was separatec
from solution by filtration using Whatman No. 1 filter paper.
The concentration of heavy metal ions remaining in solution 754
was measured by AAS (GBC 932 AA) using flame method. 70 1
The effect of several parameters, such as pH, concentrations 65
contact time and adsorbent dose on the adsorption was stud:

ied. The pH of the adsorptive solutions was adjusted using
nitric acid, sodium hydroxide and buffer solutions when re- rig. 1. Effect of initial metal concentration on percent removal of heavy
quired. Adsorption of metal ions on the walls of glass flasks metals by carbon aerogel.

—e—Pb(ll)
—=—Hg(ll)
—a—Cd(ll)
—s— Wil
——Zn(il)y
—e— hi(ll)

——Cufll

% Removal

1 2 3 4 5 6
Initial metal Conc., mg/i
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Contact time = 48 hrs; Initial metal Conc. =3 mg/l; At pH=6 Adsrbent dose = 10 g/l; initial metal concentration = 3 mg/l
100 100+
T 80 - PN e=Fefll) 90 - —
> =~ Hg(ll) 80
g 60 —— Cd(ll) 1 ——Phyll)
5 Sww| F 70 T
@ 40 = Zn(ll) ° 60 —x=Mn(ll)
& = Ni(ll) qE, 50 =20
20 —— Cu(lh o :Cﬁ(l:)
0 : : : ‘ ; , R 907
0 2 4 6 8 10 12 301
Adsorbent dose, g/l 204
10
Fig. 2. Effect of adsorbent dosage on percent removal of heavy metals by 0 w T T T : T "
0 12 24 36 48 62 72 84

carbon aerogel. T h
ime, hrs
age re_moval of dlfferer_lt heavy metal ions at the same m't_'al Fig. 3. Effect of contact time on percent removal of heavy metals by carbon
metal ions concentration, adsorbent dose and contact timeaerogel.
may be attributed to the difference in their chemical affin-

ity and ion exchange capacity with respect to the chemical of heavy metals. For the same concentration, the percentage
functional group on the surface of the adsorbent. removal of heavy metal increases with increase of contact

time till equilibrium is attained. The optimal contact time to
attain equilibrium with carbon aerogel was experimentally

3.2. Effect of adsorbent dose
found to be about 48 h.

The results for adsorptive removal of heavy metals with
respect to adsorbent dose are showRim 2 over the range
5-12g/l, at pH 6 the percentage removal of heavy metals is

seentoincrease with adsorbent dose. AF@N2, the percent- pH is one of the most important parameters controlling
age removal of Hg(ll) ions show 100% removal throughout uptake of heavy metals from wastewater and aqueous solu-

the range of concentrations studied (15 mg/l). It is observed tONS-Fig. 4shows the effect of pH on heavy metals removal
that there is a sharp increase in percentage removal with ad_efflmenmes of carbon aerogel. These studies were conducted
sorbent dose for Ni(ll) and Cd(ll) ions, Pb(ll) and Mn(l) at a constant initial metal ions concentration of 3 mg/l, adsor-

ions but in case of Cu(ll) and Zn(ll) ions, there is slight and bent dose 10 g/l solution and agitation period of 48 h for all

gradual increase in percentage removal with increasing dose'€2vy metal ions at varying the pH on carbon aerogel.
The percentage adsorption increases with pH to attain a

It is apparent that the percent removal of heavy metals , ] ;
increases rapidly with increase in the dose of the adsorbentd"@imum at pH 6 and thereafter it decreases with further
due to the greater availability of the exchangeable sites or Cr€ase in pH. The maximum removal of Hg(ll), Mn(ll),
surface area. Moreover, the percentage of metal ion adsorpCU(1): Zn(lh) and Ni(ll) at pH 6 were found to be nearly

tion on adsorbent is determined by the adsorption capacity of 9-2: 92'06’ 88.8, 93.3 and 69%, respectivelyl; whereas, for
the adsorbent for various metal ions. Pb(ll) 93% removal at pH 7 and for Cd(ll) 91.3% removal at

pH 4.

The maximum adsorption at pH 6 may be attributed to the
partial hydrolysis of M, resulting in the formation of MOH
and M(OH). M(OH), would be adsorbed to a greater extend
on the non-polar adsorbent surface compare to MQOMth
increase of pH from 2 to 6, the metal exists as M(QIt)
the medium and surface protonation of adsorbent is mini-
mum, leading to the enhancement of metal adsorption. At

3.4. Effect of pH

3.3. Effect of contact time

Fig. 3 shows the variation in the percentage removal of
heavy metals with contact time using 10 g/l of carbon aero-
gel at pH 6 for varying initial metal ions concentration rang-
ing from 1 to 5mgl/l. It is observed that for Hg(ll) ions, the
percentage removal is nearly 100% even throughout the all
contact times. Initial metal Conc. = 3 mg/l; Adsorbent dose = 10g/l; Contact time = 48 hrs

It is observed that in all cases the percentage removal is 120
comparatively lower for 24 h contact time, with increasing

100 3 o —@  |—*—Pb{l)

©
removal efficiencies at higher contact time. In case of Ni(ll) é zg et
and Cd(ll) ions rise sharp rise in percentage removal with 2 ,o — Mn(ll
increasing contact time. On other hand, percentage removal & 29 e
of Mn(ll), Zn(Il) and Cu (Il) increases gradually with contact 0¥ - - \ ‘ ‘ i )
time, reaching nearly 100% removal only at around 72 h. o 2 ' pSH s 10 12

Itis evident from the results that the contact time required
to attain equilibrium is dependent on the initial concentration Fig. 4. Effect of pH on percent removal of heavy metals by carbon aerogel.
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higher pH, that is, above optimum pH of 6, increase in initial metal ions concentration of 3mg/l at pH 6 in which
OH~ ions cause a decrease in adsorption of metal ions attemperature was varied from 20 to 8D. The adsorption of
adsorbent—adsorbate interf66)]. metal ions has been found to increase with anincrease in tem-

Lower solubilities of hydrolysed metal ions species may perature from20to 60C. The increase in adsorption capacity
be another reason for the maximum adsorption at pH 6. Since,of carbon aerogel with temperature indicates an endothermic
in lower pH range, metal is present predominantly as metal process. The increase in adsorption with temperature may be
ions in the adsorptive solution, there is a competition between attributed to either increase in the number of active surface
H* and M" ions for adsorption at the ion-exchangeable sites, sites available for adsorption on the adsorbent or the desol-
leading to a low removal of metal. The extensive repulsion vation of the adsorbing species and the decrease in the thick-
of metal ions due to protonation of the adsorbent surface atness of the boundary layer surrounding the adsorbent with
lower pH, may be another reason for decrease in adsorptiontemperature, so that the mass transfer resistance of adsorbate
of metal in lower pH range. in the boundary layer decreases. At higher temperatures the

The mechanism of metal ion adsorption may also be ex- possibility of diffusion of solute within the pores of the ad-
plained based on ion exchange model. In carbon aerogel,sorbent may not be ruled out as reported by earlier workers
carbon—oxygen complexes are present. The surface oxygerfor the adsorption of cations on GAC. Since diffusion is an
complexes hydrolysed water molecules are shown below: endothermic process, greater adsorption will be observed at

n n n higher temperature. Thus, the diffusion rate of ions in the
2COH + M7 — (COpM™ +2H (2) external mass transport process increases with temperatures.
COH2 + M+ — COMZ*+ 4 2H* 3) The above results were further substantiated by the various
thermodynamic parameters evaluated of adsorption.

The above mechanism has been confirmed by anincreas- The thermodynamic parameters, such as free energy
ing initial metal ion concentration in agueous solution as the (AG), enthalpy changeH), and entropy change&\(S) were
final pH of solution decrease. This clearly indicates that up- determined using the following equations and presented in

take of more metal ions causes release of mdréoHs. Table 2

The increase in metal removal as the pH increases can be c
explained on the basis of a decrease in competition betweeng, = ZAc (4)
proton and metal cations for the same functional groups and Ce

by the decrease in positive surface charge, which results inwhere, K is the equilibrium constanCac and Ce are the
a lower electrostatic repulsion between the surface and theequilibrium concentration (mg/l) of the metal ion on adsor-

metal ions. Decrease in adsorption at higher pH (above pH 6) bent and in the solution, respectively. The free energy change

is due to the formation of soluble hydroxy complexés]. (AG) was calculated from the relation:
The difference in adsorption behaviour of different heavy
metal ions may be because of difference in theirion exchangeAG = —RT In K¢ ®)

capacity on the surface depending on their charge density,
extent of hydrolysis and solubility of hydrolysed metal ions
in solution under present experimental condition.

where,T is temperature in Kelvin (273 K) aridis gas con-
stant (8.314< 10~3kJ/mol K). Enthalpy changeAH) was
calculated from the following equation

3.5. Effect of temperature AG = AH — TAS (6)

AS AH )
2.303R  2.303RT

AH and AS were obtained from the slope and intercept of

Fig. 5shows the experimental results obtained from a se- log K¢ =
ries of contact time studies for metal ions adsorption with an

Amount of adsorbent = 10g/l; Initial metal Conc. = 3mg/l; pH=6 Vant Hoff plOtS of IOgKC versus 1T (Flg 5) Positive val-
1.5- ues of AH thermodynamically substantiate the assumption
that the adsorption of metal ions on the carbon aerogel is
1 \ — endothermic. The negative valuesmfs indicate fegsibility
» Hglll) and spontaneous nature of adsorption of metal ions on the
o 0.5 ZT(::; adsorbentAS s estimated to be very small in the experi-
=} & x Mnl) mental conditions. Therefore, the entropic change occurring
0 - * - ‘ - from adsorption is though to be negligible.
0.003  0.0031 0.00: M 0.0035 * Znl
45 3.6. Adsorption kinetics
-1

1T Kinetics is another important aspect in any evaluation of
sorption as a unit operation. The kinetic constants of metal
Fig. 5. Plot of logk vs. 17T for heavy metals on carbon aerogel. adsorption, which could be used to optimize the residence



A.K. Meena et al. / Journal of Hazardous Materials B122 (2005) 161-170 167

Table 2
Equilibrium constants and thermodynamic parameters for the adsorption of heavy metal ions on carbon aerogel
Metal Temperature’C) Ke AG (kJ/mol) AS (kJ/mol K) AH (kJ/mol)
Cd(ll) 20 09714 00706 002522
30 10538 -0.1321 002506 74612
40 11500 —0.3637 002500
60 1400 —0.9317 002520
Hg(ll) 20 6.8767 —4.6978 Q1047
30 99000 —-5.7762 01048 260054
40 135363 —6.7811 Q1047
60 249000 —-8.9021 01048
Pb(Il) 20 10111 —0.0269 00739
30 12636 —0.5895 00733 216265
40 16647 —-1.3264 00733
60 29000 —2.9482 Q0737
Cu(ll) 20 05521 14469 00967
30 0.8090 05337 00965 297927
40 11500 —0.3637 00963
60 2400 —2.4242 00967
Mn(Il) 20 1.0538 -0.1277 00404
30 12636 —0.5895 00406 117367
40 14000 —-0.8757 00402
60 19000 —-1.7773 00465
Ni(ll) 20 0.2157 37361 01625
30 03918 23608 01617 513733
40 08375 04615 01626
60 26272 —2.6747 01623
Zn(I) 20 0.9000 02567 00373
30 10538 -0.1321 00373 111960
40 12043 —0.4839 00373
60 15666 —1.2431 00373

Adsorbent concentration = 10 g/I; contact time = 24 h; initial metal concentratimg/I.

time of an industrial wastewater carbon aerogel, were com-  The initial adsorption kinetic coefficientg (1/mgh) is
puted using the above experimental data. Earlier workers pro-also computed as p§t5] and are presented Fable 3
posed a surface complexation mechanism for heavy metal

removal onto carbon aerogf?2]. By virtue of its surface y = <dC> v (10)
composition, is assumed to have=@Q, C-OH and CG-O dr /,_ogmCo
groups. wheret is the time (h), C the metal ion concentration at time

The adsorption kinetics of heavy metal ion adsorption on (t), V the solution volume (I)m the carbon aerogel weight
carbon aerogel follows first order rate expression given by (mg), Co is the initial concentration (mg/l).

Lagergren and SvenK&3].

Kagt Adsorbent dose = 10 g/l: Initial metal
(8) concentration = 3 mg/l; pH=6

l0G10(ge — ) = l0gsoge — 229
OglO(qe q) Ogloqe 2303 -0.5

4 8 12 16 20 24 28 32 36 40

Qe = (CO - Ce)% (9)

.

Pb(ll)
= Hg(ll)
- cd(l
Culll)
Mn(ll)
Ni(il)

Zn(ll

where,Kaq (1/h) is the rate constant of adsorbenandde

are the amount of heavy metal ions adsorbed (mg/l) attime
(h) and equilibrium time. Linear plots of lag(ge — q) ver-
sust (Fig. 6) show the applicability of above equation for
carbon aerogel. Thi€;q values at a metal ion concentrations
were calculated from the slop of linear plots and presented
in Table 3theK4q values were comparable with recently re-

ported values for heavy metal ions removal by carbon aerogelrig. 6. piot for Lagergren rate constant for adsorption of heavy metal ions
[5]- by carbon aerogel.

log(ge-q)

o + M ox

4.5 Time, hrs
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Table 3 Adsorbent dose = 10g/l; Contact time =48 hrs; AtpH =6
Kinetics constants for heavy metal ions adsorption
Metal ions Adsorption rate constant Initial adsorption coefficient

(Kad) (1/h) x 1072 (v) (fmg min) « Zn()
cd(in 2.740 Q06783 x
Hg(ll) 13.77 12753 : ;‘;‘('I';
Pb(Il) 1144 004721 ¥ a0
cu(ln 2095 001943 o Hall}
Mn(l1) 14.73 00296 + Pl
Ni(ll) 8.72 005814
zn(ll) 15.47 003328

0 —r T T T T T T T T T
0 02040608 1 12141618 2 22242628 3
log (Ce)

Adsorbent concentration =10 g/l; initial metal ion concentrati@® mg/l;
temperature = 30C.

L Fig. 7. Freundlich isotherms of heavy metals for carbon aerogel.
3.7. Adsorption isotherms
Table 4

The adsorption studies were conducted at fixed initial con- Values of Langmuir and Freundlich isotherm constants for the adsorption of
centration of heavy metals by varying adsorbent dosage. Theheavy metal ions on carbon aerogel
equilibrium data obtained were analyzed in the light of Lang- Langmuir constants
muir and Freundhch |sot_herr_ns.. Metal ions a (mg/gm) b (Img) R2 R

The Freundlich equation is given §4].

Pb(ll) 075 1880 0.9977 0.1503
X 1Un Hg(ll) 45.62 06389 0.9989 0.3428
o= Ke cd (11) cd(n) 4008 02513 0.8554 0.5701
Cu(lly 5617 0.2780 0.9038 0.5450
Taking the logarithmic form of the equation Mn(1l) 1.275 13352 0.9968 0.1997
zn(lly 1.843 09494 0.8478 0.2598
x 1 Ni(ll 12.875 Q2787 0.8747 0.5446

log (*) = logKe + - log Ce (12) w

m n

Freundlich constants

Langmuir equation is given b5].

Metal ions Ke n R
x _ abCe (13) Pb(ll) 1.0381 1.1930 0.9905
m (1+bC3) Hg(Il) 0.6004 1.6142 0.9905
cd(ln) 1.7341 6.2770 0.8864
or, cu(ll) 1.5828 5.4054 0.9834
Mn(ll) 1.0195 1.2405 0.9926
oAV (Y1 (14)  2n0h 1.1616 1.4912 0.8980
m ab Ce a Ni(ll) 1.6830 2.6109 0.9230

. . Adsorbent concentration = 10 g/l; contact time =48 h, pH 6.
wherex/m is the amount of heavy metal ions adsorbed per ¢ P

unit ma}ss of adsorbent in mg/g@e the equilibrium con- Adsorbent dose = 10g/l; Contact time = 48 hrs; AtpH=6
centration of heavy metal ions in mgKe andn are Fre- 12-

undlich constants,& is a Langmuir constant which is a o Znil)
measure of adsorption capacity expressed in mdygis' gw- Z:ﬂ?ﬂ;
also Langmuir constant which is a measure of energy of & 81 x Mn(ll
adsorption expressed in I/mg. The parametersahd ‘b’ g5y b
have been calculated from the slope and the intercept of the-E + Po(ll
plots. *

Fig. 7 gives the Freundlich adsorption isotherm plot of 21
logx/m versus logCe. The values ofKe and 1h obtained 5 e
from intercept and slope of the plot are givenTable 4 0 5 10 15 20 25 30 35 40 45 50

The Langmuir adsorption isotherm plot fawx versus 1/Ce, ppm-1

1/Ce¢ is shown inFig. 8 and the plots show two distinct re-

gions, one for low XZe values up to about 251/mg and an-
other for higher 1T values. The essential characteristics of
Langmuir isotherm can be described by a separation factorwhere Cj is the initial concentration of heavy metal ions

Fig. 8. Langmuir isotherms of heavy metals by carbon aerogel.

or equilibrium constanR,_, which is defined as, (mg/l) andb is Langmuir constant which indicates the nature
of adsorption. The separation facRyrindicates the isotherm
L= 1 (15) shape and whether the adsorption is favourable or not, as per

(1+0C) the criteria given below.
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R_ values Adsorption 5. Thermodynamic parameters such as standard free energy
Ro1 Onfavourable (AGY), enthalpy AH?) and entropy AS°) were calcu-
R =1 Linear lated for predicting the nature of adsorption.
0<R <1 Favourable 6. These experimental studies on adsorbents would be quite
R =0 Irreversible useful in developing an appropriate technology for the
The values of Langmuir constant, b andR__are pre- r?fTove:I of heavy metal ions from contaminated industrial
effluents.

sented inTable 4 SinceR, values lie between 0 and 1 for
all three adsorbents studied, it is seen that the adsorption of
heavy metal ions is favourab]é6].
Adsorption capacity as indicated by value af ‘is Acknowledgements
seen to be maximum for carbon aerogel, i.e. Cd(ll)
(400.8 mg/g), Cu(ll) (561.71 mg/g), Hg(I1) (45.62mg/g),and  The authors are very grateful to Sh. A.K Kapoor, Director

Ni(Il) (12.85mg/g), Zn(ll) (1.84 mg/g), Mn(ll) (1.27mg/g)  CEES, for providing encouragement and facilities for carry-
and Pb(l1) (0.70 mg/g) with a much lower capacities. The en- jng out this work.

ergies of adsorption, as indicated oyare seen to be highest

for Pb(I1) (1.881/mg), Mn(ll) (1.331/mg), Zn(ll) (0.94 I/mg),

Hg(ll) (0.64 1/mg), Ni(ll) (0.27 I/mg), Cu(ll) (0.27 I/mg) and
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