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The natural local deposits of montmorillonite-illite type of clay (MIC) were suscepti-
ble for acid activation. Raw clay was taken for experimentation, disintegrated on acid
activation with sulfuric acid, which showed a particle size distribution. The montmoril-
lonite and illite phases in the raw clay disappeared on acid activation and the acti-
vated clay, MIC(AA), showed with sodium-aluminum-silicate and beidellite phases
apart from quartz (low) phase. The raw and acid-activated clays were characterized
using X-ray powder diffractometry, X-ray fluorescence, Fourier transform infrared
spectrometry, and energy dispersive X-ray, and their adsorption capacities were com-
pared. When tested for adsorption of Pb(Il) in aqueous solutions, the acid-activated
clay showed about 50% increased adsorption than raw clay. Sips adsorption isotherm
and pseudo-second-order kinetic models were found to be best for the batch adsorption
data. Kinetic studies showed the existence of film diffusion and intraparticle diffusion.
A two-stage batch adsorber was designed for the removal of Pb(Il) from aqueous solu-
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Introduction

Clays are basically alumino-silicate minerals containing
sodium, potassium, and calcium, in which magnesium and
iron may be substituted for aluminum. Some of the clays
have adsorption properties. Montmorillonite type of clay can
be activated by hydrothermal, ultrasonic, and microwave
treatments and its adsorption property improved.' Activation
of clays can be carried out by calcination, reaction with min-
eral acids, or a combination of both techniques.

Correspondence concerning this article should be addressed to Z. V. P. Murthy at
zvpm2000@yahoo.com.
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During calcination process, the water in the clay mineral
is driven out as the temperature is increased leaving in its
place a porous structure with increased surface area. As the
temperature rises up to 500-700°C, the structure is modified
and the OH—O bonds are destroyed with the resultant struc-
ture having higher adsorptive properties. However, higher
temperatures may alter or destroy the structure.

Acid treatment of clays changes the clay structure by cre-
ating new pores resulting in an increase of surface acidity
through the replacement of cations® like AI’", Fe*', and
Ca®" from the structure with H'. During clay activation
with mineral acids, two basic reactions occur. The acid first
dissolves part of Al,O3 as well as CaO and MgO from the
lattice. This causes an opening of the crystal lattice and an
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Table 1. Literature for the Removal of Heavy Metals

by Clays
Adsorption

Clay Metal Removed Capacity (mg/g) Ref.
China clay Pb>* 0.40 7
‘Wollastonite Pb>* 1.70 7
Kaolinite Zn*t 1.25 8
Pb>" 0.12 9

cd** 0.32 9

Bentonite cd>* 11.41 10
Zn*t 4.54 10

St 32.94 11

(oS 429 12

Ball clay cd*t 224 13
crt 3.60 13

cu?t 1.60 13

Ni** 0.41 13

Zn>* 2.88 13

increase in internal surface area. The second reaction is the
gradual exchange of the Ca®>" and Mg>" ions located at the
surface of the crystal against hydrogen ions from the mineral
acid. Acid-activated clay is almost saturated with H" ions
and exhibits strong acidic character. Activation of clay can
be performed using any mineral acid, but activation with
hydrochloric or sulfuric acid is most common.

High levels of exposure to Pb may result in toxic biochemi-
cal effects in humans, which in turn cause problems in the syn-
thesis of hemoglobin, effects on the kidneys, gastrointestinal
tract, joints, and reproductive system, and acute or chronic
damage to the nervous system.”* The permissible limit for
Pb(II) in the drinking water approved by World Health Orga-
nization (WHO)? is 0.05 mg/L. In recent years, the adsorption
of Pb(Il) by clay minerals as adsorbents has led to some
work®” on their adsorption properties for Pb(IT). Earlier works
reported in literature®'* for the removal of heavy metals using
different types of clays are given in Table 1.

The present work deals with the activation of local Gul-
barga clay (a montmorillonite-illite type of clay) by reaction
with sulfuric acid and testing its adsorption capacity for
Pb(Il) from aqueous solutions. The adsorption capacity of
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Figure 1. Differential particle size analysis of MIC(AA).
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Figure 2. Cumulative particle size analysis of MIC(AA).

acid activated clay and raw clay were compared. The clays
were characterized using powder X-ray diffractometry
(XRD), X-ray fluorescence (XRF), Fourier transform infrared
(FTIR) spectrometry, and energy dispersive X-ray (EDXR)
analysis. Also, adsorption data were interpreted with differ-
ent isotherm and kinetic models.

Materials and Methods
Reagents

All the reagents used in this study were of analytical
grade. Nitric acid (HNO3), sulfuric acid (H,SO,), hydrochlo-
ric acid (HCI), and sodium hydroxide (NaOH) were obtained
from Merck, India. All the glasswares used were immersed
overnight in 10% (v/v) nitric acid and rinsed several times
with distilled water before use. For adjusting the pH of the
medium, 0.1 N solutions of NaOH and HNO5 were used.

Chemical activation of the adsorbent

A raw clay sample was collected from the mines in the
Korvi village of Gulbarga district, Karnataka, India. It was
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Figure 3. SEM of acid activated MIC.
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Figure 4. XRD patterns of MIC and MIC(AA).

then ground in a ball mill and sorted into different sized frac-
tions. The clay fraction in the particle size range 425-212 um
was taken for this experimental work. Clay (20 g) was mixed
with 400 mL of H,SO, solution, which had 45% of H,SO, by
mass of clay. The acid activation of the clay was performed
by heating for 6 h in a shaking water bath at 97°C with reflux
condensing of the vapors.'” The activated-clay sample was
then washed several times with distilled water to remove sul-
fate ions. The sample was then dried in an air oven for 24 h at
105°C. The dried sample was then stored in air tight polythene
sachets for further experimental work. To identify the different
phases in the raw and acid-activated clay, powder XRD was
performed. Further characterization of the raw and activated
clay was done by XRF and FTIR spectroscopy. Properties of
the adsorbents such as specific gravity, pH, and loss on igni-
tion were determined by standard procedures.'® Differential
and cumulative particle size analysis of the clay powder was
carried out using standard test sieves. The particle size of a
particular sieved fraction was taken as the arithmetic average.

Adsorption experiments and analytical methods

All the adsorption experiments were conducted at the room
temperature (28 £ 2°C). Lead nitrate was used as a source of
Pb(Il) in aqueous solutions. Batch equilibrium studies were
conducted with three initial Pb(II) concentrations of 100, 150,
and 200 ppm at an initial solution pH of 4, which is favorable
for Pb(I) removal.'” Varying amounts of the raw and acid-

Table 2. XRD Phase Analysis—Compounds in MIC and

Table 3. Specifications of MIC and MIC(AA)

Property MIC MIC(AA)
Particle size range 212-106 pum 212-106 pum
Average particle size ~160 pum ~160 pum
Specific gravity 24 1.78
pH 8 4.15
Langmuir surface area 156 m?/g 251 m%/g
Loss on ignition 11.1% 6.94%

activated clay were added to 50 mL Pb(II) solutions in a series
of stoppered bottles and shaken on a rotary shaker for 2 h to
attain equilibrium. The residual Pb(Il) concentrations were
then determined with a Pb-ion—selective electrode (pH Prod-
ucts Company, Hyderabad, India).

Kinetic experiments were also carried out at the room
temperature for three initial Pb(II) concentrations of 100,
150, and 200 ppm at an initial solution pH of 4. Raw (0.25
g) and acid-activated (0.2 g) clay were separately added to
100 mL Pb(II) solution contained in stoppered bottles and
shaken at different time intervals. Vacuum filtration, using a
G4 sintered porous funnel, was employed to remove the ad-
sorbent from the solution after each time interval. The resid-
ual Pb(Il) concentration in the filtrate was determined using
Pb-ion—selective electrode.

Isotherm and kinetic models

To examine the relationship between adsorbed and aqueous
concentration of Pb(Il) at equilibrium, adsorption isotherm mod-
els such as Freundlich, Langmuir, and Dubinin-Radushkevich
were used for fitting the data. The transient behavior of the batch
adsorption process at different initial concentrations was ana-
lyzed with the help of pseudo-first-order (Lagergren), pseudo-
second-order (Ho), first-order, and second-order kinetic models.
Intraparticle and film diffusion models were also applied.

Results and Discussion
Particle size distribution

Because of the action of sulfuric acid on the clay during
activation process, the clay particles break up into smaller
ones and the result is a particle size distribution in the acti-
vated clay product.'® The particle size distribution for the
acid activation conditions, adopted in this work, is shown in
Figures 1 and 2. Figure 3 shows the Scanning Electron
Micrograph (SEM) of MIC(AA) taken with a JEOL model
JSM-6390LV instrument. The cumulative mass fraction
(CMF) of clay particles, having size greater than the feed

Table 4. Chemical Composition of MIC and MIC(AA)

MIC(AA)
- Wt %
Adsorbent Compounds Chemical Formula
1. Quartz Si0, Chemical Compound MIC MIC(AA)
MiIC 2. Montmorillonite (Na,Ca)o3(Al,Mg),. SiO, 48.523 53.996
Si40,9(OH),.xH, O AlLO3 9.682 8.937
3. Illite KAl (SizAl)O19(OH), Fe,0; 18.809 14.093
4. Quartz (low) Si0, CaO 17.042 16.751
MIC(AA) 5. Sodium Aluminum NagAl,Si Oy MgO 3.971 2.863
Silicate K,O 1.768 2.265
6. Beidellite Nay 3Alx(Si,Al)401 Na,O 0.139 0.140
(OH),.2H,0 SO; 0.065 0.955
2314 DOI 10.1002/aic Published on behalf of the AIChE September 2010 Vol. 56, No. 9 AIChE Journal
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Figure 5. FTIR spectra of MIC and metal loaded MIC.

mean diameter of 0.2125 mm, was about 9%, which indi-
cated that there was considerable disintegration of clay par-
ticles during acid activation and increase in external specific
surface area of the sample. The external specific surface area
of the clay powder of a fixed average particle diameter was
calculated using the following equation'®:

6
Ay =——=0.0112m?/g (1)
$pD,

The acid-activated clay showed a particle size distribution
and an external specific surface area (A,) that is given by:

6 Xi 2
Ay = — = 80.62 m?/g 2)
d)p ZDpi /

where, p is the particle density, x; is the mass fraction, and ¢ is
the sphericity (0.7). The considerable increase in the external
surface area as given by the numerical values of Egs. 1, 2
indicated particle disintegration due to acid activation.
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Figure 6. FTIR spectra of MIC(AA) and metal loaded
MIC(AA).
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Table 5. FTIR Bands of MIC and MIC(AA)

Band (cm™ ) Assignments
3437 H—O—H Str.
1651 H—O—H Str.
1030 Si—0—Si, Si—O Str.
775 Si—O, Si—O—Al Str.
460 Si—O, Si—O—Fe Str.

Instrumental analysis characterization

Mineral Phase Analysis. X-ray diffraction is used for
material structural and phase analysis. Phase analysis of the
MIC and MIC(AA), was carried out with the help of powder
XRD (Bruker AXS D8 Advance). Some of calcium, potas-
sium, and magnesium were removed from the MIC as their
corresponding sulfates during acid activation, which lead to
the disappearance of the montmorillonite and illite phases in
MIC(AA). Also there was inversion of quartz to quartz (low)
due to acid activation. The superimposed XRD patterns of
MIC and MIC(AA) are shown in Figure 4 and the mineral
phase compositions are given in Table 2. The physical speci-
fication of MIC and MIC(AA) clay adsorbents used in the
study are given in Table 3.

Chemical Composition of Clay. XRF was used (ARL/
XRF-8600) to know the chemical composition of the adsorb-
ent MIC and MIC(AA). The data are given in Table 4. Sig-
nificant change in the chemical composition of the clay took
place due to acid activation. The proportion of Al,O3,
Fe,0;, Ca0, and MgO reduced in MIC(AA) due to their re-
moval by the action of sulfuric acid.

Fourier Transform Infrared Spectrum. The delicate inter-
actions with the surrounding atoms or molecules impose the
stamp of individuality of the spectrum of each compound. A
Thermo Nicolet, Avatar 370 instrument was used to acquire the
FTIR spectrums of MIC and MIC(AA), before and after adsorp-
tion. Superimposed FTIR spectrums are shown in Figures 5 and
6. Si—O stretching vibrations were observed at about 775 and
460 cm ™' showing the presence of quartz. Band at 3565 cm ™'
indicated the possibility of the hydroxyl linkage. However, the

100 r r r T T T 500
CaOFe MpA S po K Ca Fe
20 L 400
5 i : L300
604 . . s
” T
k= :
= : : ] 1200
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Figure 7. EDXR spectra of metal loaded MIC and

MIC(AA).
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Table 6. Adsorption Isotherms and Parameter Values

Model Equation R? 7 Co (ppm) MIC MIC(AA)
1. Freundlich g = KeC/P 0.9865  4.8290 100 n =250, Kp = 9.11 n =274 Kp = 1543
150 n=431; Kp = 19.15 n=3.13; Kp = 17.07
200 n = 4.58; Kp = 19.60 n=3.19; Kp = 16.38
2. Langmuir qe = LR 0.9939  2.1929 100 Gm = 54.12; K; = 0.0783 Gm = 87.59; K. = 0.0626
150 Gm = 54.52; K; = 0.1645 Gm = 88.40; K = 0.0458
200 Gm = 56.77; K;, = 0.1351 Gm = 89.29; K = 0.0356
3. D-R Ge = qm exp(—=Dg%) 09227  27.6562 100 Gm = 39.79; D =529 E —6 Gm = 66.03; D = 9.94 E—6
150 Gm = 46.84; D = 3.07 E—6 Gm = 70.10; D = 4.00 E=5
200 Gm = 50.09; D = 4.86 E—6 Gm = 71.62; D = 7.00 E—5
N qm Kk N qm Kk N
4. Sips G = ;’ﬁ;;ﬁx 0.9989  0.4878 100 5275 0.0744 1.0450 92.62 0.0718 0.9077
‘ 150 67.70 0.2398 0.5988 87.43 0.0432 1.0249
200 109.03 0.1831 0.3612 90.26 0.0378 0.9765

bands at 3437 and 1651 cm™" in the spectrum suggested the
possibility of water of hydration in the clay.20 The FTIR absorp-
tion bands and their respective assignments are given in Table
5. Although there was no major change in the IR absorption
bands of the adsorbents before and after adsorption, a slight
shift in some of the peaks shown by metal loaded MIC and
MIC(AA) may be due to the presence of adsorbed Pb.

Energy Dispersive X-ray Analysis. Qualitative elemental
analysis was performed on the metal loaded clay adsorbents,
to know if the metal Pb(II) was actually removed by adsorp-
tion, using a JEOL model JED-2300 EDAX instrument. The
EDXR spectrum of the metal loaded clay adsorbents (Figure
7) showed the presence of adsorbed Pb(II) in the clay.

All the aforementioned instrumental characterization serv-
ices were rendered by Sophisticated Test and Instrumentation
Centre, Cochin University of Science and Technology,
Kochi, Kerala, India.

Adsorption isotherm analysis

The batch adsorption equilibrium data were tested with
Freundlich,?! Lamgmuir,22 Dubinin-Radushkevich,?* and Sips
or Freundlich-Langmuir®* models. The Freundlich isotherm,
which is a multilayer model, is empirical in nature and the
Langmuir isotherm, a monolayer model, is an analytical equa-
tion, which has proper scientific basis. The model equations,
parameters and the values of R* and Xz’ which represent good-
ness-of-fit of experimental data to the models, are given in
Table 6. Freundlich and Langmuir models are widely used by
researchers to fit batch adsorption equilibrium data. The value
of “n,” of the Freundlich model falling in the range of 1-10
indicates favorable adsorption,25 while K of Langmuir model
is a coefficient attributed to the affinity between the adsorbent
and adsorbate. The Dubinin-Radushkevich isotherm is a tem-
perature-independent and a more general model than Freund-
lich and Langmuir models. It predicts energy of adsorption per
molecule of adsorbate. Sips model is a combination of Freund-
lich and Langmuir models. It represents Langmuir model for
the exponent (N) value of “1,” and for low values of the expo-
nent it corresponds to Freundlich model. The experimental
data for the batch adsorption of Pb(II) on MIC and MIC(AA)
were fitted to the aforementioned adsorption isotherm models
by simultaneous nonlinear curve-fitting procedure using Ori-
gin 6.0® software, Microcal.

Among the two-parameter isotherm models tested, the
best fit to the experimental data was provided by the Lang-

2316 DOI 10.1002/aic
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muir model. The Langmuir parameter ¢,,, indicated a consid-
erable increase in the monolayer adsorption capacity of
MIC(AA), about 63% over that of raw MIC (Table 6). This
was due to the considerable increase in the specific surface
area and active adsorption sites in MIC(AA) due to acid
activation. A lesser value of Kj, which represents adsorption
energy, for adsorption of Pb(Il) on MIC(AA) was due to the
acidity (H" ion presence) of the adsorbent. The Freundlich
model also provided a fair fit to the data. The values of the
parameter “n” in between 2 and 5 (Table 6) implied that
both MIC and MIC(AA) were good adsorbents® for Pb(II).
The best fitting three-parameter Sips model is shown in Fig-
ure 8. The value of the Sips exponent N close to 1 for
MIC(AA) indicated that only monolayer adsorption was pos-
sible on it. However, the exponent values for MIC indicated
the possibility of multilayer adsorption on it at higher solu-
tions concentrations.

Effect of contact time (kinetic studies)

Pb(II) adsorption onto the clays proceeds in two stages: a
fast adsorption process followed by a slow process. Reten-
tion of heavy metal ions on clays mainly occurs by ion

80
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Figure 8. Sips plots.
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Table 7. Kinetic Models and Parameter Values

Model Equation R? 7 Co (ppm) MIC MIC(AA)
1. Pseudo-first-order (Lagergren) ¢, = g (1 — e h  0.9856 2.3181 100 ge = 15.83; k; = 1.065 go = 36.05; k; = 0.3448
150 ge = 18.65; k; = 0812  g. = 35.37; k; = 0.2504
” 200 ge = 29.50; ky = 0.062  g. = 33.85; k; = 0.1318
2. Pseudo-second- order (Ho) q: = #:k'zt 0.9946 0.8802 100 g = 16.88; k» = 0.1097  g. = 38.37; k, = 0.0166
150 qe = 20.14; k; = 0.0571  g. = 38.19; k, = 0.0110
200 e = 34.79; k; = 0.0021 g, = 38.12; k, = 0.0046
3. First-order C, = Coexp (—kgt) 0.7569  575.13 100 ke = 0.0293 ke = 0.1004
150 ke = 0.0162 ks = 0.0191
200 ke = 0.0073 ks = 0.0089
4. Second-order C, = ﬁ 0.8449  367.02 100 ks = 0.00060 ks = 0.00175
150 ks = 0.00015 ks = 0.00024
200 ks = 0.00005 ks = 0.00007

exchange.26 Pb(II) ions can also be adsorbed by the silanol
groups (Si—OH). The process can be represented as:

Clay mineral M™" 4+ Pb?>" « Clay mineral Pb**

+M"" M : Na,K,Ca,Mg. etc.] (3)
Si — OH + Pb*" « Si — OPb"™ + HT 4)
2Si — OH + Pb*" « (Si — 0),Pb + 2H" 5)

Rate Constant Study. The adsorption kinetics, in general,
include two phases: a rapid removal stage followed by a
much slower stage before the equilibrium is established. The
rate constant for surface adsorption of the Pb(II) ions on
MIC and MIC(AA) was studied with the help of the pseudo-
first-order-Lagergren rate model®’ and the pseudo-second-
order Ho’s rate model.”® The model equations and their pa-
rameter values are given in Table 7. The best fit to the ki-
netic data for the adsorption of Pb(II) on MIC and MIC(AA)
was provided by the pseudo-second-order model as indicated
by the values of R* and y* (Figure 9). Hence, the rate of
adsorption of Pb(II) on these adsorbents was of pseudo-sec-
ond-order. A lower value of the pseudo-kinetic constant for
MIC(AA) when compared to that of raw MIC can be attrib-
uted to its acidic nature. To understand the variation in the

values of kinetic constants for the adsorption of Pb(Il) on
MIC and MIC(AA), first-order and second-order reaction
rate models® were tested to the kinetic data. The increase in
the reaction rate constant (first-order and second-order) with
decreasing pH of the adsorbent indicated an acid catalyzed
reaction (Table 7). As MIC(AA) was acidic, the adsorption
of Pb(Il) on it was catalyzed by H" ions.

Mass Transfer Study: Intraparticle Diffusion (IPD). The
adsorbate transport from the solution phase to the surface of
the adsorbent particles occurs in several steps. The overall
adsorption process may be controlled either by one or more
steps, e.g., film or external diffusion, pore diffusion, surface
diffusion and adsorption on the pore surface, or a combination
of more than one step. Besides adsorption at the outer surface
of the adsorbent, there is also a possibility of intraparticle dif-
fusion of the metal ion from the bulk of the outer surface into
the pores of the adsorbent material, which is usually a slow
process. The possibility of intraparticle diffusion can be stud-
ied using the intraparticle diffusion model**?:

g = kpVi+1 (6)

where, ki, is the intraparticle diffusion rate constant and / is a
constant that gives idea about the thickness of the boundary
layer; i.e., larger the value of ““/,” the greater is the boundary

40
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4 =37
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Figure 9. Pseudo-second-order kinetic plots. Figure 10. Multilinearity of kinetic data.
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Figure 11. Intraparticle diffusion plots (IPD-1).

layer effect.** If the Weber-Morris plot of ¢, vs. \/f gives a
straight line, then the adsorption process is controlled by
intraparticle diffusion only. However, if the data exhibit
multilinear plots, then two or more steps influence the
adsorption process.

When intraparticle diffusion plays a significant role in
controlling the kinetics of the adsorption process,®>° the
plots of ¢, vs. v/t yield straight lines passing through the ori-
gin and the slope gives the rate constant k;,. This plot for
the adsorption of Pb(II) on MIC and MIC(AA) showed mul-
tilinearity (Figure 10). The multilinearity indicated that mul-
tiple mass transfer steps are occurring. The first, linear por-
tion is ascribed to the diffusion of adsorbate through the so-
lution to the external surface of adsorbent or the boundary
layer (film) diffusion of solute molecules. The second por-
tion describes the gradual adsorption stage, as the adsorbate
diffuses through the pores of the adsorbent, where intrapar-
ticle diffusion is rate limiting. The third portion is attributed
to the final equilibrium stage for which the intraparticle dif-
fusion starts to slow down due to the very low adsorbate
concentration left in the solution. The plot in Figure 11
(IPD-1) shows the intraparticle diffusion ranges for the
adsorbents. The values of the intraparticle diffusion constant
for the adsorption of Pb(Il) on MIC and MIC(AA) are given
in Table 8. The increase in the value of k;, (Table 8) was
justified since there was an increase in the concentration
driving force.

15
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Figure 12. Intraparticle diffusion plots (IPD-2).

Further confirmation to the occurrence of intraparticle dif-
fusion was obtained from a plot of log (g,) vs. log (¢) (IPD-
2) as shown in Figure 12. The plots gave nearly a linear fit
indicating intraparticle diffusion taking place. The values of
the slope calculated from the plots are given in Table 8. A
value of 0.5 corresponds to the intraparticle diffusion being
nearly rate determining. The divergence in value from 0.5
indicates that besides intraparticle diffusion, there may be
other processes controlling the rate, all-operating at the same
time.

Film Diffusion Studies. When the transport of the solute
molecules from the liquid phase to the solid phase boundary
plays significant role in adsorption, the liquid film diffusion
model*’ can be applied, which is given as:

ln(l — F) = —kgqt (7)

where, F is the fractional attainment of equilibrium (F = ¢/
qe), and kgq is the film diffusion rate constant. A linear plot of —
In(1 — F) vs. t with zero intercept would propose that the
kinetics of the adsorption process is primarily controlled by
diffusion through the liquid film surrounding the solid
adsorbent. This plot is shown in Figure 13. The straight lines
are not passing through the origin for 100 and 150 ppm
solutions and so the adsorption process is not primarily film
diffusion controlled. The intercept is almost 0 [i.e. 0.0085 for
MIC and 0.0081 for MIC(AA)] for 200 ppm solution and

Table 8. Mass Transfer Constants for the Adsorption of Pb(II) on MIC and MIC(AA)

MIC MIC(AA)
Co
Plot (ppm) Slope Intercept Slope Intercept
qr = kip -/t + 1[IPD — 1] 100 kip = 1.07 I=1212 kip = 1.31 1 =29.78
150 kip = 1.79 I=1127 kip = 2.26 I =2398
200 kip = 2.90 I =6.76 ki, = 3.36 I=1522
log q; vs. log t [IPD-2] 100 0.106 0.105
150 0.146 0.147
200 0.358 0.309
In(1 — F) = —kiq - ¢ [Film diffusion] 100 kg = 0.1588 0.9057 kg = 0.0323 0.4915
150 kg = 0.1572 0.3867 kg = 0.0301 0.4087
200 keg = 0.0509 0.0085 keg = 0.0542 0.0081
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Figure 13. Film-diffusion plots.

hence in this case it is film diffusion controlled. The film
diffusion rate constants kg, calculated from the slopes are
given in Table 8. Error estimates at 95% confidence level for
all the fitted parameters are given in Table 9.

External Mass Transfer Coefficient. According to the typi-
cal adsorption model*'*? for describing the process, an expres-
sion for the external mass transfer coefficient can be given as**:

_ mkzqg
COAs

ke (3)
where, k. is the external mass transfer coefficient (cm/s); m is the
mass of the adsorbent (g), k, is the second-order kinetic rate
constant (g/mg s); ¢. is the equilibrium metal uptake by the
adsorbent (mg/g); Cy is the initial Pb(Il) concentration of the

solution (mg/cm3), and A, is the external surface area of the
adsorbent particles (cm?). Ay is given by the following equation:

_ 6m
bpvp

C))

S

where, v, is the particle volume. The values of the calculated
external mass transfer coefficients for the adsorption of Pb(II) on
MIC and MIC(AA) are given in Table 10. The reciprocal of k. is a
measure of the resistance to mass transfer. These values of
external mass transfer coefficient are comparable to the values
available in literature for the adsorption of Pb(IT) on clays.**

Design of batch adsorber

The two-parameter Langmuir isotherm model was used to
design a two-stage adsorber for adsorbent optimization. The solu-
tion to be treated contains V (L) of Pb(II) solution of initial con-
centration Cy ppm. The Pb(Il) concentration is to be reduced
from C,,_; ppm to C,, ppm. W(g) of adsorbent with solid phase
concentration of ¢ is used to reduce the Pb(Il) concentration and
Pb(II) adsorbed on the adsorbent increases from ¢ to ¢, (mg/g).
The metal uptake can be represented by a mass balance equation:

V(Cn—l - Cn) = W(qn - q0) (10)

Rearrangement of Eq. 10 gives,

14

qn = W (Cn—l - Cn) (11)

If the equilibrium metal uptake follows Langmuir iso-
therm model, then

_ quL Cn

= AmtLCn 12
" =17k,.cC, (12)

Table 9. Error Estimates (*) for Fitted Parameters (95% Confidence Level)

Error Estimates

MIC MIC(AA)
Fitted
SI. No. Model Parameter Cy = 100 ppm Cy = 150 ppm  Cy = 200 ppm Cy = 100 ppm Cy = 150 ppm  Cy = 200 ppm
1 Freundlich n 0.1968 0.3721 0.3702 0.1627 0.2448 0.2874
Kg 0.9875 1.3963 1.4200 1.2652 1.7157 2.0000
2 Langmuir Im 2.0011 1.1286 0.9844 2.0077 2.2498 2.4285
Ky 0.0081 0.0147 0.0111 0.0045 0.0037 0.0033
3 D-R Gm 2.7077 2.3663 2.3231 2.6600 2.9014 3.0418
D 1.27E—6 7.99E-7 1.19E—6 1.93E—6 7.78E—6 2.00E-5
4 Sips Im 2.2904 4.5942 28.1636 3.6398 3.9406 5.5139
Ky r 0.0075 0.0122 0.0417 0.0059 0.0105 0.0126
N 0.0748 0.0650 0.0619 0.0545 0.1032 0.1291
5 Lagergren qe 0.7281 0.6871 0.8539 0.5793 0.6266 0.7572
ky 0.2611 0.1753 0.0067 0.0350 0.0228 0.0106
6 Ho qe 0.5866 0.5526 0.9341 0.4993 0.5419 0.6979
k> 0.0300 0.0117 0.0003 0.0019 0.0011 0.0004
7 First-order k¢ 0.01260 0.00485 0.00127 0.03040 0.00381 0.00170
8 Second-order ks 0.00024 0.00004 8.24E-6 0.00059 0.00005 0.00001
9 IPD-1 kip 0.1878 0.1218 0.1167 0.3065 0.2416 0.2416
1 0.5311 0.4131 0.6986 1.3446 1.0020 1.0020
10 IPD-2 Slope 0.0309 0.0302 0.0354 0.0309 0.0309 0.0309
11 Film diffusion kg 0.0192 0.0121 0.0042 0.0057 0.0057 0.0057
Intercept 0.1681 0.1726 0.1789 0.1543 0.1543 0.1543
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Table 10. External Mass Transfer Coefficient, k.

MIC MIC(AA)
Co (ppm) Co (mgfem’)  k, (g/mgs) g (mg/g) ke (cm/s) l/ke (s/cm) — ka (g/mgs) . (mg/g) ke (cm/s) 1/ke (s/cm)
100 0.10 1.828 x 1073 16.88 3.129 x 107° 3.196 x 10° 2.770 x 107* 3837 1.817 x 107®  5.503 x 10°
150 0.15 9517 x 107*  20.14 1.546 x 107° 6468 x 10° 1.837 x 107*  38.19  7.959 x 1077 1.256 x 10°
200 0.20 3.667 x 1070 3479 1334 x 1077 7496 x 10° 7.700 x 107> 38.12 2493 x 1077 4.011 x 10°

Combining Eqs. 10 and 11, the amount of adsorbent
required for the desired metal removal can be predicted as

_ V(Cn—l - Cn)(l +KLC11)

w
(ZmKLCn

13)

The design objective was to treat 50 L of 200 ppm Pb(II) so-
lution in the first stage. A series of equilibrium metal concen-
trations from 180 ppm to 20 ppm in nine decrements was con-
sidered in stage 1 of a two-stage adsorption system. In the
adsorption system 1, the design objective was to reduce the
initial metal concentration from 200 to 180 ppm. Similarly, in
the adsorption system 2, 3, 4, 5, 6, 7, 8, and 9, the design
objective of the first stage was to reduce the initial metal con-
centration from 200 to 160, 140, 120, 100, 80, 60, 40, and 20
ppm, respectively. For all the adsorption systems, the design
objective of the second stage was to reduce the equilibrium
metal concentration in stage 1 to 20 ppm. The corresponding
amount of adsorbent needed for the required amount of metal
removal in stage 1 and stage 2 were calculated using Eq. 13.
Based on the adsorption system number that utilized, the mini-
mum adsorbent dose to reduce the metal concentration from
C,.1 to C, ppm, the optimum dose was predicted from the plot
of total adsorbent dose required in both stages of two-stage
adsorption system vs. the equilibrium concentration in stage 1
(see Figure 14). It was observed that the seventh two-stage
adsorption with equilibrium concentration 60 ppm in stage 1
utilized minimum mass of the adsorbent MIC and MIC(AA)
to achieve the desired objective of reducing 50 L of metal so-
lution from 200 to 20 ppm Pb(II) concentration.

500
Soution volume: 50 L: C, =200 ppm ] —a— 50 L H
T T T T T T T 450 - L —®— 100 L
250 o . -230 ] \
Stage 1 400 \
] 220 T ‘\.
200 - / —_ 1
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210 w 35°-q R G o ‘.\?—m*’/

Stage 2 § 1 5

150 340.17 5
o n/‘ F200 5 E 300+
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Figure 14. Optimization of MIC(AA) dosage in a two-
stage batch adsorption system.
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A similar two-stage adsorption system was developed for
a 100 L solution volume for decreasing the initial Pb(II)
concentration from 200 to 20 ppm. The minimum amount of
the adsorbent required for different volumes of metal solu-
tion to be treated was calculated from the plot on total
amount of adsorbent required at both the stages vs. adsorp-
tion system number for different volumes of Pb(II) solution
(see Figure 15). The predicted optimized adsorbent required
for two-stage adsorption system to reduce the metal concen-
tration from 200 to 20 ppm for different metal solution vol-
umes is given Table 11. It was observed that a two-stage
adsorption system reduced the MIC and MIC(AA) adsorb-
ents dose by about 14 and 30%, respectively, when com-
pared with that of single-stage adsorption system.

Conclusions

Powder XRD pattern of the adsorbent MIC indicated that
it primarily consisted of quartz, montmorillonite, and illite
mineral phases. However, after acid treatment, the montmo-
rillonite and illite phases disappeared. This was due to the
removal of some amount of Fe, Ca, Mg, and Al from the
clay in the form of their respective sulfates due to the action
of sulfuric acid. Isotherm studies revealed multilayer adsorp-
tion on the MIC adsorbent and monolayer adsorption on
MIC(AA). The monolayer adsorption capacity for Pb(I) was
found to be about 54 and 88 mg/g for MIC and MIC(AA),
respectively. There was about 63% increase in the mono-
layer adsorption capacity of the clay adsorbent due to acid
activation. This was due to the increase in the surface area

C,=200 ppm: C=20 ppm

Ads orption system number
Figure 15. Two-stage adsorption system that requires
minimum MIC(AA) dosage.
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Table 11. Optimum Dose of MIC and MIC(AA) Required
for the Treatment of Different Volumes of Metal Solutions
(Cy = 200 ppm; C, = 20 ppm)

Dosage of Adsorbent (g) % Saved
Volume MIC MIC(AA)
Solution Stage Stage 1 + 2 Stage Stage 1 + 2 MIC
(L) 1 (Optimum) 1 (Optimum) MIC (AA)
50  217.21 186.13 242.36 168.00 14.21 30.68
100 43441 374.61 484.72 340.17 13.77 29.82

and active sites of the clay adsorbent because of acid activa-
tion. The adsorption isotherms were favorable because they
were “concave down,” which meant more metal uptake at
low concentrations in the solution. Adsorption kinetics was
of pseudo-second-order and the process was controlled by
both intra-particle and film-diffusion. The clay adsorbent
MIC being available abundantly in the Gulbarga region of
Karnataka, India, and cost effective, it may prove economi-
cal for the removal of Pb(Il) from wastewaters. From the
two-stage batch adsorption system proposed using the exper-
imental data; it was observed that the two-stage system
reduced the adsorbent dose by about 14 and 30% of MIC
and MIC(AA), respectively, when compared with that of sin-
gle stage adsorption system.

Acknowledgments

Analytical services rendered by Sophisticated Test and Instrumenta-
tion Centre, Cochin University of Science and Technology, Kochi, Ker-
ala, India, are gratefully acknowledged.

Notation

A, = external surface area of adsorbent dose (sz)
A,, = specific surface area (m*/g)
Cy = initial concentration of Pb(II) in solution (mg/L)
C. = equilibrium (residual) concentration of adsorbate in
solution (mg/L)
Cy = final concentration of Pb(II) in adsorber (mg/L)
C, = concentration in adsorber stage n (mg/L)
C, = concentration of Pb(Il) in solution at any time ¢ (mg/L)
D = Dubinin-Radushkevich isotherm model constant (molz/Jz)
D, = average particle diameter (m)
F = fractional attainment of equilibrium
1 = intercept (mg/g)
ky = Lagergren’s kinetic model rate constant (min~ ")
k> = Ho’s kinetic model rate constant (g/mg-min)
k¢ = first-order rate constant (min ')
ks = second-order rate constant (L/mg-min)
ki, = intra-particle diffusion rate constant (mg/g-min
k¢q = film-diffusion rate constant (min~ ")
k. = external mass transfer coefficient (cm/s)
Kr = Freundlich adsorption model constant (L/g)
K; = Langmuir adsorption model constant (L/mg)
Kir = Sips model isotherm constant (I/mg'’”)
MIC = montmorillonite-illite clay
MIC(AA) = montmorillonite-illite clay (acid activated)
m = mass of adsorbent used in batch equilibrium adsorption
studies (g)
n = Freundlich adsorption model exponent
N = Sips adsorption model exponent
g = amount of adsorbate [Pb(II)] adsorbed at equilibrium (mg/
g)
¢m = monolayer adsorption capacity (mg/g)
¢, = amount of adsorbate [Pb(II)] adsorbed at any time ¢ (mg/g)
R = universal gas constant (8.314 J/(gmol-K))

0.5)
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= Langmuir separation factor

correlation coefficient

= absolute temperature (K)

time (min)

volume of solution (L)

volume of an adsorbent particle (m%)
mass of adsorbent used in adsorber, (g)
sphericity

= density of adsorbent (kg/m?)
chi-square
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