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Abstract

The adsorption of 2-picoline from aqueous solutions onto bagasse fly ash (BFA), a solid waste collected from the particulate collection equipment
attached to the stacks of bagasse fired boilers, is presented in this paper. The influence of various parameters like initial pH (pHy), adsorbent dose
(m), contact time (f), initial concentration (Cp) and temperature (7) on the adsorption of 2-picoline from the aqueous solutions were studied
using batch adsorption experiments. Equilibrium adsorption and kinetic studies for 2-picoline adsorption onto BFA were also carried out. Various
adsorption isotherm equations, viz. Langmuir, Freundlich, Redlich—Peterson and Temkin equilibrium equations were used to test their suitability
in describing experimental isotherm data. The adsorption of 2-picoline on bagasse fly ash follows second order kinetics and the equilibrium
adsorption increases with increasing initial concentration. The equilibrium sorption isotherm data could be well represented by the Langmuir and
Redlich—Peterson isotherm equations. The maximum removal of 2-picoline is found to be 98% at lower concentrations (<50 mg dm~?) and 49%
at higher concentrations (600 mg dm~>) using 5kgm™ of BFA dosage at normal temperature and natural pHy (~6.5). Thermodynamic studies
revealed that the adsorption of 2-picoline on BFA is endothermic in nature and that the isosteric heat of adsorption decreases with the increase in
the equilibrium uptake of 2-picoline on the BFA surface. Desorption of 2-picoline from the loaded BFA using water at different pH, and various
other solvents showed that 2-picoline could be recovered by using acidic water and 0.1N H,SO,4. Comparative assessment of BFA and activated

carbon showed the superiority of BFA in terms of 2-picoline uptake, the rate of adsorption and the eventual cost of operation.
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1. Introduction

2-Picoline (2Pi), also known as a-picoline, is a derivative of
pyridine. It is a colourless liquid with a strong unpleasant odour
andisused as a precursor of 2-vinylpyridine. Itis used in a variety
of agrochemicals and pharmaceuticals, such as nitrapyrin to pre-
vent loss of ammonia from fertilizers; picloram, a herbicide; and
amprolium, a coccidiostat. It is also used as a solvent and a raw
material for various chemicals used in the manufacture of var-
ious polymers, textiles, fuels, agrochemicals, pharmaceuticals
and colorants. Various pyridine derivatives serve as antitubercu-
lar, respiratory stimulants, local anaesthetic and analgesics. It is
soluble in water and miscible in alcohol and ether. Its vapour is a
fire and explosion hazard, when exposed to flame or spark. When
heated to decomposition, it emits highly toxic fumes of NO, in an
oxidative atmosphere. It is hazardous in case of skin contact (per-
meator), eye contact (irritant), ingestion and inhalation [1-3].
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2-Picoline-bearing wastewaters emanate from industrial units
manufacturing pyridine and its derivatives, pharmaceutical
units, etc. The typical concentration of 2-picoline in wastewaters
produced in a multidrug intermediates-product plant manu-
facturing a-picoline, B-picoline, 4-aminopyridine and other
pyridine derivatives is in the range of 20-200 mg dm 3. Dur-
ing spill-episodes, the concentration can increase considerably.
These plants are the source of odour nuisance; intense odour
emanating either from the wastewater sources and sewer lines
or from the handling and storage facilities [4].

Various treatment techniques like adsorption [5] and
biodegradation [6] can be used for the treatment of a-picoline
bearing wastewater. Adsorption can be a preferred treatment
technique, provided that the adsorption process is cost-effective.
Agri-solid wastes generally exhibit excellent adsorption charac-
teristics for many organic and inorganic solutes in the aqueous
solutions. Because of the very high affinity of these solutes on the
surface of the agri-wastes and high stability of the sorbates on the
solid surfaces, their recovery from the adsorbents is not econom-
ical. However, the solute loaded spent sorbent, can be separated
from the aqueous solution, dewatered, dried and fired in the
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Nomenclature

aR R-P isotherm constant (dm?> mg’l)

b Temkin isotherm energy constant (J mol~!)

B constnat constant in Temkin equation

Ce equilibrium concentration (mg dm™3)

Co initial  concentration of  2-picolineridine
(mgdm™3)

AGyy, free energy change (kJ mol™!)

initial adsorption rate (mg g~! min~!)

AH°  change in enthalpy of 2-picoline (kJ mol~!)

AHg, isosteric heat of adsorption (kJ kg_l)

kg pseudo-first order kinetic equation constant
(min—1)

ks pseudo-second order kinetic equation constant (g
mg~! min~!)

Kr Freumdlich constant (dm? g h

K1 Langmuir constant (dm> g~!)

Kr Redlich—Peterson constant (dm? g’l)

Kt constant in Temkin equation (dm?> g=!)

m adsorbent dose (g)

q amount of 2-picoline adsorbed (mgg~!)

qe amount of 2-picoline adsorbed at equilibrium
(mgg™")

dm monolayer adsorption capacity (mgg~!)

qr amount of 2-picoline adsorbed at any time, ¢

R universal gas constant (J mol~1 K1)

AS° entropy change (kJ mol~! K1)

t contact time (min)

T temperature (K)

1% volume (dm?)

w weight of adsorbent (g)

Greek letters

B exponent in R-P equation, lies between 0 and 1

Amax wavelength (nm)

furnaces/incinerators to chemically transform the adsorbates
into innoccuous combustion products with simultaneous energy
recovery. Bagasse fly ash (BFA) is a waste material obtained
from the particulate collection equipment attached downstream
to the boilers/furnaces using bagasse as the fuel. BFA entails
no cost, excepting its collection and transportation to the utility
point. Because of its excellent sorption characteristics, BFA has
been used by several investigators [4,7—15] as an adsorbent for
the removal of organics, dyes, phenols, etc.

The sorption characteristics of 2-picoline from synthetic
aqueous solutions onto BFA is reported in the present paper. The
effect of initial pH of the solution (2 < pHy < 12), adsorbent dose
(2gdm~3 <m <30gdm™?), contact time (0d << 3 d), initial
2-picoline concentration (50mgdm™3 < Cy < 600 mgdm~3)
and temperature (283 K <7 <323K) on the adsorption of 2-
picoline onto BFA has been investigated. Adsorption kinetics
and equilibrium characteristics have also been studied. Vari-
ous equilibrium isotherm equations, viz. Freundlich, Langmuir,

Redlich—Peterson (R-P) and Temkin equations have been used
to test their applicability to describe the experimental equilib-
rium sorption data. Error analysis has also been carried out to test
the adequacy and the accuracy of the isotherm equations. Ther-
modynamic studies have been made to understand the effect of
2-picoline concentration on isosteric heat of adsorption. Des-
orption studies have been carried out to determine the recovery
of 2-picoline and the stability of the spent BFA.

2. Materials and methods
2.1. Adsorbent

BFA, obtained from Deoband Sugar Mills, Deoband, U.P.
(India) was washed with hot water (70 °C), dried and sieved
using IS sieves (IS 437-1979). The mass fraction between —600
and +180 wm was used for the sorption of 2-picoline from
the aqueous solution. The physico-chemical characteristics of
BFA were determined using standard methods. Proximate anal-
ysis of BFA was carried out using the standard procedure (IS:
1350-1984, part-I). Bulk density was determined using a MAC
bulk density meter. Scanning electron microscopy (SEM) micro-
graphs of BFA samples were obtained using scanning electron
microscope (LEO 435 VP). The specific surface area and the
pore diameter of the BFA particles were measured by nitro-
gen adsorption isotherm using an ASAP 2010 Micromeritics
instrument and by the Brunaer—Emmett-Teller (BET) method,
using the software of Micromeritics. Nitrogen was used as cold
bath (77.15 K). The Barrett—Joyner—Halenda (BJH) method was
used to calculate the mesopore distribution [16]. Fourier trans-
form infrared (FTIR) spectra of blank and 2-picoline loaded
BFA was obtained with a Nicolet Avatar 370 Csl spectrometer
(Thermo Electron Corporation, USA) using KBr pellet (pressed
disk) technique over a spectral range of 4000 to 400 cm™!.

The zero surface charge characteristics of the BFA were deter-
mined by using the solid addition method [17]. To a series of
0.1 dm?3 conical flasks, 0.045 dm? of KNOj solution of known
strength was transferred. The pHy values of the solution were
roughly adjusted from 2 to 12 by adding either 0.IN HCI or
0.1N NaOH. The total volume of the solution in each flask was
made exactly to 0.05dm?> by adding the KNO3 solution of the
same strength. The pHg of the solutions were then accurately
noted. One gram of BFA was added to each flask, which were
securely capped immediately. The suspensions were then manu-
ally shaken and allowed to equilibrate for 48 h with intermittent
manual shaking. The pH values of the supernatant liquid were
noted. The difference between the initial and final pH (pHy) val-
ues (ApH=pHp — pHy) was plotted against the pHy. The point
of intersection of the resulting curve at which ApH =0 gave the
pHpzc. The procedure was repeated for different concentrations
of KNOs.

2.2. Adsorbate
All the chemicals used in the study were of ana-

lytical reagent grade. The adsorbate, 2-picoline (syn-
onym: 2-methylpyridine, chemical formula=CgH7N, formula
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weight=93.13 and Amax =262nm) was supplied by Acros
Organics (USA). An accurate volume of aqueous 2-picoline
solution was taken and mixed well with double-distilled water
to prepare a 2-picoline stock solution of 1000 mgdm~3 con-
centration. The stock solution was successively diluted with
double-distilled water to obtain the desired test concentration
of 2-picoline.

2.3. Analytical measurements

The 2-picoline dissolved in water has been found to be sta-
ble over the concentration range of 50-600 mg dm > used in the
study. No change in the 2-picoline concentration was observed
over a time period of 12 h. The experiments were carried out in
the stoppered/capped glass containers and no loss of 2-picoline
due to its vaporization has been observed during the experiments
and the analysis. The concentrations of 2-picoline in the aqueous
solutions were determined by using a Perkin Elmer Lambda 35
double beam spectrophotometer. The wavelength corresponding
to maximum absorbance (Apax) of 2-picoline was found out by
scanning a standard solution of known concentration at different
wavelengths. The Apax as determined from this plot was 262 nm.
This wavelength was used for preparing a calibration curve
between absorbance and 2-picoline concentration (mg dm~3) in
aqueous solution. The linear region of this curve was further used
for the determination of 2-picoline concentration of the unknown
aqueous sample. Samples of higher concentrations of 2-picoline
beyond the linear region of the calibration curve, were diluted
with double-distilled water, whenever necessary, for the accu-
rate determination of its concentration from the linear portion
of the calibration curve.

2.4. Batch adsorption study

All the batch experiments were conducted at 30 £ 1 °C. For
each experimental run, 0.05 dm? of 2-picoline solution of known
initial concentration (Cp), pHo and m, taken in a 0.25 dm? stop-
pered conical flask was agitated in a temperature-controlled
orbital shaker at a constant speed of 150 & 5 rpm. Samples were
withdrawn at appropriate time intervals and centrifuged using
a research centrifuge (Remi Instruments, Mumbai, India). The
residual 2-picoline concentration (C,) of the centrifuged super-
natant was then determined. Effect of pHy on 2-picoline removal
was studied over a pHg range of 2—12. pHp was adjusted by the
addition of either 0.1N H>SO4 or 0.1N NaOH solutions. For the
determination of the optimum m, a 0.05dm?® 2-picoline solu-
tion was contacted with different amounts of adsorbents () till
equilibrium was attained. Kinetics of adsorption was determined
by analyzing adsorptive uptake of 2-picoline from the aqueous
solution at different time intervals. For adsorption isotherms, 2-
picoline solutions of Cy=50-600 mgdm~ were agitated with
a known amount of adsorbent m till equilibrium was achieved.
The effect of temperature on equilibrium adsorption was studied
in the temperature range of 283 K < 7 < 323 K. Blank runs with
only the adsorbent in 0.05dm? of double-distilled water were
conducted simultaneously at similar conditions to account for
any leaching of 2-picoline by the BFA and the adsorption by

glass containers. Similarly, blank runs with 2-picoline solution
(Co=50mg dm™3) and without the adsorbent were also con-
ducted. No change in the 2-picoline concentration was observed
over a time period of 12h. For desorption studies, 0.5g of
2-picoline loaded BFA (g.=17.9mgg~") was contacted with
0.05 dm?3 of the eluting solvent, mixed and agitated for 6 h. The
mixture was centrifuged and the supernatant was analyzed for
2-picoline. The amount of 2-picoline adsorbed by the adsorbent
at equilibrium was calculated as follows:

_ (Co— C)V
w

where Cp and C. are initial and equilibrium concentrations

(mg dm~3) of 2-picoline in the solution, V the volume (dm3), w

the weight (g) of the adsorbent and ¢, is the amount of 2-picoline
adsorbed by the adsorbent at equilibrium (mg g~!).

ey

qe

3. Results and discussion
3.1. Characterization of adsorbent

The physico-chemical properties of BFA like, bulk density
(mass per unit bed volume), BET surface area, moisture con-
tent, volatile matter, ash content, fixed carbon and heating value
are found to be 133.33kgm?, 168.83m?> g~!, 7.64%, 17.37%,
26.43%,48.56% and 28.73 MI kg~ !, respectively. The fractional
sieve analysis of the particles is as follows: —600 +425 pm:
31.42%; —425+ 180 wm: 68.43%. The average particle diam-
eter was found to be 381.45 um. The BET surface area is
168.8 m? g~ whereas BJH adsorption/desorption surface area
of pores is 54.2/49.9m? g~!. The single point total pore vol-
ume of pores (<1042.3 A) is 0.101 cm? g~! whereas cumulative
pore volume of pores (17 A <d <3000 A)is 0.053 cm? g~!. The
average BET pore diameter is 23.97 A whereas the BJH adsorp-
tion/desorption average pore diameter is 39.36/33.9 A. The SEM
micrographs as given in Fig. 1(a) show that the BFA has fibrous
structure having large pore size with strands in each fiber.
Fig. 1(b) shows the SEM micrographs of the BFA loaded with
2-picoline.

The surface structures of the carbon-oxygen (functional
groups) are very important in influencing the surface characteris-
tics and surface behaviour of the adsorbents. The FTIR spectrum
is generally used to identify some of the characteristic func-
tional groups capable of adsorbing organics. Fig. 2 shows the
FTIR spectra of blank and 2-picoline-loaded BFA. Three clear
peaks around 1400, 1640 and 2340 cm™! are identifiable which
are affected due to 2-picoline-adsorption onto BFA. The peak
around 1400 cm™! is attributed to CH3 bending vibration and
some interaction between C—O stretching and in plane C—-O-H
bending. This peak also corresponds to bound water coordinated
to cations. This may also be attributed to single C—N bond (not to
hydrogen). The peak around 1640 cm™! is attributed to hydro-
gen bending vibrations reflecting the presence of bound water.
It may also be due to conjugated hydrocarbon bonded carboxyl
groups. The peak at 1634 cm~! may also be due to NH defor-
mation and CO group stretching. The broad band between 3000
and 4000 cm™! indicates the presence of both free and hydro-



38 D.H. Lataye et al. / Chemical Engineering Journal 138 (2008) 35-46

Nl

——— :
ENT=28 .88 kV

16un  p—

ENT-15.88 KV WD- 25 nn

T |

hoto No.=18
(b) 2-picoline loaded BFA

Fig. 1. SEM of BFA at 1000x.

gen bonded OH groups on the BFA surface. Upon 2-picoline
adsorption, these peaks get slightly shifted with the increase in
transmittance. The peak shift from about 16341650 cm™! may
be due to NH deformation and R—-N-H bending vibrations. The
increase in transmittance is attributed to the effects of adsorption
of 2-picoline resulting in the decline of the effectiveness of the
functional groups in adsorption [4].

3.2. Effect of initial pH (pHy) of the solution

The structure of 2-picoline (a-picoline) [2] is given
N CH,

| F

below a- picoline

2-Picoline behaves like a base (pK, ~5.96) [18], and the
transition of 2-picoline to 2PiH* is pH dependent, with a max-
imum amount of 2PiH* occurring in the pH range of 4.5-12.0.
The solution pH affects the surface charge of the adsorbents
and, therefore, the adsorption process through dissociation of
functional groups, viz. surface oxygen complexes of acid char-
acter such as carboxyl and phenolic groups or of basic character
such as pyrones or chromens, on the active sites of the adsor-
bent [19]. pH may affect the structural stability of 2-picoline.
Effect of pHp on the 2-picoline removal by BFA is shown in
Fig. 3 for Co=100mgdm™3 at 304 1°C after 6h of contact
with m =5 g dm~3. Equilibrium was found to have been attained
in =6 h. Further increase in contact time upto 1 day and 3 day
showed a deviation of 0.2% and 0.6%, respectively. A maxi-
mum 2-picoline adsorption of ~97% was found to occur at the
natural pHy (pHo & 6.45) of the aqueous solution. More than
90% adsorption seems to occur at pHg > 4. However, as the pHy
decreases (pHp <4), the adsorption decreases drastically with a
minimum 2-picoline removal of 15% at pHy 2. The zero charge
of BFA, ApH_p. has been found to occur at pH ~ 9.

BFA contains oxides of aluminium, calcium and silicon on its
surface. The presence of the metal oxides in contact with water
leads to the development of surface charge according to the pH
of the solution [4]:

H,O = H' +OH™ (a)
M + OH™ — MOH (b)
M-OH + H" - M-OH,™ (c)
M-OH + OH™ — M-O~ +H,0 (d)

where M stands for Al, Ca and Si. The chemical interaction
of 2-picoline with BFA may be explained on the basis of the
explanation put forth by Weber [20], and Zhu et al. [21] for
adsorbent—pyridine interaction

2Pi + H = 2PiH* (e)
2Pi + BFA = 2Pi — BFA )
2PiHt + M™ —BFA = 2PiH" —BFA + M™ (g)
H*™ 4 2PiHt —BFA = H'™ —BFA + 2PiH" (h)
H" 4+ BFA = H' —BFA @)
2Pi—H" —BFA = 2PiH" —BFA G)

Since 2-picoline contains nitrogen atom, which is more
electronegative than a SP? hybridized C, 2-picoline gets pref-
erentially adsorbed on a positively charged surface [22]. At low
pH (pHp < 4), the 2-picoline is converted to 2PiH* through pro-
tonation via reaction Eq. (e) resulting in the low adsorption of
protonated 2-picoline on the positively charged BFA surface
as shown by reaction Eq. (g). At higher pH (pH >4), 7=
dispersion interactions also takes place as given by Radovic
et al. [23,24] and electrostatic interactions become important
and 2-picoline molecule is sorbed onto BFA. It may, however,
be noted that BFA has a maximum affinity to 2-picoline and
2PiH* at pHp ~ 6.45. 2PiH* adsorption is at a lower rate than
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Fig. 2. FTIR spectra of blank and 2-picoline loaded BFA.

that of 2-picoline molecules. Therefore, the dominant sorption
reaction (at pHg = 6.45) is perhaps given by Eq. (f). Other reac-
tions given by Egs. (e), (g)—(j) play insignificant role in the
overall adsorption of 2-picoline onto BFA. Similar results were
observed earlier for the adsorptive removal of pyridine by using
BFA [4].

It may be noted that the solution pH varies with contact time
on the addition of BFA. It is found that the solution pH (pHp
6.45) increases instantaneously to about 8.25 after the addition
of the optimum amount of BFA, rises to about 8.75 (i.e. nearer
ApH,pe ~9) after 6 h and remains constant thereafter. In view of
these observations, further experiments were performed at pHg
6.45.

3.3. Effect of adsorbent dose (m)

The effect of m on the uptake of 2-picoline by BFA for
Co =100 mg dm~3 is shown in Fig. 4. The 2-picoline removal is
observed to increase with an increase in 7 upto about 5 g dm™3.
The incremental 2-picoline removal between 5 and 8 gdm™3
of BFA dosage is only marginal and beyond 8 gdm™3, the 2-
picoline removal remains almost unaffected by the BFA dosage.
An increase in the adsorption with the adsorbent dosage can
be attributed to the availability of more adsorption sites and
greater surface area for contact. Atm > 5 g dm 3, the incremental
2-picoline uptake is very small, as the 2-picoline surface con-
centration and the 2-picoline bulk solution concentration come
to equilibrium to each other [13]. Thus, the optimum m for Cy
of 100 mg dm~3 may be taken as 5 gdm3.

3.4. Effect of initial concentration (Cp) and temperature

The effect of Cyp (50mg dm3 < Co <600 mg dm’3) and
temperature (283 K <7 <323 K) on the equilibrium uptake of
2-picoline by the BFA at m=5gdm™> and r=6h was studied
and a plot of the removal of 2-picoline and the sorptive uptake

of 2-picoline by BFA versus C( with temperature as a parameter
is given in Fig. 5. It is evident that the sorption of 2-picoline and
hence the 2-picoline removal from the solution increases with an
increase in Cy and temperature. It may, however, be noted that
as Cyp and/or temperature increases, the 2-picoline loading onto
BFA (i.e. ge) increases. This means that the 2-picoline sorption
capacity of the BFA increases significantly with an increase in
Co, but only weakly with an increase in temperature of the solu-
tion. This is because of the fact that a given mass of adsorbent
adsorbs only a fixed amount of adsorbate. From the figure, it is
evident that a higher percentage of 2-picoline was removed with
a decrease in Cy. However, the amount of 2-picoline adsorbed
per unit adsorbent mass increased with an increase in Cy. This
is because of the decrease in the resistance to mass transfer of
the solute from the solution.

100+

80 +

60 +

% Removal of 2-picoline

404

20 +

PHo

Fig. 3. Effect of initial pHy of the aqueous solution on the removal of 2-picoline
by BFA (Co=100mgdm~3, m=5gdm=3, T=303K, r=6h).
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Fig. 4. Effect of m on the removal of 2-picoline by BFA (Co= 100 mgdm~3,
pHp 6.45, T=303K, t=6h).

3.5. Effect of contact time

The effect of contact time on the removal of 2-picoline by
BFA for m=5gdm™3 and Cy=100, 200 and 300mgdm™3
is shown in Fig. 6. Rapid adsorption of 2-picoline during
the initial period of 5min is observed. The adsorption rate
decreased substantially and rapidly with time beyond 5 min. The
adsorptive uptake of 2-picoline by BFA is thus almost instan-
taneous: About 90% of 2-picoline from an aqueous solution of
Co=100mgdm™3 is adsorbed in 5 min of contact. The resid-
ual 2-picoline concentration is 5.38% after 1 h, 3.77% after 6 h,
3.16% after 24 h and 3.15% after 72 h contact time. Since the
difference in 2-picoline removal at 6 and 72 h is less than 0.6% of
the 72 hremoval, a steady-state approximation was assumed and
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Fig. 5. Effect of Cp and temperature on the removal and uptake of 2-picoline

by BFA (m=5gdm™3, pHy 6.45, t=6h). (() 283 K; (4) 293 K; (A) 303 K; (@)
313K; (a) 323 K.
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Fig. 6. Effect of contact time on the removal of 2-picoline by BFA at various
Cp values, mg dm~3 (m=5gdm=3, pH 6.45, T=303 K). (W) 100 mg dm~3; ()
200 mgdm~3; (A) 300 mgdm 3.

a quasi-equilibrium situation was accepted at =6 h and further
experiments were conducted at #=6h only.

3.6. Kinetics of adsorption

The adsorption rate of 2-picoline onto BFA is found to
be very fast initially. Almost instantaneous adsorption takes
place. A number of experimental runs for different t were
conducted at several Cp with the optimum m to determine
the residual 2-picoline concentration in the solution (Cj)
with time (f) during the initial sorption period of 1h. With
m=5gdm—3, Cy=100mgdm~3, and T=30°C, almost 90%
2-picoline removal takes place during the initial 5 min of con-
tact between the BFA and the 2-picoline solution. At #= 15 min,
92.71% 2-picoline removal is obtained. The data for g versus
t during the initial 1h of contact shows a very fast increase
in g with time upto initial 5 min followed by a sharp plateau at
quasi-equilibrium situation. Initial uptake is attributed to surface
adsorption. When the 2-picoline adsorption at the exterior sur-
face reached the saturation level, the 2-picoline begins to enter
the pores of the BFA and is adsorbed by the interior surface of the
BFA particles. The interior surface seems to be very active and
have a very high affinity towards 2-picoline molecules. Hence a
very high 2-picoline uptake by BFA is observed. As the sur-
face saturates with 2-picoline molecules, the adsorption rate
decreases due to an increase in the diffusion resistance. This
means that the pore diffusion is the rate controlling step during
2-picoline adsorption.

The sorption kinetics was studied by using pseudo-first order
kinetic and pseudo-second order kinetic models to fit the exper-
imental kinetic data.

The pseudo-first order kinetic equation is given as [25,15]:

ke
1 — =1 - —t 2
0g(ge — q1) = log qe 7303 ()
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Table 1

Kinetic parameters for the removal of 2-picoline by adsorption onto BFA at various initial concentrations (7'=303 K, pHy 6.45, m=5mdm~3)

Cp (mg dm™3) Pseudo-first-order model Pseudo-second-order model

ki (min™") ge (mgg™") R? h (mgg~' min~") ks (gmg™" min~") ge (mgg™") R
100 0.006 0.981 0.94 13.245 0.035 19.342 1
200 0.006 1.677 0.88 11.587 0.009 35.971 1
300 0.006 1.662 0.87 17.953 0.009 47.619 1

where k¢ (min—!) is the first order rate constant, ge is the amount
of 2Pi adsorbed on the adsorbent at equilibrium (mgg~') and
¢; the amount adsorbed on the adsorbent at any time 7 (mg g~ ).
These constants can be calculated from the slope and intercept
of the plot In(ge — g;) versus time ¢. The first order equation did
not represent the kinetic data of 2Pi adsorption satisfactorily.
The pseudo-second order kinetic equation is given by [25]:

d
—§=@@—w2 3)

where ks is the rate constant (g mg~! min~!). The integration of
Eq. (3) with the boundary conditions: ¢;=0 at r=0 and ¢;=¢;
at t=t, leads to:

! ! + 1t + lt
_— = — — = — —I, Orq =
a ks@z  ge  h  qe ‘

ksq?t @)
1 4 ksqet

where  is the initial sorption rate (mg g~! min~!) at r — 0.

The value of / and g, can be determined experimentally from
the slope and intercept of the plot of #/g; versus ¢ (not shown here),
respectively. kg value can then be estimated from the value of
h. However, the linear regression method is not appropriate for
the determination of kinetic parameters. Instead the non-linear
method should be used. In the non-linear method, an “optimiza-
tion” procedure using the Solver add-in function given in MS
excel Spreadsheet could be applied. Table 1 shows the values
of constants of pseudo-first and pseudo-second order kinetic
equations.

From Table 1, it is found that the first-order kinetic equation
does not represent the experimental adsorption data satisfac-
torily. However, the second-order kinetic model represents the
adsorption data well with the correlation coefficient obtained
from non-linear optimization method being almost equal to 1.

3.7. Adsorption equilibrium

Several equilibrium isotherm equations are proposed in the
literature to describe the equilibrium adsorption characteris-
tics. These isotherm equations and their attributes have been
explained in our earlier publications [4,15]. It has been shown
earlier that the Langmuir and Redlich—Peterson equations pro-
vide better description of sorption behaviour of pyridine from
the aqueous solution onto BFA than other sorption isotherm
equations [4]. The Langmuir equation assumes monolayer sorp-
tion onto an adsorbent surface with a finite number of identical

homogeneous sites. This equation is given by:

Ki.C 1 1 1
Go= IS or — = — 5)
1+ K1.Ce qe KL.gmCe dm
or

C_ 1 C

qe B Kigm  gm

(6)

where gp, is the monolayer sorption capacity (mgg~') and is
a constant, and K1, is a constant related to the free energy of
sorption (K, =e~29/RT) Tt is the reciprocal of the concentration
at which the adsorbent is half-saturated. A plot of experimen-
tal sorption data as either 1/g. versus 1/Ce or Cc/qe versus Ce
enables the calculation of the values of the constants (Table 2).

For very small C. values, Eq. (4) also reduces to the Henry’s
equation with

ge = qmKLCe = kyCe @)

where ky = gm K1 =Henry’s constant
The Redlich—Peterson (R-P) [26] equation is a three-
parameter model and is given as:
K RCe

ge = —R ®)
14+ arCse

where Kg is R-P constant (dm? g™!) and agr is also R-P
isotherm constant (dm3>mg~') and B is the exponent hav-
ing values between 0 and 1. The R—P equation is a general
isotherm equation which reduces to Freundlich, Langmuir and
Henry’s isotherm equations under different limiting situations.
For ar > 1, Eq. (8) reduces to Freundlich equation [27] with
Kr=Kg/ar and (1 — B)=1/n. For B=1, Eq. (8) reduces to Lang-
muir equation, with K1 =ag. For =0, Eq. (8) reduces to the
Henry’s equation [28], i.e.

de = = knCe C))

where kg = Kr/(1 + aR)

Thus at low loadings, Egs. (7) and (9) may have similar
behaviour, i.e.

KRr
1+ ar

= qmKL 10)

By taking logarithms of both the sides of Eq. (8), we get a
non-linear equation, i.e.

C
In(Kg— —1)=Inag + B In Ce (11)

qe
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Table 2
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Tsotherm parameters and error analyses values for the adsorption of 2-picoline onto BFA (Cy =50-600 mgdm™3, m=5gdm™3, r=6h, pHy 6.45)

Isotherm equations Constants Temperatures (K)
283 293 303 313 323

Ki (dm® mg™") 0.028 0.046 0.068 0.109 0.191
Langmuir, gm (mgg™h) 60.976 60.241 59.880 59.524 59.880
ge = KL Cel/(1 + K. Ce) R? (linear) 0.990 0.992 0.996 0.997 0.998
R? (non-linear) 0.995 0.996 0.998 0.999 0.999
K (dm® mg™") 6.500 9.143 11.586 15.506 23.578
Freundlich, n 2.579 2.968 3.331 3.982 5.747
Ge = 1/n 0.388 0.337 0.300 0.251 0.174
KegCl/" R? (linear) 0.983 0.976 0.982 0.968 0.958
R? (non-linear) 0.992 0.988 0.985 0.984 0.979
B 10.316 9.444 8.592 7.294 5.129
Temkin, Kt (dm? mg~") 0.599 1.284 2.758 10.258 311.461
ge =(RT/ID)In K1 C, R? (linear) 0.959 0.989 0.989 0.994 0.962
R? (non-linear) 0.980 0.994 0.994 0.997 0.984
. ar (dm3 mg~") 4357 0.430 0.714 2.092 23.604
Re‘ﬂmh’P"terson’ Kg (dm*mg~") 31.921 8.958 16.745 52.854 769.723
?(e _c s B 0.634 0.820 0.839 0.850 0.897
. Rc;f) R? (linear) 0.994 0.999 0.999 0.999 0.999
R%e R? (non-linear) 0.997 0.999 0.999 1.000 1.000

Eq. (11) can be fitted to experimental data by maximizing
the correlation coefficient between the predicted values of g
from Eq. (11) and the experimental data using the solver add-in
function of the MS excel, using the iterative values of K.

The Temkin isotherm [29,30] is given as:

RT
e = e In(K1Ce) (12)
which can be linearized as:

ge=B) In K1+ B In C, (13)

where B =RT/b, b is the Temkin energy constant (Jmol ™).

This isotherm contains a factor, Kt that explicitly takes into
account the interactions between adsorbing species and the
adsorbent. A plot of g versus In Ce enables the determination of
the isotherm constants b, By and Kt from the slope and intercept,
respectively.

The Freundlich, Langmuir, R—P and Temkin isotherm equa-
tions have been used to describe the experimental data for
equilibrium adsorption of 2-picoline onto BFA. The paramet-
ric values of the respective isotherms have been obtained by
using linear and non-linear regression analyses using MS Excel
and are given in Table 2. The testing of the isotherm equations
in correlating the experimental equilibrium sorption data for 2-
picoline onto BFA shows similar results as that for pyridine
sorption onto BFA [4]. It is found that the Redlich—Peterson
equation followed by Langmuir equation best represented the
experimental equilibrium sorption data. Figs. 7 and 8 show the
plots for the Langmuir and R—P isotherms fitting the experimen-
tal data at different temperatures. Fig. 9 shows the comparative
fit of all the isotherms with the experimental data.

3.8. Desorption of 2-picoline

In order to check for the stability of 2-picoline sorbed onto
BFA and to determine the recovery of the adsorbate and the
regeneration of the spent BFA, the desorption characteristics
of 2-picoline have been studied at the temperatures of 288
and 303 K. Several solvents, viz. distilled water of varying pH
(2<pH <11),0.1N H2SO4, 0.1IN HNO3, and 0.1N NaOH solu-
tions have been used as the desorbing solvents. For desorption
experiments, an accurate amount (~0.5 g) of 2-picoline loaded
BFA (ge=17.9mgg~") was mixed with 0.05dm? of the sol-
vent and the mixture was agitated in an orbital shaker for 6 h at

7

os } + t t + t

0 50 100 150 200 250 300 350
C. (mg dm™)

Fig. 7. Langmuir isotherm plot for the removal of 2-picoline by BFA
(m=5gdm™3, pHy 6.45, t=6h). (0) 283 K; (¢) 293 K; (A) 303K; (@) 313K;
(A)323K.
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Fig. 8. Redlich—Peterson isotherm plot for the removal of 2-picoline by BFA
(m=5gdm™3, pHy 6.45, t=6h). (0) 283 K; (¢) 293 K; (A) 303K; (@) 313K;
(A)323K.

a constant temperature. After 6 h, the mixture was centrifuged
and the supernatant was analyzed for the 2-picoline concentra-
tion and the amount of 2-picoline desorbed was determined.
The results are shown in Figs. 10 and 11. It is found that the
acidic solutions perform better in eluting 2-picoline from the
BFA. The soil-distilled water slurry showed poor desorption effi-
ciency (*7.0%). Since substantial amount of 2-picoline could
not be removed even with acids, and that the BFA is available
at a throw-away price, desorption and regeneration of the spent
BFA are not recommended. The spent BFA can be simply sep-
arated from the mixture by filtration, dewatered and sun-dried,
and then fired as a fuel into the boiler furnaces/incinerator to
recover its energy value.

70
60+
.
50+
"_m 40+
=]
£ .
‘-; 304 + Experimental
o Langmuir
Freundlich
204 Temkin
—R-P
104
0 t t t + + +
0 50 100 150 200 250 300 350

C.(mg 1)

Fig. 9. Comparison of the fit of the various isotherm equations with the experi-
mental sorption data for 2-picoline onto BFA at temperature 303 K.
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Fig. 10. Desorption of 2-picoline in water at different pH (g.=17.9mgg™"),
temperature (K). (O) 288; () 303.

3.9. Estimation of thermodynamic parameters

The Gibbs free energy change of the adsorption process is
related to the adsorption equilibrium constant by the classical
Van’t Hoff equation [31]:

AGS,. = —RT In Kads (14)

ads

The Gibbs free energy change is also related to the change in
the entropy and the heat of adsorption at a constant temperature
as given by the equation:

AGgy = AH° — TAS® 15)
The above two equations give

—AG®,  AS°  AH°1
1 K ; — ads = —_ J— 16
1 Rads RT R R T (16)

100

90T —

80T

70T

60 1

50T

401

30T

% Desorption of 2-picoline

207

1071
0 + + t

0.1N H,80, 0.1N HNO3 0.1N NaOH
Solvent

Water+soil

Fig. 11. Desorption of 2-picoline in different solvents (ge = 17.9 mg g~ ), tem-
perature (K). (C3) 288; () 303.



44 D.H. Lataye et al. / Chemical Engineering Journal 138 (2008) 35—46

12

101

In(K.)

0 t t t + +
0.0030 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036

1T (K")

Fig. 12. Vant’s Hoff Plot from Langmuir isotherm constant.

where AG,, is the free energy change (kI mol™!), AH°
the change in enthalpy (kJmol~!), AS° the entropy change
(kJ mol ™! K’l), K,gs the equilibrium constant of interaction
between the adsorbate and the BFA surface, 7 the abso-
lute temperature (K) and R is the universal gas constant
(8.314Tmol~! K~1). Thus AH° can be determined by the slope
of the linear Van’t Hoff plot i.e. as In(K,qs) versus (1/7), using

the equation:

AH® = [R

AH° as obtained here corresponds to the isosteric heat of
adsorption (A Hg) with zero surface coverage (i.e. g. =0). Since
the Langmuir isotherm has been found to well represent the
equilibrium sorption data, the Langmuir constant K, has been
used to determine the thermodynamic parameters from Eqgs.
(12)—(14). The Van’t Hoff plot for the Langmuir isotherm is
shown in Fig. 12. The values of the parameters AH°, AS° and
AG?® are given in Table 2.

Adsorption of 2-picoline from an aqueous solution onto BFA
is an exothermic process, whereas the diffusion of the 2-picoline
molecules into the pores of the BFA is an endothermic process.
The positive AH® value obtained in Table 3 indicates that the
overall-sorption process is endothermic in nature. AGg,, val-
ues were negative indicating that the sorption process led to a

)

dn K
d(l/T)]

Table 3

6

0 2
0.003 0.0031

0.0033 0.0034 0.0035

1UT (K™

0.0032 0.00386

Fig. 13. Adsorption isosters for determining the isosteric heat of adsorption g.
(mgg™"). (#) 10; (O) 20; (4) 30; (©) 40; (@) 50.

decrease in the Gibbs free energy and the adsorption process is
spontaneous and feasible.

3.9.1. Isosteric heat of adsorption

Apparent isosteric heat of adsorption (A Hy 5) at constant sur-
face coverage (ge =10, 20, 30, 40, 50 mg g_l) was calculated
using the Clausius—Clapeyron equation as [32]:

dlnCe —AHg,
_ : 18
dT RT? (18)
dIn C.
AHy = ———— 19
a8 = 47T . (19)

For this purpose, the equilibrium concentration (C) at a
constant g was obtained from the Langmuir isotherm plot at
different temperatures. Then the extracted C. at a constant g
was plotted as In(C,) versus (1/7). AHg, was calculated from
the slope of the plots between In(Ce) versus (1/7T) (Fig. 13). The
calculated AH, was plotted against the surface sorbate load-
ing, g. in Fig. 14. The plot showed that AH, decreased as
the surface sorbate loading increased. The variation in AH ,
with surface loading can be attributed to the possibility of hav-
ing lateral interactions between adsorbed 2-picoline ions. AHg; 4
as calculated from the figure was found to be 378.03, 376.86,

Thermodynamic parameters for the adsorption of 2-picoline onto BFA (Cy=50-600mgdm 3, m=5gdm~3, r=6h, pHy 6.45)

Isotherm (s) AH® (kJmol™1) AS° (kJmol~! K~1)

AG® (kJmol™1)

283K 293K 303K 313K 323K
Langmuir 35.86 0.192 —18.40 —20.32 —22.24 —24.16 —26.08
Freundlich 17.37 0.173 —46.75 —48.47 -50.20 —-51.92 —53.65
Temkin 109.3 0.471 —24.08 —28.80 —33.51 —38.22 —42.94
R-P 35.13 0.218 —26.65 —28.83 -31.01 —33.20 —35.38




D.H. Lataye et al. / Chemical Engineering Journal 138 (2008) 35—46 45

380

375+

370+

365+

AHgta (kJ kg™")
(%)
3

[
o
[}
:
t

350+
345+
340 } } 1 + }
0 10 20 30 40 50 60
-1
ge(mgg™)
Fig. 14. Variation of AHg, with respect to surface loading.

374.87, 370.91 and 359.253 kI kg~! for g = 10, 20, 30, 40 and
50mg g~ !, respectively. The positive values of AHg 4 confirm
that the adsorption of 2-picoline onto BFA is an endothermic
process.

3.10. Comparative assessment of BFA as an adsorbent

Mohan et al. [5] reported the removal of 2-picoline from aque-
ous solution using activated carbons derived from coconut shells
with and without acid treatment. They have used a very low ini-
tial picoline concentration (50 mgdm™3), and consequently a
low adsorbent dosage (2 gdm~3) for adsorption studies. Thus,
the ratio of Co/m used by these authors is 25 mg g~!. During
the present study, the ratio of Cp/m varied between 10 and
120 mg g’l. Further, the g, versus C, data indicate that the g,
can be as high as ~60mg g~!, indicating a very high adsorp-
tive uptake of 2-picoline by BFA. It may also be noted that the
removal of 2-picoline by activated carbon at # =6 h is much lower
than that for BFA, even though Cy/m used for BFA is very high.
The adsorption by BFA is also almost spontaneous whereas it
is sluggish for the activated carbon. Mohan et al. [5] have not
reported on the desorption aspects of 2-picoline from activated
carbon. Since the activated carbon is quite costly, its regenera-
tion and reuse will be essential in case it is to be used for the
adsorptive removal of 2-picoline. Based on these experimental
data, and the fact that the BFA is available at a throw-away price
and hence can be used and disposed off as a fuel in the boiler
furnaces/incinerators, the BFA proves to be a very attractive
adsorbent for the removal of 2-picoline from aqueous solutions,
even at very high concentrations.

4. Conclusions

The present study shows that the bagasse fly ash (BFA) is
an effective adsorbent for the removal of 2-picoline from aque-
ous solutions. The maximum removal of 2-picoline is observed

upto 98% in the lower concentration range (<50mgdm™3)
and 49% in the higher concentration range (50-600 mg dm~3)
using 5kgm™3 of BFA dose at normal temperature. The sorp-
tive uptake of 2-picoline increases with an increase in initial
concentration: 9.8 mgg~! at Co=50mgdm—3 to 59mgg~! at
Co =600 mgdm™3. Adsorption is found to be very fast and about
90% 2-picoline removal is achieved in the initial 5 min of con-
tact between BFA (m=5gdm™3) and the 2-picoline solution
(Co=100mgdm™3) at 30°C. The adsorption of 2-picoline on
bagasse fly ash follows second order kinetics and the equilibrium
adsorption increases with increasing initial concentration. The
equilibrium sorption isotherm data could be well represented by
the Langmuir and Redlich—Peterson isotherm equations. Ther-
modynamic calculations indicate that the overall adsorption
process is endothermic and therefore, the 2-picoline removal
increases with increasing temperature. Isosteric heat of adsorp-
tion is found to be in the range of 378.03-359.253kJ kg~! for
the g values in the range of 10-50 mg g~!. The desorption study
reveals that the acidic solvents of BFA can elute upto 94% of
2-picoline from the 2-picoline-loaded BFA (0.5 g of BFA with
ge=17.9mg g~ !) at normal temperature. The regenerated BFA
still contains 0.895mgg~! of 2-picoline. It is recommended
that the spent BFA should be fired in the furnace/incinerator to
recover its energy value. Comparative assessment of the adsorp-
tion characteristics of BFA with that of activated carbon prepared
from coconut shell shows the superiority of the BFA in its
adsorption capacity for 2-picoline, the rate of adsorption and
the cost of treatment.
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