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Adsorption of Glutaric Acid and Glyoxylic Acid onto Weakly Basic lon-Exchange

Resin: Equilibrium and Kinetics
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Adsorption equilibria of glutaric acid and glyoxylic acid on a weakly basic ion-exchanger which has a
tertiary amine functional group were investigated experimentally and theoretically in this study. Amberlite
IRA-67 was used as the ion-exchange resin. The time to reach an equilibrium state, effects of amount of
adsorbent, temperature, and initial acid concentrations on adsorption efficiency and distribution coefficient
of acid adsorption were investigated, experimentally. The Langmuir, Freundlich, and Temkin adsorption
isotherms were calculated. The equilibrium isotherms were significantly dependent on initial acid
concentration. The Langmuir isotherm was found to best represent the data for both acids. The adsorption
of both acids followed pseudosecond-order kinetics. Diffusion is not the only rate-controlling step.

Introduction

Recovery of carboxylic acids is an important process in
chemical engineering. Because of the wide range of application
of these acids, such as in the pharmaceutical, polymer, food
industries, etc., there have been numerous separation techniques
developed in recent years. lon exchange is one of these methods.
For carboxylic acid recovery, weakly basic ion exchange resins
are commonly used, such as Amberlite IRA-92, IRA-35, and
IRA-67. Theresins generdly contain amine groups; for example,
IRA-67 has a tertiary amine group, and so, dissociated car-
boxylic acid reacts with the resin. This reaction involves
protonation of the ionogenic sites of the resin by the acid.*

Glutaric acid (pentanedioic acid) is an important dicarboxylic
acid and is found in blood and urine. It has a wide range of
applications in someindustrial fields, especialy in the polymer
industry. It is used in the production of polyester polyols,
polyamides, ester plasticizers, and corrosion inhibitors. It is used
in the synthesis of pharmaceuticals, surfactants, and metal
finishing compounds.?

Glyoxylic acid (oxoacetic acid) is the smallest a-keto acid.
It has a ketone group on the carbon atom next to the acid group.
Glyoxylic acid has two functional groups, a carboxylic acid and
an adehyde. In industry, it is used as a basic chemical for the
synthesis of other chemical products such as acids, esters, and
cyclic compounds. Application fields include aroma compounds,
agrochemicals, pharmaceuticals, and polymers. Glyoxylates and
esters of glyoxylic acid are important in biochemical research.?
Glyoxylic acid is produced by ozonolysis of maleic acid.

Numerous researchers have investigated the adsorption of
carboxylic acids from agueous solutions by using polymeric
sorbents. Tung and King investigated extraction and sorption
of succinic and lactic acids using different basic extractants and
ion exchange resins.>* Kawabata et al. separated carboxylic acid
by using a polymer sorbent of pyridine skeletal structure and a
cross-linked structure. The polymer sorbent showed good
selectivity and high adsorption capacity for carboxylic acids even
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in the presence of inorganic salts.*® Gluszcz et al. adsorbated
lactic and citric acids onto Amberlite IRA-67 and IRA-92.°
However, there is not sufficient information about glutaric and
glyoxylic acid adsorption in the literature.

The aim of this study is to define the efficiency of Amberlite
IRA-67 on the adsorption of glutaric and glyoxylic acid from
an agueous stream. Regeneration was not studied in these
experiments.

Material and Methods

Material. Glutaric acid, glyoxylic acid monohydrate, and
Amberlite IRA-67 were obtained from Merck. Amberlite IRA-
67 is a weakly basic gel-type polyacrylic resin with a tertiary
amine functional group. It was used without further treatment.
Glutaric acid and glyoxylic acid stock solutions were prepared
to be 10.6 %. For determining the effect of the initial acid
concentration approximately (2, 4.5, 15.6, and 20.6) % solutions
were prepared for glutaric acid and (2, 5.3, 13.6, and 20) %
solutions for glyoxylic acid.

Method. Adsorption experiments were carried out in batch
type. The aim of these experiments was to determine the effect
of important variables on the adsorption, such as amount of
adsorbent, time, initial acid concentration, and temperature. The
analysis method is a basic acid—base titration. The aqueous
phase was titrated with 2 0.1 N NaOH solution, using phenol-
phtalein as the indicator. The optimum amount of adsorbent
was determined to be 0.5 g. For determining the optimum
adsorbent dose, the adsorption experiment was applied to
different amounts of adsorbent. The amount of adsorbed acid
by unit adsorbent is expressed by Q.. For both acids, the highest
Q. values were found for 0.5 g of adsorbent dose.

For each experimental run, 5 mL of stock acid solution
and a known amount of adsorbent were taken in a 50 mL
flask. This mixture was shaken at a constant speed and
temperature [(25 + 2) °C] in a thermostatted shaker. Every
15 min, a sample was taken out, and the aqueous phase was
titrated with a 0.1 N NaOH solution, using phenolphtalein
as the indicator. Amberlite IRA-67 particles are highly
hydrophobic and settled down easily. So, the time to reach
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Table 1. Effect of Contact Time on the Adsorption

initial acid initia acid amount of equilibrium amount of adsorbed percentage of
acid conc. (mol-L™%)  conc. (% wiw) adsorbent  time (min)  conc. Ce (gL ™Y acid Q. (g°mg ™) removal acid (%)
glutaric acid 0.8 10.6 05 15 94.07 0.023 11.00
0.8 10.6 05 30 91.43 0.028 13.50
0.8 10.6 05 60 91.16 0.029 13.75
0.8 10.6 05 75 89.84 0.031 15.00
0.8 10.6 05 90 89.71 0.032 15.13
0.8 10.6 05 120 89.71 0.032 15.13
glyoxylic acid 1.15 10.58 05 15 87.45 0.037 17.39
115 10.58 05 30 86.53 0.039 18.26
1.15 10.58 05 60 85.97 0.039 18.78
1.15 10.58 05 75 85.24 0.041 19.48
1.15 10.58 05 105 84.96 0.042 19.74
115 10.58 05 120 84.23 0.043 20.44
1.15 10.58 05 200 84.13 0.043 20.52
Table 2. Effect of Amount of Adsorbents on the Adsorption
initial acid initial acid amount of equilibrium amount of adsorbed percentage of
acid conc. (mol-L™%)  conc. (% w/w)  adsorbent  conc. C. (g-L %) acid Qe (g°mg™?) removal acid (%) temperature (K)
glutaric acid 0.8 10.6 0.25 89.84 0.063 15.00 298
0.8 10.6 0.50 72.66 0.066 31.25 298
0.8 10.6 0.75 60.77 0.059 42.50 298
0.8 10.6 1.00 48.88 0.057 53.75 298
0.8 10.6 1.25 38.32 0.054 63.75 298
0.8 10.6 1.50 3171 0.049 70.00 298
0.8 10.6 1.75 22.46 0.048 78.75 298
0.8 10.6 2.00 18.49 0.044 82.50 298
0.8 10.6 225 11.89 0.042 88.75 298
0.8 10.6 2.50 7.93 0.039 92.50 298
glyoxylic acid 1.15 10.58 0.25 89.28 0.066 15.65 298
1.15 10.58 0.50 69.96 0.072 33.91 298
115 10.58 0.75 60.75 0.061 42.61 298
1.15 10.58 1.00 46.95 0.059 55.65 298
115 10.58 1.25 38.66 0.054 63.48 298
1.15 10.58 1.50 27.62 0.052 73.91 298
1.15 10.58 1.75 17.49 0.051 83.48 298
1.15 10.58 2.00 7.36 0.049 93.04 298
115 10.58 225 4.14 0.045 96.08 298
1.15 10.58 2.50 0.89 0.042 99.16 298

equilibrium was determined as 120 min for glutaric acid and
200 min for glyoxylic acid. For determining the temperature
effect on adsorption, an optimum amount of adsorbent and
5 mL of acid stock solution mixture was shaken at (298, 308,
and 318) K, then the agueous phases were analyzed.
Langmuir, Freundlich, and Temkin isotherms were calcul ated,
dependent on theinitial acid concentration. Pseudofirst-order,
pseudosecond-order, and Weber—Morris intraparticular dif-
fusion models were applied to the experimental results.

Results and Discussion

This study reports data on the time to reach equilibrium and
effects of adsorbent loading, initial acid concentration, and
temperature on equilibrium adsorption. Results of this experi-
mental procedure were used for determining the reaction kinetics
and equilibrium parameters.

Process Variables. Effect of Contact Time. The effects of
contact time for the adsorption of glutaric acid and glyoxylic
acid by Amberlite IRA-67 were studied for a period of 200 min.
In this study, the initial glutaric acid concentration is 0.80
mol L%, and the initial glyoxylic acid concentration is 1.15
mol L~ at 298 K. The optimum Amberlite IRA-67 dosage was
0.5 g. The results of the effect of contact time on removal of
glutaric acid and glyoxylic acid are presented in Table 1. For
both adsorbents, uptake of adsorbate speciesisfast in theinitial
stages of the contact period and, thereafter, becomes slower near
the equilibrium. In between these two stages of the uptake, the
rate of adsorption isfound to be nearly constant. Thisis obvious
from the fact that a large number of vacant surface sites are

available for adsorption during the initial stage, and after alapse
of time, the remaining vacant surface sites are difficult to be
occupied due to repulsive forces between the solute molecules
on the solid and bulk phases.”

Effect of Amount of Adsorbent. The effect of adsorbent dose
on the extent of solute adsorption was investigated by varying
the dose from (0.25 to 2.50) g for IRA-67. In this experiment,
the same initial acid concentrations were used. It is observed
from Table 2 that, when the amount of adsorbent increases, the
percentage removal of the acid increases. When the maximum
dose of IRA-67 was used, the maximum adsorption capacity
was obtained. These values are 92.50 % for glutaric acid and
99.16 % for glyoxylic acid.

Effect of Initial Acid Concentration. Different initial acid
concentrations were studied; for glutaric acid (0.16 mol-L ™1,
0.34mol L%, 0.80 mol-L™%, 1.18 mol - L%, and 1.56 mol - L™
and for glyoxylic acid (0.23 mol-L~%, 0.58 mol-L™%, 1.15
mol+L~%, 1.48 mol L%, and 2.19 mol -L 1. It is observed that
by increasing the initial acid concentration the adsorbed acid
concentration decreased in efficiency (Table 3). The percent-
age of removed acid decreased from 86.35 % to 14.10 % for
glutaric acid and from 98.77 % to 13.24 % for glyoxylic
acid with the increased initial acid concentration. This may
be explained by saturation of the accessible exchangeable
sites of this adsorbent.

Effect of Temperature. Three different temperatures were
studied for 10.6 % of acid solution and optimum (0.5 g)
adsorbent dose. The temperatures chosen for this study were
(298, 308, and 318) K. As shown in Table 4 and Figure 1,
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initial acid initial acid amount of equilibrium amount of adsorbed percentage of
acid conc. (mol-L™%  conc. (% w/w)  adsorbent  conc. Ce (g-L ™) acid Q. (g*mg ™) removal acid (%) temperature (K)
glutaric acid 0.16 211 0.5 291 0.036 86.35 298
0.34 453 05 23.78 0.042 47.06 298
0.80 10.60 0.5 72.66 0.066 31.25 298
1.18 15.62 05 120.23 0.071 22.88 298
1.56 20.63 0.5 177.04 0.058 14.10 298
glyoxylic acid 0.23 2.10 0.5 0.26 0.042 98.77 298
0.58 5.35 0.5 24.85 0.057 53.45 298
115 10.58 05 69.96 0.072 33.91 298
1.48 13.64 0.5 104.02 0.064 23.65 298
2.19 20.16 05 174.90 0.053 13.24 298
Table 4. Effect of Temperature on the Adsorption
initial acid initial acid amount of equilibrium amount of adsorbed percentage of
acid conc. (mol-L™%)  conc. (% w/w)  adsorbent  conc. Ce (g-L %) acid Q. (g*mg ™) removal acid (%) temperature (K)
glutaric acid 0.8 10.6 0.5 72.66 0.066 31.25 298
0.8 10.6 05 75.10 0.061 30.00 308
0.8 10.6 0.5 75.31 0.061 28.75 318
glyoxylic acid 1.15 10.58 0.5 69.96 0.072 33.91 298
1.15 10.58 0.5 75.48 0.061 28.70 308
115 10.58 05 77.32 0.057 26.96 318

the adsorption efficiency of the adsorbent decreased with
increasing temperature. It is understood that the adsorbent
shows an exothermic nature of adsorption, like most adsorp-
tion reactions.

Equilibrium. A dynamic phase equilibrium is established
in adsorption for the distribution of the adsorbate between
the fluid and the adsorbent surface. This equilibrium is generaly
expressed in terms of the concentration of the adsorbate in the fluid
and the adsorbate loading on the adsorbent. The adsorption
isotherms obtained from the experimental studies will provide
an upper limit on the adsorption of adsorbate from a given
fluid mixture on a specific adsorbent for a designated set of
conditions.® Langmuir, Freundlich, and Temkin isotherms
were applied to the experimental data in this study.

Langmuir |sotherm. The Langmuir equation®®*°

_ KaQpCe
Oa = T+ K,C, 1

Qo denotes the maximum adsorbent uptake; ga denotes the
experimental adsorbent uptake; and K, is a coefficient that is
related to the affinity between the adsorbent and adsorbate. The

35
34
33
32
|
30
29
28
27

26
295 300 305 310 315 320
T (K)
Figure 1. Plot of effect of temperature on the adsorption. O, glyoxylic acid;
4, glutaric acid.
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values of Ka and Q, are determined from the following equation
from which eq 1 was transformed.

_ 1
C.= K, + C, o 2
1
K= K_A ©)

The values of K| and Q, are determined from the intercept
and dope of the straight linein Figure 2. The Langmuir isotherm
constants calculated from the experimental data are given in
Table 5.

Freundlich I sotherm. The second isotherm used in this study
was the Freundlich isotherm.®>**

Q. = KeCY" @)

A logarithmic plot linearizes the equation enabling the
exponent n and the constant K; to be determined

log Q. = log K; + (1/n)log C, (5)

The values of K¢ and 1/n at different concentrations were
determined from the slope and intercept of the linear plots
of log Qe and log C.. Figure 3 shows the plots of Freundlich
equilibrium isotherms for glutaric acid and glyoxylic acid
adsorption. The Freundlich isotherm constants are listed in
Table 5.
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Figure 2. Plot of the Langmuir isotherm equation for the acid adsorption
onto IRA-67. O, glyoxylic acid; ¢, glutaric acid.
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Table 5. Isotherm Parameters for Adsorption of Glutaric and
Glyoxylic Acid onto Amberlite IRA-67

Langmuir Isotherm

Glutaric Acid Glyoxylic Acid
QO KL R2 Qo KL R2
60.947 0.459 0.9741 53.307 7.4587 0.9805
Freundlich Isotherm
Glutaric Acid Glyoxylic Acid
log K¢  1/n Ky n R logK; 1/n Ky n R

44783 0.153 30081.54 6.54 0.90 4.417 0.0822 26121.61 12.17 0.88

Temkin Isotherm

Glutaric Acid Glyoxylic Acid
B. In Kt Kt R? B: In Kt Kt R?
9642.2 2.246 945 085 42776 1105 62614 0.86

Temkin Isotherm. The Temkin isotherm contains a factor
that explicitly takes into account the adsorptive—adsorbent
interactions. This isotherm assumes that (1) the heat of adsorp-
tion of all the molecules in the layer decreases linearly with
coverage due to adsorbent—adsorbate interactions and that (2)
the adsorption is characterized by a uniform distribution of
binding energies, up to some maximum binding energy.”

RT
6o = IN(K:C) (6)
Equation 6 can be linearized as
0. = B;InK; + B, InC, @)
Ineq 7
RT
B, = o )

A plot of ge versus In C. enables the determination of the
isotherm constants B; and K from the slope and the intercept.”
Figure 4 shows the Temkin isotherm plots for both acids, and
the isotherm parameters are shown in Table 5.

The experimental data of the two acids fit the Langmuir
isotherm, satisfactorily, with R? values of 0.98 for glyoxylic
acid and 0.97 for glutaric acid. For this reason, the Langmuir
isotherm was found to best represent the data for glutaric and
glyoxylic acid adsorption onto Amberlite IRA-67.

Distribution Coefficient. The adsorption distribution coef-
ficient (K) ratio of the equilibrium concentration in adsorbent
and agueous phase has a unit of (Q. (mg-g~1)/Ca, (mg-mL 1))

4.9
485  ¥=0.1855x+4.447 .
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)
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4.65 y = 0.0822x + 4.417
46 R® = 0.9024

4,55 H
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log Ce
Figure 3. Plot of the Freundlich isotherm equation for the acid adsorption
onto IRA-67. O, glyoxylic acid; ¢, glutaric acid.

or mL -g~* adsorbent and is shown in Figure 5. If the distribution
coefficient has a high value, the adsorption characteristics of
the adsorbent are good.*? Amberlite IRA-67 exhibited aK value
of 1703 mL -g* for glutaric acid and 1984 mL -g~* for glyoxylic
acid. For both acids, K values decrease with increasing Ce
values. If the K values of Amberlite IRA-67 are compared to
many adsorbents which are used for industrial separation
processes, many with distribution coefficient smaller than 10
mL -g %, then it can be seen that IRA-67 is an efficient adsorbent
for carboxylic acid separation.

Kinetics. To determine the kinetics of adsorption of glutaric
and glyoxylic acid on IRA-67, pseudofirst-order, pseudosecond-
order, and intraparticle diffusion models were applied.

Pseudofirst-Order Model.” The pseudofirst-order equation is

dg, B
5 = K — @) ©)

Q: is the amount of adsorbate, adsorbed at time t (mg-g™2); ge
is the adsorption capacity at equilibrium; ks is the pseudofirst-
order rate coefficient (min1); and t is the contact time (min).
The integration of eq 9when g =0att =10

ks
log(d, — @) = log g, — 2303t (10)

The values of k; and g. can be found from a plot of log(ge —
qi) versust. The pseudofirst-order parameters are shown in
Table 6, and the model plots for both acids are shown in
Figure 6.
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Figure 4. Plot of the Temkin isotherm equation for the acid adsorption
onto IRA-67. O, glyoxylic acid; ¢, glutaric acid.
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Figure 5. Distribution coefficient of acid adsorption onto IRA-67. O,
glyoxylic acid; ¢, glutaric acid.
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Table 6. Kinetic Parameters for the Removal of Carboxylic Acids by IRA-67

Pseudofirst-Order Model

Glutaric Acid Glyoxylic Acid
Qe,exp (9 mg_l) Qecac (9 mg_l) kf(min’l) R? Qe,exp (9 mg_l) Qecac (9° mg_l) kf(min’l) R?
0.032 0.013 0.031 0.89 0.043 8.32:10°2 0.018 0.89
Pseudosecond-Order Model

Glutaric Acid Glyoxylic Acid

Qecac (9'mg™) T (g'mg~**min™) ks (mg-g~*-min”") R Qecac ('mg™) I (g-mg~'-min™") ks (mg-g~*-min~) R

0.034 4551073 3.94 0.9983 0.044 9.75.10°3 5.04 0.9993
W—M Intraparticle Diffusion Model
Glutaric Acid Glyoxylic Acid
kia (g:mg " min~"?) I (g:mg ™) R kia (g:mg"+min~"?) [ (g-mg™) R
0.0012 0.0197 0.88 0.0006 0.0351 0.88

Pseudosecond-Order Model.” The equation for the pseudo-
second-order model is shown below.

do; B )
a - ks(qe - qt) (11)

In this equation, ks is the pseudosecond-order rate coefficient
(mg-g~t-min7Y). If eq 11 is integrated, a linear equation is
obtained. This equation is shown as follows

qt ksqg Qe
Theinitial sorption rate, T (g-mg~t-min~1), at t — 0 is defined
as

(12)

I = kg: (13)

The values of ks and calculated ge are obtained from the slope
of the plot t/q; versust. I" and ks are obtained from the intercept.
The pseudosecond-order model parameters are shown in Table
6, and plots of both acids can be seen in Figure 7.

Pseudofirst-order and pseudosecond-order models were com-
pared with the correlation coefficients of both of the acids,
calculated from linear regression. The correlation coefficients
of the pseudosecond-order model are closer to unity than the
pseudofirst-order model. The correlation coefficient for glutaric
acid is 0.9983 and for glyoxylic acid is 0.9993. Therefore, the
adsorption of glutaric acid and glyoxylic acid on Amberlite IRA-
67 is fitted to a pseudosecond-order kinetic model.

0 20 40 60 80 120

y =-0.0136x - 1.8816
R?=0.8854

y = -0,0081x - 2.0799
R® = 0.8964

log(Qe-Qt)
N

t (min)

Figure 6. Pseudofirst-order plot for the remova of carboxylic acids by IRA-
67. O, glyoxylic acid; #, glutaric acid.

Weber and Morris Intraparticle Diffusion Model.” Intra-
particle diffusion can be estimated by using the Weber—Morris
intraparticle diffusion model.

G = kgt"? + 1 (14)

In eq 14, kiq is the intraparticle diffusion rate coefficient and |
gives an idea about the thickness of the boundary layer. These
values can be found by a plot of g, versus tY2. The slope is kg,
and the intercept is |. As seen in Figure 8, the straight lines
deviate from the origin. The difference between final mass
transfer rate and initidl mass transfer rate may cause the
deviations of the straight lines. Also, this deviation can show

g

4500 y =20.374x + 219.78 =

R®=0.9983

y = 22.755x + 102.46
R® = 0.9993

S 888888838

0 50 100 150

t (min)

Figure 7. Pseudosecond-order plot for the removal of carboxylic acids by
IRA-67. O, glyoxylic acid; ¢, ghlutaric acid.
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Figure 8. Weber and Morris intraparticle diffusion plot for the removal of
carboxylic acids by IRA-67. O, glyoxylic acid; 4, glutaric acid.
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R? = 0.8838



684 Journal of Chemical & Engineering Data, Vol. 55, No. 2, 2010

that the pore diffusion is not the sole rate-controlling step.” |
and kg values are shown in Table 6.

Conclusions

The following conclusions can be presented related to this
work:

1. This study shows that Amberlite IRA-67 isavery effective
ion-exchange resin for glutaric acid and glyoxylic acid. The
parameters which affect the adsorption reaction were deter-
mined. An increase of amount of adsorbent affects adsorption
positively, an increase of initial acid concentration affects
adsorption negatively, and an increase of temperature affects
adsorption negatively. It is understood that the adsorption
reaction is an exothermic reaction.

2. Langmuir, Freundlich, and Temkin isotherms were applied
to the experimental data, and equilibrium data for the adsorption
of both acids were best represented by the Langmuir isotherm.

3. Adsorption kinetics were found to follow a second-order
rate expression for glutaric acid and glyoxylic acid. Diffusion
is not the only rate-controlling step.

Nomenclature

Oe equilibrium solid phase concentration, g-mg™

Ka coefficient related to the affinity between the sorbent
and sorbate

Qo maximum sorbate uptake under the given conditions

Ce equilibrium liquid phase acid concentration, g-L*

KL constant of Langmuir isotherm, L-mg*

Ke constant of Freundlich isotherm, L-mg*

n exponent in Freundlich isotherm model

Kt constant of Temkin isotherm, L-mg*

Ot amount of adsorbate adsorbed by adsorbent at time
t, gemgt

T temperature, K

t time, min.

ke rate coefficient of pseudofirst-order adsorption mode,

min~t

Ks rate coefficient of pseudosecond-order adsorption
model, mg-g~t-min~!

r initial sorption rate, g-mgt-min?

Kig intraparticle diffusion rate coefficient, g-mg*:
min~2

I constant that gives idea about the thickness of
boundary layer, g-mg
Cho initial acid concentration, g-L~*

Literature Cited

(1) Bhandari, V. M.; Juvekar, V. A.; Patwardhan, S. R. Sorption Studies
on lon Exchange Resins. 1. Sorption of Strong Acids on Weak Base
Resins. Ind. Eng. Chem. Res. 1992, 31, 1060-1073.

(2) http://chemicalland21.com/industrial chemy/.

(3) Tung, L. A.; King, C. J. Sorption and Extraction of Lactic and Succinic
Acids at pH > pKa. 1. Factors Governing Equilibria. Ind. Eng. Chem.
Res. 1994, 33, 3217-3223.

(4) Joglekar, H. G.; Rahman, |.; Babu, S.; Kulkarni, B. D.; Joshi, A.
Comparative assessment of downstream processing options for lactic
acid. Sep. Purif. Technol. 2006, 52, 1-17.

(5) Kawabata, N., Yasuda, S., Yamazaki, T. US Patent 4,323,702; 1982.

(6) Gluszez, P.; Jamroz, T.; Sencio, B.; Ledakowicz, S. Equilibrium and
dynamic investigations of organic acids adsorption onto ion-exchange
resins. Bioprocess Biosyst. Eng. 2004, 26, 185-190.

(7) Raoriya, R. K.; Prasad, B.; Mishra, I. M.; Wasewar, K. L. Adsorption
of Benzaldehyde on Granular ActivatedCarbon: Kinetics, Equilibrium,
and Thermodynamic. Chem. Biochem. Eng. Q. 2007, 21 (3), 219—
226.

(8) Peters, M. S.; Timmerhaus, K. D.; West, R. E. Plant design and
economics for chemical engineers, 5th ed.; McGraw-Hill Company,
Inc.: New York, 2003, 0—07—119872—5.

(9) Azizian, S. Kinetic models of sorption: atheoretical analysis. J. Colloid
Interface Sci. 2004, 276, 47-52.

(10) Azizian, S.; Hagerifar, M.; Bashiri, H. Adsorption of methyl violet onto
granular activated carbon: Equilibrium, kinetics and modeling. Chem.
Eng. J. 2009, 146, 36-41.

(11) Iftikhar, A. R.; Bhatti, H. N.; Hanif, M. A.; Nadeem, R. Kinetic and
thermodynamic aspects of Cu(ll) and Cr(I1) removal from agueous
solutions using rose waste biomass. J. Hazard. Mater. 2009, 161, 941—
947.

(12) Bhainsa, K. C.; D'Souza, S. F. Biosorption of uranium (V1) by
aspergillus fumigatus. Biotechnol. Tech. 1999, 13, 695-699.

Received for review April 16, 2009. Accepted August 21, 2009.
JE900357D



