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ABSTRACT: The adsorption equilibria of propionic acid and glyoxylic acid on alumina are investigated experimentally and
theoretically in this study. Alumina was used as the adsorbent. The period of achieving the equilibrium state and the effects of the
amount of adsorbent, temperature, and initial acid concentration were investigated experimentally. Langmuir, Freundlich, and
Temkin adsorption isotherm equations are fitted well with the experimentally measured data. It was found that the equilibrium
isotherms depended on the initial acid concentration significantly. The Langmuir isotherm was found to best represent the data for
both of the acids. The pseudosecond-order model, intraparticle diffusion model, and Elovich model were applied to experimental
data. The adsorption of both acids followed pseudosecond-order kinetics. Diffusion is not the only rate-controlling step.

’ INTRODUCTION

Carboxylic acids have a wide range of application fields, such as
pharmaceuticals, polymers, food, and so forth. So the recovery of
carboxylic acids is an important process in chemical engineering.
There have been numerous separation techniques developed in
recent years for isolating the organic acids from aqueous solu-
tions, such as reactive extraction, electrodialysis, esterification,
and reactive distillation. Adsorption is one of these methods. The
adsorbents which are commonly used are activated carbon,
alumina, and different kinds of ion-exchange resins.

Propionic acid is a colorless, corrosive liquid with a sharp,
unpleasant odor. It is produced by fermentation and is widely used
in chemical, pharmaceutical, and food industries. It is used primarily
for animal feed preservation, including hay, silage, and grains, and in
human foods, mainly in baked goods and cheeses. The growing
demand of this acid draws attention towards more economical
energy-efficient technology.1 Propionic acid is an important mold
inhibitor. Its calcium, sodium, and potassium salts are widely used as
food and feed preservatives.2 Glyoxylic acid (oxoacetic acid) is the
smallest R-keto acid. It has a ketone group on the carbon atom next
to the acid group. Glyoxylic acid has two functional groups, both
carboxylic acid and aldehyde. In industrial fields, it is used as a basic
chemical for the synthesis of other chemical products of acids, esters,
and cyclic compounds. Application fields include aroma compounds,
agrochemicals, pharmaceuticals, and polymers. Glyoxylates, any salt,
anion, or ester of glyoxylic acid, are important in biochemical
research.3Glyoxylic acid is produced by the ozonolysis ofmaleic acid.

The adsorption of carboxylic acids on alumina has a very
strong adsorption energy because most carboxylic acids are weak
acids and their degrees of dissociation in an aqueous solutions are
affected by the acidity of the medium. For example, the adsorp-
tion of aromatic acids on alumina is a strong function of the
solution acidity. Although the adsorption of medium- and long-
chain aliphatic carboxylic acids on alumina have been of con-
siderable interest due to their property of forming self-assembled
monolayers, the adsorption of water-soluble carboxylic acids on
alumina has not been studied extensively.4

The nature of the interaction between the carboxylic group with
hydroxyls on the surface has been studied by many investigators. In
particular, the adsorption of carbon dioxide or aromatic acids on
alumina were studied. It is generally recognized that both oxygen
atoms in the carboxylic group are anchored on the alumina surface,
but twomodels have been proposed for the interaction. The bridging
model considers that both oxygen atoms of the carboxylic group are
linked to Al�O sites on the surface through hydrogen bonding. The
chelatingmodel considers that the carboxylic group is dissociated and
forms a bidentate linkagewith a singleAl�O�Hsite. The adsorption
of carboxylic acids fromaqueous solutiononto the alumina surface is a
dissociative adsorption process. The adsorbed carboxylic acids may
interactwith the alumina surface in such away that a hydrogen atom is
shared between each oxygen atom in the carboxylic group with an
oxygen atom on the alumina surface strong hydrogen bonding.4

Numerous researchers investigated the adsorption of car-
boxylic acids from aqueous solutions by using polymeric sor-
bents. Chen and Ju studied the coupled fermentation and
adsorption to prevent the product concentration from reaching
inhibitory levels for lactic acid.1�5 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 car-
boxylic acids even in the presence of inorganic salts.6,7

The aimof this study is to define the sorption capability of alumina,
when used for the adsorption of carboxylic acids from aqueous
solutions. Regeneration was not studied in these experiments.

’MATERIALS AND METHODS

Materials. Propionic acid, glyoxylic acid monohydrate, and
alumina were obtained from Merck Co. The properties of
alumina (Merck 101095) are M = 101.96 g 3mol�1 and melting

Received: January 20, 2011
Accepted: June 17, 2011



3302 dx.doi.org/10.1021/je2000765 |J. Chem. Eng. Data 2011, 56, 3301–3308

Journal of Chemical & Engineering Data ARTICLE

point = 2050 �C. Its particle size is between (0.063 and 0.200) mm.
It was used without further treatment. Propionic acid stock
solution was prepared to 10.63 %, and glyoxylic acid stock
solutions were prepared to 10.53 %. For determining the effect
of initial acid concentration, approximately (2.71, 5.22, 15.61, and
21.48) % solutions were prepared for propionic acid; (2.65, 5.34,
14.03, and 20.42) % solutions were prepared for glyoxylic acid.
Methods. Adsorption experiments were carried out as batch

type. The aim of these experiments was to determine the effect of
important variables on the adsorption, such as the amount of
adsorbent, time, initial acid concentration, and temperature. As a
result of the pre-experiment, an optimum amount of adsorbent was
determined as 0.4 g for propionic acid and 0.8 g for glyoxylic acid.
For each experimental run, 5 mL 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 in a thermostatted
shaker. A sample was taken out periodically, and the aqueous phase
was titrated with 0.1NNaOH solution, with phenolphtalein used as
an indicator. The alumina particles remained suspended and did not
settle down easily. Therefore, all of the sampleswere percolatedwith
filter paper and then analyzed. So, the period of equilibration time
was determined as 75 min for propionic acid and 140 min for
glyoxylic acid. Preliminary experiments showed these values as
sufficient time for equilibration. For determining the effect of
amount of adsorbent, 10 solutions (5 mL acid solution-increasing

adsorbent doses) were prepared. For determining the temperature
effect on adsorption, five different amounts of adsorbent and 5 mL
acid stock solution mixture were shaken at (298 and 308) K, and
then the aqueous phases were analyzed. Different initial acid
concentrations were prepared and mixed with an ptimum sorbent
dose. After the equilibration section, the results were used for the
calculation of adsorption isotherms. Langmuir, Freundlich, and
Temkin isotherms were calculated as depended on initial acid
concentration. TheElovich, pseudosecond-order, andWeber-Morris
intraparticular diffusion models were applied to the experimental
results.

’RESULTS AND DISCUSSION

In this study, the period of the achieving the equilibrium state
of the adsorbents and the effect of amount of adsorbent on
adsorption, initial acid concentration, and temperature were
investigated. Results of this experimental 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 propionic acid and glyoxylic
acid by alumina were studied for an initial propionic acid
concentration of 1.44 mol 3 L

�1 and initial glyoxylic acid con-
centration of 1.07 mol 3 L

�1 at 298 K. The alumina dose was an
optimum amount. The effect of contact time on the amount of
adsorbed acid is shown in Figure 1, and results are shown inTable 1.

Table 1. Effect of Contact Time on the Adsorption

initial acid conc. amount of adsorbent equilibrium conc. Ce amount of adsorbed acid Qe percentage of removal acid T time

acid g 3 L
�1 g g 3 L

�1 mg 3 g
�1 % K min

glyoxylic acid 98.50 0.8 91.8 41.88 6.8 298 20

98.50 0.8 89.8 54.38 8.83 298 40

98.50 0.8 87.9 66.25 10.76 298 60

98.50 0.8 87.6 68.13 11.07 298 80

98.50 0.8 87.3 70.00 11.37 298 123

98.50 0.8 87.3 70.00 11.37 298 140

propionic acid 106.56 0.4 101.2 67.00 5.03 298 15

106.56 0.4 100.3 78.25 5.87 298 30

106.56 0.4 99.6 87.00 6.53 298 45

106.56 0.4 100.1 80.75 6.06 298 60

106.56 0.4 100.1 80.75 6.06 298 75

Figure 1. A plot of the effect of contact time on the adsorption. 9,
propionic acid; [, glyoxylic acid.

Figure 2. Aplot of the effect of amount of adsorbents on the adsorption.
9, propionic acid; [, glyoxylic acid.
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For both adsorbents, uptake of adsorbate species is fast at the
initial stages of the contact period, and thereafter, it becomes
slower near the equilibrium. In between these two stages of the
uptake, the rate of adsorption is found to be nearly constant. This
is obvious from the fact that a large number of vacant surface sites
are available for adsorption during the initial stage, and after a
lapse 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.8

Effect of Amount of Adsorbent. The effect of adsorbent dose
on the extent of solute adsorption was investigated by varying
the dosage from (0.20 to 2.00) g for alumina under the selected
initial solute concentration for propionic acid, 1.44 mol 3 L

�1,
and for glyoxylic acid, 1.15 mol 3 L

�1. It can be shown from
Figure 2 and Table 2 that the removal of acid increases with
an increasing amount of adsorbent, and the percentage of

removal acid increased. In the maximum amount for alumina
(2.00 g), the maximum adsorption capacity, 16.94 % for
propionic acid and 22.72 % for glyoxylic acid, has been
obtained.
Effect of Initial Acid Concentration.The adsorption effect was

studied at different initial acid concentrations for propionic acid
(0.37 mol 3 L

�1, 0.71 mol 3 L
�1, 1.44 mol 3 L

�1, 2.11 mol 3 L
�1,

and 2.91 mol 3 L
�1) and for glyoxylic acid (0.29 mol 3 L

�1,
0.59 mol 3L

�1, 1.15 mol 3L
�1, 1.53 mol 3L

�1, and 2.22 mol 3L
�1).

It was observed from Table 3 and Figure 3 that, by increasing
the initial acid concentration, the adsorbed acid concentration
decreased in efficiency. The percentage of removed acid de-
creased from14.53% to 5.54% for propionic acid and from28.46%
to 3.01 % for glyoxylic acid with the increased initial acid con-
centration. This may be explained by the saturation of adsorbent
surfaces.

Table 2. Effect of Amount of Adsorbents on the Adsorption

initial acid conc. equilibrium conc. Ce amount of adsorbed acid Qe percentage of removal acid T

acid g 3 L
�1 amount of adsorbent g 3 L

�1 mg 3 g
�1 % K

glyoxylic acid 105.86 0.2 97.5 209.00 7.89 298

105.86 0.4 97.9 99.50 7.51 298

105.86 0.6 96.6 77.17 8.74 298

105.86 0.8 93.2 79.13 11.95 298

105.86 1.0 93.0 64.30 12.14 298

105.86 1.2 90.5 64.00 14.50 298

105.86 1.4 89.2 59.5. 15.73 298

105.86 1.6 86.4 60.82 18.38 298

105.86 1.8 85.3 57.11 19.42 298

105.86 2.0 81.8 60.15 22.72 298

propionic acid 106.56 0.2 102.3 106.50 3.99 298

106.56 0.4 101.2 67.00 5.03 298

106.56 0.6 100.0 54.67 6.15 298

106.56 0.8 98.7 49.13 7.37 298

106.56 1.0 97.2 46.80 8.78 298

106.56 1.2 96.0 44.00 9.90 298

106.56 1.4 95.3 40.21 10.56 298

106.56 1.6 94.8 36.75 11.03 298

106.56 1.8 91.3 42.39 14.32 298

106.56 2.0 88.5 45.15 16.94 298

Table 3. Effect of Initial Acid Concentration on the Adsorption

initial acid conc. equilibrium conc. Ce amount of adsorbed acid Qe percentage of removal acid T

acid g 3 L
�1 amount of adsorbent g 3 L

�1 mg 3 g
�1 % K

glyoxylic acid 26.70 0.8 19.1 47.50 28.46 298

54.31 0.8 43.7 66.31 19.53 298

105.86 0.8 93.2 79.13 11.95 298

140.84 0.8 125.8 94.00 10.67 298

204.36 0.8 198.2 38.50 3.01 298

propionic acid 27.38 0.4 23.4 49.75 14.53 298

52.54 0.4 50.6 24.25 3.69 298

106.56 0.4 101.2 67.00 5.03 298

156.14 0.4 151.3 60.50 3.09 298

215.34 0.4 203.4 149.25 5.54 298
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Effect of Temperature. The adsorption effect was studied at
two different temperatures for stock acid solution and different
dosages of adsorbent mixtures. The temperatures which chosen
for this study are (298 and 308) K. As shown in Table 4 and
Figure 4, the adsorption efficiency of the adsorbent is decreased
with increasing temperature. So, it was understood that the
adsorbents have an exothermic nature, like the most of the
adsorption 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 generally
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.9 Langmuir, Freundlich, and
Temkin isotherms were applied to the experimental data in
this study.
Langmuir Isotherm. The Langmuir equation10�14

Qe ¼ KA 3Qmax 3Ce

1 + KA 3Ce
ð1Þ

Qmax denotes the maximum adsorbent uptake. Qe denotes the
experimental adsorbent uptake. KA is a coefficient. It is related to
the affinity between the adsorbent and the adsorbate. The values
of KA and Qmax are determined by the following equation to

which eq 2 is transformed.

Ce

Qe
¼ 1

QmaxKL
+

Ce

Qmax
ð2Þ

KL ¼ 1
KA

ð3Þ

The values of KL and Qmax are determined from the intercept
and slope of the straight line in Figure 5. Calculated parameters of
the Langmuir equation are presented in Table 5.
Freundlich Isotherm. The second isotherm was used in this

study is Freundlich isotherm.11,15

Qe ¼ Kf :C
1=n
e ð4Þ

A logarithmic plot linearizes the equation enabling the ex-
ponent n and the constant Kf to be determined,

log Qe ¼ log Kf + ð1=nÞlog Ce ð5Þ
The values of Kf and 1/n at different concentrations were

determined from the slope and intercept of the linear plots of log
Qe and logCe. Figure 6 shows the plots of Freundlich equilibrium
isotherms for propionic acid and glyoxylic acid adsorption.
Results of the Freundlich equation were presented in Table 5.
Temkin Isotherm. The Temkin isotherm contains a factor that

explicitly takes into the account adsorptive�adsorbent interac-

Figure 3. A plot of the effect of initial acid concentration on the
adsorption. 9, propionic acid; [, glyoxylic acid.

Table 4. Effect of Temperature on the Adsorption

initial acid conc. equilibrium conc. Ce amount of adsorbed acid Qe percentage of removal acid T

acid g 3 L
�1 amount of adsorbent g 3 L

�1 mg 3 g
�1 % K

glyoxylic acid 107.7 0.4 100 96.25 7.14 308

107.7 0.6 98.9 73.33 8.17 308

107.7 0.8 98.6 56.88 8.44 308

107.7 1 97.1 53.00 9.84 308

107.7 1.2 95.4 51.25 11.42 308

propionic acid 1.44 0.2 103.5 76.50 2.87 308

1.44 0.4 102.3 53.25 3.99 308

1.44 0.6 101.7 40.50 4.56 308

1.44 0.8 100.4 38.50 5.78 308

Figure 4. A plot of the effect of temperature on the adsorption.2, 25 �C,
glyoxylic acid;�, 35 �C, glyoxylic acid; (, 25 �C, propionic acid;9, 35 �C,
propionic acid.
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tions. This isotherm assumes that the heat of adsorption of all of
the molecules in the layer decreases linearly with coverage due to
adsorbent�adsorbate interactions and that the adsorption is
characterized by a uniform distribution of binding energies, up
to some maximum binding energy.8

qe ¼ RT
b

lnðKTCeÞ ð6Þ

Equation 6 can be linearized as,

qe ¼ B1 ln KT + B1 ln Ce ð7Þ
In eq 7,

B1 ¼ RT
b

ð8Þ

A plot of qe versus ln Ce enables the determination of the isotherm
constants B1 and KT from the slope and the intercept.8�15 Figure 7
shows the Temkin isotherm plots for both of acids, and isotherm
parameters are shown in Table 5.

The Langmuir isotherm gives good results with experimental
results for both acids, with R2 values of 0.983 for glyoxylic acid
and 0.988 for propionic acid. For this reason, Langmuir was
found to best represent the data for propionic and glyoxylic acid
adsorption onto alumina.
Kinetics. Surface diffusion has an extremely important role for

intraparticle diffusion in many cases of liquid-phase adsorption
systems. A number of studies on surface diffusion have been
carried out to elucidate the mechanism of surface diffusion and to
develop an estimation procedure of surface-diffusion coefficient.
The estimation of diffusion coefficient, however, is extremely
difficult because it varies to a high degree according to the
combination of adsorbates, adsorbents, and solvents. A strict
understanding of the surface-diffusion mechanism is essential for
the establishment of the estimation procedure of diffusion
coefficients. The dependence of this coefficient, on both tem-
perature and the amount adsorbed, q, can be investigated as

Table 5. Isotherm Parameters for the Adsorption of Propionic and Glyoxylic Acid onto Alumina

Langmuir Isotherm

glyoxylic acid propionic acid

Qmax KL Qmax KL

mg 3 g
�1 L 3 g

�1 R2 mg 3 g
�1 L 3 g

�1 R2

20000 0.0385 0.983 12500 0.2666 0.988

Freundlich Isotherm

glyoxylic acid propionic acid

Kf Kf

log Kf 1/n mg1�(1/n)
3 g

�1
3 L

�1/n n R2 log Kf 1/n mg1�(1/n)
3 g

�1
3 L

�1/n n R2

3.5441 0.3429 3500.26 2.916 0.984 1.7292 1.1532 53.60 0.867 0.872

Temkin Isotherm

glyoxylic acid propionic acid

B1 KT B1 KT

J 3mol�1 ln KT L 3 g
�1 R2 J 3mol�1 ln KT L 3 g

�1 R2

4612.9 �0.914 0.401 0.972 8151.3 �2.186 0.112 0.716

Figure 6. A plot of the Freundlich isotherm equation for the acid
adsorption onto alumina: 9, propionic acid; 2, glyoxylic acid.

Figure 5. A plot of the Langmuir isotherm equation for the acid
adsorption onto alumina. 9, propionic acid; 2, glyoxylic acid.
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characteristic features of surface diffusion.14�16 For the estima-
tion of the surface-diffusion coefficient, numerous diffusion
models are developed. The Weber�Morris intraparticle diffu-
sion model is one of them.

To determine the kinetics of adsorption of propionic and
glyoxylic acid onto alumina, pseudosecond-order, Weber�Morris
intraparticle diffusion model, and Elovich model were applied.
The Elovich Equation. The Elovich model equation15�17 is

generally expressed as:

dQ
dt

¼ R expð � β 3Q Þ ð9Þ

whereR is the initial adsorption rate (mg 3 g
�1

3min
�1) and β is the

desorption constant (g 3mg
�1) during any one experiment. To

simplify the Elovich equation, Rβt. t is assumed, and by applying
the boundary conditions Q = 0 at t = 0 and Q = Q at t = t the
equation becomes:

Q ¼ 1
β
lnðRβÞ + 1

β
lnðtÞ ð10Þ

Aplot of qt versus ln(t) should yield a linear relationshipwith a slope
of (1/β) and an intercept of (1/β) ln(Rβ) (Figure 8). The
constants are listed in Table 6.
Pseudosecond-Order Model.8�13 The equation for the pseu-

dosecond-order model is shown below.

dqt
dt

¼ ksðqe � qtÞ2 ð11Þ

In this equation, ks is the pseudosecond-order rate coefficient
(g 3mg�1

3min�1). If eq 11 is integrated, a linear equation is
obtained. This equation is shown as follows;

t
qt

¼ 1
ksqe2

+
1
qe
t ð12Þ

The initial sorption rate,Γ (mg 3 g
�1

3min
�1), at tf 0 is defined as;

Γ ¼ ksqe
2 ð13Þ

The values of ks and calculated qe are obtained from the slope of the
plot t/qt versus t. Γ and ks are obtained from the intercept. The

Figure 7. A plot of the Temkin isotherm equation for the acid
adsorption onto alumina. 9, propionic acid; [, glyoxylic acid.

Figure 8. A plot of the Elovich model equation for the acid adsorption
onto alumina. 9, propionic acid; [, glyoxylic acid.

Table 6. Kinetic Parameters for the Removal of Carboxylic Acids by Alumina

Elovich Model

propionic acid glyoxylic acid

R β R2 R β R2

438726.6 6 3 10
�4 0.854 3000 3.37 3 10

�4 0.908

Pseudosecond-Order Model

propionic acid glyoxylic acid

Qe,calc Γ Ks Qe,calc Γ Ks

mg 3 g
�1 mg 3 g

�1
3min

�1 g 3mg
�1

3min
�1 R2 mg 3 g

�1 mg 3 g
�1

3min�1 g 3mg�1
3min�1 R2

16949.15 7038.21 2.45 3 10
�5 0.99 15797.78 1012.14 4.05 3 10

�6 0.99

W-M Intraparticle Diffusion Model

propionic acid glyoxylic acid

kid I kid I

mg 3 g
�1

3min�1/2 mg 3 g
�1 R2 mg 3 g

�1
3min�1/2 mg 3 g

�1 R2

614.3 11083 0.967 755.41 5654.3 0.929



3307 dx.doi.org/10.1021/je2000765 |J. Chem. Eng. Data 2011, 56, 3301–3308

Journal of Chemical & Engineering Data ARTICLE

pseudosecond-order model parameters are shown in Table 6, and
plots of both acids can be seen from Figure 9.
Pseudosecond-order models were investigated for both of the

acids, calculated from linear regression. The correlation coeffi-
cients of pseudosecond-order model are approximate to unity.
The correlation coefficients are 0.99 for both. Therefore, the
adsorption of propionic acid and glyoxylic acid on alumina is
fitted to the pseudosecond-order kinetic model.
Weber and Morris Intraparticle Diffusion Model.8,16,17 Intra-

particle diffusion can be estimated by using the Weber�Morris
intraparticle diffusion model.

qt ¼ kidt
1=2 + I ð14Þ

In eq 14, kid is the intraparticle diffusion rate coefficient, and I gives
an idea about the thickness of the boundary layer. These values can
be found by a plot, qt versus t

1/2

. The slope is kid, and the intercept is I.
As seen in Figure 10, the straight lines deviate from the origin. The
difference between final mass transfer rate and initial mass transfer
rate may cause the deviations of straight lines. Also, this deviation
can show that the pore diffusion is not the only rate-controlling
step.8 I and kid values are shown in Table 6.

’CONCLUSIONS

In this study, the adsorption of propionic and glyoxylic acid on
alumina was investigated. The parameters which affect the

adsorption reaction were determined. The increase of the
amount of adsorbent is a positive effect (for propionic acid,
sorbent dose was increased from (0.2 to 2.0) g and the
percentage of removal of acid increased from (3.99 to 16.94) %);
the increase of the initial acid concentration is a negative effect,
and the increase of temperature is a negative effect. So, it is
understood that the adsorption reaction is an exothermic reac-
tion. Langmuir, Freundlich, and Temkin isotherms were applied
to the experimental data, and equilibrium data for the adsorption
of both of acid were represented by the Langmuir isotherm. This
result shows that, as the adsorption processes progress, mono-
layers form. Adsorption kinetics was found to follow a second-
order rate expression for propionic acid and glyoxylic acid. The
diffusion is not the only rate-controlling step.
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