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Abstract

Kinetics of adsorption of p-hydroxy benzoate and phthalate on hematite–electrolyte interface were investigated at a constant ionic strength,
I = 5×10−4 mol dm−3, pH 5 and at three different temperatures. The state of equilibrium for the adsorption of p-hydroxy benzoate onto hematite
surfaces was attained at 70 h, whereas it was 30 h for phthalate–hematite system. None of the three kinetics models (Bajpai, pseudo first order
and pseudo second order) is applicable in the entire experimental time period; however, the pseudo second order kinetics model is considered
to be better than the pseudo first order kinetics model in estimating the equilibrium concentration both the p-hydroxy benzoate–hematite and
phthalate–hematite systems. The variation of adsorption density of p-hydroxy benzoate and phthalate onto hematite surfaces as a function of
concentration of adsorbate was studied over pH range 5–9 at a constant ionic strength, I = 5 × 10−4 mol dm−3 and at constant temperature.
The adsorption isotherms for both the systems were Langmuir in nature and the maximum adsorption density (Γmax) of p-hydroxy benzoate is
∼1.5 times more than that of phthalate on hematite at pH 5 and 30 ◦C in spite of an additional carboxylic group at ortho position in phthalate. This
is due to the more surface area coverage by phthalate than that of p-hydroxy benzoate on hematite surface. The activation energy was calculated
using Arrhenius equation and the activation energy for adsorption of p-hydroxy benzoate at hematite–electrolyte interface is ∼1.8 times more
than that of phthalate–hematite system. The negative Gibbs free energy indicates that the adsorption of p-hydroxy benzoate and phthalate on
hematite surfaces is favourable. The FTIR spectra of p-hydroxy benzoate and phthalate after adsorption on hematite surfaces were recorded for
obtaining the bonding properties of adsorbates. The phenolic νC–O appears at ∼1271 cm−1 after adsorption of p-hydroxy benzoate on hematite
surfaces, which shifted by 10 cm−1 to higher frequency region. The phenolic group is not deprotonated and is not participating in the surface
complexation. The shifting of the νas(–COO−) and νs(–COO−) bands and non-dissolution of hematite suggest that the p-hydroxy benzoate and
phthalate form outer-sphere surface complex with hematite surfaces in the pH range of 5–7.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The adsorption studies of benzenecarboxylic acid at the
metal oxide– and (oxy)hydroxide–water interface have at-
tracted much attention due to its goechemical, environmen-
tal and industrial importance. The position of an additional
–COOH or –OH functional group or both in the benzenecar-
boxylic acid significantly influences the adsorption behav-
iour on the metal oxide surfaces in aqueous medium. Gu
et al. [1] and Evanko and Dzombak [2,3] studied the ad-
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sorption behaviour of benzenecarboxylic acids on metal ox-
ide surfaces and suggested possible surface complexation
through carboxylic and phenolic groups depending on the
functionality and polydispersibility of the respective ben-
zenecarboxylic acid. The results also showed that the ex-
tent of adsorption of benzenecarboxylic acids with differ-
ent functionalities on goethite surfaces in aqueous medium
was different. For example, the adsorption density of ben-
zenecarboxylic acids adsorbed on goethite surfaces under sim-
ilar experimental conditions are in the order of mellitic acid
(benzene hexacarboxylic acid) > pyromellitic acid (benzene-
1,2,4,5-tetracarboxylic acid) > trimellitic acid (benzene-1,2,4-
tricarboxylic acid) > phthalic acid (benzene-1,2-dicarboxylic
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acid) > benzoic acid (benzenecarboxylic acid) [2]. Similarly,
adsorption of phthalate, salicylate and p-hydroxy benzoate on
oxide surfaces showed that an adjacent –COOH group greatly
influences the adsorption density than that of –OH group at or-
tho or para position [1]. Das and Mahiuddin [4] also reported
higher adsorption density of benzenecarboxylate with an ad-
ditional –COO− at ortho position i.e. phthalate on α-alumina
surfaces and was ∼5 times more than benzoate at pH 6.

Gu et al. [1] investigated the adsorption of humic acid on the
iron oxide surfaces and reported that both carboxylic and hy-
droxyl groups are involved in surface complexation with iron
oxide surfaces. The adsorption behaviour of benzenecarboxylic
acid having an additional carboxylic or phenolic groups or
both on the metal oxide and oxy(hydroxy) surfaces also sug-
gests that the carboxylic group is relatively more active for
binding on the oxide surfaces at lower pH, whereas hydroxyl
group is relatively more important at higher pH [3,5]. How-
ever, these adsorption studies were discussed without kinet-
ics.

In the scope of adsorption studies, kinetics of adsorption is
found to be an important parameter [4,6,7], which yields the
equilibration time and is characteristic, not an arbitrary choice
as found in the literature, for an adsorbate–adsorbent system in
aqueous medium. The equilibration time is an essential para-
meter for subsequent adsorption isotherms.

The vibrational spectroscopy of the adsorbed benzenecar-
boxylic acids/anions on to oxide surfaces has attracted much
attention in the literature. The binding mode of benzenecar-
boxylate on the metal oxide surfaces depends on the number
and position of the functional groups, for example, the sur-
face complexation of phthalate with the iron oxide and iron
oxy(hydroxide) surfaces has been addressed by number of in-
vestigators using infrared spectroscopy [8–11]. Phthalate forms
inner and/or outer sphere complexes with goethite surfaces [12]
in contrast to inner-sphere surface complex with Fe(III)(aq)
through only one carboxylic group [8]. On the other hand,
p-hydroxy benzoate forms bidentate complexes with goethite
surfaces and phenolic group has no role in complexation [8].
Recent FTIR studies suggest that the outer-sphere complexes
of phthalate on the metal oxide surfaces were found to be pre-
dominant at higher pH and lower ionic strength, while inner-
sphere complexes are favoured only at lower pH and higher
ionic strength [10,12,13].

Further, the rate constant of the adsorption of benzenecar-
boxylate on the metal oxide surface depends on the functional-
ity of the adsorbate molecule. For example, the rate constant for
adsorption of phthalate on α-alumina surfaces is ∼2 times more
than that of benzoate on the same adsorbent [4]. Similarly, the
rate constant for adsorption of salicylate on the natural hematite
is ∼4 times greater than that of benzoate [6].

In this paper, a comparative adsorption kinetics at a fixed
pH, adsorption isotherms at different pH values, influence of
ionic strength on the adsorption and the mode of surface com-
plexation of phthalate and p-hydroxy benzoate, which bears
an additional –COOH and –OH group at ortho and para po-
sition, respectively, at hematite–electrolyte interface are dis-
cussed.
2. Materials and methods

2.1. Materials

Hematite (>99.7%, Aldrich, Germany) was used without
further purification and was reactivated at ∼120 ◦C before use.
p-Hydroxy benzoic acid (>99.5%, E. Merck, India), phthalic
acid (>99.5%, E. Merck, India), sodium hydroxide (>99.0%,
s.d. fine-chem, India), sodium chloride (AR grade, E. Merck,
India) and hydrochloric acid (AR grade, NICE Chemicals, In-
dia) were used without further purification. p-Hydroxy ben-
zoate and disodium phthalate were prepared from the reaction
of respective acids with sodium hydroxide maintaining pH 6
and 7.3, respectively.

2.2. Adsorbent

Fourier transform infrared (FTIR) (Model-2000, Perkin-
Elmer, USA) spectra, X-ray diffraction (XRD) (JDX11P3A,
JEOL, Japan) and differential thermal analysis (DTA) and
thermogravimetric analysis (TGA) (SDT 2960, TA Corpora-
tion, USA) of hematite were recorded. The surface area of
hematite was determined by BET method and was found to be
4.88 m2 g−1. The adsorption site concentration was determined
by following the procedure of Hohl and Stumm [14] and was
found to be TOT (≡FeOH) = 0.5166 mol dm−3 based on the
site density of 1.913 site nm−2.

2.3. Adsorption kinetics

The adsorption density of p-hydroxy benzoate and phtha-
late separately on hematite (0.5 g) in a 15 mL suspension at
pH 5 and ionic strength, I = 5 × 10−4 mol dm−3 NaCl in a
batch process was measured as a function of time at three dif-
ferent temperatures. The suspensions at different intervals of
time were cooled and centrifuged at 12500 rpm for 15 min
(relative centrifugal force = 28790 g). The residual concen-
tration of p-hydroxy benzoate and phthalate was estimated at
λmax = 246 and 273 nm (absorption maximum), respectively
with a UV–visible spectrophotometer, Specord 200 (Analytik-
jena, Germany). The amount of adsorbate adsorbed per unit
surface area of the adsorbent (adsorption density) was estimated
by mass balance using the following relation

(1)Γ = (C0 − Ce)V/ma,

where C0 and Ce are the initial and residual concentration in
mol dm−3 of the adsorbate in the suspension, V is the volume
of the suspension and m and a are the mass and surface area of
the adsorbent, respectively.

2.4. Adsorption isotherms

Adsorption of p-hydroxy benzoate and phthalate on the
hematite surfaces was carried out at 30 and 20 ◦C, respectively,
in a screw-capped glass tube. A suspension of 15 mL contain-
ing 0.5 g hematite and 5 × 10−4 mol dm−3 NaCl solution was
mixed thoroughly with the help of a vortex mixer. The pH of the
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suspension was adjusted to a desired value within ±0.1 unit us-
ing either NaOH or HCl solution and then allowed to equilibrate
for 1 h. The required amount of p-hydroxy benzoate or phtha-
late was added and the pH of the suspension was readjusted,
if necessary. The suspension was then allowed to equilibrate
with intermittent mixing for 70 and 30 h (duration of equi-
librium adsorption test for p-hydroxy benzoate and phthalate,
respectively). After the equilibration time is attained, the sus-
pension was then centrifuged and the residual concentration of
p-hydroxy benzoate and phthalate was estimated as outlined in
Section 2.3.

2.5. Dissolution of hematite

The influence of pH on the solubility of hematite in the
presence of p-hydroxy benzoate and phthalate at a fixed ionic
strength, I = 5 × 10−4 mol dm−3 NaCl and at 25 ◦C was stud-
ied. For the purpose, adsorption of p-hydroxy benzoate and
phthalate at different pH was carried out up to the respective
equilibration time as followed for adsorption isotherm. Af-
ter the equilibration time, the suspension was centrifuged and
the dissolved Fe3+ in the supernatant liquid was estimated by
atomic absorption spectrophotometer (AAanalyst-100 Perkin-
Elmer, USA) using iron flame and oxy-acetylene gases at a
wavelength of 248.3 nm.

2.6. FTIR spectroscopy

For FTIR spectroscopic studies 0.5 g of the hematite was
equilibrated with 5.3 × 10−3 mol dm−3 p-hydroxy benzoate
and 1 × 10−3 mol dm−3 phthalate at a desired pH maintaining
the ionic strength, I = 5 × 10−4 mol dm−3 NaCl following the
same procedure adopted for adsorption isotherms. The suspen-
sion was centrifuged and the residue was washed with distilled
water once, centrifuged and dried in a vacuum desiccator over
fused calcium chloride. The pellets were prepared using 2 mg
of the sample in 200 mg of spectrograde KBr. The FTIR spec-
tra with 4 cm−1 resolutions were recorded with a Perkin-Elmer
FTIR spectrophotometer, model 2000, using Spectrum 3.2 soft-
ware. In the mid infrared region, assignment and identification
of peaks after adsorption of p-hydroxy benzoate and phthalate
on hematite for symmetric and asymmetric –COO− and C–C of
aromatic ring vibrations are very difficult due to adsorption of
water. Thus, in the present study, we subtracted the references
FTIR spectra (hematite in KBr) from the spectra of the adsorbed
p-hydroxy benzoate and phthalate using spectrum software.

3. Results and discussion

3.1. Adsorbent

The FTIR spectra show a broad band at 3455 cm−1 corre-
sponding to the surface hydroxyl group on the hematite sur-
faces. The two bands at 548 and 475 cm−1 represent the
asymmetric and symmetric Fe–O stretching vibration [15]. The
d-values from the XRD pattern of hematite were found at 3.681,
2.694, 2.511, 2.201, 1.836, 1.692, 1.597, 1.483 and 1.448 Å,
which are in excellent agreement with the reported values [16].
The thermogram (DTA and TGA) of the hematite sample shows
that there is a very negligible change (∼0.2%) in the weight at
∼400 ◦C. The results show that the adsorbent used for the ad-
sorption studies contains purely hematite phase.

3.2. Kinetics of adsorption of p-hydroxy benzoate and
phthalate

The variation of adsorption density of p-hydroxy benzoate
and phthalate on hematite surfaces with time at pH 5, fixed ionic
strength, I = 5 × 10−4 mol dm−3 and at three different tem-
peratures is depicted in Figs. 1 and 2, respectively. The state
of adsorption equilibrium for adsorption of p-hydroxy ben-
zoate on hematite–water interface is attained at 70 h at 30 and
35 ◦C. But at 40 ◦C the adsorption density of p-hydroxy ben-
zoate on hematite surfaces increases up to 20 h and then it
becomes nearly constant with the elapse of time. In the case

Fig. 1. Effect of temperature on the adsorption of p-hydroxy benzoate on
hematite surfaces at fixed initial concentration of p-hydroxy benzoate: C0 =
5 × 10−4 mol dm−3, hematite = 0.5 g, I = 5 × 10−4 mol dm−3 NaCl, V =
15 mL, pH 5.0.

Fig. 2. Effect of temperature on the adsorption of phthalate on hematite surfaces
at fixed initial concentration of phthalate: C0 = 5 × 10−4 mol dm−3, hema-
tite = 0.5 g, I = 5 × 10−4 mol dm−3 NaCl, V = 15 mL, pH 5.0.
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Fig. 3. Plot of 1/Ct versus time for the adsorption of p-hydroxy benzoate on
the hematite surfaces at three different temperatures.

Fig. 4. Plot of 1/Ct versus time for the adsorption of phthalate on the hematite
surfaces at three different temperatures.

of phthalate–hematite system (Fig. 2) the state of adsorption
equilibrium is attained at 30 h within the temperature range
of study. The difference of the state of equilibrium for the
p-hydroxy benzoate–hematite and phthalate–hematite systems
is linked with the presence of different functional groups in two
adsorbates. The presence of an additional –COOH group in or-
tho position in phthalate reduces the state of equilibrium time.
An equilibration time, 70 and 30 h, was chosen for p-hydroxy
benzoate– and phthalate–hematite system, respectively.

The kinetics parameter and the rate constant for adsorption,
was estimated using the following kinetics models.

Bajpai [17] reported the following kinetics scheme based on
the Langmuir adsorption isotherm equation:

(2)1/Ct = k1t/C0 + 1/C0,

where C0 and Ct are the initial and the residual concentration
at time t = 0 and t , respectively, of the adsorbate, k1 is the rate
constant for adsorption. A plot of 1/Ct vs time is shown in
Figs. 3 and 4 for p-hydroxy benzoate and phthalate, respec-
tively at three different temperatures and the values of the fitted
parameters are presented in Table 1 along with the normalised
Fig. 5. Plot of log(Ceq − Cad) versus time for the adsorption of p-hydroxy
benzoate on the hematite surfaces at three different temperatures.

Fig. 6. Plot of log(Ceq − Cad) versus time for the adsorption of phthalate on
the hematite surfaces at three different temperatures.

root-mean squares deviation. The rate constant for adsorption
of p-hydroxy benzoate and phthalate on hematite surfaces in-
creases with the increase in temperature and k1 for phthalate–
hematite system is ∼4–9 times more than that of p-hydroxy
benzoate–hematite system.

For first order kinetics, simple Lagergren equation can be
used to evaluate the rate constant for adsorption [18]

(3)ln(Ceq − Cad) = lnCeq − k2t,

where Ceq and Cad are the concentration of adsorbate ad-
sorbed on oxide surfaces at equilibrium and at time t and k2
is the pseudo first order adsorption rate constant. The plot of
log(Ceq −Cad) vs t gives a straight line (Figs. 5 and 6) for p-hy-
droxy benzoate and phthalate, respectively and the rate constant
can be obtained from the slope of the line and presented in
Table 1. Generally, logCeq (experimental value) is not equal
to the intercept obtained from Eq. (3). This is the one of the
major drawbacks of the pseudo first order kinetics model. The
pseudo second order kinetics model (Eq. (4)) is also applica-
ble for explaining the adsorption kinetics [19–21] and applied
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Table 1
Values of the adsorption coefficient and the rate constants for p-hydroxy benzoate and phthalate adsorption on hematite surfaces

p-Hydroxy benzoate Phthalate

30 ◦C 35 ◦C 40 ◦C 20 ◦C 30 ◦C 40 ◦C

Bajpai kinetics model k1 (h−1) 2.29 × 10−3 2.77 × 10−3 1.03 × 10−2 1.62 × 10−2 2.09 × 10−2 3.94 × 10−2

RMSD (�Ct (%)) 0.48 1.77 1.95 2.35 2.72 1.97

Pseudo first order kinetics k2 (h−1) 0.0472 0.0545 0.2129 0.2025 0.2038 0.2833
RMSD (�Cad (%)) 13.20 4.23 8.88 0.43 1.35 0.86
Ceq (mmol dm−3) 0.0386 0.0703 0.0181 0.0383 0.0689 0.0432

Pseudo second order kinetics k3 (103 h−1 mol−1 dm3) 1.0429 2.7115 40.7850 3.386 15.290 229.75
RMSD (�Cad (%)) 18.24 31.42 27.95 9.64 32.28 5.81
Ceq (mmol dm−3) 0.0972 0.0769 0.0687 0.2893 0.2868 0.2826

Experimental Ceq (mmol dm−3) 0.0781 0.0813 0.07 0.2765 0.2863 0.2896

Adsorption coefficient Ks 0.534 0.390 0.328 37.04 25.25 20.96
Fig. 7. Plot of t/Cad versus time for the adsorption of p-hydroxy benzoate on
the hematite surfaces at three different temperatures.

to the present systems.

(4)t/Cad = 1/k3C
2
eq + (1/Ceq)t,

where Ceq and Cad are the concentration of adsorbate adsorbed
on oxide surfaces at equilibrium and at time t and k3 is the sec-
ond order rate constant. A plot of t/Cad vs t gives straight line
as shown in Figs. 7 and 8 for p-hydroxy benzoate and phtha-
late, respectively and the values of the fitted parameter are given
in Table 1. The rate constant for adsorption k3 for phthalate is
∼5–14 times greater than that of p-hydroxy benzoate at a fixed
temperature. A similar variation of rate constant was observed
for phthalate and benzoate adsorption at the α-alumina–water
interface [4].

The calculated values of the Ceq parameter obtained from the
pseudo first order kinetics model (Table 1) are not in agreement
(13.50–74.18% and 75.93–86.1% deviation for p-hydroxy ben-
zoate and phthalate, respectively) with that of experimentally
obtained. This is one of the major discrepancies of the pseudo
first order. The calculated values of the Ceq parameter from
the pseudo second order kinetics models are in good agreement
with experimentally obtained (1.8–24.45% and 0.17–4.6% de-
viation for p-hydroxy benzoate and phthalate, respectively).
Fig. 8. Plot of t/Cad versus time for the adsorption of phthalate on the hematite
surfaces at three different temperatures.

The results show that none of the three kinetics models is com-
pletely applicable in the entire time period of the kinetics run
for both the systems. It seems that the Bajpai equation (Eq. (2))
is not applicable since it does not produce equilibration plateau.
On the other hand, the pseudo first and second order models
have application limitation at initial and final stage of the ki-
netics process [22]. Pseudo first order kinetics model fits the
kinetics data better than the pseudo second order kinetics model
in the initial stage of adsorption kinetics but higher deviation in
the calculated equilibrium concentration was noted (Table 1),
which is better reproduced by the pseudo second order kinetics
model.

Adsorption of an adsorbate on an adsorbent is controlled by
one or more steps, e.g., external diffusion, pore diffusion, sur-
face diffusion and adsorption on pore surface or a combination
of more than one step. The intra particle diffusion can be ex-
plained with the following equation [23,24].

(5)Cad = kidt
1/2,

where kid is the intra particle diffusion rate constant. A straight
line of the plot of Cad vs t1/2 implies that the adsorption process
is intra particle diffusion, but a multilinear plot suggests in-
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Table 2
Values of the intra-particle diffusion and liquid film diffusion rate constants for p-hydroxy benzoate and phthalate adsorption on hematite surfaces

p-Hydroxy benzoate Phthalate

30 ◦C 35 ◦C 40 ◦C 20 ◦C 30 ◦C 40 ◦C

Intra-particle diffusion kid (10−3 mol dm−3 h−0.5) 0.0097 0.0052 0.0082 0.0128 0.0152 0.0146
R2 0.992 0.991 0.927 0.924 0.953 0.942
Intercepts 0.019 0.039 0.044 0.229 0.221 0.244

Liquid film diffusion kfd (h−1) 0.0472 0.0506 0.1856 0.2028 0.2039 0.2873
R2 0.996 0.976 0.967 0.999 0.979 0.996
Intercepts −0.704 −0.190 −1.547 −1.976 −1.424 −1.903
Fig. 9. Adsorption isotherms of p-hydroxy benzoate onto hematite at different
pH, fixed I = 5 × 10−4 mol dm−3 NaCl, hematite = 0.5 g, V = 15 mL and
at 30 ◦C. Symbols are experimental and the solid lines represent the theoreti-
cal value (Eq. (7)), respectively. The data points represent triplicate adsorption
experiments.

volvement of two or more steps in the adsorption process. The
values of the parameter of Eq. (5) are given in Table 2.

The diffusion of adsorbate on the adsorbent surfaces can also
be explained by the liquid film diffusion model [25]

(6)ln(1 − F) = −kfdt,

where F is the fractional attainment of equilibrium (F =
Cad/Ceq) and kfd is the adsorption rate constant. A linear plot of
− ln(1 − F) vs t implies that the kinetics of adsorption process
is controlled by diffusion.

The estimated value of the kid and intercept is presented in
Table 2. The nonzero value of intercept implies that the straight
line is deviated from the origin for both the systems. This may
be due to the difference in the rate of adsorption in the initial
and final stage. Similarly, the nonzero intercept of Eq. (6) indi-
cates that the liquid film diffusion model has limited application
and none of the diffusion models is absolutely applicable due to
heterogeneity of hematite.

3.3. Adsorption isotherms

The variation of adsorption density of p-hydroxy benzoate
and phthalate at the hematite–electrolyte interface with dif-
ferent concentrations of adsorbate at a fixed ionic strength,
Fig. 10. Adsorption isotherms of phthalate onto hematite at different pH, fixed
I = 5 × 10−4 mol dm−3 NaCl, hematite = 0.5 g, V = 15 mL and at 20 ◦C.
Symbols are experimental and the solid lines represent the theoretical value
(Eq. (7)), respectively. The data points represent triplicate adsorption experi-
ments.

Fig. 11. Adsorption isotherm of p-hydroxy benzoate onto the hematite at 30 ◦C
(!), 35 (�) and 40 ◦C (Q). Hematite = 0.5 g, I = 5 × 10−4 mol dm−3 NaCl,
V = 15 mL, pH 5.

I = 5 × 10−4 mol dm−3 NaCl, different pH at 30 and 20 ◦C, re-
spectively are Langmuir in nature (Figs. 9 and 10, respectively).
Adsorption isotherms for both the systems at three different
temperatures are also depicted in Figs. 11 and 12. The Lang-
muir adsorption isotherm equation of the following form was
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Fig. 12. Adsorption isotherm of phthalate on the hematite at 20 ◦C (1),
30 ◦C (Q) and 40 ◦C (!); hematite = 0.5 g, I = 5 × 10−4 mol dm−3 NaCl,
V = 15 mL, pH 5.

Table 3
Values of the parameters of Langmuir equation (7) as function of pH for p-hy-
droxy benzoate and phthalate adsorption on hematite surfaces

Langmuir
parameters

pH

5 6 7 8 9

p-Hydroxy benzoate
Γmax (µmol m−2) 2.927 2.523 0.654
Ks 0.534 0.107 0.131
Standard deviation 0.125 0.071 0.091

Phthalate
Γmax (µmol m−2) 1.878 1.336 0.876 0.427 0.170
Ks 37.037 69.396 400.0 526.310 70.922
Standard deviation 0.243 0.353 0.221 0.075 0.046

used to fit the experimental adsorption data:

(7)Γ = ΓmaxCe/(K + Ce),

where Ce is the equilibrium concentration of adsorbate in
mmol dm−3, K = 1/Ks, Ks is the adsorption coefficient and Γ

and Γmax are the concentration of the adsorbate in µmol m−2

at equilibrium and after saturation of the hematite surfaces,
respectively. The value of Γmax and Ks are presented in Ta-
ble 3 and of the Ks at three different temperatures in Table 1.
The adsorption density at saturation (Γmax) of p-hydroxy ben-
zoate onto hematite is ∼1.6 times more than that of phthalate
at 30 ◦C and pH 5 in spite of the fact the phthalate has an ad-
ditional –COOH group at ortho position, which enhances the
adsorption density. The probable reason is due to the higher
surface site coverage by phthalate than the p-hydroxy ben-
zoate. Tejedor-Tejedor et al. [8] reported the Langmuir type
adsorption isotherms for p-hydroxy benzoate and phthalate on
goethite surface and the Γmax of p-hydroxy benzoate is higher
(∼1.6 times) in comparison to phthalate at 20 ◦C. Similarly,
Γmax for salicylate (with an additional –OH group at ortho
position) on γ -Al2O3 surface at pH 4.3 is reported higher
(∼1 mol kg−1) than that of phthalate in spite of an additional
–COOH group in the latter [5]. An alternative approach for find-
Fig. 13. Effect of pH on Γmax.

ing the influence of –COOH over –OH group on adsorption is
to consider isoequilibrium concentration for these systems at a
particular temperature. In that case, the adsorption density, Γ of
p-hydroxy benzoate and phthalate on the hematite surfaces at
an equilibrium concentration of 0.5 mmol dm−3 is found to be
0.7 (Fig. 11) and 1.85 µmol dm−3 (Fig. 12), respectively at pH 5
and 30 ◦C. So, the presence of an adjacent –COOH group at
ortho position in phthalate enhances the adsorption density on
hematite surfaces than p-hydroxy benzoate under similar con-
dition, is justified.

The variation of Γmax with pH for p-hydroxy benzoate– and
phthalate–hematite systems is depicted in Fig. 13. The Γmax of
p-hydroxy benzoate and phthalate decreases with the increase
in pH. In the case of p-hydroxy benzoate–hematite system,
the adsorption density decreases up to pH 7 but no adsorp-
tion occurs at pH 8 and 9. The adsorption results (Fig. 13)
imply that the –COO− in phthalate might be forming hydro-
gen bonding with surface hydroxyl groups of hematite whereas,
for p-hydroxy benzoate, the adsorption density at pH 8 and
beyond is zero as expected. The second carboxylic group of
phthalate ionised at pH 7.3, which participates in the adsorp-
tion process by forming surface complexes with the hematite
surfaces at pH 8 and 9. The results imply that the presence of
adjacent –COOH group on phthalate exhibits the adsorption at
pH 8 and 9 whereas –OH group in p-hydroxy benzoate does
not participate in surface complexation on hematite surfaces at
pH 8 and 9.

3.4. Variation of ionic strength

The variation of adsorption density of p-hydroxy benzoate
and phthalate onto hematite surfaces with the increase in con-
centration of background electrolyte, NaCl at different pH and
30 and 20 ◦C, respectively is depicted in Figs. 14 and 15, re-
spectively.

The adsorption density of p-hydroxy benzoate decrease lin-
early with the increase of ionic strength at pH 5 (Fig. 14).
At pH 6, ionic strength has no influence on the adsorption
of p-hydroxy benzoate. But at pH 7 adsorption of p-hy-
droxy benzoate on hematite surfaces is very small up to I =
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Fig. 14. Variation of adsorption density of p-hydroxy benzoate on hematite with
ionic strength at different pH values and 30 ◦C, C0 = 5.3 × 10−3 mol dm−3,
hematite = 0.5 g and V = 15 mL.

Fig. 15. Variation of adsorption density of phthalate on hematite with ionic
strength at different pH values and 20 ◦C, C0 = 5 × 10−4 mol dm−3, hema-
tite = 0.5 g and V = 15 mL.

∼4 mmol dm−3 and beyond no adsorption is detected. It is ev-
ident that the adsorption of p-hydroxy benzoate on hematite
surface is influenced by ionic strength only at pH = 5 of the
medium. In phthalate–hematite system the ionic strength of
the medium has, roughly, no influence on adsorption density.
The influence of ionic strength on the adsorption of p-hydroxy
benzoate on the hematite surfaces at pH 5 is due to increased
distribution of chloride ion near the surface of hematite result
in the decrease in thickness of the double layer [26].

3.5. Thermodynamic parameters

The activation energy for adsorption (E) of p-hydroxy ben-
zoate and phthalate on hematite surface was estimated using
Arrhenius equation, k3 = Ae−E/RT , where k3 is the pseudo sec-
ond rate constant for adsorption (Table 1), A is the frequency
factor, R is the gas constant and T is temperature in Kelvin and
the estimated values are listed in Table 4.
Table 4
Values of the thermodynamic parameters for adsorption of p-hydroxy benzoate
and phthalate on hematite surfaces at pH 5

Tempera-
ture (K)

E

(kJ mol−1)
�H

(kJ mol−1)
�G

(kJ mol−1)
�S

(J mol−1 k−1)

p-Hydroxy benzoate
303.15 −1.58 129.1
308.15 286.8 −40.7 −2.41 124.3
313.15 −2.90 120.7

Phthalate
293.15 −8.81 44.9
303.15 161.2 −22.0 −8.14 45.6
313.15 −7.92 44.8

The Gibbs free energy (�G) of adsorption was estimated
by the equation �G = −RT lnKs, where Ks is the adsorp-
tion coefficient. The enthalpy (�H ) value was obtained from
the slope of the plot of lnKs vs 1/T and entropy of the ad-
sorption process was calculated by using the equation �G =
�H − T �S. It is apparent from Table 4 that the negative �H

is an evident for the exothermic adsorption of p-hydroxy ben-
zoate and phthalate on hematite surfaces. The activation energy
for adsorption of p-hydroxy benzoate onto hematite surfaces is
∼1.8 times higher than that of phthalate. The Gibbs free energy
for both adsorbates is negative, which is more for phthalate–
hematite. It is evident from the thermodynamic data that the
adsorption of phthalate on hematite surfaces is more favourable
than the p-hydroxy benzoate.

3.6. Dissolution of hematite surfaces

The concentration of Fe3+ in the supernatant liquid after
treating with p-hydroxy benzoate and phthalate at two different
concentrations as a function of pH is shown in Fig. 16. There is
no detectable Fe3+ in the supernatant liquid in the pH range 4–
9 with both p-hydroxy benzoate and phthalate. For p-hydroxy
benzoate at pH 2 and 3 the concentration of Fe3+ are found to
be 1.06 and 0.09 ppm at 0.01 mol dm−3 and 0.88 and 0.09 ppm
at 5.3 × 10−3 mol dm−3, respectively. On the other hand, the

Fig. 16. Dissolution of hematite in presences of p-hydroxy benzoate and phtha-
late with pH at fixed ionic strength, I = 5 × 10−4 mol dm−3 and at 25 ◦C.
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concentration of Fe3+ in the presence of 1 × 10−3 mol dm−3

and 5 × 10−4 mol dm−3 phthalate is found to be 1.50 and
0.61 ppm, respectively at pH 2. It is apparent from Fig. 16
that the dissolution of hematite increases with the increase of
the concentration of p-hydroxy benzoate and phthalate at pH 5.
Reported studies showed that the dissolution of minerals (alu-
minium and iron oxides and oxy (hydroxides)) was due to the
formation of inner-sphere, bidentate, mononuclear complexes
by low molecular weight organic acids/anions [27,28]. In the
present study the absence of dissolution of hematite in pres-
ence of p-hydroxy benzoate and phthalate in the pH range 4–9
envisages the formation of outer-sphere complexes and will be
discussed in the subsequent section.

3.7. FTIR spectra

The FTIR spectra of p-hydroxy benzoate and phthalate and
their difference spectra after their adsorption on hematite sur-
faces at different pH are discussed in the subsequent section.

3.7.1. p-Hydroxy benzoate
The FTIR spectra of p-hydroxy benzoate (Fig. 17, inset) ex-

hibit the peaks at 1542, 1416 and 1261 cm−1 (Table 5), which
are assigned to νas(–COO−), νs(–COO−) and νC–O (between
aromatic carbon and phenolic oxygen). The peak at 1611 cm−1

is assigned for νC–C (aromatic ring) and all peaks are in good
agreement with the literature [29].

3.7.2. p-Hydroxy benzoate on hematite
The FTIR spectra of p-hydroxy benzoate after adsorption

on the hematite surface at pH 5 and 7 are depicted in Fig. 17.
The characteristic peak frequency of p-hydroxy benzoate and
after adsorption on hematite surfaces are presented in Table 5.
The characteristic band of νas(–COO−) and νs(–COO−) for the
p-hydroxy benzoate after adsorption on the hematite surfaces
Table 5
Characteristic peak frequencies of p-hydroxy benzoate and after adsorption on
hematite surfaces

Mode ν (cm−1)

p-Hydroxy benzoate pH 5 pH 7

νs(–COO−) 1416 1408 1409
νas(–COO−) 1542 1507 1506
νC–C(ring) 1611 1604 1600
νC–O(>C–OH) 1261 1271 1273

are found at 1507 and 1408 cm−1 and 1506 and 1409 cm−1 at
pH 5 and 7, respectively. The peak at 1604 and 1600 cm−1 for
pH 5 and 7, respectively, is assigned to νC–C (aromatic ring).
The shifting of the peak frequency for νC–C by ∼7 cm−1 to
lower frequency region w.r.t. 1611 cm−1 (νC–C (aromatic ring)
for ligand) is due to the change of π electron density of p-hy-
droxy benzoate on adsorption on the hematite surfaces. The �ν

value (�ν = νas − νs of –COO−) is found to be ∼100 cm−1 at
pH 5 and 7, respectively, which is ∼28 cm−1 smaller than the
uncomplexed p-hydroxy benzoate.

Dobson and McQuillan [30] reported that the carboxylic
group is co-ordinated by three different modes with metal oxide
surfaces depending on the separation between the carboxylate
asymmetric and symmetric stretching adsorption band (�ν).
The band separation is generally taken for assigning different
binding modes, e.g., 350–500 cm−1 for monodentate binding,
150–180 cm−1 for bridging and 60–100 cm−1 for chelating.
So, the �ν (∼100 cm−1) suggests that the p-hydroxy ben-
zoate should form a chelating bidentate surface complex with
hematite surfaces at pH 5 and 7. On the contrary, taking �ν as
a tool for assigning surface complexation for benzenecarboxy-
late on metal oxide surfaces is being questioned [9]. p-Hydroxy
benzoate forms a bidentate binuclear complexes with Fe(III)
in solution, which is assigned considering the shifting of νs

(–COO−) band [8]. In the present system the phenolic νC–O
Fig. 17. FTIR difference spectra of p-hydroxy benzoate after adsorption on the hematite at two different pH values (Inset: FTIR spectra of p-hydroxy benzoate).
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appears at 1271 and 1273 cm−1 at pH 5 and 7, respectively,
which are resembled with the reported band frequency [8]. The
small shifting of the band frequency (∼10 cm−1) of the phe-
nolic stretching may be due to the co-ordination of p-hydroxy
benzoate with hematite surface. Yost et al. [31] suggested that
deprotonation of phenolic oxygen is possible if the shifting of
νC–O is ∼30 cm−1 in the higher frequency range. Therefore, the
hydroxyl group of p-hydroxy benzoate is not interacting with
the hematite surfaces because of it unfavourable steric arrange-
ment.

Further, νas(–COO−) is shifted by ∼35 towards lower fre-
quency region, which is accounted for the chemisorption of
p-hydroxy benzoate on the hematite surfaces [30]. A similar
complexation is evident from the shifting of νas(–COO−) for
salicylate adsorbed on goethite [32]. The shifting of νas(–COO−)
band and non-dissolution of hematite imply that p-hydroxy
benzoate forms outer-sphere complexes with the hematite sur-
faces.

3.7.3. Phthalate
The FTIR spectra of phthalate (Fig. 18, inset) and the charac-

teristic peak are presented in Table 6. The peaks at 1609, 1486
and 1441 cm−1 are due to νC–C (aromatic ring) vibrations. Two
equivalent carboxylate groups are identified for two symmet-
ric (νs) bands at 1388 and 1418 cm−1 and two asymmetric

Fig. 18. FTIR difference spectra of phthalate after adsorption on the hematite at
pH 5 and 6 (Inset: FTIR spectra of phthalate).

Table 6
Characteristic peak frequencies of phthalate and after adsorption on hematite
surface

Mode ν (cm−1)

Phthalate pH 5 pH 6

νs(–COO−) 1388 1410 1410
1418

νas(–COO−) 1552 1554 1539
1576 1586

νC–C(ring) 1609 1608
1486 1489 1495
1441 1456
bands at 1552 and 1576 cm−1 [13]. The bands at 1085 and
1147 cm−1 are assigned for δ(C–H). The band at ∼1704 cm−1

due to ν(C=O) is absent for phthalate. But a small peak is ob-
served at 1290 cm−1 for νC–O.

3.7.4. Phthalate on hematite
The FTIR spectra of phthalate after adsorption on the

hematite surfaces at pH 5 and 6 are depicted in Fig. 18. The
characteristic peak frequency of νas(–COO−), νs(–COO−) and
νC–C (between aromatic ring and –COO−) of phthalate after
adsorption on hematite surface at pH 5 and 6 are presented in
Table 6. The peak frequency of νas(–COO−) and νs(–COO−)
after adsorption of phthalate on hematite surface appears at
1586 and 1410 cm−1 at pH 5 and 1539 and 1410 cm−1 at pH 6.
The band at ∼1608, ∼1495, ∼1489, ∼1456 cm−1 are assigned
for νC–C (ring).

The surface complexation of mono carboxylic acid with
aqua metal ion can be assigned on the basis of difference
between the asymmetric and symmetric stretching frequency
(�ν) [8,31]. The mode of mixing between –COO− and aro-
matic ring vibration are highly probable in case of aromatic
dicarboxylic acid. Moreover, the intramolecular vibrational in-
teraction and the co-ordination will affect the splitting and po-
sition of –COO− band. Therefore, the magnitude of �ν has not
been considered in phthalate–hematite system for the identifi-
cation of complexes for phthalate on hematite system.

Nordin et al. [13] proposed the outer- and inner-sphere sur-
face complexes considering the shifting of νs(–COO−) by ∼20
and ∼46 cm−1 to the high frequency region, respectively, and
also the relative intensity change of symmetric band frequency
in 1405 and 1422 cm−1 with increasing the ionic strength. It is
reported data that inner-sphere complex is predominant at lower
pH and higher ionic strength and the outer-sphere complex is
favourable at higher pH and at lower ionic strength. In the
present phthalate–hematite system the shifting of νs(–COO−)
is found to be ∼25 cm−1 at two pH, which favours the outer-
sphere complexation. Johnson et al. [27] and Stumm [28] re-
ported that the surface complexation formed by small organic
anions on the oxide surfaces in an inner-sphere manner en-
hances the dissolution of oxide minerals. It is evident from
the dissolution experiment in the present studies that there is
no detectable Fe3+ in the supernatant liquid in the pH range
3–10. Therefore, based on the shifting of νs(–COO−) and non-
dissolution behaviour of hematite, phthalate forms outer-sphere
complexes with hematite surfaces at pH 5 and 6.

4. Conclusions

With the above results following conclusions are drawn:

(1) The state of equilibrium in the case of p-hydroxy ben-
zoate adsorbed on hematite surfaces at pH 5 in presence of
5 × 10−4 mol dm−3 NaCl is attained at 70 h, whereas, time
required for the state of equilibrium for phthalate–hematite
system under similar condition is 30 h at 30 ◦C. In the
present system none of the three kinetics models (Bajpai,
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pseudo first order and pseudo second order) is applicable in
the entire experimental time period and temperature range.

(2) Adsorption density of p-hydroxy benzoate onto the hema-
tite surfaces is ∼1.6 times more than that of phthalate at pH
5 and at 30 ◦C. The result is due to more surface site cov-
erage by phthalate on hematite surface than of p-hydroxy
benzoate.

(3) The maximum adsorption density, Γmax, for p-hydroxy
benzoate–hematite system decreases with the increase in
pH and becomes zero at pH 8. In the case of phthalate–
hematite system, Γmax decreases up to the pH 9. The results
are linked with ionisation of second and adjacent –COOH
group, which participates in the adsorption by forming sur-
face complexes with the hematite surfaces.

(4) The ionic strength has no influence on the adsorption of
p-hydroxy benzoate and phthalate on hematite surface ex-
cept at pH 5 for phthalate–hematite system.

(5) Activation energy for adsorption of phthalate on hematite is
∼ 1.8 times less than that of p-hydroxy benzoate–hematite
system and the Gibbs free energy indicates that the adsorp-
tion of phthalate is more favourable on hematite than of
p-hydroxy benzoate.

(6) The shifting of νas(–COO−) and νs(–COO−) after ad-
sorption of p-hydroxy benzoate and phthalate and non-
dissolution of hematite suggest that both p-hydroxy ben-
zoate and phthalate form outer-sphere complexes with
hematite surfaces in the pH range 5–7.
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