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a  b  s  t  r  a  c  t

Adsorption  kinetics  and  isotherms  and  the surface  complexation  of  3,4-dihydroxybenzoic  acid  (3,4-
DHBA)  and  catechol  at the  �-alumina/electrolyte  interface  were  investigated.  The  state  of  equilibrium
for  adsorption  of  3,4-DHBA  onto  �-alumina  surface  at pH  5  was attained  at  120  min,  whereas  it was
90  min  for catechol,  but at  pH  10  the state  of  equilibrium  for the  both  the  systems  was  same  (∼60 min).
The  pseudo-second-order  kinetic  equation  of  nonlinear  form  (Eq.  (3))  fits  the  experimental  kinetic  data
significantly  better  than  the  linear  form  (Eq.  (2))  in  the  entire  time  duration.  The  adsorption  density  of
3,4-DHBA  onto  the  �-alumina  surfaces  at pH  10 and  at similar  experimental  conditions  is  equivalent
to  catechol.  DRIFT  spectra  indicate  that  3,4-DHBA  forms  both  outer-  and  inner-sphere  complexes  and
catechol  forms  bidentate  mononuclear  complex  with  the  �-alumina  surface.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Polyhydroxybenzoic acids are important components in the
aquatic eco-system [1,2] and are responsible for a variety of pro-
cesses that take place in the biosphere including accessibility
of micronutrients for plants and several environmentally impor-
tant geochemical processes such as mineral dissolution, metal-ion
sequestration, redox reaction, pH buffering and stability of mineral
colloids [3–6]. Dihydroxybenzoic acids (DHBAs) are produced by
degradation of vegetative matters [7,8], they are used as impor-
tant intermediates of many industrial synthetic processes [9,10]
and are equally undesirable as pollutants in the biosphere, e.g., 2,3-
DHBA, 3,4-DHBA, and 2,5-DHBA are major organic pollutants in the
agro-industrial waste water [11,12]. On the other hand, phenolic
compounds such as catechol and its derivatives are distributed in
aquatic environment contributed by industrial effluent from tex-
tile, petrochemical refinery, pharmaceutical and industries [11].

The adsorption of phenolic acid and its analogues onto metal-
oxide and oxy(hydroxide) minerals through the polar –COOH
and/or phenolic –OH functional groups has been reported in the
literature [13–18].  Parenthetically we remark that the adsorption
and surface complexation of DHBAs onto metal oxide surfaces pri-
marily depend on the pH of the suspension [19,20] and the position
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and numbers of ionizable polar functional groups. The position of
phenolic –OH group either in ortho or para or both positions in
DHBA is likely to increase the electron density within the benzene
ring and –COO− due to strong electron resonating and the induc-
tive effects resulting in significant increase in adsorption density
of the DHBA onto the mineral surface [13,18,21].  Further, at alka-
line pH the phenolic –OH groups in DHBA, one of them either in
ortho or para position, are also participate in adsorption process.
The adsorption of DHBA onto mineral oxide at acidic pH is primar-
ily through the –COOH and at alkaline pH through the phenolic –OH
group(s) [13].

Results showed that the position of the –COOH groups in ben-
zenetricarboxylic acids is one of governing factors for different
adsorption densities at a fixed pH onto an adsorbent [14,18,21].
Note that no correlation could be established between the adsorp-
tion density and the pKa for benzenetricarboxylic acids. On the
other hand, the DHBAs exhibit quite interesting variation of adsorp-
tion density and the summarized results are: (i) the phenolic –OH
group(s) increases the interaction of –COO− causing higher adsorp-
tion density, (ii) phenolic –OH group at ortho position is important
at acidic pH while for alkaline pH the adjacent phenolic –OH groups
primarily govern the adsorption density [13]. Further, Guan et al.
[13] showed that the magnitude of the adsorption density of DHBAs
has significant correlation with their first pKa, which was not fol-
lowed for the benzenetricarboxylic acids. This relationship was
observed at pH 6. Now question arises, is the correlation (adsorp-
tion density vs. pKa) followed for DHBAs at alkaline pH, since the
phenolic –OH groups are deprotonated and 3,4-DHBA is likely to
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behave like catechol [18]. Further, no detailed adsorption isotherms
for 3,4-DHBA onto any adsorbent are reported in a wide pH range.
Parenthetically we note that the adsorption profile of 3,4-DHBA
would be different at acidic and alkaline pH.

In this paper, a comparative adsorption behaviour of 3,4-DHBA
and catechol onto �-alumina surface are presented. The reason
for incorporation of catechol in the present study is to examine
the increase in adsorption density of 3,4-DHBA at alkaline pH and
to compare their adsorption behaviour. We  discussed adsorption
kinetics at a fixed pH, the adsorption isotherms at different pH
and the surface complexations of 3,4-DHBA and catechol onto �-
alumina surfaces.

2. Materials and methods

2.1. Materials

Alumina (>99%, Aldrich, Germany) was washed twice with dou-
ble distilled water, dried and desiccated over calcium chloride
(>95%, s.d. fine-chem, India). The surface area of the �-alumina is
7.29 m2 g−1, determined by the BET method. 3,4-DHBA (>97%, Lan-
caster, UK) and catechol (>99%, Himedia, India), sodium hydroxide
(>99%, s.d. fine-chem, India), hydrochloric acid (A.R. grade, NICE
chemicals, India), and sodium hydroxide (A.R. grade, Merck, India)
were used without further purification.

2.2. Adsorption kinetics

Adsorption kinetics of 3,4-DHBA and catechol onto �-alumina
(0.5 g) in a 15 mL  suspension were performed by batch process at pH
5 and four temperatures viz., 288.15, 298.15, 303.15 and 313.15 K.
The initial concentrations of 3,4-DHBA and catechol and other
experimental conditions are noted in the respective figure captions.
A series of the suspensions containing �-alumina in the presence of
0.05 mM  NaCl(aq) were thoroughly mixed by using a vortex mixer
and equilibrated for one hour in a shaking water bath (LT-10F,
Titec, Japan) maintained at a desired temperature with constant
shaking and then desired amount of an adsorbate was added. The
suspension was filtered through a membrane of 0.2 �m pore size
at different intervals of time. The residual concentration of 3,4-
DHBA and catechol was estimated at the corresponding absorption
maxima, �max, 249 and 192.2 nm,  respectively with an UV–visible
spectrophotometer, Specord 200 (Analytic Jena, Germany). The
adsorption density, � , of an adsorbate was estimated by following
mass balance equation:

� = (C0 − Ce)V
ma

(1)

where C0 and Ce are the initial and residual concentration (mM)  of
an adsorbate in the suspension, V is the total volume of the suspen-
sion taken, m and a are the mass and surface area of the adsorbent,
respectively.

2.3. Adsorption isotherms

A suspension of 15 mL  containing 0.5 g �-alumina and 0.05 mM
NaCl in a screw-capped glass tube was mixed thoroughly with
the help of a vortex mixer. The desired pH of the suspension was
adjusted by adding either dilute NaOH or HCl solution using a pH
meter (Systronics, India) and equilibrated for 1 h at 298.15 K in a
shaking water bath. The required amount of adsorbate (3,4-DHBA
or catechol) solution was added and the pH of the suspension was
readjusted, if necessary. After the reaction period elapsed (adsorp-
tion equilibration time = 2 h) the suspension was  filtered through a
membrane of 0.2 �m pore size and the residual concentration was
estimated as noted in the previous section.
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Fig. 1. Effect of temperature on the adsorption kinetics of (a) 3,4-DHBA onto �-
alumina surface at a fixed initial concentration: C0 = 0.25 mM,  �-alumina = 0.5 g,
NaCl(aq) = 0.05 mM,  V = 15 mL,  and pH 5 and 10 and (b) catechol onto �-alumina
surface at a fixed initial concentration of catechol: C0 = 0.05 mM,  �-alumina = 0.5 g,
NaCl(aq) = 0.05 mM,  V = 15 mL,  and pH 5. Symbols are experimental and solid lines
are the theoretical value (Eq. (3)). The data points represent triplicate adsorption
kinetics experiments. For fitting of the experimental data to Eq. (3) unit of qt was
taken into account. Molecular structures of 3,4-DHBA and catechol are shown in the
respective plots.

2.4. Diffuse reflectance infrared Fourier transform spectra (DRIFT)

For DRIFT spectra, 0.5 g �-alumina was equilibrated with 1 mM
3,4-DHBA and catechol, respectively, in the presence of 0.05 mM
NaCl(aq) for 2 h at different pH 5–10 and 298.15 K. The suspension
were filtered and washed once with double distilled water. The
adsorbent was  dried in a vacuum desiccator over fused calcium
chloride. The DRIFT spectra were recorded with a FTIR-Spectrum-
100 (PerkinElmer, USA) with a resolution of 4 cm−1.

3. Results and discussion

3.1. Adsorption kinetics

The adsorption densities, � (�mol  m−2), of 3,4-DHBA and cat-
echol onto �-alumina surfaces at pH 5 as a function of time in the
presence of 0.05 mM  NaCl(aq) are shown in Fig. 1. The time taken to
attain the state of equilibrium is 120 min  for 3,4-DHBA/�-alumina
and 90 min  for catechol/�-alumina systems within the tempera-
ture range of the study. In comparison to 3,4-DHBA, catechol has
lower adsorption equilibration time and numerically ∼1.3 times
less than 3,4-DHBA.

In Section 1 we mentioned that the adsorption behaviour of 3,4-
DHBA would be similar to catechol at alkaline pH. To examine this
behaviour adsorption kinetics were carried out at pH 10 keeping
the initial concentrations of 3,4-DHBA and catechol (a) different as
in Fig. 1 and (b) equal and the typical plots are also shown in Fig. 2.
The results showed that the state of equilibrium at pH 10, under
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Fig. 2. Adsorption kinetics of 3,4-DHBA and catechol onto �-alumina surface at pH
10  keeping (a) C0 different as in Fig. 1 and (b) C0 = 0.05 mM.  The data points represent
triplicate adsorption kinetics experiments. For fitting of the experimental data to Eq.
(3)  unit of qt was  taken into account.

two different conditions, for both the systems is reached within
60 min. The kinetics results, under similar experimental conditions,
indicate that the adsorption density of 3,4-DHBA is numerically
equal to that of catechol (Fig. 2). Note that the equilibration time
and the adsorption density at surface saturation also depend on the
pH of the suspension and the initial concentration of an adsorbate.

With the pseudo-first-order kinetic equation a large deviation
(up to ∼90%) between the experimental and calculated adsorp-
tion density at equilibrium was observed and the reasons of such
deviation are reported by many authors [22–28].  Therefore, we
restricted to pseudo-second-order kinetics and the experimental
kinetics data of both the systems were fitted to pseudo-second-
order kinetic equations of both linear and non-linear forms:

t

qt
= 1

klq
2
e

+ t

qe
(2)

qt = knlq
2
e t

knlqet + 1
(3)

where kl and knl are the rate constants of pseudo-second-order
kinetic equation of linear and non-linear forms and qt and qe are
the adsorption densities of 3,4-DHBA onto �-alumina at time t
and at equilibrium, respectively. The estimated values of qe, kl and
knl of both the systems are listed in Table 1. The magnitude of
deviation is significantly reduced for estimation of qe using pseudo-
second-order kinetic equations of linear (∼12%) and non-linear
(∼3%) forms. The pseudo-second-order kinetic equation of non-
linear form is found to be better model for estimation of kinetic
parameters for both the systems, as the associated statistical errors
are minimized [22,24,25].  Further, the activation energy, Ea, is cal-
culated by using Arrhenius equation,

lnknl = ln A − Ea

RT
(4)

where A is the Arrhenius pre-exponential factor, R is the univer-
sal gas constant and T is the temperature in Kelvin. The activation
energy for the adsorption of catechol onto �-alumina surface at
pH 5 is found to be lower (2.13 kJ/mol) than that of 3,4-DHBA onto
�-alumina (10.5 kJ/mol) surfaces. It implies that at pH 5 adsorp-
tion of catechol onto �-alumina surfaces is faster (∼4.9 times) than
3,4-DHBA, which leads to lower adsorption equilibration time.

3.2. Adsorption isotherms

The variations of adsorption densities of 3,4-DHBA and catechol
at the �-alumina/electrolyte interface with different initial concen-
trations of the corresponding adsorbate in the presence of 0.05 mM
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Fig. 3. Adsorption isotherms of (a) 3,4-DHBA onto �-alumina surface at differ-
ent pH, fixed concentration of NaCl(aq) = 0.05 mM,  �-alumina = 0.5 g, V = 15 mL,  and
298.15 K. Inset: adsorption isotherm of 3,4-DHBA onto �-alumina surface at pH
10 and (b) catechol onto �-alumina surface at different pH, fixed concentration of
NaCl(aq) = 0.05 mM,  �-alumina = 0.5 g, V = 15 mL  and 298.15 K. Symbols are experi-
mental and solid lines are the theoretical value (Eq. (4)) and the SI unit of � and Ce

was  taken into account. The data points represent triplicate adsorption experiments.

NaCl(aq) as a function of pH at 298.15 K are shown in Fig. 3. The
experimental data were fitted to Langmuir adsorption isotherm
equations of the following form:

� = �maxCe

K + Ce
(5)

where K = 1/Ks, Ks (dm3 mmol−1) is the adsorption co-efficient, �
and � max are the adsorption densities of adsorbate in �mol m−2

at equilibrium and after saturation of �-alumina surface and Ce

(mmol  dm−3) is the concentration of adsorbate at equilibrium in
the supernatant liquid, respectively. The estimated values of the
parameters of Eq. (5) for both the systems are listed in Table 2. How-
ever the adsorption densities at pH 5 and 10 for both the systems
were fitted to the Freundlich adsorption isotherm equation,

� = Kf Cn
e (6)

where Kf ((�mol  m−2)/(mmol−n dm−(3+n))) and n are the Freundlich
co-efficient, representing the adsorption capacity and the adsorp-
tion intensity, respectively. Typical comparison plots of Langmuir
and Freundlich equations for both the systems at pH 5 and 10 are
shown in Figs. 1S and 2S (Supporting Materials) and the best fitted
values are given in Table 1S (Supporting Materials).  The standard
deviations (Table 1S)  and the curve fitting (Figs. 1S and 2S)  indicate
that the Langmuir is the better model than the Freundlich model
for the present systems except at pH 10 where both the models
are equally applicable (Table 1S). The adsorption isotherm with a
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Table  1
Values of the rate constants and equilibrium concentration for adsorption of 3,4-DHBA/�-alumina and catechol/�-alumina systems.

Equation Parameters 288.15 K 298.15 K 303.15 K 313.15 K

3,4-DHBA/�-alumina system at pH 5
Eq. (2) kl (�mol−1 m2 min−1)

qe (�mol  m−2)
S.D.

0.331
0.761
0.049

0.469
0.778
0.090

0.426
0.782
0.089

0.567
0.860
0.123

Eq. (3) knl (�mol−1 m2 min−1)
qe (�mol  m−2)
S.D.

0.550
0.738
0.028

0.680
0.775
0.033

0.523
0.787
0.025

0.839
0.859
0.019

Experimental qe (�mol  m−2) 0.732 0.753 0.777 0.851
Catechol/�-alumina system at pH 5
Eq.  (2) kl (�mol−1 m2 min−1)

qe (�mol  m−2)
S.D.

2.283
0.148
0.010

1.905
0.153
0.024

4.623
0.152
0.006

2.985
0.168
0.007

Eq. (3) knl (�mol−1 m2 min−1)
qe (�mol  m−2)
S.D.

3.537
0.146
0.006

3.569
0.148
0.006

6.042
0.153
0.004

3.418
0.169
0.005

Experimental qe (�mol  m−2) 0.144 0.149 0.154 0.168

Table 2
Values of parameter of Langmuir adsorption as a function of pH for adsorption of 3,4-DHBA/�-alumina and catechol/�-alumina systems at 298.15 K.

pH 3,4-DHBA/�-alumina Catechol/�-alumina

� max (�mol  m−2) Ks (dm3 mmol−1) S.D. � max (�mol m−2) Ks (dm3 mmol−1) S.D.

5 1.115 ± 0.020 62.42 ± 5.14 0.040 0.452 ± 0.017 24.75 ± 5.28 0.034
6  0.901 ± 0.050 50.97 ± 12.14 0.076 0.609 ± 0.012 43.20 ± 4.53 0.027
7 0.726  ± 0.032 121.8 ± 33.55 0.067 0.809 ± 0.046 26.01 ± 8.01 0.085
8  0.702 ± 0.030 52.46 ± 11.51 0.048 1.186 ± 0.032 19.69 ± 2.60 0.055
9  0.668 ± 0.037 30.84 ± 6.99 0.041 1.572 ± 0.055 13.32 ± 1.80 0.095

10  18.71 ± 10.78 0.204 ± 0.129 0.112 2.546 ± 0.100 9.390 ± 1.327 0.118

plateau, i.e., surface saturation or in other words, for perfect mono-
layer adsorption behaviour, the Langmuir equation is better than
the Freundlich equation.

The adsorption densities of 3,4-DHBA onto �-alumina (Fig. 3a)
increase with the increase in equilibrium concentration of 3,4-
DHBA and a plateau is reached upon surface saturation that
provides � max. On the other hand, adsorption density upon surface
saturation, � max, decreases with the increase in pH of the medium
in the pH range 5–9 but at pH 10 the adsorption behaviour is dif-
ferent wherein the adsorption density gradually increases with the
increase in 3,4-DHBA concentration and no plateau, a signature of
surface saturation, is obtained. The increase in adsorption density
of 3,4-DHBA onto alumina at pH 10, to our best knowledge, is not
reported in the literature. Nevertheless Evanko and Dzombak [18]
reported the adsorption isotherms of all DHBAs and catechol up to
pH ≤ 9, therefore, the adsorption behaviour of 3,4-DHBA and cat-
echol onto alumina needs attention for comparison at pH ≥ 9. In
contrast, the adsorption densities of DHBAs where two –OH groups
are not adjacent, e.g., 2,4- and 3,5-DHBA, do not increase at pH 10
[21]. Therefore, the increase in adsorption density of 3,4-DHBA at
pH 10 indicates that the two phenolic –OH groups are ionized (the
first –OH group is fully and second –OH group partially, pKa2 = 9.08
and pKa3 = 12.58) [13,18] and their participation in the surface com-
plexation. The adsorption behaviour of 3,4-DHBA at a fixed initial
concentration and pH 10 is in tune with catechol (Fig. 2) and further
explained by taking adsorption isotherms of catechol as reference.

For explaining the higher adsorption density of 3,4-DHBA
(pKa1 = 4.46, pKa2 = 9.08 and pKa3 = 12.58) at pH 10 we present the
UV spectra of 3,4-DHBA along with the catechol (pKa1 = 9.34 and
pKa2 = 13.24) at a common concentration (0.1 mM)  and different
solution pH. The spectra of 3,4-DHBA are insensitive up to pH 8.5,
while for catechol the spectra are insensitive up to pH 8 (Fig. 4).
Comparing the spectral pattern of two phenolic compounds and
incipient spectral changes at the respective higher pH it is evident
that the onset of deprotonation of 3,4-DHBA begins at pH > 9 with
shifting of �max to higher wavelength [29,30] and therefore, the
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Fig. 4. UV spectra of 0.1 mM 3,4-DHBA (upper panel) and catechol (lower panel)
as  a function of pH. The shifting and shape of the spectrum at pH > 9 demonstrate
the  onset of deprotonation in both phenolic compounds. Molecular structures of
3,4-DHBA and catechol are shown in the respective plots.
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participation of 3,4-DHBA in the adsorption process through –OH
group at pH 10 is evident.

From the adsorption isotherms of catechol/�-alumina at pH
5–10 at 298 K (Fig. 3b), it is apparent that adsorption densities
increase with the increase in suspension pH. The adsorption density
is maximum at pH 10 since two adjacent –OH groups are deproto-
nated causing favorable for adsorption onto �-alumina with the
increase in adsorption density [13,18]. The adsorption of catechol
onto �-alumina surfaces is Langmurian in nature [31] and the esti-
mated values of the parameters of Eq. (5) are given in Table 2.

Now, we compare the adsorption density of 3,4-DHBA and cat-
echol onto �-alumina at a common pH. Taking � max as reference
(Table 2) note that the adsorption density of 3,4-DHBA in com-
parison to catechol is ∼2.5 times higher at pH 5, which decreases
with the increase in suspension pH up to 9 and surprisingly a sharp
increase in adsorption density (∼7.3 times) is observed at pH 10.
The results indicate that the higher adsorption density of 3,4-DHBA
at both pH (5 and 10) is linked with the position of the –OH group.
The literature showed that the interaction energy of 3,4-DHBA is
higher than catechol [32]. The electron of –OH group at para posi-
tion increases the electron density of the benzene ring and may
be in –COOH carboxyl group because of electron resonating and
donating effects resulting in higher interaction energy of 3,4-DHBA.

3.3. DRIFT spectroscopy

3.3.1. 3,4-DHBA/˛-alumina
The DRIFT spectra of �-alumina treated with 1 mM 3,4-DHBA

at different pH in the presence of 0.05 mM  NaCl(aq) are shown
in Fig. 5a and the characteristic peaks are listed along with 3,4-
DHBA and its salt in Table 3 and are in good agreement with the
reported data [13]. The C–OH stretch and bending of 3,4-DHBA
appear at 1246 and 1287 cm−1, respectively. The peaks at 1418
and 1526 cm−1 correspond to �C–C ring stretch, which interfere
with the peak positions of �s(–COO−) and �as(–COO−) as they
appear in these region and subsequent interpretation. To ascertain
the peak position of �s(–COO−) and �as(–COO−) the DRIFT spec-
tra of Na-salt of 3,4-DHBA are also included in Fig. 5a. The peak
at 1600 cm−1 represents �C–C and �C–O [13,33,34] and 1671 cm−1

is due to the >C O stretch [35]. On comparing the spectra of
3,4-DHBA and its salt, we ascertain that the peaks at 1546 and
1397 cm−1 correspond to �as(–COO−) and �s(–COO−), respectively
and are in good agreements with the literature [13]. Worth not-
ing that the peak intensities associated with �C–C and �C O for
sodium salt of 3,4-DHBA significantly decrease with the shifting
of position that accounts for the ionization of –COOH group and
appearance of �as(–COO−) and �s(–COO−) at 1546 and 1397 cm−1,
respectively. After adsorption of 3,4-DHBA onto �-alumina surfaces
the peak corresponds to �s(–COO−) red shifted by ∼25 cm−1 and
centered at 1372 ± 2 cm−1 in all pH ranges. The peak corresponds
to �as(–COO−) is also red shifted by ∼40 cm−1 but the intensity of
�s(–COO−) and �as(–COO−) decreases as the pH of the suspension
increases. The intensity of �as(–COO−) becomes very weak at pH 9
and 10. The band in the range 1629–1635 cm−1 could not be dis-
tinguished amongst �as(�-COO−), �as(�-C O) and water. However,
we note that the peak in the 1629–1635 cm−1 range after adsorp-
tion (Fig. 6a) represents C–C stretching vibrations (∼1600 cm−1 for
3,4-DHBA [36]). The peaks at 1246 and 1287 cm−1 correspond to
phenolic –OH stretching and bending of 3,4-DHBA. The correspond-
ing stretching and bending modes of C–O(H) in salt become more
prominent with doublet in 1200–1246 cm−1 and blue shifted by
10 cm−1 with a shoulder. The peaks due to C–O(H) phenolic bending
and stretching of 3,4-DHBA upon adsorption are not distinguish-
able and a single and strong peak appears at 1277 ± 1 cm−1 [36]
and the intensity of the peak decreases with the increase in pH of
the suspension. Therefore, the peak at 1277 ± 1 cm−1 with decrease
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Fig. 5. (a) DRIFT spectra of 3,4-DHBA, sodium salt of 3,4-DHBA and 3,4-DHBA after
adsorption onto �-alumina surface at pH 5–10 in presence of 0.05 mM NaCl(aq),
C0 = 1 mM and at 298.15 K and (b) schematic representation of both outer- and inner-
sphere surface complexation of 3,4-DHBA onto �-alumina.

in intensity indicates the participation of phenolic –OH group in
the surface complexation of 3,4-DHBA onto �-alumina [13,36]. The
band separation between �s(–COO−) and �as(–COO−) is employed
to distinguish the co-ordination modes of an adsorbate with metal
oxides surfaces [37,38].  Surface complexation of a series of DHBA
onto aluminium hydroxide surface at pH 5 has been reported and
they form inner-sphere complexes with aluminium hydroxide sur-
face [13].

The peak at 1119 cm−1 corresponds to C–H bending vibra-
tions [34] becomes weak and broad after adsorption. The peak at
1671 cm−1 for C O(–COOH) stretching of 3,4-DHBA [35] becomes
weak of the salt indicates that the –COOH group of the salt prepared
at pH 6 is not fully ionized and disappears after adsorption. From
adsorption isotherms (Fig. 2a) and spectroscopic data reveal that
the phenolic group is important in alkaline pH and carboxylic group
in acidic pH for adsorption and surface complexation of 3,4-DHBA
onto alumina surface. For inner-sphere complex formation on the
mineral oxide surface the shifting of �as(–COO−) and �s(–COO−)
should be of higher magnitude (≥40 cm−1) The magnitude of shift-
ing �as(–COO−) towards lower frequency after adsorption indicates
that 3,4-DHBA forms both outer- and inner-sphere complexes with
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Table  3
Characteristic peak frequencies of 3,4-DHBA and catechol upon adsorption onto �-alumina surface.

Vibration � (cm−1)

3,4-DHBA 3,4-DHBA
salt

pH 5 pH 6 pH 7 pH 8 pH 9 pH 10

3,4-DHBA/�-alumina system
�s (–COO−) 1397 1370 1370 1374 1371 1373 1374
�as (–COO−) 1546 1502 1502 1501 1502 1503 1502
C–O(H)  phenolic bending 1287 1295 1277 1278 1276 1276 1276 1276
�C–C (ring stretch) 1418

1526
1430 1430 1428 1428 1427 1425 1423

�C O 1671 1682
�(C–H) (in plane bending) 1119

1093
1133
1095

1116
1068

1111
1066

1115
1062

1113
1064

1112
1063

1114
1064

�C–C (ring) 1600 1614 1635 1634 1629 1631 1631 1629
C–O(H)  phenolic stretch 1246 1246 1277 1278 1276 1276 1276 1276

Catechol pH 5 pH 6 pH 7 pH 8 pH 9 pH 10

Catechol/�-alumina system
�C–C (ring stretch) 1620

1601
1633 1628 1627 1635 1632 1633

�C C stretching 1514
1470

1493 1493 1493 1493 1493 1493

C–O(H)  bend coupled to C–O stretch 1281
1255
1187

1257
1167

1256
1167

1256
1166

1256
1167

1256
1167

1257
1165

C–O(H)  stretch 1241 1257 1256 1256 1256 1256 1257
C–C  ring stretch coupled to C–O(H) bend 1364 1331 1332 1334 1331 1331 1331
ıC–H (in plane) 1096
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Fig. 6. (a) DRIFT spectra of catechol and catechol after adsorption onto �-alumina
surface at pH 5–10 in presence of 0.05 mM NaCl(aq), C0 = 1 mM and at 298.15 K and
(b)  schematic representation of surface complexation of catechol onto �-alumina
surfaces.

�-alumina surfaces. The possible surface complexations at acidic
and alkaline pH are shown in Fig. 5b.

3.3.2. Catechol/˛-alumina system
The important and characteristic peaks of catechol and cate-

chol after adsorption onto �-alumina surface at different pH are
shown in Fig. 6a and Table 3 and the peak frequencies are in good
agreement with literature values [13,31,39–42]. Recently Gulley-
Stahl et al. [39] reported the surface complexation of catechol
with four metal oxides surface using in situ ATR-FTIR technique.
They reported that catechol binds with manganese dioxide surface
predominantly by outer-sphere complex and iron (III), titanium
and chromium (III) oxides and forms inner-sphere complexes.
The peak at 1514 cm−1 corresponds to �C C aromatic ring stretch-
ing for free catechol. This peak red shifted as a sharp peak at
1493 cm−1 after adsorption at all pH ranges. The �C–O(H) stretching
with doublet at ∼1241 cm−1 shifted to higher frequency and cen-
tered at ∼1256 cm−1 [43]. Similarly, the �C–O(H) bending vibration
at 1281 cm−1 also shifted as a single and strong peak at 1256 cm−1.
The doublet at around 1620 cm−1 corresponds to �C–C stretching
appears as a relatively broad peak at 1627–1635 cm−1 range after
adsorption due to absorbed water [31]. The peak at 1364 cm−1 is
assigned to �O–H vibration coupled with aromatic C–C ring stretch.
This peak shifted by ∼30 cm−1 to lower frequency with weak
intensity. A similar weak peak at ∼1340 cm−1 is observed for the
adsorption of catechol onto amorphous alumina surface and mod-
erately strong peak for Al3+–catechol complex [31]. Nevertheless,
the multiple peaks in the range 1187–1281 cm−1 correspond to
phenolic –OH stretching and bending coupled with C–O stretch-
ing of free catechol, on adsorption, is located at 1256 cm−1 as
a single peak [39], for 3,4-DHBA it is at 1277 cm−1. The strong
peak at 1364 cm−1 (C–C ring stretch coupled with C–O(H) bend)
becomes weak upon adsorption and centered at 1331 cm−1. For
Al3+–catechol complex these multiple peaks also disappear and a
single and strong peak appears at 1260 cm−1 [24]. Phenol, resorci-
nol and catechol adsorbed on metal oxide surfaces as phenoxide
[31]. From the shifting of phenolic –OH bending and stretching
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and the aromatic C–C stretch it is clear that catechol forms biden-
tate mononuclear surface complexes with �-alumina surfaces. The
predicted surface complexation structure is shown in Fig. 6b.

4. Conclusions

At pH 5 catechol/�-alumina system takes less time (90 min) than
the 3,4-DHBA/�-alumina (120 min) to reach the state of equilib-
rium that corresponds to lower activation energy for catechol than
the 3,4-DHBA. But at pH 10 both the systems have nearly equal
equilibration time (∼60 min). Further the adsorption kinetics of
3,4-DHBA and catechol at pH 10 and fixed initial concentration
showed equivalent adsorption behaviour (Fig. 2). Thus, 3,4-DHBA
exhibits equivalent adsorption pattern of catechol at pH 10 and we
expect similar behaviour for 2,3-DHBA at higher alkaline pH and
work are in progress. The UV spectral change of 3,4-DHBA at alka-
line pH > 9 further demonstrate the deprotonation of phenolic –OH
group. It indicates that at pH 10, 3,4-DHBA behaves like a catechol
due to the deprotonation of –OH groups. Depending on the shift-
ing of �as(–COO−) and �s(–COO−), it is concluded that 3,4-DHBA
forms both outer- and inner-sphere surface complexes through
–COO− and phenolic oxygen with �-alumina surfaces. Whereas
for catechol the C–O(H) stretching and bending modes shifted and
appeared as a single peak, reveal that catechol forms bidentate
mononuclear surface complexes with �-alumina surfaces.
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