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Abstract

A systematic study on the influence of functionality on adsorption of benzoate and phthalatiiatina—water interface was investigated.
Kinetics of adsorption of benzoate and phthalateceaiumina surfaces were performed at constant ionic strehgthx 10-* mol dn2 and
pH 5 at 25, 30 and 4CC. Kinetics results show that the rate of adsorption of phthalat®iimes more than that of benzoate @@lumina
surfaces at 25C. The adsorption of benzoate and phthalatexemlumina surfaces were carried out over a wide range of concentration
of adsorbate at fixed ionic strengths 5 x 10-* moldn2 and pH 5-10. The adsorption isotherms for both the systems were found to be
Langmuir in nature. The maximum adsorption density of phthalate is 1.1-5.1 times more than that of benzoate on the same adsorbent und
similar condition. This difference is attributed to the presence of adjac€@OH group in phthalate. The activation energy for both the
systems was calculated using Arrhenius equation. The other thermodynamics parameters like Gibbs free energy, enthalpy and entropy we
also calculated. The solubility ef-alumina in presence of benzoate and phthalate was found to be depended on the pH of the medium and
the concentration of sodium chloride. The surface complexation of benzoate and phthalatkionina surfaces were investigated using the
Fourier transform infrared (FTIR) spectroscopy. Benzoate forms outer-sphere complexesalithina surfaces at pH 5 and 6 depending on
the shifting of the asymmetric and symmetric bands. Whereas phthalate forms both outer- and inner-sphere surface comglekesinith
surfaces.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Deprotonation:
' The ch§m|cal reac'tlon occurring at the metgl OX|de—wa.ter SOH - SO +H*
interface is of great importance in geochemistry and min-
eral processing industries. The surface hydroxyl groups of OrS-OH + OH™ — SO +H,0

metal oxide surfaces are amphoteric in nature, where surface
ionization reaction takes place depending on the pH of the ;o 14 surface ionization, metal oxide exhibits Lewis acid

aqueous medium. base charactét] and behaves as an adsorbent because of its
strong interaction with an adsorbate through surface hydroxyl
group. Aluminium oxide and aluminium (oxy)hydroxide also
S-OH + Ht - S-OH,* show both Bonsted and Lewis acid base chara¢®e8]. a-
Alumina surfaces interact with water creating a numbers of
hydroxyl surface sites with different binding eneigy5]. It
was also reported that-alumina surfaces converted into a
* Corresponding author. Tel.: +91 376 2370081; fax: +91 376 2370011. Mixture of bayerite and gibbsite when it contact with water
E-mail addressmabhirrljt@yahoo.com (S. Mahiuddin). at least for 1 H5,6].

Protonation:

0927-7757/% — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfa.2005.05.005
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The organic compounds with carboxyfGQOOH) group peak frequency of benzoate—aluminium complex in solution,
are commonly found in nature and are important for indus- Phambu[23] concluded that the benzoate forms bidentate
trial and geochemical processes. Humic acid is one of the bridging complex with the bayerite surfaces. Koutstaal and
examples found in soil and surface and ground witgd], Ponec[31] also compared the shifting of,(COO~) and
which contains condensed aromatic rings with predomi- vs(COQO™) bands of benzoate after adsorption omkre ,O3
nantly -COOH and—OH groups and is effective surface- surfaces withthat of corresponding peak frequency of sodium
active agent[9] for beneficiation of hematite from their benzoate and suggested that the surface complexation was
mineral mixture. Sodium humate is selectively adsorbed on probably due to the bridging. Phthalate forms different type of
the hematite surfaces and flocculated from their mineral surface complexes either outer-sphidr@ 22]or both outer-
mixture [10,11] Humic substances (both humic and fulvic and inner-spherf25,26] complexes with aluminium oxide,
acid) are supra molecular in nature and contain condensedaluminium (oxy)hydroxide and goethite depending on the pH
aromatic rings with—-COOH and—OH groups. Pyrolysis  and ionic strength of the medium.
gas-chromatography/mass spectroscopy studies showed that Further, the state of equilibrium of the adsorption of
fulvic acid contains moreCOOH groups comparedtohumic  small organic anion on metal oxide surfaces depends on
acid[12]. Recently, Plancque et 4lL3] reported the molec-  the functionality of the adsorbate molecule. Earlier, it has
ular structure of fulvic acid using electrospray ionization been reported that the state of equilibrium for natural
mass spectrometry and suggested that aromatic rings withhematite—benzoate system was obtained after 144 h in com-
—COOH and—OH groups are the building blocks of fulvic  parison to the natural hematite—salicylate system where itwas
acid. The low molecular weight aromatic anions like ben- 70h[32]. Influence of the structural features on the kinetics
zoate, phthalate and salicylate are considered to be the modeand adsorption of small aromatic acids on the alumina and
molecules for humic substances. Therefore, depending onaluminium oxy(hydroxide) is not rich in the literature. How-
the structure, functionality and the conformational factors, ever, Kummert and Stumfi6] have reported the adsorption
the adsorption profile and the surface complexation are dif- of benzoate or-alumina as a function time but the kinetics
ferent[14,15] Due to the complex nature of the humic acid and thermodynamics parameters have not been reported.
or its salt, model molecules with well defined structure like In continuation of our studief27,32] the aim of the
benzoic, salicylic and phthalic acids and the like one with present investigation is to compare the adsorption kinetics
different polydispersibility and polyfunctionality are being at a fixed pH, adsorption isotherms at different pH values,
chosen for studying adsorption and complexation behaviour effect of ionic strength on the adsorption and the nature of
on different metal oxides surfaces. A good amount of work the surface complexation of the benzoate and phthalate at the
has appeared in the literature for adsorption of small organic «-alumina—water interfaces.
anions[16—27]and humatg28,29]on the aluminium oxide
and aluminium (oxy)hydroxide surfaces.

Gu et al.[30] and Evanko and Dzombdk4,15] studied 2. Experimental
the adsorption behaviour of small aromatic organic acids on
metal oxide surfaces and suggested possible surface complex2.1. Material
ations through carboxylic and phenolic groups depending
on the functionality and polydispersibility of small aromatic a-Alumina (>99.7%, Aldrich, Germany) was washed
acids. The results also showed that the extent of adsorp-twice with distilled water, dried and finally reactivated
tion of simple aromatic acids with different functionality on at ~700°C. Sodium benzoate (>99.5%, E. Merck, India),
the goethite in aqueous medium was different. For exam- phthalic acid (>99.5%, E. Merck, India), sodium hydroxide
ple, the amount of carboxylic acids adsorbed on the goethite (LR grade, S.D. Fine-Chem, India), sodium chloride (AR
under similar experimental conditions are in the order of grade, E. Merck, India) and hydrochloric acid (AR grade,
mellitic acid (benzene hexacarboxylic acid) > pyromellitic NICE Chemicals, India) were used without further purifica-
acid (benzene-1,2,4,5-tetracarboxylic acid) > trimellitic acid tion. Disodium phthalate was prepared from the reaction of
(benzene-1,2,4-tricarboxylic acid) > phthalic acid (benzene- phthalic acid with sodium hydroxide maintaining pH 7.3.
1,2-dicarboxylic acid) >benzoic acid (benzenecarboxylic
acid) [14]. Similarly, adsorption of phthalate, salicylate and 2.2. Adsorbent
p-hydroxybenzoic acids on the iron oxide surfaces showed

that an adjacentCOOH group greatly influence the adsorp- Differential thermal analysis (DTA) and thermogravi-
tion density than that ofOH group adjacent te<COOH metric analysis (TGA) (SDT 2960, TA Corporation, USA)
group and at para positidB0]. and Fourier transform infrared (FTIR) (model-2000, Perkin-

Spectroscopic studies revealed the interaction patterns ofElmer, USA) spectra of activatedalumina were recorded
simple organic acids with oxide mineral surfaces and the and the results shows that the alumina contains predomi-
possibility of different surface complexes. Based on the shift- nately a-phase. The zeta potential of the adsorbent at dif-
ing of va(COO™) and vs(COO™) bands of benzoate after ferent concentrations of NaCl and pH was measured using
adsorption on bayerite and comparing the correspondingZetasizer-3000HS (Malvern Instruments, UK). The pH of the
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suspension of adsorbent at a fixed ionic strength was initially and at 25C was studied. For the purpose, adsorption of
adjusted at=3.0 and the zeta potential was measured with benzoate and phthalate at different concentrations of NaCl
increase in pH of the suspension by adding dilute sodium was carried out upto the respective equilibration time as fol-
hydroxide with a multipurpose titrator (DTS 5900, Malvern, lowed for adsorption isotherms. The concentration of the
UK). The zeta potential was measured at €&nd controlled sodium chloride was varied from 0 to 10 mmol dfn After

by a PCS software provided by Malvern Instruments, UK. the equilibration time, the suspension was centrifuged and
The specific surface area was determined by BET methodthe dissolved Al* in the supernatant liquid was estimated by

and was found to be 7.2%g 1. Atomic Absorption Spectrophotometer, Spectraa 220 (Var-
ian, Australia), using aluminium flame ancb®/acetylene
2.3. Adsorption kinetics gases at lamp current 10 mA and wavelength 309.3 nm.

The adsorption density of benzoate and phthalate sep-2.6. FTIR spectroscopy
arately ona-alumina (0.5g) in a 15mL suspension at
pH 5 and ionic strengthl =5 x 10~*moldm 2 NaCl in For FTIR studies, 0.5 g of the-alumina was equilibrated
a batch process was measured as a function of time atwith 0.01moldnT3 sodium benzoate and 0.001 mold
different temperatures. The suspensions at different inter-phthalate at a desired pH maintaining ionic strength,
val of time were cooled and centrifuged at 12,500 rpm |=5x 10~*moldm~3 NaCl following the same procedure
for 15min (relative centrifugal force=28,790g). The adopted for adsorption. The suspension was centrifuged and
residual concentration of benzoate and phthalate was estithe residue was washed with distilled water once, centrifuged
mated atAmax=224.6 and 273 nm (absorption maximum), and dried in a vacuum desiccator over fused calcium chlo-
respectively, with a UV-visible spectrophotometer, Specord ride. The pellets were prepared using 2 mg of the sample in
200 (Analytik Zena, Germany). The amount of adsorbate 200 mg of spectrograde KBr. The FTIR spectrawere recorded
adsorbed per unit surface area of the adsorbent (adsorptiorwith a Perkin-Elmer FTIR spectrophotometer, model 2000
density) was estimated by mass balance using the followingusing spectrum 3.2 software. The spectral resolution was

relation: 4cnm L. In the mid infrared region, assignment and identi-
(Co — Co)V fication of peaks after adsorption of benzoate or phthalate
r= Te (1) on a-alumina for symmetric and asymmetr€COO~ and

o _ _ C—C of aromatic ring vibrations are very difficult due to
where,Co andC are the initial and residual concentration  adsorption of water. In the present study, we subtracted the
of the adsorbate in the suspensidfithe volume of the sus-  references FTIR spectra (KBr andalumina) from the spec-

pension andn anda are the mass and surface area of the tra of the adsorbed benzoate or phthalate using spectrum
adsorbent, respectively. software.

2.4. Adsorption isotherm
3. Results and discussion

Adsorption of benzoate and phthalate on thalumina
was carried out at 25 and 3Q, respectively, in a screw-  3.1. Zeta potential
capped glass tube. A suspension of 15mL containing 0.59
a-alumina and 5< 10~% mol dm™3 NaCl solution was mixed The zeta potential of tha-alumina powder at different
thoroughly with the help of a vortex mixer. The pH of the ionic strengths are depicted Fig. 1. The isoelectric point
suspension was adjusted to a desired value wittirL units (IEP) of a-alumina in the present investigation is found to be
using either NaOH or HCl solution and then allowed to equi- 6.7 without NaCl, which was lowered by 0.3 units in pres-
librate for 1 h. The required amount of sodium benzoate or ence of sodium chloride up to 0.005 moldf The small
sodium phthalate was added and the pH of the suspension washift in IEP is due to the specific adsorption of @in thea-
readjusted, if necessary. The suspension was then allowed t@lumina surfacef83]. The present IEP af-aluminais~2.5
equilibrate with intermittent mixing for 48 and 20 h (dura- units lower than the reported val{@4—36] The reason for
tion of equilibrium adsorption test for benzoate and phthalate, lowering the IEP ofx-alumina is that there is less number
respectively). After the equilibration, the suspension was then of surface hydroxyl groups. Moreover, proton of the surface
centrifuged and the residual concentration of benzoate andhydroxyl group is not bound strongly to the oxygen due to lit-

phthalate was estimated. tle unsatisfied electronegativity of the surface hydroxyl group
[35]. Therefore, the proton is easily removed in the lower pH
2.5. Dissolution ofr-alumina range. The IEP of-alumina also depend on the medium of

storagd37]. The adsorption site concentration as determined
The influence of background electrolyte, NaCl, on the by following the procedure of Hohl and Stum{®8] is esti-
solubility of a-aluminain the presence of benzoate and phtha- mated to be TOT= AIOH) = 1.815 mmol dnv3 based on the
late at a fixed concentration of 2.0 mmol dfy selected pH site density of 4.54 site nn?, which is less than the reported
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Fig. 1. Variation of zeta potential af-alumina with pH at different con-
centrations of NaCl at 28C (initial pH of the suspension was adjusted at
~3.0).

site density okx-alumina[27] and is also responsible for the
lower IEP in the present adsorbent.

3.2. Kinetics of adsorption of benzoate and phthalate
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Fig. 3. Effect of temperature on the adsorption of phthalate-@umina
surfaces at fixed initial concentration of phthalalg= 2 x 10~* mol dnr3,
a-alumina=0.5g| =5x 10~*mol dm 3 NaCl,V=15mL and pH=5.0.

after that it decreases as reaction time increases. But&t,25
state of equilibrium is attained at 10h and beyond 37 h,
adsorption density decreases. Unlike benzasi@umina
system, the decrease ifi after attaining the plateau for
phthalatee-alumina system is linked with the dissolution of
a-alumina at pH 5. A similar dissolution of corundum out-

The amount of benzoate and phthalate adsorbed per unitside the 5<pH<9 has been repor{8é]. Preliminary study

surface area af-alumina at different temperatures is shown
in Figs. 2 and 3respectively. It is apparent froffig. 2 that

shows that the dissolution ef-alumina critically depends
on the pH, temperature and concentration of phthalate. The

the state of equilibrium for adsorption of benzoate at the concentration limit of phthalate at different PgH beyond which
a-alumina—water interface is attained at 30 h within the tem- @-alumina starts to dissolve #1.0 mmol dn~.

perature range of study. Kummert and Stuifd®] reported
6 h to attain the equilibrium for adsorption of benzoateyen

alumina surfaces. This difference may be due to surface load- 1
ing and the nature of adsorbent. An equilibration time of 48 h % = Co +

was chosen for adsorption study. In the case of phthalate—
alumina systemKig. 3), adsorption density of phthalate on
a-alumina surfaces increases up to 20-25h at 30 an€40
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Fig. 2. Effect of temperature on the adsorption of benzoateaen
alumina surfaces at fixed initial concentration of sodium benzoate:
Co=2x 10~*moldm 3, a-alumina=0.5g,=5x 10~* moldm3 NaCl,
V=15mL and pH=5.0.

The kinetics parametek,is the rate constant for adsorp-
tion, was estimated using the following equat[d0]:

kt 1
Co
where, Cop and C(t) are the initial concentration and the
concentration at timé of the adsorbate. The estimated val-
ues of thek parameter for benzoate-alumina system and
phthalatee-alumina system are given ifable lalong with

the values of the adsorption coefficieKt) at different tem-
peratures, as obtained by using Langmuir equation, which is
outlined in SectiorB.3 The rate of adsorption of benzoate
and phthalate om-alumina increases with the increase in
temperature. The calculated valueloparameter from the

)

Table 1
Values of the adsorption coefficieitd) and the rate constark)for benzoate
and phthalate adsorption enalumina

Temperature“C) Ks k(h™1)
Benzoate
25 0.71 1.91x 1073
30 0.83 2.1% 1073
40 0.94 4.05¢ 1073
Phthalate
80.8 4.14¢10°3
30 89.9 6.95¢ 1073
40 215.9 8.3k 1073
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Fig. 4. Adsorption isotherms of benzoate oatalumina at different pH, fixetl= 5 x 10~* mol dm~3 NaCl,a-alumina= 0.5 gy = 15 mL and at 25C. Symbols
are experimental and the solid lines are the theoretical valug@gqrespectively. The data points represent triplicate adsorption experiments.

reported data of adsorption of benzoateyeamlumina[16] at values, as outlined in Secti@using higher concentration of
22°C was 2.9% 10~3h~1, which is~1.5 times more than  benzoate and phthalate (>1.0 mmoldih The supernatant
the present benzoate-alumina system at 25C. This differ- liquids for phthalatee--alumina system exhibit positive test
ence is due to nature of the adsorbent, particularly the lesswith dilute ammonium hydroxide. Such dissolution is due
number of surface hydroxyl group im-alumina. The rate  to the fact that one of the functional carboxylic groups of
constant for adsorption of phthalate aralumina surfaces, phthalate is not ionized below pH 7.3 and the bonding pat-
kis ~2 times more than that of benzoate on the same adsor-terns between phthalate anehlumina surfaces is different,
bent. The higher value of th& parameterTable J) suggest which is responsible for dissolution.

that the adsorption of phthalate aralumina, in comparison The adsorption isotherm§igs. 4 and pfor both the sys-
to benzoate, is more favourable, which is due to the presencegems are Langmuirian in nature. Therefore, the Langmuir
of one adjacent carboxylic group in phthalate. adsorption isotherm equation of the following form was used

to fit the experimental adsorption data:
3.3. Adsorption isotherm
I . I' = I'max;7———~~ 3)
The adsorption isotherms for benzoatealumina system (K + Ce)
and phthalatex-alumina system at a fixed ionic strength,
I =5 x 10~*mol dm~2 NaCl, different pH and 25 and 3@

are shown inFigs. 4 and 5 respectively. Adsorption O — pH5
isotherms of benzoate—alumina systems show that adsorp- A — pH6 ||
tion increases with increase in the concentration of benzoate ‘2 - ":; .
and ultimately a plateau is reached. The adsorption density < o _ ':,Hg |
of benzoate decreases sharply as the pH of the suspension 5 A — pH10
increases. It is reflected in the pH range 5 and 6, which is g i
accounted for the decrease in the surface positive charge of = o i
a-alumina. At pH 7 and onwards (above IEP =6.7), there is
no detectable benzoate adsorption orutfeumina surfaces, * |
which is due to the surface charge reversibility. NE
In the case of phthalate-alumina systems, we restricted 00 L
the initial phthalate concentration up to 1.0 mmoldirsince 700 01 02 03 04 05 06 07 08 09 10
dissolution froma-alumina surface occurs beyond this con- Equilibrium concentration (mmol dm'®)

centration. The adsorption density ploiEd. 5 show that
the adsorption increases with the increase in phthalate con+9. 5. Adsorption isotherms of phthalate ontealumina at different pH,
centration within the pH range of the study and finally a ™d 1=5x 107" moldm= NaCl, a-alumina=0.5g,v=15mL and at

. . . : . 30°C. Symbols are experimental and the solid lines are the theoretical value
plateau is reached. To ascertain the dissolutianrafumina,

N ’ A . (Eq.(3)), respectively. The data points represent triplicate adsorption exper-
we conducted similar adsorption experiments at different pH iments.
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Table 2
Values of the parameters of E@®) as function of pH for benzoate and phthalate adsorptioa-aiumina surfaces
Langmuir parameters pH
5 6 7 8 9 10
Benzoate
T"max (wmol m—2) 1.634 0.285
Ks 0.71 0.74
Standard deviation 0.044 0.034
Phthalate
T"max (wmol m—2) 1.849 1.458 0.780 0.438 0.320 0.229
Ks 89.93 20.32 121.5 48.40 70.87 24.97
Standard deviation 0.475 0.166 0.126 0.148 0.019 0.028

where,Cq is the equilibrium concentration of adsorbate in respectively. It is apparent frorig. 6 that the adsorption
mmol dni3, K=1/Ks, K the adsorption coefficient and density of benzoate decreases 499.25pmol m~2 as the
andI"'maxare the concentrations of the adsorbajerimol m—2 ionic strength increases from 0.05 to 10 mmoldhrBut the

at equilibrium and after saturation of thealumina surface,  effect of ionic strength is not observed at pH 6. At around
respectively. The values afnax and Kg are presented in

Table 2along with the standard deviations. For benzoate— 1.75 b : : :
alumina system, thé&'nax value at pH 6 is<5 times lower O — pH5
than at pH 5 Table 2 and no adsorption of benzoate an 1.50; : - p:j ¥
alumina at pH 7 and onwards was observed. Such a change ir o_ EH s
I'maxis expected as the positive surface site decreases as th__ 2] i
pH increases. Moreover, the IEP®@faluminais 6.7. There- g 1.000 o b
fore, benzoate has a less tendency to form surface complexezg o S °
on the neutral surface efalumina EAIOH surf). In the case 2 0.75] o I
of phthalatee-alumina system " maxdecreases sharply with =
the increase in pH up to 8, thereaftEy,ax decreases gradu- 0.50] b
ally.

Unlike benzoatee-alumina system, the higher value of 025, o ¥
I'max and the variation of"ax with pH for phthalatee:- . . ¢
alumina system is due to: (a) the adjacent carboxylic group ~ 0-00F&&——pr—p—r—pr—r—r &l
enhances the adsorption dengit$] and (b) higher adsorp- lonic strength (mmol dm3)

tion density beyond IEP =6.7 in comparison to benzoate is
due to the ionization of second carboxylic group and bonding Fig. 6. Variation of adsorption density of benzoate @mlumina with

patterns with the availabkeAIOH surface. ionic strength at different pH values and 5, Co=2 x 10~3 mol dm 3,
The adsorption density of salicyld@7] and benzoateand =~ *-3Umina=0.5gany=15mL.

phthalate (this study) omr-alumina at pH 5 and 6 shows 2.00 e —

contradictory trend of functionality. So, to investigate the O —pH5 O —pH8

[[A —pH6 ® —pH9 ]

influence of the functionality, an alternative approach is to 73§ “P02 o~ PUl

consider the value dfs, which is also a key parameter for
measuring the magnitude of adsorption. So, we consider the
value of theKs parameter of salicylatf27] and benzoate & 1.25) 3
and phthalateTable 3. TheKs value follows the sequence:
benzoate < salicylate < phthalate, which clearly shows that i 1001
an additiona-COOH group in ortho position in phthalate = 75
enhances the adsorption density than-t in ortho posi- g

1.50 1

ol m
>
>

t>
O

tion in salicylate. 0.50 o o a 1
Je O ° B

- I 0.25[ * ]
3.4. Variation of ionic strength §v o
0.00 N1 1 I w 1 W 1 L w

The adsorption density of benzoate and phthalate-on 6o 1 2 3 4 5 6 7 8 9 10 M

. . . . i -3
alumina surface at 25 and 3G with the increase in con- lonic strength (mmol dm™)
C.entratlon of baCkground e.le.c.tr0|yte’ SOdIur.n chloride, at Fig. 7. Variation of adsorption density of phthalate aralumina with
different pH and constant initial concentration of adsor- ¢ sirength at different pH values and 3D, Co =2 x 10-2 mol dnr3
bate Co=2 x 10-3moldm3) is depicted inFigs. 6 and 7 a-alumina=0.5g an¥= 15 mL.
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and the concentration was found to be 0.21 ppm (0.0063 mg/g
of a-Al»03). The concentration of Af in the supernatant
liquid at all other pH values increases with the increase
in NaCl concentration and finally a plateau was obtained
exhibiting Langmuir pattern. A similar variation of NaCl
induced dissolution of silica has also been repoijtz].
Maximum dissolved Al* in the solution was found to be
0.8 ppm (0.024 mg/g af-Al,037) for benzoate at pH 8 and
2.5ppm (0.075 mg/g ok-Al,03) and 7.6 ppm (0.228 mg/g

of a-Al03) for phthalate at pH 5 and 10, respectively. The
dissolution ofa-alumina is greatly influenced by pH of the
medium and the concentration of sodium chloride. Reported
studies showed that the dissolution of the minerals (alu-
minium and iron oxides and oxy(hydroxides)) was due to
the formation of inner-sphere, bidentate, mononuclear com-
plexes by low molecular weight organic acids/anif8%43].

In the present study, the dissolution behaviousaflumina

in the presence of benzoate only at pH 8 and phthalate at
pH 5-10 and NaCl envisages the formation of inner-sphere

IEP=6.7 and above, sodium chloride has no influence on complexes and will be discussed in the subsequent section.

the adsorption of benzoate on telumina surfaces:ig. 7

shows that the adsorption density of phthalate attains max-3.6. Thermodynamic parameters

imum at 0.8 mmoldm? NaCl from pH 5 to 8 and it is
decreased by 0,6mol m~2 as the ionic strength increase up
to 10 mmol dnv3. But beyond 0.8 mmol drr?, there is no
influence of NaCl on the adsorption density from pH 6 to 8.
At pH 9, adsorption density is decreasedb§.2mol m—2

The activation energy for adsorptids, for both the sys-
tems was estimated using Arrhenius equationAe E/RT,
wherek is the rate constant for adsorptiohthe frequency
factor,Rthe gas constant aridis temperature in Kelvin and

whereas at pH 10, adsorption density decreases with thethe values of other thermodynamic parameters are presented
increase inionic strength upto 0.8 mmoldfrand noadsorp-  in Table 3 The results imply that the adsorption of benzoate
tion is observed at higher ionic strength. It implies that the and phthalate on the-alumina surfaces is endothermic in
adsorption of phthalate aralumina surface is influenced by ~ nature. The activation energy for adsorption of benzoate on
ionic strength depending on the pH of the medium. Such a a-alumina is~1.2 times more than phthalate adsorbed on
variation in adsorption density is due to the decrease in posi-the same adsorbent. The value of the Gibbs free energy for
tive surface potentid#t 1] and the distribution of chloride ions ~ phthalatee-alumina system is more negative than that of
near the surface ef-alumina increases resulting in decrease benzoate on the same adsorbent under similar condition. The

in thickness of the double layer.
3.5. Dissolution of-alumina surfaces

The concentration of Al in the supernatant liquid after

thermodynamic results imply that the adsorption of phthalate
on thea-alumina is more favourable and easy over benzoate
under similar condition due to the presence of one adjacent
carboxylic group in phthalate.

treating with benzoate and phthalate at a concentration of3.7. FTIR spectra

2 x 10~3mol dm2 as a function of ionic strength at two pH
values is shown irfrig. 8 For benzoate at pH 5, there is no
detectable Al* in the solution except at 10 mmol driNaCl

Table 3

The FTIR spectra of benzoate, phthalate and the
difference spectra after their adsorption enalumina

Values of the thermodynamic parameters for adsorption of benzoate and phthalatdumnina surfaces at pH 5

Temperature (K) E (kJ mot1) AH (kmol1) AG (kJmol 1) AS(moll K1)
Benzoate

298.15 0.843 42.5

303.15 40.3 13.5 0.463 43.1

313.15 0.171 42.7
Phthalate

298.15 —10.89 215.3

303.15 33.1 53.3 —11.34 213.2

313.15 —13.99 214.8
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Fig. 9. FTIR difference spectra of benzoate after adsorption onxthe
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Fig. 10. Schematic representation of surface complexation of benzoate with
a-alumina at pH 5 and 6.

at pH 5 and 130cm® at pH 6 Fig. 9, which are smaller
(Av=138cntl) than that of noncomplexed form (ionic,
Fig. 9 inset). The reportedv for benzoic acid—aluminium
hydroxide (bayerite]23] and benzoic acidy-alumina[31]
systems is¢158 and 116 cm?, respectively. The magnitude

surfaces at pH 5, 6 and 8 are discussed in the subsequenk,, has been considered for identification for complexes in

sections.

3.7.1. Sodium benzoate

The peaks at 1415 and 1553cth(Fig. 9, inset) are
assigned tag(—COQO™) and va(—COQO™) vibrations. The
peak at 1596 cm' is assigned fope_¢ (aromatic) ring. All
the characteristics bands of benzoate are givalite 4and

the case of a simple ligand such as acg@h¢ But this rela-
tionship of Av with types of complexes has been questioned
for carboxylate as a ligand other than acefd.

The relative shift ofugs(—COO~) andva—COO~) band
and the full width at half maximum (fwhm) of the respec-
tive stretching frequency are considered for the identification
of the surface complexes. The shifting of th$-COO™) to

are in good agreement with the reported band assignmenne higher frequency region demonstrates that the benzoate

[23,31,44]

3.7.2. Benzoate am-Al,O3

The peaks fora—COQO™), vs(—COO), ve—o (phenolic),
vc—c (between aromatic ring andCOQO™) andvc—c (ring)
(Table 4andFig. 9) are the mostimportant bands for detection
and interpretation of surface complexation, on adsorption, of
benzoate on the-alumina surfaces. The characteristic bands
for v5(—COO™) andva(—COO™) for benzoate after adsorp-
tion ona-alumina surfaces are found at 1426 and 1552tm
at pH 5 and 1424 and 1554 cthat pH 6. The symmet-
ric (—COO™) and asymmetric{COO~) bands resemble
with the reported band assignmeiig8,31,44] The peak
at 1596 cnmt of the ligand spectraFig. 9, inset) is found
at~1601cnt? (Fig. 9) for both pH is assigned ta. ¢ (aro-
matic) ring. The band at1495 andv1450 cnt ! are assigned
for ve—c (ring and—COQO™). For benzoatex-alumina sys-
tem, Av (Av = vas— vs of —COO™) is found to be 126 cm'

Table 4
Characteristic peak frequencies of benzoate and after adsorptier on
alumina surfaces

Mode v (cm™1)
Benzoate pH5 pH6
vs (—COO") 1415 1426 1424
vas (—COO7) 1553 1552 1554
ve—c (ring and—COO™) 1491 1495 1496
1450 1448
ve—c (ring) 1596 1602 1601

is chemisorbed on the-alumina surfaces. Nordin et §25]
proposed outer- and inner-sphere surface complexes consid-
ering the shifting obs(—COO™) band by~20 and~46 cnt !

to the high frequency region, respectively. On the other hand,
the broadening of thes(—COO™) and va(—COQO™) bands

of the organic carboxylate also favours the formation of
outer-sphere surface compleX@4,39] In the present sys-
tem, v(—COO~) band of benzoate after adsorption shifted
by only ~10cnT?! to higher frequency region from 1415
to 1424-1426cm!. A band at 3633 cm! represents the
surface hydroxyl group. Nevertheless, we could not detect
dissolved AP* in the supernatant liquid at pH 5 and 6 and
0.5 mmol dn2 NaCl concentration, which favours the outer-
sphere complexdd7-49] Therefore, with the above results,
benzoate forms outer-sphere complexes withottedumina
surfaces as shown Fig. 10

3.7.3. Phthalate

The FTIR spectra of phthalate (disodium salt) exhibit
the peaks at 1609, 1486 and 1441¢dnthat are due to
ve—c (aromatic) ring vibrations. Two equivalent carboxy-
late groups are identified by two symmetrig)( bands at
1388 and 1418cmt and two asymmetric bands at 1552
and 1576 cm?! [25]. The bands at 1085 and 1147ch
are assigned fo8(C—H). The band at1704 cnt! due to
v(C=0) is absent for phthalate. But a weak peak is observed
at 1290 cnr! for ve—o. All characteristic peaks for phthalate
are given inTable 5and resemble with previously reported
band assignmelfi21,26,50]
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Table 5
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Characteristic peak frequencies of phthalate and after adsorptian on

alumina surfaces

Mode v(em 1)
Phthalic acid Phthalate pH5 pH6 pH 8
vs (—COO) 1388 1395 1388 1400
1418 1420 1415 1418
1422
vas (—COO7) 1552 1584 1581 1562
1576 1563 1565 1574
1553 1552
ve—c (ring) 1584 1609 1611 1619 1616
1495 1486 1508 1508 1502
1404 1441 1488 1491 1488
1447 1449 1447
ve=0 1688 1687 1688 1693
VC-OH 1281 1290 1290 1282

3.7.4. Phthalate oa-Al,O3

The characteristics bands fog(—COQ™), v5(—COO7),
vc-c (between aromatic ring andCOO™) andvc—c (ring)
vibrations of phthalate after adsorption at pH 5, 6 and 8
(Figs. 11 and 1pare presented ifable 5 The bands at
~1611, ~1508, ~1488 and~1447cnt?! at three pH are
assigned for ring (€C) vibration.

T
—Phthalate - Al,Ozat pH 8

% Transmittance (a. u.)

156: 1574

335?/'

3200

1200 1400 1600 1800 2700 3700

Wave number (cm™)

Fig. 12. FTIR difference spectra of phthalate after adsorption orxthe
alumina surfaces at pH 8.

The band patterns due igf{—COO~) andvs(—COQO™)
after adsorption of phthalate eralumina are in accordance
with the phthalatey-alumina systemf26] and are at higher
frequency region with respect to phthalate (ionic form). The
difference betweeng(—COO~) andvs(—COO~) and the rel-
ative shifting and broadening of the asymmetric carboxylic
vibrations have been considered for the plausible surface
complexation structure of phthalate with alumina or alu-
minium oxy(hydroxide) surfaces. Nordin etg@5] suggested

For assigning the structure of adsorbed phthalate onboth outer- and inner-sphere surface complexes based on the
the a-alumina surfaces, first we consider the spectra of relative intensity of the doublets of(—COO").

phthalic acid and phthalate (disodium salt prepared at pH

7.3). Phthalic acid exhibits bands dueug-o at 1688 and
ve_oH at 1281 cnrl, respectively, without intramolecular
hydrogen bonding46]. In contrast to phthalic acid, phtha-
late exhibits bands due tg,s andvg at around 1552-1576
and 1388-1418 cmt, respectively, and no significant peaks
for ve=o andvc—on are observed.

In comparison to spectra of benzoate and phthalate at pH
5 and 6, weak peak at 1740cm (Fig. 12 for phthalate
at pH 8 has appeared and is assignedday. The band
for vag(—COQO™) andvs(—COQO™) after adsorption of phtha-
late ona-alumina appeared at 1563 and 1420¢nat pH
5, 1565 and 1415 cmt at pH 6 and 1562 and 1418 crhat
pH 8. Significant changes fop(—COO ) andvs(—COO™)

—— Phthalate - Al,O; at pH 5
--- Phthalate - Al,O; at pH 6
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Fig. 11. FTIR difference spectra of phthalate after adsorption onthkemina surfaces at two different pH 5 and 6.
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band position for phthalate on adsorption has been observeda-alumina depends on the position of thR€OOH groups,
The relative intensity of two asymmetric and two symmet- pH of the medium and the concentration of the background
ric bands are changed in comparison to ionic phthalate. electrolyte.

Nordin et al.[25] noted such a relative intensity change

in 1405 cn! over 1422 cm! by increasing ionic strength.

Gradual increase in intensity in 1405 thover 1422 crmt 4. Conclusions

was due to dominance of inner-sphere complexes over the
outer-sphere complexes. As in the case of benzeate—
alumina systems, the shifting af band in phthalatex
alumina system to higher frequency region was also found
by same magnitudex10 cn ). In addition to that theasis

also quite broaden.

Up to pH 7, only one carboxylic group is fully
deprotonated. In that case, a strong stretching band at
~1700+50cnT! due to>G-O should appear. Neverthe-
less, a very weak band at higher frequency regret 420 under similar condition is 10 h at 2& and temperature
and~1740 at pH 5 and 6) has been observed. We are not  dependent.
sure whether this band is due to=Q stretching or noise  (2) Adsorption density of phthalate on tlaealumina sur-
and we are not considering for surface complexation. On faces is 1.1-5.1 times more than that of benzoate
the other hand, the absence of a strong band ferG@ on the same adsorbent under similar experimental
the present system at pH 5 and 6 indicates the presence condition.
of intramolecular hydrogen bonf6]. Further, the pres-  (3) The maximum adsorption densifymax, for benzoatee—

With the above results, following conclusions can be
drawn:

(1) The state of equilibrium in the case of benzoate adsorbed
on the a-alumina surfaces at pH 5 in presence of
5x 10~*mol dm~23 NaCl is attained at 30 h and almost
independent of temperature. Whereas, time required for
the state of equilibrium for phthalate-alumina system

ence of a broad band at around 3400¢nsupports the

existence of the intramolecular hydrogen bonding. At pH

5 and 6, the symmetric band at1420cnt?! is relatively
stronger tharr:1390 cnm! suggests the presence of inner-
sphere complexg®5]. The intramolecular hydrogen bond-
ing, the presence of a broad band at 3400 tand broading

of vas and vs suggest the presence of outer-sphere com-

plexes. Again the dissolution @f-Al,O3 at pH 5 and 6 is

alumina system decreases with the increase in pH and
becomes zero at pH 6.7, which corresponds to IEP of
a-alumina. In the case of phthalate-alumina system,
I'max decreases sharply up to the IEP and thereafter it
decreases slowly. Theresults are linked with ionization of
second and adjacertCOOH group, which participates

in the adsorption by forming surface complexes with the
a-alumina surfaces.

caused by the formation of inner-sphere complexes. With the (4) Sodium chloride and pH induce the solubility af
results, it is difficult to assign a surface complexation struc- alumina in the presence of phthalate whereas sodium
ture. It seems that both outer- and inner-sphere complexes  chloride in presence of benzoate has no effect on the
are co-exit[26]. The presence of inner-sphere complexes solubility of a-alumina at pH 5 and 6.
polarise and weaken the surface metal-oxygen bonds causing5) Activation energy for adsorption of phthalate on
dissolution. aluminais 1.2 times less than that of benzoatetumina
In the pH range 3.7-7.3, phthalate exists as a singly system and the negative Gibbs free energy indicate that
charged anion and beyond pH 7.3 behaves as a doubly the adsorption of phthalate is more favourable ion
charged anion. Therefore, surface complexation of phthalate  alumina than benzoate.
with a-alumina below and above pH 7.3 will certainly be (6) The results imply that the adsorption of phthalatexen
different. alumina under similar experimental condition is more
At pH 8, both the carboxylic groups are ionized and easy and favourable due to the presence of one adjacent
are available for surface complexation. In addition to —COOH group in phthalate.
vad—COO") and vs(—COO~), a weak peak at 1740 cth (7) Shifting of va(—COO™) andvs(—COQO™) for adsorbed
due tovc—o is observed. The relatively intense symmetric benzoate and phthalate at pH 5 and 6 and appearance
band at 1418 cm' over 1400 cmi! suggests the presence of of a peak corresponding to =© for phthalate at pH 8
inner-sphere complexes. In this situation, one of the oxygen suggest that:
atoms from both the carboxylate groups are participating in (a) benzoate is chemisorbed on thalumina surfaces
the complex formatiofi26]. On the other hand, broadening resulting in outer-sphere surface complexes;
of the asymmetric stretching frequency also suggest the (b) phthalate forms both outer- and inner-sphere
presence of outer-sphere complexes. The dissolution of complexes with thea-alumina surfaces. The
a-alumina at pH 8 Fig. 8 is more than that of at pH induced solubility ofa-alumina by NaCl in pres-
5. It seems, the concentration of inner-sphere complexes ence of phthalate and relative intense peak at
dominates over the outer-sphere complexes. With the 1418 cn! over 1400 cm! suggests that the inner-
results in hand, it is suggested that the adsorption and sphere complex dominates over the outer-sphere
mode of surface complexation of benzoate and phthalate on complex.
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