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Abstract

Kinetics of adsorption of benzoate and salicylate onto the natural hematite surfaces have been carried out at pH 5 and at a fixed ionic
strength [= 1 x 10~* mol dnT3). The state of equilibrium was attained at 144 and 70 h for benzoate and salicylate, respectively. Adsorption
behaviour of benzoate and salicylate onto the natural hematite was studied over a wide range of pH at=bfik@6~* mol dn3 NacCl
and at different temperatures. The adsorption isotherms for both the adsorbates were Langmuir type up to pH,.8. fohéenzoate is
~2.7-13.7 times more than that of salicylate depending on the pH of the suspension. Unlike benzoate, salicylate is not only adsorbed at one
surface site but also covers around three or more surface sites of hematite surface. The rate constant for dtistmpsialicylate onto the
natural hematite is greater than that of benzoate and increases with the increase in temperatdrénaesl greater at a fixed temperature.

The activation energy for the adsorption of salicylate onto the natural hematite is 2.9 times more than that of benzoate on the same adsorbent
resulting in lowerl .
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ical composition of fulvic and humic acids except fulvic
acid has more functional group$3]. The results also in-

In the mineral processing industries the use of ionic or dicated that fulvic and humic acids are built up of aromatic
non-ionic polymers, surfactant and polyelectrolytes is an es- rings with predominately carboxylic and phenolic groups.
sential proposition to liberate and separate minerals from the The simple and well-defined acids like benzoic, salicylic and
ore [1-7]. The humic acid or its alkali salt finds applica- phthalic acid are the constituting models of the functional
tion for beneficiation of iron ore fines and slimgs7-10] groups occurring in humic acid. Therefore, depending on the
The interaction between humate and mineral surfaces arestructure, functionality and the conformational factors, the
not well understood due to its polydispersity, polyfunctional- adsorption profile and the surface complexation are different
ity, polyelectrolytic characteristics and the positioning of the [14,15]
different functional group$11,12] Humic substances are It is reported thatv-Fe,Os, unlike a-Al2O3, is relatively
supramolecular species composed of humin, humic and ful-inert and no oxy (hydroxides) like goethite-FeOOH) and
vic acids, which can be separated according to their solubil- lepidocrocite §-FeOOH) are formed when exposed to air, hu-
ity in different pH values. The structural investigation using mid air and water for 3 montt46]. On the other hand, scan-
pyrolysis—gas chromatography/mass spectroscopy showeding tunnelling microscopic studies of hemafit&] showed
that there are no significant differences between the chem-that the uppermost Fe is partially hydrated when exposed in

water or humid air due to the chemisorption of water vapour

* Corresponding author. Tel.: +91 376 2370081; fax: +91 376 2370011. [ 18] Therefore, adsorption profile of small organic acids hav-
E-mail addressmahirrljt@yahoo.com (S. Mahiuddin). ing carboxylic and phenolic groups onto hematite is different
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[14,19]duetoincreased acidity or for the formation of surface zeta potential was measured afZ5and controlled by a PCS
complexes involving all the functional groufist]. software provided by Malvern Instruments, UK. The specific

A good amount of work related to adsorption of small surface area was determined by BET method and was found
organic acids of different polydispersity and functionality to be 1.67 g2
[14,15,19-25]humic acid[20,26,27]and polymerg28,29]
onto synthetic hematite and goethite is reported. In those pa-2.3. Adsorption kinetics
pers, the equilibrium time for adsorption was varied from
0.5 to 72h mostly at room temperature without the kinetic ~ Kinetics of adsorption of benzoate and salicylate sepa-
study. The dynamic aspect of adsorption process preferablyrately onto the natural hematite (0.5g) in a 15 mL suspen-
of small organic molecules onto hematite is not fi86—32] sion at pH 5 and ionic strength=5x 10~*moldm 3 in
in the literature in comparison to metal ions on the oxide a batch process were measured at three temperatures. The
minerals surfacel33—-35] and the static aspects of adsorp- suspensions at different intervals of time were cooled and
tion. The adsorption of a metal ion or an organic anion at centrifuged at 12500 rpm for 15min (relative centrifugal
the oxide water interface depend on the surface loading (ra-force =28 790x g). The residual concentration of benzoate
tio of adsorbate to adsorbent), surface site of adsorbent (ex-and salicylate was estimatediatax=224.6 and 296 nm (ab-
ternal edges or interlayer sites), pH of the suspension andsorption maximum), respectively, with a Specord 200 (Ana-
background electrolyte. Adsorption of small organic acid is lytic Zena, Germany). The amount of adsorbate adsorbed per
also depends on the functionality and conformational factors. unit surface area of the adsorbent (adsorption density) was
Earlier, it has been reported that the state of equilibrium for estimated by mass balance using the following relation:
a-Al,O3—salicylate system was obtained after 2[36] in (Co— Co)V
comparison to theg-Al,Os—salicylate system where it was [ = A0 eV (1)
6 h [37]. Further, the adsorption of benzoate and salicylate ma
onto the natural hematite over a wide range of ionic strength whereCp and Ce are the initial and residual concentration
and pH have not been studied in detail. In this communi- of the adsorbate in the suspensidhis the volume of the
cation we report the zeta potential of the natural hematite, suspension anth and a the mass and surface area of the
kinetics of adsorption and adsorption isotherms of benzoate-adsorbent, respectively.
and salicylate—natural hematite systems.

2.4. Adsorption isotherm

2. Experimental Adsorption of benzoate and salicylate onto the natural
hematite was carried out at room temperature in a screw-
2.1. Materials capped glass tube. A suspension of 15mL containing 0.5¢

natural hematite and % 10~* mol dm~2 NaCl solution was

Natural hematite was washed several times with distilled mixed thoroughly with the help of a vortex mixer. The pH of
water, dried and finally activated at700°C and assayed the suspension was adjusted to a desired value witiiri
99% FeOs3, 0.68% SiQ and 0.29% AJO3. Sodium ben- units using either NaOH or HCI solution and then allowed to
zoate (>99.5% E. Merck, India), sodium salicylate (>99.5% equilibrate for 1 h. The required amount of sodium benzoate
E. Merck, India), sodium hydroxide (LR grade, S.D. Fine- or sodium salicylate was added and the pH of the suspen-
Chem., India), sodium chloride (AR grade, E. Merck, India) sion was readjusted if necessary. The suspension was then
and hydrochloric acid (AR grade, NICE Chemicals, India) allowed to equilibrate with intermittent mixing for 70 and

were used without further purification. 144 h (duration of equilibrium adsorption test for salicylate
and benzoate, respectively). After the reaction period, the sus-
2.2. Adsorbent pension was then centrifuged and the residual concentration

of benzoate and salicylate was estimated as explained in the
Differential thermal analysis (DTA) and thermogravimet- previous section.

ric analysis (TGA) (SDT 2960, TA Corporation, USA), X-
ray diffraction (XRD) (X'pert Pro, Philips, The Netherlands)
and Fourier transform infrared (FTIR) (model-2000, Perkin- 3. Results and discussion
Elmer, USA) Spectra of activated natural hematite were
recorded. The zeta potential of adsorbent at different pH 3.1. Adsorbent
and ionic strengths was measured using Zetasizer-3000HS
(Malvern Instruments, UK). The pH of the suspension of = The thermogram (DTA and TGA) of the natural hematite
the adsorbent at a fixed ionic strength was initially adjusted sample shows that there is a small change in the weight
at ~3.0 and the zeta potential was measured with increas-(~0.25%) at around 500C. The FTIR spectra show a broad
ing pH of the suspension by adding dilute sodium hydroxide band at 3436 cm! corresponds to the lateral hydrogen bond-
with a multipurpose titrator (DTS 5900, Malvern, UK). The ing with the hydroxyl group. The two bands at 545 and
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Fig. 2. Effect of temperature on the adsorption of benzoate onto the nat-
Fig. 1. The zeta potential of natural hematite as a function of pH at different ural hematite surfaces as a function of time at a fixed initial concentra-
concentrations of sodium chloride. tion of sodium benzoat&, = 2 x 10~4 mol dm3, natural hematite=0.5g,
I=5x 10~*moldm3 NaCl, V=15mL, pH 5, 27C (O), 35°C (2) and
45°C (). Inset: surface loading vs. time at 22 (0), 35°C (A) and 45°C

466 cn! represent the asymmetric and symmetric-Be ).

stretching vibration. The bands at 904 and 631 ¢érare
due to the ALO stretching vibration and are in agree-
ment with reported valuef38]. The d-values from XRD
pattern of the natural hematite are: 3.684, 2.699, 2.520, The changes in adsorption density with time for ben-
1.695,1.600, 1.486, 1.454, 1.312, 1.259, 1.189, 1.162, 1.141z0ate and salicylate on natural hematite for pH 5 and
and 1.103\, which are comparable with the reported val- |=5x 10~*moldm3 NaCl and at three temperatures are
ues of hematit¢39]. Thed-values correspond to silica ob-  shown inFigs. 2 and 3lt is apparent that the state of equi-
served at 16.1A having relative intensity of 4.4%. For librium in the case of benzoate is 144 h, whereas it is 70 h
quartz and minerals like aluminosilicate, tbevalues are  for salicylate. To our best knowledge, only one cited work on
found at 1.841 and 2.20¥ [39], which also correspond to  the kinetics of adsorption of oleate onto the natural hematite
hematite. The results show that the ore contains predomi-(assay 99.3%)31] is available wherein the state of equi-
nantly hematite. librium was obtained after 36 min. On the other hand, the
equilibrium time for synthetic hematite-adsorbates like poly-
acrylamidg32] and dodecyl benzene sulfon§®@] is 80 and

150 min, respectively. The difference in equilibration time for

The zeta potential of the natural hematite as a function
of pH at different ionic strengths is depictedfig. 1L The
isoelectric point (IEP) of the natural hematite without adding
sodium chloride is 5.80, which is in good agreement with 8|
the reported valugt0—42] The IEP of the natural hematite
used in the present study is around 3—4 pH units less than the &
reported value of synthetic hematg8,41,42] Such a differ-
ence in the IEP is expected due to the presence of impurities
like silica (0.08%)[43] and aluminosilicate minerals in iron
ore[44]. For example, synthetic hematite at an ionic strength, s
I =0.01moldnT® NaCl has an IEP at pH 7.5 but the mix- i o a O
tures of hematite—montmorillonite and hematite—kaolinite at O 80 %o
1:1 ratio exhibit lower IER26], which is due to the interac- boa® o L S
tion with an oppositely charged aluminosilicate minerals and T 23;‘ 30
the hematite. On increasing the ionic strength (NacCl) the IEP
of the natural hematite decreases+§.8 pH units, which
may be accounted for the weak and specific adsorption of Fig. 3. Effect of temperature on the adsorption of salicylate onto the nat-
chloride ions. A similar decrease in the IEP of synthetic and ural hematite surfaces as a function of time at a fixed initial concentra-
commercial hematite has been reporfé8], which was ac- tion of sodium salicylateCo =5 x 10~* mol dm3, natural hematite =0.5 g,

. c - I=5x 10~*moldm~3 NaCl, V=15mL, pH 5, 20C (O), 30°C (2) and
counted for ads_orptlon of chloride ions and release ofitie 40°C (). Inset: surface loading vs. time at 20 (O), 30°C (A) and 40°C
to storage medium.
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3.3. Kinetics of adsorption of benzoate and salicylate
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10

0.6
0.5F
0.4F
0.3F

I écgg‘jm 1 (m| O CIAEIE
& L
& c “
a@O@ ] ®a

4‘0 BIO ab 160
Time(hour) ]

0.2f %

E
01f
6 o4
o2

surface loading

I' (umol m

40 50 60 70 80 90

Time (hour)



52

Table 1
Values of adsorption coefficient (from E@®)) and kinetics parameters (from
Eq. (2)) for benzoate and salicylate adsorbed onto natural hematite

Temperature“C) Ks Ky (h1)
Benzoate
27 544 2.08x 1072
35 467 4.53x 1072
45 340 6.37x 1072
Salicylate
20 1889 5.94x 1073
30 381 1.44x 1071
40 378 2.37x 1071

the present system is attributed to difference in surface load-

ing. For comparison, increase in surface loading with time
for the present systems are shown as an indéiys. 2 and 3

The kinetics of adsorption of benzoate and salicylate on
the natural hematite were affected differently by tempera-
ture. Benzoate adsorption did not change significantly with
temperature from 27 to 4. The extent of adsorption of sal-
icylate, however, was markedly different at 20, 30 and@0
and the adsorption density at 40 was approximately four
times more than that at 2@ for similar adsorption periods.

The kinetic parameteK; is the rate constant for adsorp-
tion, was estimated using the following equation:

1 _ K1t 1
c(ty Co Co

whereCp andC(t) are the initial concentration and the con-
centration at time of the adsorbate. The derivation of ER)
from the rate expression is reported elsewli¢62 in detail.
The estimated value of the parameiaris given inTable 1
The rate constant for adsorptidq; for salicylate is greater
than that of benzoate and it increases (up=tbtimes) with
the increase in temperature. The higher valu& pfor sal-
icylate is due to the difference in functionality of the two
adsorbates used in the present study.

)
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Fig. 4. Adsorption isotherm of sodium benzoate onto the natural hematite
at 27°C (O), 35°C (@) and 45C (O). Natural hematite=0.5g,
I=5x 10~*moldm 23 NaCl,V=15mL, pH 5. The data points are the aver-
age of triplicate experiments and an error bar is shown for reference.

of adsorption, up to pH 8 it is Langmuir type and beyond pH
8, the adsorption of benzoate increases with the increases in
concentration and no surface saturation could be observed.
Whereas, the adsorption in the case of salicylate exhibits
Langmuir type up to pH 7 and from pH 8 onwards unlike
benzoate there is no adsorption.

The Langmuir adsorption isotherm equation of the fol-
lowing form was used to estimate the adsorption coefficient,
Ks
1 1 1
== +
F Fmax FmaszCe
where Ce is the equilibrium concentration of adsorbate
(mmoldnt3), and I" and I'max are the adsorption density
of adsorbatey(mol m=2) at equilibrium and after saturation

of the natural hematite surfaces, respectively. The estimated
values of theKs and I'max parameters for both the systems

3)

The kinetic parameters for adsorption of small anions as
used in the present system, onto hematite are not available
in the literature. However, the rate constant for adsorption,
K1 for the synthetic hematite—polyacrylamide systg38]
at room temperature 2.6 x 10-°s~1. From the reported
kinetics of the adsorption data for the natural hematite—oleate
system[31], the value of the parametKy is estimated to be
6.0x 10 4s 1.

I (m molm?)

3.4. Adsorption isotherm

Adsorption density of benzoate and salicylate onto natu- T "
ral hematite surfaces &t 5 x 10~% moldm2 and varying o4 T T . T
the concentration of adsorbate from 0.026 to 1.0 mmotém 00 01 02 03 04 05 06 07 08 09

. . . . . H H e = -3
versus equilibrium concentration at 27 and’20s shown in Equilibrium concentrantion (mmol dm™)

Figs. 6 and 7respectively. The adsorption isotherms show _ o _ _ _
that the adsorption increases with the increase in Concentra-F'g' 5. Adsorption isotherm of sodium salicylate onto the natural hematite
p at 20°C (O), 30°C (@) and 40°C (O). Natural hematite=0.5g,

tion of adsorbate even at higher temperatéigg. 4 and » I=5x 10~*mol dm3 NaCl,V=15mL, pH 5. The data points are the aver-
For benzoate, as an adsorbate, the isotherm exhibits two typeage of triplicate experiments and an error bar is shown for reference.
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" Table 3
-pH5
. ::Hs 1 Values of adsorption parameters as a function of pH for salicylate adsorption
PH7 on natural hematite
-pH8 ] -
-pH9 Langmuir parameters pH
-pH10
5 6 7
Tmax (wmol m=2) 1.594 1133 0.253
Ks 1889 372 9.6
S.D. Q16 026 0.06
t
14 1 5 . T T T T : : . . T T
<
[}
0 . . . . " . . O - Benzoate
00 01 02 03 04 05 06 07 08 09 1.0 4 9 ® - Salicylate
Equilibrium concentration (mmol dm™3) o
— o
o™
Fig. 6. Adsorption isotherm of sodium benzoate onto the natural hematite at E 3L -
different pH, fixedl =5 x 10~4 mol dm~3 NaCl and at 27C. Symbols are E
the experimental values and the solid lines are theoretical value$3Jq. =
respectively. The data points are the average of triplicate experiments and E 2l
an error bar is shown for reference. ~ .
2.5 e
1k L
O -pHS5 0O -pHS8
s -pH6 © -pH9
2.0 e .pH7 4 -pH10 1 [ ]
0 t ! ! . . : L - L] . L]
o % 45 50 55 60 65 70 75 80 85 9.0 95 10.0 105
o © 1 pH
[ & Fig. 8. Effect of pH on/"max.
A N 4
] The salicylate is comparatively larger than the benzoate. The
. salicylate covers around three or more surface $tésor
A — R the salicylate requires higher activation energy than that of
0.0 ¥ Dk D =2
0.0

1 05 Do 04 Db 06 D7 o8 05 10 14 benzoate to cross the energy barrier.

The variation of"max with pH is shown inFig. 8 The
I'max for both the systems decreases linearly up to pH 8 due
Fig. 7. Adsorption isotherm of sodium salicylate onto the natural hematite to charge reversibility. The natural hematite for the present
at different pH, fixed =5 x 10~4moldn3 NaCl and at 20C. Symbols study has IEP at pH 5.26 &t 0.5 mmol dnt3 NaCl, it means
are the experimental values and the solid lines are theoretical values (Eq.that thel'max Should have decreased after pH 5.26. It implies
(3)), respectively. The data points are the average of triplicate experiments that the hydrogen bond between the surface hydroxyl of the

and an error baris shown for reference. neutral surface andCOO™ of the adsorbate plays an impor-
using an alternative form of EB) asI” = I'maxCe/(K + Ce), tant role in the present systef#8,49]

whereK = 1/Ksare presented ifables 2 and 3tis interesting
to note that the adsorption density at saturatiogf4x) of ben-
zoate onto natural hematited®2.7-13.7 times more up to pH

7 than that of salicylate in spite of the fact that the salicylate  1he activation energy for adsorptioB,for both the sys-
has additiona+OH group. The reasons could be: the site den- 1o ms were estimated using Arrhenius eéuaﬁ@nAeflﬂRT

sity of the natural hematite is estimated to be 10.82 sitefam whereK is the rate constant for adsorptichthe frequency
factor, R the gas constant aritemperature (K). The esti-

Equilibrium concentration (mmol dm™®)

3.5. Thermodynamic parameters

\T/ab'e 2 . . __mated value oE and other thermodynamic parameters for

alues of adsorption parameters as a function of pH for benzoate adsorption _ ;

on natural hematite the adsorption process are I|s_ted Tables 4 and 5The _

Langmuir parameters oH results show that the adsorption of benzoate and salicy-

late on to natural hematite is exothermic, which is more

S 6 ’ 8 for salicylate system. The activation energy for adsorption

'max (wmol m~2) 4.307 3715 3473 2895 of salicylate on to natural hematite is 2.9 times more than

Ks 544 425 302 453 that of benzoate, which is accountable for the loi&kax

S.D. 032 090 037 037

(Figs. 6 and .
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Table 4

Values of the thermodynamic parameters for adsorption of benzoate onto the natural hematite surfaces

Temperature (K) E (kJmol 1) —AH (kJmol1) —AG (kJmol 1) AS(Imot1K-1)

300.15 100 36.7

308.15 48.6 21.0 8 36.2

318.15 9.3 36.7

Table 5

Values of the thermodynamic parameters for adsorption of salicylate onto the natural hematite surfaces

Temperature (K) E (kJmol 1) —AH (kJmol1) —AG (kJmol 1) AS(@Imot1K-1)

293.15 128 168.1

303.15 141.8 62.0 .9 174.4

313.15 9.4 168.0

4. Conclusions [5] D.M. Bagster, J.D. Mellvenny, Int. J. Miner. Process 14 (1985) 1.

[6] R.P. Klimpel, in: P. Somasundaran, B.M. Moudgil (Eds.), Reagents

The present study highlights the foIIowing points: in Mineral Technology, Marcel Dekker, New York, 1988, Chapter 6.

[7] S. Mahiuddin, S. Bondyopodhyay, J.N. Baruah, Int. J. Miner. Process
26 (1989) 285.

(1) The time for the state of eqU|I|br|um for the natural [8] N.N. Dutta, S. Mahiuddin, D. Bardoloi, T.C. Saikia, R.N. Sharma,

hemaute—benzogte sys_temqsz times more than that P.C. Borthakur, J. Mines Met. Fuel XXXV (1987) 515.

of natural hematite—salicylate system. [9] N.N. Dutta, S. Mahiuddin, in: Proceedings of the International Con-
(2) The rate constant for adsorption of salicylate at the natu-  ference on Advances in Chemical Metallurgy, Bombay, India, 9-11

ral hematite—water interfaceds4 times greater than that January 1991, Paper no. 3ACS.

: [10] N.N. Dutta, S. Mahiuddin, T.C. Saikia, P.C. Borthakur, S. Khuntia,
of benzoate .at a fixed temperature. B.P. Chatterjee, D.N. Dass, J. Mines Met. Fuels XL (1992)
(3) The adsorption isotherms for both the systems are Lang- ;19

muir type up torpH 8. [11] B. Gu, T.L. Mehlhorm, L. Liang, J.F. McCarthy, Geochim. Cos-
(4) The adsorption density of benzoate atthe saturation point ~ mochim. Acta 60 (1996) 2977.

onto the natural hematite is around 2.7-13.7 times more [12] P. MacCarthy, E.M. Perdue, Complexation of Metal lons by Humic

than that of salicylate up to pH 7. Substances: Fundamental Consideration, Kluwer Academic Publish-

.. . . ers, 1989.
(5) The activation energy for adsorption of salicylate at the [13] F-J. Gbbles, W. Rttmann, Water Res. 31 (1997) 1609.

natural hematite—water interface is higher in comparison [14] c.R. Evanko, D.A. Dzombak, J. Colloid Interf. Sci. 214 (1999) 189.

to benzoate. [15] C.R. Evanko, D.A. Dzombak, Environ. Sci. Technol. 32 (1998) 2846.
(6) The lower value ofl"'max for the natural hematite— [16] J.L. Junta-Rosso, M.F. Hochella Jr., Geochim. Cosmochim. Acta 60
(1996) 305.

salicylate system is due to the activation energy and cov-

. . [17] G.E. Brown Jr., V.E. Henrich, W.H. Casey, D.L. Clark, C. Eggleston,
erage of more than one surface site by salicylate.

A. Felmy, D.W. Goodman, M. Gitzel, G. Maciel, M.Il. McCarthy,
K.H. Nealson, D.A. Sverjensky, M.F. Toney, J.M. Zachara, Chem.
Rev. 99 (1999) 77.
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