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Abstract

In order to increase the adsorption capacities of bentonite, sepiolite, and illite for the removal of boron form aqueous solution
samples were modified by nonylammonium chloride. Specific surface areas of the samples were determined as a result of N2 adsorption–
desorption at 77 K using the BET method. X-ray powder diffraction analysis of the clays and modified clays was used to determine t
of modifying agents on the layer structure of the clays. The surface characterization of clays and modified clay samples was condu
the FTIR technique before and after the boron adsorption. For the optimization of the adsorption of boron on clays and modified
effect of pH and ionic strength was examined. The results indicate that adsorption of boron can be achieved by regulating pH
the range of 8–10 and high ionic strength. In order to find the adsorption characteristics, Langmuir, Freundlich, and Dubinin–Rad
adsorption isotherms were applied to the adsorption data. The data were well described by Freundlich and Dubinin–Radushkevich
isotherms while the fit of Langmuir equation to adsorption data was poor. It was reached that modification of bentonite and i
nonylammonium chloride increased the adsorption capacity for boron sorption from aqueous solution.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The largest boron sources in the world exist in Turkey
which boron contamination of water is a common envir
mental problem. For instance, a big area around Mend
River in West Anatolia suffers from the boron pollutio
caused by geothermal sources and boron mines[1]. Cur-
rently the most common minerals used in the boron indu
are colemanite and tincal. During the production of bo
compounds, many of these are introduced into the envi
ment in the form of waste[2]. Boron is an essential m
cronutrient for plants, but the range between deficient
toxic boron concentrations is similar for any other nutri
element[3]. In excess of 2.0 mg/dm3 in irrigation water is
deleterious to certain plants. Some plants may be affe
adversely by concentrations as low as 1.0 mg/L [4].

* Corresponding author. Fax: +90 2324534188.
E-mail address:m.yurdakoc@deu.edu.tr(M. Yurdakoç).
0021-9797/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcis.2005.06.048
Monomeric boric acid that is the dominant form of i
organic boron in natural aqueous solution is a very w
monobasic acid and has the pKa value of 9.2. The conjugat
base of boric acid in aqueous solution, tetrahydroxybo
[B(OH)−4 ] ions have strong affinity for hydrogen ions.

Clays are the main components of the mineral fractio
soils. They are effective natural adsorbents due to their p
cle size (lower than 2 µm), lamellar structure[5]. Clay min-
erals are an important source of boron adsorbing surf
in soils [6]. The rate of boron adsorption on clay miner
consists of a fast adsorption reaction and a slow fixation
action [3]. The ionic strength, temperature, and pH of
aqueous solution are important factors which influence
sorption of boron.

Numerous works have been done for removal of bo
from aqueous solution. Some of the processes that have
used in these studies were: (a) use of boron selective r
Amberlite IRA 743[7–9], chitosan resin modified by sa
charides[10], and N-methylglucamine-type cellulose der
atives[11], (b) adsorption on active carbon[4], soils[3], and

http://www.elsevier.com/locate/jcis
mailto:m.yurdakoc@deu.edu.tr
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 some acid soils[12], (c) ion exchange with an ion exchan
resin [2], (d) extraction with cross-linked polymer gels[1]
and solvent extraction[13], (e) membrane filtration[14],
(f) adsorption by montmorillonite and clay minerals[15,16].
Ref.[17] examined the boron removal from aqueous solu
by nonactivated waste sepiolite and HCl activated waste
piolite. They found that the adsorption capacity of modifi
sepiolite was greater than nonactivated sepiolite. Mg–Al
drotalcites were used in the boron removal from aqueous
lution under laboratory conditions[18]. It was obtained tha
boron removal occurs by both adsorption on external sur
and ion-exchange. Boron adsorption was studied by u
kaolinite and montmorillonite and two arid zone soils as
sorbents to describe the effect of ionic strength (0.01–1.
NaCl) and solution pH (3–11). Ionic strength depende
of adsorption suggested an inner-sphere adsorption me
nism[19]. It was also reported that adsorption may incre
with the increase in fineness and organic carbon conte
the soils[20].

In the present article, Turkish clays and nonylammoni
chloride modified clays were used as adsorbents for the
moval of boron from aqueous solution as a function of
and ionic strength.

2. Materials and methods

Bentonite (B) which is used as adsorbent for this st
is from a mining resource of Enez/Edirne. Natural sepio
(S) was purchased from Eski¸sehir. Illite(I) was supplied by
MTA (General Directorate of Mineral Research and Exp
ration Centre). The cation exchange capacity (CEC) eq
alents of bentonite, illite, and sepiolite samples were de
mined according to the ammonium saturation method[21].
The results were 97, 49, and 82 meg/100 g clay, respec
tively. The modified clays were prepared properly by
treatment of clay suspensions with nonylammonium ch
ride. By means of this process, NI (nonylammonium illit
NB (nonylammonium bentonite), and NS (nonylammoni
sepiolite) were prepared. The modification procedure
given elsewhere[21]. After the modification, the produc
was washed with ethanol/water (50:50) and distilled w
ter until free chloride was determined by an AgNO3 test.
For XRD data, the samples were left at room tempera
for dryness after the preparation. XRD data was obtai
at room temperature without any further heat treatmen
see the basal peak and find thed001 value. The basal spac
ing of the samples was given inTables 1 and 2. %OC, %N,
and %H values of modified samples were also determ
by combustion within Heraeus Element Analyser CHN
Rapid. pH values were also measured by WTW Inolab.
specific surface areas of clays and modified clays were d
mined by using BET method after N2 adsorption–desorptio
at 77 K with Sorptomatic 1990, Chemnitz Technical Univ
sity, Germany[22]. All of the results were given inTables 1
and 2.
-

-

Table 1
Characterization of clay samples

Sample BET surface
areaa (m2/g)

d001
a

(Å)
Monolayer
volumea (cm3/g)

CECb

(meg/100 g clay)

Bentonite 73 10.03 16.67 97
Illite 200 10.11 46.06 49
Sepiolite 292 12.10 67.07 82

a Ref. [22].
b Ref. [21].

Table 2
Characterization of modified clay samples

Sample BET surface
areaa (m2/g)

d001
a

(Å)
Monolayer
volumea (cm3/g)

%OCa %Ha %Na

NB 50 13.69 11.54 6.99 1.25 0.58
NI 136 14.48 31.25 3.56 1.85 0.40
NS 171 12.10 39.34 1.90 2.96 0.02

Note. NB, nonylammonium bentonite; NI, nonylammonium illite; N
nonylammonium sepiolite; OC, organic carbon.

a Ref. [22].

2.1. Adsorption of boron

Boron adsorption experiments were carried out in ba
systems. 0.1 g of dried (on a 110◦C oven-dry basis) clay
and modified clay samples and 25 ml boron containing
lutions in the range 4–50 mg boron/L as either boric acid
and borax were added to 50 ml of flasks. The mixtures w
shaken for 3 h at 25◦C. For pH dependent boron adsor
tion studies, pH values of bentonite, sepiolite, illite, NS, N
and NI suspensions were adjusted by adding proper dro
of NaOH solutions. The equilibrium pH values of the su
pensions were between 6.50 and 10.00. In pH depen
experiments, the boron concentration was constant at 1
boron/L for each sample. Preliminary experiments indic
that adsorption equilibrium was established within 3 h.
ter adsorption, the suspensions were centrifuged at 5000
for 20 min and aliquots of the clear supernatant were ta
for boron analysis. Boron analysis was performed using
colorimetric Azomethine-H methods[23]. FTIR spectra of
the samples and boron treated samples as solid by dilu
in KBr pellets were recorded with Perkin–Elmer Spectr
BX-II Model FTIR spectrophotometer. 100 mg of fine KB
powder was dried at 110◦C and then mixed with 1 mg o
clays and modified clays. The background spectrum of e
KBr pellet was subtracted from the sample spectra.

3. Results and discussion

3.1. Adsorption isotherms

Boron adsorption isotherms for clays and modified cl
were drawn as the amount of boron adsorbed as a functio
equilibrium boron concentration and shown inFigs. 1 and 2.
In terms of the slope of the initial portion of the curves, t
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Fig. 1. Adsorption isotherms for boron sorption on bentonite, illite,
sepiolite.

Fig. 2. Adsorption isotherms for boron sorption on NB, NI, and NS.

shapes of the isotherms corresponding to bentonite, se
lite, NB, NI, and NS may be classified as S type isothe
however, illite can be suggested as L type of the Giles c
sification [24]. The S type isotherm indicates that coop
ative adsorption operates if adsorbate–adsorbate intera
is stronger than adsorbate–adsorbent (B, I, S, NB, NI,
interaction. Illite curve shows convex initial curvature rea
ing a saturation plateau at a value of 10 µmol/kg. The L type
isotherm suggests a relatively high affinity between the
sorbate and adsorbent. A competition may be seen fo
sorption sites between water and boric acid/borax. Ge
ally, L type isotherms reflect the occurrence of chemiso
tion. On the other hand, the S type is more indicative
physical adsorption. It is also clear that the shapes of
isotherms themselves cannot explain the adsorption m
anism involved. Boron adsorption as a function of solut
pH was shown inFigs. 3 and 4for B, I, S and NB, NI, NS,
respectively. As can be seen fromFigs. 3 and 4, the adsorp-
tion increased as the pH of solution increased to nearly 7
7.82, 8.58, 9.03, 9.14, 9.54 for B, I, S, NB, NI, NS, resp
tively. These increases can be attributed to the ionizatio
boric acid to tetrahydroxyborate anion. It can be reached
-

n

-

Fig. 3. Boron adsorption as a function of pH for B, I, and S.

Fig. 4. Boron adsorption as a function of pH for NB, NI, and NS.

a competition can occur between hydroxyl ion and tetra
droxyborate anion for the increasing of negative charge
the clay and modified clay edges due to the ionization, as
pH of solution increased. In agreement with this idea, a
adsorption maximum was reached, decreasing of the am
of adsorbed boron with the increasing solution pH was
served inFigs. 3 and 4. After the modification of clays with
nonylammonium chloride, the adsorption maximums w
shifted to higher pH values for all samples. This can be
tributed to the change of surface structure of clay sam
after modification with nonylammonium chloride. The so
tion of boron by clays and modified clays were analyzed
equations of Freundlich and Dubinin–Radushkevich.

The Freundlich equation has been used to describe s
tion of boric acid or borate species from solution onto cl
and modified clays. Freundlich isotherm is not restricted
the formation of the monolayer coverage and it assumes
adsorption occurs on heterogeneous surface of solid as
as multilayer sorption[25]. Linear form of Freundlich equa
tion was used to test the fit of equations. However, due to
herent bias resulting from linearization, alternative isothe
parameters were also found by nonlinear regression.



S. Karahan et al. / Journal of Colloid and Interface Science 293 (2006) 36–42 39
 Table 3
Isotherm constants for boron adsorption onto bentonite, NB, sepiolite, NS, illite, and NI

Sample Bentonite NB Sepiolite NS Illite NI

DR isotherm
R 0.968 0.998 0.997 0.969 0.997 0.990
k (mol2 J−2) 0.0101 0.026 0.027 0.014 0.007 0.046
E (kJ mol−1) −7.010 −4.390 −4.310 −6.040 −8.450 −3.300

Linear form of Freundlich
Kf (mmol g−1) 0.117 0.345 0.034 0.115 0.058 0.046
nf 1.091 2.217 2.361 1.091 0.607 3.509
R 0.991 0.999 0.998 0.978 0.998 0.999

Nonlinear form of Freundlich
Kf (mmol g−1) 0.001 0.035 0.004 0.008 0.006 0.005
nf 1.000 2.170 2.105 1.687 0.617 3.443
R 0.977 0.995 0.989 0.997 0.998 0.986

Note. NB, nonylammonium bentonite; NI, nonylammonium illite; NS, nonylammonium sepiolite.
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provides a mathematically rigorous method for determin
isotherm parameters using the original form of the eq
tion. These parameters were determined from the linear f
of Freundlich and the original form of equation fitted usi
Sigmaplot version 4 program[26].

The Freundlich equation has the form of

(1)Cs = KfC
nf
e ,

wherenf is the adsorption intensity,Kf is the relative ad-
sorption capacity (mmol/g).

The linear form of Freundlich equation was used to in
pret the results in the following form,

(2)lnCs = nf lnCe + lnKf .

The Freundlich parameters with the corresponding co
lation coefficient were given inTable 3. The data found are
well described by the Freundlich isotherm equation w
plotted as lnCe versus lnCs.

Thenf values are related to the Giles classification, S
and C type isotherm.nf > 1 correspond to S shape,nf = 1
to C type, andnf < 1 to L type[27]. As can be seen from
the results of nonlinear and linear form of Freundlich eq
tion, thenf values of the boron sorption isotherms on cla
and modified clays confirm S-shape for B, S, NB, NI, N
samples and L-shape for illite sample. As can be obse
from Table 3, linear and nonlinear forms of Freundlich equ
tion gave a high level of conformity with the experimen
data of boron sorption for all adsorbents. The correla
coefficients were in all cases greater than 0.978, this
ing significant at the 0.0001 probability level. Based on
linear form of Freundlich equation, the greatestKf value be-
longs to bentonite among the clay samples. It is notice
that NB has the greatest relative adsorption capacity am
the modified clays. In addition, it has been also reached
the values ofKf for clay samples rose after the modificati
of clay samples with nonylammonium cations.

Dubinin–Radushkevich equation was used to determ
the type of adsorption for the removal of boron from aque
solution by adsorption. The equation can be expressed

(3)lnCs = lnXm − kε2,

where Xm is the adsorption capacity (mol/g), Cs is the
amount of boron adsorbed per unit weight of adsorb
(mol/g), k is the constant related to adsorption ene
(mol2/kJ2). From the plots of lnCs versusε2, the values of
Xm andk were computed by using the values of interc
and slope. Polanyi potential (ε) can be calculated from th
equation

(4)ε = RT ln(1+ 1/Ce),

whereCe is the equilibrium concentration of boron in aqu
ous solution (mol/L), T is the temperature (K), andR is the
gas constant.

The value ofk is used to find the mean free energyE

(kJ/mol) of sorption:

(5)E = −(2k)−0.5.

The magnitude ofE gives information about the type o
adsorption. If this value is between 8 and 16 kJ/mol, ad-
sorption type can be explained by ion-exchange[28]. It has
been found that the adsorption energy for the adsorptio
As(III) on activated alumina was 7.45 kJ/mol, assuming the
adsorption type as physical adsorption[29]. The mean free
energy values were summarized inTable 3. As was observed
from Table 3, E values were calculated to be−7.01,−4.39,
−4.31,−6.04,−8.45, and−3.30 kJ/mol for B, NB, S, NS,
I, and NI, respectively. It can be reached that the type
adsorption of boron can be mostly considered as phys
adsorption.

3.2. FTIR results

In order to identify the coordination of adsorbed bor
species on the surfaces of clay and modified clay sam
FTIR spectroscopy was used. The vibrations of the Si–
bond result in a broad band at 3700 cm−1 together with a
doublet due to O–H deformation at approximately 800 cm−1
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Fig. 5. FTIR spectrum of bentonite and boron adsorbed bentonite.

Fig. 6. FTIR spectrum of illite and boron adsorbed illite.

[30]. When the shifts or changes occur in these bands, i
dicates that there are interactions of boron species with
silanol groups.

As can be seen in the spectra of bentonite (Fig. 5), there
is an absorption band in the range of 3200–3600 cm−1 be-
cause of the stretching band of OH groups. Boron tre
bentonite displays two bands, at 3629 and 3430 cm−1. In-
tensities of these bands increased as compared with the
3200–3600 cm−1 of spectrum of bentonite sample. Hydr
gen bond may occur between hydroxyl group of boun
water and boron species.

In the spectrum of illite (Fig. 6), the absorption band
at 3550 and 3428 cm−1 can be assigned to lattice OH a
bound water stretching vibrations. After boron adsorpti
these bands shifted to 3552 and 3422 cm−1. As was men-
tioned above, hydrogen bonding may occur between
ter molecules and boron species. Water deformation b
is located at 1641 cm−1 that is almost the same as bor
adsorbed illite. A strong and sharp band is detected
1026 cm−1 that corresponds to Si–OH stretching vibratio
which is similar to Si–OH absorption band of boron trea
illite. From this point of view, distortion of the symmetr
of the tetrahedral sheet could not occur by treating bo
at that temperature. The bands near 820 and 677 cm−1 can
be evaluated as Si–O–Si stretching vibrations. There is
e

Fig. 7. FTIR spectrum of sepiolite and boron adsorbed sepiolite.

tle change after the boron adsorption. The spectra from
and boron treated illite were similar in the 600–400 cm−1 re-
gion. The weak absorption bands at 507 and 464 cm−1 can
be identified as Si–O–Al (octahedral) and Si–O–Si bend
vibrations, respectively.

In the spectra of sepiolite (Fig. 7), zeolitic water gives
a broad adsorption band at 3442 cm−1 that shifted to
3409 cm−1 in the spectra of boron treated sepiolite. T
entrance of boron species inside channels may affec
structure of residual zeolitic water. Possible associatio
boron species and zeolitic water via hydrogen bond may
cur, as depicted below,

As can be seen in the spectrum of sepiolite, bound
ter gives two stretching absorptions, located at 3688 cm−1

(relatively weak) and 3584 cm−1, that shifted to 3690 an
3571 cm−1, respectively, in the case of boron adsorbed s
olite. These small shifts in absorption bands may be ind
tion of the hydrogen bonds between bound water and b
species.

It has been argued that the appearance of two stretc
bands is due to the fact that two water molecules coordin
to each of the octahedral cations exposed to the channe
not identical[31–33]. HOH deformation vibration shifted
from 1652 to 1659 cm−1 with the treated boron. The stretc
ing band at 1018 cm−1 as a sharp band is replaced by a bro
band at about 1013 cm−1. It indicates that the symmetry o
the tetrahedral sheet is probably distorted. This distortio
accompanied with the evolution of bound water. Sepio
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 shows absorption maxima at 883, 785, 689, 643, 471,
426 cm−1. Most of the bands were the same in the case
boron treated sepiolite (Fig. 7).

It has been stated that essentially there is no p
mer boron specie present in solution at concentrat
�25 mmol/L and polynuclear species are less than 5%
pH 7 [34]. The boron solutions used in our study are l
than 25 mmol/L. The pH values of solutions were abo
8.8–9.0 for sepiolite; 7.7–8.3 for illite; 6.9–7.8 for bentoni
8.6–9.0 for NB; 6.9–7.2 for NI; 7.8–8.2 for NS, correspon
ing to adsorption isotherms shown inFigs. 1 and 2. The pKa

value of boric acid is 9.2, where half of the total boron
in the form of boric acid and half is in the form of bora
anion. As the pH decreases below 9, the B(OH)3 is the dom-
inant aqueous species. As can be seen inTable 3, the relative
adsorption capacities are increasing in the order of S, N
NS, B, NB. According toKf values (Table 3) calculated from
Freundlich equation, after the modification of sepiolite a
bentonite, the relative adsorption capacities increased. H
ever, the relative adsorption capacity of illite decreased a
the modification with nonylammonium chloride. As cou
be revealed before, the amounts of adsorbed boron ar
creasing with the pH to a maximum point for each clay a
modified clay minerals. After the maximum point, adso
tion of boron is decreasing. It is clear that the proportion
boron species in the equilibrium solution varies with pH v
ues. At high pH, the clay surfaces are negatively charg
Due to formation of OH− group, competitive adsorption ca
be observed between B(OH)−4 and OH− groups for the sorp
tion sites of clay samples. It reveals the reason of decr
in adsorbed boron with the increase of pH after a ma
mum point. The vital point here is that repulsion betwe
negatively charged clay surface and negatively charged
(OH−, B(OH)−4 ) occurs at high pH values. This result
supported by FTIR results, since Si–OH stretching vib
tions change after the adsorption of boron. The edge of e
clay platelet has a hydroxide group which may react w
boron species as well.

As was presented inTable 2, organic carbon content o
NS is lower than the others. There is no further differe
with the d001 values of sepiolite and NS. Nonylammoniu
ions could not enter the interior channels of sepiolite. Sila
groups presented at the border of each block are usuall
cessible to organic species. According to FTIR results of
(data not shown here), the stretching vibrations of –C2,
–CH3 group is very weak. Small variations were observ
in the OH stretching region, Si–O absorption bands and
monium absorption bands. The adsorbed amounts of b
species on B and NB are shown inFigs. 1 and 2, and the
shape of the isotherms are of S type which indicates ph
cal adsorption. The adsorption capacities of B and NB
shown inTable 3. It can be inferred that little adsorptio
of boron species was observed on bentonite alone, whe
modifying the surface of bentonite from hydrophilic to h
drophobic using nonylammonium cation occurred a dra
increase in the adsorbed amounts of boron species. Am
-

-

s

the modified samples, the highest organic carbon conten
longs to NB. So when the FTIR spectrum was examined
bands due to antisymmetry and symmetry of –CH2 group,
scissoring mode and rocking mode of –CH2 group was al-
most the same in NB and boron adsorbed NB. Howe
ammonium stretching mode was extremely sensitive to
sorption of boron on NB. It was deduced that formation
organo-boron complexes may have appeared between n
lammonium ions and boron species.

The effect of ionic strength to adsorption of boron spec
was also examined. Adsorption capacities of the clay s
ples for boron species increase with the increase in i
strength. This result is in agreement with a previous
port [19]. The amount of positive ions on the clay surfa
increases with the increase of ionic strength. Since the
sibility of ionic attraction between positive ions presen
on the surface and boron species enhances, the amou
adsorbed boron is at high level.

4. Conclusion

It was found that based on relative adsorption capa
values, adsorption of boron onto clays (bentonite and
piolite) was enhanced by changing the clay surface f
hydrophilic to hydrophobic by modifying with nonylammo
nium chloride. The optimization of boron adsorption c
be achieved by sustaining the pH in the range 8–10
a constant ionic strength. Thus, modification of bento
and sepiolite with nonylammonium chloride can be adva
geously utilized to remove and recover high levels of bo
concentration in the aqueous environment in stead of
samples. The results of the present work seem to asse
conclusion that modification of clay minerals (bentonite a
sepiolite) with long alkyl chains such as nonylammoni
ion may increase the relative adsorption capacities. The
perimental results were analyzed by using Langmuir, F
undlich, and Dubinin–Radushkevich equations. Langm
equation did not show good agreement with our experim
tal data. From the shape of isotherms corresponding to
tonite, sepiolite, NB, NI, NS, it is inferred that adsorpti
occurs physically. Furthermore, this result was supporte
the mean free energy values (lower than 8 kJ/mol) calcu-
lated from DR isotherm. In addition, from the shape of
isotherm for illite, it is derived that the type of adsorbent c
not be considered as S type isotherm and these results
also supported by the mean free energy values obtained
DR isotherm (greater than 8 kJ/mol).

As far asKf values concerned, as indicated inTable 3,
sorption capacity of boron onto adsorbents was increa
in the order of sepiolite, NI, illite, NS, bentonite, and N
From the standpoint of industrial applications, bentonite
suitable adsorbent due to low price and high adsorption
pacity among the clays investigated. However, nonylam
nium modified bentonite is the most attractive adsorbent
to a high adsorption capacity among the samples studie
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[8] R. Boncukcuŏglu, A.E. Yılmaz, M.M. Kocakerim, M. Çopur, Desal

nation 160 (2004) 159.
[9] M. Badruk, N. Kabay, M. Demirciŏglu, H. Mordŏgan, Ü.İpekŏglu,
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