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Abstract

A novel sorbent was prepared by the functionalization of an inorganic support material, MCM-41Nwigthylglucamine for the
uptake of boron from aqueous solutions prior to its determination by inductively coupled plasma optical emission spectrometry (ICP-OES).
Characterization of the newly synthesized material was performed using BET, XRD, TEM, SEM and DRIFTS techniques, in addition to
its C and N elemental content. Sorption behavior of the novel sorbent for boron was also investigated and found to obey Freundlich and
Dubinin—Radushkevich (D-R) isotherm models. The maximum amount of B{B&4) that can be sorbed by the sorbent was calculated
from the D-R isotherm and was found to be 0.8 mmolBagf sorbent. The applicability of the new sorbent for the removal/preconcentration
of boron from aqueous samples was examined by batch method. It was found that the sorbent can take up 85% of boron in 5 min whereas
quantitative sorption is obtained in 30 min. Any pH greater than 6 can be used for sorption. Desorption from the sorbent was carried out
using 1.0 M HNQ. The sorption efficiency of the new sorbent was also compared to that of Amberlite IRA 743, a commercial resin with
N-methylglucamine functional groups. Within the experimental conditions employed, the new sorbent was found to have higher sorption
efficiency than the commercial resin. For method validation, spike recovery tests were performed at various concentration levels in different
water types and were found to be between 83—-95 and 75-92% for ultra pure water and geothermal water, respectively.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction sociated form, HBOs, is predominant. It has been reported
that the conversion into undissociated form applies also to
Boron is widely distributed in the environment, from nat- boric oxide and the sodium borates; as a consequence, the
ural or anthropogenic sources. It can be found mainly in the ecotoxicology of all these substances is likely to be similar
form of boric acid or borate salts. When the acid dissociation to the case of boric aci].
constant of boric acid (5.8% 10710 at 25°C; pKa=9.24) is Boron is an important micronutrient for plants, animals
considered, itcan be predicted thaBDs is the predominant  and humans, but it can be toxic at high concentrations. In
form at neutral and low pHs whereas B(QH)is expectedto  recent years the use of boron compounds in metallurgy,
be present at high pHs. Both forms may exist in equilibrium at microelectronics, glass products and in fertilizers has been
a pH range of 7.0-11.A]. At physiological pHs, the undis-  increasing; so that boron compounds are released into the
environment from these sourcis.
* Corresponding author. Tel.: +90 232 7507533; fax: +90 232 7507509,  >an and Brown reviewed the analytical methods for
E-mail addressahmeteroglu@iyte.edu.tr (A.E. Eji). the determination of boron in different types of samples,
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indicating that the most common ones used are the spec-otherN-methylglucamine type chelating resins, Diaion CRB-
trophotometric methodg4]. These methods have been 01, Diaion CRB 02 and Purolite S 1(85].
reported to suffer from several methodological problems  Due to high boron content of its wastewater, Denizli-
and are not adequately sensitive for some water samples thaKizildere geothermal field in Turkey has been the subject of
are naturally low in boron concentration. some boron removal studies. The water disposed away from
Among the atomic spectroscopic methods, inductively a power plant in this field has a capacity of 1500t fand
coupled plasma optical emission spectrometry (ICP—OES) contains boron atan approximate concentration of 30Thg |
and electrothermal atomic absorption spectrometry (ETAAS) When the average level of boron in irrigation waters (gener-
are used most frequently, although they suffer from inter- ally given as 1 mgt?) is considered, the very high level of
ferences, memory effects and insufficient sensitivity for the boron in the disposed water of Kizildere makes the use of this
determination of low levels of borofd]. The generation of  water for irrigation purposes impossible. For the investiga-
volatile species such as boron fluoride or methoxyborate andtion of boron removal from Kizildere geothermal wastewater,
their introduction into the plasma appear to be a good ap- Amberlite IRA 743[14], Diaion CRB 01, Diaion CRB 02,
proach to eliminate for example the spectral interference by and Purolite S 10815] were employed. These resins have
the iron emission line in solution analysis by ICP-OBE common inN-methylglucamine functional group and they
ICP mass spectrometry (ICP-MS) offers higher sensitivity, just differ in the type of polymer chain and in some of their
lower detection limits, and simultaneous measurement of to- physical characteristics.
tal boron concentration and boron isotoperatios for biological It has been recognized that borate ion is complexed by sor-
tracer studies in the same ri47]. It has been mentioned that  bitol groups, and a proton is retained by a tertiary amine site
a special attention must be given to sample dissolution stepthat behaves as a weakly basic anion exchanger, as outlined
because even small particles may clog the capillary tube toin Scheme 1 [16]
the nebulizef5,7,8]. Various synthesis procedures can be found in literature for
Although boron and boron compounds are widely dis- developing new resins for boron removal. For instance, Bicak
tributed in nature, their concentrations are generally low in et al.[17] synthesized a boron-specific resin by modification
most of the surface and ground waters, except those in theof crosslinked glycidyl methacrylate-based polymers. Inukai
vicinity of borate mines or some industrial discharges. These et al.[18] synthesized resins for boron sorption with natu-
low concentrations necessitate either the use of very sensitiveral organic polymer support cellulose. These studies include
analytical techniques or the application of suitable precon- the functionalization of the polymer chain with the boron-
centration methods prior to instrumental determination. binding groupN-methylglucamine. In addition to the use of
Some sample matrices can be problematic in boron de-organic polymers, the functionalization can be realized by us-
termination. High salt concentration may affect the boron inganinorganic support material. Silica gel is one of the most
signals in many detection systems, whereas the presence ofvidely used materials for this purpose as being an amorphous
Fe in the sample solution (e.g., soil extracts, iron metal ex- inorganic polymer with siloxane groups (Si—-O-Si) in the in-
tracts, biological fluids, etc.) has been reported to cause specward region and silanol groups (Si—OH) distributed on the
tral interference especially in ICP—-OES determinatiptis surface. In recent years, modification of silica by inorganic
For these types of samples, there is a need to apply a matrixor organic functional groups has been the subject of consider-
separation step prior to instrumental determination. able interest due to many possibilities of application. Surface
It is known that chelating resins containing functional modifications are usually achieved with silylation using an
groups in which hydroxyl groups are in the 1-2 or 1-3 po- appropriate organosilane reag¢h®—22] Modification of
sitions show high selectivity for boron, as reported through silica surface has also been the subject of a §aak
the formation of borate-diol complexg% 10]. There are also In 1992, researchers of Mobil Inc. discovered the ordered
some other boron removal methods but ion exchange processnesoporous silicas, designated as micelle-templated silicas
is the most extensively used with some commercial boron (MTS), which show a regularly ordered pore arrangement
selective resins, such as Amberlite XE 2{311,12] the and very narrow pore size distributi¢p4,25] One of the
macroreticular resin Amberlite IRA74R.3,14] and some members of this material type, named MCM-41, has a
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Scheme 1. The proposed mechanism for the sorption of boron by glucamine-functionalized §@fjents
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one-dimensional, hexagonally ordered pore structure was used for both diluent and flush solutions as suggested by
whereas the other member, MCM-48, is cubic ordered. Sun et al[41].
These mesoporous materials with regular pore structure have
pore diameters in the range from 2 to 10 nm. Due to their 2.2. Reagents
high surface area and regular mesoporous system of pore
mono-dispersed size, MTS have been reported to constitute All reagents were of analytical grade and used with-
an efficient mineral supports for the preparation of inorganic— out further purification. Ultra pure water (18®) was
organic hybrid materials by grafting organic chains onto used throughout the study. All aqueous solutions prepared
their surface through silylation. were stored in polyethylene/polypropylene containers. Plas-
Various types of functional groups and molecules were in- tic ware was cleaned by soaking them in approximately
corporated into mesoporous materials mostly for catalytic ap- 1.5 M nitric acid and rinsed with ultra pure water prior to
plications. These studies have been widely revised by Moller use. The boron stock standard solution was prepared by dis-
and Bein[26]. Organic functionalization of the internal sur- solving 5.716 g anhydrous3BOs3 (Carlo Erba 99.5-100%,
face of a MTS host by covalently grafting various organic product code: 302177, CAS no: [10043-35-3]) in suffi-
species into the channel walls, a post synthesis grafting pro-cient amount of ultra pure water and diluted to 11. Sodium
cess, has been widely employed to anchor specific organicsilicate (27% SiG-10% NaOH, Riedel-de Hgn, product
groups onto surface silanols, typically using organochlorosi- code: 13729, CAS no: [1344-09-8]) was used as the silica
lanes or organoalkoxysilanes as precursors for the surfacesource for the synthesis of support material MCM-41, and
modificationg26—33] cetyltrimethylammonium bromide (CTMAB, Merck, prod-
Surface modification of these materials by functionaliza- uct code: 1.023042, CAS no: [57-09-0]), a quaternary am-
tion with organic groups permits the utilization for numerous monium surfactant, for the synthesis of support material
potential applications, such as ion exchange, encapsulationMCM-41. (3-Bromopropyl)trimethoxysilane (Fluka, product
of transition-metal complexes or semiconductor clusters, code:18262, CAS no:[13883-39-1]) aNemethylglucamine
chemical sensing, adsorption and nano-material fabrication(Merck, product code: 818318, CAS no: [6284-40-8]) were
[27,34-40] used in the surface modification of MCM-41. Amberlite IRA
In this context our goal was to develop a nhovel sorbent ma- 743 (Aldrich, product code: 21,644-5, CAS no: [81133-21-
terial for preconcentration and matrix removal applications 3]) was used for the check/comparison of the efficiency of
of B-containing water samples. For this purpose, a silicious newly developed sorbent. It is a commercial resin for boron
MCM-41 was functionalized witiN-methylglucamine and  sorption having macroporous polystyrene matrix wih
the new sorbent prepared was tested for its efficiency in boronmethylglucamine functional groups. Total capacity of the
sorption from aqueous solutions. resin is given as 0.8 equiv:}. The particle size of Amber-
lite IRA 743 was between 297 and 11@6h (50-16 mesh).
However, in the sorption experiments, both the original and

2. Experimental the ground resin (53—-7bm) were used.
2.1. Instrumentation 2.3. Synthesis of MCM-41
A Varian Liberty Series Il Axial view ICP-OES was used The synthesis of pure-silica MCM-41 was carried out

in boron determinations in the liquid samples. The instrument by a delayed neutralization process proposed by Lin et
was operated with the following conditions; incident power al. [42] where cetyltrimethylammonium bromide (CTMAB)
of 1.2 kW, plasma gas flow rate of 15| mihand auxiliary was used as the template. The synthesis was performed
gas flow rate of 1.5 Imin'. Continuous nebulization was re-  at 50°C with a composition of 1Si©0.45 surfactant:0.39
alized by means of a concentric glass nebulizer with cyclonic Nax0:0.29HS0,:50H,0. Particle size of MCM-41 ranged
chamber. Measurements were based on peak height withbetween 1 and m with an average value of 2i5n as deter-
polynomial plotted background correction method. The most mined from the curve of cumulative particle size distribution.
sensitive emission lines of boron, 249.773 and 249.678 nm,
were chosen. In addition, 208.959 nm B line was monitored in 2.4. Functionalization of the MCM-41 surface
case Fe interferes. The most sensitive B signal was obtained
at 249.773nm and thus all quantifications were conducted The novel sorbent material was synthesized in two steps:
with the results obtained at this wavelength. Nevertheless, allin the first step the support material MCM-41 was functional-
three wavelengths were continued to be measured for checkized with propyl bromide. In the subsequent step the grafted
As it is known, one of the most important drawbacks of MCM-41 was reacted wittN-methylglucamine to produce
boron determination by ICP methods is the memory effect tertiary amine functionality to the materigd¢heme 2
and this effect should be minimized in order to obtain reli- Propyl bromide functionalization of MCM-41 was per-
able results. Inthe present study, mannitol-ammonia mixture,formed by refluxing 3g of MCM-41 (freshly evacuated at
with the respective concentrations of 0.25% (w/v) and 0.1 M, 120°C for 16h) in 50ml of dry CHJ solution of (3-
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Scheme 2. Glucamine modification of MCM-41.

bromopropyl)trimethoxysilane (BPTMS) overnightunder Ar MCM-41 support collapsed during the functionalization re-
atmosphere. Four different functionalized MCM-41 samples actions. Characterization of the sorbents was carried out by
were prepared by varying the initial amount of BPTMS means of transmission electron microscopy (TEM), X-ray
in the reaction medium as 0.5, 1.0, 1.5, and 10mmélg diffraction (XRD), diffuse reflectance infrared Fourier trans-
The functionalized materials were then filtered and soxhlet- form spectrometry (DRIFTS), BET techniques and elemental
extracted with diethyl ether-dichloromethane mixture (1:1) analysis.

for 12h. MCM-41 samples functionalized with the above- XRD data were collected on a Philips X'Pert Pro diffrac-
mentioned amounts of propyl bromide were treated with tometer using Cu K radiation ¢ =0.154 nm). Samples were
N-methylglucamine in refluxing water (30 ml) for 16 h to introduced after compressing in the cassette sample holder
produceN-methyl-N-propylglucamine functionality tethered  without any adhesive substance.

onto the surface of MCM-41. In each case, the molaramount DRIFTS measurements were carried out using Nicolet
of N-methylglucamine used was three-fold higher than that Magna 550 FTIR spectrometer equipped with Spectra-Tech
of BPTMS used in grafting MCM-41. These glucamine- Collector Il model 0030-0XX diffuse reflectance accessory.
functionalized MCM-41 samples were assigned as NMG- The spectrawere collected at a resolution of 8 ¢aind aver-
MCM-41(n) wheren stands for numbers from 1 to 4 in order aged over 32 scans. In atypical measurement, 1 mg of sample
of increasing glucamine functionality. The modified sample was mixed with and completely dispersed in 10 mg KBr.

was soxhlet-extracted with water for 16 h. A more detailed  Elemental analysis of samples was carried out by Ankara

explanation can be found ifable 1 Testand Analysis Laboratories of the Scientific and Technical
Research Council of Turkey UBITAK) by using a LECO
2.5. Characterization of the synthesized sorbent CHNS 932 elemental analyzer.

Specific surface area of the synthesized sorbents and the

A number of characterization studies were employed to pure support material were measured using a static process
understand whether the functionalization of the MCM-41 by means of a Micrometrics ASAP 2010 instrument using

surface was succeeded and then whether the framework ohitrogen at 77 K. The specific surface area was calculated by

Table 1

Elemental analysis results Bfmethylglucamine-functionalized MCM-41 samgiles

Sample Propyl bromide added NMG added C% % N Amount of glucamine functionalized
(mmol g 1y° (mmol g1)¢ (mmol gt sample§

NMG-MCM-41(1) 05 15 4.80 0.55 0.39

NMG-MCM-41(2) 10 30 6.85 0.69 0.49

NMG-MCM-41(3) 15 45 9.97 1.02 0.73

NMG-MCM-41(4) 100 300 1362 142 1.01

a Starting amount of MCM-41 was 3.0 g in each case.

b Amount of (3-bromopropyl)trimethoxysilane used in grafting MCM-41.

¢ Amount of N-methylglucamine used in functionalization of propyl bromide-grafted MCM-41.
d Calculated from N content of the samples.



O. Kaftan et al. / Analytica Chimica Acta 547 (2005) 31-41 35

the BET method and average pore diameters and pore sizeof modification as the organic fragments enter the channels
distributions were calculated from the adsorption branch of (Fig. 1a). The BET surface area of the calcined MCM-41
the isotherm using the Barrett, Joyner and Helenda (BJH) was determined to be 17551 and was then reduced to
method. All samples were degassed for 3h at 423 K. 767 nf g~1 upon treatment with 1.5 mmoldg BPTMS. Af-
SEM characterization was performed using a Philips XL- ter functionalization wittN-methylglucamine (NMG-MCM-
30S FEG type instrument. Prior to analysis, the solid samples41(3)) the surface area was further reduced to 259h.
were sprinkled onto adhesive aluminium tapes supported onAs shown inFig. 1b, the pore size distribution of the sam-
metallic disks. Microimages were then recorded at different ples changed during grafting with BPTMS and also upon
magnifications. functionalization withN-methylglucamine. The mesoporous
For TEM analysis, the sample powders were dispersed MCM-41 had an average pore size of 2B.6vhereas the
in ethanol, and a drop of the solution was placed on Lacey pore size of propyl bromide-grafted MCM-41 was R0
carbon grid for drying in ambient environment. TEM obser- (in the borderline between mesoporous and microporous
vation was performed utilizing a Tecnaf® transmission  structures). However, thé-methylglucamine-functionalized
electron microscope operated at 120 kV. A Gatan MultiScan material (NMG-MCM-41(3)) was completely microporous
600CW low dose CCD camera was used to record TEM («<20A).

images. The TEM images of the synthesized and calcined MCM-
41 samples show that the pore channels were well devel-
2.6. Typical procedure for boron sorption studies oped long range order of hexagonal structufég.(2a) and

the samples preserved their integrity after propyl bromide
In boron sorption studies, prescribed amount of sorbent functionalization Fig. 2b). Although N-methylglucamine-

was added into 20.0 ml aqueous solution of 2B+ M functionalized sample (NMG-MCM-41(3)) also exhibited
H3BO3 (corresponding to 10.0mgt B). The mixture was hexagonal array of pore structure, it had uneven wall struc-
shaken manually for 1-2 min and then placed on a shaker fortures in some regions and elongation of the channel walls
30 min. The contents were filtered through filter paper and were interrupted due to the collapse of channel walls
the filtrate, after addition of the required amounts of NH (Fig. 2c).
and mannitol to have the respective concentrations of 0.1 M
and 0.25% (w/v)41], was analyzed by ICP-OES for boron

determination. 1000

2.7. Desorption of boron from the sorbent

After uptake of boron by the sorbent, its desorption was
investigated using several acids such as HN&SO, and
HClat1.0and 2.0 M concentrations. For this purpose, the sor-
bent was taken into the eluents and was shaken once again
for 30 min for desorption. At the end of this period, the so-
lution was filtered and the filtrate was analyzed for its boron . _ . . _
content. 0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/P9)

Volume adsorbed (cm?3/g, STP)

3. Results and discussion
3.1. Characterization of the synthesized sorbent

The DRIFTS spectra df-methylglucamine reagent, the
unmodified MCM-41 and its modified samples were com-
pared (not shown here) and the characteristic peaks at about
2950 and 1450 cmt were thought to be the demonstration
of the success of the functionalization processes.

The functionalization capacity of the modified MCM-41
samples was estimated from their nitrogen content and was
found to differ between 0.39 and 1.01 mmol glucamine func-
tionality per gram of sampleTéble J).

Nitrogen sorption isotherm is an efficient way for provid- Fig. 1. (a) N adsorption-desorption isotherms and (b) pore size distribu-

ing information about the pore system of materials. It is €X- tjon of (@) MCM-41, (O) propy! bromide-MCM-41, and¥) NMG-MCM-
pected that the isotherms show gradual changes at each staga (3).

pore volume (cm?3/g-A)

10 20 30 40 50 60 70 80

pore diameter (A®)



36

20 nm

Fig. 2. TEM images of (a) MCM-41, (b) propyl bromide-MCM-41, (c)
NMG-MCM-41(3). Arrows indicate wall defects.

The XRD pattern of synthesized MCM-41 showed an
intense peak at af2value of 2.3 (100) and low inten-
sity peaks between°3and & which are characteristic of
the long range hexagonal structure of MCM-Aig 3a).
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(c)

Count

®

(a)

2 3 4 5 6
20

Fig. 3. XRD patterns of (a) MCM-41, (b) propyl bromide-MCM-41 and (c)
NMG-MCM-41(3).

of MCM-41 [32,43] N-methylglucamine functionalization
(NMG-MCM-41(3)) caused the disappearance of low in-
tensity peaks, while there appears only a slight change in
the intensity of (100) reflection as compared with that of
propyl bromide-grafted MCM-41Kig. 3c). The change in

d1 00 spacing values was negligible, varying between 38.3
and 39.1A. This observation is in agreement with the TEM
images thatdemonstrated some defects in regularity of hexag-
onal pores of the sample upon glucamine functionalization.
It must also be noted that the pH of the boiling solution was
11 during N-methylglucamine functionalization. It is well
documented that the crystalline structure of MCM-41 col-
lapses during treatment in basic aqueous solufibk Yet,

the glucamine functionalized MCM-41 sample possessed or-
ganized pore structure, though with the reduced quality. It
was reported that the surface silylation improves the stabil-
ity of MTS materials in water as a result of the increase in
hydrophobicity[45-47] In the same manner, the silylated
structure should be more resistant towards base &tk

3.2. The sorbent efficiency in boron sorption

The MCM-41 samples funtionalized with different
amounts ofN-methylglucamine (as given ifiable 1) were
tested for their boron sorption efficiency. As can be seen
from Fig. 4, the sorption capacity of the material increased
dramatically untilN-methylglucamine content of the sam-
ples increased to 0.73 mmot§(NMG-MCM-41(3)). How-
ever, the further increase iN-methylglucamine content
(1.01mmolg?, NMG-MCM-41(4)) had a very little en-
hancement in the sorption capacity of the sorbent. Hence,
for economy, NMG-MCM-41(3) was used in the subsequent
investigations.

It was also determined that the unmodified MCM-41

There appeared a decrease in overall intensities of XRDand propyl bromide-functionalized MCM-41 (treated with

reflections of MCM-41 after propyl bromide functionaliza-
tion (Fig. 3). This may be due to the difference of scat-

1.5mmolg ! BPTMS) had very little boron adsorption ca-
pacity (9.2+0.2 and 11.1 0.3%, respectively, for 0.1g

tering contrast between the amorphous silicate framework of sample) as compared to the glucamine-funtionalized
and organic moieties which are located inside the channelssorbents.
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amount of sorbent (mg)

300 400

Fig. 4. Percent sorption capacity of the glucamine-functionalized MCM-41
sorbents (NMG-MCM-41)) as a function of sorbent amourtn=1, (v)
n=2, (O) n=3, (®) n=4. Inset: Percent sorption capacity of the NMG-
MCM-41(n) as a function of mmol oN-methylglucamine (boron concen-
tration: 10.0 mg1?, solution volume: 20.0 ml).

3.3. Effect of pH on sorption

The form of boron in solution depends strongly on the pH
and takes the forms of B(Okljat low pHs or B(OH) ™~ at

high pHs. According to the sorption mechanism proposed by

Simonnot et al[16] and as outlined irscheme Lhigh pHs

37

3.4. Desorption of boron

The desorption studies of boron from the sorbent NMG-
MCM-41(3) were carried out with HNg HCI and SOy
at 1.0 and 2.0 M concentrations. After the usual sorption step
with 0.1 g of the sorbent, the sorbent was put into the acid so-
lution and shaken for 30 min. The solid phase was separated
from the mixture by filtration; and to the filtrate was added
NH3 and mannitol before ICP—OES measurements. The re-
sults showed that the recoveries were either comparable or
better with 1.0 M concentration compared to those with 2.0 M
for all acids employed. Desorption efficiency in 1.0 M solu-
tions of the acids followed the order HCI (833%) > HNO;
(77+ 2% > H, SOy (66t 2%)).

Although the use of HCl appeared to be the best choice in
desorption process in terms of recovery percentage of boron,
it gave rise to a problem in obtaining a stable plasma dur-
ing nebulization due to the fact that a white deposit (possi-
bly NH4Cl) was being formed in the innermost tube of the
ICP—OES torch (through which the sample aerosol is trans-
ported). Because of this reason, HCI was replaced by §INO
for desorption studies thereafter, as no deposit formation was
observed when 1.0 M HN$was used.

must provide a suitable environment for the sorption of boron 3-5. Comparison of the effectiveness of the Amberlite

by the functional groups likbl-methylglucamine. As can be
seen front-ig. 5 any pH > 6 can be used for efficient sorption.

The interesting finding here is that the novel sorbent takes up

IRA 743 and NMG-MCM-41(3)

To understand the efficiency of the synthesized sorbent

boron from the solution even at a pH of 6. This is contradic- material in terms of sorption capacity and applicability to the

tory to the mechanism proposed $theme Iat which the
considered form of boron to be adsorbed is B(@H)The
efficient sorption of boron by the new sorbent at a pH of 6

water samples with different matrices, it was compared with
the commercial resin Amberlite IRA 743. For this purpose,
both aqueous and matrix-matched standard calibration

might be indicative of the presence of an additional sorption 9r@phs were obtained for Amberlite IRA 743 and NMG-

mechanism, the validation of which could be a topic of a
separate study.

MCM-41(3), as shown irrig. 6. Matrix-matched standards
were prepared by applying the proposed sorption/desorption

The decrease in sorption at low pHs was considered asSteps to all standard solutions in the calibration graph.
an indication of the acidic solvents to be good candidates Both sample and eluent volumes were 20.0ml. As can

for desorption. This was proven in the following section and
different acids were used for this purpose.

100 1

80 1

60 1

% sorption

40 1

20 T
10 12
pH

Fig. 5. Boron sorption by NMG-MCM-41(3) as a function of pH. (Solution
volume: 20.0 ml, sorbent amount: 0.1g.)

160x103
140x103 4
120x103 4
100x103 -

80x103 1

Intensity

60x103 -
40x103 4

20x103

10.0 15.0

5.0
concentration (mg1 ™)

Fig. 6. Calibration graphs for boron®) aqueous standard calibration
plot (y=6621.4+ 1436.3,R?=0.9999), ) Amberlite IRA 743 matrix-
matched standard calibration plgt5310.%+ 178.45,R? =0.9994), ()
NMG-MCM-41(3) matrix-matched standard calibration grapk (98.22
X2 +4731.4+1711.6,R2=1.0000).
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Fig. 7. Comparison of sorption efficiency as a function of sorbent amount,
(@) Amberlite IRA 743 (original particle size (297-118n)), (O) Amber-

lite IRA 743 after grinding (53-7pm), (¥) NMG-MCM-41(3). Inset: Per- Fig. 8. TEM image of the NMG-MCM-41(3) after six consecutive sorp-
cent sorption capacity as a function of mmolmethylglucamine (boron tion/elution steps.

concentration: 10.0 mgt, solution volume: 20.0 ml).

be seen fronFig. 6, the sensitivities (slopes) are affected desorption step, the sorbent was washed with 0.01 M NaOH
by Sorption/desorption steps for both sorbents, however, and then with ultra pure water for conditioning. It was deter-
NMG-MCM-41(3) displayed lower calibration sensitivity ~Mmined that there was little decrease in sorption capacity after
as compared to that with Amberlite IRA 743. six consecutive uses of 0.1g of material, decreasing from
Then, the sorption efficiencies of Amberlite IRA 743 and 90 to 82%. SEM microimages showed that the long range
NMG-MCM-41(3) were compared on the basis of both unit morphology of the sorbent were unaltered whereas multiple
mass of the adsorbent and unit molar quantity of glucamine TEMimages recorded at certain locations on the structure in-
functionality. Clearly, NMG-MCM-41(3) appeared to have dicated a partial decomposition in the order of the hexagonal
higher efficiency for boron sorption on the basis of both pa- Patterns of the pores of NMG-MCM-41(3) (a typicalimage is
rameters when original particle size of Amberlite IRA 743 showninFig. 8). In the case of Amberlite IRA 743, sorption
was ConsideredFQg_ 7) However, upon grinding the Am- Capacity reduced Significantly from 75 to 51% after six uses
berlite IRA 743 beads which originally had particle sizes When it was applied in original particle size (297-1190);
between 297 and 1190m to yield the particle size range While ground Amberlite IRA 743 (53-75m) showed little
of 53—75um, its efficiency approached that of NMG-MCM-  decrease (100-92%) in its sorption capacity after sixth use.
41(3). The enhancement in the efficiency of the commercial
resin obtained upon grinding was thought to be due to the in- 3.7. Spike recovery tests
crease in the rate of mass transport of sorbates to the interior

sorption sites as a result of the particle size reduction. The performance of the proposed methodology in precon-
centrating boron from ultra pure water was also investigated
3.6. Reusability of sorbents through spike recovery tests at various initial concentration

levels between 0.8 and 10.0mg! (corresponding to
Reusability is one of the key parameters to assess the ef4nitial volumes between 250 and 20.0 ml, respectively). The
fectiveness of a sorbent. A series of sorption/desorption ex-absolute amount of boron was 0.2 mg and the final volume
periments was performed to understand the reusability of thewas 20.0 ml in each case. As can be seen fiatvle 2 with
synthesized NMG-MCM-41(3). After sorption, the sorbent NMG-MCM-41(3), the method can be applied for the deter-
was treated with 1.0 M HN&to desorb boron and this sorp- mination of boron in ultra pure water at all initial volumes
tion/desorption procedure was repeated six times. After eachexamined, with a slight decrease for an initial volume of

Table 2
Boron recovery results for ultra-pure water with NMG-MCM-41(3) and Amberlite IRA?743
B spike (mgt?) Initial volume (ml) Enrichment fact8r NMG-MCM-41(3) Amberlite IRA 743 (53-75m)
B found (mg 1) Recovery (%) B found (mgt) Recovery (%)

10.0 200 10 9.5(0.6) 95(£6) 9.8(0.1) 98¢1)

4.0 500 25 9.040.3) 903) 9.3&0.5) 93@5)

2.0 1000 50 8.9(0.6) 89(£6) 8.9¢0.2) 89(2)

0.8 2500 125 8.3¢1.0) 83¢10) 8.7€0.3) 87&3)

2 Final volume was 20.0 ml in each case.
b Enrichment factor = initial volumef/final volume.
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Table 3
Boron recovery results for geothermal water with NMG-MCM-41(3) and Amberlite IRR743
B spike (mgt?) NMG-MCM-41(3) Amberlite IRA 743 (53-75m)

B found (mg 1) Recovery (%) B found (mgT') Recovery (%)
+0.0 7¢0.2) 75(2) 9(+£0.2) 96(2)
+5.0 12¢@:-0.2) 86(13) 14¢0.2) 96(13)
+10.0 19¢-0.3) 92(£13) 18¢-0.3) 93(13)

a Geothermal water had an initial boron concentration of 9.3Thglhitial and final volumes were both 20.0 ml in each case.

250 ml (0.8 mgt1). The very simple matrix of ultra pure  3.9. Determination of sorption isotherms
water enables high preconcentration factors to be attained.
In addition to this experiment, the matrix removal capacity ~ The sorption experiments of boron were performed in
of the method was also investigated through spike recoverythe batch mode. The equilibrium relationship between the
tests for geothermal water. In contrast to ultra pure water, @amount of boron adsorbed per unit mass of the sorbent NMG-
geothermal water which is referred to as “heavy-matrix’ MCM-41(3) ([C]s) and the residual boron concentration in
was expected to complicate the sorption/desorption steps. Insolution phase ([G] were expressed by adsorption isotherms.
these experiments, there was no need for preconcentration he uptake of boron was studied in the concentration range
and both the initial and the final volumes were 20.0ml. 5.0-200.0 mgt! while the amount of solid in each solution
The recovery values as shown ifable 3 (column 3), was held constant at 0.1 g. The applicability of the Freundlich
changed between 75 and 92% at different spike levels.and Dubinin-Radushkevich (D-R) sorption isotherms were
These recoveries were not very efficient though, yet could be tested under these specified conditions. The general expres-
considered as sufficient for many studies containing similar sion of Freundlich Isotherm is given as:
matrices. n

A very similar set of experiments was repeated for the [Cls =k-[C]
commercial resin, Amberlite IRA 743. The results are given where [C}; the concentration on the solid phase, mmolig
in Table 2(columns 6 and 7) an@iable 3(columns 4 and 5).  [C], the concentration in the liquid phase, mmoljk a con-
As expected, the commercial resin worked very efficiently stant related to sorption capacity, mmolg n a constant
for ultra pure water and adsorbed boron at all concentrationsrelated to linearity of the sorption curve.
studied. Whenthe spike recovery results for geothermal water  This expression can be linearized as:
are considered, it can be said that the sorption capacities of
NMG-MCM-41(3) and Amberlite IRA 743 are similar and  109[Cls = log k 4 n log [C],

efficient. The linear plots of log[G] versus log[C] show that the
sorption data obeys the Freundlich isotherm model. The slope
3.8. Boron sorption kinetics and intercept in the linear fits give the coefficiemsndk,
respectively.
Kinetic behaviour of the sorbent NMG-MCM-41(3) was Freundlich isotherm model allows for several kinds of ad-

examined by monitoring the percent sorption with respect Sorption sites on the solid, each kind having a different heat of
to the shaking time. For this purpose, 0.1 mg of the sorbent @dsorption. The Freundlich isotherm represents well the data
was added into 20.0 ml of 10.0 mgl boron for different

periods of time. The sorption rate for boron was rapid; an 100 |
interaction period of 1 min supplied 75% sorption whereas {../’ ) ¢
the equilibrium was reached after 30 mfid. 9). 80 7

Lagergren’s equatiof#9], developed as a pseudo first or- - 23
der kinetics, was applied to fit the kinetic data of the NMG- g 60 1 % i
MCM-41(3) (inset ofFig. 9). The equation is given by: 3 <

o 40 1 I,
[Cl: )

In({1- = —kat 1 ) |

( [C]e 2 20 ( 0 5 10 15 20 25 30

time (min)
wherek, apparent rate constant; [@he concentration on the 0 v v v T
0 20 40 60 80 100 120

solid phase at any time; [€}he concentration on the solid
phase at equilibrium.

The Ilnegrlsquare f|t§ OT the_ equation gaYe the rate Cons_tami:ig. 9. Boron sorption on NMG-MCM-41(3) as a function of shaking time.
as0.051 min~, avalueindicating that sorption proceeds With  |nset: Kinetic behaviour of NMG-MCM-41(3) based on Lagergren’s equa-
fast kinetic steps. tion. (y=0.05X+1.9182 R2 =0.9551).

shaking time (min)
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at low and intermediate concentrations and is a good modelmoval/preconcentration purposes in the determination of B
for heterogenous surfaces. When the value of Freundlich con-in various water samples. Characterization of the novel sor-
stantn is equal to unity, Freundlich equation becomes linear bent was realized with the use of BET, XRD, TEM, SEM

and the Freundlich constakbecomes equivalent to the dis-
tribution ratio, Ry, which is an empirical constant usually
used in the quantification of the sorption procpsty.

and DRIFTS techniques, in addition to its C and N elemen-
tal content. After synthesis and characterization experiments,
optimum application conditions were investigated and it was

The values of Freundlich constants, n and k, obtained found that 0.1 g of the sorbent was sufficient for 20.0 ml of the
from the linear fits of our data were respectively, 0.26 and sample solution containing 10.0 mg' The kinetic studies
0.32mmol g 1. As implied by the value of, sorption seems  have shown that the sorbent can take up 85% of boron from so-
to be highly nonlinear, the thing that indicates a fast decreaselution in 5 min whereas 30 min was required for quantitative
in the fixation capacity of the sorbent sites as the initial con- sorption. To investigate the sorption mechanism and maxi-
centration is increased. Since Freundlich isotherm does notmum amount of boron that can be sorbed by the sorbent, Fre-
predict a maximum coverage for a given sorbent, it is hard undlich and Dubinin—Radushkevich sorption isotherms were
to say thak corresponds to the maximum sorption capacity. applied. According to the results of the isotherms, there exist
The value ofk can, however, be correlated with the sorp- heterogeneous sites for sorption for low and high concentra-
tion capacity of the sorbent under the particular experimental tion levels, and 0.8 mmol of boron (agBlOs) can be retarded
conditions and can be useful in providing a qualitative com- from the solution per gram of sorbent. Efficient sorption takes
parison for the fixation ability of a given sorbent towards place ata pH higher than 6 and desorption of the sorbed boron

different sorbates.
D-R isotherm model is applicable at low concentration

from the sorbent can be realized with 1.0 M HRO
The sorption efficiency of the new sorbent was also com-

ranges and can be used to describe sorption on both homogepared to and found to be better than that of Amberlite IRA
neous and heterogeneous surfaces. It can be represented 843 (a commercial resin witR-methylglucamine functional

the general expression:
[Cls = Cm exp—(K&?)

When the logarithm of the D—R equation is taken,
In[Cls = In Cry — K&?

where ¢ =RTIn(1 + 1/[C]); [C]s the concentration on the
solid phase, mmolgt; [C]; the concentration in the liquid
phase, mmolt!; Cy, the maximum amount of B that can
be sorbed by the sorbent, mmollg K a constant related to
sorption energy.

The linear curves of In[G]versus:? showed that sorption
obeys D-R sorption isotherm model. The slope of the lin-
ear fits gives the logarithm o€, and the intercept gives
the coefficientK which is related to the sorption energy
(E=(—2K)~12), The sorption energy, can be defined as
the energy (kJ moit) required to transfer 1 mol of sorbate
species to the surface of the sorbent from infinity in the
bulk of the solution[50]. Utilizing K, the sorption energy
value was calculated as 11.5kJ mbl The energy changes

for chemisorption are usually substantially greater in magni-
tude than those for physical adsorption. Typically, energies

for chemisorption lie in the range 40 to —800 kJ mot?,
whereas those for physical adsorption range usually frdm
to —40 kJ mot L. [51]. Based on the value &, the maxi-

groups whichis frequently used for boron removal in environ-
mental waters) within the employed experimental conditions.
Applicability of the novel sorbent to a real sample, geother-
mal water, was also demonstrated through spike recovery
tests; a topic which requires further studies.
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