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Abstract

The sorption behavior of Bd and C&* ions on a natural clay sample rich in kaolinite was studied using time-of-flight secondary ion
mass spectrometry (ToF-SIMS). Depth profiling at 10-A steps was performed up to a 70-A matrix depth of the clay prior to and following
sorption. The results showed that &ois sorbed in slightly larger quantities than 43 with significant numbers of ions fixed on the
outermost surface of the clay. Depletion of the ions, g+, and C&* from the clay lattice was observed to accompany enrichment
with Co?t and B&* ions. The data obtained using X-ray powder diffraction (XRPD) and scanning electron microscopy (SEM) indicated
insignificant structural and mphological changes in the latticéthe clay upon sorption of both Ba and C&t ions. Analysis using energy
dispersive X-ray spectroscopy (EDS) showed that the average atomic percebnfabe) ©f Ba and Co on kaolinite surface werd®+ 0.11
and 061+ 0.19, respectively, indicating a limited uptake capacity of natural kaolinite for both ions.
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1. Introduction units, each composed of one octahedrally coordinated sheet
of aluminum ions and one tetrahedrally coordinated sheet of
The elements Ba and Co have the important correspond-silicon ions (a 1:1 clay mineral). When these layers stack,
ing radioisotopes*°Ba and®°Co. 14%Ba (11> = 14.8 days) the OH™ ions on one structural unit lie next to and in close
is produced in high yield during nuclear fission reactions. contact with the & plane of its neighbor structural unit.
€0Co (112 = 5.3 yr) is formed by activation 0f°Co in nu- As a result, the structure becomes tightly bound via hydro-
clear materials and is widely ed in medical treatment. Both  gen bonding, the thing that makes kaolinite a nonexpanding
isotopes are important from the viewpoint of radioactive clay, thus limiting sorption on the interlayer positions of this
waste disposal, as their migration from the disposal site andclay and yielding a low CEC. The unit layer of kaolinite is
their mixing with underground water could create a serious about 7 A thick, which gives rise to a characteristic X-ray
impact on the surrounding biological environment. Kaolin- diffraction peak corresponding to about 4.
ite, among other clays found around various kinds of geo-  |n this study, the sorption behavior of Baand C&*
logical repositories, is one of the natural buffering materials on a natural sample of kaolinite is studied using time-of-
that might retard or delay the migration of such harmful ra- flight secondary ion mass spectrometry (ToF-SIMS). The
dionuclides into the biosphere. technique was helpful in mapping the surface of the clay.
The ideal formula of kaolinite is ASi,Os(OH)s, and  Quantification of the depletion of different elements initially
most minerals of the kaolin group appear to be close to ideal contained within the analyzeday surface enabled evalua-
in composition. The structure of kaolinite consists of stacked tjon of the role of ion exchange in the sorption process. X-ray
powder diffraction (XRPD) was applied to examine the min-
~ " Corresponding author, Fax: +90-232-7507509. eralogical composition of natural kaolinite and to detect any
E-mail address: talalshahwan@iyte.edu.tr (T. Shahwan). possible structural changes that might take place in the clay
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following sorption. Scanning electron microscopy (SEM) uum in the analysis chamber was kept at approximately
was used to reveal the possible morphological changes 0f10~2 mbar. Spectra were recorded over 50 accumulations, at
the clay before and after sorption. x 5000 magnification, i.e., an area of &48 mm. The ion-

ToF-SIMS was applied earlier to study the sorption be- beam pulse length was 30 ns with a repetition rate of 10 kHz.
havior of these ions on natural clay samples rich in chlorite— The Ga ion gun used to produce the ions was operated at
illite and bentonite clay§2,3] and of C§ on natural kaoli- 1 nA currentand 20 keV energy. The electron flood gun was
nite [4]. In dealing with geological samples, the most im- used as required for neutralization. These conditions resulted
portant difficulty associated it the application of surface-  in an etching rate of approximately 10 A per 50-s etch. The
sensitive techniques stems from the heterogeneous nature ofamples were etched and analysis was performed at succes-
such samples. To overcome this problem, the measurementsive depths of 10, 20, 30, 40, 50, and 70 A. MS Origin 50
were performed at randomly selected locations and the val-was used in carrying out the quantification analysis of the
ues outlined in this study cospond to arithmetic averages ToF-SIMS data
of the measured magnitudes. Quantitative analysis using TOF—SIMS is usually affected

by various instrumental and matrix complications that might
affect the measurements. Usually, the relative sensitivity cor-
2. Experimental rections performed for individual elements are believed to
fold most of the errors created by instrumental effects as

The natural clay mineral sgutes were obtained from the long as the samples are analyzed under identical operating
Turkish General Directorate Mineral Research and Explo-  conditions. One of the difficulties caused by the nature of the
ration (MTA). The clay minerals originated from the Sindirgi analyzed clay matrix resulted from the implantation otjGa
region of Turkey, located in the western part of Anatolia. The ions on the analyzed sample by the'Garimary ion beam.
particle size of the clay samples used in the experiments wasThis has caused interference of;G(aA = 138) with the ma-
<38 um. The batch method was used throughout the study. jor isotope of Ba (71.7%) having the same mass number.

Prior to the sorption experiments, the clay was charac- Calculating the ratios of peak intensities'éfBa to those of
terized using XRPD and SEM techniques. In the XRPD ex- other Ba isotopes and comparing them with the natural iso-
periments, the clay samples were first ground and mountedtopic ratios confirmed this interference. Consequently other
on metallic disk holders, with methanol used to disperse the Ba isotopes were used in the calculatioh¥Ba and!3*Ba)
powder grains evenly over the holder. The samples were thenand correction to 100% abundance was performed. Another
introduced for analysis into a Rigaku miniflex X-ray diffrac- difficulty was caused by the fact that poorly conducting ma-
tometer. In the instrument, the source consisted oKgCu  terials, as in our case, usually suffer from the problem of
radiation, generated in alie operating at 30 kV and 15 mA. charging, i.e., the buildup of positive charge on the analyzed
The figures were recorded wittd 2/alues ranging from 2 surface as a result of bombardment by the primary ion beam.
to 5¢° in steps of 0.02 with dwell times of 10 s per step.  Charge buildup during analysis can cause secondary ions
The effect of grain orientation on the recorded diagrams was with narrow energy distributions (e.g., alkali metals, alkaline
checked by preparing different samples and analyzing themearths) to shift outside the optimum transmittance window of
under the same conditions. The results showed no significantthe spectrometer, thus lowering their yi¢k]. The effect of
difference in the peak intensities or peak positions. charging was accounted for by applying an electron gun to

The SEM/EDS characteriian was performed using a flood the surface with low-energy electrons, compensating
Philips XL-30S FEG type instrument located at the Center for the deposited positive charge. To avoid any inconsis-
of Material Research at Izmir Institute of Technology. The tency in the experimental data that can be caused by surface
clay samples were first sprinkled onto adhesive carbon tapesheterogeneity and/or grain orientation of the clay particles,
supported on metallic disks and then coated using depositedetching was performed at diffent locations of the analyzed
Au—Pd vapor. Microimages of the sample surfaces were thensample. Average results were then corrected using the corre-
recorded at different magnifications. sponding relative sensitivity factors (RSB]. Table 1gives

The sorption experiments were carried out by mixing the isotopes of the analyzedatents together with the rela-
400.0-ml aliquots of 0.010 M Baglor 0.010 M Co(NQ)2 tive sensitivity factors of these elements. The corrected data
with powdered kaolinite samples weighing 4.0 g each for were then expressed relative to (AISi) content, assuming
48 h using a magnetic stirrer. The samples were then filteredthat both Al and Si skeletal elements are nonexchanging.
using Whatman filter papers (No. 5) and dried overnight at
90°C. The pH at the start of the sorption experiments was in
the range~6.5-8 higher than the isoelectric point (IEP) of 3. Resultsand discussion
kaolinite (~3.5).

ToF-SIMS analysis of the natal and Ba- and Co-loaded The XRPD diagrams of the natural clay sample showed
clay samples was performed using a vacuum generator ToF-that it was composed mainly of kaolinite, in addition to
SIMS instrument located at ¢hinterface Surface Analysis quartz. Kaolinite is characteed by the 001 and 002 main
Centre at the University of Bristol. During analysis, the vac- features appearing dbo1= 7.15 A anddgo,= 3.57 A. The
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Table 1
The elements considered in TOF—SIMS calculations: relative sensitivity fac-
tors and natural stable isotopes

Element RSF Naturabkbtope(s) % Abundance
Mg 160 24Mg, 25Mg, 26Mg 78.6,10.1,11.3
Al 120 27p] 100
Si 27 28gj, 29g;j, 30g;i 92.2,4.7,3.1
K 1800 39, 41K 93.1,6.9 ‘ 5
Ca 250 40ca,42Ca,%3Ca,%Ca, 97.0,0.6,0.1, 2.1, : ; '
46Ca,48Ca 0.003, 0.2 . 4 d\( '
Fe 21 54Fe 56Fe 57Fe,58Fe 5.8,91.7,2.2,0.3 2 4
Ba 90 1324, 13434, 13584, 0.1,2.4,6.6,7.8, ~—
136p4,137R4, 13835 11.3,71.7
Co 23 5co 100
AccV SpotMagn Det WD 1 200 nm
200KV 2.0 150000x TLD 356 4
T T T T T T T ?
s % 2 Fig. 2. SEM micrograph obtained atL50,000 magnification for the natural
5 £ \ g kaolinite used in this study.
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Fig. 1. XRD diagrams of (a) natural kaolinite, (b) Ba-sorbed kaolinite, and Mass

(c) Co-sorbed kaolinite. Fig. 3. A typical ToF-SIMS spectrum of the clay sample before sorption.

The insets show the variation of sorbec?Baand C&+ signals on the clay

diagram of the natural clay is given Fig. 1a The sharp  atdifferent depths.
features indicate good cryd#iaity, the property supported
by the SEM microimage shown iRig. 2 The peak arising  natural clay. The amounts of these ions before and after the
at dio1 = 3.34 A in the XRPD diagram corresponds to the sorption experiments are givenTable 2 The term EDA in
major feature of the quartz impurity in the natural clay sam- the table corresponds to the equivalent depleted amount of
ple. cationx. Each EDA value is calculated by multiplying the

The chemical content of the clay was obtained using the difference[(R;): — (R;),] by zx, the charge of cation. The
semiquantitative EDS data, which showed that the natural EDA values for K-, Mg?*, and C&t show that while C&t
clay is composed of MgO, AD3, SiO,, K20, CaO, and depletion is higher near the uppermost surface, that™of K
FeOs. The average amounts of these components (rol% becomes more significant in tdeeper sites. The behavior of
S.D.) were 27 £ 0.3, 297 + 1.4, 655+ 3.9, 05+ 0.2, Mg?t tends—to a certain extent—to resemble that ot'Ca
1.4+ 0.3, 0.2+ 0.2, respectively. Elements such as Mg, K, The amounts of B and C&* ions sorbed on nat-
Ca, and Fe are usually not encountered in the structure ofural kaolinite as a function of matrix depth are shown in
pure kaolinite. Their presence in the natural clay might be Fig. 4. The error bars in the figure were used to account
indicative of the presence of minor quantities of other miner- for the maximum deviation of the data from the mean val-
als (possibly smectite-like) that are below the detection limit ues, which were calculated aftenalysis at different points
(~5%) of the XRPD technique. on the loaded kaolinite surface. The figure indicates higher

A typical TOF—SIMS spectrum of the natural clay sample sorption of the two cations on the uppermost clay surface.
of kaolinite is given inFig. 3. The two insets in the figure  The cation sorbed by the uppermost surface as a percent-
show the variation of Ba and Co signals at various depths. age of its total sorbed amount is 20% and 28% fofBa
The analysis showed that the enrichment of the clay surfaceand C&* sorption, respectively. These quantities were cal-
with Ba®™ and Ca™ ions was associated with a decrease in culated by dividing the sorbed amount of each cation at the
the contents of K, Mg?*, and C&* originally presentinthe  outer surface (0 A) by the total sorbed amounts within the
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Table 2 0.15 —r 77777
The initial and final ratios of cation/(At Si), R;, Rf, and the equivalent i
depleted amounts (EDA) as a function of depth for the sorption éfBa 0.12 T
and C&* on kaolinite
Cation Depth (&) R, Ba sorption Co sorption 0.09 + T
Ry EDA Ry EDA

K+ 0 00131 00068 00063 00061 Q0070 0-06 T

10 00275 00151 00124 00202 Q0073

20 00314 00148 00166 Q0195 Q0119 _ 0.03 -

30 00314 00145 00169 00199 Q0115 75}

40 00313 00144 00169 00168 00145 ol 0.00

50 00292 00149 00143 00165 Q0127 §/ ’ L L L L

70 00277 00141 00136 Q0141 Q0136 S 0.10

o o ——TT—T——T——TT7
Total 00970 00785 =
O p 4

Mg2+ 0 00239 00127 Q0224 Q0079 00320

10 00143 00088 00110 00060 Q0166 0.08 + 1

20 00124 00079 Q0090 00059 Q0130 i

30 00126 Q0078 00096 Q0055 Q0142

40 00120 00081 Q0078 00057 Q0126 0.06 i

50 00128 Q0083 00090 Q0060 Q0136

70 00125 00081 Q0088 00055 Q0140 1 1
Total 00776 01160 0.04 |
caét 0 0.0241 Q0050 00382 Q0056 00370

10 00077 Q0021 Q0112 00025 00104 ———

20 00070 00018 Q0104 00019 Q0102 0 10 20 30 40 50 60 70

30 00068 00018 00100 Q0021 Q0094 Debth (An tr m)

40 00064 Q0018 Q0092 00021 00086 ep gestro

50 00060 Q0018 00084 Q0023 Q0074

20 00047 00018 00058 00018 00058 Fig. 4. Variation of the sorbed amounts (cation/#$i)) of B&+ and C&+
Total i 00932 00888 with depth (A) in kaolinite lattice. The fits are used to guide the eye.
Y EDA 0.268 Q283 . .
s ESA (Ba) 0744 drolyzed form. lon exchange on sites having permanent neg-

¥ ESA (Co) 0804 ative charges and complexation of &oto hydroxyl-edge
groups of kaolinite were reported in earlier studj89].

Note. The table also gives the total equivalent sorbed amount&$A)

of the sorbed ions and the total equivalent depleted amoth&IA) of AnOt_her sorption. me.Chanism that can be of importance is
depleted cations for sorption on kaolinite. Al calculations are based on binding to coordinatively unsaturatec®©groups that are
ToF-SIMS measurements exposed at the clay surface and that can complete their

coordination sphere by holding the sorbed ion"ti\ as
70 A depth. Unlike the sorbed amounts ofBdons, those —O:M groups. Based on EXAFS results, the formation of
of Co?™ show a continuous decrease below the outermost oxide- or hydroxide-tidged multinuclear surface complexes
clay surface up to the analyzed depth of 70 A. Based on theon kaolinite from undersaturated solutions ofCavas re-
total equivalent sorbed amounts (ESPable 2, it is seen  ported[10,11] According to the same study, increasing the
that C&* is sorbed in a slightly larger amount. However, concentration of C& leads to the formation of Co(OH)
taking the uncertainty associated with the measured valuesprecipitate. The formation of hydrotalcite-like precipitates
into consideration would also indicate no significant differ- \when C&* ions were allowed to contact kaolinite for pro-
ence in the total sorbed amounts of*&a@nd B&" ions on longed time periods was also documenfeg]. According
kaolinite. to our earlier studies, based on Gibbs energy of sorption, the
FurthermoreTable 2indicates that the total ESA of each  uptake of C8" and B&" on kaolinite was suggested to be of
of Ba&?t and C3* exceed the Corresponding total EDA of an electrostatic nature am|y ion-exchange typq)]_3,14]
the depleted ions. This probably indicates that, in addition |n addition to electrostatic sorption, chemisorption ofBa
to ion exchange, other sorption mechanisms might be op-on kaolinite was also reported upon pretreatment of the clay
erating, for example, incorporation of the sorbed ions in with sea watef15].
structural defects possessing permanent negative charge and XRPD was used to study the possible structural changes
hydrolytic sorption, which can be described by the following  of kaolinite upon sorption. The XRD diagrams of natural and
equation{7]: Ba- and Co-sorbed kaolinite are shownFiiy. 1 The peak
n 1 intensities in each spectrum were normalized to the corre-
surface-OH- M"" — surface-O—M™" + H*. sponding intensity of the quartz (101) peak, which showed
The reaction could be figured out as an ion-exchange re-no intensity changes upon sorption, as giveffable 3 As
action that takes place when the sorbed ion is in its unhy- the table shows, sorption of Baand C3* has caused slight
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reductions in the intensities of the kaolinite (001) and (002) The mapping SEM analysis, givenkiig. 5a, 5bfor the Co-
features. This implies that the basal spacing of the clay wasand Ba-sorbed clay samples, indicated thatiCions were

not significantly affected by sorption, consistent with the distributed more homogeneously on the surface thait Ba
fact that the contribution of interlayer sites of kaolinite to ions, which seemed to be occasionally localized on certain
sorption is limited. The SEM images of the clay taken at sites more that the others. Both8aand C&™ ions failed to
different magnifications 50,000, x 100,000, x 150,000) show a distinguishable preference toward binding to regions
suggested that the morphology of kaolinite seems to be re-rich in aluminol or silanol groups.

tained upon sorption of both cations. The EDS analysis of

Ba (L line) and Co [ line) showed that the average atomic

percentage<£S.D.) of Ba and Co on kaolinite surface was 4 Conclusion

0.49+0.11 and 061+ 0.19, respectively. This fact points to

a limited retention of both ions by the natural kaolinite clay. !N this study the surface-sensitive technique ToF-SIMS
was used for depth profiling of the sorption of Baand

Cc?t on natural Turkish clay rich in kaolinite. The detailed
Table 3 analysis of various ions at different points on the clay surface
The intensities (normalized to the quartz (101) peak) of major peaks cor- have shown that in addition to ion exchange, other sorption
responding to the main mineralogicahftions in natural and Ba- and Co-  mechanisms might be operative. XRPD results supports the
sorbed kaolinite, determined using XRPD measurements fact that sorption on interlayer positions of kaolinite have a

Mineral Na kaolinite Ba-kaolinite Co-kaolinite limited contribution to sorbed amount of both cations. SEM

fraction 4 Intensity djy  Intensity djy  Intensity micrographs indicated that the morphology of the clay re-
Quartz 334 100 335 100 335 100 tained its identity upon sorption of both ions. EDS data have
(101) shown that kaolinite possess a limited sorption capacity to-
Kaolinite 715 112 720 105 720 81 wards both cations.

001

f(aoli)nite 357 128 359 124 359 98

(002)

Kaolinite 435 25 438 24 438 23 Acknowledgments
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Fig. 5. SEM mapping images of Al, Si, and Co or Ba&) Co-sorbed kaolinite and (b) Ba-sorbed kaolinite.
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