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Effect of metasilicate matrices on boron purification by
Amberlite IRA 743 boron specific resin and isotope analysis
by MC-ICP-MS

Hai-Zhen Wei,” Shao-Yong Jiang,**” Tang-Li Yang," Jing-Hong Yang,” Tao Yang,” Xiong Yan, *
Bao-Ping Ling, “ Qian Liu, “ Hepin Wu*

The selective adsorption of metasilicate species by N-methyl D-glucamine functional groups in
Amberlite IRA 743 resin was observed, which is clarified as the formation of sugar-metasilicate
complexes and possible physical adsorptions. The existence of metasilicate matrices causes obvious
discrepancies in 8''B values of silicate materials. Tt opens possibility to explore relevant procedures for
the separation/purification of silicon from geological samples.

Boron isotopic composition is reported as 8''B in per mil (%o) deviation from the boron isotope standard
reference material (NIST SRM 951) as follows: 3B %o = 1000[(“B/10Bsample/llB/loBstandard)-l]. The facts that wide
range of boron isotopic compositions in nature (5''B, from -70 %o to +75 %), and significant boron isotopic
fractionations occurred in various geological processes, drive applications of boron isotope geochemistry to all
areas of earth sciences from mantle geochemistry to surface environment. Such as, high-temperature and

low-temperature geochemical processes,”® anthropogenic pollution sources and wastewater recharge monitoring,

9-11 12-16

paleo-ocean pH reconstruction and global biogeochemical cycles, etc. In recent years, valuable

fundamental understanding on matter transfer and isotopic fractionation of boron during silicate weathering

provided useful constrains for evaluating surficial environments'’'®

. Its geochemical properties of highly
incompatible in mafic silicate minerals and highly soluble in moderate to high temperature fluids make the boron
isotope interesting as a powerful tracer in magmatic-hydrothermal systems, e.g. dehydration reaction and

1920 alteration of oceanic crust,”’ and hydrothermal alteration of granite .

metamorphism in subduction zones,

A general review on boron isotope analysis method had been given by Aggarwal and Palmer®. After decades of
improvements/modifications on boron isotope analysis, the external reproducibilities better than ~0.2 %o could be
achieved in few nano-grams of boron by negative thermal ionization mass spectrometry (NTIMS), ** positive

25-26

thermal ionization mass spectrometry (PTIMS), and multicollector inductively coupled plasma mass

spectrometry (MC-ICP-MS) *"*, However, the further effort for improving extraction procedure of boron from
silicate matrices has been emphasized on the basis of intercomparison study and laboratory observations,”*
because of difficulties in full recovery of boron from silicate materials and possible contamination and isotopic
fractionation associated with chemical extraction/purification procedures.

Currently, silicate geological samples were dissolved with HF digestion (abbreviated as A),*® and alkali fusion
approach (abbreviated as B)*' (Scheme 1) before being loaded into ion-exchange resins to purify boron and
remove other matrices elements. By comparison, the relatively large spreads of 5''B in silicate rocks were
observed, where the 8''B values by MC-ICP-MS are systematically ~+3 %o higher than that by PTIMS for
tourmalines under the same alkali fusion approach (B) (Figure 1a). The 3''B values in rock and mineral reference
materials (B4-Tourmaline, B6-Obsidian, IAEA) with high silica content (more than 34% SiO,) obtained by
MC-ICP-MS-A are agree well with PTIMS-B in the issued reference ranges,’' but are different from the
determined values by MC-ICP-MS-B (Figure 1b). Therefore, it could be concluded that 3''B values of silicate
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3 minerals by MC-ICP-MS-B obviously deviate from the true values, which presumably would be attributed to
g matrices effect on boron isotope analysis by this approach.
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57 with the Amberlite IRA 743 resin.
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In order to reveal the possible reasons behind the experimental phenomena, the boron purification procedure of
silicate materials was checked out in this work. As large amount of SiO32' or HSiOj;  ions exist in sample solution
after the alkali fusion reaction (Scheme 1), the concentrations of boron and silicon were monitored in the elution
step when following the purification procedure with the Amberlite IRA 743 boron specific resin. As shown in
Figure 2, two ions are eluted synchronously from the resin with similar rates, clearly indicating the Amberlite IRA
743 boron specific resin could effectively adsorb SiO;* and HSiOj" ions either.

To verify the effect of soluble metasilicate matrices on the boron isotope analysis by MC-ICP-MS, the 'B/'°B
variations in the boron isotope reference material of NIST 951 are compared when adding Si into 200 ppb of NIST
951 solution to reach the molar ratios of B/Si from 1.0 : 0.1 to 1.0 : 20 (Figure 3). As we expected, the ""B/'°B
values of NIST 951 with the B/Si ratio of 1.0 : 0.1 are consistent with the certified value of 4.04362 + 0.00137, **
and negatively shift at the lower Si/B ratios, and then are ~+2.6 %o higher than the true value when the Si/B ratios
are higher than 2.0 : 1.0. It is coincident with previous conclusion that the high amount of matrices makes the mass

bias more unstable and susceptible and induced significant deviation in ''B/'°B during boron isotope analysis by

MC-ICP-MS **,
~ T T T T T T T
@ L =Y 999 999 299 24 4 4.055

- 4.050

"B/"B =4.04362+0.00137

NIST 951

5 - 1 4.045

Rde ]

4.040
4.035 &0
a
4.030 =
4.025
4.020
4.015

1.0:01 1.0:0.5 1.0:1.0 1.0:1.5 1.0:2.0 1.0:50 1.0:10 1.0:15 1.0:20
B/Si molar ratio
Figure 3. Variations in ''B/'°B values of NIST 951 with increasing the B/Si ratios from 1.0 : 0.1 to 1.0 : 20. The
data of ""B/'°B were referred to the Right y-axis.

The Amberlite IRA 743 boron specific resin is a unique chelating resin specifically designed to effectively
remove boric acid and borate from solution. As a basic anion exchange resin, the styrene-divinylbenzene
macroporous matrices with N-methyl D-glucamine functional groups ensure the selective adsorption of boron from
bulk solutions ***’. The boron absorbability of this resin increased with increasing solution pH and reached to the
maximum at pH~9.0, and the combination of distribution and "B MAS NMR measurement indicated the
formation of a 1 : 1 tetradentate complex of boron species with N-methyl D-glucamine functional groups,*® and the
high load capacity of boron was attributed to the specific chemical affinity and physical adsorption (e.g. van der
Waal forces, electrostatic attraction, and hydrogen bonding) on the basis of investigation on adsorption
thermodynamic and kinetic mechanism®. Besides, it was found that several coordination of sugars to silicon
existed via oxygen based entirely on '>C and ?Si NMR “**! because certain sugars react readily with basic silicic

42 These studies strongly support a long-standing

acid to form soluble sugar-silicate chelating complexes
supposition that sugar-like molecules play a significant role in the biological uptake and transport of silicon and in
mineral digenesis *.

On the basis of discussions given above, possible binding structures for complexes of boron and silicon with

N-methyl D-glucamine functional groups in the Amberlite IRA 743 resin are shown in Figure 4a,b, where the
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formations of 1 : 1 tetradentate complex of borate with N-methyl D-glucamine group and sugar-silicate complex
clarify the selective adsorption of boron and silicate species by the resin from parent solutions. In addition, the
possible driving forces for physical adsorption among the functional groups and two aqueous species also were
examined. The molecular geometries of boric acid and metasilicate species were optimized at the B3LYP level of
density functional theory (DFT)*, where the lanl2dz basis was used for silicon atom, and the G-31G** basis set
was used for boron and oxygen atoms*. All DFT calculations were performed with GAUSSIAN 03 packages *°. It
turns that Hy;BO, and SiO;> has the trigonal geometry with the approximate sizes (Figure 4c), which satisfies

alternative adsorption of boron/metasilicate species on the Amberlite IRA 743 resin via electrostatic attraction.
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Figure 4. (a) Binding structure for 1 : 1 tetradentate complex of borate with N-methyl D-glucamine group in
Amberlite IRA 743 resin; (b) possible structure of sugar-silicate complex formed between metasilicate anions and
functional groups in the resin; (c) the optimized geometries and sizes of H;BO; and SiO;* species at the B3LYP
level of density functional theory (DFT). In the complexes structures of Figure 4a, b: the polystyrene chain of the
resin and hydroxyl group are indicated in dark gray and green, and atoms of C, H, N, O, B and Si are illustrated in

light gray, white, blue, red, yellow and purple respectively.

So far, the relevant association constants of sugar-silicate complex have not been given. Taking the overall
formation constant (K) of 10*°*®! for the complex of boron species with N-methyl D-glucamine into account,*
the relative fraction of boron with solution pH is calculated based on the equilibrium chelating and dissociation
reactions. In general extraction procedure, boron was adsorbed on the resin at pH > 8, and eluted with 0.1 M HNO;
or HCI (pH ~1). The adsorption-elution process of boron from metasilicate matrices solution by the Amberlite IRA
743 resin is schematically shown in Figure 5, clearly explaining how the borate and metasilicate species attach on

the resin at the neutral or weak basic pH condition and are eluted into fluid phase under acidic pH condition.

Conclusions

In conclusion, the selective adsorption of metasilicate species by N-methyl D-glucamine functional groups in
Amberlite IRA 743 resin was clarified by understanding the possible binding structure of sugar-metasilicate
complex and the driving forces of physical adsorption between metasilicate and the functional groups in the resin.
It explains the obvious deviation in 8''B values of silicate geological samples measured by MC-ICP-MS when
boron was extracted by alkali fusion approach and purified by the Amberlite IRA 743 resin. Therefore, it must be
of great interest to understand the thermodynamic/kinetic mechanism of metasilicate species by polymer supported
N-methyl D-glucamine functional groups in our near future work, which opens possibility to explore relevant

procedures for the separation/purification of silicon from geological samples instead.
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Figure 5. Adsorption-desorption processes of boron and metasilicate species on the Amberlite IRA 743 resin with

changing solution pH.

This research was supported by the National 973 project (2012CB416706), the National Natural Science
Foundation of China (No.41173049, 41073002 and 40973002).

Graphical abstract

Concentration (ppm}

a0+ . T . T ey g T T
200 400 GO0 BQ0 1000 1200 1400 1500 1800 2000 2200
Elution volume {uL)

Selective adsorption of boron and soluble silicate
species by Amberlite IRA 743 resin

Notes and references
@ State Key Laboratory for Mineral Deposits Research, Department of Earth Sciences, Nanjing University, Nanjing

210093, PR China

b State Key Laboratory of Geological Processes and Mineral Resources, Faculty of Earth Resources, China University of
Geosciences, Wuhan 430074, PR China

Fax: +86 (25) 83592393, Tel: +86 (25) 83596832, Email address: shyjiang@nju.edu.cn and shyjiang@cug.edu.cn
‘School of Chemistry and Chemical Engineering, Qufu Normal University, Qufu 273165, PR China

T Electronic Supplementary Information (ESI) available: experimental details of chemical procedures and boron isotope
analysis by different mass spectrometry. See DOI: 10.1039/c000000x/

1. T.B. Coplen, J.A. Hopple, J.K. Bohlke, H.S. Peiser, S.E. Rieder, H.R. Krouse, K. Rosman, T. Ding, R.D. Vocke, K.M.
Révész, A. Lamberty, P. Taylor, P. De Bi¢vre, Water-Resources Investigations Report 01-4222, U. S. Department of
Interior-U.S. Geological Survey,2002.

2. L.B. Williams, R.L. Hervig, Appl. Geochem., 2004, 19(10), 1625-1636.

3. J.F.Hogan, J. D. Blum, Appl. Geochem., 2003, 18(4), 615-627.

4. M. R. Palmer, G. H. Swihart, Reviews in Mineralogy and Geochemistry.,1996.



Page 7 of 8

0
1
2
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

PRPRPOO~NOOUOPRAWDNPE

23.
24.
25.
26.

27.

28.
29.
30.
31.

32.
33.

34.
35.
36.
37.
38.
39.
40.

41.

Journal of Analytical Atomic Spectrometry

S. Y. Jiang, M. R. Palmer, C.Yeats, Chem. Geol., 2002, 188 (3), 229-247.

W. Kloppmann, A. Vengosh, C. Guerrot, Environ. Sci. Technol., 2008, 42 (23), 8759-8765.

N. Muttik, K. Kirsiméde, H. E. Newsom, L. B. Williams, Earth Plan. Sci. Lett., 2011, 310, 244-251.
S. Tonarini, M. Dantonio, M. A. Di Vito, G. Orsi, A. Carandente, Lithos., 2009, 107, 135-151.

A. Vengosh, N. Warner, R. Jackson, T. Darrah, Procedia Earth Planet. Sci., 2013, 7, 863-866.

. D. Widory, E. Petelet-Giraud, P. Ne Grel, B. Ladouche, Environ. Sci. Technol., 2005, 39, 539-548.

. E. Petelet-Giraud, G. Klaver, P. J. Negrel, J. Hydrol., 2009, 369, 336-349.

. G.J. Wei, M. T. McCulloch, G. Mortimer, W. Deng, L. Xie,. Geochim. Cosmochim. Acta., 2009, 73, 2332-2346.

. A. Sanyal, N. G. Hemming, G. N. Hanson, W. S. Broecker, Nature 1995, 373, 234-236.

. N. G. Hemming, T.P. Guilderson, R. G. Fairbanks, Global Biogeochem., 1998, 12, 581-586.

. M. R. Palmer, P. N. Pearson, S. J. Cobb, Science, 1998, 282, 1468-1471.

. M. R. Palmer, P. N. Pearson, Science, 2003, 300, 480-482.

. D. Lemarchand, D. Cividini, M. P. Turpault, F. Chabaux, Geochim. Cosmochim. Acta.,2012, 98, 78-93.

. B. Chetelat, C. Q. Liu, J. Gaillardet, Q. L. Wang, Z. Q. Zhao, C. S. Liang, Y. K. Xiao, Geochim. Cosmochim. Acta.,

2009, 73, 6084-6097.

. L. D. Benton, J. G. Ryan, F. Tera, F., Earth Planet. Sci. Lett., 2001, 187, 273-282.

. M. R. Palmer, Geology, 1991, 19, 215-217.

. T. Ishikawa, E. Nakamura, Geochim. Cosmochim. Acta., 1992, 56, 1633-1639.

. K. D. Zhao, S. Y. Jiang, E. Nakamura, T. Moriguti, M. R. Palmer, S. Y. Yang, B. Z. Dai, Y. H. Jiang, Ore Geol. Rev.,

2011, 43,243-248.

J. K. Aggarwal, M. R. Palmer, Analyst, 1995, 120, 1301-1307.

S. K. Aggarwal, B. S. Wang, C. F. You, C. H. Chung, Anal. Chem., 2009, 81, 7420-7427.

T. Ishikawa, K. Nagaishi, J. Anal. At. Spectrom., 2011, 26, 359-365.

H. Z. Wei, S. Y. Jiang, N. G. Hemming, J. H. Yang, T. Yang, H. P. Wu, T. L. Yang, X. Yan, W. Pu, Talanta, 2014,
123, 151-160.

E. Douville, M. Paterne, G. Cabioch, P. Louvat, J. Gaillardet, A. Juillet-Leclerc, L. Ayliffe, Biogeosci. Discuss., 2010,
7,1959-1993.

B. S. Wang, C. F. You, K. F. Huang, S. F. Wu, S. K. Aggarwal, C. H. Chung, P.Y. Lin, Talanta, 2010, 82, 1378-1384.

R. Gonfiantini et al., Geostand. Newslett., 2001, 27, 41-57.

G.J. Wei, J. X. Wei, Y. Liu, T, Ke, Z. Y. Ren, J. L. Ma, Y. G. Xu, J. Anal. At. Spectrom., 2013, 28, 606-612

S. Tonarini, M. Pennisi, A. Adorni-Braccesi, A. Dini,G. Ferrara, R. Gonfiantini, M. Wiedenbeck, M. Groning,
Geostand. Newslett., 2003, 27, 21-39.

S. Y. Jiang, M. Radvanec, E. Nakamura, M. Palmer, K. Kobayashi, H. X. Zhao, K. D. Zhao, Lithos., 2008, 106, 1-11.

E. J. Catanzaro, C. E. Champion, E. L. Garner, G. K. Malinenko, M. Sappenfield, K. M. Shields, U.S. Natl. Bur. Stand.,
Spec. Publ., 1970, 260-17, 70.

P. Louvat, J. Bouchez, G. Paris, Geo-Stand. Geoanal. Res., 2011, 35, 75-88.

Rohm and Haas Company, Amberlite IRA-743, Preliminary Technical Notes, Philadelphia, PA, 1980, IE 153-168.

R. R. Grinstead, US Patent 4,755,298, 1988.

R. M. Roberts, Ind. Eng. Chem. Prod. Res. Dev., 1971, 10, 356-357.

K. Yoshimura, Y. Miyazaki, F. Ota, S. Matsuoka, H. Sakashita, Chem. Soc. Faraday Trans., 1998, 94 (5), 683-689.

X.Li, R. Liu, S. Wu, J. Liu, S. S. Cai, D. S. Chen, J. Colloid Interface Sci., 2011, 361, 232-237.

S. D. Kinrade, J. W. Del Nin, A. S. Schach, T. A. Sloan, K. L. Wilson, C. T. G. Knight, Science, 1999, 285,
1542-1545.

K. Benner, P. Klufers, M. Vogt, Angew. Chem., Int. Ed., 2003, 42, 1058-1062.



©CoO~NOUTA,WNPE

4.
43.
44,
45.
46.

Journal of Analytical Atomic Spectrometry

J. B. Lambert, G. Lu, S. R. Singer, V. M., Kolb, J. Am. Chem. Soc., 2004, 126, 9611-9625.

P. J. Stephens, F. J. Devlin, C. F. Chabalowski, J. Phys. Chem., 1994, 98, 11623-11627

R. Knshnan, J. S. Binkley, R. Seeger, J. A. Pople, J. Chem. Phys., 1980, 72, 650-654.

M. J. Frisch, et al.Gaussian 03, Revision B.05; Gaussian, Inc., Pittsburgh, PA, 2003.

K. Yoshimura, Y. Miyazaki, F. Ota, S. Matsuoka, H. Sakashita, Chem. Soc. Faraday Trans., 1998, 94 (5), 683-689.

Page 8 of 8



