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ABSTRACT : Understanding the effect of boron content on atomic structures of boron-bearing
multicomponent silicate melts is essential to reveal the atomistic origins of diverse geochemical
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processes involving silica-rich magmas, such as explosive volcanic eruption. The detailed atomic
environments around B and Al in boron-bearing complex aluminosilicate glasses yield atomistic
insights into reactivity of nuclear waste glasses in contact with aqueous solutions. We report
experimental results on the effect of boron content on the atomic structures of sodium borate glasses
and boron-bearing multicomponent silicate melts [malinkoite (NaBSiOs)-nepheline (NaAlSiO4)
pseudo-binary glasses] using the high-resolution solid-state NMR ('B and *’Al). The ''B MAS NMR
spectra of sodium borate glasses show that three-coodrinated boron (P!B) increases with increasing
B,0O; content. While the spectra imply that the fraction of non-ring species decreases with decreasing
boron content, peak position of the species is expected to vary with Na content. Therefore, the
quantitative estimation of the fractions of the ring/non-ring species remains to be explored. The ''B
MAS NMR spectra of the glasses in the malinkoite-nepheline join show that four-coordinated boron
(*B) increases as Xy [= NaBSiO./(NaBSiO; + NaAlSiO,)] increases while /B decreases. Al MAS
NMR spectra of the multicomponent glasses confirm that four-coordinated aluminum (YAl is
dominant. It is also observed that a drastic decrease in the peak widths (full-width at half-maximum,
FWHM) of Al with an addition of boron (Xy, = 0.25) in nepheline glasses. This indicates a decrease
in structural and topological disorder around Al in the glasses with increasing boron content. The
quantitative atomic environments around boron of both binary and multicomponent glasses were
estimated from the simulation results of ''B MAS NMR spectra, revealing complex-nonlinear variation
of boron topology with varying composition. The current results can be potentially used to account for
the structural origins of the change in macroscopic properties of boron-bearing oxide melts with
varying boron content.

Key words : Sodium borate glasses, boron-bearing multicomponent silicate melts (malinkoite-nepheline
pseudo-binary glasses), NMR, atomic structure
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HHHE FAF o] dAS] BIAA At g o
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& o g3 £57F 2F 10%* mol/m’sol A oF 100
mol/m’sZE <] 1000817} Z7Fske Zlo] =9
TH(Pierce et al., 2010).
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A= oF 0-30% =ATal 3HCKBray, 1985;
Du and Stebbins, 2003a, b; Ferlat et al., 2008;
Kilymis et al., 2016; Lee et al, 2005a;
Youngman et al., 1995). Bl AF HEE
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Table 1. Nominal compositions (weight%) and ICP analyses of glasses in the Na;O-B,Os system. Xg,o, is the
mole fraction of B,O3;

wt% (nominal composition)

wt% (ICP analysis)

Composition
NaZO B203 NaQO B203
Xp,04 1 0 100 - -
0.86 12.9 87.1 12.30 87.70
0.67 30.8 69.2 28.99 71.01

Table 2. Nominal compositions (weight%) and ICP analyses of glasses in the NaBSiO4-NaAlSiOy join. Xy, is
the mole fraction of malinkoite

wt% (nominal composition)

Composition -
NaZO A1203 B203 SIOZ
Xma 0.25 22.45 27.70 6.31 43.54
1 24.62 0 27.65 47.73
. wt% (nominal composition) wt% (ICP analysis)*
Composition
NaZO A1203 B203 NaZO A1203 B203
Xma 0.25 39.76 49.06 11.18 41.17 47.29 11.55
1 47.10 0 52.90 46.47 0.3 53.21

*The analysis was performed for Na,O, ALO;, and B,O; because SiO; is volatilized during pretreatment by reacting with

hydrofluoric acid. The chemical analysis here assumes that the nominal SiO, content is correct.
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A3, AFEFA =HEZ ZH2E 0.08510% m?,
0.04110% m?=& "B A7}t © &7 wjEo] A

T4 E37F Ao NMR 2HEHS 58k
Zell QoA H a2l
T 1718 oA S 24l et 3

T 4u)9eE 22X P 31U 725 AY
7] WZo] AFEA T2 BBl HIs| C 9] Fhol
A Jepdth. 242 24 U9 PBY &
2.3-2.5 MHz®|H ¥B¢] C & 0-0.5 MHzO|t}. H|
2 B,0;9] PIBY] ring?} non-ring T+ Cy &
o] ¢ 2.7 MHz, 77} ¢F 02522 5 %ol 0¢] o}
yeg B4 FHo EFGZF tiFelA Hlojdth=
Z1& A A (Lee et al., 2005b). HIHZ (Na,0)os
* (B203)0052] 7% PIBY] ring® non-ring %7}
Cq @2 2F 2.5 MHz, 7 %2 °F 0.20%1 #lo] 4
AT, old AFeAE WBe| Cot poll tigk A
17} QAT "B MAS NMR 23 EHS 53] C,
= PBRY &3, p& Avte AL A4 5
TKSen et al., 1998).

"B MAS NMR 2224

"B MAS NMR %2 400 MHz NMR (9.4 T
Varian)S ©| 831508 128341 MHz 229
(Larmor) AE<olA 3.2 mm ZZH(probe)E A}
g3t 54 T 9z A4S A9 gL
AFF BAE 02 ps, B2 9 7] AR 1 s
£ o] &3, AR I &= 154 kHzE =
A3t ~HEHS] 7]FEE 0.2 M H;BO; 84
o] B4 A B4S 19.6 ppm Oz YL 27
HHE 315 B,0;9 gkl #AIgle] 960lTh

2’Al MAS NMR 2Z52A1 gt

Al MAS NMR 23L& 400 MHz NMR (9.4 T
Varian) & ©]83}9.2™, 104.229 MHz 220 A
oA gFuE T YA S A
32 mm ZEHE ARSI OH 03 psdl gL
255 H2E ARSI 2 HHE 7] AR
1s, N& 3d £5= 17 kHzE 283} 23
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Fig. 1. (A) "B MAS NMR spectra for Na,O-B,0;
glasses at 9.4 T with varying mole fraction of B,Os;
(XB,05). The red arrow refers to the peak of non-ring
(®'B) species. (B, C, D) The simulation results
[black, blue, red, and green thin lines refer to total
simulation, ring (®'B), non-ring (°'B), and “B
species, respectively.] and "B MAS NMR spectrum
(black bold line) for the same glasses with varying
Xs,0, as labeled.

EZ9 7]FL 03 M AICK 78 Yo &4FuF
AR} 7S 0 ppmOE SHFY L 270wl
ALO:9] &&Fol| FAIGlo] 12480|T}

A U EE
"B MAS NMR Z2tet /X7 =x

Fig. 1AZ 5320 3] e wgd 25 B
2 ©] E(Na,0-B,05)2] "B MAS NMR ~HE#HO
2, B0, %ol Z/keel wet BB 915(-10-
20 ppm <A) Al7l= 78k, AUiEos If
of FAXES} C7t Aobr] 2T EYS] Fo] F2
B 2] 3(-10~5 ppm TA) A7l Aad) o=
Al el Heo|EoM )] giol vt
ol wizt PIB7} B35 1 MB7E F713ttke ol
AT A= YA g Jellison and Bray, 1978;
Lee et al., 2005a; Youngman and Zwanziger,
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" 60
5
G 50 {
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o /
g2t ; V4
1 ’L /
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The fraction of B,0; (Xg,0,)

Fig. 2. The population of boron species for Na,O-
By0; glasses with varying Xg,0,. The black, blue,
and red circles refer to the population of total "B,
ring (*'B), non-ring (®'B) species, respectively. The
green sqaure refers to the population of B species.
The dashed blue and red lines with asterisk refer to
the predicted populations of ring (°'B) and non-ring
(®'B) species considering composition-induced peak
shift in non-ring species. Error bar was estimated
from the uncertainty in sample composition, phasing
of NMR spectrum, and NMR processing conditions.

1996; Zhong and Bray, 1989).

Fig. I1B-1CE= 549 g & nAd 4%
Ho]ES] "B MAS NMR ~ZHE#H3} A|E# 9]
A Aolth, AlEH o)A AFeaA FFL] NMR
2HEHS THEE Q MAS 12 T2 dmfit &
ZEYoIE o]&ste] A, o] A7 H]
A HYo|E FAMY(B,0:-Si0,)¢] NMR 3=
AAE 71F22 39 tHLee and Stebbins, 2002).
AeM # AL "B MAS NMR 23 EHS 7
24 Ao AlEE ol AHERS] g gk A
28 ring (P'B), WA AL nonring (P'B), 1
Y 224 AANe HRE yehdich HAgd 12y
o|ES] 9 Ale=AF dFe EAQI olgy B
o] Z yehd BIg7} #&A= 3, "B MAS NMR
HEHA non-ring (P'B) TZE YEhle =
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