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Communication

Reaction Mechanism and Kinetics
of Boron Removal from Molten
Silicon via CaO-SiO,-CaCl, Slag
Treatment and Ammonia Injection

HUI CHEN, XIZHI YUAN, KAZUKI MORITA,
YANJUN ZHONG, XIAODONG MA,
ZHIYUAN CHEN, and YE WANG

To improve the boron-removal efficiency of metallurgi-
cal-grade silicon by increasing the reaction rate, a
combined method with the 30 mol pct Ca0-23.3
mol pct Si0,-46.7 mol pct CaCl, slag treatment and
ammonia injection at 1723 K to 1823 K was proposed.
For 1 hour and at 1823 K, the maximum removal effi-
ciency of boron was 98 pct, and the final boron con-
centration in silicon decreased to 1.5 ppmw by the
present method without the introduction of the iron
catalyst. A kinetic model was also established to clarify
the reaction mechanism and rate-limiting steps of this
complicated boron-removal process. In this model, the
rate-limiting step is the mass transfer of boron oxide at
the interface between the slag and silicon phase.

https://doi.org/10.1007/s11663-019-01639-4
© The Minerals, Metals & Materials Society and ASM
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Energy crises and environmental degradation have led
to higher demands on the installed capacity of solar
cells, which has increased from 7.7 GW in 2009 to 72.9
GW in 2017.1" Silicon-based solar cells accounted for
more than 94 pct of the global photovoltaic (PV) market
in 2017 owing to their low cost, high-photoelectric
conversion efficiency, and stability.”) Because of the fast
growth of the PV market,”) the main source of
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solar-grade silicon (SOG-Si) today is the non-prime
electronic-grade silicon (EG-Si), which is produced by
conventional processes (e.g., modified Siemens process
and fluidized bed process) with more economical
parameters (e.g., higher production efficiency and lower
purity grades)."¥ However, an extra doping process is
required to achieve high-photoelectric conversion effi-
ciency of the solar modules; this reduces the purity and
increases the manufacturing cost.”) In the metallurgical
route, which has immense potential for the large-scale
production of SOG-Si from metallurgical-grade silicon
(MG-Si) directly, boron (B) removal is most difficult.!’’

In the CaO-MgO-Al,03-Si0, slag treatment process,
the distribution coefficient of B does not change much
when changing the slag composition,!”! while the addi-
tion of Al,O3 decreases the reaction rate because of the
increased viscosity.®! The CaCl,-CaO-SiO, slag system
has shown to be potentially beneficial for B removal due
to both oxidization and chlorination.”? However, the
final B concentration in Si does not yet meet the
industrial demand.!"” A method using the iron catalyst
and ammonia (NH3) was recently relported, where NH;3
displays a better selectivity for B.'' In this work, a
method for B removal from molten Si via CaO-SiO,-
CaC(l, slag treatment and NHj injection was proposed
to achieve a higher removal rate, and a kinetic model
was presented to clarify the reaction mechanism of the
volatile slag-NH3 gas-Si system. Similar to other models
for their target impurities,">'¥! this model can predict
the change in the B concentration in Si with time to
some extent.

The cross-sectional configuration of the shaft furnace
system in our experiments is detailed in Figure 1. The
samples were heated in a graphite crucible with MoSi,
heating elements. All reactions were performed with
high-purity anhydrous chemicals. The slag, with an
optical basicity of 0.66, showed the highest removal
efficiency of B 141 hence, the chosen composition of the
slag  was 30 mol pct CaO-23.3 mol pct Si0,-46.7
mol pct CaCls,.

Under an Ar atmosphere (flow rate: 0.5 standard liter
per minute (SLM)), 10 g of Si (m,,) containing 75 ppmw
of B and 20 g of slag (m,) were added to the graphite
crucible and then heated at 1723 K, 1773 K, and
1823 K. After the slag and Si were melted, the temper-
ature was maintained at the same heating temperature;
subsequently, NH3 gas (> 99.9 vol pct) dehydrated by
lime powders was blown to the molten slag though a
magnesia tube (4 mm I. D, S5mm O. D.) for 15 to
60 minutes. The flow rate and pressure of the NH; gas
at the inlet were 0.1 SLM and 1 atm, respectively. After
the experiments, the samples were quenched to room
temperature, and the B concentrations in the slag and Si
were measured by the Inductively Coupled Plasma
Optical Emission Spectrometry (Optima 8000, Perk-
inElmer). The above procedure was repeated three
times.
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The B concentrations in the slag and Si, and the
maximal removal efficiency at 1723 K to 1823 K are
listed in Table I. The B concentration decreased to 1.5
ppmw at 1823 K within 1 hour, and the highest removal
efficiency obtained was 98 pct. Compared to Chen
et al’s results in Table L' the current data were
obtained with a shorter treatment period without the
iron catalyst.

The B removal process in this model is illustrated in
Figure 2(a). The B removal process was assumed to be
divided into 6 steps: (1) mass transfer in molten Si,
(2) reaction at the interface (Si/slag), (3) mass transfer
from the interface (Si/slag) to the interface (NHjs-slag)
and the interface (slag/gas), (4) reaction at the interface
(NH3-slag), (5) reaction at the interface (slag/gas), and
(6) evaporation from the interface (slag/gas) to the gas
phase. At high temperatures, the B removal process is
controlled by mass transfer, and interfacial reactions can
reach local equilibrium at the phase boundaries. The B
concentration in the bulk phase is homogeneous because

NH; gas
Magnesia tube (0.1 SLM, 1.0 atm)
(@4mml. D., Ar gas
MoSi, heating — 1.0 atm)
elements —|
Graphite crucible J
(@35 mm 1. D.,
9?45 mm O. D.)

20 g slag (30
mol% Ca0-23.2
mol% Si0,-46.7

mol% CaCl,) ™~

10 g silicon

Corundum
tube
Thermocouple

(1723~1873 K) —_|

Exhaust gas
-

Fig. 1—Cross-sectional configuration of experimental setup.

of the fluid movement due to NH3 blowing. Generally,
the mass transfer in the gas phase (step (6)) does not
need to be considered because of the high-diffusion rate
of BOCL!"*! Concentration gradients only exist at phase
boundaries, and when this removal process is governed
by the double-film theory, only steps (2), (4), and (5)
need to be considered. The symbols used in this model
are listed in the NOMENCLATURE.

Considering step (2), which is detailed in Figure 2(e),
the reaction, as shown in Eq. [1], can be determined by
the mass transfer of reactants and products.!'®’

[B] + 3/4Si02 = (BO3/2) + 3/4Si
AGY = —RTIn K? = 100078 — 45.96T ] /mol,

where [ | represents a component in Si and () a compo-
nent in the slag.

The diffusion rates of [B], (BOs), and (SiO,) are
shown in Egs. [2] through [4].

i) = ki) (cip) — ¢iai), 2]
Jr(n];Ci/z) = k(BO;/z),i (C(BOB/Z) - C(B03/2)7i> 5 [3]
Jsio, = ksio, (€sio, — €si0s i) 4]

Due to the local equilibrium at the reaction boundary,
the equilibrium constant can be expressed as

3/4
Kl@ _ V(BO3/2)C(Bos/z),ia[Si],i . [5]

3/4 ,
4si0,,i7[B]€[B],i

In most interfacial reactions at high temperatures, the
chemical reactions are not the rate-limiting step!'”;
therefore, when reaching the local steady-state, the rate
of the overall interfacial reaction can be represented as

Ti8) = —/(5o,,) = Jsiox- [6]

agsipi 1s assumed to be 1 due to the reference state of
the pure substance. The value of asio,; is 0.14,[1°
according to the basicity of the slag (the amount of
CaCl, has generally no effect on the basicity of the
slag). Hence, the reaction rate of [B] at the interface
(Si/slag) can be expressed as follows:

Table I. Experimental Data at Different Temperatures in This Work and Chen et al.’s Results

Time (min) 0 15 30 45

Maximal Removal Efficiency (Pct)

This Work Chen ef al.’s Results (More Than 6 h)!'!

Boron Concentration in Silicon (ppmw)

1723 K 75402 592434 347+£4.0 262+£82
1773 K 75£0.2 425+£3.1 59+£1.0 4105
1823 K 75+£0.2 263+£80 8.1%+27 29+£03

Boron Concentration in the Slag (ppmw)

1723 K 11.0£1.0 156£33 241+£40 192+08
1773 K 11.0£1.0 108£2.0 223+£54 141+04
1823 K 11.0+£1.0 9.0£32 112+£65 42£1.0

13.6+1.4 32 81 (134 —25 ppmw)
3.5+£0.5 95 96 (120 »> 4.8 ppmw)
1.5+0.5 98 99 (120 — 0.89 ppmw)
149+3.0 — —
13.3+14 — —

2.3+0.7 — —
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Fig. 2—Reaction mechanism of boron removal using CaCl,-CaO-SiO, slag and NH; gas. (a) Overall reaction process and the scale of the
reactor. (b) Partial details of the reaction at the interface (NHjz-slag). Reaction kinetics at (¢) interface (NHjz-slag), (d) interface (slag/gas), and (e)

interface (Si/slag).

K9
Je Videm (Bow) B (BOx/Z)
B 7 Tsde T I kO 1k
"(B0y ) (B0 [7]
‘[ i K@ NN :
P V.\dc(Bos/z) B (Box/,) 1€ ‘(Bom)
(BOsp)  sdr —Ke/k +1/k .
"(r0s2) (B032)s

As for step (4), shown in Figure 2(c), the reaction(s)
between the NH; gas bubbles and slag must be very
complicated, because the chemical decomposition of
NH; inevitably occurs at high temperatures. There are
many compounds containing B, N, O, and H in
this system, such as B;HgN;, B,Hq HBO, and
BN,U'81 and the most thermodynamically favored
reaction, calculated by the HSC 6.0 software, is
expressed as

NH;(g)+(BOs)2)=(BN)+1.5H,0(g)
AG® =—RTInK® =94378 —59.817 J/mol.
(8]

There are some assumptions to simplify this step. BN
is difficult to decompose, and is concentrated in the
slag phase. At the reaction boundary, the reaction is
completed instantly; therefore, NH; and BOs,, appear
on each side of the interface (NHjs/slag). This is a mass
transfer process coupling with the reaction in Eq. [8],
and the reaction rate is expressed as Eq. [9] when this

2090—VOLUME 50B, OCTOBER 2019

reaction is assumed to be a second-order reaction. In
addition, H,O formed in this step will go through the
boundary layer and then into the nearest bubbles.

de, d’c

4 = Da'ge — krvacad(so,,)¢ (805 )
Cwoy) _ D () k
T A T P(BOy) T de T 7aCal(B0y,) €(BOs)

O

Ignoring the mass transfer resistance in the NH3 bub-
bles and following Henry’s law, the boundary condi-
tions are as follows:

0<r<L, C(BO3/2) =0, (10]
L<l"<57 cﬁ:oa [11]
r=0, a=cp=p/H, [12)
r= 5, C(BO3/2) = C(BOg/z)A,b’ [13]
and
dC(BO; ) d
— _ 3/2 ca _
r=L @ =¢(p0,) =0 Dipoyy) g, Pag =0
(14]

Solving Eq. [9], the solution is as follows:
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D c
¢4 = Cap (1 - (1 + 7(/1))(/)) %)

X — . 1 — 1 Dycy i (6—r)
L(Boz/z) C(Bom),b < ( + D(BO3/2)C(BO3/2).b> 0

[15]
Assuming that
P(s0,0)
k = 16
(BO3) b S5t [16]
the consumption rate of BO;), is obtained as
DNhy  PNHy
1 dn(Bom) C(BO3/2) + D(BO3/2)
—r - _ - _
(BOs2) = " am? dr /K (30,s) 0
[17]

The Reynolds number calculated by Eq. [18] is less
than 500, which shows that the size of the bubbles is
determined by buoyancy and surface tension.

_ UOdOPs

Re = = 10.5 < 500, 18]

s
where 1y = 0.1 SLM, dy = 4x 107> m, p, = 2800 —
0.45T7 kg/m> "> and u;, = 0.02 Pas.

The bubble diameter d, is independent of the flow rate
of NHj; and can be estimated by Eq. [19].1*

1/3
6d
dy= |27 | —498x107m,  [19]
g(ps - pg)
where ¢ = 0.2 N/m,”" and pe = 0.126 kg/m®.
Then, when di,>2 mm and 2 <Re <400, the bubbles
are considered to be spherical, and the average rising

rate of the bubbles can be calculated by the empirical
formula in Eq. [20].2%

d2
Up = IL2g (ps - pg) [20]

The number of bubbles existing simultaneously in the
slag phase is given by Eq. [21].
uod()hs
n=—s ,
ndyup /6
where iy = mg/(ps- S;).

The total reaction rate of step (4) is shown by
Eq. [22].

[21]

METALLURGICAL AND MATERIALS TRANSACTIONS B

Dnuy  pnng

D(“Os/Z) "

l/k(BO3/2),b

“(80y2)

e 1 Yoy

(BOs2) —  4mr2n  dt

22]

When 1<Re<100, the mass transfer coefficient
k(BOm)’b can be estimated by Eq. [23].

K (B0, ) b

Sh = =2+ 0.55Re* > 5"
D

BO;)»)

dodop.\ 053 p 033
2 oss(te) ()"
Uy p~\'D(BO3/2)

In step (5), as shown in Figure 2(d), BOj; is
transferred through the interface (slag/gas), where the
chlorination of BOj3), occurs, as shown in Eq. [24].

23]

1 1
AGY = —RTIn K¢ = 187046 — 12.3697 J/mol.

[24]

Because of the higher evaporation rate of CaCl,,!'"
the mass transfer of BOCI can be assumed to be so fast
that €(BOy)s = CBOCLs = CBOCI = 0. According to the

definition of mass flux, this step can be expressed as

pe o (w0 ~Cwous) g
(BOs.2) Ssds Vk@oy)s

The area of the surface increases when bubbles burst,
as shown in Figure 3; therefore, S can be calculated by
Eq. [26].

Sy = S+ nur* = S; + nnd /4 [26]

Upon integrating Eqgs. [7], [22], [25], and [26], Eq. [27]
is derived as

(8]
C (o) 0eR) g

dow _ |
d: T(H'([)B] )K?/k[81+l/k(uo3/z).x Vin
32
78] X ) X DNH3  PNH;
df(so;,z) ’(Boi/z)K?Lm_L("Ux/z) S ((BOI,’Z)+D(BO3;) 7
de T T KO k1 /k

T
”‘(“03/2) (Bom), “'(l;o]/2>.lv

9 . .
L‘B‘—((

4utn (‘(BDW) S
l/k(BO;’yz).s Vs

27]

ke

When the initial boundary conditions are ¢ = 0,
¢ = ¢[l0> and C(BOsj,) = €(BO3) 05 and assuming that
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Fig. 3—Change in the area of the surface.

L S, e KP 1
Kl@/k[B] + l/k(BO,%/z)ai V(BONZ) Vi Vs
. 1 S, N 4nr’n
Vo\l/k(5oys  Vk(soyyn)’
. S, 'm KY T
K/kip + 1//"(1303/2),i 7(B0ys) Vm Vs

+i S n 4nr’n ]2
Vs 1/k(BO3/2),s 1/k(Bow)

B 4K?Si V(8]
ViV (K /K + 1/ ko, ). ) 7(50:)

y S, N 4nr’n
/k®o,)s /Koy n)
a=vB 2+ VP
B ) 2 2 )

o
i (Kl {C z/o) ks + l/k(Bos/Z) )
\Y; ’

Dnuy  pNig
Poy) 7)o

Ss 0 __ V3
+ Ky
(l/k(Boz/Z)'s ) 7 (w032)

C(BO3/2) - <ar2 + KIQ (BO/ )) cpl0 — abra
3/2

a(r1 — I’z)

r=—

a =

4nrin

b:

4nrin

VK (s0y.5):

C =

b

and

€(B0y),0 ~ (a”l + K¢ (Boz/z)> cpj0 — abry

C,=—
2 a(rl—rz)

the solution of Eq. [27] and the curve of BN concen-

tration are as follows:

cig) = Crexp(rit) + Crexp(rat) — b

c = Cy | ary + K¢ 12— | exp(rit
(BOs») ( T(s0y) (r1) . [28]

+C, (a}"z + K@ - KIQ i - b

(8032)

exp(rat)

(‘303/2)

and
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Cy| ar + K9 12—
(303/2)

r

CBN = exp(rlt)

Vs
47‘”‘2}’11( (BO3/2 ) b

C, CZVQ—FK@ 715,
!(1032)

+ —
4nrnk 2
(8032) 0

V[B] A

7(8052) V/K(B0Os ) s

ar +K@ Cy| ary + K@
< ! (303/2))+ 2( ? 1’(303/»))

Vs Vs
r r
4n1‘2nk(803/2)_b 1 4m*znk(Boz/2).b 2

t

x exp(rat) +bK?

29]

where ‘Bl = 75 ppmw,
S, =707x10"* o my = 10 g, 2%
7(Boy,) = O- 231 I log(y ) = —11 100/T s, g2,

= 2580 0.159(T—1687) — 1.15x 10~ (T 1687)°
kg/m Vin = Mm/pm, Vs = mg/ps,
pxwy = 101,325 Pa, and H = 1.62x 10~ 10°pa m3/mol
kg is 2.40 x 107% m/s (1823 K), 1.70x 107> m/s
(1773 K),”! and 6.85 x 10°° m/s (1723 K).® kg

is 191x107° m/s (1823 K)" 1.8x107° m/s
(1773 K), and 6.2 x 10°° m/s (1723 K).*" k k(B0ys).s 15

2.50 x 107° m/s (1823 K),1' 6.4 x 107° m/s (1773 K),
and 1.0l x107°® m/s (1723 K).*? DBO” equals
8.46 x 1077 mgs (1723 K), 1.05x 10~® m?/s (1773 K),
and 1.29 5 107° m?/s (1823 K).'""

The B concentrations in Si and slag were calculated by
Eq. [28]. The theoretical curves of Si essentially agree
with the experimental data, as shown in Figure 4. In
fact, the B concentrations in the slag are difficult to
detect accurately, which may explain why they are not in
good accordance with the present model.

As for Eq. [8], the equilibrium constant is represented
as Eq. [30], which can explain why there is a peak in
every curve for the B concentration in the slag.

c BO3/»).0 = 11 ppmw

BO;3) ).

1.5
Pii207(BN)C(BN) _ [1.5(p°—pa)] V(BN)€(BN)
P27 (BOy2) € (B0 2) Pa 7(B0y2)€(BOs )
[30]

K, =

At the early stage, the BN concentrations of slag are
quite low; therefore, the reaction rate of Eq. [§] is so
high that the evaporation of BOsp, at the interface
(slag/gas) is the rate-limiting step. BN concentrations in
the slag increase with reaction time, thereby increasing
the reaction rate of the interfacial reaction at the
interface (Si/slag). Thus, the B concentrations in the
slag increase rapidly. In the subsequent stage, BN
cannot be separated from the slag, which causes a

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 4 —Experimental data (points) on B concentrations in Si («) and slag (b) compared with the theoretical curves of the present model.

slowdown in the nitridation of BO;,. Hence, the
formation of BN is the rate-limiting step in this stage.
This is the reason why there is a decrease after the
maximum B concentration in the slag. However, this is
only a conjecture because it is difficult to determine the
BN concentrations in the slag.

In Chen er al’s experiments,'') NH; was used to
generate the ammonia atmosphere, and there was no
slag between the ammonia gas and silicon. However, in
the present experiments, the NH; gas was blown into the
slag phase above the Si phase. The ammonia reacted
with boron oxide instead of boron, which may explain
why the catalyst iron is not necessary in the experiments.

Compared to Chen et al.’s results by the method using
the iron catalyst and ammonia in Table I, the present
data are acceptable because the reaction time is very
short. Additionally, in this method, the iron catalyst is
not required, which is one of the most significant merits
of the process.

In conclusion, a method to remove boron from silicon
via CaCl,-CaO-Si0, slag treatment and ammonia injec-
tion was carried out at 1723 K to 1823 K. The highest
removal efficiency was up to 98 pct at 1823 K for
1 hour. A kinetic model was established to clarify the
complicated reaction mechanism and the mass transfer
in the removal of boron from molten silicon. In this
model, the boron oxidation (step (2)) is the rate-limiting
step. This model, which agrees well with the experimen-
tal data, can be used to predict the limits of boron
removal. For example, if all data listed in the
NOMENCLATURE are provided, the curve represent-
ing the B concentration in Si with time can be obtained
from this model.

NOMENCLATURE
T Kelvin temperature (K)
Pm The density of silicon (kg/m?)
Pe The density of ammonia (kg/m?)

C[B) The B concentration in Si (mol/m?)

€sio, The SiO, concentration in the slag (mol/m?)
Ca The NHj; concentration in the slag (mol/m?)
[B] The activity coefficient of B

METALLURGICAL AND MATERIALS TRANSACTIONS B

C[B], 0
ki)

k(Boz/z)-,S
k(Boz/z)ab
Pa

Us
Ug

Initial B concentration in Si (mol/m?)
Mass transfer coefficient of B at the interface
(Si/slag) (m/s)

Mass transfer coefficient of BO;, at the
interface (slag/gas) (m/s)

Mass transfer coefficient of BOs), at the
interface (NHjs/slag) (m/s)

The pressure of bubbles (Pa)

The viscosity of the slag (Pa s)

The flow rate of NHj3 in the corundum tube
(m/s)

Surface tension between NH; gas and slag
(N/m)

Gravitational constant (N/kg)

Sherwood number

The activity of Si

The volume of Si (m”)

The volume of the slag (m?)

Diffusion coefficient of BO3, in the slag (m?/
s)

Henry’s constant (Pa m?/mol)

Ideal gas constant (J/(K-mol))

The density of the slag (kg/m?)

The B concentration in the slag (mol/m?)
BOCI concentration in gas (mol/m?)

The activity coefficient of BO;,

The activity coefficient of NH;

In}itial BOs), concentration in the slag (mol/
m-)

The average radius of bubbles (m)

Mass transfer coefficient of SiO, at the
interface (Si/slag) (m/s)

Mass transfer coefficient of BOs); at the
interface (Si/slag) (m/s)

The constant for Eq. [9] (m/s)

The diameter of ammonia gas tube (m)
The average diameter of bubbles (m)

The rising rate of bubbles in the slag (m/s)
The thickness of the boundary layer (m)
The height of the slag (m)

Schmidt number

The activity of SiO,

The area of the interface (Si/slag) (m?)
The area of the interface (slag/gas) (m?)
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D, Diffusion coefficient of NHj5 in the slag (m?/
s)

t Reaction time (s)
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