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Boron chloride in the chlorosilane is hard to remove and directly impacts the quality of polysilicon produced by improved Siemens
method. Silicon dioxide functionalized with mannitol and citric acid successfully removed boron chloride in organic solution. The
effects of immersion concentration and drying temperature were studied to attain the best adsorption performance. The sorption
phenomenon was described well by pseudo-second-order kinetic model and Langmuir adsorption isotherm; particle diffusion
model proved that the adsorption on the active adsorption site was the rate determining step, with the formation of boronic esters.
Thermal stability and degradation kinetic of the adsorbents were investigated by thermogravimetric analysis. The characterization
results of Fourier transform infrared spectroscopy, thermogravimetric analysis, X-ray energy spectrometry, and BET showed the
silicon dioxide was successfully functionalized by oxygen-containing functional groups, leading to be a better and safer substitute to
traditional boron-selective chelating resin.

1. Introduction

In the face of an energy crisis and environmental degrada-
tion and growing demand for low carbon emission reduc-
tion, the unlimited, nonpolluting, and extremely abundant
solar power is seen as an effective decarbonization scenario
[1], and the market of photovoltaic technology is rapidly
evolving with a compound annual growth rate (CAGR)
equal to 34% between 2010 and 2020 [2]. Silicon-based solar
cells account for more than 94% of the PV market due to the
low cost, high photoelectric conversion efficiency, and stabil-
ity [3]. The quality of polysilicon products greatly affects the
photoelectric conversion efficiency and stability.

At present, improved Siemens method [4] is the main
production process of polysilicon. Trichlorosilane is pre-
pared by hydrogenation of silicon tetrachloride, and then tri-
chlorosilane is reduced by hydrogen and deposited on the
silicon core heater to produce the polysilicon. As the typical
acceptor impurity, the trace boron impurities in the raw
material of trichlorosilane directly affect the quality and con-
duction type of polysilicon products. The tolerance limit of

boron impurity in solar-grade polycrystalline silicon required
by China [5] is below 0:1 × 10−9, and boron impurity in
electronic-grade polycrystalline silicon [6] is required to be
less than 5 × 10−11. The trace boron compounds are complex
in the trichlorosilane. Conventional wisdom holds that the
main boron compound impurities are BCl3, B2Cl6, or other
complex forms. The boiling point of these impurities is too
close to chlorosilane to be separated by multistage distillation
[7]. The purification methods [8] of boron impurity from
chlorosilane include extraction, complexation, adsorption,
and partial hydrolysis [9, 10]. Some of these techniques are
effective but have some limitation. The partial hydrolysis tends
to lead to strong silicification of the device and generate large
amounts of corrosive hydrogen chloride [11, 12]. The extrac-
tion method [13, 14] is highly efficient, but overall, a lot of
work is still needed to find a suitable complexing agent, and
there is a lack of in-depth research on the complexing process
and mechanism in the actual industrial production.

Compared with other methods, the adsorption method
is currently the most widely used in the industry, and the
commonly used adsorption material includes activated
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carbon [15], ion-exchange resin [16, 17], or boron-selective
chelating resin (e.g., Amberlite RA-743, Dowex BSA-1, and
D564) [18, 19], which has a macroporous polystyrene back-
bone to which the functional group (glucosamine) is
attached. Glucosamine can bond covalently to boron impu-
rities, resulting an excellent boron removal performance.
However, the chlorosilane is flammable and explosive. The
large amount of flammable chelating resin will pose a huge
hidden hazard in case of leakage accidents, resulting in the
need for the safe and cheap boron adsorption agent.

The boron impurities like BCl3 in chlorosilane exhibit
similar electron deficiency to the H3BO3 in aqueous solu-
tion, which has been well studied, and some mentioned
commercial boron-selective chelating resin has been devel-
oped and widely used in seawater desalination, boron halo-
genation, and other fields [19]. Further researches focus on
material with higher selectivity and easier separation, and
Oladipo and Gazi [20, 21] developed hydroxyl-enhanced
magnetic material that performed better and can be easily
separated from the suspensions by an external magnet, lead-
ing to be a techno-economic substitute to the existing boron
adsorbents [22]. It is concluded that most reported boron
adsorbents for H3BO3 in aqueous solution have electron-
rich group that plays a key role in the boron removal, lead-
ing to the electron-rich oxygen-containing inorganic adsor-
bent for BCl3 in this study.

As the inorganic and nonflammable material, the surface
of silicon dioxide is covered with the large number of
electron-rich hydroxyl groups [23], so it was applied in the
removal of boron impurities [24]. Besides, it possesses the
advantages of being easily modified, the stable physical and

chemical properties, good mechanical strength, high specific
surface area, and pore capacity [25].

The study is aimed at investigating boron chloride
adsorption on silicon dioxide impregnated with different
functional groups and attaining better removal performance,
which was evaluated using equilibrium, kinetic, and thermo-
dynamic studies.

2. Materials and Methods

2.1. Reagent and Instrument. All chemicals, silicon dioxide
(CP, purchased from Tianjin Guangfu Technology Develop-
ment Co., Ltd.), boron chloride in hexane (CP, provided by

Silicon dioxide Impregnating solution

Hexane

Figure 1: Schematic illustration of the process of silicon dioxide impregnation.
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Aladding), methylamine-H, L-ascorbic acid, ammonium
acetate, acetic acid, disodium EDTA dihydrate, tartaric acid,
(CP, provided by Macklin), meglumine, mannitol, citric
acid, salicylic acid (CP, bought from Heowns), and boron-
selective chelating resin (D564) (provided by Shanghai Yua-
nye Bio-Technology Co., Ltd.), were directly used and with-
out further purification.

Ultrasonic cleaner (SK7200B), Shanghai KD Ultrasonic
Instrument Co., Ltd; UV-Visible spectropho-tometer
(754N), Shanghai Yidian Analytical Instrument Co., Ltd.

Fourier transform infrared (FT-IR) spectrum was col-
lected on a Thermo Fisher Nicolet iZ10 using KBr as stan-
dard reference in the range of 400–4000 cm-1. The
thermogravimetric analyses (TGA) were performed on a
NETZSCH 209F3 derivatograph. The data recording
occurred in 250ml∙min-1 outflow air, within the 30–950°C
temperature range and at the 20K∙min-1 rates of heating.
The specific surface area was tested and calculated by
Micromeritics.

2.2. Silicon Dioxide Impregnation. The process of impregna-
tion was described in Figure 1, and about 5 g of silicon diox-
ide was impregnated in the 100 cm3 impregnating solution
(weight concentration range of 0.2–3%) for 12 h at 90°C.
The impregnated silicon dioxide was collected by filtration,
washed by hexane, and vacuum dried at 70, 90, 110, 130,
150, and 170°C to constant weight. The impregnating sub-
stance used was meglumine (ME), mannitol (MA), citric
acid (CA), tartaric acid (TA), and salicylic acid (SA).

2.3. Static Adsorption. Due to the flammable and explosive
property of chlorosilane, the boron chloride in chlorosilane
was replaced by the boron chloride in hexane in the study.
The tests were carried in the screw capped bottles with poly-
ethylene gaskets filled with N2, which prevents the boron
chloride from water steam.

During static experiments, adsorbent (0.1, 0.2, or 0.5 g)
was put into the 15 or 30ml hexane solution of boron chlo-

ride at the concentration of 585 ppm at room temperature
for 2 h.

In kinetic experiments, the boron concentration was
measured by sampling at regular intervals until the concen-
tration remained constant, which means the adsorption
equilibrium reached.

In order to investigate the dependence on the initial
boron concentration, the concentration of the solution var-
ied between 234 ppm and 23400 ppm, while the 0.1 g of
adsorbents was weighted into the 15ml of the hexane solu-
tion of boron chloride.

The adsorption capacity (q) of boron chloride is given as

q =
c0 − cð Þ ×V

m
ð1Þ
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Figure 3: Structure of impregnating agent (ME, MA, CA, TA, and SA).
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where c0 and c are the initial and residual boron chloride
concentration in the solution, mg∙l-1; V is the volume of
boron chloride solution, l; m is the amount of adsorbents
added in the solution, g.

Boron chloride in hexane was hydrolysed to form boric
acid solution [26], then it was measured spectrophotometri-
cally using azomethine-H, which will form yellow complex
with boric acid after 6 h of waiting time, and then the absor-
bance value was tested at 415nm, with a 1 cm cuvette against
the blank test [27].

3. Results and Discussion

3.1. Static Adsorption Experiments of Adsorbent. As polyols
and organic acids have typical oxygen–containing functional
groups that definitely enhance the boron adsorption as
reported [28, 29], the adsorption ability of boron chloride
on impregnated silicon dioxide showed different increase
with different impregnating agent in Figure 2. The result
points to silicon dioxide impregnated with mannitol (SD
+MA) and citric acid (SD+CA) as the best adsorbents of
boron chloride in this study, which can be attributed to the
structure and number of oxygen-containing functional
groups. The structure of impregnating agent is shown in
Figure 3, MA and ME are both polyols, and MA has more
hydroxy than ME, resulting little better performance than
ME. Compared with CA and TA, SA has less hydroxy and
carboxy, leading to a lower adsorption capacity.

3.2. The Effect of Impregnating Concentration. Figure 4 pre-
sents the adsorption capacity of boron chloride on impreg-
nated silicon dioxide prepared with different impregnating
solution concentration, and the adsorption capacity of boron
chloride on impregnated silicon dioxide increased at early
stage and then decreased with increasing impregnating solu-
tion concentration. The maximum adsorption capacity of
SD+CA is 44.37mg∙g-1at 1.2% of impregnating solution,
and the maximum adsorption capacity of SD+MA is
40.49mg∙g-1 at 1% of impregnating solution, which is attrib-
uted to the increasing loading of the oxygen-containing
active sites on the surface of silicon dioxide with the increas-
ing concentration of impregnating solution. However, with
further increase in concentration, as shown in Table 1, some
functional groups may agglomerate and block the limited
loading sites of silicon dioxide, resulting in the decrease in
the pore size, pore volume, and decrease in adsorption
capacity of impregnated silicon dioxide. When the concen-
tration of mannitol impregnation solution reached 3%, the
pore channels may be blocked or even disappeared, the

Table 1: The pore size of different adsorbents impregnated by solution of different concentration.

Adsorbents Concentration of impregnating solution W% Surface area (m2·g-1) Pore volume (cm3·g-1) Pore size (A)

SD \ 307 0.9994 130.2

SD+MA 1.0 234 0.9611 164.0

SD+MA 3.0 287 0.9209 128.2

SD+CA 1.0 287 0.9599 133.7

SD+CA 3.0 266 0.8376 126.1
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Figure 5: The effect of drying temperature on boron adsorption
capacity on SD+MA and SD+CA.
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Figure 6: FT-IR spectra of SD, SD+MA, and SD+CA.

Table 2: The relative percentage of C, O, and Si in adsorbents
determined by EDS.

Adsorbents
Concentration of impregnating

solution W%
C% O% Si%

SD+MA 1.0 15.75 61.25 22.99

SD+CA 1.0 13.35 56.26 30.39
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internal diffusion of boron chloride mainly control the
adsorption, and boron chloride cannot enter the pore chan-
nels of impregnated silicon dioxide, which caused the
adsorption capacity of SD+MA to drop sharply, even lower
than that of blank silicon dioxide.

3.3. The Effect of Drying Temperature. As can be shown in
Figure 5, with the increase of the drying temperature, little
change in adsorption capacity indicates that the drying tem-
perature had little effect on the increase of active oxygen-
containing group sites. But the increasing temperature may

96.0

2000

96.5

97.0

97.5TG
 (%

)

D
TG

/(
%

.m
in

–1
)

98.0

98.5

99.0

99.5

100.0

400 600

t (°C)

800 1000

–0.6

–0.4

–0.2

0.0

0.2

0.4

(a)

84

2000

86

88

90TG
 (%

)

D
TG

/(
%

.m
in

–1
)

92

94

96

98

100

400 600

t (°C)

800 1000

–1.2

–1.4

–1.0

–0.8

–0.6

–0.4

–0.2

0.0

0.2

0.4

(b)

102

100

98

96

94

TG
 (%

)

92

90

88

86

84

0

t (°C)

400200 600 800 1000

D
TG

/(
%

.m
in

–1
)

0.4

0.2

0.0

–0.2

–0.4

–0.6

–0.8

–1.0

(c)

Figure 7: TGA and DTG curves for (a) SD, (b) SD+MA, and (c) SD+CA.
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promote the bonding of mannitol to the hydroxyl groups on
the surface of silicon dioxide.

3.4. Characterization. Functional groups identified by FT-IR
spectra in Figure 6 confirm the successful functionalization
of mannitol and citric acid on the surface of silicon dioxide,
and the FT-IR spectra of impregnated adsorbents show the
increase in the band at 3400 cm-1 (ν-OH) [30] and the
appearance of new peak at 2904 cm-1 and 2844 cm-1 (ν-
CH) [31], suggesting the successful grafting of polyol groups
on the silicon dioxide supports. The appearance of a new
peak at 1760 cm-1 (ν-C=O) and 1410 cm-1 (δ-C-OH) [30]
and the wide and scattered peak at the range of 3200 cm-1–
2500 cm-1 [30] suggest the loading of carboxylic acid on
the silicon dioxide.

Active silicon dioxide and impregnated silicon dioxide
were analyzed by X-ray energy spectrometry (EDS). It was
found in Table 2 that the proportion of elemental Si on the
surface of the impregnated silicon dioxide decreased, and
the content of elemental C increased significantly compared
to the activated silicon dioxide, which was attributed to the
loading of polyhydroxy organic compounds on the surface
of silicon dioxide.

Figure 7 shows the TGA curves of the studied adsorbents
from ambient temperature to 950°C at heating rates of
20°C∙min-1. In these curves, the mass loss of all adsorbents
started at about 95°C and ended around 500°C. The mass
residue was mainly SiO2, the product of inorganic silicon
combustion, and the thermal decomposition of analyzed
polymers occurred in two or three well-defined stages.

Thus, in the case of silicon dioxide, the first stage began
at about 40°C and ended at about 97.5°C, characterized by
weak DTG peak at 74.8°C, which can be mainly attributed
to the adsorbed water. This stage involved maximum
0.98% weight loss and can be considered nondegradable.
The second stage, which began at around 360°C and ended
at about 630°C, can be attributed to the decomposition of
hydroxyl groups on the surface of silicon dioxide.

The SD+MA exhibits two distinct stages of decomposi-
tion. Thus, the first stage began at 69.6°C and ended at about

122°C, with DTG peak at about 103.1°C, which can be
mainly attributed to the residual solvent, and this step
involved 4.23% mass loss. The second stage started at
around 311.7°C and ended at around 494.5°C with DTG
peaking at 397.4°C, mainly due to the thermal decomposi-
tion of mannitol, which involved 11.25% mass loss.

The steady mass loss in SD+CA started at about 92.8°C,
ended at 950°C, and was characterized by a DTG peak of
249.6°C, which was due to the mass loss of the citric acid
on the silicon dioxide, and the weight loss rate was 15.17%.
The difference between silicon dioxide and impregnated
adsorbents shows that mannitol and citric acid are indeed
loaded onto the surface of the silicon dioxide.

3.5. Thermal Degradation Kinetic of Adsorbents. In order to
explain the thermal degradation of synthesized adsorbents,
it is necessary to know the whole kinetic triplet [32, 33]. At
each stage of the beginning and end of decomposition,
kinetic analysis was performed using Freeman-Carroll
method [34] to calculate the activating energy, pre-
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Figure 8: Thermal degradation kinetic curves of (a) SD+MA in 69.6–103.1°C and (b) SD+MA in 311.7–397.4°C.
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exponential factor, and reaction order from a single TGA
curve based on the following equations:

dα
dt

= Ae−E/RT 1 − αð Þn ð2Þ

or

ΔIn dα/dtð Þ
ΔIn 1 − αð Þ = −

E
R

Δ 1/Tð Þ
ΔIn 1 − αð Þ + n ð3Þ

Table 3: Kinetic properties for adsorbents using Freeman-Carroll method.

Adsorbents SD+MA SD+AC
Parameter E (KJ∙mol-1) n R2 E (KJ∙mol-1) n R2

Stage I 21.14 1.543 0.9691 12.17 0.5974 0.9602

Stage II 15.74 0.6244 0.9694
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where dα/dt is the rate of reaction, s-1, α is the conversion of
reaction, n is the order of reaction, R is the gas constant,
8.31 J∙mol-1∙K-1, T is the degradation temperature, K, A is
the pre-exponential factor, and E is the apparent activation
energy in J∙mol-1.

The results of the thermal degradation kinetic were
shown in Figures 8 and 9.

The kinetic parameters corresponding to the degrada-
tion of impregnated adsorbents are presented in Table 3.

As can be seen from the data in Table 3 that the activa-
tion energy and the order of reaction are not always a con-
stant value, proving that the thermal degradation of
mannitol-modified silica is a complex reaction.

3.6. Adsorption Kinetics Experiments of Adsorbents. Adsorp-
tion equilibrium curves described in Figure 10 show that the
adsorption rate of boron chloride in solution is fast. The
adsorption capacity increased rapidly with the increase of
adsorption time in the first 10 minutes, after which, it slowed
down as the adsorption equilibrium was reached. This is a
typical development rule in adsorption process. As the
adsorption progresses, the diffusion rate of solute to adsor-
bent slows due to the decrease of adsorption concentration
[35]. The experimental results obtained were used to study
the rate-limiting step.

The adsorption kinetics curves were analyzed using the
pseudo-first-order kinetic equation as follows [30]:

ln qe − qtð Þ = ln qe − k1t ð4Þ

The pseudo-second-order adsorption kinetic equation
can be expressed as follows [36]:

t
qt

=
1

k2q2e
+

t
qe

ð5Þ

where qe and qt are the adsorption capacity, mg∙g-1, at equi-
librium and at time t, respectively, t is the adsorption time,
min, k1 is the pseudo-first-order adsorption rate constant,
min-1, and k2 is the pseudosecondary adsorption rate con-
stant, g∙mg-1∙min-1.
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Figure 13: Multisegment fitting curve of the intraparticle diffusion
model of adsorption of boron chloride on SD, SD+MA, and SD
+CA.

Table 4: Kinetic parameters of adsorption of boron chloride on SD, SD+MA, and SD+CA.

Adsorbents
te

(min)
qe (exp)
(mg·g-1)

Pseudo-first-order kinetic model Pseudo-second-order kinetic model

qe (fit) (mg·g-1) k1
(min-1)

χ R2 qe (fit) (mg·g-1) k2 (g.mg-1min-1) χ R2

SD 40 33.42 22.59 0.1512 0.4794 0.8279 33.81 1:725 × 10−2 1:153 × 10−2 0.9998

SD+MA 10 34.02 33.52 0.2939 0.01493 0.9417 34.00 1:817 × 10−2 5:882 × 10−4 0.9987

SD+CA 10 34.38 32.28 0.3892 0.06506 0.9848 34.26 4:691 × 10−2 3:503 × 10−3 0.9996

Note: qeðexpÞ and qeðfitÞ are the equilibrium experiment results and calculated value according the model, respectively.

Table 5: Diffusion parameters in particles of adsorption of boron
chloride on SD, SD+MA, and SD+CA.

Adsorbents
Section I Section II

kn C R2 kn C R2

SD 9.082 1.485 0.9560 1.307 25.17 0.9687

SD+MA 10.55 0.7507 0.9545 0.4509 29.77 0.9714

SD+CA 11.01 2.484 0.9479 0.9822 28.65 0.9549
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Figure 14: Adsorption isotherms of removal of boron chloride on
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The correlation coefficients and the rate constants for the
pseudo-first-order kinetic model and pseudo-second-order
kinetic model are shown in Figure 11, Figure 12, and
Table 4, respectively.

R2 and χ can be used to assess how well the kinetic
model coincides with the experiment data, χ = jqeðexpÞ − qeðfitÞj/qeðfitÞ; if the experimental results are similar to the
data from the model, χ will be small else it will be large

Table 6: Two parameters adsorption isotherm parameters of boron chloride on SD, SD+MA, and SD+CA.

Adsorbents qe expð Þ (mg·g-1) Isotherms and parameters
Langmuir Freundlich Temkin Dubinin-Radushkevich

SD 249.6

ql = 250:0 Kf = 82:42 B = 30:78 qD = 226:0

kl = 1:471 × 10−3 1/nf = 0:1152 A = −43:00 AD = 2:843 × 104

Δqt = 0:4000 Δqt = 10:46 Δqt = 14:95 Δqt = 23:54

χ = 1:600 × 10−3 χ = 4:021 × 10−2 χ = 5:652 × 10−2 χ = 0:1041

R2 = 0:9898 R2 = 0:8573 R2 = 0:8429 R2 = 0:9088

SD+MA 275.8

ql = 277:8 Kf = 103:3 B = 30:42 qD = 250:8

kl = 2:091 × 10−3 1/nf = 0:1024 A = −12:29 AD = 1:012 × 104

Δqt = 2:000 Δqt = 10:00 Δqt = 15:47 Δqt = 25:00

χ = 7:199 × 10−3 χ = 3:503 × 10−2 χ = 5:313 × 10−2 χ = 9:968 × 10−2

R2 = 0:9977 R2 = 0:8619 R2 = 0:8419 R2 = 0:8863

SD+CA 332.6

ql = 312:5 Kf = 43:65 B = 45:32 qD = 276:7

kl = 4:555 × 10−3 1/nf = 0:2176 A = −100:5 AD = 6:181 × 103

Δqt = 20:05 Δqt = 50:96 Δqt = 18:73 Δqt = 55:91

χ = 6:416 × 10−2 χ = 0:1329 χ = 5:327 × 10−2 χ = 0:2021

R2 = 0:9981 R2 = 0:8492 R2 = 0:9262 R2 = 0:8761

Table 7: Three parameters adsorption isotherm parameters of boron chloride on SD, SD+MA, and SD+CA.

Adsorbents Redlich-Peterson Sips Toth

SD qe expð Þ = 249:5

ARP = 0:6920 qs = 223:4 qT = 232:6

BRP = 2:261 × 10−3 Ks = 5:149 × 10−3 Kt = 2:272 × 10−3

g = 1:024 ns = 0:2572 t = 1:707
Δqt = 12:42 Δqt = 26:11 Δqt = 16:99
χ = 0:05218 χ = 0:1169 χ = 0:07308

R2 = 0:8703 R2 = 0:9116 R2 = 0:8777

SD+MA qe expð Þ = 275:8

ARP = 1:417 qs = 249:2 qT = 247:5

BRP = 5:573 × 10−3 Ks = 8:713 × 10−3 Kt = 3:593 × 10−3

g = 0:9944 ns = 0:2165 t = 134:0
Δqt = 8:062 Δqt = 26:62 Δqt = 28:32
χ = 0:03011 χ = 0:1068 χ = 0:1144

R2 = 0:8555 R2 = 0:8969 R2 = 0:8632

SD+CA qe expð Þ =332.6

ARP = 1:879 qs = 321:0 qT = 326:4

BRP = 8:993 × 10−23 Ks = 4:211 × 10−3 Kt = 7:041 × 10−3

g = 0:9565 ns = 1:197 t = 0:7387
Δqt = 14:24 Δqt = 11:60 Δqt = 6:183
χ = 0:04514 χ = 0:03613 χ = 0:01892

R2 = 0:9611 R2 = 0:9575 R2 = 0:9596
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[29]. Larger R2 and smaller χ obtained from the pseudo-
second-order kinetic model indicate that the adsorption of
boron chloride on silicon dioxide can be described by the
second-order kinetic reaction model better. It can be con-
cluded that the adsorption rate is mainly controlled by
chemisorption.

The control steps of the speed of adsorption process are
usually investigated using the diffusion model in the particle
[37], and the formula is as follows:

qt = knt
1/2 + C ð6Þ

where qt is the adsorption capacity of adsorbents on boron
chloride at a certain time, mg∙g-1, t is the adsorption time,
min, kn is the diffusion rate constant in the particle, and C
is a constant.

Typically, the particle diffusion model is three-stage lin-
ear, including boundary layer diffusion, internal diffusion,
and adsorption site adsorption. Because the first stage reac-
tion speed is very fast, it will not be the control step of
adsorption reaction, so the adsorption data were fitted in
two stages and shown in Figure 13.

As can be seen from the Table 5, the R2 of two stages is
greater than 0.9, and the fit lines do not pass through the
point of origin, indicating that the adsorption process is a
complex process mixed with physical adsorption and chem-
ical adsorption. The diffusion coefficient kn of section II is
smaller than that of section I, which proves that the adsorp-
tion of boron chloride is controlled by the adsorption on the
active adsorption site.

3.7. Determination of Adsorption Isotherm. The distribution
of boron between the liquid phase and the solid phase is an
index of equilibrium position during the adsorption.

Adsorption isotherm was shown in Figure 14, silicon
oxide adsorption of boron chloride can be roughly divided
into several stages at concentrations of boron chloride rang-
ing from 234 ppm to 2340 ppm, the adsorption capacity
increased with the increase of the concentration of boron
chloride solution, the increasing trend slowed down within

2340 ppm to 9360 ppm, and the adsorption capacity basi-
cally remained unchanged within 9360 ppm to 23400 ppm.

The adsorption isotherms were analyzed by two-
parameter models: Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich and three-parameter models: Red-
lich-Peterson, Sips, Toth, etc. [38].

Langmuir equation assumes that the maximum adsorp-
tion occurs when the surface is covered by a monolayer of
adsorbate, which is effective for monolayer sorption onto a
surface with a finite number of identical sites [36], as shown
below:

qe =
klqlce
1 + klce

, ð7Þ

where qe is the adsorption capacity at adsorption equilib-
rium, mg∙g-1, ce is the concentration of boron chloride at
adsorption equilibrium, mg∙l-1, ql is the maximum theoreti-
cal monolayer adsorption capacity, mg∙g-1, and kl is the
adsorption equilibrium constant, which is related to the
enthalpy change of adsorption.

Freundlich equation is a purely empirical model, which
is indicative of the surface heterogeneity of the sorbent,
and is given by the following equation:

qe = kf c
1/nf
e ð8Þ

where kf is the Freundlich constant, 1/nf is the heteroge-
neous coefficient, it is generally considered that substances
with 1/nf between 0.1 and 0.5 are easy to be adsorbed, and
when 1/nf > 2, they are difficult to be adsorbed.

Temkin equation:

qe = B ln ce + A ð9Þ

where B is Temkin’s isothermal energy constant, and A is
Temkin’s isothermal energy constant.

Dubinin-Radushkevich isotherm model is used to
describe sorption on both homogeneous and heterogeneous
surfaces [39]. It can be expressed as follows:

qe = qD exp −AD In 1 +
1
ce

� �� �2( )
ð10Þ

where qD is the adsorption capacity of adsorbent, mg∙g-1,
and AD is related to the free energy of adsorption.

The linear correlation coefficient shown in Table 6 indi-
cates that the adsorption process is most consistent with the
Langmuir equation, indicating that monolayer adsorption
occurs on the surface of adsorbents. The 1/nf in the Freun-
dlich equation is less than 0.5, suggesting the favorable
adsorption process [40].

The adsorption isotherms were analyzed by three-
parameter models as follows:

SD

SD+MA (after adsorption)

SD+CA (after adsorption)

4500 4000 3500 3000 2500 2000 1500 1000 500 0

Wave number (cm–1)

Figure 15: FT-IR spectra of SD, SD+MA after adsorption, and SD
+CA after adsorption.

10 Adsorption Science & Technology



Redlich-Peterson equation:

qe =
ARPCe

1 + BRPc
g
e

ð11Þ

where ARP andBRP are the Redlich-Peterson constants;
Sips model:

qe =
qs KsCeð Þ1/ns
1 + KsCeð Þ1/ns

ð12Þ

where Ks is the adsorption equilibrium constant, and qsis the
adsorption capacity of adsorbent, mg∙g-1;

Toth equation:

qe =
qTKtce

1 + Ktceð ÞtÂ Ã1/t ð13Þ

where Kt is the adsorption equilibrium constant, qT is the
adsorption capacity at equilibrium, mg∙g-1, t = 1, which
proves that the adsorption process occurs on the monolayer
adsorption surface.

The g of the Redlich-Peterson, ns of Sips, and t of Toth
models obtained in Table 7 are not equal to 1, indicating that
the adsorption process occurs on the heterogeneous surface
of multilayer adsorption, which is inconsistent with the anal-
ysis results of Langmuir isothermal adsorption model. The
linear correlation coefficients are all less than 0.9, indicating
that the three-parameter adsorption isothermal model is less
suitable than the two-parameter model for the adsorption
process of boron chloride on silicon oxide.

3.8. Chemisorption Mechanism. After completing adsorp-
tion, FT-IR spectra of adsorbents in Figure 15 show the
appearance of new peak at 1400 cm-1 (as-B-O) [41], suggest-
ing the chemisorption of boron chloride on the adsorbents.

Due to the significant electron deficiency of the boron, it
can form typical covalent coordination bonds with electron

donor, and the following mechanism of nucleophilic addi-
tion reactions is proposed in Figure 16 for the chemisorption
of boron chloride on modified adsorbents.

The lone pair of electrons of polyhydric alcohols was
coordinated to the electron deficient boron, and after accept-
ing electrons, the Cl- left with a pair of electrons, due to the
strong polarity of the B-Cl bond, followed by the leaving of
proton on the methanol. The total reaction is 3ROH + BC
l3 == BðORÞ3 + 3HCl, similar to the hydrolysis of BCl3 [42].

4. Conclusions

In this study, the silicon dioxide modified by oxygen–con-
taining functional groups (–OH and –COO–) shows a better
performance of the boron chloride removal in polysilicon
production than that of chelating resign under the test con-
ditions. The adsorption performance and adsorption mech-
anism of boron chloride are firstly discussed and described
in detail, which are the relative lack in the previous industrial
methods.

This study has given encouraging results, and organic-
inorganic hybrid materials could be applied to reduce boron
chloride. We wish to carry out the adsorption tests in the
condition of flammable and explosive chlorosilane, which
is closer to the industrial production, and this part has been
left for future research.

Data Availability
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able from the corresponding author upon request.
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