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Abstract: Submicron nonporous silica ( NPS) materials feature small particle sizes, smooth

surfaces, and regular shapes. They also exhibit excellent performance as a stationary phase;
however, their use is limited by their low specific surface area and low phase ratio. Therefore,
a novel surface modification strategy tailored for NPS microspheres was designed, involving a
multi-step reaction. 3-Glycidyloxypropyltrimethoxysilane ( GPTS) was first grafted onto NPS
particles as a silane coupling agent. Polyethyleneimine (PEI), a high-molecular-weight polymer,
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was then coated onto the particles, providing numerous amino reaction sites. In the final step,
an acylation reaction was initiated between stearoyl chloride and the amino groups to obtain the
final product, designated as C,,-NH,-GPTS-SiO,. Elemental analysis, FT-IR spectroscopy, Zeta
potential analysis, thermogravimetric analysis ( TGA ), and scanning electron microscopy
(SEM) were employed to investigate the success of the chemical modifications at each step.
The carbon content increased from 0. 55% to higher than 8. 29%. Thus, it solved the low carbon
loading capacity problem when modifying NPS microspheres with traditional C,, reversed phase
(e. g., octadecyl chlorosilane modification).

Meanwhile, the reasons for the considerable differences between NPS and porous silica ( PS)
microspheres in terms of the reactivity to surface modification were investigated in detail. The
BET method was employed to compare the pore structures. FT-IR and *Si solid-state NMR
spectroscopy were employed to analyze the differences in the structure and quantity of silanol
groups on the surfaces of the NPS and PS microspheres. Differences were observed not only in
the pore size and surface area, but also in the types of silanol groups. FT-IR analysis indicated
that the NPS and PS microspheres had different vg,_,; band positions, which shifted from 955 to
975 ecm™', respectively. *Si solid-state NMR analysis further highlighted the differences in struc-
tural information for Si atom environments. Results revealed that 16% of silicon atoms in the PS
microspheres had one hydroxyl group (isolated silanols, Q,, 6 100), while 19% had two
hydroxyl groups ( geminal silanols, Q,, 6 90). On the other hand, the NPS microspheres pos-
sessed no geminal silanols, and only 30% of the Si atoms were in the Q, state. Therefore, the
NPS microspheres had a lower density of silanol groups and lacked geminal silanol groups,
compared to the PS microspheres. Geminal silanol groups have already been confirmed in previ-
ous studies to offer far higher reactivity than isolated silanols. These factors together explained
the low reactivity of NPS microspheres toward surface modification. Further, the low specific
surface area of the microspheres arising from their nonporous nature made it challenging to
obtain a high carbon content through a simple one-step reaction.

Hydrophobic substances such as hydrocarbons from the benzene series and polycyclic aro-
matic hydrocarbons ( PAHs) were selected to study the chromatographic performance. The
hydrophobic mechanism was revealed by the separation of PAHs using different ratios of aceto-
nitrile. Separation was achieved with a C,-NH,-GPTS-SiO, column, following which a hydro-
phobic phenomenon occurred. The presence of the amino coating led to the inversion of the
electroosmotic flow (EOF) of the silica microspheres on the pressurized capillary electrochro-
matography (pCEC) platform. It also enhanced the linear velocity in the pCEC platform when
the pH was selected to be low. The effects of the applied voltage on the separation ability of the
720 nm C -NH,-GPTS-SiO, column were examined to determine optimal conditions. Rapid and
effective separation was achieved in a relatively short time. Therefore, the C -NH,-GPTS-SiO,
stationary phase is promising for practical use with a higher phase ratio, demonstrating superi-
ority for use in reversed-phase pCEC separation, and thus, providing a new strategy and valuable
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reference for the future application of submicron NPS microspheres.

Key words: pressurized capillary electrochromatography (pCEC) ; submicron nonporous silica

microsphere ; high carbon content; silanol groups; electroosmotic flow ( EOF)
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LIV 2 UG RSOk A EHE T 60 C .25 THR4E
HiF48 12 h B RHRIC R 720 nm-activated-SiO, .

720 nm-activated-SiO, & 1fii ¥ 4 N 3 . FR HL



55118

T, A L O BT MO TEAL R R R 8 i
TE AR PR T 4045 H, €0 35 31 4 1o ) 91 -

1.5 g 3R & il £ 79 720 nm-activated-SiO,, T
120 CHEZ THEA K 6 h, B H % 2 150 mL
MR, A 60 mL 57K F 45 | 2R R IR 28
B, R IRG 5B T IR RV B
R B 0 FH G 28 AR IS ZE LA 9 mL
GPTS, T 110 C ¥ #E I N 24 h, fF [ 45
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GPTS-SiO, ,

K FH AR 7] 1) 2 18 25 #4811 7 2 &4 3 wm PS
ok FHAE I SR (s P BE X HL , 45 25 I B A8 i 7= 4 43
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SR FHSCHR AR 7 I 7E 3K 720 nm NPS ek i
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Fig. 1 N, adsorption-desorption plots and pore size distribution curves of 3 pm-PS and 720 nm-NPS microspheres

PS: porous silica; NPS: nonporous silica.
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Fig. 2 FT-IR spectra of 720 nm-NPS and 3 pm-PS
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Fig. 4 ?Si solid-state NMR spectra of 720 nm-NPS and
3 pm-PS microspheres
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Ji kAR B M S T B R AOK NPS flER %R
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Table 1 Elemental analysis result of modification process

Sample N/% C/% H/%
720 nm-activated-SiO, 0.13 0.55 0.99
720 nm-GPTS-SiO, 0.16 1.99 1.23
720 nm-NH,-GPTS-SiO, 0.31 2.19 1.30
720 nm-C 4-NH, -GPTS-Si0, 0.27 8.29 2.34
3 pm-activated-SiO, < 0.10 0.34 0.61
3 wm-GPTS-SiO, < 0.10 7.73 1.50
3 wm-NH,-GPTS-SiO, 2.70 9.59 2.29
3 pm-C,4-NH,-GPTS-SiO, 2.20 20.15 3.56
720 nm-C 4-Si0, <0.10 0.79 0.54

222 M E R LT AN
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W T] ] T2 AE WAk NPS SR 16 i 1 72 i 45 45
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7= CH, 1Y SR B Ao 247 i 3 e R0 7 i 4 41 2l 0
XERH T GPTS WU, mifeaE fg ik s &1 e
%) Cs-NH,-GPTS-SiO, %7 11,2960 cm™ AL (3%
—CH, JE A 1 W5 A e AR X6 — CH, W WAL e 4 /0 | 3 5 8
A -CH, 5-CH, &R He B4, PR ER IR
T C FEHA R M
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Fig. 6 (a)FT-IR spectra (720 nm), (b)Zeta potential, (c) TGA and (d) differential thermal gravity
(DTG) results of the surface modification process
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a. 720 nm nonporous bare SiO,; b. 720 nm C,;-NH,-GPTS-
SiO, ; c. 3 wm porous bare SiO,; d. 3 um C3-NH,-GPTS-SiO,.

O A i OB M T 15, B SRR X TR B T A2
PRI R 50 F SR A B 8 2 S B 3 A PR35
24 C,-NH,-GPTS-SiO, # i &l BILREFM
241 KR WA

Fl 9a Xt Lt 17 7E pCEC AU, A [m] o, Ho Xt
T 6 TR R 53 B ACR 1928 A, 7T LAVLEE £ 48 pH



ETL, A5 S R B OR TG AL — A RE OB A 7 i S

% 1 ﬂ)ﬂ g3 A IAPAY - 07 .
7 TE SN B 4048 /L 61 5 E A

0.20 a. EOF velocity versus pH and applied voltage b. Investigation of hydrophobic mechanism

. 44 —=— Benzene
720 nm-C,-NH,-GPTS-SiO, —a— 0 kV 720 nm-C,,-"NH,-GPTS-Si0, o Naghthalene
—— 5k P
0.15 ] 10KV —®— Acenaphthene
104 1 —0—

] 15 kv 5 Anthracene
~ —— Benz[a]anthracene
E
g x
g =
= 04
@) |
el

2
T -4 T T T T T T T
. DT 1 —®— Benzene
3 um-C-NH,-GPTS-SiO —a— i
MLy N > Okv 3 um-C -NH,-GPTS-8i0, —5— Naphthalene
—®— Acenaphthene
44 —O— Anthracene
—_ ] —A— Benz[a]anthracene
£ Z
= E 2
= =
= |
s |
04
-2 T T T

pH

T T T T T
35 40 45 50 55 60 65 70

P(ACN) /%

8 720 nm 5 3 pm C4-NH,-GPTS-SiO, BifEHI (a) BEHH pH EMEENTHX R (b) REERANEER
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EOF'. electroosmotic flow.
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Fig. 9 Effects of voltages on the separation of (a) benzene series and (b) polycyclic aromatic hydrocarbons (PAHs) in
720 nm C4-NH,-GPTS-SiO, column and comparison between different columns on the separation of (c) benzene

series and (d) PAHs

1. benzene; 2. toluene; 3. ethylbenzene; 4. n-propyl benzene; 5. n-butylbenzene; 6. cyclohexylbenzene; 7. benzene; 8. naphthalene;

9. acenaphthene; 10. anthracene; 11. benz( a ) anthracene.
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