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Abstract . As green, less toxic, widely available, and site-rich functional ligands, natural prod-

ucts are widely used for the development of chromatographic stationary phases. In this work, a
novel stationary phase, cardanol-bonded on silica ( CBS) was prepared using y-glycidoxypropy-
Itrimethoxysilane ( KH-560) as the coupling reagent and cardanol as the functional ligand. The
synthesized stationary phase was characterized by Fourier transform-infrared spectra (FT-IR),
thermogravimetric analysis ( TGA), elemental analysis (EA), and N, adsorption-desorption
analysis. The results revealed that cardanol was successfully immobilized on the surface of
spherical silica by the ring-opening reaction of the epoxy groups in phenolic hydroxyl. The
retention mechanism and chromatographic performance of the CBS column were further
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evaluated and compared with those of a commercial C,, column using different classes of ana-
Iytes, e. g., Tanaka standard test mixtures, alkylbenzenes, polycyclic aromatic hydrocarbons
(PAHs) , phenols, and aromatic positional isomers. The retention of alkylbenzenes under dif-
ferent chromatographic conditions revealed that the CBS column was a typical reversed-phase
liquid chromatographic column, similar to the commercial C,; column. From the results of the
Tanaka test, it was concluded that CBS could provide various interactions for different solutes
e. g., hydrogen bonding and 7-7 interactions, along with hydrophobic interactions. The syner-
gistic effects resulting from the aromatic rings, the hydroxyl and alkyl linkers in the new sta-
tionary phase improved the separation selectivity via multiple retention mechanisms. Based on
these interactions, different solute probes such as hydrophobic alkylbenzenes, PAHs, and phe-
nols were successfully separated in the reversed-phase liquid chromatography ( RPLC) mode.
For example, the aromatic positional isomers o-terthenyl, m-terphenyl, and triphenylene were
used to investigate the chromatographic performance of the CBS column. These PHAs were
baseline separated with good peak shapes. The resolution of m-terphenyl and triphenylene was
as high as 6. 81, while the two isomers could not be separated on the C, column under the
same chromatographic conditions. The repeatability and column stability of the CBS column
was evaluated, and excellent repeatability and column stability were observed. The relative
standard deviations (RSDs) of the retention time, peak area, and peak height for alkylbenzenes
with 10 replicate injections were 0. 052% —0. 079%, 0. 104% —0. 847%, and 0. 081% —0. 272% , respec-
tively. Traditional Chinese medicines have contributed notably to the Chinese civilization and
human health. However, the complicated chemical compositions, unclear medicinal action
mechanisms, and low purification efficiency for the traditional Chinese medicines have limited
further development. Therefore it is necessary to establish an efficient, simple and feasible
method for the separation and purification of herbal medicines. HPLC has been widely used in
traditional Chinese medicines for the separation and detection of various components. In order
to explore the CBS column for analysis of the traditional Chinese medicines, the ethanol ex-
tracts of fruits of Evodiae fructus and Camptotheca acuminata were used to test the separation
performance of this column. The resolution of camptothecin from the preceding and following
impurity peaks was 4.23 and 2. 71. The resolution between evodiamine and rutaecarpin was
5.43, while the resolution from the adjacencies of impurity peaks was 2.20 and 1. 69, respec-
tively. The above mentioned results indicated that the CBS column shows good separation per-
formance for the main active ingredients in the ethanolic extracts of these drugs, this validating
its great potential for the analysis of real samples. Overall, the present study not only provides
a new approach for the preparation of chromatographic stationary phases but also opens a new
possibility for the separation and purification of camptothecin and evodiamine in real samples.
This is an extension of the application of cardanol to chromatographic separation materials.
Key words: cardanol; bonded stationary phase; chromatographic properties; separation of tra-
ditional Chinese medicines
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Table 1 Elemental analysis results for BS, KBS, and CBS

Elemental contents/%

Analyte

C H
BS 0.735 1.121
KBS 8.465 1.564

CBS 15.130 2.181
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Table 2 BET surface area, pore volume, and pore size data

BET surface area/ Pore volume/ Pore size/
Analyte ) 3
(m=/g) (em?/g) nm
BS 354.82 0.847 7.65
KBS 293.27 0.632 6.30
CBS 212.16 0.458 6.28

2D AN R AR WLIE 2, HE 2a 7] DL
LN HAE TR 3 454 cm ' ZEF 972 em ™ b B
B AW 2350 Sl Si—OH 4 45 4% S Fn 2
MidRshig, R 2b o] LI i UEER 2], 5 ek A A
L, PREREICAE 3 454 em ™' &b Si—-OH A9 47 i 3 i
B 855,972 em ™ 4k Si—OH 4725 i1 4 3 g 1 5 74
e JEAE 2941 em ™ Fl 2 864 cm ' AbH B C-H Y
AR Bl | 2% B D) R 156 751 KH-560 18111 21 R A
B b, B 2¢ ATROWELE], 2 941 1 2 864 cm™' 4b
R 2 A g Y U8 B4R AE 1 626 1 1460 em™! Ab HY R
FFHE C=C MMAEIR 3% ;1 093 cm™ Ab 1Y Si-
O FC—OH B W Wir e 71 T | 3R WY B ) JE SR 1y 5 5
P E R L

Transmittance

[20% & 33

<t SN <N
S & S <!~ S i B~ D
4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumber / cm

626
460 ~mmm e
93
72

B2 (a)fER., (b)) ARERERF(c) ERBESER
E EHR B L5 S B
Fig. 2 FT-IR spectra of (a) BS, (b) KBS, and (c¢) CBS



%6 M

A TR B o I S AT A 7 S e - 551 -

T I R BT CBS [ 5 AH B G E 1k
WK 3 i, 3 Fl (e 25~ 150 C AL —4
BNRREIMG, 5 T WK 15 B, BR
AREMCTE 400 T AL BLI B R EHLS, CBS [EE
FHAT N AE 330 CHI415 CHBA AR ERSE , £
W] 330 CAb Y2 F G IR i T ISR B 453 ik o 1
1), 7E 800 CH, AHE T HEEHL M 7, CBS [ & 4
SRR IS A BIAEAE 15.51% 1 10. 48% At Jii i 4
Ko LRSI L6 N T bk I Wy S B A
W b, I L A A e A A R i IR E 1

100 -
95 |

90

Mass / %

85 |

80 L T

T
100 200 300 400 500 600 700 800
Temperature / ‘C

B3 ERSEERNERRRESEREEENRAERLZE
Fig. 3 Thermogravimetric analysis curves of BS,
KBS, and CBS

2.2 CBS HHIREBHLF

PL 6 Fhbe A IREL , % %% CBS (A iR i3
B, S EREH B T BT 8L (log k) S it sh Al b
H I AR AL RN 4 FTom , B i shAH
P LU A1) BN 60% A0 2] 85% , Jog KR AE (A3t At 1 i 44
P BE T RIS () R B A B RO L PR B R
fiE, %8 CBS A H A SR ik J LA

—®— Benzene
—— Toluene
—®— Ethylbenzene

0.5

log &

0.0

E —O— n-Propylbenzene
-0.5 -| —*— n-Butylbenzene
] —2— n-Pentylbenzene

A e e B B B B LA e e
60 65 70 75 80 85

»(MeOH) / %
B4 CBSHLEEFRRBETFHIE(logk)E5
HFEARIHNXR

Fig. 4 Relationship between log k of alkylbenzenes and
methanol volume fraction on CBS column
Mobile phase: methanol/water; flow rate: 1.0 mL/min.
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Mobile phase; methanol/water (80:20, v/v) ; flow rate: 1.0
mL/min.

2.3 CBS #M @Gt EE
2.3.1 Tanaka 53

Tanaka 5255 % H T PEAh SOM (LS sk Pk B
RIEFEME (DX 31 THFI R - T 5T A BE T ) FiRE 72
FIEPERR ) SRR LA AR 6 R, 4r S
Bl 7 s, IR AE A BRI
(K pentytbenzene » Kop ) FBCHRE T [ 72 AH PP R 75 4 B 1A
HEA W E, CBS MR ke {H (3.43) /NTF C 4
(13.18) , 3 W] CBS [ & #H %) 3 T fie 7 7 2 /0 T
Cuo IR THIEM RN T Z I (o, =
K pentytensene” Ko vutstensene ) » MK A BLK BEFE A, 38 H H
TIPAG 35 AT J3 29 A 25— 7 B R A e 25 R 1 g
710 CBS AEMY ayy fH (1.42) /NT CoghE(1.63) ,3X
Al RS R M S G s AT B, il TR IE S =
AR B R 1 LU AE (apo= ktriphenylene/ ko-terphenyl JES
TEM TR E PR, CBS H:19 aqy o T (2. 99)
KT C HE(1.44) XK CBS XA XS 4 F it i



- 552 - & i 540 %
Vs
'8 Cig column 1
R CBS
] CBS column
2
aPB/O ac, 3+4
5
I o
T T L e
1
Cis 3
4
2 5
6 8
aB/p aT/0 J\ 4\_)7 A
T T [ I B
1.00 2 3 4 20 40 60
¢t/ min

aclp

E 6 CBS 5 Ctih) Tanaka SHEiLE
Fig. 6 Radar plots of the Tanaka parameters of
CBS and C,; columns

kpg : retention factor of n-pentylbenzene, k used

n-pentylbenzene »
to evaluate the carbon content or density of ligands in the sta-

tionary phases; %op, ¢ K -pentylbenzene » Used to evaluate the hy-

/

Ko-terpheny1 » USed to evaluate the shape selectivity of the stationa-

drophobicity of the stationary phase; oq,o: k&

triphenylene

ry phase; ac/p: Keareine’ Kpnenot » US€d to evaluate the hydrogen-
bonding interaction of the stationary phase; og/p: Kpensenamine”
Kpnenot » Used to evaluate the apparent silanol activity of the sta-
tionary phase; app/o: K, pentyibenzene” Ko-terphenyt »  US€d  to  de-

scribes the aromatic selectivity of the stationary phase.

AN AL T 2 55 R T 1 o M ) B 4T
MBS VERE ™ o Xt A AT N AR AL T — -3
() SEUR  RIVATRE I T 20 B 0 5 5 A A [ 253 ] g 784
MIALA Y, T8 2 Ik PSR 2R O B BT 1) B DR T
A1 I8 R AH B B A T ( Qep = kcaffeine/kphenol) . CBS
FERY e pfEH (1.00) 55 F C o HE (0. 52) , F B E M
XP i PR LA B A Y OR B2 RE T, X2 B T KH-560
HSIBETRI I 24 S0 BRI B 2 -5 e PR 22 TR e
S . ISR =B B4 B8 IR T =2 L ok
PR 8] 72 AR X 05 B AL & W 0 BV (a0 =
kn—pcntylbcnzenc/ k()—terpheny1> . ’ Cls HEHY Opp/o {E (1.12)
KTF CBS H:(0.57) , H C, H:M apy o [ERT 1,
FE C AR = IR AE IR Z i Ve o s o . A
S CBS H: apg o< 1, 20 W H AT TE 2 55 A 454 1) 4
“IKORTE CBS # LR B e ) T iX FBE T
JER B v B (R A S B b R IR B 7o
FHEAE R, DU 3G 58 1 0 3% A 6 ¥ o i) 1R 78 g

7 CBS #5 C;;##) Tanaka & i£[E
Fig. 7 Chromatograms of Tanaka standard test mixture
on CBS and C,4 columns

Mobile phase: methanol/water (75:25, v/v) ; flow rate: 1.0
mL/min.

Tanaka standard test mixture: 1. uracil; 2. benzenamine; 3.
phenol; 4. caffeine; 5. n-butylbenzene; 6. n-pentylbenzene; 7.
o-terphenyl; 8. triphenylene.
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Fig. 8 Chromatograms of PAHs on CBS and C,; columns

Mobile phase; methanol/water (80:20, v/v) ; flow rate: 1.0
mL/min.

Peaks: 1. benzene; 2. naphthalene; 3. biphenyl; 4. fluorene;
5. anthracene; 6. pyrene; 7. benz(a)anthracene.
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Fig. 9 Relationships between log k and log P of solutes
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Mobile phase and flow rate are the same as those in Fig. 8.
Solutes: 1. benzene; 2. toluene; 3. ethylbenzene; 4. n-propy-
Ibenzene; 5. n-butylbenzene; 6. n-pentylbenzene; 7. naphtha-
lene; 8. fluorine; 9. anthracene; 10. benz( a) anthracene.
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Fig. 10 Chromatograms of aromatic positional isomers
on CBS and C,g columns

Mobile phase and flow rate are the same as those in Fig. 8.
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Fig. 11 Chromatograms of phenols on CBS
and C4 columns

Mobile phase: methanol/water (60:40, v/v) ; flow rate: 0. 8
mL/min.

Peaks: 1. phloroglucinol; 2. resorcinol; 3. phenol; 4. 2-cre-
sol; 5. 3-nitrophenol; 6. 2-naphthol.
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Fig. 12 Separation repeatability of the CBS column
Mobile phase; methanol/water (80:20, v/v) ; flow rate: 0.8
mL/min.
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Fig. 13 Chromatograms of (a) Camptotheca acuminate
extract and (b) Fructus evodiae extract on the
CBS column
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