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WANG Shiyuan, HUA Kai, HE Jiahao, GAO Ke’, LU Liping
(Department of Environmental Science, Beijing University of Technology, Key Laboratory of Beijing on Regional Air
Pollution Control, Beijing 100124, China)

Abstract: Fluorinated liquid crystal monomers (FLCMs) are the most widely used materials in liquid
crystal display (LCD) manufacturing. They can be released into environmental media during pro-
duction, use, and disposal, and are recognized as a class of novel persistent organic pollutants.
Contamination of FLCMs in indoor dust is closely linked to human health ; however, existing re-
search has yet to fully elucidate their occurrence characteristics and population-differentiated health
risks within this medium. This study analyzed the occurrence characteristics of FLCMs in dust from
five indoor environments (laboratories, dormitories, classrooms, print shops, and cafeterias) using
comprehensive two-dimensional gas chromatography coupled with time-of-flight mass spectrometry
(GCxGC-TOF MS). Population-differentiated health risks were further evaluated by Monte Carlo
simulation. The results showed that the total contents of 20 target FLCMs ranged from 3.68 to 593
ng/g (median: 85.1 ng/g). Print shops exhibited the highest > FLCMs contents (206-593 ng/g) ,
followed by laboratories (89.0-219 ng/g) and classrooms (28.4-137 ng/g). This differential distribution

was closely associated with the number and types of electronic devices, ventilation conditions, and
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indoor cleaning frequency. The health risk assessment indicated that 4- [ difluoro (3, 4, 5-trifluoro-
phenoxy) methyl ] -3, 5-difluoro-4’ -propylbiphenyl (tFPO-CF2-dF3B) ,
ethylcyclohexyl) cyclohexyl ] -1-trifluoromethoxybenzene (2bcHtFMeOP) pose a higher health risk
(hazard quotient (HQ)>1.00x10"°) than the other FLCMs, which is probably result of their higher

fugitive contents as well as higher autotoxicity. Print stores had the highest hazard index (HI) for

and 4- [ trans-4- (trans-4-

all age groups (median HI range: 1.88x107°-1.60x10™), which was 2—6 times higher than other sites.
Population difference analysis reveals that minors ( especially infants and young children) are more
sensitive to indoor dust FLCMs exposure, which may be due to the high exposure rate of infants
and young children caused by their crawling, playing, and hand mouth contact on the ground. In
addition, the results indicate that the estimated daily intakes (EDIs) of elderly people (>60 years
old) is higher than that of the 18-45 and 45-60 age groups, which may be related to their longer
indoor exposure time and lower cleaning frequency due to their limited mobility. It is worth noting
that in the college environment group (18-45 years old), although the exposure risk in this age group
is lower than that of the sensitive population mentioned above, the related health risks cannot be
ignored. In addition, it was found that the exposure risk of women in this group was slightly higher
than that of men, which may be because women usually spend more time indoors and have a higher
frequency of exposure. This study fills the gaps in the occurrence characteristics of FLCMs in indoor
dust and population differentiated health risk assessment, providing comprehensive and detailed
data support for the control and management of FLCMs pollution.

Key words: fluorinated liquid crystal monomers (FLCMs) ; full two-dimensional gas
chromatography-time-of-flight mass spectrometry (GCxGC-TOF MS) ; indoor dust; population

differences; health risk assessment
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500 r/min B9 %5 # B0 6 min, YT4E FIEWR E 15 mL
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Table 1 Detection of fluorinated liquid crystal monomers (FLCMs) in indoor dust
Compound Abbreviation Detection Contents/(ng/g)
rate/% Min Max Median Mean
4-(Difluoro (3, 4, 5-trifluorophenoxy) methyl) -3, 5-difluoro-4 ' -propyl- tFPO-CF2-dF3B 83.3 <LOD 70.3 12.0 11.8
1,1’-biphenyl
(trans, trans)-4-(4-Ethoxy-2, 3-difluorophenyl) -4’ -propyl-1, 1’ -bi( cy- 20dFP3bcH 81.7 <LOD 102 14.3 19.1
clohexane)
trans,trans-4'-(4' -Propylbicyclohexyl-4-yl)-3,4,5-trifluorobiphenyl 3bcHtFB 80.0 <LOD 101 13.1 20.3
trans ,trans-4-Fluorophenyl 4’ -propylbicyclohexyl-4-carboxylate 3bcHCaAFP 75.0 <LOD 126 11.1 16.5
1,2-Difluoro-4-[ 4-(4-pentylcyclohexyl)phenyl Jbenzene 5cHdFB 56.7 <LOD 187 1.74 12.5
1,2-Difluoro-4-[ 4-(4-propylcyclohexyl)phenyl Jbenzene 3cHdFB 53.3 <LOD 299 270  20.6
(trans, trans) -4-Ethyl-4’ - (4- (trifluoromethoxy ) phenyl) -1, 1’-bi (cy- 2bcHtFMeOP 50.0 <LOD 31.7 0.220 3.59
clohexane)
2, 3-Difluoro-1-methoxy-4- ( (trans-4-propylcyclohexyl) methoxy) ben- 3cHMeO-MeOdFP 45.0 <LOD 31.5 <LOD 3.87
zene
1-[ 4-(4-Propylcyclohexyl) cyclohexyl | -4-( trifluoromethoxy ) benzene tFMeO-3bcHP 45.0 <LOD 41.2 <LOD 3.44
5-[4-[4-(4-Ethylcyclohexyl)cyclohexylphenyl]-1,2,3-trifluorobenzene 2bcHtFP 41.7 <LOD 4.56 <LOD 0.817
1-Fluoro-4-[ 4-(4-propylcyclohexyl)phenyl |benzene 3cHFB 36.7 <LOD 159 <LOD 1.14
1-Fluoro-4-[ 4-(4-propylcyclohexyl) cyclohexyl Jbenzene 3bcHFP 35.0 <LOD 37.6 <LOD 3.66
1-Ethoxy-2, 3-difluoro-4-( trans-4-pentylcyclohexyl)benzene 5cH20dFP 25.0 <LOD 134 <LOD 1.03
3,4-Difluoro-4’-(4-ethylcyclohexyl) biphenyl 2cHdFB 18.3 <LOD 14.6 <LOD 0.870
1,2-Difluoro-4-[ 4-(4-pentylcyclohexyl) cyclohexyl |benzene 5bcHdFB 16.7 <LOD 13.1 <LOD 1.14
1,2-Difluoro-4-[ 4-[ 4-(4-propylcyclohexyl) cyclohexyl Jphenyl |benzene 3bcHdFP 13.3 <LOD 8.64 <LOD 0.389
4-[ 4-(4-Ethylcyclohexyl)cyclohexyl]-1,2-difluorobenzene 2bcHAFP 11.7 <LOD 3.20 <LOD 0.174
1,2-Difluoro-4-[ 4-[ 4-(4-propylcyclohexyl) cyclohexyl Jphenyl |benzene 3bcHdFB 10.0 <LOD 17.96 <LOD 0.525
(4-Fluorophenyl) 4-(4-pentylcyclohexyl)cyclohexane-1-carboxylate 5bcHCaAFP 5.0 <LOD 10.3 <LOD 0.386
1,2-Difluoro-4-[ 4-(4-pentylcyclohexyl) cyclohexyl |benzene 5bcHAFP 1.7 <LOD 2.56 <LOD 0.072
trans,trans-4'-Ethyl-4-(3,4,5-trifluorophenyl) bicyclohexyl 2bcHtFP 0 - - - -
1,2-Difluoro-4-[ 2-fluoro-4-(4-propylphenyl) phenyl |benzene 3tFT 0 - - - -
(4-Cyano-3-fluorophenyl) 4-propylbenzoate 3BzoFCP 0 - - - -
1,2, 3-Trifluoro-5-[ 4-[ 4- (4-pentylcyclohexyl) cyclohexyl ] phenyl ] ben- SbcHtFB 0 - - - -
zene
trans, trans-4-(3,4-Difluorophenyl)-4’ -vinylbicyclohexyl dFPVbcH 0 - - - -
0.22 wm A7 HL g B o v, F B 2= 2 mL KE SR P, SRR BERE R 2 pL.
(RIS 1.5.2  Jid &

1.5 SH&EE

HiTEBEF(EDJE, HEH & 70 eV;

R
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AR . — 4E (035 8 Rxi-5MS B 41 % 4 (30
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290 C; JHRFE P - )46 L E R 100 T, £ FF 1 min,
L 20 C/min F+ & 200 C; i L 3 C/min J} £
300 C, P4 5Smin, 4B ERE & T 486

AL 5 C, VA A IR e A 25 I I
JE,H;H%J 4 s, A R 1.2 s, SABEEEE] Ry 0.8 5. AN

R EE 250 °C, 15 fii 46 I BE 290 °C 5 i 7 4E 38 B[R] 6
min; JH Ry 4T HAEFCY m/z 40~480;
K AE 2 . 100 spectra/s, LAY 2% 2 5k 0L PR 40
HTHA & R S,
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DA FIE Y, 4 FLCMs SR 7 s IE i &k i 17
#(0.1,1,10.50.100.200 F1 500 ng/mL) , 75 i i £&
(R AH 58 2 B0 KT 0.990. 1) JC /K B R A o 78 i bk
YV W, FH 1 8 a2 A28 7 35 1 K s R (LOD) il
FR(LOQ) . i H 3 4% H1 10 4% 15 Mt b (S/N) 43 3l o
5E 25 #f FLCMs Y LOD il LOQ,LOD J 0.01~0.4
ng/mL,LOQ Jy 0.04~1.34 ng/mL. [f] JC/K B & 44
A 3 A AN TR VR KT B A T (1
10,100 ng/mL) , B4~ /K- H & M 5 3 Uk, s Bl
N 62.1%~139%, A XT b #E 4 22 (RSD) 24 1.13%~
28.0%(Fff 2 1),
1.7 2R XBE T

BN KR R N AT A R R il
FITIE W W A %5 3 42 3% fok FLCM s 4 5 B2 854y o AR HF
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(EDI,ng/(kg-day) )",

EDI,, = (C x SA x DAF x SAF x EF)/BW (1)
EDI,, = (C x IngR x EF)/BW 2)
EDI,, = (C x InhR x EF)/(BW x PEF)  (3)
EDI = EDI,, + EDI,, + EDI,, (4)

L EDI,,.EDIL,, .EDI,, 1 EDI 4 5l 4 2 J Jik #
flt T TR R I M AR R B IR 2 H FLCMs FY 4
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it (ng/g) ; SA R ANy K R+ firh 3% 111 FH s DAF 2 %
JHR W iz X ¥~ (L 0.13)1%); SAF J2& JK 22 W [ A - ; EF
JETEE N B R BW 2R E  IngR 2
AF;InhR & W A R ; PEF 2 F0R HE B R F (1.36x%
10° m*/g)"**' . BW.SAF .IngR.InhR.SA il EF i {H
kB Crb EONBE 2 R S 8CF M), B R EUE W
Mk 2.

F A KK 4% (hazard quotient, HQ) i % FL-
CMs £ % N K 24> 2 8 110 fele e XU 2

HQ = EDI/TDI (5)

A, HQ L& 4, F /8 FLCMs 19 HE 0% KUK ; EDI
4 FLCMs 9 S48 A it ; TDI Ry & H W] 8 24 A i
FLCMs /1 TDI th Jo LI K #4007 7K - (NOAEL) i
AR

TDI = NOAEL/(UF1 x UF2 x UF3 x UF4) (6)
A1, UF1 . UF2 . UF3 f1 UF4 A AHERN T, R
Mk 3.

16 % 35 % (hazard index, HI) J{ 3k 3T fi FLCMs

TR A 2 B AT .
HI = S HQ (7)

AW ST O HI A P74 35 1 58 4 R IS BT
2,383 10 000 Y%A HI 25518 Tiae &
15 KR 95% , 4 UE JRURS: DF-Adi A9 o] 5E 1 o
1.8 Zitoh

%= N K AR RE 5 P FLCMs ¥ IK T LOD i,
W Hovk B 152 LOD/2; fiF LOQ {H & T LOD 14
W Fa K KSR, K <40% ) FLCMs A 44
A G it 43t . % ] IBM SPSS Statistics 26.0 % {4
#£47 Mann-Whitney #56 , 43 7 25 45 % Bt EDI f) 22
5t W0 B R B A & 43 M i 98 FLCMs 2 (1] 9 A1 56
P, p<0.05 HIN M BB G it 2% & X . {# ] Crystal
Ball 11.1.3.0.000 8 #1752 55 RIS B, A SCIE 3
“} Origin 2024b %A HiI 4 .

2 ZR5HR

2.1 ERKLH FLCMs HR7EE R

FE 60 03 3 K A FE i A JE K 20 F FLCMs,
20 flt FLCMs 19 5 & 3 [k 3.68~593 ng/g, i {i
K SF Sk 851 ng/g. H o, tFPO-CF2-dF3B,
20dFP3bcH . 3bcHtFB #il 3bcHCaAFP ) £ i K
K F 70%, 3cHMeO-MeOdFP, 5cHdFB . 3cHdFB .
2bcHtFMeOP ., 2bcHtFP F1 tFMeO-3bcHP 6 Ff
FLCMs (14 1 % 40%~60% , £ 1 FA% T 40% 1Y
HEs A TS (R 1) N KR & & s
FLCMs /& 20dFP3bcH, H i 7K °F 4 14.3 ng/g; H
K& 3bcHtFB 1 tFPO-CF2-dF3B, 1 i /K - 43 il
7 13.1 ng/g 1 12.0 ng/g. Liu %" 7EEH 16 4~
W 104 A% N KB FEAR PR 1 T 27 Fl FL-
CMs, 5 fir 5 LCMs 1Y 59%, & & Fl N 45.3~1 586
ng/g, & TAMISE Y FLCMs & & . X 7] fE 5 i 7%
F (T AILFNHL i) 09 5 A G, 2 A W98 IE B 3 e
FHL G T &2 T N KA LCMs iy 3%
eV, Su A [ R 50w N K AR R R
I %] 12 F FLCMs, > FLCMs & # /i il & 0.13~
2213 ng/g, m FARMI ., Xl g SRENFE TRk A
SEO AT O, S KR Y H IR A R XU
fifi 15 = 9 FLCMs 1) W A7 /K F- % % . Zhu %'V 7E
LCD ¥ #) 42 8] i JK 42 TP K 34 Ff FLCMs, & 7% i
JK Ky 225~97 600 ng/g. Cheng 25" 7E Hi - by
M Tl DX 28 9 K 22 i k& 31 FLCMs 5 3 LCMs
1) 87.5%, T 7E % A JK 22 #F d v KR W 2] T FL-



+ 1132 - {4,

T 543 5

CMs, iX 5 FLCMs H A7 % 3 19 +7 A 4 LA & FLCMs
T R S M7 ) LCMs A 5%, Yang 51

e B L BB = N K A2 B PR I B 37 Fb FL-

CMs, > FLCMs % #t i [l 24 4.33~121.15 ng/g, 54
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1 206~593 ng/g; H UK & 5L K = (89.0~219 ng/g) . #L
% (28.4~137 ng/g) . i 7 (39.2~95.7 ng/g) Ml & &t
(3.68~47.6 ng/g) . Su " FEHEEEANRENG
SRS S LOMs WAATERMIME S LR %>
HESEE>BH, XML TREEETNTEAN
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Fig. 1 Percentages of each FLCM in the dust of different
indoor scenes
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Table 2 Estimated daily intakes (EDI) of FLCMs intake via indoor dust for all ages

EDI/(ng/(kg-day))

Age Laboratory Dormitory Classroom Printshop Canteen
0-1 years (male) 0.927 0.470 0.527 1.587 0.091
0-1 years (female) 0.965 0.489 0.549 1.654 0.095
1-2 years (male) 1.027 0.521 0.584 1.759 0.101
1-2 years (female) 1.069 0.542 0.608 1.831 0.105
2-3 years (male) 0.883 0.447 0.502 1.512 0.087
2-3 years (female) 0.891 0.451 0.506 1.526 0.088
3-6 years (male) 0.839 0.425 0.477 1.436 0.083
3-6 years (female) 0.810 0.411 0.461 1.388 0.080
6-18 years (male) 0.513 0.260 0.292 0.879 0.051
6-18 years (female) 0.499 0.253 0.283 0.854 0.049
18-45 years (male) 0.127 0.064 0.072 0.218 0.013
18-45 years (female) 0.148 0.075 0.084 0.253 0.015
45-60 years (male) 0.126 0.064 0.071 0.215 0.012
45-60 years (female) 0.139 0.070 0.079 0.238 0.014
> 60 years (male) 0.142 0.072 0.081 0.243 0.014
> 60 years (female) 0.158 0.080 0.090 0.271 0.016
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Fig.3 Probability distributions of non-carcinogenic risk of FLCMs in indoor dust to different populations based on Monte

Carlo simulation
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