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Sammanfattning

LCD-skdrmar (Eng. Liquid Crystal Displays) dominerar for narvarande bildskdrmsmarknaden och
anvands i allt frin smé& minirdknare till stora plattskdrms-TV. Flytande kristallmonomerer (Eng.
liquid crystal monomers, LCMs) ér viktiga komponenter i LCD-skdrmar och har producerats i stor
skala sedan 1980-talet. P4 senare tid har det uppstétt oro kring potentiella miljoutslapp av LCMs, da
nya studier har upptickt deras forekomst i inomhusdamm, sediment, jord och till och med i
manniskor. Det stora antalet LCMs och deras strukturella méngfald innebér utmaningar for kemisk
analys. Vidare finns det skillnader i forkortningar mellan olika studier, vilket understryker behovet
av en standardiserad nomenklatur for rapportering av LCMs.

Studier kring fysikalisk-kemiska egenskaper, atmosfarslivsldngd och bioackumuleringspotential
belyser de potentiella egenskaper hos manga LCMs som dr utméarkande for langlivade organiska
fororeningar. LCMs kan sldppas ut i miljon under tillverkning, produktanvéndning och
atervinningsprocesser. Miljodvervakning av LCMs dr dnnu 1 ett tidigt skede, med begransad
information kring miljohalter. Studier har rapporterat forekomst av LCMs 1 inomhusdamm,
utomhusmiljoer, jord, sediment och biota, men frimst frdn Kina. Méannisklig exponering har
foreslagits vid arbetsmiljoer och det har pavisats korrelationer mellan LCMs-nivéer i inomhusdamm
och brostmjolk frdn mddrar. Det behovs dock fler studier fran andra ldnder for att bedoma om
LCMs har utbredd global kontaminering.

Inom denna aktuella rapport har en pilotstudie genomforts med syfte att undersoka forekomsten av
utvalda LCM 1 avloppsslam. Utmaningar under analysmetodens utveckling med provextraktion och
provbehandling ledde dock till lagt utbyte av spikade nativa LCMs, vilket indikerar behovet av
ytterligare metodoptimering. En tydlig slutsats kan darfor inte dras om LCMs forekommer eller inte
1 svenskt avloppsslam.



Summary

Liquid crystal displays (LCDs) are currently the predominant display technology in the market and
utilized in various devices from small calculators to large flat-screen TVs. Liquid crystal monomers
(LCMs) are essential components of LCDs and have been produced at a large scale since the 1980s.
Concerns have arisen about the potential environmental release of LCMs, with recent studies
detecting their presence in indoor dust, sediments, soils and even in humans. The large number of
LCMs and their structural diversity poses challenges in chemical analysis. Furthermore, there are
discrepancies in acronyms between different studies, which emphasize the need for a standardized
nomenclature for reporting LCMs.

Experimental data on physical-chemical properties, atmospheric lifetimes, and bioaccumulation
potential highlight the potential persistent organic pollutant characteristics of many LCMs. LCMs
can be released to the environment during manufacturing, product use, and recycling processes.
Environmental monitoring of LCMs is in its early stages, with limited data available. Studies have
reported LCM presence in indoor dust, outdoor environments, soil, sediment and biota, primarily
from China. Human exposure has been suggested through occupational settings and there have been
positive correlations between LCM levels in indoor dust and human breast milk. However, more
studies are needed from other countries to assess whether LCMs have widespread global
contamination.

Within this current report, a pilot study was conducted with the aim to investigate occurrence of
selected LCMs in sewage sludge. However, challenges during analytical method development with
the sample extraction and pretreatment steps led to low recoveries of native LCMs, indicating the
need for further method optimization. A clear conclusion can therefore not be made whether LCMs
are present or not in Swedish sludge.
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1. Frame of the study

Liquid crystal displays (LCDs) are currently the leading display technology in the commercial
market. They are used in a wide variety of display devices ranging from small hand-held
calculators, mobile phones, laptops and desktop computers to large-sized displays such as flat
screen TVs. A key component of LCDs is the liquid crystal monomers (LCMs) that have been
commercially produced at large scale since the 1980s. Due to their widespread usage, there is a
possibility that LCMs can be released from products and emitted to the environment. Some LCMs
can also exhibit persistent and hazardous properties and researchers have recently detected LCMs in
various environmental matrices such as indoor dust, sediments and soils. This report aims to survey
the available information about the usage, physical-chemical properties and environmental
contamination of LCMs.

2. Background

2.1. Liquid crystals

Liquid crystals (LCs) are a state of matters that are intermediate between crystalline solid and
normal liquid in terms of structure and molecular organization. They were earliest reported by the
Austrian botanist Friedrich Reinitzer in 1888 who observed the unusual melting properties of
cholesteryl benzoate (Castellano, 2005). When he heated the compound, the crystal melted at 145°C
but was opaque instead of a normal clear isotropic liquid. Upon further heating, the opacity
disappeared at 178°C, and later also found these could rotate polarized light. This new state of
matter was further systematically investigated by the German physicist Otto Lehman who later
coined the term liquid crystals. In the early 1900s, Charles Mauguin reported the optical
characteristics of the twisted nematic structure of liquid crystals, and intense research on the
different physical and electrical properties of LCs was conducted in the following decades. In the
early 1970s, George Gray and his team at the University of Hull synthesized 4-cyano-
4’pentylbiphenyl (abbreviated SCB), which was a stable liquid crystal and could undergo phase
transitions at room temperature (Lorch, 2022). Importantly, their orientation could be changed by
electric fields thus changing the optical properties of the liquid crystal cells. This was one of the
starting points for the wide-spread commercialization of LCs in the use of liquid crystal displays
(LCDs).
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Figure 1. Schematic depiction of different phases of rod-like molecules. Modified from Yang and Wu
(2015) with permission.

Liquid crystals can be roughly divided into liquid crystal monomers (LCMs) and liquid crystal
polymers (LCPs). Liquid crystal monomers are typically rod-like (calamitic) or disk-like (discotic)
organic molecules (Yang and Wu, 2015). The temperature is usually the determining factor for the
transition between phases of LCMs. As depicted in Figure 1, the calamitic LCMs can be
represented as rods. These rod-like molecules are in an isotropic liquid state at high temperature
without any positional or oriental order. Upon the decrease of temperature, the LCMs are in the
nematic phase where they have orientational order but no positional order. The long axis of the rods
has a preferred direction, but they can still diffuse around. With a further decrease of temperature,
the material transitions to higher positional and orientational order as seen from the smectic phases
to the crystal solid phase. The polarizing abilities of LCMs can therefore be changed upon the
transitioning between phases and molecular polarizabilities along their long and short axes (Yang
and Wu, 2015). Therefore, the polarizing potential of LCMs can be adjusted by applying or
removing an electric field (as well as its strength).

2.2. Applications

The development of twisted nematic LCs alongside with improvement in manufacturing
technologies led to the boom of LCD industry in the 1980s (Kim and Song, 2009). Although
initially used in small displays such as hand-held calculators, the further development of new
technologies allowed LCDs to be used at larger displays. During the 2000s, the production of LCD
televisions surpassed those of the cathode-ray tube-based TVs. Currently, almost all LCDs in the
commercial market use the nematic type of liquid crystals (Jones, 2018).

The unique polarizing abilities of liquid crystals and their general use in LCD can be exemplified in
Figure 2. In the LCD, a light source is provided at the back of the panel which passes the first
polarizing filter. When no electric field is applied, twisted phase of the LCM reorients the polarized
light from the first filter which allows the light to pass the second polarizing filter which is oriented
90° to the first filter. The spot on the display (a pixel) therefore appears transparent or bright. When
an electric field is applied through the electrode, the LCMs reorient in perpendicular direction and
the light rays are not twisted, thus cannot pass the second filter. This pixel is therefore opaque. The
LCD image can be controlled by switching the electric field on and off as well as controlling the
applied voltage.
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Figure 2. Simplified view of twisted nematic liquid crystal display. An example of two light rays from the
backlight that are polarized to the same direction by the first filter. When no electric field has been applied
the light ray on the left has been twisted by the helically arranged liquid crystal molecules and can pass the
second orthogonal polarizing filter. The display surface at this pixel therefore becomes bright. When an
electric field has been applied as shown to the right, the molecules align perpendicular to the electrode and
lose their twisting ability. The light at this pixel has been blocked by the second filter and appears opaque.

2.3. Structures of LCMs

Liquid crystals typically consist of a rigid core and flexible tails to display the desirable properties
used in LCDs. The material will have difficulty to maintain oriental order if the molecule is too
flexible, while too rigid a molecule will lead to the material transitioning directly from isotropic
liquid phase to crystalline solid phase without the intermediate liquid crystal phase (Wu et al.,
2014). Therefore, most LCMs have aromatic cores with terminal groups that can easily be modified
to change their optical and physical properties (Sargazi et al., 2019).

The typical structure of nematic LCMs, the most widely used liquid crystals in LCD panels, can be
seen in Figure 3. They usually consist of ring structured subunits (A, A’) that can be connected by a
linkage group (Z) forming the core. Various terminal groups (R, R”) are then attached to the core at
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both ends. The terminal groups usually consists of polar terminal groups (e.g. CN or NO) at one end
and a nonpolar hydrocarbon chain (e.g. alkyl groups) at the other end, while the core is usually
aromatic which provides chemical stability (Jain and Deshmukh, 2020).

R A Z A’ R’
Terminal Linkage group Terminal
group group

Figure 3. General structure of nematic LCMs.

Over the years, new LC materials have been developed to increase the efficiency and applicability
of LCDs such as polarization ability, response time and operation temperature range. The properties
of liquid crystals can be adjusted by using different cores as well as terminal groups. The
incorporation of fluorinated substituents can also greatly change the physical properties of liquid
crystals due to their small size and high polarity (Hird et al., 2003, Hird and Toyne, 1998). LCMs
are usually used in different mixtures in LCDs. A mixture of 10-20 different LCMs is common used
in one LCD panel (Klasen-Memmer and Hirschmann, 2012). Table 1 shows the information of
several typical LCMs together with their structures. As can be seen, these compounds share
common features such as linearly linked aromatic or cyclic hexane cores and various terminal
groups with different chain lengths and functional groups. A common commercial mixture (E7) is
also provided in Table 1 together with the percentage composition of the individual LCMs.

Table 1. Some common nematic liquid crystal monomers and their chemical structures.

IUPAC name Chemical CAS Structure
formula
4-(4-pentylphenyl)benzonitrile C18HI9N 40817- PPN
08'1 P
1J

(4-cyano-3-fluorophenyl) 4- CI19HI8FNO2 | 86786-
pentylbenzoate 89-2 .

PN

A
1,2,3-trifluoro-5-[4-(4- C21H29F3 131819-
propylcyclohexyl)cyclohexyl]benzene 23-3
T




1-ethoxy-4-[2-(4- CI19H200 39969-
propylphenyl)ethynyl]benzene 29-4 o
,.3’.::@
ST
1-ethoxy-2,3-difluoro-4-[4-(4- C23H28F20 189750-
propylcyclohexyl)phenyl]benzene 98-9 i
O
Z
7
E7 (commercial mixture): 63748-
4-(4-pentylphenyl)benzonitrile (51%) | CIS8HI9N 28-7 PPN
4-(4-heptylphenyl)benzonitrile (25%) | C20H23N PN N
4-(4-octoxyphenyl)benzonitrile (16%) | C21H25NO sL .
4-[4-(4- C24H23N ’
pentylphenyl)phenyl]benzonitrile
(8%) iy o

P T W

/["{"b.-i"\-u:{?

2.4. Abbreviation of LCM nomenclature

Commercial LCMs used in LCDs can be roughly grouped into three categories according to their
structures and functional groups: biphenyls and analogues (BAs), cyanobiphenyls and analogues
(CBAs), and fluorinated biphenyls and analogues (FBAs), although some structures are difficult to
be grouped into these specific categories (Liang et al., 2021). Due to the large number of
compounds that can be used as LCMs, reporting identified analogues by their [UPAC names is not
practical due to long names. Therefore, reports on the environmental occurrence of individual
LCMs should preferably be in an abbreviated form to facilitate communication of results. However,
due to the heterogeneous structural composition of LCMs, with numerous combinations, it is
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currently difficult to provide a short and accurate acronym system for these compounds. Su et al.
(2019), that reported the first environmental contamination of LCMs, used an arbitrarily numbered
list of included LCMs; e.g LCM-1, LCM-2,.., LCM-362. However, due to the unsystematic
character of this numbering, follow-up studies proposed other ways to systematize the naming
convention. In another study, Su et al. (2021) proposed a systematic naming rule for LCMs by
abbreviating the different end terminal and core components. The group also provided a
comprehensive list of 1173 LCMs with abbreviation according to their acronym system (Su et al.,
2022). Furthermore, another group from China also provided their naming system for target LCMs
in their papers, although no explanation was provided on which systematic rule the acronyms were
based upon (Zhu et al., 2021, Liang et al., 2021). An alternative naming convention can be found in
a patent application by Hattori and Saigusa (2013) as well as by Feng et al. (2021), which provides
more systematic and informative description of the structure. Table 2 shows the differences in
abbreviations between the different studies for the same subcomponent of LCMs.

Table 2. Different abbreviations for selected terminal and core groups of LCMs.

Functional group (Suetal., 2021, (Zhu et al., | Modified from (Hattori and Saigusa,
Suetal., 2022) 2021) 2013) and (Feng et al., 2021)

Methyl (CH3) Me M 1

Pentyl (CsHi1) 5 Pe 5

Difluoro CF2 1(F2)

Methyl (CHF»)

Fluorophenyl (lateral G

substituted)

Difluorophenyl dFP U

(meta-)

Difluorophenyl dFP W

(ortho-)

Trifluorophenyl UF

Cyano (CN) C C C

Vinyl (CH=CH>) \% \Y \%

Benzyl B B B

Cyclohexyl cH H

Ester/Carboxylic acid | CaA E

(CO0)

Ketone (C=0) Ac K

Hattori and Saigusa (2013) used abbreviation for each subcomponent of the structure which was
written from the left terminal group to the core and right end terminal. A suggestion is made in this
current report with a modification of the naming convention by Hattori and Saigusa (2013), which
starts by abbreviating the left terminal group (which is the group perceived to be the least polar
terminal group) and continue with abbreviating the core group and lastly with the right terminal
group (the most polar among the terminal groups). Additional acronyms for common functional
groups were provided by Feng et al. (2021) which used a similar system. In cases with two alkyl
end groups, the longer chain length should be the left terminal group and named first. Parenthesis is
used to indicate additional atoms attached to functional groups. Numbers outside of parenthesis
indicate the alkyl chain length. The list of abbreviations using this naming convention for several
LCMs can be found in Table 3 together with the abbreviations used by the other research groups for

comparison.
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Table 3. Chemical structures, [IUPAC names, CAS numbers and proposed acronyms for some LCMs.

CAS: 0075941-51-4

IUPAC name Su et al. (Zhu et al., Modified from (Hattori
CAS (2021), (Su et | 2021, Liang | and Saigusa, 2013) and
Structure al., 2022) etal.,, 2021) | (Fengetal., 2021)
4-(4-pentylphenyl)benzonitrile 5CB 5CB 5SBBC
CAS: 40817-08-1
el =
1-ethenyl-4-(4- 3VbcH PVB 3HHV
propylcyclohexyl)cyclohexane
CAS: 116020-44-1
%
1-ethoxy-2,3-difluoro-4-(4- 203cHdFP EDPrB 3JHWO2
propylcyclohexyl)benzene
CAS: 174350-05-1
F F
H?CSO—@OCQHE
1,2,3-trifluoro-5-[4-(4- 3bcHtFP TPrCB 3HHUF
propylcyclohexyl)cyclohexyl]benzene
CAS: 131819-23-3
F
F

2-[difluoro-(3,4,5- tFPO-CF2- DTMDPB 3BUI(F2)OUF
trifluorophenoxy)methyl]-1,3- dF3B
difluoro-5-(4-propylphenyl)benzene
CAS: 303186-20-1

F F

F f
(2,3-dicyano-4-pentoxyphenyl) 4- 4cHCaA50d | - 4HEB(C2)0O5
butylcyclohexane-1-carboxylate CP
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o W 7
C4H
1-[4-[(4- AcPi20P - 20BCBK1
ethoxyphenyl)methylideneamino]phen

yl]ethenone
CAS: 17224-17-8

0
C2H5O~@—}(_IJ:N~@—&—CH3

This suggested naming convention is far from complete and can become long for more complex
structures, as well as difficult to distinguish between analogue groups. Therefore, further
standardization effort is needed to harmonize result reporting and avoid confusion, thus facilitating
comparison of identified LCMs between studies.

2.5. Physical-chemical properties and toxicity of LCMs

The potential environmental concerns of LCMs were raised by Li et al. (2018) which screened a list
of >300 LCMs for their potential persistent (P), bioaccumulation (B) and toxic (T) properties using
predictive models. They found that 87 of screened LCMs had P&B characteristics and mixtures of
LCMs extracted from LCD panels of smartphones showed in vitro toxicity (Su et al., 2019).
Especially, these studies showed that fluorinated LCMs might be of higher environmental concern
than the non-fluorinated analogues. Furthermore, the list of screened LCMs were extended to 1173
in a suspect screening study with additional predicted physical-chemical properties (Su et al., 2022).
Additionally, atmospheric half-lives were derived using quantum chemical calculations 4-
cyanophenyl 4-ethylbenzoate (2BEBC, CAS 56131-48-7), 4-cyano-3-fluorophenyl 4-ethylbenzoate
(2BEGC, CAS: 86776-50-3) and 4-cyano-3,5-difluorophenyl 4-ethylbenzoate (2BEUC, CAS
337367-01-8) at 25°C were in the range of 5.7-8.9 days, which suggest that these LCMs can have
atmospheric persistence and long-range transport potential (Li et al., 2021). Besides in silico
models, an increasing number of experimental data has become available regarding various
physical-chemical properties of LCMs. For example, the atmospheric lifetimes of two particle-
associated LCMs, 1-ethyl-4-(4-(4-propylcyclohexyl)phenyl)benzene (3CBB2, CAS 84540-37-4)
and 4"-ethyl-2'-fluoro-4-propyl-1,1":4',1"-terphenyl (3BGB2, CAS 95759-44-7), were found to be
up to 25 and 38 days, and were much higher than other organic pollutants such as organophosphate
esters and brominated flame retardants (Liu et al., 2020). Feng et al. (2021) used the retention time
in GC to experimentally predict the log Koa values of 116 LCMs, which could be useful to
prioritize specific LCMs for their persistency and long-range transport characteristics. Also, Zhu et
al. (2022) used the shake-flask method to experimentally derive the log Kow values which were in
the range 0f 4.97 to 7.62 for measured LCMs (n=36). These studies suggest that many LCMs have
the characteristic properties of persistent organic pollutants.

The tissue-specific bioaccumulation potential in adult zebrafish was studied for 39 LCMs and nine
of these showed bioconcentration factors above 1000 (Bao et al., 2023). Most LCMs had similar
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tissue distribution pattern with levels in intestine > brain > gill > liver > muscle. The low depuration
rates, with half-life ranging 1.12 — 7.35 days, further indicate high bioaccumulation and persistency
in organisms. Additionally, Wang et al. (2022) studied the biotransformation products and toxicity
of EDPrB (See Table 3 for more acronyms). They found around 20 transformation products from
different in vitro models of human, rat, pig and fish liver microsomes. Additionally, many of these
were also found in Sprague-Dawley rats exposed to EDPrB and prediction models showed that
some transformation products could have higher toxicity than the parent compound.

2.6. Emission and environmental release of LCMs

The global production capacity of LCD panels was around 300 million m? in 2020 according to
market reports (DSCC, 2020a). China is currently the market leader with more than two thirds of
the market share of LCD panels and the remaining large scale production is situated in Taiwan and
South Korea (DSCC, 2020b). In a typical LCD panel, the liquid crystal layer is only a couple of pm
thick, and the amount of LCM could be around 0.5-0.6 mg/cm? (Li et al., 2018, Cheng et al., 2023).

There are multiple potential sources for the release of LCMs to the environment. These include
emission during production, release during use of products containing LCMs and during discard and
waste recycling processes. Liu and Abbatt (2021) observed that some tested LCMs could be
released from LCD screens which could be a major contribution to the indoor contamination. The
emission rates also increased with the increase of relative humidity.

Feng et al. (2022) measured the emission rates of several LCMs from screens removed from
obsolete smartphones which ranged 0.002—0.2 ug m=2 h™! at 25 °C, which estimated human
exposure doses to individual LCMs between 0.0001-2 ng kg™! d..

LCD panels have a short lifespan of around 3-8 years and many LCDs are therefore discarded each
year (Amato et al., 2017, Ma and Xu, 2013). As such, high levels of LCMs were found from waste
LCD panels at a large electronic waste recycling facility in southern China, where X19BAs (mean
320-546 pg/cm?) and £30FBAs (mean 236-242 png/cm?) greatly exceeded those of ZCBAs (low
detection frequencies). This shows that recycling of LCM containing products can be a major
source of environmental release (Liang et al., 2021). The study provided preliminary estimate on
the global release of LCMs from waste television/computer LCD panels to various environmental
compartments, which was about 1.07-107 kg/year and will likely increase with time.

Recently, Feng et al. (2023) detected various LCMs in municipal sewage sludge across China,
which indicates high potential for release to the environment from these sources.

2.7. Environmental occurrence, distribution and fate of LCMs

Research and monitoring of the environmental levels and distribution of LCMs has just recently
begun and therefore very limited information is available at this moment. Mostly research published
levels from different levels in China, and thus more studies are needed from other places around the
world to investigate the potential widespread occurrences of LCMs in the environment. A table with
summary of reported concentrations of LCMs in environmental samples and LCM-containing
products can be found in Appendix 1. It should be noted that the sum of LCMs might not be directly
compared due to the different number of LCMs measured between the different studies.
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2.7.1. Indoor dust and air

Su et al. (2019) was the first to report the presence of LCMs in indoor dust sampled in 2018 in
China. They reported that the £33LCM concentrations ranged 0.13 — 2213 ng/g among various
indoor settings such as residential, teaching, laboratory and hotel buildings in China. Zhang et al.
(2022) could detect 14 LCMs in indoor and outdoor dust sampled around different regions of China
and the median XLCMs was 41.6 ng/g for general indoor dwellings and 94.7 ng/g in outdoor dust,
while somewhat higher levels were found for cybercafés (106 ng/g) and phone repair stores (171
ng/g). Studies from other countries outside of China are scarce and one study from Sweden mainly
found LCM-3 (3HHO1, CAS 97398-80-6) in indoor dust samples (Dubocq et al., 2021).

As previously mentioned, the e-waste recycling processes can lead to the release of LCMs from
e.g., LCD panels. Subsequently, high indoor and outdoor dust (median 46100 ng/g and 6950 ng/g),
as well as hand and forehead wipes (46100 and 62100 ng/m?) have been measured in an e-waste
recycling facility in central China (Cheng et al., 2022). Shen et al. (2022) also detected high levels
of Z93LCM s in the air (sum of gas and particles 68.8-385 ng/m?) of an LCD dismantling facility in
south China. This was higher than the air concentrations from a reference site outside of the
dismantling facility (15-43.4 ng/m®). The same group also found higher levels of £34FBAs in dust at
the LCD dismantling line (median 18500 ng/g) compared to non-LCD dismantling lines (median
2300 ng/g) (Zhu et al., 2021).

2.7.2. Soil and sediment

Li et al. (2023) found LCMs in most sampled soils from different settings such as agricultural,
industrial and residential areas. The dominant LCMs were 3cH2B (aka 3HBB2) and 5bcHdFB (aka
SHHBU). Somewhat higher levels were found in agricultural and commercial sites, but individual
variations were great among the settings. Sediment concentrations in rivers around LCM or LCD
manufacturing sites showed higher concentrations of XLCMs (mean 26.1 ng/g) than those in an e-
waste recycling area (mean 1.15 ng/g) and lowest levels were found in Lake Taihu (mean 0.076
ng/g) (Su et al., 2021). In a recent study, Tao et al. (2022) collected marine sediment samples
around 45 sites at the Pearl River Estuary and detected 10 LCMs with a mean concentration of 36.1
(range 2.1 — 136 ng/g).

2.7.3. Humans and biota levels

Only a few reports have studied biota and human levels of LCMs. Cheng et al. (2022) found LCMs
on hand and forehead wipes of workers at an e-waste recycling industrial park in China which
indicated potential human exposure in occupational settings. Additionally, 29 LCMs were detected
in serum samples from e-waste dismantling workers (median 35.2 ng/mL), with fluorinated
analogues as the dominating LCMs (Li et al., 2022). There was also a positive correlation between
levels of fluorinated LCMs in paired indoor dust and human breast milk collected from Beijing in
2020-2021 (Yang et al., 2023).

A new study showed that some LCMs could be found in marine biota such as fish and crab at a
coastal bay around the south of China. Besides LCMs, the study also included some other organic
light-emitting materials (OLEMs) that are used in OLED panels and might also be persistent int the
environment. Higher levels of XOLEMSs (incl LCMs) were found in fish such as grunt (mean 9.9
ng/g ww) and mackerel (mean 9.46 ng/g ww) as well as claw crab (2.47 ng/g ww).
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2.8. Outlook

More evidence from theoretical studies and laboratory experiments have shown that many LCMs
are persistent, bioaccumulative and potentially toxic. Due to the high production and use volumes of
LCMs, it is also expected that the LCMs can be released to the environment during production, use
of associated products (e.g., LCD screens) and disposal or recycling of LCM containing products.
Almost all environmental monitoring studies on LCMs were conducted in China, where high
detection rates were found which indicates contamination around point source regions in China.
However, the extent of global contamination is currently unknown as there are almost no reports on
LCMs from other countries at the moment. Therefore, it is recommended that more studies be
conducted from other regions, from e.g., indoor environments or electronic recycling facilities for
preliminary screening purposes. Additionally, OLEMs have similar structure to LCMs with
aromatic core structures. Their production volumes have been increasing rapidly in recent years due
to the increasing demand for organic light-emitting diode (OLED) panels. Subsequently, potential
environmental contamination of OLEMs should be monitored.

3. Pilot study on LCMs in sewage sludge

In view of the global contamination potential of LCMs, a method development was carried out to
investigate the occurrence of selected LCMs in wastewater sludge samples. Three wastewater
sludge samples (A1, A7, A9) collected around Sweden in 2016 and stored in -20°C were used in
this project for the analytical method development and screening of selected LCMs.

3.1. Target LCMs

A total of 28 LCMs were included in this pilot study and these are outlined in Table 4. These were
purchased from TCI Europe (purity >98%).

Table 4. List of LCMs included in this method development pilot study.

Mono-
Abbreviation | Abbreviation isotopic
(this study) (Su et al, 2022) | CAS Formula mass Structure

C3H-
3HHV 3VbcH 116020-44-1 | C17H30 234.2348 M :

CH- (:—) {\H_\ o8

i
y

3HHO3 MeO3bcH 97398-80-6 | C16H300 238.2297

3HHV1 Pe3bcH 279246-65-0 | C18H32 2482504 | /) "/ \_J
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3.2. Extraction and clean-up procedures

Since no isotopically labelled LCMs are commercially available, previous studies used isotopically
labelled standards of structurally similar compounds, including '*C-labelled PCBs as internal
standards (Cheng et al., 2022, Su et al., 2021, Li et al., 2023, Bao et al., 2023). In this current pilot
study, a method originally validated for PCBs was tested for the sample extraction and pretreatment
of the target LCMs. The frozen sludge samples were thawed, freeze-dried and then homogenized
using ceramic mortar and pestle. An aliquot of the sample (0.2 g) was mixed with 35 g of anhydrous
sodium sulfate (Na2SO4) and spiked with PCB surrogate standard. The mixture was thereafter
extracted using accelerated solvent extraction (ASE 350, Thermo Scientific Dionex). The ASE cell
was fitted (from the bottom up) with a cellulose filter, then filled with activated copper powder,
sample homogenate, anhydrous sodium sulfate (approx. 1 cm from the top) and lastly fitted with
another cellulose filter. The extraction solvent consists of n-hexane:DCM (1:1, v/v) and the
extraction cycle was as follows: 5 min static in three cycles, temperature at 100 °C, pressure at 1500
psi, flush volume at 60%, nitrogen purge for 120 seconds. The extract was evaporated to 1 mL and
then cleaned-up using a multilayer column consisting of (from the bottom up) 1 g NaxSOs, 8 g
activated silica, 4 g 5% deactivated alumina, and 1 g Na>xSO4. The column was precleaned using
100 mL n-hexane:DCM (1:1) and then the extract was loaded. The analytes were eluted with 200
mL of n-hexane:DCM (1:1). Finally, the eluent was rotary evaporated to 1 mL, filtered through a
0.45 um filter, nitrogen evaporated to near dryness, reconstituted with n-hexane and then spiked
with '*C-PCB volumetric standards.

3.3. Instrumental analysis

Instrumental analysis was carried out using a gas chromatograph coupled with orbitrap high
resolution mass spectrometer (GC-orbitrap HRMS, Q-Exactive, Thermo Scientific). The injector
temperature was held at 280 °C, and 1 pL of the extract was injected in splitless mode into a DB5-
MS column (L 30 m, ID 0.25 mm, stationary phase 0.25 um). The GC oven temperature program
was as follows: initial temperature 70 °C, ramp 8 °C/min to 205 °C, ramp 4 °C/min to 320 °C, hold
6 min. The MS transfer line temperature was 280 °C and ion source temperature was 250 °C. An
initial method using full scan mode (m/z 50-550, mass resolution of 60 000 FWHM) was tested.
However, due to substantial matrix interference in the sludge samples, a second method using a
targeted-SIM approach was set up. In this mode, specific mass-over-charge (m/z) for the analytes
and internal standards were isolated within a 4.0 m/z range at different chromatographic time
windows in the quadrupole before entering the orbitrap. The mass resolution was set to 30 000
FWHM. This method should remove a major part of the matrix ions and allow more target ions to
be sent to the analyzer. The following results and discussions were made based on the targeted-SIM
method.

3.4. Discussion of the analytical results

Procedural blanks, solvent blanks and spiked replicates were included during the method testing
procedure. A seven-point calibration curve ranged 0.5-1000 pg/uL showed high linearity with
R?>0.99 for all LCMs. The instrument limits of detection (IDL) were estimated to be around 0.1-5
pg/uL for the different LCMs based on the peak responses and signal-to-noise ratio of the
calibration standards. However, it should be noted that the IDLs for orbitrap instruments can vary
significantly between standards and samples with complex matrices (Kaufmann, 2018).
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A spiked recovery experiment was conducted using a test sludge sample (A7). Three aliquots
(amount: 0.2 g, n=3) were spiked before extraction with 1000 pg of native LCMs and underwent the
described sample processing method in section 3.2 (sample code prefix SS). Recoveries of
surrogate '*C-PCB in all spiked samples were between 27% to 134% (average 66-104%), indicating
an acceptable range for PCBs. However, the spiked recoveries of native LCMs were very low. As
can be seen in Table 5, the amounts recovered in the spiked sludge samples (SS-1, SS-2, SS-3) were
far less than the 1000 pg spiking level, and some LCMs were even undetected. Furthermore, the
spiked procedural blank (SS-B) also recovered only a small portion of LCMs which indicated that
the sample pretreatment steps, although suitable for PCBs, were not suitable for LCMs.

To investigate the matrix effect, another triplicate of the test sludge (A7) underwent the same
sample pretreatment and but were instead spiked with native LCMs in the final extract before
instrumental analysis (sample prefix ES). As can be seen, strong matrix suppression could be found
for most analytes, such as 3HHV and 3HHV1 that remained undetected in the spiked extracts.
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Table 5. Amounts of LCMs (in pg) measured in procedural blank (PB), sludge samples (A1, A7, A9), spiked
sludge before extraction (SS) and spiked sludge after extraction and pretreatment (ES). The spiking amount
was 1000 pg of target LCMs for all spiked samples.

LCM PB |Al A7 A9 SS-B | SS-1|SS-2|SS-3 | ES-B | ES-1 | ES-2 | ES-3
3HHV 0 0 0 0| 325 0 0 0| 757 0 0 0
3HHO3 0 0 0 0| 463| 403| 245| 707| 761]1032|1250| 1249
3HHV1 0 0 0 0 0 0 0 0] 543 0 0 0
3JHWO?2 58 59 52 61| 132] 174| 107| 213 | 590| 884|1038| 895
2BBC 0 0 0 0/ 32| 36 0] 25| 624 590| 657| 600
5SBBI 0 0 0 0] 48] 41 7| 37| 585| 474| 514| 459
SHWO2 0 0 0 0| 84| 279 23| 71| 711| 437| 477| 426
3JHWO4 0 0 0 O] 55| 53] 17| 54| 638| 599| 621| 626
30BBC 0 0 0 0| 30| 27| 28] 30| 669| 549| 562| 549
SBBC 0 0 0 0| 67| 58| 31| 58| 601| 586| 571 580
3HHBOI(3F) 0 0 0 0| 58| 47| 19| 48| 749| 573] 568| 529
3HHUF 0 0 0 0| 27| 22| 11| 37| 592| 559| 664| 615
VHHBI1 0 0 0 0| 159 0 0 0| 760] 815| 809| 871
3BU1(F2)OUF 0 0 0 0] 59| 72| 21| 96| 565| 804| 906 938
3BGUF 0 0 0 0] 49| 56| 20| 65| 677| 656| 795| 733
50BBC 0 0 0 0] 112 0| 103] 123| 655]| 706| 736| 714
3HHBI1 0 0 0 0| 1721112 852 981 | 682|1434|1248 1127
7BBC 0 0 0 0| 146] 137| 117| 140] 661| 690| 708| 685
60BBC 0 0 0 0| 139] 109| 176| 280| 450]1170| 1483|1240
3HBB2 0 0 0 0| 91| 133] 64| 146| 635|1054]1192]1208
3HHWO2 0 0 0 0| 73| 72| 40| 85| 651| 644| 701| 698
3BGB2 25 25 25 25| 69| 91| 43| 114] 560| 885]1059|1071
3HBWO2 0 0 0 0| 102 82| 64| 113| 653| 787| 868| 717
80OBBC 0 0 0 0| 86| 67| 63| 98| 476| 623| 721| 550
3HHBUF 0 0 0 0/ 37| 30 5| 35| 580] 488| 509| 496
3HHBU 0 0 0 0 0 0 0 0] 568| 443| 490 487
SHHBU 0 0 0 0, 33] 19 0] 19| 681| 499| 496| 491
3HBBH3 0 0 0 0] 21| 24| 37| 39| 485] 543| 617| 620

These results indicate that the sample pretreatment was not sufficient to extract and elute the LCMs,
and together with the strong matrix effect, prevented an efficient analysis of LCMs. The reason for
this is currently unclear. Similar extraction and clean-up methods have been published in previous
studies for other solid matrices (Su et al., 2021, Li et al., 2023) as well as in sewage sludge (Feng et
al., 2023). These studies mainly used GC-MS/MS for quantification, which might be more efficient,
compared to the GC orbitrap HRMS, in reducing matrix effects from complex solid samples.
However, it is clear from the results that the sample extraction and clean-up need to be further
optimized to elute the LCM target compounds more efficiently.

Based on the current method, LCMs in the three collected sludge samples could not be measured
above the method detection limits and procedural blanks. However, as stated above, the analytical
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method is not currently optimized for LCMs and a clear conclusion can therefore not be made
regarding the presence or absence of LCMs in the Swedish sludge samples.

4. Conclusions and suggested future works

A literature review was conducted regarding the emerging environmental contamination of liquid
crystal monomers. The surveyed studies suggested that LCMs can be emitted from electronic displays
to the surrounding environment. Furthermore, LCMs might also be released from manufacturing
point sources as well as from e-waste dismantling processes. The current studies reported widespread
detection of LCMs in most environmental compartments in China. However, more monitoring studies
are needed from other countries to assess the global contamination potential of LCMs. Additionally,
a common acronym system is needed to be able to report and compare levels of different LCMs.
Finally, more reliable analysis methods are needed to unequivocally detect and reliably detect LCMs
in complex environmental matrices such as sewage sludge.
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Appendix 1

Table A1l. Summary of XL.LCM levels reported for environmental samples and various products in published studies.

Number of LCMs
ZLCM
Settings/ Sampling | Samples
Matrix Country Site Type Year (n) Measured | Detected Unit Mean Median Range Ref
E-waste LCM

Air Indoor Gas China South China | dismantling 2020 32 93 53 | ng/m3 150 | 66.2 - 243 10
Air Indoor E-waste LCM
Particulate China South China | dismantling 2020 32 93 53 | ng/m3 46.9]2.69 - 142 10
Air Outdoor Gas China South China | E-waste reference 2020 4 93 ng/m3 21.7 | 14-37.6 10
Air Outdoor
Particulate China South China | E-waste reference 2020 4 93 ng/m3 2.96 10.91-6.34 10

30 29

(LCMs+OL | (LCMs+O
Biota Fish China South China | Coast NA 54 | EMs) LEMs) ng/g 9.5|ND-29.7 11

30 29

(LCMs+OL | (LCMs+O
Biota Invertebrate | China South China | Coast NA 38 | EMs) LEMSs) ng/g 7.36 |[ND -7.36 11

21600 -
Dust Indoor China E-waste Workshop#1 2020 53 55 ng/g 97800 67400 | 354000 1
Dust Indoor China E-waste Workshop#2 2020 23 55 ng/g 12600 11000 | 4720 - 38300 1
Reference
Dust Indoor China site Reference site 2020 30 55 ng/g 399 303 |54 - 1050 1
Dust Indoor Sweden | Orebro Various 2019 30 12 3| ng/g 195 | ND - 1586 4
Dust Indoor China Jiangxi LCD dismantling 2020 31 46 34 | ng/g 82000 18500 | 225 - 976000 7
non-LCD

Dust Indoor China Jiangxi dismantling 2020 31 46 34 | ng/g 3290 2300 | 292 - 18500 7
Dust Indoor China Nanjing Various 2018 53 33 17 | ng/g 0.13-2213 9
Dust Indoor China China Dwellings 2021 48 60 8 | ng/g 87.2 416 [17.3 - 529 12
Dust Indoor China China Cybercafes 2021 34 60 16 | ng/g 326 106 | 4.40-2540 12
Dust Indoor China China Phone repair store 2021 22 60 19 | ng/g 240 171 ]2.37-991 12
Dust Indoor China Beijing Residential 2021 93 39 37 | ng/g 1214.33-121.15 14
Dust Outdoor China E-waste E-waste 2020 43 55 ng/g 7310 6950 | 3450 - 15300 1
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Dust Outdoor China China General 2021 97 60 13 | ng/g 113 94.7 | ND-441 12
Human BreastMilk | China Beijing Mothers 2021 93 39 30| ng/g Iw 133.4 | 11.97 - 28200 14
53500 -
Panel Computer China E-waste Various 2020 80 93 64 | ng/lcm? 788000 2110000 5
44700 -
Panel TV China E-waste Various 2020 80 93 64 | ng/cm? 556000 1920000
Sediment Lake China Taihu Taihu Lake 2019 23 39 28 | ng/g 0.076 0.033-0.193
Pearl River
Sediment Marine China Estuary Coastal 2018 45 39 10 | ng/g 36.1 2.1-136 13
Sediment River China Nanjing LCD manufacturing 2019 30 39 28 | ng/g 261 0.032 - 554 8
Sediment River China Taizhou E-waste 2019 23 39 28 | ng/g 1.15 ND - 3.10 8
Serum China E-waste E-waste worker 2015 85 60 29 | ng/mL 35.2|7.8-276 2
Reference
Serum China site Reference site 2015 16 60 29 | ng/mL 9.6[3.2-285 2
Wastewater
Sludge China China treatment plants 2020 101 65 48 | ng/g 46.4117.2-225 15
Soil China South China | Agricultural 2019 96 39 30 | ng/g 12.9 0.64 | ND - 250 3
Soil China South China | Commercial 2019 96 39 30 | ng/g 5.23 0.49 |[ND -24 3
Soil China South China | Residential 2019 96 39 30 | ng/g 3.3 0.63 |ND -7.65 3
Soil China South China | Industrial 2019 96 39 30 | ng/g 2.48 0.91|ND-8.73 3
Soil China South China | Scenic 2019 96 39 30 | ng/g 0.77 0.25|ND-1.71 3
Water Landfill China Hong Kong | Landfill 2021 3 39 30 | ng/L 1120 6
Water Landfill China Shenzen Landfill 2021 3 39 30 [ ng/L 409 6
Reference
Wipes China site Reference site 2020 30 55 ng/m2 6030 4160 | 1350 - 22000 1
13200 -
Wipes Forehead China E-waste E-waste worker 2020 43 55 ng/m2 244000 62100 | 2071000 1
9980 -
Wipes Hand China E-waste E-waste worker 2020 43 55 ng/m2 129000 46100 | 1197000 1
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