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ABSTRACT

Background: The need to develop alternative chemicals is increasing worldwide due to the strengthening of
global chemical regulations and consumer safety awareness in the marketplace.

Objectives: We aimed to review domestic and foreign technology trends for exploring alternative candidate
algorithms that can be used to develop safer alternatives to strengthen global market competitiveness and
protect public health in the future.

Methods: We searched the current status of research trends, companies related to the development
of alternative chemicals in domestic and foreign countries. For this, we referred to research papers and
websites by companies and institutes related to such alternatives.

Results: Among the domestic and foreign research trends, more studies in South Korea were focused
on predicting molecular-based physicochemical properties and toxicity than were reporting on research
exploring alternative candidates. Three web-based databases and six tools were being developed. More studies
in other countries predicted information to consider in alternative development than reported on research
exploring alternative candidates, and four web-based databases and three tools were being developed. Among
the companies related to the development of alternative chemicals, 286 alternatives classified as EVALUATED
ALTERNATIVE’ in MARKETPLACE accounted for the most significant proportion in Europe on a continent
basis, and the largest number in the United States (US) on a national basis. In South Korea, only significant
companies were registered.

Conclusions: In this study, it was found to be necessary to provide public technology support platforms to
explore alternative candidates considering various aspects in order to support alternative development. In
conclusion, exploring alternative candidate algorithms could contribute to the response to the global trends
in the chemical industry and to supporting companies and researchers developing safer alternatives in the
future.
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Highlights:

- Global interest in developing alternatives
is increasing due to strengthening global
chemical regulations and consumer
safety awareness.

- The current status of research trends
and companies related to alternatives
was investigated.

- There is a lack of prediction technology
for exploring alternative candidates
that can be applied in the early stages
of research and development of
alternative chemicals.

- Algorithms for exploring alternative
candidates would help companies
and researchers working in the safer
alternatives research area.
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Table 1. Summary of international literature review for exploring alternative candidates

Target chemical Methods Purpose Major findings Model Reference
development
Bisphenols Molecular Predicting ERq, activity of Designing proposal for Schrodinger Amitrano et al.
docking bisphenols for the design of alternatives of bisphenol A with ~ 2020-3 software  (2021)*”
potentially safer bisphenol A two methoxy groups on a single
alternatives aromatic ring
Molecular MIE-based in silico screening Designing proposal for GROMACS Chen et al.
dynamics of key interactions between bisphenol A alternatives with version 5.12 (2019)”
bisphenols and AR for low molecular weight and
the design of bisphenol A less hydrophobic connecting
alternatives groups
Sitagliptin Deep learning  Searching for greener chemical ~ Suggesting 1,2-ethanediyl ester ~ Python, Zhuetal.
alternatives to optimize the as one of the potential greener ~ AlvaDescl.0 (2020)*
manufacturing process of alternatives
sitagliptin
Tonic liquids QSAR, QSPR  Virtual screening via a four-step ~ Selecting 73 ionic liquids as the R programming  Wyrzykowska
strategy for the design of safe greener alternatives language, etal. (2019
ionic liquids AquaBoxIL
Barium carbonate Deep learning, Searching for alternatives to Selecting carbonic acid as the R programming  Liibbecke et al.
t-SNE, etc. barium carbonate with novel alternative candidate language (2019

machine learning and database
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(high-throughput screening, HTS)< —/F— J5Hch Gy A=
A2 2ol= AEFE - Y itagliptin) 4SS A= A6}
of $AEAA S| AANE Bo) 22 SHHEAR Yol
g AlA ‘:(’J’(deep learning neural network, DNN) 2E-S 7jds}
11, s}t wE A9 FH 7 Hlife cycle impact assess-
ment, LCIA)S 01]—0}01 1,2-ethanediyl estero] 2214 A
22 &8 I S ERI5FF . Wyrzykowska (2019 =
oA o] 24 O—HXﬂ(lomc liquids) S O 2 HEFZQl At
A AAE A 42A 9] HFEY AT (virtual screening)<
sttt 19 AOIA = AT 8 I3 HlolHE s
ol thFet Fol2 E Fol20 & =0 3= 60,2707H2]
o|2/4 WA E Rk, 2TA A= 3T o] AA9
3t QSAR HE-E JHolo] M AN (Staphylococcus
aureus)OIAIS] FOIAE RN B0l S Z BTt
o] R.0] ek 7122 0] &4 AR|S] A E (minimal
inhibitory concentration, MIC)7} 16 pg/mL ©Jstd -9~ L4
EAE E7ISTE 39A oA = 7idE 24| Hloly E4&
sk A8 ‘ﬁ-‘H(applicability domain, AD)9] EStE|m ZHA]
=HE 275 29214719 o] 23} AA|E AHSFITE mRA|gt
AN A= 24o] d&H 240 ddll = EHE /71 4
9] gF&ufA] &4 $X](multimedia mass-balance) Z2-& &8
sjol 87 o154 % WHAS WS 454 Adede
ol HSH R S F70NA & fIsiido] Wot AEEA

https://doi.org/10.5668/JEHS.2023.49.1.11

R0 2 A T8 A0] &2 737 o4 AN A5

ct.

apEro 2 R A% BROIA A Stols

r O

d= £°17] ¢

S A S REDS Aot At 1do] e, & &
AM S 713t 71E EAbR 7R EEekelE] AT <l
A 2 84 314 HEES L8359t Libbecke 5(2019)*70]
A= ARk Az S ARl = dAFtsto] 2ol A A At
oA k& Al QA oS ALY 4 e A& T sl '
AMFE (barium carbonate)] tHACREEZS 1A} S}Gich
HH 2 o] e (nearest neighbor search) @ DNNZ &85

o] §HIAEA q(Europezm Chemicals Agency, ECHA) ¥ QF
AR AR 7 25 3t Hlo]E et ghittETHe] FAMI S o
Zolal, AUSAYH F 5FQ] t-stochastic neighbor embed-

ding (t-SNE) €18 &-& o|-gato] ettET
AEetolet. 71

7‘0* 7Pk Al Sl 571 AT EEEe

Sl 7t

2, HEE FrEs 4 selsfeby S43 94 L 8 A9
X A 92 Teste] BALS A RB AL ARkstec

=9 o 9 uels o 24 43 o 2
A AE A, Gl A4 9 AR AR 3 5 e
Rorold B AL A PAFRELS T A7)

oL A £Y=|9)

% Slgie. A 82l Al

293
=
AEE & AITEEE AAoll= AiE2Ql A14]o] FashH

A

st

rO

o
1o

29 24 9 AR 57 5 B A7 298 8 % it
8 71 ATEoIA SuE fAFRE A A7 B4
[2A7S POR ool g Wl ulS gl



CHAl S H 28 B LUE|F JHLS 212 S - 2 7125% AL AT 15

ghe e & 5 A3 =Ul- 9] I 5FE FHHeR & 1.2. XS 2ESE 23 ¢ ]9 HOo[EH0|&/F

o, Gt shetEddo] A8 & oM FE|giehy &

3, Ao, 8= 52 S THH ez at gAFEEE 1.2.1. 3 gAIFEEE B & 7|9 gojgHo| & /&
A PR Ve AT At ok mEtt sl R AlRE = AFEEE & 79 HlolEHel~ 8l & T &
ot & upot 23, el it dAFEEE A Al =30

2 % 9 9 71 dolelelx 3749t 4 J1 & 64 Bl
S Table 2, 3, A HOTEMols o E2 A58
o] TR o2 Al ABSIL A grout, o 714

Table 2. Summary of web-based databases for alternative candidates worldwide

Platform name Country (developer) Description Availability (budget)
Integrated Chemicals Rep. of Korea (Ministry of ~ *Function: Functional use-based categorization of https://icis.me.go.kr
Information System Environment) chemicals (freely available)
(ICIS) * Input data: Chemical name, and CAS Number
* Output data: Physicochemical properties, hazard,
and others
Korean National Rep. of Korea (Korea * Function: Search for the technical and market https://www.konetic.or.kr
Environmental Environmental Industry information of the alternative chemicals or (freely available)
Technology & Technology Institute) materials development
Information Center * Input data: Chemical name, and information
(KONETIC) * Output data: Research information, and related
reports
SaferChemDX Rep. of Korea * Function: Providing a list of hazardous substances http://saferchemdx.org/
(Korea Research Institute under the EU and Korean chemical related (freely available)

of Chemical Technology)  legislations
* Input data: Chemical name, and CAS Number
* Output data: Related legislation or regulation, and
alternative chemicals information

SIN List Sweden (ChemSec) * Function: Providing a list of substances of very ~ https://sinlist.chemsec.org
high concern (SVHC) described in REACH (freely available)
Article 57
* Input data: Chemical name, and CAS or EC
Number
* Output data: Search results in the SIN List
SCIL USA (EPA) * Function: Providing a list of chemical ingredients, https://www.epa.gov/
arranged by functional-use class for safer saferchoice/safer-ingredients
ingredient screening (freely available)

* Input data: Chemical name, and CAS Number
* Output data: Evaluated ranking for Safer Choice

Criteria
SubsportPlus Germany (Federal Institute  * Function: A database of restricted and priority https://www.subsportplus.eu/
for Occupational Safety substances in 35 lists of substances that are subsportplus/EN/Home/
and Health) legally or voluntarily restricted Home_node.html
* Input data: Chemical name, and CAS or EC (freely available)
Number
* Output data: Related list or legislations, and
property of concern
MARKETPLACE Sweden (ChemSec) * Function: Supporting companies to find safer https://marketplace.chemsec.org
alternatives to hazardous chemicals (freely available)

* Input data: Chemical name to be replaced or
properties of alternative

* Output data: Information on alternative
chemicals

https://e-jehs.org
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Table 3. Summary of web-based tools for alternative candidates worldwide
Platform name Country (developer) Description Availability (budget)

PreADMET Rep. of Korea * Function: Prediction of physicochemical properties  https://preadmet.webservice.
(Bioinformatics and of chemicals bmdrc.org (paid services)
Molecular Design * Input data: Molecular structure
Research Center) * Output data: Drug similarity, Toxicity, and ADME
ChemRTP Rep. of Korea (ChemEssen)  * Function: Prediction of physicochemical properties  http://www.chemrtp.com
of chemicals (paid services)
* Input data: Chemical name, CAS Number, and
SMILES
* Output data: 28 kinds of properties
MRA Toolbox® Rep. of Korea (Korea * Function: Prediction of mixture risk for chemicals ~ https://www.mratoolbox.org/
Research Institute of in products (freely available)
Chemical Technology) * Input data: Mixture ingredient information (CAS
Number, mole fraction of ingredients in mixture,
toxicity value, and others)
* Output data: Mixture toxicity
ToxSTAR Rep. of Korea (Korea * Function: Prediction of human liver toxicity https://toxstar.kitox.re.kr/
Institute of Toxicology) * Input data: Molecular structure and SMILES (freely available)
* Output data: Liver toxicity value, toxicity
information of similar chemicals
KAIDD Rep. of Korea (Ministry * Function: Al-based model for drug discovery https://www.kaidd.re.kr/
of Science and ICT) * Input data: SMILES, CID Number, and others (freely available)
* Output data: Physicochemical properties, similar
drugs,and ADME
ChemAIl Rep. of Korea (Korea * Function: Al-based physicochemical properties https://ai.chemdx.org/
Research Institute of prediction (freely available)
Chemical Technology) * Input data: Chemical formula, SMILES, and cif file
* Output data: Physicochemical properties, clustering
results, and others
PRIO Sweden (Swedish * Function: Screening for alternative chemicals to https://www.kemi.se/
Chemicals Agency) replace hazardous substances prioguiden/english/start
* Input data: Chemical name, and CAS or EC Number  (freely available)
* Output data: List of phase-out substances and
priority risk-reduction substances
GreenScreen® For Safer USA (Clean Production * Function: A screening tool for safer chemicals https://www.
Chemicals Action) considering human and environmental toxicity greenscreenchemicals.org
* Input data: Chemical name, and CAS Number (paid services)
* Output data: Benchmarks™ Scores of alternatives
SINimilarity Sweden (ChemSec) * Function: SIN list-based alternative chemicals https://sinimilarity.chemsec.org
screening tool (freely available)
* Input data: Chemical name, and CAS Number
* Output data: SIN-group inclusion information based
on In-house database (ChemSec), structure-based
similarity with SIN List Chemicals
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ming interface (AP1)S] FEfZ = A5kl ot vpx]eto
& ChemAli= =2t ofl A 2021 7t 4 7]yt Q1
AT EHEC R, S5tEd 24, #AR, 2HTFE 5°
E4 RS AREAR] HlolE 4ol whet 16779 mAled o
geld 715 QIS Als EaElES &85t d&sta, 11 2
58 DR ARek Aok o5 ATt Gt BAglol
sotE ol B4 wstel A4 Ao] B8 FREY
APgsh=d] ol d 4= lth(Table 3).
oA 7 sl FEEE # § 7]5E o]/
£9 B FotEd &=y diA7E et A AGEESH
FEE 5 4B 2 A SR AEEIleH, 4
T 7159 SlekEd 54, 54, A olE 9159 715
Akl Stk o] 52 d&Est= detEdE SHoE tiAlw
HEde 2] A AEeA 28T 5 9o, Aze =4
= A/ NESIRES o ol B7Ish] sl &80l 7hesd A

1

o

¢

[©)

s
o
=

o= HQlrh

1.2.2. =9 gAFEED & 4 7|5t dojgHo|l~/E

=9 qAFEEE H F 7|9 glolEHolA/E AT
OECDONA A|Fst= FEE E-&oto] =9 FF71¢ 9 HF
7104 et A EEE B 4 7]5k glofEHo] A/
2 TAHCE S5ttt 4719 &4 7|t "lolEHo] A=
A 9 AFEE A9 24 A1 A &= {9 3}
SHEA0] A 7Hset 2FetEA A E A, Ei= SVHC] A
7Heet A8 dA=EE BEE AlSsta Atk 3719 4 718k
E2 APESE 2 AT 28 AR B4 239, 9
A 9 2 FeldS 18 sekEd B B 2AE &
A3 718t SVHC thA] 7Hs3t AT =4 g4 75 AlF
S} TH(Table 2, 3).

Substitute It Now! (SIN) List+= 2|dll ] F-7]9121 ChemSec
o] 7iret ¢ 719k glo|Ej¥o] AR, EU REACH A|57%0] 7
ol 7]&o] wret AEet F 1,03070 SVHCE Egsial 9l
tH2022.12. 7]%). S SFotE49] 7| &5, ECHA ||
ojefHo]A 7|¥F FAIFKE, = K 5 7|E HolHHo]A
of 3/MAC g AT = U= FEE AlSSHaL Utk Safer
Chemical Ingredients List (SCIL)+= 1|= 274%(Environmental
Protection Agency, EPA)OIA] 7iE3t 4 7]8F glo|g#o] A=,
sl 76 9 85 & IEE 5E5S AFst
A7 F 1,064709] SFetEdS Eetstal rh(2022.12.
719). Z47te] &= S EAES £y, 85 A
W oK SFHE RS ekl ALST 4 YUt SHHEAS
= 47K S 532 E Uro] JHE AlFL Substitution
Support Portal (SubsportPlus)2 = AFAQEA R AR o] A
et 715t Clo]E{H|o] AR “Substances” Wi+ WollA &
3470 2= A, HRT7F 5 AANE/AIREE A
9 55 FEE AFetcl E3 ol SEEE HEt A=
29| A B7to] & 7t 62A ] ¥ 7|5t 71| EE A
Soto] AlEd e SR {og SEtEES AT 5= 3l
= HAEE JEE AT & Itk MARKETPLACE:= A9
dl B E7]7Q1 ChemSeco] 7RS4 7|49t Ho]E{Ho] AR
SIN List =50 39 slehE4o] tisf thA 7Hs3 448
gAEd 552 AlgstH A7 F 682719 dAEd=
o] &3tx|o] 9Ith(2022.12. 7|%5). MARKETPLACE AFo|EQ]
7|de] A A0 & I = §-50kL Sl AEES 55
ShH JE o] Fed A5 fIol dAEE87F @45 AA s
Z A4 &2 'Evaluated alternatives’ = ‘Alternatives & &
FobH, diAl=4e] 712K, 7|9 E & 3R R A=
T = AHE AlFsk UtH(Table 2).

PRIOE A9El 5}5HE 2% (Swedish Chemicals Agency,
KEMDO|A 7Het 9 7|9k £2, EU-REACH 59| 744 2

Mr oo
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S84 RS 5 PRIO Bt 7|50 wheh 93-S
o thet ATEIS/AEAAE R SAHES
o slom 74 10,338719] stetEdARE FL/dEo] At
(2022.12. 712). TS, F-84AH-2 A (regrettable substitu-
tion)E Aol A}t AGEE 9 PAAAER AR &=
Aoj| gt WAEE] A B7HE AT 79A S & 7Rt
7Fo]=E Al Z5tal Ut GreenScreen® For Safer Chemicals
L o] H|ZE 7|91 Clean Product Action©f| A 7R&st ¢ 7]
v E%, flsleEdy qAFEEEE AMsHd 1871 <l
A 9 2 oY FES 1HTT 457 MA v M
(Benchmarks™ Score)2 PGS ®Fdl A& Al53t
SINimilarity= A B E7]7Q1 ChemSeco] 7HEst € 7]
HF £ SIN List £20] 9l SVHCE AT = Qe TuE
4 JHE AlF7trh SIN List 550f Q1= SVHCE] #+2 5 =
A& 4ot 4= = FXRE SIN groupl 2 HoJolal, A
SFsHEA 9] EAFALZ2 7} SIN group2 E§6HL QlEX], 27}
vt FARMA| 5= Alitoto] tiAFREE A78S At
T}(Table 3).
12}k 2ol s ol 7, Pkl U= A 719t HlolEH|o]
tiA7F 283t et Ed HEolU {44 87t 5
O 5 HAHE ATkl YA, SEH 34
gAEd S oot 5= Sl RS AlFstar
E4 JHET= of" EAS ZobA] AlEo *
AR £ =R E wietE dAA T -8 7Hs5t
th. SINimilarity E°] 25 &4 71&& HASKL 3= &
=oIH, A7 = BAR Y] FAMY T 287 RFEE 7HA
I Fo8e A dop| wEol 4lg/do] W2 Holr}, Hr}

Ay o YAFRBAS Y] oAl tar aket

@
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50

= Africa
40
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20
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&
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& &

st 54, 994, 8% 59
A% Wavt glon], A 9 B 47A50)
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5 9 BAE EE W A2go] WA 202 ofA

"
o ne

e

o oot a
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2. IS E 70 2 7|1y g

2. -2 HHZSE WY sig

- 9] iHIER AR @3-S mhelslr] 915 MAKETPLACE
oA ‘EVALUATED ALTERNATIVE'Z &35 286719 5=
H dA=ES AnEY SR 559 HAEd I
AHEH §Ho] 01%E 7HF Wokor, Fopw2|7tel ofAlot
7v 247} 24%, 14%Z AA 5t (Fig. 1a). =7PE 555 A
E42 v]=o] 6= S5V 7MY WOk, =Y, AW 5
FE=7IolA dubgo 2 gAlEdS
EFTHFig. 1b). OFAJotollA= QIE(157H), A7HEZ(87H),
E(770)o] FHH L2 HAEES ol 5FkL, g
=, o|Agtd 52 272 thA 2 o AIEE S 5
=4

A9 lo A MARKETPLACES 7HE3517] wiiZol fd=7t
FAHOE gAEE 55 H|&o| =& 7Hs4do] Jlon, Eof
H2]7}e} ofAlote] FR-EE F 38%Q] A oIS o =
29 31554 A 73stol| Watso] A 7 9 {50
et T4lo] AAA A 0 &2 oAl vl Tk

gol

2.2. =L CHHISE 7He
=S AEZ 7
MARKETPLACE®] HA]

Mo e

Fig. 1. (a) Analysis of (a) the percentage and number (in parentheses) of registered alternatives by continent and (b) the number of registered
alternatives by country in MARKETPLACE. The background colors of each country in the bar chart follow the colors of a continent in a pie
chart. (b) Analysis of (a) the percentage and number (in parentheses) of registered alternatives by continent and (b) the number of registered
alternatives by country in MARKETPLACE. The background colors of each country in the bar chart follow the colors of a continent in a pie

chart.
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Table 4. List of major companies for alternative development worldwide

Country Company Developmental items and description

Product

Rep. of Korea LG Chem Phthalate-free plasticizer alternative for flooring, sheets,

artificial leather, etc

Aekyung Chemical ~ Phthalate-free plasticizer alternative for flooring, sheets,
synthetic leather, toy, etc
Lotte Chemical Construction cement and household articles using plant-based

pulp materials
Hanhwa Solutions Phthalate-free plasticizer alternative for synthetic leather, films,

sheets, toys, etc

Samsung Electronics ~ Carbon and fluorine-based gas substitutes for the semiconductor
fabrication process
Capro Alternatives for industrial urea water

SKC eco-solutions An eco-friendly film that can be used instead of paint for
building construction materials such as steel plates, panels,

wood, etc

BGF ecomaterials Plastic recycling technology and eco-friendly substitutes

Kolmar Korea Natural product for replacing microplastic for cosmetics
Jeonyoung Low-toxic cleaning agent for manufacturing processes such as
flux cleaning of the PCB surface, removing foreign matter
from the machine surface, etc
JMCco Alternative and eco-friendly cleaning agents without TCE
(trichloroethylene), and MC(Methylene Chloride)
USA EASTMAN Phthalate-free plasticizer alternative for waterborne adhesives,
cellulosic resins, food packaging, etc
AIR PRODUCTS CO, gas alternative system for pH neutralization, fumigation
of dry food products
Stepan Cleaning agents with low toxic surfactants for household, and
industrial application
Elevance Low-VOC coalescing agents for waterborne paints and coatings,
bio-based intermediates for surfactants
Germany Covestro Polyurethane resin alternative replacing N-methyl pyrrolidone
for coatings, inks, etc
SCHWEGmann Wetting and dispersing additives for the water-based coating
system
Sweden VEIDEC® A service for chemical substitution, eco-friendly products like
adhesives and car cleansers
Switzerland ~ BEYOND A plant seed oil-based softener for textiles
Belgium Proviron Phthalate-free plasticizer alternative for food packaging, toys,
etc
India SCHUTZEN Biobased and biodegradable chemistries for textile processing,

water-based paint, coatings, personal care, and others

LGflex GL300; LGflex GL500

DOTP; DINA; NEO-T; DOA;
NEO-P; NEO-B; etc
HECELLOSE®; MECELLOSE®

Eco-DEHCH; DINP; DOP
HCCFlex SP-390 (DOTP)

G1; G2; G3; G4

Ammonium carbonate
SKC eco-deco film

Silica
CleanSafe-707; DAC-2070S1;
CS-501ES

BCS-NEW1000; BCS-3000;
BCS-5000, etc

TOTM; DOA; DEHT168;
Triacetin™; Effusion™

> IM,

NatSurFact’s™; STEPANTEX®
VT-90; MAKON® DA-6; etc

Elevance Unify® 270;
Elevance Clean® 1000;
Elevance Clean® 1200, etc

NeoRez® R-3972 XP; NeoPac™
E-108 XP; NeoRez® R-3961, etc

SCHWEGO® corrit 6831;
SCHWEGO® foam 6305;
SCHWEGO® wett 6295; etc

MS Screen Bond HD; Multi-Lock;
Duo Clean; etc

miDori® bioDry 1.0; miDori®
bioWick; miDori® bioSoft CA1; etc

Proviplast 01422; Proviplast 2624;
Proviplast 2755; Proviplast 3145;
etc

X7BIO; XYLOCOL-NT;
SCHUTZENCOL- NH2; etc

-: Product name is not available on the website of the companies.

AvgF), ZHAYZE), FeFEFAG) I, F2 289
]_1::‘_ EH;q] 7]-_/1\_11] dAEA HE rs /\]—_9_0]- 147]-;(1]3 7H

Woto] 52 A2 tehdeh AR, 7HER, sKeol 4 uAETAY 5

FEFAZ2EF), BGFZHE 2 A=
Foutst g4 ed oF 52 oHlst EZou) A8 4
folsistede A 4 Y 98 =

https://e-jehs.org

L AF B AAE A

19



20

HR|2 - HEM - MFY - olgR - ZMD|
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A=7F EoAL glon, AA diAl=d A HE 550] 7t
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AT AR 9lol, 2= AR Y FEHE S5 =l
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F 55T 719 1071E ERIskitH(Table 4). EASTMAN (7]
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