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Abstract

This habilitation thesis is a collection of selected scientific studies that address the
current environmental topic known as ecotoxicity. Ecotoxicity is understood as the
property of chemical substances or their mixtures to have negative effects on aquatic
and terrestrial environments. It also applies to building materials, where emphasis has
recently been placed not only on their functionality but also on their environmental
safety. To verify ecotoxic properties, tests with living organisms are used, which are
supported at the legislative level in the Czech Republic and the EU. Ecotoxicity must be
checked not only in building materials themselves, but also in construction waste and
recycling materials, and it must be assessed whether their new use will pose
environmental risks. The ecotoxicity of building materials is thus linked to the entire life
cycle of the material and belong among the basic impact categories in LCA. Protective
biocidal preparations must also meet environmental safety requirements.

The submitted thesis presents articles on the following topics:

1) Review of works published to date — the article contains a discussion of the
practical problems of ecotoxicological tests in relation to building materials, and
proposes further directions for potential research.

2) Calculaton of ecotoxicity indicators in LCA — a comparison of the ecotoxicity of
short- and medium-chain chlorinated paraffins used as plasticizers in the
production of plastics. Ecotoxicity indicators were calculated using LCA models.
The results of the study indicated similar ecotoxicity for both groups of paraffins,
leading to the conclusion that replacing one group by the other is not advisable.

3) Use of non-building waste for the producton of building materials — a study of
the ecotoxicity of granulated waste tires. The granulate was tested in an
extended battery of ecotoxicity tests. The results confirm the ecotoxicity of the
granulate mainly for invertebrates.

4) Use of building waste for the producton of non-building material -
a new composition of artificial soil used in terrestrial ecotoxicology has been
proposed. CaCOs in the original soil variant was replaced with waste brick dust.
The toxicity of the soil itself and reference substance has not been proven.

5) Evaluaton of ecotoxicity of a biocidal substance — a comparison of ecotoxicity of
a newly created composite material based on flax fibres with/without the
addition of caffeine as a biocidal component. Leachates were produced from the
composite material with or without presence of caffeine, its residues were
determined, and the ecotoxicity of the leachates was tested. The ecotoxic effect
of caffeine in innovative building material was not proven.

Key words: ecotoxicology, ecotoxicity, building materials, leachates, living organisms.



Abstrakt

Tato habilitacni prace je souborem vybranych védeckych ¢lankd, ve kterych je feSeno
aktudlni environmentalni téma — ekotoxicita. Ta je chdpana jako vlastnost chemickych
latek Ci jejich smési vykazovat negativni Ucinky pro vodni a suchozemské prostredi. Tyka
se i stavebnich materidld, na které je v posledni dobé kladen dlraz nejen na jejich
funkénost ale i ekologickou nezdvadnost. Pro ovéreni ekotoxickych vlastnosti se pouzivaji
testy s Zivymi organismy, které maji svoji podporu i na legislativni trovni v CR a EU.
Ekotoxicitu je tfeba provérovat nejen u vlastnich stavebnich materiald, ale i stavebnich
odpad( a u recyklovanych materidll a posoudit, zda jejich nové vyuZiti nebude prinaset
ekologicka rizika. Ekotoxicita stavebnich materiald je tak spjata s celym Zivotnim cyklem
stavebniho materidlu a patfi mezi zdkladni kategorie dopadu v LCA. Ekologickou
nezavadnost musi také splfiovat i ochranné biocidni ptipravky.

PredloZena habilitacni prace predklada ¢lanky zamérené na nasledujici témata:

1) Review dosud publikovanych praci — ¢lanek obsahuje diskuzi nad praktickou
problematikou provadéni testl ecotoxicity a navrhuje dalsi sméry potencialniho
vyzkumu.

2) Vypocet indikator(l ecotoxicity v LCA - porovnani ekotoxicity chlorovanych
parafini s kratkym a stfedné dlouhym retézcem, které se vyuZivaji jako
zmékcéovadla pro vyrobu plastl. Indikatory ecotoxicity byly vypocitany pomoci
LCA modeld. Vysledky studie naznacily podobnou ekotoxicitu pro obé skupiny
parafin vedouci k zavéru, Ze neni v praxi vhodné v plastech nahrazovat parafiny
s kratkym tetézcem parafiny za parafiny se stfedné dlouhym retézcem.

3) VyuZit nestavebniho odpadu pro vyrobu stavebnich materialll - studium
ekotoxicity granulovanych odpadnich pneumatik. Granulat byl testovan na
rozSirené baterii testl ecotoxicity. Vysledky potvrzuji ekotoxicitu granulatu
prevainé pro bezobratlé.

4) Vyuzit stavebniho odpadu pro vyrobu nestavebniho materiélu - bylo navrzeno
nové slozeni umélé pady pouzivané v terestrické ekotoxikologii a pro legislativni
ucely. CaCOs v plvodni varianté pady byl nahrazen odpadnim cihelnym prachem.
Toxicita vlastni pldy nebyla prokazana a ani jeji vliv na toxicitu referencni latky.

5) Stanoveni ecotoxicity biocidni latky - posouzeni ekotoxicity nové vytvoreného
kompozitniho materialu na bazi Inénych vldken po pridavku kofeinu jako biocidni
slozky. Z kompozitniho materialu s kofeinem | bez kofeinu byly vyrobeny vyluhy,
zjisténa rezidua kofeinu a testovdna ekotoxicita. Ekotoxicky ucéinek kofeinu nebyl
prokazan.

Klicova slova: ekotoxikologie, ekotoxicita, stavebni materialy, vyluhy, Zivé organismy.
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1l ntroduct on

1.1 Motvaton

The producton of buil ding materi al s i s

producton and use. The main issues addres:
their carbon footprint, and the secondary
neseasy to ensure their ecological safety.
knowl edge and met hodB¢t otgo xlisa slf 0 gehcyo t roexd erotl Ic
to receive greater atenton in the construc
the environmental safety of building mater
chemical substances and their mixtures, n
closely related to LCA, as ecAahdhxywci sy i i s
necessary to study the eddwtroxigcittlye ogr oldu
applicaton, and use of building material s,
into water, soil, and air. The®a 9Sulgsanharsame
at he |,ochaulti thyiaépoanspoot her components of

and have a har mful e fae ettahseerv ewmh @ rne at hmeoyr ew edr
emi ted, or | eached. I n additon, many or
biaccumul ate in the organisms of plants an
body through the food chain.

1. 2 dihms the habilitaton thesis

The main aim of thassthmedidddtadxinc itthye safs b &
their owastneo v atfvoer atdhdeiitrV Bper ohdaubcitloint at on t h e
on ecotomxmoeréeydetails forom these points of

1)Review of artcles published thus far, a
which directons need to be focused on &
2)Cal cul aton of wecoitoxliicfoe ogy claé¢ sahsosiets aame
chain chlorinated parafnes (SCCPs) anc

( MCCPs)

3)Testng of wastes suitabl e-wWwast e rtosdeu cctroun
from personal trafc.

4)Testng of an innovatve compositon of t
soilr,ehvdnemovaton consGas@wWw dvhisihr r ep| dabs hg
5)Test ndpeofpot ent al ecotoxic efect of <cafe
designed composite materi al as a biocic
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Theory

2.1 History

Humans have been concerned with the toxic
and unintentonal and | wo el dWhatheondtaorn a |2 Opldi) s
not unttkbenher y6t hat Par acel susf admeofunse ds apyain
“The dose makes the poison”. This is an id
the toxicity of i ndi vidual substances var
bi oavay | fabdi la given organism (Jumnxg,co2®®@%) .
were then I'wiectunytbyg Mathieu Orfla, who
scientfc discipline and introduced support
for the detecton of poisons and advbgated
was frst defned at a scientfc conference
substances on natur al species and communi
(Truhaut Todawy7) it is defnedwinhmohe daf ail
anthropogenic or natural Ssubstances and t
excepton of humans.

Ecotoxicological procedures began to be u:
scientsts who tried to determine the toxic
related to wars, the devel opment ofn prod
agriculture, the devel opment of t he pharmn
devel oping protecton of nature in both the
2015) . However, the problem was the heter
signifcant variability of the results and
procedures began to emerge, which ensured
of the obtained datakaodnootgabnhbseraiTers mbb¢
in the creaton of decl ared ecotoxicologioc
Economic Cooperaton and Development (OECD)
Materials (ASTM), the Internatondalt e gddi .
EPA (U. S. Environment al Protecton Agency).
di fer only in the det aisltsandatrred vbnaes emr oocne d
standards.

Confrmaton of the results of ecotoxicologi
use and devel opment of new chemical analy
chemical propertes of substances such a ¢
Ssubseasancn t he environment, di stributon l
component s, ability to migrate substances
chemical and biological degradaton (e. g.,
et al Nys2e24al ., 2025; Pinsard and Bal ey,



Ssubstances in the environment and I|iving

concentratons, has enabled beter monitor.i
during their occurrence in the environment
bemig devel oped for verifying the toxicity
organisms or their partceldtultahe | ®@vegedrs,, cel

2.2 Principle of ecotoxicologic.

The principle of ecotoxicological testng
organi smgailhetdheosnadr ol group, and in a gr
exposed to the test substance or mikRéure
control group thus provi des suitable con
reproducton. A group of organisms exposed
types of responses: 1. a response cQmparahb
2. a reducedalrlesp omasreariestoer i nhibiton), or
called stmudrdd:on), see Fig
O O O o O
© O O O O
A) Control B) Neutral result
0o o0 °®
O OTg oo O o

C) Inhibition D) Stimulation

Fi guDieadafanm hree studstt wi th cells (green spher
of cells is the same as in the control (nc
the control (i nhibiton of the endpoint),
controllat(en muf the endpoint).

The degree of i nhi biton/stmulaton (i n per
gener al formul a No. 1:
(%) = (—5-) 10,0 (1)

wheXeés the average viastuehenmeéeae cahvteobf
concentraton.



Threaoft inhibiton indicates the toxilcaty of

confrmed by an appropriate statstcal met
conditons for the |ife of the tested orgar
It can also indicate a stress roehaucttroinen tfso |
or are deprived of Il ight (Handy et al ., 2
i ndicate toxicity, it shoul d anlswatyhse bvea |sute
were obtained. The obtained inbabléednbsoar €
I reksee Manyexsa ahei wmded in ecotokinowhnodwe, nwi:

e xX=(Oet hGd@ihcentraton whichstad&l yessi gmink éa rstt
compawi she control,

e B ectGvrecentraton whi csltaddwysess gan éxfda ndt at
compawi shceontr ol ,

xEB hi bOotnocreynt r at on whi csht acl a uys essi gaanf éxc% nstt
n comwat hcsoomt r ol ,

MI C = Maxi mal l nhibiton Concentraton (1C

NOEC ®HObd&dlerved Efect Concentraton (concen
egvatefect | mwiddeoaimntei glon,

5

LOEC = the Lowest ®hsehvferdsut€aetssctecnatlrlayt osni g
ef eict comwhat hsonontrol,

s PNEC = Predicted N o Eé ept e sCoess& e aatsrsaet sosnm ¢
cal cufloart osnt udi ed .chemical / sampl e

I n toxeixeej tyhe ndal ue 50 i s'xlnoonsetr”. ¢ oindingéasn | nye auns
that the concentraton, wastewaitercadmpatio®o
with the control, confrmedThgsesx@aandtafadn ar
used!| d@irsl at venwpiurmr @romerst, a l risk anahysis
Wi j ngaar denHaeyte eaelt. Lel2dt0 5200 @a;l ., 2016

2.3 Basic classifcaton of ecot o,
1. According to the type of organi sms:

a) test wi t h decomposers (mi croorgani sms
(ani mal s)

b) test with aquatc organi+bserst Hima,r i pmlea mk tga
terrestrial organi s ms

C) sImegdiees Epestsesmubkst s, and microcosms

2. According to the exposure duraton:
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a) a<hudretr m (1l astng from sever al mi nut es t ¢

b) shubeme dituer m (usually | astng sever al day
with “a” and “c”

c) chlirommgrcm (|l astng several days to months
3. The efect expressed in relaton to expos

a) acut-emotraxaildittyy of wrr,gamips s ,mekh etbaoviiac ch

b) c¢chr on-dge otwd i, c irteyp r oud u cucro hoph abnegeebsl u b ar ac

met abolic changes, survival tme of organi s
4. According to the wused substrate
natur alrtéacd al water media and soil s, sed

combinaton with water and agar medi a
5. According to the sex and age of the moc

6laboratodmi creedoimmssi ty experi ments

7. S p e ca shicc rt eelsiucstee sotfs rest ng stages of org
tests; biodegradaton tests.

Ecotoxicity should be tested on at | east t
consumers (ani mal s), and decomposers ( mici
mi ni mal response at the ecosystem lodvel
ecotoxicity tests. The most commonly wused

al gPesmModesmus) sumapi acavtibbsac e rfisanmed( if r es hw
crustBPRaphni § nfaRenpapet o, 2013) .

I n additon to these most commonly used met

used as compl ementary approaches in profe
pur poses. Immorgeckeenalmpet hef model organism
regul atory purposes, a minimum species C
whereas in scientfc studies the batery of
additonal orgaal sms20Q0QlLa)ondbeesi mplest te
i nvdiidual or populaton | evel; however, test
i ncreasingl ye.byeailneg eap pablu.e,da?2 0 lath;d Ngr ayana
These methods make it possible to detect <c
fretewTheir disadvantage, however, i's the
chemical s, as wel |l as the need for more e
toxicity tests must, I n any case, be repr
| aboeatomind the model organi sms must me et

protected species or species that aye haze



to culture, or they may be kept I n the f
i ndividuals born just before the start 0

appropriate size, age, and | ifespan.

I n the past, freshwater fsh species were
additon to al gae, crustaceans, anbDamiloant s
remilPooeci |l i a rwetiacthl aatrae commonly kept as at
Today, they are no | onger used for this |

partcularly those concerning vertebrates (
tests witlk sowmlet meshraepl aced bg. hamms usi
et al ., 2009).

2.4 Data wtadti dtidgyl aemvdal uat on

Each standardi zed ecotoxicity test wusing e
assessing the qualTihtey cofi ttelre ao batraei ndeeds cd a the

gui deA inlecsh criterion may be, for exampl e,
in the control group at the end of the tes:s
exceeded, the test must be repeated. I f t
show no signifcamin doawei atensghevalsuaessp| e, ftu
adjusted. From the mean or medi an values

cal cul at ed (TEgeu aftuwrnt hNeor. dlat.a processing pr
usually described I(Thetlhdtarhedantat at &amdar
calcul ate ecdhexresult sndeeesmost ofen pres
response cur ve, whi ch i s used t o il ust
concentratons of the t(d&stgud esubstances or

LCi00
100 +
45 0 LCso

50 4

Inhibition (%)
-

25

i
< NOEC
< L0EC

0 I I | | |

5 Dose (mg/L)

e
N
w
S

Figar é©i agr anm sopfondscesecur ve.



The most commonly used statstcal met hods i

of wvariance. No mpaatfaeret us €ed tlest¢t 3u g er es e at
usual ly i mited due t o economic and t me
concentratons or di lutons i's determined

adjusted to the mini mum quwimbed tfatretpedlt o¢
ranging from a maximum of 5 to 10 concent
st at sstodaMare includes Statstca flBrPWISndow
Stat,stacrsd ot her s.

Ecot oxi coeleessgi cah imnen be used to compar

preparatons, or material s, but when drawir
i nt o accotwneas ptohnes edocsuer ves and the overall
carefully asssesfsr owh edtihfeerr ernets uslttudi es can b

3Current E€@mxech aRemubl i c,

The assessment ouillkdengcomoeirciat gy ofs rel a

and Czech |l egislaton on chemshealse, regmud tart u
frameworks ofen overlap, capEeBSepehn| eggsbeE
Bel ow, the most i mportant regul atons, | a\

Republic and the EU that address the ecotoc

3.1 Chemical safety (materi al C |
+ REACH Regul aton (BR€QYyi Ntor. atlOmd g sRBWHI6eatt o
(@t hor i setsam afrdhemi cal s. I't restricts
very high concern (SVHCs) in construct
materials. Based on the results of ecot
30 tests), t he suibgnadctooa omlixssureon s

ecotoxicity.

+«+ CLP Regulaton (EC) No. 1272/ 2008: Cl as
Substances and Mixtures. It defnes the
the aquatc environment", which is the
Based ont atnhcee souwbsmi xture classifcaton

No. 1907/ 2006, the product packaging i

symbol , and safety data sheet as requi
materials that are hetd wtcohoxihoe ared e
statements or pictogram. | f ecotoxicit
with a signal wordndramehsabhddwst At ams!
Products meetng the highest environmen
| abell ed with aaputeogrezmbhowmdccayngn L

safety data sheet 3dnd packaging (see Fi
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Construdtien rpormhad wet sna(r ket )

gul aton (EU) No 305/2011 (CPR): key
sent al Requirement No. 3 (Hygiene, H
atconhset ruct on must not endanger the ¢
dangerous substances into water or s
clude informaton on the substances 1

gul aton (EC) eNoOEulro®7/an0 OPGardfi atment an

t No 22/1997 Coll ., on Techni cal Re
amewor k for pl acing constructon mat e
vironment al protecton and heal t h, [
oduct s mu st camplryegwl ahons,chaf en in
rectves, demonstrated via a conform
guired to ensure that the products
ncluding environment al protecton) .
Wast es

gul at on ( EU) 2017/ 997 directly es
ncentraton | imits for assigning the F
vision of Directve 2008/ 98/ EC regarc
cotoxic’”. T heiss trheeg uclraittoenr iuap dfaotr c | as s
azardous to the environment) to ali
72/ 2Mc0c80)r.di ng to this regul at on, a W
otoxic” i f It poses or may OmMa@s eo ri nmoe
mponents of the environment. Any was
assifed as hazardous based on the HPI
cree No. 8/2021 Coll ., Waste Catal ogu
ovides the framework for classifyin
moliton wastes) into categories accor
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HP -E4otoxic. I f the JExmarokaws imEr aperetsys ¢

the waste is considered to possess thi
speci fedare dabéeeded for at | east one t
TablelLlmit values of ecotoxicological t
Organi sm Expos mee I nhi bit ¢

Vi bfraoer i 15 and 30 mi 50

Daphnia magnéed48 hours 50
Desmodesmus <72 hours 50

Lactuca satvel20 hours 50

Per fiaowgenc ot oxi city tests
Tests widlapbhacadmsd i @al gae are cdruraiteed out

solid washelouid wast e, while tests w
either solid or | iquid waste.
Preparaton of | eachate from solid waste

100 g ofOOMasmle di sltl | ed water i s wused f
Thmi xtur eis shaken for 24 hoyyrCSNarmkdN t}
14735, TR®22Yueous extract of solid wast
concentraton of 100 ml/L) with the addi

concentraton as in the control, accordi
wastes contabinmagr s nolrigmej chydraulic |
silicates), the pH of the eluate may b
o f at cmxoinc controé wmekevanngt e¢eohrihcal S
samples used in |l etuce tests, the pH ma
to a value of 6.0 £ 0.5. The concentr al

of the sample shoul d Wwme siux had hmitnitrhael c
The additon of aci d shoul d not cause

occurs, the pH adjustment is not perfor
Wat-mirsci ble | iquid waste is fltered wit
diluted to a cowcehttheoanddfitdo@O0of/ the
i n the same concentraton as in the cont
l i guid waste that is i mmiscible with wa
of dry artfcial s.oi | (CSN EN 14735, 20z

Preparton of test mixture (|l etuce)

The concentraton ofamplketiested%sbii de ive
of dry waste + 900 g of dry mater of ar
the cOaINTrBN 14735, 2022)

9



3. 4 Current state

Over the past 25 years, the assessment of
devel opment . Limits and methodol ogies hav
wi th some me;t hfoars @xdmplien,g in | i mit inhibi
(Regul@LP NoES]) 27 2RegOul BaE PR 9 7/ 2D0elc/Ne&/ 202 1

Co.lPDecrNeme 273CcIDR2 Recentl vy, however, l egi sl
substances, including building materials
Czech Republic, the verifcaton of the pot ¢
now support eat vaet Itehveell. e glihsel batery of t es

l umi nescenV¥i bbra ot efrtshheeer f r es hwa tDers mgd esemu s a
Ssubsp, cathersf reshwater Dpbankaomamgdclratsd ae e s

Lactuca Whitlvea this set of tests is not ful
o f Ssubstances emited into the environmen
bet ween deeper scientfc knowl edge and t
met hodol ogainedsarfdorl ador atori es, hel ping to

rel ease of toxic substanceist iwow!|l d hlee eamd Vv ir
furekhemand or partally modi yytebBéesgeswvehhhat

refects the realistc assessment of poll utc
4. Use of ecotoxicology I
4.1 Ecotoxicity of Dbuilding mat
Buil ding materials contain a wide range o
water, and soil. These substances can ne
i mme dg wart reo uonfd itnhges bui | di ngs, but al so in

are tramys paviretred ong di stances or end wup in
from buil ding material s, together with ot
substances$ adet ekxampl e of this is the fus
cont amentshryg r ai nwat emwia hoetoh & hsee vvaoge sy st em.

t hmet alesach surface waters, and then, for
Met al s edgor andoet, dso t hey can endanger microo
soi |, mi croorganisms in wastewater treatr
agricultural l and, and can, for exampl e,

herbivores. athadwehwemranst hi s scenari o does no
to various orgami.c substances (Figure

10
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Fi gdreSchema oforghaei ¢ s®ab oieanadiesshe emnvi ron
wastewater treatment pl acnotl o=r ,brtoewnr ecsalrara,l

= green ceogwlrgr.air = gr

I n recent years, met hodol ogi es for assess
have become more comprehensive both for
preparatons, as well as fR&ErA CHo Retgrud att om W
1907/, Re@@!l at dNo . (RB®Y7/ ; Decree No. 8/ 2021
273/ 2021 Callkcientfc studies, aut hors mai
perspectve and on the | eachingaofi@mudt @l gfi
et. al)2010t her studied issues related to th
ar e deidtthidb owli isge

Buil ding materials are wusually solid, and
t hem. Ther efloeraecchaagpeeanasde from these ma t
powdered or solid material of a prescribed

for a defned period €SN nka\N-4almld 5aDl 3l; o weSdN tPo
15862, C2NM1BN 14 TSN, ERQ22BZRI2Mf er the speci:
i nterval h alsu aetteap b ews @edb ifeooess. s aPyr i orsame t hi s
el uastheoul d be wused for chemical anal ysi s

substances, and others). I f the extract he
should be carried out both with 48nadnwgst,ed

11



i n order to determine the possible toxicit
al kalinity (Zlimoevae reyto iedes ey eX@Behl)c.i ty i s a
complex | eachate with all i1ts analysed pol
SubstHenicset ertk aamhp , 2023) .

The size and weight of conventonal bui l din
can also be problematc. It is therefore ne
their preparabopout conventonal sampl es. P c
or Il i me, c awnenroyt b édbeeh tsees tteldey i nteract with
preparaton. Sample turbidity and sl ow or
i ssues. It follows from the above that th
or bi oci dal i qriod poépariadsoonl wibllye @roawag:
propertes mayobhl setbeasample col our dcan in
results (e.g., green coatng versus tests

mi cfroofjwhi cmofdirteean mechkahdamdrde t he test org

I n additon bboasaswiyt ht etsetrsr,est ri al organi sn
these cases, partiwast ¢ hies bmii xed ngi matart fad
mi xture i s moistenebdoltdeianpgaE@WH@fqui hedt svat
mi xtur e, usual-8yWHGEGeapgendi hngoodoent 4gahaen s mi t s

| infeec es.siTthees artf ci al reference soil for e
|l egi sl atve testng of constructaeompoedtotns
( OECD, 2016) . 7045 %W)o,n sdlsa ys5%0Z 0 %) apd dp@RaG © dq r

pH adj ust ment to higher values. |l mot he p
components from | eda&cn habet @t savhavieamminl it
tessedstances (Hof man et al ., 2014) . Il n r
abandoned i n scientfc studi e Ganudha nrye)p,| ac
researchers use various | ocal agricultural
use remains i mportant for regul atory pur pc
ecotoxicity testLrgqoudtsampl esmgceatrngt, Db
using the standard approach with a concer
mi xtusebiuef di ng materials or waste, the e
as percentages (e.g., 0 %, 10 %, 50 %) .

I n ecotoxicity tests, or gaamalsImed schredua ndiecbee
substances or metal s. These are chemicals
organisms in known ranges. Di ferent refe
organi s plg70:BH) g-8,) 6Kl orophenol, carbendazi m,
the ecotoxicity of building matthsat iaamlda,r dise f

For LCA gtucdhileoesobPGB8rnemddi Awd &dud et al . ,
2015 It would be worth considering choosi
mat er i al £,0ae¢ n@.,, ancdonc rseutiet abl e nanomater.i

12



As follows from the chapter on | egislaton,
the ecotoxicbuyl @f ngvamaeenrminal rso wand atyhse (Clzaeb
1) The f r es hwhapehn icaaungdt gandaeca f r eDselswreotdeers naulsg «

Ssubspiac &t wosr gani sms for whiscohnteab kaldi mari | d
materials and their wastes are ecological
potental Ipnoldduthaenamsel ease of substances in
occurs in their vicinity and is mainly 8
Therefore, ecouiolxdicng yméateesrtingl ofshou-l d i de
dwel ling organisms (invertebrates, mi cr obi

onl gtuce.

I n some scientfc studies, aut hors have al

surface of standing waters and does not r

For terrestrial oegahys maep dupom git &asist| e, lhaih za&:
et al ., 2022), as wel | aaSi noa phiesn sd)gbpatt 58 u nf a
sat v@an,Al ¢i urfo nd)egdfnac umi s(csauwblserps di um sat v

water)eegset Adli.a,s 2023, Kobet ova et al .,

mi crobi al test s, a test focusing on deh
(Mari akovéaaeht MéwadRYR,2 t 8atshaiovomydcdse ger
are increasingly applied to building mater
(Papaefhimiou et al ., 2004 ; Rodrigues et
et al ., 2023).

4. 2 Ecotoxicityseinemeéeé aton t o |

Generally, ecotoxicity of chemicals deper
buil ding material s, and the propertes of
regi onal conditons) . The mo st i mportant
(organarci/¢)horgoncentratons, reactvity, deog
propertes, solubili@®Rpcha waMaeniz.eagn &Q)leaa c. h at
Chemical s i n building materials make t hei
priimay tvholoautglhirzedtecansi ng VIO€a c(htinrhagn stfheer aior )
or duspth)y,sailacmre@ls hnoaddi ton, the | eachability
the matri x, and the difusion and washabil
mechani sms by which they mk&kgbdarhairetwagl |
Lash2ulaisate et al ., 2012; Galvi Hostseal and2
l sl am, RWZ2&t) .al ., 2025

|l mddi,t oonhe i nher emwh wpirlodiemrg ematodri al s al so
infuence on theirtr ecotoxicity. The pri mar
structur e, poAbbkaspounniid davwgdri mag, 026282k a et
2025 These characteristcs also afect other
parameters and related mechanical propert

13
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https://www.google.com/search?q=leaching&sca_esv=3d359356975f5722&ei=kXezae6bCMPwwPAPoI-jsQg&biw=1536&bih=695&ved=2ahUKEwirtdm665uTAxWxIxAIHc3hAPkQgK4QegQIARAD&uact=5&oq=movement+of+chemicals+in+buidling+materials&gs_lp=Egxnd3Mtd2l6LXNlcnAiK21vdmVtZW50IG9mIGNoZW1pY2FscyBpbiBidWlkbGluZyBtYXRlcmlhbHMyChAhGKABGMMEGApI1WRQkDpYjF1wAXgAkAEBmAGSA6AB9B2qAQk4LjcuMy4zLjG4AQPIAQD4AQGYAgqgAr4OwgIIEAAYsAMY7wXCAgsQABiABBiwAxiiBMICBhAAGA0YHsICCBAAGAUYDRgewgIIEAAYgAQYogTCAgUQABjvBZgDAOIDBRIBMSBAiAYBkAYFkgcJNC4yLjIuMS4xoAenjQGyBwkzLjIuMi4xLjG4B7MOwgcHMC40LjUuMcgHJ4AIAA&sclient=gws-wiz-serp&mstk=AUtExfAdGKkix7qSqYJS_yw-PAZQHD4sGDKTXHzI2z1xWaGnhQPimtERew9vlFV0lm4qJpkPFMB2jZLBDI-kQXkvZxs5uQHhBFYiQ53m7IIMLYZvBXzBv_A8u04hoYSftAIJMhE&csui=3
https://www.google.com/search?q=physical+abrasion&sca_esv=3d359356975f5722&ei=kXezae6bCMPwwPAPoI-jsQg&biw=1536&bih=695&ved=2ahUKEwirtdm665uTAxWxIxAIHc3hAPkQgK4QegQIARAE&uact=5&oq=movement+of+chemicals+in+buidling+materials&gs_lp=Egxnd3Mtd2l6LXNlcnAiK21vdmVtZW50IG9mIGNoZW1pY2FscyBpbiBidWlkbGluZyBtYXRlcmlhbHMyChAhGKABGMMEGApI1WRQkDpYjF1wAXgAkAEBmAGSA6AB9B2qAQk4LjcuMy4zLjG4AQPIAQD4AQGYAgqgAr4OwgIIEAAYsAMY7wXCAgsQABiABBiwAxiiBMICBhAAGA0YHsICCBAAGAUYDRgewgIIEAAYgAQYogTCAgUQABjvBZgDAOIDBRIBMSBAiAYBkAYFkgcJNC4yLjIuMS4xoAenjQGyBwkzLjIuMi4xLjG4B7MOwgcHMC40LjUuMcgHJ4AIAA&sclient=gws-wiz-serp&mstk=AUtExfAdGKkix7qSqYJS_yw-PAZQHD4sGDKTXHzI2z1xWaGnhQPimtERew9vlFV0lm4qJpkPFMB2jZLBDI-kQXkvZxs5uQHhBFYiQ53m7IIMLYZvBXzBv_A8u04hoYSftAIJMhE&csui=3

| arger pores in t haygirreadteruaaoteureen,t omamfl ereod
materials, which accelerates their degrad;
substances into the environmen{fMaamadetaml.
20)1Water penetratng into concrete dissolve
(especially calcium hydroxide), al ong wit |
nounced in acidic environmealkalieng. pHe
crete and increatc6si s§hEtesSeotmedirleicteind&8 js tn
us on modelling these processes in con
taining fy ash (Medved and Cerny, 2015
kovsky et al ., 20T2hde; ntbossts esn gann o clasnlta m,n f
the alkalinity of | eachates from concr
22) . Calcium is the maifntbeser illkwutchirat ¢
urces are calcium silicates in cement al
ually contributes to the alkalinity of t

> 5 O 5 O

cC ONT OO ™0 T
w O Ounw 9 O O O =

published studies to date have | ogical
rel aton RFor ecwamnxlie, t MarR) adtbsausxdedalr a
umi ni um waansdt exaimgldi adsda eihmam escot oxi city (a d
Al and Si corresponded toHoWwWevamarye@sir
earch has yet modegadid tedlod hdiuazehfiupgcenabdé
toxicity, even though these rel atonsh
st@neesgf such sitruwdd stsgatsng etsheemarectfhect of
ultng ecotoikstce it lyu if2z0e2n2gimdnt elddigd sai med t o
efects of | eachate from various concr ¢
Enchytr aeulsubdrfyxt cdunddribfre xc ul us Lveaafciheagtaet b e

small est concrete partcle size (|l ower thar
the |l arger surface area facal st atyegofanhBavek
(2024) , ecot oxMicborlioogidcsad@hiretreap tasn @i b & wor ms

Ei seniwefetparformed for 't hr ebel dsytpraamae f ac
converter) | e.grcaiamhegmme s ihk woNo tVoirdiot y
fscheadi muwsatsarobdecovoedi ngs tloteschoetfo xticewd toggi c a
with dasapbhd sutr ;daegg samples were not ecot ox
samples were found to be entrely compliant
the efect dfe aeclheaamalnlts/ltigggn gr aiLmo weirz g riad ne s9 €
more negatve el ement ufsaPrd Ad aapnhanliydssi saccor di n

- >
S =

- = »u o - 0 Y
> @O < O O ™ —
® w T O u

The microstrucpgmnuoleplodlyey matler iianl how qui ck
| evedlsst ances arteher emadthesrkbidald momt oned char a
such ,gsaiammed di stri buton of pores play an
the material, the easier it iI's for water
rel eas e db uflHko e v & rs, the direct c otruree laantdo n
ecotoxicity ofsubpupiolrdtiendg bnyatveerrival dethasl ed 1
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https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/vibrio-fischeri
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/sinapis-alba
https://www.sciencedirect.com/topics/engineering/blast-furnace
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/blast-furnace
https://www.sciencedirect.com/topics/engineering/leachability

never been publicbhedkea@ivt®@mdieaygai loavmlyteh | 1 t €

excepttawv lywht skl . (2024)

I ti mportant to note that chemicals are n
organi sms. This means that they must be t
cause a tokxkbBoueékcandnKatfzotekbhech2Og2pf me
chemicals occurs from building materials
partally reduced by appropriate anchoring
solidifcaton. This mdi mhyeconter hbabewbnt e
(e. g., Pav.l ik et al., 2024)

The release of chemical substances and r
t hemsel ves. During the biodegradaton of bt

pr odarceareit@ bso ltihtsaad Itwlees sur face of the mater
rel ease of metal se.@gnd &uharHdo wywehk ggall)2 o 2@ 2 4
Occasi onaclallyl,edt heeutsroophi cat on of buil di ng
and Cerny, 2019). This involves theaéenrich
can serve as nutrients for bi odegradat on

together with dust partcles, paint residue
Ehvironment al factors include i ncreased F
temperatur e, Uuv radiaton), wind, frost, al
from the air. Al l of t hese factors pro
bi odegradbuohdohgahangrital $ he ({(BovdImainmg eaf
al .,wkoké;et).al ., 2022

43Ecotoxicity i n LCA

Most Hhmwamaen products today are assleGAs;edsousi
called “from craddleThe gameecapplFi gsreo bu

producton requires extractng material s, t
manufacturing fnal product s, which must t
customer s. Bui | dusnegd man eaad md tsr vacateo m;l sboui | d
over t me, and have a fnite I|ifespan. Dur i
eventually become waste. This waste has,

and reused. During al/|l these stages, t her
environment and subsequent potental ecol
decri be t hese i ndi vidual stages and t h
ecotoxicological testng.
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industry

processing

FigbreLife Cycle Assessment -togr abveei | di n
relaton to ecotoxicity

The ecotoxicity impact category is divide
sedi ment ecotoxicity (Rosenbaum et al . 20
based on experimental data from avsaeisl.abl e
I nformaton on the fate of substances in th
However, for many building materials and
l acking or i ndguwfrcioetnhte,r ocrh ewd Icuadbss e guentuls e
infuence the results (Haye et al ., 2007; L

43. 1 Mining

Material s used for the constructon I ndus
environment s. These i nclude sand, gravel
sandstone, gypsum, et c. Their chemical cCo
potentabdnpelinon diferent amounts and combir
i's not constant, they are not <classifed ac
Dust can also be an ecological burden dur
areas meaing sites. From an ecotoxicologi

received al most no atenton.

The issue of ecod oixlied t yvitregitmgr aw mat er
addressed in the study by Rodrigu-esal Eedal
virgin mat etroixailcs aanrde unmnocnl assi fed (Rodrigu
suggested mi ni mi zing | aboratory testng a |l
ecotoxicological characterisaton of wvirgin
characterisatohhefsédend espcatdeg retsoInlf g fmealz ar

16



met dlos the ecosyséekbeamasadebynai(awyaomchporednt
202Bhere is currently no obligaton in Cz
materi al s.

43. 2 Transport, producton of materi al
The transport and producton of building m
environment from accidents that may ari Se
emi ssions/imissions from exhaust gases, e
accidents occurring during producton. Pote
hydrocar bons, sul phux dkede$prejtsbgdnegsa
Il ssue in direct connencot @xjwietxic e p tu dfidersn.d Cw
Packaging of buil ding products i s mai nl vy
materials, which are ofen made of paper or
partcles into the environment, as demons
bi sphenol A,napwl/ymepsr,t alnes (e. g. , Birtl ey
et al ., 2007; Et énne et al., 2017; Bathi €
A specifc issue in the producton-bpsedess
materials, plastcs, and metals. More than
scientfcshgat abas@damda 2é8dt25Aa0dhesPO0R88)of nat
origin, such as glue are not toxic (e.g.
adhesives based on epoxi des, acryl ates, a
toxicity depending on tHheinr e¢h@hsyakd2emp
al . ,).20204 addi ton, the environmental fate
what they break down immatyo iinnt enraatcutr ewi tahn dot
substances in the environment over the | or

43. 3 Own buil ding material s

Conventonal building matbemi aésalsuphasatseibs i
do not pose a high environment al risk if
t hem. Similarly to virgin material s, t her
ecotoxicity. The main | dssuéd sastshoec ieddadevda tveidt
their | eachates, as has already been demo
Maryakova et al., 20211la, b). During rainfal
pose a potent al ri skimiadgr d bainalf |d nsd flractal cca
surrounding areas (peat bogs, certain pas
(Backor et al., 2017

Various components of building material s ¢
silica dust, wpar sotbep briggt gelr @ call osg 1 ncaayl risk. H
ecotoxicibgtwmagndt herindividual materi al s

17



a part of le¢oncr dtheer ef or e andovti soanld g catrs@ na Is w
of bui |l dibnugt nagbtaeoraitsaell sy

Wood may al so pose a certain environment al

and their mixtures may be release from it,
These are natural chemicals thabhstrpestmmebd
mechanical damage. When released into wate
l i ving 8angaeys mBabbleopoé2z0 2e0t; al ., 2021) .

43. 4 Constructon process and wuse

During constructon, dust may be generated
Anot her i ssue may be the applicaton of v
components, installaton of new fooring anc
the main risk is the release of gaseous s
potent al ri sks to workers i nvoilnwhahistnaot he
the buildings.

From the perspectve of ecotoxicity, this
studi es, because model organisms do not [
standardi zed procedures for testng gaseou
dicful ty of wvalid sampling of emited substa
on the principle that an organism i s expoc
sample, &@adl edemagi mum exposure risk is e
substances, however, part of the monitor et
where the model organism is not present.

43. 5 Demoliton, wastes, recycling

At the end of their arwheteyclSechbwialkdiengva
di sposed of in landfl | s, but t qRIPAWRot. her e
40/ 20260o0nstructon waste materials are wusu
recycled materi al can then be reused for
backf || mater i al

Constructon waste materi al may pose the g
i1l egally dumped in a | andfll or in nature
as various coatngs, varni shes aalds paguatsr
window frames, asbestos, asphalt, tar, etc
metals (Cu, Zn, Pb, Cr, cd, . ..) and orga
POPs, f or maN adnechnyadtee rn ocatl hse ra rgertoaunpt ad fl yp haz al
substances in waste. These have been widel
years, primarily as photoactve and bioci da
nanomaterials include oxmdesinlpaerrcches. t Ta
advantageous propertes, such as small S z

18



environment al i ssues, as t-hawygertayorad anmi smm
humans (Bathi et al., 2022; Watanabe et al

44Bi oci des

Every buil di ng mactyecrli@ur ihnags iat sl iursiet,e di tl idre
releases partcles into thecyenvearoinonesntc h el
agents -preotexsed e coatngs against weather.i
bi oci des.

According to current internatonal l egi sl at
any substance or mixture containing one or
destroy, repel, neutralize, prevemwtr gtame sans
by chemical or bi ol ogi cal means. These a
agricultural commodites but rather buil dir
Basic groups suitable for protecton in the
1Disinfectants: Preparatons for surfaces o
2. Preservatves: Protecton of wood or coat
3. Pest control agent s: insectcides (agai.l
(against algae and cyanobacteria), bacteri

4 Ant fouling biocides

Previous biocidal products ofen contain co
such as chloopgeetbmpodesdsMost of these s
Nowadays, therefore, substances of natur a
that could replace dangerous synthetc subs
as cafeine, rpiropsol pbamtnde syxsaent al oi |l s ar
( KwasnbBewslka al ., 2018; Ratajczak 0Qt; al .,
Kobetovéad et al., 2021; Komar et al , 2025
compositon of the fnal mi xtur e. However,
from them also need to be tested cfarnonbean
potentally placed on the market|, so- that
target organisms. The desired biocidal efe
(Oliveira et al ., 2017)
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5Sel ected papers

Thi s chapter presents a comprehensi ve C C
i nformaton on the ecotoxicology of bui |l di
practcal perspectwieaw Thel It @wad e bograilelnyt e d

artcles that di scuss the assessment o f e (
mi xtures, and wastes for the producton of
buil ding materials. These fStrueas eexrod®m@ancs ttn
ofouil ding materials for the assessment 0
receiving increasing atenton today.
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5.Elcotoxicology of building mate
recent studies
Kl ara Kob®Bbbeva Cerny, Journal oH08leaner

The artcle is a summary of previously pub
materi al s. It addresses the possibilites
tool for studying ecotoxicity, tasxiwedl oa@isc
approaches at the both the practcal and t
publi shed works is LCA, i n which ecotoxic
However, data for these assessmarktesy dme mc
studies focusing on substances other than
artcl e. Studies based own data obtained
di scussed here was pubmamfteckeri st2dlés Ba
published that mainly experimentally addr
concrete materials contacwyntengdfwacatsshl emigest or
waste glass powder and they also fddmesse
buil di ngormada esti ady ©Oheiconatmdsngs are di sc)|
chapters of the habilitaton thesis.
Suggestons for i mproving practaeafdblui pdiobd e

material s:and waste

1. |l dent fcaton of rel evant model organi s m:
various types of building materials

2. Adj ust ment of ecotoxicological tests t

temperatur e, l ightng) to which building m
i ncluding changes induced by environment al
3 Createpre$entatve database of ecotoxico

4 . Efect of materials ageing on ecotoxicit

Aut hor’s contributon to the artcle: writng
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organisms, including humans. The emmisions from buildings into the environment can negatively affect
both human health and ecosystems quality. An appropriate assessment of these processes and identi-

cation of produced emissions becomes so a necessity for a responsible protection of both people and
nature. In this paper, an overview of recent studies on the ecotoxicity of building materials is presented
which includes all major phases of their life cycle. Based on the literature review and the critical

:E)ill\z?;g;aterials assessment of current methodologies, the ecotoxicology of building materials can be characterized as an
Environment underestimated topic of research at present. The development of appropriate models for the evaluation
Ecotoxicity of ecotoxicity of building materials and their emissions in the life cycle assessment studies, creation of a
Life cycle assessment representative database of ecotoxicological data of building materials, and design of innovative meth-

odologies taking into account the complex character of building materials belong to the most signi cant
challenges of this research eld.
© 2017 Elsevier Ltd. All rights reserved.
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1. Building materials and environment biological deteriorating effects of the environment. The assessment
of material deterioration level is of critical importance for both
Building materials can be affected by physical, chemical and building structures and their surfaces. Possible failure of a structure

may have fatal consequences including the highest cost ever, the

human lives. Surface layers, on the other hand, present an aesthetic
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critical point because if the adhesion of both layers is compromised,
whole parts of surface layer can be detached.

Degradation of surface layers occurs due to the combined in-

uence of rain, wind, sunlight, biological agents, and atmospheric
pollutants (Sehizadeh and Ge, 2016). This process is generally set in
motion by rainwater and its ow down the facade (runoff) that
results either in washing or deposition of dirt over its surface (Chew
and Tan, 2003). The combined action of wind and rain (wind-driven
rain or driving rain) can not only change the direction of fall of
raindrops so that they impinge on the surfaces of the wall (Lee et al.,
2016), but also alter the pattern of runoff ow on the facade
(Baheru et al., 2014). Water brings along dirt and pollutant particles
that are retained on or adhere to the facade material, parapets, or
ledges (Chew and Tan, 2003). Particle adhesion can either be of
mechanical type, in which particles lock into the pore structure of
the surface of the wall, or be caused by material-speci ¢ adhesion
that relies on the forces of attraction between the surfaces in
contact (Costa et al., 2014). The surface layer can be affected by
coarse particles, such as grit, ash, or dust, which can invoke abrasive
action. Soot or black smoke resulting from imperfect combustion,
often with a strong adhesive quality due to the tarry hydrocarbons,
is another dangerous element. Gaseous pollutants, of which sulfur
dioxide is the most active, can act dissolved in rainwater. The
resulting action on the facade is then in a form of acidic rain which
may have serious effects on stone and cementitious materials if
transported through the surface layer (Norvaisiene et al., 2010).
Absorbed water into porous materials may carry along dissolved
hygroscopic salts that attack the components of cementitious ma-
terials (by carbonation, chloride, or sulfate attack) or breakdown
their physical properties (Tuna et al., 2014). After water evaporation
dirt particles, which were not washed off, are manifested as stains
affecting the face of the building unevenly or as ef orescence. The
drying process is directly affected by the intensity and duration of
sunlight. Lack of sunlight may result in a facade having a slower
drying process after it has been wetted, leaving it damp for longer
periods and therefore promoting biological staining due to bacteria,
algae, fungi, lichens, mosses, plants, and trees (Cheng et al., 2014).
Finally, surface deterioration may occur due to direct exposure to
sunlight, either due to UV effects (that alter and deteriorate
external paints and coatings) or by cracking (on account of thermal
variations) as pointed out by Hassan et al. (2010).

On the other hand, building materials have an indisputable ef-
fect on the environment. The global construction industry con-
sumes more raw materials (about 3000 Mt/year) than any other
economic activity (Pacecho-Torgal and Labrincha, 2013). Produc-
tion and processing of most building materials is very demanding
from an environmental point of view. Raw materials for the pro-
duction of building materials must be mined, transported, and
processed. The manufactured building materials are then stored,
transported to a construction site, used in a structure, and then
demolished.

The energy consumption and carbon dioxide generation related
to the production of building materials belong to the parameters
most frequently used for their environmental assessment. For
instance, the combustion of fossil fuels consumed at Portland
cement production makes it a material with high energy demands.
In addition, the amount of carbon dioxide released due to fuel
combustion and limestone decomposition is high as well, varying
with the location from 0.68 to 1.03 t of CO, per tonne of Portland
cement (Xu et al., 2014). Cement production is thus responsible for
approximately 5% of the global human-made carbon dioxide
(Uwasu et al., 2014). However, for some building materials the
subsequent phases of the life cycle may be even more demanding to
the environment than manufacturing. In particular, new materials
such as advanced plastics, coatings, biocides, or secondary raw

materials may present quite a challenge in that respect. For
instance, bre reinforced polymers (FRP) are considered hot
structural materials but chlorine as one of the primary resources of
FRP is associated with the production of dioxins and furans that are
extremely toxic and biocumulative (Pacecho-Torgal and Labrincha,
2013).

Another potential problem presents a premature degradation of
building materials and the related waste generation. If the waste is
handled improperly, harmful substances from land lls can be
released into soils and surface- or groundwaters. Some accidents as,
e.g., res, earthquakes, volcanic activities, or oods can lead to
building destruction and emission of substances or dust released
from damaged structures. The surroundings can thus receive un-
wanted heavy metals, halogenated compounds, and other persis-
tent organic pollutants, such as brominated ame retardants,
phthalates, or dioxins.

Aparently, the mutual interactions of building materials and
environment take place during the whole life cycle of most mate-
rials, having mostly negative consequences. Various substances
released in the particular phases can be transported, accumulated,
degraded, and also uptaken by living organisms, including humans.
Therefore, knowing the processes taking place during the whole life
cycle of building materials and identifying the produced emissions
becomes a necessity for protecting both people and nature in a
responsible way. Ecotoxicological analyses belong to the effective
tools in that respect.

2. Ecotoxicology and its role in the assessment of building
materials

Ecotoxicology is a modern multidisciplinary eld of research
focusing on anthropogenic and environmental impacts on aquatic
and terrestrial ecosystems (microorganisms, plants, invertebrates,
vertebrates). A variety of factors, such as mortality, reproduction,
growth, behavior, health, or metabolism, is analyzed in a wide
range from sub-cellular to ecosystem level. Most assays are stan-
dardized by international organizations (OECD, 1SO, ASTM, DIN),
the experiments are performed under controlled conditions and
the results are evaluated by appropriate statistical methods. Many
ecotoxicological tests are included now in the European law system
and, through the European Chemicals Agency (ECHA), in the
legislation of individual member states. Ecotoxicology also be-
comes a subject taught in universities and pursued by various
research institutions in an increasing extent.

The results of ecotoxicological analyses are commonly
expressed in the form of ecotoxicological indexes which can be
used for ecological risk assessment of different environments, such
as soils, freshwaters, sediments, or oceans (Perrodin et al., 2011).
LOEC (lowest observed effect concentration), EC5g (effective con-
centration causing 50% effect in a comparison to control), and LCsg
(lethal concentration causing 50% effect in a comparison to control)
can be listed as the most typical representatives in that respect. The
values of the mentioned indexes are important for a decision,
whether the studied sample is dangerous for the environment and
if so, in which category of dangerous substances it is listed. Based on
the ecotoxicological information and the knowledge of physico-
chemical properties of analyzed compounds, old ecological bur-
dens can be evaluated and potential future risks can be predicted.

The production and use of chemical substances, and their po-
tential impacts on both human health and the environment in the
European Union (EU) is subjected to the REACH (Registration,
Evaluation, Authorisation and Restriction of Chemicals) regulation
dated 18 December 2006 (Regulation No 1907/2006). A detailed
information on various substances can be found in the electronic
materials issued by ECHA on its of cial web pages. The data related
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to water and terrestrial environments are based on the evaluation
of toxicity for different trophic level organisms (microbes, algae,
plants, sh, invertebrates, birds). Some of the data were obtained
experimentally, some by modeling using quantitative structur-
eeactivity relationship (QSAR) models or other calculations
(Regulation No 758/2013). The toxicity indices of pure chemical
substances and their mixtures can also be found in various eco-
toxicological databases, e.g., EPA, or ECOTOX. The overall data
quality can be evaluated according to the scale of Klimish score
(Klimish et al., 1997).

The assessment of building materials is incorporated into the
REACH legislation in a form of substances and their mixtures which
are used for their production, in general. A separate legal paper
focused just on building/construction products under ECHA was
also introduced (Regulation No 305, 2011). Besides the more
common aspects, such as safety, stability, or mechanical resistance,
this regulation addresses also the emissions from building mate-
rials. A crucial factor in that respect presents the information on
hazardous substances (Pacecho-Torgal et al., 2012) which should
take into account the horizontal legal framework for the marketing
of products in the internal market. Member States have introduced
provisions, including requirements related not only to the safety of
buildings and other construction works but also to health, dura-
bility, energy economy, protection of the environment, economic
factors, and other important aspects in the public interest. One of
the aims is to optimize procedures for assessing building materials
properties and to promote the use of environmental friendly ma-
terials, which can be recycled, and products with environmental
product declaration.

The current trends in the life cycle assessment (LCA) of building
materials certainly aim at reducing their environmental impacts,
which is partially re ected also on the legislation level. However, in
building materials engineering the main priority is still given
mostly to the development of new, interesting materials, which
have the best possible functional properties. This was documented,
e.g., by the quantitative analysis of the publication patterns in the

eld of construction materials carried out by Pacecho-Torgal and
Labrincha (2013). Other phases of the life cycle of designed mate-
rials are treated in a similar way; the technical and economical
aspects mostly prevail while the impact of materials on the health
of humans and other organisms may be underestimated. Ecotox-
icity is considered mostly as an additional-impact LCA category
(e.g., in the Eco-Indicator 99, Impact, 2002 , or ReCiPe methodol-
ogies), if ever it is assessed.

3. Ecotoxicity of building materials: overview of recent
studies

3.1 Selection of literature for review

Ecotoxicological studies related to either standard or new
building materials were not very frequently published in common
literature sources, in the past. Therefore, the time factor is not so
signi cantin this case as for most other reviews. Nevertheless, even
if a strict decision on the time scale is not necessary, the most
recent studies will be preferred.

The literature for review will be organized according to the
particular phases of the life cycle of building materials. At rst,
references to the ecotoxicological aspects of the material produc-
tion process as a whole will be analyzed, including mining or
quarrying of raw materials. Then, ecotoxicological studies related to
materials in building structures and to the material damage and
building waste generation will be surveyed. The nal part of the
overview of ecotoxicological references will be devoted to the
possible mitigation of ecotoxicological risks by means of waste

recycling. Based on the results of the literature review, the current
methodology used for ecotoxicological tests of building materials
will be subjected to a critical assessment and challenges for further
research will be summarized.

3.2. Material production process

Mining or quarrying of raw materials necessary for building
materials production, such as limestone, silica, or basalt, is a com-
plex process involving material extraction, transport and basic
treatment. The process itself was subjected to the ecotoxicological
research only rarely, although it is a well known fact that gas and
dust emissions can be introduced into soil and water during all its
phases. Stone quarrying is also often conducted using various
explosive materials and their residues can remain in the quarry.
However, both explosives and their remainders have negative ef-
fects on soil fauna as nematodes and enchytraeids, as it was re-
ported by Kuperman et al. (2014). In general terms, both mining
and quarrying can be considered as ecotoxicological risks, besides
the other well known negative effects they can have on the envi-
ronment, such as the loss of land, destruction of vegetation cover,
damage to agriculture, forestry, or water management.

A basic information on the physical-chemical properties and
toxicity of various raw materials, minerals and building binders and

llers is available in the ECHA database. The data on the identi -
cation number, number of registrants, registration type, total
tonnage band per annum and substance dossier are given for each
item. The ecotoxicological information and environmental fate and
pathways are included in the registrant dossier. The individual
items provide various ecotoxicological informations but data on
terrestrial organisms are often not included with the explanation
that “study is scienti cally not necessary”. These conclusions are
based frequently on the assumption that terrestrial organisms are
not in a direct contact with these materials during their use.
However, such strict statements may be misleading or at least too
simplistic in some cases because they imply that these materials
cannot be signi cantly affected by the environment and cannot
release any harmful emissions. Nevertheless, even the incomplete
data found in this database can be used for some ecological risk
assessments and also for some life cycle assessments, though often
after a necessary recalculation and/or veri cation. The ecotoxico-
logical indexes (LOEC, ECsg, LCsp) related to some building materials
and their individual components can also be found in ECHA or,
alternatively, in the U.S. toxicological database called TOXNET.

The research studies on the ecotoxicological aspects of
manufacturing of building materials were focused most frequently
on cement, concrete and ceramics. Souza de et al. (2015) compared
the life cycle environmental impacts of ceramic versus concrete
roof tiles with the same function over a 1 m? roof area and iden-
ti ed potential improvements for the ceramic products. The ring
and transportation steps were found the main contributors to the
impacts on the ecosystem quality, due to metal emissions during
wood combustion and tire abrasion, but there was no difference in
the impact on soils. In another study, Souza de et al. (2016) pre-
sented a comparison of the life cycle of ceramic brick, concrete
brick and reinforced concrete containing steel and the additives
consisting of melamine-formaldehyde resin (29% formaldehyde
and 71% melamine). Also in this case, there was no signi cant dif-
ference for the impact categories of human toxicity and ecotoxicity.
The ecosystem quality was affected mostly during the concrete
brick production, as a result of aluminum and zinc release from the
drilling wastes resulting from the construction of crude oil wells
(required to extract crude oil for the diesel used in the production
process). The ceramic bricks appeared as the most environmental
friendly among the investigated materials but the authors admitted
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that the model they used for metal ecotoxicity assessment was not
very reliable. Ruan and Unluer (2016) compared the life cycle
environmental impacts of Portland cement (PC) and reactive
magnesia (MgO) cement. They found that MgO had a lower impact
on the overall ecosystem quality and resources than PC but posed a
larger damage to human health due to the high coal usage by most
production plants.

Among the few studies dealing with ecotoxicology of other
materials than cement, concrete, or ceramics, Christoforou et al.
(2016) focused on the production of adobe bricks. They examined
on-site production with locally available soil and transported straw
or sawdust, on-site production with transported soil/straw or
sawdust, and in-factory production. The results of life cycle
assessment showed that minimization of the transport of raw
materials and utilization of locally available resources can signi -
cantly decrease the environmental impacts of an adobe production
system, mainly due to lower emissions from soil transport and
lower amounts of consumed material and water.

3.3. Materials in building structures

Ecotoxicity studies of building materials “in situ”, i.e., in the
construction phase or during their service in building structures
were very rare to date. They dealt mostly with the effects of
maintenance works. Petersen et al. (2016) focused on the ecotox-
icity of waters used for washing of road tunnels and studied their
in uence on sh hepatocytes and algal biomass. The results
showed a reduced algal biomass and induced cytotoxicity due to
the presence of polycyclic aromatic hydrocarbons (PAHs). Some Cl-
and N-substituted PAHs were shown to induce dioxin-like effects at
very low concentrations. Several N-PAHs were also detected in the
coarse grained material from the tunnel wash, highlighting the
need for further assessment of substituted PAHs as potentially
important traf c¢ related contaminants. Several other studies
addressed the ecotoxicological consequences of winter mainte-
nance of roads by salting (e.g., Clement et al., 2010); most of them
revealed negative effects on studied organisms.

On the other hand, a considerable attention has been paid to the
ecotoxicity of substances used for the protection of surfaces of
building materials against biodegradation. The driving force of this
research was probably the bad experience with chlorinated bio-
cides, such as dichlorodiphenyltrichloroethane (DDT) or penta-
chlorophenol (PCP), which were used for that purpose in the last
century and had to be banned step by step because of high eco-
toxicological risks. PCP was used until recently (the ban is dated
May 2015) although its negative effects on the environment were
known for many years. PCP must not be manufactured, imported
and applied. For instance, Simonsen et al. (2008) reported leaching
of PCP into rainwater falling on treated wood over aquatic envi-
ronments, such as bridges.

Among the biocides containing nanoparticles, which were re-
ported to have a good antimicrobial activity on the exterior sur-
faces, the ecotoxicity of substances with nanosilver (Ogar et al.,
2015), carbon nanotubes (Eckelman et al.,, 2012), and nano-TiO»
(Salieri et al,, 2015) belonged to the most frequently studied.
Nanoparticles were also recommended for the application in in-
door areas as antifungals or for the protection of monuments
(Rihova-Ambrozova et al., 2014). Nevertheless, it should be noted
that a suf cient quantity of long-term studies is for nanoparticle-
based biocides not available yet. Therefore, at the current state of
research it is not possible to exclude completely their possible
negative impacts on the environment.

Phthalocyanine coatings present another type of biocides with a
good potential for the application on surfaces of building materials.
Phthalocyanines are blue dyes that have the ability to generate

reactive oxygen species inducing oxidative stress and cell death,
thus liguidating microorganisms. Controversally, the ecotoxicity of
phthalocyanines was described for Lemna minor in tens of milli-
grams (Jancula and Marsalek, 2012). On the other hand, no hazard
has been classi ed for some mixtures containing phthalocyanine in
the ECHA database.

Biological biocides based on using, e.g., speci ¢ enzymes or
parasites (Rihova-Ambrozova et al., 2014) present yet another
alternative solution. As they occur naturally in the environment,
they cannot be considered ecotoxic. The application of 16 biocides
of this type as third-generation antifouling paints was reported
successful for fungi and bacterial bio Ims on wood products (Castro
et al., 2010).

Generally, new biocides used for the protection of surfaces of
building materials should be non-persistent, non-bioaccumulative
and non-toxic to non-target organisms. However, it should be
noted that the residues of some biocides can be more toxic than
parental compounds and it is not exactly known yet how some of
them behave in mixtures with other chemicals.

3.4. Material damage and building waste generation

Some building materials damaged during their service life by
physical, chemical and biological effects mentioned in Section 1 can
present ecotoxicological risks. The research community did not pay
though much attention to this topic to date. One of the few ex-
ceptions in that respect was zinc used, e.g., for roo ng materials
which may be air-corroded and thus get into the environment
along with the rain. Heijerick et al. (2002) tested rainwaters con-
taining 95% of Zn?> and observed ecotoxicity towards a freshwater
alga species.

Building waste alone was not yet a subject of scienti ¢ ecotox-
icological studies although it is well known that for example some
components of construction and demolition waste, such as prod-
ucts containing asbestos, lead, or polychlorinated biphenyls (PCB),
can present a considerable ecotoxicological risk. On the other hand,
ecotoxicity of waste in general was studied more frequently and
legislation guidelines were issued in some European countries.
Selecting the most appropriate ecotoxicological bioassays to
determine the ecotoxicity of eluate and solid waste was the subject
of an international ring test attended by many EU member states
(Moser and Rombke, 2009). The representatives of aquatic and soil
organisms were included into this test battery and some con-
struction wastes were among the investigated materials. Koci et al.
(2010) recommended an alternative battery of phytotoxicity tests
for waste ecotoxicity evaluation which included both aquatic tests
of waste (with the algae D. subspicatus along with the aquatic plant
L. minor) and tests of the terrestrial solid samples (with the dicot-
yledonous L. sativa and the monocotyledonous H. vulgare). This
battery of bioassays was according to the authors suf ciently sen-
sitive, representing a majority of types of aquatic and terrestrial
plants.

3.5. Mitigation of ecotoxicological risks

Some building materials can serve for the mitigation of eco-
toxicological risks by xing substances potentially harmful to the
environment in their internal structure. Cement composites belong
to the materials most frequently mentioned in that respect. Their
capability to incorporate waste materials either in the form of
latent hydraulic substances participating in the hydration process
or simply as llers or aggregates surrounded by the hydration
products makes possible to manage many wastes as resources.
Ceramics present another viable alternative for waste reuse, in a
form of its addition to basic raw materials in the burning process.
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The positive environmental impacts of waste recycling in
building materials are often understood in terms of the most
common LCA categories, such as reducing energy consumption or
carbon dioxide emission (Pavlik et al., 2016). Some other studies
employ more advanced environmental impact assessment
methods but neglect ecotoxicological aspects of waste reuse (Serres
et al., 2016). Even research groups utilizing complex and sophisti-
cated LCA tools for waste assessment express the ecotoxicological
effects in rather simpli ed forms (e.g., Saade et al., 2015 for sec-
ondary raw materials in concrete).

Scienti ¢ papers analyzing the ecotoxicological aspects of waste
application in building materials in more details were published
relatively sparsely. Heede Van den and Belie De (2012) in their
analysis of environmental impact of concretes containing industrial
byproducts included ecotoxicity in the form of percentage of all
organism species present in the environment living under toxic
stress. They denoted this impact category as potentially affected
fraction (PAF) and linked it with the effect of pesticides and heavy
metals but did not discuss any speci ¢ data related to this category.
Gallagher et al. (2013) investigated the reduction of environmental
impacts of concrete or colloidal silica for radioactive waste storage.
The production process, transport to site and application in situ had
a similar ecotoxicological potential for both compared materials.
Navia et al. (2006) studied the ecotoxicological aspects of recycling
volcanic soil used to remove metals from wastewaters. Ecotoxicity
was evaluated on the basis of heavy metals leaching. The reuse of
spent soil in cement production as milled-limestone- or clay sub-
stitute was found to lead to a reduction of all environmental im-
pacts, the ecotoxicity in particular, which was mainly due to the
avoided land Iling emissions of the volcanic soil.

Coz et al. (2009) analyzed the effect of different stabilisation/
solidi cation technologies on the reduction of ecotoxicity of
foundry sludge from gas wet cleaning treatment which is consid-
ered as hazardous waste. They used various mixtures of cement or
lime with different additives, such as foundry sand, silica fume,
sodium silicate, silicic acid, activated carbon, and black carbon.
Ecotoxicity results were compared with the limiting value of
ECs0 ... 3000 mg/l given by the Spanish regulation. The lowest
ecotoxicity was obtained with activated carbon, black carbon and
sodium silicate. On the other hand, ecotoxic products were ob-
tained in the samples with lime and silica fume when a high
quantity of silica fume was used. Bories et al. (2016) studied eco-
toxicity of red porous bricks containing various chemicals (glyc-
erolcarbonate, dimethyl carbonate) or bio-ingredients (wheat
straw or olive stone our). The best results were observed for
lighter, better insulating bio-bricks.

4. Methodology for ecotoxicological investigations of
building materials: a critical assessment

Current methodologies for the assessment of ecotoxicity were
developed originally for testing pure, water-soluble organic sub-
stances which also affected the choice of the battery of ecotoxicity
tests for legislative purposes. Most building materials are though
insoluble in water and often contain not only several different basic
substances but also a number of not exactly de ned impurities,
which raises some important questions:

Are the commonly used procedures and the common model
organisms suitable for testing the ecotoxicological effects of
building materials in all phases of their life cycle?

Is it possible to modify effectively the existing methodologies by,
e.g., adjusting the time scale or changing selected parameters of
the test, or is it necessary to develop quite new methods?

4.1. Current methods and their suitability for testing building
materials

Ecotoxicity of building materials is, apparently, associated with
the release of unwanted emissions into the environment. The
problem is how to correctly assess it during different phases of their
service life. The rst step is always the collection and testing of
manufactured materials or their samples taken from buildings
which may be damaged or contaminated by environmental effects.
Results of completed ecotoxicologal tests are to be evaluated and
appropriate conclusions are supposed to be drawn, which is not
always easy. Based on these conclusions, a decision has to be made
if a material should be further or newly manufactured and used
(prospective risk analyses), or remediation and corrective measures
are to be proposed to reduce risks from already contaminated
sections (retrospective risk analyses).

Already storage and pretreatment of samples for subsequent
testing can cause problems. The dif culties can arise, e.g., due to the
presence of organisms, such as molds, fungi and various bacteria,
and possibly also the time of storage. Biological agents may addi-
tionally damage the material samples both chemically and me-
chanically. They can produce various biologically active substances
(e.g., alkaloids or mycotoxins), which then interact with the present
chemicals or can be toxic themselves.

Samples for ecotoxicological analyses must be sieved for ho-
mogeneity; usually only particles in a range of 0.45e5 mm are used
in the tests. However, if, for example, crushed brick is used in the
assay with earthworms, one can anticipate that the bioavailability
of contaminants that were originally inside and also on the surface
will be increased. The bioavailability is though a crucial factor for
the toxicity evaluation. What is not bioavailable, is not toxic, as it
was demonstrated in previous studies with organic materials
(Vickova and Hofman, 2012), rare earth elements (Merschel and
Bau, 2015), or metals (Awrahman et al., 2016). The bioavailability
can also be changed if samples are sterilized or dried. Unfortu-
nately, there are only few studies dealing with this problem and
suggesting corrections in that respect. For instance, Fierer et al.
(2003) analyzed the effect of drying-rewetting frequency, Lee
et al. (2007) studied the cold storage and pretreatment incuba-
tion in uence, and Cernohlavkova et al. (2009) investigated the
effects of sampling, handling and storage.

Each organism species can be differently sensitive to various
pollutants. Their sensitivity depends on their age, gender, health
conditions, surrounding environment, and on the mechanism of
action (e.g., Schlekat et al., 2016). Some substances can cause nar-
cosis of model organisms. It results in a destruction of membranes
and their functions, which can eventually cause death of the or-
ganism. The effect occurs after exceeding a certain limiting amount
in the body. For other substances the effect may though be inde-
pendent of their concentration. Building materials in situ can also
undergo various transformations over time, which cannot be tested
in detail because the used model organisms often need optimal
temperature and humidity and have speci c requirements for food
and water.

There was not published yet any study that evaluated the eco-
toxicity of a particular building material throughout the entire life
cycle. Logically, testing, e.g., the release of chemicals from a
particular concrete panel to be embedded in a concrete building
during construction and after the next fty years is not feasible.
However, the contamination during aging affects the ecotoxicity, as
it was demonstrated for silver (Cupi et al, 2015), copper
(Christiansen et al., 2015), or cadmium (Owsianiak et al., 2015).
Therefore, it would be appropriate to test the ecotoxicity of building
materials subjected to at least arti cial aging in speci c laboratory
conditions.
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About 30 ecotoxicological methods were designed to study the
ecotoxicity of materials under the EU regulation (Regulation No
1272/2008, 2008). Since building materials are mostly complex,
poorly water soluble substances, they should be tested as water
accommodated fractions (WAFs), i.e, the test substances are
equilibrated with water at each loading rate and the water phase is
tested for toxicity. The endpoint is termed L(E)Lsg (lethal/effective
loading), in order to distinguish it from L(E)Csq (Girling et al., 1992).
The L(E)Lso procedure has been described in detail in a Concawe
report (Concawe, 1992) and in the OECD guidance document on
aguatic toxicity testing of dif cult substances and mixtures (OECD
No 23, 2000).

The ecotoxicity testing of building materials using the
mentioned general rules may though face some dif culties. Already
the pH of the leachate used for the assessment of effects on water
environment may not correspond to the requirement of slightly
acidic to slightly alkaline pH which is needed for the application of
most model organisms. The acidity of the samples must then often
be adjusted. Therefore, for building materials it is advisable to test
both treated and untreated samples, in accordance with the general
guidance formulated in OECD No 23 (2000). Another problem may
consist in the opacity of test samples which prevents the pene-
tration of light and oxygen to water (necessary to plants or algae)
and has thus a negative impact on photosynthesis of autotrophic
organisms and their growth. The opacity can also prevent direct
control of test organisms (shell sh, sh, or annelids). A possible
solution can be seen in adjusting the test conditions, e.g., using
more intensive lighting, or modifying the WAFs. Yet another dif -
culty may arise with testing metallic building materials because
most of the cultivation media include some metals as their natural
micro/macrocomponents. It is known that some metals or other
substances can be chelated which leads to unsuitable life envi-
ronment for model organisms in the ongoing bio-tests; the or-
ganisms do not have enough nutrients. Therefore, cultivated and
test media with different composition of minerals and vitamins
have be used in this case, otherwise the exposed organisms would
not grow and replicate (OECD No 201, 2011).

The impurities in building materials can present another un-
certainty in their ecotoxicological testing. Lillicrap et al. (2014)
discussed the possibility of in uencing the values of ecotoxicity
obtained by commonly recommended protocols (GHS, 2011) for
water-insoluble or sparingly soluble inorganic substances, such as
silica fume. They may not be directly toxic to aquatic organisms but
if they contain impurities in high concentrations, their ecotoxicity
can be changed. This problem is often solved using a trans-
formation/dissolution (T/D) test to determine the quantities of
elemental impurities which will consequently be in the solution.
Lillicrap et al. (2014) found the ecotoxicological characteristics of
silica fume in the literature sources and databases and compared
them with both the results from the T/D test and their own
experimental results of acute and chronic tests on aquatic organ-
isms performed in the laboratory. They concluded that using the
data from common databases alone may result in a false hazard
classi cation of silica fume. One can anticipate that such discrep-
ancies can be found also for other building materials containing
impurities.

Ecotoxicological assessments of building materials carried out
within the framework of complex LCA analyses were not only
relatively rare in the past, they were also often rather simpli ed and
sometimes not quite reliable, as it was discussed in Section 3. At all
stages of the life cycle of building materials problems with the
methodology were found, together with the lack of detailed
studies, making possible a thorough evaluation of ecotoxicological
aspects.

Probably the most disputable issue in any LCA is determination

of characterization factors (CF) involved in the life cycle impact
assessment (see, e.g., the comprehensive analysis by Hauschild
et al,, 2013). The calculation of CF is based on a reference sub-
stance; in ecotoxicology it is often 1,4-dichlorobenzene (organic
and persistent biocide). CF can be either obtained from various
databases (see, e.g, the recommendations in Bueno et al., 2016) or
determined experimentally (e.g., Salieri et al., 2015). However, not
always the applied CF values can describe well the studied problem
which may inadvertently lead to biased results. The reasons can be
found, basically, two: rst, there are still very few relevant models
for a credible evaluation of the fate of chemicals in the environ-
ment, second, the number of chemical substances used in industrial
production is so high that even the most recommended charac-
terization models are often insuf cient to ensure a satisfactory
coverage (Hauschild et al., 2013).

For building materials, the lack of appropriate models is prob-
ably the largest black-box in the LCA ecotoxicology context. Here is
an almost open eld for future work, both on scienti ¢ and com-
mercial level. The shortage of all types of ecotoxicological data for
quite a few building materials should also be addressed with a
particular attention. As it was pointed out by Blankendaal et al.
(2014), a good rst step towards the necessary improvements
might be a free availability of LCA databases for students and sci-
entists. This would certainly help with the development of new LCA
strategies and facilitate the comparison of results also in the eld of
ecotoxicology of building materials. However, there is an open
question if the main providers of commercial LCA software would
be interested in supporting such activities.

4.2. Speci cs of ecotoxicological testing of building materials in the
particular phases of their life cycle

Ecotoxicological aspects of mining or quarrying of raw materials
are often understood solely in a relation to building materials
production. The assessments performed then mostly ignore the

nal phase of the service life of a mine or quarry which is their
liguidation after the extraction activities have been abandoned.
Therefore, it is advisable to assess also the planned recultivation of
the area of former mine or quarry from an ecotoxicological point of
view. During this process, at least a part of the original ecosystem
should be recovered (Frouz et al., 2016).

Transport of raw materials and products and the manufacturing
process of building materials participate on the ecotoxicity mainly
due to emissions. In the rst case, however, the mileage and the
impact of fuel production can be assessed on a general level only.
The impact of transport on a speci ¢ site cannot be expressed
because it is not a “local point pollution”. In the production of
building materials the emissions to air and waste combustion
processes belong to the main ecotoxicological risks. The
manufacturing process can also involve handling some additives to
the basic raw materials which, due to possible spillage and dust or
vapor respiration, can present a toxicity risk. The construction
workers may not be well trained, as for avoiding a damage to the
nature and their own health (they often work without protective
gear, eat and drink in dirty work clothes, etc.). Therefore, in these
stages of the life cycle of building materials it would be appropriate
to use various passive samplers for capturing a variety of chemicals
and ne particles that could be analyzed later in the laboratory, as it
was suggested for some other situations and materials (e.g.,
Vorkamp et al., 2016, used silicone for passive sampling of PCB).
Another possibility, much as probably more dif cult to get through,
could be the establishment of portable open water ecosystems
where it would be possible to continuously monitor the health of
organisms (e.g., daphnia, sh, tubifex).

Building materials incorporated into building structures, their
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surfaces in particular, are often provided with speci ¢ chemical
agents against insects (insecticides) or molds, fungi and bacteria
(fungicides, bactericides). Biocides are tested primarily for effec-
tiveness, i.e, if they really can affect the target organisms. In
addition, their possible effects on non-target organisms should be
assessed. Nowadays, all biocides and their active ingredients must
be registered under the ECHA, in a similar way to REACH legislation.
The increased requirements affected many biocides commonly
used for a long time; their manufacture and use was restricted or
prohibited.

Despite the apparent accomplishments achieved in the eco-
toxicology of biocides over the last few decades, their application
on building materials is still accompanied by uncertainties which
were not addressed yet in a satisfactory way. Probably the most
important problem is that the active substances in biocide products
may degrade to more dangerous substances than the parent com-
pounds and they can also interact with other agents. For example, if
a paint is used on the surface of a building and then protected by a
syringed biocide, it may not be quite clear how these two in-
gredients together will act on their surroundings.

Insuf cient attention has though been paid to surfaces of
building materials in general. The interaction of individual pollut-
ants caught on the surface between themselves and the possible
ecotoxicity of such interaction products remains an almost open

eld for future studies. One can also anticipate that the currently
used commercial tests may not be quite suitable for such complex
cases, opening thus further challenges to the methodology of eco-
toxicological investigations.

Demolition waste and waste generated during construction
present probably the highest ecotoxicological risks related to
building materials. They contain various additives which can be
released and gradually transported into soil, surface water and
groundwater. For example, metals and metalloids contained in the
building waste are pollutants that do not disappear in the nature,
they can only change their form. In addition, waste must be tested
as a whole, i.e., as the mixture of several components. Even if it
contains substances with no individual toxicity, it does not imply
that they will not be toxic in the mixture. Unfortunately, the REACH
regulation (Regulation No 1907/2006) does not include waste, only
substances isolated from waste for further use, which presents a
serious de ciency in the relation to building waste. Land Iling of
construction and demolition waste can thus be legal although it is
certainly not an appropriate solution.

5. Summary and challenges for further research

Although reduction of environmental impacts of building ma-
terials became a frequent topic in building materials science and
engineering during the last few decades, the main priority is still
given to the development of new or innovated materials having the
best functional properties, in most cases. Also in the other phases of
the life cycle of building materials the technical and economical
aspects prevail while the impact of materials on the health of
humans and other organisms may be underestimated. Ecotoxicity
is considered mostly as an additional-impact LCA category, if ever it
is assessed. In this paper, an overview of recent studies on the
ecotoxicity of building materials was presented, the methodology
used for ecotoxicological tests of building materials to date was
subjected to a critical assessment and prospective topics for further
research were proposed.

The literature review included all particular phases of the life
cycle of building materials. The ecotoxicological aspects of material
production processes, studies related to the behavior of materials in
building structures, investigations evaluating the material damage
and building waste generation were surveyed, and the possible

mitigation of ecotoxicological risks by waste recycling was
analyzed. An overall lack of ecotoxicological studies of building
materials in all their life-cycle phases was observed, with a possible
exception of the ecotoxicity of substances used for the protection of
surfaces of building materials against biodegradation. The general
outcome of this survey was that the ecotoxicology of building
materials was an underestimated eld of research to date and a
high potential for future studies existed.
The assessment of commonly used methodologies showed that
most standardized ecotoxicological assays need substantial modi-
cations for an appropriate ecotoxicological testing of building
materials. In particular, the following peculiarities speci ¢ for
building materials in different stages of their life cycle are supposed
to be addressed:

material samples taken from buildings can be damaged or
contaminated by environmental effects

at the storage and pretreatment of samples for subsequent
testing, a possible presence of organisms, such as molds, fungi
and bacteria, and also the time of storage should be taken into
account

sieving of samples for ecotoxicological analyses can increase the
bioavailability of contaminants that were originally inside and
on the surface, the bioavailability can also be changed if the
samples are sterilized or dried

most building materials are insoluble in water and often contain
not only several different basic substances but also a number of
not exactly de ned impurities

model organisms often need optimal temperature and humidity
and have speci c requirements for food and water which limits
a detailed testing of ecotoxicity of building materials over the
whole range of conditions they are exposed to in buildings

pH of the leachate used for the assessment of effects of building
materials on water environment may not correspond to the
requirement of slightly acidic to slightly alkaline pH which is
needed for the application of most model organisms

the opacity of test samples can prevent the penetration of light
and oxygen to water (necessary to plants or algae), having thus a
negative impact on photosynthesis of autotrophic organisms
and their growth, and reduce the direct control of test organisms
(shell sh, sh, or annelids)

biocides used for the protection of surfaces of building materials
can degrade to more dangerous substances than the parent
compounds and can also interact with other agents.

The overview of characteristic ecotoxicological studies and the
critical assessment of commonly used methodologies presented in
this paper showed that the ecotoxicology of building materials is
currently an underdeveloped eld of research which offers quite a
few interesting challenges. The most urgent can be summarized as
follows:

development of appropriate models for the evaluation of eco-
toxicity of building materials and their emissions in the LCA
studies; the overall lack of realistic models suitable for building
materials presents an almost open eld on both scienti ¢ and
commercial level

creation of a representative database of ecotoxicological data of
building materials; such data are currently missing for quite a
few building materials, no matter the data type and origin
development of complex methodologies for testing building
materials (their surface layers in particular) as mixtures of
several components; even if they contain substances with no
individual ecotoxicity, it does not imply that they will not be
toxic to the environment in a mixture
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nding of relevant model organisms for each part of the life
cycle of different types of building materials
adjustment of ecotoxicological tests for a better simulation of
real conditions (humidity, temperature, lighting) the building
materials are exposed to during their life cycle and for an in-
clusion of changes induced by environmental effects.
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Short chain chlorinated paraf ns (SCCPs) have been commonly used as plasticizers and ame retardants in
polyvinyl-chloride (PVC) products for the construction industry. During the last few years the production of
SCCPs has been banned or reduced in Europe, Japan, USA, and Canada due to their toxic and bioaccumulative ef-
fects but they have been still produced and used under less controlled conditions worldwide. Middle chain chlori-
nated paraf ns (MCCPs) were suggested as a suitable alternative to SCCPs for PVC production instead. In this paper,
the ecotoxicity of SCCPs and MCCPs is studied using the methods of potentially affected fraction of species (PAF)
and the most sensitive species (MSS). Characterization factors (CFs) are estimated for SCCPs by the PAF method
(for MCCPs suitable ecotoxicological indexes are not available) and for MCCPs by the MSS method (for SCCPs
PEC values are negligible). Results of the present study indicate that from an ecotoxicological point of view,
MCCPs may present similar ecological risks as SCCPs. Therefore, it is recommended both SCCPs and MCCPs not
to be used worldwide in PVC products for the construction industry. The most suitable alternative for SCCPs
seems to be inorganic compounds but their environmental impacts have not been suf ciently excluded yet.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Polyvinyl chloride (PVC) is the third most commonly used plastic on
the Earth, right after polyethylene and polypropylene. It is produced by
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the polymerization process from vinylchlorine and for the rst time it
was synthesized in 1935. More than one half of the world-produced
PVC is used in the construction industry for pipes, window and door
frames, oor and roof coverings. PVC generally contains various addi-
tives for the improvement of its properties, such as llers, plasticizers,
ame retardants, and stabilizers.

Short chain chlorinated paraf ns (SCCPs) and middle chain chlori-

nated paraf ns (MCCPs) belong to the most frequently used plasticizers
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and ame retardants at the PVC production worldwide (Glige et al.,
2016). SCCPs are polychlorinated C10 C13-alkanes and MCCPs with
C14 C17 have a chlorination degree varying from 30% to 70% (w/w)
(EURAR, 2008). Similarly to other halogenated ame retardants, the ef-

cacy of SCCPs and MCCPs consists in interfering with the key reaction
of combustion where free hydrogen and hydroxyl radicals react with
oxygen. They release halogen atoms into the gaseous phase before the
material reaches the ignition temperature. Hydrogen being freed up
from the burning material is then xed with the halogen to form
hydrogen-halogen. This process increases caking of the polymer, de-
creases the amount of volatile ammable products, and thus contributes
to retarding of polymer burning (e.g., Petrova et al., 2015). Zhan et al.
(2017) observed that SCCPs are evolved from PVC after heating to
100 200 °C; a one-hour thermal treatment caused a release of
1.9 10.7% of embedded SCCPs.

However, SCCPs and MCCPs belong to persistent organic pollutants
and are classi ed as carcinogenic and persistent, bioaccumulative and
toxic substances. SCCPs have higher acute and chronic toxicity than
MCCPs but MCCPs are more bioaccumulative (ECB, 2008; Gluge et al.,
2016; Xia et al., 2017a, 2017b) and more accumulative in the environ-
ment (ECB, 2008) due to their higher molecular size and relevant prop-
erties. SCCPs were also recommended for further evaluation because of
their possible endocrine disruption role (Lassen et al., 2014).

The production and import of SCCPs has been prohibited in the EU
(POPRC, 2016), Japan (WCC, 2014), and in the USA and Canada (van
Mourik et al., 2016) but MCCPs are currently only listed as priority sub-
stances for risk assessment under the Council Regulation 793/93/EEC.
All chlorinated paraf ns are also listed as priority substances for the
Water Framework Directive. On the international level, MCCPs along
with SCCPs are controlled through the OSPAR Convention which pro-
tects the marine environment of the north-east Atlantic Ocean.

SCCPs are very stable and their release into the environment, which
occurs not only duringa re of building structure but also at a common
building usage and PVC processing and recycling (Zhan et al., 2017), will
continue yet for a long time after their ban due to the large quantities of
PVC produced before. In total, 2,200,000 t of SCCPs have been used be-
tween 1935 and 2015 (Gluge et al., 2016). The highest production vol-
umes of SCCPs and MCCPs were reached after 2006, when China
scaled up their production from 260,000 t/year in 2006 to
1,000,000 t/year in 2013 (Xu et al., 2014). Currently, SCCPs and MCCPs
are still used as plasticizersand ame retardants or in other applications
in Asia, Africaand the Americas (with the exception of USA and Canada)
without any signi cant restriction and monitoring (Gluge et al., 2016;
van Mourik et al., 2016). China, Russia, and India will thus probably re-
main the major producers and consumers of SCCPs and MCCPs also in
the near future. Therefore, investigations on the ecotoxicity of SCCPs
and MCCPs present an actual topic in environmental science and
engineering.

Life cycle assessment (LCA) is a method to deal with the environ-
mental impacts associated with products, substances, or service (ISO
14040; 1SO 14044). Present LCA softwares include various methodolo-
gies for Life Cycle Impact Assessment (LCIA) and they are focusing on
preferred impact categories. One of these impact categories is
ecotoxicity. Environmental impacts can be assessed for freshwater envi-
ronment (water or sediment), salt environment (water or sediment), or
soil. The effect of comparing products, chemicals, or services in LCA is
expressed by characterization factors (CFs) describing and quantifying
the cause effect chain of an emission of a substance to the environment.

In the presented study, two ecotoxicity modeling approaches are
used. The rst model is based on potentially affected fraction (PAF) of
species (e.g., Goedkoop and Spriensma, 1999; Hauschild and
Pennington, 2002; Pennington et al., 2004; Salieri et al., 2015) and
uses endpoint or/and midpoint level. This concept has been used in
the USEtox model (USEtox, 2017), that was developed under the um-
brella of the United Nations Environment Program and the Society for
Environmental Toxicology and Chemistry (Rosenbaum et al., 2008;

Hauschild et al., 2008). The PAF expresses the toxicity put on ecosys-
tems due to the presence of a single chemical or a mixture of chemicals.
In many studies based on PAF, the species sensitivity distribution (SSD)
concept has been applied. This method uses the available toxicity data
for different species with respect to a particular chemical to derive a
joint sensitivity distribution, from which the fraction of potentially af-
fected species is determined. Hazard concentration causing Xx-
percentile effect (HC,) is so derived. The most commonly used levels
are HCs and HCsp. The  rst affecting 5% of species is considered as pro-
tective for the whole community (Smetanovaet al., 2014). Characteriza-
tion factors in the USEtox model are located at endpoint.

The second model is based on the most sensitive species (MSS) and
its lowest ecotoxicological index value (lethal concentration, LC, or ef-
fective concentration, EC,, where x means that this concentration affects
x% of species, or no observed effect concentration, NOEC). This value is
compared to modeled substance levels in an affected environment.
Characterization factors in the MSS model re ect the damage on the
ecosystem quality (species diversity changing) and are located some-
where along the cause-impact pathway, typically at the point after
which the environmental mechanism is identical for each environmen-
tal ow assigned to that impact category (ISO 14040; ISO 14044).

The PAF- and MSS-based models are applied for the ecotoxicity as-
sessment of SCCPs and MCCPs used in PVC products for the construction
industry and the obtained results are discussed. The ecotoxicological
data on SCCPs and MCCPs are used for the calculation of both acute
and chronic points, based on the toxicity data for different trophic levels.
Limitations of both types of models are discussed and possible improve-
ments are proposed. Alternatives to SCCPs and MCCPs for PVC products
are suggested as well.

2. Methods
2.1. Concept of potentially affected fraction (PAF) of species

The most widespread endpoint model USEtox (USEtox, 2017) esti-
mates the characterization factor (CF) of a substance for the impact cat-
egory of freshwater ecotoxicity as:

CF..EF FF XF 1

where EF (PAF-m®.-kg ') is the effect factor that represents the
ecotoxicity and which is expressed in terms of potentially affected frac-
tion of species, FF (day) is the fate factor which expresses the residence
time of a substance in a particular environmental compartment (fresh-
water), XF (dimensionless) is the exposure factor which is the fraction
of a chemical dissolved in freshwater (Rosenbaum et al., 2008; Larsen
and Hauschild, 20073, 2007b).

2.1.1. Effect factor
The effect factor can be generally de ned as

EF ... 0:5=HC50gc-c50; 2

where HC50g¢/, cs0 is the concentration at which 50% of included species
is exposed above their chronic ECsg or LCsq level. In this study, the EF of
SCCPs was estimated using ecotoxicity values from previously pub-
lished studies on freshwater organisms representing the three trophic
levels recommended by the USEtox model (algae, crustacean, sh)
(Larsen and Hauschild, 2007b). The ecotoxicity data for PAF derivation
were collected from IUCLID Chemical Data Sheets and complemented
with published data (Table 1). Only acute or chronic LC/ECso values
for the endpoints of growth, biomass, mortality, and immobilization
from tests were used. In the case of multiple ECsq values per one species
(D. magna, see Table 1), the geometric mean was used. Acute LCsq values
were divided by 2 (Rosenbaum et al., 2008). Chronic NOEC data were



Table 1

Ecotoxicological data (ECso, LCso) of SCCPs for CF calculation based on USEtox.
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Species SCCPs Endpoint Concentration Source
(mg-1 %)

Freshwater environment
Fish

0. mykiss C10 12,58%Cl 60 d-LCso 0.34mg-l * Madeley and Maddock, 1983
Invertebrates
D. magna C10 13,62%Cl 48 h-ECsq 0.14 mg-l * Koh and Thiemann, 2001
D. magna C10 12,58%Cl 48 h-ECso 0.53mg-l * Thompson and Madeley, 1983a
D. magna C10 13,62%Cl 48 h-ECso 0.075mg-1 * Koh and Thiemann, 2001
D. magna C10 12,58%Cl 72 h-ECso 0.024 mg-1 * Thompson and Madeley, 1983a
D. magna C10 12,58%Cl 96 h-ECso 0.018 mg-1 * Thompson and Madeley, 1983a
D. magna C10 12,58%Cl 120 h-ECso 0.014 mg-1 * Thompson and Madeley, 1983a
Algae
Selenastrum capricornutum C10 12,58%Cl 96 h-ECso 3.7mg-1 * Thompson and Madeley, 1983a,b
S. capricornutum C10 12,58%Cl 7 d-ECso 16mg-l * Thompson and Madeley, 1983a,b
S. capricornutum C10 12,58%Cl 10 d-ECsg 1.3mg-1 Thompson and Madeley, 1983b

not used because of the scarcity of data and major uncertainties related
to NOEC derivation (e.g., Smetanova et al., 2014).

Table 1 contains results for SCCPs only. The data for the effective con-
centrations (expressed as ECsq or LCsq values) of MCCPs were not found
in the literature. Therefore, PAF and CF values could not be calculated for
MCCPs.

2.1.2. Exposure factor
The exposure factor is de ned as

1
DOC BCF

XFfreshwater 1

Kp SUSP Koc BIOMASS =1; 000; 000

3

where Kp is the partition coef cient between water and suspended
solid (I-kg 1), SUSP is the suspended matter concentration in freshwa-
ter, Koc is the partition coef cient between dissolved organic carbon
and water, DOC is the dissolved organic carbon concentration in fresh-
water, BCF is a bioconcentration factor in sh (I-kg *) and BIOMASS
is a biota concentration in water.

Most of the parameters included in the exposure factor calculation
(Kp, SUSP, DOS, BIOMASS) are local and most appropriate for case stud-
ies. Nevertheless, USEtox contains constant values for these parameters,
except for Kp. They are given in Table 2. As the Kp value for SCCPs was
not available, the value of 1 was used instead of Kp to avoid affecting
the result; SCCPs are persistent in water but they can be absorbed into
a sediment.

2.1.3. Fate factor

The fate factor links the quantity released into the environment to
the concentration or mass occurred in a given compartment
(Rosenbaum et al., 2008; Hauschild et al., 2008). This analysis is manda-
tory based on substance information, such as molecular weight, Kow
(octanol/water partition coef cient), Koc, vapor pressure, solubility in
water, and degradation rate in the concrete environmental compart-
ments. The nested model adopted by USEtox has been usually applied
in recent scienti c studies (e.g., Salieri et al., 2015; Plouffe et al.,
2016). Rate constants between compartments were used in the

Table 2

USEtox data for the calculation of the exposure factor of

SCCPs.
SUsP 15mg-1 *
DOC 5mg-l *
BIOMASS 1mg-l *
Koc 1.26-Kow
BCF (' sh) 0.05-Kow

mathematical matrix for the calculation of FF freshwater value based
on the USEtox model (Rosenbaum et al., 2007). The basic physico-
chemical properties and partition coef cients of SCCPs for the calcula-
tion of FF are listed in Table 3.

2.2. Concept of the most sensitive species (MSS)

The concept of the most sensitive species is based on a calculation of
the predicted no effect concentration (PNEC) using the effective con-
centration value from the chronic test on the most sensitive species.
This concept was used, e.g., in EDIP 97 and EDIP 2003 (Potting and
Hauschild, 2004) or Institute of Environmental Sciences (CML) of Leiden
University (Guinée et al., 2002). The CFs for SCCPs have never been cal-
culated by any of the mentioned models. Therefore, estimations based
on the CML methodology (Hauschild and Potting, 2004) were used in
the present study. The CF for individual freshwater compartment was
estimated according the following formula (Guinée et al., 2002):

PEC
——— CPs
CF .. PNEC 4

reference substance

PNEC

where PEC (predicted environmental concentration) is based on the
modeled substance concentration/mass level expressed as emissions
into the concrete environmental compartment per year. The NOEC/
EC10 50 Value is used for PNEC calculation, when the selected value is di-
vided by the uncertainty factor of 1 1000 (EC, 2003). PNEC is expressed

Table 3
Physico-chemical properties of SCCPs and partition coef cients for the calculation of the
fate factor.

SCCPs properties Unit Source

Molecular weight 176.4 630.2 P ibylova et al., 2006
g-mol *

Kow 100,000 ECB, 2008

Koc 1,995226 I-kg * P ibylova et al., 2006

Kdoc 8000 I-kg * USEtox

BCF ( sh) 7816 1-kg * ECHA, 2018

Water solubility (25 °C) 015 047g-1 * ECB, 2008

Vapor pressure (40 °C) 0.021 Pa P ibylova et al., 2006

Biodegradability 1630 days ECB, 2008

Half-time in air 0.81 10.5 days POPRC, 2015

Half-time in sediment 1 year POPRC, 2016

397x10 s *
137x10 “s *
210x10 “s *

Degradation rate in air

Degradation rate in water

Degradation rate in
sediment

Degradation rate in soil

Muir et al., 2000

Muir et al., 2000

BIOWIN 3 model in EPISuite
recommended in USEtox

446x10 8s * Muir et al., 2000
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as reciprocal value (1/PNEC) for CPs as well for reference substance
(Guinée et al.,, 2002; Ko i, 2009):

CF PEC PNEC CPs 5
“""PEC PNEC reference substance

In accordance with some recommendations for ecotoxicological
analyses of persistent organic pollutants (e.g., Guinée et al., 2002; SN
EN ISO 14040), pesticide 1,4-DCB was selected as the reference sub-
stance in the present study. The data for the calculation of CFs using
the MSS concept are given in Table 4.

3. Results
3.1. PAF method

USEtox database contains various factors or PAF values for several
thousands of compounds (mostly organic non-ionic substances). How-
ever, the environmental factors for any chlorinated paraf ns (CP) are
not included. All CPs have the same mode of action. Therefore, if less
than ve values were available (all species except freshwater crusta-
cean D. magna), the PAF values were estimated according to
Aldenberg and Luttik (2002) where the authors used different sub-
stances with the same toxic mode of action (we used toxicity values of
CPs with varied properties). Acute ECsq values were transformed to
chronic values using the acute to chronic factor of 2 (USEtox, 2017).

The HCsq, EF, XF, FF, and CF values for the freshwater environment
are presented in Table 5. HCs, values were estimated on trophic level,
not species level due to the lack of model species (Larsen and
Hauschild, 2007a, 2007b). The calculations performed using the data
in Table 1 showed 1 toxic value for sh, 7 toxic values for crustacean,
3 toxic values for algae. XF value was estimated using the values given
in Tables 2, 3, based on the USEtox model, version 2.02 (USEtox,
2017). SCCPs have a relatively wide range of Kow values (Table 3);
Kow = 100,000 was used for the estimation of XF in this study. FF
was calculated using the USEtox model and data in Table 3.

3.2. MSS method

The CFs (Table 6) were calculated using the formulas given in the
USES-LCA methodology (Guinée et al., 2002); the PEC and PNEC values
were taken from the literature (Table 4). In the calculations, the values
corresponding to ame retardants application (EURAR, 2008) or the
lowest values were used when a possibility of selection occurred. The
CF for freshwater environment was estimated in the range of 30
x 10 °kg 1,4-DCB-eq-kg *to 300 x 10 ° kg 1,4-DCB-eq-kg *and
the CF for soil in the range of 0.07 x 10 ° kg 1,4-DCB-eq-kg *to0 1.75
x 10 © kg 1,4-DCB-eq-kg 1. SCCPs emissions into the environment
were negligible in the case of PVC, in contrast to other SCCPs applica-
tions (EURAR, 2008). For this reason, the CF could not be calculated
(effectively, it could be considered close to zero).

Table 4
Data for the calculation of characterization factors using the MSS concept.

Table 5
The average log HCs, effect factor (EF), exposure factor (XF), fate factor (FF), and charac-
terization factor (CF) for SCCPs in freshwater environment.

Average log HCso  EF XF FF? CF?
(based onmg-1 *) (PAF-m*-kg %) () (day) (PAF-m®-day-kg %)

0.539 1730

0.227 9.64 10.10 3790 3950

2 SCCPs consist of a mixture of compounds with various properties. Therefore, FF and CF
were calculated for the lowest and the highest values of characteristic properties (molec-
ular weight, water solubility).

4. Discussion

Generally, SCCPs have a high ecotoxicity and bioaccumulation po-
tential (see Tables 1 and 3) in aquatic environment but lower toxicity
in soils where ecotoxicity values are hundreds to thousands mg/kg of
dry soil (Bezchlebova et al., 2007; Sverdrup et al., 2006). MCCPs have
lower acute toxic potential thanks to their higher molecular size but
even higher bioaccumulation rate than SCCPs. For these reasons, the
danger of CPs lies in their long-lasting chronical exposition and bioaccu-
mulation in human or other mammals milk (e.g., Kalantzi and Alcock,
2012; Xiaetal.,, 2017a, 2017b; Huang et al., 2017). The results of recent
studies also showed that SCCPs can be released into the human indoor
environment (e.g., Coelhan and Hilger, 2014; Huang et al., 2017) and
it is necessary to subject the use of these substances to a new, more de-
tailed discussion.

The used ecotoxicological data (EC/LCsp) are relevant for each appli-
cation, mainly in Europe and North America because they CPs were
tested on model organisms representing these areas (the local model
organisms should better be used for the ecotoxicity evaluation in arctic,
subtropic, or tropic areas). Thus, the HCso and EF were estimated for
freshwater environment (see Table 5). In addition, the data entering
into XF and FF estimation have usually a more local background than
the effect factors (see Eq. (3)), most of the CP values originate from
Europe, North America, Taiwan, Africa, China, and Australia (Gluge
et al, 2016).

The CF values determined in this paper (based on USETOX model,
see Table 5) were relatively high (3790 3950 PAF-m?*-day-kg *).Itin-
dicated a high impact on the environment. Unfortunately, the calculated
data could not be compared with the results obtained by other investi-
gators because relevant studies focusing on CPs do not exist. Therefore,
other POPs, such as PCBs, DDD, chlordane were used for the comparison.
The database of CFs based on USETOX model showed that they were in
the range of thousands to ten thousands of PAF-m®.day-kg *
(Rosenbaum et al., 2008), which was in accordance with the CF values
obtained in this paper. The LCsq or ECsq values of MCCPs for the calcula-
tion of CFs based on USETOX model were not available. However, one
can suppose that these potential values would be in the same range.

In the case of CML method, the CF was calculated only for MCCPs.
The predicted environmental concentration (PEC) was negligible for
SCCPs used in PVC; no risk was thus assumed for this application of
SCCPs. As also in this case any data published by others were not
found, POPs as 2,3,7,8-TCDD or Aldrin (Guinée et al., 2002) were used
for a comparison. CFs for these substances were either of the same

Freshwater Source Soil Source
(g1 (mg-kg %)
SCCPs PEC Negligible (EURAR, 2008) Negligible (EURAR, 2008)
PNEC 05 (ECB, 2008) 18 (ECB, 2008)
MCCPs PEC 0.15 1.59 (Annex XV Restriction Report, 2008) 0.52 139 (Annex XV Restriction Report, 2008)
PNEC 1.0 (ECB, 2008) 10.6 (ECB, 2008)
1,4-DCB PEC 0.1 (EC, 2004) 0.073 (use) (EC, 2004)
PNEC 20 (EC, 2004) 0.097 (use) (EC, 2004)
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Table 6
Characterization factors of SCCPs and MCCPs for PVC applications.

Freshwater Soil
(kg-1 %) (kg-kg )
SCCPs
MCCPs (30 300) x 10 ° (0.07 1.75) x 10 °©

order of magnitude or several orders lower/higher than the values ob-
tained for MCCPs. However, it is necessary to note that the PEC or
PNEC values of MCCPs and 1,4-DCB as a reference substance used in
the present study may not be the same as the data entering CML analy-
ses (Guinée et al.,, 2002) and that the value characterizing the whole im-
pact is a sum of CFs and the amount of substance emissions into the
speci ¢ environment.

PEC/PNEC ratios for MCCPs in PVC were found higher than 1 in some
cases. Thus, the risk potential from their levels in the environment was
not negligible. The risks (PEC/PNEC ratios N 1) associated with MCCPs
were observed in various uses of PVC as plastisol coating, extrusion, or
open conversion (Annex XV Restriction Report, 2008). Therefore, it
can be concluded that both SCCPs and MCCPs remain actual human
and environmental hazard substances worldwide.

The application of SCCPs as semivolatile persistent organic pollutants
with ecotoxicological effects and high bioaccumulative potential will
probably decrease in the future; the ban on its use imposed by EU,
Japan, USA, and Canada may be followed by some other countries.
MCCPs which began to replace SCCPs in PVC applications during the last
years will probably be a temporary solution only. The possible SCCPs
and MCCPs alternatives for the future use in PVC might become LCCPs,
phthalates, tri-alkyl phosphates, aryl phosphates, or inorganic com-
pounds (e.g., Petrova et al., 2015; Annex XV Restriction Report, 2008).
However, some of those substances are also toxic (e.g., phthalates) and
the efforts to ban them worldwide were already initiated. Little informa-
tion is available on the LCCPs degradation to MCCPs or SCCPs, which limits
the relevance of their future use. As phosphor will probably become a
scarce resource in the future (e.g., Ma et al., 2015; Adar et al., 2016), a re-
placement of SCCPs and MCCPs by phosphates may be a questionable so-
lution. Therefore, inorganic compounds can be currently considered as
the best alternatives to SCCPs and MCCPs although it should be noted
that the environmental impacts of their applications in PVC products for
construction industry were not analyzed yet.

5. Conclusions

The ecotoxicity of SCCPs and MCCPs used in PVC products for the
construction industry was assessed in the paper. The obtained results
showed that the characterization factor (CF) in the PAF method was
for SCCPs in the freshwater environment 3790 3950 PAF m®day kg *.
This CF could not be determined for MCCPs because of the lack of effec-
tive ecotoxicological values. In the MSS method the CF values for SCCPs
could not be calculated because PEC values were negligible. The CF for
freshwater environment was estimated in the range of 30 x 10 ° kg
1,4-DCB-eq-kg *to 300 x 10 ° kg 1,4-DCB-eq-kg * and the CF for
soil in the range of 0.07 x 10 ® kg 1,4-DCB-eq-kg 't01.75 x 10 ®kg
1,4-DCB-eq-kg *. The PEC/PNEC ratios for MCCPs in PVC were found
higher than 1 in some cases, which indicated a risk potential.

Based on the ndings gathered in this paper, it can be suggested that
MCCPs should be given similar attention as SCCPs; from an ecotoxico-
logical point of view MCCPs may present similar risks, perhaps even
higher. Therefore, not only SCCPs but also MCCPs should be banned
worldwide in PVC products for the construction industry. The most suit-
able alternative seems to be inorganic compounds but their environ-
mental impacts are yet to be analyzed.
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Abstract: End-of-life tires are utilized for various purposes, including sports pitches and playground
surfaces. However, several substances used at the manufacture of tires can be a source of concerns
related to human health or environment’s adverse effects. In this context, it is necessary to map
whether this approach has the desired effect in a broader relation. While the negative effects on
human health were investigated thoroughly and legislation is currently being revisited, the impact
on aquatic or soil organisms has not been sufficiently studied. The present study deals with the
exposure of freshwater and soil organisms to rubber crumb using the analysis of heavy metal and
polycyclic aromatic hydrocarbon concentrations. The obtained results refer to substantial concerns
related to freshwater contamination specifically, since the increased concentrations of zinc (7 mg-L™1)
and polycyclic aromatic hydrocarbons (58 mg-kgfl) inhibit the growth of freshwater organisms,
Desmodesmus subspicatus, and Lemna minor in particular. The performed test with soil organisms
points to substantial concerns associated with the mortality of earthworms as well. The acquired
knowledge can be perceived as a roadmap to a consistent approach in the implementation of the
circular economy, which brings with it a number of so far insufficiently described problems.

Keywords: rubber crumb; tire; polycyclic aromatic hydrocarbons; zinc; ecotoxicity; water pollution;
soil contamination

1. Introduction

As generally accepted, the reuse of waste products represents an important mission
to reduce the environmental burden associated with human activities and to take a step
towards material sustainability. As the annual production of tires in the European Union
exceeded 5 kilotons [1], the consequences of waste tires generation may be viewed as a
considerable hazard for the present society and natural environment. In this regard, the
end-of-life tires (ELTs) pose a serious environmental burden that should be mitigated by
suitable reuse strategies leading to the mitigation of side effects accompanied by ELTs
landfilling, such as the risk of fires [2]. A current prevailing valorization of ELTs mostly lies
in combustion in cement kilns as coal replacement or pyrolysis for energy recovery [3,4]. In
the past, ELTs have been considered as source material for artificial reefs, but this option
was rejected due to the destruction of marine life as a result of tires decomposition [5].
Alternatively, ELTs may find utilization at erosion control; mine stabilization; in the pro-
duction of asphalt; filler in cement composites by using rubber crumb produced by tire
crushing; or alternatively reclaiming and devulcanization [6-8]. In this regard, ELTs have
attracted significant attention of several research teams considering its beneficial properties
such as endurance, thermal stability, chemical resistance, and mechanical parameters [9].
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In addition to the above-mentioned recycling options, the utilization of waste crushed
rubber crumbs for both outdoor and indoor playground surfaces, sports pitches, ath-
letic tracks, and synthetic turf infill became a purposeful method to reuse ELTs in recent
years [4,10]. These surfaces are popular, particularly for easy maintenance, durability, suit-
ability for use as impact surfaces, and coloring options. Considering the listed advantages
of rubber-based surfaces, thousands of sport pitches or children’s playgrounds made of
recycled rubber, mostly from crushed tires, can be found in the EU [11].

Notwithstanding, despite many desired properties, the content of harmful and po-
tentially harmful substances has begun to raise concerns among many scientists about
the safety of the use of these materials on a wider scale [12-14]. Namely, the used stabi-
lizers, process oils, accelerators, activators, pigments, fillers, and flame retardants may
pose a risk for human health according to recent knowledge [4]. Major concerns are
related particularly to polycyclic aromatic hydrocarbons (PAHs), volatile organic com-
pounds (VOCs), and heavy metals [5,15-17]. Moreover, the standards dealing with
safety requirements for playgrounds and leisure times activities do not sufficiently re-
duce the risk associated with the use of these areas and only slightly reduce the con-
centration of pollutants, especially polycyclic aromatic hydrocarbons, which are consid-
ered as carcinogenic or mutagenic [18]. According to the European Chemicals Agency
(ECHA), a concentration of 100 mg-kg~! is permitted for two PAHs (benzo[a]pyrene
and benzo[e]pyrene) and a cumulative concentration of 1000 mg-kg~! for the remain-
ing six PAHs (benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[j]fluoranthene,
benzol[k]fluoranthene, and dibenzo[a h]anthracene) [19]. For comparison, the other rubber
products that may come into direct contact with human skin should contain less than
1 mg-kg~! or even 0.5 mg-kg ! in the case of toys. At this point, under the cooperation of
the National Institute for Public Health and the Environment of the Netherlands (RIVM)
and ECHA, an amendment to this standard is being prepared, limiting the combined
concentration for the above-mentioned PAHs to 20 mg-kg ! [4].

The PAH-related risks became a controversial subject in recent studies; while some
researchers classify them as insignificant [18], other scientists consider the current limits
too high and not well described by current legislation [20,21]. The review paper of Gomes
et al. [10] pointed out that a relatively low number of research articles are available despite
the particular importance of this issue. Moreover, the indoor application of crumb rubber-
based surfaces may be accompanied by an increased risk of inhalation of PAHs due to their
higher concentration [11]. Considering the studies aimed directly at the crumb rubber, a
substantial controversy can also be found here. Some research reports stated that crumb
rubber does not represent any serious risk [22,23]. On the other hand, the review work of
Gomes et al. [9] showed several times higher levels of PAHs, as compared to the above-
mentioned research, which was documented by other investigators. The papers of Kruger
et al. [24], Menichini et al. [25], and Xu et al. [13] pointed at the increased levels of PAHs
and other pollutants that may result in serious consequences. In this sense, the transition
to a circular economy represents an important paradigm towards a sustainable society.
Notwithstanding, this novel material flow needs to be accompanied by a responsible
approach to environmental impact issues.

The undesired side effects accompanying the leakage of hazardous compounds from
rubber crumb to soil and water present another topic that is not covered sufficiently despite
the toxicity for various organisms [5,26]. Li et al. [27] analyzed the release of zinc and PAHs
from rubber crumbs and concluded that it should be subjected to more detailed studies
due to the toxicity of leachates. Turner and Rice [13] suggested using a better description
of acute toxicity in freshwaters. Quite a few researchers also called for a determination of
interactions between rubber particles with biota and consequent reevaluation of current
ecotoxicological protocols and preventive measures to avoid environmental harm [28,29].
Apparently, the concerns on the use of rubber crumb from ELTs related to damaging the
natural environment have not been addressed yet in sufficient detail.
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Stemming from the above-mentioned facts, ELTs became a very popular material
widely employed in several applications. However, the concerns on the use of rubber
crumbs from ELTs related to damaging the natural environment have not yet been ad-
dressed in sufficient detail, and research effort is paid predominantly to understanding
adverse consequences on human health. Nonetheless, environmental pollution remains
on the margins of scientific interest, and in addition to more strict policies regarding hu-
man health protection, substantial attention needs to be paid to the preservation of the
natural environment.

The main goal of this paper consists in the description of effects associated with the
rubber crumb originating from ELTs on aquatic and soil organisms as affected areas by
potential leaching pollution from rubber crumb. In terms of understanding, the impact on
the natural environment is evaluated by analyzing its effect on Lemma minor, Desmodesmus
subspicatus, Daphnia magna, Sinapis alba. Eisenia fetida and Lactuca sativa cover potential
environmental adverse side effects such as increased mortality and reduced reproducibility.
Taking into account the use of vulcanization activators within tire production, the heavy
metal analysis is performed at 24 h and 21 days to describe rubber crumb leachate. Partic-
ular attention is given to the leaching time effect since long-term accumulation can be a
significant problem, especially for zinc compounds that are toxic to aquatic organisms. The
links of the ecotoxicological results to the measured concentrations of selected PAHs and
heavy metals are then discussed.

2. Materials and Methods
2.1. Materials

Commercially available rubber crumbs originating from ELTs were used as tested
materials. Within this analysis, the rubber crumb particles having a diameter from 1.2
to 5 mm were studied as this fraction is most often used for the production of sports
and leisure surfaces. The obtained rubber crumb was kept in a plastic container under
laboratory conditions (21 °C) prior to testing. The basic characteristics of the used rubber
crumb are provided in Table 1 obtained by thermogravimetry analysis. Macroscope and
microscope images are accessed in Figure 1. The first image was taken with a digital
camera (Canon EOS 400D, Canon Inc., Amstelveen, Netherlands) and a 100 mm macro lens.
The second image obtained by desktop electron scanning microscope (SEM) Phenom XL
(ThermoFisher Scientific Inc., Eindhoven, The Netherlands) at 2500 x magnification reveal
rugged surfaces of the rubber crumb particles. Due to high endurance of the rubber crumb,
no identified deterioration was found on rubber crumb samples before and after leaching.

Table 1. Component of studied rubber crumb.

Component Weight Fraction (%)
Rubber 47.3
Carbon black 31.6
Additives 12.7
Acetone extract 6.4
Ash 2.1

The obtained rubber crumb was subjected under detailed study describing the concen-
tration of heavy metals, identification and quantification of PAHs, and the ecotoxicological
tests to reveal endpoint consequences on selected water and soil organisms.
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Figure 1. (A)—Macroimage of studied rubber crumb; (B)—SEM image of rubber crumb sample at
2500 magnification.

2.2. Determination of Heavy Metals Concentration

The concentration of metal leakage from rubber crumb into water was determined
by inductively coupled plasma optical emission spectrometer Agilent 5110 SVDV device
ICP-OES (Agilent technologies, Santa Clara, CA, USA), equipped with a SeaSpray glass
concentric nebulizer. The employed measuring device allows the use of radial and axial
views, but due to the selected spectral lines of the measured elements, only the axial view
was used during the measurement. Autosampler SPS 4 (Agilent Technologies, Santa Clara,
CA, USA) was used to dispense the samples. Pure argon (99.996%, Linde Gas, Prague,
Czech Republic) was used for the measurements.

To clear all parts of the used measuring device, 5% nitric acid solution (Analpure,
Analytika Prague, Prague, Czech Republic) was used. Ultrapure deionized water (resistivity
at 25 °C > 18.2 M()-cm) was adopted as the blank sample and to obtain the leachate.
Approximately 45 mL of the leachate gathered from the rubber crumb was applied for
the test measurement. Certified calibration solution Tune 24 (Analpure, Analytika Prague,
Prague, Czech Republic) was used as the reference material. The calibration curve was
constructed from a diluted calibration solution for all of the following metals: Ba, Cd, Co, Cr,
Cu, Fe, Hg, Mn, Ni, Pb, and Zn. For each detected element, 2-3 different wavelengths were
selected, so as not to interfere with other elements and to ensure the most advantageous
ratio between analyte intensity emission and the blank emission. A total of 5 replicate
measurements were performed for each sample. Quantification limits were determined
according to Bridger and Knowles [30]. ICP Expert Software v. 7.4 (Agilent technologies,
Santa Clara, CA, USA) was used for the evaluation.

2.3. PAHs Analysis

The applied solvents were purchased from Lach-Ner (Neratovice, Czech Republic)
and Alfa Aesar (Ward Hill, MA, USA). Authentic and deuterated standards were purchased
from Sigma-Aldrich (St. Louis, MO, USA), TCI EUROPE (Haven, Belgium), and HPST
(Prague, Czech Republic). Pulverized rubber samples were weighed on an analytical
balance: Mettler-Toledo XSR205DU (Prague, Czech Republic) with resolution 0.01 mg.
Flash chromatography was carried out with silica gel 60 (particle size 0.04-0.063 mm,
230-400 mesh; Merck) and commercially available solvent. The polycyclic aromatic hy-
drocarbons extraction from rubber samples was ultrasound-assisted using Kraintek K5LE
ultrasonic bath (Kraintech Czech, Hradec Kralové, Czech Republic). Solvents were evapo-
rated on a Heidolph Hei-VAP value rotary evaporator (Heidolph Instruments, Schwabach,
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Germany). The volume of calibration solutions was measured with Socorex Dosys ba-
sic 162 automatic syringe pipette. Mass spectra were recorded on GC/EI-MS config-
uration composed of an Agilent Technologies 7890B gas chromatograph (column HP5
30m x 0.25 mm x 0.25 um) equipped with a 5977B MS detector (EI 70 eV, mass range
10-1050 Da) (Agilent technologies, Santa Clara, CA, USA).

The sample of pulverized rubber material from ELTs was weighed on an analytical
balance at first. The weight of each sample for one leachate oscillated around 2 g. This
amount was placed into the 50 mL round bottom flask, and dichloromethane (30 mL) was
added. The flask was sealed with a rubber septum and placed in an ultrasonic bath. The
extraction was performed under continuous ultrasonication for 30 min at a set temperature
of 30 °C [25,31,32].

After cooling to 25 °C, appropriate deuterated standards were added for the formal
compensation of analyte losses during leachate treatment. The remaining solid particles of
rubber were filtered off and flash chromatography through a silica gel layer was carried out
to remove substances harmful to the GC column. The weights of silica gel, solvent volume,
and used frit were identical for all extracts. The obtained filtrate was concentrated to
approximately 4 mL on a rotary evaporator. Subsequently, cyclohexane was added (8 mL),
and the solution was reconcentrated to a volume of 4 mL followed by extraction to a mixture
(4 mL) of N,N-dimethylformamide (DMF):water (9:1). This extraction step was repeated
three times. In this manner, light nonpolar hydrocarbons remaining in the cyclohexane
phase were removed from the analyzed extract. Water (9.6 mL) was added to DMF: water
phase to change the volume ratio of DMF: water to 1:1. Then, an extraction to pure
cyclohexane (3 x 8 mL) was performed. The analyzed polycyclic aromatic hydrocarbons
were transferred to cyclohexane solution, while potentially interfering compounds with
higher polarity were separated to the DMF: water layer. The combined cyclohexane extracts
were dried with anhydrous sodium sulphate and filtered. The filtrate was concentrated
to less than 5 mL and cooled to 25 °C. As a final step of the leachate treatment, a stock
solution for GC/MS analysis was prepared for the volumetric flask (5 mL) and instantly
dosed to the GC/MS machine.

The qualitative screening of present PAHs was based on comparisons with retention
times and the mass spectra of authentic standards. The evaluation was performed using
Agilent MassHunter Qualitative Analysis B.07.00 and Agilent MassHunter Quantitative
Analysis B.09.00 software (Agilent technologies, Santa Clara, CA, USA).

Based on results obtained from qualitative analysis, six PAHs with the highest abun-
dance were chosen for quantification. A calibration line consisting of five points was
constructed to determine the mass concentration of particular PAHs. Each calibration
solution was formed by appropriate authentic standard and deuterated analogue as in-
ternal standard (ISTD) for system oscillation suppression during measurement. Agilent
MassHunter Quantitative Analysis B.09.00 software was used for constructing the cali-
bration lines. The concentration of analyzed PAHs was calculated from the line equation
obtained by linear regression of the calibration line. The resulting value was always related
to the specific weight of the recycled rubber sample to an accuracy of 0.01 mg and presents
the arithmetic mean of three values gathered from five different extracts. These extracts
were evaluated at least according to two different calibrations.

2.4. Ecotoxicological Tests

The rubber parts of the tires were crushed to less than 5 mm particles and kept in a
plastic sample container under laboratory conditions prior to testing. To cover potential
soil and freshwater contamination induced by the utilization of rubber crumb surfaces, the
following procedures have been carried out as they comply with standardized ecotoxicology
tests.

Agricultural soil referred to as loamy sand Lufa 2.2 soil (Speyer Ltd., Speyer, Ger-
many) was used as the reference matrix. This soil has been used as a substrate in many
ecotoxicological studies before [33-35]; 100 g of rubber particles was used to prepare 11 of
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leachate for the performance of aquatic tests. The prepared mixture was stirred for 24 h
on a head-to-heel shaker Reax 20/4. After 24 h, the extract was filtered through a paper
filter (Whatman, grade 6) and used for ecotoxicity tests. Dissolved oxygen was measured
on an oximeter, Greisinger GOX 20, and pH values were obtained from a multimeter, PC
70+ (Greisinger, Regenstauf, Germany). Ecotoxicological tests were performed according to
relevant international or Czech methodologies. The ecotoxicological data were expressed
as an inhibition of measured endpoint of 100% eluate or 100% solid mixture in comparison
to the control value according to the following equation:

C—N
1= (c )-100 1)

where I (%) is the inhibition, C is the measurable value for the control medium, and N is
the measurable value for medium containing tire particles or for the leachate.

The Eisenia fetida test was performed according to EN ISO 8692. One-hundred percent
waste tires + control was used. Three containers with 500 g dry weight waste or control
soil were prepared, and 10 adult worms with clitellum (300-400 mg) were placed into each
container the next day. Food (5 g of dry ground cow manure) was added weekly on the
soil surface. The survival and reproduction (the number of cocoons and juveniles) were
evaluated after 4 weeks and 8 weeks (the reproduction) by manual counting. The test was
carried out at (20 =+ 2) °C and under 16:8 light—dark cycles.

The EN ISO 20079 Lactuca sativa soil test was implemented for 100% waste tires
+ control. Three containers with 100 g dry weight waste or soil were prepared, and
10 pre-germinated seeds (<1 mm long) were introduced into each container the same day.
The prolongation of roots was measured after 7 days. The test was carried out at (20 & 2) °C
and under dark.

The Sinapis alba filter paper test was carried out according to EN ISO 6341. A 100%
waste eluate + control aquatic solution enriched with nutrients according to the relevant
standard was tested. Three Petri dishes with filter paper were moistened by 10 mL of the
eluate or control water, and 10 pre-germinated seeds (<1 mm long) were introduced into
each dish. The prolongation of roots was measured after 3 days. The test was carried out at
(20 £ 2) °C and under dark.

The Daphnia magna immobilization test was performed according to OECD guideline
(2006). A 100% waste eluate + control aquatic solution enriched with nutrients according to
the relevant standard was used. Three test vessels were filled with 100 mL of the solution,
and 10 less-than-24 h old daphnids were placed into each vessel. The immobilization
and mortality of daphnids were measured after 24 and 48 h. The test was carried out at
(20 £ 2) °C and under a 16:8 light-dark cycle.

The OECD guidelines were used for the Lemna minor growth test. A 100% waste
eluate + control aquatic solution enriched with nutrients according to the relevant standard
was analyzed. Three test vessels were filled with 100 mL of the solution, and 34 duckweeds
were introduced into each vessel. The specific growth rate of duckweeds was measured
after 7 days. The test was carried out at (20 & 2) °C and under 16:8 light-dark cycle.

The Desmodesmus subspicatus growth test was performed according to Shoji et al.
(2008). A 100% waste eluate + control aquatic solution enriched with nutrients according to
the relevant standard was used. Three test vessels filled with 25 mL of the solution and
algal inoculum corresponding to 10,000 cells/mL were placed into each vessel. The specific
growth rate of algae was measured after 3 days. The test was carried out at (22 & 2) °C and
under a 16:8 light-dark cycle.

The statistical analysis of ecotoxicity data was performed based on five replicates of
each test. Significant differences were identified using the analysis of variance (ANOVA) as
a statistical technique. The test was conducted at confidence intervals of 95%, and values of
p < 0.05 were regarded as significant. SPSS 17.0 software was used for statistical analysis.
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3. Results and Discussion
3.1. Heavy Metals Concentration

The elements released from the recycled rubber into water detected by the ICP-OES
method are shown in Table 2. Here, the values obtained after 24 h and 21 days of leaching
are presented. The data after 24 h correspond to current standards. However, we also show
the concentrations after 21 days that, as we believe, provide a deeper insight into this issue.

Table 2. Concentration of metals released from rubber crumb.

Concentration (mg-L—1)
Limit (According to WHO,

Element 24h 21 Days Environmental Health
Criteria 221)

B (249.77 nm) 0 0.231 0.5

Ba (455.40 nm) 0.021 0.056 0.7

Fe (259.94 nm) 0 0.059 -
Mn (257.61 nm) 0 0.113 0.4

Si (251.61 nm) 0 2.271 -

Zn (206.20 nm) 0.273 7.041 3

The highest concentration from the leaching of metals into the water was found for
zinc, specifically 7.04 mg-L~! after 21 days, which significantly differs from the value
obtained after 24 h of leaching. The apparent differences in the obtained results after
24 h and 21 days refer to the continuous leaching of metals contained in rubber crumb
to the natural environment, thus raising the question of whether the relatively high zinc
content cannot harm aquatic and soil organisms through long-term exposure. The achieved
value exceeded the limit for drinking water significantly; however, the zinc concentration
of >20 ugL’1 has been shown to exert adverse reproductive, biochemical, physiological,
and behavioral effects on a variety of aquatic organisms. Similar findings were presented
in the work of Turner and Rice [13], where the zinc concentration rose over time linearly.
As reported, the rate of dissolution depended on the pH of the solution or the presence
of the C1~ ions. However, the toxicity of zinc to such organisms is influenced by many
factors, such as the temperature, hardness, and pH of the water. Moreover, the different
zinc leaching rates depending on surface area (particle size), environmental conditions, and
loading scenario, zinc presence have been confirmed as a hazardous element for aquatic
organisms and needs to be taken into account [36].

Contrary to findings of Davis et al. [37] or Park et al. [38], no presence of Pb, Cu, or
Cd was revealed. This fact can be assigned to the standardization of tire production by
the act of 2013/1907 by the European Commission, which reduces significantly the use of
hazardous compounds within tire production.

The concentration of other elements was substantially lower and did not exceed
the limit value. It should be noted that there are a number of limits for different types
of water that may or may not be taken into account. It is, therefore, necessary to take
into account the scope of the performed analysis and relevant area of protection. In this
regard, the utilization of recycled or reused products should be subjected to more detailed
consideration, including human and environmental safety aspects in addition to technical
properties [39].

3.2. PAHs

The results of the qualitative analysis of the dichloromethane leachate from the rubber
crumb are depicted in Figure 2. Here, GC separation was followed by mass spectral
identification to reveal major PAHs (Table 3), so the obtained spectra were compared
to authentic standards analyzed with the help of GC/MS method. Six PAHs subjected
under the health and environmental concerns of authorities used within tire manufacturing
were chromatographically separated and identified. To be more specific, pyrene, chrysene,
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benzole]pyrene, benzo[ghi]perylene, fluoranthene, phenanthrene, and other PAHs (13 in
total) used in the vulcan accelerator, oils, and antioxidants were identified.
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Figure 2. SIM chromatogram showing identified PAHs.
Table 3. Identified PAHs in leachate from rubber crumb.
Retention
Compound Abbrev. CAS Time Quantifier Qualifier 1 Qualifier 2 Qualifier 3
(min.)
naphthalene NAP 91-20-3 8.878 128 127 129 102
acenaphthylene ACY 208-96-8 11.484 152 151 153 76
acenaphthene ACE 83-32-9 11.784 153 154 151 155
fluorene FLU 86-73-7 12.642 166 165 163 167
phenanthrene PHN 85-01-8 14.771 178 179 177 152
fluoranthene FLA 206-44-0 19.656 202 203 201 101
pyrene PYR 129-00-0 20.782 202 203 201 101
chrysene CHY 218-01-9 27.382 228 226 229 114
benzo[b]fluoranthene + B[D]F 205-99-2
benzo[j]fluoranthene + B[jIF 205-82-3 32.442 252 126 - -
benzo[k]fluoranthene B[k]F 207-08-9
benzole]pyrene Ble]P 192-97-2 33.585 252 253 126 250
benzol[a]pyrene B[a]P 50-32-8 33.790 252 253 250 126
indeno[1,2,3-cd]pyrene IND 193-39-5 39.208 276 138 277 137
benzo|ghi]perylene B[ghi]P 191-24-2 40.042 276 138 277 137

The concentration of selected PAHs is shown in Table 4. The highest concentration was
determined for pyrene (c = 31.24 mg-kg~!) followed by fluoranthene (c = 9.12 mg-kg~'): in
summary, 58.24 mg-kg~!. It should be noted that the current state of knowledge is far from
the state where the impact of all these substances is mapped in the context of their impact
on health and the environment.

According to the performed surveys, it is possible to identify approximately 306 comp-
ounds contained in rubber crumbs, of which about 50 have been classified by the Euro-
pean Chemicals Agency as potentially carcinogenic. More detailed research shows that
these potentially carcinogenic substances, especially various volatile organic substances
(including benzene, benzidine, benzopyrene, trichloroethylene, and vinyl chloride), are in
high concentrations contained not only in tires but also on rubber surfaces. Many of the
identified substances are considered or suspected as carcinogens, mutagens, or acute irri-
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tants [19,21,40]. In particular, due to limited databases and the lack of relevant information,
it is not possible to classify all compounds as harmful or harmless. However, the already
listed compounds pose a significant risk for the human body and natural environment; thus,
the application of these materials should be significantly revised based on a precautionary
principle.

Table 4. Results of quantitative GC/MS analysis.

s Average

S ey g G Gl
phenanthrene phenantrene-dj 5.61 0.06 1.08 0.999
fluoranthene fluoranthene-dq, 9.12 0.13 1.40 0.999
pyrene pyrene-dig 31.24 0.52 1.65 0.999
chrysene chrysene-d;; 3.24 0.04 1.25 0.999
benzo[e]pyrene benzo[a]pyrene-di, 3.76 0.03 0.70 0.999
benzo[ghi]perylene  benzo[a]pyrene-d;; 5.06 0.08 1.66 0.999

Taking into account the performed GC/MS analyses, the obtained PAHs values are
significantly higher compared to the results reported by Schneider et al. [23]. It should
be noted that the concentration of PAHs depends strongly on used tires, which differ
in composition [41]. Moreover, the rubber crumb exposed to the natural environment
exhibits a reduction in PAHs’ concentration over time. The lower concentration of PAHs
in the case of weathering exposure could be assigned to mechanical stress and thermal
degradation of PAHSs, as noted by Gomes et al. [10]. This trend was described by various
authors focused on the negative consequences of CR use as infill materials for football
pitches. For example, Brandsma et al. [21] concluded that 2-year-old pitches exhibit a higher
PAHSs concentration compared to 5-year-old pitches. On the other hand, this material is
replenished regularly to compensate for loss and removal. While the reduction in PAH
concentration in time was primarily attributed to the thermal decomposition of PAHs, the
conclusions of Celeiro et al. [11] warned against the risk of leaching of PAHs to surface
water and potential negative consequences for the aquatic environment. As reported in
the study of Gagol et al. [42]. The effect of temperature should be taken into account, since
increased temperature may increase the release of volatile compounds and increase adverse
effects during hot summer temperatures.

3.3. Ecotoxicity

The results of ecotoxicological tests (Table 5) indicated that the most sensitive organ-
isms were the crustacean D. magna and the earthworm Eisenia fetida. They showed 100%
mortality after 24 or 168 h of exposure, respectively. The tested plants were less sensitive
compared to invertebrates since the inhibition of the selected parameters ranged from 27 to
48%. The prolongation of roots (S. alba) and amount of biomass (L. minor, D. subspicatus)
and a number of fronds (L. minor) were relatively comparable. Apparently, the type of
selected testing scheme (aquatic, terrestrial, and filter paper), as well as the organism used,
had a negligible effect on the toxicity for plants.
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Table 5. Summarized results of ecotoxicity experiments.

Organism Parameter Inhibition (%) Exposure (h)

Lemna minor Gli;Wth rate 18 168

iomass 48

Desmodesmus Growth rate 27
subspicatus Biomass 47 72
Daphnia magna Mortality 100 24
Sinapis alba Roots prolongation 31 96
Eisenia fetida Mortality 100 168
Lactuca sativa Roots prolongation 44 96

The reason why rubber crumbs were more dangerous to crustacean D. magna and the
earthworm Eisenia fetida can lie in the fact that both organisms are very sensitive to various
chemicals, especially to heavy metals and organic substances. These pollutants may cause
some toxic effects including increased mortality, adverse effects on reproduction, growth,
or behavior [43-45]. On the other hand, plants are able to metabolize a lot of organic sub-
stances. Metals exposure usually has fewer negative effects on their growth rate, but metal
compounds remain deposited in leaves. In this regard, some plant species are, therefore
employed, to remediate contaminated areas [14,46—48]. Animals can also bioaccumulate
organic substances and metals in their body, but in the case of their intoxication, adverse
consequences may lead in the worst case to their death due to the poisons themselves or
becoming prey to predators since they are not able to escape [49].

The explanation of the negative outcome of the ecotoxicological tests can be found in
the increased concentration of zinc and the presence of a cocktail of polycyclic aromatic
hydrocarbons in rubber crumb leachates. The toxicity of both PAHs and zinc has been
demonstrated many times in the past [5,50]. Phenanthrene and benzo[a]pyrene are very
often used as model PAHs, and zinc is one of the most researched and described metals in
ecotoxicology. It is also used as a reference metal in the Ecotox database [51].

The ecotoxicological analyses presented in this paper were more extensive, as for
the type and number of organisms than in the majority of studies published by other
investigators. Therefore, the comparison with others could be performed only partially.
The evaluations of zinc and PAHs leachability in four types of rubber crumbs and the acute
toxicity of leachates to Daphnia magna were tested in a study of Lu et al. [52]. The results
showed that all types of rubber crumb tested released Zn (0.20-1.3 ug- g’l) and PAHs
(9.4-17 pg-gfl) but only two were lethal to D. magna (mortality 73%). The values found for
rubber crumbs in this paper, 7.04 mg-L~! after 21 days for Zn and 58.24 mg-kg~! for PAHs,
are significantly higher, which well explains the differences. On the other hand, Halsband
et al. [5] and Kruger et al. [24] reported 100% mortality of Daphnia magna, which was in
accordance with the results obtained in this paper. As reported in the work of Gualtieri
et al. [53], the rubber crumb toxicity for aquatic organisms is also related to the particle
size of the used rubber crumb, as well as the pH of the solution. On this account, Wik and
Dave [54] call for further risk assessments related to rubber crumb use.

Pochron et al. [55] studied the response of Eisenia fetida to the crumb rubber material
used in artificial turf fields and revealed that the contamination by zinc from tires inhibited
only earthworms’” weight but not the other parameters such as survival or earthworms’
ability to cope. However, the zinc concentrations were lower (172.28 pg-g~!) than in
this paper. The relatively good tolerance of duckweed to zinc, which was observed in
this paper, was in accordance with several other studies published before. Jayasri and
Suthindhiran [56] reported that L. gibba was able to accumulate zinc up to 10 mg-L~1.
Khellaf and Zerdaoui [14] showed that L. gibba could be used as a biological filter for the
removal and accumulation of Zn from a nutrient medium containing 18 mg-L~! of Zn.



Polymers 2022, 14, 1416

11 0f 14

4. Policy Implications and Recommendations

Circular economy principles represent a complete reconsideration of the past paradigm
dealing with material flows, and in this sense, it provides significant reduction in virgin
material consumption and waste production. These aspects belong to desired outputs of
this transition and significantly reduce the environmental load associated with human
activities. Notwithstanding, several adverse aspects can be also considered to avoid
undesired consequences induced by the replacement of virgin resources by various waste
products. A good example can be observed in the boom of a recycled tire used in a wide
range of applications. However, the utilization of such material needs to be subjected to
detailed evaluation, including potential risk assessment scenarios for the relevant areas
of protection prior to preferring technical performance, as well as the benefits, that arise
from recycling. At this point, ELTs’ reuse in applications such as sport and leisure surfaces
represent risk not only for humans but also for the surrounding environment, as reported
in many research papers. As reported by Baensch-Baltruschat et al. [57], several other
hazardous compounds such as phalates, resin acids, and benzothiazoles can be identified
in rubber leachates. It should be noted that the performed heavy metal analysis did
not reveal any distinct contents of Cd as, described in the research paper of Wik and
Dave [58]. This finding can be assigned to the effectiveness of the adopted precautions
under 2013 /1907 by the European Commission, as also confirmed by Capolupo et al. [59]
who did not detect Cd in rubber crumb leachate. Notwithstanding, their study refers to the
negative effects of rubber crumb on mussels and algae survival and highlights the need for
a better understanding of the relationship between rubber use and the preservation of the
natural environment.

On the other hand, the desired properties of rubber crumb can be employed in a
variety of end-use purposes if sufficient treatment is carried out to mitigate the risk. For
instance, the work of Phiri et al. [60] summarizes modification methods that reduce the
potential risk associated with rubber crumb use. In addition to the evident environmental
hazard associated with untreated rubber crumbs to the natural environment, lacking leg-
islative framework neglecting the newly introduced destination for recycled products can
be observed as a constraint to the real sustainability for new products of the circular econ-
omy [61]. Viewing sustainable development as a multidimensional approach, including
various fields, for environmental consequence assessment should be emphasized.

As follows from the above-mentioned findings, the use of recycled materials in dif-
ferent areas of use compared to their original purpose was subjected to a more detailed
analysis. At the same time, higher attention should be paid to the precautionary principle
and of the available knowledge in the sense of treating and modifying these materials so
that negative consequences are minimized [60,62].

5. Conclusions

This study analyzed the environmental effects associated with the application of
rubber crumb-based materials used for children’s playgrounds, sports pitches, and other
leisure activities. The recycling of ELTs raised substantial concern related to the potential
negative effects on human health. Therefore, an intensive discussion is currently underway
on this topic to address possible restrictions on potentially harmful substances. In this
regard, the most substantial part of the investigation was devoted to negative effects on
human health, risk assessment methodology, or the definition of safe limits until now. On
the other hand, limited attention was paid to the negative consequences associated with
water and soil contamination.

The results presented in this paper uncovered the potential adverse consequences
of extensive rubber crumb application and exposure to environmental conditions. The
rubber crumb sample studied was found to contain a variety of PAHs totaling almost
58 mg-kg~!. It should be noted that not all PAHs are among the most critical, for which
their concentration is closely monitored. However, according to the precautionary prin-
ciple, more attention should be paid to potential negative impacts [18]. An increased
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concentration of zinc was observed in the analyzed rubber crumb, which may pose a risk
to aquatic organisms in particular. On the other hand, a relatively low concentration of
other heavy metals was found, which, according to the available literature, does not pose
a danger to the human body. It should be noted that the length of the leaching period
has substantial effects on the consequences relative to aquatic and terrestrial organisms,
and the current standards do not deal with this side effect sufficiently. Moreover, results
should be considered together with a specific area of protection since the human health
risk (limits for tap water) does not fully cover the risk for aquatic organisms associated
with the zinc concentration in particular. While the zinc content does not pose a health risk
for humans, the performed ecotoxicity experiments revealed substantial environmental
hazards that manifested in the observed 100% mortality of Daphnia magna and Eisenia
fetida in particular. Together with the adverse effects associated with the growth inhibition
of the analyzed aquatic and terrestrial plants, the rubber crumb application may be of
environmental concern.
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Abstract

Current artificial soils for ecotoxicological studies contain non-renewable materials that must be mined, and their produc-
tion and processing consume a lot of energy and generate a significant amount of carbon dioxide (CO,). In this paper, waste
brick dust is proposed as an alternative to calcium carbonate (CaCO,), which is used for pH adjustment of the Organization
for Economic Co-operation and Development (OECD) soils. The artificial soils containing brick dust are contaminated with
boric acid as a reference substance in the concentration range of 100-500 mg/kg and studied in the tests with enchytraeids
(E. crypticus), springtails (F. candida), and plants (L. sativa and B. napus). Experimental results shows the suitability of
replacing calcium carbonate with waste brick dust, as neither toxicity nor ability of model organisms to inhabit the analyzed
soil is found. A comparison with the standard OECD soil does not reveal any substantial di erences between the parameters
(survival, reproduction, and root elongation) of the applied ecotoxicological tests. The brick dust as waste material is found
to have a lower carbon footprint than CaCO4, while a similar amount of water is necessary for the adjustment of tests with
both kinds of artificial soil. The waste brick dust can be considered as a suitable eco-friendly alternative to CaCOj in artifi-
cial soils for ecotoxicological studies.

Keywords Atrtificial soil - Ecotoxicity - Calcium carbonate - Waste brick dust - Invertebrates - Plants

Introduction

Acrtificial soil has been used since 1984; the step has been
supported mainly by the Organization for Economic Co-
operation and Development — OECD (Edwards 1984;
OECD 1984). The reason for its use was mainly to unify
soil properties for comparing toxicity and assessing the
repeatability of studies. This soil has a fixed composition. It
consists of 10% sphagnum-peat, 70% industrial quartz sand
(air-dried; particles should be<2 mm), 20% kaolin clay
with kaolinite content=30%, and < 1% pulverized chemi-
cally pure calcium carbonate (CaCO,). CaCO; is necessary
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for pH adjustment as di erent soil pH is required for tests
with earthworms (OECD 1984, 2004), enchytraeids (OECD
2016) or springtails (OECD 2016), and others for tests with
plants (OECD 2003).

The Web of Science database has recorded more than
10,000 studies where OECD soil was used, of which 436
are for earthworm tests, 83 for enchytraeids, 150 for col-
lembolan, 4,000 for plants, and the rest for the other inver-
tebrates or microorganisms to date. It is therefore clear that
these studies play an important role in soil ecotoxicology.
Artificial soils are mentioned not only in international guide-
lines but also in the national environmental and waste legis-
lation of certain individual nations (e.g., the Czech Republic
or Germany).

Despite a unified approach to the preparation of artifi-
cial soils, recent studies have shown that the toxic e ect is
greatly influenced by the origin, sources, and producers of
raw materials. These a ect the physical-chemical properties
of artificial soils, and this is what a ects their toxicity. The
performed ring tests showed very significant di erences in
the properties of artificial soils from laboratory to labora-
tory (Rombke and Moser 2002; Bielské et al. 2012, 2017;
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Hofman et al. 2014; Vasickova et al. 2015). From this point
of view, the most problematic was sphagnum peat, contrary
to the least variable CaCO; of high purity.

The artificial soils consist of non-renewable raw materi-
als that must be mined, and their production and processing
consume a lot of energy and generate significant amounts of
CO, (Maet al. 2009; Xu et al. 2020). The most problematic
in terms of depletion of resources is peat, which is a rot-
ting biological material of plant origin. Its composition and
properties are very variable due to the amount of organic
carbon, humid substances, and their amorphous composi-
tion (Bittner et al. 2006). The increasing knowledge of peat-
land conservation has also created a need to find possible
alternatives. A new version of artificial soil with coco peat
instead of sphagnum peat for tropical or subtropical regions
without enough of sphagnums was investigated by de Silva
and van Gestel (2009). More environmentally acceptable
substrates, such as coir dust (Noguera et al. 2000; Abad et al.
2002), vermicompost (Zaller 2007), organic waste (Abad
et al. 2001), poultry feather (Evans and Karcher 2004), or
dredged sediments from rivers (Marchese et al. 2006; Di
Benedetto 2007), have successfully replaced sphagnum peat
in horticulture (de Silva and van Gestel 2009).

All-natural soil contains sand or clay, and these compo-
nents are well spread throughout the world in very large
variations. On the other hand, limestone deposits are shrink-
ing worldwide. Limestone (CaCO,) is used mainly for the
production of quicklime, slaked lime, and cement in the
building industry. Approximately 55% of the CO, emissions
generated during the production of cement clinker come
from the conversion of limestone (CaCO;) to lime (CaO).
The rest of the CO, emissions are the result of burning fuel
to obtain the thermal energy necessary for calcination. The
furnaces in which the calcination takes place are heated to
1400-1500 °C (Price and Lin 2012). Therefore, alternative
binders containing waste materials are sought to decrease the
carbon footprint of cement and lime production during the
last decades. However, there are also other applications of
limestone where it would be reasonable to reassess the need
for its use and look for the possibilities to replace it with
suitable waste materials. Artificial soils for ecotoxicological
studies can be considered a good example in this respect.

This paper proposes the replacement of CaCO; with
waste brick dust, with the alkaline material being able to
increase the pH of the artificial soil. The analyzed brick
dust is generated during the grinding of high-precision
brick blocks suitable for thin-joint technologies. Brick dust
has been used in previous research studies as supplemen-
tary cementitious material in cement composites or as a
precursor for the preparation of alkali-activated alumino-
silicates (e.g., Kulovana et al. 2016; Foft et al. 2018). The
aim of this study is to compare and discuss the results of
toxicity tests with boric acid as the reference substance on
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two soil invertebrate species (enchytraeids and springtails)
and two plant species (lettuce and rape) in artificial soil
containing CaCOj or waste brick dust. The environmental
aspects of CaCO, replacement by waste brick dust are then
assessed using the carbon footprint- and water consump-
tion analyses.

Materials and methods
Artificial soils and their components

Two artificial soils were used in the present study: (A) stand-
ard OECD soil with CaCO; (AS-CaCO;) and (B) standard
OECD soil where CaCO; was replaced by waste brick dust
(AS-WBD). CaCO, as a white powder (=99.5% purity) was
purchased from Lachema, Ltd. (Czech Republic), kaolin clay
from Sigma-Aldrich (Germany), silica sand from Hornbach,
Ltd. (Czech Republic), and sphagnum peat from Agro, Ltd.
(Czech Republic). Waste brick dust generated during the
grinding of high-precision brick blocks was obtained from
Heluz s.r.0. (Czech Republic). The chemical composition of
CaCO4 and waste brick dust is given in Table 1.

The amount of brick dust needed to prepare the AS-WBP
soil with the same pH as the OECD soil was determined
using a table pH meter Milvaukee/Martini pH 5.5 with a
contact soil probe. Five soil adjustments were selected: the
brick dust in a dosage of 0.1, 0.25, 0.5, 0.75, 1, and 2% was
mixed with the other soil components. The same prepara-
tion procedure was also used for the soil containing CaCO,
(AS-CaCO,). Both soils were left dry and dark for one week
under normal laboratory conditions (20+2 °C) before the
wetting and for 1 week before the measuring of pH values.

Table1 Chemical composition of CaCO; (Lachema) and waste brick
dust (Cachova et al. 2016)

CaCOq Brick dust

Component Amount (%) Component Amount (%)
CaCOq 99.5 Al,O4 20.0
Cl 0.001 Fe,04 6.0
NO; 0.01 CaO 115
PO, 0.001 Na,O 1.3
Mg 0.01 MgO 45
K 0.005 K,0 3.2
Sio, 0.01 Sio, 51.3
SO, 0.005 TiO, 0.8
NH, 0.1 SO, 1.0
Ba+Sr 0.01

Fe 0.001

Pb 0.001
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Experimental methods
F. candida reproduction test

F. candida (Insecta: Collembola) was cultured on a substrate
of plaster of Paris and activated charcoal in a ratio of 9:1
(weight:weight) at 20 °C and fed with a dried baker’s yeast.
The reproduction test was performed according to OECD
232 (OECD 2016a). Glass containers were filled with 30 g
of soil (dry weight) and moistened to 50% of WHC, which
was determined according to Annex 5 (OECD 220 2016b).
Five replicates were used for each artificial soil. Ten syn-
chronized juveniles (10 days) were introduced into each con-
tainer. Baker’s yeast was added weekly to the soil surface as
a food source. The test containers were incubated at 20 °C
with a 16:8 light/dark cycle. At the end of the exposure
(28 days), the numbers of adults and juveniles were deter-
mined. Organisms were extracted by floatation. Each vessel
was filled with water and gently mixed with a spatula. As a
result, adults and juveniles floated to the surface. Organisms
were counted under a stereo microscope. The adults and
juveniles were easily distinguished by their size.

E. crypticus reproduction test

E. crypticus (Annelida: Oligochaeta) was cultured in OECD
artificial soil at 20 °C and fed with finely ground oatmeal.
The tests followed OECD 220 (OECD 2016a). Glass jars
were filled with 20 g of soil (dry weight). Soils used in bio-
assays were moistened to 50% of WHC, which was deter-
mined according to Annex 5 (OECD 220 2016b). Four rep-
licates were used for each artificial soil. Ten adult animals
with a clearly visible clitellum were introduced into each
glass vessel. Crushed oat meal was added weekly to the
soil surface as a food source. The test containers were incu-
bated at 20 °C with a 16:8 light/dark cycle. At the end of
the exposure (28 days), the number of adults and juveniles
were determined. Enchytraeids were fixed with ethanol and
colored by adding 1% Bengal rose solution. The samples
were gently shaken and incubated for 24 h to achieve an opti-
mal dying e ect. As a result, colored enchytraeids floated to
the surface. Enchytraeids were counted under a stereo micro-
scope. The adults and juveniles were easily distinguished
by their size.

Fig.1 Scheme of environmental

Plant growth seedling tests

Lactuca sativa and Brasicca rapa were model plants in two
individual seedling growth tests which followed OECD 208
(2003). Glass test vessels (10 cm in diameter) were filled
with 100 g soils, and 10 pre-germinated seeds were placed
on the soil surface in each dish. The dishes were closed by
glass lids and wrapped in foil. The soils used in the tests
were moistened to 70% of WHC, which was determined
according to Annex 5 (OECD 220 2016b). The test vessels
were incubated at 20 °C in the dark. At the end of the expo-
sure (168 h), the lengths of the roots were measured with a
ruler on the mm scale.

Statistical analysis

The reproduction rate of invertebrates (humber of juveniles
per adult), number of surviving adults, and growth of seeds
were used in the statistical analysis (Excel, MS Word). Non-
linear regression was used for the calculation of LCg, or
ECs, values (GraphPad InStat, version 3.06 (GraphPad Soft-
ware Inc., California, USA, 2003).

Environmental impact
Goal and scope

A simplified environmental analysis was done to quantify
and compare the environmental impacts of the application
of waste brick powder or CaCOy; in artificial soil. In order to
assess the environmental impact of the artificial soils with
waste brick dust and CaCO,, two basic comparative criteria
were chosen: the amount of consumed water and the carbon
footprint. The environmental analysis was aimed at the final
stage of material processing and artificial soil creation for
the performance of ecotoxic tests. The systems boundaries
showed in Fig. 1 secure the framework of the comparison
and material inputs and outputs created during AS process-
ing. For the fulfillment of requirements related to the com-
parative assessment of particular mixtures, a functional unit
of 1 ton of final artificial soils (AS-CaCO; or AS-WBD)
was used.

analysis
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Inventory analysis

The emission data were compiled from the literature, and
the amount of consumed water was determined on the
basis of theoretical estimates. Firstly, the relevant manu-
facturing processes of CaCO5; or WBD were identified.
The carbon emissions and water consumption related to
limestone were taken from Smatelka (2019). The produc-
tion of the bricks themselves was not included because the
brick dust is a waste material, and it is not intentionally
produced. The water consumption for the preparation of
soils was also included in the calculations (Fig. 2).

limestone
mining
crushing,
grinding
purification
waste brick pure (99%)
dust (WBD) CaCO,4
‘ mixing with (
the rest of AS
“4 !
distilled
AS-WBD | <= water = AS - CaCO4
performance and evaluation of ecotoxic tests:
plants: germination, performance
enchytraeids: performance, worms counting
springtails: performance, insects counting
washing of test equipments

Fig. 2 Identification of relevant processes related to AS production
and use

Impact assessment

The impact categories of water consumption (ml) and green-
house gas (GHG) emissions were taken into account. The
GHGs emissions were expressed in kg CO, equivalent, and
the particular importance of gases with the most harmful
e ect on global warming was included. The applied waste
brick powder did not require any substantial manufacturing
process, given that it was described in a study by Foft et al.
(2018).

Results and discussion
Preparation of optimal soil mixtures

The optimal pH values for the reproduction tests with
enchytraeids and collembolans are in the range of 5.5t0 6.5
(OECD 220 2016b; OECD 232 2016a). The model plant
species need slightly more alkaline soil in the range of 6.5
to 8.0 (OECD 208 2003). The pH values in Table 2 show the
acidity or alkalinity of soil mixtures with various amounts
of CaCO; and waste brick dust. Apparently, the optimal
amounts of waste brick dust are 0.5-1% for invertebrate
tests and ~ 2% for plant tests. Therefore, waste brick dust in
a dosage of 1% for invertebrates and 2% for plants were used
in the soils analyzed in the present study. OECD soil with
CaCO, contained 0.25% of CaCOg in invertebrate tests and
1% in CaCOy; in-plant tests.

Ecotoxicological tests

The survival and reproduction rates (juveniles per adult) of
F. candida and E. crypticus are presented in Figs. 3 and 4.
There was no observed mortality of adults of springtails
and enchytraeids over the limit for the validity of the tests
(OECD 220 2016b; OECD 232 2016a). The length of roots
(Fig. 5) and their variability also fulfilled the criteria for the
validity of the test methodology (OECD 208 2003).

It is apparent that boric acid was toxic for all the tested
organisms. The analyzed artificial soils did not exhibit any
statistically significant di erences both in controls and with
boric acid contamination. Therefore, it appears that waste
brick dust has a good potential to replace calcium carbon-
ate in artificial soils. The LCg, or ECg, values calculated

Table2 PH values of soil Soil Amount of component (%)

mixtures containing x% of

CaCOj; (AS-CaCO,) or x% of 0.1 0.25 0.5 0.75 1.0 2.0

waste brick (AS-WBD). One

replicate was used for each pH value

mixture AS-CaCO;, 5.3 6.2 6.4 6.6 6.7 7.2
AS-WBD 53 5.4 5.5 5.6 5.8 6.4
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from the measured data are shown in Table 3. It can be seen
that both invertebrates were similarly sensitive to boric acid.
Less sensitive organisms were plants, L. sativa and B. napus,
which is in agreement with Princz et al. (2017). Becker et al.
(2011) reported the EC;, value for the Enchytraeus crypti-
cus test as 220 mg/kg and for the root length of B. napus as
357 mg/kg. These values were similar to the indexes deter-
mined in the present study. The brick powder was also found
to be nontoxic in the study by RoztoCilova et al. (2021),
where the leachate from recycled bricks did not a ect the
biomass and chlorophyll content of duckweed Lemna minor.
Their conclusions thus confirm the results of our study that
brick dust can be used in the production of artificial soils
and used in ecotoxicity tests without any negative e ects on
model organisms.

The waste brick dust analyzed in the present study is
composed of various oxides of elemental micronutrients or
some elements with non-biotic significance (titanium and
aluminum). It is evident that the e ects of such composition
are negligible for survival, growth, or reproduction of organ-
isms when only 1 and 2% concentration of brick dust in the
soil mixture is used. The proposed variant of artificial soil
with brick dust can be used for the preparation of mixtures
with certain contaminated soils or industrial wastes in vari-
ous case studies in the future. Aquatic eluates for aquatic
ecotoxicological tests can then be made from such mixtures.
These conclusions are also supported by the test results from
the study by RoztoCilova et al. (2021). They confirmed no
toxicity of eluate containing calcium, magnesium, zinc,
boron, and molybdenum from brick recycles to duckweed
L. minor.

Environmental impact

Carbon footprint

Based on the experimental data and literature review, Fort
et al. (2018) determined the carbon footprint of waste brick

dust as 28 kg CO,/t. As the CO, emissions were calculated
for the same material from the same brick factory, the data of

Fort et al. (2018) were used for the environmental analyses
in this study:.

The GHG emissions of pure calcium carbonate (CaCO;,
with >99% of purity) vary depending on its production. It
can be obtained by drying and fine grinding of high per-
centage limestone. Synthetic procedures for obtaining
pure CaCO, involve, for example, direct precipitation with
ammonium-, chloride-, or nitrogen ions, organic substances,
active black carbon, or hydrometallurgical methodologies
(Smatelka 2019). However, these technologies are not
generally available. Teir et al. (2016) estimated the carbon
footprint of the production of pure CaCO, by argon oxygen
de-carbonization as 0.3 t CO,/t CaCO,. Some other sources
reported 0.2-0.45 t CO,/t CaCO, (European Commission
2007; Mattila et al. 2014). Therefore, a range of 0.2 to 0.45
t CO,/t CaCO; was used for the GHG emission calculations
in this paper.

The results indicate that the carbon footprint was higher
for AS-CaCO, than for AS-WBD and higher for plants than
for invertebrates. These conclusions are a ected by the
percentage amount of CaCO; or WBD added to the arti-
ficial soil. A short plant test focused on germination was
performed in the present study, and for this test, the con-
sumption of CO, by plants during photosynthesis could be
neglected.

Water footprint

The water footprint, as a concept, was introduced to quan-
tify and map water use. It is an indicator that describes
both direct and indirect water use of a consumer or a pro-
ducer showing both water consumption volumes source
and required volumes of water to assimilate anthropogenic
loads of chemicals into freshwater bodies based on exist-
ing ambient water quality standards (Ercin et al. 2012). It
is divided into three categories: blue, green, and grey water
footprint (Hoekstra et al. 2011). “Blue water” describes the
consumption of surface or underground water, “green water”
expresses rainwater, and “gray water” is the amount of water
consumed during an industrial process.

Table 3 Results of toxicity

Sample Species
tests expressed as LCg, and P P

LCs, (SD) ECs, reproduction (SD) ECs, root growth (SD)

ECs, value_s in nominal AS-CaCO;, E. crypticus
concentrations (mg.kg™),

. . F. candida
concentration (mean and in )
parentheses, 95% confidence L. sativa
intervals are shown). The values B. napus
were determined by nonlinear AS-WBD E. crypticus
regression in the program F candida
GraphPad InStat, version 3.06 T

L. sativa
B. napus

357 (314-519) 288 (100-307)
215 (197-331) 366 (102-1316)
>500
280 (242-323)
411 (372-456) 197 (179-215)
386 (102-416) 233 (143-380)
>500
368 (not determined)
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Brick dust is waste material, and thus no water is needed
for its production. The amounts of water for seed germina-
tion, adjustment of soil, or test evaluation are described for
each individual test in Table 3. The amount of water neces-
sary for 50 or 70% adjustment was determined according
to Annex 5, OECD 220 (2016b) in this case. The same cal-
culation procedure was made for artificial soil containing
CaCO,. A high percentage of limestone is ground by using
the so-called dry-way in the EU (Svérék et al. 2002). The
purest limestones corresponding to class 13 contain more
than 99% of CaCO;, (Téhnik and Ne€as 2015). They are
prepared for use in food, cosmetics, paper, or the chemical
industry.

Water consumption for the adjustment of both ASs was
very similar (see Table 1), but the procedures of enchytraei-
dae and collembolan tests require higher consumption of
water than the germination plant test (thanks to higher water
consumption for leaching of organisms from the soil for bet-
ter visibility). Perhaps changing test performance would be
beneficial for partial water saving.

Conclusions

Waste brick dust was tested as a possible replacement of
CaCO; in artificial OECD soil commonly used in ecotoxi-
cological research. The analyzed soil was contaminated with
boric acid as a reference substance and studied in bioassays
with soil invertebrates (E. crypticus and F. candida) and
plant species (B. napus and L. sativa). The results were com-
pared with the data of bioassays where the standard OECD
soil containing CaCO; was used. The main outcomes of the
study can be summarized as follows:

= The artificial soil with waste brick dust did not exhibit
any toxicity to the tested organisms;

= The toxicity of boric acid as a reference substance was
not a ected by the addition of waste brick dust;

= The waste brick dust alone had a lower carbon footprint
than CaCO,, which resulted in a lower carbon footprint
of WBD-artificial soil than the artificial soil with CaCOs;

= The AS containing waste brick dust instead of CaCOj,
had a very similar water consumption during its adjust-
ment at the start of the test to the AS containing CaCOs.

Based on the results obtained in this study, the waste
brick dust can be considered a suitable eco-friendly alterna-
tive to CaCOj in artificial soils for ecotoxicological studies.
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