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Chapter 1

Gener al |: n tTrhceed URa tsieo
Pl a-Btee Wet W pe Al
Thelr Fate 1 n RI ver



1Gener al | ntroducti-Bnee TWet RWIi
Al ternatives and Their Fat e | |

1. Background

Pl astic pollution is a critical environment
gl obal aguagt Wicn cex @dsOylsdtae anls] D22 0 ¥tl aslti cs can p
decaddash,eiand ncorrect disposalctadkme@apeoseopagasi
through 1ingestion, chemical |l eaching, bi oac
(Stant,®2m18t; aMi nd6d®bet DaRORDg evi,kdDIB.O )watt hal .
similar adver dJlrliadk02t¥ ;a@arlY.uh 2ic0madh sF IMurnyi z, and R
2025)Freshwater environments are now recogni
(Wi ndsoy20€elt9apml t h substanti al evidence d e mc
accumul ation points and conduits(Homanhgpoeti a
2017; Ryan2®@nad)MPerofdbres, defined as fibrou
generally considered the dominant f OoHmno¥y mi
et ,2a011.9; St,20tl®nNTheetsealmi cr ofi bres may origina
during clotNepgpewvasand®d@TIoJhpwewner , increased
fibrous consumer priphudt cudrmadd yggvegt svin preisadd
but underestimated key c(o@alrri ébrua ,@aOnld® f,G awicoS oay f
et ,20120; ¢ B202a0)n et al .

Wet wi pesusae.,ewaswamg| emoi stened fabric materia

range of c¢cleaning purposes, including surfac
and easy solution to daily hygiaewae ein®esise sa.n
convenience, parti cdul9a rplay( ddoriud@i® 2eitgh adh.er eGQM It
not only in the increased produ(cHu odt0 3ald. c on
but al so their i nappropriat e( Miitscghoesl@l)T hv isa t
incorrect disposal has also been exacerbated

wi pes, which encourage itnonsemer 9 5 p2pOelddmMsS p 0 S €

Pl astic wet wi pes are typically composed of

pol yettheyrleepnhet hal at e, polypropyl ene, and poly



degradati bhwitexsumainmgt ai n strerfdVeibba2e0dl 3&bir a b
Pantvujnao z ,2018&;l .0Orr a2n0d2 OKHoweagt i plastic i
under aquatic conditi@Ehbhsese ,20m2cB)Cdnegquantwlay,t
wi pes regularly cause (swiargkwatl e€ro kanppmsMayhd i
shed fibres enter aquatic environments direc
(Filgg) and ot her wast(&watra ra2iin2 Ged o Ragl2eCeatli)otn s a |

Figl Examples of wet wipes pollution entering fr
sewer overflow out | Betsd eyl mageLadasiidyed 20r2@m

|l ncreasing public awareness and regul atory g
spurred significa#freehialt®r hatwvavds. pFastias
devel opment s in the UK-ohtv e f-aagattenls énigat prdo dtuhc
includi ng( vieR,RAvV2Z H&¥r i vi ng i nndourbet ol epias @llay d



(materials derived fr onbabsi@adldo ¢phii malle garaidgaibn se; 2
This shift has al so been propelled by new
preference for environment dHleyrimaéazelk,y aadnd
2023; [DPBEORRMA) However, t he afsrseuendp ttiroann stl haate so p

6environmentally safed remains critically wun

Product certification igthandaergdseef arno daihi @de gnr

by microorganisms intandaodoml ésbhebidlgighe& mat
flushed materials dispeavaeysafghyfwcaht hyserv
typically presented as voluntary gUKdel dses
et ,2a011.8; -Mamo » j220t1 83l .Fi | i ci ot2t0®R2 19Adid iRtoit chneanlbleyr
standards often fail to replicate the comg

environments, relying instédad ro rs20anb8ett r lailld. & da
Chenh021)Moreover, bi odegradability tests rar e
|l each into aquatic environféelntsg2@bTenlandily
et ,2a011.8; Yu,2a0mRd# )TFH iugy yr ai ses substanti al doubt

testing protocols i-woralcdtudadgrddatpircemdi &nd ngyvVv
i mpact s.

Unt i | recentl vy, plastic microfibres were pr
aqguatic systems. However, belesaalngul esii c¢e nfciet

including natural-déeigedrptaad, cWwemdcabulyp r
Vi scose, rayon, |l yoce(Lys lagz0 Wd;t aiVsol gl2ya1mq reet a
Remy ,2018 . He20¥9etS@waaa2a@a)etc|l aldi ng( Minl |ferre seht\
al2017,; Draosl 8ewhiatlér ombtexti Wes, whpwedsubeag

increasingly identified in wastewater(s€ and ¢
Briai n2020;alTser,20@drj Bak2bad)iGrawing evidenc
indicates that cellul osic wet Wi pes can per

environmehsismo2020etPadeng2en &trghr ,h2a0n2d4 ;J ok s
Met cal,O0O24d)aasnld. may shed more mi cr(oKfwiobnr,eest tahla
2022)Despite these preliminary findings, sub
extent, environment al fat e, and ecol ogi cal

particularly in freshwater environments wher



A life cycleilasétesssttaicace @G@jraed wisdess a compr e
met hod for addr essi(rMg rtameZal2el;n @ivi.2ebdBple eZth aals.

and ,X022)By evaluating the entire | ifespan of
processes, through consumer usage and dispos
it becomes possible to identifytthetoretntadp
ri sk and where targeted interventioanbsylag e 1
approach to systematically investigate these
of whet her cellulosic watf ewi ey i genmenehyiy

traditi eéomasle dp Ipa otdiuc t s .

1.Zhesi s ratmpoateanaed

Despite the increafsiemg &lht é 1t nadtoiwvae d,s ipdalsud i
there remains a critical | ack of wunderstand
i mpact s, particularly in fregshkwatanrn | §c @asystm
Existing ass-bmpedomatehatnlBBiare inherently s
tested -wodked cemabitions. Mor eover, current L
reflect the complexhanbvinbhmentael mdyeamatspe
ri sk. Addressing these knowledge gaps is vit

of emergaahgephasive products but also for gu

consumeags,chaondc-basedenmnecgul atory policies. B\
perspective with emissions modelling and ex
provides a novel, holistic evalwuation of C

pol l.utlathnsg f i ndings offer ti mel-gffisnsdgddci atna
pl a6t ee alternatives, contributing urgently
transition away fFomdimagasli fromalChaddywti @F cra
deci-mdkimnmghe Wel sh Government during the fo
Protecti-wsne (Bliagtiec Product s) (Wal es) Act 2

relevance and applied value of this work.



1. Bi ms of the thesis

The primary aim of this thesis is to critioc
avail able celilaulwo sliet¢ ywetsewi p@asl i n orpdaassitngel y
free alterimbdoi uaderosdantistheir environment al
risks in freshwater systems. To achieve this
as a publishabl e researysespapé&mis gseshparotyh emma tc
model | i ng, | aboratory t-eiste, fiaeldd bex he rmemerct

research objectives are to:

l1.Critically analyseelelxulsasegp &inyomwé resl,get loei
wet wipes, and their environment al fate a
2.Quantify bésebtramed maicsarbosmm)ed emi ssi ons of
wet wipe pollution entering freshwater en
3. Assess the degradation dynamics of <cell ul
andsitmu freshwater conditions, while iden
4 Evaluate the ecological ri sks posed by f|

ecosystems.
5.ldenti-fgchbowicec®l and regul atory intervent.i

to achieve environmentally safe standards

1. hesi s overview

Each chapter directly addresses the research

Chaptprowvides a orfi tciurarle na n akenyobwl$eodsgiec owne t v
combifruemsdamentaanld tlhiefoer ycycl e assessment appr
pol ymers and their usage in wet wi pes from
establishes a foundation for assessing the

knowl edgetgapsréseafoh, which this thesis be

ChaptgewamBti fies the scale of wet wilpaesepdol! | u

mat hemati cal model with secondary data sourc



this chapter-amdt immeatreod i haer emi ssions of pl a
entering freshwater systems vied swabhat eWwanteert sp
of wo distinct river catchments, i1l lust-rating

and wars®t emi ssi on scenari os.

Having established bCGhsaeptienrgedpdol bat eenwest wmap
under controlled freshwater conditions. Spec
Abi odegradabl ed cellulosic wipes within fiel
and biologicaladatitomnsanddi gygémgr @ttigmg hypothe

Building on insights Chraopm tete sCédbame shoyqpadsbrh es te s d
through field experi menttypiimalurddanumulvetri emyv
wet wi peswo rTlhd sa srseeasls me n't guantifies actual
environment al conditions, lexamthnvngyrtiavedi ph

characteristics.

Collectively, these chapters provide a compr

emerging fr esthwaaptteeyrnpbesusant fi ndings across

ecological risks posed by these materials wi
for regulatory policy, consumer behaviours,
soetiecchnical interventions to mitigate envir

of biodegradabs$seawdt b weofprdeeep roplbtaesrtnact i ve pr od:



Do Fl ushed Biodegr ¢
Real |l y Degrade?

A version of this chapter i1 s avail abl €
Al 1 i s.on, Walr d, B. D., Har bottl e, M. , C
bi odegradabl e wet wipes really degr ad:e

16491t2t.p: / / dx. doi .orqg/10. 1016/ ) .scitot

I n this chapter, the concept and met hodol ogy
with Benjamin Ward, Mi chael Harbottl e, and |
edited the manuscript foll owi.ng review and c


http://dx.doi.org/10.1016/j.scitotenv.2023.164912
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t h
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fu

pr

nsumer wet wipes sold as biodegradabl e and
cade (>%$3 billion in 2022), spurred by con
edominantly composed of celrl umoosdi ¢ ufliphr esh:
en found to persist in sewers and in the
yntheticd causesrpawbet o®dbi abashed biodegr

ally degrade.

rkingf umdamemit m¢ofpl ecsel | ul o,stihce ppohl yysmecrosc h e |
mposition, environment al i nteractions, and
cle of cell ulforsam pvredd wd tpieo 1f iitlvee eesn wixrpd mmeard

der stlainktleeligyr @idrat i on behaviour i n wastewater

e results highlight t hat >50% of bi odegr
nuf acturedt wi & hlby @tdérgirvaedda,b i & r ese/Ink dhidbens c

gradabl e fibres, and -ehhanthey cbednmachl!| vad
strengtheni ng atnhdatancta milcirmibti ad e qargeechatsi on
wet wipes are highly prone to physical fr
thin the environmeaothemhcal i manduieadtourihreg
pes and the wuswually inadequate ambient con

ssibly biologically har mful mi crofibres.

is ¢tbatl cdedently, most flushed biodegrad
at more empirical I nvegittiug ateigamsd adnn @ nn dede
vironment al and manufacturing proicegseas, tF
(I |l ife cycle approaches to wet wipes sho

operties, consumer disposal .behaviour, and



2Do Fl ushed Biodegradabl e Wet

2.1 I ntroducti on

Mu l-ptuir pos eus esiwegtl ewi p e sc omaswenes u rdgeenth nidn wor | dv
since the recent pandemic. Their inappropri e
of contamination to aquatic ecosystems wor |l ¢
and can be easirlsy (sMcoCotye detalaoln.g, r2i0v2e0) . As a

subsequent occurrence on beaches has 1increas
the | ast dMdemdz dtPtaaltoj a2018), whilst >23,00
single ar €hamds tthoreshore (UK), with 2an ave

(Thames21, 2019).

Domestic wet wi pes ar-e@egmaa chd byl ec oanprotsteedt iocf pr
polyethylene terephthal ate (-WMEMQz aetd olo.l ypkl

Briain et al ., 2020) . Over ti me, tdhheslea wliye
intact microfibres in the environment. At th
et al ., 2022) , with potenti al physical and
2020). I ngested microploasaitdi ¢ opartaivel es hinawegh
(Windsor et al., 2019b; D' Souza et al., 2020
to humans (Zhang et al ., 2020; Jiang et al .,
|l ncorrect wet wi pe disposal al so has signif

pol l ution has increasingly gained medi a at-t

Afatheoggeal ed masses of wet wi pepserasnidstotwiietrf

u
b

the sewer wetdwodrlet( Alldg 2020) . Roughly 50 %
e
h

systems are caused by wipes -Modozsi mil arl . hy.
Mitchell, 2019) . These Dbl ockagveasr i @airs pi «amat
communities, thus creating the need for addi
(Lee et al ., 2021) . Further more, some of the

byroduct chemical s t harn oucnadu sneg dneamsageewat er t
(Durukan and Karadagl:i, 2019). The operation
can be high (Mitchell, 2019; ¢ Briain et al



in Australi a, and A23 million in London (UK

overfl ows (CSOs), release-opfdi nftrsonf aro asdesw aghed
during heavy rainfaldl (Scurl ockpeg20OkB)p tams
ecosystems so that downstream, wipes are bec
(Horton et al ., 2017; Besl ey and Cassidy, 20
Al ternative wet wi pes, mar keted as biodegr a
address these issues (Zhang, 2010) . For a wi
produced from natur al pol ymer s, s halh mhses el
bi omass (1 WSF G, 2020) . Al ongsi de Dbiodegr ad:ze
favourabl e manufacturing properties (i . e.
bi ocompatibility, and natur al abundarnce) 2a0m12d
Jiang et al ., 2021; Pol man et al ., 2021) . C
commercially available biodegradable wet wip
However, there is |imited knowledge on the

alternative wet wipes and their fibres, part
Chen, 2021). There is growing devgdadabl ehasu
wet wipes, do not, or do not fully, degrade

Thompson, 2016, Manfra et al ., 2021) . Thi s
bi odegradable stil!]l t end2 @200 )i.n cHauwdeev eprl,a stthi ecr
t hat cled daud ofsiebres remain undegraded within
(Dris et al ., 2018; Lares et al ., 2018; ¢ B
environments (Adammsuneatciglal, sz202alg)e asrM udges (
environment al persistence may al 8ohdamira ale

substances commonly added to polymers during
functional i tgsi sdeagircaed at and perfor mance (Lai
Hahl adakis et al ., 2018) , but this has not I
scope cohfapatimedrar st anding the extent of the en\y
wet wipes and their fishirtels iadesmot irfeiqgcuaiirieosn baon

analyses that are only just developing for p



Thicshapaxpl or es t he current knowl edge on W €
bi odegradabl e wet wipdasedndopasti aulearelnw i ¢ ¢
alternatives to traditiohahdpmeghaheweadews?pe
wi pase intwiddunedt he contexseswmmaatdlirfffer ent]l
manufacturing processes, physi cochendarcel pr
expl aomedeval uat e their pofTéhethih®l eean\init onarfe n
bodegradabl e wet wipe breakdaowriwihtoltigr ttelge oa
wastewater and freshwaters as their disposal
me c hantihsemsl i kely influencjjamg e¢mei nonnme Pt aly b
that may i nf laureen ceex poF oemaektdiogncnu s s 1 0o n wahaest hperre s e
flushed bi odegrtardudlbyy e adackt Onge pakme ndati ons f o
research.

2.2 Wet wipes in their | i1 fe cycle

Wet wipes are versatile nonwoven textiles th
to personal hygi ene. They are composed of d
(Russelll, 2007; Durukan and Kafradtawrliing 2p0rldc
and present uni que di sposal chall enges. The

| argely determined by prbeesboi de efalmaawé at
i mpact obasedtdl wéoxwicdes ,app daafqgdt ed t hat exami
of raw material s and typical manufacturing
properties and additives that influence thei
of different despobpsakdomehhbdbhaw®hnostthus sefd we't

2.2.1 Life cycle assessments of wet wi

Life cycle assessments (LCA) can be valuabl e

of wet wipes throughout their entire | ife cy
fate2l)Fi gA recent LCAbasfe d ymeath ewiipce sa nidn bGhoi n ¢
the overall environment al i mpact of7 .wlet %i pe
of the total manufacturing emissiohb) prbHdec

production of wood pwlcg ifoinbrceasn U sed it tsh ginr



due to chemical fertilizer and pesticide apfy

on biodegradabl e wet wipes.

Figl Stages of the cellulosic wet wipe |Iife cycl

2.2.2 Raw materials and manufacturing

Wet wipes can be made from a vampieetryche mpoh
(e. g. PET, PP and polyethylene [PE]), natur a
pulp) or chemically regenerated cellul-ose (e
Munoz et al ., 2018; Orr and Karadagli, 2020)



Synthetic plastibasfeidbmpes yarcee spevtit il admied che
degradation but can | each harmful byproducts
et al ., 201 3; Miller et ales 2Z@r7TenStgnavat |
mar ket contain at | east one type of synthetd.
their ability to maintain shape and increase
during consumd&mn auzs aegte & IP.a,n t20Q 1a8 ; Lee et al .,
Natural cellulosic plant fibres are biopolym
(Shaghaleh et al ., 2018; Liu et al ., 2021) .
manufacturing wet wipes, accounonngs foft pbmy
fibres produced in 2021 (Carr, 2017; Barrows
fibres make wup over 50 % of all raw materia
bi odegradability, softmegesest alnd, walke8; abwsroul
2019; Orr and Karadaglii, 2020; Harter et al
rayon, |l yocel I, are also derived from cellwu
chemically modiftued ndurniGago manufadc |, 2018) .
|l abelling of regenerated fibres as either na
makes 1t challenging to accurately estimate
The manufacturing processes involved in pro.
include web formati on, bondi ng, and finishirt
fibres of different sources i nt ohrloawgdhrasdd(yEDA
(i .e. web formi-hgi dn(a. drywebate)mi wepeli nh a |
met hods (i .e. wet forming by heat) (Mitchel!
networks are then medkednioal hgreasehéemecal bV
PantMujnaoz et al ., 2018; Durukan and Karadagl i
chemical additives are added during the fin
functionality ThEBANAaRdd2Q@2 2)k.s can i nclude a
properties, dyeinsghr ifnka meg aretts,r daamdc ys, u rafnad e
Venkat achal am, 2016 ; Dris et al ., 2018; St or
al .2,1)20



2.2.3 The specific properties of cell L

Il n this section, parnthiec uslpaerci dti tce ncthieam ciag d iS
physical (Section 2.2.3.2) properties of ce
chemical additives (Section 2.2.3.3) that ma

2.2.3.1 Key chemical properties of <cel

Cellul oseniesvvadl ki ol ysaccharide that makes u
2015; Adams et abDgl26@Qd4d¢ .répeaobnsgsunsi 0§ co:

functions. Each monomeric unit of cellul ose
the polymer its hydrophilic and biodegradahbl
al ., 2018) .

Cellulose fibres are structured hierarchical
( Fi2g) (Belgacem and Gandini, 2011) . Strong
hydroxyl groups and oxygen atoms create high
(Yuan and Cheng, 2015; Ghasemi et lianes t20el 7
overall strengt h, durability and biocompatilkb

exampl e, cotton hasniat Wi Qh20 %egtrleaen odt te1ry sa .

1988), making the polymer more resistant to
|l oosely structured, susceptible to degradat
bi opol ymer s Isluwclho saess haenndi clei gni n ( Ghasemi et
crystallisation process plays an essential r
et al., 2018).



Cellulose fibre

Macrofibrill

Microfibrill
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Fig2 Cross section of the different hierarchical
and Gd&nodLlilni

Cell ul ose has a samdnlgyacofrditxanlintiyngf aratietr s al

(Khazraji and Robert, 2013) . Cell ul ose exhi
i ntra and i nter mol ecul ar hydr ogen bonds

interactions, MwWhicmpaan isignsbdbliohnktity i n we
(V2is@nen et al., 2021b).

The degree of polymerisation (DP), represent
in a polymer, varies depending on the origin
Yuan and Cheng, 2015) . For i mcsetldnud en,s ef iwi tt enr
2900 (Malegil et al ., 2005) , whil st Dbirch a
respectively (Sirvi° and Lakovaar a, 2021) . I

maj or obstacle to itsethamical2ORlndakdown (Ve

Cellulosic fibres from different sources al s

the rate and extent of polymer deagreadcdagtei dMWs



(measured in kbDa) of various cellulosic fibr
kDa) , foll owed by dissolving wood pulp (208
(127 kbDa).

2.2.3.2 Key physical properties of cel

Wet wipe manufacturers need raw materials w

meet a variety of consumer and industri al n e
high absorbency for chemical @ddiatiweas | not hle
environment (Mitchell, 2019) . Unmodi fied cel
mechanical properties, but it has a | arge nu
to suit various apmlgi @eatiadns REB24)bi, 2014;
The mor phol ogy of cellul osic fibres i s I mg
degradation (Klemm et al ., 2005) . Cel lul osic
(018 mm) (Zhang et al ., 2018; Mistccohsed lar e2 0l1c
than natur al wood pulp fibres (Zhang et al .,
of wipes. For instance, shorter fibres impro
processes, whil st | osgeére BGitbreragt hnamedase swea

(Ti pper, 2016) .

The internal mor phol ogy of cellulosic fibr
degradati ofmaskedc elelt uRnwougpse se t( Aablu. , 2006) . A mo
natur al cellul ose are more porous tihkalne ctroy s |

water and enzymatic hydrolysis (Holtzappl e,

cracked fibre structures may promote fibre f

al ., 2020; Duan et al ., 202d9 . adHowmwleat e mo K
sewer solids during wastewater transport, i n
and thus, hindering their transport and degr
Few studies have explored the physical prop
for ms, and those that have been doma&sed e u
Durukan and Karadagl: i (2019) found -dthatte t he



fl ushanboind uasnrhdabl e wi pes were very similar in

per unit mass, and moisture content, |ikely
Hi gh wet tensile strength and durability are
Karadagl i, 2020). -basvededegrpadalice ngi e t h
strengt h, di spersibility and softness is che
Yun et al ., 2020). A study compaftiomghahblewen
wi pes to toilet paper found that these wipes
retained their strlengtphapvwhen Dwetu,k ann lainkde Ktaa i
strength | oss of flushable wipes was only 29
Petrocdemivad additives are commonly used tc
wet wipes (5.8 Dadtitchrey2.ci.n3 | i mit degradat.
However, bl ends of <cellulosic fibres can prc
without the wuse of chemical additives. An e
f ound ntchreetasi ng the viscose content i ncrease
whil st increasing the vaondd dpepwlrmdadn2ty§ q Zhe
The orientation of individual fibrils withi
el ongation at breakage, and therefore, t he
microfibril orientation ar e stgreorcgaenp abvetd h av
with | ow microfibril orientation (Klemm et a
hi gher orientat-Rowms td&atanalvi scdE®6 )Y Abdowever,
found to share poRemyelatstaki ty2pitbpersuggets:
have similar degradation behaviour.

High | iquid absorbency is critical ibmastewde pr
cellulosic fibres have a strong advantage 1in
cellulose fibres have | owpwett istsr,e nwdtilc ha mda kle
readily availabl e t o bi odegrade (Hauser, 2
Furthermore, fibres with greatg@roabedr gtiommet
due to the higher epkeesf(Boskupace atreal t hi 2
Howevetrr,eptred cotton fibres tend to be more



2.2.3.3 Chemical additi ves

Chemical additives are commonly added to mat
properties and durability (Campanale et al
products but al so cellulosic wet awiemd s, owh
preservatives to prevent microbi al growt h (H
et al., 2021). Examples of suc-hoaddi dehgdein
phenoxyethanol, parabensl, .  ,anAd. ,be2n0zOo7a;t eYsu n( Cehbto
et al ., 2021). However, these additives can
the molecular structure of polymer s, l eadi ng

2017; Wind9®arn étuoalt, a201 2022) .

Mor eover, additive contaminants can also ad
resulting in similar Il ssues (JOms et al ., y
however, how different additi viersommdretct ( Hng rcrr
al ., 2019; Ebrahi mbabaie et al ., 2022). Addi
consider the impact of any additives, al tho

pol ymer to be consi demdad dWagd medre,g r2a0dla7b;l eH a rLrainsb

2.2.4 Disposal pat hways and fate

Wet wipes are commonly disposed of through e

wastefl(lnomabl e) pat hways (Mitchell, 2019) .

ability to bedaofillieshedkndbaowwmn atshdfl ushability?o
and Karadagl: i, 2020) . |l deal | vy, the disposal
bi odegradability and dispersal of their poly
shoul d speseaed of through bibmswdstte bpas hway o
pat hways. However, the actual process i s mo
di fferent origins and designated disposal p
rirveenvironments (Drinkwater and Moy, 2017;

emphasi ses the need for a better understandi
flushabl e wipes (Section 2. 2-b4 oHdeagbriaen dp doley me
(Section 2.2.4.2).
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4. 1 F | ufslhuasbhl aeb |ves wniopne s

wi pes and other sanitary products are I
sagun and Bhat, 2020) . Packaging instruc
ugh household toilets and i20p Haet sewady
). These wipes are mhaanéeéyg makresoft batodes
ngth in their wet state and are typical/l

s (Zhang et alflaBbBbéa8produciconarasmadean

much higher wet strength (Mitchell, 201
1Ty, a wipe should only be considered f|
d (i . e. cellulosic) fibres without any r

astructure and freshwat erk seicroonswisct earts & 11.V
d that all tested fabrics | abelled as f

assessed against the International Wat e

confusion about flushable wipes stems f
ssing fl uMthmoa | ety a( Pant2djla8) . Manufactu

me that flushable products mosv e neda sdielgyr atd

ing or after transport (Durukan and Kar a

i cochemical properties, as well as infra
em, including wastewaste(OflrowndeKarcatggh
habHd uasnhda bnnoen wi pes have caused sewage bl
hel |, 2019) . To addr ess t hese mi sper cée
shability criteriao guidelines (I NDA an
, C. De2p@P21pr these methodol ogical efforts
|-leigrmdilyg regul ations placed on manufact
hable (Drinkwater and Moy, 201

4. 2 Bi odebgirocaddeagorl aed avbsl en opno|l y mer s

egradabl e polymers are materials that C

e absi odeergr adabl e pol ymer s, such as tradit



strong apol28r) HdESmudchs e(tFiad.. , 2022Db) . However,
pol ymers can vary, and ithibmdedddde odemgs adhbh
mean the same thing (Filiciotto and Rothenbe
bi-cmased and biodegradable polymers to unders
pointed out by L amb érats eadn dnaWaegmi eark s(e2e0albyk)e, f oboic

sources, but not al | of t hteams eldi oplleega thjdces .
degradability depends on a polymer's chemica
et al . (2022hb) also emphasise that pol ymer
facilitates t he mo st efficientasbi mmaasi @re.n

breakdown of a biodegradabl e polymers occurs
t hat weaken <chemical |l i nkages and pol ar b ol

compounds that microor ganilslms Lcaann aansds iNwirl aayt ael

Molecule
Monomer  Oligomer

Biodegradable > O Oij
polymer Abiotic/biotic

chemical interactions Molecular degradation

Non-degradable —

polymer Abiotic/biotic
chemical interactions

Resists degradation

Fi g3 Mol ecular degradation padeadmwadgasblferp dliydergs ¢
to abiotic/biotic chemical interactions.



Cell blasceéd fibres in wet wi pebsasarde awidd ebliyo duengc
materials (Leja and Lewandowi cz, 2010; Wei €
influenced by their-r manufacturing processes

Standard biodegradatiovoempesat protacdl| oir ®etquwi

et al ., 2017, Kjeldsen et al ., 2018; GOV. UK,
| abbased facilities, dowd Hbhedegnddatons rBaBQgW®i
vary significantly (Wei et al., 2021). There
efficiently degrade outside | aboratory condi
found to accomalratelas mrcfibres in aquatic
Dris et al ., 2018; Wei et al ., 2021) . Howeve

properly assessed tbhaes efda tfei birnepsa catc roofs sc etlhleuilro

2.3 Cellulosic wet wipe degnwaidmadmmen s

Degradation refers to any process (chemical,

mol ecul ar chains of a polymer into smaller
di oxi de, water, and met hane ( Gu 02 0az2n2d) . WaTnhge,
underlying principle of a biodegradabl e poly
2020; Liao and Chen, 2021) . The primary de
mechani cal f r adgengernatdaattiioonn,, pahnodl lleisced eod rt eecha toica
making it challenging to predict the total I
et al ., 2019; Duan et al ., 2021; Luo et al

compl exity of bi odeetgrandtét et wet aZvbiipeiscaednivo
i nvesthiogvatwes iwilegsaadreobe different environm
t hroughout thei,framspbeahi pat hBagsi on 2. 3.1
pl ants (Sectiamg2.f3F.es)hwabderrsec2ibenctteronme d2 a3 e
degradataonpe alsbveanthhhd i gpbt et i al i nteractio

mechani sms @%ectdiecrcr2 b.dd) .



Cellulose wet wipe Biochemical treatment

Wastewater sewage Wastewater Treatment Effluent/Overflow

/N /N

. ‘- . ; Fragmentation J—

> b Biotic
ero Ingestion
c:‘ILnisT:i:n\ .
Bypassed sewer overflow
Fragmgntation
Aioiotic hydrolysis
Biochemical
Photo
- Biophysical
Fi®gd Flushed cellul ose wet wipe disposal pathway
2.3.1 Degradation in the wastewater se

2.3.1.1 Fragmentation

When wet wipes are flushed down the toilet,
wastewat2dr)Qur(iFn g .sewageépwtrndaegypadati on mechan
expected. The first process is fragmentati o
forces from physicabemnjeobhictdi past  wcktbadsobhet
small er pieces (Duan et al., 2021; Drummond
i n sewer s wi || i kely reeeltt onsn Mmaater i ali t
fragmentation processes throughout the sewer

fibres (Enfrin et al., 2020; Drummond et al



The overall physical damage caused to wet wi
and elastic modulus (Ghorbani et al., 2013),
reduced as a result of t heasne eatbraals.i,v e2 0a2nld) .me
cell-naoesed wet wipes, physical degradation i s
have weaker tensile strength and el asticity
2005; Remy et eaxlp.er i2ndeln5t)s. sRiuegcgesnstt twhpapescenhly ul
average of 548,000 microfibres per gram in
2022) .

2.3.1.2 Abiotic hydrolysis

The second degradation mechanism expected fo

24), a process where water reacts with the me
(Speight, 2017) . Hydrol ytic degradati on S
monomers and end groups, degr ede ooxg gatysitmildg
functional groups in the polymer backbone (K

Rot henber g, 2021) . Hhyndrboloydteiger addeagorl aed aptliaosnt i accs

random hydrolytic scission of ester bonds i

crystallinity, and 2) inward degradation of
(El sawy et al ., 2017).

For cellul ose, abiotic hydrolytic degradati c
bonds, which typically requires industrial a
found in wastewaters (Sharma ien @édl |, ul2dsl88)i. s

di fficult due to its high degree @afggregal ulin
of fibres with higher hemicellul ose content
2017; V&isa2nehi ®dnan .et 28R2-bas2W@2 Wke)t. wCelelsu lec

these issues by aggregating in wastewaters a

I n principle, for cellulose fibres to degrad
and affect both the amorphous and crystallin
degradation relies on tlhhe madudthieondi sfenittiasn g
mol ecul ar chains simultaneously (Cheng et a |

2018) , which is of ten not possible by abi



degradati omasfedceleltulwaspes is I|Iikely only e

mechani sms such as fragma2d)t.ati on are also oc

Hydrolysis causesinelwlatlsgpse ifaildryes nt d i sbweelsl v
and | ower crystallinity (Ghasemi et al ., 201
the high number of hydroxyl groups within th
easily penedgsmdtei cunmreessur e, increasing the
Peng et al ., 2017) . Fi bre swelling can redu
aqguatic environmahtyg 8Bddntmiafyi kel evicsru det ect
weight gain (Khazraj.i and Robert, 201 3; Har |
prtereat ment processes involved in making bio

effectiviechgegohgati on within the aquatic en

2.3.2 Wastewater treat ment pl ant

Foll owing their sewer transport, waset ewhoerc
treat me WWTHs )amamred 6ubj ect to a range of filt
physical filtration processes that remove th
fragmented microfibres can pass through 1 nt
Physi cal fragmentation and abiotic hydrolysi
wastewater stage due itnot erlaeitn oss stwaitmedwaph
particles. Further mor ehasdd owetc wiyple ol arsd st ho
enhanced by the introduction of two expect ecd
stdbheodegr adaddeqr adazdiparot( Fi g.

2.3.2.1 Biodegradati on

Pol ymers in the environment can be biodegra
mi crobi al degradation and biophysical bi oti c
al ., 2022) . As cellul osic wet wi peadalblres
bi ochemical degradation is expected to play

systems and freshwater environments downstre



Bi ochemical degradation is a complex proces

overl ap with bi ophysical processes 26)uo

mi croorganisms first colonise the polymer

porosity, density, surface tension, and si

et al., 2022), as well astenentoamant abifaty
2017). As they colonise, the microorganisms
form a sticky biofilm on the polymer surfac

2017; Duan et al,, 2P@Q2); Nopyseensefoal owed

and biochemical process in which hydrol ase
chains, |l eading to progressive dissimilat:i
al ., 2&d7and Chen, 2021; Ebrahi mbabaie et
mol ecul ar wei ght oligomers and monomer s,

chemical degradation and can be used as bi
bi-eossi mi | ati on, mineralisation, and metabol

2021 ; Liao and Chen, 2021; Ebrahi mbabaie et

Microorganism
Vo \
Q |
) .7 ; Hydrolase enzyme

Colonisation
Wet wipe ——*

- |
> - g & s Surface erosion
Extracellular polymeric substances
Additives %,
. Oligomers
" Metabolites g
@ * C' V.
Mineralisation % Assimilation
COZ —— ( \ . 0
D D B

y: . . 7 —_—

( Hs o % Bulk erosion

& Monomers

Fi B. Mi crobi al degradation pathway for biodegrad

from Duan et al. (2021).



Significant mor phol ogi cal changes occur dur.
in overall MW, tensile strength, surface ar e
Enzymes play a vital rol e i n tchaeds es tcahban g etsy
embrittlement (Yuan et al., 2020), as wel |l &
be released into the environment or promote
Luo et al., 2022). Howeeasrs,esmiwdrtdibinalt hfrey dirad I
influenced by various polymer properties, T
and Chen, 2021), crystallinity (Emadian et a
size and dDwrafnaceet aarlea (2021) , as wel |l as en
degradation mechanisms such as light availa

communities and mechanical fragmentation for

Limited research exists on the biochemical d
i n WWTPs. However, studies on bheedi mdéegr ad:
di fferent environments proviidetwalceagblreyioms if
the highest rate of biodegradation due to th
moi sture regain (Park et al., 2004). Moreove
rayon fibres was cotbisveatveedd silnu dWWT Pa nal fresh
bi odegradation occurred in seawater condi ti
(Zambrano et al ., 2020b) . However, the exte

enzymes and micriaadreganpirsens ecndmnuNagami ne et a

rivers and | akes with cellulosic cotton stri
temper atur e, nutrient conbaseratiaons, (Jee&igme
Colas2@et9al Carballeira et al ., 2020) .

I t i s e xbp eocdteegdr atdhaati on pr oc easneossti nefdeelcltulvees
their passage through WWTPs, where a wide
communities are present and where environme
mol ecul ar breakdown. Additi @amadlley, ithhet hde gwe
system when cellulosic wet wipes contribute

communities, | eading to subseqgtuealt. bi2023) .ca



2.3.2.2 Photodegradati on

Photodegradation is a significant cause of
cell ul olses edn (EMabl elg.i,] 2005) , and quite possi
condi tidn)s. (THiigs. process i s predominantly <ca
sunlight, whi c h -sreenascittsi vvei tcho mploen emh ¢t o f pol vy

Photodegradation can cause mol ecul ar shain s
of mechani cal properties, ul ti mately | eadin
( Rumme|l et al ., 2017, Shao et al ., 12t0rla&8t;i dn a
technol ogy -wat alivtiing pdadtoi ons i s often used

wastewater (Ebrahimbabaie et al., 2022).

UV radiation widt4l0 a mwapvw elve dgetsh enough energy
the formation of hydroxyl radicals and oxi d:
cellul ose photodegradation have also found

cotton atelwauleolseengt hs bet ween 330 and 360 nm

Oxi dation plays a critical role in cellul os

radicals and reactive oxygen species form wl

sensitive chromophores in the madrtcemno |leenceurlgey
states (Ebrahi mbabaie et al., 2022). These e
C and «c€ovalent bonds through intramolecul ar

bond enthal pies and initiat i mag . molR&_Qd!l, arFilb
Rot henber g, 2021) . Reactive oxygen species

degradation by migrating into the deeper | ay
Manufactured cellulosic fibres have been f ol
compounds, which are believed to derive from

of saccharides <created during celThlkes&ee saeng

chromophores often show discolouration and s

in the aquatic environment (Cai et al ., 201
processes in microparticlbgs tdred rf icbhryesd adrd e ni
crystallinity causing |ight to scatter and r

di stance. As a resul t, mo s t photodegradati o



crystalline structures instead of the bul k

changes the surface hydrophobicity and adsor

and these mor phol ogi cal changpeasl yammeer | d ekgerl ayd
processes and environmental conditions (Duan
subject, it is expected that cellulosic wet
Ther mal degradation treat ment i's someti mes |
digestion of pollutants and sewer sludge dev

involves the absorption of enéragy o(hi é@erlyegartc

andHCbonds, |l eading to chain sa@ids<giadnf ocmagds
a |l oss of molecular weight (Zhang et al ., 2
t her mal degradati on raftfheat st htalme jerstti riet sp osluyr
2013). ,Hdhhwe mat degradation is often expens|
treatment plants due to its high operating c
300 AC for natural cell ul osic f i braekse s( Jiatn daurr
unl inkeecchyani sm for cellul ose wet wipes both i

2.3.3 Freshwater environment

Two disposal scenarios exist for 24a)s.t elkvawer
wastewater either eat enafgidVWothRase,a bane d & 5 g0 etsh e r
pumped out into the aquatic environment, or
aqguatic environmeidtort kxaumph esdwemexspimbiws edSp
are the predominant source of wet wipes dire
Cassi dy, 2022) . Given tpel evidenckerem ¢€alkl ol
et al., 2018; Stanton et al., 2019; McCoy et

wet wipe fibres might enter from both raw se

Within freshwater environment s, al | previ ou
cellul osic 2ve)t awiep eesx p(eFcitged t o conti nue, par
processes, due to the abrasive and mechanic
particles, and hyporheic processes (Duan et

ratefsi droes can vary depending wint htihneitrhes i acg



systteamger and denser fibres are |ikely to si

thus fragment more slowly (Nizzetto et al .,

hypor heic exchange r at es-Meidtr minr®2 OfelrtSe; sa HDargut nenno nsi
et al ., 2022) . No studies were found on the
wi pes within freshwater ecosystems. Neverthe
of cellulose and synthetrieamfsewagbl enhd s uéeottl
that have |likely been fragmented through cr e
mi xing from WWTPs (McCoy et al., 2020; ¢ Bri
freshwater tramnspaecrtwest avge,escalnldu fi bres ar e
through biophysical interactions with aquat.i
Biophysicalredé&goadathieorphysi cal i nteraction

digestion of debris by biota wewhdentbhd pabc
in freshwater for microfibres of natural, re
Mc Goettnal ., 2017; Miller etC&rldena&91let; OIr.i,s
et al ., 20082 0d;e nMat eeats al . | 2021) . Overall, it
process, due to tybecpddyi hlae mfaxi madamwd eplof n
their chemical additives (¢ Briain et al .,

with or

gani sms may |l ead to the reduction 1in

bl ockagegasasibdtodshtei n al tract (Graham and Thomp
2022; Sun et al ., 2022a) . These impacts mig
phar maceutical, agricultur al and industri al
fredsewa(Jiang et al., 2021; Ebrahi mbabaie et
Whil st much of the focus has been on aquati
(Dris et al ., 201 8; Sun et al . -bas0e2d af)i, b rseosme
been identified. Lusher emiatopéaloOoil8)efpahdgm
by fish within the ®Hragleidsh Reémymn e tawé r ¢ 2r0dib
fibres within the gut content of macroinvert
were i dentified twhe hChupedief stmaenmacfhisshmf( Col | a
et al (2019) reported the biotic iIingeation
Lysianassoidea amphipods in the Pacific Oce

bi ol ogutcant pwdtt hway to higher trophic | evels



Re my et

al ., 2015) . Evidence of i ngestion

mi croorganisms) is however stil!/l l acking 1in
Physical ingestion and digestion can also co
t hat may <either remain in an organism's dig
environment (Straub et al . ,emR0ilde n Dicovaisseetd ien
study b-¢8Mdéeras et al. (20263ammar usg,rcwdibvam i r
ingested PE microparticles, physically fragr
This fragmentation wagdbbycgastnoedt asti ocatl ¢
from amyl ase, cellul ase, esterase, protease
2020; Duan et -ap.st2@d&plwas Ac 6 owdhliécsheich dbya fgh e ac
abundance of ingesteGammhl ubk ¢ #8ae®Prbdersad hatn
2021), although it presented no clear ecot ox
behaviour.

2.3.4 |l nteracting degradati on me c hani

natur a

Under st
environ
process

fate an

For exa
on the
physica
sur face
hydroly
physico
i nfl uen
et al .,
surface

(Zambr a

I environment s

anding t he behaviour of t hese di f f

me n t i s made difficult by the often
es. Nevertheless, this is key to bett
d extent of risk from cellulose based
mpl e, in freshwater systems, phot ode

pol ymer surface simultaneously promo
I abrasion (Song etoxald.at i 2®B1 ji obwars td

of a pol ymer, can speed wup the rat
Si s (Filiciotto and Rot henberg, 20
chemical properties of poalfy neexrcsr,e tperdo n

ce their river transport and subseque
2019a) . Physical fragmentation and
area for microbc¢cahydobdlonsissatreactindr
no et al ., 2020b; Ngyuen et al ., 202



chain scission near the pol ymer scuarftaacien inmagy

groups, i ncreasing its hydrophilicity and tF
et al ., 2015; Ebrahi mbabaie et al ., 2022) .

Hydroxyhl ndadiedaldegradati on I S a common but
Ssubprocess. It occurs within polymers durir
degradation mechani sms, S utcehg raasd apg H aotnan d ebgi roadde
and hydrolytic degradation (Shao et al ., 201
2021a; Luo et al., 2022). I n essence, highly
polymer, causing furtheprobassescteosbonouanda
i mportant role in cellulose degradidt ibom.dsThe
on cellulose's pyranose rings in the presenc
of @ h(el gY y4osdsdi ¢cHaskins and Hogsed, 1950) .
radicals that Il nteract with cellulose photo

mol ecul ar breakdown (Duoadietlabdegradal) onAs s
chemirceaddk doown processes found in aquatic en\
photodegradati on), t heoreti cal tbya s eidt wied avi [P

throughout their wastewater and freshwater t

Overall, tpe odukted yofendi odegradabl e wet Wi

environments are the result of five main deg

3. Thepsreodeuncdk s may consist of the ifogl swzesg,
which occur due to physical fragmentation pr
biotic ingestion in the downstream environn
ol igomer s, monomer s, additivegy drangtmet almdlti

and mi-cnobcad degradati on mechanisms at diff
pat hway 243ee amidg.3) Swoll en wet wipe fibres

particularly observed in sewer systems and w



2.4 Vari abl es controlling degradati or

environments

2.4. 1 Oxygen

Environment al oxygen | evels can play a si gl
mentioned degradation mechanisms within aqua
Kandasubramani an, 2021) . To dat e, howewér ,

mi cropll asleigcsadabl e and bi odegradabl e) wi t h

(Ebrahi mbabai e et al ., 2022) . The presence
mi crobi al actainmay t pamptboil glmley si nf | ( ®aane ett h earl m:
2021)In -oxglyeenvironment s, mi croorganisms us

produce <carbon dioxide and water byproduct:
conditions, mi crobes produce methane gases &
(Bs8tori et al., 2018).

WWTPs use both aerobic and anaerobic microbi

secondary treatment for removing organic mat

anaerobic mi crobi al action commonlydsoccur
Bi odegradation is potentially more | imited

because there is a | ess diverse range of mi
2020b) . Oxygen l evel s wi t hin freshwaxic C 3
contaminants, often stemming from wastewater
2019), which may have an influence on the ra

2. 4.2 Water

Wat er i tself can have varying i mpact s on
Photodegradation in freshwaters may be [ i mit
et al ., 2021) , although the extent yomert hi s

buoyancy and the depth of the water source.
bi odegradati on, by i mpacting the types of m
al gae, bacteri a, fungi , protoizloiat yettco )f ot mel



an

pr

d the rate of enzymatic hydrolysis (Yuan
oportion of wetewtpabimjyepobomati c@l oni sati

formation within aquatic environments (Sal an

Polysaccharides such as cellul ose are gener a
of hydroxyl groups, and as such, tend to rea
environment s, especially withanamarslsi oogrlgua ne
2017) . However, as cellubosded)j bwasemar moimet e

capabl e of breaking already weakened bond:c

mechani sms (Khazraj.i and Robhastd 220 Dp22x. hMew«
reported to easily tear and fragment when ag
2.4.3 Temperature

Specific temperature conditions are importan
but no more smechhansmse. bTbhbeéi bi odegradati on
standardi sed industrial composting environme

(55 AC) (Liao and Chen, 2021) which are seld

Sy
2

pr
an
pr
en
br

c e

stemargahn temperature by season and geogr
and 24 AC. WWTPs typically operate at sl ic
ocesses, and at slightly higher ttreemaptemmeanttu r
d 37.5 AC for anaerobic sludge digestion
omote ther mal degradation of the mol ecul ar
zymatic activity (Duan etoaada.hi @0rn ;r dtue a
eakdown in the polymer backbone (Kale et

l l ulosic cotton textile fabrics to shed mc

| aundering experimenitg. bReasgsaygydh emplcoyedninr

have also identified temperature as a signi/|
(Griffiths and Tiegs, 2016) .

2 .

Th
fr

4. 4 pH | evel

e pH | evel of the receiving waters can al

agmentation of bi odegradabl e pol ymer s i s

O



freshwaters, as a result of higher rates of

2021) . However, hydrolytic degradation can o
and depolymerisation of cellubosdi ¢ samrcd mab k
conditions (V2&@is2nen et al ., 2021la), wi th

conditions and g einnedruacle dh yddergorxayd a tri aochi cpaulr por t

both (Shao et al ., 2018¢ &bsasor gtti ar . bhe RaDWVi0O
environments is known to vary with pH, wi t h
could also apply to cellulose (Xu et al., 20
2.4.5 Organic matter, nutrients, and c
Manufactured particles in aquatic systems ¢c
chemical el ement s, such as met al i ons and n

surface morphol ogy and degradati o0 2ne)c.hakhors
example, microparticles in freshwaters are o
acid) that carry negative-cbobhacnchgrenando
which may alter their sgurafdeacdd omr apeercttii eosn sa n d
Sun et al., 2022b), particularly photodegrad
chromophores that can act as photosensitiser

The concentration of organi c matter coul d

mi crobi al communities that colonise onto wet
mi croparticles, high concentrationsst ewfat emut
environments have been found to increase mioc
mi neral i satsisomi drad il ming and enzymatic degr ada
2019; Zambrano et al ., R@O@QOé, (Stchdeldlld ledk=ilay .f,i
t hat are degraded into theirtr glucose wunits

mi crobial colonisation and biofilm formation

2.4.6 Summary of expected degradati on

Based on the theorised B3®,chamd stmseidn sleciulsesleidh
|l ife environment al codd,) tploynsi dalg Isfl neaxdpeeesn teadtn

be the predominant degradation process thr

O



bi odegradabl e wet wipe. This process may occ
during transport, or-chemicoalf ubceabdownt me @l

expected molecular degradation metkanmniosmse, ti

most widespread, due to the interactions tha
their transport. However, I niti al fragment at
required for this to de& do@mealeydiexc 8 v8e¢ dMoir @
it seems that biochemical degradation is |iKk
breakdown of cellulosic wet wipes in aquatic

and WWTPs where the most diverlsiekelayngtto olf e mf
Ultimately, the extent of these degradation

influenced by their specific fibre compositd.i

2.5 Conclusi on

This chawhetfhaarshed wet wipes | abelldddrasgbi o

t heiars stahgpeough wastewater systems and into fr
cel |l ul otshtel ld$ edgt hiantd itchaetsee wi pes often- consi
based and synthetic material s, i ncluding val
l'imt their environmental degradation.

Given the current | ack of research on the de

degradati on mechani s meserfeo riddoapltliout liocelsei gcr avdeatt | w i
hydrolysi s, physical fragmentati on, bi ophy.
degradation. Of these mechanisms, fragment at
be the most -wlomidamanceinteixemhtbotf the | atter |

't whlhes demonstrated st harte cleilKeallyosti@ ovent rwiit

mi crofibre pol l ution I n aquatic environment
significant physical fragmentation processe
enviro@measequentl| vy, and despite being market
these products are | i kely dso gpnerfsiicsatnti nt htrheea
ecosystems. Lack of international regul ati on

doubtprowood current consumer confusion around



To adeowauncdeer st anding of the environment al i m,
deci-makinng for their management and regul ati

proposed:
1) Conduct more field research to better un:
mechanisms involved in biodegradable wet wi

sewage,anldudge shwater environments.

2) I nvestigate the role of textile additives

significantly influence the degree of enviro

3) Apply at evhplerals p@aantoext that captures the

their fibres, and their possible degradati on
consider wider | ife cycle astseesamesbsrot thbe
final environmental ffate.

4) Consider the biophysical Il nteractions of
context, assessing the transf-Rasademicapatii br
hi gher trophic |l evels within and beyond fres
5) l nvestigate further the environment al Vo
breakdown, particularly for cellulosic fibre

6)St anddin @il e gnemphloidipd o gpicée sdi ng common units
chemical identification, and sampling techni

communi cation and comparable results across



Chapter 3

Predicting Flushed
|l nt o RiI vers

A version of this chapter is avail abl e
Al I i Tson War d, B. D. , Dur ance, I ., Har bof
wi pe emi ssions I nt o rivers. Wat er R

https://doi.org/10.1016/j).watres. 2024,

I n this chapter, Thomas Al lison, Benjamin W
designed the concept and met hodol ogy. Thoma:
plotted the data. afthoetdlse Ardd f ®dAroidptaft ee vi e
comments from all authors.


https://doi.org/10.1016/j.watres.2024.122733

Abstract

FIl ushed wet wipes pose a significant poll uti
l evel s. Hooawt envivearpnkght enier d minsys iraomsanent al cont ami
poorly undkersd o bamimals hemsmodeh! i ng was I nt eg
existing data on wet wi pe disposal and mic

emi ssions entering river systems and the tr
wastewater pathways,, iwacsltuedwantge rs etweera tonveenrtf |pol
runof f, are major conduits for these poll u
substanti al mscsofibrenemrsshemedel red mest i
to |l arger scales reveals wet wipe poll,ution
with uanldo2 A®Batncued 8 gfK ndgilddi ver s, respectivel
pl astic and .cellhliul orsed sce awicphesof fers a compr e
applicable to various wastewater pollutants,
the water i ndustry. |l mproved datwg dnstwreitb uw

wastewater sSsystems ar e necessary to pinpoint



3 Predicting Flushed Wet Wipe

3. llntroducti on

Driven by <current hygi ene s(tSmrdwtridsetandle.c,o0n
prevalence of wet wi petshrasmad etalre (séy sBmpnsbpeet
202When flushed downnahéeghoiel aastewaserwispses
degradation due to theirpmap enmptihiayéssi <damr ¢ ryg tbhr e,
down into | arge VdPlanMeogapf emi altofi B0&S§; Dur i
2019; Atasagun &nbBlkragtrady@a@edpasodol ydd wet wi

for bl ocking sewers and causing overfl ow, W
(Drinkwater & Moy, 2017; Gi aFkuorutnmhiesr m&r &/0 u Iwy
mi crofibres, mainly composed of plastic or c
as vectors for surrounding poll ¢tMa€Cbby, edr at
2020; ¢ Briain et al ., 2020; Al l 1T son et al .,
Despite widespread public knowledge and reg!
wi pes, i mproper disposal remains a persister
ri sks created by these fl usheantwitpiess Iliitkelsy
river systems. Studies estimating solid wet
generation under wastewater conditions provi
environmental (EateceebKatwveie0Ples, 2.02Rqwe\KaH R,
they focus on the initial di sposal stage o
understanding of the O&éjourneyd of each wet

guantification of wet wipes amids icaeRParest en trii v
the flushing of wet wipes is a key mitigatio
wastewater systems is essenti al cfhoar@mtideass etl @ p i
contre bto that effort.

Emi sbaeerd mat hemati cal model s, whi ch estim
pat hways of specific pollutants within a sys:
emi ssions to riy&Nigzetom wastbéwat @046; Siegf
et al ., 2019; Kawedawe®weNpwaekmo@&O®Rd)have sp



wi pes or their microfibres, despite signific

environment al i mpact s.

This @ohastelmet fi rst comprehensive model to qu
rivers by i ntegrating avail able data on f|
generati on beh abva soeudr mai tthhe neantitisczad@nmfoalell d winmgg
were undel)f adenemiasi par anoated rheen £djr cduor nteryadc eo
fl ushed fweotra swti @seysd teermsy 2tibse main entry points
wi pe i naeor e iivieentdhef regoéedi bquuwatrd)sf h @ dmodel | i n
framewor k weaeast iamatl ge endesttaocwi pes b ot h UK Jand EU
t hhbempact of wewasi penpextaampaedng their riwv
those of |l aundry microfibseal eTuanwor k cpartad w
pollution, revealing the key pathways and th

and microfwdtr ewif pesns of

3. Materials and met hods

3.20vlerview of t he emi ssion model

Theet wi pwasnodelbel opnetdegrating microplastic
experi ment al model s of wet wipe microfibre g
approach i aeonutricfei emsaspsoiintputs of mi cropol | ut
environmenretx,pewhinmeenttanle model s si mul ate how di
in simulated wastewater systems, focusing on
dynamics. Thi waisntuegiddelyi mgseéwater transpo
controlling parameters for two emissions sc:¢
wet wipe mi8k).filbmelsoftdici g emaswiepIs anci epde so nma d e
ei t herbapsleads tad réb acseeld ufl iolsrees t o understand the

commonly flushed wet wipes.



__________________________________

! Connected pop. | Per capita microfibre | SO-derived
density X mass to river basin | X | catchment area

Connected pop. x I Per capita solid wipa . X SO-derived
| cllchment area

density | mass to river basin .

Toilet Misconnections

(Eq.3)
WWTP (Eq.5) ‘ . SO (Eq.4) H
‘ ’ Misconnected I} Annual
R ini proportion 1} mass input
Wastewater ::;‘::'::r:’g :':::aru Proportion Rl.::in:rg Wastewater :
fraction 11 % "0 P, of time SO " fraction 11
removed |11 emitting mass diverted !
I emitting input input ' I *
1 9‘ I I .
: ......... & I I -
Agricultural Sewage Sludge (Eq.6) | |
T : - 1
Wastewater 11 Sludge | lRomllnlnu
fraction lipropomoni Seil "‘n"|°" E annual - 11
kept 1 to soil ! proportion | mass input I I
1 ] Ll l I
\*i’ | 1 1
.= 0 - * #
B et - = ‘ + +

V e

Annual Microfibre (Eq.7) and Solid Wipe River Inputs (Eq.8)

Fi g8lWastewater Emission PatCowaoyusr asncdh eRreersa meetperre sl

microfibre (blue) and solid wipe (red) emission:¢
arrows) and greatest (beige; dashed arrows) unce
in grey andttdet melbdds, with corresponding equat

3. 25t2udy catchment s

Wastewater systems in the model were based o
any spills from the sewer system and wastewa
exceeded. As 32i,suSad iospeedr aitni oFniag. data was anal
cat chwietnhisn | argevarcwytbhmeas f suirtbhaat et wsthenfre n t

the Riv&32akmefaf; 1, 223%2 i ohbhbutanhed/ ksmming a wei

catchment areas ;s wmtsbafe ntamal RIi3Weta &\Wyag 311
i nhabi % arnt8s /SKm) .



DEM (m)
Value

z
>
.—.Hmm—g
w

Flow Direction
B north
I North East
B e
- South East
South
B south West
- West

North West

51°45'N
1

Sewer overflows
Built-up areas

Main rivers and
tributaries
Study areas

Sewer overflow
catchments

] mo

DEM (m)

Value
P High: 501

Low: 88

51°40'N
1
T
51°40'N

Fi 82 The twatshbment studyasichesent A BffalWpestslo bs how

publicly available sewer overflow |l ocations, a |l
surroundipn@rkwisl,t and mai n r i vrearisn aagned atrreiabsu twaerriee s
applying the emissions model to any geographical

overfl ow. Map generated using the EQGP®8nStB6etMa
contr URWttotrss : / / www. openstreetmap. or g/

Due to the | ack of data directiwgscdeunetbdpad
delineate SO drainage af®RBM,usaihh@ph3f)l oevaldi € lee€

model ling in QGI'S version 3.26.0 (See Fig. 2
wi pe emissions from connected popul aweroens i n
assumedotowedponded to the natural wastewater

topographical data in Q@Béists Popsl aouloaegdrat ao
Super Out put Ar eas (LSOAs), swhitdMt pcevigdeo
Housing, wh01®) urban areas within these bounc
Cover geof6Papemhidasa 2018)


https://www.openstreetmap.org/

3. 2Es3t i mation of wet wipe mass inputs

UK annual mass iIinputs for pYQGptawmdanheicel miud
(b O0) were estimated based on sever al assump
11 billion, with 90% pl d3Maiteratd, 1 2%2 aG@fs BRE
t hese, about 2.5 Dbillion( WKWeR, , é3@B203 ) maget ¢ |
average 33.2 plastic wipes and 3.69 cellul os

popul ation qfun6 ®.ed8 Nnitliloinen 2023)

For microfi(biO® getnlemr ed i cvaesree shceesnth,r iwosr st , and
ibased on mass ranges framsikworpetesaint s( 202"
worcsase the upper -boavendf heandé@mwveiNdgblwa pes
categorised into three types: 1) natural cel
plastic fibres, ranked by their shedding pot
Nomatur alvér i lasesteggener at ed ceddmbrosna dti ba
(2020) similar findings

With the growing use and frequent mi scl assi

(Al'l' i son et al. 2023) , a 10% share fwas rege
added account for i kel vy overl ap or underr
preserving plastic and assumed natur al fibre
released upon initial wastewat er emdg ryot sl m
mi crofibre | oad without podtl | ing degradatio
Mi crofibre inputs were basedDoanuédanawvedagar wa

2010907 abl)e. Solid wet "YWJ pweermascsalicruguattsed( by m

number (#) of flushed wet wipes by their av

(Durukan & Karadagli, 2019; wWeewoen ea&lts ahd ®n\2er2
counts, yielding an average of 2,603,000 mic
wi pe, and 13,965 per plastic wipe released i



Table 3.1. Microfibre generation data for wet wipes under wastewater conditions adapted into the
modelling system from existing literatur®alues not in brackets represent mean (avecage)
scenarios, while the lowdround and upper bound values in brackets representaresivorsicase
scenarios, respectively.

Fibre type Microfibre generation Mass generatior Total microfibre Total mass
(#/g wipe} (mg/g wipe)? generation (#/wipe)* generation (g/wipe)*
Natural 548,000 28 2,603,000 0.133
(163,000 933,000) (16-40) (774,250i 4,431,750) (0.07671 0.19)
Regenerated 27,800 3.6 132,050 0.0171
(15,0001 40,600) (0.47 6.8) (71,2501 192,850) (0.00193<¢
Plastic 2,940 0.73 13,965 0.0034
(7107 5170) (0.247 1.22) (3,373i 24,558) (0.0011i 0.0058)

aValues derived from Kwonet@l2 02 2 ) .
* Average wipe mass wheomurw&tanofand. KargadaagidivdaOofl

A Or i gi-natutallbyt relabelled as regenerated basetilarmbr ano et al . (2020)
3. 2Podint source inputs to wastewater

Wet wipe inputs to ri vémesdeli ad evaesn d wan eg e \sg/1s
parameters, Il ncluding per capita input of so
size, and poFRulll atpiopmu!| dénmn®int x.onne ataisv iatsys utme dw
whil e accounting for sewer misconnections. T
systems via toilet flushing is calcul ated as

wwQ 0 0Q¢ 6 ¢€E°00 YO il LU LU LU LLI L L)L) LS LU L L LD L L L LR R L L L L

wheb®Q iis the total mass of wet wipe microfi
eachcatubhgnpm®Qf dlsé¢ t he popul ation density con
within the SO cHHédOmentshd capiitmakend annual

wi pe microfibres in wastewatl@iidsy $themsvapdrew

catchment area(kfprived from SOs
Similarly, the input of solid wet wipes is ¢

OWO'Q 00QEHE¥O YOO (32)



wheweQis the total mass of solid wet wipes e
cat c hgnenm)t’y@Qainsd t he esti mated annual mass I npu

systems peappetasph. (g/

To calddEdgEeo mor p hdorl wignadggehwmemé sdefldrn eama eld SO
and esti mated popul ati on usi ng sever al me t
populwasi omulbtyi glhieedO cabphmEat wmoea ¢ompl ex
overl|l appipna@rewisl tor varied popul ation densit
for accuracy. I f |l arge catchment-sp iaarfdatardo W
eachwaSsO usedefine the popul aup oanr eeas td xmasttee d ,Wt
LSOA dwasi wugled catchmentsugnaieasy wheé hLBEOAL
density was applied. When SO catchments over

was averaged.

3. 2Wabst ewat er pathways into rivers

Themi ssions model par ameteri sedsttohrrde egrsit mar
mi sconnections, alS®s gd iafinfduhsWEWTsPosu,r ces t hr ough
sluamgswoi | amdolfdndfi ll s as environmental sink

Toil et misconnectiipnwenputedcddphbediatinaeo, 8 wthible3 C (
ideneanf aadual mi s ¢ oinnn ekcntgi | oann,dr aetfnedwd\Vad %8 % wer

to tohéeeansnualofmaes wnpetse mineriimnegrrso fviibar end s c o

toil ets f-aatmcrememt s(udd/ y) was calcul ated as:
D'OYE60 0 Qi Q£ iwno (33)
whet(®Q & the annual UK toil et misconnection

Annual rive0®Os idpmuitng rtohmeiSQ pwasogdsopdbracobnal
using 2021 UK wastewatSé®r omenAt ®@mms theordta sfal ow
wi peewsring SO 50c%iiwdrtsyi oammdr ate to rivers was



sent to WWTPs, in I'ine Wihtehhr efJomes dthedaanS.O (i D

eachcastubdhvaesntcal cul ated as:

"YO LU0 LU L L L L L L L L) LGB A LD L L L L

whebd e Qallls the yearly operat)onal proportion

To estimate wet wipe micr ocfatbcrhense negn taefrtienrg w
treatWwlrdit, (aver agewegreenbwsd anr at epl asti c and mi
in the TaBda. at@pmpeaso@ch moadidlingd et heacti on of n
that escape removal under different | evels o

by mesh screens omwabl @slsangne cdhmati hnet ewaasntcee di v e

Mi crofi bre i atpruetattnoe nrti v(egr/sy )ponsats cal cul at ed
w® YD WOQ YO p 00NQAQo®I QA LI L L LD LU L (R B I L0
LU L L L L L

whetys,, in this case, represents wet wipes by
wwi Qar epresents the inefficiency of mi-crofib
1) .

Table 3.2. Wastewater treatment efficiencies previously reported for microplastic pollutants in the
surrounding literature.

Study WWTPRP ocati Popul aPol l utant Removal eff
Equi va
Baresel a WWTP compi N/ A Mi cropl ast % (Primary

Ol shammar Bal tic Se econdary),

85
(S
(Tertiary)
99
99

[4}]

Carr, et 8 WWTPs, SN/A Mi cropl ast . 9% (Secon
Californie (fragments . 9% (Terti
Conley, ePlum |Islar180, 00 Fibres 97.2% (Secon
(2019) Carolina,
Rifle Rancs3 000 80.2% (Secon

South Carc

Center Strza 000 83. 7% (Secon
Sout h Carc



Edo, et aHenares Ri300,00 Microplast 93.7% (Pri ma
Madrid, Stg (fragments
Cellulosic
Gies, et River Frasl, 300, Microplast 92.8% (Pri ma
Col umbi a, (Secondary)
Horton, e4 unnamed 126, 42 Microplast 99.8% averag
(2020) WWT P s averag (Secondary)
4 unnamed 137,25 99. 8% dVverad
WWT P s averag
Jiang, et 4 WWTPs, MN/ A Mi cropl ast 95% average
China (Fragment s
Films, Foa
Pell et) an:
Fi bres
Lares, et Kenk?2avemwior N/ A Mi cropfglpagstt 99. 4% ( Pri ma
Mi kkel i, F and fibres Secondary)
MagnussonlL-ngevi,ksv1l14, 000 Microplast 99. 9% (Secon
Nor®n (20Lysekil, £ fragments
Mi chi el ss Detroit Mi2,357, Microplast 84.1% (Pri ma
(2016) USA Cellulosic (Secondary)
(fibres, f
Nor t hMiieHic gg g microbeads gg 49 (Prima
USA chips) (Secondary),
(Tertiary)
Murphy, e River Clyc650,00 Microplast 78.34% (Prin
(2016) Gl asglbw, fibres, fil(Secondary)
f oams)
Talvitie, ViiRkRkinm He 800, 00 Microplast 97% (Primary
(2017a) Finland fragments, 99% (Seconda
d sphere Tertiary)
fibres

Zhang, et WWTP Compi 100, 00 Micropl ast 95% average
and esti me

wwi Qacategorises three wastewater treatment

Primary treatment, including basic physical
ski mmiArEGAL, ; 2RBP9Becondary treatment, i nvol vi
clari f{fMcathiehssen et al.; a@a0d63) MTephiyary @l
advanced filtration technologies such as bio



wer e aptplHbdesscdhseo (terdasaeg y( pr iwna rkya)s ea n(ds excwearrdaa
emi ssion scenarios, with the | atter based on
Nowagz ®2T0a;b312eAver age treatment efficii88cd48% de
for primary, 94.58% for Bwemowmedaogwyemandd 9i7rn

inefficlenfcorscdglOcul ati ons.

Based on the (eQiisg ientg dli.t,er2dlu&;e Lares et al

et al.,.it WwGz2t)duasumeodest fibres removed during |
to sewage sludge fagcClLofitty es,t abla.sgevd2r@sh?eU K6 8dva t
was applied to agricultural soils in our mod
The model estimated microfibre transport fro
soil (@@Wn¥Nf assuming 25% soi l retention for

rivers. This was based on theory regarding I

estimated microplastic retentiond0NBgeetuobt

et al., 2016; .NGhlkerefgoee,algri 2024pur al runof
0 YYHwQ Owi Qa 0 0 (36)

Whe o ei 5hper opoorft imincr of i bres in sewage E0udge
1) : 0ansg the proportion of mli)crofibre soil ru
3. 2Ri6ver input from wastewater pathway

Thmodel <calcul at esof@dilei d owewls) vaanmdusam i( dmapsfsi br e <
ent eriivnfgremt whestwadycl@mdhTyhsii npiust ex droeébeed

mi crofibre amsdenalriibdswetr ewipeeti vel y, as:

YQ +00OY6 @YD 6 YO 6 "Qi “IMALLALL LU LU L L L LU LU L L LR LR 0 L L L

YQ +00Y60 "YU (38)



3. 2Mo7rd e | |l i mitati ons

This study imepgrn eadenattst eanp t to model wet wi p
systemsi shaasnth ewriecnetr t aDonel emi t @é dadasposwaét aw.
fate i n wastewatemnsedyvatiivea asyssumemisi,ons We
par ameters, acknowledging the inability to
Conf oufnadetn@grs in microfibre scenarios- were
scenarios as upper and | ower confidercalldoun
and discussion sections. Ot her key |l imitatio
It was assumed that all flushed wet wipe em

wi pes that cause blockages are removed durii
The framework only considers fr dgmemhteant ican m@
bi ophysical degradation processes in wet wip
t he model provides insight into flushed wet

beyond the studyds scopssmansi nhl uewvee st aedf

(Besseling et al ., 2017; Siegfried et al .,
202I10n addition, the model applies ptaudies eod
fragments and spherical particles, whereas f
not fully cahpadsecddadydapensloaly et al . 2023)

3. 2Ap8pl ying the model to | aundry micro

To validate the wet wipe emission model, it
betstterdi ed wastewater pollutant, to benchmarl
Using d¥asasiflreemkoort phhsti(@opegan)161 N 0.173 g
(0.165 N 0.44 g/ kg/ waesrhe if nttbor eebs)tciewkaw ep aarnanneat
wastewater systems per UK individual. These
indi viOQfufail se fSotratNattjickg§D 2102BNdry | oads per
(Of fice for Natjomaald 8t astiasntdiacsd, 62 kg6 )was h |
remained cdarmeetstwenpe wmit br of i bre scenarios. T

plastic fibres reflects high variability 1in



3.RBesul ts
3. 3EmMi ssion pathways and transport dyn

To inform transport weeehdnirsrmso,motidhedd i ®adedruaarl i C
wastewater systems, througglveinitduwmd cioSnefeeigy @eds p
31) Emi ssion pathways and parameters were assi
pol |l anantsi ssi ¢ Maurmpohgeleltimygy ., 2016; Nizzettoc
2017; van Wi jnen et al., 2019; Van den Berg

2022)Three seweref spale)bwaeodisnt sources directl
materi al s t-derriiweed ssgweori | Mt sconnecti ons, S
wastewater treat ment pl amstouf WASP)X oefrfilviee st s(
applied sewage sludge and soi l runoff); and

the retention of poll 83%)antBha nt ragnms prarltt uafal w
through these pathwagepaeamdcke nats,s uwietdh tmi cbreofgi
pat hways due to their smal/l si ze, and solid
WWTP entry stagrdfainldl dameécotehlet of dai | i ti es.



River Input

Wastewater Landfill

Solid Emissions

Agriculture Soil Runoff

River Input

Wastewater

Microfibre Emissions

Soil Retention

Landfill

Fi g3Conceptual framework for wet wipe emissions
wastewater transport and comparative quantities

3.3Coentributions from wastewater pathw

Per capita contributions of wet wispdsmatndri iad
Pl astic wipes dominate solid emissions, with
33 plastic wipes annually, compargdand 47céi
g of plastic and cellulosic wipes per person
a countertrend i s observed. KBiase @&t o malttthr¢a2lf0i22
mi crofi bres atlke anedoeiraget UKwi Bdgv|[ ctheah] c6f
-0.7 g dframagted nady( G 0m3IL A gy@kgener at egd 0f-iObr e s,
0. 19fgplastic fibresOmnawvel dsyeoatatvast ¢ wa2&18¢
fibe&6B8generateddfiliabtes, famde3 per person ai



Scadp tthe ,rTadrfeoamt deg s eb ybptophiir@da k2 p ik
as ub s twaansttieawrapg wetr 4 gk am,&Q 57aBf4 s o | icde Ipll ual sovsidsc awidp ¢

observedequTahi st oi sapproxi mately 1.5 million
fl usahnendual | vy. For mi crofi bre emissions, nat
wastewater input, ranging betweehafl236Fikg. an

Wastewater Input

30000

Catchment
Taff
Wye

20000

C
7
4]
=
10000
0 = £
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Microfibre Type
Fi g4 Annual i nput of microfibres from different
two study Ecabechmamtss.i ndi cate scenarios of | ow ar

WWT Par e prhenary recipients of solid wet Wi pe

systems, playing a cruci al role in their en
emi ssions are transported to WWTPs, then dir
environment al sinks. Thi s flow al so accoun
mai ntenance. For exampl e, I n the Taff, pl a:

6,963,579 g and 774,074 g to environmental s



The entry of mi crofibre emissions into WWTP
based on the different( See nMeadiftocitiElfasfeéisivtar a toiu

treavbpmseed scenarios for annual mi cFioghi.br e el
Des pmivtehabh treatment efficiency, the signifi
the i mportance of enhancing treatment strate
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Taff Wye
Treatment
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I Tertiary
B 2000
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1000

Lh e . .

Natural Regenerated Plastic Natural Regenerated Plastic
Microfibre Type
Fi 85 Annual i nput scenarios of wet wipe microfil
under varying |l eveEsrof Bbhaddsriandioonate eaddienit onal

mi crofibre mass generation.

Toil et misconnections and SOs both contribut
rivers but are often overlooked in wastewate
mo d e | di vert about 0.24% of wWwbBilkwamedesginj s
diversion is substantial for solid wipe poll
of plastic and 1,647 g of cellulosic wipes

mi sconnections are the flielas¢e tmpros p&BEG) prat dwi
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Fi 88&Annual i nput of wet wipe microfibres to rive
indicate scenarios for |l ow and high microfibre n
I n comparison, SOs are more significant <cont

input 5.1 times more emissitomes aadtri&Oe Bgpurt dtsir
has |little eff &vytenomwi émi $ ®isenvariabildity in
cat chmprbeBdt h(oOur s per year jcadoamm2etnztd (WCout ep Vy e
river emissions from both wet wipe scenarios
uderscoring emisskeys factomeias !l ubncing inpi
rivers via SOs, though more than from toil e
ot her fdd&ti3dgways
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Fi . Annual input of wet wipErmocrbéardresdtoarteyv

Il ow anndi chriogth bre mass generation.

Sewage sludge filtered out of WWTPs is the
mi crofibres in the model. These microfibres
depending on wastewater filtratiomnweftevehs
percentages, outlined in the Methods -sectio
tertiary treatment scenario, accounting for
facilities of the total atver a@Ri8&@eammnssi ons en



a Agricultural Soil
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Soi |l runoff was found to be the main transpo
in the( Fmdgl)elhi s pathway is distinguished fr

mi crofibres retained in the soil, which was
emi ssions within agricultural soil s. However
environment al sink, and therefore, annual mi

rivers may be even greater.

Soil Runoff
Taff Wye
15000
T Treatment
Primary
Secondary
Tertiary
10000
c
%
(]
=
5000
0 C - - I =k
Natural Regenerated Plastic Natural Regenerated Plastic
Microfibre Type
Fi Q. Annual input of wet wipe miErrroori bbraerss tion diicveetr
for |l owmacdohi bhe mass generation. Col ours indi

l evel s of wastewater treated sludge.

To further illustrate the annual emission co
di scussed here for-claotch memée sTa fcfonacred t Wyael sfurba
wi pekRi3g0 8hdgnmi crof i Bd2s 8hFiagv.e been provide
figures r epcraessee nstc eanvaeriaogse ( mean emi ssion inp

outline the key transport pathways and their
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3.3EnmM ssion scenarios to rivers

Model ling wet wipe and microfibre emissions
potenti al environment al risks. I n solid e m
outweigh <cellulosic wipes in ridveB%i nbFux,o
emi ssions into the wastewater model system |

For exampl e, annual ptlhees tTreda t wisipesaptppax i mat el
9&g (equivalent to 19, @26 wiopkdgy )i(,kewhei vilal ecretl |1
wi pes) , roughbyofr phalsat ign goifpecse2 drud o@.Ji 23 wi p

annually.

Tabl @e8ails the wet wipafiimi @mad aVycele nsenbtpo,r t wh

natur al mi crofidff emmamalc e mhrsisvieornss 7(ddé ¢ oal a0 F
full breakdown by microfibre type). The comb
16kg for the Taff and 1.8 kg for the Wye,

secondary treatment. Across affdomc&narti@ms25.c

the Taff and 0.9 to 2.8 &g flborsthievéwyeinghte
from each pathwagse osceanrer iaoveiBlaggeConakrsed
vol ume of microfibres (see uMettehso dtso) ,ap phreo xci om
X ah 3% .80 cr of i brosns aver aygear with substanti al
avail abl e wast eamwatrerf itbrreea tgndeeretr3@rbcba r at es



Table 3.3. Emission export of wet wipe microfibres to the two study-caichments. Mean values
represent mean microfibre generation and secondary treatment scenarios. Predicted lower and upper

ranges are derived from emission scenarios with low microfibre generation (L) and tertiary treatment
(T) to high microfibre generation (H) with primary treatment (P).

Site Wet wipe Mean mass Microfibre Mean microfibre  Microfibre range
microfibre type  microfibre input massrange input (#/y) (#ly)
(9ly) (9ly)
Taff Natural 11,912 6, 71871 ( 6.583x 1¢ L10x 1P (LT 7
17,942 1.67 x 16° (H;P)
Taff Regenerated 1,531 827 (iL 4.26x 107 1.24x 10 (L;T) 1
3050 ( 1.24x 108 (H;P)
Taff Pl asti 2,670 944 (L 7.85x 1¢° 6.7x 1 (L;T) T
4,862 2.51x 107 (H;P)
Wye Natural 1,339 744 (L;T) i 7.3%x 10 1.21x 1 (L;T) i
2,018 (H;P) 1.88x 10° (H;P)
Wye Regenerated 172 93 (L)1 4.78x 1P 1.4x 10 (LT) 0
343 (H:P) 1.39x 10 (H;P)
Wy e Pl ast i 300 106 (L 8.82x 10P 7.53x18(L;T) i
547 (H 2.83x 10F (H:P)
Total River Input
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Treatment
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3.385c4al ing up ftrheamenwarek | i ng

Scaling up the model from the | ocal (our st
reveals important insights 3ilé6Extwendevd pteo poh
nati onahneddevilelpredi ct 4d0a®@iG&ig lipreputpsersfon) fr
plastic witpecCkahp8el, D@2 son) from cell ul osic
With refined parameters, includi ®Ggalkoumiver a
Voul voul,i sand202 3p)opul ation of 67. 78 miilsl i on,
estimatapproxitmat2ll4g 168r. 3per sonldt f(odr. Bpélrast i
person) for cellulosic wipes.

Annual
Wet Wipe
Emissions
EU-28
International

1085 Plastic
121 Cellulosic

Unit = tonne
Fi§lL6 Annual solid wet wipe emissions to rivers r
represent-cabhe himeift . s WK -2N\8a t |li rotnearl n aatnido nEau are bas:t
parameters highlighted in thenresaht sval EmsS$ S iw

measur ements i n tonnes.



Expanding to the E428 level themodel projects yearly contributions of up to 85,7%¥68¢

per person) from solid plastic wipes and 9,5298.6g per person) from cellulosic wipes to
wastewater systems. Within this, 108&f plastic wipes (2.18 per person) and 12X0.24g

per person) of noplastic wipesare estimatedo enter European rivers annuallyU-level
estimates were based opdated parameters such as an annual consumption of 68 billion wet
wipes in the ELR8 from a population of 511 thon (Cabrera & Garcia, 2019an average
flushing probability of 29.5%Kawecki & Nowack, 2019)an average EA28 SO spill rate of
1.97%(Quaranta et al., 2022and a toilet misconnection rate of 0.28#is & Butler, 2015)

3. 3Moed e | comparisons with | aundry micr
Applying laundry microfibre gener abtmodheldat a
reveals i mportant comparisons that help to v
for natur al and plastic | aundry microfibres
rates, with per indi vidual vaansdt elwm@ eg ( Npat
respectivel y. Mean | aundry input rates to w
scenarios but are somewhat | oweantbanpso| edt
sudbat chment , natur al and plastic | aundry mi
1,300) kg and 4,760 (N 5,115) kg to wastewat
annually. As tdtoalwamdsmwaearisesd owset wipe inp
fibres) were slightly |l ess than those from
82% of their annual emissions.

Il n rivers, emi ssions from each | aundry fibr e
plastic wipes on average. For i nstance, mo
annually contribute an average f2,s5&H0c kknge natn,d

equating to 101.13 g and 98. 77 g per person,
to rivers are approximately 2.3% of those co
values and compari soansseenasmnei baswdt bnsavendgey
thnreodel assumptions, annw«walt chimeert ifroputlaundr
coul d range betcvaeseen sic,e8n5alr ikog, (theerstti a rcya ster;e at n

primary treatment) for natur avardiaamidlriyt f i tbir a



in a negative | ower -chaosuen ds)c eannadr i50,;5 1pOr iknga r(yw ot

| aundry fibres.

3.8B3i scussi on

3. 4A lcomprehensive framework for wet w

This study sought to unravel wilpescomplwaxst e

systemMyg eigrating microplastic modelling with
a framewordkevel oped to reveal and quantify t
rivers. The model identified nine pathways t
mi crofibre, are transported, categdrmisadd siimtk
Themaet hways include: 1) TWRstte waftfelrudrrot WWI)P, W\
sl udge, 4) sewage sludge to landfill, 5) S €
agriculture, 7) agricultural soil runoff to

to rivers

The mo d e | accdoepéepdenftort rsanzsepor t behaviour
pat hways, while solid wet wipes are | argely
parameterising thecscrel p adadtwayasnd sa sigu m@tamamn $ g
l'iterature, the model ensuredaptawi hgalf oana

accurreaptree s e ntcaotmpol ne xoi ft yt hoef wet wi pe transport

3.4Chal |l enges and uncertainties in dat
The |l ack of comprehensive national data on
validation. As detailed in the Wetdsusdadasti
wet wipe consumpti on, flushing rates, mi cr o
avail able. Where empirical dat avewer meaeded v ai |
on anal ogous pollutants and conservative est

average cases hel ped accoutngams oan dv-afemmgegrd i shp a ty
and environmgrKtoaoli cedandaAt.i,b02m01h8 )t hi s provi de:



i mproving accuracy wil|l require future regio

on assumptions, as well as greater mar ket sh

3. 4Ke3y emi ssion pathways to rivers and

The findings highlight WWTPs, SOs, and agr.i

wi pe emissions into rivers, with overl ooked
playing a rol e. Agricul tur al runoefnii swaosnsh
account iF9n3g% fionr t8M8Beat Tahfnmfendub Thi s a( Nignzsetwtidhe
al ., 2016 ; Nolrdti ngpaytbelmgr 0@2mM )t he conser va

values have excé€dedshaw. elfThalshes2@d8xsi bl y d
mor phol ogy of microfibres whZelbrisnc&eRsebkatd
Schell et al ., 2022) .

WWTPs also play a cruci al role in wet wipe t
| arge quantities still enter effluent and ag
average of 643 million fibgeksef{lffldu8Ttc prert pe
million (14,452 per person) in the Wye, cons
Mur phy et al ., 2016) . Solid wet wipes are di
plastic and 1,il@P&s temtferciend ulksliandv i | | s ann
noitnclsowdlé d wet witheoudihspraanedi pal waste stre

findings underscore the need for effective w
sinks to prevent remobilisation dmlBhrfudnt leer
2021; Zhanlyg dHu eelt. al2Q2Rr022)

SOs contribute significantly to solid wet \
emi ssions on aveKawgeckiThamsd aNfoigrads kmasstr(fv2 0a2n0d)
mi periaastic (&% %), owlsen al so considering the t
this study. However, unl i ke studies that r e
(Schernewski et al ., 20ddehSocvBedd neovmtign | ot a l
l-2% Bannmiac r ofiiebenies inomyver agee,tBavogshes and OI sh
(20.19These discrepanci es may stem from regi

infrastructur e, ur bani satSieas,onahd vearcabpbas
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tivity (Schernewski et al ., 2020) , wi th h
kely increasi nA i wetd Wwi0Pe dd miewss oamp pided f o
Il i mited data (Jones et al.,-t2@mmpdéralnoperf
nami cs compar-edsolouti lo@ miegheds of Scher
net hefleesdi,ngs align with broader pollution

g-$ pa@diaftiac t o better undpeirlslit amat 690. | mpact s &

il et mi sconnections are often overl ooked
ndings show that they can contribute up t
ture studies should further erxoplleorien tpgalsl

ansport.

r capita input estimates for plastic wipes
St ems. These estimates ar e Srpoeunghel ye tf oaulr. t(
ssdxdlyai ned by the unspecified materials ¢
nversely, the plastic esti maKaweekce&dNbiwa
Lahishggest an annual 0.45 g per person b

l Il Wonl domeWbrir ] e20B8)r study assumes a f | us

d 46%, aligning with this current studyos

puts may result from variations in wipe m
ifferenc&0O infrastructure and operational p
e model al so highlights the potenti al env

icrofibres Alnt rawegeh tshyesymaeahtsceoru nftr afcotri oan o f t

astic wipes are the dominant solid wipe ma
vironments. Once in rivers, pl astic wipes
mat eri aphysifealt s(i Eainfariact ebnal . |, 20,20; ¢

ntributing to apdésHsli €t eat . mi O@L)bre 1| o

e Wmoghme of isbbbdewppesed to correlate wit

ockages, whi ch have serious o(purat k am a &
radagli, 2019; Lee eWetalwi,ped®2dre Adé s poms iel
sewer (DFookwgeser, &i Moyeag0Dag)the | i keliha



and the release of untreated wastewater and
extent of this relld&tiakmumip r&enMauhsodébate@oO

3. 4dEx4t r apol ating wet wipe emissions to

Refinement of model parameters enabled the e
botnhati onal and ,ftoenusamigonadecs dalcad2i8. on

Quantifications revealed substanti al solid

pl astic wipes, driven by factors such as ar
probabilities ead peaarcahmestcearlse.f obp daavter age SO s
critical role as transport pathways for soli
Thesd ewl| extrapolations are intended to il

emi ssions to rivers rather than provide prec

treat ment and sludge di sposal atbhgo magO0t.io® WBIN% r ¢

(Lofty et al. 2022), highlights the chall enc
regi on. Al t hough this extrapolation focuses
mi sconnections, t hes eo afdi nedn wmigrso numechd rad ¢ oir nep ate

emi ssions across multiple regions.

3.4.5 Comparing wet wipe emissions with laundry microfibres

To contextualise and validatee model, wet wipe emissionsere comparedavith laundry
derived microfibres using wastewater release @l Vassilenkoet al. (2021). Laundry
emissions contributed more microfibres to rivers, especially natural fibres, consistent with
previous studiegZambrano et al., 2019Finnish data also supported the findings on natural
fibre emissions, although their plastic fibre emissions reported were significantly lower than
the projections presented in this st8ylanpaa & Sainio, 2017Pespite the loweproportion

of cellulosic textiles in Vassilenko et al.'s (2021) study, they showed similar fibre shedding to
plastic texiles, indicating ahigher shedding propensity for cellulosic materalgattern also
observed for wet wipes (Kwon et al. 2022). Tingh variability in plastic fibre shedding across
differenttextile typessuggests that, in worstise scenarios, plastic laundry fibres could be the

greatest contributors to river pollution in our modelling system.



Solid plastic wipes contribute more masswastewaterthaneithernatural or plastic laundry
fibres individually. However, this contrast®r their river emissions, asundry microfibres
canbypasswastewatetreatment and enter rivers (Miller et al., 2017; Talvitie et al., Bp17
Detailed comparisons of laundry microfibres are limited due to a lack of mass quantification.
Howevert h e mpedcagditadlaundry microfibre inputs to wastewater are approximately 30
times higher than those reported by tHae et al. (2016) for synthetic laundry microfibres,

while their estimates align more closely wittewet wipe emission rates this study.

While laundry fibres contribute substantialiyore microfibre mass to rivers annually, the
environmental implications of wet wipe pollution are equally important to consider. Intact wet
wipes reaching waterbodies can degrade into vast amounts of micr¢fBesin et al., 2020;

Lee et al., 2021; Hu et al., 20228xacerbating existing microfibre pollution and increasing
ecological risks. Furthermore, the conservative assumptions in this study regarding laundry
emissions, particularly for plastic microfds, may lead to overestimation, potentially
underrepresenting their comparability to wet wipes. The simfong manufacturers and
consumers toward Obiodegradabl ed wet wipes

and regenerated) microfibre pollution in aquatic environmg@aslley et al., 2023)

3.5 Conclusion

This study presents the first comprehensive quantification of wet wipe emissions and
microfibre release through wastewater systems into rivers. By integrating experimental
microfibre generation data with microplastic modelling approaches, a madetieveloped

that tracks the transport dynamics of both solid wet wipes and their microfibres. Applied to two
subcatchments with varying degrees of urbanisafiothe Taff and the Wyé& annual
emissions of solid wet wipes to these riverere estimatedt approxmately 100 kg and 6.49

kg, respectively. Across all modelled microfibre scenarios, total annual river emissions may
range from 9.4 28.8 kg between the Taff and Wye stdichments, or approximately 1.23 x

10° - 1.89 x 1@° microfibres per year.

A key innovation of this study is the development of a-ggatial method to delineate SO

drainage areas usinppographicaland hydrological data. This approach allowfed the



connecion of local populations to wastewater systems, enabling more precise, and spatially

specific estimates of emissions to wastewater systems.

The model identifies SOs, WWTPs, and particularly agricultural runoff from sewage sludge as
critical pathways through which wet wipe microfibres enter rivers. Despite generally advanced
wastewater treatment technologies in place, substantial volumesloédlunicrofibres could

still reach agricultural land via sewage sludge. Combined with emissions from undegraded

wipes during SO periods, this poses a significant pollution risk to aquatic ecosystems.

Additionally, the model demonstrates adaptability to other pollutant types, such as laundry
microfibres, and across various geographical scales, providing insights into the environmental
impact of wet wipes. While this study establishes a strong foundation, future isvork
encouragedo focus on empirical data collection and reg&pecific modelling to refin¢ghe
parameters and emission estimgieessented herand to develop targeted strategies to mitigate

wet wipe pollution in aquatic systems.
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Abstract

The environmentbals efda tfieb i oofd ecgerl al dual bolseed0 wet wi pe

remains poorly wunderstood, despite growing
pl assdbntaining alternatives. Thi si osutrudyf etvwd
commercially avail abl e bi odegradabl e wet w
mi mi c ki-mar lrdearli ver condi tions. Using tensil
degradati on met rwiacs, cwiapsen odedg rvaadraiteido np H, t emp
and |ight regi mes, alongside cotton strip coc
rates varied by materi al and ermpwirrsa smerdtvalr

systems, with Brand A degrading ~50% faster
control s. Degradation was significantly inf
sol i S, Wbhiupte npootsilty oni ng( hhyhpotrhhee iveat esru bamelr ugren

robu

d

mi crobiomlass al onaed| uTsetmpdke raSlur(e% per degree d
st degradati on metri c, suggesting i ni ti
k

breakdown. These findings challenge ceuwrrent
for regul atory testing under environmentall

bi odegradabl e wet wipe products.



4 Degradati onBase€eWetl Wispes |1
Environments

4 IIntroducti on

Growing awareness of the enwdamthariemitrag waeartp ave
driven the devasteoepmebi odégrbadabl e alternat.i
mar keted as biodegradable or diwpsetewhter el
river systems, contribudohkhkgi mavii2edy,eé tr¢oaldm.e rati anl
2020; Ha202l; eChaudha4sd; ,B@&R2 AT Ba2cOh2 5eOneal k ey
reason for pamsisofiexntceegpireadab| e synthetic fib
bi odegradabl e or( KthlamsZexidblge .AMelRiOsMBrpyeest, -aelv.en |
based wipes made from cellulosic materials
aquatic enlvatrronampeoinBoct ants and as microfibre
amou(nd sBri a2 m2Ck;t Kwao2 2t Ha&aRI02y3; etAl a2i0s206n, et
Bach ,202%a)Despite growing evidence of their

known about their actual degradation behavi
factors controlling this process. Thkhi &Kprese
where recent | egtcsolnataiionn nlga nweitn gwi ppleass thiacs r a

toward these c¢cdIDIEFFJRAsA4c al ternatives

The absence of a universal definition or I
complicates the issue further. Voluntary bio
ASTM differ in criteria and reled onordibtoiran o
do not rweofrlledc taqrueaali(cK ad nei@r@mméGtisOh e lZlambr ano
al2.020a; Li 2d 2anwWh iClheensome cel |l ul osic wipes n
such as OK co¢mpe¥stAUBDREA) SO 24855, these t ¢
conducted under aerobic composting conditi ol
wi pes often accumul at e. Consequent |y, It ren
accurate repr egadmttatoinon no nfadk dulo eh® g if mge sthhwiast euns
crucial to determining whether biodegradabl e

osi mply shift pollution to a different mater



Cellul ose degradation is a key ecological pr

| eaf |l itter and can thus offer-bassdglwes wnp
(Burdon20k20;alCar ba2d20)Ma ceboragdani s ms pl ay 8
bi odegradation, both initiating and sustaini
produce extracellul ar cellul ase enzymes, hy

compounds f omreiddweerst @ lor @B aucdedsi 2n0 DeBtr tae.} man e
2021)A range of mi crobes contribute to cel
TrichgBenma, | &Fiudsra rsipygnnd bactBacdial |(ues.,g.Pseudo
Streptomyces,sppidaChm@eidia&pnkol2a@ayeti cal | vy, fu
domi nate the early s{8geasdoi 08i;c dtanjgaddlg 8bpr ecd k
whil e bacterial communities become more i mp
abundancéBundne8€e®; aHaz®22)et al

A range of environment al factors influence n
stream temperatures enhance mi c(rYawlei, 210 1@edt.abc
Burdon2620al L202e3t)whaill.e circumneutr al pH | ev

(particularly fungi) microbial diversity and
i nhibiting (thye edrZalc.eda®G2&t)Adaelquat e di ssol vec
moderate nutrient availability (e.g. nNi troge

hydrolytic activity, although nutri(élntegexterte
al22013; Cha2ulvlett)Sen!|l aght availability further
acti(\wiouy hwe020ptBbhh2RDEN netteraalc.t i ons bet ween

amplify their effects on cellulose biodegrad
be accelerated by increased nutri entBuamnroinc hn
et ,22020)whi |l e physi cal fragmentation increasé¢

and g cZtaintbrr a,20 200 ) al

Cotton stistpambdandisagdipedbVutdesa vaekoabls pr
cellul ose biodegradation in rivers. These te
their predominantly celsltulsoismicl acro mnmpiocsriothiioanl,
sensitivity to environment al conditions suc
(Sl ocu,0801 ; allj20900s9 ;e tTjdbgls3 ;etCo@l0aIs9 )Ehesmé . f i ndi
suggest two Kkeybasoed ttsex tli)l ecse,l Isudcols eas wet wi



a manner analogous to cotton strips and | ec

understanding the environmental fate of biod

I n this chapter, t he degrsaedla tdiboino dlegghr aavdiadod re 6

rivers was examined. Based on existing kno
hypothesised that: 1) greater mbicalobbiad masg,
drive higher degradation rates of <cellul osi
p hy scihceomi c a l conditions, such as acidity, t e
wi || significantly iamfdl Bencientdkagrcad atniso nb ert a
physcihccomi cal factors wil!/ shape overall degr
experi ments were conducted under controll ed

of biodegradalbltenwet rwipppes to co

4 . Met hods

4. 2Stludy area

To assess the degradation of cellulosic wet
river systems, upland stream mesocosms wer e
UK, between May and Jublays e2d0 2l4a. b, Uenxi pi iekceh nmei hct reonc
hydrol ogical compl ex(iSttye wean2t0 1e8c)b haelg.e c &1 e & a me

provided a controlled yet dynamic environmen
along a natur al acidification gradient, allo
degradation whil e macionntdaiitniionngs .c oTnhtirso | d eesdi gfnl
effects of key biological and environment al
realistic river systems.

The study area, char ayxderr (i Weealh heexrt leenysli @éed ; yO ronve
Ormeand Du2Chx,e R¥@2E)hasl a temperate maritim
temperatures-16@ngangedm oanmMuall9@ecnanpdt abi ai
radi at i o7n. 8/5e ¥EEJl sm o f

To minimise natwural variability in degrgadat.

41)e,ach ff edr hgr fstrise amsasaecr@rsadiaenta.ci dwo mes o



streams drgarianziendy mnsohoerelpand catchments with ty
7.2 -Cabpent eDavaineds )L7 whil e two are fed by st
coni fer catchments with pH | evHalnswedd tLidmat e d
Sidaway) . Each mesocosm shares physicochemi
source stream, enabling controlled compariso
UK upl( &egmouyu220l8)Eath stream mesocosm consi st
0.2 m x 0.2 m) with a mixed gravel and cobt

adjacent headwater streams.

Acid forest Circumneutral moorland

Hanwell L3 Sidaway L8 Carpenter L6 Davies L7
1 2 3

D = Cotton Control

=== = Unit Boundary

= Hyporheic

. = Submerged
. = Surface

*3/18 units per channel
displayed

TO T1 T2 T3 T4 T5

Environmental
0 .1 2.3 45 variables
Time (Weeks)

AciDic NEUTRAL ALKALINE

Fi4glL Overview of the mesocosm design, including
the study period with weekly subset coll ection
associated names. Dashed Ilines (onliyatbeetthst
di splayed here). Channel colours (yellow, blue,
in each unit. Background colours (blue and orang
4. 2EmR2vi ronment al treat ment s

To simulate typiicrmpr ocpoenrdliyt i insp onsheedr ewe t wi p
treatments were introduced: hypor hei c, S ub me

samples were embedded in the channel substr



ri parian zones that experience dynamic exch
submerged treat ment placed samples fully bel
hel d samples just above the watert i osni muiltah i
intermittent contact to water. Simultaneous|
niche with uni gue environment al and hydr ol ¢
community composition, d{( Oayah@RYt0gatvamgn etti
2023)

Each <channel consists of 18 wusabl ed4lunfiotrs (
simplicity) sandbyi si tsatpeogsoirtii on rel ative to
(channel 1), middle (2), and distal (3). Tr
units within each channel, ensuring that weac
enrtei channel l engt h.

To monitor environment al factors affecting d

hourly using auHOB®Ot edidcdanpd )Lli gdhgger sofgers pe

were positioned randomly wusing strabdadedcd s

variations (24 |l oggers across fowereexmelswodted m:
from two of these |l oggers. Throughout the st
was monitored week| YHAWINAh i @ schmh/dE@/t EDS eGd raly
TessHE®8)1l29%al ues were in |Iline with the 40 yeeé

4. 2De3composition bioassays

Wetwwi pes | abell ecdanas clhbimpddgdaabisHdadd wieirler s | ect €
fromwo di ffdmerdfterbrealnds as BrandnAlb@sdesBl)eddor
additive categories in Brnadnd nimaitnocrlyu daegde nmosi, s
preservatives, antioxidants, soothing botani

similar ingredients, buatndi necmuu dseidf ieemosl.l| i ent s

Attenuated ToR@ur i Ref | erca msnfceeF Ml R)nf saeedr o(s/
(Shi madzu -1l)Ro MAff if ri ma-lotayss ehde dbamposi ti on of t he:c

against cellulose reference spectra. However



(9., natur al V'S regenerated) was not possi |
di
ad
t h

mi

cri riSmattio@®ez1l)particularly in materials
itives. FTI R spect@Gami minanidaetaedlnmd@2 ®23d)n
t Brand A was predominantidderiivfednotandomBpl
ed composition of naFor at hamalFy®i8emeas at e d
e samples fwver= tOlpectiedaonder 14, 00 9admspe

at a resol'dfrioomn aof a%¥ecmge ThEapEPe nzaerhp Ifeu nscad a o

Wi

T X 9 o on

absorbance mode enhanced aacncdu rracryniarhg msdavt B eosne

interpretation of spectral peaks.
Cotton strips served as control assays, c hc
sensitivity to environment al conditions, as

act i(vliiteygs20elt3)@dt.t on strips were prepared by

cotton coanwasvywWeight, Di scount Fabrics LTD,
foll owing est@bilecgdedt3 palC.p20alsOl)8ttr iap .edges we
(>3 mm) to prevent unravelling and handling

strengt h.

Brand A and B wet wi pes and cotton control s

deployed in their original sizes (Brand A =
replicate natur al freshwater poll utistnr,i ppout
di mensions for tensile testing. This setup a
types.

Each mesocosm received 18 intact wipes and
equally across channels 1 and 2, respectivel

exposure across treatments ahd78@pantalktcwver
strips per brand, alongside 72 coHrtorcokl sme sfhor
bags (11 xOm5mesnth dH@Pw@Wabtbecss: / / www. i quata cso

standard method for isolating micropTiaeégdi oc
et ,2a010.7; Pyl 2 s@peci fi c -droicwesn omi ard ecg roabd aatli o
in biodegradabl e wet wipes was all owed by th
from invertebrate activity were minimised.


https://www.iquaticsonline.co.uk/

Weekl vy, Subsets from each channel were col
segments. Collected-loaxkplpeaswere bagasl dd iLn 2

desiccant , transported to the | abnvdhiolnlned ta
degradation. In the | ab, samples were gently
hour s, and stored in desiccators until analy

4. 2Dedgr adati on measurements

Wet wiege adati on was assessed using mass | os:
have been shown to reliably reflect mi cr obi
environimeangd0dt3; alCp210als9 ;e tCaarlh2ad 2 Ce;i rRR & 4eatl . al
I ni ti al wet and dry masses of reference wipe
0.1 mg (Ohaus Pioneer). For weekly subset s,

dry sample weight from its cdrreeagpdndiarsg mreafs

wet wipes and control strips wusing a-2Zwick/
tightening roller grips. Strips were pulled
speed = 5 cmtgirmpasmeipairal 14dr A cm), and each

strength was recorded.
To quantify TSL over time, the percentage of

was calculated, following a |linedrTicgegr a&da tai
2013; Cp20als9 ;etTj2e0gls9 )ESL awas determined using

Y'YO p 41)

where TensidaemeiSf @ nppéd ki mum t en siineubsatreedh gg thr

Tensil eeSetr 6degegitiepan t ensi | e nscturbeantgetdht roefp elr0é pneo
wi pe brand and cotton controls), and incuba
exposed in the field. To account for temper
degdag, with iPTncubation timaysefglTaCedl 3y al
Degideag s was calculated by summing mean dai | )
(>Ap.



4 . 2Mi&Gr obi al bi omass

As a proxy for microbial activity, biofilmb
2 e eakt stthued yempde rafodt.heDupl i cat e |

cm x 25 ¢cm x 5 c¢cm) were randoméyspadtbcaeld waao

channel (n

Both sides of the tiles were scraped into 50
sampling(ptetomelofédhdabsamples were stored o

transport.

Using -fheeadhy mass (AFDM) met hod, a robust
mi crobi al bi omass was quantified and correl
colonisation anSit eicitman tgtt iEFlod |2 &3 s s ampl
ont oweireched gl ass microfibre filA@pbps Q47 homy
to a constant weight. The dried sanmpd es Were
hour , cooled in a desiccator, and reweighed.

AFDM were calcul ated as:

o1 Wi | — (42

0 000 —— ( 3).

wheWd s themdssedefbg(bmgnonbef,dies ashhei fglter we

Wasih s ptolaes hwaigght on fanldt etiH eg(negd. e a

4., 2Stéati stical Anal yses

Statistical anal yses wer € Rc €Cod ROtReldMeaitsr in@gs Ro
mass | oss (%) and tensile strength |l oss (% p

degradation ialsintpst wipes and



Normal ity and homoscedasti oMitlk w@msebpeg fiaa
resi dual pl ot s. Descriptive statistics (e.g.
s yYpghck(aRleev,20DR é)Dat a mani pul ation and visual.
t htei dypack(@Wieckhamd0&®)walt.h pl ot sgrd rdrHawygaub el s i
and An20hagMst a( PpP 02 d)amat cohiwvBe & 8 G2MN)Mo d e |

selection followed a backward stepwise appro

optimise parsimony and fit when required.

To test for differences in materi al type, tr
metrics, Aligned Rank TARThopoH o0k mmg € i(oKeasy(,eRE€ a |f.
2021)with ART post hoc tests for pairwise co

ANOVA or Warlddkaltests due to its suitability
and its ability to incorpor&pecirfandaiml e, f ftel
wor ks by aligning values to remove the effec

then applying standard ANOYA |l pwo aigd wrad 9§ dt d et

and interaction ehftte&ts in nonparametric coO

To further examine rel ati ons hidpesg rbaedtaw e eonn kmeey
correlation analyses were conducted, as weil
gl mmbMBac¢Bagoge k280&7 )aamld. gener alised additive
frommglepa dk(@Wwoeo2d 1119 account for theemperaklk ch
structure and complex interactions within th
vari abl es( Tiashlper ovi ded



Table 4.1. Summary of final GLMM and GAMM structurassed to explore both TSL degradation
metrics (TSL % per day, TSL % per degree day) against key environmental variables and over time.
Environmental variables were universally scaled to improve model convergence. Flume was used as a
fixed effect only whenrivestigating combined material effects, and was removed in material specific

analyses. Smoothed effects in GAMMs are indicate
Metric Mo d el Effects Random ¢
TSL % pe GLMM Mean +tPHlean_AFDM + Day: Mes(

MeahDS + Mean_Temp
+ Day + FIl ume

TSL % pe GL MM Mean +tPHlean_ AFDM + Day: Me s
day Me ahDS + Mean_Temp
+ Day + FIl ume

TSL % pe GAMM sMean_BMean_ AFDM + Mesocost
sMean tBRMMdan_Femp

sMean_Light, + s Da
TSL % pe GAMM sMean_PH + sMean_ AlMesocost
day sMean tBRMdan_Femp
sMean_Light, + sDa

GLMMs used a Tweedie distributionfWwiatkedadiaoa
overdi spersion, whil e GAMMs used a Gamma di

skew of the degradation metrics. GEMMI andof

GAMM model s were standardised to I mpreve mo
pl ate regression splines and Restricted Max
flexibility and performance. Model edssampgi c

resi dual di agn®BARM®B® ctkHarkdoer 8 6 2@t nhde ¢ éame. coh e c k 6

functi on.

I n the dataset, approximately 9% (18 out of
presenting extreme outliers. A sensitivity &
the full dataset versus a datasebnsekstaedtngec
model s, while the model without negatives i m
negative TSL values were excluded in analyse



4. BResul ts

4. 3Melsocosm characteristics

Key environmental variables were measured ac
( Fidg) . Mean pH | evels reflected the natur al
sites L3 and L8 ex®mDbiltsipmgl N5a0l7ulle)s, wrhei sbpeelcRthiev
circumneutral moorland sites 886 (d&nd .90 )hNac d

0. OT20)t.a | di ssolved solids (TDS) valwues al so
mg/ N {.i33)L8B3 tm@®BL3IBN)7,L indicating varying or
materi al content across sites.
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Fi d2Environment al variables from weekly samplin:
temperature and light intensities for each mesoc



Temperature and | ight i ntensity were contin
t hroughout the study. Mean daily temperatur
rangi nlgl .f5r oACi f NLAA®@ O()N 31 .L6i4g)hnti en &6t y, howeve
signi fwiicamealdgyt denhi gh@®dt9 . &veémagdl 392.4), com
lux N 382.9), L7 (180.4 | uxhN s2nv&.r6)a,t iaomd Il 3
di fferences in surroundvind thapgdgeriaphy hardd n\g:

orientation relative to the sun reducing Ilig

Temperature and | ight intensity varied signi
(F4g)Temperature difference@: w8e® o st.nE0 Io)n o u
LAF2, 58 96. P9<, Os. edcli)f i cally for the Brand B ch

in L7. Light intensity demonstrated even gre
in (k768 549. $2 0a.n0dOAL)&BB ., 6P <, OwheOrle t he Contr
in L7 and Brand A channel in L8 had the most
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Fi 43Ti me series of averaged daily temperature anc
type in their respective channel s.

Mi crobi al actiwinge dnrewsmaes @AFRBHh of bi ofi
varied widely amdn)g nhe8s ohcaods mish e( Fhiigg.hest mean
0.0Q9 suggesting greater bi omass and potent |
recorded the | owWesOt) QO@.e0fll4decmd/ngm]l i mited bi
mesocosms (L3, L8) generally showed higher A
(L6, L7).
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Mean AFDM (mg/cm?)
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Acid Forest || Circumneutral Moorland
L3 L8 L6 L7
Mesocosm
Fig¢gd Mean biofilm biomass aerkssteaghpmes odosBi @
as standardi sdd M&EDM ¢ sngacen based on collected b
mesocosm. Error bars represent standard deviatio

4. 3Ma2t eri al degradati on

Wet wipe degradation was assessed by measur.i

wi pe and cotton control sampl @aancwdrag edutr eff @
strips (n = 10 per material) ngsédd(&makxas alaisn
for both wet wipe brands: Brand A averaged 1
0. 89. I n contrast, the cotton control strip

317.21 NaplpPoRiTmately ih8ghli mgktigmneatleeir in
material structure. I nitial reference strip

|l oss, with Brand A averaging 0.094 g N 0.01,
at 0.746 g N 0.026.

4. 3.PSI1 metrics

TSL rates were measured ud)yngndwd Sime €or pes : dT
(dd) Over all TSL rates varied widely acdloss me
an00Q@2®%.dadfter removing extreme outliers p



percentage values (tensile strengtdhFegwin). T
22.,2% 6.ddOF: ;1923 .,6Dp < @®@BE@OL with Brand A degr
for both methmoiccsonhARBRspogie sSD 2Np@I0HO®ON ;: mear
00% d)d, foll owed5HNY33Br@go0dN BD%dd and cotton c
str0.p86 quws@o 58 @wod)d.

TSL rates differedRyetlue drd nrxedsdoFeOalsinss. pi 7cs

0. QPiI145b) . Specifically, pairwise contrasts
L6 and L7 generally had higher degradation r
although L6 and L8 differences wadethetfasti
degr adatNlam 2(;1% OND0.905 % amd L3 thBE1.s1dwest (:
0. 03 038 % dd

Tauunderstand wet wipedidefgermremt i onhvérehaei pome
treatweernd si ntroduced( hypotrhhee i me s oscuobsrifesrwgee/de,r , s

treatments did not significantly affect TSL

TSL mattriocs atlémmaserabéempiogalftcaends in ge
mi xed model s (@EdEKMS$) nedPbNERREO0 M@1 Whereas T
% dti ncr ebaeDedp& 0. LDESS pr e é&ivemodleidsteeampor al

patt-arnapid initidoveéecktiheefinsTStwh weeks f
iwhile an inverse pat tde(rdwice nebadi sed faddi T
models (GAMMs) comhiemmed i nhée'pgdhdmr 1 TSL PBo d
0.001) , t hewefvfeect of ti me became strictly 1|
dd‘(edf = 1, F = 7.45, p < 0.01), supporting
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Fi4s TSL degradation metrics (TSL % per day and
control strips within the mesocosms. Boxpl ots of
while c)-l$sheas hOE$SS emegmbdsSéednates over ti me.



Mat espadi fi c GAMMs hel ped cFaga)f.y ItrheBrearndc m
% Whowed a pr-binmeacedealinne (@d6O0E) ,1.mMir rFor=i
LOESS predictions, -awdhjeursetaesd tnheet rti ecmpdeercal ti unreed
did not reach significance.i nBraai &uWe paeldsho =e x h

1.9, F = 5.2, p < 0.05), albeit | ess steep t
|l ast week. Howevelrinedi sishi ¢daeel d¢mcea themper
(edf = 1.7, F = 3.98, p s< sOhoovwed mBoy sciogrtirfaisct
i TSk dyedtemonstrat edl ian ereord ersits enehadrj it beed emepas
(edf = 1.0, F = 9.0, p < 0.05).
0.161
10.01
>
— S 0.121
3 ' \ Material @ Material
g —— Brand A g —— Brand A
2 50 — Brand B ‘g 0.081 — Brand B
a ~—— Control 2 ~— Control
= -
(/)]
F0.04
10 20 30 10 20 30
Day Day

Fi 46 GAMM predictdpmpeaci ffioad dmagreadeatli on metrics (T
degree day) over time including standard errors.

Corr elbeettiweresn environmental reariabdleldesdi amndndEt
When allswena®enbiTaSetdat es i ncr e asiell o2 F=p0 £ ght
0. 05)Howevers,pematierci aalnal yses wuncovered notic
wi pes, TSL increased moderately widjhusptHe d rT Sl

was also positively |linked to pdEmperatQrdl/(r
0.51, p < 0.05). I n contrast, Brand B wipes
associations, whil e cotton contriowi tsht rT®ls s



increasing with pH (r =adj.ws’t,edp T<SLO .r0i5s)i nagn dw
(r 0.38, p < 0.05).

Across materi al types, environment al vari abl
increased with temperature (r = 0.23, p < 0.
with bot R .I3I8ghtp (<r 0= 050. Ga,0dp0oB) omdbeser patte
thabccarring environmental conditions may 1in
stage for it.

GLMMs further elucidated the | inear effects
whi |l e accounttemmpgo rfaolr cslpuasttiearli ng using a meoc

combimadedckri al modélbs, ObR2gherlbpl O(pPdB&, 0. 001) a
TDS4Lpd Oplx, 01,065; 094G, 0.001) were robust pr
degradati on, whereas biomass, temperature al
speci fic GL MMs reveal edy trheastpoBsamd eAfwas tp
degradation rates incréasepsa&) g,iobi 0@l y wi
0.01) and®d=TOP2&dO0L042;0p@34&, 0.001), and furt h
temperbat 0Orp82( 0. 001) when TSL was adjusted f
B showed no significant ®@nvwhiolneneintasd jtusrhfgarca
metric greatly b=ndpa8&s &®d OwWi)t hwTb& ©Only bor de

and biomass. Control samples exhibited no si

No-hi near relationships were also explored us

responses (edf = 1). Thus, GAMM results corr
4. 3. HMa®22s | oss metric
Mass |l oss (%) was also measured as a proxy f

sedi ment particles were found to accumul at e
period. Although efforts were tmaaelecdamp adte af
structure of the wipes prevented compl ete
integrity. Therefore, there were instances o
reliability as a degr adan i®nclinddd atoom tama



interest, overall mass52.0%8 trat4305BH3%5(¢Beoan
%), while for intact wi3BewD,1 maos B 4l. 7Rs B g tmesa n
%) . By materi al type, this debris accumul at:

> Cotton, I|ikely the result of the different

4. 3. RntBact wipe degradati on

Over -weheek 5study period, b o(tfhu IBIr amnidzreA mamadi eBt rw
i ntact avditd infecsrodcdts Ms| essi soummea heal moor | an
where both wade bragchenstantd degrade from W

withimidgy Al Il wet wipes in contact with rive
and inorganic materials in their structure o
played a role in wet wipe breakdownwhipaht i c
all ows for greaheschdemgqradbtboeakdownpprocess



| Acid Forest | | Circumneutral Moorland |

Fi 47 Visual assessment of intact (Brand A and B)
all treatment types. These intact wbBpeeflimdiBagen

4 . @i scussi on

Despite the risiihaseemonoddfegr adabl el avee wi p

natural freshwater systems remains poorly ur
of cebbhskdseavet wi pes and identiffiiuedcckery €h
breakdown. These insights are critical for
mitigate environment al poll ution or persi st

pl asbntaining wipes.



4. 4Delgr adation metrics

Amaj or challenge i n assessimagelciedblué ospcadte
ecol ogically Pr estteuvdasneisiegmét dii¢ t er and cotton
shown tmadss bloodhs and tensaheetteengetlhbkbylogs ar
br eak@d®ovnl t on,18189d; B3Jd p280gls3 ;e tGra |f.f2i0t1h6s; aln de gTsi eeg
2019, Bl aelb@28gweveal .in this study, mass | os
entrapment and organic debris accumul ati on,
and | oosely arr an(gbeudr ufkiabnr eas2 db iR awea d2a@dldqd ¢est  a |

Among the tested-amegusites, TSeémpgead apteurr edegr ee
consistent degradation estimates across mes
temperature variation anldi meare arl eetdh tcil eemag beirr p $l
and environment al drivers. This aligns with
tempemnatrmaéi sed decomposition rates for un
drivers of ce(l Man owsdObzie adkbd.canckOr2aAnH ewe vad r., T S
captures wet wipe degradation as a whole wit

or physical drivers of degradati on.

4. 4De2gr adati on across materi al types

Degradation rates for both TSL metrics vari e
Brand A > Brand B > Cotton. On average, Br ar

nearly twice as fast as cottonostgirpasdabHewe\

wet wipe brands remained | argely intact afte
inamely for Brand A in circumneutral mesocCcOS
Both wet wipe brands exhibited an initial r
stabilisation, whereas cotton strips degr ad:¢

The faster raw TSL decline of weitt hwiepxepse cctoanpi

as t hewoovenon por ous, and |l oosely entangl ed
fragmentation, microbial col(@adlsaa® 0bth;,aldwan e
et ,2a012.2)



However, when adjusted) fodegreampatriacdmreat(dSLg

an inverse pattern, suggesting that t her mal
trajectories. Despite its steep -adjluygtedecT6bt
remained stabits iimidticalt i chggnddcddati on was | ar
rat her t han mi crobi al activittgr.adiumal lcyninas
suggesting that it s degrreaadmdii toinv eb ecvaere tmome
cotton strips exhibited mini mal change i n r
adjusted, reinforcing the notion that their
and its environmmeaditail ominndg bowéeémogticmé. co

FTI'R analysis indicated that Brand A was pr
natur al cellul ose, whil e Brand B contained
Therefore, differences in cell ulionse cmawi pree fdlee

contrasting fi br e -cchoermpiocsailt ipornosp earntdi epsh.y si c o

Regenerated cellulose fibres (e.g., Vviscose,
more hydrophilic and bi o(dRarrka2deadbsl zel Zt ahmabnr annaot u
2020 You2@21Hlowever, surface mormdatodrogly @adlslou
fibres oftelni havset rauati brbeont hat i ncreases sur
(Zi kl 2024 )anhi.ch can enhance overall bi odegr a
show that -cvantuaiani nfgi bwiepes and textil es e X

bi odegradation rates than( Diuage&mer aatngdd 1keaer!al dua
Zambr an»0@B@ Kavlo.n2 23 ;alSndadzhd )et al

Mi crofibre shedding may al so expl aidbaslked ter

wet wi pes tend to shed many microfibres 1in
alternatives due to their ir-trilgoaurkdaiBngd n(bete mc
al2022; |2i02&t;, &l J2i0s205nB reatn da A, this could acc
initial decl itnenaaitnfri®dBles % wdr e rapi dly | ost

fragmentation r adémendemtno it ieantipeeygiiactallr epr oces s
this early fibre loss is Ilikely independent
adjusted USkem&i mWald rieclaapttiuvreilnyg sltiatbtllee addi t
beyond that early sheaediiblges Awet bel mste thbi

ipossibly composed of more structurally bour

"~



resisted further breakdown, further sl owing

|l i kely contains a blend of regenerated and n

tensile strength, consi st eyntstwigtehs .| ess mi cr o
Both wet wi pe brands contained antimicrotk
phenoxyethanol, potassium sorbate, sodium be

textiles to supprestcWbadt,enil&t adlh@OBABngdbalhss
et ,2a0l1.9 These compounds may have hel ped del a;

idea that initial degradation in wet wipes Ww
mi crobial activity. However, si ncd etalhcehs eouad o
after i mmersiontermdunfhgehnhbeionl|l 68dutedt dat

2021)The del ayed i ncr eaad usnt eBdr adhedg rBabdsa ttieanp ea
its degradation was fiiridt ioanlcley aidmdh ith ivteesd hkbauwt |

4. 4En3vi ronment al and biological driver
Il n this study, pH, tot al di ssolved solids (
environment al predictors of cellulosic mat et
However, direct |l ight effect solamgli chailofadtm vbii
mi ni mal

pH strongly influenced degradation patterns
circumneutr al mesocosms (L6, L7) than in aci

research showing that acid condviipynsi-shiplpirte
Il itter and cot(tbham gd tersi @E2nldd Fa kableongdl Oeds; ety ea le.t
2012; Ferrej2r0al 7an dC pBa®P YEIDEG awas al so positive
degradation over ti me, suggesting that great
cellul ose breakdown efficienmBoul tcom,2a0€d0e@Qu i m
Gulis,2006al Ferrei,2@ala@aiddhi Su®rf bdledt may -refl ec
nutrient conditions of upl and g tcroemamosn, ians
agricultural Toan udibamupmat mresr obi al communi t
(Woodwar2do 1e2t; adop20als9 )et al



Despite the narrow-lt3fmpacabease meangesmil. S5t

influenced degr adadp eoemde att emanmeml, mae @eo miah g

adjusted for cumul ative ther mal exposur e. E
temper atur e senstuvaej oyt edwi TEL tiempeeasi ng

suggesting that ther mal I nput enhanced degr
availability which is knowrertad Gaeddlidrhat e nwli
2016; Yhel®nrarmd .B6s raw TSL showed no cl ear

its t empgrusttwierde TSL i ncreased over time and w
could suggest that chemical conditiona®, rat h
its degradation. However, given the | ack of
increase in TSL % dd 1T may also reflect art
rather t hansppmedirfuiec nrad sepd md e .

The i ncreasedjnustteentdp elrSaLt wrveer ti me, particul 8
suggests a shift from eaddpendebrrte deogsrsadtaoct i
such as enzymatic or hydrolyarncpdegesasasi bac
early degradaadijownst ede mpelr atauwled have initial
stabl e. l nst ead, as r awadljQuLs t =tda bTiSLi sierdc raenads
degradation |ikelTempeapeédf hegreamaey havVe.bee
over seasonal and broader spati al gradients
dur aitpiaoant i cul arly throughi phpedk semmatlt i aogndi ti
i ndirect -dtre mpeenr adtewgrreadat i on effects (Mancuso
Findings highlight that biofilm biomass, a |
influence degradation rates, but still reve
Epilithic biomassOwégf@4D8Bcmgravssr agé) si ¢frlse ¢
nutrient availability, cooler temperatures,

str daAmg eGlseonnn a2 0ex8 ;alZan,28di7 i odti larl .bi omass w
acid forest sites than in circumneutral moor
mechani sms: 1) al gardutardiagritatd omdi ttioo ms,i dl,ed
in epilithic bWoht emb&éféhlamidt s reduced i nve
pressure in acid sites, allowing greater acc
to circumneutral sites, where(lLeadgert edhnatdil
2008)



Ligahvai l ability had no Wdultriketdfykd éecéd oandierg
condi t iNontsagpHty, wds posititvermyercaotrurreel ad redd wa rt
mesoc,osmefl ecting sbadrogvredgiferigaa d il bmi de ¢
particularly in acid forest sites. Li ght W ¢
reflecting increased primary production and
condi(tlisdrnes0 21 Whaoiweer Il i ght avail abililitryked fo
to sl ower deddamacauistdiO®@® )iradst.eesf f ect was | i kel

stronger environmental drivers of pH and TDS

Average cottoinnsthiip0FShbday pae 8% daeyr anedgrCe.e0 day
comparable but generally slower (haegg hesea
2013; Griff20bh6; ahad0Td0e,gsti2 6l 2 Ntot alb.l vy, bot h
and Tiegs (201602020 Jcadbnductetd dalheir assay
indicating that our sl ower degradation rates

to the mesocodml ieknevi dymanmingd . downstream or u

hi gher fl owpamgd,t miemobi al di v elrrse a kyd dvesnshea n c e
mesocosms refl ect ed,cuhparaancdt esotivseeadmm bcyorni deintti oanwv:
acwdt ans, looweamirc immaptuttes . T H ihlesoAvVFsD M evfall eucetse di ni
study, which indicate reduced biological act

as a key constraint on biodegradati on.

4. AMedsocosm treat ment effects on degr a

Three river treasmehace wes @b meersgteedd, sama | &ty ¢
conditions where wet wipe accumul ate and ass
influence wet wipe degradation. aviicam bzicane sbic
to reduced moi(sMawmrceu s,av02i8l)aehli.l et wubmerged <co

enhance abiioat into |heycdurloalry sdiesgr adati on( At bcesa v

et ,2a0l12.3 )However, contrary t o exfreicvten idinfsf, e rneot
TSL were observed madreogsal meaypess msSewvrer al f a
resul t:

N N



1. Hyporheic conditions may not have differ.

Thehal | ow,obgbrlaeveslubstrate | ikely allowed
penetration, preventing the reducefdi mmeer o
sedi menvesrnBeodil ton ,200 ®)Qmi MBaurrlryoows et al
repotrhtaetd -o ny gveh dt ed, saturated hyporheic 2
can match or even exceedtberfaondiegsi foom
t hmitcr obi al degsadcdcatnos sr & mamaeE@mnd ssms .n
.The studyods short tWwue at peodii fid g . rihelaitvwed s4 1 pno & |

thatr |leg degradation was |l i kely dominated b
mi crobi al breakdown, par tuipduwlnar Isy4Bigm ncso d I
Therefore, |l onger periods may lave ebeen

degradation differences across treatments

.Sur fexqpeosed wipes, may have remained suffi
Occasional water contact is I|ikely to hayv
mi crobi al col onisation and enzymatic de
S U brngee d , and possibly hyporheic treat men
mechani cal action (e.g. river flow) in a

wet wipe micrdfeieh2e@2 BHeldwdbm2g2)t nakr mi tt ent
cont act may have accelerated wet wipe fi
dryi ng( Lciy ¢l 0e2s2 ) .

N N



Degradation Stages
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Fi 48 Conceptual diagram highlighting observed de
including the Il ikely degradation stages and the
mol ecul ar wdheigcrha daartei oanl,I wintdh rmicec i gbiaslsoav aitlabil.i

4 . Goncl usi on

Thi s study I S t he first t o systemaaseadl |y
bi odegradabl e wet wipes in fnashwateri sgst em
t o identi fy -¢lInemikceayl pdhr yi sviecr os of br @ dalkdown.
bi odegradabl e wet wipes can persist-tiemmrive
aquatic pollution risks through downstream t
as a reliable proxy for asseagsinmenwet twiopeg |
research should iIintegrate chemical anal yses
degradation mechani sms. Environment al condi t
in the study, with warmegheci totmheuwti saslol ¥t
accelerating cellulose breakdown over ti me.

N N
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se insights raise key considerations for
te management strategies of biodegradabl e
ted wodéd megaltic conditioneny ramn henr & dla
tings, to ensure wipes degrade efficient
umul ate. Addageohmabtg, seaaddyng highlights
egrity with biodegriadradfiilbrteg g ol lputeivemta s
n

taining effective breakdown.

erstanding the factors that enhance or hi

mote genuinely biodegradable alternatives

uld extend this work to | oenvgaenrt tel nnveifrroanmme
di ti ons, andetianicloerdd emodtleecamaalrey ses t o ful |y
degradabl e wet wipes in freshwater ecosys
cially, this study establishes a framewor
ironments, where wipes typically accumul &
werlld wur ban pol | vetniva nr,o nmynm tca doyobraaamdi ccso n d i

infl uence bi odegradati onsoffutritéeheenwierfdmmenngt

bi odegradabl e wipes.

N N



Chapter 5

| %51 t u Degradati on o
Wet Wi pes 1 n Urban

I n this chapter, Thomas Al lison, Benjamin W
designed the experiment. Thomas Allison cond
pl otted ThbemasdaAhbl aswadn etdhieh etdadwd droiwdthng revi e

comments from all aut hor s.

N N



Abstract

The environmental degradation and fate of celllloses ed fbi odegradabl eo
realworld conditions remain underexplored, particularly in urban freshwater systems where
they are frequently discharged via toilet flushing. Buildinglompreviousmesocosnstudy;

this chapter assesses the degradation behaviour of two commercially available biodegradable
wet wipe brands across ten urban rivers and streams in Cardiff, UK. Tensile strength loss (TSL)
was usedto assess degradation of wipes alongsiddon strip bioassays as ecological
benchmarksDegradation rates varied significantly by material composition, environmental
conditions, microbial activity, and hydrodynamics. \@8prich in natural cellulose degraded
substantially faster than those dominated by regenerated cellulosttonbioassaycontrols.

Key environmentainfluences on degradation includedicrobial biomass (AFDM), total
dissolved solids (TDS), temperature, and riketel fluctuations, though exposure duration
emerged as the dominafdctor i suggestingcomplex interactions between physical and
biological processes. Despite eashpage degradatiomost wipesamplespersisted after five
weeks, challenging bdegradability claimsThese findings highlight thpotentialecological

risks of persistent fibrpollution, underscorinthe need for updated biodegradability standards

and labelling thatppropriatelyreflect realworld freshwater conditionsas well as greater

scrutiny of plastieree alternative products and their environmental fates.

N N



5 -Slinu Degradation of Biodegr
Ur ban Rivers

5.1l ntroducti on

Cell blased wet wiap & ® tbeidosdaesd,rladeadwil gned to brea
readi ly einvimanmrealts (see Chapter 2 for def.

t heir degr ad aftri esnh vaethéapvai ofigd @ilmmsr | 'y ur ban riv

remains poo.uTlhyeseneawstroodnent s frequently 1 e
di sch(aMcgGosr a2 0e7; aT,Rdméds 2 Mc,2dY Oet Bals.l ey and
2022; For t,iZlDkdnbutet | iatlt.1 e 1 s -tk mMmewnbraklmdkudto wh
environment al ffartiee.n dMor ebarvaenrd,i nggcomay i nadver
(Kach@®2 4, Kar gar ,20mid )iJrokrse anoivng t heir occurr
from source to sea.

I n these envi thasmantws pecelall slooséhed (IKawogne q u
et ,202i129 form of pol l utant t hat travels thr
recei vi hgkKwiRers TserZ2ehXdo;r BBt hadaadr o

mi cgwal e pollution from these wipes can affe
additive | eaching, or by transporting cont al
ri v(ewisnds ®r0 1e9t; avic,2®R 0et CaB20i2a0i ;n Zitmma@Aomhan et
Cour-fenes2@?24al Mac ARul2ady, eSnda@&bthd )wt t Al pot enti al
human health as MwW&I2l4)(. e . Tdh.e sMetcoalcferets aln.der s
bothe degradation and fatewofl 8i oderidntad@raddere

better understand thlreailmpacbbsogi cal and human

Despite this, research on overall wet wipe ¢
focus-b@ams eldab econst r(Wotkesd mMp2/@ 2c@ e d I 2eE2sle;t Kwan
et ,2a012.2; Ped202%2n Kdr qqdr.,2dR2alr) Jw & & ¢ hm ¢ nMiest occaol sfms
et ,2024)These studies | argelsyucéds saess sd ipshpyesrisci:
mi crofi brathet eadan microbi,ahdoof men ecepart
mi ni mal br eak dboansne di nwi qpeelsl.ulPoesreder sen et al

wi pes retained over 93% of their structure

N N



condi ti okhwagn weti | al . (2022) reported hi gher
cellul ose wipes than from regenerated or sy
conditions. Some studies show that cellul osi
f wovelocities and -dwalbalxsaiwer ipmi pabmnoddloy y( K
2024) . Il n fact, despite oO6flushabled | abellin
| WSFGO6s 0S|I p3 bk diomd2 @ 2G6tutsli de of wastewate
(2024) documented the degradation of compost
commer ci ally ¢ orpoorsptoasttlaed | &en dvitlpoerse persi sted
respectibBb.eclrog,mawinttimg viable on the | atter fo

drivers of degradation were not examined.

A recent mesocosm mturdegp/(GAHdptseorn 4)t addr esse
river conditions to explore wipe degradati on
attributed to Dbioltihk eplhyy sdirciavie nf ibbyr ec o poksasng at f
and Jok20 2aiganidc environment al conditions such
di ssol ved solids (TDS) , whi ch i kely suppoc
degradation r emai nwede kIl isnti uwdeyd poevreiro di,h ep ofsisvieb |
avail appiidalt yoft yt he wupl and Zathrcaa m2nOnie7®d@ b easl ens
findings alignéedswidt evbrdeaadcer tfhiagl dni cr obi al

activity govern cellulose degradation in fr.¢
and nutrieh€ChawvagtiOdesi; | aGiry f 4 @ 1he; aBidr2dd®mM® get a
Pingram0td )Ndnet hel es s, the mesocosm design

of highly-whebraen wiipveesr sare momedl| wkerg morace
wat er chemistry, hydrol ogy, mi crobi al assen
i nfnlciee t heir deg(Raalt i a0 d¥eyadnimc30 @y Bour daon
al2020; Tj2e02s4 )et al

The mesocosm study also demonstrated the uti

cellulosic degradation. TSL is widely used i
assays to track microbi al gisd emnV e(nTtiedgosa i eatg
al2013; Cold2(®Is9;etCarlhad2 @; rid2 22 Appdli ed to wet
TSL offers a ©practical, ecol ogically meani
conditions. However, TSL only quantifies ove

N N



behiihwheatther mechanical, chemical, or biolog

or structur al anal yses are needed to differe

This chapter investi galtesed htei adeggraaddahb loen voe
urban riverienandoasmertmswhere they are know

assays were also deployed as ecekpgincalk.c i

on the mesocosm findings, this study examine
| ocal environment al conditions | nwdmuledckel ow |
regi mes. It aims to Iimpfobeodedenstbhhei aggseo
wi pes and assess the environmental risks the

5. 2Met hods
5. 2S5tludy ar ea

To investigate the degradation of bi odegr ac
commonly accumul at e, samples were deployed

Wal es, UK. Carldntifhagdgaas @dti nmmt ed poOpMSI at i o
2024)The city has a temperate maritinmeBCl| i mat
(Farr,2et7ymlverage sol armirda@dp@alt,ZO@i5gnfe a®. @ nMd/a
precipitation of ~1,203 mm, and - e A®S5Meertn u al

of f,re6e5)

Ten urban sitedlwerenskbbdchgdthFeg. on the Ri
| ower reaches), one on the River EIvy, and si
Rhydwaedlyd Brook), Li svane (upper and | owe
| ower Nan) . GSandubkaelection was based on | oca
up and where prior water pollution research
as accessibility, anidntefrffoerrtesncteo Biamipmii g

weeks from October to November 202 4.

N N
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Fi L. Locations of urban river and stream study
Gl andul ais sites are shown as abbreviations.

5. 2Ma2t eri als and study design

Two commercial wet wipe brands (Brand A and
composed obfasleOd % ibbiroes with similar additive:
sel eStt@enildar di sedx c®dtb oamstsempsved 8as control
cel leabosedStw)(ecan dbdemshietdi viliigegpaéddumagpcet a
2013 )Wi pes were tested in fiBetm;, cB8gndh®B. 5icmn
and as cut strips matching the cotton contr

al. (in prep/ Chapter 4).
At each ssitzed fwivpeduahd fifteen strips per

cotton strips. AlI sampl es wer eOmnalpg evri tdwrad ,| y

15 ;¢6mM@uatiwbBich prevented macroinvertebrate

N N



degradati on t o occur i n i-smdead | wnt h Meabhbh!l & :

identification, secured to bricks, submerged

Samples were retrieved weekly oversifazece winge
antdhree striapene@ecotbtramdcontr ol strip. Retri
zilpock bags (24 x 17 c¢cm) with 5 g desiccant,
degradation during transport. I n the | abor at
reme debri sAGdri2d hou#vd, and stored in desi

Across all sites, 50 full wipes and 150 str]
strips, enabl ing comparisons of degradati o

conditions.

5.2QWanti fying tensile strength | oss

To assess materi al degradation, tensile stre
a proxy. Strips wergeh tneonu mtge dr oilnl etrh eg rsieplsf of

Z050) and pull ed at a const antoardatsep ecefd 2=0 5c 1
initial grip separation = 11.61 cm) wuntil fa

Reference strength valncad awerde sdabrti gpisnddcd f=r dm

under went the same | aboratory wetting and dr
maxi mum tensile strengths wereAsi mN@&a3. Hor ¢
Brandt7B76 N ,N whi8%® cotton strips, due to

significantly high®r28trength (317.21 N

TSL was calculated as the percentage of init
a |inear degradation moUied g 210eltd; 2IC2@dkD e d
Tiegs et al. 2019)

YYD p (9)

N N
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ere TengieaemeiSthkee npgaxhi mum tensil e strength
r esrgetdicsestmean tensile $hceabhgqtledofr etflee etnere
spective materi al type, and incubation tin
account for temperature variation acr oss
pressedda®y.r Idregtrlkeies case, l ncubation ti me

ys, calculated by summi PAg8 amme asma cdhaidiyt @.e mpe

2ZEMdvi r onvae ntadll e s

monitor environment al drivers of degradat
corded weekly at e a&lAMNNsA ti e shgkimEOATSBEnad b mb
SHE®8)1,29%Which was calibrated prior to each

d | ight intensity were measuld@BO hPdlmd antus
mp/ )i gBGme | ogger was deployed per site, at
sh bags.

characterise hydrological -wangi hgopsoaty
re incorporatedds)Mewas resermdtleodv (sn ng a

uation for discharge:

d (2)

efies t he meath sdhilsow hseeteer ioemsal area 03§ the r
rived from the product of measusethwi dvbar §

ow velocity (m/s).

r the River Taff sites, recent mean fl ow ¢
chive (NFRAs: /Isle®r St ateihomc50768605 (Pontypric

stream of Cardiff, thislsvaaticbowédel meammph

storical records from the decommi ssioned d
003; meakfs =betlwealeRds 29,6 5 usti fying its use

Si-¢$peci fic velocities for the Upper, Mi ddlI e,

up

stream mean f | ow byseecatciho nsailt eabrseaneasur ed ¢
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https://nrfa.ceh.ac.uk/

For the RiveteEmhygasuged,fllowgdata from NRFA
wer e di vi dende absyu rtebkde ccfrioeshsd | area to derive a
velocity (0.45 m/s) was then stcallease@d oprorth
of | t-se «ctriosrsa l area relative to the EIvy. Thi
|l ower-secbsasenal area would exhibit proportior
di fferentiated f | osw whnitlees meairmtsai nsitnrge aprh yssiitc

absence of direct gauging dat a.

To capture tempor al hydrol ogical variability
for discharge events. Continuous river | evel

moni toring stations on the Ehyée(Sps Raglans pr :

seas. natur al)r. e Duer cteos .tvhael essbhsence of | oc al m

streams, daily river |l evel s from the Taff w
hydr ol ogi cWH i tlggemsxeidwiathyo.¢ s r e pr e-s p a trii &besvoel lust, e
they provide a consistent,-dregeonahbgpgesl ena

the study area during the monitoring period.

5. 2Mi5cr obi al bi omass determinati on

To assess microbial activity, a terracotta t
10) to allow biofilwea&kcpmul adi. oAtovbhe fhaat
5), biofilm was scraped {flrbmetboChrnihg fabes
ice, and kept in darkness during transport.

Mi crobi al bi omass was estfirmat edd yg rmeaawsisme(tA F DcM
samples were filtered, dried to constant wei
Calcul ations followed Steinman et al. (2006)
Oi woi | —— (53)

60 000 —— (54)

N N


https://rivers-and-seas.naturalresources.wales/
https://rivers-and-seas.naturalresources.wales/

wheWg epr eseémit eadatshseowe i § htbtedmr teh e, Whiisn gt h(emgf)i | t
wei gho(nmegWash s btihoemass wei ght, adutde rttobteahlien ga r(emag
scr d p3dnd

5. 25c6anning electron microscopy

To charactefi e e weoamph pité goadati on patterns
microscopy (SEM) was wused on both pristine &
dried for 24 hours and mounted onto aluminiu
sampl es gwelpeel Itadiaumd usi ngTES Gupourtutne rQlcbo0at er

conductivity and i mage resolution.

SEMnaging was conductAkW3(uGSarndgi faf TEaSICGAN sM s | r
Mi croscope FlaC.id ik\Ww,adXew.aegAad sitha)g evso | weargee c ap't
at multiple magnifications (ranging from 250

fi-meal e surface features such as cracking, f

To determine fibre composition d@mndpasrsaeyve Xu
spectroscopy (EDS) analysis was conducted or
spectra were acquired -MaxHNg0ancoxfadrdftnsitert e
Energy Di-spegr slemeeorated with the SEM syst
identifying key elemental-bassghafiabddaeasdce alf ¢

environment al contamination
5. 2St7ati stical anal ysi s
Al stati ameirealc ommRlalcy sas i( Rn CHr .0RBama wer e

checked for normal ity aneWih&ama®dscdadgs duailt ypl
Descriptive statisticpsywehpaea ckiRegvaelid2tdle)ddatuas i n
mani pul ation and vi sualtiisdaydvieinscekwrea p Oght@ ) dlor m
Qri déf xAturgaui e a,260 1 &rptsd redf B A Godt 1 )dpnadt ¢ Bpwaoa Kka g e s
(Pede2G2h)Theotdmpackage was wused to streamld.
(Robinsgam2®2)Y al .
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Observations withi mtegrapgri estee dl Sd.s viae ngist eeat ed
artefacts afh®w oemdaed) (~Bdditionally, extrenm
were excluded to i mprove mosdeal stability and

To testdi fferences in datalogger variables (
rates et wteyeypd ,si & edpotiiisgned Rank Transf or |
ANOVA was u S%RIT owid tdik(akpdeye , 20 2fadl 1.1 owe &b alspeodAtRT

homgai rwi se GSaomumareits otnrsaansf or mati on whasagpl i
models to i mprove normality and residual bel

fact orparlg mentorni ¢ designs with nested or hier

To explore environmental influences on degr a
per materi al) were examined to identify inc
responses. A modelling wkirlklf | ew. Eamlvs r (ofh@nge 2h)a d

vari ables were scaled and screened for mul ti
from the 6car 6 package (Fox and Weisberg, 20
in the exclusion of mesanmaopdHe r(avtleFl y= t200 .s6t7r)o n gw
AFDM, TDS, aOdt fil ews rwméee removed where env
three times the interquartile range (I QR). T
d) and t-acpestaedr ESL (% dd) .

Each environment al predictor (mean temperat.
and biofilm AFDM) was fi tittledetac ,f exmp omnemdii dad
and quiawdirtaht ilcowest Akai ke I nformation Criter
ExXposure duration (Day) was included in addi
for influences on degradation ovet etdi her Ehe

mat er?aaldv apRues f rnoond ed ess twefriet extracted for |
Benj aHowicnhiber g (BH) <correction applied to con

used 95% confidence intervals and unscaled p

Al |l significant moudred esr weandt] udsit aegdn opsrtei sci0Odafded)c k
nor m@ShiatpWirlole b e ) er os qerdasR & dtaentayn)dn f | uent i al oL
(Cookb6s di/simpadnecles >wer e fl agged based on assumj
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model s with no or mi nor vi ol ations were ret:
heteroscedaaOshtiid4ch v er aapadlwwaoienescl uded from fin

To investigate time effects on degradation |
bet ween exposure dur atoiodn t( Rayw) oamdke de aSH sneu
each materi al . To alcicoe att tf roe n dpaa toecmodr ir @&lp & th it
generalised additive mixed mongedpa ck@WddMs ) we
2011)Each GAMM monctl hu dteedr m f or Day (k value =

Site. Effective degrees of freedom (edf) val
' inearity) of the smoothed terms. Residual o

model tyabndi appropriate smooth complexity.

5.3Findings

5. 3Environment al vari ation at ur ban si

Water chemistry and environment al condi ti ons:s
sites 5L, FaBRe While mean pH remaine@. 0@) at i
variability ditUppreed Rhewbheéam, sifoes exampl e, s
(SD = 0.51) compared-@o26mostMemametr st 41SDdi=s D0c
rangecce mwo dea260 (md/4L), with notTabdlfy shirghenr sv d
1211 mg/L). Within the River Taff itself, TD

N N



Tab3le Environment al and hydrol ogiirdbaln comweairt ison e

SD) . pH and total di ssolved solids (TDS) were nm
recorded hourly and converted to daily averages.
SD) were derived dgioomlavdatia b(lEl yhyadmmrdo Taff sites)

mi ssing dataloggers at sites.

Site pH TDS Temper . Light Watel Fl o
( mg/ L ( AC) (Lux) Leve rat

(m) (s

Ely 7.95 208.00 1BX15559.(®3)( 0.55 4.7

Upper 8. 09 209. 80 iaql1.6 7.80)<0.86 (0.0
Fawr

Lower 8. 08 211. 40 1®@Z21.532.(3%9) 0.86 (0.1
Fawr

,
(o]

Uppe .02 200.00 103(62.431.(22859 0.86 (0.0

Gl and

Lower 8. 01 203.20 111(11.7 1794.¥%:0.86 (0.1
Gl and

Upper 7. 95 204. 80 T T 0.86 (0.0
Rhi whb

Lower 8. 07 186. 80 101(71. 0324 6%H:0.86.!"'0.0
Rhi whb

Upper 8. 01 127.80 T T 0.86 (19.
Taf f

Mi ddIl 8. 014 144.80 T T 0.86 (20.
Taf f

Lower 7.94 161.60 1a0.{1.)8!34.(70):0.86 (22.
Taf f
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Fig2Environmental variation of wurban fl owing wateé
(TDS) , mean temperatur e, and mean | ight i ntensi
OQutliers are represent et degrme @ackf dwdarsi,albiol iht yhwi
for temperature and | ight
Temperature and | ight intensity data were av
sites were excluded due to | ogger washouts a

corrupted.-wOekr sthdyfrmpeas wnde méotus | wer e aggr e
means. Temperature and | i ghARTd i iFef setroe2d7 .s2i9g,n ipf
< 0.00EyslF. 62 p < 0.001, respectively). Me a
| owest at Lower Fawr , (fowhiolwe dmeaarsilmidfRtr ipratt &
having the highest val ues(,SebeutTalbdeeas . Glhaen dwutl
period, only mean temperatures followed a cl
time, with the sharpest!@Wredbifh Noveambwerri ng b
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Extreme outliers were present i n the aggreg

fil toeutti ggt Vvalt@ems3dkl | ux) to i mprove model |l i
outliers |likely result from dynamic hydrolog
organic debris accumul ati on, causing abrupt
acroke study period. These sensitivities hi.i

dynamic flowing waters.

Hydrol ogical conditions al 510) .vaMe aend falcorw srsa tte
three orders of #hagmitt ulpep,erf rC fh s0d.@adt2a il weo T
reflecting stark but expected contrasts bet
channels. The three Taff si2t2esé/léeynhi bot edwede
EIl . 72)sim whil e all strean ss.i tMesamr edmaiilnye dw abted rc
from river stage rheiggtiptera ordgs g etnaa 4eayn istoa € s a
(mean NO.®.486n), as a single Taff gauge ti me s
di scharge fluctuati onisnduHoewde veirs c hdairsgtei nex e nr
bet ween Ebwsaddsidh)es wWiFtig.t he | ater showing
particularly around the 23 November.

Ely ' Taff & Streams

Mean Daily Water Level (m)

Date

Fi g3 Mean daily water | evels at Rweek £l ydwnpmerMiad
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Bi ofilm bi omassf,r eees tdirnyatneads svi(aAFabsM) , al so va
with valis4)datSama(lHFieg. streams sudh arsd Uppveear
Rhiwbina (9. Guppmgtenm the highest biomass,
l owest (0 025 mg/ cm

(7))
0e+00 3e-02 Be-02 9e-02
Biofilm Biomass (mg/cm?)
Fi 4. Bi ofil m biomass aewmecesks seaaladly gietre odv e rBi imne

standardi sedd AFEMt (imgé care based on collected bi
ur ban flowing water site.

5. 3Te2nsi |l e strength | oss across ur ban

Material degradation was quantified as mean

and temperadalureed TSL per degree day (% dd) .

were available for the Upper ared vMil dicelse (T anftfe
as artefacts; 3.2% o0f-186aB88P, dFEhYb BN PdARatr om
materials and sites. Mat er i al type dmazsm a si

74.5, p < 01200517 <P@,dBPAFd A wi pes (6dd&®r aded f
% :d 00523 ,odddwed @By NBr %8;d ORO026L7 ),snddcott on

N N



controls genef(2afNly. OOhdk1®S| OWDHDEI § SPo-bbC
ARTANOVA tests confirmed significant differe

controls (p < 0.001 for all comparisons). Di
but still statistically significant (% d: p
1.00 1
12.54
L ]
100 * > 7
© [
- ©
g . o
[ 7.5 o
o L 0501
2 @
1 o
0 50 R
= —
%)
— 025
2.5
0.0 1 0.00 4
Brand A Brand B Control Brand A Brand B Control
Material Material

Fi §5 Mean TSL degradation rates (TSL % per day
across all sites. Boxplots represent median and

Si-t ev el di fferences in TSLorzsttes8werpep <16.0006
Fe, #1kh1. 38, pFi<g60) . 0OQbwer Taf f di sspiltaey eado ntthrea

especially compared to LowehwrocFaART amndtl awdrs
0.001). Although the Middle and Upper Taff h
| acked catl a-piowtet y due to | imited data and hic

to Lower Taff suggests a consistent pattern
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0.751

0.50 1

TSL % per day
e =

TSL % per degree day
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& S ot & gp\e @ @ & o o g \;a?'
o OO e O SN g
e W NN
Site Site

Fige&Boxpl ot meaowiT®yg rates (TSL % d and TSL % dd,
each site. Boxpl oitrst eareqpu ersteinlte nreadn ggen. and

Bet weaather i al comparispecsfrei phot eeddls siTmad T SL
52). Brand A degraded (flds0d%fd;at®.8d4am dOR hO 2n
slowest at LOoO#e51®NdhdD2 B6dEPOLtAB controls
similar pattern, degr a(d3.ng9 HNach.eBL 2 A aN dO.WE3I ¥
sl owest at( L.ome¥%N dlawd3 H0d d)Baxr.alh@d B peaked at
6.57 W @.30. %B5ddl)dD.vedDs sl owest (alt. 8BpYNedrl . Gl6a |
0.15 9% @ONt8abl y, Brand Af wltlryi ptke tait & d_eotwree fTiarf ¢

before collection, however, based on Brand B
hi ghest degnadaoi omal p anwiente i gseist. i-hcdden tic epnotsrta s t
weradenti fied, the overarching tgpeeadi faico odrsi

influencing degradation rates.
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Material . Brand A ' Brand B ' Control

1.00 ~

12.5

7.5

5.01

TSL % per day
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TSL % per degree day
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o
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LMLLAY.

0.0 0.00 1 [ )
& o o 39 o ) ,\?5\ o <& o et o 9 o
\)QQa‘\’\:‘a‘ o 0\?’° ‘?L“\e o QQQ\&\@ o o \,o*‘e‘ ‘G\"’O ‘6\"‘0 <& N
\BQ'QZ 0@3 \')QQ \)QQG 0\*‘9 O
Site Site

Fi g.Degradation rates (TSL % per day and TSL %
sites with available dat a. For raw TSL, Upper
and are shown for il 1l ustr atdmpee rpautruyroes ecda tad omeer.

temperature adjusted TSL.
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Tab322Raw (% per daypdposteéeemp®rpeuredegree day) t
(mean N S.D.) for each maweekast tgypepati eddc hNASt
dat aloggers and TsSlUt essampl es at specific

Site Materi TSL (% p:TSL (% per
Al l sit Brand . 66933.19 0.5 N~o.2
Brand 312:| 2. 9 0.2~6 N O.
Contro 228 0.0 01N 0.09
Ely Brand . .46 N 1 0.50 N 0.
Brand 4.23 N 0.33 N 0.
Contro 2.08 N C 0.17 N O
Upper Fi Brand . 7.22 N 0.61 N 0.
Brand 2.97 N 1 0.25 N 0.
Contro 2.48 N ( 0.22 N O.
Lower Fiq Brand . 4.73 N 1 0.42 N O.
Brand 2 2.TS|3 0.21 ISI 0.
Contro 1 2 N C 0.10 N O.
Upper GI ¢ Brand . 8.38 N ¢ 0.67 N 0.
Brand 1.83 N 1 0.15 N 0.
Contro 2.49 N 1 0.21 N O.
Lower GI ¢ Brand . 4.51 ISI: 0. 36 ISI 0.
Brand 1.86 N 0.16 N 0.
Contro 1.50 N 1 0.12 N O.
Upper Rh Brand . 8.52 N : N A
Brand 3.27 N 1 N A
Contro 2.12 N N A
Lower Rhi Brand . 11.01 KN 0.94 N 0.
Brand 4.02 N 0.35 N 0.
Contro 3.19 N ( 0.28 N O.
Upper T Brand . 11.28 N N A
Brand 3.71 N = N A
Contro 2.58 N | N A
Mi ddl e Brand . 11.10 N N A
Brand 3.14 N : N A
Contro 1.73 N | N A
Lower T Brand . N A N A
Brand 6.57 N 2 0.55 N 0.
Contro 3.10 N ¢ 0. 20. W3
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5.3EmMvironmental and temporal drivers

I ni ti al Spear maadsalmandé&r corshehwmdd ®WEESL r at e
sl ight!l ywiitrhc rteecamspeedr at ur e (e c Fwiftel® 9¢e x ppd o<u r . Ot5i
bot Bw and taedmpuesrtaetddrm®s-6G&28 cps < 0Or 065.;2d,d pob < 0.
These trends were primarily driven by Br an
correlations (W tdh trempdr.&6t8ur e < Oard; s ty% adndg
negative correl at(i%nds:0 w8 8sh x4 o060U0O3Y;,t pme<d : 0 .r
but also strong positiver cd0pel @t ONG@Ssiwgmihf ir

temporal or environment al relationships were
Environment al vari ables were also interrele
increased with biofilm biomass (r = 0.64) an
with |ight-Oi@8¢nsianyg ¢0.np8)r,atailllg sstragtmiisftiiccaan t

0.05. Temperature also -@e22, npd<s@r@®@®m)yly ove

To assess environment al influences on TSL ac
river l evel, flow rate, and AFDM (a proxy f
tempexadfjuseéed TSL for each matenchudegdgpen &g

models as a covariate to control for tempo
mul ticollinearity.
When environment al variables wereb&@nal glsear

mat esrpeadi fi c degradati on patntcereras edmewrig éend .t el
(exponent f=al0.mMo4d e lp; <R R?=0 50).,2 9a, namdrerclOM &5 ¢ d wi
TDS (quadr dti@. Inbdep ;< RO-a@pPLytedemBer at soe sh
guadratic relati?=nsth.iHo6,wip h< AGDML).R Brand B
association between adjusted=T8L1andpTBRBSO(®
cotton control had strong quadratic r’elati on
0. 702. 75, p < 0.05) and raw TSL had a somewhat
moded=; OR19, p < 0.05), with degradation peak
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Brand A Brand A Brand A

Exp|R?=0.14| p = 0.039 16 Quad|R?=0.31|p = <0.001 Exp|R?=0.29 | p = 0.027
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Fi g8 Rel ati onshapistbiet ®leleeys r oingmeinftiadamptr edi ct or s
each material type. -f Eachhopinbtt h®ehomwosd edthe n@® Mto r k
confidence interval, wi thout exposure duration
unscaled for interpretability. Mo d e | forms incl
and each model pl dand hBas#lozhibreia g s\aadli.umesse d d R p

When controlling 599r, eBxrpaonsdu rAe dteigme d@Fiig@.n r en
environment al factor s, wi tehlx cd turdemdg emo dred e | E
metrics increased with AFDM?f ex.pD,nemtd ad. Galn)d,
l evel (exponent i?zl 0a0A & 6l,i npe a<r Omaddle | sb;utR decr e
(quadrati?s n@d®IBs; pR< 0.01). Adjusted TSL al
moded=;, OR 72, p < 0.05). Notably, fitted temp

trend in data points, i mplying that exposur e
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effects. For Brand B, no significant enviror
again showed slightly positive=ADBDW67a7s,s opci <t
0.05) and negative TDS%= e@-02889s PpPqgqxadr &®65) ¢ ma
model s that excluded time. This suggests tha

for these cotton materials compared to Brand

Fi §a Rel ationshapistbiet ®aoleeys r oingmeinftiadamtr edi ct or s
each materi al type. fEachhopbtt h®ehomwsded e n@% Wto r k
confidence interval, with exposure duration (D
unscaled for interpretability. Model forms inclu
functions, and eachame’del Bk djozhmibewsy -ladd§d wes sac ip
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