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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Témas aktualitate

Ka liecina Pasaules Veselibas organizacijas (PVO) dati, tidens ir visvairak izmantotais
resurss farmaceitiskaja rapnieciba [1]. To lieto gan ka izejvielu un Skidinataju aktivo
farmaceitisko vielu (AFV) sintézé un gatavo zalu formu (GZF) raZoSana, gan iekartu
mazgasana, ka arT tehniskiem mérkiem — dzeseSanai un tvaika razo$anai. Udens daudzveidigais
lietojums liek farmaceitiskajam riipnicam efektivi parvaldit gan ieejosas, gan izejosas tidens
pliismas razotn€ un izmantot atSkirigus attirisanas risinajumus tidens sagatavo$ana, lai garant&tu
ta kvalitates atbilstibu reglament&tajam prasibam.

Farmaceitiskas razo$anas tehnologiskajos procesos rodas kimiski piesarnotas razo$anas
tdenu plusmas, kas butiski atSkiras péc kimiska sastava, apjoma un toksicitates [2]-[4].
Atkariba no specifiska AFV sintézes procesa tas var biit piesarnotas ar dazadiem organiskajiem
Skidinatajiem, AFV atliekam, slapekli saturoSiem heterocikliskiem savienojumiem, ka ari
dazadiem neorganiskiem saliem [2].

Augstas piesarnojuma koncentracijas un plusmas fluktuacijas un daudzveidigais razoSanas
tidenu piesarnojuma sastavs rada multistresa apstaklus un var izraisit biologisko notekiidenu
attiriSanas iekartu (NAI) darbibas traucg€jumus, negativi ietekmé&ot to sp&ju nodroSinat
likumdosanas aktu prasibam atbilstoSu notekiidenu attiriSanas pakapi. Lai ari biologiska
attirisana ir viena no visbiezak izmantotajam tehnologijam farmacijas notekiidenu attirisana [3],
aizvien vairak petijumos uzsverts, ka biologiskas NAI nepietiekami attira notekidenus no AFV
atlickam un kaitigiem savienojumiem, tadgél, lai panaktu augstu attiriSanas efektivitati, ta ir
jakombing ar fizikali kimiskajam attiriSanas tehnologijam [4]-[6]. Bet ar1 §adai pieejai ir savi
ierobezojumi, jo, pieméram, ozongjot halogénus saturoSus razoSanas tidenus, toksicitate var
pieaugt [7]. Alternativs risinajums razoSanas tdenu biologiskas attirisanas efektivitates
paaugstinasanai var but aktivo diinu sistému bioaugmentacija ar mikroorganismu kulttiram [8],
kas savukart prasa veikt priekSizpéti, nosakot bioaugmentacijai piemeérotakas kultiiras. Papildu
izaicinajumus farmacijas riipnieciba rada mainigais pieprasijums péc dazadam AFV, kas liek
atri parorientet raZoSanu un prognozet, ka izmainas raZzoSana ietekmés NAI sp&ju attirit jauna
veida piesarnojumu. Lidz ar to jaunu risinajumu, ar kuru palidzibu var prognozet un preventivi
noverst vai mazinat dazadu stresa faktoru ietekmi uz biologiskas attirisanas procesu un uzlabot
attiriSanas pakapi, izstrade un ievieSana ir loti aktuala.

Atskirigais AFV sintéz&s izmantoto izejvielu klasts un tehnologisko procesu specifika
nosaka, ka farmaceitiskas razoSanas tidenu piesarnojuma pakape, biogéno elementu un salu
saturs dazadas razotnés var butiski atSkirties. Savukart atSkirigie biologiskajas NAI lietotie
inZeniertehniskie risinajumi var dazadi ietekmét sistémas noturibu pret dazadiem stresa
faktoriem un izmainam notektidenu sastava [9]. Tas prasa izmantot individualu pieeju ari
biologisko attirisanu ietekm&joso stresa faktoru izvertéSana un piemé&rotako procesu
optimizacijas risinajumu izstrade.

Pareja uz aprites ekonomikas modeli notektidenu attiriSanas joma liek fokuséties ne tikai uz
ripnieciska piesarnojuma samazinasanu un attiriSanu, bet ar1 idens un kimisko vielu atgiSanu



un otrreiz&ju izmantoSanu [10]. Neraugoties uz to, ka tidens atkartota izmantoSana ir atzita ka
prioritara darbiba, lai samazinatu tidens paterinu razotn€s un veicinatu ilgtsp€jigas attistibas
meérku sasniegSanu [11], [12], trikst p&tijumu, kuros, izmantojot visaptverosu pieeju, biitu
analizeti aprites ekonomikas ievieSanas aspekti farmaceitiskaja razotng, vertgjot tos konteksta
ar specifiskajam farmacijas nozarei noteiktajam tidens kvalitates prasibam, lidz ar to tas ir
aktuals petijumu virziens.

Pétijuma meérki un uzdevumi

Promocijas darba mérki ir:

1) izstradat risinajumus farmaceitiskas razosanas tidenu biologiskas attiriSanas efektivitates
paaugstinasSanai multistresa apstaklos;

2) izvertgjot Udens izmantoSanu farmaceitiskaja razotn€ un labas razoSanas prakses
vadlinijas, farmakopejas un Eiropas Medicinas agentiiras un Pasaules Veselibas organizacijas
vadlinijas noteiktas farmaceitiskaja razoSana izmantojama tidens kvalitates prasibas, identificet
razosanas Udenu atkartotas izmantoSanas iesp&jas un ierobezojumus farmacijas riipnieciba.

Megrka sasnieg8anai noteikti $adi darba uzdevumi:

1) balstoties AS “Grindeks” NAI (GNAI) darbibas analizé tris gadu laika, identific&t
galvenos farmaceitiskas razoSanas tidenu biologisko attiriSanu ictekmgjoSos stresa faktorus;

2) izstradat metodi kimiski piesarnotu razoSanas tdenu toksicitates uz aktivo dinu
mikroorganismiem novertéSanai;

3) laboratorijas apstaklos noteikt bioaugmentacijai piemé&rotakas mikroorganismu kultiiras
AFV un kimiska skabekla patérina (KSP) degradacijas efektivitates paaugstinaSanai
biologiskajas NAI, kas paklautas multistresa apstakliem;

4) rekomendét alternativos P avotus optimala baribas vielu Iimena nodroSinasanai
farmacijas notekidenu biologiskas attirisanas procesa, lai mazinatu atkaribu no komercialas
H3POs.

Zinatniska novitate un galvenie rezultati

Promocijas darba ietvaros izstradati risinajumi multistresa ietekmes mazinasanai farmacijas
NAI, kas balstas uz individualu plismu toksicitates analizi, bioaugmentacijas stratégijas
pielietojumu AFV un KSP degradacijas efektivitates paaugstinasanai, un ietver arl
priekSlikumus kimiski piesarnotu farmaceitiskas raZzoSanas wdenu plismu otrreiz€jai
izmantoSanai atbilstosi aprites ekonomikas principiem.

Promocijas darba izstradata jauna metode kimiski piesarnotu notekiidenu toksicitates uz
aktivo diinu biocenozi novértéSanai, kas ieviesta GNAI un ir adapt€jama ari citu kimiski
piesarnotu riipniecisko notekiidenu biologisko NAI laboratoriju darba, ipasi razotnés, kas rada
mainiga kimiska sastava notekiidenu pliismas, kas satur potenciali toksiskas ktmiskas vielas.

Veikta pétijuma rezultata pirmo reizi identificeti farmaceitiskas razosanas tidenu atkartotas
izmantoSanas ierobezojumi farmacijas razotn€, akcentgjot farmaceitiskas riipniecibas ipaso
lomu tdensietilpigo rapniecibas nozaru vida. Darba piedavatie un praksé ieviestie risinajumi



razoSanas tidenu otrreiz&jai izmantoSanai ka kimiskajam vielam dazadas farmacijas notekiidenu
biologiska attiriSanas procesa stadijas parada jaunu pieeju, ka veicinat cirkularu materialu
plismu razotng, tadgjadi mazinot kimisko vielu patérinu un notekiidenu attiriSanas izmaksas.

Bioaugmentacijai piem&rotu mikroorganismu kultiiru atlase dod iesp&u talakiem NAI
darbibas optimiz&Sanas pasakumiem bioaugmentacijas cela, lai uzlabotu kimiska piesarnojuma
— 1pasi AFV degradesanas — efektivitati. Tas var biit Tpasi aktuali, ievieSot jaunas normativo
aktu prasibas AFV emisiju kontrolé no farmacijas razotném, ko pamato Eiropas Savienibas
(ES) strategiska pieeja attieciba uz farmaceitiskajam vielam vidé [13], un palielinot
farmaceitisko razotaju atbildibu par AFV piesarnojuma, kas rodas no to produktu lietoSanas,
attiriSanu konteksta ar planotajam izmaina Direktiva 91/271/EEK par komunalo notekiidenu
attirisanu [14].

Darba struktira un apjoms

Promocijas darbs sagatavots ka tematiski vienota zinatnisko publikaciju kopa par:
a) kimiski piesarnotu farmaceitiskas razoSanas tidenu toksicitates uz aktivo dinu biocenozi
metodes izstradi (1. publikacija); b) bioaugmentacijas stratégijas lictojumu AFV attiriSanas
efektivitates paaugstinasanai biologiskajas NAI (2. publikacija); c) KSP attiriSanas
efektivitates paaugstinasanas iespgjam, izmantojot bioaugmentaciju ar selektivam
mikroorganismu kultiram (3. publikacija); d) aprites ekonomikas principos balstitu fosfora
parvaldibu (4. publikacija); e) razoSanas udenu atkartotas izmantoSanas iesp&am un
ierobezojumiem farmacijas riipnieciba (5. publikacija).

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati izklastiti piecas zinatniskajas publikacijas. Petijuma
rezultati prezentéti Cetras zinatniskajas konferences.

Zinatniskas publikacijas
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PROMOCIJAS DARBA GALVENIE REZULTATI

1. Farmaceitiskas razoSanas tidenu biologisko attiriSanu ietekméjoso
stresa faktoru identifikacija

Veicot GNAI tehnologiska procesa izpéti un izveértéjot uzkratos monitoringa datus par
notekiidenu kimisko un fizikdlo parametru raksturlielumiem un aktivo dinu
mikrobiologiskajiem parametriem, tika identificéti pieci galvenie farmacijas notekiidenu
biologisko attiriSanu ietekméjoSie faktori: toksicitate; nesabalanséts baribas vielu saturs;
plismas un koncentracijas fluktuacijas; paaugstinata notekiidenu temperatiira; pH svarstibas
(1. att.). Katrs no Siem faktoriem izraisa aktivo dinu mikroorganismu stresu un negativi
ietekmé biologiska attiriSanas procesa darbibu, bet visbiezak $o faktoru iedarbiba notiek
vienlaikus, radot multistresa apstaklus.

Atsevisku stresa faktoru, pieméram, pH svarstibu, plismas un koncentracijas fluktuaciju,
ietekmi uz biologiska notekiidenu attiriSanas procesa efektivitati var mazinat, tehnologiski
regulét vai pilniba novérst, paredzot atbilstoSus tehnologiskos risingjumus jau NAI
projektésanas laika [15], [16]. Tomér tadus notekidenu raksturlieclumus ka toksicitate un
baribas vielu sastavs nav iesp&jams prognozet ilgtermina, jo razoSanas tidenu sastavs var krasi
mainities atkariba no izmainam razoto produktu klasta un globala pieprasijuma péc specifiskam
zalem.

Promocijas darba izstradatie risinagjumi farmaceitiskas razoSanas tdenu biologiska
attiriSanas procesa optimize$anai multistresa apstaklos atspoguloti zinatniskajas publikacijas,
kuru sasaiste ar promocijas darba mérkiem un uzdevumiem atspogulota 1. attéla.

Dati par GNAI tehnologisko procesu, GNAI iepliides notekiidenu kimiskajiem un
fizikalajiem raksturlielumiem, ka arT aktivo diinu mikrobiologiskajiem parametriem, kas
izmantoti stresa faktoru identifikacijai, apkopoti pielikuma, kas pieejams pec pieprasijuma.
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2. mérkis

[ FARMACEITISKA RAZOTNE }

Izvértétas razoSanas Gdenu
‘ atkartotas izmantoSanas iespéjas un
ierobezojumi (5. publikacija)

Farmaceitiskas razoSanas adeni:

* AFV sintézes udeni

« Udeni no tehnologiskajiem procesiem
(elektrodialize, jonapmaina, ekstrakcija)

« lekartu mazgasanas udeni
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STRESA FAKTORU IEDARBIBAS SEKAS:
- Samazinata biocenozes daudzveidiba
- Attirisanas efektivitates kritums
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1. att. Farmaceitiskas razoSanas tidenu biologisko attiriSanu ietekmgjosie stresa faktori un
promocijas darba struktiira.
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2. Farmaceitiskas raZoSanas uidenu toksicitates noveérteSana

Notekiidenu kimiskie raksturlielumi nedod tieSu informaciju par notekiidenu toksicitati.
Tadel, lai nepielautu, ka toksisku vielu iedarbiba iet boja aktivo diinu biocenoze un nav
iesp&jams nodroSinat likumdoSanas aktu prasibam atbilstoSu notekiidenu attiriSanas pakapi,
svarigi kimiskas analizes papildinat ar toksicitates testiem un veikt preventivus pasakumus, ja
toksicitate konstateta.

Lai objektivi novertetu NAI ieplistoSo tidenu toksicitati, ka testa organismus svarigi
izmantot aktivas dinas no konkrétas attiriSanas stacijas, jo toksicitates testa rezultats ir atkarigs
no izveleta testa organisma un atsauces funkcijas [17]. P&étijumi liecina, ka NAI sist€émai
nespecifiski testa organismi, pieméram, luminiscgjo$as bakterijas Vibrio ginghaiensis un Vibrio
fischeri, var uzradit paaugstinaju jutibu, neatspogulojot notektidenu realo toksicitati uz NAI
biocenozi [18]-[20], savukart citos gadijumos Tsais inkubacijas laiks var biit iemesls tam, ka
tiek iegliti pazeminati toksicitates rezultati [21], neatbilstosi novertgjot potencialo kaitéjumu un
toksicitates risku.

1. publikacija [22] ir aprakstita izstradata metode sistematiskai kimiski piesarnotu
razoSanas Udenu toksicitates un biodegradacijas potenciala noverte€Sanai, balstoties uz
biokimiska skabekla patérina (BSP) mérjjumiem, kas veikti paplasinata sakuma koncentraciju
diapazona. Izmantojot o metodi, tiek iegtitas eksperimentalas raksturliknes, kas lauj spriest par
to, ka notekiidenu biodegradacijas spgja un toksicitate uz aktivo diinu mikroorganismiem
mainas atkariba no atSkaidjjuma pakapes. Ja BSP vértibas izteikti pieaug, pieaugot
atSkaidijumam, tas liecina, ka tdeni ir vielas, kas paaugstinata koncentracija inhib&josi
iedarbojas uz aktivo diinu biocenozi un var izraisit attiriSanas procesa trauc&jumus. Ja likne atri
sasniedz plato, turklat attiectba BSP/KSP ir augsta (> 50 %), tas liecina par labu biodegradacijas
sp&ju aktivo dinu sisttma un zemu toksicitates limeni [23]. Turpreti, ja attieciba BSP/KSP
saglabajas zema (< 10 %) un nemainas atkariba no at$kaidijuma pakapes, tas liecina, ka testetie
notekiideni ir toksiski un to sastava esosie organiskie savienojumi nav biologiski noardami [24],
tadg] tos nevar novadit biologiskajas NAlI, lai neizraisitu mikroorganismu toksisko Soku.

Metodes lietojums uzskatami demonstréts, analiz§jot GNAI iepludes (bufertvertnes)
notekiidenus un specifiskas farmaceitiskas razoSanas fidenu pliismas, kas piesarnotas ar
organiskiem savienojumiem un neorganiskiem saliem. Notektidenu paraugi un informacija par
galveno kimisko piesarnotaju un ta koncentraciju notekiidenos tika sanemta no razoSanas
departamenta un izmantota notekiidenu identifikacijai. Tadeél KSP analizes tika izmantotas ka
piemérots indikators kop€ja notekiidenu organiska piesarnojum raksturosanai.

Paraugi tika testeti pie atSkaidijuma pakapes robezas no 100 lidz 700, kas atbilst realajam
diena raditajam notekiidenu daudzumam un to reali iespgjamajam atSkaidijumam GNAI
bufertvertné (izlidzinatajtvertng). Udens ar sgjmaterialu tika izmantots ka kontroles paraugs.
Skabekla patérin$ kontroles parauga piecu dienu inkubacijas perioda nedrikst parsniegt 1,5
mg/L. Testi tika veikti divos atkartojumos.

2. a attela redzams, ka analizeta bufertvertnes notektidenu parauga BSP vértibas atkariba no
atSkaidTjuma pakapes mainas maz. Inhib&josa iedarbiba uz aktivo diinu mikroorganismiem tiek
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noverota, ja atSkaidijuma pakape ir 100, savukart likne sasniedz plato fazi jau tad, kad
atSkaidijuma pakape ir 200. Liknes raksturs liecina, ka notekiideni ir relativi labi
biodegradéjami un nav sagaidama spéciga toksiska iedarbiba uz aktivo dinu
mikroorganismiem. Atkariba no atSkaidijuma pakapes attieciba BSP/KSP varie¢ 22-53 %
robezas (1. tab.).

legtitas eksperimentalas liknes liecina, ka aktivo diinu mikroorganismus spécigi inhibé
fenolu un formaldehidu saturosi farmaceitiskas razosanas tideni. Ka redzams 2. a attéla, abu
notekidenu plismu testéSanas laika iegito toksicitates Iiknu raksturs ir Iidzigs —
biodegradacijas sp€ja ir izteikti atkariga no parauga atSkaidijuma pakapes, un likne sasniedz
plato fazi tikai tad, ja atSkaidijuma pakape ir 500, kas atbilst notektidenu atSkaidijuma pakapei
testa Skiduma. Lai nepielautu mikroorganismu intoksikacijas riskus, §ada tipa notektidenus, kas
ir biodegradgjami, bet augstas koncentracijas toksiski aktivo dinu biocenozei, var uzkrat
atseviskos rezervuaros un kontrol&ti dozet kopgja notekiidenu pliisma.

2250 _ 2250
1
2000 I L ¢ 2000
1750 1750 4
_, 1500 ., 1500
Y 3/
£ 1250 & 1250
a? 1000 o> 1000
] 0
© 750 @ 750
500 500 2
250 250
0 0 O—0—"0 1
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Atskaidijuma pakape Atskaidijuma pakape
—e— Bufertvertnes notekddeni, KSP = 3230 + 48 —@— A" saturosi notekldeni, APP* = 478 mg/L, KSP = 1265
mg/L +19 mg/L
_ . I —@— AI** saturosi notekadeni, AI** = 490 mg/L, KSP = 7718
Formaldehidu saturosi notekldeni, KSP = 3821 £116 mg/L
57 mg/L —@— NaCl saturoi notekiideni, CI” = 5452 mg/L, KSP = 966
—@— Fenolu saturosi notekddeni, fenols = 85 mg/L, +14 mg/L
KSP =4108 + 62 mg/L —@— NaF saturosi notektdeni, NaF = 40000 mg/L, KSP =
2379 £ 36 mg/L
a) b)

2. att. Toksicitates raksturliknes: a) bufertvertnes notektideniem, fenolu un formaldehidu
saturoSiem razoSanas notektideniem; b) neorganiskos salus saturoSiem razoSanas
notekiideniem.

Izvertgjot neorganiskos salus saturosu farmacijas notekiidenu toksicitati, secinats, ka izteikti
toksiska iedarbiba uz aktivo diinu biocenozi ir AI** jonus saturosiem fidens §kidumiem, kas
rodas AFV milnaciprana hidrogénhlorida sint€z€, kur ka Luisa skabi izmanto AICls.
Toksicitates testi tika veikti notekiidenu paraugiem ar atSkirigu organisko vielu saturu (KSP
koncentraciju) un praktiski vienadu AI** koncentraciju. Ka redzams 1. tabuld, attieciba
BSP/KSP abiem paraugiem saglabajas zema arf tad, ja parauga atSkaidijuma pakape ir augsta
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un neparsniedz 10 %, liecinot, ka Sie notektideni ir praktiski nedegrad€jami, turklat toksicitate
nemainas atkariba no KSP, kas apliecina, ka toksisko ietekmi izraisa AI¥*. Iegiitie rezultati lauj
secinat, ka AI®* saturoSus notekiidenus nedrikst ievadit biologiskajas attiri§anas iekartas, jo tas
var izraisit mikroorganismu toksisko $oku un iznicinat aktivo diinu biocenozi. Sadam toksiskam
un nebiodegradéjamam notekiidenu plismam razoSanas iecirknos janodro$ina atseviska
savakSana un pirms ievadiSanas biologiskajas NAI javeic prickSapstrade vai tie janodod
utilizacijai ka bistamie atkritumi.

Analizgjot NaCl saturoSu notekiidens plasmu, toksiska ietekme uz aktivo dinu
mikroorganismiem netika konstatéta, veicot salidzinasanu pie vienadiem atskaidijumiem (2.b
att.). To var skaidrot ar faktu, ka NaCl saturs testétaja notekiidenu parauga atbilst sals
koncentracijai fiziologiskaja $kiduma un BSP meérfjumi tika veikti liela atSkaidijuma.
Eksperimentalie rezultati lauj secinat, ka notekiidenos esosie organiskie savienojumi ir ar labu
biodegradacijas sp&ju — attieciba BSP/KSP ir lielaka par 65 % (1. tab.). Veicot toksicitates testu
NaF saturosai notekiidens pliismai, inhib&josais efekts uz aktivo diinu mikroorganismiem tika
noverots tikai tad, ja atSkaidijuma pakape ir 100 (2. b att.), savukart, ja atSkaidijuma pakape ir
200, attiectba BSP/KSP jau sasniedz 58 % (1. tab.), kas liecina, ka $ada atSkaidijuma fluoridi
vairs neietekm@ notekiident esoSo organisko vielu biodegradaciju.

1. tabula
Attieciba BSP/KSP (%) atkariba no notekiidenu atSkaidijuma pakapes

Attieciba BSP/KSP, %
Atskaidijuma pakape
100 | 200 | 300 | 400 | 500 | 600 | 700
Bufertvertnes notekiideni | 3230+48 | 224 | 454 | 51,3 | 51,6 | 51,5 | 53,2 | 49,7
Formaldehidu saturosi | 36,1 4 57 | 108 | 21,7 | 337 | 44,1 | 52,7 | 55,3 | 52,9
notekiideni
Fenolu saturo$i notektideni
fenols = 85 mg/L
AP saturosi notekiideni
AP = 478 mg/L

KSP,

Notekudenu veids
’ mg/L

4108 +62 | 109 | 21,2 | 33,1 | 38,9 | 40,9 | 38,9 | 38,1

1265+19 | 06 | 05 | 36 | 58 | 68 | 63 | 6,3

AP saturosi notekiideni 7718 £
AP = 490 mg/L 116 50 [ 73 | 71 | 66 | 90 | 84 | 9,0
NaCl saturosi notektideni

CI = 5452 mg/L 966 +14 | 65,5 | 71,4 | 71,3 | 65,6 | 67,5 | 76,9 | 78,2

NaF saturosi notekiideni
NaF = 40000 mg/L

2379+36 | 29,2 | 58,1 | 77,8 | 76,6 | 79,9 | 81,6 | 75,0

Eksperimentali iegiitie dati uzskatami parada, ka farmaceitiskas raZoSanas itideniem
attieciba BSP/KSP vienadas atSkaidijuma pakapes gadijjuma var atskirties pat desmitkartigi
(1. tab.). Tas apstiprina, ka ideni no dazadiem tehnologiskajiem procesiem bitiski atSkiras pec
to biodegradacijas sp&jas un toksicitates uz aktivo diinu mikroorganismiem, ko tiesi ietekmé
atSkirigais piesarnojoso vielu sastavs un savienojumu ekotoksicitate.

Rezultati liecina, ka izstradata toksicitates metode ir pietiekami jutiga, lauj salidzinat
atSkirigas razoSanas tdenu plismas un identificét NAI biocenozei toksisk0s savienojumus.
TesteéSana izmantotais paplasinatais sakuma koncentraciju diapazons parada, kada atSkaidijuma
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pakapé notekiidenu toksicitate mainas, un to var izmantot, lai prognozetu, kadu ietekmi uz
attiriSanas procesu var radit produktu razoSanas apjomu palielinaSana. Butiska metodes
prieksrociba ir salidzino$i zemas izmaksas un sp&ja noteikt toksisko vielu iedarbibu uz konkrétu
attiriSanas iekartu biocenozi, izmantojot to ka s€jmaterialu.

3. Bioaugmentacijai piemeérotu mikroorganismu kultiiru atlase merka AFV
un KSP degradacijas paaugstinasanai farmacijas NAI

AFV atliekam, kas ar nepietiekami attiritiem farmaceitiskas razosanas notekiideniem nonak
apkart&ja vide, pedejas desmitgades tiek pieversta pastiprinata uzmaniba, jo p&tijumi liecina, ka
zalu razotnes var bit nozimigs punktveida AFV emisiju avots [25], [26], bet Sis vielas ir
biologiski aktivas arT loti zemas koncentracijas, un vairaki p&tfjumi apstiprina, ka to nonaksana
tdens ekosistéma izraisa negativas sekas gan uz tidens organismiem, gan cilvéku veselibu [27].

Aktivo diinu sistému bioaugmentacija ar selektivam mikroorganismu kult@iram ir viena no
tehnologijam, ko var lietot AFV mikropiesarnojuma degradacijas efektivitates paaugstinasanai
gan sadzives, gan farmaceitiskas razo$anas tdenu biologiskajas NAI [28], [29].
Bioaugmentacijai piemérotu kultiiru atlase ir viens no galvenajiem aspektiem, kas nosaka
bioaugmentacijas stratégijas efektivitati. Kultiram ir janodroS$ina ne tikai augsta mérka
savienojumu degrad@Sanas sp&ja, bet arT jabut noturigam pret notekiidenu vides apstakliem,
toksicitati un jaspgj izdzivot konkurencg ar citiem aktivo diinu mikroorganismiem [30].

Farmacijas notekiidenos piesarnojoso vielu klasts ir loti plass. Tadel, lai bioaugmentacija
biitu efektiva un tiktu nodroS$inats, ka summarie tidens piesarnojuma raditaji NAI izpludg atbilst
likumdo$anas aktu prasibam, izmantotajaim mikroorganismu kulttiram janodroSina ne tikai
augsta AFV attiriSanas pakape, bet ar jaspej efektivi degradét pargjie tident esoSie kimiskie
savienojumi. Citu autoru pétijjumi apliecina, ka bioaugmentacijas stratégija lauj intensificét
farmacijas notekidenu attiriSanas pakapi un uzlabot KSP degradacijas efektivitati [31], tade]
promocijas darba izstrades gaita tika mekléti bioaugmentacijai piemérotakie mikroorganismi,
kas sp€j nodro$inat gan augstu mérka AFV degradacijas pakapi, gan efektivi samazina KSP un
biitu piemeéroti kandidati notekiidenu attiriSanas efektivitates paaugstinasanai GNAI.

Promocijas darba 2. publikacija [32] prezentéti skrininga rezultati, kas iegiti, testgjot
desmit bakteriju, desmit raugu un tris mikroskopisko sénu, kas izdalitas no GNAI aktivajam
danam, sp&ju degradét tris AFV ar atskirigu kimisko uzbiivi un terapeitisko iedarbibu — ciklisko
nonapeptidu oksitocinu, heterociklisku slapekla savienojumu zopiklonu un hidrazina
atvasindgjumu meldonija dihidratu (2. tab.). Sis AFV pétijumam izvélétas ka modela
savienojumi, jo to mikrobiologiska degradacija lidz $im ir maz pétita, bet péc razoSanas apjoma
tas ienem bitisku vietu AS “Grindeks” produktu klasta, turklat to raZoSanas laika rodas liels
apjoms kimiski piesarnotu razoSanas tdenu. 2. tabula uzskatami redzams, ka izveletie
savienojumi butiski atSkiras péc kimiskajam ipasibam, kas nosaka to uzvedibu tdeni, t. .,
Skidibas tideni un oktanola tidens sadalfjuma koeficienta logaritmiskas vértibas log Kow.
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Bioaugmentacijas pétijumos izmantotas AFV

2. tabula

AFV Kimiska formula un struktiia Molmasa, | = o ag | Skidiba |0y | Terapeitiska
’ g/mol tdent, g/L klase
Ca3HesN12012S2
HaN,, ﬁ
Oksitocins J/\ 1007,19 50-56-6 12 -6,27 Hormons
H,N \H/\ /\o
CeH1402N2 - 2 HzO Sirds un
’ ) :
Meldonija dihidrats N WO 2H,0 182,26 | 86426-17-7 | 202 0,45 asinsvady
/‘ slimibu
0 Iidzeklis
C17H17CINgO3
N // N
[/ )j( 7N\,
\N R _
Zopiklons b 388,81 | 43200-80-2 | 0,151 1,54 Sedatlvs
Iidzeklis




Petijumi tika veikti laboratorijas meroga eksperimentos, test€jot mikroorganismu sp&ju
aizvakt AFV ka vienigo oglekla avotu un kometabolisma cela, ka papildu baribas vielu
pievienojot vajpiena pulveri (PP). PP tika izv€léts ka papildu baribas viela, balstoties Quintina
U. c. publicétajos rezultatos, kas liecina, ka piena pulvera pievienoSana lauj kometaboliski
degradét tas AFV, kas nevar tikt utilizétas ka vienigais oglekla un energijas avots [33]. AFV
aizvakSanas efektivitate % 168 h inkubacijas perioda, kas noteikta, veicot AESH-MS analizes,
apkopota 3.—4. tabula. Izvéletais inkubacijas laiks atbilst ilgakajam iesp&jamajam hidrauliskas
aiztures laikam GNAI. AFV aizvaksana no skiduma ir sorbcijas un biodegradacijas kopgjais
rezultats. Promocijas darba pétjjuma Sie abi procesi netika diferencéti, tomér oktanola-tidens
sadalfjuma koeficienta logaritmiskas vértibas log Kow izvélétajam AFV ir zemas (2. tab.), kas
liecina, ka sorbcijai uz aktivajam diinam attiriSanas procesa ir nebiitiska loma [34].

Lielaka dala parbaudito mikroorganismu kultiiru —t. sk. bakt&rijas Acinetobacter schindleri,
Bacillus cereus, Chryseobacterium balustinum, Myroides odoratus, Sphingobacterium
thalpophilum; raugi Apiotrichum montevideense, Cutaneotrichosporon arboriforme,
Trichosporon asahii un mikroskopiska séne Fusarium udum — 168 h laika pilniba (> 99 %)
utiliz€ja visu oksitocinu Skiduma, kur AFV bija vienigais oglekla avots. Vajpiena pulvera
pievienoSana attieciba 1:10 pret AFV sakuma koncentraciju bitiski uzlaboja oksitocina
aizvakSanas efektivitati biodegradacijas testos ar raugiem Candida inconspicua 1,
Cutaneotrichosporon cutaneum, Farysia acheniorum un mikroskopisko séni Talaromyces
radicus.

Petfjumi liecina, ka oksitocina molekula @idens Skidumos nav stabila, paaugstinata
temperatiira notiek tas degradacija un zud biologiska aktivitate [35], [36]. Bioaugmentacijas
eksperimentu laika oksitocina degradacija kontroles parauga bez mikroorganismu
pievienoSanas 168 h laika bija 12 %, kas apstiprina, ka mikrobiologiska degradacija veiktajos
petijumos tomer bija primarais oksitocina degradacijas veids.

Literatiira pieejama limitéta informacija par heterocikliska slapekla savienojuma zopiklona
biodegradacijas sp&ju. Attirot slimnicas notekiidenus membranu bioreaktora, ta aizvakSanas
efektivitate bija mazaka par 10 % [37]. Promocijas darba pé&tijumos zopiklona degradacijas
efektivitate butiski varija starp dazadam mikroorganismu grupam. Raugs Apiotrichum
domesticum aizvaca > 99 % zopiklona no testa $kiduma vajpiena pulvera klatbttng, savukart
pargjie raugi uzradija limitétu zopiklona degradéSanas sp&ju. Pseudomonas putida un
Moraxella osloensis tika identificétas ka efektivakas baktériju kultiras selektivai zopiklona
degradacijai un uzradijja attiecigi 85 % un 89 % attiriSanas efektivitati 168 h inkubacijas
perioda. Savukart mikroskopiskas sénes Fusarium solani un Fusarium udum aizvaca vairak
neka 90 % zopiklona gan testos, kur §1 AFV bija ka vienigais oglekla avots, gan vajpiena
pulvera klatbiitng, liecinot par So kultiru talakas lietoSanas augsto potencialu AFV
degradésanas merkim.



3. tabula
AFV aizvaksanas efektivitate (%) 168 h inkubacijas perioda testa skidumos, kur AFV ir
vienigais oglekla avots (AFV sakuma koncentracija 20 mg/L), un PP klatbiitné (AFV sakuma
koncentracija 5 mg/L), izmantojot bioaugmentaciju ar baktériju kultiram

Oksito- | Oksito- | Zopik- Zopik- Meldonija Meldonija
- - lons + o dihidrats +
cins cins + PP lons dihidrats
PP PP
Acinetobacter >99 | >99 54 82 47 35
schindleri
Aeromonas caviae 99 99 59 71 1,3 1,8
Bacillus cereus > 99 > 99 63 60 3,0 12
Chryseobacterium | = _ o9 | | o9 68 81 5,2 13
balustinum
Comamonas 99 > 99 63 67 12 23
testosteroni
Moraxella osloensis 69 57 89 91 14 40
Myroides odoratus > 99 > 99 64 60 24 27
Pseudomonas 58 57 50 79 10 18
aeruginosa
Pseudomonas putida 73 68 85 87 19 34
Sphlngobac_terlum > 99 > 99 75 84 17 91
thalpophilum
Kontroles paraugs
bez 12 12 25 17 17 10
mikroorganismiem

Meldonija dihidrats tika identificéts ka noturigakais savienojums pret biodegradaciju.
Lielaka dala testéto mikroorganismu kultiiru nespgja degradét meldonija dihidratu ka vienigo
oglekla avotu. Raugs Apiotrichum domesticum kometabolisma cela degradgja 65 % meldonija
dihidrata 168 h laika, savukart citas raugu kultiras uzradija zemu attiriSanas efektivitati
(<20 %). No visam 10 parbauditajam bakteriju sugam tikai Sphingobacterium thalpophilum
uzradija augstu meldonija dihidrata degradacijas efektivitati vajpiena pulvera klatbiitné — 91 %
168 h laika, savukart pargjas bakterijas utiliz€ja meldonija dihidratu 1,3—-40 % robezas 168 h
inkubacijas perioda gan testa Skidumos, kur meldonija dihidrats bija vienigais oglekla avots,
gan kopa ar vajpiena pulveri. Mikroskopiskas sénes Fusarium solani un Fusarium udum testa
Skidumos, kur meldonija dihidrats bija vienigais oglekla avots, uzradija attiecigi 21 % un 46 %
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degradacijas efektivitati, savukart vajpiena pulvera klatbutné degradacijas efektivitate butiski
pieauga, sasniedzot attiecigi 91 % un 94 %.

4. tabula

AFV aizvaksanas efektivitate (%) 168 h inkubacijas perioda testa skidumos, kur AFV ir
vienigais oglekla avots (AFV sakuma koncentracija 20 mg/L), un PP klatbiitné (AFV sakuma
koncentracija 5 mg/L), izmantojot bioaugmentaciju ar raugu un mikroskopisko sénu kultiram

Oksito- | OXSito- Zopik- Zopik- Meldonija Meldonija
cins cins lons lons dihidrats dihidrats +
+ PP + PP PP
Raugi
Apiotrichum 8 | >99 | 42 | >99 17 65
domesticum
Apiotrichum >99 | >99 21 44 14 11
montevideense
Candida |r11c0nsp|cua 13 51 29 35 6.7 85
Candida |gconsplcua 98 > 99 56 26 12 35
Cutaneotrl_chosporon > 99 > 99 0.7 39 6.0 8.0
arboriforme
Cutaneotrichosporon 10 71 16 29 16 15
cutaneum
Farysia acheniorum 11 > 99 14 28 13 25
Rho_dotqrula 91 61 16 47 13 14
mucilaginosa
Saprochaete gigas 45 81 64 59 7,6 16
Trichosporon asahii > 99 > 99 7,7 24 4,4 2,8
Mikroskopiskas sénes
Fusarium solani 99 > 99 98 > 99 21 91
Fusarium udum > 99 > 99 > 99 91 46 94
Talaromyces radicus 12 98 2,3 26 5,8 11
Kontroles paraugs bez 12 12 o5 17 17 10
mikroorganismiem

Lai arT meldonija degradacijas procesi un metaboliti cilvéka un dzivnieku organisma ir
salidzinosi plasi pétiti [38]-[41], literattira nav atrodami pé&tijumi, kuros biitu analizgti §1s AFV
mikrobiologiskas degradacijas mehanismi aktivo dinu sistémas vai ar selektivam
mikroorganismu kultiram un vértéta kometabolisma loma degradacijas procesa. Zemie
meldonija degradacijas rezultati liecina, ka vairumam pétito mikroorganismu nav atbilstosu
enzimu, lai veiktu §is AFV noardisanu, bet mikroorganismi Sphingobacterium thalpophilum,
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Fusarium solani un Fusarium udum spgj efektivi degradét meldoniju tikai papildu oglekla avota
klatbtitne.

Apkopojot iegiitos AFV degradacijas skrininga rezultatus, secinats, ka efektivakas kulttras
mérka AFV degradacijai ir baktérija Sphingobacterium thalpophilum un mikroskopiskas sénes
Fusarium solani un Fusarium udum. Sis mikroorganismu kultiiras sp&ja degradét visas tris
parbauditas AFV ar efektivitati virs 84 % 168 h inkubacijas perioda.

Citos AFV degradacijas pétijumos séne Fusarium solani ir identificéta ka piemérota kulttira
AFV diklofenaka un ketoproféna aizvakSanai no notekiideniem [42], savukart bakterija
Sphingobacterium thalpophilum uzradijusi antibiotikas nitrofurantoina degradacijas sp&ju [43].
Saskana ar analizétajiem literatiras avotiem, Fusarium udum loma AFV degradacijas
efektivitates paaugstinasana lidz §im nav pétita.

3. publikacija [44] apkopotie eksperimentalie dati liecina, ka starp 65 parbauditajiem
mikroorganismu izolatiem, baktérija Sphingobacterium thalpophilum un mikroskopiskas sénes
Fusarium solani un Fusarium udum ir starp tam kulttram, kas uzradijusas arT augstako KSP
samazinajumu, attirot farmacijas notekiidenus. Farmacijas notekiidenu paraugi testiem tika
nemti no GNAI bufertvertnes, kura nonak un samaisas razosanas fideni no visiem razoSanas
iecirkniem, pirms tie tiek novaditi atttriSanai pirmaja bioreaktora. Izmantojot Sadu kompleksu
paraugu, ir iesp&jams parliecinaties par mikroorganismu sp&ju degradét plasa spektra kimiskos
savienojumus, kas ir biitisks nosacijums, lai mainigajos razosanas apstaklos bioaugmentacija
biitu efektiva.

Ka redzams 3.—4. attéla apkopotajos rezultatos, 120 h inkubacijas laika baktérija
Sphingobacterium thalpophilum un mikroskopiskas sénes Fusarium solani un Fusarium udum
samazinaja KSP attiecigi par 75,9 %; 89,4 % un 88,7 %. KSP ir summars notekiidenu organiska
piesarnojuma Iimena raditajs, kas ieklauts ari normativo aktu prasibas, kas reglamentg
maksimali pielaujamas piesarnojuma koncentracijas NAI izplude, tapéc augstie KSP
samazinajuma raditaji, kas iegiiti mikroorganismu skrininga testos, apstiprina, ka
Sphingobacterium thalpophilum, Fusarium solani un Fusarium udum kultiras var but
pieméroti kandidati farmacijas notekiidenu attiriSanas efektivitates paaugstinasanai
bioaugmentacijas cela.
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3. att. KSP samazinaSanas efektivitate, izmantojot bioaugmentaciju ar bakteriju kulttram.
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4. att. KSP samazinaSanas efektivitate, izmantojot bioaugmentaciju ar raugu un
mikroskopisko sénu kultiiram.
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4. Fosfora trikuma problémas risinajumi farmacijas notekiidenu
biologiskajas attiriSanas sistémas

Saskana ar GNAI notekiidenu piesarnojuma monitoringa datiem, KSP un Nkep
koncentracijas mediana GNAI iepludg ir attiecigi 5500 mg/L un 160 mg/L, savukart vid&jais
PO4-P saturs ir tikai 3 mg/L, kas ir nepietiekami, lai nodros$inatu attiri§anas procesam optimalo
KSP:N:P attiecibu 100:5:1. Fosfora trikums notekiidenos pasliktina biologiskas
attiriSanas efektivitati, veicina filamento bakteriju attistibu (5. att.), izraisa dinu tilpuma
picaugumu un struktiras izmainas, kas negativi ietekme to nostadinaSanas un atiidenoSanas

kvalitati [45]-[48]. Lai nodroSinatu optimalu P limeni biologiskas attiriSanas procesa, ka

5. att. P deficita izraistta filamento bakteriju dominance GNAI aktivajas dunas
(palielinajums 100 X, gaismas mikroskops Optika B-600 Tiph).

Tomér fosforskabes pieejamiba p&dgjo gadu laika ir biitiski samazinajusies. Viens no $adas
situacijas galvenajiem iemesliem ir dabisko P resursu straujais izstkums [49] un fakts, ka
fosfatiezu atradnes pasaul@ ir izvietotas tikai dazos regionos arpus Eiropas Savienibas (ES)
galvenokart, Kina, Maroka, ASV un Krievija, kas padara ES valstis pilniba atkarigas no P
savienojumu importa un piecaugo$am cenam. So apstaklu dé] H3POs iegliSana izmantotie
fosfatiezi un fosfors ir ieklauti Eiropas ekonomikai kritisko izejvielu saraksta [50], ipasi
uzsverot arT nepiecieSamibu atgiit P savienojumus no dazadam atkritumu plismam un mekI&t
optimalakos risinajumus parejai uz cirkularu P apriti ne tikai valsts, bet arT regionala liment.

4. publikacija [51], analiz€jot dazadas P pliismas un to lidzSingjas parvaldibas praksi
Baltijas jiiras regiona valstis, pasaulé pieejamos tehnologiskos risinadjumus P savienojumu
atglisanai no sekundarajiem resursiem un regionam specifiskos apstaklus, secinats, ka,
neraugoties uz to, ka ir identificéti vairaki P saturo$i sekundarie resursi — taja skaita notektideni,
notektidenu diinas un diinu pelni (5. tab.), P atgiSana no tiem Baltijas jliras regiona valstis netiek
plasi izmantota galvenokart sarezgitas parstrades un augsto P atgisanas tehnologiju
uzstadiSanas un ekspluatacijas izmaksu, ka arT atbilstoSa likumdoSanas reguléjuma trilkuma dél
[51].

5. publikacija [52] noradits alternativs risinajums P trikuma problémas novérSanai GNAL
Noteikts, ka vienigais tehnologiskais process, kura rodas ar ortofosfatiem bagati razoSanas
tdeni (C = 10 g/L PO4-P), AS “Grindeks” razotné ir AFV ipidakrina sintéze. Lai noveérstu
ekstrémus fosfatu koncentracijas pieaugumus un fosfora pardozésanu S§is AFV razoSanas
stadijas laika, kas ilgst tikai dazas ned€las gada, saskana ar darba sniegtajam rekomendacijam
razo$anas ceha $ie fideni (~10 m? jeb ~ 50 % no gada apjoma) tiek savakti atseviski un atkartoti
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izmantoti ka P avots periodos, kad ortofosfatu saturs GNAI iepliides Gidenos ir zems vai
nepietickams. Sada prakse lauj samazinat gada vidéjo HsPO4 patérinu par ~ 30 %. Patlaban
ipidakrina sint€zes tidenu izmanto$anu pilna apjoma limit€ GNAI ierobezota platiba un iespg&ja
ilgstosi uzglabat atseviskos konteineros savaktos razoSanas tidenus talakai izmantoSanai.

5. tabula

Atkritumu plusmas, kas identific€tas ka iesp&jamie sekundarie P resursi

Nozare Sekundarie P resursi
Riipnieciskie notekiideni, riipniecisko notektidenu diinas,
ripniecisko notekiidenu diinu pelni, fosforgipsis, biomasas pelni
Lauksaimnieciba Kiitsmesli, galas un kaulu milti, zivjaudzétavu diinas
Sadzives notekiideni, sadzives notekiidenu diinas, sadzives
notekiidenu diinu pelni, partikas atkritumi

Riipnieciba

Komunalais sektors

Literatiras dati liecina, ka AFV sintézes var rasties arl ar fosfora organiskajiem
savienojumiem piesarnoti fideni, ko tieSa veida ka biopieejamu fosfora avotu aktivo dinu
mikroorganismiem izmantot nevar. Veiktie pétijumi ar antibiotikas fosfomicina sintézes
tdeniem liecina, ka piemérots risinajums P atgtiSanai no $adam farmaceitiskas razoSanas tidenu
plismam ir mitra gaisa oksidacija, lai saskeltu organiskos fosfora savienojumus neorganiskos
fosfatos, kam seko izgulsn&$ana hidroksiapatita un struvita forma [53].

Neraugoties uz to, ir secinats, ka P trikumu nevar attiecinat uz visam farmacijas NAI.
Pretstata GNAI raksturigajam nepietickamajam P saturam razos$anas tidenos citi p&tijumi rada,
ka var biit arT pret€ja situacija un ortofosfatu saturs farmaceitiskas razosanas fidenos var sasniegt
pat 380 mg/L (ja KSP un Nkop koncentracija ir attiecigi 4200 mg/L un 410 mg/L), kas izslédz
nepiecieSamibu dozét papildu P avotu biologiskas attiriSanas reaktoros [54]. Tacu ar fosfatiem
bagatu razoSanas tidenu no vienas razotnes izmanto$ana citas razotnes NAI nav ekonomiski
pamatota augsto Gidens transporté$anas izmaksu un sarezgitas logistikas dél.

5. RazoSanas tidenu atkartotas izmantoSanas iespéjas un ierobezojumi
farmacijas riipnieciba

Pareja uz aprites ekonomikas modeli notekiidenu attiriSanas joma liek izvertét iesp&u no
notekiideniem atgiit ne tikai P, bet arl citas kimiskas vielas, vienlaikus iegtistot otrreizgji
izmantojamu Udeni, lai tada veida mazinatu resursu patérinu un raZoSanas procesu ietekmi uz
apkartgjo vidi.

Seérijveida vairakpakapju razosanas procesi, razoSanas tudenu plismu dazadiba un
tehnologisko procesu fragmentacija nelauj piemerot universalu risinagjumu tidens attiriSanai un
otrreiz€jai izmantoSanai farmacijas ripnieciba. Savukart individualu risinajumu pieméroSana
Katrai Gidens pliismai ir tehniski sarezgita un darga, tapec limit€ aprites ekonomika balstitu
tehnologiju ieviesanu plasa méroga.

Farmacijas nozares specifika nosaka ar1 to, ka jebkadam izmainam razoSanas procesos ir
jabut validétam, saskanotam ar atbildigajam institticijam un Klientu apstiprinatam [55], kas ir
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laikietilpigi, dargi un nemotivé farmaceitiskas razotnes ieviest izmainas farmaceitisko produktu
razoSanas tehnologiskajos procesos.

5. publikacija veiktas izpétes rezultata secinats, ka augsto idenim noteikto kimiskas un
mikrobiologiskas tiribas prasibu d€] attiritu razoSanas tdenu otrreiz€ja izmantoSana nav
iesp&jama razoSanas procesos, kur tidens nonak tiesa kontakta ar farmaceitisko produktu.
Atkariba no razoSanas stadijas, kura tideni izmanto, ka arT formulacijas un ievadiSanas veida,
tidenim jaatbilst dzerama tidens vai Farmakopejas definétajam farmaceitiskas tiribas pakapes
tdens kvalitates prasibam (6. tab.). Pieejamas notekiidenu attiriSanas tehnologijas nevar
garantét tik augstu tidens attiriSanas pakapi, bet farmaceitisko produktu kontaminacija var radit
nopietnus riskus pacientu veselibai, tapéc ta netiek pielauta atbilstosi nozarei noteiktajam labas
razolanas prakses prasibam [56]. IpaSi janem véra tas, ka multiproduktu farmaceitiskajas
ripnicas razoSanas fidenos nonak ari farmaceitisko vielu atliekas, kas, atkartoti izmantojot
nepietiekami attiritu iideni, var radit AFV Skérskontaminacijas riskus. Nemot véra to, ka AFV
ir biologiski aktivas ari loti zema koncentracija, produktu Sk€rskontaminacija var Kritiski
ietekmét zalu kvalitati un drosibu [57].

6. tabula
Farmaceitiskaja razoSana izmantotajam tidenim noteiktas kvalitates prasibas un atbilstosais
izmanto$anas veids [58]

Udens Kvalitates prasibas atbilstosi Lle_tf) 1as y R
. - attiriSanas IzmantoSana razoSana
Klase Eiropas farmakopejai ..
tehnologijas
AFV starpproduktu
sintéze
Dzeramais Atbilstiba PVO vadlinijam Netiek Razos$anas iekartu,
tdens dzerama tdens kvalitatei specificétas telpu mazgasana
Farmaceitiskas klases
tdens sagatavoSana
Jonapmaina,
KOC_) = ?00 ne/L ultrafiltracija, AFV gala produkta
Elektrovaditspgja < 4,3 uS/cm - o —
e reversa izdaliSana un attiriSana
Attiritais (20°C) . .
— N osmoze, Nesterilu GZF razoSana
tudens Nitrati < 0,2 mg/L o L. L
_ o destilacija, RaZoS8anas iekartu,
Aerobas bakterijas < 100 . . .
aktivas ogles taras beigu skaloSana
KVV/mL .
filtracija
KOO <500 pg/L Reversa
Elektrovaditspgja < 1,1 uS/cm osmoze,
Udens (20°C) elektro- Sterilu farmaceitisko
injekcijam Nitrati < 0,2 mg/L dejonizacija, produktu raZoSana
Aerobas bakterijas < 10 KVV/mL | ultrafiltracija,
Bakterialie endotoksini < I. U./mL | nanofiltracija

P&tijuma secinats, ka paSas farmaceitiskas tiribas pakapes tidens sagatavoSanas sist€mas
rada lielus Gidens zudumus. Saskana ar AS “Grindeks” pieredzi, augsto attiritajam tidenim
noteikto tiribas prasibu dél Iidz pat 50 % no ieplides Gidens attirita tidens sisteémas reversas
osmozes modulos tiek novaditi kanalizacija ka notektideni. Tomér Sis tdens joprojam ir
pietickami tirs, lai to atkartoti izmantotu razoSanas tehnologiskajos procesos, kur tdens
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nenonak tiesa kontakta ar farmaceitisko produktu, pieméram, dzes€Sanas sisteémas, kas
identificéts ka tdens ietilpigakais tehnologiskais process farmaceitisko produktu razosana.
Konstatgts, ka, 1stenojot sadu pieeju, uznémums varétu samazinat gada videjo fidens paterinu
par 7000 m3, kas atbilst 12 % no kop&ja razo$ana izmantota dzerama fidens apjoma.

Izvertgjot biologiski attiritu farmacijas notekiidenu atkartotas izmantoSanas iespgjas
tehnologiskiem mérkiem, secinats, ka bez papildu tresgjas attiriSanas to otrreiz&ja izmantosana,
pieméram, dzes€Sanas sistémas, nav iesp&jama $adu iemeslu del:

1) augsta udent izSkiduSo neorganisko salu satura dél $adu notekiidenu izmantos$ana var
veicinat caurulvadu aizaug$anu un koroziju;

2) notekiidenos atlikusas baribas vielas un aktivo diinu dalinas var veicinat biopléves
attistibu un nogulumu veidosanos tidens sistémas, tadgjadi mazinot siltuma parejas procesa
efektivitati;

3) notektidenu temperatiira pec biologiskas attiriSanas var sasniegt pat 42 °C, kas ir parak
augsta, lai tos izmantotu dzeséSanas mérkim;

4) notekiidenos palikusie kimiskie savienojumi var nebit savietojami ar dzes€Sanas
sisttmas izmantotajiem materialiem un var izraisit neprognoz€jamas tdens noplides un
farmaceitisko produktu kimiskas un mikrobiologiskas kontaminacijas riskus.

Fizikali kimisko un termisko notekiidenu attirisanas tehnologiju vai to kombinaciju
lietoSana lauj attirit farmaceitiskos notekiidenus lidz tadai pakapei, kas lauj tos atkartoti
izmantot tehnologiskajos procesos, kur Gidens nenonak kontakta ar AFV vai GZF, taja skaita
dzesésanas sistémas un tvaika generatoros [59], [60]. Tacu $adu tehnologiju ievieSanas
pamatotiba javerte konteksta ar lokalo Gidens pieejamibu un izmaksam. Nemot véra to, ka, lai
nodroS$inatu attirito notekiidenu kvalitates atbilstibu atkartotas izmantoSanas specifikacijai, ir
jalieto kimiski un energétiski intensivi notekiidenu attiriSanas procesi, atseviskos gadijumos
notekiidenu atkartota izmantoSana var radit lielaku ietekmi uz vidi neka tira idens izmantoSana
[61].

Neraugoties uz Siem ierobezojumiem, praksé ieviestie un parbauditie risinajumi, kas
atspoguloti 5. publikacija, parada, ka aprites ekonomikas elementus var ieviest farmacijas
notekiidenu parvaldibas praksé, otrreizgji izmantojot specifiskas raZoSanas tidenu pliismas un
razoSanas $kidros atkritumus ka resursus dazadas notekiidenu biologiskajas attiriSanas stadijas
pat bez ieprieks&jas attirisanas (6. att.), ja tieck nodroSinata efektiva sadarbiba starp razo$anas
nodalu un NAL

Ka uzsvérts iepriek$gja nodala, PO4>" saturosie notekiideni no AFV ipidakrina razoSanas
NALI tiek izmantoti ka P avots optimalas baribas vielu attiecibas nodroSinaSanai aktivo diinu
mikroorganismiem periodos, kad POs* saturs iepliides notekiidenos ir zems. AI®* saturosi
tdens Skidumi no AFV milnaciprana hidrogénhlorida sintézes, kur ka Luisa skabi izmanto
AICls, tika identificéti ka izteikti toksiski aktivo diinu biocenozei (skat. nodalu “Farmaceitiskas
razoSanas fdenu toksicitates noveértéSana”), tadel biitu janodod utilizacijai ka bistamie
atkritumi. Atseviska pétijuma noteikts, ka Sos tidenus var atkartoti izmantot ka koagulantu lieka
fosfora izgulsné$ana un diinu atdaliSanai biologiskajas NAI. Nemot véra §1 briza razoSanas
jaudas, AI** saturoso razosanas fidenu apjoms veido 15 m®gada, un tie pilna apjoma tiek
izmantoti koagulacijas procesa, aizstajot komercialo FeCls koagulantu un tadgjadi samazinot
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kimisko vielu patérinu un notekiidenu attiriSanas izmaksas. Praksé parbaudits, ka organiskos
skidinatajus, kas péc vairakiem regeneracijas cikliem vairs nav derigi izmantoSanai
farmaceitiskas razoSanas procesos, var izmantot ka oglekla avotu denitrifikacijas procesa, lai
nodrosinatu NOs~ un NOz™ redukciju lidz N2 gazei. Gada laika AS “Grindeks” §im mérkim
izlieto ~ 9,5 t organisko $kidinataju (galvenokart, etilspirta), kas veido ~ 3,5 % no ripnica
regeneréto S$kidinataju apjoma. Turklat uzn€muma pieredze liecina, ka koncentrétus sarmu
Skidumus, kas rodas razoSanas procesos, var savakt atseviski un izmantot pH regulacijai NAI
bioreaktoros vai smago metalu, pieméram, vara izgulsnéSanai no citam razotnes notekiidenu
plismam. Kopuma uzraditie pieméri lauj secinat, ka razoSanas Skidro atkritumu otrreizgja
izmantosana atbilsto$i aprites ekonomikas principiem ir izdeviga gan apkartgjas vides
piesarnojuma mazinasanas, gan ekonomisko apsvérumu dél, jo lauj samazinat gan utilizacijai
nododamo bistamo atkritumu apjomu un izmaksas, gan uzlabot notekiidenu attirisanas
efektivitati un kimiski piesarnotu tidens plismu parvaldibu farmacijas razotné.

Farmaceitiskas razosanas procesi

v v Y

Metalus saturoSas notekiidenu Baribas vielas saturosi razosanas
plismas Skidrie atkritumi

+—|—+ +—|—+

Sarmu skidumi

AR saturosi CuP saturosi PO,* saturosi Regeneréti
razosanas Odeni notekadeni l-—Kim. izgulsn. lidz.— notekhdeni Skidinataji (9,5
(15 m3/gada) . (10 m3/gada) t gada)
pH kontroles Iidzeklis [
Baribas viela optimalaiC : N : P
Nogulsnes Od p
utilizacijai ens faze Bufertvertne
»| KSP aizvaksana Oglekla avots baktérijam
Koagulants *
> Nitrifikacija
Denitrifikacija |-
»  Koagulacija
Flokulacija
lzplide Danas

6. att. Specifisku farmaceitiskas raZoSanas tidenu atkartotas izmantoSanas iesp€jas.
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SECINAJUMI

1. Veicot GNAI darbibas analizi, ka galvenie farmaceitiskas razosanas tidenu biologisko
attiriSanu ietekméjosi stresa faktori tika identificéti:

1) toksicitate, kas saistita ar razoSanas tidenu kimiska sastava specifiku;

2) nesabalanséts baribas vielu saturs (>93 % dienu gada attieciba KSP : Nkop
neatbilst optimalajam Itmenim 100 : 5; analizétaja tris gadu perioda 58—74 %
dienu gada PO4-P saturs NAI ieplides tidenos < 5 mg/L);

3) paaugstinata notekidenu temperatiira bioreaktoros (analiz&taja tris gadu perioda
2-3 % dienu gada t > 39 °C);

4) plasmas un koncentracijas fluktuacijas (notekiidenu plismas fluktuacijas: Q =
6-21 m®%h, koncentracijas fluktuacijas: KSP koncentracija GNAI iepliides
tidenos parsniedz NAI projektéto slodzi 15-21 % dienu gada, Nkop koncentracija
26—28 % dienu gada);

5) pH svarstibas NAI ieplides Gdenos (pH = 4,3-12).

2. lIzstradata jauna metode kimiski piesarnotu notekiidenu toksicitates uz aktivo diinu
biocenozi novertésanai. Metode nodrosina to, ka, veicot razos$anas tidenu BSP mérijumus plasa
sakumkoncentraciju diapazona, var iegiit eksperimentalas raksturliknes, kas lauj:

1) identificét aktivo diinu biocenozei toksiskas tidens pliismas;

2) salidzinat atSkirigu kimiski piesarnotu razos$anas tidenu toksicitati;

3) prognozét biologiska notekiidenu attiriSanas procesa efektivitati, ja tiek
intensificéta razoSana un palielinas notekiidenu apjoms vai specifisku
piesarnojoso vielu koncentracija notekiidenos.

3. No promocijas darba pétitajam mikroorganismu kultiram ka piemérotakie kandidati
KSP un AFV degradacijas efektivitates paaugstinasanai bioaugmentacijas cela ir identificéta
baktérija Sphingobacterium thalpophilum un mikroskopiskas sénes Fusarium solani un
Fusarium udum.

4. Papildu oglekla avota (vajpiena pulvera) pievienoSana biitiski uzlabo AFV meldonija
dihidrata degradaciju ar bakteriju Sphingobacterium thalpophilum un mikroskopiskajam séném
Fusarium solani un Fusarium udum.

5. Izstradati un GNAI ieviesti $adi aprites ekonomikas elementi:

1) aktivo diinu biocenozei toksisko AI®* saturo$u Gidenu no AFV milnaciprana
hidrogénhlorida razosanas (V = 15 m*/gada) otrreiz&ja izmantosana aktivo diinu
koagulacijas procesa un lieka P kimiska izgulsnéSana, aizstajot komercialo
FeCls;

2) koncentrétu sarmu skidumu no farmaceitiskas razoSanas procesiem otrreiz€ja
izmantoSana optimala pH nodroSinasanai dazadas notekiidenu attiriSanas
procesa stadijas;

3) fosfatus saturosu AFV ipidakrina kimiskas sintézes tidenu (C = 10 g/L POs-P)
otrreiz&ja izmantosana optimala P satura nodro$inaSanai GNAI bioreaktoros, kas
lauj samazinat komercialas HsPO4 patérinu par 30 % gada laika;

28



4) regenercto skidinataju ka oglekla avota otrreizgja izmantosana denitrifikacijas
procesa, kas lauj samazinat utilizacijai nododamo organisko $kidinataju apjomu
par ~ 3,5 % gada laika.
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GENERAL OVERVIEW OF THE THESIS

Topicality

According to the World Health Organization (WHO) data, water is the most used resource
in the pharmaceutical industry [1]. It is used both as a raw material and solvent in the synthesis
of active pharmaceutical ingredients (API) and in the production of finished dosage forms
(FDF), as well as in the washing of equipment and for technical purposes-cooling and steam
generation. The diverse use of water forces pharmaceutical factories to effectively manage both
incoming and outgoing water flows in the production facility and to apply different treatment
solutions in water preparation to guarantee that its quality meets regulatory requirements.

In the technological processes of pharmaceutical production, chemically polluted
processing water flows occur, which differ significantly in terms of chemical composition,
volume, and toxicity [2]-[4]. Depending on the specific APl synthesis process, they may be
polluted with various organic solvents, API residues, nitrogen-containing heterocyclic
compounds, and various inorganic salts [2].

The high pollution concentration and flow fluctuations and the diverse composition of
pollution of processing waters create multi-stress conditions. They can cause malfunctions in
biological wastewater treatment plants (WWTP), negatively affecting their ability to provide a
degree of wastewater treatment that meets the legislative requirements. Although biological
treatment is one of the most commonly used technologies in pharmaceutical wastewater
treatment [3], an increasing number of studies emphasize that biological WWTPs do not
sufficiently treat wastewater from API residues and harmful compounds and, therefore, should
be combined with physicochemical treatment technologies [4]-[6]. But this approach also has
its limitations, as, for example, ozonation of processing water containing halogens can increase
toxicity [7]. An alternative solution for increasing the efficiency of the biological treatment of
processing waters may be the bioaugmentation of activated sludge systems with microorganism
cultures [8], which, in turn, requires conducting a feasibility study, to determine the most
suitable cultures for bioaugmentation. Additional challenges in the pharmaceutical industry are
introduced by the changing demands for different APIs, which require a rapid reorientation of
production and predicting how changes in production will affect the WWTP's ability to treat
new types of pollution. Consequently, the development and implementation of new solutions
that can be used to predict and preventively avoid or reduce the influence of various stress
factors on the biological treatment process and improve the degree of wastewater treatment are
highly topical.

The different range of raw materials used in APl syntheses and the specificity of
technological processes determine that the degree of pollution of pharmaceutical processing
waters, the content of biogenic elements and salts can also differ significantly between
production plants. However, the different engineering solutions applied in biological WWTPs
can have different effects on the resilience of the system to various stress factors and changes
in the composition of wastewater [9]. This requires the use of an individual approach also in
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evaluating the stress factors affecting the biological treatment and in developing the most
suitable process optimization solutions.

The transition to a circular economy model in the field of wastewater treatment requires a
focus not only on the reduction and treatment of industrial pollution but also on the recovery
and reuse of water and chemicals [10]. Despite the fact that water reuse has been recognized as
a key action to reduce water consumption in production plants and contribute to the
achievement of sustainable development goals [11], [12], there is a lack of studies analyzing
aspects of the implementation of the circular economy in a pharmaceutical plant using a holistic
approach, evaluating them in the context of the specific water quality requirements set for the
pharmaceutical industry; therefore it has been chosen as a topical research direction.

Aims and objectives

The aims of the Doctoral Thesis are:

1) develop solutions for increasing the efficiency of biological treatment of pharmaceutical
processing waters under multi-stress conditions;

2) identify the possibilities and limitations of the reuse of processing waters in the
pharmaceutical industry after evaluating the use of water in the pharmaceutical production plant
and the quality requirements of the water used in pharmaceutical production according to Good
Manufacturing Practice guidelines, Pharmacopoeia monographs, and the guidelines from
European Medicines Agency and the World Health Organisation.

To achieve the aims, the following objectives have been set:

1) based on the analysis of the operation of WWTP of JSC “Grindeks” (GWWTP) over a
period of 3 years, identify the main stress factors affecting the biological treatment of
pharmaceutical processing waters;

2) develop a method for assessing the toxicity of chemically polluted processing water to
activated sludge microorganisms;

3) in laboratory conditions, determine the most suitable microorganism cultures for
bioaugmentation for increasing the efficiency of APl and chemical oxygen demand (COD)
degradation in biological WWTPs exposed to multi-stress conditions;

4) recommend alternative sources of P for ensuring the optimal level of nutrients in the
process of biological treatment of pharmaceutical wastewater to reduce the dependence on
commercial H3POg.

Scientific novelty and main results

As part of the Doctoral Thesis, solutions for mitigating the effects of multi-stress in
pharmaceutical WWTPs have been developed, which are based on the toxicity analysis of
individual flows, the application of bioaugmentation strategy to increase the efficiency of API
and COD degradation, and include proposals for the reuse of chemically polluted
pharmaceutical processing water flows in accordance with the principles of the circular
economy.
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Within the framework of the Doctoral Thesis, a new method for evaluating the toxicity of
chemically polluted wastewater to the biocenosis of activated sludge has been developed, which
has been introduced at GWWTP and can also be adapted to the work of laboratories of other
biological WWTPs treating chemically polluted industrial wastewater, especially in production
plants that generate wastewater flows of variable chemical composition containing potentially
toxic chemicals.

As a result of the conducted study, for the first time, the limitations of the reuse of
pharmaceutical processing water in the pharmaceutical production plant were identified,
highlighting the specific role of the pharmaceutical industry among the water-intensive
industrial sectors. The solutions proposed and implemented in practice for the reuse of
processing waters as chemicals in various stages of the biological treatment of pharmaceutical
wastewater show a new approach to promote the circular flow of materials in the production
plant, thus reducing the consumption of chemicals and the costs of wastewater treatment.

The selection of microorganism cultures suitable for bioaugmentation provides an
opportunity for further optimization of WWTP operation through bioaugmentation in order to
improve the efficiency of degradation of chemical pollution, especially API, which may be
particularly relevant when introducing new regulatory requirements for the control of API
emissions from pharmaceutical production plants based on the European Union (EU) strategic
approach to pharmaceuticals in the environment [13], and increasing the responsibility of
pharmaceutical manufacturers for the treatment of API pollution arising from the use of their
products, in the context of the planned changes in the Urban Wastewater Treatment Directive
91/271/EEC [14].

Structure and volume of the Thesis

The Doctoral Thesis was prepared as a collection of thematically related scientific
publications on a) the development of the method for assessing the toxicity of chemically
polluted pharmaceutical processing waters on activated sludge biocenosis (Publication 1); b)
the application of bioaugmentation strategy for increasing API treatment efficiency in
biological WWTPs (Publication 2); c) possibilities of increasing COD removal efficiency
using bioaugmentation with selective microorganism cultures (Publication 3); (d) circular
economy-based phosphorus management (Publication 4); e) possibilities and limitations of
reuse of processing waters in the pharmaceutical industry (Publication 5).

Publications and approbation of the Thesis

The main results of the Doctoral Thesis are presented in 5 scientific publications. The
research results were presented at 4 scientific conferences.
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MAIN RESULTS OF THE THESIS

1. ldentification of stress factors affecting the biological treatment of
pharmaceutical processing waters

By conducting a study of the technological process of GWWTP and evaluating the
monitoring data on the characteristics of the chemical and physical parameters of wastewater
and the microbiological parameters of activated sludge, five main factors influencing the
biological treatment of pharmaceutical wastewater were identified: toxicity, unbalanced
nutrient content, flow and concentration fluctuations, elevated wastewater temperature, and pH
fluctuations (Fig. 1). Each of these factors cause stress to activated sludge microorganisms and
negatively affects the operation of the biological treatment process, but most often the effects
of these factors occur simultaneously, creating multi-stress conditions.

The impact of certain stress factors, such as pH, flow, and concentration fluctuations, on
the efficiency of the biological wastewater treatment process can be reduced, technologically
regulated, or completely eliminated by providing appropriate technological solutions already
during the design of WWTPs [15], [16]. However, wastewater characteristics such as toxicity
and nutrient composition cannot be predicted in the long term, as the composition of processing
water can change dramatically depending on changes in the range of manufactured products
and global demand for specific pharmaceutical products.

The solutions developed in the Doctoral Thesis for optimizing the biological treatment
process of pharmaceutical processing waters under multi-stress conditions are reflected in the
scientific publications, the connection of which with the set aims and objectives of the Doctoral
Thesis is shown in Fig. 1.

Data on the technological process of GWWTP, characteristics of the chemical and physical
parameters of influent wastewater of GWWTP, as well as activated sludge microbiological
parameters used for the identification of stress factors, are summarized in an appendix available
under request.
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Fig. 1. Stress factors affecting the biological treatment of pharmaceutical processing waters
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cultures for increasing COD removal
efficiency have been identified
(Publication 3)

and the structure of the Doctoral Thesis.
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2. Assessment of the toxicity of pharmaceutical processing waters

The chemical characteristics of wastewater do not provide direct information about the
toxicity of wastewater. Therefore, to prevent the death of activated sludge biocenosis under the
influence of toxic substances and to avoid cases when the level of wastewater treatment does
not comply with the requirements of the legislation, it is important, in addition to chemical
analyses, to carry out toxicity tests and take preventive measures if toxicity is detected.

To objectively assess the toxicity of the influent water of WWTP, it is important to use
activated sludge from a given treatment plant as test organisms since the result of the toxicity
test depends on the test organism chosen and the reference function [17]. Studies have shown
that test organisms not specific to the WWTP system, such as the luminescent bacteria Vibrio
ginghaiensis and Vibrio fischeri, may show increased sensitivity, not reflecting the actual
toxicity of the wastewater to the WWTP biocenosis [18]-[20], while in other cases, the short
incubation time may lead to reduced toxicity results [21], resulting in an inadequate assessment
of potential harm and toxicity risk.

Publication 1 [22] presents the developed method for the systematic assessment of the
toxicity and biodegradation potential of chemically polluted processing waters based on BOD
measurements made in an extended range of initial concentrations. By applying this method,
experimental characteristic curves are obtained that allow us to evaluate how the
biodegradability and toxicity of wastewater to activated sludge microorganisms changes with
dilution. If the BOD values increase markedly with increasing dilution, it indicates that the
water contains substances that, in high concentrations, have an inhibitory effect on the activated
sludge biocenosis and may cause disturbances in the treatment process. If the curve quickly
reaches a plateau and the ratio BOD/COD is high (>50 %), this indicates good biodegradability
in the activated sludge system and a low level of toxicity [23]. Whereas, if the ratio BOD/COD
remains low (<10 %) and does not change with dilution, then this indicates that the tested
wastewater is toxic and the organic compounds in its composition are not biodegradable [24];
therefore, they cannot be discharged to biological WWTPs to avoid the toxic shock of
microorganisms.

The application of the method is clearly demonstrated by analyzing the influent wastewater
of GWWTP (from the buffer tank) and specific pharmaceutical processing water streams
polluted with organic compounds and inorganic salts. The samples and the information on the
main chemical pollutant and its concentration in the wastewater were received from the
production department, and it was used to identify samples. Therefore, the COD analysis was
used as a suitable indicator for the characterization of the total organic content of the
wastewater.

Dilutions in the range from 100-700 were tested, which corresponds to the actual amount
of wastewater generated per day in the manufacturing processes and their possible dilution in
the buffer tank (equalization tank) of GWWTP. Seeded dilution water was used as a blank
sample. The oxygen consumed over a 5-day incubation period of the blank sample shall not
exceed 1.5 mg/L of oxygen. Tests were performed in duplicate.
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Figure 2 a) shows that the BOD values of the analyzed buffer tank wastewater sample
change little with dilution. An inhibitory effect on activated sludge microorganisms is observed
at the dilution factor of 100, however the curve reaches the plateau phase already at the dilution
factor of 200. The character of the curve shows that the wastewater is relatively well
biodegradable, and no strong toxic effect on activated sludge microorganisms is expected.
Depending on the degree of dilution, the ratio of BOD/COD varies from 22-53 % (Table 1).

The obtained experimental curves show that activated sludge microorganisms are strongly
inhibited by pharmaceutical processing waters containing phenol and formaldehyde. As can be
seen in Fig. 2 a), the character of the toxicity curves obtained during the testing of both
wastewater flows is similar — the biodegradability strongly depends on the degree of dilution of
the sample, and the curve reaches the plateau phase only at the dilution degree of 500 that
corresponds to the degree of dilution of the wastewater sample in the test solution. To prevent
the risks of intoxication of microorganisms, this type of wastewater, which is biodegradable but
in high concentrations toxic to the activated sludge biocenosis, can be collected in separate
reservoirs and dosed in a controlled manner in the total wastewater flow.
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a) b)

Fig. 2. Toxicity characteristic curves for a) buffer tank wastewater, processing waters
containing phenol and formaldehyde; b) processing waters containing inorganic salts.

When evaluating the toxicity of pharmaceutical wastewater containing inorganic salts, it
was concluded that aqueous solutions containing AI** ions, which are produced in the synthesis
of API milnacipran hydrochloride, where AICIs is used as a Lewis acid, have a highly toxic
effect on the biocenosis of activated sludge. Toxicity tests were performed on wastewater
samples with different organic matter content (COD concentration) and practically the same
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AI®* concentration. As can be seen in Table 1, the ratio BOD/COD for both samples remains
low even at a high degree of dilution of the sample and does not exceed 10 %, indicating that
these wastewaters are practically non-degradable. Moreover, the toxicity does not change
depending on the COD, which confirms that the toxic effect is caused by AI**. The obtained
results allow us to conclude that wastewater containing AI** should not be let into biological
treatment plants, as it can cause a toxic shock to microorganisms and destroy the activated
sludge biocenosis. Such toxic and non-biodegradable wastewater streams must be separately
collected at production sites and pre-treated prior to entering biological WWTPs or disposed of
as hazardous waste.

Analysing NaCl-containing wastewater flow, no toxic effect on activated sludge
microorganisms was detected when comparing at equal dilutions (Fig. 2 b)). This can be
explained by the fact that the NaCl content in the tested wastewater sample corresponds to the
salt concentration in the physiological solution and the BOD measurements were performed in
a high dilution. The experimental results allow us to conclude that the organic matter in the
wastewater has a good biodegradability — the BOD/COD ratio is greater than 65 % (Table 1).
When performing a toxicity test for NaF containing wastewater flow, the inhibitory effect on
activated sludge microorganisms was observed only at the dilution factor of 100 (Fig. 2 b)), but
at the dilution factor of 200, the BOD/COD ratio already reached 58 % (Table 1), indicating
that at this dilution, fluorides no longer affect the biodegradation of organic matter present in
wastewater.

Table 1
BOD/COD ratio (%) depending on the degree of dilution of wastewater

BOD/COD ratio, %

Type of wastewater (r:noﬁ_ Dilution factor

g 100 | 200 | 300 | 400 | 500 | 600 | 700

Regular wastewater 3230 | 504 | 454 | 51.3 | 51.6 | 515 | 53.2 | 49.7
(equalization tank) 48

Formaldehyde containing | 3821+ | 445 | 517 | 337 | 441 | 527 | 553 | 52.9
wastewater 57
Phenol containing 4108 +

wastewater 6o | 109|212 | 331 | 389|409 389 | 381

Phenol = 85 mg/L
Al®* containing wastewater | 1265 +

06 | 05| 36 | 58 | 68 | 6.3 | 6.3

AP = 478 mg/L 19
AP ‘X’Eﬁai:”ig%"r‘;ag}iwater 77111861“ 50 | 7.3 | 71 | 66 | 90 | 84 | 9.0
NaCl gl’f‘tzag‘igg "n‘]’zsltfwater 966+ 14 | 65.5 | 71.4 | 71.3 | 65.6 | 67.5 | 76.9 | 78.2
NaFﬁ;Etjizg%%é"fnS;e/‘ﬁ’ater 23;2 * 1202|581 | 778|766 | 79.9 | 81.6 | 75.0

The data obtained during the experiment demonstrate that the ratio of BOD/COD for
pharmaceutical processing waters can vary up to ten times at the same dilutions (Table 1). This
confirms that waters from various technological processes differ significantly in their
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biodegradability and toxicity to activated sludge microorganisms, which is directly influenced
by the different compositions of pollutants and the ecotoxicity of compounds.

The results show that the developed toxicity method is sufficiently sensitive and allows
comparing different processing water flows to each other and identifying compounds toxic to
WWTP biocenosis. The extended range of initial concentrations used in the testing shows at
what dilution the toxicity of the wastewater changes, which can be used to predict the impact
on the treatment process of increasing product production volumes. A significant advantage of
the method is the relatively low cost and the ability to determine the effect of toxic substances
on the biocenosis of specific treatment plants, using it as seed material.

3. Selection of microorganism cultures suitable for bioaugmentation to
increase target APl and COD degradation in pharmaceutical WWTPs

API residues that enter the environment with insufficiently treated pharmaceutical
wastewater have received increased attention in recent decades, as studies have shown that
pharmaceutical production plants can be an important point source of API emissions [25], [26].,
Still these substances are biologically active even at very low concentrations. Several studies
confirm that their release into the aquatic ecosystem leads to negative consequences for aquatic
organisms and human health [27].

Bioaugmentation of activated sludge systems with selective cultures of microorganisms is
one of the technologies that can be applied to increase the efficiency of API degradation in
biological WWTPs of both municipal and pharmaceutical wastewaters [28], [29]. The selection
of suitable cultures for bioaugmentation is one of the key aspects that determines the
effectiveness of a bioaugmentation strategy. Cultures must not only provide a high ability to
degrade target compounds but also be resistant to wastewater environmental conditions,
toxicity, and be able to survive in competition with other activated sludge microorganisms [30].

The range of pollutants in pharmaceutical wastewater is very wide. Therefore, in order to
ensure that bioaugmentation is effective and that the total water pollution indicators in the
effluent of WWTP comply with the requirements of the legislation, the microorganism cultures
used should not only provide a high degree of API treatment but also be able to effectively
degrade other chemical compounds present in water. Studies by other authors confirm that the
bioaugmentation strategy allows for intensifying the degree of treatment of pharmaceutical
wastewater and improving the efficiency of COD degradation [31], therefore, within the
framework of the Doctoral Thesis, the most suitable microorganisms for bioaugmentation were
searched, which can provide both a high degree of degradation of the target API and effectively
reduce COD, and would be suitable candidates for increasing the efficiency of wastewater
treatment in GWWTP.

Publication 2 [32] of the Doctoral Thesis presents the screening results obtained by
testing the ability of ten bacteria, ten yeasts and three filamentous fungi isolated from the
GWWTP-activated sludge to degrade three APIs with different chemical structures and
therapeutic effects — the cyclic nonapeptide oxytocin, the heterocyclic nitrogen
compound zopiclone and a hydrazine derivative meldonium dihydrate (Table 2). These
APIs were chosen as model
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compounds for the study because their microbiological degradation has not been studied so far,
but according to the volume of production, they occupy a significant place in the product range
of JSC “Grindeks”, and during their production, a large amount of chemically polluted
processing water is generated. Table 2 clearly shows that the selected compounds differ
significantly in terms of their chemical properties, which determine their behavior in water, i.e.
water solubility and logarithmic values of octanol-water partition coefficient log Kow.

The research was conducted in laboratory-scale experiments, testing the ability of
microorganisms to eliminate API as a sole carbon source and by cometabolism with the addition
of skim milk powder (MP) as an additional nutrient. MP was chosen as an additional nutrient
source based on the results published by Quintana et al., which demonstrate that the addition of
powdered milk allows co-metabolic degradation of those APIs that could not be utilized as the
sole source of carbon and energy [33]. API removal efficiency % during the 168 h incubation
period determined by HPLC-MS analysis is shown in Tables 3 and 4. The chosen incubation
period corresponds to the longest possible hydraulic retention time in GWWTP. The
elimination of API from the solution is a total result of sorption and biodegradation. In our
experiments these two processes were not differentiated; however, logarithmic values of
octanol-water partition coefficient log Kow for selected API are low (Table 2), indicating that
sorption onto activated sludge is of minor importance in the removal process [34].

Most of the tested microorganism cultures, incl. bacteria — Acinetobacter schindleri,
Bacillus cereus, Chryseobacterium balustinum, Myroides odoratus, Sphingobacterium
thalpophilum; yeasts — Apiotrichum montevideense, Cutaneotrichosporon arboriforme,
Trichosporon asahii and the filamentous fungus Fusarium udum within 168 h completely
(>99 %) utilized all oxytocin in a solution where API was the sole carbon source. The addition
of skim milk powder in a ratio of 1:10 to the starting concentration of API significantly
improved the removal efficiency of oxytocin in biodegradation tests with the yeasts Candida
inconspicua 1, Cutaneotrichosporon cutaneum, Farysia acheniorum, and the filamentous
fungus Talaromyces radicus.

Studies show that the oxytocin molecule is not stable in aqueous solutions, and at elevated
temperatures its degradation occurs, and biological activity is lost [35], [36]. During the
bioaugmentation experiments, oxytocin degradation in the control sample without the addition
of microorganisms was 12 % within 168 h, which confirms that microbiological degradation
was still the primary form of oxytocin degradation in the conducted studies.
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APIs used in bioaugmentation studies

Table 2

Molecular Solubility Theraneutic
API Chemical formula and structure weight, CAS No. in water, | log Kow clapss
g/mol g/L
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Limited information is available in the literature on the biodegradability of the heterocyclic
nitrogen compound zopiclone. When treating hospital wastewater in a membrane bioreactor,
its removal efficiency was less than 10 % [37]. Zopiclone removal efficiency varied
significantly between different groups of microorganisms in our studies. The yeast Apiotrichum
domesticum removed >99 % of zopiclone from the test solution in the presence of skim milk
powder, while the other yeasts showed a limited ability to degrade zopiclone. Pseudomonas
putida and Moraxella osloensis were identified as the most effective bacterial cultures for the
selective degradation of zopiclone and showed 85 % and 89 % removal efficiency, respectively,
over a 168 h incubation period. Whereas the filamentous fungi Fusarium solani and Fusarium
udum removed more than 90 % of zopiclone both in tests where this APl was the sole carbon
source and in the presence of skim milk powder, indicating the high potential for further
application of these cultures for the purpose of API degradation.

Meldonium dihydrate was identified as the most persistent compound against
biodegradation. Most of the microorganism cultures tested could not degrade meldonium
dihydrate as the sole carbon source. Yeast Apiotrichum domesticum degraded 65 % of
meldonium dihydrate in 168 h in the presence of MP, while other yeast cultures showed low
removal efficiency (<20 %). Out of all ten tested bacterial species, only Sphingobacterium
thalpophilum showed a high removal efficiency of meldonium dihydrate in the presence of
skim milk powder — 91 % within 168 h, while the other bacteria utilized meldonium dihydrate
in the range of 1.3-40 % during the 168 h incubation period, both in test solutions where
meldonium dihydrate was the sole carbon source, both in the presence of MP. Filamentous
fungi Fusarium solani and Fusarium udum in test solutions, where meldonium dihydrate was
the sole carbon source, showed 21 % and 46 % removal efficiency, respectively, but in the
presence of skim milk powder, the removal efficiency increased significantly, reaching 91 %
and 94 %, respectively.



Table 3

API removal efficiency (%) after 168 h incubation period in test solutions where API is the
sole carbon source (initial concentration of API1 20 mg/L) and in the presence of MP (initial
concentration of API 5 mg/L) using bioaugmentation with bacterial cultures

i Oxy- . Zopi- : Meldonium
tC()J)é)i/n tocin fl%rr)lle clone + I\g?rl]d%r;;,:gn dihydrate +
+ MP MP y MP
Acinetobacter | g9 | g9 54 82 47 35
schindleri
Aeromonas 99 99 59 71 13 1.8
caviae
Bacillus cereus >909 >99 63 60 3.0 12
Chryseobacterium | = g | g 68 81 5.2 13
balustinum
Comamonas 99 >99 63 67 12 23
testosteroni
Moraxel_la 69 57 89 91 14 40
osloensis
Myroides 509 | >99 64 60 24 27
odoratus
Pseudomonas 58 57 50 79 10 18
aeruginosa
Pseudomonas 73 68 85 87 19 34
putida
Sphlngobac_terlum >99 >99 75 84 17 o1
thalpophilum
Control sample
without 12 12 25 17 17 10
microorganisms

Although the degradation processes and metabolites of meldonium in the human and animal
body have been relatively extensively studied [38]-[41], there are no studies in the literature
that analyze the mechanisms of microbial degradation of this API in activated sludge systems
or with selective microbial cultures and evaluate the role of cometabolism in the degradation
process. The low results of meldonium elimination show that most of the studied
microorganisms do not have the appropriate enzymes to degrade this API, but the
microorganisms Sphingobacterium thalpophilum, Fusarium solani, and Fusarium udum can
efficiently degrade meldonium only in the presence of an additional carbon source.

Table 4
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API removal efficiency (%) after 168 h incubation period in test solutions where API is the
sole carbon source (initial concentration of API 20 mg/L) and in the presence of MP (initial
concentration of APl 5 mg/L) using bioaugmentation with yeast and filamentous fungal

cultures
i Oxy- . Zopi- . Meldonium
tC()J)é)i/n tocin ZI%F;:G clone '\g?rl]d?j?;?én dihydrate
+MP +MP y +MP
Yeasts
Apiotrichum 08 500 | 42 >99 17 65
domesticum
Apiotrichum 509 | »09 | 21 44 14 11
montevideense
Candida |gconsplcua 13 51 29 35 6.7 85
Candida |r21c0nsp|cua 98 599 56 26 12 35
Cutaneotrichosporon | _gg >99 0.7 32 6.0 8.0
arboriforme
Cutaneotrichosporon 10 71 16 29 16 15
cutaneum
Farysia acheniorum 11 >99 14 28 13 25
Rho_dotqrula 91 61 16 47 13 14
mucilaginosa
Saprochaete gigas 45 81 64 59 7.6 16
Trichosporon asahii >99 >99 7.7 24 4.4 2.8
Filamentous fungi
Fusarium solani 99 >99 98 >99 21 91
Fusarium udum >99 >99 >99 91 46 94
Talaromyces radicus 12 98 2.3 26 5.8 11
Control sample
without 12 12 25 17 17 10
microorganisms

Summarizing the obtained API degradation screening results, it was concluded that the most
effective cultures for target API degradation are the bacterium Sphingobacterium thalpophilum
and the filamentous fungi Fusarium solani and Fusarium udum. These microorganism cultures
were able to eliminate all three tested APIs with an efficiency above 84 % over a 168 h

incubation period.

In other API degradation studies, the fungus Fusarium solani has been identified as a
suitable culture for the removal of API diclofenac and ketoprofen from wastewater [42], while
the bacterium Sphingobacterium thalpophilum has shown the ability to degrade the antibiotic
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nitrofurantoin [43]. To the best of our knowledge, the role of Fusarium udum in increasing the
efficiency of API degradation has not been investigated so far.

The experimental data summarized in Publication 3 [44] show that among the 65
microorganism isolates tested, the bacterium Sphingobacterium thalpophilum and the
filamentous fungi Fusarium solani and Fusarium udum are among those cultures that have also
shown the highest COD reduction when treating pharmaceutical wastewater. Pharmaceutical
wastewater samples for the tests were taken from the buffer tank of the GWWTP, into which
processing waters from all production sites enter and mix before being discharged for treatment
in the first bioreactor. Using such a complex sample, it is possible to investigate the ability of
microorganisms to degrade a wide range of chemical compounds, which is an essential
condition for bioaugmentation to be effective under changing production conditions.

As can be seen in the results summarized in Figs. 3 and 4, during 120 h of incubation, the
bacterium Sphingobacterium thalpophilum and the filamentous fungi Fusarium solani and
Fusarium udum reduced COD by 75.9 %, 89.4 %, and 88.7 % respectively. Since COD is a
combined indicator of the level of organic pollution in wastewater and is also included in the
regulatory requirements governing the maximum allowable pollutant concentrations in the
discharge of WWTP, the high COD reduction rates obtained in microorganism screening tests
confirm that the cultures of Sphingobacterium thalpophilum, Fusarium solani and Fusarium
udum could be suitable candidates for increasing the treatment efficiency of pharmaceutical
wastewater by bioaugmentation.
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Fig. 3. COD reduction efficiency using bioaugmentation with bacterial cultures.
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Fig. 4. Efficiency of COD reduction using bioaugmentation with yeast and filamentous
fungal cultures.

4. Solutions to the problem of phosphorus deficiency in pharmaceutical
wastewater biological treatment systems

According to the wastewater pollution monitoring data from GWWTP, the median COD
and Nt concentration of the influent water is 5500 mg/L and 160 mg/L, respectively, while the
average POs-P content is only 3 mg/L, which is insufficient to ensure the optimum ratio
COD:N:P of 100:5:1 for the treatment process. The lack of phosphorus in wastewater
impairs the efficiency of biological treatment, promotes the development of filamentous
bacteria (Fig. 5), and leads to an increase in the volume and structural change of sludge, which
negatively affects its settleability and dewaterability [45]-[48]. To ensure an optimal P level
for the biological treatment process, HaPOg is usually used as an additional P source.

Fig. 5. P deficiency-induced dominance of filamentous bacteria in GWWTP activated sludge
(magnification 100 x, light microscope Optika B-600 Tiph).
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However, the availability of phosphoric acid has significantly decreased in recent years.
One of the main reasons for this situation is the rapid depletion of natural P resources [49] and
the fact that phosphate rock deposits in the world are located only in a few regions outside the
European Union (EU), mainly in China, Morocco, the USA, and Russia, which makes the EU
countries completely dependent on P compound imports and rising prices. Due to these
circumstances, the phosphate rock and phosphorus used in the production of H3PO4 are included
in the list of critical raw materials for the EU economy [50], and the need to recover P
compounds from various waste streams and to search for the most optimal solutions for the
transition to circular P management not only at the national but also at the regional level is
particularly emphasized.

In Publication 4 [51], analyzing various P flows and their current management practices in
the countries of the Baltic Sea region, globally available technological solutions for the recovery
of P compounds from secondary resources and the region-specific conditions, it was concluded
that, despite the fact that several P-containing secondary resources have been identified,
including wastewater, sewage sludge, and sewage sludge ash (Table 5), P recovery from them
is not widely used in the countries of the Baltic Sea region, mainly due to the complex
processing and high costs of installation and operation of P recovery technologies, as well as
the lack of appropriate legislative framework [51].

Publication 5 [52] presents an alternative solution to the problem of P deficiency in
GWWTP. It has been determined that the only technological process in which orthophosphate-
rich production waters are generated (C = 10 g/L PO4-P) in the production plant of JSC
“Grindeks” is the synthesis of API ipidacrine. In order to avoid extreme peak loadings of
phosphates and overdose of phosphorus during the production stage of this API, which lasts
only several weeks a year, according to the recommendations provided within the work, these
waters (~ 10 m® or ~ 50 % of the annual volume) are collected separately in the production site
and reused as a P source during periods when the orthophosphate content in the GWWTP
influent is low or insufficient. This practice allows to reduce the annual average consumption
of H3PO4 by ~ 30 %. Currently, the use of the entire volume of ipidacrine synthesis waters is
constrained by the limited area of the GWWTP, and the limited possibility of long-term storage
of processing waters collected in separate containers for further use.

Table 5
Waste streams identified as possible secondary P sources

Sector Secondary P sources
Industrial wastewater, industrial sewage sludge, industrial sewage
sludge ash, phosphogypsum, biomass ash
Agriculture Manure, meat and bone meal, fish sludge
Municipal wastewater, municipal sewage sludge, municipal sewage
sludge ash, food waste

Industrial

Municipal

According to literature data, in the synthesis of APIs waters polluted with organic
phosphorus compounds may also occur, which cannot be directly used as a bio-available source
of phosphorus for activated sludge microorganisms. However, the research conducted with the

57



waters of the synthesis of the antibiotic Fosfomycin shows that a suitable solution for the
recovery of P from such streams of pharmaceutical processing waters is wet air oxidation to
transform organic phosphorus compounds into inorganic phosphates, followed by precipitation
in the form of hydroxyapatite and struvite [53].

Despite this, it has been concluded that P deficiency cannot be attributed to all
pharmaceutical WWTPs. In contrast to the insufficient P content in processing waters
characteristic of GWWTP, other studies have shown that the opposite situation may also occur,
and the orthophosphate content in pharmaceutical processing waters can reach up to 380 mg/L
(at COD and Ntot concentrations of 4200 mg/L and 410 mg/L, respectively), which eliminates
the need to dose an additional P source in biological treatment reactors [54]. But the use of
phosphate-rich processing water from one production plant in the WWTP of another production
plant is not economically justified due to the high water transportation costs and complicated
logistics.

5. Possibilities and limitations of reuse of processing waters in the
pharmaceutical industry

The transition to a circular economy model in the field of wastewater treatment requires
evaluating the possibility of recovering not only P but also other chemicals from wastewater
and at the same time obtaining reusable water to reduce the consumption of resources and the
impact of production processes on the environment.

Multi-stage batch production processes, the diversity of processing water flows, and the
fragmentation of technological processes do not allow the application of a universal solution
for water treatment and reuse in the pharmaceutical industry. However, the application of
individual solutions for each water flow is technically difficult and expensive, therefore limiting
the implementation of circular economy-based technologies on a large scale.

The specificity of the pharmaceutical industry also demands that any changes in production
processes must be validated and accepted by the relevant regulatory authorities, as well as
approved by industrial customers [55], which is time-consuming and costly and does not
motivate pharmaceutical production plants to introduce changes in the technological processes
of manufacturing pharmaceutical products.

As a result of the research carried out in Publication 5 it is concluded that due to the high
chemical and microbiological purity requirements set for water, the reuse of treated processing
water is not possible in production processes where the water comes into direct contact with the
pharmaceutical product. Depending on the stage in the manufacturing process at which water
is used, the formulation, and the route of administration, the water must meet the quality
requirements of drinking or pharmaceutical-grade water defined in the Pharmacopoeia
(Table 6). The available wastewater treatment technologies cannot guarantee such a high degree
of water treatment, but the contamination of pharmaceutical products can pose serious risks to
the health of patients and is not allowed according to the good manufacturing practice
requirements set for the industry [56]. It should be considered that in multi-product
pharmaceutical factories, the residues of pharmaceutical substances also enter the processing
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water, which, when insufficiently treated water is reused, can pose risks of API cross-
contamination. Since APIs are biologically active even at very low concentrations, product
cross-contamination can critically impact the quality and safety of pharmaceutical products
[57].

The study concluded that pharmaceutical-grade water preparation systems themselves cause
significant water losses. According to the experience of JSC “Grindeks”, due to the very high
purity requirements of purified water, up to 50 % of the feed water in the reverse osmosis
modules is discharged into the sewer as wastewater. However, this water is still clean enough
to be reused in technological processes where water does not come into direct contact with
pharmaceutical products, for example, in the cooling system, which is identified as the most
water-intensive technological process in the production of pharmaceutical products. It was
established that by implementing such an approach, the company could reduce the annual
average water consumption by 7000 m?, which corresponds to 12 % of the total volume of
drinking water used in production.

Table 6

The quality requirements set for water used in pharmaceutical production and the relevant
type of use [58]

Quality requirements according Applied
Water . .
to the European treatment Usage in production
grade ! .
Pharmacopoeia technologies
Chemical synthesis of
intermediates of
Compliance with WHO APIs;rlnsmg/cIean_lng of
Potable o L - manufacturing equipment
guidelines for drinking water Not specified S
water ualit and facilities;
qualtty production of
pharmaceutical-grade
water
lon exchange, Final isolation and
TOC <500 pg/L ultrafiltration, purification of APIs;
Conductivity < 4.3 pS/cm reverse preparation of nonsterile
Purified (20 °C) 0SMOsis, FDFs;
water Nitrate < 0.2 mg/L distillation, a final rinse of equipment,
Aerobic bacteria < 100 activated containers, and closures in
CFU/mL carbon the manufacture of non-
filtration parenteral FDFs
TOC <500 pg/L Reverse
Conductivity < 1.1 pS/cm 0SMOSis,
Water for (20°C) electro- Manufacturing of sterile
injections Nitrate < 0.2 mg/L deionization, pharmaceutical products
Aerobic bacteria < 10 CFU/mL | ultrafiltration,
Bacterial endotoxins < 1.U./mL | nanofiltration

Evaluating the possibilities of reuse of biologically treated pharmaceutical wastewater for
technological purposes, it was concluded that without additional tertiary treatment, their reuse,
for example, in cooling systems, is not possible for the following reasons:
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1) due to the high content of inorganic salts dissolved in water, the use of such wastewater
can contribute to the scaling and corrosion of pipelines;

2) nutrients and activated sludge particles remaining in wastewater can contribute to the
development of biofilm and the formation of sediments in water systems, thereby reducing the
efficiency of the heat transfer process;

3) the temperature of wastewater after biological treatment can reach up to 42 °C, which is
too high to be used for cooling purposes;

4) the chemical compounds remaining in the wastewater may not be compatible with the
materials used in the cooling systems and may cause unpredictable risks of water leakage and
chemical and microbiological contamination of pharmaceutical products.

The application of physico-chemical and thermal wastewater treatment technologies or their
combinations allows to treat pharmaceutical wastewater to such a degree that it can be reused
in technological processes where water does not come into contact with API or FDF, including
cooling systems and steam generators [59], [60]. However, the feasibility of implementing such
technologies should be evaluated in the context of local water availability and costs. Given that
chemical and energy-intensive wastewater treatment processes need to be used to ensure that
the quality of the treated wastewater meets the reuse specification, in some cases the reuse of
wastewater can have a higher impact on the environment than the use of clean water [61].

Despite these limitations, the implemented and tested solutions presented in Publication 5
show that elements of circular economy can be implemented in pharmaceutical wastewater
management practice by reusing specific processing water streams and liquid wastes as
resources in different stages of biological treatment of wastewater even without prior treatment
(see Figure 6) if effective cooperation between the production department and the WWTP is
ensured.

As highlighted in the previous section, the PO4* containing processing water from the API
ipidacrine production is used as a P source in WWTP to ensure the optimal nutrient ratio for
activated sludge microorganisms during periods when the PO4>~ content of the influent
wastewater is low. Aqueous solutions containing AI®* from the synthesis of API milnacipran
hydrochloride, where AICI3 is used as a Lewis acid, have been identified as highly toxic to the
biocenosis of activated sludge (see section “Assessment of the toxicity of pharmaceutical
processing waters™), and should therefore be disposed of as hazardous waste. A separate study
determined that these waters can be reused as a coagulant for the precipitation of excess
phosphorus and the separation of sludge in biological WWTP. At the current production
capacity, the volume of processing waters containing AI** is 15 m3/year, and they are used in
full in the coagulation process, replacing the commercial FeCls coagulant and thus reducing the
consumption of chemicals and the costs of wastewater treatment. It has been verified in practice
that organic solvents, which after several regeneration cycles are no longer suitable for use in
pharmaceutical production processes, can be used as a carbon source in the denitrification
process to ensure the reduction of NOz™ and NO2™ to N2 gas. During the year, JSC “Grindeks”
uses ~ 9.5 t of organic solvents (mainly ethanol) for this purpose, which makes up ~ 3.5 % of
the volume of solvents recovered at the production plant. The company's experience shows that
concentrated alkaline solutions, resulting from production processes, can be collected
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separately and subsequently used for pH regulation in bioreactors of WWTP or for precipitation
of heavy metals such as copper from other wastewater streams of the plant. In general, the
presented examples allow us to conclude that the reuse of liquid waste from production in
accordance with the principles of the circular economy is beneficial both for the reduction of
environmental pollution and for economic reasons, as it allows to reduce both the volume and
costs of hazardous waste to be disposed of, as well as to improve the efficiency of wastewater
treatment and the management of chemically polluted water flows at the pharmaceutical
production plant.

Pharmaceutical production batch processes

Y Y Y
Metal-containing efflluents Alkaline solutions Nutrient-containing effluents
Al3* containing PO,*
processing Cu?* containing containing Recovered
water processing |-¢=Precipitation agent— processing solvents
(15 m3 water water (10 m? (9.5 t annually)
annually) annually)
pH control agent |
+—|—‘ Nutrient for optimal C : N : P ratio
Precipitate to
disgosal Supernatant Equalising tank <—|
| Carbon removal Carbon source for bacteria
Coagulant
> Nitrification
Denitrification |
»| Coagulation
Flocculation
Effluent Sludge

Fig. 6. Possibilities of reuse of specific pharmaceutical processing waters.
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CONCLUSIONS

1. Analyzing the operation of GWWTP, the following main stress factors affecting the
biological treatment of pharmaceutical production waters were identified:

1) toxicity associated with the specifics of the chemical composition of processing waters;

2) unbalanced nutrient content (>93 % of days per year the ratio COD : Nt does not meet
the optimal level of 100 : 5; 58-74 % of days per year POs-P concentration in the
influent waters of WWTP < 5 mg/L in the analyzed 3-year period);

3) elevated wastewater temperature in bioreactors (2—3 % of days per year t > 39 °C in
the analyzed 3-year period);

4) flow and concentration fluctuations (wastewater flow fluctuations: Q = 6-21 m3/h,
concentration fluctuations: COD concentration in GWWTP influent waters exceeds
the designed load of GWWTP 15-21 % days per year, Nt concentration 2628 % of
days per year);

5) pH fluctuations in the influent waters of WWTP (pH = 4.3-12).

2. A new method for assessing the toxicity of chemically polluted processing waters to the
biocenosis of activated sludge has been developed. The method provides that by performing
BOD measurements of processing waters in an extended range of initial concentrations,
experimental characteristic curves can be obtained, which allow:

1) to identify toxic water flows to activated sludge biocenosis;

2) to compare different chemically polluted processing waters in terms of toxicity;

3) to predict the performance of the biological wastewater treatment process if production
is intensified and the volume of wastewater or the concentration of specific pollutants
increases.

3. It was found that among the microorganism cultures studied in the Doctoral Thesis, the
bacterium Sphingobacterium thalpophilum and the filamentous fungi Fusarium solani and
Fusarium udum are the most suitable candidates for increasing the efficiency of degradation of
COD and API by bioaugmentation.

4. It was established that the addition of an additional carbon source (skim milk powder)
significantly improves the degradation of APl meldonium dihydrate by the bacteria
Sphingobacterium thalpophilum and the filamentous fungi Fusarium solani and Fusarium
udum.

5. The following circular economy elements have been developed and implemented in
GWWTP:

1) reuse of AI** containing waters from the production of API milnacipran hydrochloride
(V =15 m®/year), which is toxic to activated sludge biocenosis in the process of
activated sludge coagulation and chemical precipitation of excess P, replacing
commercial FeCls;

2) reuse of concentrated alkaline solutions from pharmaceutical production processes to
ensure optimal pH in various stages of the wastewater treatment process, reducing the
overall consumption of chemicals;
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3) reuse of phosphate-containing waters from chemical synthesis of API ipidacrine
(C = 10 g/L PO4-P) to ensure optimal P content in bioreactors of GWWTP, which
allows to reduce the consumption of commercial HsPO4 by 30 % annually;

4) reuse of the recovered solvents in the denitrification process as a carbon source, which
allows for a reduction in the amount of organic solvents to be disposed of by ~ 3.5 %
annually.
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Abstract — Pharmaceutical wastewater biological treatment plants are stressed with
multi-component wastewater and unexpected variations in wastewater flow, composition and
toxicity. To avoid operational problems and reduced wastewater treatment efficiency,
accurate monitoring of influent toxicity on activated sludge microorganisms is essential. This
paper outlines how to predict highly toxic streams, which should be avoided, using
measurements of biochemical oxygen demand (BOD), if they are made in a wide range of
initial concentration. The results indicated that wastewater containing multivalent AI**
cations showed a strong toxic effect on activated sludge biocenosis irrespectively of dilutions,
while toxicity of phenol and formaldehyde containing wastewater decreased considerably
with increasing dilution. Activated sludge microorganisms were not sensitive to wastewater
containing halogenated sodium salts (NaCl, NaF) and showed high treatment capacity of
saline wastewater. Our findings confirm that combined indicators of contamination, such as
chemical oxygen demand (COD), alone do not allow evaluating potential toxic influence of
wastewater. Obtained results allow identifying key inhibitory substances in pharmaceutical
wastewater and evaluating potential impact of new wastewater streams or increased loading
on biological treatment system. Proposed method is sensitive and cost effective and has
potential for practical implementation in multiproduct pharmaceutical wastewater biological
treatment plants.

Keywords — Activated sludge; biochemical oxygen demand; pharmaceutical wastewater;

toxicity
Nomenclature
BOD Biochemical oxygen demand mg/L
COD Chemical oxygen demand mg/L

1. INTRODUCTION

Biological wastewater treatment systems in industrial facilities often suffer from instability due
to shocks of toxic or inhibitory contaminants being released into the wastewater. Pharmaceutical
wastewater is highly polluted multi-component mixture of various organic and inorganic
constituents, including hardly biodegradable, toxic and bio-persistent xenobiotics and
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antimicrobial agents that may inhibit the biological activity of the activated sludge and cause
treatment plant process upsets. Activated sludge microorganisms react to the presence of toxicants
in wastewater. Responses displayed include reduced rates of respiration, biomass generation, and
BOD degradation patterns [1]. These effects of toxicants can cause failure to reach effluent
standards, which also increase treatment costs and cause other operational problems, such as
reduction of the efficiency of sludge settling and compacting, because of filamentous bulking and
deflocculation [1]-[3]. In extreme cases the bacteria are killed by toxic wastewater, and there is a
need for cleanout and reseeding of plant, which is a costly and time-consuming operation [2].
Toxic inflow can cause collapse of nitrification process and lead to significantly exceeded total
nitrogen concentration in effluent [4]. Wastewater streams from drug manufacturing also contain
residues of active pharmaceutical ingredients (API) and their intermediates, which are classified
as micropollutant of emerging concern. They are biologically active compounds that can
potentially alter physiology and behavior of non-target organism at low doses [5]. API negatively
affect the performance of secondary biological processes in wastewater treatment plants (WWTP),
cause shifts in the structure of activated sludge bacterial communities and reduce bacterial
diversity in the reactors [6], [7]. Depending on manufacturing processes, the composition and
biological treatability as well as salinity of pharmaceutical wastewater fluctuate considerably
within a short period of time, which make biological treatment of pharmaceutical wastewater even
more troublesome [8]-[12].

To avoid toxic shock to activated sludge microorganisms and ensure the compliance of treated
wastewater with regulatory requirements, characterization of wastewater by their degree of
biodegradation and potential toxicity to the biocenosis of the specific treatment plant is essential.
As toxic influent can partially or completely damage treatment for long periods, protective actions
and alternative treatment solutions should be provided when increased toxicity is detected [13],
[14]. For companies who treat their own wastewater it is especially important to measure the
toxicity of the wastewater before a new process comes on-line to predict their impact on treatment
process performance. Mainly inhibitory effect of toxic components depends on their
concentration; therefore, potential impact of increased pollution load on biological treatment
system should be evaluated in cases when production volumes increase.

Numerous bioassays (toxicity tests) are available for toxicity evaluation [13], [15], [16]. but
only few are directly relevant to activated sludge microorganisms. For example, the commonly
used MicrotoxTM and Biotox TM assays are based on marine luminous bacteria Vibrio fischeri
that are not representative of activated sludge microbes and does not reflect the status of the
microbial community responsible for treatment [1]. [7], [13], [17]. Ecotoxicity tests based on the
growth inhibition of algae or plants, mortality of crustaceans or fishes and the mobility inhibition
of Daphnia magna are suitable to reflect ecological impact of toxic compounds to aquatic
environments and, although are sometimes used in the assessment of toxicity of influent water to
biological wastewater treatment processes, they are not relevant to WWTP [18]. Furthermore, the
use of higher organisms may be ethically undesirable, such test organisms require specialized
equipment and operator skills, long acclimatization time, and are labor intensive, expensive and
time consuming [19]. For the evaluation of potential toxicity of influents on a wastewater
treatment plant, activated sludge microorganisms should be preferred as test species [20], [21].
Many studies on pharmaceutical wastewater treatment plant shows that the microbial population
and diversity is vary from one plant to another depending on wastewater characteristics and
operating conditions [22]. In some cases, activated sludge from the pharmaceutical industry
showed higher resistance against inhibiting toxicants than the sludge from other sources, since
biomass is acclimated by the usual presence of toxic compounds in the influent [23]. These aspects
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highlight the importance of the use of site-specific indicator organisms in toxicity monitoring of
influent water, to get accurate results.

For the past two decades, biosensor technologies are undergoing improvements and some
biosensors are showing good potential to be used as on-line monitoring tools to provide early
warning for WWTP operators to avoid toxic shocks to WWTP’s [18]. Enzymes, antibodies,
microorganisms or DNA could be used as biological sensing element of biosensor in combination
with an appropriate transducer (e.g., electrochemical, optical, colorimetric or piezoelectric) [19].
Wastewater treatment plant can be equipped with early warning system that includes a few toxicity
measurement points placed at selected locations [4].

Oxygen demand obtained in respirometric assays represents a direct measure of the activity of
microorganisms present in aerobic activated sludge. Furthermore, since respiration of the activated
sludge is inhibited in the presence of toxicants, it can be used as an efficient tool for the
measurement of acute toxicity on microbial population of biological WWTP sludge [16].

The aim of this study was to evaluate the toxic effect of pharmaceutical wastewater streams
containing harmful organic substances and inorganic salts on a mixed culture from activated
sludge, which was sampled from operating WWTP treating multiproduct pharmaceutical
wastewater. Toxicity was assessed by direct observing the effects of toxicants on the BOD
degradation activity of the activated sludge microorganisms by exposing test organisms to various
doses of the pollutant. Experiments were performed using chemically polluted wastewater streams
from JSC “Grindeks” pharmaceutical production facility.

2. MATERIALS AND METHODS

2.1. Preparation of Seeded Dilution Water

Determination of BOD was done by using the modified standardized method ISO 5815:1989.
Required volume of distilled water for preparation of dilution series was filled in a suitable glass
container. 1 mL of each of the salt solutions (Table 1) was added to 1 L of distilled water. Obtained
solution was aerated for 1 h by using compressor GAST DOA-P504-BN. The dissolved oxygen
concentration in dilution water should be at least 8 mg L™!. The water shall not be supersaturated
with oxygen, so it must be allowed to stand 1 h in an opened container before use. Settled activated
sludge biomass (2 mL to 1 L dilution water) from JSC ,,Grindeks” WWTP was added as seed
material (inoculum). The oxygen consumed over 5 days, at 20 °C of the seeded dilution water,
which is the blank value, shall not exceed 1.5 mg L™ of oxygen.

TABLE 1. PREPARATION OF SALTS SOLUTIONS

Name Concentration, mg L™ water

Phosphate buffer solution:

KH2PO4 8500
K2HPO4 21750
Na2HPO4-7H20 33400
NH4C1 1700
MgS04-7H20 solution 22500
CaCl2 solution 27500
FeCl3-6H20 solution 250
Allylthiourea solution 1000
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2.2. Preparation of Test Solutions (Dilution Series)

The dilution of the test sample was carried out in a 500 mL volumetric flask. Set of 7 different
dilutions were prepared for each sample. Known volume of the sample to be analysed and 1 mL
of an allylthiourea solution (Table 1) was added in each flask for inhibition of nitrification. Then
flasks were filled to the mark with seeded dilution water and mixed gently. Blank sample was
prepared in parallel, by using seeded dilution water and allylthiourea solution (Table 1). Organic
content of the samples was characterized by chemical oxygen demand (COD) values.

Incubation bottles (V = 350 mL) were filled with each dilution allowing them to overflow
slightly. Initial dissolved oxygen concentration at time zero was measured in each bottle. Then
bottles were stoppered and put in the incubator at 20 °C in darkness for 5 days. After the
incubation, dissolved oxygen concentration was measured in each bottle again.

2.3. BOD:s Calculation
BOD:s calculation was done by using Eq. (1):

BOD; =Bcl‘cz)‘V[_VeE(53‘C4)D > @
O " o’
where
c1 dissolved oxygen concentration of one of the test solution at time zero, mg L™!;
2 dissolved oxygen concentration of this same test solution after 5 days, mg L™!;
c3 dissolved oxygen concentration of the blank solution at time zero, mg L™!;

Cs dissolved oxygen concentration of the blank solution after 5 days, mg L;
Ve  volume of sample used for the preparation of the test solution concerned, mL;
|12 total volume of this test solution, mL.

2.4. Apparatus and Equipment

COD analyses were done by using HACH LANGE cuvette tests LCK 014 and LCK 514.
Measurements were done by the spectrophotometer HACH DR 5000. The HACH LANGE
thermostat HT 200S was used to heat the samples. Concentration of CI” and phenols was
determined by using HACH LANGE cuvette tests LCK 311 and LCK 349 respectively. Dissolved
oxygen concentration in the respirometric assays was measured with dissolved oxygen meter
WTW inolab Oxi Level 2. Incubation of samples at 20 °C was done in thermostat WTW TS 606/2.
Analytical grade reagents from Acros Organics were used for preparation of salt solutions.

2.5. Wastewater and Sludge Sampling

JSC “Grindeks” is the leading pharmaceutical company in the Baltic States and produces about
25 different kinds of active pharmaceutical ingredients belonging to heart and cardiovascular,
CNS and anticancer medication therapeutic groups. The wastewater from “Grindeks”
pharmaceutical production facility is treated in a five-stage moving bed biofilm reactor (MBBR)
plant, including COD removal, nitrification and denitrification, after which the wastewater is
discharged into the municipal sewer system for the final treatment. The composition and
biotreatability of wastewaters are variable and highly stressful for microorganisms. Influent COD
load varies from 1 to 2.5 t per day and the total nitrogen load is in the range from 0.015 to 0.045 t
per day, while the wastewater flow varies from 160 to 360 m® d™!. The hydraulic retention time
(HRT) of the plant is in the range of 3—6 days and COD removal is 93-94 % in average. Activated
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sludge inoculum for BOD measurements was taken from last MBBR where organic biological
degradation takes place.

3. RESULTS AND DISCUSSION

Pharmaceutical compounds at JSC “Grindeks™ are typically produced in multi stage batch
processes leading to the presence of a wide variety of products in wastewaters which are generated
in different operations — chemical synthesis, washing or extraction of chemical product, washing
of equipment, recovery of solvents. To minimize the fluctuation of pollution load and wastewater
flow, wastewater from production sites is collected in the equalization tank and dosed to the
MBBR system. As shown in the Fig. 1, regular wastewater is relatively well biodegradable.
Considerable toxic effect on activated sludge microorganisms is not detected. Depending on the
degree of dilution, BOD varies from 22.4 to 53.2 % of COD (Table 2). The ratio BOD/COD is
called Biodegradability index and is commonly used as an indicator for biodegradation capacity
[24]. COD values of tested (undiluted) samples are used to calculate the ratio BOD/COD. Low
ratio BOD/COD indicate the presence either of organic matter that are hard to biodegrade or of
toxic substance inhibiting the microbial activities [25].

Fig. 1 and Fig. 2 demonstrate BOD values of chemically polluted pharmaceutical wastewater as
a function of dilution factor under two different background conditions. The obtained BOD curves
show the response of biocenosis of the biological WWTP to highly organically polluted
wastewater streams and presence of inorganic compounds in wastewaters. Dilutions in range from
100-700 were tested, which corresponds to the real amount of wastewater generated per day and
their potential dilution in equalization tank of WWTP of “Grindeks”.

Toxic and refractory organic compounds are one of major challenges for biological wastewater
processes. We used formaldehyde and phenol containing wastewaters as representative
contaminants of pharmaceutical wastewaters for our experiments. Phenol and formaldehyde have
strong bio-resistance and toxicity to microbes thus limiting the use of biological treatment method
[26]. Obtained results show that biodegradability of pharmaceutical wastewater containing such
toxic substances depends on concentration of toxicants.

Formaldehyde is highly reactive chemical compound and is widely used in the chemical industry
as a raw material and solvent for the production of various products, and as a result it also enters
into chemical wastewater. Because of its toxicity [27], formaldehyde is also widely used as a
preservative and disinfectant to inhibit the activity of microorganisms; therefore, it is already
predictable that its presence may inhibit biological processes in WWTP’s [28]. As shown in Fig. 1
biodegradability of formaldehyde containing wastewater is expressly dependent on the degree of
dilution of the sample. As formaldehyde concentration increases, it inhibits the biological activity
of activated sludge microorganisms, respiration decreases, and biodegradation is disrupted.

Phenol, like formaldehyde, comes into pharmaceutical wastewater of JSC “Grindeks” as a by-
product of chemical synthesis and is considered as very toxic compound to living organisms [29].
Although phenol is reported as toxic and inhibitory substrate, however it is also carbon source for
an acclimated biomass [30], [31]. Experimental data show that with increasing initial
concentration of phenol in the solution, BOD values decrease noticeably. The shape of BOD curve
is similar to that of formaldehyde containing wastewater. Obtained results are consistent with
studies by other authors that the phenol is recognized as an inhibitory substrate to activated sludge
at relatively low concentrations (100 mg L) [32].

As shown in Fig. 1, the BOD results are informative only if measurements are made in a wide
range of initial concentration. The biodegradability and toxicity of organically contaminated
wastewater is strongly dependent on the dilution.

56

76



Environmental and Climate Technologies

2019/23

2500

2250

2000

——

1750

1500

1250

BODg, mg L

1000

750

500

250

0 100 200 300 400 500 600 700

Dilution factor

—¢— Regular (equalization tank), COD=3230 + 48 mg L™*
Formaldehyde containing wastewater, COD = 3821 =57 mg L™

=== Phenol containing wastewater, Phenol =85 mg L™, COD =4108 £ 62 mg L™

Fig. 1. BOD; values of pharmaceutical wastewater's streams containing harmful organic compounds depending on
dilution factor.

Results show that the biodegradation curves of wastewater containing phenol and formaldehyde
reach the plato phase only at dilution factor of 500. Construction of an equalization tank appears
to be of extreme importance in order to ensure dilution of toxic wastewater streams and avoid
toxic shock to biological treatment system treating pharmaceutical wastewater. The obtained data
can be used to estimate amount of specific wastewater that will not affect the stability of the
biological treatment process and can be discharged into WWTP. However, it should be
considered, that possible synergistic or antagonistic interactions between pollutants are possible
[33].

High salinity in wastewaters is another key issue affecting the performance of biological
processes. Inorganic salts, like NaCl, NaF, MgSO4, Na,CO3, NH4CL, are commonly used and are
typical pollutants of pharmaceutical wastewater. Pharmaceutical industry generates saline
wastewater, rich in both salts and organic matter. The activity of microorganisms usually is
affected by high salt concentration (>2 % w/v), which can lead to the low COD removal efficiency,
decreased nitrification and denitrification rate and bulking of the activated sludge as well as
increased turbidity [34], [35], therefore it is important to investigate the impact of inorganic salts
on activated sludge.
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Fig. 2. BOD:s values of pharmaceutical wastewater's streams containing inorganic salts depending on dilution factor.

The salinity inhibition on biological treatment is mainly caused by osmotic pressure, which may
lead to plasmolysis of microbial cells and eventual death of microorganisms eventually leading to
the failure of biological treatment systems [36], [37]. Major fluctuation of salinity can cause
salinity shock, for this reason, high salinity wastewater must be diluted before biological treatment
in most cases, which increases operational costs and water consumption [36]. Each microbial
species has its optimum growth salinity, and microorganisms will lose their activity beyond the
tolerance limit [38]. In many studies halophilic salt-tolerant microorganisms were considered
adaptable to treat saline wastewater [34], [37]. Salt-adapted microorganisms are capable of
withstanding high salinities and at the same time of degrading the pollutants that are contained in
wastewater [35]. As salt removal from saline wastewater by reverse osmosis or ion exchange is
expensive, biological treatment of hyper-saline wastewater with halophilic sludge is
recommended [35].

58

78



Environmental and Climate Technologies

2019 /23
TABLE 2. RATIO BODs/COD (%) DEPENDING ON DILUTION FACTOR
Ratio BOD;/COD, %*
Type of wastewater COD,mgL™  Dilution factor
100 200 300 400 500 600 700
Regular (equalization tank) 323048 224 454 513 516 515 532 497
3 i ;
AR containing wastemater, 1265 = 19 06 05 36 58 68 63 63
AP =478 mg L
A ity

4 | e A, 7718116 50 73 71 66 90 84 90
AP* =490 mg L
et 3821 £ 57 108 217 337 441 527 553 529
wastewater
Phenol containing wastewater,

o - 4108 = 62 109 212 331 389 409 389 381
Phenol =85 mgL
P - R 966 = 14 65.5 714 713 656 615 769 782
Cl=5452 mg L
HNatk CONLAIMAZ WasewALSE, 2379 + 36 202 581 778 766 799 816 750

NaF =40 000 mg L™
*100 % ratio BODs/COD. % considered as readily biodegradable wastewater.

Saturated solution of NaCl is widely used in the pharmaceutical industry to extract the chemical
products. Although according to literature data biological treatment is strongly inhibited by salts
(mainly NaCl) [35], respirometric data show, that NaCl concentration in influent wastewater of
WWTP of JSC “Grindeks” does not reach inhibitory level on activated sludge microorganisms.
This can be explained by the fact that concentration of NaCl in tested wastewater corresponds to
the physiological saline and BOD tests were done at high dilution. The results of the respirometry
experiment allow concluding that the organic matter of the sample has good biodegradability —
the ratio of BODs/COD is greater than 65 % and does not essentially changes with dilution
(Table 2).

Saturated NaF aqueous solution in the synthesis of pharmaceutical products forms as a by-
product of the fluorination reaction. Although fluoride is a common contaminant in a variety of
industrial wastewaters, available information on the potential toxicity of fluoride to
microorganisms located in biological wastewater treatment plants is very limited. The fluoride
concentration in untreated industrial wastewater can vary over a large range from
500-2000 mg L! [39]. Experimental data show that NaF inhibit activated sludge microorganisms
from pharmaceutical WWTP only at dilution factor 100. With increasing dilution, the BODs/COD
ratio is above 70 %, which indicates that activated sludge microorganisms tolerate fluoride at
relatively high concentrations. Activated sludge microorganisms of JSC “Grindeks” are exposed
to continuously inflow of halogenated salts and are acclimated to increased salt concentration. The
obtained results allow concluding that halogenated sodium salts with tested halogenates
concentration do not impact removal of organic matter in wastewater.

AlCl; is used as a catalyst in chemical synthesis, and therefore multivalent AI** cations are
regularly discharged into pharmaceutical wastewater. Respirometric experiments were performed
on samples with different concentrations of organic matter and practically the same content of
Al*" ions in water. As shown in the Fig. 2, AI*" ion-containing wastewater is highly toxic to active
sludge microorganisms and practically non-biodegradable. The ratio of BODs/COD remains low
even at high dilution rates of the sample and does not exceed 10 % (Table 2). The obtained results
indicate that AI*" containing wastewater should not be let into biological treatment plants, as this
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can lead to toxic shock to microorganisms and destroy the active sludge biocenosis. The toxicity
of both samples is markedly high; it does not change with the COD increase, which confirms
toxicity of Al ions. Chemical pre-treatment — for example, precipitation of aluminium with lime
milk, NaOH or NaCOs at pH 6.5 prior to biological treatment is necessary to reduce toxicity [40].
Adsorption of aluminium ions on activated carbon could also be used as effective treatment
method [41].

Our findings do not conflict with other scientists and confirm the statement that aluminium has
no biological role and is a toxic nonessential metal to microorganisms [42], [43].

Based on the literature survey is already known, that aluminium in its ionic form is very toxic
to most aquatic organisms such as seaweeds, crawfish, and fish [43] causing osmoregulatory
failure by destructing the plasma and hemolymph ions [44]. Aluminium is toxic to fish in acidic
(mainly pH 5-5.5), unbuffered waters starting at a concentration of 0.1 mg/L [45], [46].

In experiments were aluminium salts (AIClz, Al2(SO4)s) were using to improve settlement
characteristics of the sludge and overcome the bulking problem, it was found that aluminium is
toxic to activated sludge rotifer Lecane inermis and affected negatively rotifers population size
even at low concentrations (4.8 EC and 0.48 EC) [47].

Considering that even trivial amount of aluminium in water causes numerous health problems
including Alzheimer and dialysis encephalopathy [41], precautionary principles should be
implemented, to avoid toxic reactions and discharge of Al ions containing wastewater in the
environment

The obtained data confirm that the pharmaceutical effluents are very different in terms of
biodegradability and toxicity to microorganisms. For effluents having the same dilution value, the
ratio BODs/COD can vary considerably — up to 10 times, indicating the highly complex nature of
pharmaceutical wastewater. The magnitude of this effect is shown in Table 2. The described
method is very useful to compare different wastewater streams to each other, evaluate their impact
on the biocenosis of wastewater treatment plant and to find the optimum treatment solution.

The variations in experimental curves characterize:

1. The ecotoxicological nature of organic matter;

2. The ability of microorganisms present in activated sludge to utilize the pharmaceutical
wastewaters;

3. The character of curves gives additional information about impact of dilution factor on
biological treatability and toxicity to the activated sludge microorganisms of wastewaters.

Information concerning the BOD values is important information in the process control of the
wastewater treatment facilities. It is essential factor not only in a choosing of optimal treatment
regime, but also to evaluate the possibility to mix the wastewater streams and optimize treatment
process. This method also could be used to predict new production behaviour in wastewater
treatment station and determining the safe rate of discharge into the aeration tanks.

4. CONCLUSIONS

The obtained results confirm that BOD measurements with local biomass can be used as a
screening method for assessing and comparing the biodegradability and the toxicity to activated
sludge of different types of chemically polluted wastewaters, if set of dilution series is tested. The
extensive initial concentration range used in the experiments extends the use of the method and
allows determining at which concentration the toxicity of the sample changes. These data could
be use as basis for assessing the risks and predict process performance if production is intensified
and the concentration of specific pollutants in wastewater increase or new type of wastewater is
generated.
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Experiments with phenol and formaldehyde containing wastewater showed that the toxic effect
on the activated sludge disappears with increased dilution of the sample, highlighting the
extremely import role of equalizing tank in highly polluted pharmaceutical wastewater treatment
processes in order to minimize harsh fluctuations and peak loading of toxic contaminants.

AP" ions containing wastewater showed the highest toxicity against activated sludge
microorganisms, clearly indicating need of pretreatment prior to biological wastewater treatment
stage. At the same time the results show that the numerical values of the COD cannot be the only
parameter for objective pollution characterization, since wastewater with lower COD can be more
toxic to activated sludge biocenosis than wastewater with a higher COD. Halogenated sodium
salts in tested concentration ranges did not leave negative impact on removal of organic matter
from wastewater.

The proposed toxicity evaluation method is directly relevant to activated sludge wastewater
treatment process, gives representative results, and is very informative, cost effective and simple.
Because of the duration of the test, method could not be used as real time toxicity monitoring tool
but is very suitable for systematic screening of various wastewater streams in multiproduct
factories, because it allows identifying source of toxicity and choosing a reasonable treatment
strategy.
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Kopsavilkums

Ekologiskais kaitéjums un cilvéku veselibas riski, ko rada vides piesarnojums ar aktivajam
farmaceitiskajam vielam (AFV), misdienas rada arvien lielakas bazas. Cilvéku un veterinaro
AFV plasa klatbutne fidens vide skaidri norada uz $o savienojumu noturibu un zemo attirisanas
efektivitati farmacijas un sadzives notekiidenu attirisanas iekartas (NAI). Akttvo diinu sist€ému
bioaugmentacija ar specializ€tiem mikroorganismiem varétu biit efektigs un videi draudzigs
veids, ka uzlabot noturigu AFV aizvaksanas efektivitati. Liela nozime ir tadu inokul&jamo
mikroorganismu izvélei, kuriem ir piemé&roti enzimi, lai metabolizétu sarezgitas AFV
molekulas, kas pieder pie dazadam terapeitiskam klasem. Saja pétijuma tika izvertéta 10
baktériju, 10 raugu un 3 mikroskopisko sénu kultiiru, kas ieprieks izolétas no farmacijas NAI,
sp&ja degradét Iidz §im maz pétitas AFV — oksitocinu, zopiklonu un meldonija dihidratu ka
vienigo oglekla avotu un kometaboliska veida, ka papildus baribas vielu pievienojot vajpiena
pulveri. Baktérija Sphingobacterium thalpophilum un  mikroskopiskas sénes Fusarium
solani un Fusarium udum laboratorijas méroga bioaugmentacijas testos uzradija loti augstu
visu pétito AFV aizvakSanas efektivitati un tika atzitas, ka kultiras ar augstu metabolisko
potencialu, lai tas izmantotu AFV mikropiesarnotaju aizvaksana.

The full text of the publication is available on the Scientific.net website. Abstract reprinted
with permission from the Copyright Clearance Center on behalf of Trans Tech Publications.
The full text of 2" Publication is copyrighted by Trans Tech Publications.

Abstract
Ecological harm and human health risks caused by environmental pollution with active
pharmaceutical ingredients (API) nowadays is recognised as issue of growing concern.
Widespread presence of human and veterinary API in aquatic environment clearly indicates
persistence and low removal efficiency of these compounds at conventional pharmaceutical and
municipal wastewater treatment plants (WWTP). Bioaugmentation of activated sludge systems
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with specialized microorganisms could be a powerful and environmentally friendly tool to
enhance the removal efficiency of recalcitrant API. Selection of inoculum strains, that have
appropriate enzymatic pathways to metabolise complex molecules of API, belonging to
different therapeutic classes, is of great importance. This study evaluated the potential of pure
cultures of 10 bacteria, 10 yeasts and 3 filamentous fungi previously isolated from activated
sludge of pharmaceutical WWTP to degrade less investigated APl — oxytocin, zopiclone and
meldonium dihydrate as sole carbon source and in cometabolic manner with presence of skim
milk powder as additional nutrient source. Bacteria Sphingobacterium thalpophilum and
filamentous fungi Fusarium solani and Fusarium udum showed very high treatment efficiency
of all tested API in laboratory-scale bioaugmentation tests and were recognized as culture with
high metabolic potential to be used in bioaugmentation for removal of pharmaceutical
micropollutants.
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Abstract

Efficiency of a biological wastewater treatment process depends on microbial diversity and their ability to degrade specific
pollutants. The aim of this study was isolation and identification of predominant microorganisms associated with
pharmaceutical wastewater pre-treatment process and evaluation of a chemical oxygen demand (COD) removal efficiency
of each individual isolate. There were 65 microorganisms isolated from activated sludge of the JSC “Grindeks” industrial
wastewater biological pre-treatment process and subsequently tested for COD reduction in pharmaceutical wastewater
containing 2300-3500 mg/1 of COD. Out of all isolates 9 bacteria, 5 yeasts and 3 filamentous fungi showed COD reduction.
The highest COD reduction levels among all isolates were observed from filamentous fungi Fusarium udum (88.7%) and
Fusarium solani (89.4%). The most effective bacterial strains were deromonas caviae and Sphingobacterium thalpophilum.
with 78.1% and 75.9% COD removal, respectively. Rhodotorula mucilaginosa was the most effective yeast strain and
achieved 76.6% COD reduction.

Keywords: Pharmaceutical wastewater, biodegradation, COD removal, microorganisms

Introduction

Pharmaceutical wastewater is a complex mixture of different organic and inorganic compounds including
residues of active pharmaceutical substances, solvents, toxic and biorecalcitrant chemicals that inhibit microbial
activity of the activated sludge process and present great challenge for a proper treatment and downstream
processing [1]. Furthermore, composition, flow and other characteristics (pH, salinity, etc.) of the wastewater
may change considerably from day to day depending on the production stages and intensity, making the
biological treatment and downstream processing even more difficult, and the pre-treatment plant of JSC
“Grindeks” is no exception [2-3]. Microorganisms within the activated sludge have to face a toxic load and be
able to degrade a wide range of chemical compounds in harsh, ever-changing conditions.

JSC “Grindeks” is the leading pharmaceutical company in the Baltic States and produces about 25 different
kinds of active pharmaceutical ingredients in heart and cardiovascular, CNS and anticancer medication
therapeutic groups. The wastewater from “Grindeks” pharmaceutical production facility is treated in a moving
bed biofilm reactor (MBBR) type of pre-treatment plant, after which the wastewater is discharged into the
municipal sewer system for the final treatment. Incoming COD load varies from 1 to 2.5 t and the total nitrogen
load is in the range from 0.015 to 0.045 t per day, while the wastewater flow varies from 160 to 360 m’/d. The
hydraulic retention time (HRT) of the plant is in the range of 3-6 days and COD removal is 93-94% in average.
This study involved several steps of microbiological examination of the JSC “Grindeks” wastewater treatment
process (WWTP) - isolation, identification and characterization of the microorganisms associated with the
process. Also, batch experiments on the ability of individual cultures to biodegrade pharmaceutical wastewater
containing 2300-3500 mg/l of COD were carried out.

2. Materials and methods

2.1. Isolation of microorganisms

Samples from MBBR process (suspended biomass and biofilm carriers) were collected from JSC “Grindeks”
WWTP. The biomass was obtained from biofilm carriers by scraping off a thin layer of biofilm from their
plastic surface with the sharp end of a stainless steel spatula, and suspended in sterile distilled water. All
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samples were treated in an aseptic manner. Serial dilutions of the samples up to 10 were prepared for proper
isolation of individual colony forming units. The isolation of bacteria involved the use of tryptic glucose yeast
extract agar (Biolife) and R2A agar (Conda Laboratorios), and incubation at 28 °C for 72 hours, while the
isolation of yeast and filamentous fungi was performed using the Sabouraud dextrose agar with chloramphenicol
(Biolife) and incubation at 26 °C for 96 hours (yeast) and at 25 °C for 96 hours (filamentous fungi). Incubation
times and temperatures were set to be in the range of optimal growth for mesophilic microorganisms with
slightly lower temperatures and increased incubation times for yeasts and filamentous fungi.

2.2. Identification of the microorganisms

2.2.1. Biolog™ Microbial Identification System

As the primary and basic tool for identification of the isolates the GEN III MicroPlate™ and FF MicroPlate™
test panels of the Biolog™ Microbial Identification System (Biolog Inc., USA) were used. The identification
was catried out according to the manufacturer’s instructions, and the results were processed using the Biolog’s
identification system software OmniLog® Data Collection.

2.2.2. PCR method

Genomic DNA was extracted from approximately 0.25 g of mycelia or bacterial, or yeast biomass using the
method developed by Cenis [4]. Extracted DNA was amplified by PCR with primers ITS4 [5] and ITS1F [6] for
fungi or FORB and REVB for bacteria [7-8].

The PCR reactions in Mastercycler Personal (Eppendorf, Germany) were carried out in 50 pl volume. The
mixture contained 0.4 ul Hot Start Tag DNA Polymerase, 5 pl 10X Hot Start PCR Buffer, 5 pl dNTP Mix, 2
mM each, 4 pl 25 mM MgCl, 0.75 pl Bovine Serum Albumin 20 mg ml™ (all reagents from Thermo Seientific
Fermentas Molecular Biology Solutions, Lithuania), 1 pl of each 25 uM primer (OPERON Biotechnologies,
Germany), 30.85 pl sterile distilled water and 1 ul of DNA template. The PCR conditions were as follows: the
initial denaturation step of 4 min at 95 °C, 40 s of denaturation at 95 °C, 40 s of annealing at 52 °C (for fungi)
and 56 °C (for bacteria), 1 min of primer extension at 72 °C (30 cycles) and final extension for 10 min at 72 °C.
Amplified DNA fragments were treated with FastAP™ Thermosensitive Alkaline Phosphatase and Exonuclease
I (Thermo Scientific Fermentas Molecular Biology Solutions, Lithuania) and sequenced by Macrogen Europe
(Amsterdam, the Netherlands). The double stranded sequences of PCR amplicons were assembled using Staden
Package 1.6.0. A homology search was performed against the National Centre for Biotechnology Information
GenBank nucleotide database using the Basic Local Alignment Search Tool.

2.3. Preparation of the pharmaceutical wastewater

The wastewater samples were collected from JSC “Grindeks” WWTP buffer tank containing an agitated
wastewater from the production department, and filtered through 1.6 um Whatman GF/A glass microfiber filters
and afterwards through 0.45 pm Millipore Durapore® membrane filters in order to remove the suspended and
particulate matter, followed by filtration through 0.2 pm Sartorius Minisart® high flow polyethersulfone
membrane syringe filters for a cold sterilization of the wastewater just before the use in batch experiments. The
samples with COD values ranging from 2300 to 3500 mg/l were used. When necessary, dilutions with purified
water from Millipore RiOs-DI 3 UV water purification system were made. The pH was adjusted using the 20%
H,S0, and 30% NaOH. pH values of the wastewater for bacteria and yeast tests were set to pH 7.0 + 0.2 and for
filamentous fungi to pH 5.6 + 0.2.

2.4. Batch experiments

COD degradation in batch experiments was performed in 250 ml Erlenmeyer flasks, incubated and shaken in a
shaker-incubator Biosan ES-20 with a rotation speed set to 250 rpm and temperature set to 28 °C for bacteria
isolates, to 26 °C for yeast isolates and to 25 °C for filamentous fungi isolates. To maintain desired pH value, a
Serensen’s phosphate buffer solution (0.2 M NaH,PO,, 0.2 M Na,HPO,) for bacteria and yeasts, and a
phosphate-citrate acid buffer solution (0.2 M Na,HPO,, 0.1 M citric acid) for filamentous fungi of 1/5 of total
volume was added. Turbidity measurements were done on 0 and 5™ day with Lovibond turbidimeter
TurbiDirect. The initial turbidity measurement was done to determine relative starting concentration of the pure
cultures suspended into the wastewater and the turbidity was desired to be not lower than 10 and higher than 70
nephelometric turbidity units (NTU). In case of an exceedingly low initial concentration of the microorganism,
more of them were added and suspended from the solid media, and if the concentration was too high a filtered
wastewater was added. All experiments were carried out in sterile conditions with sterilized flasks and by
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observing aseptic work techniques at all time, and prior to test cultures the pH buffer solutions were added.
Flasks were sealed with sterile cotton corks.

COD analyses were done by using HACH LANGE cuvette tests LCKO014 and LCK514 and the
spectrophotometer Hach DR 5000. During 0, 1%, 3™ and 5™ experiment days COD was measured. Samples for
COD measurements were filtered through 1.6 pm Whatman GF/A glass microfiber filters.

3. Results and discussion

3.1. Identity of the isolates

Table 1 shows summary of identified species which showed COD reduction. Most of the isolates belong to
bacteria but yeasts and filamentous fungi were also present.

Table 1: List of species with COD reduction

Taxonomic groups

Bacteria Yeasts Filamentous fungi
Acidovorax delafieldii Candida inconspicua* Fusarium solani*
Aeromonas caviae Galactomyces pseudocandidum™ Fusarium udum
Flavobacterium johnsoniae Rhodotorula mucilaginosa* Pseugzjie{;iherm
Moraxella osloensis Trichosporon asahii*
Paracoccus versutus* Trichosporon domesticum*
Pseudomonas aeruginosa
Pseudomonas
pseudoalcaligenes
Sphingobacterium
thalpophilum*

Tsukamurella inchonensis

* Identified by PCR method

There were 65 microorganisms isolated from WWTP in total, 33 of which were bacteria, 22 were yeasts and 10
were filamentous fungi. Activity of bacteria was the highest comparing to yeasts and filamentous fungi in the
wastewater samples, however only for nine bacterial isolates that showed COD reduction greater than a negative
control, the identification was carried out. Other isolates were considered as irrelevant for the further batch tests.
Three out of nine identified isolates Aeromonas caviae, Moraxella osloensis and Sphingobacterium
thalpophilum achieved a total COD degradation higher than 70% during 5 days of contact time (Fig. 1). Other
bacteria showed relatively low degradation activity on pharmaceutical wastewater. It could mean that most of
bacteria are involved only in the final stage of biodegradation when the complex chemical compounds already
are converted to readily biodegradable and non-toxic molecules. Or it could also indicate on their poor
utilization of majority of the substances present in the wastewater. Although it was evident that COD
degradation curves continue to increase, experiments were finished on the 5™ day, due to hydraulic retention
time of JSC “Grindeks” WWTP being no longer than 6 days.

Activity of the yeast isolates was lower than that of the bacteria and only five isolates showed higher COD
reduction than it was for negative control. Two isolates out of five (Galactomyces pseudocandidum and
Rhodotorula mucilaginosa) were able to reduce COD above 70%. Reason for that is considered to be the same
as for the bacterial isolates.

Activity of the filamentous fungi was the weakest among all isolates, while COD reduction for the identified
isolates was the highest, exceeding 75% for each isolate, and some like Fusarium solani reached its maximum
reduction already after 72 hours after coming into contact with the tested water. The comparatively strong
reduction of COD for the filamentous fungi isolates is believed to be caused by the specific enzymatic activity
of the isolates.

3.2. COD degradation ability of bacterial isolates

As it can be seen in Figure 1, most of the nine bacteria isolates from the batch tests showed similar COD
reduction patterns. The specific contact time of 5 days for all batch experiments was chosen to match the HRT
of WWTP, therefore, reduction limits could not be determined and even though there is no practical
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significance, the reduction could potentially be higher if the batch tests were carried out for longer periods of
time.

As mentioned before, each batch test was provided with a negative control with no microorganisms added to the
wastewater. COD reduction of negative control varied from 38.6% to 51.2% and it can be explained by the high
concentration of volatile organic compounds (mainly solvents) present in the tested wastewater. Figure 2 shows
individual COD reduction ability of each bacterial isolate, obtained by subtracting COD reduction of negative
control from the total COD reduction result. The net COD reduction performance of individual isolates varied
from 2.1% to 31.6%. The worst result was provided by Flavobacterium johnsoniae.
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Figure 2: COD reduction performance of the bacterial isolates

Bacteria which showed the highest efficiency in “Grindeks” WWTP are also present in biological treatment of
other types of industrial wastewater. 4eromonas caviae is known as an efficient biosorbent of toxic heavy metal
Cr(VI) from industrial wastewater [9]. Moraxella osloensis also has the ability to degrade the acrylamide [10]
and synthetic azo dyes in textile industry wastewater [11]. Sphingobacterium thalpophilum is known to possess
deemulsification properties, and therefore is useful in microbial deemulsification process of oil emulsions in
order to recover oil from them [12].
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Calculation showed a weak correlation between COD degradation and the increase of turbidity of the batch
samples. For example, Paracoccus versutus showed only 18.6% of COD reduction, while the turbidity increase
for this isolate was the highest, 623.5%. Pseudomonas pseudoalcaligenes achieved 20.3% COD degradation,
but the turbidity increase was only 165.1%. Increase of turbidity indicates the increase of cell concentration, and
from the economical point of view it is not desirable, because of the increased costs for excess sludge removal
and recycling.

3.3. COD degradation ability of yeasts and filamentous fungi

Yeasts and filamentous fungi isolates composed almost half of all identified microorganisms with the ability to
reduce COD (Table 1). As shown in Figure 3, the potential for the identified yeasts to biodegrade chemical
pollution is considerable, and Figure 4 indicates that an average net COD reduction was higher than from
bacterial isolates. COD removal efficiency of the five yeast isolates varied from 68.3% to 76.6% with an
average net COD reduction of 25.6% compared to bacterial 19.8%. The highest net biodegradation potential of
yeasts belonged to Rhodotorula mucilaginosa, which is known by its significant ability to absorb heavy metals
and to degrade refractory organic pollutants, including petroleum hydrocarbons and polychlorinated biphenyls
[15-18].
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Filamentous fungi showed the highest COD removal efficiency compared to bacteria and yeasts (Fig. 3). The
maximum COD reduction of 88.7% and 89.4% was observed from Fusarium udum and Fusarium solani. Also,
the average net COD degradation was 34.5% and the reduction speed was the fastest as well. These filamentous
fungi produce laccase enzyme, which can be used for removal/degradation of a number of environmental
pollutants, including dyes, phenolic compounds, endocrine disrupting chemicals, polycyclic aromatic
hydrocarbons and others xenobiotics [13]. Fusarium solani is also useful as a biosorbent for Cr(VI) removal
from industrial effluents [14].

As mentioned before the average COD removal efficiency of JSC “Grindeks” wastewater treatment process is
93-94% which is higher than the COD degradation efficiency of individual isolates described in this article,
because in real wastewater treatment process activated sludge consist of consortia of microorganisms and in a
right combinations they are capable to reach better treatment results.

Conclusions

The highest COD degradation in “Grindeks” pharmaceutical wastewater pre-treatment process was showed by
the filamentous fungi species Fusarium udum and Fusarium solani, which achieved 88.7% and 89.4% COD
reduction during the 5-day-long contact time. Aeromonas caviae and Sphingobacterium thalpophilum showed
higher COD degradation efficiency in comparison with other bacterial isolates. The COD degradation achieved
by these cultures was 78.1% and 75.9%, respectively. Rhodotorula mucilaginosa reduced COD by 76.6% and
was determined as the most effective yeast isolate.
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Abstract: Despite the significant reduction of phosphorus (P) discharge in the Baltic Sea in the last
decades, obtained through the implementation of some approaches within the Helsinki Convention,
eutrophication is still considered the biggest problem for the Baltic Sea environment. Consequently,
the reduction of P load is an urgent need to solve, but the complexity of both the environmental and
legislative context of the area makes this process difficult (more than in the past). Eutrophication is an
intricate issue requiring a proper framework of governance that is not easy to determine in the Baltic
Sea Region where the needs of several different countries converge. To identify the most suitable
strategy to reduce the eutrophication in the Baltic Sea, the InPhos project (no. 17022, 2018-2019,
funded by the European Institute of Innovation & Technology (EIT) Raw Materials) adopted a
holistic approach considering technical, political, economic, environmental and social aspects of P
management. With the aims to raise awareness about the P challenge, foster the dialogue among
all the stakeholders, and find solutions already developed in other countries (such as Germany and
Switzerland) to be transferred in the Baltic Sea Region, the InPhos project consortium applied the
methodology proposed in this paper, consisting of three main phases: (i) analysis of the available
technologies to remove P from waste streams that contribute to eutrophication; (ii) analysis of the
main streams involving P in Baltic Sea countries to highlight the potential of more sustainable and
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circular P management; (iii) study of the current context (e.g., already-existing initiatives and issues).
This approach allowed us to identify four categories of recommendations and practical actions
proposed to improve P management in the Baltic Sea region. During the project, the consortium
mainly addressed social aspects. Following steps beyond the project will be more quantitative
to determine the techno-economic feasibility of circular P management in selected demo cases in
the region.

Keywords: phosphorus management; circular economy; Baltic Sea; eutrophication

1. Introduction

Phosphorus (P) is a fundamental nutrient for the growth of all living organisms, with properties
that cannot be replaced by any other element. In particular, P represents the third major macronutrient
(after potash and nitrogen) that is used in industrially produced fertilizers. Consequently, P represents
a crucial building block of the food securily system. Regrettably, in practios, P is a non-renewable
mineral resource since a time misbalance exists between the geological cycle of phosphorous-bearing
minerals (million years) and the anthropic use cycle (daily-annual) [1-4]. Moreover, primary P mines
are concentrated in a few ameas (China, Moroceo, USA), mostly not belonging to the EU, which imports
more than 90% of its P demand. This context, characterized by quantity and quality scarcity of primary
F, increasing demand and high price volatility of P fertilizers, represents a serious “P challenge” for
the global economy and for the EU [5-7]. Issues of sustainable P management have been included in
European policy since 2013, when the first communication directly related to F management, entitled
“Consultative Communication on the Sustainable Use of Phosphorus”, was published [8]. The main
objective of this document was to start the development of a more rational and sustainable use of
phosphorus from both primary and secondary sources. This initiative was also highlighted in the
“Roadmap toa Resource-Efficient Burope” [9]). Management of the phosphorus raw materials increased
in importance when, in 2014, phosphate rock was identified as a critical raw material (CRM) for the
EU economy [10]. On the updated CRMs list, issued in 2017, next to phosphate rock, elementary
phosphorus was also indicated [11]. The inclusion of P raw materials on the list indicates their
extraordinary importance for the European economy and is intended to stimulate actions that can
contribute to better management of phosphorus compounds from policy-makers, food, fertilizer and
agricultural indusiries, farmers and scientists.

The phosphorous that enters the utilization chains in society is not entirely utilized in agriculture,
breeding of animals, industrial food production, and neither is it in final human consumption.
Only 15% of the total mineral P used in the food production sector is effectively consumed by humans.
Even though there are losses of phosphorous in mining and fertilizer manufacturing, the greatest losses
are associated with crop cultivation, meat, and dairy production. Along the food value chain, the main
“waste” streams, are (in order of importance for the EU) (i) animal manure; (i) urban wastewater
and sew age sludge; and (iii) food processing (involving slaughter and other solid waste and food
processing wastewater) [1,5]. These streams constifute a great loss of money and food production
capacity. Moreover, when they are discharged into neighboring ecosystems, the effect of the nutrient
can cause negative environmental issues, such as water body eutrophication [12-15]. Several coastal
areas in the world are affected by eutrophicatior: in [16], 415 coastal systems were defined as eutrophic
and hypoxic worldwide. Among them, the most critical are mainly the following five: the Baltic
Sea, the North Sea, The Gulf of Mexico, the Chesapeake Bay, and the Black Sea [17]. Morecver, the
eutrophication issue also continues to be pervasive in numerous lakes and rivers in the world. Bebween
the 1970s and the 1990z, the strategies implemented to reduce the problem focused on a drastic decrease
of the industrial and domestic P sources, with actions such as the improvement of wastew ater treatment
and the banning of P in detergents. These measures improved the situation in some areas, such as
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Lake Erie (USA) and Lake Geneva (France) [18]. Starting from the beginning of 20th centuzy, different
types of strategies were proposed and introduced to address also other sources of P [19]. In [20],
the strategies adopted by different areas affected by eutrophication were collected and sorted in clear
categories, that can be summarized in (i) legal strategies: regulatory standards for nutrient pollution
control, regulatory limits and caps, policies for ecosystem protection and restoration; (ii) technical
strategies: research, monitoring and evaluation; (iii) financial strategies: economic and fiscal incentives;
and (iv) social strategies: education and outreach, actions to strengthen institution and capacity to
reduce nutrient pollution. In [21], a chronological list of laws and legal actions to improve water
quality in Japan was provided. In European countries, from a legal point of view, stringent regulations
about nutrient emissions to soil and water have been issued to avoid this type of environmental issue.
Particularly, specific EU Directives (Nitrates Dir. (91/676/EEC), Sewage Sludge Dir. (86/278/ECC),
Urban Waste Water Treatment Dir. (91/271/EEC), Industrial Emissions Dir. (2010/75/EU), and Water
Framework Dir. (2000/60/EC) set some specific targets about nutrient contents in “waste” streams to
obtain and/or maintain water bodies with a suitable ecological status. Since eutrophication impacts
the environment, the economy, and human health (the three pillars of the sustainability), it derives
that all these types of strategies and actions are intercorrelated and have to be supported by a suitable
legislative framework [19].

The Baltic Sea region was one of the first marine areas to require an urgent solution for
eutrophication (in the 1970s), but eutrophication is still considered the biggest problem for the
Baltic Sea environment. Despite significant reductions on P discharge since the 1970s (above all
from Poland [22]), obtained through the test of some approaches within the Helsinki Commission
(HELCOM), signed by all the Baltic Sea coastal States, the P load in the Baltic Sea is still high and
needs to be further reduced [23]. Decreasing the actual value of P load in the Baltic Sea, to respect the
HELCOM targets, is more difficult than in the past. The greatest sources of P pollution are mainly
diffuse-sources, related to agricultural activities and animal production, difficult to reduce and to
trace. On the other hand, P point-sources (the second category of P pollution sources, e.g,, urban and
industrial waste-water) are simpler to divert, since they are concentrated and usually monitored. From
the regulatory perspective, the difficulties derive from the complex regulatory settings, characterized
by inter-connected, over-lapping levels of regulations and flexible legal approaches [24-27]. From
the circular economy perspective, it is recommended to keep this raw material in the value chain (as
wastewater and its fractions such as sewage sludge and ash from sewage sludge incineration, and other
waste streams) for as long as possible, and to further recover and reuse valuable resources, including
P. This could contribute to both eutrophication prevention and raw materials supply security [23].
Unfortunately, due to a lack of legal and economic drivers, nutrient recovery is still not a common
solution, while P recovery, as well as energy efficiency, are among the main current challenges in
wastewater treatment plant (WWTP) design and operation [29]. To select the most suitable strategy to
improve this situation, multi-dimensional and transdisciplinary knowledge is needed. This means
that expertise from different disciplines and all the stakeholders need to be integrated to create an
understanding of the entire P supply chain, considering both the scientific and technical aspects and
the social and economic implications [30,31].

With this holistic approach, the InPhos project no. 17022 (2018-2019), funded by the EIT Raw
Materials, aims to develop a P long-term management strategy for the Baltic region, laying out a
solid foundation for sustainable management of this critical raw material. The project considers the
technical, political, economic, environmental and social aspects of the P cycle to (i) raise awareness
about the urgent problem of P sustainability; (ii) foster dialogue among multi-disciplinary practitioners
(e.g., policy makers and industries), the scientific and research community, and wider society on the
consequences of P scarcity in Europe; and (iii) identify prospective solutions that can be implemented in
the Baltic region to effectively reduce eutrophication. These objectives were addressed by a consortium
of 12 European partners composed of 3 research Institutes and agencies (MEERI-Poland; GTK-Finland;
BAM-Germany); 6 universities (KTU-Lithuania; TTU-Estonia; LU and RTU-Latvia; Chalmers
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TU-Sweden; UNIBO-Italy); 3 companies and utilities (OUTOTEC-Germany; BIONOR-Poland; Kauno
vandenys-Lithuania). It created an interdisciplinary research team from each part of the knowledge
triangle in order to effectively cover a wide range of complementary knowledge, expertise, and
experiences of the P life-cycle and to make the project results relevant on the regional, national,
and international levels. Recognizing the need for strategic cooperation at the European level,
the partners joined forces to not only communicate the complexity of the “P challenge”, butalso to
collect information on opportunities for more effective utilization of P from waste and other P-rich
streams in the Baltic region.

2. Materials and Methods

With the aims of defining specific recommendations to find effective solutions to take decisive steps
to reduce the eutrophication issue in the Baltic region and, where possible, to initiate well-functioning
circular initiatives in P management, the methodology adopted during the InPhos project consisted of
three main phases, as shown in Figure 1:

(i) Create an overview of the current P management in the Baltic countries, considering the main P
flows (quantity and forms) in terms of P extraction, production, consumption, and losses to the
environment (land and water bodies) to highlight the potential of improvement in P recovery;

(ii) Collect knowledge of the available technologies to remove and recover P from waste streams and
options for selecting the most suitable solutions;

(ili) Withaholisticapproach, create an understanding of the main limitations for the implementation of
P removal technologies in relation to existing initiatives both on the national and European levels.

Current P management in Available technologies for Analysis of the context
Baltic Sea countries P recovery and its critical issues

I

How to spread P-
recovery in Baltic
Sea area?

Recommendations to a
sustainable P management
in Baltic Sea countries

Figure 1. Flowchart of the methodology used in the InPhos project and in this study.
2.1. P sources, Use and Management in the Baltic Sea Region

The Baltic Sea in Northern Europe is surrounded by nine countries (Figure 2). Of them, Lithuania,
Latvia, and Estonia are entirely within the Baltic Sea drainage area. Nevertheless, the largest Baltic
sea drainage area territories belong to Sweden (25.6% of the overall drainage area), Russia (18.3%),
Poland (18.1%), and Finland (17.5%). Countries in the Baltic Sea region are classified as developed [32].
The region has a big population (about 85 million inhabitants) and is heavily industrialized, with
intensive agriculture [33].
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Figure 2. The Baltic Sea drainage area and countries of the Baltic region.

The characteristics of the Baltic sea make it a vulnerable ecosystem. It is a sheltered epicontinental
sea with an average depth of only 52 m and a very limited water exchange. The Baltic Sea is one of
the largest brackish waters in the world, with salinity in the ranges of 2%~20%.. Thus, the ecosystem
tends to be strongly responsive to the effects of human activity and affected by pollution, including
high levels of eutrophication due to the discharge of nutrients.

To boost the installation of P-recovery technologies in the Baltic Sea area and to select the most
suitable solution, information about P production, consumption, losses, and dispersion of P were
collected for Baltic Sea countries among the EU. This stage of the methodological approach required
numerous efforts due to the fragmentation (in formats and in time) of available data for each Baltic Sea
country. However, a great effort was applied to find, homogenize, and integrate them in a paper that
considered the entire Baltic Sea region.

2.1.1. Primary Sources of Phosphorus

Russia was not within the scope of the in-depth analysis because its situation is different from that
of EU member states: EU strategic and legal requirements apply only to member states, and phosphate
rock is a critical raw material for EU countries. However, Russian phosphate rock resources, though
not all in the Baltic Sea drainage area, are significant enough to be mentioned. Russia had 2% or
1.3 billion tonnes of globally known reserves of phosphate rock in 2015. Production of phosphate rock
in Russia constituted 5% of global mine production, the average for 2010-2014 [34].

Finland is unique in Western Europe for its phosphate rock resources, being the only EU member
state where these resources are extracted (0.4% of global production [34]). The reported resources
amount to 2360 million tonnes, with an average 4.0% phosphorus (P2Os) content [35,36]. Finnish
phosphorus resources are magmatic. Compared to sedimentary deposits, these have lower heavy
metal concentrations. The largest known phosphate rock deposit, in terms of volume, is Siilinjarvi.
It was discovered in 1950; quarrying began in 1979. On average, the ore consists of apatite (10%),
phlogopite (65%), carbonate (20%, 4/5 calcite), and richterite (5%). Siilinjérvi is Europe’s only operating
phosphate mine (operated by the Yara company) and processing plant. About 10 million tonnes of
apatite ore are mined each year, producing about 1.0 million tonnes of apatite concentrate, which
corresponds to about 375,000 tonnes of P,Os. It is further used in the production of phosphoric acid
and phosphate fertilizers. The other significant deposit is Sokli. Known but not utilized reserves are
concentrated in the gabbros of Southern Ostrobothnia. Nevertheless, their phosphorus content is lower
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than the Finnish average, and there are no plans for their commercial use in the near future. Potentially,
the most significant yet unexplored phosphorus resources are included in the Iivaara alkaline massif
and in the carbonatitic ring dikes on the southern side of the Sokli complex.

Estonia has approximately 800 Mt P,Og in unused sedimentary phosphate rock reserves containing
P,0s in the range of 6% to 20% [37,38]. Currently, Estonian phosphate rock is not mined since there are
a lot of technical and environmental problems. Historically, phosphate rock in Estonia has been mined
only in one region near Maardu city. The mining started in 1922. A phosphate powder was produced
and upgraded to superphosphate fertilizer [39]. During the years of operation (1922-1991), 25 million
tonnes of phosphorite ore were extracted [38]. Mining ended in 1991 due to environmental problems
and exhaustion of resources at that mine.

Currently, in Poland, there is no mining of phosphate rock. It is worth emphasizing,
however, that phosphate rock (on average, 14% P;Os) occurs in the sediment strip on the
Radom-IEa- Annopol-Goscieradéw-Modliborzyce section in various types of sediments [40]. In the
past, they were used to produce phosphate fertilizers. Mining started after World War I. The resources of
the 10 deposits identified were 42.4 million tonnes of phosphorite (7.35 million tonnes P,Os). At present,
however, they are not exploited for economic reasons. The last exploited deposit in Chatupki was
closed in 1961, and in Annopol in 1971. Nowadays, reserves do not satisfy the established quality
parameters for maximum depth of deposit and for minimum contents of phosphorus. Even more, the
deposits are irrigated, which would hinder the potential for exploitation, and various infrastructure
objects such as roads, railways, and high-voltage lines run through them, reducing their availability for
exploitation by up to 50%—80%. Therefore, all phosphate rock deposits in 2006 were deleted from the
national resource balance, and the domestic demand for phosphate rock raw materials is fully covered
by imports [41].

In Sweden, there are also no P-containing deposits that are mined for their phosphorus content.
However, considerable P amounts are present in apatite-containing ores that are mined for their iron
content [42]. The phosphorus ends up in the mining waste. It has been estimated that about 1.5 million
tonnes of P is currently stored in these waste deposits, and possibilities for its recovery have been
discussed [43].

In Latvia, mineral deposits containing phosphorus are rare [44]. Very small amounts of
phosphorus-containing minerals such as phosphorite and vivianite can be found mainly in the
east and northeast parts of Latvia [45].

Denmark, Germany and Lithuania do not have primary sources of phosphorus, such as

phosphate rocks.
2.1.2. Production of Mineral Phosphorus Fertilizers

Large production capacity of mineral P fertilizers in the Baltic Sea region has been developed in
Poland and Lithuania. Their fertilizer industry produced about 4.2% and 1.7% of world phosphate
fertilizers in 2017, respectively. Polish fertilizer industry ranked among 5 top producers for
monoamonium phosphate, NPK fertilizers, and superphosphate, while Lithuanian was among
the top 5 for diamonium phosphate [46]. The demand for phosphorus raw materials both in Poland
and in Lithuania is satisfied entirely by imports. Import to Poland is mainly in the form of phosphate
concentrates from Morocco (45% in 2016), Senegal (24%), Israel (15%), Algeria (11%), Togo (4%),
and other countries [47]. Import to Lithuania is mainly from Russia (about 65%), as well as from South
Africa, Morocco, and other countries [48].

Germany had a substantial production of phosphate-fertilizing products in the 1970s and 1980s.
Today, only a small capacity remains at ICL Ludwigshafen [49].

2.1.3. Use of Phosphorus and Its Recovery from Secondary Sources

Although there are some industries that need phosphorus for its production, the main user of P,
apart from fertilizer production, in the Baltic Sea region is intensive agriculture, for which both mineral
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and organic fertilizers are used. Depending on regional and national practices and regulations, sewage
sludge and other secondary P sources are also exploited in agriculture.

Mineral fertilizers. A comparison of the mineral P fertilizer consumption in countries of the Baltic
Sea region is presented in Table 1 (based on [50]). Poland and Germany are the biggest consumers of
mineral P fertilizers in the region.

Table 1. Consumption of mineral P fertilizers by agriculture [50].

Specific P Fertiliser Consumption

Baltic Country  Pfertilizer Consumption (k tonnes) 1 o o/ha of Utilised Agricultural Area)

Year 2007 2017 2007 2017
Denmark 140 20.8 5.6 81
Estonia 35 41 3.9 42
Germany 1155 100.9 7.1 6.2
Finland 16.0 123 8.0 6.1
Latvia 7.3 113 5.9 7.7
Lithuania 17.0 235 6.6 83
Poland 179.9 150.0 120 107
Sweden 137 145 4.9 5.2

Organic fertilisers. The practice of using manure, slurry, or other organic fertilizers is common to
a certain extent in all the countries. For instance, in Germany, some 200,000-240,000 annual tonnes
of P are consumed by using livestock manure [51]. However, livestock manure-borne P is mainly
used in regions with high livestock density due to the high water concentration in manure that
hampers transportability. Consequently, by recycling P from manure in the form of concentrated,
transportable fertilizing products, as demonstrated for instance by the H2020 project “SYSTEMIC”
(www.systemicproject.eu), a yet unknown fraction of manure-borne P could be recycled to regions
where P is needed and thus replace P from mineral fertilizers. Germany and Denmark have the
largest numbers of livestock and, therefore, the largest amounts of manure and slurry to be spread
on agricultural land. The livestock intensity (LSU/ha UAA = number of livestock units per hectare
of utilised agricultural area) was1.09 LSU/ha UAA in Germany, and 1.58 LSU/ha UAA in Denmark
in 2016 [52]. However, the manure in Denmark is currently not recycled in the most efficient way.
The utilization of hosphorus from manure is indirectly limited due to the threshold imposed for
nitrogen, that is, 140-170 kg N/ha/year for the entire Denmark [53]. Moreover, due to geographical
conditions, the relocation of animal manure from farms with manure surplus to farms where it can
substitute mineral P fertilizer is critical since the large volumes of the resource reduce possible transport
distances, just as in Germany. For improving P use efficiency from manure, current regulations,
economic incentives, and technical solutions will be crucial. The lowest livestock intensity is reported
in Lithuania (0.29 LSU/ha UAA), Estonia (0.28 LSU/ha UAA), and Latvia (0.26 LSU/ha UAA) [52].
Nevertheless, over-fertilization of fields belonging to intensive livestock farms happens in all the
countries of the region [54].

Sewage sludge and other sources. The amount of produced sewage sludge, as one of the most
important secondary resources for phosphorus, is indicated in Table 2 [55]. Sewage sludge treatment
and utilization practices differ among countries.

Table 2. Sewage sludge production [55].

Country Denmark  Estonia Finland Germany Latvia  Lithuania Poland Sweden
Year 2010 2016 2015 2016 2017 2017 2017 2016
K onresdey matterfyear 141,000 18,340 146,000 1704443 24940 42 488 584,454 204300
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In Denmark, sewage sludge contains about 1590 t/year of P. Another important source of P is
slaughterhouse waste (accounting for about 3000 tonnes of P for each year in Denmark). There are
some success stories in the country regarding the recovery of phosphorus. For instance, the first
full-scale demonstration plant, which intended to test the viability of secondary phosphate production,
was opened by Aarhus Water treatment company in 2014. This plant is able to extract up to 50 kg
P/day, which is 60% of the amount of phosphorus in the wastewater [56]. The largest phosphorus
recovery plant was opened in 2015 by the Herning Water treatment company. The same technology
was adopted at both plants: struvite is precipitated as a “ready-to-use fertilizer” and sold to a fertilizer
company under the name PhosphorCare™:. It obtained official approval as commercial fertilizer.

About 20,000 tonnes of dry matter sludge are produced in Estonia annually. In 2016, 84% of the
sewage sludge was used in landscaping and land restoration, 15 % was landfilled, and a very small
part of the sludge was used in agriculture. There are no obligatory regulations of P recovery from
waste. The major alternative source of P in Estonia is municipal and industrial wastewater and sewage
sludge. However, a priority is the development and the inclusion of regulations connected with the
treatment and recovery of valuable materials from these flows.

Finland produces approximately 140,000 tonnes of dry matter sewage sludge each year. There is
no tradition to recycle nutrients from this sludge. Instead, 62% is used for landscaping and reforming
of landfills, 33% is used for biogas production plants, 2% for landfill or final disposal, and 2% is used
for agricultural soil amendments. One of the major reasons for this little percentage of sludge used
as fertilizer is that people do not trust in sludge quality and do not want to cause human health and
environmental problems because of organic pollutants and heavy metals that might be present in
the sludge. Only 17 of WWTPs in Finland are large (>100,000 PE) [57]. Nevertheless, the Viikinmaki
WWTE, located in Helsinki, with a capacity of around 270,000 cubic meters per day, is the largest
wastewater treatment plant in Finland and the Nordic countries. Currently, there is no recovery of
phosphorus [58,59]. Nevertheless, the construction of a demo plant for phosphorus recovery began at
the Viikinmiki WWTP in 2018 [60]. Based on a survey conducted by the Finnish Innovation Fund
Sitra on circular economy opportunities for Finland, the total amount of recyclable phosphorus was
indicated to be 26,040 tonnesfyear, of which 19,300 tonnes (74.1%) came from livestock manure and
2880 tonnes (11.1%) from municipal sewage sludge.

In Germany, about 1.76 million tonnes of dry matter sewage sludge (about 3%—4% P) with
approximately 60,000 tonnes of P and 200,000 tonnes of Cat. 1 meat and bone meal (animal by-products,
not for consumption, classified within 1 risk category according to Regulation (EC) 1069/2009) [61],
with approximately 10,000 tonnes of E are available for P recycling. In 2017, about 68% of German
sewage sludge was converted to energy in so-called mono-incineration plants, power plants, cement
plants, and a few municipal solid waste incinerators, 17% applied to agricultural soils, and 13% used for
“landscaping”, among others, using sewage sludge as cover layer on the top of closed landfills. Due to
the amendment of the Fertilising Ordinance in 2017, agricultural sludge use in Germany declined
significantly. By this amendment, stricter requirements for nutrient management on cropland have been
enforced in response to the high nitrate concentrations in German groundwater and non-compliance
with the EU 1991 Nitrates Directive. The maximum annual amount of organic nitrogen has been
limited to 170 kg N per hectare, regardless of being applied as manure or sewage sludge. Consequently,
the competition of organic fertilizers for available cropland is increasing. Farmers prefer spreading
their own manure and digestates to sewage sludge. Due to the significant decrease of sludge use
in agriculture, a shortage of disposal capacities occurred. Therefore, there are plans to build up to
15 new incineration plants for sewage sludge [62]. P-recycling from ash is not yet implemented on
a large scale, but several projects are underway; the first one will be commissioned in 2020/2021 in
Hamburg,. Several struvite plants are in operation in Germany; albeit, investment was not motivated
by P-recycling but by OPEX (operational expenses) savings: avoidance of struvite scaling in pipes and
reactors and lower sludge volumes due to enhanced dewaterability of sludge, the latter in processes
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applied to sewage sludge. Hence, struvite is considered a byproduct and not much attention is paid to
its marketing and sales.

About 25,000 tonnes of dry matter sludge is produced in Latvia annually, 36% of which is produced
in Riga. The content of P in sewage sludge obtained in different WWTPs in Latvia varies from 7.8 to
33 glkg dry sludge [63]. Sludge is mainly utilized in composting {27% in 2016-2018) and in agriculbure
{16% in 2016-2018) [64]. The annual emission limit value of total P derived from sewage sludge and
compost in cultivated agricultural land is 40 kg/ha [65]. In Latvia, sewage sludge is not completely
used as a resource, which is confirmed by the fact that approximately 1/3 of the sludge produced is
temporarily stored in the areas of WWTPs unused [54]. The dispersed location of small-scale WWTPs
limits centralized sludge management. There is no experience with P-recovery pilot plants in Lakvia,
and any legislation regulates the recovery of phosphorus from alternative phosphorus sources such as
sewage sludge. Wastewater sludge is used in the reed canary grass and plantations of willow and
fast-growing tree species onempty agriculture lands and to re-cultivate damaged areas (e.g., gravel
and peat quarries) in different scales in Latvia [66,67].

More than 40,000 tonnes of dry matter sludge are produced in Lithuania annually. In recent years,
the amount of landfilled sludge has decreased. Instead, sludge usage for fertilization and compost
production is increasing, In 2017, 48.3% of sewage sludge was used in agriculture, 38.7% for compost
production, and 5.2% of sludge was treated by other means (e.g., granulation, drying) [68]. A small part
(0.3%) of the sludge was incinerated. There are digestion and drying facilities, also sludge composting
sites. However, the development of the current wastewater sludge management infrastructure has not
addressed the issue of the use of heat-dried and granular sludge, as there is no (mono)incineration
capacity for it. Thus, a small percentage of sludge was incinerated in a municipal waste incinerator
and in a cement kiln. In Lithuania, there is no legislation directly requiring recovery of phosphorus.
Nevertheless, encouragement of such practices as composting allows the retumn of some P to the
economic cycle.

In Poland, sewage sludge production was 1.035 million tonnes of dry matter in 2017, Of that,
56.5% originated from municipal WWTP and 43.5% from industrial WWTP [69]. The most frequently
used methods of treatment were landfilling, use in agriculture, and incineration. However, the use
of sewage sludge for applications in agriculture, inland reclamation, and in the cultivation of plants
intended for the production of compost has gained no social acceptance, is seasonal, and there are
not enough areas suitable for this purpose in the country. In recent years, 11 monco-incinerators
for sewage sludge have been built next to large municipal WWTPs. The implemented phosphorus
recycling solutions could be a good opportunity for Poland to decrease its dependency on imports
of phosphate rock. However, there are no implemented P recycling technologies on the market.
This is quite disturbing since a number of research teams have been working on the development and
modemization of the technological solutions for efficient phosphorus recovery from waste, such as
sewage sludge and sewage sludge ash [70]. Their achievements also include the integrated evaluation
of the economic, technological and environmental aspects, in order to identify technologies and
methods that are applicable and feasible alternatives to phosphate rock mining and mineral fertilizer
production from that rock. Due to economic unprofitability, none of the Polish technologies have been
implemented (they require large investment costs). Also, there are no legal requirements for nutrient
recovery from waste streams in Poland. In 2018, the first investment in this area was started by the
Jarocin Waterworks Company. It invested into the project “Modemisation and Extension of WWTP
Jarocin” and is now building a station for the recovery of nutrients from sewage sludge.

Municipal wastewater treatment plants in Sweden receive about 5500 tonmes of phosphorus
annually [71]. Most of the phosphorus (96%) ends up in sewage sludge because many of the
1700 treatment plants operate with enhanced phosphorus removal. Looking at the statistics for the
more recent years, about 25% of the sludge in Sweden has been used as a fertilizer in agriculture. There
has been a debate among many different actors, e.g., food industry, farmers, the concerned public,
and NGOs and governmental agencies over several decades in Sweden on potential risks related to
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sludge use in agriculture. This has led to the development of the REVAQ sludge certification system
and to large ongoing efforts to reduce sludge pollution at the wastewater source, but also to several
changes in the national sludge management policy over time. The Swedish government has recently
commissioned an investigation that was reported in January 2020 [72], which suggested that sludge of
high quality could be exempt from a ban on spreading in agriculture. Further, as the investigation
report contains a suggestion of recovery of at least 60 percent of the phosphorus from sewage sludge of
the public treatment plants of wastewater in excess of 20,000 p.e. (population equivalents), considerable
changes to current sludge management could be required for plants with lower quality sludge or with
longer distances to suitable agricultural land. It is unclear what consequences this will have in the
foreseeable future.

2.2. Technologieal Background for P Recovery: Fidd of Applications, Tedinical Features, and Output

There are several waste streams that are promising sources for P recovery. The three most
important waste streams are presented in Table 3.

Table 3. Waste streams identified as possible secondary P sources.

Sector Secondary P Sources
Agriculture Manure [73,74]; Meat and bone meal [75]; Fish sludge [76,77]
Municipal wastewater [75]; Municipal sewage sludge [79,80];
Municipal sewage sludge ash [81,52]); Food waste [83]
Biomass ash [84]; Phosphogypsum [85]; Industrial wastewater [86]
Industrial sewage sludge [57]; Industrial sewage sludge ash [25]

Municipal

Industrial

The results of most recent research show that sewage sludge, food waste, and manure are the
nutrient-rich secondary sources with the highest technical and economic potential for P extraction [28].
However, the greatest development of nutrients recovery methods was observed for sewage sludge
and its processed forms. It is related to the fact that 90% of the phosphate load in sewage treatment
plant influent is transferred to sewage sludge, as most recovery processes start after wastewater
treatment. Currently, most technology providers pursue either integrated phosphate recovery from
digested sludge or supematant liquor or downstream phosphate recovery from sludge ash after
mono-incineration. The first group refers to precipitation processes producing struvite or, in some
applications, calcium phosphate. P-recycling from ash achieves much higher recovery rates. Technology
suppliers offer wet chemical or thermal processes, the former extracting P by acid attack and the
latter modifying the P-compounds to enhance the crop availability of P and to remove certain heavy
metals. Some of the most advanced phosphate recovery processes have been included in a recent LCA
study [89-92].

Essentially, five process approaches have been developed to pilot or full-scale applications:
(i) precipitation of struvite (magnesium—ammonium-phosphate) from digested sludge; (ii) precipitation
of struvite from the liquid fraction after sludge dewatering; (iii) acid attack of ash leaching phosphates
with other compounds from ash after mono-incineration; (iv) thermal solubilization of phosphates in
ash after mono-incineration with partial removal of heavy metals, and (v) replacement of phosphate
rock by ash in conventional fertilizer manufacturing plants. Struvite precipitation is usually limited to
enhanced biological phosphorus removal (EBPR) in wastewater treatment plants because chemical
P removal does not leave enough P in solution to meaningful application of precipitation processes.
The related business cases are built on improved dewaterability of sludge, reducing its volume and
related disposal cost as well as on lower maintenance expenses for pumps and pipes due to avoiding
unintended precipitation. P-recovery from ash after mono-incineration of sewage sludge must be
re-financed by product sales and savings of ash disposal costs. Refinancing is quite challenging due to
high volumes of leaching residues after the acid attack of ash and solid/liquid separation that must
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be either further treated for use in the building industry or landfilled. The comparatively low cost
of ash disposal cannot generate enough savings to justify gate-fees covering a substantial part of the
treatment cost, which always exceeds the cost of producing conventional phosphate fertilizers, mainly
due to economy of scale effects. Thermal solubilization has the advantage of low waste generation
(<3% of ash input) but P concentrations in the product do not exceed P concentrations in the ash
and do not allow producing complex fertilizers of high demand in the market. The replacement of
phosphate rock by ash in the fertilizer industry is a viable pathway to recycle ash to conventional
products not distinguishable from rock-based fertilizers, but replacement is limited by the iron and
aluminum concentrations in ash and, consequently, by a maximum amount of ash admixture that has
not yet been determined. Mixing 5%~-10% of ash to phosphate rock has been successfully tested.

Precipitation processes applied to sludge only recover 5%—15% of P. If similar processes are applied
to sludge liquor (the liquid phase after dewatering), the maximum P-recovery rates may achieve
25% without upstream solubilization of P and up to 40% with upstream solubilization by hydrolysis.
The so-called Stuttgart process achieves even up to 50% recovery but with excessive chemical use as a
downside. Processes recycling P from ash achieve 80%-100% recovery rates [89].

The predominant products of P-recovery methods are struvite or calcium phosphate, which can
be obtained using chemical precipitation from the sludge dewatering liquors or raw wastewater with
P concentration above 50 mg/L [92,93]. Since a wide spectrum of P-recovery technologies is available,
their selection should be guided by byproduct management possibilities and P-recovery efficiency.
Moreover, the WWTP efficiency can be improved by P-recovery due to the added value in form of
on-site fertilizer production and improved sludge dewatering, especially in plants using enhanced
biological nutrient removal (EBPR) [94]. In addition, deliberate struvite precipitation can reduce the
failure risk caused by blockage of pipes in the plant by uncontrolled precipitation of struvite crystals.

The appropriate selection of P-recovery technology for a specific situation is a complex task,
which needs to include the indirect economic and environmental benefits or drawbacks. However,
sewage sludge ash as the input for P-recovery seems to be the preferable pathway in terms of the
recovery efficiency and the independence of sludge incineration plant and WWTP location. Japan has
the largest concentration of P-recovery technologies: at least 16 full-scale plants were implemented to
remove P from waste streams and recover struvite and calcium phosphate [78]. It derives from a robust
collaborative program on a national level, that activated an effective partnership between industry,
high-level education and research, and government. In Europe, in 2019, there were 37 P-recovery plants
based on various technologies. Germany and the Netherlands have the highest number of installed
technologies, with 10 plants for each of them, followed by Belgium with 6 plants, and Denmark with
4 plants. France, Spain, and UK have 2 examples of installed P-recovery technologies, and Italy has
1 plant. In North America, 15 full-scale units are operating: these plants mainly produce struvite (Pearl
and Airprex are typical installed technologies in this area) [95,96]. Only a limited amount of P-recovery
technologies has been applied in the Baltic Sea region, mainly in Germany. In Poland, there is one
installation for P recovery under construction in Cielcza [97]. In a few years, a wider implementation
of P-recovery technologies is expected in the Baltic Sea area, mainly concerning waste streams from
water and wastewater sectors.

2.3. Analysis of the Context and Its Critical Issues

Sustainable management of nutrients in the Baltic Sea area has been recognized as an urgent
issue to solve for a number of years. Consequently, various initiatives have already taken steps in this
direction, both at national and international levels. One of these is the European Union Strategy for
the Baltic Sea region (2009). This strategy, which is the first developed on a macro-regional level in
Europe, addresses the three key challenges in the region: (i) achievement of a safe sea, (ii) the need to
connect the region, and (iii) improved prosperity. The objectives are complementary, and they relate to
a wide range of policies. The European countries involved in this action plan are Denmark, Estonia,
Finland, Germany, Latvia, Lithuania, Poland, and Sweden (analyzed in this paper), but it is also open
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for cooperation with EU-neighboring countries, such as Belarus, Iceland, Norway, and Russia. Still,
at an international level, the EC periodically analyses and evaluates the methods with which all EU
member states manage charging and monitoring systems on the effluents, considering the institutional
responsibilities and the conditions to issue permits for effluent discharge directly into natural receivers.
The EC also proposed a model calculation of effluent charges. In any case, there are still situations of
illegal discharge of sewage, and failures in WWTPs in the Baltic Sea basin, which negatively affect
its environment and accelerate eutrophication. Moreover, the obligatory recovery of P from selected
waste streams (sewage sludge and sewage sludge ash) generated in the municipal WWTPs is adopted
only in Germany and not in the other Baltic countries.

Other existing initiatives at international level aim to prevent the problem of P management in
waste streams, incentivizing a sustainable consumption of nutrients. (i) The Farm Sustainability Tool
for Nutrients (FaST), a tool of the Good Agricultural and Environmental Conditions (GAECs), aims to
provide “elements” and ”functionalities” to EU farmers for the sustainable use of fertilizers (in certain
member states, direct payments are granted for planting cover crops between the seasons). (ii) The
Horizon 2020 LEX4BIO project (www.lex4bio.eu): the expected result of this project is to provide a
policy framework for the EU’s transition to bio-based fertilizers (BBFs), while minimizing risks to the
environment, protecting human health, and ensuring food safety and supply.

At the national level, since the EC asked all member states to develop CE action plans, some
countries have already adopted some strategies and practices, such as in Finland, Germany, and Poland,
and some of them are already available on the European Circular Economy Stakeholder Platform.
However, these plans differ in detailed actions between countries. For example, in the Polish CE
roadmap, it is mentioned that the wastewater sector is an important source of nutrients, which should
be kept in the economy as long as possible, but there are no specific recommendations regarding the
use of P in this document.

From a technical and technological point of view, further expert support for the EC is required
in areas of P management. In this direction, the Horizon 2020 created financial support for many
eco-innovation projects related to the recovery of raw materials, including phosphorus. Ineach of the
Baltic Sea countries, there are also national funding programs which support the development of new
technologies in the field of recovery of CRMs. In the 21st century, research and development (R&D)
activities are major driving forces behind higher productivity, quality, and innovation in the services
and products offered by many organizations. Expenditures on R&D are the largest in higher-income
countries (Denmark, Germany, Sweden), which have the highest levels of the eco-innovation index.
National funding programs already exist in Estonia: (i) the environmental investment center supports
the implementation of environmental projects at a national level; (ii) the circular economy program
supports activities that contribute to the more efficient usage of the resources (P-recovery program).
In this context, many outstanding scientists have been working on P-recovery solutions for many years.
For example, in Poland, among others, Cracow University of Technology and Wroclaw University
of Technology developed innovative technologies to recover phosphorus from sewage sludge and
sewage sludge ash. However, the developed technologies have not been implemented due to the lack
of funds, and uncertain returns did not allow the commercialization of research results. Moreover,
the economic evaluations showed that even with the financial support in the investment phase from
the publicly available funds, the operation phase of such installations is not economically viable due
to the high costs of recycled product in comparison to the commercial products (as fertilizers) from
primary sources.

Consequently, as it was mentioned before, installations for P recovery from various waste
streams exist in the Baltic Sea only in Denmark (4), Germany (10), and one under construction in
Poland. Moreover, currently, both in the Baltic region and most other countries, the evaluation
of environmental impacts of the new or modernized technologies (and of their products) is not
mandatory. Providing robust impact information could contribute to the protection of the Baltic Sea
from ongoing nutrient-derived pollution and make sure that the best environmental solution can be
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chosen. The provision of reliable and upgraded data is also fundamental for national and international
statistics. Unfortunately, for many raw materials, including P resources, data about mass flows tend to
be highly fragmented, lacking entirely, and collected using various methodologies in individual Baltic
countries. Moreover, the reference points of data collected in many cases are unclear (provided in
words only, not in the numbers), which result in ambiguous meaning and misinterpretation of the data.

3. Results and Discussion

Starting from the analysis of the available technologies for P removal from different waste streams
and from the identification of the actual P management in the Baltic Region in relation to the current
national and international contexts, the InPhos consortium have investigated the main reasons that
prevented the installation of P-recovery technologies in countries in the Baltic Sea area.

The proposed methodological approach is mainly technical since it ensures the construction of a
quantitative basis on which to define a commeon and shared strategy for the Baltic Sea area. In fact,
without the identification of the main P flows in each country and without the knowledge of how they
can be treated to recover F, it is difficult to highlight what are the priority and most valuable aspects to
be addressed. A quantitative overview of the current ' management in the Baltic Sea area would be
useful for different stakeholders, in particular for (i) legislators and pelicy makers to estimate and select
the most potential initiatives and strategies in this field; (i) the scientific and technical commumity to
improve technologies and/or widespread their applications; (iii) funding bodies to properly evaluate
benefits and risks of an investment in this field; (iv) society to spread the awareness that solutions for
the “P challenge” are urgently necessary.

The difficulties and the efforts in the construction of this quantitative basis allowed the identification
of some critical factors. As a result, some recommended directions and relative practical actions are
proposed to move towards widespread P recovery from waste streams and, where possible, circular
phosphorus management in the Baltic Sea region. In particular, foreach of the four main areas identified
as priorities (legislative, financial, technical, and social), some focal points are depicted, as shown in
Table 4.

Summarizing all available information, there are several opportunities, but also barriers, for the
implementation of strategies to improve phosphorus management in the Baltic Sea region. This requires
systemic changes in people’s awareness and their behavior, but also the development of innovation in
technologies, financing methods, business models, and policies [98]. Activities of the InPhos project
were mainly focused on the recommendations and the actions related to social aspects and to increase
the awareness about the “P challenge”. In particular, during the InPhos project, a close collaboration
with all mentioned stakeholders (policymakers, industrial practitioners, high-education institutions,
wsearchers, farmers, and citizens) was established. The coordinator and participants performed
several awareness-raising activities (meefings and consultations), in the form of round-table and panel
discussions, video-meetings, workshops and seminars in the countries taking partin the project: Estonia,
Finland, Germany, Latvia, Lithuania, Poland, and Sweden (and also in Italy due to the participation
of an Italian partner). All these activities helped to promote an interdisciplinary systems-thinking
approach among stakeholders in the Baltic Sea region. In addition, several seminars and workshops
have been organized as a part of the InPhos project to raise awareness of the importance of phosphorus.
This initiative provided education tools about how to avoid food waste (rich in P msources) and how
to choose the best regional food and feed supply (in order to support local farmers and minimize the
cost of products). An important part of education content was to convince stakeholders to accept a fair
price for quality food (role model: C'est qui, le patron; lamarqueduconsommateur.com). Moreover,
education games and quizzes were developed and distributed among selected groups of stakeholders
such as students, in order to interest future decision-makers in the topic of security of raw materials,
including phosphorus. Finally, various dissemination activities were conducted, mainly related to the
participation in national and international conferences and presentation of the project results in the
form of oral speeches and posters.
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Table 4. Recommendations and practical actions for a more sustainable P management in the Baltic region, derived from InPhos project methodology.

Category Recommendations

R1. Stricter requirements for more sustainable
consumption and production practices (involving
agriculture, food industries, water and wastewater
sector, phosphate and fertilizer industries).

R2. Implementation of P-recovery regulations at

Pepl national level.

recommendations

R3. Development of the national action plans for the
reuse of recovered P from selected w aste streams,

R4. Further work on the development of an integrated
management strategy for the Baltic Sea region

(including P).

R5. Deep analysis of P flows on the regional and
national levels,

Ré. Financial tools supporting the sustainable
t, C ption and disposal of P in the
Baltic Sea countries.

Financial support

R7. Financial tools supporting research, development,
commercialisation, implementation and staying on the
market of the P-recovery technologies.

Proposed Actions
® Review of good agricultural practices and best available techniques for newly created or
modernized enterprises.
* Implementation of more effective control of farmers” practices (e.g., excessive spreading
of manure).

* Revision and further implementation of environmental charges, where the limit values
are significantly exceeded, for discharged municipal and industrial wastew ater, and illegal
discharges to natural receivers
o Alternative incentives/penalties, e.g,, tax on effluents with nutrients, landfill tax, emission
taxes (methane, N,O, ia).

Introduction of mandatory recovery of phosphorus from selected wastes to lead to an
extension of the life cycle of this element in the economy, and thus reduce the dependence on
imports and increasing raw material security for Europe.
® According to the country’s conditions and access to selected P-rich waste streams, it is
necessary to take into account all national recyclable P resources and the possibilities of their
recovery and reuse in all Baltic countries.

o Development of working group at national level in the Baltic Sea countries, who develops
the integrated P management system on national level

Collaboration among working groups established at national level.

¢ Calculation, monitoring, and provision of reliable information on phosphorous raw
material flows at the NUTS 2 (Nomenclature of territorial units for statistics) minimum level.
* Material flow analysis (MFA) on | and national level for each Baltic country and
for the entire Baltic region.
e CAP (Common Agricultural Policy) payments for sustainable farming practices, such as
direct payments for implementation of the proposed FaST Tool.
« Calculate the cost of pollution of water bodies (and other negative impacts) and create
incentive payments for avoidance.

* Subsidize nutrient separation from waste flows or penalize nutrient effluents from
WWTPs (like in Denmark) by, for instance, charging a fee per kg of P in the WWTP effluent.
o Conduct further research on the poesibility of implementing already developed solutions

in all Baltic countries.
« Provide programs supporting investment in nutrient recovery technologies.
o Financial support for operating installations of P-recovery technologies.
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Table 4. Cont.

15 af 21

Category

Techmical and
environmental
recommendations

Social aspects

Recommendations

Ra. Improving soil and farmland management
practices.

R9. Identification and envirormental assessment of
solutions dealing with P-recovery potential of diflerent
waste streams and reuse.

E10. Development of new technologies and
modernization of the existing P recycling and recovery
technologies and solutions.

R11 Promoting awareness-raising among all
stakeholders related to P management.

R12. Building a “Phesphorus Responsible Society”.

Proposed Actions
+ Avoiding of ercsion and increase soil carbon and microbial status by cover crops.
# Avoiding excessive nutrient loads through precision farming (deep know ledge on the soil
nutrient status and crop nutrient demand).

# Monitoring of farming and fertilizing practices in terms of time of fertilization, respecting
river strips (no fertilization zones close to water bodies), and strictly respecting health and
safety obligaticns (no sludge/mamame use on cropsfvegetables for consump tion).

+ Technical assessment of selected P-rich waste streams (chemical analysis, economic
analysis, e.g, reserves, demand, supplies, and other aspects and areas).

» Performance analysis of the installations across the Baltic Sea region and evaluation of
recycled P availability
» Risk analysis to make a product that is safe for human health according to elaborated
naticnal requirements {in WWTFs).

» Performing life cycle assessments to better understand and assess the environmental
impacts related to the Plife cycle, both in linear and circular scenarios.

+ Further technical progress in the recovery of nutrients from various waste streams, as
wastewater, sewage sludge, sewage sludge ash, manure, biomass, industrial waste, bottom
sediments and other.

» Elimination of inpurities, including heavy metals, presence of which in the w aste
hampers its recycling and reuse, e.g, for fertilization purposes (due to exceeding regulatory
limits, e.g., for cadmium).

# Diffusion of knowledge about the typologies of P sources arud ﬂ'l.eneed.l‘pohenﬁal for

suitable P management, preferring circular
# Promation of the alternative management sy stemns and hech.nnlog;calpmctnes for a more
sustainable phosphorus usage among selected groups of stakeholders.

# Initiating a multi-disciplinary dialogue involving policymakers, industrial practitioners,
high-education institutions, researchers, farmers, and society about the consequences of
different P management scenarios on a global and national scale.

# Education of selected groups of stakeholders (farmers, companies, individuals, students)
on the importance of the sustainable P management.

+ Preparation of future consumers open to accepting higher prices for products that meet
the requirements of a drcular economy and are in the line with a “zero or low waste” strategy
fe.g., higher costs of the fertilizers produced from recovery and recycling of waste streams).
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4. Conclusions

The holistic approach used in the InPhos project to analyze the strategic, technological, legislative,
and social context for more sustainable P management in the Baltic Region made it possible to highlight
that there are several opportunities to move forwards towards a circular economy in this field, but also
numerous barriers. Nevertheless, urgent initiatives are necessary and have to be implemented to
reduce the negative environmental impact of P losses to the sea, causing eutrophication. Consequently,
several recommendations have been suggested, covering different disciplines related to P management,
and practical actions have been conducted in relation to social aspects (R11 and R12). With the same
holistic approach, future actions starting from InPhos” results are under development to address several
others of the proposed recommendations. In particular, R5-deep analysis of P flows at the regional
and national levels, and R9-Identification and environmental assessment of solutions dealing with the
P-recovery potential of different waste streams and enwvironmental assessment of engineering solutions
dealing with P recovery and reuse will be implemented through an MEA for each involved country
and through a techno-economic feasibility study for the implementation of P-recovery technologies in
a real industrial setting in the Baltic region.
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Eeywards: The pharmaceutical industry iz a highly water-dependent economic sector and requires different
Pharmaceutical industry degrees of water purity. The study prerents an overview of the current water quality re-
E#Emm quirements, as well as limitations and safety considerations for water re-use in pharmaeeutical

ceutical wastewater treatment procedures are described: the use of recovered solvents az an eazily
degradable carbon source for the denitrification process, the use of phoephorus-containing
wastewater az a nutrient source for activated zludge microorganizms, the uze of inorganic acids
and bases for pH control in wastewater treatment processes, and the use of AI** containing
wastewater az a coagulant The case study indicatez that specific wastewater streams can be
reuszed as secondary materials if the chemical compesition of wastewater from pharmaceutical
batch processing iz well constrained and separate collection iz enzured.

1. Introduction

Aecording to the European Union (EU) rating, the pharmaeentical and chemieal industries, along with agriculture and paper
preduction, provide the greatest groes value sectors of the EU econemy, but exhibit the highest dependency on a stable supply of water
in sufficient quantity and quality [1]. The OECD Environmental Qutlock to 2050 predicts that the global water demand for
manufacturing will inerease by 400% between 2000 and 2050 [2]. To ensure the sustainability of water resources, the industry should
improve water efficiency in a value chain, as well as maximizse the opportunities for safe re-use of different grades of water. Morcover,
water-related industries need to focus not only on climate change and water seareity [3], but also on envirenmental sustainability and
the sustainable uze of industrial water [4], introduction of instrumentation for real-ime water quality monitering [5], water man-
agement and water-cnergy nexus [6] and strive for zero liquid discharge (ZLD) [7]. According to Toth =t al [2], physicochemical
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methode are increazingly used for industnial wastewater treatment since they have a smaller footprint compared to that of biclogical
wastewater treatment, although the biclogical enes have been greatly developed and are suecessfully used for the treatment of
different industrial wastewaters. In the caze of the pharmaceutical industry, new eco-innovative proposals in the literature focusing en
the application of up-flow anaerebic sludge blanket/membrane bioreactors (UASB/MBR) for wastewater re-use in landeeape irrigation
while avoiding the hazards of introducing pharmaceutical residues into the environment [9] achieved the remowal of organic halogens
from proeess wastewaters [2], performed eatalybie oxidation processes for detoxification and improving the biodegradability of
pharmaceutical wastewater streame [10], developed nanofiltration [11], and used 1omzing radiation as the source of both reducing
and oxudizing radicals for water treatment [12-14].

Innovative, advanced treatment technologies are currently being developed for highly polluted water. The reviews of biological,
chemical, advanced chemieal technologics, or advanced oxmdation processez, and hybrid technologies for the treatment of mdustrial
wastewaters were presented [15-20].

Although many new technelogies have been proposed, the main coneept 1= to use hybrnid appreaches that eombine warions
treatment mechanizmes to remove the full epectrum of chemicals prezent in pharmaceutical wastewaters.

The rapid development of the pharmaceutieal industry presents confliching challenges to water resourees management. The
discharge of inadequately treated wastewaters resulis in the release of pharmaeeutical substances into the environment, resulting in
riske to water quality and a poesible adverse impact on aquatic ecosystems and publie health [2]].

In recent years, there has been an inereasing focus on water use in those seweral highly water-dependent industries besides the
preduction of pharmaeeuticals: the ehemieal industry [22,23] motor wehiele production [24], paper production [25,26], the steel
industry [27,25], the textile industry [29,30], as well as the food and beverage industry [31-33].

The pharmaceutical industry has a special place in thiz list of highly water-dependent industries. Many pharmaceutical processes
require very pure water that meets strict quality standards, simultaneously they can generate heavily polluted and toxic wastewaters
that require complex and costly multi-step treatment to meet the regulatory requirementz [21]. Pharmaceutical plants typically use a
broad range of chemicals and technological processes, presenting major challenges for waste cleanup technologies and procedures.
Mineralization represents the most effective treatment, which iz the ultimate goal in many areas of pollutant control and destruction.

High-purity water iz an indispenzable resource for the production of medicines for human and veterinary use, but at the same time
the pharmaceutical industry 15 one of the main polluters of local water resourees [21]. Another source of high rnisk regarding phar-
maceuticals iz very polluted waste water at hospitals and homes for the elderly; this waste water contains pharmaeeuticals together
with greatly variable and hazardous mierobiologieal pollutants, where the coneentration of pharmaceutical residues could be several
times higher than in municipal wastewater [34-37] Futhermore, without any treatment, wveterinary pharmaeeutical residues frem
aquaculture and livestock farms can enter into the water as an active parent product or biclegieally active metabolites [32].

The current trende of sustainable development goals (SDG) include efforts of water re-use, which is recognized as a key optien to
reducs water consumption at the manufacturing facility level [39]. However, the re-use of water in pharmaceutical production i met
with caution from the regulatory ageneies concerned with the guality and safety of pharmaceuticals, prompting new strategies that
may reconcile the conflicting goale of wastewater re-use and ensuring that contaminante cannot enter pharmaceutical production via
reused water. Innovative ZLD technologies make it possible to almost completely eliminate wastewater discharges, maximizing water
re-use in the industry [40-43]. Degpite the high potential for water saving, the application of ZLD on an industrial scale iz currently
wery limited due to the high costs, energy consumption [40], and the generation of solid hazardous waste [40,41]. Although the data
from certain industrics point to opportunities for decreasing water consumphion by up to 50% [44], implementation of circular water
management in the pharmaeentical industry is quite limited due to very strict legislative regulations and safety considerations.

The main barriers for water re-use in the pharmaceutical industry are the unique requirements of water quality and the rizks
associated with produet contamination and human health [15]. With the rapid development of a eircular eeonomie strategy within the
EU member states in recent vears, many incentives have been implement=d, providing support for ressarch and innovation through
different grant programmes, while promeoting new legal and economie regulations. Therefore, pharmaeeutieal manufacturers are
currently interested in practical options for closing the “water loop” in those technological processes where water does not come into
direct contaet with pharmaceutical products. Mereover, manufacturers are secking to minimise the use of water, energy, and haz-
ardous materials, to climinate waste during the product life cycle, and to use treated wastewater for other purposes. In several
eountries (Switzerland, the USA, Singapore, Australia), where wastewater after treatment is reused for agricultural irrigation or
dizcharged mto aguifers that alzo serve as sources of drinking water, certain pharmaceunticals are included in the water monitoring
programs [45], while these biclogically active substances are not systematically regulated at a glebal level. Despite evidence of the
prezence of pharmaceutical rezsiducs in various aquatic environments of Latvia [46], the state hazs not yvet implementsd a long-term
strategy to redues the risk eavsed by thizs pellubon.

The purpoee of this article 15 to point out water-related challenges facing the pharmaceutical industry. The overall water flow at the
pharmaceutical plant of JSC Grindeks iz chown. The most water-intensive technelogical processes are identified and reusable water
streames are specified. The second objective iz to show and assess the environmental benefit of the best practically implemented
pharmaceutical wastewater re-use examples on the bagis of the experience gained at JSC Grindeks, a medivm-sized multipreduet
pharmacecutical company.
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2. Materials and methods
2.]. Plant description

The pharmaceutical company J5C Grindeks located in Riga, Latvia was selected for a case study in our article. The multi-product
manufacturing facility of JSC Grindeks produces both active pharmaceutical ingredients (APlg) and final dosage forms (FDFs)
belonging to the cardiovascular, central nervous syetem, gastroenterological, and anti-cancer therapeutic groups.

The wastswaters originating from the pharmaceutical manufacturing facilities of J5C Grindeks are polluted with a wide range of
difficult-to-degrade and toxic organic compounds, including phenols, while also containing high concentrations of organic nitrogen
compounds and morgamic salts in combination with the near absence of phosphorus compounds. The wastewaters are treated in a
system of compact moving-bed biofilm reactors (MBBERz). The technological process and main operational parameters of the WWTP
are detailed in a previous study by Strade et al [47]. According to the data from year 2019, the average wastewater flow 12 200 ma',"d,
while the mcoming COD load fluctuates from 0.4 to 2.2 t per day and the total nitrogen load vanes from 0.01 2 to 0.075 t per day. After
pre-treatment, the wastewaters are discharged into the munieipal sewer syestem for final treatment

2.2 Data acquisition

A comprehensive analyeiz of the incoming and outgoing water flowe within the pharmacewtical manufacturing facilities of J5C
Grndeks was earried out, including pharmaeesutical grade water, cocling water, water for the steam generation, and wastewater. The
analysiz included plant-specific data about: (i) water supply sources; (1i) quality requirements of water used for industrial purposes;
{iil) water preparation (pre-treatment) processes used at the manufacturing faeilities; {iv) water eonsumption; (v) wastewater pro-
duction: generation, compoaition, flows and treatments; (vi) water and wastewater reuse practices. The numerical values of water
eonsumption and wastewater reuse were analysed using the monitoring data from year 2019.

The relevant data were obtained from internal technical documentation and standard operating procedures, from the information
provided to local regulatory agencics, az well az through interviews with employess. The chemical and microbiological purity stan-
dards of the pharmaceutical-grade water and the defined uszes during the warious manufacturing stages of the APIz and FDF: were
summarized and analyeed according to Good Manufacturing Practice (GMP) guidelines, Pharmacoposia monographs, and the
guidelinez from European Medicines Agency (EMA) and the World Health Organization (WHO).

2.3 Data evaluation

On the basis of the complete water flow analyzis, the overall water flow chart for the pharmaceutical manufacturing facilities of JSC
Grnndeks was summarized and analyzed for the first ime. The information obtained was used to identify the bottlenecks in the current
water management system and to point out the opportunities to improve water usage efficiency, to implement reuse solutions, and to
“close the water loop”. Restrictions and limitations related to direet water reuss in the pharmaesutical production were emphasizad
based on the sector-specifie regulatory requirements and preduct quality and safety risks. The percentage of water savings from water
efficiency improvements and reuse actions was estimated using scientific and technical literature sources.

In order to demonstrate the dependenee of pharmaceutical industry en water resourees, the first part of the article provides an
overview of the diverse applicationz of water in pharmaceutical manufacturing processes. The sector-specific water quality re-
quirements are analysed in this part to underline the difference of pharmaceutical industry from other process industrics. Considering
that the pharmaceutical sector aleo iz one of the major polluters of water resources, the following zection of this article points out the
shortcomimgs of the current legizlation regarding the control of environmental emissions from the pharmaceutical industry. Varions
pozsibilities for applying the principles of circular economy through the recovery of resources and the reuse of wastewater streams are
discussed at the end of this article. The application of the principles of circular econemy in the m t of chemieally polluted
wazstewater was analysed from three aspectes: (1) the reuse of untreated wastewater etreams as secondary rezources in the biological
wastewater treatment processes (i) the recovery of materiale from concentrated wastewater streams; (ii) the possibilities and limi-
tations of wastewater reuse after the appheation of different treatment strategies.

3. Results and diseussion
3.1. Different grades of water in the pharmaceutical industry

Aecording to the World Health Organieation, the most widely used raw material in pharmaeeutical manufacturing is water [42].
GCongzistent and high-quality water supply is required for the production of pharmaceutical products, rinsing and cleaning of equipment,
as well as for technieal purposes like steam generation and cooling [15]. The various types of water use in pharmaeeutical
manufacturing requiree efficient management of both incoming and outgoing water flows. The water flows at JSC Grindeks are
depicted in Fig. 1. This scheme characterizes the water sourees and the applied water pre-treatment methods in various technelogieal
processes, and also outlines the wastewater management practices at the company. A reference to this flow chart iz given in the
following sections of this article to deseribe the specific stages of water management at JSC Grindeks.

4
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3.1.1. Pharmaceutical grade water

In pharmaceutieal manufacturing, different grades of water are used as raw material, ingredient, and selvent in the production,
proceszing, and formulation of active pharmaceutical ingredients (APIe) and final doeage forms (FDFz) for human or veterinary use
{Fig. 2). The grades of water used highly depend on the formulation and the route of administration of the pharmaceutieal preduct, and
az well as on the stage in the manufacturing process at which water is used [42]. Fiz. 2 summarizes the minimum acceptable grade of
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Flg. 2. Different grades of water used in pharmaceutical produoction.
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water used during the manufacture of APz and FDFe.

Potable water may be used in chemieal synthesis of all intermediates of API prior to the final isclation and purifieation steps.
Potable water is also used for the initial rinse of the manufacturing equipment, containers and clogures in the manufacturing of APls
and non-sterile FDFs, unless there are speeifie technieal or quality requirements for higher grades of water [42]. Potable water is not
covered by a Pharmacopoeia monograph, but should, at a minimum, meet the World Health Organisation (WHOQ) guidelines for
drinking water gquality [50]. Potable water iz used as feed water for the produetion of pharmaceutieal grade waters: purified water and

Purified water (PW). PW iz used as an excipient for the final isolation and purification of APlz and for the preparation of nonstenle
FDFs. Additionally, PW 12 uzed in the granulation and tablet coating processes, preparation of ointments, creams and gels, az well as for
the formulation of syrups. The water content in each FDF iz specified in the registrabion doassier. PW iz the accepted grade of water for
the final rinse of equipment, containers and closurez in the manufacture of non-parenteral FOFz. PW 1= typically prepared by ion
exchange, ulirafiliration, and reverse oemesie (RO) or distillation.

J5C Grindeks uses a six-step purification system for obtaining PW for pharmaceutical production (Fig. 1). The purification system
provides mechanical filtration, iron removal, softening, filtration through activated carbon, a two-stage RO proeess, and degassing.
The PW storage and distribution system consists of a water storage tank, a eireulation pump, a UV irradiation eell and a PW eirculation
loop pipeline with water outlet walves at the preduction sites. The average annual PW econsumption of JSC Grindeks is about
6500-7000 m®.

Water for injeetions (WFI). WFI iz the highest quality water used by the pharmaceutieal industry. WFI is used in the manufacturing
of eterile pharmaceutical products for parenteral administration and other pharmaceutical products where endotoxin content must be
controlled. WFI iz alzo used for the final rinzing of primary packaging materialz. WF] must be sterile and non-pyrogenic in order to
avoid the introduction of contamination and to prevent the growth of microorganisms in pharmaceutical products. Until 2017, the
European Union Good Manufacturing Practice (GMP) regulations disallowed the production of WFI by non-distillation methods
because of conceme about biofilm formation and endotoxin contamination. After recent changes in the European Pharmacopoeia, it iz
now also allowed to produce WFI by reverse oemosiz coupled to other suitable techmiques, such as electro-delonization, ultrafiltration
or nanc-filtration. J5C Grindeks uses very small quantitics of WFI (<1 mafy:ar}, which are purchased from external suppliers. This
type of water 1= used in the final production stage for the oxytocin APL, due to the tight specification for microbiological purity and the
absence of endotoxins.

Water for the preparation of extracts. Water for the preparation of herbal drug extracts must comply with the requirements for
PW or water intended for human eonsumption of a quality equivalent to that defined in Direetive 95/83/BEC [42].

The chemical and mierchielogical purity requirements for pharmaeeutieal grade water are defined in the relevant pharmacopoeias.
Table | represents the eurrent quality sperifications for PW and WFI defined by the European Pharmacepeoeia (Ph. Eur. ) and the United
Statez Pharmacoposia (USP). Unlike USP, Ph. Eur. specifics a limit for heavy metalz in PW and a limit for nitrate concentration in PW
and WFI. Both pharmacopecias also have different requirements for the electrical conductivity of pharmaeeutical grade water. The
control of bacterial endotoxine (ipopolyzaccharide cell wall components of gram-negative bacteria) in water used 1n the manufacture
of FDFz intended for parenteral adminiztration iz critical, as reaction to endotoxine can lead to potentially lethal anaphylactic shock in
patients [51].

A less commonly discussed azpect is the continued quality assurance of the various water grades. Pharmaceutical water production,
storage, and distnbution eystems chould be dezsigned, installed, commiszioned, qualified, and maintained to ensure reliable production
of water at the specified quality [42]. Failure to meet water quality requirements poses an unaceeptable risk to public health, therefore,
continuous quality control of water vsed mn the manufacturing of pharmaceutical products 1=z of vital importance. The frequency of
quality control and the water sampling points are usually specified by the water monitoring programe. Failures in the purifieation
process poee eritical levels of risk and the lack of proper gquality water can result in manufacturing downtime or produoet recall

Despite the use of validated purification systems and stringent operational controls, microbial eontamination is the most chal-
lenging issue in the purification process of pharmaceutical grade water. Recent recall surveys from the USA have found that the
presence of water-borne bacteria Burkholderia ceparia represent the vast majority of mierobiolegical contamination eases that have
triggered Food and Drug Adminiztration (FDA) recalls of non-sterile drug products [52]. Various design features, hike continual cir-
eulation at a flowrate of 1-3 m/s, heating options and the inelusion of high intensity ultravielet (UV) light lampe may be incorporated
to prevent the growth of biofilms and to control microbial contamination in pharmaceutical grade water systems [51].

Table 1
Quality specifications for different grades of water, as defined by Ph. Bur. and USP.
Parameter Purified water (PW) Woater for Injection (WPI)
Ph. Bur. Usp Ph. Eur. Usp
TOC (pgrLy <500 <500 <500 <500
Conductivity (U5 /cm) <4.3at 20 °C 2l3at35°C <1.1ac20°C 41.3at25°C
Mitrate (mg/L) <02 HA 0.2 HA
Heavy metals (mgy/L az Pb) <01 HA NA HA
Aerobic bacteria <100 CFU/mL <100 CPU/mL <10 CFU/100 mL <10 CFU/100 mbL
Bacterial endotoxina (1.1 /ml) Ha HA £0.25 £0.25

MA - not an applicable requirement.
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The experience at JSC Grindeks shows that proper sanitation and regular maintenance procedures are ezzential to preventing
microbial proliferation and recontamination of the water. For example, a validated sanitization precedure of the PW distribution and
storage system in the APl manufacturing facility is performed with 3% or 10% hydregen peroxide sclution: 1) at least once a year; 2) if
the PW syetem has been shut down for more than 14 days; 3) in cases in which the parameters of miercbinlogical contamination de not
meet the requirementz of the relevant Pharmacopoeia. Thermal sanitization (85 “C/30 min) of the PW eyetem in the FDF
manufacturing facility is used for routine operations (twice per year) and if the TOGC or total number of acrobic bacteria of the PW
circulating in the loop exceed the maximum level or if the loop has been emptied, if reconstruction work in the loop has been per-
formed or the system has been expoeed to air. Special attention is paid to the plastic tubing at PW outlet points. To aveoid the intro-
duction of microbiclogical contamination into the PW circulation loop, they are dizconnected, rinsed with 70% ethanol, and dried after
cach use, az well az replaced at least every 6 months.

From a water efficiency standpoint, the preparation of pharmaceutical grade water iz associated with relatively high loszes of
water. The expenience of JEC Grindeks confirms that due to the wery high purity requirements of FW, up to 50% of the feed water 15
discharged as waste from the RO modules (Fiz. 1). However, this water iz still of sufficiently high quality for re-use az an alternative
onsite water souree in unite that de not eome into a direct contaet with pharmaeeutieal produets, for example, in eooling systems. This
inefficieney has been identified as one of the bottlenecks in the water management system of J3C Grindeks where the eireular economy
appmachcuuldbcappﬁadbomrﬁaﬂyclm:thrwnlﬂlmpandburﬂduccﬂmwatﬂmmumpﬁmbyabﬂul?ﬂﬂ(}mzammaﬂ}r{aqualto
12% of the total amount of potable water used in production processes at JSC Grindeks).

3.1.2. Process water
In addition to direct use in pharmaceutical production whers water comez into contact with pharmaceutical substances, it 1= also
uzed as a key resource for technical purposes, for example, cooling and steam generation.

3.1.2]. Cooling water. To provide reliable pharmaeeutical manufacturing proeess conditions, the correet proeess temperature must
be guaranteed at all times, which may require a cooling capacity. The main pharmacentical manufacturing processes that require an
effective coeling system are:

+ Batch proeessing in multipurpose reactors (for example, temperature sensitive chemical reactions, eryetallization of final produets)
+ Cooling of creams and ointments before pouring and packaging

+ Wet granulation processes for tablet production

# Moulding of gelatine capsules

# Sterilization of liquid FDFs.

Due to its high heat capacity and low cost, water 1z the most common coolant Cooling water should be pre-treated to ensure
efficient heat transfer, reduce total energy consumption, and avold equipment failure. Pre-treatment dependz on feed water quality
and vsually ineludes wron removal, eoftening, the addition of corrosion and seale inhibitors, and treatment with biocides to prevent
biclogical fouling in the heat exchange syetems [53]. It iz also important to control the pH value of cooling water, az acidic enwi-
ronment promotes eorrosien, while alkaline pH increases seale formation [54].

The traditienally used cooling towers or onee-through (single pass) eooling systems often represent the largest percentage of water
eonsumption in pharmaeeutieal manufacturing [55], and JSC Grindeks iz not an exception. The ence-through eceling system used at
J5C Grindeks consumes up to 250 000 m® of water annually, which exceeds the total amount of potable water used for pharmaceutical
manufacturing proeesses by a factor of about 4.2 After a single pass through heat exchangers and/or condenszers, the heated water is
dizcharged into the storm water drainage system. The reduction of high water consumption by once-through cooling systeme requires a
change towards closed-loop recirculating cooling systems that consume an order of magnitude lower volume of cooling water
compared to once-through systems [53]. It has been noted by other authors that the installation of adiabatic cooling systems allows
pharmaceutical manufacturers to reduce water consumption by up to 98% compared to the tradibionally used open-loop cooling
eyeteme [53,56]. Besides, reusing the zame clean water into closed circwt also eliminates the coste azsociated with the treatment and
dizposal of water, and also eliminates the concerns azsociated with Legionnaires” disease [56].

J5C Grindeks obtains its cooling water from 2 artesian boreholes locatzd on the territory of the plant. The natural and regulatory
limite to water extraction from an artesian aquifer prevent further expansion of production, unless more water-efficient cooling
technologies are introduced. Otherwise, the available groundwater resourees may be insufficient for the required cooling capacity, and

Table 2
The types of steam uszed in pharmaceutical indostry.

Type of steam Intended uze Direct contact with pharmaceutical Quality requirementn of feed water or condenaate
products
Plant oteam Indirect contact process = Produced from pre-treated potable water
heating
Chemical-free Humidification (HVACT = Produced from pre-treated water {without wolatile boiler
steam ayatemz) additives)
Pure oteam Seerilization + Condensate meets quality characteristics of WFI
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extenzive uee of this resource will incur regulatory and taxation costs.

3.1.2.2. Water for steam generation. Steam used in pharmaceutical facilities can be separated into three categories: plant steam,
chemical-free steam, and pure steam (Table 2).

Depending on the intended uze of the steam, there are different requirements of feed water quality and steam generation methods.
Feed water of the plant steam boiler must be derived from water that is of drinking quality. It is treated to remove the bulk of dissolved
eolids, hardness, and siliea, which eould eause sealing and corrosion of the steam generator and pipelines. The manufacturing facilities
of JEC Grindeks consume about 1?—18000m3ufputnblcwat:rp:r5rca:5u:plmt steam production. Boiler feed water 1z purified by
passing through mechanieal filters, eation exchange (softening) resing and an RO system that greatly reduces the content of scale
forming ealte, improves boiler efficieney and steam purity. Chemieal-free steam iz typically a separate type of steam generated without
chemical boiler additives [57]. [t is used for humidity eontrel of processes and eritical eleanrooms where pharmaceutical products are
directly exposed to the room atmosphere. JSC Grindeks also uses humidification to climinate the build-up of static electricity in
manufacturing envircnments where flammable gases or substances are being used. Several loeal steam boilers are installed in the
manufacturing facilitizs for such purposez. Pure steam 1z the highest quality of steam vsed in pharmaceutical manufacturing. It 1z veed
for the sterilisation of pharmaceutieal produets, equipment or piping. This type of steam is eritical to biopharmaeceutical production
and for the production of injectable solutions. Unlike plant steam, no chemical additives are permatted in the treatment of water uzed in
pure steam generators. As pure steam comes into direct contact with pharmaceutical products or product contact surfaces, additional
treatment of feed water should be performed, to ensure that the condensate of pure steam mests WFI requirements for conductivity,
TOC, microbial content, and sndotoxine [52]. As JSC Grindeks does not produes sterile pharmaceutical produets, pure steam 1= not
uzed in the manufacturing processes.

The recovery and on-site re-use of steam condensate is one of the key actions that can improve the water efficiency at
manufacturing facilities. The re-use of high purity condenzate also reduces chemical use, feed-water treatment costs, and saves energy,
ginee after returning to the boiler the hot condensate requires much less energy to reheat for repeated steam production.

Despite the potential water savinge, steam condensate is not recovered and reused as boiler feed water at J5C Grindeks. The major
obetacle here ie that the beiler house is located about 500 m from the manufacturing facilities. The relatively long distanee and the
initial investment that would be neeessary to build a condensate return line have prevented the re-use of plant steam condensate. From
a water efficiency point of view, in instances in which the installation costs of eondensate recovery equipment are toe high to be
justified, factories should evaluate alternative options for re-use of condensate. Due to its inherent heat content, condenzate can be
reused in various heating systems or as a souree of clean, hot water for washing purposes.

There are not only financial and technical, but also product quality and safety issues that need to be considered when analyeing
condenzate re-use options in a pharmaceutical plant. A= pure steam comes into contact with pharmaceutical products, the condensate
must not be directly returned to a pure steam generator becauze of contamination rizk [55]. Potential microbiological contamination of
condenzate from HVAC esysteme aleo 1z one of the nzk factors that could limit condensate re-use. Scientific publications report that
HVAC condensate can be contaminated with Legionella and other airborne bacteria, therefore, the harvested condensate water must be
properly disinfeeted before re-use ag an altemative water resource [50].

Our case study confirmes the conclusions of the United Nations [60] that the industry often prioritizes production capacity over
water efficiency and conservation. A commen reasen for this is that investments in efficient cooling proeesses or water reuse systems
may have longer retum on investment than short-term improvements in production capacity. Moreover, low water prices in the re-
gions with good freshwater availability aleo do not encourage investment in water efficieney at the plant level and the potential
benefits of water efficiency improvements in industry are often underestimated. In order to properly evaluate and provide justifications
for modifications to equipment or operating practices, the new and true value of water should be asseseed, aceounting not only for the
water supply costs, but also for the related treatment, pumping, storage, purification, and disposal coste [6].

3.1.3. Water recovered from drug manufacturing processes

Pharmaceutical products are typically produced in multi-stage batch processes that create highly complex waste streams with
wariable chemical composition, toxicity, and wvolume [15]. Such varnation in the quality and quantity of wastewater may cause shock
and owverload to the treatment syetems, which leade to malfunchioning or even fallure of treatment processes, particularly biclogical
treatment [61].

In order to ensure effective treatment of pharmaceutical effluents, manufacturing plants must separately manage different types of
wastewater, distinguish highly texie and eoneentrated streams and providing pre-treatment if necessary. Wastewater biodegradability
and toxcity as well as the concentration of speeific pollutants in the individual bateh streams must be taken into account for selecting
the most appropriate treatment metheds. The evaluation and separation of pharmaeeutieal bateh streams aecording to the nature of
the contamination is a key activity not only for finding the most appropriate treatment selution, but alzo for assessing the recovery or
re-use potential of materials in the effluents.

A cost effective and simple method for toxicity sereening of pharmaceutical wastewater haz been implemented in laboratory
practice at the WWTP of J5C Grindeks, which is baged on BOD measurements over a wide range of initial concentrations [47]. By using
a simple BOD/COD relationship for different batch loads it 1z poesible to identify the most toxic flowe and to determine safe rates of
dizcharge into biological wastewater treatment eystems. The extensive initial concentration range used in the experiments, which
correeponds to the real amount of wastewater generated per day, while aleo accounting for the dilution in equalization tank, allows
determination of the toxic threzhold concentration of the sample. These data are uzed as a bazis for asseszing the rizks and predicting
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the process performance in the case of production increases or changez in the presence of epecific pollutants in wastewater. Primary
attention ehould be paid to the most toxic compounds that enter the wastewater as eynthesis by-products or unreacted raw materials If
the screening indicates that wastewatere are toxic to activated sludge already at low concentration levele, separate collection at the
source and further research sheould be performed. Pre-treatment options are then evaluated or waste dispoeal by specialized serviee
providers may be required.

3.2. The role of legizlation in controlling the emuzzion: of APl from manufacturing plants

A very important lssue at a global level 12 the role of the pharmaceutical industry in reducing the discharge of pharmaceutical
substances into the aquatic environment. Degpite the recent concerns regarding the risks to human health and ecosyetems posed by
pharmaceuticals, current EU legislation does not regulate the emizsions of APl at the manufacturing stage. The Industrial Emissions
Directive (2010/75/EU), which also applies to pharmaeeutical manufacturing sites, does not inelude APlz on the list of polluting
substancez and there are no threshold values established for pharmaceutical discharge. APle that are already registered with the
European Medicines Ageney (EMA) as ingredients of medicinal produets for human and veterinary use are also exempt from the
REACH regulations. GMP guidelines eseentially focus on pharmaceutical produet guality and safety parameters and do not inelude any
requirements for environmental protection.

There are a number of sherteomings in the existing EMA guidance for environmental risk assessment. First, there are insufficient or
no Environmental Rigk Assesement (ERA) data available for numereus widely consumed pharmaeeutical produets that entered the
market before the respective guidelines came into force. In the EU, ERA is a mandatory requirement for all new marketing authori-
zation applications for medicinal products mntended for human and veterinary use only since 2006 and 2001, respectively [62].
Second, the risks associated with AP discharges from manufacturing sites are not included in the ERAz [62]. In contrast to veterinary
products, the results of ERA for human medicinal products should not constitute a criterion for the refuzal of marketing authorization
[52,63].

A recent communication of the European Commizsion that refers to the European Union Strategic Approach to Pharmaceuticals in
the Environment emphazizes that the pharmaceutical industry needs to reduce its environmental impact from the product lifeeyele
perspective, with the greatest focus on the research and development, as well as the manufacturing stages [64]. The development of
pharmaceutical produets that degrade more readily to harmless substances m WWTP and the environment and are produeced by
greener manufactunng methods are identified as the future priorties of the pharmaeceutical industry [64].

Problems associated with Additional treatment stages
biological treated wastewater NecasEary
reuse in cooling systems £

Y L

Physical-chemical

— Technical problems — problems — Product quality problems
Additional maintenance and Cross-contamination risks
| monitoring of cooling system . :zi'ﬁg‘lnnﬁ;;:’:uﬂng of —™| between pharmaceutical
necessary aces products
—m=| Reduced energy efficiency _—— Corrosion L Microbiclogical pollution risk
Effluent temperature too

high for cooling purposes

Fig. 3. Problems arising from re-use of biologically treated pharmaceutical wastewaters in cooling systems.
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3.3. Opportumties and limitations of treated pharmaceutical wastewater re-use n drug manufacturing processes

From the gustainability peint of view, water re-use in manufacturing ie eseential becauee it could drastically reduce freshwater
requirements and enable the expansion of producton eapacity without exeeeding water discharge limits [ 5]. The opportunities for
reuzing treated pharmaceutical wastewaters as a secondary resource in pharmaceutical manufacturing are quite limited due to the
high risk of product contamination, which may have serious impaet en patient health, and is contrary to the GMP requirements [50].
To avold cross-contamination between products, re-use of treated wastewater for industrial purposes might be acceptable only after
complete removal of AP] residuss during the wastewater treatment process, if the quality of reclaimed water 1= not inferior to drinking
water.

It should be stressed that all changes in pharmaceutical manufacturing, such az alternative sources of starting matenals (including
water reuse ) chould be validated and aceepted by the relevant regulatory authoritiez, az well az approved by industrial customers. Thiz
12 a hme-ponsuming and expensive proeess that ean seriously impaet the economie viability of any changes.

Furthermore, investments in wastewater treatment for re-use should be weighed against the cost and local availability of freshwater
respurces. Ameng the EU Member states, Latvia ranks 4th in the availability of freshwater resourees, with the average of about 18 000
m? per inhabitant per year [65]. In contrast to Latwia, the available water resources in Poland, the Czech Republic, Cyprue, and Malta
are below 1700 m® per inhabitant per year, indieating that those countries may experienee shortages of water for industrial uses. Sinee
chemically and energetically intensive wastewater treatment processes are needed to improve the wastewater quality according to the
specifications for re-use, in some cases water re-use may cause higher environmental impact than the water uee itzelf [66].

The effluent from the biclogical WWTF of JSC Grindeks iz not suitable for internal re-use purposes. The applied MBBR syetem
ensures pre-treatment in accordance to the local regulations in terme of COD, az well az N and P remowal, however, this level of
treatment iz still insufficient for subsequent re-use of the treated wastewater, for example, in cooling systems. Fiz. 3 summarizes the
main problematic izzucs that can aries from the re-uze of biologically treated pharmaceutical wastewaters in cooling systema.

First, the use of biclogically treated pharmaceutical wastewater streams increases the risk of scaling and corrosion due to the high
levels of dissolved salte. Second, the re-use of effluents from biological WWTP promotes higher microbiclogical activity and biofouling
due to the remaining diszolved nutrients. Additional fouling problems may be associated with rezidual suzspended solids (activated
eludge). Biofilm growth and deposits on heat transfer surfaces tend to cause loss of heat transfer efficiency. Any of these problems or a
eombination of them ean result in costly unscheduled downtime, redueed proeess eapacity and reliability.

Besides that, the chemieal compatibility of effluent water with materials used in the cooling systems should be assessed. Direct
eontact of produets with wastewater is not allowed in any situation, therefore, the pipelines should be permanently monitored and
maintained to prevent any leakage into the reaction vessels and the associated product contamination risks. Fluetuations ef effluent
water quality and guantity eause additional challenges and should be taken inte consideration Furthermore, pharmaeeutical
wastewater after biclogical treatment iz often too warm for cooling purposes. For example, the temperature of effluent water from the
biclogical WWTP of JSC Grindels varies between 28 and 42 *G, maling it unsuitable for cocling purposes. Elevated temperature is one
of the stress factors to nitrifying bacteria that may disrupt the nitrification process, therefore, a heat exchanger for wastewater cooling
ie installed at the WWTP of JSC Grindeks.

3.4. Procezzing of pharmaceutical waste streams for resource recovery and re-use

For a typical batch chemical process in the pharmaceutical mdustry, solvents can constitute up to 80-90% of the non-aqueous mass
[57]. Due to their high proportion in process mixtures, spent zolvents also represent a major part of the waste generated by the
pharmaceutical industry. The minimization of solvent use, substitution of hazardous solvents, as well as solvent recovery and re-use are
becoming key priontiss for the purposes of greener manufacturing [65-70].

In practiee, about 50% of waste solvents are recovered and reused in the baich chemical proeesses at J5C Grindeks, while the
remaiming part 1z either dispoeed through incineration er biclogieally degraded as dilute aqueous solutions during wastewater
treatment in the post denitrification proeess (see more details in Section 3 5 4). The main barriers to selvent recovery, especially in the
manufacturing of low volume APls, include the technical difficulty and cost of recovery, purity requirements equal to those for fresh
solvents, and the time-consuming analytical and administrative procedures neeessary to verify the quality and te approve solvent re-
use in the manufacturing. Although many pharmaceutical manufacturers have centralized zolvent recovery facilitics, the distillation
equipment at JSC Grindeks is integrated at separate production sites. Such an approach allows better optimization of the solvent
recovery procesees and eliminates the risks of crosz-contamination between pharmaceutical products by using shared equipment for
eolvent recovery.

Tranzition metal catalyets play an important role in the pharmaceutical industry and are extensively used for the development of
new dmg candidates and large-seale synthesis of APls [7]1]. Wastewater containing transition metals may not be discharged into
biclogical WWTP, as these metals tend to accumulate in the eludge, causing toxic ffects on microorganizme and having an effect on
further processing of sludge [72,73]. In accerdanee with Latvian legislation, elevated content of heavy metals in the sludge is a bazsie
criterion for their clazsification az hazardous waste [74]. Due to the efforts to prevent heavy metal emissions in the pharmaceutical
wastewater stream, the sludge generated at the WWTP of JEC Grindeks typieally corresponds te Class | or 2 (Class 5 is considered to be
hazardous waste), which allows ueec of the eludge for zoil fertilization and re-cultivation of degraded arcas. Spent catalystz and/or
eontaminated wastewater streams from metal-catalysed chemieal synthesis steps could be utilieed as a resource for the recovery of
toxic heavy metals [75]. Due to the relatively small volumes of heavy metal-containing wastewater and the need for specific pro-
eessing, JSC Grindeliz does not earry out on-eite recovery of heavy metals from wastewater streams. Spent Pd and Ni catalysts along
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with concentrated metal-containing wastewaters from chemical synthesie are collected separately and zent to specialised organizations
for processing, while copper ions are preeipitated and removed frem the wastewater in the form of insoluble hydrexide prior to the
discharge into the biclogical WWTP.

There are several other wastewater streams arising from pharmaeeutieal manufacturing proeesses that ean be directly rensed as
resources and secondary raw materials, such as alkaline streams, effluents containing nutrients, such az phosphates, and metals.
Practical examples focusing en the re-use of these flows are detailed in Section 3 5. The suecessful use of such wastes as valuable
materials serves as an example of the circular economy approach, providing a motivation for improved waste stream management at
the chemical plant level and/or enhanced cooperation both with other companiez i.e. to develop industrial symbioziz and with

universities.

3.5. Implementing circular economy el tnto pharm ical treatment procedures

The practical experience at the WWTP of JSC Grindels chows that there are several possible ways for reusing contaminated
wastewater streams from bateh chemieal synthesis operations as raw materials in the biclegical WWTP. To identify and manage the
possible ways of wastewater re-use, cach batch proeess should be analyeed scparately and effective communication between pro-
duetion sites and wastewater treatment plant should be facilitated to share information that is relevant for the WWTP. Obvicusly, such

Pharmaceutical production baleh processes
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Fig. 4. Scenarios for the use of selected pharmaceutical wastewater batch streams as raw materials in a biological WWTP.
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commitment also requires techmical pozzibilities for collecting the mdividusl wastewater streame in separate containers for temporary
storage, which might be a limiting factor in some cases.

The examples of reusing untreated pharmaceutical wastewater batch streams as raw materiale in the biological WWTP of JSC
Grindeks are given in Fig. 4. Practical implementation iz demonstrated for metal-containing wastewater streams, alkaline solutions,
and nutrient-containing effluents. The given examples indicate that certain pharmaceutical wastewater batch streams chould be
eonsidered not az a waste but rather as a valuable resource to be handled according to the prineciples of eircular economy. The
implementation of circular economy clements through pharmacevutical wastewater re-uze allows reduction of the chemical con-
sumption and operational coste of WWTP.

3.5]. The uze af.flfs"' contaning wastewater a3 coagulant i sludge removal proceszes

Aluminium chloride 1= used azs a Lewis acid in the synthesiz of Milnacipran Hydrochloride AP [76]. An acidic aqueous AP solution
18 generated ag a synthesis by-produet. Aluminium acts as a toxie agent to aquatic organisms, mmeluding fish, invertebrates, and plants
[77]. To avoid the disruption of the activated sludge process, it iz crucial to assess the toxicity risks of such waste streams to biclogical
water treatment plants before large-seale production and the biocenosis from the particular WWTF must be employed in the toxieity
tests [72]. In the performed toxicity tests, AI** containing wastewater showed highly toxic effects on the activated sludge microor-
ganiems at the WWTP of J5C Grindeks [47]. In a separate pilot study, it was found that this type of wastewater is suitable for re-use asa
coagulant in the sludge removal proeess and excess phosphorus precipitation at full-scale WWTP. For the best process performanee the
optimum pH range and dosage should be adjusted depending on case-specifie effluent eharacteristics. In many situations the pH drop
upen the addition of aluminium galtz needs to be counteracted by the addition of an alkaline solution. pH contrel is important also to
maintain minimum levels of dissolved residual aluminium mn treated wastewater [79].

At the current production capacity, about 15m° of ALY containing wastewater iz generated each year, and 100% of this wastewater
1t reused in the sludge removal process at the on-site WWTP of JSC Grindeks. The implementation of such circular economy elements
as the introduction of AI%* containing wastewater to the sludge removal procesz allows for replacement of the traditionally used
commercial aqueous 40% FeCly solution.

3.5.2 The uze of inorganic acids or bazes for pH contrel in moving-bed biofilm reactors {MBERz)

The pH values of pharmacentical wastewater from different batch processes ean wary greatly, ranging from highly acidic to
alkahne If high amounts of acids or bases are discharged into wastewaters, considerable amounts of chemieals are required to return
the pH walue to a neutral level that is optimal for achvated eludge microerganiems, espeeially if the buffer capacity of wastewater is
low.

The pH of the wastewater received at the WWTP of JSC Grindeks iz adjusted by adding 50% HzS504 or 30% NaOH solutions ac-
cording to necessity. In general, the wastewaters of J3C Grindeks are highly alkaline (pH ~ 10 in the equalizing tank). Due to
biedegradation processes, the pH value in the first MBBRs drops down to a neutral level, therefore, the addition of Hz50, 18 usually not
necessary. Higher volumes of NaOH solution are consumed for pH control at the nitrification stage.

To avoid extreme pH fluctuations, a large wolume equalizing tank is required. Alternatively, concentrated water solutions of
morganic acids or basez, if available az by-productz from the manufacturing procezses, can be collected in separate contminers and
subsequently reused for pH control in the biological treatment reactors. If alkaline aqueous solutions from manufacturing are intended
for pH control during the nitrification process, they must not contain biodegradable organic compounds that would directly promote
the growth of heterotrophie bacteria. The oxygen affinity and growth rate of nitrifying bacteria is low in comparizon to heterotrophice
bacteria, therefore, an increase in heterotrophic bacternia may adwversely affect the nitrifying bacteria by competing for space, oxygen,
and other nutrients, resulting in the inhibition of nitrifieation [20]. A strongly alkaline NaOH selution (Fig. 4) can aleo be used as a
precipitant to remove copper from wastewaters generated during other bateh procssees.

3.5.3. The usze of phosphorus containing wastewater az a nutrient source for activated sludge microorganisms

A characterigtic feature for pharmaceutical wastewater treatment plants is the situation that influent wastewater can be deficient in
some nutrients and rich in others. In general, the industrial wastewaters of JSC Grindeks are nich in carbon and mitrogen, while
deficient in phogphorus. The median ©COD and nitrogen concentration of the influent water are 5500 mg/L and 160 mg/L, respectively,
wet the median phosphorus concentration in the mlet water ie only 3 mg/L. To ensure optimal phosphorus levels at the biclogical
treatment stages at the WWTP of J5C Grindeks, HaPQ4 1z added as a phosphorus source in the first MBBR, and the level of inorganic
phoszphates 1= monitored in the first and last MBBRs, because low phosphorus availability strongly affects the biodegradation efficiency
and favours the growth of filamentous bacteria [21].

The only production process giving high amounts of phosphates (G = 10 g/L PO4—P) in the wastewaters of J5C Grindeks 15 the batch
synthesis of Ipidacrine API, which performed in campaigns lasting only several weels every year. In order to aveid extreme peak
loadings and overdose of phosphorus at these times, about 10 m® of wastewater from thiz batch procezs 18 collected separately and
reused as a phosphorus souree during the periods when ite concentration is low in the influent wastewater. The substitution of HyPOy
with phospherus-rich wastewater allows reduction of the eonsumption of phospheorus as a eritical nutrient and lewers the operational
eosts of WWTP, leading to improved plant efficiency.

3.5.4 The uze of recovered solvents as easily degradable carbon source for the denitrifieation precesses

Spent solvents that after several recovery cyeles are no longer suitable for the manufacturing of pharmaceutical products, represent

a large proportion of the liguid waste generated by the pharmaceutical industry (see more detaile in Section 2 4). In most eases,
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clewated water content ie the reason why spent solvents are no longer suitable for re-use in chemical eynthesis. Solvents in general are
toxie and inhibit the enzymatic activity of activated sludge microorganisms [22], however, eontrolled additien of some selvents to
wastewater streams may be beneficial for the activated eludge microorganizms.

At the biologieal WWTP of JSC Grindeke, about 9.5 tons of water-miseible spent selvents per year are utilised as external earbon
sources in the post-denitrification process. Due to its relatively low toxicity, highly biodegradable nature, and chemical compatibility
with the dosing line materials, ethanol has been selected as the most suitable spent solvent for this purpoee. The addition of a earbon
source 1z based on an experimentally determined optimal G:N ratio of 4:1, where G 15 COD and N refers to both NO3-N and NO3-N. The
spent ethanel is diluted with water to a coneentration of about 50% in order to reduee its flammability and to mitigate explosion risks
at the WWTP.

Although the current re-use rate of spent solvents in the demtrification process represents only about 3.5% of the total amount of
spent zolvents generated at JSC Grindeks, there are opportunitics to alzo utilise these solvents at municipal WWTPs. Az the denitri-
fication efficiency at municipal WWTPz 15 often limited by insufficient carbon content in the unireated wastewater [23], spent solvents
can be potentially introduced as external carbon sources at municipal WWTPs. Considering that epent solvents are recovered sepa-
rately from each bateh proeess at JSC Grindeks, it is possible to aceurately determine the presenee of pharmaceutieal residues in such
solvents. Additionally, it allows to choose solvents from the production of these APls that show comparatively betier biodegradability
at WWTPs and does not represent therapeutie elasses that have significant adverse effeets on the ecosystem [24]. The implementation
of such practices allows reduction of operating coets of the WWTPs, an increase in nitrogen removal efficiency, and general
improvement of pharmaecentical waste management

4. Conclusions

Comprehensive analyziz of various water flows and their quality requirements allews identifieation of opportunities and limitations
for water reuse at the manufacturing plant level Coneerns about proeduct contamination, the strict chemieal and mierobiologieal punty
requirements and current GMP regulations restrict the use of reclaimed water in direct contact with pharmaeeutical products. Water
steam eondensate and reject water re-use from RO systems, and a fransibion to water-efficient closed-loop cooling systems were
recognized as necessary actions to redues water consumption in a particular pharmaceutical factory. Due to extreme variability of
pharmaceutical wastewater in a multiproduet factory, treatability studies and toxieity sereening should be eonducted for individual
batch streams to distinguizh highly toxic and concentrated streams and provide pre-treatment if necessary. Our case study highlightsz a
synergy between manufacturing facilities and on-site WWTP that provides a logical path for implementing the elements of circular
economy in the pharmaceutical factory. Az a result, specific wastewater streame from pharmaceutical batch processes can be renszed az
sources of nutrients, coagulantz or a pH control agent in a biological WWTP, providing both environmental and economic benefits.
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6. pielikums
Appendix 6

Promocijas darba pétito farmacijas NAI raksturojums (pieejams p€c pieprasijuma).
A: latviski, B: angliski.
Characterization of pharmaceutical WWTP studied in the thesis (available under request).
A: latvian, B: english.
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