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Abstract

The use of polylactic acid (PLA) bioplastic in agricultural application was studied in this
research work. Based on diffusion through PLA and biodegradability of PLA, it is used to
produce controlled released fertilizer (CRF). By varying structure and thickness, PLA was
prepared as coating material, membrane bag and film bag for controlled released
fertilizer. In addition, natural rubber (NR) and an additive (X) were mixed to improve the
release ability of PLA. Electrical conductivity and pH measurements were employed to
study the release ability and biodegradability via hydrolysis under controlled condition
at 50°C. Morphology, thickness, fertilizer release ability as well as hydrolytic degradation
of the CRF as compared to bare fertilizer were elucidated. It was found that the PLA
coated fertilizer fully released nutrient within one hour. From SEM micrographs, defects
were clearly observed on PLA coating. In the membrane form, PLA and PLA mixed with
NR were used. Both showed the fibrous structure with many voids and pores. These
membrane bags containing fertilizer released nutrient more than 87% withing 24 hours.
It indicated that nutrient can flow through voids and pores of the membrane bag. When
PLA with and without the addition of additive (X) used for the film bag, the nutrient
release was minute over the first seven days of immersion. The high nutrient release was
noticed on day 10 and continued onward. At 31 immersion days, all film bags showed
the nutrient release at 50°C of 98, 97, and 73% for the PLA film, PLA-X (0.005%) and
PLA-X (0.01%), respectively. The film with additive of 0.01% showed the slowest release.
The presence of additive helps generate small pores inside the film by which lowering
the pressure buildup inside the film during immersion. That reduces the film cracking
and nutrient can still diffuse through film. Under 90-day immersion at 35°C, all films
released nutrient only 82, 47, and 45%, respectively. Still the film with the highest

amount of additive prolonged the release the most. Biodegradability of PLA via hydrolysis



was studied. At 50°C, the carboxylic acids as the hydrolytic product were slightly
detected at the beginning of immersion. Later the acids increase significantly. For
membrane forms, high amounts of acids were clearly observed on immersion day 68. At

35°C and 90 days of immersion, the hydrolysis of the films hardly occurred.
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(Volova,T.G., Prudnikova, S.V., Boyandin, AN., 2016) Boyandin Wagaalz (2017) WUl N9

WaeumY PHB agvilvinisudewansenmsainlediniinsdilindou Liu uavaue (2018) 16

'
a

T¥wedgSmuiiiouanlulenedesa (biopolyol) tilerndeuluySe Tneiidnisifuuaylsiiy
sumauiluanuiteanmiuidugnsusesiitefou. wuinsiineynmauludanivisszasns
VanudesgSeliidrasld Yang uazany (2013) wisuwedgsmunsulndniidnislésngivan
podstninanazulilunsidundoudegie  Faaunsatisannisanddosuazgaduthld
971 Calabria uazmnz (2012) Anwinsldnediuesnauseninmmeduininuedauazlusiuarin
Mnmlumsvasunaniule NPK TiTunenlngy uagnaaeunsUasssineimns wuin NPK 3
msanasinninsaiflalfesenduneningn  wedwestesaanemstinmadiandnisfnyiiu
IRARDUT A waﬁLm%@mﬁuﬁwﬁﬁgmmmmﬂq (starch-based superabsorbent) (Qiao, D. et
al. 2016) dminaReutogSe swdunsliiefiowagloa Tnsnedwesindovogduuongauay
fiaaglaandevegiuly vanand fiimslilelasaadilaseadsuminiulelinely
lassaie lnglalasnawseuninnedesasanuadn [Tyliszczak, B. et al. 2009) visoiwaglad
(Mohammadi-khoo, S. et al. 2016) Welelasiaagaduth arsomsaraetinazunsoona N
lslnsimamunisoonuuulassaiesssuniiunnsnsiuveslelnsiaa

woawanAnuedn [Poly(lactic acid), PLA] JunaiainTanm Uszinvwedieainesy
TnevauAnatelgnse (inear aliphatic polyester) duasizwainnsaudndn (lactic acid) &

aunsalaannszuiumsninudedadunsneinsnaunsanadulvdnaunulsa  (renewable



resources) weduinfnuedniirgangiivaeu (T,) lugia 150 - 190°C gamgiiudsuanm

i (Ty) Tue 50-60°C  gninnwuiielinaununarainilianntlasdeusgresnineng

INS1ENRARANANWETA a1unsawwsaulsaInity aunsavdsvaanslenietininwasluidufiv

21 waAwesuazmsnriuauMsUanldas

nsmuANn1sUanUdes (controlled release system) Wwignisanelouastuy3unm
uazszeznaimuauelianzduindousa o ignesauuuin danlivslewd wu o1 Je
Hudu  ilethefisdseaniamlunslians  Usendanauesndsny  wedwedidutagiign
thunldiitensmuaunisUandaesagnaninans - awnsawseuiteliillasadaivainvane
I ueniornviavemedweindy  Ianahasidusdmuaiiddgylunsniuaunis
Uanddesans

Tassarsweamedwesiflflumsmununisanudesiivanssuuuy Biswas uasAne
(Biswas, Shukla et al. 2019) lésusalassasnataglany wiiinduarnediesnildlued

muaunsUanldes Awandusul 21 dwsulassaiwemediwesidnnuiinislilule

L4

muaumsUanUaes  lowd  wedlwesumsnd (polymer matrix) @seralunuutiundeu

v 4

(coating) uuuWal  vIsuuUmeulnaniudaneu  lassainnlisnguuinilly  (mesoporus

q

structure) uazlalnsiaa (hydrogel) 3samngy aziiud a1s (1 Jo Uus) aggnussanielu

lassaine umandenalnnnsvandaesviliansuusengnieuen

%

SNy
Sl

Liposome

Drug Delivery
Carriers

Micelle

Q

Polymer Matrix

Mesoporous

JUN 2.1 siegslaseadneuuuding q vasdaglans wsnlinduazwafiwesmihunldluns

AuANN1IUanUaee



2.2  nalnn1suanyaae

msUanUaewans wseluniinsuanddeusinemisveslumununisuantdey
(controlled release fertilizer, CRF) agondan1sanglouvsanaiumazloun (liquid and vapor

o

water) sguinmeuenwaznelutuadey Faunsaesuielaunsuns  (diffusion) Lilele

£y

wmdavagluaninwindeuiAny (1 vie Au Wudu) 92130910015 wetting Wuszeziamils

Weflegedusiiainin  asfensvastaesds ihfwnsiudilazazanedenasUanlaeyd

Fwindeunisuen lagiiugiu N1SWNIANNITA0SUIEMAIEANNTTVRY Fick Aol

Fick’s 1° law : mel@anizasda (steady state)

ac
= -D— 1
] Y (1)
Fick’s 2™ law : meldmsivasundasan (transient state)

ac . 9%C
at 9x2

Tnefi ) ldndmsuns (diffusion flux)

- duUszaNSNISHNS (diffusion coefficient or diffusivity)

N O

S ANV UVDIANS

AU (STEENN9)

x

t: e

'
al

PNTNAY  ANNEIsalumMnsTuediuladevatuede  e1ikiu vliavesdan

9

dnldnueiu dunsisensenineTaniunmiuduns (Judy

23 msdeusanslaglalaslads (Degradation by Hydrolysis)
wedudnfnuedadunedwesfidesaarsldvisdinn anunsainnsidevaansle
meldnstenay nsudluifiannzwndeuiivanzan mnnsinwvesUndluarany Ses
mislelasladavomoduinfnuedafifiuuariifvenssssni  Tnsustunsaoulutfigumgd
58°C (Pongputthiphat, W., Phopin, W., Insawang, W., & Chumsamrong, P., 2017). WU

WNTUNAADUNDALANANWATANIIAUNURMITU 3.2 mm 15UAANISIADUANINAENSINITIY



[ =

18 fu  fmsgamevesiwiinvedunagey  luvasfieudundniuty  uandoduan
swppian 30 Yu fulmedudnfnuedaiansvaroenidutuibn
milelasladaveanodioamesluanneiifivaviensa aunsauandldfetunoulugui
Ul 2.2 (polymerdatabase.com, 2020) luanmigil pH wiriu 7 lalasladaaziAalédn 91ngy
wdtud  delelaslefaduiuly sl miinluianaveswedeanasuarldnsnuazsa

negediuTu Jansailazdeissuisenlalaslada (autocatalysis) sioilloswaly

Base Catalyzed Ester Hydrolysis

fj\ i 2 I
2 r
R + HO == N == = R=e
1 1 —_——
R™ ~o” R" OH R1J\OH
H0 + R20" == RLOH + HO

Acid Catalyzed Ester Hydrolysis

H\ +
o -H,0 i HO
AR+ fory =l L R I+ 2 HO
R o~ g R o~ VC\O/R —_
H
HE P o3 . H 0
R1/|\O/ =3 1,|\f‘+,Fa —m + rZon
+ R O R1 OH
H,0 HO i

sUi 2.2 lalasladavamedieaineas meldaniizuauaznin

madenldneduaninuedalunismuaunsUandaseds nsiz weduanAnuedaily
wanadnTanmadavisiausodaaneildaningivmanisnuns @nlne dos dudends
Hudh) Feannsaugnmanvlualle ansnsadesaandlsvmadinmuloanannagarinedilolaidu
fiuledawandon (i msvoulaeenler aziiune) Laziivanunsolithuszariveulasonledi
Ilunszuiumsdanszsiuasresiivauduipingfiendandnnansmainunsdoidedly dadu

JULUULAS®ETA BCG (Bio, Circular, and Green Economy) fiaeaaesfivaniunisallandagiu



uni 3

A5AUN15IY

TumeaUjid  mseenuuunmsvaassEnnuaAanslinedudninuedandeuidiale
Ufunnuanansomsunsinuresiuedeudaemsvimediesuan  Usulinodmesiaseadned
Hugngu (wausy) 1Hlugugeussals uasnedwesiwioulusuuiuiidililusugaussyle 3
amsouanaduduneundn o nawentaniteideutds naedeutefematiama q ms
nsaoulasadanavaudivestuafou nsmaaeummaBNIalunsUanUdesty uaznns

neaeunsdenaasveslawndaunieldnislelaslada

31 Jdguazasiadl

v
=

1. wodudnAnuada (PLA) @31 U. NatureWorks LLC tnsm 4043D (Mw *£150,000 ¢/mol)
kagknsm 30520 (Mw = 115,000 ¢/mol)

2. hpesssuviiiduduyiiauesluiugs (Hish ammonia natural rubber latex) #8an u.lng

[

Suesanfindaasuadiadu (Ussinalne) $1fa @mvw) vimseulsiuis Tnsminensasly Petri
disk hidhgeuiigamail 70°C suaugnaums (Uszana 48 Hilus) Inedanmainainila

3. Yol NPK g3 16 - 16 - 16 asnszeine (U3ew Wald 1in)

4. Jogise gns 46 - 0 - 0 A3INTeene (U3EW Weld 911n)

5. Aaalsvasu (USEn CARLO ERBA)

6.MNUE (spray gun HI-TOP $u F-71) au1avianiu 1.5 fadiuns

= =~

3.2 msmssndsasatgasiafeulaz JanaunAun1suandaas

et imaeFeuasedeuls 3 via fo 1. wodudnfinueda (PLA) 2. ansuay
serimedudnAnuedauazinenssssund (PLANR) uay 3. ansuauszwiawedudnfinuedn
wazans X (PLAX) Tagldinallamswsendemuaunisuandass 3 wuuvan de n1san/du
wdouliulaadou nmsasdfumsiusmusuiiovingddls waznsssmeduusiuiiduiorh

galdle nsnTRaRudnyLarautRvesasadeulagNsAN IR INeRENaeY



anssmiBiinpsou autiinishs sauiimnuanasalunisvanudests uazauatasalunis
Fonaaneld

oilq mui%’mﬁﬁumﬂﬂ/ﬁmnm%mﬁﬂijaLﬂﬁauimmwaauwaﬁLLﬁﬂamLa%mLLasLﬂﬁa‘U
Fiateuugnnis Tasmuaueumnf nalumsideuuazeuniignnas dethiialeindeudild
negeun1sUanlaos dunaiiiudn nsvandaesdeinainnisuan (disintegration) veadinle

waeuidundn FaUsuIsnrsiitellademuaunsiandasyle

3.2.1  N1SHMSEUETITAZANENDALANANLITA
n15AAADY
= a & a a < & P a a
WIgLANTAYANENaAkanAnLaTAlngarataddn PLA Tuaaslsnasy niumewmsadniud
AT 250 seusiewndl Wunan 24 9alus TegldUSunames PLA 5 wWesiduddetwinde
NIqUAAOY
o [ 1 = a a @ a a < I3
dmsunsfuediou wisuaisavaeneduananuednlagazaneidn PLA lunaslsneasy
AAMTUTY 10% K@z 20% NIURIULATAINIUTAIIULTY 290 TAUABUNT A

A9 3.1

A151971 3.1 1NIAVBINBALANANLETALALANUTUTUNITInST oY

NoANDST ALTLTY
10% 20%
3052D v -
3052D - v
4043D v _
4043D - v

3.2.2  NISASEUEITAYANY WD AN NANTERITINO B LANANLITALAZ LY TTUVIRA
ATAZANENDALUDSHANTENINNOALANANLTALAL U EIITITUIR (AU UTUINTU

10 Wosiduilasminurssousung) Qmm’%amimaazmswaéLLﬁﬂaﬂLLa%mLLamfwsmﬁiiwma
fisnsrduduandumed 3.2 lunaelaedu suusnimeadumnuiafiinaslsrosuuds
musearida 400 seuseunit unen 12 Falusflgamnfives mndulduin PLA adumnni
fiansarannenesssned musedn 3 $alus feomus 290 seuseuniiuazliinimdou 40°C

leansavae PLA/NR ladndes
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A151971 3.2 dadulasu1uinszrI1awe aLanAnwazlne19s IS UBIRVDIENTATANENDALUDS

asazauNeaLNes ‘WaaLLﬁﬂaﬂLL@%ﬂ (Wt%) 518’1\‘163?31‘[1'@ (Wt%)
PLA 100 -
PLA/NRL 97:3 91 3
PLA/NRL 95:5 95 5
PLA/NRL 90:10 90 10

3.2.3  N1SHSEUAITAZANEIENININDARANANWETAKAZENS X

wisuasavane X finnnududy 1% wA) Tagavaneans X Ui 1 nfudaeiile
(deionized water) Turininusuns (volumetric flask) vu1a 100 ml viinsusudsung a1n
fhllinansazate X & 20 ml laluwandausings (volumetric flask) w1 100 ml Usuusinms
frotemuea wenauduasazaeiiiewion (Bon a1sazany X)

WSBHENTaTaNeSEIaNBALaNANLeTALAYESATaNY X agnaNasavaty X USuns
0.5 ml lupaelsesy Usuns 91.94 ml luwaauidadh muraufianundiseu 250 rpm 1du
nan 5 Wit ntandin PLA Y3inas 10 ndu Ieanudeudt 500C muiliunan 6 $alus aant
galiimnufeunazniusiofigumgiiviesdn 6 dalus Ifansazanesenimedudninuedauay

a15 X (5580 @15a¥any PLA-X)

33 mamssudealununisvanddes

3.3.1  manseuiealuannisuaaddeslugudeniou

nsaamaey

Taladeu3ua 10 niuaslulonay Tinnudeulonaui 65:90°C lnaiasoudnausou
=~ ' 1% 2 a 1A a aa ] =& YA v & = v
Anansazanesing q Medudne1minins 0.2-0.4 dafdnsdendnssdn azldidnluwmdeusie
PLA, PLA-b-NR %138 PLA-X Aamuvedduansinioumiuaumeusinasvesansazarenld

MI9aAADY

Aunendogisevrualidawinivindy thineudedefiaamgll 50 ssrwaduailua

+ a

20 Wil ielannuay uddedeiiuliluediamesietluldsely vinswdeuindende

9 Y

Tupszuaunmsguluanswedwesieuihnisladiiazatseantudinan  Widadevuiniiviniu

U 10 nSU AU 20 Ny Tdasluansavarenedwasmassualiusuins 100 faddns (A4
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a s

a3ei 3.1) udrdweeadindeninedwesindovedadhuuniueaiiielafhavateen reu
o & o Y o 4 A a = a = - ]
andindgeanaindinars  wanhdennimunisindeuleuigamgi 50 ewiwaldea  ield
AU vhazaneuasimnafionnndeguuRadinlefiiunisedeuliszmesanly thile

A - Ay oz a c A o a 5]
‘V]N']‘Uﬂ']il,ﬂa@‘u%‘lﬂLﬂ‘ULaquﬂ‘NLfﬂsﬁLﬂLmaiL‘W@u’]bLUmi'Jﬂaa‘U LLaS’JLﬂiwwﬂmauUW}N ‘) 1‘14“[]14
okl

3.3.2  manssudealuaunisuanddesTuzuusumausy
E5azaNuLUUAIY 9 Ao PLA, PLA/NR, PLA-X Ailaldlunwuseswhnidaailse wagyin

NSNUAIULINUIMTIABUYLIA 30x30 AT.ou. luiirmawiuey (Ruwandusuin 3.1) lnedaviu
T-ndu 919w 20 wag 40 s ieUfuauMuITawNumsuTy tngldussiuauwingu 2 uis
il AMualiseeeiaseEnINidauasuiumaa ity 20 9. WRULUTENIMINNIUTTY

Jo Usunas 1 n3u awnge 3x7 au. Iaidugslemunumsiantdaes

JUN 3.1 NSWUENTAZAIENDRLUDTAIUUUKINADY WAzQAUNMLUTUUTIYUeAI0E1q

9
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3.3.3  manssudealuaunsuandaasTuzuusuias
usuflaunaIsayarE X

FmseSeuwiuiduInaIsavatsuuusne 9 fie PLA, PLA/NR, PLAX filn3euld Tnewm
asaranedeUTinesTit e (USumuenumunuiuiidifeints) aswuaumsdolugge
Afu (fume hood) Udeslursiignmniives 12 #alus wdsmnduiddouaudou (hot air
oven) figamail 40°C Wunan 2 4l

WRUNEUDINHS X

wontleanniseienlduiauruaIsazate Tunsalnisiuans X ladinisldans X Tu
sUewms (powden) Taef3smsiwon dall 1h X anuadasasniiu nthniisnseuriunzng
311A 100 mesh (150 micron) ifiu X Aikuszunsssoulugsduasiululagaeudu andy
Fane X adlumaniiidiln dunaelsredy Jarwan tilU sonicate 10 widt aanduridia
PLA Winadluvan Tnefiusunaasiildduansly a5 3.3 NusnEAALE 250 seUAe
wift wagliianudou 50°C 1Wunan 6 Halug ﬁaﬁwms%ugﬁusiu?\lém PLA-X powder composite

(NXp) Ingmasuuanunizienni Yaeeliuisioamaiivies 12 9ilue ndsntudnindeuay

= A o

$ou (Hot air oven) Migaumgll 40°C WWuaan 2 Flue dunuilduiiwseuldundnliladmaey

WA 6 x 7 cm. lugasnein3esdags (Sealing Machine) azlsigeildudniuussqlediesn

]

w9 3 x 7 cm. Tddedeggeay 4 nsu uavdataungeliain geussyleuandlu

JUN 3.2 gailandmiuussglediegne (NXp)

Y q

A519 3.3 USunaumeduanfinuadnauazig X dnusuindeuwsuilau NXp

wuau PLA (g) W X (g) CHCl; (mU)
PLA 10 - 91.94
NXp0.005% 9.9995 0.0005 91.94
NXp0.01% 9.9990 0.0010 91.94

U 3.2 gedlaudwiuussadedagne (NXp)
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3.4 N15R529aaUlATIES19asANURENTARU WAULUNLUTULASLEUNAY

3.4.1  msfnudugiuined
Uieg19mTsuldunAnwduguine vl uluas A InAn v I8nNa 8Ina 04

qanssAmIBIaNATEULUUABINTIA (SEM) 3 JEOL, JSM6010 Aum1adng 5 kv Ladaudiedig

AIUND

3.4.2  @uURANTTAY

NINAaeUANTANIIAH LIS PLA/NR wazuiufldy PLAX 73 ould anu
11MT§1U ASTM D882-18 nadeudl gamqdwes (27°C) 1ngldin3 aa Universal Testing
Machine (Instron, iq"u 5565) 93¢ load cell ¥u1a 5 kN 8951521un1579 50 mm/min au1a
Y9ITUNAGDUIINTU 15 X 150 X 0.2 au.uy. il omAa1uudaussiia (tensile strength) ue

1Y

Adavesdan (Young’s modulus) Wagszerdniignuia (elongation at break)

3.4.3  N15IASITHONTINTLNAVDIN
Fn31n15lvave i uILUSUIINATAaaslasF LN UL LUS U DU NaNIUIALEUN Y

AUGNAIYINAU 5 B, AL ULLUIUUUNTI8N 838 Q1n1a A18lALsIAY 1.25 cmHg

Y 9

(Fawandlugun 3.3) insvaaesigamgiivies (27°0) uvm 9 2

Y

(a) (b)

JUN 3.3 gunsalmsindnsnisiuavesii (a) ns28nsasgayINIA (b) UWHUILNUTY
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344 madevamedioudluth

wientunpaoulusUveHuIUTILazuHUTEY Tdadlurn duthile 250 fadans
Yneh dddeumuauguugifl 50°C Sufinmsdsuutas neluszezinan 90 Yu Wfuth
Mograniadifiioy amahliih @uide 3.4.1) uagimslmmsniiemyInansed
Antu Tnefinwandondail mimia%aaumﬂﬁammaLﬁ'aLL*u”lwfﬁaLﬁﬂmﬂﬂﬁﬁ%aﬂﬂmﬂa%ﬁ
shlpegnindunasouldaduminuiimuinaug 500 S3ans wWiniiusaanleseu (Deionized
water) Gsiiiannlunsa-ms (pH) Wiy 5 asdurnauiauldsasdulneimdnssminai
uarduvagouwinty 501 lasana  anduktninuiafiinisussetumaaeuadlusieaaunm
gaumgdl nefmungauvndililunismeaeusgil 50 °C Fudugumplildlunismeasunisuan
aaemetiameeananainaglianngifionialuiingiu ASTM D5338 wag ISO 14855 M
asvaeunsaliulivesufisenlalasledalaeiaa pH yaniusAanlessuteaies pH
meter wagyimsisthiegeenuvhmslnmmiiefnsamguaieaelann 9 3 Junawde
AsU 30 Tuagvhmansaeunissiuluvesufisenlalasiadann q 7 Tu nnedsiivhnisieh
fetweoninimadiuiidluhiulsiesiilvesnuwinnisaraaeunsideuaaslag
Uffsenlelasladalusveviaan 90 u msAnnamanududuvemyesuendan (Carboxyl

group) Taglgmanudnius
Tuuluanyasuenddn = Muuluavedludeulensenlys
Ca X Va = Cb X Vb (3.1)
et Cy = ANauduresvyATuen@an (Carboxyl group)

Cp

AnuNtuveslanenlansenles (Sodium hydroxide)

V), = swesladeulansenlas (Sodium hydroxide) tiainnislmmse s1uan

T usalotgnatya

V, = Ysumsvesinudfauneduaninieda nsulimnsizinadnduug

meUTing 10 ml ldasluringuvuy
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vnsasavaeuaInsii (Electrical Conductivity) vasthugusuiiduneduanin
woBnydnInNunUITIBLIATsInAN1s NN (Conductivity Meter) TngfianauinaAians

AN5199 3.5

a9t 3.5 §rdunisasraaeuan1sulidi (Electrical Conductivity)

a1PunTinAl EC U9 Tu
1 0 -
2 1 -
3 3 -
4 5 -
5 7 -
6 10 -
7 15 -
8 20 -
9 25 -
10 30 -
11 40 -
12 50 -
13 60 -
14 70 4
15 80 -
16 90 -
17 100 -
18 110 -
19 120 -
20 130 -
21 140 .
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(%

a1PunTinAl EC U9 Tu
22 150 -
23 160
24 170 -
25 180 -
16 210 -
17 240 -
28 - 3
29 - 6
30 - 9
31 - 12
32 - 15
33 - 18
34 - 21
35 24
36 - 30
37 - 33
38 - 40
39 - a7
40 - 54
41 - 61
42 - 68
43 - 75
a4 - 82
45 - 89
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35 N1INTREIULATAATIENANAINISaNM sUanUdes Y
mManegeuANaIsalunmsvantasels azondenisinssiiiuaanudunsaa
(pH) wagan1mn15ULN (electrical conductivity, EC) lavinnsuddeim3eulaluiiflen

FLYLLIANN 9

3.5.1  mseseianudunsawa (pH) wazaniwnisda i (Electrical conductivity)
a s I ° ¥ o . . a '
nsiasizvanudunsavataranmnisinliivesiigle (Deionized water) Aua

Jeofren TnedadefiegnaTuna 10 nfu adurangUaugvunn 500 faddes daiidle
UTuIn5 200 Hadans LLa%ﬁﬂﬁU’JG\E‘Uﬁvm{jLLﬁIuéﬁﬂﬁﬂﬂlUﬂqu%qﬁ floumafi37 + 0.5°C waz
FAuthdeged 1, 3, 5, 7 uar 10 Yu wfadeieiesiiiowiines 8% Hana Ju HI99121 uay
wasinmmatilnih vinismasosdamady
nsfnvidadieuifiovaifiesuazainsiilniivesidle Jo NPK gns 16-16-16
wazdeel3e (urea fertilizer) Mnlagn1sas1ansvluinsguauduiussenineAfna1fiv
Uil Taethts NPK gas 16-16-16 uagtlegids snavareluinileusinas 100 uag 200
fadans Taeillst
QUUIUTUUTTPUeuaz gy T9Ue
msleswianmmaiinihwesihusiaanlesou (Deionized water) futiodogng

Tnglddnsdmsznindeiegnuaninunannleseuwiniy 1 @ 50 1akiINUIIRe

a

Unannteseunarlefegaudlugniiniuaugungil Mgamgil 50°C dnrnsuildives

W19 1, 3, 5, 7, 10, 15, 20, 25, 30 Wil nasanuuinainsiilaimnn 10 uiiauasu 4

Hla uae 1,2,3,5,7,10, 17, 24, 31, 76, wag 90 Tu

3.5.2  anudansansuanUaeeie
WosiuinisUanUdess1nemns (% Nutrient release) ialdainainistlniives

fegatflofuiguuausuusTgde (Lubkowski et al: 2015) Awdnmnuaun1saeluil

. o+ x 100
% Nutrient release = ta— (3.2)
F

e 0y fi Ansilnda o wadlala o Ao Amsihliivesdegiaindlenug

Jg 1 nduluin 50 daddns Fadlduiniu 26.69 mS/cm (Tayauansliluuni 4)



uni 4

Nawazn15aausY

Tuunilazuanmauazefuseraninannisnsvaeulas@aiarauiivesansindou
WL UTURaRUH LAY Saunimsiiesigvauaunsatumsvanddesly  ielimsldans
wdeuleydanedudninuedn weduwdnfinuedniuenasssuyd wasnedudnAnuedaivans X 7

wissnmematiansiniendemuaunisuanUdegiuusiig 4 audey

3

4.1 lasaieuasaudfansiniou WNULNUTULAZWHUTEY
nnswsendeamuannsiantdesnielanmsnunndaiu I5n1snsrdeulaseaineee
afuweilansdeindesqansiaudidnnsounuudensin (SEM) autRdenaszldauifusei

drwpnuasalunislantaeeleazdnenieldaniznisudluigleidundn

4.1.1  dugiumen

sUvUeindey miﬁjmmﬁauﬁ 91RBN13 precipitation lusilivhazansy (non-solvent)
TumsassUansiedevuulls  8m51nns  precipitation  ensuansafuileldaududues
msazanenty dugiuinewesioindeumenodudninueda (nsn 4043D) wIvuila
it 10 way 209 TS wandagu JURL 4.1- 3Ufl 4.3 axdanadiut Anunuesduiedeu
FlFunnenstudndes 7 10% szdeumniesni anumuifinnaliadnae Wefiasauy
N 71 10% feering dn vurelve vadii 20% fdesiudnnszaerilu edriaiiddaly
msvhiundeuiinle Ao Tuirdeuarhinseunquislassouiomn (mperfection) ienagou
mMsUanudessinemsvesuindey (nsa 4043D wag 1nsA 3052D) Wneninnandudy 10

+ a

waz 20% mensinanisihlnin wudn Jeeissazatgeenuiamelussenaiiganidsdilug

9 Y

Lilvidoyanmsuanuaenutunaouiuniase
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SEl 10kV WDT8I
SUT

sUT 4.1 Talasnsan SEM amdnvnsveadiadedidiiunisindoudaenszurunsguadly

u 9

dsazatawedwes lagldanududui (n) 10% was (V) 20% (MMasvene 30 wwin)

=

s oA, ,
Ui 4.2 lulasnsan SEM vasiuRaJenniunisiadaudienszulunisiaasluansazane

u

wodwes Tneldanududuil (n) 10% waz (@) 20% (Fr&svene 500 W)

o O A 1+ » A L
10KV wu1qm}ns_és5 1 - - SEl 10kV WD20mmSS35 x1,000" 10pm ~ —
. A 4 4 - SUT

I a

g oo . ,
Ui 4.3 lulasns i SEM vasiiuRadenniunisiadaudienssulrunisguasluansazane

u 9

wodwes Tneldanududuil (n) 10% waz (@) 20% (Frdsvene 1,000 win)
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FUMUVUA U Fugnivenveausiuiaiiusy PLA iUSudnuiuseumsriuaiusd
Tldanumnd 0.05 wag 0.1 Tadluns wansguil 4.4 asdlaswasunmeludidnuasdudule

wavvuiuifdnvazduuiusieilesniivosinnszaeiey

8

SElI 15kV WD22mmS$8§35 x300 50pm 3 SEl 15kV WD25mmS$S35 x300 S0pm  e—
SUT X SUT

(1) AU 0.05 mm (@) AUMUT 0.1 mm

sUf 4.4 Tulasnsawl SEM vasiuRe (@1uuy) wazately (A1uane) vaeuaumdiusy PLA

u

a

NAMUNL (1) 0.05 uaz (¥) 0.1 UaaLuAs

[

AUTIUINYVDINURILAHULLALUSE  PLA ey PLA/NRL M1US11autne19555u01@Rnany

L]

a

PIMUIUTBUNIINY 20 Uag 40 ASY wAMIRIgUN 4.5 azdunadiud wiuuausy PLA
Uszneumeidulauazdosing uardnuaedainariinduil PLANRL 97:3 agdlsinnu ey

USunauienssssummdui PLA/NRL 95:5 anwauzldulonazyesinsanas uonand anu

anwglassaiaanelnuluiiotan
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SEISkV | -WDItmmS§
LSUT gl \

(n) (v)

SEI 5kV/ WD36mmSS35 -, x200 100pm T—
SUT ji

Ul 4.5 lulasnsnw SEM wesituaurumuiusy (n) PLA, (¥) PLA/NRL 97:3, (R)
PLA/NRL 95:5 ua (A) PLA/NRL 90:10 f3euld di

o

V18 200 Wi

4.1.2 @uUANISAY

+

WU UlAE IRl s ilevaussalegninnedeuautRuseda tilensiu
faanumusawsana wndnvialading azldvngaudenisununldussles

sulvysshizauzy devhmsTaauiRusfausiussiusy PLA fiennumun 0.05 uay
0.1 fadwns liAeuiunusienssi (tensile strength) linaderusialumsedl 4.1 wuin
WUTUARNAMLN 0.05 Tadluns SaudRiBsnagsniiaumun 0.1 fadums

sukvmshEy WovhnsTaaulusafausiuiida PLA way PLAX ldnadssiusaly
P19197 4.1 ukuRda PLA-X TasifussRegeninusiufida PLA edumnauds anmdumusio

LSIRLALANUATIE
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M19199 4.1 autRAusefsvasuHuUsukasuHuNAudmugeusTyle

f79819 Young’s Tensile strength | Elongation | Toughness
modulus (GPa) (MPa) at break (%) (J/m?3)
WAULLILLUTY PLA 0.17+0.02 2.21+0.33 2.59+0.26 -
0.05 mm
WHULLLLUTY PLA 0.10+0.01 1.47+0.21 2.23+0.50 -
0.1 mm
WNUASL PLA 0.33+0.01 16.80+ 1.99 240.73+ 1935.27+
16.47 145.40
WHUAAY PLA-X 0.64+0.06 19.73+ 4.02 265.59+ 2701.15+
22.55 270.71

WHUTAFUTAMUVUROLSIRESTIEINUTY Belsfiay ArAuumusausIRe

YosuRuLUTULBaned s v ussydesagldau ldnvnlaede

4.1.3 9n51N15Mavan

SUMUMAIIIYTY UHUBINIUSUTILASoaen PLA, PLA/NRL 97:3 WAy PLA/NRL 95:5

fanuvuiuazdmviniand 1¥iumudRusauM sy dwandlusuin 4.6 uwazlletuvedeay

gn5n15vavedt HadesuNn 4.7 Fadeing o lesausailunised 4.2 Wedwiuseunisniu

WILTU AUAUILAZUIALN VDN UL US UMY baZLaTlNMSHENUNIE1955SUTIR YT bALEY

wnusuilaNu LAzl augndnsnsivariuresiiig@uilionaut

g195551I09 PLA/NRL 97:3 uetlviashwlalléddl  PLANRL 95:5 Afumuilasnndesiudagm

Wevesr I UTUTWS s laddnwedulouazderinitaras - 1SV NNEWY

ydamalinisgadulnveauLUsHanad Yilins3um 1uAnlaeInTu
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—@=Spray 40 times

Thickness (mm)
>
—
W

- : / Spray 20 times
0.05 ]

PLA PLA/NRL97:3 PLA/NRL95:5

0.25 -
0.20

015 1 ——Spray 40 times

=&=—Spray 20 times

Weight (g)

0.10

0.00 1 : : .
PLA PLA/INRL97:3 PLA/INRL95:5

UM 4.6 Auvun (n) wazuamitin (¥) vesuAULUNLUTY PLA uag PLA/NRL Nidnuiusey

ANTNUAY 9

1
0.9 ===Spray 40 times
0.8 === Spray 20 times
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Flow rate (ml/s)

T
—

PLA PLA/NRL97:3 PLA/NRLY5:5

JUN 4.7 nsmsinavesiisnuiauiusy PLA uaz PLA/NRL f1971U9U58UNNSWUANS 9
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ANSI9N 4.2 ANAMUNUN YN WAZERNIINTLAVD I VD ILHULULLUTY PLA hag PLA/NRL

U AUNU (1. i (n$) Sasmsiavanit (mUs)

soums | PLA PLA/ PLA/ PLA PLA/ | PLA/ | PLA PLA/ PLA/

Wi NRL NRL NRL | NRL NRL NRL

sazans 97:3 95:5 97:3 | 95:5 97:3 95:5

wodlues

20 0.055 0073 0.095 0.0507 | 0.071 | 0.0733 | 0.08 0.15 N/A
+0.00069 | +0.0076 | +0.00217 +0.37859 | +0.25166

40 0.104 0.133 0.174 0094 | 0097 | 0.1436 | 0.18 0.39 N/A
+0.00134 | +0.0121 | +0.00871 +0.200 +0.21947

4.1.4 nmsuanganeiiiourluiin
woaudnAnuedadunedloamosiannsaiinnisidenaaelasnszuiunislalaslada

1§ silsgminanssiulvedlalngladaasfnnsaiiiivyiledduansuandan (-COOH) Fsagr
i idufusaisen (catalyst) 16 nodudnfnuedafinfouluzuduedou whussmusunas
wiufidugminudluiile egndlsfienn wudn nsdifwedeutls fnms$ioonvesioidlous
melusgezalivig  wansdls  maedeudadefianulianysal  (mperfections)  ifin
Founnses (defects) viilvijsarargeeninld liannsatufinuanindenaargveanedudndn
waBsluguuuuduedauld Fuhnmsvnaeunsuananeveadnnedudnfinuedn (PLA pellets)

Winlglunsiseusiieu

sbvvlsnysy  madeuaapvosuiusinusy PLA Tuihdlefigungli 50°C
aeluszezina 90 fu msiinmunsidenaageideAinnudunsaua anasilaiih uas
Usinansaiifindulagldnislnms nauansdesy 4.8 - 4.10 f pH vestiunAanlessuiluy
wHuwLsuneaRdnAnkedngniann 9 3 Juluyas 30 Juwsnuazgninnn 9 7 Fulugae 60 Tu
n¥auAsu 90 Su A1 pH vestiUTIAINlesRuiuTIsBIIUTUNEALENANLoTAgn TN 7 3
Tlwrae 30 Tuusnuazgniann 9 7 Tuluyie 60 Jundaauasu 90 Ju

NaMsUABULUaeI pH uansfaguil 4.8 aziuindloudusiummiusuwedudnin
woBldifios 3 fu é1 pH vesthusmnloseuiiutuiusIUsUNEALENRNLE TR A A
nun Jeranasedraiuladanazlutig 60 TuusnuesnsvaaesAn pH vesUsrnlosauil
LdusinUsuNeAEnAnuednraesnumuiiuuwlduanasllsneiiy msanasueae pH LA

nmsiaufisenlalasladavesnedudnfnuedn  Aelneluanavesidilaaneiussioa
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woshlianeldnaiunaivendanesameaelsinililaudunmifnty  doms
naaewiulUGeTufl 68 vesnsnaass wui m pH yenuTAanlesauuturumUSUNE
Audnfnuedarsaosnumniunliuanaseradiulddndneds desanmafinturemgans
venFaniinaeissiiselelasladaiviliunnaaslfiinn  InsusuamiusuisaeaILm

Tinawanasfutaeu1n na1leddn ANUNUIYBILKHLLLLLIUTUNDARANANWaTAN LT ddsnadanis

1 a v o L
LANFAYRYINNUYAALY
8.00 —&— PLA 0.05 mm
7.00 PLAO.1 mm
6.00
5.00 =
L 400
3.00
-
2.00
1.00
0.00
0 10 20 30 40 50 60 70 80 90

Time of Hydrolysis (day)

'
a

sUfl 4.8 manudunse-ae (pH) veshumaanlesouiuturususunodudnfiniedai

v

d‘ a

SeEEiIa1e 9 YesnsaaeuUfisulelasladanaumail 50 °C
amsiliihvenhusanlessuiiuiuiuuuusunedudninuedagniann q 3 fu
Tugae 30 Tuusnuazgninnn 9 7 Juluyie 60 Tundeauasu 90 Tu INNANIIATIABUAINTT
lwihweshuduiuaiusuneduanfnuedalugag 4 Faluwsn wansldaeguil 4.9 auWiud
Ansiinivesisiaanteseu  (miedulilas@und/ wufiuns) Auuiumusuned

uinAinuadavisansnamuaiuualtufinulsisnfularian 15 Tn@ouaInuan I TITaUAN
nsthlihwesihusmnloseuiutukumsiusunedudninuedaluras 90 Yu uandlddsgui
010 aundiuiilugi 60 Juusnarninilwihueseshunmnlossufindusiusniusuned
uwEndnuedaieaesenumuniunldniutuededh  q  widlonmeaesiidiuludeiui 68
wuhanslwiheeshunmnlessuiiutukuimmusuneauinnuednaosn iy
avtueghann esnnmilwihdutudnulesey  nsuandldlessusuiAnanmsunn

daneruuisenlalasledaveansduaninuedminlasluanavesihdiluaaneiuszioames
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Aondulelasiieylossu (hydronium ions) uazlensenleslonsu (hydroxide ions) tneiilens
onlafloseuasshmihiidusdiesaufiselelnslada hlvdswaulesewinuty uandlmii
1 mMauandaneremeAuaninuednaninifiutuesanasudierdunslelasladausrezioa
wils tue maRaufiSelelasladasninldiitudemnaluanatemedudninuedatosas

Tules lngurumsusuiaum 0.1 mm danisiiliihgandmainumul 0.05 mm

—8—PLA 0.05 mm

—8—PLAO0.1 mm
180

160

140

-
N
o

8

EC (pS/cm)

0 20 40 60 80 100 120 140 160 180 200 220 240

Time of Hydrolysis (min)

JUN 4.9 Anstiliih (Electrical Conductivity) ¥eat1Us1A9N loRUTLTUHULLILUTUND]

wanfinuedn o 1181918 o vasnsnadeuufisenlalasladangamall 50 °C 939 4 Faluausn

—&— PLA 0.05 mm

—8—PLA 0.1 mm

g

g
N

"

EC (uS/cm)
g 8 8

8

o

0 10 20 30 40 50 60 70 80 90
Time of Hydrolysis (day)

Ul 4.10 Ansthlalih (Electrical Conductivity) wasinusaannlessuilugiidumedudnin

WA U L3R o) veasveaeuUisenlelasladaigamgil 50 °C
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aruduturemyaivendanvesiunanlossuinduriusiusunoduininuedn
andann 9 3 Tulugae 30 Juusnuazgninnn 9 7 Fulugae 60 Jundauasu 90 Tu Vlﬂﬂ%g\‘iﬁﬁ’l
msfadegwesnindnaiuihilednluintuuinnsiitseonn

MnuamInsaFeuAntuiurmyauendanluinannleseuiiutusumanys
uwedudnAnuedeaiigamadl 50 °C uanslifaguil 4.11 anfuinnududuveaasuendan
Tudhusaanleseufiudurusmiusunedudnnuedaduualiidintu Inglutas 60 Suusn
ardduresmjasuendanluiunannlesouiiisasinumuniinnudsuuandniios
wandlugudl 4.12 ilesnnmsidenaanslaujisenlelasladavemedudninuedaazifnlag
fussioawmeignlelasladalasluanavenivhlaelsnaldngvasaelndungaivends
nfwhlifianududuresyasuenddnuiniu udiflonismaasusuiudeiudl 68 vesnis
neaes wuinduturemganuendanluihunannleseuiiutusuanusunedudnfinuedana
aosarmmiimafistusgadiuldta esnufAzelelasladasgnissiaesuiuvean
Aruendaniiiiuty denaliunnaaisldiituuasnmsaaisdivomodudninuedaiiniy
esanmaAnufAsennmsnsedulusiies (Autocatalysis) Insusiussiusunodudninuedndi

fauvun aun) Wisuamyaisuen@anuinnd

—@—PLA 0.05 mm
4.00E-02

—8—PLA 0.1 mm
3.20E-02

2.40E-02

1.60E-02

Carboxyl group (mol/L)

8.00E-03

0.00E+00 0—0—0-0—0—0-0=0-0 o—0——0—
0 10 20 30 40 50 60 70 80 90
Time of Hydrolysis (day)

JUN 4.11 Pnudiuturesvijansuendan (Carboxyl group) vaeu1UsIAINLERB UMY WHL

UUTUNEARANANKETATIIANS 9 vasufisenlalasladananumgil 50 °C



—e— PLA 0.05 mm

5.50E-04 —8—PLA 0.1 mm

5.00E-04
4.50E-04
4.00E-04
3.50E-04
3.00E-04
2.50E-04
2.00E-04
1.50E-04
1.00E-04
5.00E-05

0.00E+00
0 5 10 15 20 25 30 35 40 45 50 55 60 65
Time of Hydrolysis (day)

JUN 4.12 Anuiduturesvigmiuendan (Carboxyl group) vestnUsIAINloB UYWAY

Carboxyl group (mol/L)

a @ a a ! aaa a A a ° '
WUTUNDALLANANLLDYA U LIATRN €) ‘ZJENﬂ’]SVWIﬂE]‘UUQﬂSEJ’]bLﬁI@]'ibLaGUﬁVIQMMQQJ 50 °C Tutaq

60 Juusn (VeneYeTTYLIALINYRIFUN 4.11)

gUuvUUs Uy Msdenaateveadkuiiay PLA luihdleaamall 35°C anglu
sepziIan 90 Tu 91nwan1srsIvdeuANIsilivesfiIegraniutg lidu PLA, NXp 0.005%
way NXp 0.01% 7aasing q dauandluguil 4.13 wudn geildy NXp 0.01% Harnisilain

hedulad@uud/ suiung) gifign sesaanfegeiay NXp 0.005% wazqeilay PLA

Y 9
'

muddiu wa X (lugdves NXp) ndinastuilduazuandeonidulesswiilirinisiiluihives

feghahileiuwigefldudanindumudiunams X fieglufiafidy wenantudidunawiuiim

nsthlihvessegainflomuiuegnet q Wealunsudgauiuady a5 4.3 a3y

13 a

Anmsthliiyesaegaiiigeilds PLA, NXp 0.005% wag NXp 0. 01% figaumgil 35°C

U

—o—PLA —m-NXp 0.005% ~4—-NXp 0.01%

0.25 I

Electrical Conductivity (mS/cm)

0 10 20 30 40 50 60 70 80 90
Time (day)

Ul 413 ansthlifihveshusianlessuiiug qaildu PLA, NXp0.005% uaz

NXp0.01% 4 1awins 9 figaumndl 35 °C unan 90 Ju
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M51edl 4.3 asuainsiliihwesihusimanlossuiiug qeildu PLA, NXp0.005% uaz

NXp0.01% a4 1981903 9 Aigaumndl 35 °C 1Huan 90 Fu

1981 ()

AU NRIveR29819 (MS/cm)

PLA

NXp 0.005%

NXp 0.01%

0.0018 +0.00013

0.0030 £0.00361

0.0048 +£0.00455

0.0769 £0.00346

0.0563 £0.06102

0.1679 +0.05523

0.0778 +0.00389

0.0572 £0.06058

0.1694 +0.05779

0.0784 £0.00396

0.0728 +0.05989

0.1724 £0.05919

0.0812 +0.00156

0.0917 £0.06336

0.1838 +0.05027

0.0828 £0.00198

0.0994 +£0.06901

0.1880 +£0.05492

10

0.0876 £0.00191

0.1046 +£0.07064

0.1970 +0.05209

17

0.0916 +£0.00177

0.1109 £0.07050

0.2064 +0.05511

24

0.0964 +0.00177

0.1368 £0.08026

0.2232 +0.05161

31

0.1046 £0.00163

0.1438 +£0.08690

0.2327 £0.04837

46

0.1076 £0.00085

0.173 +0.05134

0.2372 £0.04934

61

0.1185 £0.00042

0.1841 +0.04667

0.2519 +0.05120

76

0.1289 +0.00438

0.1932 +£0.04688

0.2649 +0.04911

90

0.1352 £0.00898

0.215 +0.05374

0.2688 +0.05243

NAN31N- 4.4 eRansanafitervessiag1aiAtenuygilay PLA, NXp0.005% uay

NXp 0.01% &unaiuindionallunisvadeuiiuduaiitevvesiasgnaiflelinsasuwda

Y 1Y

aglilivudAny fegaflenudgeilduyiinng g daniteylugae 6 - 7

£
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a s

asei 4.4 ﬂ'wﬂl,awaa@'f’gaehqﬁwﬁlwquam PLA, NXp0.005% ag NXp0.01% v84n15

noaeuufiselalasladanonmall 35 °C

. Afloyvasindaagng
L3an ()
PLA film NXp 0.005% film NXp 0.01% film
0 7.43 + 0.35 7.02 £0.40 6.92 +0.15
1 6.19 +0.04 7.23 £0.40 6.37+0.15
2 6.23 +0.12 6.64 £0.27 6.59 +£0.27
3 6.46 £0.04 6.97 £0.33 7.00 £0.49
5 6.93 £0.45 7.03 +0.12 6.67 £0.06
7 6.98 +0.18 6.68 +0.09 7.22 £0.21
10 6.84 +0.04 6.92 +0.14 6.70 +£0.06
17 7.13 +0.12 7.25 +0.08 7.57 £0.35
24 7.50 +0.28 7.14 £0.17 7.23 +0.11
31 7.20 £0.04 7.88 +0.25 7.57 £0.36
46 7.58 +0.38 6.79 +0.11 7.35 +£0.47
61 7.55 +0.11 751 £0.11 7.21 £0.10
76 7.06 £0.19 7.64 £0.34 7.21 +0.22
90 7.27 £0.07 7.16 £0.12 7.67 £0.38

mﬂmamsmmaaummLsﬁm%’usuawy:m%uaﬂ%ﬁﬂhﬁ’lﬁlaﬁuﬁlém PLA, NXp0.005%
uaz NXp 0.01% wdranualutile figumafi 35 °C Wunan 90 Tu nutaaududuses
mjasuendanlusegeinieauiiegwiuiidUszanm 3 x 10° mol/L fuandugudl 4.14
wagmsed 4.5 nAievuazmanudiiuremyauendanluinilefiusiduiianmia

wansliiiudl Neamginismeaeud 35 °C Ujiselslasladaiinladn
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5.00E-05 -

4.50E-05 -

4.00E-05 -

3.50E-05 4

3.00E-05 -

2.50E-05

2.00E-05 -+

1.50E-05 -

1.00E-05

Concentration of carboxyl group (molL)

5.00E-06 -

0.00E+00

PLA NXp0.005% NXp0.01%

a ¢

JUN 4.14 pudiuturesvijansuendan (Carboxyl group) Yae1UsIFAINleRBUNLYRITAY

)

a

PLA, NXp0.005% waw NXp0.01% LHutian 90 Ju vesmsvaasuujizenlelesladafigamgi
35 °C

M990 4.5 aguaranududuremyrsuandin (Carboxyl sroup) vasusiAvInteeaud

utgaFldL PLA, NXp0.005% way NXp0.019% #iussqi NPK 16-16-16

Y v [ -4 aa
AIULVNYUYBINUANIUBNYAN (mol/L)

PLA 0.0000336 +6.78823E-06
NXp0.005% 0.0000384 +6.78823E-06
NXp0.01% 0.0000336 +0.0000048

42  N1INTREIUKATIATITIYY

lumsnsisseuanuaansalunsuanUaessinemnsvesde inlugudeindeu waggs

U539U8 Tnegeussqiivhannuruusulasuiuiiduinseuls

4.2.1 anudunsad (pH) waz anwnisidalnida (electrical conductivity, EC)
ATINUINTTIU

v 1%
=

Wesry vinisasunsmuinsgiuseninsafleswarusunadevissiinde NPK 16-16-

=

16 wavdegiseluinile Ingldusunsundlen 100 uag 200 faddns Aswandluguil 4.15 &
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'
1 Il

auiiulain Ariervesle NPK 16-16-16 Aaudnersiiviniu 6 visdesUSunasild vaeilegse

£
oA

AN UULITBANILTNTUEUY IINALEY 6 FUde 7 MeaaelSinnsild nMsiufsuwdasn

WeyilaivdsunlasUSunady (Anududy) edudey

9.00 -
8.00 —@—pH values of fertilizers in 100 ml of Deionized water
. 4
7.00 —e—pH values of fertilizers in 200 ml of Deionized water
6.00 -
" —_——t—————e——3——3—
o
S 500 -
©
>
%_ 4.00 A
3.00 A
2.00 -
1.00 -
60 1
0.00 0.20 0.40 0.60 0.80 1.00 1.20
weight of fertilizers (gram)
(n)
8.00 -
7.00 -
6.00 -
5.00 3
wv
g 4.00 —o—pH values of urea fertilizers in 100 ml of Deionized water
© ' 7
>
z 3.00 ~m—pH values of urea fertilizers in 200 ml of Deionized water
2.00 -
1.00
0.00 e e L B A e e ey s N N A e s e e S SN e
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
weight of fertilizers (gram)
()

D.

Ul 4.15 nsmsgussinaeflevvesihdlefiurdeiuuimnade (n) Je NPK 16-16-16

way (v) Joglse
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wenanAiitey levinisadensmunsgiusenitansinbiinduusinadeluingle

lngldU3umsunfled 100 wag 200 fadadns daanslugui 4.16 Feawiiulain ansialaiih

v '
= A

voe8 NPK 16-16-16 Tuihdlawfinduiliennuiduduliivgadu aesusunsild lngdidinisi
Tt feududy 1 n31/100 addns (1% wAv) iy 12.90 mS/cm wagastiuladn fnany

Wiy Arnstlidindawiniy @sinadedeiu WeldUsuesiidle 100 ml 9ed

AnududuluasaviveadioldUinmsiidle 200 ml) wueilegse Anisiiliihienu

Y

Wi 1 n3u/100 fadans (1% wiv) Wity 12.62 pS/cm (Hopunn) wasiirnududu 10%

14.00 -
13.00 -

12.00 4
11.00 4 —— Electric Conductivity of fertilizers in 200 ml of Deionized water

~a— Electric Conductivity of fertilizers in 100 ml of Deionized water R? = 0.9982

10.00 -
9.00 4
8.00 -
7.00 4
6.00 4
5.00 4
4.00 -
3.00 4
2.00 -
1.00
0.00 ¢

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

R? =0.9992

Electrical Conductivity (ms/cm)

weight of fertilizers (gram)

100 - R? = 0.9977
—4— Electric Conductivity of Urea fertilizers in 100 ml of Deionized water |
90 -+
80 ~@- Electric Conductivity of Urea fertilizers in 200 ml of Deionized water

R? = 0.9981
70 A

60 -
50 4
40

30

Electrical Conductivity (us/cm)

20
10 A

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

weight of fertilizers (gram)

)

JUN 4.16 nTvmsgusEniensiliihvesihdlenuwidediuuiunade (n) Yo NPK 16-

v

16-16 (Miiefaddwud/sudiuns) way (v) Jegiss (ielulnsduud/aufuns)
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a

wiv Badurududugeaaiiveaey ldmnsthilsliuiidy 9230 ps/cm wie 92.30x10°

9

A+

mS/cm (Atasuin) nsidessetlidladesuin wWesaniisazatedn luwnndlilessu

9 u
v

vuzfide NPK Weazaneu diuveslnunaden (K) wandululossulddioazateul viliin

Inflel fanu Tunmsfinwinsuandasede Judentdds NPK 16-16-16 Tun1snwisiealy

Yennaou

msnaassmsvandasssluguuuuiendouiinieuainansazats PLA fimnuidudu
5% vilasutluihile wasilewssuifisuldinsudidin PLA waztls NPK 16-16-16 Tuthitle
wazadniosuazansiilii Ssldnadauandusudl 4.17 audiulddn sUa 4.17 () Andl
wvvesindlefiug PLA firnuszana 7 uaranfitovliivasundaadenalunisutida PLA
gy Tun PLA ldiianisuanda n1sidenanin (deerade) ldiinnaslalaslada
(hydrolysis) luszaziaan 10 Juveanisurluth v mﬂl,asusuaqﬁﬁiaﬁmdﬂa NPK 16-16-
16 uazderndousag PLA 5% anasain 7 i8u 5.63 udsnudléviletu Arflesvosinilefiug
{8 NPK 16-16-16 waztleindousae PLA 5% Seasiideutlianuiu nmsiien pH veshile
anastu anndoarangluiiile vilvhlefinnudunsadfindu sUi 4.17 @) wanadnig
il (EC) vonilefiuy PLA, 1o NPK 16-16-16 wawlloiadouss PLA audiuin ansih
Iyihvssiilofiug PLA fidntiosun g7l 0.04125+2.757 mS/cm wlousiisly 1 ¥u (szuuidh
gauna Aiumnsnsnidieduue 0 $1) uaglifinsAsunlaniiousiisly 10 Su dudnisii

[

Inlhesniilofingts NPK 16-16-16 fargauandngannsiifl 27 ms/cm (arandudu wihiy
1o 1 nfudeuusieinleseu 50 fadans) Woudld 3 Yu Arnstilridvesnidlefinie
\douse PLA 5% 1ululudnwaisifieaduts NPK 16-16-16 Gadhgenasiiil 27 ms/cm iile
uafle 3 Fuuiy ogslsing Jerdeudie PLA uaninsiddsunlasaifitosuazainisii
i ludnsaieatuiuly aadiinannaedeuiiliauysal Svosing shldbunddaly

avaneUeoanula
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8.00
7.00 — —— —
6.00 £
1 —— — i — i
5.00 1
[7,) 4
) i
= ]
© 4.00 -
> ]
I -
G300 1 -
] —-NPK 16-16-16 fertilizer
2.00 ]
] \—5 % PLA coated Fertilizers
1.00 ]
0.00 ] T T T T T T T T T 1
0 1 2 3 il 5 6 7 8 9 10
Time (Day)
(n)
30 -
E E 'a | - WA Y —_—h
S 25 ] -
£ ]
2 20 ]
= p
2 ]
(o] 4
E ]
2 15 ]
) ] «@—PLA
g 10 —m—NPK 16-16-16 fertilizer
‘g ] 45 % PLA coated Fertilizers
o 5 7
" . P> . . . . =
0 1 2 3 a4 5 6 7 8 9 10
Time (day)

()
Ul 4.17 ArillevuazAnisinlnfivesindlediuy PLA, o NPK 16-16-16 uasileiadiou
A28 PLA



as19fi 4.6 aguATavuazAnsinlwihwasitld PLA, 8 NPK 16-16-16

36

wazeinfauing PLA

1381 Arfitavindegig Arnsinlndihvesindaegns (ms/cm)
() 5 % PLA coated 5 % PLA coated
PLA pellet NPK 16-16-16 PLA pellet NPK 16-16-16
fertilizers fertilizers

0 7.11 £0.76 6.27 +£0.08 6.17 £0.42 0.00271 0.00271 0.00271
1 7.14 +£0.71 5.62 +0.04 5.59 +0.015 0.04125 +2.757 22.45 +1.90 7.026667 +1.025
3 7.09 £0.41 5.50 +0.01 5.52 +0.043 0.04140 +0.141 26.37 +0.416 26.43333 +0.513
5 6.76 +£0.53 5.57 +0.005 5.57 +0.006 0.04795 +1.767 26.03 +0.251 26.16667 £0.378
10 7.19 +0.37 5.64 +0.006 5.65 +0.006 0.04860 +4.101 26.03 +0.493 26.43333 +0.416
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QIUTTQUERINUAULIYTY

mnaaein1sUanUdeelelusuuuuuiumsiusy  vilagin3gugaussaleainuaui
wiuiededld  udninaindnudluthile AanuAinsilniihvesfiogainiled
WasuuUasmunan Tinadesusailuguil 4.18 uazmsnedl 4.7 &unadiudt Wediansanann
msthlnih gaususuieSenann PLA du Arnisihliingatusagasiiil 26 mS/cm (ousld
e 1 fuwhiy Tuvazfienniliihesguasiusuifossssminadunedudninueda
PLA/NRL(97:3) waw PLA/NRL(90:10) tistunazasiilufuil 2 vesnismaans iledunmmen
WosidunisuanUdosarsanng (% Nutrient release) fiinldandrnisiiluiivessaegteihi
lofudqamsiusuussgle awaumsi 3.2 Idnadauandlumsed 4.8 Funmfiudidinis
Uandosansevnsvesqauaiusy PLA fAngeaadl 98% uarAsTiRauATull 1 vesnisvanes
uisTuil 3 YeanIMAaes warAIMSUAAUARYATDIMNTVDIQUUIUTY PLA/NRL(97:3) uay
PLA/NRL(90:10) Tuuil 3 wesmsvinaes flfaeandl 93% uay 90% mudwu wandliiifiuii
MINaNe9EIHYRTlduTezaansUaadaseld 5-8% ag1alsinny nmslanlassinemis
YDA ST 49791 87% melunanfismieuvinby

ynfiarsanlassadausuLLUTY (GUA 4.4 uay 4.5) avifiudnwasiduls fosinuars
WgUULUNLAIS LI Feuonminnsunsinuidenedweudsnemnsaunsolvariu
Ferinsuazgngulatiues viliivzanisanudedlstion

Foyaiesidudnmsvanudensine1mns (% Nutrient release) faldanamstilyiih

V0410819117 loNutnaaUTuUTIIle (Lubkowski et al. 2015) AMUIANENNT (3.2)

or x 100
OF

% Nutrient release =

el gy fig-An1sihlni e vadlale OF Ae Ansuilidwesiedgafleviug

= |

Jo 1 nfuluih 50 fadidns Feflanriiiu 26.69 mS/cm wandlugun 4.19 uagasen 4.9
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—o—PLA

PLA/NR 97:3

-
o
1

PLA/NR 90:10

(S,
1

Electrical Conductivity (mS/cm)

o

Time (Day)

3U17i 4.18 ﬂ"]m'iﬁﬂ%lﬁwaaﬁﬁﬂmﬁmn‘laaauﬁmiqamuwsu PLA, PLA/NRL(97:3) uag
PLA/NRL(90:10) u559{)8) NPK 16-16-16

A15197 4.7 aguAnisinlniivesddegisinflodlaudnaunusuussadenuusng o

1981 Armsilfvesidaeens (ms/cm)

() PLA PLA/NR 97:3 PLA/NR 90:10
0 0.001 + 8.3865E-05 0.001 +0.001 0.002 +0.001
1 26.667 = 0.058 24.200 =0.173 23533 0+.513
2 26.567 = 0.288 25.033 +0.351 24.100 +0.300
3 26.500 = 0.173 25.200 £0.173 24.333 +0.321

A15197 4.8 d5UAN1sUanUdRa 59115 UR I uNNIUTUUTIRJanuUAng 9

AN15UanUaR8519581113(%)

381 (1)
PLA PLA/NR 97:3 PLA/NR 90:10
0 0.003 +0.000 0.005 +0.002 0.007 +0.003
1 98.765 £0.214 89.630 =0.642 87.160 +£1.901
2 98.395 +1.069 92.716 £1.301 89.259 +1.111

98.148 +0.641

93.333 £0.642

90.123 +1.191
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30 |

R?=0.999

Electrical Conductivity (ms/cm)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

weight of fertilizers (gram)

Ui 4.19 Amsihlwiivesfle (USinas 50 fiadans) Auddeiudiunnds

v

M390 4.9 Amsiludivesinile (Usuias 50 fiadans) Muddenuiunneing o

Ysunaude (ndu) Amstlnivasiaegnain (ms/cm)
0 0.00105
0.0257 0.859
0.0506 1.625
0.0756 2.414
0.1012 3.13
0.1255 3.85
0.1540 4.68
0.1754 5.26
0.2085 6.28
0.3004 8.68
0.4002 11.45
0.5033 14.13
0.6037 16.7
0.7018 18.91
0.8080 21.64
0.9031 23.93
1.0064 26.69
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guilauussyUevidn NXp

a

N5y 4.20 &unewiuinenistlivesiiuseenleseunudgeiiay  PLA,

=

NXp0.005% Wag NXp0.01% #ussqils NPK 16-16-16 Tu 240 it figamgdl 50°C it
nalumsudfesagiiduussadeaiindy  Taemmadlwiheshunaanlessuilurnedidu
NXp0.005%uazqafld NXp0.01% dfiAgenigefidy PLA vl fessinms X Tufldy
NXp0.005% waz NXp0.01% azanetild vhliineitduiiussqtedingngu Jefleganslugaiida
anansalvariueenld variigaildy PLA sgendnisunsiiesagnafien silsirnislwives
dnsmanleseuiiutdefiussylugs@idy NXp0.005% uaz NXp0.01% genitieitussalugs
Tldu PLA agslsfinn iflousfisliTlsvozinanu 31 Yu wandlusul 4.21) Amstlnihlusgag

240 W ddantpguIn

0.0800 -
0.0700
0.0600
0.0500

0.0400

0.0300
] ——PLA

~o=NXp 0.005%
NXp 0.01%

0.0200 ]

00100

Electrical Conductivity (mS/cm)

0.0000

T T T T T T T T T T T T T T T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200 220 240
Time (minute)

a ¢

Ul 4.20 Amnsiiludrvesihusiaanlessuiiudnsildy PLA, NXp0.005% uaz

NXp0.01% 1us59iJs NPK 16-16-16 92919a1 240 uiiusn
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30 -

25 A

20 -

Electrical Conductivity (mS/cm)

——PLA
a = NXp 0.005%
S —~ NXp 0.01%
00 T T T T T T T T T

0 3 6 9 12 15 18 21 24 27 30
Time (Day)

Uil 4.21 AmsilWirvesihusiaanlessuiludnsildy PLA, NXp0.005% uaz
NXp0.01% #1u559{Js NPK 16-16-16 5283198 31 Fu

Ul 4.21 wansanmsthlwihvesisaainlossuiiuiasilds PLA, NXp0.005% waw

NXp0.01% Mus59te NPK 16-16-16 sz1an 31 Ju nudidnsilwihweshusmanlessy

v
g Y 1

MurgailduusTdensanudiegidlugig 7 Juusaiidniey wazAnsiiliihvenindieg1aiug

o
o a

{Jeftussylugsiiduisameiniuiueraiulddaluiui 10 vemsuduasdunliudutude
sgesedALty  uenand  Amsdilwihvesiunannleseufiutgaiidy  PLA uas
NXp0.005% fiengsndnannsilatiwesiisaainleosuiidnfids Nxp0.01% anvaiflsien
miﬁﬂWﬁwmﬁwﬂimmﬂaaauﬁLL*&QQW'&M PLA &az NXp0.005% ﬁmqﬂﬂ’jwfﬂﬂimmﬂ
Topouiiutnsiidn NXp0.01% o1aidumsizingailay PLA 1Ann13 cracks 9nussiuiinnnelu
geldunarUiizenlelnslada (Boonmee wagan, 2016 uay Oertli, 1980) vilviisesunnds
sevuaniiuomazioualvgnitnsuiiinannisazatevesss X (Pasian, 2013) Sevhlsie
anelugsildn PLA uwsrueenlsisy Tuvasdigsfldy NXp0.005% wag gaildu NXp0.01% i
wyu shlienudunelufifetulugeiidudeos mamunuduressnsuiviudesina X
ity FedeualiuseiunelugaiduusstsanamuaumuuiuTesNgy  aanaiinms
uanvesnaildaly dervaonisunsvesiseeniingsiidalafiuntu Saidldemsthlvihveni
fudnadida NXp0.019% Aussyieiiesnidnisinlniheshiuslefiusslugsfidu PLA
way NXp0.005% ﬁﬁayjaﬂ"]ﬂw313”111/\1171'1511aqﬁflﬂimmﬂlaaauﬁLmj'qﬁxlém PLA, NXp0.005% Hag

NXp 0.01% u55918 NPK 16-16-16 gnsausasilu 131l 4.10 uaz ms1eil 4.11



M15°99 4.10 aguAnsiiniivesAmsilnivesdumanlessuiutgeay

PLA, NXp0.005% uaz NXp0.01% f1us5qdJs NPK 16-16-16 4291981 240 undiusn

Arnsilndiwesingaegne (ms/cm)
1381 (W)
PLA NXp0.005% NXp0.01%
0 0.0018+ 0.00071 | 0.0034+0.00298 | 0.0034x 0.00173
1 0.0030+ 0.00133 | 0.0248+0.01022 | 0.0116+ 0.00702
3 0.0043+ 0.00230 | 0.0265+0.01088 | 0.0156+ 0.01162
5 0.0051+ 0.00197 | 0.0268+0.01110 | 0.0193+ 0.01538
7 0.0068+ 0.00115 | 0.0277+0.01123 | 0.0229+ 0.01747
10 0.0087+ 0.00072 | 0.0300+0.01285 | 0.0295+ 0.02652
15 0.0095+ 000110 | 0.0344+ 0.01366 | 0.0334 +0.02721
20 0.0106+ 0.00201 | 0.0379+0.01587 | 0.0357+ 0.02773
25 0.0118+ 0.00156 | 0.0413+0.01927 | 0.0380+ 0.02946
30 0.0122+ 0.00181 | 0.0446+0.02237 | 0.0385+ 0.03003
40 0.0130+ 0.00236 | 0.0447+0.02237 | 0.0391+ 0.02960
20 0.0135+ 0.00276 | 0.0861+0.02301 | 0.0407+ 0.03036
60 0.0137+0.00284 | 0.0470+0.02336 | 0.0411+ 0.03039
70 0.0151 +0.00504 | 0.0477 £0.02312 | 0.041 6=0.02999
80 0.0167 +0.00708 | 0.0486 £0.02370 | 0.0425 +0.03036
90 0.0176 +0.0083¢ | 0.0494 +0.02436 | 0.0437 +0.03127
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100

0.0195 £0.01112

0.0512+ 0.02643

0.0443 +0.03109

110

0.0211 +0.01338

0.0518 £0.02613

0.0450 +£0.03177

120

0.0018 +0.01511

0.0034 +£0.02625

0.0034 +£0.03337

130

0.0030 £0.01736

0.0248+ 0.02759

0.0116 0.03365

140

0.0043 +0.01862

0.0265 0.02886

0.0156 +0.03593

150

0.0051 £0.01995

0.0268 +0.02956

0.0193 +£0.03646

160

0.0068 +0.02231

0.0277 £0.02727

0.0229 +£0.03509

170

0.0087 +0.02537

0.0300 +£0.02943

0.0295 £0.03366

180

0.0095 +£0.02594

0.0344 +0.03038

0.0334 +0.03377

210

0.0106 +0.02610

0.0379 £0.03213

0.0357 £0.03371

240

0.0118 +0.02527

0.0413 +£0.03230

0.0380 +0.03266

ad

M15197 4.11 aguamnrsihiniivesurrinisinlnivesivsiaanlossuiiutg sy

PLA, NXp0.005% waz NXp0.01% #ussqile NPK 16-16-16 1uraan 31 Su

An1sutHvesUfI9819 (MS/cm)

0.0701 +0.02278

0.1118 +0.04083

a1 ()
PLA NXp0.005% NXp0.01%
0 0.0018 £0.00071 0.0034 +0.00298 0.0034 +0.00173
1 0.0523 +£0.02448 0.0742 +0.04735 0.0768 +£0.03483
2 0.0650 £0.02455 0.0807 +0.03798 0.0960 +0.04085
3

0.1351 £0.04909
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> 0.0822 +0.03467 0.1321 £0.04904 | 0.1281 +0.04295

7 0.0907 +0.03628 0.1483 £0.04742 | 0.1412 £0.04649

10 1.4834 +2.38736 13371 +1.72722 | 0.1489 +0.04639

17 14.3833 +3.13965 | 12.1700 +0.26870 | 7.7700 +5.63659

24 21.1700 +4.40194 19.3000 16.9600

31 26.6067 +2.80678 26.2300 19.7800
mﬂgﬂ‘ﬁ 4.22 waniinsuanUaeusnesuesqeilay PLA, NXp 0.005% uag

NXp0.01% U333l dnalaindnsinisuanudessnennsvedgailay NXp 0.01% fiAsnii

gafldun PLA uay NXp 0.005% nngluszegiiammmaaes 31 Junudngeildy PLA uaz NXp

'
=

0.005% UABys17@M1509 98% WAz 97% a1nu Tuvazigaflay NXp 0.01% Udeys19nemis

9

Ighfles 73% el 4.12 ayuAn1sUanUaess1nemIsvenaiau PLA, NXp0.005% uay
NXp0.01% AU55918 NPK 16-16-16 1011381 31 flaaumgil 50 °C

100 -
90
80
70 4
60
50
40
30 4
20
10 4

—e—PLA  —e—NXp0.005%

NXp0.01%

Nutrient release (%)

0 5 10 15 20 25 30
Time (day)

gﬂﬁ 4.22 ayuanunsalunisuaniaassnnamnsvesglay PLA, NXp0.005% uag

NXp0.01% #1us59{Js NPK 16-16-16 Tuthusiaanlessuiduiaan 31 Su
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asned 4.12 ajuANsUanUdasnemnsvasnelau PLA, NXp0.005% uag NXp0.01%

#ussqUy NPK 16-16-16 1Juraan 31 figaumgli 50 °C

na () AN13UanUaR851701%15 (%)
PLA NXp0.005% NXp0.01%

0 0.006 +£0.00265 0.012 £0.01105 0.012 +0.00641
1 0.194 +0.09067 0.275 +0.17538 0.284 +0.12901
2 0.241 £0.09091 0.299 £0.14067 0.355 +0.15129
3 0.260 +0.08436 0.414 +0.15121 0.500 +0.18183
5 0.305 +0.12842 0.489 +0.18162 0.474 +0.15907
7 0.336 +0.13438 0.549 +0.17563 0.523 +0.17220
10 5.494 £8.84207 4.952 +6.39710 0.551 £0.17183
17 53.272+11.62835 | 45.074 +0.99519 | 28.778 +20.87628
24 78.407 +16.30349 71.481 62.815

31 98.543 £10.39549 97.148 73.259

nsUanUapesnemsIndeiiussglugeiidy NXp0.005% uaz NXp0.01% 1537t

waraen X Nailau iagnsu dduihlugsilduussadewarazangJunielugeiauinu st

a6 1

aodludn (osmotic pressure) Yumelugalanussqle asazatedeaslvasenaingalausiug

U

WUNRIQIEN wenntuLsruealuAngwhlminsosunn (Crack) MHInIaNwazEwilAg

9 Y

(%

wudvunalvedu (Pasian, 2013) Awandlilugul 4.23 dunsvanudessinemisandedn
UsIRbugefldy PLA 1y Sununvsunsn@uniugaildy PLA wWldazanglannelugeilduin
wsssiueealudnaeluge Wan PLA \Anseswnn arsazatededsanunsalunaciueanuilame

natnnsuwns dauanslilusuin .24



46

@ Fertilizer granule //// Crack
. X particle O Pore /
JUN 4.23 uruntnuann1sUanlaaesinenisandenussylugeilay NXp0.005% uaz

NXp0.01%

K . Fertilizer granule 4/ Crack

JUN 4.24 ununmuaasn1suanddessinemsainienussylugsilau PLA



a7

a6

guflduyssyUeidn NXp 71 35 °C

a

wenaninswifigamall 50°C wan lavinsiaauinanisinliiveaidleiugge

Y

+

Wdu PLA, NXp0.005% uaz NXp0.01% U359l ﬁaamqﬁ 35 °C Taglunisud 240 wiiusn

9 9 9

%
a e S a

dunenuinAmstiliihveshlefudgaldunsausiaivuilduiugudonaniutuuas e

v '
= A

wudn Ansihinvesileudgeidugeduiioysunm X g duandusuin 4.25

Y
v

gﬂﬁ 4.26 memmﬁﬁﬂw%mmﬁ’lﬂsmmﬂiaaauﬁl,miqﬁ\lém PLA, NXp0.005% Hag

NXp0.01% MU559t8) NPK 16-16-16 551981 90 Ju figaunail 35 °C wuimdsaniuggeiida

9 Y

L3

us39Uald 30 Fu AnsihliihvesiiednninfleNudgelauPLA wag NXp0.005% LiuTuoEs

wilddaau duanisiiliihvesiegiahlenudgeiidy NXp0.01% induunnegaiiule

a6 a ¢

Fandnudgalduussleluinileussun 46 Tu Ammsinlivhvesdieginindlonugaiiay

9

v '
@ a 3 =

usslenianuiaiinguiesainsigemisieglugeiidulvasenuiniuses crack uazgngu

L] U

€

vouaiduiAntudonarlunisudanniu shlvises crack uaggnguiivulnauasisiuaumn
Ju dauanslusuil 4.23 warsuil 4.24 Fsdwmasmormsunsooninldundmwalsianisiludih
gluetraiulddn  amsthlwihweshamalniweniunaanleoouilutgadidy PLA,
NXp0.005% Uay NXp0.01% Aus39tJs NPK 16-16-16 fiszeziaasing 4 usnilumsed 4.13
LaANS1eTl 4.14

Sodunumivesifudmstandessinemng (%Nutrient release) Ua99aildnUsTy
Jevtaanuiin wui meluszezinainismnaes 90 Yu gaildu PLA Udessnomseenunlid
82% d1uQTlas NXp 0.005% wag NXp 0.01% Udess19e1vnsil 49% uag 45% mudIdu i
uandlugufl 4.27 uag as1edl 4.15 FoAfiu gamaN NXp 0.005% waz NXp 0.01% ievsa

msUandasedeeenlula

(Y]

mnsUSeuLiisunnuansalunsUandasesineimsiigaumll 35°C (Uil 4.27) fu

50°C (U1 4.22) nuin Neamgiisn msvanUdessinenmsvesnailduazdininnonmgia Ine

U

§WaN NXp 0.005% Hag NXp 0.01% YreveasnisUantaesdelsiuiunid
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61 10.2600 +3.85 7.1910 +4.58912 6.2437 +3.74531
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Abstract

The present study aims to produce polylactic acid (PLA) membrane for controlled release application. Using

spraying technique. the membranes of 0.05 mm and 0.1 mm thickness were prepared. Morphology. tensile test, and release

ability of the membrane were conducted. SEM micrographs showed the connected fibrous and porous structure inside the

membrane. The tensile strength and Young's modulus of the membrane were lower than typical PLA film. As for

controlled release fertilizer. the PLA membrane contaimning NPK fertilizer immersed in deionized water showed a similar

release to the bare fertilizer. The results suggest that the membrane with this micro size of fibrous and porous structure

cannot effectively slow down the fertilizer diffusion process.

Keywords: Polylactic acid: controlled release fertilizer: membrane:

1. Introduction

Bioplastics have become viable to wide range of
applications e.g. packaging, medical, and agricultural
applications. as they can be produced from renewable
resources and are environmentally friendly materials.
Controlled release fertilizer is one field of bioplastics
being used in agricultural applications. Slow or controlled
release fertilizer (CRFs) are developed to effectively
release the plant nutrient components and to overcome the
loss of fertilizer by surface runoff. leaching and
vaporization [1]. The CRFs are commonly produced by
coating fertilizer granules with polymers. However, most
conventional polymers used for coating fertilizer cannot
degrade in soil. This non-degradable polymers in tum
become a threat to environment. plants and water.
Biodegradable plastics have been studied for CRF
applications [2-4]. Besides of coating. controlled release
application could be produced based on other approaches.
e.g. membrane. host-guest, and mixture, ete. [5-7]. Among
bioplastics. polylactic acid (PLA) is most popularly used.
In this work, PLA membranes were prepared for controlled

release application. As PLA does not dissolve in water, it

is designed to enclose the fertilizer and to slow release the
fertilizer nutrients via small channels. Morphology.
mechanical properties. as well as the fertilizer release
ability via electrical conductivity measurement of the
membrane were studied. The prolong and/or slow release
of drug and fertilizer in a controlled fashion would make a

great use of drug and fertilizer over a period of time.
2. Materials and methods
2.1 Materials

from

was used. Chloroform AR grade

Polylactic acid with 4043D grade
NatureWorks LLC
(CARLO _ERBA Reagents) was used. NPK 16-16-16

fertilizer was purchased from Chia Tai Co.. Ltd.

2.2 Preparation of solutions and fabrication of PLA
membrane.

The PLA solutions with a concentration of 10 %
w/v were prepared by dissolving PLA in chloroform and
stirring at 290 rpm at 40 °C for 6 hours until a

homogeneous solution was formed. The PLA solutions
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were sprayed on Teflon substrate with a pneumatic spray
gun. With air pressure fixed at 30 psi. the distance between
a spray nozzle and the substrate was kept at 20 cm. By
varying the number of layer-by-layer deposition cyecles,
the PLA membranes with controlled thickness of 0.05 mm
and 0.1 mm were obtained. Thickness of membrane or
coated film affects the release rate. In general. the
thickness of coated film used for controlled release
fertilizer 1s in the range of 20-100 um [8. 9].

A PLA membrane bag with a size of 3 x 7 cm? was
prepared. One gram of fertilizer granules was loaded to the
membrane bag. The membrane bag was heat sealed. The
PLA membrane bag containing NPK fertilizer for release

test was shown in Figure 1.

Figure 1 PLA membrane bag containing NPK fertilizer.

2.3 Scanning Electron Microscopy (SEM) Analysis
Morphological properties of PLA membrane were
observed using a scanning electron microscope (JEOL.
JSM6010). Acceleration voltage of 15 keV was used to
collect SEM images of the samples. The membrane
surfaces of specimens were coated with gold before

analysis.

2.4 Tensile testing

A universal testing machine (Instron, 5565 model)
with a load cell of 5 kN was employed. Tensile test of PLA
membranes was performed according to ASTM DS882. A
crosshead speed of 12.5 mm/min was used. At least five
specimens were tested and tensile properties were

determined.

2.5 Electrical conductivity measurement

The release ability was done by electrical
conductivity (EC) measurement. Correlation of EC (in
mS/em) and fertilizer concentration ([F] in g/100 ml) was
13.5[F]. was

made. Linear calibration curve. EC
obtained. Ten grams of fertilizer granules were placed into
glass bottle with 500 ml deionized water and kept in a
water bath incubator at 50 = 0.5 °C in three replicates. At
a specified period of time. the EC of the sample medium
was measured using EC meter. EC data of fertilizer
granules were collected at 1. 3. 5. 7. 10. 17, and 24 days.
Same procedure was performed on PLA membrane bag

containing NPK fertilizer.

The release ability of membrane was compared to
PLA film. PLA film was casted from solution and used for
bag. Clear PLA film bag was loaded with NPK fertilizer
and heat sealed. Electrical conductivity was thus

monitored after immersion as mentioned above.

3. Results and discussion

3.1 Morphology of PLA membrane
Under the the

membranes with controlled thickness of 0.05 and 0.1 mm

specified  conditions, PLA
are obtained. The thickness of the membranes used for bag
containing fertilizer is shown in Table 1.

Table 1 Thickness of PLA membrane prepared.

Sample Thickness of PLA membrane (mm)
No. PLA 0.05 mm PLA 0.1mm
1 0.053=0.0058 0.103+0.0058
2 0.053=0.0058 0.097+0.0058
3 0.057=0.0058 0.100
4 0.057=0.0058 0.093+0.0058
5 0.060 0.103=0.0058

The morphology of the 0.05 mm PLA and 0.1 mm
The

interconnected microfibers and voids structure inside the

PLA membranes are shown in Figure 2.

membrane with pores on membrane surface are observed.
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2.3 Scanning Electron Microscopy (SEM) Analysis
Morphological properties of PLA membrane were
observed using a scanning electron microscope (JEOL.
JSMG6010). Acceleration voltage of 15 keV was used to
collect SEM images of the samples. The membrane
surfaces of specimens were coated with gold before

analysis.

2.4 Tensile testing

A universal testing machine (Instron, 5565 model)
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membranes was performed according to ASTM D882, A
crosshead speed of 12.5 mm/min was used. At least five
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glass bottle with 500 ml deionized water and kept in a
water bath incubator at 50 = 0.5 °C in three replicates. At
a specified period of time. the EC of the sample medium
was measured using EC meter. EC data of fertilizer
granules were collected at 1. 3. 5. 7. 10. 17, and 24 days.

Same procedure was performed on PLA membrane bag

containing NPK fertilizer.

The release ability of membrane was compared to
PLA film. PLA film was casted from solution and used for
bag. Clear PLA film bag was loaded with NPK fertilizer
and heat sealed. Electrical conductivity was thus

monitored after immersion as mentioned above.

3. Results and discussion

3.1 Morphology of PLA membrane
Under the the PLA

membranes with controlled thickness of 0.05 and 0.1 mm

specified  conditions.
are obtained. The thickness of the membranes used for bag
containing fertilizer is shown in Table 1.

Table 1 Thickness of PLA membrane prepared.

Sample Thickness of PLA membrane (mm)
No. PLA 0.05 mm PLA 0.1mm
1 0.053=0.0058 0.103+0.0058
2 0.053=0.0058 0.097=0.0058
3 0.057=0.0058 0.100
4 0.057=0.0058 0.093+0.0058
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The morphology of the 0.05 mm PLA and 0.1 mm

2. The

PLA membranes are shown in Figure
interconnected microfibers and voids structure inside the

membrane with pores on membrane surface are observed.
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Clearly. both 0.05 and 0.1 mm-thick membranes have
similar morphology. It is expected that thicker membrane
would prolong the release of fertilizer. It is noted that
spraying rate and solvent evaporation rate govern the
morphology. High humidity (more than 30-40%) very

often provides porous structure [10. 11].

(c) cross-section (200x)

Figure 2 SEM image of 0.05 mm PLA (left) and 0.1 mm

PLA (right) membranes : (a) surface (100x) (b) surface
(500x) and (c) eross-section (200x).

3.2 Tensile properties of PLA membrane
different

thicknesses are shown in Figure 3(a). Both the 0.05 mm

Tensile stress-strain curves of PLA - with

PLA and 0.1 mm PLA membranes showed brittle behavior.

The tensile mechanical properties of these PLA
membranes are presented in Figure 3. It was observed that
the tensile strength. Young's modulus and elongation at
break decrease as the thickness of PLA membrane
increased. The tensile properties of the membrane was

lower than that of casted PLA film (0.33=0.01 GPa. 16.80=

1.99 MPa,  and 240.73= 16.47%. respectively.

crosshead speed of 50 mm/min). As known for PLA. tl
brittleness is a major drawback in various application
Nevertheless, the PLA membrane is strong and toug
enough for packing and handling of the controlled releas
application. It is that PLA membrane bag containir

fertilizer can be fabricated. heat-sealed. handled und.

applied force even immersed in water without breaking.
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Figure 3 Tensile test of PLA membrane with different
thicknesses: (a) stress-strain curve. (b) tensile strength,

(c) Young's Modulus, and (d) elongation at break.
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3.3 Electrical conductivity analysis

The release of water-soluble nutrient components
of the fertilizer was monitored with electrical conductivity
meter. Electrical conductivity (EC) of the 0.05 mm PLA
and 0.1 mm PLA membrane bags containing NPK
fertilizer and NPK fertilizer granules in aqueous medium
over 24-day period is shown in Figure 3. As seen. the EC
of aqueous medium for NPK fertilizer reached its
maximum of 27 mS/em in one day of immersion. While
the EC of aqueous medium for the 0.05 mm PLA and 0.1
mm PLA membrane bags containing NPK fertilizer were
25.50 and 22.43 mS/cm, respectively. The membranes
show slightly lower EC than NPK granules. Immersion
days onward until 24 days of experiment. slightly change
in EC of aqueous medium of immersed PLA membrane
bags containing NPK fertilizer was observed. The 0.05
mm membrane slightly increased and reached 27 mS/em
within 10 days. It is noted that the 0.1 mm-thick membrane
has not reached the maximum of 27 mS/cm. The PLA
membrane bags are not effective to slow down the release
of fertilizer. The results suggest that the membranes with
fibrous and porous structure are not suitable for the
application of controlled release NPK fertilizer under

immersion.

35

&= PLA 0.05 mm
sy PLA 0.1 mm
s PLA fiin
e NPK

Electrical Conductivity (mS/em)

20 30

Time (Days)

Figure 4 Electrical conductivity of the 0.05 mm PLA and
0.1 mm PLA membrane bag containing NPK fertilizer and

NPK fertilizer in aqueous medium.

For comparison, fertilizer containing bag was
fabricated from solvent casted PLA film. It was found that
the immersed PLA film bag containing fertilizer showed
insignificant release over first ten days. then increased to
27 mS/cm upon 31 days at 50°C. Small cracks was
observed on the PLA film bag. possibly resulting of high
internal water/vapor pressure and PLA hydrolysis process.
Clearly, transport mechanism in film differs from
membrane. Physical interaction among polymer. water and
fertilizer are present. Solubility and diffusivity among
them govern the transport process. Water can easily
penetrate in and dissolve fertilizer, then dissolved fertilizer
mainly penetrates out of the PLA membrane via voids and
pores. While water must be absorbed and diffuse in to
dissolve fertilizer. then the dissolved fertilizer must be
absorbed and diffuse out through the PLA film. The
process of fertilizer release of PLA membrane differs from

that of PLA film. resulting in different release rates.

4. Conclusion

The 0.05 mm and 0.1 mm-thick PLA membranes
were successfully fabricated by spraying technique with a
pneumatic spray gun. The membranes with interconnected
microfibers with voids and porous structure were obtained.
The tensile properties of the 0.05 mm PLA membrane was
larger than that of 0.1 mm. The PLA membrane bags
containing NPK fertilizer immersed in aqueous medium at
50°C showed similar release rate to bare fertilizer as

measured by electrical conductivity.
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