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iaaduidslszneutinmsuiuuide (Biocomposite adsorbent bead) 911
YDINANTENING PLA uaziduledauwls MLGL (PLAMLGL bead) gnin3eslaain 2 35 A n1s
wieuing g uluy Post modification (PM) Wagluyu One pot (OP) HAN13A N©A
anvalanIzveudngaduain 2 38 drendesganssmididnaseuluudeInsa (Scanning
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n1sgadufiaunavendagaduiiany 24 $alug 7 pH 909a15ava18 MB windu 8 dan
=S o/ | v . . . -1
UTgdnsnImn139 Ag U a1y (Maximum adsorption capacity, g,,) 86.19 mg g
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ABSTARCT

Powder adsorbents are widely used due to their high adsorption
efficiency, but they are inconvenient for practical use. In this work, polylactide (PLA) -
based biocomposte adsorbents were developed for easy use, and environmental
friendliness. Biocomposite adsorbents were prepared in membrane and bead forms
using phase inversion method for cationic dye removal from water. To prepare
biocomposite adsorbent, the cellulose fiber from agricultural waste such as oil palm
empty fruit bunch (EFB) and lemongrass leaf (LGL) were firstly modified using maleic
anhydride (MAH). The presence of carboxyl groups in MAH-modified EFB (MEFB) and
LGL (MLGL) provided an excellent binding to cationic methylene blue (MB). The second
step is the combination of modified fiber with biopolymers to produce adsorbents in

membrane and bead forms.

The biocomposite membrane from the PLA/ Poly(butylene adipate-co-
terephthalate) (PBAT) polymer blend added with MEFB was prepared by phase
inversion method. The PLA/PBAT-MEFB biocomposite membrane could be twisted or
bent. Moreover, the biocomposite membrane showed higher porosity and water
absorption and more hydrophilicity than the PLA/PBAT blend membrane. Based on
these results, by batch adsorption process, the biocomposite membrane showed
higher adsorption capacity than the blend membrane. By filtration adsorption test, the
pure water flux of biocomposite membrane was much higher than that of blend
membrane and the separation efficiency of biocomposite membrane was 97.2% while
blend membrane removed only 58.7%. The existence of MEFB in polymer matrix

improved the adsorption efficiency of biocomposite due to the electrostatic binding
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between the carboxyl groups in MEFB and cationic MB. By filtration the mixed dye
solution of cationic MB and anionic dye methyl orange (MO) through the PLA/PBAT
MEFB membrane, cationic MB was almost completely absorbed by the negatively
charged membrane. Whereas the negatively charged MO molecules passed through
the membrane due to electrostatic repulsion between similar charged on membrane
and MO molecules. In addition, the biocomposite membrane could be reused five

times and retained more than 95% MB filtration efficiency.

Biocomposite adsorbent bead from PLA added with MLGL (PLA- MLGL
beads) could be prepared by two methods: Post modification (PM) and One pot (OP)
methods. By scanning electron microscope (SEM), the result demonstrated that the
surface of the OP biosorbent had larger pores than the PM adsorbent. Moreover, the
MLGL embedded on the surface of PLA matrix was observed on the surface of OP
bead. In addition, the thermal property by thermogravimetric analysis (TGA)
demonstrated that the thermal stability of OP bead was higher than that one of PM
bead. The effects of adsorption time, pH, and initial dye concentration on the
adsorption efficiency of OP bead were studied. The maximum adsorption capacity
(Gmex) Of PLA-MLGL bead by OP method was 86.19 mg ¢ ' under the equilibrium

adsorption time of 24 h at pH 8. In addition, OP bead could be reused over 5 cycles.

By batch adsorption study, the kinetics adsorption of membrane and
bead composite biosorbent toward MB obeyed the pseudo-second order (PSO) model,
indicating that the adsorption between the biosorbent and the MB occurred through
the opposite charges. Both membrane and bead adsorbents fitted well with the
Langmuir isotherm and the monolayer adsorption with g,, values were 35.97 and 90.09

mg ¢!, respectively.

The biocomposite adsorbents in membrane and bead could be reused
several times using the acetic acid solution as the desorbing agent and maintain satisfy

adsorption efficiencies. From the results, it was concluded that the proposed
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biocomposite adsorbents were not only simply fabricated but also were easy to
practical use and environmental friendliness. They are useful for application to remove

dyes from water.

Keywords: Polylactide; Agriculture waste; Adsorption; Bioadsorbent; Wastewater

treatment
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nsldansiniliiAnnisnnagneu (Coagulation) NMsliaduridnmaneanlunisdeaans
luianad (Microorganism) N13N58IAIEKINLUTY (Membrane separation) Wagn139adunIe
) ) . @ v o v Y Y  aa o & Y & ad aa v
Tanandu (Adsorption) Wusu nmsidnddeunigTsnisgeduiielainduisnsnieuldedns

WSy LHeniiusEaAnsAngs drsnldeudne (Zhou et al., 2015)
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o & . = Ny Y A Y v a o a
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witgymludednfindenana (Lin et al, 2014) visenswisesgaduleglusuwuudinassl
1¢ folsindudnisnisnvhliseeduldnuldineungsu
Usealnedudssmanuasnssuiiddyuiviaedan dsluianmasiianis
A o w o & 17 1% A vy g N 19 v
nsinensivinann nmsiiaguidenunldaulavainvaiy deldindunsiuyadnliiu
(% ! aglJ (3 go’ C% | ! v (% go’ LY o 4
anianil UduihdululsemelngdilvgUgnlunieldvesUsemealne nisadnunduvinli
ARaInNA9TIUIULIN W LdWle (Fibers) 1don (Shells) waznzatsuraulan (Empty

fruit branch, EFB) lne EFB L‘f]umawﬁmmﬁwﬁﬁﬂ%mmmmﬁqm (Phreecha and Chinpa,



2019) wagsinazuluvmidude nieviduuna wondmdandsnu ludu azlad
(Lemongrass, LG) 1ufignidendgniuegiinineie sdundnisunlldusslen fe dwu

(Y 6

gosasu tavidudumilaiihluuslaanietluudssundndueionms iuayulng dw

(%
o Y a

Tu (LG leaf, LGL) lulasinsthanlguselovdunnidn 39deamisni1sidnnalaedsnng 9 wu
nswvianerselaeslinlulenusssuwf (@nded, 2554) 4 EFB ua LGL Wunswenns
ahrmaunulnails WuuvdsTngauifaniumaglaa (Lignocellulose) geafiudnnadunss
fiusgneudeiaglas (Cellulose) tefiwaglas (Hemicellulose) wagdniiu (Lignin) 14 EFB
way LGL fwaglaailuesdusznoundn nswaglaaiivilansenda (Hydroxyl group, -OH)
Fruusnfiannsainufasenaildvannaneivaisvind u ﬁ’aﬁfumaqiaaﬁaiﬁduﬁu
TagAunesssuvnAfanunsadanusii omuuseans amlildlusuiinainnaiglfegg

bANNTHL

Tt e senEILul §n15058rInuINTUNEINUKNANSTLNUFDFIINADUYDINAERN

av v a ~ A a & Mo =
lgangmamnssulinsedl iesnnwarafnmaiildanlvgligesaalenisdanin (Non-

[V
v o a

biodegradable polymer) 8nvisunsiufuazringsssusfastmannudulmilasinui ol
anunsanaknuluule (Non-renewable resource) AITUAIAIINANERNTINTNILUIUILNUA

[y 1 I

annanafnagvaselureyly TuussandanTinmdu weduaning (Polylactide, PLA) 1y

a ¢l Y o v Ql' = )~ ] | Y
wodlwesniuwilduunldunian esndanulusdla (Transparency) gaaanglanig

= v 1Y ' < a a v v
Fann wagldnuldnainnane egelsfinin gamgiinisildsuaniusadawia (Glass

'
[

transition temperature, T,) 484 PLA 1 91l PLA W1z wenand PLA Sailiafosnim
naauSeu (Thermal stability) wagadnumdles (Toughness) a1 vilAndesAnlunsld
37U (Harada et al., 2007) wodtaviduezanm-la-miswnian (Poly (butylene adipate-co-
terephthalate), PBAT) tfulanedioainasesanfn-ezlsunfnfigesaansldnisdaninegia
auysal daugouda (Flexibility) waziinnumien uwazdadiauiiule (Compatibility)
43U PLA darfu PRAT dorfumadeniindnsumstunuaniu PLA Wi sUsuUssaud?

Y 9

Jana8vad PLA (Nofar et al., 2015)

lunuideiladnisAnwisniswanTandsUsenoudaningiu PLA (PLA-based
biocomposite) filfudie uanlulinsdedanndon laelinseudigaduilausznoudanin

(Biocomposite adsorbent) TugUuwuuiusiusuiazida avemadanisuenla (Phase



inversion) tielilunsidndudauszquineenaini ngluduneuwsnlédauusidulediadn
17310 EFB way LGL meunadnuaulalasa (Maleic anhydride, MAH) Lﬁavﬁ'wgﬂﬁuaﬂ%a
(Carboxyl group, ~COOH) uagladuluanuys (Modified EFB, MEFB) way (Modified LGL,

MLGL) aud1eiu dagaduidausznaudinnlusuiuuimsiusunienladanvenansening

a o o

PLA, PBAT waz MEFB lurmugifigadusuwuuidamionlaainvesnansening PLA wag

v

MLGL Tpgiusiusuielsgnauiiunvageunisgadudusyauinaigisnisnsesinunsigyy

q

6 . . o & o a v Y L4
a3 (Dynamic adsorption) TuvugiilingaduiBauszneulanageunisgaduwuuwund

(Batch or Static adsorption) audfivesiinadunsasyilalagniinsies wenaniladnu

v A

Uadeninasiensgaduddonuiiuug (Methylene blue, MB) Wu 13a1130AdU WazAIY
duturesansazatedden Usunadigadu mifinwraunamansuazlelumesuvamsnadu

FTUsEANSA mNILendUsEUINEanINUTERAY

1.2 TngUsTaeAvasuIY

1. ilowssusgadudsszneuiinmiiduiinsdedundeuuaziedensldan Aldn
MnTanuwdeimnnisinunsruiunediuesfidesaaenisiinm dmiugadudussy
uIn

2. ifiownIsuigaduidasznaudanmill PLA WWuilofiundn (PLA-based composite)
TusUuuumuusunazidaanarsazanenediwesfifinisiduduly EFB vde LGL fign
fausaay MAH Tagltnatia phase inversion

3. eAnundadufifnenisgadud MB leun namsgadu, f1 pH, UTnasgaduuay
mnudutubuduvesddeusronnuamsalunisgedu MB waglddnuaaunarans

wazlolunesuvesnisaadu nisidennisgaduaden uaznisuidgadundulie

'
Y Ul (%

4. anansawseumgadunltanulaig Jussansam wazdiudssgndldlunisminddey

Y
a A = = & a |9 vo a &
ginaulunguddentszauan Fadumaiuyarmliianuaens

5. g UNTRIAMUSHIUNSATE NG ITEluTanTIvIMssEiunUIYA



uni 2

av ad v
LDNAILASITUIIENLNYIVDY

v

lulagtuddeugnlilugnaivnssudme Wonvils wdnnseay NaAATOIE1D19 81M1S
L3

a v d‘

waznsnun ddouivudeoudnansenusedildinluun d@doudiulngezarsilanustes

[

aa1pen Lesnvussuasazmudunsans vilienaenisida Jagiunisidnddeon

a o a

a | v aea | a A Yy A o A
UNAUANRAINANY LYU ﬂ'?iélsﬁﬂqau‘miﬂﬂLW@JWSﬁ@JEJ@EJﬁﬁWEJI@JLaqaa Mi@ﬂ'ﬁlsﬁﬂaULaENV]ll

a

. la ~ a & ada o ¥ Y = 9]
AA1Uage (Ultrasonic) aa’]&ﬂlﬂaqa LLG\'Jﬁﬂ'WTWUQV]LUUV]UEJNIUﬂ']iﬂ'ﬁ]@aEJ@N Ao ﬂqﬁaﬂsﬁ‘U

Y

v o =

MeRinadu Wewnldluamua inladie anansanaduddeulan daaduaiunsadiunly
Flava1easa (Unen, 2558) SIuralsesazn13gadu (% Removal) wavuszansanlunis
AATUge (Adsorption capacity, g) fidAgyldauladne suunahnduunldlnalaegd

Usganganas Judnsiudwndouuazsanliung

% A Qy a Y A 1% I a a a 1
QEW]]L‘VT@’P]‘VN‘V]’Nﬂ'ﬁLﬂUW’ilﬂJaﬁmaﬂﬁlﬂigﬂ’ﬁ Taun JUsunaunn anunsanannaunuln

1 i Juiie dogaanglanisdanim wazdisnaign ludagiuldfianAdelddnwinisiniag

£%
a

widetamensineasutidusineduiieaninasdusenauninvesiagmasianianisinuas

Ao waglaa Anandlunisan 2.1

M1397 2.1 sadusEnevvesinluwaglaaluianivierianiansinens

. waglaa | Lediwaglaa anilu . -
Gl 91984
(%) (%) (%)

UANETRD a7.6 31.9 18.6 Panthapulakkal et al., 2006
wNau 35.0 33.0 23.0 Johar et al., 2012
G 39.5 22.6 28.5 Dadi Bekele et al., 2017

Lﬂﬁaﬂm?u 33.4 32.06 20.14 Lehman et al., 2018
NrateUndu 44.2 35.3 19.7 Phreecha and Chinpa, 2019

waglaaniluesiusznoulutagmdefiinensinunsanunsageduddenyszquin wu
Asanalileatan (Crystal violet, CV) lanagsdunsnseruuulniadn (Electrostatic
interaction) slauansluaun1s? 1 uagwuselalasiau (Hydrogen bonding, H-bond) sging

avpeuvastlulnsuLarevneuveadlalasuluwaglad (Pavan et al., 2014)



Cellulose-OH + CV-N*(CH5),Cl—> Cellulose-O N*(CH5),-CV + + H'CU™ (1)

faAdedaunnnldiagmdenanensinessuvinduiigedu wu lwWisnanise
(Pavan et al., 2008) Tuau (X. Han et al., 2011) Tut" (Deniz and Karaman, 2011) AR

uzazne (Pavan et al, 2014) waglunglad (Putri et al.,, 2021) WWusiu usnuiIN1sRATUVES

[

Jannanandiulngivsednsamnisgadusn iewinUszaninmnisgadulvgsiu lad

[ Y (3

nudehFagmanisineesuduansasiulunisdaasieidiuiudud (Activated carbon,

< v U

AC) (Adegoke and Bello, 2015) 6'?&Lﬂummm%uﬁﬁﬂssﬁw%quﬂumiﬁﬁmﬁé’Ian Wil

Y

1831110 e lutuneun1swssuiidedltommgiias uaruniasieadedddarsiaiisiumevale

U Y
yin warn1sin AC nduinldgvilarsudedndn deiuludagtuladinis@nwinisusuuss
Usednsamnisgaduddeuainiannienisinensrigisn1sanuusniaad (Chemical
modification) Lieasrawsaiiiunyilandunianuisdhilunisgaduddeuvielanevin Fedie
Iaduasnisndeniiniswseuauiuiug
n1sinwUswaglaaliiivg -COOH Falunyledduiidodlaniang ~OH luns

v A ¥

Andunsisefuddszauin iligaglaaiuszavianlunisaaduddenriinuszquinuay
Tavgwinldundetu 18fauidodaudsny ~OH veuwaglaadeddruauuinivdsudy
vs ~COOH Tnsnisthwaglaaunvitujisenduuedaueulslase (Acid anhydride) Fady
auusveINsAduvsy taud nsadn@iln (Succinic anhydride, SA), MAH wagwImManwauls-
195 (Phthalic anhydride, PA) fregsujisenfiintussminasaglaauas MAH uanslugy
7l 2.1 Mmawavumy ~OH vulassairsveswaglaa uvy ~COOH viliwaglaainisgady
a13UsEuININT U dauansluansned 2.2 WBudidiauladn MAH Wuansiaudsivinl
waglaaduszansnnlunisgadulaveniin warddouuszauinuinniedauoulalas ayin

a

U

Maleic anhydride o

MAH
( ’ ) P oH
oH 0 (o} o
OH o OH
o S, HO — o S, Ho
—’

HO o] d HO O o)

OH HO OH HO

n n
Cellulose MA-Cellulose

Ul 2.1 UfASenseinuysieaglaasne MAH (Zhou et al., 2015)



M13NN 2.2 Useansnnn13nadugegn (Maximum adsorption capacity, Gme) veudulenn

wUsmenadnwaulalase

o a " " " o q}’?’?OX o a
nOAY FINAYU | AIYNAAYY B 91904
(mgg™)
HAUNAUUTUEG A BMS 177.0
(Babassu coconut BMM 149.3
Cu (I Vieira et al., 2010
mesocarp (Orbignya
BMP 141.8
speciosa), BM)
\waglaannuys
(Cellulose modified, CM Hg (1) 172.5 Zhou et al., 2012
CM)
\waglad CMA MG" 370
- Y Zhou et al., 2015
(1¥9n15AN) CPA MG 111
AULINe (Corn stalks,
M-CS 870
CS)
GLUﬂﬁ‘tﬁJi (Cinnamomum
M-CCL 741
camphora leave, CCL)
S MB Tang et al., 2021
UADYIINNITYS
(Cinnamomum
M-CCSD 787
camphora saw dust,
CCSD)
Waenugsu (Moringa v 378.50
Putri and Chinpa,
oleifera pod husk, MOPH
MB 545.36 2021
MOPH)
. MB 630
Tuszlas (Lemongrass Madsulaiman et al.,
MLGL v 456
leaf, LGL) 2023
RhB? 263

"yalainsu (Malachite green, MG)

¥ 1sa138u U (Rhodamine B, RhB)



nalnnsgaduveawaglagdauusiiniulafseninsszgaundedhiainuy ~-COOH uay
Uszquinvasddousisdunsiseuulnihain daanduaunisi 2 uenanntunisaadusie
duasiseuuulniadn (uaunisi 1) Aansaiaduls saumisiuselalaswuserinddeon

wazwaglaanauys (Pavan et al., 2014)

Cellulose-COOH + CV-N*(CH3),Cl' —> Cellulose-COO N*(CH,),-CV + H*CU (2)

Powder

Centrifugation

“Static
Adsorption”

K After
Adsorption

Before
Adsorption

“Dynamic
Adsorption”

JUN 2.2 vliavesmngaduuaznisldnuvesigadulunszuiunsgadu

wildgaduiinmuuuraniagmaelinianisinunsneuwaznaeinsaawlsmaadl
fiauanunsalunsgadugs egslsimumgaduvuuunsdanuliresazainlnaanizly
TURBUNITUENAIAATUBBNANATALAENAINITARTUAIBTITNTNABUYIEIEIN WU NS

o v

MWL 1300150509 deuanslugun 2.2 Jymidanunsawilulalaenissiuiangaduidi
ﬁ’uwaﬁLuaﬂﬁagjiu"ﬁ’aoqL%qﬂizﬂaulugﬂLLUULﬁW%LLUUL@JmUﬁu ladauidenssudinad’
(% <) = (% . [ % a a a a 14
anwauztluilinsedyu Macroscopic scale Winnaduruinlssuia 1-2 dafwnsimieuls
nnediNesHaNTENINTaTuaLazRafudnswenvelagniunldluniseaduien-
gzanaudlasiiloy (Cr(v1) (Bajpai et al., 2004) Li and Bai. (2005) lauandiiiuindingadu
nlalagu-wag laandiduruaudnatainiu 3.1 Iadums aunsagedulaneninnesunald
8190 UsEANS AW Pal et al. (2013) ”Lﬁm%‘a:uLﬁmm%’mﬂﬂlﬂimmﬁﬁﬁummLél’um"]u
& a a ' U Ay a v A a
AugnaUssana 1.4 daduns wagnudtaunsageduddensila CV laawdainisiiy
Anionic surfactant (SDS) Tuansazaneddausiumie lneaiu1sanian CV lenasasay 91

U aa o

(anltunisgadu 3 Falus) uenanuudaiinswieudigeduniidnyasiluwiud miugadu



ddouviinUszquan e Karim et al. (2014) lawSeuduwsumuusudslssnauvadiale-
%wuuazwaqiaamﬁﬂuﬂu (Cellulose nanocrystal, CNC) WUILNULLULUTUIUTZADY
a1u150n19nddanyiia Victoria Blue 2B, Methyl violet 2B llag Rhodamine 6Gs Ay
Yovar 98, 84 uaz 70 audrdu lagldnanlunsgeduidunan 24 dalus lasauide

Y o

aananlaldmgadulugluvudin viswuusu mielaveninvseddounuuwund aegsls
Annusneduiidnvasdunaliaesluaisavaed vinlinisuenduassiinadudeudien
PLA daidunedieameserdaAnmeslunanafnfianunsadauaszildainnsauanin
(Lactic acid) Tngnsauandnauisondnldnianaluladdanimanarsingavidu
n3nenssssuvAanthnduldluils wu udednlnauazdos PLA Tasvhlugndauaeyiniu
Usemediuelswduranisilansmuvesianinduaznsauanin (de Albuquerque et
al., 2021) PLA finsldaumainvians 1wy ussqsas fidu fewedesiudy wiodduulfe
9113 duly 1In 1pReU wagdu 9 (Garlotta, 2001) Liesan PLA flaudAdanags s'fugﬂ
$1e fanuduiiven wazsiaildung (Vatanpour et al., 2022) uonanil PLA §3@usa

avanglushazanedursdlavainvate Gateindudelimuseulunstuguiluwmusy

WUy PLA w3sudnemeafianistuduledelniihada (Electrospinning) THdmsu
Mdnddeneanimnarsaratsldegailiuszaniamuarldanuielaensaaduuuwund wu
Zhou et al. (2019) lam3sumniusudulouilu (Nanofibrous membrane) 20 PLA 523U
auntnunlulnnideulasonled (Titanium dioxide, TiO,) wasiuianaslsdiay
(Methyltrichlorosilane) Aagimnaila Electrospinning wuiwausugadud MB lasesay 93
Tunan 72 dlus mawSenildu PLA Srudueaiusemain Electrospinning ansnsagadi
ddou 5 vila (Sokolova et al., 2018) Mascarenhas et al. (2020) lasusutdulounluain
PLA #ifinsiiu Faujasite zeolite waiusuidausznouildaunsafdnddon MB ldunnia
Zopaz 90 luian 90 w1T uena1nd Mohammad and Atassi. (2020) T ldinadia
Electrospinning Tun1stn3uuulusy PLA uaathuedeuniswedozilau (Polyaniline,

PANI) @1u5Un1SANana MB

d1m15UNIrUIUNIINAGUTINAUNIINTBS (Adsorptive filtration) nTen1saaduwuy
Dynamic (gﬂﬁ 2.2) msam%’ué’ﬂwmzﬁ fider fie mamidumsiietulusvesnafiau wazl
ﬁaﬂ%’l,mﬁ’uqﬂumisﬁ'uLﬂﬁlaumsazmamummLusu (Shokri et al., 2022) Kang et al.
(2018) Wnaila Electrospinning Tumsiwi sussius PLA fiflmssauusituii i aenealaiiy

(Polydopamine, PDA) wag A-lalaawdndnsu (B-cyclodextrins, f-CD) uagiusiusu S-CD-



=

PDA@PLA iwiseulaaunsanseuenddatuvedngdunauiu MB uaznsasend MB aon

)=

nthaeldussiusi wiaia Electrospinning agannsninisuiuuiusufifyngugs d5-
mu‘ﬁL%amiaﬁ’uuasﬁﬁuﬁﬁamn (Venkatesh et al., 2020) wsiuuiusuidswidivgaiulng
wisudemadanisuonia danioudte dunulunsdndunislias (Liuet al, 2011)
wadansusniadumadafivhlfssuuiiegluanimsaiien vieansazarenedweside
W7 (Homogeneous solution) tAnn1sueniduaesina (Lﬁmmﬂmmhjamamamaﬁu—
Tauningd) fe wafiduSunamedwesunn (Polymer-rich phase) waziafiiusuamediues
Yo (Polymer-poor phase) arntulafiivsmnamedwesunazinnisudei uasiadia
USunaunediuastesaznanadureding (Pore) ﬂizmaagludauﬁﬁmﬁawaama% (Mulder.,
2000) Adansuenlaiinaeds uidsfiteuld fe nsusnulawuy Non-solvent induced
phase separation (NIPS) Lﬂj@ﬂﬁ]’lﬂagim%ﬁmmmLUiulﬁdﬂﬂﬂgﬁiuizﬁUﬁaﬂﬂﬁﬁam’iLLazizﬁlU
gnanngsN MeIsmsd (U 2.3) ndsanitilfansazanewediued (Casting solution) g
thluuilmdusivuuisiuses ansazarewediueslusuunugnivadusisvesansitlailyii
azany (Non-solvent bath or Coagulation bath) Tneunidesldun nsuanuasuszning
huagdvinazarsluusiuaisazats (Mass exchange) 1AntusgerindnhliAnnisuen

a < o .. v o v ' al | ° v A oA
L 99NITUTIA7 (PreC|p|tate) QWﬂﬂ']u‘UuVLUUQ@WU@WQSUENLU@LLNU WWIWLSEJLLNUMEWEU

-_—
—
Casting
solution

NIPS

H,O ‘ 1Solvent

Mebrane Coagulation bath

JUN 2.3 MewSeslanusunIe I Nsuenialuy Non-solvent induced phase separation (NIPS)

WUUTUR TE T uemAT Ak AMELUY NIPS anansanluaNvuingnuliagiedl

UsEAnSnn wariiulveauniusuaunsannluslanleaisiiuuns (Tan and Rodrigue,

I =

2019) Shokri et al. (2022) a3 8uuuUsUNTINTUas danuvaulikaziTua1ulannle

Y 9 Y

waila NIPS 91nansazany PLA Sy leasendoswilng (Hydroxyapatite, HAp) AiflUSuna

U v 1 aa a 14 9; L7 = o
WANAIIAU WUINNULUTUNNNITIRU HAp T888Y 2.5 Tagunin WeuNImadeuLuUy
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Adsorptive filtration watusudassneuldanlvariuuesisiumaiusy (Pure water flux)
WU 1100 L m?h'! uaﬂmﬂﬁﬂizaw%mwmsﬁﬁ@qqqmm Pb wag As Wiriusesay 100
wag 93 auaeiu Ingldauduiies 0.4 v1s

wmada NIPS anansathundssgndiilowdsudagadunuuiialéiwuiu Sattar et al
(2017) lawmseandngaduidausznouluguuuuiina nuenanssning PLA uag AC 91
wada NIPS lnewdouansazatsnanlviogluguneandaihuvenadluindaihmih by
arsiilailddnhazats wuindlngaduieIenldisnguifouasneludingady vildage
Fuaunsaaosild MnmIvaeungATuLUULLTINUT WingeduiBssenou PLA/AC §

Usgansnnlumsgaduddeu RhB 1ad (g, = 149.57 mg gt)

ddouwfiduug (Methylene blue, MB) \Juddouiiluuszandlilugnavinssudme

g1 NTEANY N1SHOUE MTRuN ag13lsAny n1sUaeetdeNiidden MB unedunsoliinu
N135M19nINQAAINNITUT NAINIT U1 b AAINLF Beradgun N Le BE191N
-] 1 ] € a v v Y a 1 Y 3 2 d‘
Aregraiu Tunywd ddau MB anansansedulviialsasing q la dsly nansenuauaud
NeesiudndefiFiumeddon MB Jsipiinmsminegaiiussansnmneuddeosdsssuyis
(Oladoye et al., 2022)

[
dyQQJVLy a U U a

Tuauideil IelanssusnaduideusenaudininalsmnadaneniladinIuua?

Y Y
aadulugunuuurumiususazuuude lagld PLA Wwilognumdn waziinsidiuduledn
wlsnlaanndagudenanivsuiauin awn neateurdudan waglunglad lnadudule

¢l p=

AnLUsBsimtnaeduddendszauinlunseatediluuvsndwadiuesningu n1siigngu

Y 9 9

v
=

ilddenarunsaunsitludeigadulading a'qmaiﬁﬂ’]ifg]@%Uﬁﬂizﬁwﬁmwwmﬁwu
uananivhlifagaduannsoassiild «niddedldld pLA Wuidegundn esen PLA
wodLeanesoranfAnmeslunaafnfidauisad vaansldniedanm wasiduingiu
Fanndey Wowisufisusumeslunatadndinmededu wilunswdeumausula
PBAT ausaufu PLA iiisanainunls1svosusiusy edain PBAT HAudasmigs funiuy
NsANUTOUANITHANTN waziuladfiu PLA (Wang et al., 2016) lagliindansiagadu
#a 2 yiafdinAnwnsidadsinszauan anmsthirgAvdtsiuhlieuisedanne
WwisuiagaduiildingAuniadaninfonnn (Full bio-based adsorbent) ufufinsiiy
Awandon warddldauldie uenanddulunsfuyadliiuTagmiefiminisinunsdn

[

20K
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uni 3
NALAZIITUNANISNAAD

uifeilfndsudigadudesznoudanimgiu PLA Aldaudie wasdufingsie
dannden TnelsiSenmgaduidesznoviinwluguuuumuusunasida femaianis
LaniALUY NIPS dsiuauddeiuuddidu 2 daw druusnile mawisuamusufssenou
Fanmgu PLA/PBAT Afimaiduduledauisann EFB (dduviunannaidslu International
Journal of Biological Macromolecules, A1AKWIN 1) wazduil 2 Ao NSATEUAINATULTS

Uszneudininguiuuidingu PLA iimsduduledaudsain LGL

3.1 nswssumuUsUBUsnauTanng u PLA/PBAT fiimsiduiduledauusain EF8
msfnwiluiifeiinufnismeasuarnisinsainanismaassgninausluguiuy

UNANTEIN57 LdSun1sA Auwlua15a15 International Journal of Biological

Macromolecules Lauit 225 U 2023 wiiil 1607-1619 fuuunlunianan n Bauanmanis

RN

3.1.1 msfnwaudnvagvasdulodaulsain EFB

9INMIANEUFIUINGT (Morphology) F8ndeIqanssaldianasauLUUdeInsIn
(Scanning electron microscope, SEM) wua1 EFB fianwuzialiissulszneunioidule
AEnIININNganziuieeliwaglaa (Hemicellulose) uardnfiu (Lignin) wduled
urugudnataiade 251.46 + 3.55 um (§U 2 (a), mAruIn n) Wethanuddheansazane
NaOH susagn1swendnlgaisazate NaOCl uaglalasladanie HCL laidulowaglaa
(Cellulose microfibril, CEFB) fiduunadnassysulunsou ('gﬂﬁ 2 (b), MARwIN N) InedlEuy
r;hufjusj‘ﬂmﬂLQ?W@&LE’MU%%@JW 10.69 + 1.62 pum nsfiduleflvuadnasnniiiosain
wilwaglaguwardnfuldgnidneenlulusenitanssuiunistnedy dmiudulednuys
(Modified CEFB microfibril, MEFB) Lansitu e ukagiivuadnnin CEFB Tneildusinu
Quéﬂamaﬁﬂ 6.76 = 1.77 um (gﬂﬁ 2 (0), MAEUIN N)

n13fnwilaseasramaaiilagldimaiayisesnsudresudunsusaauninsalal
(Fourier transform Infrared Spectroscopy, FTIR) mﬂgﬂﬁ 2 (d) (newwan n) aunATuYs
EFB Usingilafilavadu 3325, 1730 waz 1508 cm daduiaveduiiuanmlensenda (-OH),
vijasuedla (C=0) uavawmueslsunin mud iy fafisumisavadu 1250 uag 1028 am’

= <y N Py 1 s 1 & v & e [ a
Faduarafuiuanmydmes (-0-) nyilandumariiduiiauansdnuuzianizvesdnly
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waglad (Chen et al., 2011; Kargarzadeh et al., 2012) msmgluvesiinfiiavadu 1508
uay 1250 e veadule CEFB Buduinefiwaglaauazdniuldgnirdnoonlu Fsaenndos
fumsanwisewmeia SEM ule MEFB wansiiafisuisavadu 1718 wag 1636 cm® @9
Hulaunduiiuansvygauenda (-COOH) uay C=C luyllaila Fedsuenindulognaauusle
#1359 (Zhou et al., 2015)

=

NM5ANYINISTIATIERUS I NG NA281AS 89T1AST¥IN5IA B UL A LeNG (X-ray
diffraction analysis, XRD) uansliifiuinwaglasiiussdusznouves EFB daidu Cellulose
type | 11189970 XRD pattern ¥84 EFB uanafiafiduvtiaves 20 Useann 16.1°, 22.5°, uaz
34.7° (gﬂﬁ 2 (&), MAKNWIN 1) INNITATUIUNIUSHIUREN (Crystallinity index, Crl) Aae
aunIst (1) :nniarwan n wut Cl distuanndesas 27.60 [Hufeuay 64.66 dw3y EFB
uay CEFB muansy dsaenndesiunisitaszvisiomaia SEM uay FTIR wazdsanunsa
dusulsinefiwaglaauazaniugnidneenldifesannsusuanimisiuauasnswend
(Kargarzadeh et al., 2012) Crl vo¢ MEFB fan¥osag 46.54 Fafiesnnitves Crl vae CEFB
iesnlassaisndnvousaglaaiinisiudsundasszninmaiinufAsoneameiiady
(Esterification) (Qiao et al., 2015; Zhou et al., 2012)

N13AN¥IN1IAATUE MB LiteUseLliuysedniamnisaaduddeuysequan (5UN 3,

AMAKNUIN N) SenINe CEFB, MEFB wag lulasaSadawaglaanianisA (Commercial

=

microcrystalline cellulose, MCC) nan1s@nwmui1 MEFB gadud MB ladafian 1iosa1nns

q

fagveamya1suenda Feanunsaindunsiseniulseauinvesddeulds

3.1.2 MIANMIANAN WAL YBILULUTY

N5ANYIENURTINAVDINLLUTUNEN (PLA/PBAT blend membrane) ffisnsdulag
dhwtinees PLA/PBAT ﬁLLmﬂsmﬁ’uLLamﬂugUﬁ 4 (a) (NMANWIN A1) NISHEAN PBAT 59UAU PLA
0anAMILUT 1B LA LALSBUSITOINUUTY ANATHAILEINNTALUNISHIUNIUNT A
(Tensile strength, TS) vasuuLUTY PLA/PBAT anadntosiiiousunes PBAT it Tuvase
finrwanunsolunisind o INVINVBILNULUTUNEN (Elongation at break, Eb) ity

iosanuaUsuNaNeIenan PLA way PBAT snsidiulneiviinyindu 95:5 &
audAdanafinluvnsiefuiisnsiduidldansazaronedwedlininuniiuluvliiese
MsTugULUTUREN ST uUTURANTE PLAPBAT fisasdulnentinmiaiy 95:5 3
QﬂLgﬁlﬂSL“mUﬂﬁLm%BmLEdJI@LLB\i‘LlL‘TNUiSﬂ@UIUHﬂiﬁﬂwﬂ‘ﬁzuﬁalﬂ USunaes MEFB Tiinasiuluy

ansavanenediesnay PLA/PBAT (95:5) wihiudesay 30 Tnetviinues PLA/PBAT ey
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USuauves MEFB Nunfiaaiianunsaiiuadliuansazaigneduosnauudiansazaieaiunse
Jusdiduumusulaudrliiinnisuanin 993U 4 (b) wae (o) (Manwn 1) wanslidiui
HLUTUAUSENOUTININ PLA/ PBAT-MEFB a@1snsalnusesals vinlyiiuuiusy PLA/PBAT-

o

MEFB wisngdmiumsussendlddmsulugaduddeuuaznisihunnssawenddeteanainin

5]

N13ANFUFININGIVDUNNUTUREAN PLA/PBAT wazlususulisusenau PLA/PBAT-
MEFB éewafia SEM ilesyydnuasnisdugminemesiiuiindwanas Mufavesuuusy
N3V 5 (a) (MARLIN N) WKLY PLA/PBAT wanslassainediliausnnsiivsznausei
Tuvuiisessudeduifisngurunlngdnvazadieia (Finger-like macrovoid) daifiu
SnunizanzresuIUTUNDAWD ST sNdaImATiA NIPS tu1nvegnLuLiufveiu-
\UsURAN PLA/PBAT Slldunugudnasuszunn 0.1 89 0.6 um (3UAl 5 (b), anAnwan )
ANFAYINIVBILIUTUTIUTENOU PLA/PBAT-MEFB wanslififiusnyuvuialngiiisuuuulyl
aviiawe (Ghenuanusuiilsidin MEFB Sailgngurundlugjedioiifie) wargnsuvualugd
fndsunauazgnguiidonsioty (U 5 (©), nmaruan n) dule MEFB USnnsMuiimwemsiusL-
Fesgneudanmm (U 5 (d), maruan ) iRadunsisorusdutuionedwes deo19un
MnnanAaiuselalasauszninoznonvoseandaulunyaifuedavonionodiues
PLA/PBAT uazezmonveslalasiaudioglumynisuendaves MEFB (Wu et al., 2019) 5wy
vuilufivesuuiusuesenay PLA/PBAT-MEFB Sounalvajningnuuesuaiusunas
PLA/ PBAT waziilei3ouifisulaseaiteveassiusunas PLA/PBAT Auluaiusuidsusznay
PLA/PBAT-MEFB nuinlassadisveassiusuiauseney PLA/PBAT-MEFB Sdnwasdinaiy
nnnuTuNay Geaenadostunisiinduresnnuiugngurenuusudeuseney
Tnowuusuidsuszneuiinudugnsumindudesas 77.75 + 2.79 luvazfmiusunani
Anudugnsuindusesay 64.91 = 5.50 dnvuedugIuIng1ve UL UTWTIUTENBY
PLA/PBAT-MEFB ilsienmslvarinuvasinsummiusy (Pure water flux) Iduindu anmil
susufanuunansfunsdaguineiiiesnnai MEFB ifanureuthadluasazans
neAwesnanTsLiinsnIINILenMa Tnstine1uEre9n1sundvesinain Coagulation
bath nldluarsazatsiduguiduuiulussninanssuaunsns s TUL UL N

(Nazri et al., 2021)

NASANYIAYUTUNAVRIUT (Water contact angle, WCA) UagA1n13and il

(Water absorption) wui1n155iu MEFB Tutilenadiuasdinalian WCA 10aiuulusunay
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PLA/PBAT @aildwiniu 66.11 + 1.44 aafn anaddy 61.20 + 1.26 991 dmSULLLLUSUT-

Uszneu PLA/PBAT-MEFB TunaiziiAnisgaduivesuuiusudaussnaufiainduduios

a¥ 60.51 + 0.81 waUS8UMBUN UL USUNANNAAIN1SART LU NS aeay 15.23 + 0.39

Y
(%

atilumsizindiodiy MEFB Faiinyiladduniveuinluesiuszneusiuiunedweosnausil
Tiunusuliaugouiuindu auyeuliwazandugnguresauuiusuduseney
PLA/PBAT-MEFB ANNTUYINIAANUANUNIUADNSHIUTDIUIaRNAY dnaliAINIsuanIuves

WYrususuiiudy (Kang et al., 2018)

3.1.3 n13AnwIn1sgaduddauuuy Static (Static adsorption) YBILUILUTUHES
PLA/PBAT Uagiialusuiausznay PLA/PBAT-MEFB

lun1sAnwdnsnavesnanlunisgadud MB lieniainsgaduauna (Equilibrium
time) YOUILUTY PLA/PBAT Uaw PLA/PBAT-MEFB Tutssseziian 4 Talus Usednganly

o & a a X 4 o oA & =
nMsgaduvetuNusUsaesriiaiudwilienatlunisgaduindu (3N 7 (a), Manuan n)
nsgaduinTueg19TIngIlutisszezusniasnndigaduiifunisinediuauandmsu
n1siindunsiseiudden (Mascarenhas et al., 2020) LagaNFUNUINUUUTUTIEDIYA
Andudden MB Buaafl vian 150 wiil wadieliiuleidunisgaduaunanuidedlalda
\daunaf 180 Wil egslsinny Aauamnsatun1snaduves PLA/PBAT-MEFB tugenn

PLA/PBAT unniilesannnisilegvasmjansuendalu MEFB

dothdayannnisfnvinainisgadudden MB vauumusuisasswin tngld
LUUTAeRaUMan$NNIRAty (Adsorption kinetic models) léuAuuudrasssufunilaion
(Pseudo-first order, PFO) uandluaun1si (5) uazuuuitaesduduasaiion (Pseudo-
second order, PSO) wansluaunisd (6) (MANWIN N) 'gﬂﬁ 7 (b) tag (o) (MANWIN N) Leng
LHUNTINANLENNUSTENIN In(ge-gy) WaE t d19SU PFO waznsmmuduiussyning t/q,
way t dmu PSO 91nnsmdilalugy 7 (b) wag (o) wanslifuindunsmuudlduned iy
LWUUIIaeY PSO 11NAIILUUTIAY PFO uammmﬁwwm:ﬁma%maqmi@m%’uﬁﬁwmmmﬁa
wanslun19197l 2 (anuan n) Arduussansanduiud (RY) veswuusiass PSO Wilnd 1
LazdlAgendnAT R? ¥asiuudNaes PFO A1useansamlunisaadu o auna (Adsorption
capacity at equilibrium, g.) ig1waaiddarnuuusiass PSO felndidestue g, 910n13
nnaed MnHaiildonana1liinnsaatuiieitestusunsisewuulniiada (Electrostatic

Y

interaction) seninauLUTULAEETRUUSYUIN (Allen et al., 2005; Wakkel et al., 2019)
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MAellladnwInsgaduretuiusunaeilaiaudutuisudiuvesddon MB 7

ANy nan133Teuandlugun 7 (d) (nanuwan ) wandliivinm g, YeduUTuTNEes

'
a

AR ANALTULL DAL UTUVDIFTDUSUAULANTY 11901 TUNTIZIANUTUTUIDT MB

MuTuIdsasuNsindunsnseIsenIamaUsukasddouyseauan (L et al., 2022)

dothdayannnisfnuarududusuduresddon MB fewuiusuisaosingg
a5 ANNENNUGTENIN C/g, wag C, é’f&LLamﬂugﬂﬁ 7 (e) Tnelulelumasunisgadu
wuusandes (Langmuir adsorption isotherm) dadulumuaunis (7) lunianuan n uaz
nsleluimesunisgadunuusude (Freundlich adsorption isotherm) (§UT 7 (),
MARWIN 1) TneuanInuduRusszning in g, wae In C, Wulunuaunisi 8) lunanuan
n mﬂg'ﬂ‘ﬁ' 7 (e) (nMANWIN N) WU’jWVL@I?JLVIE]Mﬂ’li@WBJUSIJQQLMMLUiuﬂgﬂﬂaﬂﬂjﬁﬂﬂaﬁﬂéjmﬁ’U
LUUSIa04 Langmuir Wenani a1 A2 91nuuusiass Langmuir Wilnd 1 WazgenInal R
NuUUiIaes Freundlich (51971 2, nARwaIN N) mamiﬁm’gmﬁléfﬂwaﬂ’hmi@m%’wm
MB vnaUsWIdesrdnaunsaesuneldmeuuusiaedlelmmesuves Langmuir fefusa
anunsneiuielddinsruiunsgeduiiintumagaduuuuduiien (Monolayer adsorption)

(Rangabhashiyam et al., 2014)

3.1.4 MmsfAnwlszdnamnisgadumienisnsesinuuiusy (Membrane filtration

adsorption) Y843 UTUNAL PLA/PBAT Lagkiahusutiausznay PLA/PBAT-MEFB

TuidetllafnerUsz@nSn1wn15nT09 (Separation efficiency, %) Vo9LUNLUTY
PLA/PBAT W@y PLA/PBAT-MEFB WuU7uubUSY PLA/PBAT-MEFB flAnnnstvasnuweatn way

UsgANSA1mn15nTaawend MB IaanIuuLusu PLA/PBAT (5U7 8 (a), n1Anuan ) agnedl

Y

v o

Weddey anufinanliluiide 3.1.2 msvsulpandinnuveudazanudugngudaeln
Pranunsalraniuuuusulesdu AnTsanIuYeIAd UYL UTUTIERITNARNAIDE N
a o o %3 = U a v a . .

HydAgyilanvnunannnisaaiuvesddonusnunIureuuNiusy (Hosseini et al., 2017)
agnlsionu Anslvaruvesddounumaiusy PLA/PBAT-MEFB §3nsgeninanisivaniu
Y99UHIULLNLUTY PLA/PBAT wazhliusu PLA/PBAT-MEFB @1u15an1anadau MB lans
Sovay 97.2 TuvasNuuusy PLA/PBAT aunsannanadeulaliiessasay 58.7 n1swiy MEFB
luilenediuesanunsaiuysednSnmnisnseuenddan MB Wewnvyasuendaves MEFB

aunsaindunsnseiuUsEauInvesddon

A5 US 8 ULRaUUTEANS ANTuNISANIREE a1 MB SERI 1L USULTIUSENBU

PLA/PBAT-MEFB LagtusllUSUTLUAIUANNNUITENNIUL WEAIIUAITIN 3 (AARUIN N) B9
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wandliuI U W UsEney PLA/PBAT-MEFB fUseanianlndfuisususiadu 1
WinsesenmusudsUssneudanwlunudseiausamsenldmemainetsiioe
NIPS wagldfanhnmasisaliunsdsieldiniunsusendnduyulunsuan dafuluide
seluldfnwusyansnmuesuausudsUsenau PLA/PBA-MEFB fianmizlunisnseaunnsiig
fu Tnglddnundadedig q loun pH, avududusudy, Usuns wavanuusilossuves

a158ra8d MB SIU79N1SUILLUTUNA UL LG

nn1sAneIUsEAnsnmnisnseawendden MB Iny PLA/PBAT-MEFB 7 pH w4
a1vaza1vd MB LLmﬂmaﬂumuaﬂﬂusUw 8 (n1Anuan n) nuindleansazvated MB I pH 6
Uszansamnnsnsesuend MB vasmiususn Wesenlsneu (HY) Mfinduluannsidy
n3n e ldiindunsiserduiuminisgaduresuuusuuAeIiu MB (Nakhjir et
al., 2018) dwalvin13gadu MB anaslusznInenIsnses waziileansazaned MB fean pH

' ' § o & a < ~ a o w
U1nnNIN 5 %Hﬁﬂﬂ%UUuWUNQﬂQQLllllL“U’i‘LJﬂa’]EILUUUi%"\]]aULUEN"\]WﬂLﬂWﬂ’]iﬂ']"i]@IUi(ﬂau

(Deprotonation) viliilalasiaulesasu (H) 3Ny -COOH vaneanunateidy -COO™ fin
Sumsidonfulszquanvedd MB lneifndunsfsouuulihadndaufntusenineseanse
PufusEnINddenuaziinadu (Zhu et al., 2016) NnaMTITenuIUsEaMEamlunInses
uenvsssmUTUEUszNoULIAs A% pH 6 FafunisAnussavBamusasniusuly
wdereolUlld pH vesansazanslaelifinisusu pH wlesainaisazane MB fian pH wirfiu
6.03

N13ANYI8YTNAVDIAMUTNTUISUAUVIATDURDUTTANTAINAITNTOILUNFVDILLL

LWUSUW PLA/PBAT-MEFB laAnwnfimuiutuEunuresd MB windu 5, 10, 20, 50 wag 100 mg L

nan133Teuandlugui UM 9 (a) (nanwan n) wandliiuinndannnisnsesatsavateddon
! Y ¥ ada |a | a v Aa Y v a v o

WAazANUINTUNTUTHINT 10 mL f1wuausy d@dou MB Afa1ududuiuduiinniu 5

way 10 me L lansazanelalufid Usednsnnlunisnsssweauuiusuidineanuiduduyes

'
=

ddeunvansaudntuliUszannieeas 98.1 wag 97.2 muawu (U7 9 (a), AArwaN n)

[y

WALDAUIUNTUIS UAUYBIATaLLVNAY 20, 50 way 100 mg L prsmdnddenanasyinlua
Yosansaratenainsesilla (5UN 9 @) waz (b), manwan n) Netilumsginfiennududy
YosddeuSuAugwnTy Tuuluanavesddeuiiduiuinnnidunimidedhlunsgady

FUUUUSY (Ao et al., 2020)

5UT 9 () (MARWIN N) kananaveslunsisunuvesddeuiineUssanininnisnses

wend MB vessiusTu@sUsnautinn Inglaltd MB MamidutuSunuvinny 5 uag 10 mg L
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nanTIseuansliiui Weanududuvesddon MB Aududu 5 me L UszAnsaimnns
fdnddmaiauinnindesay 90 Wieliusunsvesddeuwindu 100 mL luvaziidoany
Wuduvesddon MB inTwdu 10 me L Usinasadewdios 50 mL fdszansaimnisinda
& MB fannnindosay 90 Uszdvsnmmsidadanasenaiosnndumisgaduuummiusud]

N3AduUAIUNIABNAI (Kang et al., 2018)

Wiofneravesruuswedtonsy (lonic strength) den1smdnddon MB Tnsiuuiusy
PLA/PBAT-MEFB ldn1sifia NaCl navasluansazateddon (mududusudud MB wiiu
10 mg LY Tagleiiiu NaCl Tilenaududuiunndieiu (E‘U‘ﬁ' 9 (d), NMANUIN N) RANSIVE
wandliiiiuindssansnmnnsnsesuenanaiionududures NaCl ity nan1s3iveile

1 = 1 U o 1 = + a v 1 a L
‘UQ‘UE]ﬂﬂ\‘iﬂ'ﬁLLGU\‘iGUuﬂUigﬁﬁﬂﬂﬂigf\]‘U’JﬂﬂJaﬂLﬂﬁ@ (Na*) LLﬁSUi%ﬁlU’JﬂﬂJaﬂﬁEJ’P]@JG]’P]ﬂ'WiLﬂ@E]‘Ll@li—

[
[ v

AseiuUszaauveINUsY (Abbasi et al., 2021) nan153etudulainduninsewuulih

annlAnATusErInLuLUTUkaradon MB Tuseninanisnsasken (Abbasi et al., 2021)

TunsineUszansamnisnsosuenidon MB lagluuiusy PLA/PBAT-MEFB et
sl sUsenounduanld e mﬂgﬂ‘ﬁ 10 (a) (A1AKWIN N) LUULUSW PLA/PBAT-MEFB
annsahinduuldenly 5 sou TnswausudnsUsyansnmnisnsenenddeuldlussaui
Unela (nnINSeuay 95) Lmmiudauuawﬁqmiﬂsam%LLsﬂLLaﬂaiugUﬁ 10 (b) wae (o)
(MANUIN N) USINENLUTUSBENTaTaEnsAedRn (Acetic acid) WATILAD INLUTY
Tufinnsdsuwdasuazeudene (U 10 (d) was (e), MANLIN ) Nan1sANYILARLH

Y

LAUINNULUTY PLA/PBAT-MEFB aunsatinduinlglulle

ieduduianumumusiensldelaeiuausulildfianudsme 1dfinsdnems
laffureaamnusunouuazndanslinuuds 5 ada dremaiia FTIR U7 11 (2) (nanuan
n) LEASEAUNATUYBILUNLUTUNEN PLA/PBAT Uiﬁﬂgﬁﬂﬁmmﬂ?{u 1760 wag 1715 cm®
wansfiavigmsuatialu PLA uag PBAT anudndu finvasmijioainasiu PLA uag PBAT U310y
flavadu 1184 ! uagfafiAgatesiu C=C Tursumuoglan@nues PBAT Usingiiiav
AAU 1263 cm! (Han et al., 2020) aUnn3uvesiuaUTy PLA/PBAT-MEFB riounnsnses (5U
711 (a), 2, A1AKNUIN N) ﬂimﬁﬂﬂmifﬂmﬂﬁuLLamaLﬁuLﬁmﬁ’mmmmu PLA/PBAT wazd
Usingfinfiaundu 3320 uay 1636 cm! FaRgadestunsdunuudaveanylansendalumy]
fvandausy C=C Tunylidiaves MEFB finszaneddluilonediued annduvosuuiusy
PLA/PBAT-MEFB #131a5g9indan1snsesuensoud 5 wansainaiufiadrofuadnniuves

LLUTY PLA/PBAT-MEFB fiaun13nsed widusiususinanlignansmeasazalensney-
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FAnuazumateasiian uananfwuusudiaegusindulindsainnisugludii pH
uwondiudung 5 fu dwanduguil 11 (b) (MAxwIN 1) NEaNITIATIERaILNTAATY
ldmausudslsenaudinmiwseuldanunsainunldaudildedates 5 seunaziinny

nuyuluaneinaasundluanineiaisazaredunsanaziua

3.1.5 MsfAinwUszaninnnisiiengadudnien1In eI LMINUTURNUSENaUTINN
PLA/PBAT-MEFB

nsfnwUsEansnmnisiiengadudvesiuausy PLA/PBAT-MEFB anilunisiagly

a 1 a YV a a v a a 6
d15aratgveIdnansenI NddeuviaUseauin MB wazddeuvilalszaauiufiaoaisus
(Methyl orange, MO) noun1snsasaIsazatvdnal MB wag MO lasin1svaaaun1snses
a1saraneddandsyau MO nou lnen1snsesansavated MO AMUTNTY 10 mg L™ §eiid

o~ P | a ! a Y 1%
WiAes (JUT 12 (a), MArwan n) {ulsiusu@islseney wuinansazaigddeundainisnses
Fapelldvaoavilouiy waralnasy UV-Vis vpea1sazatad MO nouwaznasn1snsealyl
WANAATY SINRLULLUTUNDURAENEININTBITIAITNYMEN N TN NS DN (FUN 12
(a), NMARNUIN N) UBNINTLAINUTUTUVDI MO NOULALHAINITNTDIENTANTINAL 910
HanIdpannsaasuladinluanaves MO llldgnaadumeiuuiusy wilvaruwaiusueen
v o % L o o - . :

NnSoudviianue etilunsiginfnusadnnislwiiain (Electrostatic repulsion)

seriaseaunimilouiuvaauuusukasluanavesd MO

nsAnwINTsRenaadulmnsstansaraIudNal MB wag MO NNAMUWNTUISUAUYDS

Avaaesvdinmindu 20 me L dhnmanduludnsidinlaeusuing 1:1 ansazanenauiilaiia
Fo7 otansaratednanunnnse WIS USIUTENOU @1582aN8TNULLUTULEY
nanevludwdenazalnasy UV-Vis 93a15azalgnanand (g‘d‘ﬁ' 12 (b), AMAKNUIN N)
widlounualUnmsy UV-Vis ve9a1sazaty MO (gﬂﬁ 12 (3), MANLAN N) UBNING SN
awnadu UV-Vis ¥83813a2a18 MB 8InTedmisuiiusy Anisaandusadanasliagng
11N LazNUTOYd MB §1§WL3u§maajuuLuuLUiu dlothansavanendanseslaseimany
Wudu wuneududuresansazans MB ndsnsnsesdiandies 0.30 me L idleiFeuiiieu

o w

AUAUNTUSUAY 10 mg L wansinddeugnindneenlinaidovas 97 nan1534adl

Y

anusaagulainuuiusy PLA/PBAT-MEFB gaduddonuszquinednsinga wazUaoslia

[

douuszaaulnarususuluniouiuinlaognauysel
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a

3.1.6 MsfnwUszAnsnmnisgaduddensunsdrinuniensnse s uLIUTUT
Usgnautianw PLA/PBAT-MEFB

=

SUN 13 (@) (NMAKNUIN N) LEAIUSLEANTNINNITNIDIVDWUULUTY PLA/PBAT-MEFB mod

Y

'
¥ a A

douvlindu vaI9INN1INTeaNTarateddouusrquIndIuuLUTY annsy UV-Vis 989
msaxm&J‘Via‘”qmsmaw‘?wmmamaqaaﬁﬂﬁﬂ’aﬁﬂﬁ’m (gﬂ‘ﬁ' 13 (b) - (e), AMAKNUIN N)
UszAvBnmnnsnseauend CV uaz MG sndinisnsesuend MB (U7 13 () - (d), MAwuan
") Losnnddon MB Suueluanafidnnidvisaesia UszAvinmuonsmusulunianses
wendden CV uay MG WidlndlAsaduiiesainlassadranaaiives CV uag MG fanu
Ad1oAdaiu UszAnsaimveasiusuluniinseanond RhB fasfign oraduingizin
Tnssasluanaves RhB Svweluguinnindvilady enanznzveswedassaing RhB azld
Favansmsgaduuusnusulusewinanisnses ddeuseisudy (Orange II) AfUszgauuans
awnafu UV-Vis fouuagndsnisnseanieutu (Ul 13 (), n1anuan n) annsdnuil
fuduldinuanusy PLA/PBAT-MEFB ansnsamdnddouiiiuszauinesnlaedunsiouuy

9

Iniihadin uazndnluananiuszaaulaegnanysaliiesnnnsiivssanuilouiuuuuusy

3.1.7 nalnmsgaduluseninanisnsesddaumeisiusy

N3ANYIUTEANSAINAITATIEIDN MB 91 pH U9sansazatud MB uana1eiy uag
nsAnwUTEANS A INNISIEeNgAtUAUIUBNINILLUTY PLA/PBAT-MEFB flusegau n1sAnw
JauNamansn1sgadukazNavasnuLlswadlosau wansliiuitnalandnveanisge

FudUsEaUINUL PLA/PBAT-MEFB Ao sunsiseruuuliihadin nalnnisgaduiiainiiag

Antulusznininisnsesmemuusulagld MB uaz MO WudunudussquinuazUszqau

—

uandlusuil 14 (MAruan n) Uszeauveamyafuendianiazaiueialu PLA/PBAT-MEFB
aansifndunsisendulszauinues MB uitusuadenUszaauiiussgaumiloutumenss
udrmslwihadn dsduluana MO Fsrusmusulundeutuinlnsanysal usnaintunis
Adud MB Tnswmiusy PLA/PBAT-MEFB o1aiaduldiuitusylelnsiauilfindusening

azmaulalasululansendansansuandavas PLA/PBAT-MEFB warasmoululnsiaunse
Fawlaslud MB
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3.2 MIwsBaAIgadulsUsznaudannguuuuidlingtu PLA flimsiuduleaauds
nlunzlad (Lemongrass leaf, LGL)

Y o

aiadeluitedldfanmgadulidnsldauldietumuiy uwindeslusluuude
wagldimunisnswioudageduiieliduinsfuiwedouinnddulasandunounis
wisuuarlfasiafidosasaniEnmawiensmusuluiade 3.1 lnenisih LL Setanudodis
MINsinuAsIdauUs Welfinauifinisgadudviauszquin MB udithunaufuwaadn
Fanm fe PLA mstusuifudinrhlnsmeiausnstauuy NIPS imiousumsiusulusiade
3.1 lwhideilldwfouasazaronan PLA wasidulodoudsain LGL (Modified LGL) u&atin
ansazaneramsnenadlui il fAnmsuening Tédagaduiiaisznauiinin waglddne
authuarysyAvsnmmagaduvesdingaduidesznouTinm Tnglufdelivieitmanion
Hu 2 Funoundn Ao dunouusn Ae madiaudnduleann LGL die MAH Lileweu MLGL
TngTEnmssnudsadedumsdnuus EFB (muiderde 3.1) uiinisanduneunsdnuusiog
nsusuanmidulefeansazats NaOH whiuudindulefldludauusde MAH una

= < YA

8 s wazduneunasuiunswssudinaaduilalsenautininain PLA wag MLGL (PLA-

Y

aaa A

MLGL bead) #9535n15:0584 2 35 Ao A5wUU Post modification (PM) Fafaan3eurdule
MLGL AoulalAeetn MLGL wuauiyu PLA Lag3suuu One pot (OP) Wuisnsiiwmundu
Wi DanTUNIUNISIAS 8UWALANSTN I nenisuay PLA aslulussuuidnisaawusidule

Toense s1eazdenluivetidussdeluil

3.2.1 MsanwauUAvasdulefnwlsann LGL

nseseuduleonauyds LGL A28 MAH laldi8n1simssuuilousuideves
Madsulaiman et al. (2023) usisin LGL Irfduasninddlimaennuenussuna 1-2 cm ud
th LGL wnutluansazats NaOH enadududesas 5 lasdwiindetsines flgamaf 50 °C
Hunan 2 $alus azldidulewaglaa (Extracted LGL fiber, LGLF) fiflvuaidnasvindu
85.44 + 19.75 um uardduledenanundauuslassasiamaniinug MAH wuhenunuly
vade 3.1 ndsandaudsld MLGL Aiflvunaidnassauandlusuil 3.1 (n) Falvunadusioy
AugnainAY 6.73 = 1.47 pm naiveTildaenndesiuiuiseass Madsulaiman et al.

(2023)

nnsAnvmyilesiduveadulesiewmaia FTIR (3U% 3.1 (v) awlnnsuves LGL uay

Y

LGLF wanaipiliavadudadudnvauzianizvesasanluwaglaadalsenaudefinfidiAty

1Y

Wil fimddumiaaraiiu 3336 cm® WNgItesiunsduLuUEnveIny -OH uagiinfidumia
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lauRAY 1735 way 1035 cm! uiavaduiiieadestunisdunuudavemy -C=0 uaznsdu
WUU90UDMYBWaT (-C-O) mudiu (Kargarzadeh et al., 2012) dwsuaunasuves MLGL
uansfiniinannsdunuunueamy -C=0 Mnmasuendadisumisaundy 1722 cm’
way Msduwvudndlifsddesiu C=C luhdafiduvisaundu 1618 cm! Auady eus
vendwagladlagniauusian (Madsulaiman et al., 2023) Nan153duaenAdaIiuNITATLY

wdule MEFB luide 3.1 (Ampawan et al., 2023)

(n) (¥)

Absorbance (a.u.)

3600 2600 1600 600
Wavenumber (cm™)

[y

gﬂ‘ﬁ 3.1 dugnuingvaaduly (n) MLGL way (3) FTIR d@wnasuvad LGL, LGLF way MLGL

s

3.2.2 nawssudagadudalsyneuTinmiuy PM uay OP

rounstugliludiagaduiBsusznou PLAMLGL dewada NIPS 1éfinsAnyiaaim
diuduves PLA fimmzauileldindouduiagadu Tnonsiwdsusigaduainaisazais
PLA/DMAC fianuidiauduunnsnsiu nuindnwazvesiagadu fdnvasiiunndieiu Tag
Snwamdafduiivisuainasazans PLA anududufesar 10 wag 11 Tnethwiin (U7
3.2 (n) wag (@) uin PLA AwSeuldanddnvaziuy YUIFUNIUANENAN 4.25 + 0.02
mm ay 3.98 + 0.08 mm NA1azas PLA avduduiosay 10 wa 11 lngtiwdn
paddu uidingedy PLA fieuanansazats PLA mudududosas 12 Tnevnidn 4
Snvneiifunssnauuasdvuaduriiuguinas 3.28 + 0.03 mm (3Uf 3.2 (r) Vadoraudu
magdnflennuiduduves PLA wmnduiilvauniavesarsazarenindu dawals
armannsalunsasiafuneadisnntulussrinstuneunasisudemadia uoniaiuy
NIPS

Lﬁaﬁwﬁa@m%’uﬁga 3 yiaumageuAaNsaluNIgATUE MB wuiigaduinien

311 PLA anadntuiesay 10 wae 11 laguinin danuaiuisalunisgadud MB IndiAus
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fufo¥esay 12.95 wa 13.73 muawiu Tuvuefidingaduain PLA anududuiesas 12
Tngwidn farwannsolunisgedusiniian (Gosar 9.03) Halloradunszindagadui
widsuan PLA armidududosay 12 Tastmiin Sanudugnguiiosnipeduaessiinug
mswssuiingaduanansaranewediesfifienudutugasiomaiauonima vilvsnsnis

waniasuseninemvhagany (DMAC) wazansildlydiavate (H,0) 91ae dealiignguy

v
a v A= A

Pouad (Kock P Amar et al., 1975) satiuauidetdwaenly PLA illauutusesay 10

o

Ingnn TunsnSeumgaduidalsenauiinnluduneusely

(n) 10 wt% () 11 wt% (M) 12 wt%

1 "

SUN 3.2 AaNWAZNINNENINVDIAATU PLA Me58uanaNsazals PLA/DMAC M15iA1n

Y Y

ANUNTUYBY PLA (n) Spway 10, (v) Seway 11 way (a) Sesay 12 Iaginin

LGL
Pretreatment
(NaOH 5% wi/v)
A\ J
LGLF
Chemical modification
(MAH + DMACc)
e S, e ~,
v Washing,
MLGL + unreacted MAH + DMAc, Filtering, » MLGL
reflux 8 h and Drying
l+ PLA and DMAc
l +PLA
Mixture o
Mixture solution solution Post modification

route”

. . Phase inversion
Phase inversion

Washing/drying

bead-OP Bead-PM

o Ky A "

“One pot route” l
l l Washing/drying

U7 3.3 BmswSeudagaduilsUsenaudinim PLA-MLGL ¢35 PM wag OP
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a

mu%%’aﬁlﬁm‘%smﬁm@msﬁu 299 uﬂLLﬂﬂﬂugUﬁ‘ 3.3 35n1swsenwuu PM 1Juisnns
Lm%'smLﬁ@@ﬂsﬁ’uL%wizﬂau%mws?fqz‘ﬁ%mimﬁauﬁ’u‘i%‘msm‘%ammLmﬂuﬁ"s%’a 3.1 1y
sosnuundulowagloauasdinsld DMAC Wuvhazans wdsmindudeausn MLGL ¥
Wa2131A09 wagyinld MLGL wiawda3sthunausu PLA uway DMAC Wiiensouansazans
mauﬁm%’uﬁugmﬂmﬁm@m%’u mMawnseudagaduidssznaudininuuy OP ¥andumauns
1509 a1 uazeIawasyi i MLGL wits wazlidesdld DMAC Waiumsizamisald
DMAC ﬁagﬂuszws‘ﬁadawﬁwﬁﬁmﬁwﬁLﬂuﬁaﬁflasmaiumiéﬁmlﬂi LGL wagdeauisa
thanldlunisazane PLA dwuisSenansazanenas PLA uag MLGL titein3oafuilingndu
Femafiansnanuy NIPS wilewlsuuy PM ndsniwioudageduldudata 2 35 1éih

o

dingaduan@nuUszdnanmnisgeduddondszquin MB nan1s3denliuandlugui 3.4

21

LGL LGLF MLGL PLA OP15 OP20 OP30 PM15 PM20 PM30

Biosorbent

JUT 3.4 UseAnsamnisgaduvesigaduiildan LGL uazidlngeduidsUsznaudinimid

U3 MLGL usnsinaiuiadinanuguaigdsnisiuy PM uag OP

NNFUN 3.4 Uansnnuaansalun1sgadud MB vesimaduantunzlad uazdigadu
WaUsenauTINN PLA-MLGL M1»38ulaedSn1siasaduuy PM wag OP AU TUUDs
MLGF wans19niy (Segag 15, 20 wag 30 tneurniinued PLA @y OP15 wmsﬁuﬁm@m%’u

PLA-MLGL #ifln15iiiy MLGL $awag 15 lngtwiinues PLA wlsudiedsuuy OP) wuin

a a o Y o

UszdnSannmsaaduvesiigaduainiuagles (LGL, LGLF uag MLGL) fiUszdnSninnisen

o aa Y o < o X Y (Y] ! o <) o vad aa
TUNANITAIAATULUULUA “VN‘L«!L‘U‘UL‘WTW’J'W]'J@J(ﬂ‘(]U@\‘]ﬂﬁ’W’JiJﬁﬂ‘HﬂJ%L‘UUNQ AALNUNR

o w 1 1

wnnnIFadutadvdrdsonisgadu neil MLGF fiuszavinmnisgeduasgn Wosaininy

Y
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A1SUBNTANEIAINNTAALUS LGLF 698 MAH Uil MLGL HUseAnSnnn1snaduadan we

(%

lunmsihlidenulutuneunisuendinadudiesedeinlesl uleniendigadueanain

Y

arsavane luvazidgaduuuudadadisniuannsoassluasazats vibinisuendgadu

Y
[

NATaTaANLTUNAINTAAGTU
PNuanTIIenuIdgaduluuiavieuwuy OP TUssanBnmnsgadufinidaga

FUwTELLUU PM wazdanudndmnadu OP20 uag OP30 fiAnaanunsalun1snadugs s

(%
[

aaduwaniiliudwsvilifgeduunnesnseninmaaeunisgadunieliusave Asiuludy

solulsidan OP15 wlilunisnaaeugaduddon MB

3.2.2.1 N5ANwIaNUAF AT UINUTENOUTIN N

MnMsfnwdugivevendagaduidslsznaudiniwmemaiia SEM fuwandlugy
7l 3.5 nudwhgeduiiauslndidesiu Tng PLA (3U7 3.5 (1), PM15 (5U7 3.5 (1) uag OP15
(3Uf 3.5 () fvurmdurugudnataiidu 1.43 + 0.370, 3.00 + 0.230 uay 2.00 + 0.870

mm AUARU

WeAnwfiidevenegalu (x3000) AIN8UENTRIMINAGU PLA (3UN 3.5 (1)) uae

PM15 (U1 3.5 (3)) figwguditanalndifesiu (wuia 0.320 + 0.007 pm) Tuvaigit OP15 4
swyuiidvuelvgindnann (1.69 + 0.10 um) (U7 3.5 (%)) uaziRadanuidule MLGL 7
Aludnunzildludones PLA uazilefiarsanniadnuneasingadu wuidnvazaming
PLA a0ufiagadu PLA waz PM15 fidnuwazadneiu uillwinaaiu dwiusigadu PM15

dulgegludnuwarignunequaie PLA ualiddunsiSerseninaiu (vu1nves MLGF oy

< o

TugaaUszanns 9.900 = 0.005 pm) (5U7 3.5 @) luvaefidinaadu OP15 nuindnvazidu

Y Y

a

o MLGL Waufinfiuiile PLA Baaenndesiudugiuiveniiivesdiagadu (JUA 3.5 (1)) visil

U

o1 dululaan MAH Tatannisnsiluu PLA viludule MLGF wag PLA w1dule (auinwes

[

MLGF eglutasuszanas 6.310 + 0.008 um) (3U7 3.5 (@) Mndagniineveniingaduids-

&3

o

Usgnaudaniw OP15 Aifignsuiiindwaliddeuunsidngfqaduldiedu uenaininis
Usngues MLGL Safumstieiiinussansnmnisgaduresingaduideseneudinim
Mg AvETLnssiusEInsgeduLUy OP uaziuy PM enaduldlsidgadui
wRenn3s OP Tuszminamawdsusingadusemaiauenila n1sunsesnyes DMAC il
Unreacted Maleic anhydride (UMAH) Guaul® MLGF m?ﬁ'aul‘ua&Jﬁﬁwmﬁ’s@,@%mmﬁﬂ
MAFTEULUY PM uaziilosnnn uMAH annsnazanethld dedulusswienisusnisla uMAH

v A =l v 1 . = & H ! Y @ v A Aa ada !
lowenenumdeunludeenililvansararedalud dwalidagaduisngunianivuinivg
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1 < (Y ¥ [ [y a [ J o Y & o a a a
NMINUAAATURUUY PM G]'JEJaﬂUm%ﬂmi’WU’JVIEJ’]GNﬂa’]')Wﬂ%Luﬂﬁ]WﬁuLLUU OP {dsgansnw

nsgAgdugINIuuY PM

(n) () (M)

JUN 3.5 duguingveianidalsenaudinin (1) #uid (na19) WURIMAwene (x3000)

Y

way (1737) A1eana3e: (N)-(A) PLA, (9)-(R) PM15 wag (%)-(a1) OP15

PNMIFNEUTRBANuToumemalln TGA vasiaadu PLA, PM15 uay OP15 Tu
SUTI 3.6 wuinfagadu PM15 uay OP15 Snisamesavnseufoudsd lurisgamgf 50-
125 °C ifugsgumgfiieuduluigadussvesendlelduaudou uazdisiigumgd
200-400 °C Wunsaanesmanuieurensliwaglaauazivaglaaly PM15 uag OP15 Wa

AINA1IABAA DN UUIIBURY Pavan et al., 2014 wag PLA Suiinsidenaniniigumgil
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300 °C lnofimsidonaningslu PM15 wag OP15 5UT 3.6 (n) wuin gamgfiusdulunis
aa18A2 (Temperature at onset decomposition, Toner) V09 PLA 11AU 351 °C @1uves
OP15 (357 °C) g4n11 PM-15 (336 °C) wazgmunnivifigaduidnsinisaaieigean
(Temperature at maximum decomposition rate, Tra,) U89 PLA, PM15 tag OP15 a1
WINAU 370 °C, 370 °C waz 378 °C fNua1su ﬁmmamiwmammmﬂﬁlﬁu’jﬁmim%'w@hameﬁu
wuU OP Fadisnmvneanudousnnndt PM sadlenadunaziniasiouigaduuy O

Il MLGF wniulainan PLA WewSeuiisuiufmgeaduivieuiuy PM

105 5
(v)
90 =
E 3
75 B 39'
§ 60 | £ -1
= 1]
3 45 | > 10 |
= 2
30 f .g
@ -27
15 o
0 1 L L _35 L 1 L 1 1 L
50 150 250 350 450 550 650 50 150 250 350 450 550 650
Temperature (°C) Temperature (°C)

5U7 3.6 (n) TGA wae (v) DTG waafagadu PLA, PM15 uag OP15

3.2.2.2 msanwtleveidnaseysyansnmnisgaduade MB

lun1sAnwdnsnavesnanlunsgaduiiiomnainisgaduiauna lngn1smagauns

o o

anduneglaanizasdeluil: USuudigadu 5-7 mg, ansavareddon MB Auudu 10

Y

mg L™, USunsideu 10 mL wag pH ddeuwiriu 7 laganiiunisnaaesuiigaumgi 30 + 3 °C
o % = ' A o o 9
N18n5INTVEIMELATONVET 200 rpm aRnwIAINaNIAluN1SYATUYBIiIgaty OP15

(3UN 3.7) wurnUszdnsamnisgaduasluegraiuladaludinan 1-9 Falus iy

A= |

W31Edunteiiiinn1sgadu (Binding site) vasiigaduiiduiuninyilinadud MB la

Y

' (%
LY

USuaunn uazidlalangaduiiiy 24 93lus anuaiunsalunsaaduisuaan deluiugfen

nalunsgaduannan 24 Silusllvinmsfinuselutadesely
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14

q; (mg/g)

1 3 6 9 12 15 18 21 24 27
Time (hr)

o Ao =

JUN 3.7 naveanangadunildeyssansninnisgaduressingadu OP15

\iothdeyannmsfnwinainisgadudden MB saefigadu OP15 madiensu
ANENNUSTENIN IN(ge-gy) thae ¢ ﬁQLLaﬂqiugﬂﬁ 3.8 () (@uns (5), marwan ) dudy
aunsfiedunemsgaduiuy PFO Tuvaefingmanuduiudsening t/g, was t faansgui
3.8 (¥) (@19 (6), nAKNUIN N) u“]uamnﬁﬁa%maﬂﬁgm%’uLLUU PSO kagn1518ma5v89n5

anguaIusaasulalun1s1en 3.1 mng‘dﬁ 3.8 Lagm191N 3.1 WU’iWﬂ’]i@JWE{U MB a78 OP15

Y 9

'
P

donAaodiu PSO 11NN PFO wlasanndAl A2 Inalfes 1 11031 Han1snaaediilawazkg
Ienaunis PSO delndiAssiu daluenananlaiinisgadusening OP15 uay MB 1AnTu
\induseninelszaaures OP15 UagUszquinved MB (Lapwanit et al., 2018) NAN1533Y

donAnodiuNsAAdUd MB fgluUTUTIUsENBUTINN PLA/PBAT-MEFB Tuiite 3.1.3

2 120
(n (v) ..
16 100 | .
8o | -
12 .--"
B s 60 |
<08 '
0.4 20 | l
m
0 . . . . . . 0 . . . . . . .
0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24
time (h) time (h)

JUN 3.8 n9uanIANLdLTUSANaN13N15AAdU (1) PFO uwag (V) PSO
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M5 3.1 W1TWNBIVDIAUNTIAUNAAANTNITAATULUY PFO Uag PSO

Psuedo-first order Psuedo-second order
Qe,exp
1 e kl Ge 1 .1
(mg g™t 1 . R | ke (gmg™ min™) R?
(mgg™) | (min™) (mg ¢)
12.07 6.57 0.12 0.98 12.44 6.99 x 10* 0.99

PNMIAENYIBNSNATetIatunsgadunuiatlunsgaduiauna Ae 24 Falue Ty

a a 1

NsANUTINURIgAdUNTnSnadeUsEaEANNTadudden MB mesnadu OP15 lag

v 1

nageunsandunelian1izAwielul: naigaduaunauitu 24 Talus, asavanedden MB
ANNTU 10 meg LY, Usuasddon 10 mL wag pH vesddouyindu 7 Insaniunismagou
Ngaundl 30 £ 3 °C N8NIINTVYIILIATONYET 200 rpm AUAINTAIUNSAATUT

USinaigaduuansnaiu (U 3.9) nuidleldimgaduuSunaniiuuinduaiuasisaly

Y

1
=

NsgaduLiLY LesnddunisiiiansaaduiinauanUsunuigaduiiiady Turaegn

a a

Uszdngnmnisgaduresdigaduanas Meididunsizdnsed@nsaimnisgadunilaain

[ '
o (% o v =

YSuudngnaadulagiigadurouTuiavesdinadu dadulil e uuTuiudigady

Y Y Y

o

Usgdninmnisaadudisanas

21 100
18
80
15
9
12 60 =
o m
2, g
£ 40 5
o 1
6
20
3
0 0

2 4 6 8 18 30 40 50 100
Dose (mg)

d o aa

SUN 3.9 navesUTinuiigadunilseauansalun1smIng MB uazUsedvinmnisgady

Y

VeIInAgdy OP15

lums@nwdninaves pH vesddon MB lnenaaeunisaadunieldaniizissialuil:

nangeduaLRawiniu 24 i, USinasinnedu 6 mg, ansavagdten MB et 10 mg LY,
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a

warUSunsadeu 10 mL lngafiunisnaaeuiigamad 30 + 3 °C N6n5IN1TWEINILLATEN

Y

e 200 rpm

21 100
18 |
1 =0
15 |
12 180 %
g E
ES 140 2
s [
6 | m
1 20
3 L
0 0

JUN 3.10 Naves pH vosansara1ud MB nilnason1saaduressiigadyu OP15

NNSANYIUTEANSAIMNSRAdUddan MB laedagadu OP15 1 pH #13 9 Asuand
Tugud 3.10 wuinluanned pH i1 diagaduidaszneudinmiianuaiusalunisgadud
MB ¢ 1839 nan1eilid H* YSuaun Bavihlidgaduiinnis Taluseeu (Protonation)

dealviniivesiigaduiiuszquin Anfuduiausmaniusendned MB Felluszauinuazi-

q

v
=< o U

Andu usileansazanedil pH gedu vhlvidgaduiinn1s Deprotonation dHalifiifige-

Y U

Fuiduau Aiudafanisgeduszninalszquintesd wasUszgautesigaduiiesunsisen

wuulihadin Juilvinuingalian pH a9 anuaansalun1sgadunBalunag s faty

Jsloidendas pH 8 uwihnisAnemelutladediall

TunsAnwdvdnavesruiduduBusuvesddoureussansnmnsgadurosigady
op15 lnemaaauneldaneduioluil: nagaduaunawiiiy 24 $alus, Usinuigadu 6
mg, @1vazatuddon MB USuas 10 mL waz pH wsddauviniu 8 Tngsdndunisnaaoud
gaumgdl 30 + 3 °C AFasMswegvhelieagn 200 rpm wanTideuandluzuil 3.11 ain
msanmuIiiom it usuduvedEfon MB Wuduan 108 200 mg LT A1 g, sty
desnndoarududurosddon MB gedu denaliaruuaniavesanududuyes
ansazansluszuuuasditnvesfigaduunndnaiusnn yhliZesunesentninnistiemsng
yhlTinisgndugatiu (Pavan et al, 2014) N3UT 3.1 nudmdmneududududues

ay 1 a a U A P ] Y v oa v =
g1 MB 120 mg L ﬂi%ﬁmﬁﬂWWﬂqﬁﬂﬂ‘U‘UﬂJﬂqﬂﬂw 279 UDIUIINNIANUVUVULIUAUVDIH



30

v v 1

MB 7duduunndi 120 mg L fusunadunniiunesiednuiuvesiumiafiiianisgaduuy
Mgadu Aaunsiiuauiduresddon MB JdliinadeussdnsammIgaduvesiigady
(Putri et al., 2020)

100
90
80
70

560

£50

£ 40
30
20
10

0

10 20 40 60 80 120 160 200
C, (mg/L)

JUM 311 wavesn Uit uSsiuewnsavany MB NilseussdvenmmmIneduresnadu OP15

21 5
(n) ()
187 4.5 - FEm
[ |
15 |
4 m g
12 .
z 35
G09 £ W
0.6 3
: | |
03 25
0 1 1 1 1 1 1 1 2 1 1 1 1 1
0 20 40 60 80 100 120 140 160 0 1 2 3 4 5 6
Ce (mg/L) InC.

SU7 3.12 A MLARSANUEUNUSAILEALNTNNSARGU (n) Langmuir isotherm Wag (1)

U Y

Freundlich isotherm

1N@UNIT Langmuir isotherm (@1N15 (7), A1ANUIN 1) WAz Freundlich isotherm

(@un13 (8), Manun n) wudlelewesunisgaduasnnadesiu Langmuir isotherm 11ANN

a

Freundlich isotherm é’fmamlugﬂﬁ 3.12 uazANTIT 3.2 A0 K2 Y8 Langmuir isotherm 4

=3

A1 0.99 Fanlng 1 11An1 Freundlich isotherm UagdailAn g, g984 90.09 mg ¢ &4l

[
L

ANNALALINUAT G MIHAINNITNARDL (G exp = 86.19 Mg ¢71) FatiuFsanunsnasuiele

Inszuunsgaduiiiatuduiuuiudes wasuenanilluaunis Freundlich isotherm
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n Aladuiiauinnd 1 famunefausnanuiivesiigaduivsinuuiniagldlunisgady

WISALMDIVDIANNTT Langmuir isotherm Way Freundlich isotherm

A1519% 3.2 W1HResU8s Langmuir isotherm wag Freundlich isotherm

Langmuir isotherm Freundlich isotherm
Qmax,exp K
q F
(mg g™ maxl K (L mg?) R? 1 y n R?
(mgg) (mg ¢ )L mg )"
86.19 90.09 7.02 x 10 0.99 18.95 2.82 0.86

3.2.3 msthudagadualden

Tunmsinwussavsnmmagaduidetnduanlds Tdvhnismeaeunieldanioedsil
nangaduaugaiiiy 24 s, UTunaiigedu 6 me, asazaneddon MB mnmidudu 10
mg L, Uunnsadon 10 mL wag pH vesdfeswiniy 7 Inedniunsnageuiigamadl 30
3 °C AdTMswgvheIAoasen 200 rpm uazlunsmeonisgeduldliansazaronsnesdin
Anmdudu 1.0 M iflesainansazanensnesdnanunsaly H* fianansaluunuiid MB ded
Usgauiniuiu kagaInauideves Pavan et al., (2014) wuitaisagalgnsnesdanidl

Usganinmlunismenisaaduas

15
(n)

(@)

125

10 ¢

75

qe (Mg/g)

Cycle

=

JUN 3.13 (n) Anuanansalunsgaduvesgaduildaulauilddn wasdnuaenianienn

Y

YosmgatuiinIuNTeAdud MB (1) luseudl 1 wag (A) Tuseud 6

Pnmsfnwnsiidagaduidalsznaudinim PLA-MLGL unldugi nan153deuans
Tugun 3.13 (n) wudlsednsainnisgedud MB veulindigeduanasdnieslunislddiseu
71 2 uagdsgdnsnmnsgadud MB veudingeduldadlunisnageunisgaduseud 3 uavisu

d' =2 (Y P d' a a v o < v A
ﬂ\‘i“l/lﬂuﬂflﬂ']ﬁ/l@ﬁ@‘Uﬂ'ﬁ@ﬂ“ﬁ‘Ui@‘U‘ﬂ 6 ﬁ’]LﬂﬁlVliJi%ﬁVlﬁﬂ?Wﬂ'ﬁ@leﬁUﬂ MB VDUUAAAYULUN
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Keywords:

A bio-based membrane was prepared by a non-solvent induced phase separation process. A polylactide (PLA)/
poly(butylene adipate-co-terephthalate) (PBAT) polymer blend was mixed with functionalized cellulose micro-
fiber from empty fruit bunch (EFB) modified with maleic anhydride (MEFB). MEFB reduced the water contact
angle and increased the porosity of the membrane. In a batch adsorption process, the pseudo-second order and
Langmuir isotherm models best described the adsorption of the cationic dye methylene blue (MB) on PLA/PBAT
and PLA/PBAT-MEFB membranes. In a dynamic adsorption process, pure water flux was higher through the
PLA/PBAT-MEFB membrane (1214 L m 2 h 1) than the PLA/PBAT membrane (371 L. m 2 h ™ 1). The PLA/PBAT-
MEFB membrane removed 97.2 % of MB while the PLA/PBAT membrane removed only 58.7 %. The hydro-
philicity of the membrane and its adsorption efficiency toward MB were improved by the abundant carboxyl
groups in MEFB. A filtration test using a mixed dye solution of anionic methyl orange (MO) and MB showed that
the PLA/PBAT-MEFB membrane rapidly adsorbed MB while permitting MO to pass through. Moreover, this
membrane could be easily regencrated and maintained a satisfactory separation performance over several cycles.
Based on the membrane performance and its economical preparation, the proposed biocomposite membrane
could be used for selective filtration and wastewater treatment.

Adsorptive membrane
Biodegradable polymer
Dye selectivity

1. Introduction

The intensified industrial activity associated with population growth
has increased the contamination of water with chemicals such as water-
soluble dyes, which do not easily biodegrade. These contaminants can
be harmful to human health and the environment [1]. The removal of
dye pollution from water using adsorbents derived from agricultural
wastes is gaining increasing interest. These materials offer the benefits of
low cost, renewability, abundance, and eco-friendliness but are mostly
in powder form. In batch processes, the separation of powdered adsor-
bent from the decontaminated medium is not easy. Additional costs have
to be met to separate solid from liquid by filtration or centrifugation.
Fabricating the adsorbent in the form of a membrane is a promising
approach that avoids this problem [2]. For industrial processes, mem-
branes are fabricated from petroleum-based polymers to take advantage
of their low cost, chemical resistance and good mechanical properties
[3]. However, membranes based on petroleum-based polymers are not
biodegradable.

Among biodegradable polymers, polylactide (PLA) is an effective

* Corresponding author.
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material for membrane preparation. It exhibits versatility, high me-
chanical strength, easy processibility, low toxicity, and low cost [4].
Moreover, the solubility of PLA in organic solvents is an advantage in the
fabrication of membranes. PLA membranes produced by electrospinning
have been demonstrated to efficiently remove dyes from solution by
static adsorption. For example, PLA nanofibrous membranes function-
alized with TiO, nanoparticles and methyltrichlorosilane adsorbed 93 %
of methylene blue (MB) over 72 h [5]. A film of PLA and gelatin pro-
duced by electrospinning adsorbed five organic dyes [6]. Mascarenhas
et al. [7] prepared a faujasite zeolite/PLA electrospun membrane that
removed >90 % of MB in 90 min. Mohammad and Atassi [8] used
electrospinning to fabricate a PLA membrane coated with polyaniline
(PANI) and investigated its adsorption of MB. For dynamic adsorption
processes, adsorptive filtration has the advantage of reducing operation
time and energy consumption since the operation completes in a short
time and does not require high transmembrane pressures [9]. Kang et al.
[10] used electrospinning to produce a PLA membrane surface-modified
with polydopamine and f-cyclodextrins (f-CD-PDA@PLA) that simul-
taneously filtered toluene emulsion and MB oil under low driving
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pressure.

Although the electrospinning technique can produce membranes
with high porosity, interconnected pores, and large surface areas [11],
most commercial polymer membranes are produced via phase inversion
methods, which are simple, inexpensive, and easily scaled up [12].
When membranes are produced by non-solvent induced phase separa-
tion (NIPS), the pore size can be effectively controlled and the surface of
the membrane can be modified with additives [13]. Using NIPS, Shokri
et al. [9] prepared a highly porous, hydrophilic and water permeable
membrane from a casting solution of PLA loaded with different hy-
droxyapatite (HAp) contents. They reported that a membrane produced
with a loading of 2.5 wt% HAp provided the highest pure water flux of
1100 L. m~2 h™!. Moreover, the maximum removal efficiency of Pb and
As (100 % and 93 %, respectively) could be achieved at 0.4 bar.

PLA is hydrophobic but the hydrophilicity and cationic binding of
hydrophobic polymer matrices can be improved by modification with
plant wastes. The oil palm is a major crop in the southern region of
Thailand, where palm oil accounts for 70 % of the vegetable oil market
[14]. The extraction of palm oil generates large amounts of residues such
as fibers, shells, and empty fruit bunch (EFB), which is the largest res-
idue generated [14]. In general, plant wastes contain numerous hy-
droxyl groups (—-OH) that are converted via esterification to carboxyl
groups (-COOH) that promote excellent cationic binding after depro-
tonation [15]. The utilization of a cellulose filler from abundant,
renewable waste EFB to improve the hydrophilicity and cationic binding
of a polymer matrix presents an effective way to reduce the volume of
waste EFB and to add value to this biomass.

The aim of this study was to synthesize a bio-based composite
membrane that decontaminates dye-polluted water in a simplified and
cost-effective way. PLA was selected as the membrane matrix due to its
versatility. Since PLA is rigid but low in toughness and ductility, it
benefits from blending with a suitable copolymer. Poly(butylene adi-
pate-co-terephthalate) (PBAT), an aliphatic-aromatic copolyester was
chosen. Tt is flexible and tough, completely biodegradable, and has
shown compatibility with PLA [16]. Cellulose microfiber was extracted
from waste EFB and modified with maleic anhydride (MAH) to increase
the available -COOH groups. The composite membrane was prepared
via NIPS from a casting solution of PLA/PBAT reinforced with MAH-
modified cellulose microfiber (MEFB). The characteristics of the modi-
fied cellulose and composite membrane were investigated. The effects of
contact time and initial dye concentration on the adsorption of MB and
the kinetics and isotherms of the adsorption process were studied in a
batch process. The separation efficiency of the composite membrane was
studied using different pH dye solutions, different initial MB concen-
trations, different permeation volumes, and different ionic strengths ina
dynamic filtration process. The reusability and selectivity of the com-
posite membrane were also investigated.

2. Materials and methods
2.1. Materials

EFB was collected from Trang Province, Thailand. Polylactide (PLA
4043D) was supplied by NatureWorks LLC (Cargill-Dow, Minneapolis,
MN). Poly(butylene adipate-co-terephthalate) (PBAT, Ecoflex F BX
7011) was from the BASF Corporation (Ludwigshafen, Germany).
Dimethylacetamide (DMAc), methyl orange (MO), hydrochloric acid
(HCI), sodium hydroxide (NaOH), and acetone were from RCI Labscan
(Thailand). Maleic anhydride (MAH), rhodamin B (RhB), and orange II
(O-11) were purchased from Sigma-Aldrich. Methylene blue (MB), crystal
violet (CV), and malachite green (MG) were from Loba Chemie (India).

2.2. Preparation and modification of cellulose microfibril from EFB

The EFB was first washed and soaked in water at 100 “C for 3 h to
remove impurities. It was then pretreated by immersion in a 10 wt%
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NaOH solution at room temperature for 24 h. Afterwards, the fibers were
bleached for 24 h by immersion in an aqueous solution of NaOCI (5 wt%)
at room temperature. After bleaching, the fibers were filtered, washed
repeatedly with distilled water and dried. The bleached cellulose fibers
were hydrolyzed using 2.5 N HCI solution for 2 h and then neutralized
with NaOH solution, washed with distilled water and dried. Finally, the
treated cellulose fibers were ground and sieved to obtain cellulose
microfibril, which was labeled CEFB.

CEFB was modified with MAH using the method of Zhou et al. [17]
with modification. CEFB and MAH were mixed in the ratio of 1:5 and
heated at 50 °C until MAH melted. DMAc was then added and the
mixture was refluxed for 3 h. The modified CEFB microfibril (MEFB) was
washed with acetone and deionized water to eliminate unreacted MAH.
Finally, the MEFB was freeze dried and stored in a desiccator for further
use. The preparation of MEFB from raw EFB (REFB) is illustrated in
Fig. 1a.

2.3. Membrane preparation

Before preparing the PLA-based membrane, the optimum blend of
PLA/PBAT was determined by considering mechanical properties. PLA/
PBAT blends were formulated at weight ratios of 100:0, 95:5, 90:10, and
85:15. The total concentration of the polymeric casting solution was
fixed at 15 wt% using DMAc as solvent. The blend that produced the
optimal mechanical properties was used with the maximum MEFB
loading that could fabricate a composite membrane that did not crack as
water passed through it during a separation test. The solutions were cast
with a casting knife on a glass plate, maintaining a uniform thickness of
400 pm in environmental humidity of 50 %. The casting solution on the
glass plate was then immediately immersed into a bath of deionized
water at room temperature for 24 h to remove any residual solvent. The
preparation of the composite membrane incorporating MEFB is pre-
sented in Fig. 1b.

2.4. Sample characterizations

The morphology of each sample was observed using scanning elec-
tron microscopy (SEM, Quanta 400, FEI). For cross-sectional observa-
tions, samples were immersed in liquid nitrogen and fractured.

The functional groups of EFB, CEFB, MEFB and membranes were
investigated by using Fourier transform infrared spectroscopy (FTIR,
TENSOR 27, Bruker) in the range of 4000 to 400 cm .

The crystallinity of EFB, CEFB, and MEFB was determined by X-ray
diffractometer (Empyrean, Malvern Panalytical). The crystallinity index
(CrT) was calculated using the maximum intensity of the 002 lattice
diffraction peak (Iyp2) and the scattered intensity of the amorphous part
(Iym), according to the following equation [18]:
ol (%) = (1—0‘” ') x 100 (b}

Too

Contact angle measurements (Dataphysics OCA25) were performed
using a 5 pL water droplet placed on the membrane surface.

The Brunauer-Emmett-Teller (BET) surface area and the Bar-
ret-Joyer-Halenda (BJH) pore size distributions of the membranes were
obtained via nitrogen adsorption using a high throughput surface area
and porosity analyzer (Micromeritics, ASAP2460).

The porosity of membrane materials was determined by the gravi-
metric method [19] using Eq. (2):

(

where w; and wy are the weight of wet and dry membrane samples,
respectively; d is the density of water (g cm %); A and & are the mem-
brane sample area (mz) and thickness (m).

Water uptake was determined as reported by Pereira et al. [20]. It

wy

dAS

- Wy

Porosity (%) ) x 100 2)
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Fig. 1. Preparation procedure of (a) carboxylated-cellulose microfiber (MEFB) from raw empty fruit bunch (REFB) and (b) a biocomposite membrane from poly-
lactide (PLA), poly(butylene adipate-co-terephthalate) (PBAT), and MEFB by phase inversion.

was calculated by the following equation:

(Ww - Wd) %100

W,
where Wy and W,, are the weights of dried membrane and membrane
immersed in distilled water for 24 h, respectively.

The mechanical properties of the membrane materials were deter-
mined using a universal tensile testing machine (Instron). Membrane
samples were cut into 50 mm x 10 mm rectangles. The tensile test was
performed at a constant elongation speed of 5 mm/min at room
temperature.

Water uptake (%) 3)

2.5. Static adsorption study by batch process

The effects of contact time and initial dye concentration on the
adsorption of MB in aqueous solution were studied at room temperature
in a batch process using a membrane sample of 0.005 g in 10 mL of MB
solution under agitation at 60 rpm. Studies of contact time and initial
dye concentration were conducted at an initial concentration (Cp) of 10
mg L' and at equilibrium time, respectively. At least three replications
of all experiments were conducted. Dye concentrations after adsorption
were determined by UV-Visible spectrometer (Lamda 25, PerkinElmer).
The adsorption capacity (g, mg g ') of the membrane was calculated
from Eq. (4):

(Go-C)

gt

m

xV 4)
where C, (mg L) is the concentration at the desired time, V (mL) is the
dye solution volume and m (g) is the membrane mass.

The mechanism of dye adsorption on the membrane was studied by
applying the pseudo-first order (PFO) and pseudo-second order (PSO)
kinetics models described in Eqgs. (5) and (6) [21,22] to the experimental
data.

In(q, —q,) = Inq, — kit (5)

1

9

t 1

o karl

(6)

where g, and g, are the dye adsorbed on the membrane sample (mg g )
at a specific time (t) and adsorption equilibrium, respectively; and k;
(min~!) and k, (g mg™' min~!) are the PFO and PSO rate constants,
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respectively.

The adsorption equilibrium results of MB on the membranes were
studied using the Langmuir and Freundlich isotherm models, expressed
by Eq. (7) [23] and Eq. (8) [24], respectively:

C. C 1
S=— @]
4 Gn Gk
1
Inq, = InKg + HInCE 8)

In these equations, C, and g, are, respectively, the dye concentration
(mgL 1) and adsorption capacity (mg g 1) in the equilibrium state, and
Gy is the maximum adsorption capacity of the biosorbent (mg g‘l). Kp is
the Langmuir constant (L mg™"), Kr is the Freundlich adsorption con-
stant ((mg g ")(L mg )™ and n is the adsorption intensity.

2.6. Adsorption filtration study
The flux of pure water (J,,, L m_ 2 h’]) and dye solution (Jg, L m 2
h™!) were measured using a Buchner funnel filtration system equipped
with a vacuum pump operating at 10 kPa. The diameter of the mem-
brane was 4 cm. The Jy, and J,4 were calculated using the following eq.
[10]:
v

J=
At

9
where V, A, and t are, respectively, the volume of permeated water or
dye solution (L), the membrane area (m?), and permeation time (h).

The dye separation efficiency of membranes was studied by
measuring the concentration of filtrates by UV-Visible spectrometer at
the maximum absorbance wavelength. Separation efficiency (SE %) was
calculated using Eq. (10),

(u) % 100
Co

where Cpand C; (mg L) refer to the dye concentration before and after
separation.

In order to study the reusability of the proposed membrane, used
membranes were desorbed with 1 M acetic acid solution until the
desorption solution was colorless, then washed with distilled water and
used again.

(10)
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3. Results and discussion
3.1. Characterization of EFB-derived fibers

The morphologies of raw EFB (REFB), CEFB, and MEFB were
observed by SEM. REFB showed a dense structure. Fibers had an average
diameter of 251.46 + 3.55 pm (Fig. 2a). REFB was converted to CEFB by
alkaline treatment and bleaching. Since hemicellulose and lignin had
been eliminated, the average diameter of CEFB fibers was smaller at
around 10.69 + 1.62 pm (Fig. 2b). MEFB fibers displayed a rougher
surface and an average diameter of 6.76 + 1.77 pm (Fig. 2¢).

The FTIR spectrum of EFB (Fig. 2d) presented peaks at 3325, 1730
and 1508 em™! associated with hydroxyl groups, carbonyl groups, and
aromatic rings, respectively. The peaks at 1250 and 1028 em™ were
associated with ether groups. These groups are the characteristic peaks
of lignocellulose [25,26]. The absence of peaks at 1508 and 1250 cm™*
in the spectrum of CEFB confirmed the elimination of hemicellulose and
lignin. This result was in agreement with the SEM observation. The
spectrum of MEFB, presented new peaks at 1718 cm ™" and 1636 cm™!
associated with carboxyl groups and C=C in vinyl groups, indicating
that carboxylated cellulose had been formed [17].

XRD analysis showed that cellulose in the EFB-based samples was
type I since the XRD patterns of the EFB-derived samples showed crys-
talline peaks at 26 around 16.17, 22.5°, and 34.7° (Fig. 2e) [25]. The Crl
value increased from 27.60 % for REFB to 64.66 % for CEFB. This result
was consistent with SEM and FTIR results and further confirmed that
amorphous hemicellulose and lignin had been eliminated by pretreat-
ment and bleaching [25]. The Crl of MEFB (46.54 %) was lower than
that of CEFB because the crystalline structure of cellulose was altered
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during esterification [27,28]. Similar findings were reported from the
modification of cellulose [27] and cellulose nanocrystal [28] with MAH.

The adsorption of MB by CEFB, MEFB, and commercial microcrys-
talline cellulose (MCC) was studied to evaluate adsorption efficiency
toward cationic dyes (Fig. 3). As expected, the adsorption of MB was
highest on MEFB due to the presence of carboxyl groups, which bind
readily with cationic dyes.

3.2. Membrane characterization

PBAT was blended with PLA to increase the flexibility of the
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Fig. 3. Adsorption cfficicney of cellulose-based biosorbents toward MB (Con-
dition: biosorbent dose of 0.005 g, Cp = 40 mg L', V=10 mL at 25°C for 1 h).
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Fig. 2. SEM micrographs of (a) raw EFB (REEB), (b) cellulose microfiber extracted from REFB (CEFB), and (c) chemically modified CEFB (MEFB): (d) FIIR spectra

and (e) XRD patterns of EFB-derived fibers.
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membrane material. The tensile strength (TS) of the PLA/PBAT blend
slightly decreased with increments of PBAT (Fig. 4a) whereas the
elongation at break (Eb) increased. Taking into account mechanical
properties and ease of fabrication, PLA/PBAT blended at a weight ratio
of 95:5 was selected for further study as the control membrane. With this
blend ratio, the loading of MEFB in the PLA/PBAT/DMAc solution could
be 30 wt%. With an MEFB loading of 30 wt% in PLA/DMAc solution, the
casting solution was extremely viscous and difficult to cast on the glass
plate. Although the TS of the PLA/PBAT-MEFB membrane was not as
good as the TS of the optimal PLA/PBAT membrane (Fig. 4a), PLA/
PBAT-MEFB did not break when twisted or bent (Fig. 4b and c). The
mechanical properties of the PLA/PBAT-MEFB membrane were there-
fore suitable for dye adsorption and filtration applications and was
labeled composite in further studies.

The PLA/PBAT and PLA/PBAT-MEFB membranes were observed by
SEM to characterize their cross-sectional and surface morphologies.
PLA/PBAT showed an asymmetric structure (Fig. 5a) composed of an
upper skin layer supported by a sublayer containing finger-like macro-
voids; typical of membranes prepared by NIPS. The pores on the surface
of PLA/PBAT were around 0.1 to 0.6 pm (Fig. 5b). The cross-sectional
image of PLA/PBAT-MEFB showed irregular macrovoids with thinner
walls and interconnected pores (Fig. 5¢c). MEFB particles on the sample
surface (Fig. 5d) showed evidence of partial interaction with the poly-
mer matrix, which could be attributed to the formation of hydrogen
bonding between carbonyl groups of the PLA/PBAT blend and carboxyl
groups of MEFB [29]. The surface pores were larger than those of PLA/
PBAT, in the range of 0.1 to 1.3 pm. By comparison with PLA/PBAT, the
structure of PLA/PBAT-MEFB was looser, corresponding to the increase
in membrane porosity from 64.91 + 5.50 % for PLA/PBAT to 77.75 +
2.79 %. These features enabled a higher pure water flux through the
composite membrane. The membranes differed morphologically
because the loading of hydrophilic MEFB in the polymer solution pro-
moted the phase inversion rate, which increased the velocity of water
diffusion into the casting solution [30].

The presence of MEFB in the polymer matrix reduced the water
contact angle and increased water absorption due to the hydrophilic
functional groups in MEFB (Table 1). The greater hydrophilicity and
porosity of PLA/PBAT-MEFB reduced its resistance to water, resulting in
the increased the water permeability of the membrane [10].

The BET isotherm plots of both type of membranes are shown in
Fig. 6a and b. The isotherm plots exhibited the combination of types II
and III according to IUPAC classification. The desorption curves of both
membranes were not close loops attributed to the swelling of polymer
[31]. The adsorption average pore diameter is in the range of 10-20 nm

ar
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for both membranes (Table 1). The surface area increased from 6.622
m? g ! for the control membrane to 11.695 m> g 1 for the composite
membrane. The increasing of this result indicated that the loading of
MEFB affected the membrane structure. The calculated BET parameters
of the membranes are summarized in Table 1. The pore size distribution
of the control membrane was centered around 7 nm (insert Fig. 6a). The
addition of MEFB in polymeric matrix increased the pore size around 13
nm (insert Fig. 6b).

3.3. Membrane static adsorption study

The adsorption of MB was studied on PLA/PBAT and PLA/PBAT-
MEFB over a period of 4 h. The adsorption capacity of both sorbents
increased as adsorption time increased and then plateaued (Fig. 7a).
Adsorption rapidly increased at the early stage due to the large amount
of vacant active sites for binding [7] and equilibrium was reached at
180 min. However, the adsoprtion capacity of PLA/PBAT-MEFB was
much higher due to the presence of carboxyl groups.

The possible mechanism of MB adsorption on the membranes was
studied by applying the adsorption kinetics models in Egs. (5) and (6) to
the experimental data. The fitted plots presented in Fig. 7b and c and the
calculated parameters were listed in Table 2. The R? values of the PSO
model were close to 1 and higher than those of the PFO model. More-
over, the calculated g, values from the PSO model were close to the
experimental g, values. The findings implied that the adsorption process
involved electrostatic interaction between the membrane and the
cationic dye [32,33].

The adsorption behavior of the membranes at equilibrium was
studied at different initial dye concentrations (Fig. 7d). The g, values of
both membranes increased with increments in initial dye concentration,
possibly because increases in MB concentration promoted the interac-
tion between membrane and MB [34].

The Langmuir and Freundlich isotherm models were applied to the
experimental data at equilibrium. The curves predicted by the Langmuir
isotherm model agreed well with the experimental data (Fig. 7e and f).
In addition, the R? values from Langmuir model were close to 1 and
higher than the R? from the Freundlich model (Table 2). These results
indicated that the adsorption of MB on both membranes could be
described by the Langmuir isotherm model and was therefore a mono-
layer adsorption process [35]. By using the Langmuir adsorption con-
stant (K;) to calculate the separation factor (R; = 1/(1+ K;Cp)), the
values of R; were between 0 and 1 (Table 2). These results suggested that
the PLA-based membranes were favorable for MB adsorption.
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Fig. 5. Cross-sectional morphology of (a) PLA/PBAT and (c¢) PLA/PBAT-MEFB: surface morphology of (b) PLA/PBAT and (d) PLA/PBAT-MEFB.

Table 1
Hydrophilic properties and BET parameters of PLA-based membranes.
Membranc  Water Water BET Pore Pore
Contact absorption surface volume' size’
angle (°) (%) area (m? (em? g h (nm)
g7)
Control 66.11 + 15.23 = 6.622 0.019 11.553
1.44 0.39
Composite 61.20 = 60.51 = 11.695 0.055 18.664
1.26 0.81

* Total pore volume of pores measured at p/p° = 0.99.
b Adsorption average pore diameter (4V/A by BET).

3.4. Membrane filtration adsorption performance

The filtration performances of the PLA/PBAT and PLA/PBAT-MEFB
membranes were compared. The PLA/PBAT-MEFB membrane ach-
ieved significantly better pure water flux and MB separation than the
PLA/PBAT membrane (Fig. 8a). As mentioned in Section 3.2, MEFB not
only increased the porosity but also the hydrophilicity of the membrane.
These Improvements facilitated the permeation of water through the
membrane. The significantly lower dye flux through both membranes
was attributed to fouling [36]. Nevertheless, dye flux through the PLA/
PBAT-MEFB membrane was much higher than through the PLA/PBAT
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membrane. The composite membrane removed 97.2 % of MB whereas
the control membrane could remove only 58.7 %. The loading of MEFB
in the polymer matrix increased the separation of MB since the reactive
carboxyl groups of MEFB enabled cationic binding. The adsorption ki-
netics study implied that electrostatic interaction between opposite
charges of MB and the membrane drove adsorption of the cationic dye
during filtration. The adsorption of MB on the PLA/PBAT matrix might
be attributed to the ion-dipole forces resulting from electrostatic inter-
action between the positive charges of MB and partially negative charges
of oxygen atoms in carbonyl groups of the polymer [37]. Meanwhile, the
adsorption of MB on MEFB was driven by the interaction between pos-
itive charges of MB and negative charges of carboxylate groups of MEFB.
The removal of MB by the PLA/PBAT-MEFB membrane was compared
with the results reported for other membranes. The performances of the
PLA/PBAT-MEFB were comparable to other membranes (Table 3) but
the simple fabrication of the proposed membrane by NIPS from bio-
based materials presents an economic advantage.

The separation efficiency of MB by the biocomposite membrane was
studied at various pH. At low pH, the filtration efficiency of the mem-
brane was low (Fig. 8b) since the H™ ion increased in the acid condition,
and competed with MB for adsorption sites [42]. At pH > 5, the func-
tional groups on the membrane surface became negatively charged due
to deprotonation, and the condition was favorable for MB adsorption by
electrostatic interaction between the opposite charges on the dye and
the sorbent [43]. Moreover, in the basic condition, the concentration of
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the H' ion decreased, reducing competition with the cationic dye. These
behaviors resulted in increased dye adsorption during filtration. Based
on these findings, the filtration of MB solution in the following studies
was performed at the natural pH of MB solution (pH 6.03).

The effect of initial dye concentration on the dye removal efficiency
of the PLA/PBAT-MEFB membrane was evaluated at initial concentra-
tions of 5, 10, 20, 50, and 100 mg L~L. After filtration of 10 mL of each
dye solution, MB solutions at initial concentrations of 5 and 10 mg L™
were colorless (Fig. 9a). The removal of MB at 5mg L ! was 98.1 %, and
97.2 % at 10 mg L~!. However, at initial dye concentrations of 20, 50,
and 100 mg L=t dye removal decreased (Fig. 9b). At higher initial dye
concentrations, the number of dye molecules exceeded the available
active sites on the membrane [1].
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The dye separation efficiency of PLA/PBAT-MEFB membrane was
investigated as a function of permeation volume for MB concentrations
of 5and 10 mg L 1 (Fig. 9¢). When the initial concentration of MB was 5
mg L™}, removal efficiency remained above 90 % at a permeation vol-
ume of 100 mL. However, when the concentration of the feed was 10 mg
L !, removal efficiency remained above 90 % only up to a feed volume
of 50 mL. The reduction could be attributed to the saturation of the
composite membrane [10].

In order to study the effect of ionic strength on the removal of MB by
the PLA/PBAT-MEFB membrane, different amounts of NaCl were added
to the dye solution at 10 mg 152 Separation efficiency decreased with
increments of NaCl concentration (Fig. 9d). This result indicated
competition between the salt ion and cationic dye for the anionic
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Table 2
Adsorption kinetics and isotherm parameters of MB on PLA-based membranes.

Membrane Qe, exp Pseudo-first order kinetics Pseudo-second order
(mg model kinetics model
1
gw q. k R qe k; R?
(mg (x10%) (mg (x10%)
gD (min~") %) (gmg™
min™)
PLA/PBAT 4.30 2.33 1.09 0.86 4.85 7.26 0.98
PLA/
PBAT-
MEFB 14.15 10.00 1.92 0.84 15.87 2,57 0.99
Membrane Langmuir isotherm model Freundlich isotherm
model
Quar KL Ry R Kp(mg  n R
(mg mg ) g HL
8—1) l“g—l)l,/
PLA/PBAT 16.26 0.04 0.23-0.70 0.99 1.42 1.85 0.98
PLA/
PBAT-
MEFB 35.97 0.23 0.05-0.30  0.99  16.06 575 092

functional groups of the membrane [44]. This finding confirmed the
importance of the electrostatic interaction that occurred between the
membrane and MB during filtration. This result was also consistent with
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of MEFB. The biocomposite membrane analyzed after the fifth cycle
presented a similar spectrum to the unused composite membrane
although it had been washed with acetic acid solution and water several
times. This result indicated that the composite membrane was stable in
an aqueous solution. Moreover, the composite membrane retained its
initial shape after immersion in water at different pH for 5 days
(Fig. 11b). These results confirmed the stability of the PLA/PBAT-MEFB
membrane in an aqueous solution.

3.5. Membrane selectivity

In this study, MB was mixed with the anionic dye MO to evaluate the
selectivity of the PLA/PBAT-MEFB membrane. After passing MO solu-
tion at 10 mg e through the PLA/PBAT-MEFB membrane, the dye
solution retained its yellow color. The UV-Vis spectra of MO solutions
before and after separation were similar and the membrane presented
the same appearance after the run as before (Fig. 12a). The MO con-
centrations of the feed and the filtrate were the same, indicating that MO
molecules were not adsorbed and entirely passed across the membrane.
This result was attributed to electrostatic repulsion between similar
charges on the membrane and MO molecules. MB and MO, both at 20
mg L™}, were mixed at a volume ratio of 1:1. The green mixture of so-
lutions was then passed through the membrane. After filtration, the
filtrate was yellow, and its UV-Vis spectrum (Fig. 12b) was similar to
that of MO in the single system. The UV-Vis peak of MB in the filtrate
was very low and the membrane was stained blue. The concentration of
MB in the filtrate was only 0.30 mg L' compared with an initial

the finding of MG removal by Mn—Fe layered double hydroxides/pol- Table 3
yethersulfone (PES) composite membrane [45] Filtration adsorption performances of various membranes toward MB.

The separation of MB by the PLA/PBAT-MEFB membrane was next Membrane Pressure  Water [MB], Dye Refs
investigated over five cycles of filtration. The biocomposite membrane ﬂ“”‘z (Il.") Sf‘ff) Z;')“""”'
retained a satisfactory separation efficiency (Fig. 10a). Fig. 10b and ¢ At L
show the membranes before and after the first filtration. After washing All-cellalose N/A N/A 10 =98 [l
with acetic acid solution and water, the membrane showed no obvious # ?:;':f[i‘gpm _—_—_ p o w6
damage (Fig. 10d and e). This result indicated that the biocomposite DR Ee: Thar Geuss N/A o [38]
membrane could be reused. Gallic acid-modified  Gravity 636" 5" 95.3 1391

The FTIR spectrum of the control membrane (Fig. 11a, 1) displayed Ti0; coated
characteristic peaks at 1760 cm ' and 1715 cm ! that corresponded to M""“’:"“"‘""_‘"*”‘ KA s o 7 _— s

. . letal-organic a X
carbonyl groups (C—0) in PLA and PBAT, respectively. The peak of ester ﬁ'amevﬁolrl‘(/P AN
groups (O=C-0) of PLA and PBAT was located at 1184 cm™* and the PVDE-boron nitride N/A 1160 10 100 [a1]
peak associated with C—C in the benzene ring of PBAT was at 1263 nanosheets (BNNS)
cm ' [46]. However, the spectra of the composite membranes before the PLA/PBAT-MEFB 10kPa 1214 10 97.2 This
first run (Fig. 11a, 2) and after the fifth cycle (Fig. 11a, 3) presented two study
weak peaks at around 3320 em™ and 1636 em™! associated with # Dye solution.
stretching vibrations of ~OH in carboxyl groups and C=C in vinyl groups " MB concentration of 5 uM.
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Fig. 8. (a) Adsorptive filtration performance of PLA/PBAT (control) and PLA/PBAT-MEFB (composite) membranes and (b) effect of dye solution pH on the filtration

efficiency of the biocomposite membrane (Cy = 10 mg L ! and V = 10 mL).
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the first run, (¢) after the first filtration, (d) after the second cycle, and (e) after the fifth cycle. Between each cycle, the membrane was cleaned with CH;COOH
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Fig. 11. (a) FIIR spectra of (1) PLA/PBAT, and PLA/PBAT-MEFB membrane (2) before the first run and (3) after the fifth filtration cycle (cleaning between cycles
with acetic solution and water): (b) The PLA/PBAT-MEFB membranes after immersion in water at different pII for 5 days.
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Fig. 12. UV-vis spectra of (a) MO and (b) a mixed solution of MB and MO before and after filtration by the PLA/PBAT-MEFB membrane and digital photographs of

feed and filtrate dye solutions and membranes after filtration.

concentration of 10 mg L™}, indicating that 97 % of the dye had been
removed. It was concluded that the PLA/PBAT-MEFB membrane rapidly
adsorbed the cationic dye and permitted the anionic dye to pass
completely through the membrane.

3.6. Separation efficiency of biocomposite membrane toward other
organic dyes

The separation efficiency of the PLA/PBAT-MEFB membrane was
investigated toward various cationic dyes at their initial pH using 10 mL
of each dye solution at a concentration of 10 mg L' (Fig. 13a). After
filtration of the cationic dye solutions through the biocomposite mem-
brane, each filtrate was analyzed by UV-Vis spectroscopy at their
characteristic wavelength. The absorbance of all the filtrates was
significantly reduced (Fig. 13b-e). The separation efficiency of the
membrane was lower toward CV and MG than MB (Fig. 13a-d). This
result was attributed to the smaller molecular size of MB. The filtration
of CV and MG was similar to the similar chemical structures of the two
dyes. The separation efficiency toward RhB was the lowest probably
because its bulky molecular structure caused steric hindrance for
adsorption while passing through the membrane. The anionic dye or-
ange II, showed the same absorbance peaks after permeation as the feed
solution and the colors of the orange Il feed and permeate solutions were
the same (Fig. 13f). These results confirmed that the PLA/PBAT-MEFB
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membrane removed the positively charged dyes via electrostatic inter-
action and completely repelled the negatively charged molecules due to
the charge similarity.

3.7. Proposed mechanism of filtration process

The pH and membrane selectivity studies and the separation effi-
ciency toward anionic dyes indicated that the PLA/PBAT-MEFB mem-
brane was negatively charged. The studies of adsorption kinetics and
ionic strength indicated that the main mechanism of adsorption of
cationic dyes on the composite membrane was electrostatic interaction.
A proposed adsorption mechanism during membrane filtration using MB
and MO dye models was presented in Fig. 14. The negative charges of
carboxylate and carbonyl groups in the composite membrane can
interact with positive charges of MB but repel the negatively charged
anionic dye. Therefore, MO molecules completely pass through the
membrane. The adsorption of MB by the composite membrane could
also be possible through hydrogen bonds generated between hydrogen
atoms in hydroxyl or carboxyl groups of the composite membrane and
nitrogen or sulfur atoms in MB.

4. Conclusion

An environmentally friendly, easy-to-use and low-cost bio-based
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membrane for cationic dye removal was successfully prepared in a
simple phase inversion method from PLA, PBAT and cellulose from
waste EFB. The maleic anhydride-modified cellulose microfiber (MEFB)
showed a higher adsorption capacity toward MB than non-modified
cellulose extracted from EFB and commercial microcrystalline cellu-
lose. The incorporation of MEFB into the PLA/PBAT matrix increased
the hydrophilicity and porosity of the membrane. In a batch process, MB
adsorption by PLA/PBAT and PLA/PBAT-MEFB membranes followed
the pseudo second order model. The Langmuir isotherm model indicated
maximum adsorption capacities of 16.26 and 35.97 mg g ! for the PLA/
PBAT and PLA/PBAT-MEFB membranes, respectively. In an adsorption
filtration test, the composite membrane removed up to 97.2 % of MB
from water. Moreover, the water flux of the composite membrane was
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three times greater than that of the PLA/PBAT membrane without
MEFB. When a mixed dye solution of MB and MO was passed through
the biocomposite membrane, the negative charges on the membrane
completely rejected MO and separated MB from the solution. The pro-
posed membrane could be cleaned using a 1 M acetic acid solution and
reused several times. The fast and highly effective dye removal by the
bio-based membrane suggests potential for applications in the removal
and recycling of dyes in water.
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Abstract

Oil palm empty fruit bunch (EFB), an agricultural waste, was converted into value-added biosorbent for isolation
of methylene blue (MB) from water. In the present work, cellulose was firstly extracted from EFB using alkaline
pretreatment process. The extracted cellulose (CEFB) was then chemically modified with maleic anhydride (MA)
(MEFB). The biosorbents were characterized by Fourier-transform infrared spectroscopy (FTIR) and Thermogravimetric
analysis (TGA). The effect of adsorption time and pH of dye solution on adsorption capacity of MEFB were studied. It
was found that adsorption of MB on biosorbent was rapid in the first 5 min, and the equilibrium time was reached within
90 min. The adsorption of MB on MEFB presented the highest adsorption at pH 6. Moreover, the adsorption process
could be described by the pseudo-second order model. These findings suggested that MEFB could be used as a low cost
biosorbent for removal of cationic dyes in water.

Keywords: Biosorbent; Empty fruit bunch; Cellulose; Cationic dye
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Abstract

Generally, adsorbents are prepared in tiny particles due to their highly efficient adsorption. However, they are
inconvenient in practical use. The aim of this work is to prepare easy use, environmentally friendly, and low cost
adsorbents using polylactide (PLA) as matrix. Carboxylated-cellulose (CC) extracted from agricultural waste was used as
additive to increase the adsorption efficiency of PLA. The biocomposite in the bead and membrane forms were prepared
using the phase inversion. The PLA-CC bead performance was studied under static adsorption. The PLA-CC bead
removed 86% of methylene blue (MB) within 24 h. For the dynamic adsorption process, adsorptive filtration has
advantages of short time. The PLA-CC composite membrane could separate 84% of MB from water in a short time. The
loading of CC having carboxyl and hydroxyl groups into PLA increased the adsorption efficiency of biocomposites. Based
on a convenient use, adsorption performance and economical preparation, the biosorbents were potential for applications
in the removal of cationic dyes from water.

Keywords: Polylactide; Biocomposite; Cellulose; Dyes.
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