Journal Pre-proofs

Journal Pre-proofs Enne
INNOVATIVE FOOD TECHNOLOGIES

Simulating the green synthesis process of selenium nanoparticles using willow leaf
extract under subcritical water conditions and evaluating their antifungal and
antioxidant properties

Hamed Dindar, Nima Isafi, Sarvin Mohammadi-Aghdam, Omid Ahmadi
DOI: https://doi.org/ 10.22104/ift.2025.7840.2235

To appear in: Innovative Food Technologies (IFT)

Received Date: 10 September 2025
Revised Date: 10 November 2025
Accepted Date: 16 November 2025

ttps://jift irost.ir

Please cite this article as: Hamed Dindar, Nima Isafi, Sarvin Mohammadi-Aghdam, Omid Ahmadi, Simulating
the green synthesis process of selenium nanoparticles using willow leaf extract under subcritical water conditions
and evaluating their antifungal and antioxidant properties, Innovative Food Technologies (2025),

doi: https://doi.org/ 10.22104/ift.2025.7840.2235

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of
a cover page and metadata, and formatting for readability, but it is not yet the definitive version of record.
This version will undergo additional copyediting, typesetting and review before it is published in its final
form, but we are providing this version to give early visibility of the article. Please note that, during the
production process, errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

© 2023 The Author(s). Published by irost.org.



Journal Pre-proofs

af)g a)l.»o.c )| ool b Pg.u.l.w ubég.tb o ).u.w MT)S ‘5)Lw4.~m
ol Ples v 9 Sl 9ok Of lulpdh cod a0

T ool dsol T e Bl gooo (g g ¢ (Slasl oo ¢yl dals
Olpl daiis (yliws )5 oRadls (i 0aSLESIS (o (cwdigee 09,5 ¢ ol IS0
Ol ol 59 play ol8ails ¢ pand 09,5 ¢ jlutils ¥

Ol e (liws )5 olRails ¢ pwiige 00N ¢ sond pwiige 09,5 ¢ Lol Y
o.ahmadi@uok.ac.ir

TR

Al 28,5 18 )y 050 canlllas loj g anze (Rl 50 ke s, Olsie 4 el D3l i anTE gileans
Voo 5l Y0 o) Sl eole ©f balpi 4l ,» COMSOL Multiphysics |l581s 5 51 eslatwl b pgaile &l )36i6 i
O O3l ol sla Ty @ pliws Cqz Gl g Lo Jold agy glafel)l 5 ol (giloand (3,5 Sl a0
Voo pd e Ve Jlade 4 ozl g0y o)) Clale Lo &3 30 5 pojlase jloslainl b poades 1360l juw 5w .0y0 5
sles jo aS ols yliad (gjlwancd mls 28,5 plal Slme aole O Lyl cos Vae (o Vo Sl mows Kb o) Lo
ol sl s Sy gole ol Lyls poaslkel cga sl loy ae JBlas w@ids A le; o g 3 3 il ax 0 Yo
G Lase el @l (i 50 2l O Wlg e (3l jis slaanT b giluand 4 aas oo (lis gl
eSils loasds 5 S5 Sl Julon 5| mg o il S5 S Ll Giliis lbojsn 5o pgriles S35 dnss s,
Sl g s VUM sgu> Uy fewsly a5 b joaaisls las 1) +/VA0 SasSTy asls 5 2esil A0 o505 ojlall
sl JSol Hlae jo oYU SUlg 1FY oS ] cools b ool oy Jgame Guizmen .Cubls c¥s YU Salisoge
O 5l Bilas solatul Gz pslie Jgame ol lis LVF > Bas Cools b ool adg Jaame 5 0ols oylid ag5 5l olj]

Bl oo b 7B 0o

oS BT o > yBas (Sl Hgole O (il s s &30 Sy o lac pguiles 340 1 ganlS 551


mailto:o.ahmadi@uok.ac.ir
mailto:o.ahmadi@uok.ac.ir

Journal Pre-proofs

doudo -

e o g plaize Lawgi 0358 jsbay (65ld5il 055> )3 jlaly g, 5 e Slas Hsld arwgs 2l slale o
s9kie 450655l 5 plie Brae GialS g (cando Slge 5l (6 S0 (e il gl (Slad o) (pl el 185 18 azgi o e
6 o sl pgy b l3gil it i, ol 5o 1] Wlonts b byl Eoodlas 55| g sy jlagms s ite 31 ialS
L o5 055 < e il on aSL el e (o5 5 lomnds (s3it (slos, sl ki 23Sty Olyie 4 LS
3550 Dlegiga 5 (o [F-Y] 005 (6550 5 oloord Slge lime (2505 Bran b g wsllae (olond 5 (Sojslonsed slo S
5 Sl 2o (GlanS| ol ((Siglsm oolss Jo 4 D3l ol 1 el gl Oly35il (5 )5lidgil 059> 5o aBMle
coplply il canjlasts g (s olge b (gilugle  Sap 0 Slgld slas )5 cas] piees e ]
L5 ,0] w8 Ll oaisT sboo 1) o cotee Ui Wlgs oo o393l ol yw (6l o g 2], sla By, drwgs

BB g ol S b s (el gl Pl (Sl liaed Slge 5l clél 356 (i 5 Jsloie (3m laaisl)d 5o
oI5 a4 g gl IS 5 arrnann SloSogl] & e el s 3 f3 ol 45 55 0n eolisid ey
2 e Bl n S oS Sl glags yolid g (BLS slge xlo wlie Sl eoliinl 35 ja5 (D09l jns w0592 0 DS
0US Sl g o yidlS slge lais 4y dogus g i, oS ohg 4 (2L (sbvo lac Liwly p) o .0l cunsj laxe

B Jsid ale glasd Jlb SluS 5 gl oL glooslac [V] Wlad S 13 args 5pse s cooliioglh sloors] b o
s & Lasbg, ol 5yl |y gl LSis o o3l cglagys] LidlS okl aF a1 slonmsl o by 5 dadigsdl
S oo 135 angs T i LS bl s 655 e (o3t e s & 45 s o
AN S5 18,95 50 g

5 oked oo J3uS 0 5e es plite 4 a8 el Glmpgslen Sl eolinul (i3l i o g lacs sl 1 (S
2 Slmogleol cul oad aBlis w)ls Caylaze b LS )55l &5 o o 5 o sladaze ;o slge (g5lualse 3
UK 5 o5l b gl oy 5 oSbylas  plosd olga B pme dlS iin gl Uy oo slolame b dulie
olln Slmya b Sl sy oIS b5 5 ol e 3,5 a3 U s ol ol 55 e el 1, SISy
i 4 SeS gz Sl gole o 5l ssliiul i) jo soamie Glaise LV e ] S5l os wal8 1) 00 (55,40l 5 s
INYNN] 505 0,1 alanaST 30 5t & oy oo a5 0l 4zl odlad &l dail i

2 psebe Slonl Conti 5 B ol a5 st daasgigdld 5 b s aile ¢ sy Jb Sl 5 gl i 0550 S
G951 oolaiwl (puoran g ouls S S 5 o3l b O3l LSid 4y jonie ailgh oo g wiyle |y i anl 8
G janzme b 585k 5 laly (JyS BB (B 50 1) adgs bl (ingi 0,50, o lsie 4wl B ol o Glmggalec]
ol Ba gleugslec] bl il cou i cB 50 Sy ojlas l eolaiwl b paides Sl3gl e i il 8 00 1000 o S
s a4 ldeil adgr anl B plend olas 4 Sily (alS fes i S b ojlac I (6,50 00 LA
TRL 4 ICES FOMARE I SIPRPR ST e

el 4Bl (g3b 5 Sl (P jsb ar e latg; b pgrile D135 i (Dl,59L e )3 00l slaoje 5l (So o
3 e o] Soistm ol 5 30 (sl ol 5 a5 Sllye 3 ol 5 45 el 5yt il
tpgeib D135 el 039381 ()T S35 Sy5slner (il 1 el s Casi 5 Glbp w5 o Dledl s GlapnS| S
(218 GlaaSo 5 aiadan slag)ls plyie a5 0l e (Seislsid ele> lil slagn by (psSusySle SIS 4 Cud
§ mSorte b 3 e Sy 2 ks S350 a5 5 505 s o ot 3] 52 5 ] s s 3
Dol caladg anTys o (cml Gl 5 banse 2als 55 sel)lS )lSal, olsie 4 ¢ oanbs Slge



Journal Pre-proofs

5 0059 s5ol po Ak ipole laojsm jo Lol & 4 w3 )5 5 b iy Slas sl alex I giludoe 5 (gilead
5 ook igled esiloand 5 Joo Sy i3l anl B (siledas 00,8 o )18 il 9590 005 ok 4 sole (S
55 53 ol ebel 53 435 0 03 04 M e (ol 53 1, 1 el 5 aellas (ISl o ol oy s 2 51 S
ok )0 oS S0 g easliv S8 B g ool (D) @]y el S slo STy 5 Lo)ld) aS wies e ojlrl Lo
2 ogdle 358 Bro ol lagle) 5 laanie Col (See 5 S (o il baonsay 5 SIS al 885 o poe g J5S
SN e gl Sl Gl s wal Zlb aS pies axlge (6)l5e bojlsen (Pl g puiige 09> 50 )
5 Sl Lol B d T s o odly igad B 50 5 oe &9 4 platalej] air plowl s @] Lol s (512 Si5e
Olee 4 gilwand 5 gildas oy, 5l eolaiwl « asl s iz jo all ails oy SeSe sledan e conl (Sew
g bl 5 Galejl bz glaan S g lag b czn o eSS Wjslon wald 1) Gl Gl cddyo 4 5 asl5 slo I
Sbls S8 le anS Guie Sl 5 6Tl Soete @ aSk 5o lo 5 anie el s bl & bSiSs
A AVR R IRVEL N

poaike 35l oles 5 o3lail @e8 olail oo g slad oo wojlae clale i il slaell b ol BaioS )
5 cmslie (Joo a1 Sl ggole T lulpd (oged w8 5l pliebl iz rizman 058 0o )8 S5l 050 0ad Ay
it s 5| lisabl Jpas gz b plodl COMSOL Multiphysics 5.6 1331 s 5 31 solitul b anT3 IS 3le dads
055 (6 Ml 5l ) b b e 5 )3 03l FusSTy b o5l Silee dlaz 3 IS ol eponiles gt
wilizes slooj o wiilyny o8 sl (13550 4 (o 5 i 2l S5 1 Gekod Gl 5l e Ban wd gy 00 i
5 009 Sl woslaly wle ()35l olss (izren 35S 18 esliul )50 i jhaine g (g55l8 5 (3lug,lo o504
25 e Jlas a5 10 ol 6hs05e 5 LB WS o0 )8 (o) 00 S 5 Jo Sl

695529y I b oSl S oo obml pgeib S3GE few g3t slavn T )3 s sleanee; S & (ragh (nl @ o
@S ol BT o 05 selys SaS (55lglh oje 50 Wl g Sl slacs sld axwg 4 canyjlame b Sile 5 (ngs
3 Shugles las ysld 5 canl slge 5l Fos S slasoliiul aiw; o ST sl iagh lp oleal, iy o alol>
(O3 pole o Dydel 93l9) Coeal s sew lacsyslid 4 Gg8lie, b 4 4z sl b adl cosllas oly> b lidel wys
23l 0350 adss o darme jlatugd 5 (ng Sbad,Sus; dnnsd Cuz 50 pie (S Wlgise anllhas (pl (iio g sl
iy S Glejed |y Cemjlace Bad> g il Cuodls i piy (slacsy9lid g (xlo Slge Sl S5 ()10 0y b a5
(Palojl 9 (02925 Gi) B g 9 3190 -F

Slgo—1-Y

pominbin s @B o )T s zass Gl gl Gl Co 0 jlan S0 S al gl L 5l cuad o S
oole 030,85 (g,lay > 0x0id I PDA ciS e oolo .30 5 as oyl (99,500 L 51 (PTCC 5251) o Lo L pgile s
39,5 astd )l g e S8 5l ke Ol ays S (55l B LS 51 OPPH) SlagST 5l Cools (pgase

b tg,m¥-Y

Ao S50 S 3l (605 o)lac—)-Y-Y

oz Jb 5o ol i (ee Voo rond jogy S jlasS Ve ke i S350 S 059, B (p9ged KB g 9 5 Cends I
B ojlads cpaily 325 L 1 40,8 Blo b s 09 ploxil oS (6,.5 ojlas b ol ools Cao 3 adds Vo g 0nyo,5 adlsl
A (gl a5 (o, Xl ax 50 F) Jlbu sles 10 5 ol sy o,lac



Journal Pre-proofs

PYVETIMRCH IR PF TR SUMETTOWS B o
e a5 03 Yge (e Ve D39l G i Sz 5l 900 Cutle e S Joloe clale iy mlie 4 axg L
0 S o gl gl olac 5 VAl we 8 adlal jai bes O id e Voo laie 4 Coil madus Sad 51,5 /YEY
S Jobore 5l d e Voo o c5y0 Spoojlac 5l ) e Ve jlade 0o 8 colaiu] cauSLal fele lgie 4 o
L Jolee Slymo oygole o Loyl s cows Jlayig,oud IS g5l db sdel Cwds Jolma g 00s0,5 adlol Voo (o Vo ol muow
288 3 aade Ve sBLanBo YT o alite slo loy Do ;o L VYO jLad 5ol 5 il az o Ve ol
e 3 JGT-¥-Y-¥

ol B3 ol eSile et S el et (Said (oBsy 45 (OLS) | (Sl g3 (SaiSly U
particle olKiws 5l solitul b o35l ((Seibinls 2SI 65l 51 6 ko) b5 Jonnsly jlaie (izes 5 (PDIT) &l,3 SousT,,
oy yokie 4 yuores 0D plxl size analyzer (Malvern instruments, Zetasizer Nano ZS, Worcestershire, UK)
sadodls b gy b o>, 0s Caold rizen s DPPH g, b SlawST 5T oles ool jiw pgail &l)3436 olgs
Iv -1 2d,5 sl o 5o 5 o] Simgh o
Glw Y-
Jeilyass S¥olas Wlgh oo g 009 (g5l 4l S dcgaze S a5 COMSOL multiphysics 1331 ¢ 5 51 ol> b o
O ol &5 wled Jo (om a9 93 5o slalad )3 dguze Lol gy 4 (S5 slagiie g | (S e slo pian
line (55955 9 Blod 8 )
Ol d> sy 9 o5l ¥oles (e =Y
adsl s 5500 Ll pd (g 0 e -F
bl e g ol g5l and alins J> -0
aLowo (5955 -)-Y-Y
3580 pyebe Sl3gl s Tulid 655 2 NS S Gl gole Ol s, 0wl JE! gles (LolS pole Bhes 5
S yen g Calbe &)l JUSH 33l L LLL &0 4 &)l JUST Yol jlalis (o gl a5 55 4 (285 )13 ()
A eolazwl
45 Jw.:l.: <° )5).4 rg..h J&») Lg‘ d.:‘ﬁw‘ d.b.n}ua 5& k’qu.m.: as 009.3 (uz.”\ Jiw) JL"J"BJM 5)'{59.:‘ k_i-! dli....m CS'AM J.i.u
Sl gabhiss j0 (0 S0 Sy ojlac g Coals o Yae Lo Vo Joloe) 5l ISl pgids &l 3L i Y ge,8
obas (@Y JS8) 5o Jloyigyaus oS gl IS Soleds (8,8 ainalgs |13 Sjas Jowl abaass o Coled 10 9 alds iz b

Sl 00 00l

! Dynamic Light Scattering
2 Polydispersity Index



Journal Pre-proofs

J> B9 3 (0ls Jao) oSl Y slaa-Y-Y-Y

Ol JUl 3l ) sl Gaiod (sl gl s 50 Oyl JET] gles GLolS (0] sy 5 s5ldae o J g
Osedgolail adgi ism o Lo lade 0,0l Cawdy 5 oloo LolT o el ceway IS Bawe ol colaiul Céjen g Colun
2 Sl JUE oSl S¥obee il Gl gole Slles Lulyd (ogad ool 5 (S 45 5 4 05 (ptas] il
el ool lo oo oyl

o ol adst 5 Sl b ren ol il isle a5 els a5 (Glej b eiie) LLG &> Jlesl S el (V) dloles o

Sl ool ols lis sl
T
pCp%+pCpu.VT =V.(kVT)+Q ")

K onslS p55kS 2 J93) cmnz noing 2l Cad)l Cp oSy 0,5 5kS) o 2 (S8 P () dlolas o a5
O Colae ise gl Lol ST el sas ael slo)S Jlade Q g ((polS o p Dlg) cem p ole)S Culan (o
Al asly> baws (V) p) doles a0 &l Jlasl IS dloles gl lo 00,508 & a0

or 10 or 10 or 0 oT
Z—+pc UVT == —(kr —)+——(kr =—)+—(k —) +Q (v
Peo o TP rar( 6r) r28¢( 8¢) az( az) Q®

b aals> g5ke ool LLL &> Jlanl dobes 5 oles 3

Sgai y15 Bro ()] 5l plgiee 5 00510 29750 axlllas 550 i ;0 Sl S <)

agly dm g (N glad Jols a5 K05 sl o 5l olyies 5 ails | Jlade opyis (@) el )| cqx o ciile, &) Jlis! -¥
2,5 1Al O o bl walgs sl Le(ﬂ)o Lod yuudS (3 iaS g 009 (@)

IV ] o )ls ool jlade 5 009y Slais sloan 5l Jitue colas &)l,> Jsl cuy o Y

b aaly osles (F) aole «25 90 LLL &l Jits] dobes oad 4248 o3 b
oT o . or

c,—+pC UVT =—(k— )

Poe o TP 2 %%

@ 0,55 (A3 lame Lo yS (i pan &yl JESl g0 a5 5 00 o Sl az 50 Yev (0,55) (gl Bk 5l eads Jlesl (sles
haal (el (sl alaions) g3l o 5l ealan &l JUESH (B9, b w9 9,5 dlgs oy JUl Jlo g 000 95 51 elans
35 e Ly JUS i S5 5 s 3 il s o) o g Joone 41l 5 5 ks 5 alme i
9 e 53 doyS JULH e o Los <l (e )l JWSH 50 S92 50 slo Canglie mralie 5 ol JUH (il Bl
ot 75 sy 3 i i Sy gl 43 IS s ) 5 U s oy 0,55 31 L8 JU ol o T3
97y ot b Cuglite wilidie (K) (il culyd (092 1o 5 (ks 9 Juiwl) 0l 030 )G Slge (sl iz (092 g9t
obes pae Jolse 51 (S aS axils ol Tl az 0 Voo 5l meS i yue sy poids 13550 Jagy ool il jo &l > g asils
Sy 2 Olyee anal pl ol B gildae 5 gile ani b as ail o ol > Jles!

adsl g 6550 bl ( J> sbg ) (g 0,5 F-Y-Y



Journal Pre-proofs

oals Jo (g0as Ojae 4 COMSOL 5l ans 1381 o5 51 oolainl b sl adgl 5 (6500 Loyl b Jow o oS> S¥olas
B0 A i JS b ey el ool oolaiul (S SYoles (go0e > (gl (FEM) \ojw abedl (g, 5l o) e as
0F Sy (Hie ©jgo 4 a5 oud (Guy peaedl (W] (0 Dlacw dslie G 45 lall S 0,8 S plaS e 45) S lo
Sl eolatwl gu
(D) J5z) a5 o5 5 ol (slo aliions Ciien (sl ol pslie (506 90 2 LU & JUi] s Jor

el oo (5)135) Jgaz 59 (gmle Cond ol 5 (K) colan lo)S JUl cupo 5 (€ ) oy slo)S <o)l

w
b and F L s Y m K e oo (1800 &l > Jlal o po
e 4y 5 005 (0 5 oy Jiws yiin Y (gl)19) (S5 (omilpins Aolas &j50 4y ool Cewiy (pled 31> JUi! olas
Voo pob Guiod (giladae g alis > sl adsl g (650 byl b (e all (oo sl byl g (650 byt el b
ks alsiee (il aliioe) Jols oM gl ol S adsl glos 5 (Gl 5T Lo yme 50 oS5l 45 0,55 slos) o, Kuiles 4z o
Al ad S b s ol Kl a> 0 Ve (pauide &ly3450

W s g Ao Jo-0-Y-Y

O 908 o5 Bran )0 9z 4 po jslate &) a5 onal sy Lo Slyeed sl iomie (o] U g 138 0 T2l 5 oy
Posle B lagds Ve BB Lasdo Y JIV e Gl slo ploy 10 (0 Co )0 Sy ojlac § Coiles o Sad Jolow)
(Y JSs) ael ey ool Jlos! Laylyi b illae calies gl 5 0l (g5l 4 0,65
039y poaihs D)3l (ol abraze ay bogy o (e abats datns L) ool asine Jidu g oo odalin ¥ IS 5 asslis
O9ole ol Lyl i b plae Loyl cpl aS 009 ol Sl am 0 Voo 5l 5 ol sles lls aido A 5l 2aS sla yley jo y0 a8
5l B8l ploj (S pol (il 4l b JbL (ed @ Blbioo bl sl D05l Jiw Jloil g 00g (Sl
9 ol abiize Jolis a5 (g abaizes 50 Jlojigyaee Mgl ad Cltil glles Ll (ol aido Ae ol o Jloyigyame
S Az 1o 9250 Jslme (5 (et Lol csled (oo 425 o gsiie sl o o 1) (Bt slales bl (oo ()9l
Jleiz! g oais 0891 (o Xl a>y0 Voo (YL slod) gilou gole ©f Loyl casdo Ae 5l seS slo yloj 40 aS oo
s & b g T lej (e 4555 ol 55l s L Ll eas 42 10,5 sl Iy 2alS pgeibs 55 i
e 5§55 Bpan lis GnieS Oloj nl 5o plye a5 wd a5 s aids A Sl ggole O Lulps pus L
s 3 Jloyigyiae Ml IS sl 5 Los Slpis (81,5 Sl ol il ) s anlf lej jo 9> 4y
Sl ol G158 Y IS o (aads YY) oleg

b 58 o 3 45 Slasd 51 o St (g -5 1Y
aold jo oads olool slo S pae ojlail g slaws 5l Sl (g0l jeb @ oSl SV olre cuisS Jo 138l o5 0 Jo cds
I3 o JS e l38 ol U o alys 5 588 gl sl s (0 6,9) o 5555 o shass 0 o el Jo
oals oolaiwl Mgl gy aSil g Sl Sy JomalS L1531 0 5 51 ol aslllas o .cuils walgs JLis 4 56 1, Jo o)l
L 5 sz 45 99 o 5 sy o il gy sl 5 005 oolitl (il o 5 455 3l st 455 S

! Finite element method



Journal Pre-proofs

SB e 4 i oy gl O sl Al BB Sl g o agd () B USS Bllae 5SS 5 Sglitte sl o3l
b QB (g5l 4l S8g 50 (297 430 S i 45D (0 5
(2ol g o225) i g e f
oS 0l plowl gl 0550 59y 2 sosite SlosIUT L 0550 eole 0 g 5l (10,8 Lol liebl 5 5 380 s yskite &
el 00 Gl ) sl ise o
oo i pgibus 153010 o311 (Silio 5 g2 395-1-F

oz 5 D396 els 5l ()l 50 &5 039 poibs D39 (el (et 5l (S oad s 390 oIl (2 Sles
dae aS odg Ol ojlail FauSly ey (Olydgl ppe elem S0 5l oLl g i @lwls‘;ﬂ 5 ZBus ele>
el a5 wilee LSy S Gl SlySel il 2S5 he 4 dae cul jaiar e aS s SO e G s e
I¥Y] s ol DLS 5T 5l soliinl b (oles g0 cpl a5 ais salys pgaike &l 35b yis sl

W iy A odd jiw poaihe Sdgl ol SasST, 5 @ld ojlail Lawgie a5 ols lid DLS 5JUT 51 Jol> mbs
3l 031l ol Lastive 009 )3 o5lail auei Kol a5 0 S gl 5l aS jshailen (O JSK&) wib e +/YAD 5 yiegil
S o9 o3l e 5 09 (LSS oaieo )Lis PDI (e li ol jlade 4 d>gi b piorad g 05 by o3l (glylo ol 5
Al Al awwlie slos 1,5 Wiles o g 00l Hlis 0s5 5l pellac s lss (ol 4 azgi L aS il o
o i p g 1393l B Juaniliy—Y—F
S Oliee cnl iz 5o 5 005 D35 (IS 5l Sl s)lae esg poile Dl,35L (xhan (L saimsplis a5 U il
gl by Jemliy LYY] 23 anlys Yo o] (6,8l ooy 5 0392 55l oad adss 0)393L sl YU (ordaws (o 28l
Ay oo st ail (oo o YL (a5l GLas o8 (P JSE) e0g g (oo -V VA Lasgie lade (Tl o jii porils
STy ol ©lyd oslail (. Sle b poaide Oly3gil (ands Ae g ol Sl azj0 Voo Sldos Lyld g5le at b
Ayl oYL s lul YU b il g @3 (SasST, Gefen .l oad oy (Vb s,lub) YU b il 5 ol
i B3 3l b 55 5 e ol 883 on 5 5508 sl YU (KU L U iy 45 45 olSt0 155 o
Lol 05 Sl (g, (nl awgs 0
U yiw pguidw il y393l 2y B W g ST 6T CaolB-F-F
S & i 475 JB (Siislsn glacld lls a5 sl plas Gl gole o (g, b oad s paiilis 350
@ (peluSs posidew () sad Ol 2,6 i, gals o oyl > )Bas 51 LY bl oyl Slaens] T cuols oS
3 b Wl oo 45 el gilonnST slaaisT 3 o jo Slydgil g BB b sarmolis bt ol i U355 1V Gl
oSl ogsle ol o9y 5l ek ST T layeS 5 (2,8 ladshe b oS Jbd mhaw 5 oled gl a3
Ol a8 00,S @l 1) Jd SlaS 5 5 Fge 5 e JUST Il lagly (Jliw )7 0L 5 C3 i @5 b 6l D)3 sl Jodo
S5l dni 53 paaibe S35l GVl Josliy SSblas Loatily cul 35500 S5 (Suisloes ollsd Gl s Lo T
LoB5ke g s by 4 4z gi b oS it (5,5laS 9 (S sladine; 10 g)B0s g planuSTad lag)ls 05> )3 (ngs
a3 o0 GLES b 5 (g Slas gl arwgs e ;3 1) pol slaaidly i Coeal wilond ag Ceny jlarore

S5 A=

auie g ol (rals jshieas ley g les Jold Slles Loyl (gilwancds 5l oolatnl b poide &l)39iL adgs « imghy ol 5o
sl 5,5 adgi 1) ol eole 5 (aseine G135z glp 1) Gl g Les aige slo el cgiluand s ol el



Journal Pre-proofs

el (2910 9 (Se3lom o )5 sl F5e g cenlin D39l alierdisSu S olg o wsls (liS (Saen 5 5 1L
Gl g (ABialejl mls (s Sl 45 3l S92y (aRALe5T 5 Siluand slaosls (o (laie (s (pizen
il slp w5 g 1l lgieds ()35 s slaan] )b (o jlednd @l ,0 S e ol Iy Sogroms sl ioles]
Sl pobe SlSob adgs o eolamdl gl oo,y g U 39 oo Sleriny 5 Sl rlae laan e )0 (n92ad 0
5 ootz slagialeil (b xS e o Riegh b ST Slaizs Gl S @S 1) e s o)l Silas
5 0l ° T dire 5 @l i <83 U o9l oo sleriy byl polae (il lp ordle 62Tk il e

10.

IRV IRLIOPP )

el 00l 5y B g bawgs @8lw (o ,lai digS

221

Hashemilar, H., Jafarizadeh-Malmiri, H., Ahmadi, O., and Jodeiri, N. (2023). Enzymatically preparation of
starch nanoparticles using freeze drying technique—gelatinization, optimization and characterization.
International Journal of Biological Macromolecules. 237: 124137. 10.1016/j.ijbiomac.2023.124137
Eshghi, M., Kamali-Shojaei, A., Vaghari, H., Najian, Y., Mohebian, Z., Ahmadi, O., and Jafarizadeh-
Malmiri, H. (2021). Corylus avellana leaf extract-mediated green synthesis of antifungal silver
nanoparticles using microwave irradiation and assessment of their properties. Green Processing and
Synthesis. 10(1): 606-613. 10.1515/gps-2021-0062

Hamoud Alshahrani, S., Alameri, A.A., Zabibah, R.S., Turki Jalil, A., Ahmadi, O., and Behbudi, G. (2022).
Screening method synthesis of AgNPs using Petroselinum crispum (parsley) leaf: Spectral analysis of the
particles and antibacterial study. Journal of the Mexican Chemical Society. 66(4): 480-487.
10.29356/jmcs.v66i4.1803

Khalilnejad, A., Lashkari, R., Iravani, M., and Ahmadi, O. Application of synthesized silver nanofluid for
reduction of oil-water interfacial tension. in Saint Petersburg 2020. 2020. European Association of
Geoscientists & Engineers. 10.3997/2214-4609.202053046

Shayan, S., Hajihajikolai, D., Ghazale, F., Gharahdaghigharahtappeh, F., Faghih, A., Ahmadi, O., and
Behbudi, G. (2024). Optimization of green synthesis formulation of selenium nanoparticles (SeNPs) using
peach tree leaf extract and investigating its properties and stability. Iranian Journal of Biotechnology.
22(3): e3786. 10.30498/ijh.2024.413943.3786

Mirzakhani, L., Jafarizadeh-Malmiri, H., and Ahmadi, O. (2024). Three accelerated methods based on
microwave, hydrothermal and conventional heating in the green synthesis of selenium nanoparticles using
garlic aqueous extract: Screening and characterization. Nano-Structures Nano-Objects. 38: 101162.
10.1016/j.nan0s0.2024.101162

Ahmadi, O., Sayyar, Z., and Jafarizadeh Malmiri, H. (2023). Optimization of Processing Time,
Temperature, and Stirring Rate to Synthesize the Ag Nanoparticles Using Oregano Extract. Iran. J. Chem.
Chem. Eng. 42(10). 10.30492/ijcce.2023.1971456.5676

Mortazavi, P., Azadmard-Damirchi, S., Piravi-Vanak, Z., Ahmadi, O., Anarjan, N., Martinez, F., and
Jafarizadeh-Malmiri, H. (2023). Microwave-accelerated pretreatment technique in green extraction of oil
and bioactive compounds from camelina seeds: Effectiveness and characterization. Green Processing
Synthesis. 12(1): 20230101. 10.1515/gps-2023-0101

Ahmadi, O. and Jafarizadeh-Malmiri, H. (2020). Effectiveness of soluble oxygen in preparation of thyme
oil nanoemulsion-simulation and characterization. Iranian Chemical Engineering Journal. 19(110): 42-53.
20.1001.1.17355400.1399.19.110.4.0

Ahmadi, O. and Jafarizadeh-Malmiri, H. (2021). Simulation of the Preparation of Thyme Essential Qil
Nanoemulsion Process Using Sub-critical Water and Evaluation of Its Properties. Iranian Journal of
Biosystems Engineering. 51(4): 705-714. 10.22059/ijbse.2019.285553.665203


https://doi.org/10.30492/ijcce.2023.1971456.5676
https://dor.isc.ac/dor/20.1001.1.17355400.1399.19.110.4.0

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

Journal Pre-proofs

Ruiz-Jorge, F., Portela, J., Sdnchez-Oneto, J., and Martinez de la Ossa, E. (2020). Synthesis of micro-and
nanoparticles in sub-and supercritical water: from the laboratory to larger scales. Applied Sciences. 10(16):
5508. 10.3390/app10165508

Mutlu, R.N., Yabalak, E., Acar, A.N., and Gizir, A.M. (2022). Green synthesis of Fe (II, 11) oxides
nanoparticles in the subcritical water medium and evaluation of their catalytic performance in the oxidation
of metoprolol. Journal of Nanostructure in Chemistry. 12(1): 79-92. 10.1007/s40097-021-00403-y

Chen, X.-Y., Shang, Y.-L., Li, Y.-H., Wang, J.-X., Maimouna, A.G., Li, Y.-X., Zou, D., Foster, N.R., Yun,
J., and Pu, Y.J.C.E.J. (2015). Green preparation of uniform prednisolone nanoparticles using subcritical
water. 263: 20-26. 10.1016/j.cej.2014.10.099

Esmaili, S., Zinsaz, P., Ahmadi, O., Najian, Y., Vaghari, H., and Jafarizadeh-Malmiri, H. (2022). Screening
of four accelerated synthesized techniques in green fabrication of ZnO nanoparticles using Willow leaf
extract. Zeitschrift fir Physikalische Chemie. 236(11-12): 1567-1581. 10.1515/zpch-2022-0036
Namdevrao, A.P., Shaikh, M.S., Rajjak, P.R., Balasaheb, L.M., Balasaheb, S.R., Ali, S.P., Hani, U.,
Alhabardi, S.A., and Siddique, M.U.M. (2025). Formulation and Optimization of Selenium Nanoparticles
Using Passiflora edulis Leaf Extract: Permeation and in Vitro Release Kinetic Study. Chemistry
Biodiversity: €202500730. 10.1002/cbdv.202500730

Rossos, A.K., Banti, C.N., Raptis, P.K., Papachristodoulou, C., Sainis, I., Zoumpoulakis, P.,
Mavromoustakos, T., and Hadjikakou, S.K.J.M. (2021). Silver nanoparticles using eucalyptus or willow
extracts (AgNPs) as contact lens hydrogel components to reduce the risk of microbial infection. 26(16):
5022. 10.3390/molecules26165022

Kheirabadi, A.C. and Groulx, D. (2015). Simulating phase change heat transfer using comsol and fluent:
Effect of the mushy-zone constant. Computational Thermal Sciences. 7(5-6): 427-440.
10.1615/ComputThermalScien.2016014279

Turgay, M.B. and Yazicioglu, A.G. (2018). Numerical simulation of fluid flow and heat transfer in a
trapezoidal microchannel with COMSOL multiphysics: A case study. Numerical Heat Transfer; Part A:
Applications. 73(5): 332-346. 10.1080/10407782.2017.1420302

Fardsadegh, B. and Jafarizadeh-Malmiri, H. (2019). Aloe vera leaf extract mediated green synthesis of
selenium nanoparticles and assessment of their in vitro antimicrobial activity against spoilage fungi and
pathogenic bacteria strains. Green Processing Synthesis. 8(1): 399-407. 10.1515/gps-2019-0007

Ahmadi, O., Jafarizadeh-Malmiri, H., and Jodeiri, N. (2019). Optimization of processing parameters for
hydrothermal silver nanoparticles synthesis using Aloe vera leaf extract and estimation of their physico-
chemical and antifungal properties. Zeitschrift fir Physikalische Chemie. 233(5): 651-667. 10.1515/zpch-
2017-1089

Zhao, W., Yang, Y., Bao, Z., Yan, D., and Zhu, Z. (2020). Methods for measuring the effective thermal
conductivity of metal hydride beds: A review. International Journal of Hydrogen Energy.
10.1016/j.ijhydene.2019.12.185

Sayyar, Z. and Jafarizadeh-Malmiri, H. (2019). Preparation, Characterization and Evaluation of Curcumin
Nanodispersions Using Three Different Methods - Novel Subcritical Water Conditions, Spontaneous
Emulsification and Solvent Displacement. Zeitschrift fur Physikalische Chemie. 10.1515/zpch-2018-1152
Anarjan, N., Fahimdanesh, M., and Jafarizadeh-Malmiri, H. (2017). p-Carotene nanodispersions synthesis
by three-component stabilizer system using mixture design. Journal of Food Science and Technology.
54(11): 3731-3736. 10.1007/s13197-017-2764-8


https://doi.org/10.3390/app10165508

Journal Pre-proofs

Simulating the green synthesis process of selenium nanoparticles using willow
leaf extract under subcritical water conditions and evaluating their antifungal
and antioxidant properties

Hamed Dindar’, Nima Isafi!, Sarvin Mohammadi-Aghdam?, Omid Ahmadi®*

1. Bachelor's degree, Department of Chemical Engineering, Faculty of Engineering, University of Kurdistan, Sanandaj, Iran
2. Associate Professor, Department of Chemistry, Payam Noor University, Tehran, Iran
3. Assistant Professor, Department of Chemical Engineering, Faculty of Engineering, University of Kurdistan, Sanandaj, Iran
o.ahmadi@uok.ac.ir :E-mail

Abastract

Background and Objective: In recent years, the development of green technologies and
sustainable approaches within nanotechnology has attracted broad attention from researchers and
diverse industries. These approaches emphasize using natural materials and reducing resource
and energy consumption to lessen environmental impacts while supporting human health.
Willow tree leaves contain bioactive compounds, such as phenolics and flavonoids, which have
the ability to reduce and stabilize selenium anions during the synthesis process and can lead to
the formation of nanoparticles with controlled size and shape. Simulation and modeling are
among the most powerful tools enabling progress in science as well as practical applications in
daily life. This study systematically explored the process of simulating the synthesis of selenium
nanoparticles using willow leaf extract under subcritical water conditions, aiming to reduce cost
and time while improving the predictability of outcomes. The main objective was to optimize
key process parameters—such as temperature and residence time—and to evaluate the
physicochemical properties and stability of selenium nanoparticles produced via simulation,
using COMSOL Multiphysics. By combining green synthesis concepts with numerical modeling,
the work seeks to provide a feasible computational framework to guide experimental design,
process scale-up, and sustainable nanomaterial production.

Materials and Methods: Willow leaves were washed and dried over five days to reduce
moisture and microbial load. From this material, 10 g of dried, powdered leaves were added to
100 mL of boiling water and extracted for 10 minutes. The extract was filtered with Whatman
paper No. 5 and stored at 4°C to preserve its integrity. For selenium nanoparticle synthesis, 10
mL of willow leaf extract were mixed with 20 mL of 10 mM sodium selenite solution. The
mixture underwent hydrothermal treatment in a sealed autoclave under subcritical water
conditions at 200°C for varying times from 0 to 240 minutes in 10-minute increments. This
design enabled modeling and simulation of the heating process under subcritical water, aligning
with green chemistry principles. Key parameters—temperature and residence time—were
explored through comparative simulations across a matrix of conditions to determine their
influence on nanoparticle characteristics. Evaluations included particle size distribution,
polydispersity index, zeta potential, and functional attributes such as antioxidant activity and
antifungal efficacy.

Results: Optimal subcritical conditions were reached at 200°C with a residence time of 80
minutes. Under these conditions, selenium nanoparticles exhibited: mean size = 95 nm,
polydispersity index = 0.295, and zeta potential ~ —19.8 mV, indicating good stability and a
narrow size distribution. Antioxidant activity was 42%, and antifungal activity (diffusion
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method) was 76%. These results demonstrate that green synthesis under subcritical water can
yield selenium nanoparticles with favorable size, stability, and functional properties for potential
biomedical and agricultural applications.

Conclusion: Simulating the green synthesis of selenium nanoparticles using willow leaf extract
under subcritical water conditions is a robust approach for predicting outcomes and reducing
costs and time. Temperature and time decisively affect size, stability, and bioactivity; precise
tuning can produce nanoparticles with desirable traits. This modeling-guided strategy can
accelerate the development of selenium nanoparticles for antifungal and antioxidant applications,
while supporting sustainability and economic efficiency. The study also highlights the value of
integrating experimental work with computational design to enable rapid optimization and scale-
up in greener nanomaterial manufacturing.

Keywords: Selenium nanoparticles, willow leaf extract, simulation, subcritical water, antifungal,
antioxidant
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Figure 1. a) Hydrothermal autoclave (consisting of two cylindrical chambers) — b) General schematic of the
assembled hydrothermal autoclave
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Figure 2. Equation solution and simulation of different parts of hydrothermal autoclave and selenium nanoparticles
at different times
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Figure 4. Different node configurations for solving heat transfer equations for hydrothermal autoclave simulation (a-
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Figure 5. Size distribution of selenium nanoparticles.
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Table 1. Coefficients and constants required to solve and model the system
Teflon Steel
chamber chamber
Density (k_gs) 2100 7850
m
Specific heat capacity (3 ) 1006 550
Kg.K
Conductive heat transfer coefficient (_W_) 3.21 18

Poisson's ratio 0.49 -




