[ Downloaded from journals.tums.ac.ir on 2026-04-05 ]

B9 ode gaollad (Cows ) o 9 Cuodlw alxo

Olp! e clilogy (oode (pozsil
VY BAY Sl VP ) s el o5locd epa il 050

&

Available online: https://ijhe.tums.ac.ir

(@

“
@
£

o vewell gy /J»
&
/’ ’
s \
%,
9 £
% (1AEH) \f.‘d(‘

‘,f‘f‘“Jj’:’, Jle

2
&F
7

%, 2
" Of Enyiron®™®

51 e s 1S ST i 13 i gas g oS/ B 48 plicgs (ygmonnlionnnST 3 iy lS
S 58595 b oliwsl wol 18 gl dududl g 3l e (2l Joloo

v&éLjT =R )Lo.c s\ob‘)’iuﬁbé Lé) 5*“‘6;){.»0‘ u,..~.‘> &“;L:.»i' ‘)"""""‘

Ol i e (S pele oSl ccudlagy 0aSiiils claxe Cllilage owdige 09,5 - )

Ol g e (S pale oSl (Cn ; Jaxe § ol Sliidss (S 0 -
Olnleppde (W Ha; aslis (8 g (gw )3l OS5 cdnwgd g Gaizd i -

0 b sl Fo ool M LI

03 S jo bty aS cul o, wbgilE ) T i Sedl S5 (CPF) ogin 0 IS :80p g 4o Ve /1Y /15
e A ez g Al oo Cnnj dame 4 0955 3l o A 09 oo ool (65 ,5liS Cxio o

el o &b

S Fe(VI) sloanl b ol oyl s b oo axllaa 00,5 s Slogzgn ciodlw il ::://://\a "”"}‘j’j z’t
w285 alol Ol i ccaio 3 CPF (oSl ey Fe(VI)/PMS 0707 00 b ind
e »° OslannST e Fe(VI) CRYRALZ! il g,

oaiuS s l((g3lwaizd g olixil) Jsl 5L8 50,0005 plosl 5L 90,0 aslllas o=l iy Y9
L (CCD) (655 50 oS yo ol S0 3l osbical Uy 5 o oolinl (FeCL) S 05
oled ol g oaniSadats o3l j9 cadg PH sl oj90 s o ie ez (o 5 S1R 580 5
S Jite (a2 oy GgaalienST) (gom 5B 4 Jol> (919 @l G 185 )15 (2 3550
bS8 8,50 48la> 9 bay Fe(VI)/PMS 3 Fe(VI) oS0 5l

PH o1, 5, Shoe 05y S 85,15 45 ol s aalllas gl L5 5l oasl sy gyl :Lmazdly
wild e sgs oy 55 005l a8 Al ek e 3 peo 5LE 00l as 0 AOVA L LA (LB e oSO ahal 1 g ddS oBils
25 izen .l YL o PH acs jo o los 4 Fe(VI) anl 3 L awslis o Fe(VI)/PMS
Sl s B> lewsly [Fe(VI):[[PMS] cous 9 CPF aJgl cclale iol581 L oS sls ol
V6 Fe(VI)/PMS ot 3 10 B> ey a5 o odnlies STy St cawy p Looosb oo
el Fe(VI) i) 3 5l iy il

Fe(VI)/PMS sl i iin o 56 ey atdl g YU Bi> SIS a am g5 Ly 16 S diraitd
ol 5l gty o IS GBS ST Bl 0 5 Sse L (g, S oyt S ol 5l GlsSis
ges ool

Slalgugiga STy

t o 0 i 9 (S SN iy
haslani@tbzmed.ac.ir

Please cite this article as: Sheikhi S, Aslani H, Dehghanzadeh R, Maryamabadi A. Efficiency of ferrate/peroxymonosulfate advanced oxidation
process in removing chlorpyrifos pesticide from aqueous solution after pretreatment with ferric chloride coagulant. Iranian Journal of Health

and Environment. 2022;15(1):87-102.

Copyright © 2022 Iranian Association of Environmental Health, and Tehran University of Medical Sciences. Published by Tehran University of
@@@ Medical Sciences. This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International license (https://
AT creativecommons.org/licenses/by-nc/4.0/). Noncommercial uses of the work are permitted, provided the original work is properly cited.


https://journals.tums.ac.ir/ijhe/article-1-6619-fa.html

[ Downloaded from journals.tums.ac.ir on 2026-04-05 ]

5 (anSadais j93 Jlo ploie ) Shlee Lulpd 4
ol 42,8 al S e B 35 1, Jgbna T Slge ]
S st oyl e 53 oS el el e g0
A al> e 10 g 0ol slast Sl pl gile,lall g leasels
Sl as el o leasd g sz g 0ol bl ol S
aslllas Jol 58 50 g50nl 5lnisdor JSaS )l (petias
Ol ol Jle 4 5 D508 Bl gz olixl anl
0,5 colaiul gam 3B o eud sll slaasl B Ll
Al jo eolaiul o9 oS ade p !y 3l S
o lgie 4 S8 59,5l (FeClL) G538 59,157 sli]
Y ool asle oblie alawly 4 ¢ JT,ué o0iiS siaie oobe
ko &t b sl 55 5,5kt 5 05 €23 g it 53
39S ) 2 egdle L35l o soliiwl T ahal o (glos S
o2 Sy ol 0 Game sleoaSbaie plo SN, S8

Y oLl gslwolass] &,ad
bug G2l @ e oS5 SC Ol 4 st S
4 5yenl 5 w3z LB O ahal Jglate slaasl
3 eomgi IS B sl e glan I e JLoo
(AOP) abpingy ysmlinS] aislp Sy anlllao pgo 36
o9 sl ks laie 4 AOPs .c3 5 )15 Jlaine ail ol
2 @l ool 5 berd @l (ML 5 O aiaas
2 ,gks ol ail O wlie 51 JT slroasVT o 5
A Sliga b JounS g 000 JI00l) laaiss JSis 4y
Sladsw L)) i sAOP (I 51.(1Y)
AL Gaals- gl ST Joiliy Jods 4 (SO47)
S yer das g (i) bRl Culls (VYD) V)
(‘OH) JouSgyns sladSosl, 4 cons (Fo-Y- ps)
Sl JSool, Dy (izmen WlaB S 1E axgi 59
2 odle s atnls PH 4 SO, cllad LSy 00
o som et Slilses @y gealannST 5l ey SO, Gl
bzl g (235 DLl 655 med & ool 5 nl 4 g 09b o
525 6 L (PMS) lidgasgine STy (18 ) F) o, 5L
58 oaiSaeST S SO Lo Glsie 4 (o5eSTy|

g 95 Wgm 9 oyl JLSlo b S0 sgw 5l 5 00

AA

4o o
o St @olsz e Pl 1 (e @ 0550l T (Sl
AS oo plazga | Ol dhal 4 axg Cuenl a5 Conl oo
Bl ¢ gowels] Ol adg ol Baa b o aaar ;0 .()
(V) el 6 y505 5ol Sy Lo mS il alex 5 laoais¥T gl
S o5 s s o S 5 a5
OB N G sladile (lie o G Sl L s S
bumo ;5 gues b 4 cpan (55,5laS ST Lo 5 bog 8
5 osaedgilS | ST g8s oo (V) Wsdon arlsd o
ssb 4 &5 s b iS5l 09 S (niesiie 5 iml,
@3S oe B esliial 990 Glez peliw 5o slos S
Ngdor Joli 1) Slezr o985l we)s TF 350> 4S5 5k
ol 5yl 55 5o (CPF) gy 15 (F )
‘SJ)U 5 ool e rwd el ccalin Cad Lo 4y as
Sy aswg Jlo )0 glo)siS )3 oy Lo ulpw ;o YL
Oyt (B) 05 o0 00liul (55 ,liS 5 (S ST S
Ll oo G1)1Y Jgaz ;0 CPF olesis s 58 Slaogas
Sllge> g Ll slp (oo 03le ST plgie ar ugis IS
S olasl p CPF 56 oy yiege (F) Sl ool asLiss
e | ot s 45 el S il g
5 sz Sl (s s & ] (V) WS o0
s SIS § 5065 od o,y 56 DNA ol
s CPF (pyne jo 85 )18 2)lse plo (o]
Wl oo Aitie slo a5l pgons I arg; 2 oolitul L(A)
S5 iy 51 Q) 0 03gll ) s 5 (e sl
aboz 5l ol ladasme )5 0028 JSte Sy 2505 055 el
Seid ledasiin jl 8908 35l e Dgaine Ladil,
sa el Ol o T s 51 s 993 a5 Cenl O ope
SO 09doe (Hilage 5 GFLS alej Sl (S
kel sloanld il ol ahal )0 &y508 oy o
Sy silo @ g olassl ol 3.0V )) aos oo (i3l gum
355 5o 1,8 colaiul 590 ©yguS Wae (GASelS Blge i
CobeS 5 ool als 1) D908 See ok 4 Wlgiee o5

Lo ‘Q)SJS > 05)L£‘- A.u‘).‘! U”‘ u‘ W T Sgage ‘) u]

% ) 2 ﬂy
1Eo 1 Jlgr /gl ojloih /s joly 09> -

Ol buzo Cublsgy pale ozl g s ol soliliad
ijhe.tums.ac.ir


https://journals.tums.ac.ir/ijhe/article-1-6619-fa.html

[ Downloaded from journals.tums.ac.ir on 2026-04-05 ]

o3game ;3 9,Slas b oaiSasT Jele S lsie 4 )
31 om 95500 LTV A 0,5 solatul 60,5 pH
o5t Fe(ITD) (sloamSs uonlas] Fe(VI) oy
PMS oo Jbs 4 e Fe(VI) pals 1 s ous
Slaal 1 S5 el G;aﬁ.at;ﬂ ol mels 456{[7.61 3008
@)l See boadlae ool ol 68 geler )0 e
OS] Slaail by Gushy IS 1S CST B
($lawslio & yg0 @) Fe(VI)/PMS 4 Fe(VI) as i
o Syl arwg 4 S bl o b

L.OVF) cl aseis BB g Jyus BB soly 4 ojls a5
‘5” (_ngo..uYT L; PMS p.:.a.:.m.n U..HS‘} u.c).uu S9>9 U"‘
Ored g STy S (Rl sl onlnly el ol
sly el Glodd ol Gl iool, i ady
Gz sloan S Gl s, o0 S 4 59,2 PMS
aQ u.mT P e Lgl.a:o..\.:.;f JL:S PMS L;)L»Jla.é LS‘JJ.
Sy bao b 6)550e 5 (090 (com 09 ) Judo
(Fe(VI)) wlys (V) 0, )13 amg5 5,90 aiilgs o
wbls glalhxe sl IV VSl sl sl

CPF (Lo oS 38 sba S39-) Jour

-
-
s
‘ ‘

FSsl g

Ledw g5k el

ol S

‘
3

\#e °C

V/¥AA glem?

YV

log Kow

Y+ mg/ke

TDLo

(=47% KHSO, basis) wlatgwgigs oSl
Ol p B985 (S5 5leg S 2 5) Jgilie S 355518
N Vo SE VL R IRV PN V. PERW SRV LN
g oS ES 00 Gl ) Suigin s S A Codlgw

A osliwl egias OjgaS slul gl s (Gl

® ﬂy
_‘/%y J VEo 1 lgr /sl oslaih /3oty 093

Uil bazo Cublsgy pale gazsl Ldudg fy ale solilad
ijhe.tums.ac.ir

A4

L sigy 9 dlg0

ooldul 5,50 Olgo _

ot &8 00 5l as 0 AV 51 i (eslS b wshs s IS
Bl 5L 050 liand SlaS 50l 4y (55 o S


https://journals.tums.ac.ir/ijhe/article-1-6619-fa.html

[ Downloaded from journals.tums.ac.ir on 2026-04-05 ]

5 Fe(VI ) Lassy 458 1y ol ST iy, 5
Fe(VI)/PMS

seseie gbadale o CPF g angy &y908 56 ol o
alol Ol dges 4 Hlojed Oy50 4 (Y ME/L 5 ) +/0)
b Jsloe 5l ool L (¥~ ogamme ,9) Jskxe pH oot
Fe(VI) ;s oo jil.08 oolas NaOH g HCL -\ M
1005 owyp AlSla> ek 4 Fe(VI)/PMS

(V- mg/L) Fe(VI) 5| cume clale 09380 b L2aSTy (Al
49 5l o ey S8 Syl Jslme 5T Jaloe &
g e Fe Ve Ve b 5l e o ool a ol
Gox e 5w Glp @5 Vo mL A min
4 (HPLC & 3,5 o1 JWo 4 5 gplegle glsa)
oaw YOO UL $oad 4 ol Jae VO ML sladlyl
ol ailsl 2iSTy o,S Gibsie gl /Y M Codlgns
Lilaie g ad adlol Jolxo 4 PMS L 550 lade (o
3o o) 40,F Ll Sy 5,8 laie & Fe(VI)
Vo) g0V (Ve el sos a3 S L o Fe(VI):PMS
zlil S aiged Ve ML o oLl Slojy Jolsd o
o958l b g os awslsy HPLC & 5,5 5 mlbrmle
aBgle aiSly diges o 4 /N M Codlgw puaw YO+ pL
(CPF aJgl clale pH &l il asdllas j Coond oyl 5o .0
CPF o565 5 i b 9 Fe(VI):PMS Jgo cos
5 2l

&legle ghainl_

&l (LLE) b — sl glsel Sis, 5l pol> addllas o
Tl o s ssliiwl K0Sy 5l mbs 5L 5o sjlulas
P2 A e b Jie VO ML by 4 Lges V- mL
Ogwl 107 ML 5 5,855 +/0A ML «Sad VO g aiges
bdiges glind Ky dawgd LS 51 Ly ol il
3B o 50 (FF -+ TPM Ce o L Y MIN) 550y Ole
slos )3 o5l 5o 5 od Jate g, S & 0nd Lz
A PL Coss S o & Coledyo s S Sas 7 °C
4 bdigal S5 yg 5l g o 8Ll OTAY UL 5 Jsibe
Nad &,y HPLC

ooléw] 8,50 Ol
o&iws 5l eolatwl b ldaiges 51 S 0,0 CPF clale
s @ peme (HPLC) YU o Slee b pole B1,555log,S
3,30 Restek-C18 (f/# x Yo mm & um) ;ygew
= tels olfiws ) eslatul byls .cd 5 15 U
56.¥9 nm zge Job LUV ,ess .y mL/min L >
sles (o ;0 AN) Jgilie 5 (auo,0 VY) Ol ol S poie
Q”..\S | 00gs \-. l,lL &)}J > g A OC O 9—ws
(AL250T-IR Aqualytic) miw <908 L diges ,n
oKiws 5ol s uSojlail dges o PH Lol (5,551l
oBws 3l g pamle—asls L8 (g5lulas (gl §euin yle

0 eolaiul Lbus.uj)s.._a L)

eyl g olasl s
P g palojl (Hhb S adlas 5l cuand ()l
S yslaie 4 gycpl 5l ol pll (VLAY ass) R 15
sl D398 Jolts JS B iie oz onS 5 S
oles g (Xs) 03iS dinie oole 90 ‘(Xz) aJsl pH ‘(Xl)
28,5 ol (CCD) (555 50 5 0 ()b S5 (X)) ules
0dgde O d...]s‘ pH JY+-0 NTU 03gdte O 4...]9‘ ijds
Oley 9 0-Y ME/L ogame ;0 coiiSadaie sole g0 (F-9
Egozme ,0 .0 48§ a5 5 ) +-Y MIN sogaze o ules
J592) 0 (b (635 e aladi )0 1S5 LV L alesT FY
Voo mg/L clale jo S5 5,0, Satul Jele (Y
il S, Sl eoliinl b adgl & jga8 ok eolal
9 HCI <1\ M 6LDJ51.7LQ )l oolawl Lv 4...]9‘ pH By W)
3,0 Cdale 10 15 eaiSadaie sobe g w0 5 oulas NaOH
A 90 ) MIN) S )L g oo aslsl Jol e a4 , LS
(V+ Min S 4 YO IPM oS ;90 juww g Voo rpm
diges o ptd wled loy Sl 51 o .28 5 ol
b 2908 oliae g 0 4B S Ol mhaws 5 ¥ €M sga
JSSC IS IWINR VIS SRUA | P I SURRISPR\ S L COWR R P P o0
sam 5B o)y a9y gle lisl anld sy ange Wulo

% ) 2 ﬂy
1Eo 1 Jlgr /gl ojloih /s joly 09> -

Ol buzo Cublsgy pale ozl g s ol soliliad
ijhe.tums.ac.ir


https://journals.tums.ac.ir/ijhe/article-1-6619-fa.html

[ Downloaded from journals.tums.ac.ir on 2026-04-05 ]

58 59 A5 oS winin gl Gilejl (> 1sb <Y Jgur

v Y v Y Y v Y q Y. \
Ve \ ¥ Y. \f} g 0 q 0 \
Ye Y/0 a1 \Y/0 Yo Yo Y/0 a1 \Y/0 Y
Yo Y/0 1 \Y/0 Y1 Yo 0 4 Yo ¢
Yo Y/0 a1 \Y/0 \A% Y 0 Y 0 0
B Y q 0 YA \e 0 Y 0 a1
Y. /0 1 . Yq Y Y q 0 %
\K Y/0 1 \Y/0 Y Yo Y/0 1 \Y/0 A
Yo Y/0 . \Y/0 AR Yo Y/0 a1 \Y/0 q
Ye Y/0 a1 \Y/0 Y Yo 0 Y Ye e
Ye Y/0 a1 \Y/0 Y Yo Y/0 a1 \Y/0 R
Ye Y/0 a1 \Y/0 A3 Y Y/0 a1 \Y/0 'Y
\K Y/0 1 \Y/0 Yo Yo Y/0 1 \Y/0 \Y
Yo /0 a1 \Y/0 ™ Ve 0 Y Ye V¢
0 Y/o 1 \Y/0 Yv Yo Y/0 1 \Y/0 Vo
\ Y/0 a1 \Y/0 YA Y Y Y 0 1
Ye /e a1 \Y/0 ¥4 e 0 q 0 \V
Yo Y/0 a1 \Y/0 e Ve 0 q Ye A
Ye Y/0 a1 \Y/0 1A Y Y/0 a1 \Y/0 \4
Yo Y/0 a1 \Y/0 1A Ve Y Y 0 Ye
Ye Y/0 a1 Yv/o LY Yo Y/0 a1 \Y/0 AR
Ye Y/0 'Y \Y/0 22 e Y q Ye YY
Lasl loosls Judzo g 4520 _
olaxi] ayl,s LT ales 5l bools Ldow g ayjo0 yol> adlhe o

)J‘J.!PH AA/F0 NTU 4_._|5| Q)j‘_\f )‘ A-»-s)l...c ol )50
olbes ol o FIFY mg/L S5 ,8 55,15 G50 AL

Lyl ol j8 Oyga8 Bis LIS iSTas a5 YO min

® ﬂﬂ%
.—/;%g J 1Eo 1 g /gl eslads /s it 0195

Uil bazo Cublsgy pale gazsl Ldudg fy ale solilad
ijhe.tums.ac.ir

Q)

Slyp e 28,5 bl (VLAY as) RaL (g Ll
oolizwl Excel ,l53le 5 Solver aigjél 51 ol gjluaige
WA ey JeST 15806 5 51 eolal b s e loges Lol
Wloads Sl laaidly Asu )3 Jgaz g jloges LB o gl


https://journals.tums.ac.ir/ijhe/article-1-6619-fa.html

[ Downloaded from journals.tums.ac.ir on 2026-04-05 ]

v ;o g () 51 fe) mhaw o o(*) 5100 zhaw o Joe iy 0 F g ¥ Jga .ab 0,905 awy0 20/VA
)'ﬂ_; \ J_L..u ] oo oola ! (FE*) )" ofee o FeC13 .]a...u}} u”..\f Bi> &}“"Ll)b ).JLJ 9 (5‘5"'“’);)
AR oo (o) cdle 5l oY maw o gils pme ols lid 6l p Y

(CCD) 35 o S 50 (2 1sb Ho FeCl, buwgi 5908 Bdo (JguwyS ) Joo ¥ Jgur

ETE AYEXY -#/V¥ VV/AA —ANA e 31 5

%
e

¥ Y/o5 YNY ¥/¥r pH

sestesk ARER /7 /EA Y/4r Obes

sesee V/AYXY 40 -¥/40 /0y —v/\Y Turbidity”2

#* o/ =Y/$ o/ /¥ Time"2

R?=+/4 Adjusted R? =+/AA p=\/TV x\ 470

FAOY =¥0 s A osl3l am s gl ool

(CCD) 535 50 o5 yo 5>15b 35 FeCl, Lausg &y9a5 B il ly 56T -F Joor

V/oy Xyt vy EYY Ve YWYEY/A ¢ FO(x1, X2, X3, X4)

o/ AR 0V/\ YYA/E ¢ PQ(XI, X2, X3, X4)

(VRAIE S KR A VA v VAA/ VAAY /Y Ve Sl pe

%y oA
1Eo 1 lg2 /gl o)lods /maasiily 0,93 o

Ol buzo Cublsgy pale ozl g s ol soliliad
ijhe.tums.ac.ir


https://journals.tums.ac.ir/ijhe/article-1-6619-fa.html

[ Downloaded from journals.tums.ac.ir on 2026-04-05 ]

OHSen g P |yuans

Turbidity

0] 2 4

(5] 8 10 12
pH

Slice at Fecl3 = 3.5, Time = 2011

FeCl, luwgi ©y905 Bd> ;0 &y9uS g pH Jilie Ol §l S ) S0

LiSly 4 min 5l e ailesg 135 51 CPF Gas
Cewds do,0 FYIOY 5 VAIVY YY/AY VIV Co s @
Log (3aSlg 4 MIN 1 e o ,56 003b (uizmed ]
YEIFe S aond o Ll slapH o Fe(VI)/PMS
ey il bow] cawds auo 0 AVAY g AV/DY YA/
5o Bdo Sl YL anld gy pasmes LCal
PH e o Jb I bl ool Jol> YV L ol pH
51 i Fe(VI)/PMS anl bawg B> Lol s

sl 009 o5 & Fe(VI) sl

® ﬂ%
y}%ﬁ aﬁ 1Eo 1 las /Jgl 0laid /3ol 0595

Uil bazo Cublsgy pale gazsl Ldudg fy ale solilad
ijhe.tums.ac.ir

Y

Sl Gl Brs & ygas Bl gilwansd ¢ olasil 5 o
OS5l pbl gaw 5B 50 culs Jlesl slaas]d leadl
3 Sl U gleansd 5 olisl anlp oSl axgs LB
anl B ol el 55 s ed 4 g cilas CPF B3>
sleasld S 6o g ol L Bro dus sanVl B> o
Saiae CPF Gds jo o o lil adyins gl
O

g Fe(VI) bugs a,i ) owlicusTayl, 5
Fe(VI)/PMS

Jsloe pH 3l

(@) glosld b o1, CPF o 26 &l s\ loges
PH dibize polis o Fe(VI)/PMS (o) 4 Fe(VI)


https://journals.tums.ac.ir/ijhe/article-1-6619-fa.html

[ Downloaded from journals.tums.ac.ir on 2026-04-05 ]

()
9 +

[=2) ~
[=] w
L

CPF Removal Efficiency (%)
N
Wi

e Oyl anld L (o)

I =N 2
W (=) wn
: . R

CPF Removal Efficiency (%)
w2
(=}

—
wn

Time (min)

0 10 20 30

40

50 60 70 80 90

Time (min)

:oia ol Lyl ) Fe(VI)/PMS a3 (<) g Fe(VI) sl () bawgs CPF iy pH 250 - Hloges

([CPF]0 =Y mg/L

5 39 oe sanlie (©) ¥ jloged ,0 a5 jehailes b
sbedle gl CPF Gis ool o STy b; 4+ min
039 2,3 AVIOE g VEINY SYIFE s 5 a oo oLl ady]
ol ;0 CPF Gis oleaily a5 ¢S oles oo ol plis .ol
ailyd 5l YL adllae o,y90 cdalé aw ,o ,0 Fe(VI)/PMS
Loanld oo 50 50 Koo Bkl cwl ol & Fe(VI)

b oo il 55 Bi 003l (CPF clale 238l

af

CPF aJl clake il
pH ,o (v mg/L 4\ «+/0) CPF lilize slaclale
3 () Y lsgas @llas o e Vgl
F2Y0 s 5 & CPF i ool 2STy ey 4+ min
5V D adsl cledale gl ao,s YANY o VTS
Fe(VI)/PMS o3 .aul cawds wgin o S ¥ mg/L
el [Fe(VI)]:[PMS]= 02 cos 58,5 a5 0 b 5

% 92 ﬂy
TEe 1 e sl oat fpasiess LS

Ol buzo Cublsgy pale ozl g s ol soliliad
ijhe.tums.ac.ir


https://journals.tums.ac.ir/ijhe/article-1-6619-fa.html

[ Downloaded from journals.tums.ac.ir on 2026-04-05 ]

OSen 5 ey | o

g

90 -+

CPF Removal Efficiency (%)

Time (min)

—~

)

CPF Removal Efficiency (%)

Time (min)

23143 (&) 9 Fe(VI) syl yd () bauwgi <Y aing pH 3 CPF cilizie slocidilé 45 CPF i 03 =Y ,loges

Fe(VI)/PMS
il Lo CPF i sleadl, a8 wi oanlice ¥ lsgas Fe(VI):PMS Jso cos il
s 5 25Ty sle; 4+ min i . Fe(VI)/PMS Y mg/L cubb cdale L PMS lal (slalSlas wlaslesl yo
YEVA 5 4 Fe(VI):PMS 5110 5 0:) oY) Jge 9V P slages 9) by SlB e ol a8l Jolowe
el do s A IYD 5 AV/OF Gillao .ap0 )5 Lol 1Sy £9,8 (6l alolddl (Y- mg/L

® gﬁ/
yégg J VEo 1 lgr /U9l o)loib /s jily )93

Uil bazo Cublsgy pale gazsl Ldudg fy ale solilad 10
ijhe.tums.ac.ir


https://journals.tums.ac.ir/ijhe/article-1-6619-fa.html

[ Downloaded from journals.tums.ac.ir on 2026-04-05 ]

100 ¥

CPF Removal Efficiency (%)

[Fe(VD)]:[PMS],
30 ——2:1
20 —4A—5:1
10 —0—10:1
0 t t t t t t t t t
0 10 20 30 40 50 60 70 80 90

Time (min)

[PMS], = ¥ mg/L ([CPF], = ¥ mg/L : jislo3T ksl ) CPF o 55 5 [Fe(VD] [PMS], Jgo Comusi 51-Y o905

(pH=74

STy S
CPF ypaslinnS| ons alovl slo iiSTy yigs 50 ol
pomb o Fe(VI)/PMS 4 Fe(VI) sloows! s lawes
bl Y Lol pH (-1 mg/L) CPF aJql cdale

L CPF STy ey s sl ) olen ) cciuns] o ool
20,5 oolizwl Fe(VI)/PMS 4 Fe(VI)

Ln(C/Co) =- k.t ")
ol @l Ve m@/L el 590 L Fe(VI) ol g .ae 5

p,5 ko) CPF ouss 5 Sojlil cdale C ol ol o
b K (i o o5 o) CPF eyl ke C (2 5o
el (Min) olejt g (Min™) Jol ax 0 25Ty

S 85 S35 50 b 5 Fe(VI)/PMS il 3 4
b all, elaly ol pll [Fe(VI)]:[PMS]= o:)
LS () 5 (@) T logas o 40 a5 )b 5IN(C/C)) oy

()]

oo,

S -l
S
(=]
=

2

y =-0.0061x - 0.1186
R2=09183
3

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

gFe(VI) ..\.o.t‘).s () Ja.w,; CPF wr"u G g (g ‘5|).g OLo)‘ 9 ln(C/Co) )‘.39.03 -f )‘.39.05
Fe(VI)/PMS o, (o)

% ) 2 ﬂy
1Eo 1 Jlgr /gl ojloih /s joly 09> -

Ol buzo Cublsgy pale ozl g s ol soliliad
ijhe.tums.ac.ir

a5


https://journals.tums.ac.ir/ijhe/article-1-6619-fa.html

[ Downloaded from journals.tums.ac.ir on 2026-04-05 ]

OSen 5 ey | o

Ln(C/C,)

{
[\

-3

y =-0.0098x - 0.1964

R*>=0.9073

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

9 Fe(VI) sy 53 (Gll) bawgs (CPF g 1565 &ty (st (612 o3 3 IN(CIC,) slogas -F ylogas dalsl

Fe(VI)/PMS wisl 3 (&)

Sols )15 (Yo V) ol Kea 3 Chol (YY) el a0
ALyl PH Lylys o FeCly g o0 Bis leudl,
(YY) Sl w3 2415 A MG/L S5 3 45,05 599

s Fe(VI) by aiy iy oyl
Fe(VI)/PMS

el iy Jslre PH @y Glf prnlaansT 08
Fe(VI) oJlé slaasy s HFeO, 5 HFeO,

STz

w3 el ol bulyd (Jl ol b asis pHSY o
eS| g Fe(III) a4 Fe(VI) (self-decomposition)
kol sbass HFeO, s HFeO,” izen 055 0
Sial33l bl YIO-YIY Ll PH ssgame o Fe(VI)
2l ;o FeO IS & Fe(VI) iy 5l i & pH
BB o @ oss8 oLE Lls Ko Bk 5l (YF YY)
S WS o 055 o 1, Fe(VI) psenlapnst Ul s
Bis> el el plo (YO) Cons wgllae CPF G (4l
i 5 005 o5 oLl 5 (ol > g0 o 0 CPF
PH (eizran i osalie (235 Lalps 53 o35 ol
458 HSO,™ 5,13 ;15U 55 PMS w65 9 5 wlys oo
Coms PH Gl81 L g ol (15 9 gl Ll 0 e

STy 55 sanal ulid s b il SO

® gﬁ/
yégg J VEo 1 lgr /U9l o)loib /s jily )93

Uil bazo Cublsgy pale gazsl Ldudg fy ale solilad
ijhe.tums.ac.ir

ay

Sle aglys
039y Ll sme 5,008 o PH blie il 51 aS ol ol gl
S8y cdale (loj )90S5 o pie (Y JS) ol
R R A R R NS P DRy ol I
a FeCly Lawgs &y08 Bim o 08 50 Jalge +/+0
P Ol (1) s y9) PH 5 05505 e 31 (izeon
5 IV gl 53) PH e olgs o(c/e ) mhaw ;9) &35
3 g lasiie 55 (0100 mhae 1) Gl pes Ol
00230 L2 VYY) + 7 1D e dites o ) Joko
5 +/1% ey o Adjusted R? g R? 5 el Jow (5l ixe
el @l (Gt 5 Jae YL 2Ulgs 51 ples < IAA

1y dsllas o]
(Y1) o Ses 5 Ebrahimi gl alie aslas S o
YA NTU gl &,505) wsllae Lyl cos a8 ol olis
FeCl, (0 mg/L 5 45,5 550 5 MO L ol pH
ol L (Te) 05 i amys QNS B 1) 0,008 Wil o
50 a5 sl 3,155 (Y1 #) ol 5en o Yarahmadi J-
2945 559 sV b pl PH O - o NTU adgl o508 Lyl
AV S8 5,08 Lawgs 0598 i e 7o mG/L S 8


https://journals.tums.ac.ir/ijhe/article-1-6619-fa.html

[ Downloaded from journals.tums.ac.ir on 2026-04-05 ]

w255 Ol FE(VI) ayl 8 0 4570 5 (s g3 o0 00,00l
oael Cawas R? e g 0099 duo o FY 590> 4+ min | o
Ly, & Fe(VI)/PMS w5 a5 b o ool +/3)
R? jlake g oo coy3s 40 MiN 5l o 258l oo £Y
Soged 93 b s alite b rizran el </ ST
Fe(VI)/PMS anlp 0 B> Ceyw a5 0l askin
lsise bl 0zl 2 sl Fe(VT) wigl s 51 iy l0 V0
Fe(VI)/PMS swlp Siw bl 5l a5 ¢é 5 axms
el jogllas CPF (g 155 ol

o, A% &S wl Lateine (V0 )9) ) Ken g Liu asllas (o
0 mg/L gl clale) angs byl cow (PTH) oeull
[Fe(VD[PTH] =189 & ¥ b 4l pH o551
Gis Yoo 5 Sae o Fe(VI) anlb baws (70 °C los
OLer s Wang g oo plosl andllas ;o .(Yr) 09 o
Comd bl 0 Fe(VI) a5 ol las mlbs (Y419)
Slgs oo £+ MIN ooy wae 5 [Fe(VI)]: [SDZ] =0+
s W (Y1) a5 Bd> aoys 38 B 1, (SDZ) oy loligms
4 Wi o Fe(VIYPMS a5 wis S s, (Y- \A) o (Ko
Oeize IS 055 2l sladslme jo 1) (nlsT Sse b
leadly 1 3L STy yley £+ MIN 5l s 45 0l somline
Blos s £ L ol PH jo (ao 0 AVY) 5151 Gd>
as ol Hlas (YY) o) Ken g Feng asllas zls .(Y9)
Bl Gliee (i D50 4 Fe(VI) 5 PMS 55
L PMS U awlis ,o I, fluoroquinolones (FQs)
YY) amo oo Liol38l oo & Fe(VI)

Fe(VI) sloaylp lawg CPF (g 55 Lol asllas 4o
ol 00d gy p Slawlio 50 & Fe(VI)/PMS
hol B lp abai i Glye 4 oS adlllas Jol 5B o
Sopys)lS a5 ab atie 5 o0 Jos (AOP) 5o
odle o lyie |y 9Shee nige A ol PHL o
(g 5B 5 0)ls D)y9aS 3 p w3l slp oS wdase
@ Cons (6 5Yb ygumlannST & 08 Fe(VI)/PMS s

aA

g oo JoS5 (59,000 o HSO LHT (slagys:
oS s HSO,™ (o Jolas jlonts adgs 355,000 slaviny
5 WS xSl Jolo o Sl 5l Jol cote L L
279 ab e als CPF o 55 pleal) syl @
3 CPF .y 55 o35 Fe(VI)/PMS al b o« ol o
Abge Rl ol bull b awslie o oL Ll
GiiSly Al 50 S g 000 sla 0o, Y (YL slepH. s
4 o5 Wgd o 0y OH slagyg b wlidgus sl JIS00),
Gl b (TY) i oo Gl Bl o 25 Oliee 6 etz 55k
S 93962 Sl S0l (el Joiley o LT 51 L
;5 CPF Gis o5l «(VA V) ol o5 oL Lylos
(5 sk @ ol VL gl PH L s A Ll pH
slaJs=e 51 CPF o35 lp Fe(VI)/PMS swl )
BB el 3y el (A-Y) PH 51 (g 009050 4o ]
Oley il cadlllas 8)50 slo pH ase o a5 il [S3
2l 90 ,o lawgs CPF Gis leaily iolidl el j2aSTy
S oy 3 Jol> b 048 0 Fe(VIYPMS 4 Fe(VI)
Sye s a3 ol ls 5 o |, CPF gl el
L oalss cpl wlolp s,5 a>g (Collision Theory)
Jli (CPF asile) osims STy Sy adsl clale o3l
©l3] o JiSsoly aiile) oains (2355 sl JsSUge plols o552
(YA oo g STy S s Egoime ;0 5 4Bl il
Fe(VI): PMS =\ ) cos o zSesl Bis> Vb oo
a8 2l Lo Slalges SlaJI00l) yiier s @ Glsiee |,
eizman (YA V%) 555 oo CPF (o 5 Lildl 4y ymie
039 2oy Jgl 4885 ¥ sl CPF Gl o5 0l asuin
sl laml jo s cwl adl rels o] ce s
L oaslsl o 5 00,5 o Bi> CPF 5 tsy «oypmslinsT]
ol i slp s 3 A STy oley I
O o adasl, () 5 (@) F loges jo ok oo
Joe 5l GaSTy S a5 w200 Lis (s 5 In(C/C))
sanl® gl K el S o o gl 4z )0 (St
, Fe(VI)/PMS , Fe(VI)

SRR ORI T
0l 98 o 55 i dulio Lol cawsy ¢/ +A minTy

% ) 2 ﬂy
1Eo 1 Jlgr /gl ojloih /s joly 09> -

Ol buzo Cublsgy pale ozl g s ol soliliad
ijhe.tums.ac.ir


https://journals.tums.ac.ir/ijhe/article-1-6619-fa.html

[ Downloaded from journals.tums.ac.ir on 2026-04-05 ]

OSen 5 ey | o

S ilwosls g Lmosls Cay yoe s ca 5L Sgo Lzl ol
lie cpl DS 0les, S el ey adlao ol o)
2! IRR-TBZMED.REC.1398.630

@‘O)Jé 9 ,L»J y
@B " Ol b asbipll 5l sis Jols allie ()l
Si> o Fe(VI)/PMS  ais i cygemlogns] anl)s
Colos L aS coul PYASY @;o)mj V.. JL.,)o m)l
S pole oliily Cny lae g Cuodle Sldas S e

RO PR ‘).>‘).3J.u

References

1. Hendricks DW. Water Treatment Unit Processes:
Physical and Chemical. 1st ed. Boca Raton: CRC
Press; 2018.

2. Saleh IA, Zouari N, Al-Ghouti MA. Removal of
pesticides from water and wastewater: Chemical,
physical and biological treatment approaches.
Environmental Innovation.

2020;101026.

Technology &

3. Khedr T, Hammad AA, Elmarsafy AM, Halawa E,
Soliman M. Degradation of some organophosphorus
pesticides in aqueous solution by gamma irradiation.
Journal of Hazardous Materials. 2019;373:23-28.

4. Sidhu GK, Singh S, Kumar V, Dhanjal DS, Datta
S, Singh J. Toxicity, monitoring and biodegradation
of organophosphate pesticides: a review. Critical
Reviews in Environmental Science and Technology.
2019;49:1135-87.

5. Bellas J, Gil I

increase the toxicity of chlorpyrifos to the marine

Polyethylene microplastics

copepod Acartia tonsa. Environmental Pollution.
2020;260:114059.

® gﬁ/
yégg J VEo 1 lgr /U9l o)loib /s jily )93

Uil bazo Cublsgy pale gazsl Ldudg fy ale solilad
ijhe.tums.ac.ir

19

oS 5 8ly yo 0l a5 CPF 56 ¢l Fe(VI) a3
Bl il el St & y90 4 Fe(VI) g PMS
033k 2 Vb ogd o0 25 4 Fe(VI) L aslio s CPF
Bis ol Cawsas Y L ol PH jo 0l 8 90,0 ol i

Jsl 4 St §) GslinnS| 2l 50 50 Las CPF

disl 8 0 Bis ey aS Syl b ol b osS e sy
i plp V0 Fe(VI)asld a0 cons Fe(VI)/PMS

S e
By pae Jold SNBSS 4 s o

6. John EM, Shaike JM. Chlorpyrifos: pollution and
remediation.
2015;13:269-91.

Environmental Chemistry Letters.

7. Burke RD, Todd SW, Lumsden E, Mullins RJ,
Mamczarz J, Fawcett WP, et al. Developmental
neurotoxicity of the organophosphorus insecticide
chlorpyrifos: from clinical findings to preclinical
models and potential mechanisms. Journal of

Neurochemistry. 2017;142:162-77.

8. ur Rahman HU, Asghar W, Nazir W, Sandhu MA,
Ahmed A, Khalid N. A comprehensive review
on chlorpyrifos toxicity with special reference to
endocrine disruption: Evidence of mechanisms,
exposures and mitigation strategies. Science of The
Total Environment. 2021;755:142649.

9. Gao J, Liu L, Liu X, Zhou H, Lu J, Huang S, et
al. The occurrence and spatial distribution of
organophosphorous pesticides in Chinese surface
water. Bulletin of Environmental Contamination and
Toxicology. 2009;82:223-9.

10. Aboubaraka AE, Aboelfetoh EF, Ebeid E-ZM.
Coagulation effectiveness of graphene oxide for

the removal of turbidity from raw surface water.


https://journals.tums.ac.ir/ijhe/article-1-6619-fa.html

[ Downloaded from journals.tums.ac.ir on 2026-04-05 ]

Chemosphere. 2017;181:738-46.

11. Soros A, Amburgey JE, Stauber CE, Sobsey MD,
Casanova LM. Turbidity reduction in drinking water
by coagulation-flocculation with chitosan polymers.
Journal of Water and Health. 2019;17:204-18.

12. Kurup GG, Adhikari B, Zisu B. Treatment
performance and recovery of organic components
from high pH dairy wastewater using low-cost
inorganic ferric chloride precipitant. Journal of
Water Process Engineering. 2019;32:100908.

13. Parsons S. Advanced Oxidation Processes for
Water and Wastewater Treatment. London, UK: IWA
Publishing; 2004.

14. Duan X, Yang S, Wactawek S, Fang G, Xiao
R, Dionysiou DD. Limitations and prospects of
sulfate-radical based advanced oxidation processes.

Journal of Environmental Chemical Engineering.
2020;8:103849.

15. Sheikhi S, Dehghanzadeh R, Aslani H. Advanced
oxidation processes for chlorpyrifos removal from
aqueous solution: a systematic review. Journal of

Environmental Health Science and Engineering.
2021;19:1249-62.

16. Noorisepehr M, Ghadirinejad K, Kakavandi
B, Esfahani AR, Asadi A. Photo-assisted
catalytic degradation of acetaminophen using
peroxymonosulfate decomposed by magnetic
carbon heterojunction catalyst. Chemosphere.
2019:;232:140-51.

17. Cai C, Zhang H, Zhong X, Hou L. Ultrasound
enhanced heterogeneous activation of
peroxymonosulfate by a bimetallic Fe-Co/SBA-15
catalyst for the degradation of Orange II in water.
Journal of Hazardous Materials. 2015;283:70-79.

18. Liu H, Chen J, Wu N, Xu X, Qi Y, Jiang L, et
al. Oxidative degradation of chlorpyrifos using

ferrate (VI): Kinetics and reaction mechanism.

Ecotoxicology = and  Environmental  Safety.
2019;170:259-66.

19. Jebalbarezi B, Dehghanzadeh R, Sheikhi S,
Shahmahdi N, Aslani H, Maryamabadi A. Oxidative
degradation of sulfamethoxazole from secondary
treated effluent by ferrate (VI): kinetics, by-products,
degradation pathway and toxicity assessment. Journal
of Environmental Health Science and Engineering.
2022;1-14.

20. Ebrahimi A, Amin MM, Hajizadeh Y, Pourzamani
H, Memarzadeh M, Mahvi AH, et al. Filter backwash
water treatment by coagulation: a comparison study
by polyaluminium ferric chloride and ferric chloride.
Desalination and Water Treatment. 2017;66:320-29.

21. Yarahmadi T, Peyda M, Mohammadian Fazli M,
Rezaeian R, Soleimani N. Comparison of water
turbidity removal efficiencies of Descurainia sophia
seed extract and ferric chloride. Journal of Human
Environment and Health Promotion. 2016;1:118-24.

22. Choi Y-I, Jung B-G, Son H-J, Jung Y-J.
Determination of optimum coagulants (ferric
chloride and alum) for arsenic and turbidity removal
by coagulation. Journal of Environmental Science
International. 2010;19:931-40.

23. Sharma VK. Oxidation of inorganic compounds by
ferrate (VI) and ferrate (V): one-electron and two-
electron transfer steps. Environmental Science &
Technology. 2010;44:5148-52.

24. Sheikhi S, Jebalbarezi B, Dehghanzadeh R,

Maryamabadi A, Aslani H. Sulfamethoxazole
oxidation in secondary treated effluent using
Fe (VI)/PMS and Fe (VI)/H202 processes:
Experimental parameters, transformation products,
reaction pathways and toxicity evaluation.
Journal of Environmental Chemical Engineering.
2022;10:107446.

25. Jiang J-Q, Wang S, Panagoulopoulos A.
The exploration of potassium ferrate (VI) as a

% ) 2 ﬂy
1Eo 1 Jlgr /gl ojloih /s joly 09> -

Ol buzo Cublsgy pale ozl g s ol soliliad
ijhe.tums.ac.ir


https://journals.tums.ac.ir/ijhe/article-1-6619-fa.html

[ Downloaded from journals.tums.ac.ir on 2026-04-05 ]

OSen 5 ey | o

disinfectant/coagulant in water and wastewater
treatment. Chemosphere. 2006;63:212-19.

26. Wu S, Li H, Li X, He H, Yang C. Performances
and mechanisms of efficient degradation of atrazine
using peroxymonosulfate and ferrate as oxidants.
Chemical Engineering Journal. 2018;353:533-41.

27. Xu X, Chen J, Qu R, Wang Z. Oxidation of tris
(2-chloroethyl) phosphate in aqueous solution by
UV-activated peroxymonosulfate: kinetics, water
matrix effects, degradation products and reaction
pathways. Chemosphere. 2017;185:833-43.

28. Kilic MY, Abdelraheem WH, He X, Kestioglu K,
Dionysiou DD. Photochemical treatment of tyrosol,
a model phenolic compound present in olive mill
wastewater, by hydroxyl and sulfate radical-based

advanced oxidation processes (AOPs). Journal of
Hazardous Materials. 2019;367:734-42.

29. Sheikhi S, Dehghanzadeh R, Maryamabadi A,
Aslani H. Chlorpyrifos removal from aqueous
solution through sequential use of coagulation
and advanced oxidation processes: By-products,
degradation pathways, and toxicity assessment.
Environmental =~ Technology @ &  Innovation.
2021;23:101564.

30. Liu H, Pan X, Chen J, Qi Y, Qu R, Wang Z.
Kinetics and mechanism of the oxidative degradation
of parathion by Ferrate (VI). Chemical Engineering
Journal. 2019;365:142-52.

31. Wang H, Wang S, Jiang J-Q, Shu J. Removal
of sulfadiazine by ferrate (VI) oxidation and
montmorillonite adsorption—Synergistic effect and
degradation pathways. Journal of Environmental
Chemical Engineering. 2019;7:103225.

32.FengM, Cizmas L, Wang Z, Sharma VK. Synergistic
effect of aqueous removal of fluoroquinolones by
a combined use of peroxymonosulfate and ferrate
(VI). Chemosphere. 2017;177:144-48.

® gﬁ/
yégg J VEo 1 lgr /U9l o)loib /s jily )93

Uil bazo Cublsgy pale gazsl Ldudg fy ale solilad
ijhe.tums.ac.ir

\e.

\


https://journals.tums.ac.ir/ijhe/article-1-6619-fa.html

[ Downloaded from journals.tums.ac.ir on 2026-04-05 ]

e

\/4

s
o s
Of Environ™

&

ot
" lagw) |

ewel|
4 (¥}

&

Available online: https://ijhe.tums.ac.ir

Iran. J. Health & Environ., 2022, Vol. 15, No.1

HETH AND EXVIRONMENT

Orginal Article

Efficiency of ferrate/peroxymonosulfate advanced oxidation process in removing
chlorpyrifos pesticide from aqueous solution after pretreatment with ferric chloride

coagulant

Samira Sheikhi', Hassan Aslani>*, Reza Dehghanzadeh!, Ammar Maryamabadi?

1- Department of Environmental Health Engineering, Tabriz University of Medical Sciences, Tabriz, Iran
2- Health and Environment Research Center, Tabriz University of Medical Sciences, Tabriz, Iran
3- Research and Development Department, Shakheh Zeytoon Lian Company, Bushehr, Iran

ARTICLE INFORMATION:

ABSTRACT

Received: 05 February 2022
Revised: 25 April 2022
Accepted: 30 April 2022

Published: 11 June 2022

Keywords: Water treatment, Ad-
vanced oxidation, Chlorpyrifos,
Potassium Ferrate, Peroxymono-
sulfate

*Corresponding Author:
haslani@tbzmed.ac.ir

Background and Objective: Chlorpyrifos (CPF), an organophosphate pesticide, has
been widely used in the agricultural industry and may cause environmental damage.
The present study aimed to evaluate the potential application of Fe(VI) and Fe(VI)/PMS
processes for oxidation of CPF in water after pretreatment with ferric chloride coagulant.
Materials and Methods: This study was performed in two phases including coagulation
and flocculation process and advanced oxidation process (AOP). In the first phase, the
coagulation process was performed for turbidity removal by ferric chloride (FeCl,). In
this phase, using a central composite design (CCD) with R software, the combined effect
of four variables including initial turbidity, initial pH, coagulant dose and contact time
was investigated. The supernatant from this process was transferred to the next phase for
further analysis. In the AOP phase, the effect of Fe(VI) and Fe(VI)/PMS oxidants were
investigated separately.

Results: In the first phase (coagulation and flocculation), FeCl, showed the highest
efficiency (95.79%) at alkaline pH (pH=8). In the next phase (AOP), the results showed
that the degradation efficiency of Fe(VI)/PMS process was higher compared to sole
Fe(VI) process at all pHs. Also, by examining the reaction kinetics, it was found that after
the coagulation process by FeCl,, the removal rate in the Fe(VI)/PMS process is 1.5 times
higher than the Fe(VI) process.

Conclusion: Due to the high removal efficiency and higher degradation rate of
Fe(VI)/PMS process, this technique can be used as a relatively effective method in
removing chlorpyrifos from aqueous solution.

and Environment. 2022;15(1):87-102.
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