M Online ISSN: 3041-9042

Shahid Bahonar . .
University of kerman Homepage: https://jsse.uk.ac.ir/

Efficient Removal of Cu(ll) from Aqueous Solution Using Activated Carbon
Modified by Rhamnolipid Biosurfactant

Reza Hassanzadeh-Sablouei!, Hamid Khoshdast?, Vahideh Shojaei®*:', Nasrin Mohammadi*

1. Department of Mining Engineering, Higher Education Complex of Zarand, Shahid Bahonar University of Kerman, Zarand, Iran. E-
mail: rezahs3359@gmail.com

2. Department of Mining Engineering, Higher Education Complex of Zarand, & Mineral Industries Research Cente, Shahid Bahonar
University of Kerman, Zarand, Iran. E-mail: khoshdast@zarand.ac.ir

3. Corresponding author, Department of Mining Engineering, Higher Education Complex of Zarand, Shahid Bahonar University of
Kerman, Zarand, Iran. E-mail: v.shojaei@uk.ac.ir

4. Department of Mining Engineering, Higher Education Complex of Zarand, Shahid Bahonar University of Kerman, Zarand, Iran. E-
mail: mohamadinasrin@uk.ac.ir

Article Info ABSTRACT

Article type: research paper Obijective: One of the environmental challenges of various industries is the removal of
heavy metals from aquatic environments. Nowadays, the use of adsorption method is
considered as an efficient method to overcome this challenge. Although, the physical and

Avrticle history: chemical characteristics of the sorbent are of particular importance. In this research, the
Received 14 May 2024 efficiency of an activated carbon sample modified with rhamnolipid biosurfactants was
Received in revised form evaluated in order to remove copper ions from the aqueous environment.

13 September 2024 Materials and methods: For this purpose, the effect of some operational parameters
Accepted 12 October 2024 including the ratio of adsorbent to metal (50 to 200), initial solution pH (4 to 10) and stirring

Published online 11 December 2024  speed (100 to 300 rpm) on copper removal efficiency in the form of a central composite
experimental design was investigated. The results of experimental studies were evaluated
using statistical modeling and analysis of variance.

Results: The statistical analysis of the results revealed that the effect of all parameters on
the adsorption efficiency was significant, so That the efficiency increased with the increase
of the ratio of adsorbent to metal and pH, and with the decrease of the stirring speed. As a
result of optimizing the process, the removal efficiency of more than 99% was achieved
under the ratio of adsorbent to metal of 200 ,pH of 7 and stirring speed of 100 rpm.
Additional studies under optimal conditions showed that the process follows pseudo-second-
order kinetics and the Freundlich isothermal adsorption model. Moreover, thermodynamics
and multistep adsorption studies showed that the adsorption of copper on the modified
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ﬁgzsrpx?als adsorbent is a two-step process including a high-rate primary chemical adsorption followed
Wastg.,water by a slow physical secondary adsorption, likely precipitation. The evaluation of absorption

selectivity also indicated substantially adverse effect of other metals on the absorption rate
of copper ions.

Conclusions: The results of this research showed that activated carbon improved with
rhamnolipid biosurfactants can be used as a promising and efficient sorbent for the treatment
of wastewater contaminated with heavy metals.

Citation: Hassanzadeh-Sablouei, Khoshdast, Shojaei, Mohammadi, (2024). Efficient removal of Cu(ll) from aqueous solution using activated carbon
modified by rhamnolipid biosurfactant, Journal of Separation Science and Engineering, 16 (2), 35-58, http//doi.org/
10.22103/jsse.2024.4481

© The Author(s). Publisher: Shahid Bahonar University of Kerman
BY NC

Yo



Yo A-FY 25l

Homepage: https://jsse.uk.ac.ir/

SBCslSE  guga b 4l oguge Jlad oy, 5l ooliwl b o sladasses 5| Guo dal IS Bio

Sl gl

XX

\CGM&. .‘g\“'h

T SN VE ‘Tﬁwéﬁo,& duo> c‘é,].:.w R -3

rezahs3359@gmail.com :asbll, .oyl pl e, eylo,S ol augd olKiils caiy; Jlo o)gel gaioms (ydae (owiigeo idu )
khoshdast@zarand.ac.ir :aebl!, .ol ,l caiy; ecylo,S ial dugs olKils Sore polio 0aSiiagsy 5 iy; Jle (b)gel goize «jone (awdige Lidu ¥

v.shojaei@uK.ac.ir aelll, .ol pl ciy; ciyle,S ol o olfiils ciy; (e ijgel paizms cyone pwdige Lidu Y
mohamadinasrin@uk.ac.ir - : asbll, .ol pl s cylo,S il auped olKisls «sy; Jle ojg0] gaizme (yone owdign Lidu ¥

0 duSr

4dlios Oledbl

ol 2T Gledasme 51 i Gl3ls Bl il polio Jamecun ) il 5l SO fdsa
B azg 8,50 Gl nl p adke sln el S5y lyie 4 (b Dl g ekl o9l
sl 55t lots a5l 3l alowd 5 S Slasie dx T .5l

SLlSE guger b a8l vsepe Jlb JU5 aiged o 2L Giegi oal 5o 10 5 Slee
bate ol sl ol 43S 18 S5yl 0 50 (2 e 5l e slidgy i plite 4 saplsial,
5909 (Ve BF) Lo PH (Yo 500) 318 4y 03l s Jolts Sllos sla ol )b (S0 il
S5 S e shalesl 2ol S B o e Bl lealy (@i 53 450 Yo B 0) en
3,90 il g 5 IUT Sl g (o )lel (ojladae 5l ooliinl b alKiole;] ldlas gl 08,5 (a0
55 b))

L 45 (5975 4 0092 5,k wd (LS p la el S 56 oS ols lis s bl Julow Tl
s )3 2l il pledily e en 590 ralS b raizmen 5 PH 5 58 4 Gl s ]
O 595 9 ¥ bz PHLY -+ 515 4 il s 789 5 o B> ol oyl 3 (5 5lodinge
S 3l ol 3 a8 olo lis asgy bl b cov (eSS Clllas ol Jol> a3 s o j90 Ve -
5 (Seabudga i b oy omizred OIS o0 S35 WS Sleden Dz Joe g 90 4z 4l
i ol slals g5 aigl )3 oSy o ol G3la 1 s ir 45 ol LS (gl yediz i
o)) rilige s Yool catedl (K58 sl iz o 5 Vo £ L olard 4
8l e e 2 p DIl Rl e 3B Sl 5 ol s py S

Smdsial) (Sl s b a8l sgnp Jlud JI6) o4 ol (L gl (nl il g T A
oolial 8,50 (5K S5l @ 039)] (Slasluy i (sl e}l 5 05l L3l lyie 4 ol
ol 18

llio donses )l

VESE/- P/ bl s

VEY/ - S/PY 1 oles oab ol o il s
VESW/V/PY iy

VESP/ /P L)

183lS wlols

Jé onyS

W) C}Lo‘ uéb

Sl gl y LSS g
e oi

O L3l

el

L 4l soagr Jl2d (S I ooliiwl b 0T slalume jl Guo 30115 B3> (1 F V) (g30mo ,selmd (Cawdiiss (Fobuw 03l jcpm>  23litwl
http//doi.org/ 10.22103/jsse.2024.4481 ¥0-0A ) 5 (P)usilulaz wrige 9 pole 4 pis (s 3upd giol) (S CSLSS ) gun g

() WS yssyy0

NC

OlasS il dugad sl 1 5

Y7



NV 5wl P oojled o 55ld )95 Silwlaz awiige 9 pole 4 i

5905 oo ol sleolinn; (Fogll o (ol slalazme 4 cilise wlio I Siw il alss Wl ja
3o rmatenys o pe SALIVOT 08 o Jeaos (cnbs piinsST 40 | (s00te a5 5]
wilge oV (nl (g iy oo 5 OIS Coo 5l (36 5z 52 5l Gt ol lie 5o (e SIS
5 rrb Slaplle (b a5 Ceal (318 (slooany VT (ST ks I (S s whlisee glaoan T ¢l 5o (Y]
35,5 oo Hludl g g Dl oDl ;0 (sdamie ciie D3| s o oo 0138 0 iy 40, 00gIT L ¢ e gian
s mly @lio 5 e 612 o ol Ojgo 4 ame plio e (Sogll glie  iege yol> b 0
L B J3 [PF] sl oo o Slopan o5 5 e 93 slaals )5 ale o Slegias g el
Ol tmgly dz g 950 gedge 5 Cumilazme (Vb laatacs 51 (S of ladase 5l 56 ol wsl S als
Ay i Sl a4 00gl] slpol ahal jglaie 4 (go0xie (sl s,gld LS ans Wi b LAN] el 03
(g jamsl (gaalighh (gl b (ol (Gg SIS v 4 Olgise Wl G yege I AT el adly
2255 )30 Sleby; 5| (S0 w3 (398 Sledhgy Ol 5o [VF-AT g 0 )Lal Loy Sl (slodhg 5 (yemi¥ S ol
el w5y5ld (Sobo (9850 sz 0 5l G 4zl (nl el ooy (xio elide o o g gl 055> 40 e
gy ol kel (S aw 4 azg waz S1N0T atlce anld ol oSl slaanlp i Sl 5 gl
w85 9o Slalllae el Lol g9590 0)lgen (39 480 4y (9,80 5 (A @iz Sl ol D3l (i
D#] el oo

5 SRl eliie 1o az Qi anier QLI @ alies sl goase el (5 L) (en
wile (ormb Sleedlr 09,5 w4 Bl oo 1) Ll (nl (IS job 4 el 4Bl Anwgs g 00l (Bpae Jio 4z
glil Jols cadly =] (slopdle g dgadlargil g Jlad ()5 glgil aiilo 0ad (55518 Sledlr (orb slocudss;
i) e b g o gtan (ommb lge (g iy olawi b S by Wil il (ol a5 LB laey S slpdl>
P bl ial mlio [0 s 4058 5b a4 a5 cul Jolwie Jlns Slepdla 51 (Se Jbd ()5 a8l
5 byl W 5 0sdiee adgi goante I mlie 5l Q3 cnl 0 2F oo osliinl 3550 35 65014 mlie nle
D (nl Qi B b )l pde el g cnl Sl e aes oo T (e Sl D2 Sla ST
Plo> Sonte (Jlo lore a4y cnl 48 I )18 gounie (pdizne 4295 )50 (o Sl Dl £9d5e ST 3 4
5850 a1 5 [Vo] cdsly jaatise DVANAL cdgs; DIV] i aiile (anls Glopdlr b Jlad oS i
ool 5l ool b aS el ools las ladllas ol ol Cud 48,5 18 ) 890 cpubiizne § (S awgs [VV]
IR (Kl S S Sl gl sl TRl G Qi b @ (g e @l g LSl
)39l 5l eolitul b il )3 iz Ll 5 (ogase gl (1 JUd ()5 (ols> S9ne 50 woaa slas Sa,
cib (YU bty b olgs oo o Mol slepdls ol 5l soliiul b S el ools ylis lalllas .l o
Slp a5 (60l5egil alox 510,58 Bis ol lalasw 5l (S5 olge g (S I8 Jolls baoau ¥ 51 glos s
o Ll [YF] NiC0204 4 [Y¥] NiCo02S4 ¥Y] NiFer04 4 )lgs oo wilazd & )13 soliiul 5,90 >ol Sloa
ool .l oo (3135 55 7V oo b S5, 0lge gl g /00 ) G i Sl 6l s i lens]y g
350 Jid )5 (232 olyt o)) sl 5 [VP] 818 b olsem 4z 5 [VO] o5 50 @ a2 05 w5
Silos,S vl 3 lmoass YT Elol Glply s, Qe UA o 03> Hleasly olge ol .canl ais )3 )1 8 oolacul

YV



S Moo 4._;"—l7h;l 6WMP ‘L;’L'““ b)') O

ol by dVAD S YV 890 aiile (s pendy lge 3l ooliinl b b wilos S 3 o Koy (&
ool a5 el ools las gy ol gt aims Lilil 1) b 50,5 ©da ohg mhaw YV Y] sl 4 [¥A]
A aiied 38 6 xS bas e slls (poran i o o5 5 (ST7A0) oYL i s b sl onls Ml sleadl>
3,80 o 51 100 (S Slogiez weoee Gl (29,50 SO L slocley ahal 1o (ogax a ], kil
o 5 oy 5 ot 5 1)1 (605 S5 ()l Jlab 05 i ol Spegs g o3l
IPE-Yv] coslonss (3,155 7AD 5 xS oas Mol (leadls ol
e o Ll el 4585 Spp b (05 i ol S sl s0eie slecking 0955 6 4z 5]
SlaSho b (25 4 (aliws ln ae) cnl )3 legh 4 jls &5 wites 15 s DG 6l 398 sleedl>
NVES ‘)/5.o.u YU anl s ley 4 amb Slge b oo #dlol Jlad sl S Jle flaie 4y aiS o bl 1y S,
Oloy ax (ST 55 0lgegili b oo #Mol glgil aiiwd (6 pmdcu By W81 G g Wiyl 5L e, S U cele
5 (Cu390l8) oS 5 adei Al 3 Sauzn (69)lg0 jo Ll i o oS cele S 5l S “‘.99"’* Iy a8
e plealy 58 S Sy b il oge el WS oo 5y G L W 08 s ndyn PO jpoe 5
s 4 5 050 Sl 6l 35 5 5ol ol b o 3kl JUsb (slag,S s (Wb sl b ol 5 o
(et Jimd |8 as 5 10 15 ]y ol b 40 duhe co,d Slogzge Sl S o pols o olgS
5 il (Sl syl Ledlr ol (Jlb ) Il gl 5 seeky (0S50 1) G i s S
Baus jlax 3150 Hlogie 5l eolaiwl i o Cows 1 ol 4y 1) 055 oI5 w03l L350 51 e YB-"-’“’
Ple &) gl g ;) oSNl 5l colaiul pac ¢ o yiiws o Glptdgh 0 Koo 4SS cwl a8 55 I )3
eolwl b as Jled 0,8 diged S i CublB L del slp cimeh cpl ye dA ) Jlkd S
(S il ) (Slailisd gumgn 5l eolaiul .ol a8 5 )18 )50 0590 a8l Sgue (s gl (Sl iliSE gugun
DN SO P JURR VA P RCIUON - Iy AW SVE VP L S| WIS TERPRI SOWRLA [T R CSp | AN v R WARPY
ialej] aelyy o B o wad Dol Jlb 25 wix gl 2 pee Slhles lajell (Sp b
Edz (Seslivge i (Sl Jolds gl d Glide slaaa Wil (luaite ed 5 oy @llole

el a3 )5 513 b5l 3y90 anlE G pd A S g Leden

Gz g g Olge =¥
00liasl & yg0 CiliSE yquiges 3 stlyansd Slge —1-Y

OS5 D ool diy Cewgy 5l oad Jlasiiul Jlad (S iged Syl caiblogge Dl wdg sl o
Wged aleard 5 (Su3d phe Pl S B od ad (Olnl olrind)) sl (S S8 T 0 ee Jled
0Pl b COliSE jgmgm diged (JUed ()5 ols3 (g ) dge sl o Cenl 00l 1Y Jguz o (8L 50 Jleb ()5
99 51 oS 55 CliSE s gmge cpl 0 dgs (Ol cdi)5) ogS 8 (Gome lge (69l 8 lidios 35 e 51 (> 7A) VL
SleSes i ol sletalel slp [Y0] ailige (sgle (S39 Coms b sdsielyis0 5 ddyialygige LSl

YA



Siwlsz (swiigo 9 pole 4 pis

Bl jolate 4 .008,5 solazw! ldl S e o8 o odgs ‘_,’.mli;’;.s“l.oﬂ P> b (59, 5 oy (pgaodlS (o 518
Q8,5 18 soliiwl 890 Sl s oS 5 O g 4 gSed adS ( Sgusl ]

Salllas 5 03l 3)50 Jlsb ()5 (loonh 5 (Sajd ol N Jgio
Table 1: Physical and Chemical properties of the activated carbon

Total &l,e> JS o>
volume of holes

purity osls

origin :Lis

property S5,

0.3373 cm3g-1

99%

pistachio skinai., coogs

amount ,l4i.

Specific pogpaso plaw
surface area

Special pgpako g
volume

Average o> Jawgie olad
dimensions of the holes

property S5,

722.58 m2g-1

166.01 cm3g-1

1.87 nm

amount ,l4i.
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Table 2: Operational variables and selected levels in the design of absorption experiments

Levels values zghu ,0lie )
@b bogy sk 2bogr ; e
2 (s Y L ot =Y 209 name ol variable
Higher up middle down Lower
extrapolation extrapolation
237.5 200 125 50 12.5 oo il e A
Absorbent to metal ratio
11.5 10 7 4 2.5 Lo pH B
Environment pH
350 300 200 100 50 (rpm) e 550 C
Mixer Speed (rpm)
o0l Cowd 45 o BA> olie ol ped 4y L Slalllas (o solitul 050 e dulej] 2, X Jodo
Table 3: The final experimental design used in the adsorption studies along with the copper removal values
obtained
RCu ol RCu o3l
(%) ¢ B A Number (%) ¢ B A Number
99.43 200 237.5 17 99.32 300 10 200 1
99.35 300 10 200 18 57.38 200 7 125 2
38.96 300 10 50 19 94.71 300 4 200 3
7.32 200 7 12.5 20 82.31 50 7 125 4
0 200 2.5 125 21 59.79 350 7 125 5
19.97 300 4 50 22 91.16 100 4 200 6
94.51 300 4 200 23 82.55 50 7 125 7
21.38 100 10 50 24 11.84 200 7 12.5 8
98.08 100 0 200 25 85.57 200 11.5 125 9
61.53 350 7 125 26 0 200 2.5 125 10
91.27 200 4 200 27 81.03 200 7 125 11
18.69 300 4 50 28 12.64 100 4 50 12
39.81 300 10 50 29 81.24 200 7 125 13
29.11 100 10 50 30 57.69 200 7 125 14
99.37 200 7 237.5 31 85.5 200 11.5 125 15
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285 )8 oslital 5590 e B3 lenily r (Slbee gl miie 25U 095 (b)) (slp e oY) dlas
g 0 Jae uilly 5 IUT gl ols S8 (c) 2 0590 (il g 5 JUT Seslinal b (g g Ty Joe 092 550 ()le
S 53] YL e LIS 4 a8l dawgs Joe e oo oddlie axslix ol ol &3, F sz 10 720 sleel
@ g b mimen [Fe] wal oo slazel B g 5L (S o/ e o)) Jleisl copd b b Jlaie 5 (FY9)
190 b blite ol el 5L Gl sleadly 5 Sllee sl pite adS L35 45 598 o0 csalive F Joon
5EPH 53 & il Cons oo Jlite 550 4z 51020 g0 55 505 BC 5 AC pim) lajielly nlo g (50
Jloy Jleizl jloges aide co Sgme 1) 53l @l (oo 5o 1956 (pl jeam oS ol Lis o gy o Lol s
Jloy Jleizl loges Slgisy b Wiy .adlioo Jao (092 comlio (2] sl dtesgmr 5150 55 lmonilondl
&ylel sl uds b oailesdl polie PMlatwl 5 lools jog Jloy (2,8 dge (WD) JSKo 10 o Bi> (5l
a2 o las (Adj R2= A9/347) axdly, fows 5 R2 = AVIVOY) Jloys bl e ps YU polie oopioron ol
Gl 5 (Pred R? = AF/A57) ouds gyt L)l cupo Joud LB jlaie o)l baosls b ae5 sl Joe a5
Bl axsg Joo o8 Cel (] Sl 55 (@)Y USS )0 (it polie a4 Sl (28ly olie Jlogai b o
Sles gt ostae CBo b ctalojl £k (slad o war Slles Laulys cou 1) Bis Gleail) polie ol
Sl ;5 45 wibiae g 4 JESiw Cand ooyl a5 Cenl mpe 5 ol Jline S ol ds gl )b [FY]
i S Joe oYL Ul whe a5 ail o VWX L il cos ol ety ol 5 el gllas ¥ 51 iy
L] el caoley] )b (slad o gl

Sllos sloyeite Jlite 5 ol @l s -Y-¥
13 9303 sy ol Sl sl loges 3l oolaiul b plgs a1y Slbas byl )l 5l Sy o slail b
o 3 TG ol ol eogams )5 Slila it Sl & apmd iy el Slisis dnloges ol
3 2bogr nolie oS Sl I3 4 0¥ 098 0o a0 o0 48,5 HA )3 Lag e )3 Lo e o jlode oS
)18 oolatul 050 (V alolas) Waosls Jowo sgugs 1) polde ol )l58le 5155 wigd cod blod Lol slajlogas
IS 5o asslin ailoas ools Lis ¥ S 48 e Bl slesily sl Lol Olsh sl loges [$Y] was oo
e ial38l b aS el s sl oo i3] 58y ol e 2l L Bl Lol g s sunlice (DY
JS8 098 o0 iz D3l mhaw e SisS I (6 iy Jlade oS o 5 Al Ll s i bl 3l
GpH Lildl b Bds leasly (IS8 @y a> 95 b oo o Lid pH aliBre polie o 1) o B> Ol pss (O)Y

6ww‘) LgLQwLSﬁ)}ws» ‘593..41 ML@ ‘.\.‘5‘50 S92 GE? 6&55) )| e 9 ..\.sl.su’.o wbﬁ‘ ‘5‘.‘9 LRPRE

()



S Moo 4._;"—[70;1 H.MMP ‘L;’L'““ b)') O

ORiSen p Jods 4 JenS 0,8 (sloog 5 PH (als b el (] sl 10 JeuS 92,5 0o (sloeg 5 jga 51 L
Gy y CiliSE gusgm (gl sl PH polie )0 (oles 5o 9 Wigdige (G5 )y & s, lon Gl
& i ke g atis Sl JenSg S sloog ) b (aiSen 4 0B s slagesls nlple [FF] 0 s
el 45 ol o 5Sse S oo o ol (sloms Ceos 4 PH aspilir  Jlio o il o lS S
LSl 0 et sloog 5L (PH oo ety Glgie @) mads a5 000 5l ol s 0 b (2iSen
2l @bl i sdsioly slo JoSdge a5 sl osls lis 595 4 Dladllas (aigd o s ColiSE gugu
@Y S [F0] ((O)Y JSs) ail oo Loyl 1 ] 50 e diciion i s ol 9 wims oo 51| #IA sq0 pH
Gl &l 1) 5l Cnl e LS g & (050 £ I L i ey a5 e i

LE] ol s 3l haws b e slodisS JLasl oLl 2olS s 5 5 o davme jo ilicé]

e iz sl 55 0 oS e etalesT b el ly ST @l ¥ Jgaer
Table 4: Conclusion of analysis of variance of central composite experimental design for copper absorption

Jlez>t jlaze b jlais P Olg oeSiles @olil a0 Sum g5 ol ggaze bl e
(p-value) (F-value) Mean Square df of Squares Source
<0.00001 33.6 4325.25 8 34602.04 oo
Model
A) 51 4 Qi s
<0.00001 127.33 16389.91 1 16389.91 Absorbent to Metal
Ratio (A)
B H
<0.0001 53.56 6894.84 1 6894.84 B Jylnep
Environment pH (B)
C) -
0.0412 473 608.84 1 608.84 ) o5e 0
Mixer Speed (rpm)
0.1425 8.11 298.8 1 298.8 AB
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Figure 1: Normal probability Plot of residuals (a) and comparison diagram between actual and predicted values (b) of
copper removal efficiency
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Figure 2: Individual effect of operational variables on copper removal efficiency: a) adsorbent-to-metal ratio, b)
environment pH, and c) stirring rate
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Table 5: A summary of the results of some research conducted on the removal of copper by activated carbon and
its composites
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Table 6: The results of evaluation of different kinetic models of copper adsorption on the produced absorbent

surface
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Table 7: The results of fitting the isothermal adsorption models on the laboratory data of copper adsorption
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Table 8: Fitting results and parameters of intraparticle diffusion model for copper adsorption
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Figure 4: Effect of temperature on copper removal efficiency from aqueous environment under optimal operating

condition
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Figure 4: The effect of the presence of some electrolytes on copper removal efficiency in a competitive adsorption
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