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Article Info ABSTRACT

Article type: Background and Objectives: Nowadays, human activities and industrial
Full Length Research Paper  production have led to heavy metal (HMs) contamination in soils. To
remediate HMs-contaminated soils, biochar is considered an efficient and
cost-effective adsorbent due to its high surface area, extensive porosity,

Article history:

Received: 11.30.2024 alkaline pH, and abundant functional groups, which contribute to the
Revised: 02.19.2025 stabilization and reduction of HM bioavailability in soil. Moreover, the
Accepted: 02.23.2025 modification of biochar with nanoparticles is essential, as it enhances the

adsorption and immobilization capacity of heavy metals, thereby
improving pollutant removal efficiency, particularly in contaminated soils.

gi%mgrr’ ds: In this study, the release kinetics of lead (Pb), cadmium (Cd), copper (Cu),
Heavy metals, and nickel (Ni) from contaminated soil in the presence of pistachio
Nanoparticles, residue-derived biochar (BC) and biochar modified with zero-valent zinc
nZvz, nanoparticles (BC-nZVZ) were investigated.

Release kinetics

Materials and Methods: Biochar derived from pistachio residue was
produced at 500 °C and subsequently loaded with zero-valent zinc
nanoparticles (nZVZ). To confirm the successful loading of nZVZ onto
the biochar surface, SEM-EDX, FTIR, and XRD analyses were performed.
To evaluate the effect of the prepared adsorbents (BC and BC-nZVZ) on
the release kinetics of heavy metals, treatments were applied at two levels
(1% and 2% by weight) to calcareous soil contaminated with 100 mg kg™
of lead (Pb), cadmium (Cd), nickel (Ni), and copper (Cu). After 90 days,
the release kinetics of these metals were assessed using EDTA as an
extracting agent over time intervals ranging from 15 to 2880 minutes. The
obtained data for the release of Pb, Cd, Cu, and Ni were analyzed using
nonlinear kinetic models, including the pseudo-first-order, pseudo-second-
order, parabolic diffusion, simplified Elovich, and power function
equations.

Results: The findings revealed that the carbon content of the biochar was
64%. The results of SEM-EDX, FTIR, and XRD analyses confirmed the
successful loading of zero-valent zinc nanoparticles (nZVZ) onto the
biochar surface. The release pattern of all the studied heavy metals in the
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soil exhibited a biphasic behavior. Among the soils treated with the
prepared adsorbents, those treated with 1% BC and 2% BC-nzZVZ
exhibited the least and greatest reductions in heavy metal release,
respectively, compared to the control. Specifically, the release of Pb, Cu,
Cd, and Ni in soil treated with 1% BC decreased by 21.68%, 18.28%,
15.2%, and 12.7%, respectively, while in soil treated with 2% BC-nZVZ,
the reductions were 60%, 54.7%, 48%, and 40.9%, respectively, relative to
the control. The results indicated that, in addition to the type of adsorbent,
the adsorbent dosage also significantly influenced the release kinetics of
heavy metals, with an increase in the adsorbent level from 1% to 2%
leading to a significant reduction in metal release. The kinetic modeling
results further demonstrated that both soil type and metal type played
crucial roles in determining the optimal kinetic model. The pseudo-
second-order, pseudo-first-order, and simplified Elovich models were
identified as the most appropriate models for describing the release
kinetics of Pb, Cd, Cu, and Ni.

Conclusion: After the addition of biochar (BC) and biochar modified with
zero-valent zinc nanoparticles (BC-nZVZ), the release of lead (Pb),
cadmium (Cd), copper (Cu), and nickel (Ni) was significantly reduced
compared to the control treatment. Furthermore, the release of heavy
metals in soils treated with BC-nZVZ was significantly lower than in those
treated with BC alone. Therefore, the findings of this study suggest that
the application of BC-nZVZ not only contributes to the sustainable
management of agricultural residues but also serves as an efficient, cost-
effective, and environmentally friendly approach for reducing the mobility
and release of heavy metals in contaminated soils.
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Table 1. Some physicochemical properties of the studied soil.
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Figure 1. FT-IR spectra of (a) biochar (BC), (b) zero-valent zinc nanoparticles (nZVZ) and (c) biochar
modified with zero-valent zinc nanoparticles (BC-nZVZ).
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Figure 2. SEM images, (a) biochar (BC), (b) zero-valent zinc nanoparticles (nZVZ) and (c) biochar modified
with zero-valent zinc nanoparticles (BC-nZVZ).
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Figure 3. EDS analysis, (a) biochar (BC), (b) zero-valent zinc nanoparticles (nZVZ) and (c) biochar modified
with zero-valent zinc nanoparticles (BC-nZVZ).
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Figure 4. XRD spectra, (a) biochar (BC), (b) zero-valent zinc nanoparticles (nZVZ) and (c) biochar modified
with zero-valent zinc nanoparticles (BC-nZVZ).
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Figure 5. Cumulative release pattern of Pb (a), Cu (b), Cd (c) and Ni (d) (mg kg™) under the influence of
different adsorbents.
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Figure 6. Effect of different adsorbents on the cumulative release of Pb, Cu, Cd and Ni from soil after 2880 min.
Different letters on the bars indicate significant differences between treatments based on Duncan's range test
(at the 0.01 level).

23/08 -30/66 29/73-37 36/11 -39/88 . s
BC sl les b acslia 53 A ,s 19/32 -24/35
ie GEals oSl tals w52 51 e 5 s
dej boedd Jls glasls s ol gilula,
s b oamlie 53 3L L sddpdlol 2w
iy e JolS s ST, s Yans| s
ot ol e &l D3 EL g S s

110

Sb e sy Sbigl @8L L

Silulay i gy JU5 s » (NZVZ)
S L oaslis 53 S0 5 @eedlS s oo
AR 5 BB e s IS L e e
By olgme dops 1 e s Ol ) 5 Sl
2 31 sl 55 53 BCNZVZ slajles 03558 L

\)J@}mﬁ.}ls (e o szl.o.ﬂu) )‘.\.5.6 M)J



Oy g 135l o Laillgsl /.. 1,393 b b adgMo! s ; JE; pui

OLL 1) ads b b oS Qe poolds @y a5 L (i
b e sy S3SL @EL L e
Je5 i 5> K e (53l Lt
Silolay i (3L 5l sl pgals SO s
s sy S 5 sl b oalin 53 O
SIS 5 (2007) OLln 5 Gl et s 56S
s S e e S| pseslS Clly S L3S
Wl iles slacs me 3l eslital b o6 Sl
St e 1B paslS 5 2 5 O s (ol
selin @l 64) WS o pas 4 et
5 el b 5 2010) O Kes 5 Sis Law s
(66 65) wol s 2016) O, Can
3G olula, s sl oL e
BC-2% BC-1% L s
5 CO Ll Sl sl g3luls, 5 BC-nZVZ1%

a.LJ)La.;J

Jsl adm el b dblee |y 550 0p 2 BC-1%
LasSbe cnl > A3l ol wbs b b e 5 il
5 ULl sls L s Sl b g Gl
e a4 015) ol as 5 g5 5 2005) ol an
8] J-<- il olls, J".".'.Tjé S L8 SlS
St Jde 3l il eSO
ol U8 ediasilis oS (S o (5w Il 45 jeacs
dsl chle el sl by aul
(68 67) ol (slal oSG STy 5 5 Lot YT
(CO) wals Sls 5 Jsdr & ax5 L opres
sls 0l el esle gl e b1y 350 oo e
WL 5 o 5 2012) Ol,Kans 5 Bsal;
Olpear sdd o3l midl oo disls oLz (2020)
Slay (St dilas s i Jhe o
Glandlas 55 (o oa .02 D) ol aslS 5 65,
Ll ol (2014) O 5 sy oles s
@l o3l gl 5 (5 st S iz dslas g3 aS
sLS Slasls gilula, 51 o 5 0 2

(89) 515 0141 5 s S 0

111

sy Gl S Sl 5 baediS ool ol g
T S o I (S el S
I R S E =S Js
z (6]) o S ol gl tals
el Cewsas (2017) O, Kan o oy elis
G ol S s K Sl W S ol Lol
BC-nZVI ;IFe0 5 kus o BC-nZVI k.
ol a 2Sly oS Sl U osls ST, o3l L
sor b 2020) OLes 5 solie (62) a
Ky G4 s I kg LU slasleg St
B RSt PR R W R B LS
2 eelS lels, Sz » N2V 25k
s Jes S wsh ol el slass
Loamslis 55 aedlS (Gilula, Jals 55 el

(88) 552 5550 Koo SlaeiS Ol
Lo S gl (St SYsles A lis
e oS e ey slaesls canlllas ol 53
WJil ad e 4l S Wl a6
o o3le sl (Sreg (SAedty psd 4 pead
et S GVl 03 S s SIS 6
ils (SE) s 5wl syt glas 5 R?) 5V
Silelay o5 5 S sl Olpeay AL
2 (63) wps e ol S ) S Sl
b cpss o 4 (St Jia oS 5l 0L anlllas
30kl ot Ol 1 505 5 e 2 o AL
SLkl s g ol oy sladie Lo b aslie o
SLdsdr) e 5 o Silela, cnie Gln
(5 dsir) JSi s3bulas dassls ¢l 5 (4 53
5 BC-NZVZ 2% L il oSl
szl sl 51 (6 Jsar) wnslS s3lulay
BC-nZVZ 2% , BC-nZVZ 1% BC-2% L
(G) @2 b Jltie S sba oo 0L
G s 4 4l (S Jbo 5l eddal

oy Ol edel sy oo polie U g 55 LG



1404 3 oo (15 5,93 ¢,lasly aulgi 5 S Cap e g ol

s gl

Table 3. Constant coefficients, coefficient of determination (R?), and standard error (SE) of kinetic equations
for Pb release in soils treated with different adsorbents.

K, Oe SE R? Vsl asle
0.00108 24.96 0.61 0.99 co
0.00105 19.83 0.32 0.997 BC-1%

Pseudo-second-order
0.0017 16.45 0.4 0.99 P BC-2%
£I° 4o oo
0.0023 12.54 0.23 0.995 BC-nZVZ1%
0.0033 10.11 0.15 0.997 BC-nZVZ2%
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Table 4. Constant coefficients, coefficient of determination (R?), and standard error (SE) of kinetic equations
for Cu release in soils treated with different adsorbents.

Kz 0 SE R? Ysles sl
0.00066 33.37 0.85 0.992 co
0.00089 27.23 0.53 0.995 BC-1%

Pseudo-second-order
0.00109 24.09 0.28 0.998 . BC-2%
£I° 4 oo
0.00114 19.03 0.65 0.986 BC-nZVZ1%
0.00132 15.24 0.28 0.996 BC-nZVZ2%
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Table 5. Constant coefficients, coefficient of determination (R?), and standard error (SE) of kinetic equations
for Ni release in soils treated with different adsorbents.

B o SE R? Yslee ol
Elovich simplified
0.133 6.47 3.16 0.955 PRI co
K Oe SE R?
0.0136 44,05 2.96 0.958 BC-1%
Pseudo-second-order
0.0155 39.20 2.54 0.959 Jl a5 . BC-2%
5] 45 o A
0.0152 35.88 2.160 0.965 BC-nZVZ1%
Ky Qe SE R?
Pseudo-second-order
0.00059 32.12 0.928 0.991 BC-nZVZ2%

pI> 4 0 d
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Table 6. Constant coefficients, coefficient of determination (R?), and standard error (SE) of kinetic equations
for Cd release in soils treated with different adsorbents.

Ky O SE R? <Ysles asbes
0.017 42.42 2.85 0.95 Pseudo-first-order CO
0.016 35.89 2.26 0.96 ol gt BC-1%
K O SE R?
0.00074 34.11 0.62 0.996 BC-2%
Pseudo-second-order
0.00065 30.12 0.66 0.995 . BC-nZVZ1%
£9° 4 oo
0.00063 24.07 0.337 0.998 BC-nZVZ2%
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