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Abstract
This study aims to investigate leaching characteristics of zinc slag according to leaching tests, including; TCLP (Toxicity
Characteristic Leaching Procedure), SPLP (Synthetic Precipitation Leaching Procedure), ASTM-D3987 (American Society
for Testing and Materials), and TS EN-12457-4 (Turkish Standards Institute) tests methods. The present study describes the
adsorption potential of natural and biochar walnut shells for removing ions from the zinc leachate. TCLP leachate, with a
value of 38.575 mg/L, has a high zinc (Zn+2) concentration compared to other methods. Therefore, TCLP leachate was used
in the adsorption experiments. Adsorption experiments were carried out at different adsorbent dosages, pH values, and
contact time conditions. In the dosage study, the highest removal efficiency was obtained as 84% and 92% in natural and
biochar walnut shell adsorbents, respectively. As a result of pH study, it was observed that adsorption under alkaline
conditions had a much higher removal efficiency. Moreover, adsorption studies performed against contact time were applied
to four different kinetic models and both adsorbents were found to be fit with the pseudo-second-order model. This kinetic
model showed that the Zn+2 adsorption mechanism of natural and biochar walnut shells is chemical adsorption. With this
study, it was shown that a very high 96% zinc removal can be achieved under optimum adsorption conditions. This may be
the first study of zinc removal after leaching from industrial slag in the literature. This study has shown that high removal
efficiencies can be obtained by an economical adsorbent.
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Introduction

The rapid growth of the metallurgical industry generates
large amounts of metallurgical waste. The discharge and
accumulation of many metallurgical wastes are essential
from both economic and environmental points of view.
These wastes contain generally valuable elements that may
be reduced, reused, recovered, and recycled. Zinc is one of
these valueable metals (Rudnik 2019; Ng et al. 2016).
Increased global zinc consumption is decreasing the amount

of primary zinc resources (Song et al. 2019). Therefore, zinc
should be recovered from metallurgical waste as a sec-
ondary source for the sustainability of the zinc industry
(Perez et al. 2018). Smelting slag produced from the zinc
industry contains a high content of zinc. The zinc smelting
slag produced from pyrometallurgical and hydro-
metallurgical processes is not only a hazardous waste but
also a potential valuable solid (Song et al. 2019; Zhang et al.
2019; Ha et al. 2015; Jha et al. 2013; Bakhtiari et al. 2011).
Zinc sludges, slags, and ashes are immobilized with
adsorption, stabilization-solidification (S/S), and vitrifica-
tion (Kul and Topkaya 2008; Vahidi et al. 2009; Bulut et al.
2009). Metallurgical solid wastes are stored in landfills and
cause serious environmental pollution problems, by creating
heavy metal pollution in the ecological system (Zhang
2019; Dessouky et al. 2008). To solve this problem and
control the biological activities of heavy metals in the
environment, various methods such as sedimentation,
electrokinetic recovery, membrane, adsorption, ion
exchange and biological improvement are used (Pour and
Ghaemy 2015). However, these technologies have high
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operational, equipmental and chemical costs. Among these
methods, interest in adsorption increases due to ease of use
and the possibility of regeneration (Malik et al. 2007).

Recently, the use of agricultural wastes as adsorbents in
the removal of pollutants from wastewater has emerged as
an economical and applicable method (Kadirvelu et al.
2003). The use of agricultural wastes as adsorbents is pre-
ferred because they are cheap, easily accessible, and they
are plentiful. (Agarwal et al. 2017).

Biochar is a carbon-rich material produced by pyrolysis
in a limited or completely oxygen-free environment using
different biowaste, immobilizing heavy metals, and redu-
cing their toxicity (Wang et al. 2018; Liu et al. 2015;
Lehmann 2007). In the literature, there are many studies
regarding the use of biochars as an adsorbent. These bio-
chars obtained from agricultural wastes have high effi-
ciency in terms of pollution removal (Barbosa et al. 2013;
Dowlatshahi et al. 2014; Ghasemi et al. 2015; Gıraldo and
Pırajan 2012).

Turkey is among the first four countries in the world
walnut production. According to Turkish Statistical Institute
(TUIK 2017), about 178,142 tons of walnuts are being
produced in Turkey annually. Depending on the amount of
production, a large amount of waste walnut shell is gener-
ated. Walnut shell is a low-cost raw material with a high
constant carbon content (Song et al. 2017).

The primary purpose of this study is to investigate
leaching characteristics of zinc slag waste using TCLP,
SPLP, ASTM-D3987, and TS EN-12457-4, and to under-
stand the adsorption behavior of zinc ions from aqueous
leachate of zinc slag waste metal on natural and biochar
walnut shell. For this goal, experiments were carried out at
different pH ranges, at different contact times and at different
adsorbent dosages to determine the optimum adsorption
conditions. Adsorption experiments performed against con-
tact time were applied to pseudo-first-order, pseudo-second-
order, intraparticle diffusion, and Elovich kinetic models.

Materials and Methods

Materials

Zinc slag

The zinc slag used in this study was obtained from a zinc
plant in Kayseri, Turkey. It is the only plant in Turkey that

produces zinc from primary ore containing zinc carbonate.
It is enriched slag taken from the factory’s old waste site.
The chemical composition of the zinc waste was evaluated
with X-Ray Fluorescence techniques using a PANalytical
brand and a Minipal4 model XRF spectrophotometer.
According to XRF analysis, the zinc slag contained
detectable amounts of anglesite (PbSO4), gypsum
(CaSO4·2H2O), and zinc sulfate hydrate (ZnSO4·2H2O).
The chemical composition of zinc slag waste is provided in
Table 1.

Natural and biochar walnut shell

Walnut shells collected by such means were washed three
times with distilled water and dried in an oven at 105 °C for
24 h to remove the moisture content. Then, the walnut shells
were crushed with the help of a mixer crusher and sieved for
a particle size of 2–4 mm.

Walnut shell biochar production was conducted with a
Uniterm brand high-temperature reactor. The reactor pro-
vided a stable temperature through mantle heating. The
reactor chamber consisted of titanium alloyed stainless
steel material. There were inlet and outlet sections that
provided a nitrogen gas flow in the reactor. The gas outlet
was passed through ice water and cooled. Twenty grams of
natural biochar was placed in the reactor, and pyrolysis was
performed under 600 °C, at a 1 h standby time, at a slow
pyrolysis speed of 5 °C/min, and at nitrogen gas flow
conditions of 100 mL/min. Pyrolysis conditions were
determined by testing similar pyrolysis studies in the lit-
erature and selecting average values (Qiu et al. 2018;
Şamdan 2013; Georgieva et al. 2020; Arslan 2018). At the
end of the pyrolysis process, 4.6 g of biochar walnut shells
was obtained.

According to the BET (Brunauer, Emmett and Teller
Theory), specific surface area measurement results, the
natural walnut shell had 2.551 m2/g. Furthermore, a
thermal treatment biochar walnut shell after 600 °C has as
6.934 m2/g specific surface area. The surface area is a
parameter that directly affects adsorption efficiency. There
was no significant change in surface area after thermal
treatment. This situation was also reflected in the removal
efficiency obtained in the adsorption experiments. The
removal efficiency of natural and biochar walnut shell
adsorbents were close to each other. BET analysis results
for natural and biochar walnut shells are depicted in
Table 2.

Table 1 Chemical composition
(wt%) of the used zinc slag

SiO2 TiO2 Al2O3 Fe2O3 Cr2O3 CaO MgO CuO ZnO PbO BaO MnO K2O SO3 LOIa

22.49 0.27 6.16 11.03 0.08 6.73 0.48 0.10 13.20 21.40 0.46 0.78 0.82 15.39 0.61

aLoss on ignition
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Methods

Batch leaching experiments

Leaching experiments were used to assess leaching in
organic and inorganic contaminant potentials in liquid,
solid, and the other wastes. The batch leaching experiments
were conducted at varying levels of pH, adsorbent dosage,
and contact time to analyze leaching behaviors of con-
taminants in the zinc leachate. These methods were used to
supply constant contact time between the sample and the
leachate (liquid/solid). At the end of the leaching period, the
liquid was removed and analyzed. The most common
applied batch leaching methods were TCLP, SPLP, ASTM-
D3987, and TS EN-12457-4 (USEPA 2003; WTC 1991;
Van et al. 1997; Tibet and Çoruh 2017).

In the TCLP method, a solution was prepared with gla-
cial acetic acid (CH3COOH) and sodium hydroxide
(NaOH). To 5 g of zinc slag was added 100 mL of TCLP
solution (at a 20:1 ratio), and it was shaken at 25 °C,
165 rpm for 18 h. Sulfuric acid (H2SO4) and nitric acid
(HNO3), SPLP solutions were prepared and used in the
SPLP method. To 5 g of zinc slag was added 100 mL of
SPLP solution (20:1 ratio), and it was shaken at 25 °C and,
165 rpm for 18 h. In the ASTM-D3987 method, 100 mL of
distilled water was added to 25 g of zinc slag (4:1 ratio) and
shaken at 25 °C at 165 rpm for 48 h. In the TS EN-12457-4
method, 100 mL of distilled water was added to 10 g zinc

slag (1:10 ratio) and shaken at 165 rpm for 24 h (Table 3).
After each of the leaching methods, samples were filtered
by vacuum filtration and zinc concentrations were read by
atomic adsorption spectrophotometer (AAS).

Adsorption experiments

Adsorption studies were conducted with natural and biochar
walnut shells under different adsorption conditions to
reduce zinc concentrations, which were released after
leaching. Adsorption experiments were ran to determine
maximum removal conditions, at different walnut shell
dosages (1.66, 3.33, 10, 16.66 and 33.33 g/L), at different
contact times (1, 15, 30, 60, 90, 120, and 240 min) and
different pH values (3, 5, 7, 9, and 11). General adsorption
conditions were performed using 30 mL of TCLP fluid, a
dosage of 16.66 g/L of walnut shell, and a 60 min contact
time. Dosage and contact time studies were performed at a
pH solution of 8.17. At the end of the contact time, all
samples were filtered with 0.45 μm syringe filters. The
obtained filtrates were read after adsorption using a hollow
zinc cathode lamp, which was an AAS of UNICAM 929
brand and model.

The removal efficiency values according to the contact
time, dosage, and pH after adsorption were calculated using
the following formula (Eq. 1).

E %ð Þ ¼ C0 � Ce

C0
� 100; ð1Þ

where E (%) is removal efficiency, C0 (mg/L) is initial
concentration, and C (mg/L) is concentration after
adsorption.

Furthermore, adsorption capacities (qe) were calculated
in all adsorption studies. Adsorption capacity is the amount
of adsorbate that the unit (mass or volume) of the adsorbent
can adsorb, and it is expressed in mg/g unit. The adsorption
capacity (qe) is formulated in Eq. 2;

qe mg=gð Þ ¼ C0 � Ce

m
� V ; ð2Þ

where C0 and Ce (mg/L) are the initial concentration and
equilibrium concentration of dye solution, respectively, and

Table 2 BET analysis results of natural and biochar walnut shells

Operation criteria Natural
walnut shell

Biochar
walnut shell

Slope 1312.474 1/g 441.048 1/g

Intercept 5.290e+ 01 1/g 6.118e+ 01 1/g

Correlation coefficient, r 0.997650 0.994305

C constant 25.809 8.209

Total pore volume 1.102e−02 cc/g 1.195e−02 cc/g

P/Po 0.99118 0.99555

Micropore volume 0.000 cc/g 0.000 m²/g

External surface area 2.551 m2/g 6.934 m²/g

Table 3 Operation criteria of TCLP, SPLP, ASTM-D3987 and TS EN-12457-4

Operation criteria TCLP SPLP ASTM-D3987 TS EN-12457-4

Extraction fluid Acetic acid solution Sulfuric/nitric acid solution Distilled water Distilled water

pH Non-alkaline: 4.93 ± 0.05 4.2–5.0 N/A –

Liquid to solid ratio 20:1 (by mass) 20:1 (by mass) 4:1 10:1

Extraction period 18 ± 2 h at 165 rpm 18 ± 2 h at 165 rpm 48 ± 2 h at 165 rpm 24 h at 165 rpm

Temperature Room temperature Room temperature Room temperature Room temperature
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V (L) is the volume of dye solution and m (g) is the mass of
adsorbent.

Results and Discussion

Effect of Leachate Solution on Zinc Release from
Zinc Smelting Slag

Zinc concentration values of zinc slag were examined with
different standard methods. For this purpose, TCLP, SPLP,
ASTM-D3987, and TS EN-12457-4 tests were applied.
Zinc concentrations in leachate obtained after using this
standard method were analyzed with the UNICAM 929
brand and model AAS. Concentration values were read with
a hollow zinc cathode lamp in acetylene flame using the
direct aspiration technique. The device provides the con-
centration value in mg/L. Zinc concentrations obtained
according to leaching methods are provided in Table 4.

As seen in Table 4, the highest zinc concentration was
obtained in TCLP leachate as 38.575 mg/L. For this reason,
TCLP leaching was used in the adsorption experiments.

Effect of Adsorbent Dosage

Adsorbent dosage studies were performed using the same
dosages and conditions for natural and biochar walnut
shells. The experiments were executed in 30 mL of TCLP
solution, at 8.17 pH, 60 min contact time, and at 150 rpm
shaking speed. The shaking speed of 150 rpm, was accepted
as an average adsorption shaking speed, considering our
previous experiments. Theoretically, when the adsorbent
dosage increases, the adsorption efficiency increases
because the active centers where the ions can be held
increase. However, the increase in adsorbent dosage, after
exceeding a certain value, does not affect the adsorption
process (Dowlatshahi et al. 2014).

As depicted in Fig. 1, the result of the dosage study
appears to support this theory. Zinc removal efficiency
increased continuously in experiments up to 16.66 g/L
adsorbent dosage. However, when the dosage is increased
to 33.33 g/L, it is seen that the removal efficiency begins
to decrease partially. It was observed that the effects of
natural and biochar walnut shells in removal efficiency
were close.

The highest removal efficiency was obtained as 84% and
92% for natural and biochar walnut shells, respectively, at
16.66 g/L dosage. Therefore, 16.66 g/L was chosen as the
optimum adsorbent dosage. Adsorption capacity (qe) values
decreased with increasing efficiency. Similar values were
observed in the natural and biochar walnut shells, and the
highest value was calculated as 11.70 mg/L and 13.08 mg/L
at a concentration of 1.66 g/L, respectively. Rao et al.

(2008), in their zinc (Zn+2) and lead (Pb+2) removal study
of agricultural waste biochar demonstrated that, removal
efficiency increased from 70% to 99% after a 10 g/L
adsorbent dosage. These results were parallel to ours. Zhou
et al. (2018), in their study, which included tobacco biochar,
obtained increasing removal efficiency with the increasing
amount of adsorbents in terms of lead (Pb+2), cadmium
(Cd+2), and copper (Cu+2) removal. The yield remained
stable or partially decreased after an individual dosage rate.

Effect of pH

Solution acidity has a significant effect on adsorption
capacity, because the surface of the adsorbent is formed
according to the pH of the solution (Barbosa et al. 2013).
The pH of the solution also contributes to the binding of
heavy metal ions on the adsorbent surface to the adsorption
zones (Ghasemi et al. 2015). In this study, we investigated
the effect of pH on removal efficiency. Experiments were
performed with at 30 mL of TCLP solution, 16.66 g/L of
walnut shell dosage, 60 min contact time, and a 150 rpm
shaking speed at 3, 5, 7, 9, and 11 pH values. The effect of
pH on zinc adsorption in the TCLP leachate is depicted in
Fig. 2. When the pH value is lower than 5, the decisive
regions of the adsorbent surface increases. This causes
repulsion between the active adsorbent points and the metal
cation, therefore, low adsorption occurs. As the pH
increases to between 7 and 9, the H+ ions attached to the
surface are released from the active areas, allowing the
empty areas to adsorb more metal ions.

Table 4 The zinc concentration was obtained from the TCLP, SPLP,
ASTM-D3987, and TS EN-12457-4 test

Tests The zinc concentration (mg/L)

TCLP 38.575

SPLP 0.025

ASTM-D3987 3.851

TS EN-12457-4 2.713
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Fig. 1 Effect of dosage on zinc adsorption in the TCLP leachate
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Furthermore, close removal efficiency values of natural
and biochar walnut shells were obtained at each pH value.
Biochar walnut shell provides a 2–8% higher yield on
average. The removal efficiency at pH 9 and 11 reached by
natural and biochar walnut shells were 93% and 96%,
respectively. Adsorption capacity (qe) values increased in
parallel with removal efficiency. The highest values were
calculated as 2.23 mg/g and 2.19 mg/g for natural and bio-
char walnut shells, respectively. Rao et al. (2008) studied
Pb+2 and Zn+2 removal of agricultural waste biochar. In
their study, as the pH value increased for both heavy metals,
the removal efficiency increased, and they obtained 99%
efficiency at high pH values. Depci et al. (2006) obtained
90% zinc removal efficiency at pH ≤ 7 with oak wood
biochar adsorbent. The removal efficiency was ~20% at pH
2–3 values. They explained this by the tendency of zinc to
precipitate at very low pH values. Similarly, in Şamdan’s
study, which utilized pumpkin seed shell to remove lead,
she obtained increasing heavy metal removal efficiencies
with increasing pH values.

Effect of Contact Time

Adsorption continues until there is a balance between the
solute concentration and the concentration held on the
adsorbent surface. Therefore, the adsorption efficiency of
the samples taken in specific time intervals can be deter-
mined to find the equilibration time and optimum contact
time (Kadirvelu et al. 2003).

In this study, contact time experiments were conducted
using 30mL of TCLP solution, 16.66 g/L of adsorbent
dosage, an 8.17 pH value, and a 150 rpm shaking speed at 1,
15, 30, 60, 90, 120 and 240minutes. Figure 4 depicts the
results of zinc removal efficiency versus contact time. As
indicated in Fig. 3, it can be said that the adsorption attained
equilibrium between 15 and 60min. Regarding the decline in
the curve after reaching equilibrium, this might be explained
by the change in the pH of the solution which might reverse
the process from desorption to adsorption. Yu et al. (2000)

interpreted this effect as being linked to the, occurrence of
saturation in the adsorbent, which leads to adsorption taking
place in the inner surface instead of the outer surface. Due to
the smaller inner surface area, the increased contact time
causes efficiency to decrease. Rapid absorption and balance
in a short time is an important parameter that demonstrates
the effectiveness of the adsorbent.

However, it was observed that removal efficiency
obviously decreaseds continuously in the 90th minute and
afterward both for natural and biochar walnut shells. The
excessive amount of active free space required for adsorption
on the adsorbent surface, in the beginning, causes the
adsorption to occur faster; however, as the time approaches
the balance, the interaction between adsorbent and adsorbate
decreases and this interaction ends in balance (Changmai
et al. 2018), as balance mainly depends on the saturation of
active areas on the adsorbent surface and slow pore diffusion
(Lemraski and Sharafinia 2016). The highest removal effi-
ciencies were 84% in natural walnut shell and 92% in biochar
walnut shell. These efficiencies were obtained in 60min,
which was selected as the optimum time. Adsorption capacity
(qe) results were in proportional to removal efficiency. The
highest qe values were recorded as 2.15mg/g and 2.10mg/g
for natural and biochar walnut shells at 60min, respectively.

Adsorption Kinetics

Adsorption kinetic demonstrates a significant dependence
on the adsorption material’s physical and/or chemical
characteristics, which also influences the adsorption
mechanism. Kinetic models are used to describe the ions
changes in the adsorption studies with time.

To evaluate and compare the zinc adsorption of natural
walnut shell and biochar walnut shell, pseudo-first-order,
pseudo-second-order, intra-particle diffusion, and Elovich
models (whose linear forms are expressed in Table 5) were
used to examine adsorption kinetics. The most suitable
model was chosen based on the linear regression and cor-
relation coefficient (R2) values. An R2 value close to 1
indicates model suitability. The regression and correlation
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coefficients calculated for these four models are provided in
Table 5.

Adsorption kinetic data were well-fitted with the pseudo-
second-order kinetic model for natural and biochar walnut
shells (R2 = 0.98 and 0.95, respectively) for Zn+2 compared
to the other three models. These results suggest that the Zn
+2 adsorption in the single and binary systems on natural
and biochar walnut shells follows the second-order kinetic
reaction. A pseudo-second-order equation is based on solid-
phase sorption and rate expression based on sorption
equilibrium capacity (Ho and McKay 1999; Shahwan
2014). The main hypothesis for this kinetic model is that the
rate-limiting step is chemical adsorption or physicochemical
adsorption, which includes the valence forces by sharing or
exchanging electrons between the adsorbent and the solute
(Ngulube et al. 2018; Malakootian et al. 2018). Physisorp-
tion or physical adsorption is a type of adsorption in which
the adsorbate adheres to the surface only through Van der
Waals (weak intermolecular) interactions, which are also
responsible for the non-ideal behavior of real gases (Shen
et al. 2009). On the other hand, chemisorption is a type of
adsorption whereby a molecule adheres to a surface through
the formation of a chemical bond, as opposed to Van der
Waals forces that, cause physisorption. The Zn+2 adsorption
mechanism for natural and biochar walnut shells was
characterized by chemical adsorption.

In this study, Fourier transform infrared spectroscopy
(FTIR) analysis was performed to recognize the functional
groups on the adsorbent surface. Such an approach, takes
into account the possible chemical interaction between the
solute and adsorbent. FTIR has been utilized to analyze the
surface functional groups of samples in recent decades. The
FTIR spectra of natural and biochar walnut shell was
recorded using Perkin Elmer USA FTIR spectrometer
between 400 cm−1 and 4000 cm−1.

Figure 4, provides the combined FTIR spectrum of natural
and biochar walnut shell adsorbents. As depicted in Fig. 4, the

FTIR spectrum of natural walnut shell clearly demonstrated
six peaks. The spectrum includeds the peaks, corresponding to
the stretching vibration of C–O–C (at ~1050 cm−1), –CH2 (at
~1150 cm−1), N–H (at ~1600 cm−1), C=O (at ~1730 cm−1),
C–H (at approximately 2920 cm−1), –OH (at approximately
3420 cm−1). Furthermore, the FTIR spectrum of biochar
walnut shell displayed peaks corresponding to the stretching
vibration of carbohydrate C–O at approximately 990 cm−1,
C–O–C functional groups of cellulose at 1043 cm−1, aromatic
C=O, C=C at 1616 cm−1, C–H functional groups of alkane at
3000 cm−1. (Uchimiya et al. 2010; Kumar et al. 2011; Zheng
et al. 2013; Godfred et al. 2019).

Conclusions

The disposal of zinc wastes through landfills poses a threat to
the environment and human health. In order to reduce this
harmful effect, researchers have sought to determine the levels
of zinc leakage from waste zinc slag and to decrease zinc
concentrations with natural adsorbents. First, zinc leaching
tests were performed according to TCLP, SPLP, ASTM-
D3987, and TS EN standards. TCLP-12457-4 leachate with

Table 5 The regression and
correlation coefficients for
kinetic models

Kinetic model Linear formula Parameters Natural Biochar

Pseudo first order qt ¼ qeð1� e�k1:tÞ k1 (min−1) 0.004 0.007

qe (mg/g) 2.980 2.890

R2 0.200 0.390

Pseudo second order qt ¼ k2 �qe2 �t
1þk2 �qe2 �t k2 (g/mg min) 0.063 0.090

qe (mg/g) 1.270 0.700

R2 0.980 0.950

Intraparticle diffusion qt ¼ ki � t1=2 þ C ki (mg/g.min2) 0.002 0.081

C 1.880 2.040

R2 0.100 0.430

Elovich qt ¼ 1
β Lnðα � β � t þ 1Þ α (mg/g.min) 245.1 202.5

β (g/mg) 95.23 7.520

R2 0.003 0.160
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Fig. 4 Combined FTIR spectrum of natural and biochar walnut shell
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the highest zinc concentration (38.575mg/L) was selected for
adsorption study. For zinc removal, adsorption experiments
were applied under different conditions using natural and
biochar walnut shells. Optimum adsorption conditions were
performed with 30mL of TCLP solution. An adsorbent
dosage of 16.66 g/L, an approximate pH value 9, 60min
contact time, and a 150 rpm shaking speed were chosen for
the experiments. Under these conditions, the highest zinc
removal efficiencies were obtained in natural and biochar
walnut shells as 86% and 92%, respectively. Furthermore, the
removal efficiency was very low in the acidic environment,
whereas it was extremely high in the primary environment.
When the pH of the environment rose to 9 and above, a
removal efficiency of up to 96% was obtained with the bio-
char walnut shell. The zinc removal efficiencies of natural and
biochar walnut shell adsorbents were close to each other.
Such a result may appear to portray thermal treatment of
walnut shell as being an unnecessary step. However, in the
purified sample obtained after the adsorption with a natural
walnut shell, the natural walnut shell left a little yellow–green
color and caused turbidity. This situation required a separate
treatment step and led to extra cost and time loss. Thermally
treated biochar walnut shell has high zinc removal efficiency
without causing any negative changes in the sample structure.
A recovery study was not performed, since the levels of zinc
concentrations released were not considered as worth reco-
vering. Time studies have been applied to kinetic models, and
the results of this study were compatible with the pseudo-
second-order kinetic model. Leaching properties, behaviors,
and characteristics of waste materials have been generally
examined in the literature. As in this study, no heavy metal
removal study was found after leaching from waste zinc slag.
In this respect, the study contributed to the literature in its
demonstration that the heavy metal content of industrial waste
slag containing heavy metals with natural adsorbents after
leaching could be reduced. These results suggest that walnut
shells, can be effectively used to reduce the heavy metal
content of zinc leachate.
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