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Abstract: Toxicity test of zinc on contaminated soil by petroleum products around the
Pertamina Rewulu-Cilacap pipeline, Bantul, Yogyakarta by using mung bean (Vigna

radiata) and water spinach (Ipomoea aquatica) have been studied. This study aims to
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investigate the physico-chemical properties, adsorption, and desorption of soil samples,
and the effect of Zn toxicity on the growth of mung bean and water spinach. The physico-
chemical properties were evaluated including moisture content, ash content, pH,

conductivity, total organic carbon, cation exchange capacity, and heavy metal content. In

addition, total petroleum hydrocarbon was analyzed by using GC-MS, and samples were
characterized by using FTIR and XRD. The adsorption and desorption capacities of Zn
were determined by an atomic absorption spectrophotometer (AAS) measurement.

Toxicity test was conducted on the growth of mung bean and water spinach. This study
showed that soil sample point III had the highest Zn content at 632.26 mg kg™
Adsorption isotherms of zinc metal followed the Langmuir isotherm model and
maximum adsorption occurred at 100 mg kg™'. Optimum desorption takes place at the
concentration of citrate acid 0.7 mol L™' and at pH 3. Toxicity test results revealed that

zinc metal at high concentrations was found to be toxic to seedling growth.
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m INTRODUCTION

PT. Pertamina (Persero) Rewulu Fuel Oil Terminal
is one of the business units that act as a distribution depot
for premium, pertamax, pertalite, and solar types of fuel
oil for the Yogyakarta region and parts of Central Java. In
recent situations, pipelines are the most reliable and
efficient means of transporting fuel oil. Fuel oil
distribution through pipelines is relatively fast and the
amount can be adjusted flexibly. The cost of operating
and maintaining the pipeline is relatively low and the loss
rate of fuel oil transported is also relatively small compared
to shipping by conventional transportation methods.
However, the gaps/weakness of distribution through the
pipelines system allowed the risk of leakage due to natural
disasters, work accidents, or irresponsible human
activities. Several cases of fuel distribution pipeline leaks
in Indonesia have occurred, such as what happened at the

PT. Pertamina (Persero) Rewulu Fuel Oil Terminal.
During the process of exploration, exploitation,
production, transportation, storage, etc., the leakage
brings the impact of contamination to the soil [1].

Considering the Law of the Republic of Indonesia
number 32 year 2009 about Environmental Protection
and Management as well as Government Regulation
Number 101 year 2014 regarding the management of
hazardous and toxic waste (B3), the problem of soil
petroleum-contaminated soil has become a concern in
recent years because B3 waste containing high
concentrations of hydrocarbons and heavy metals which
are toxic resulting in negative effects on water and soil
ecosystems, human health, and other natural resources
[2]. Physically, heavy metals are not biodegradable and
could be persistent for a long time in environmental
components such as soil [3].
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Zn is one of the essential metals contained in waste
fuel oil. Zn metal is needed as a micronutrient that is
essential for the human body and other living things. It
also plays an important role as an enzyme activator for
humans. Zn is also a vital metal for plant growth and is
actively absorbed through the roots. The permissible
concentration of Zn in plants is around 5-20 mg kg™,
therefore, higher Zn concentration is classified as a
carcinogen. Although Zn is an essential metal, it can cause
death at high concentrations, inhibit growth, and cause
reproductive disorders in plants [4].

Indications of heavy metal pollution are not only
concentrated in the soil but also in the roots, stems, leaves
and even seeds and fruits, so it will be very dangerous if
consumed by humans. The period of germination, shoots
and roots will decrease with the increasing of metal
content in the soil [5]. Research related to Cr toxicity test
from polluted soil around the Yogyakarta tannery
industry using Brassica juncea and Heliantus anuus has
been conducted by Suherman et al. [6], which showed that
chromium has a toxic effect on B. juncea and H. anuus
growth (roots and hypocotyl) in plants decreases with
increasing chromium concentration in eluates and
synthetic solutions. The soil nature reduces the effect of
metal habituation on the growth of Lepidium sativum,
particularly at low concentrations compared to synthetic
solutions. The success of germination depends on various
external factors. This indicated that the seed must be
supported by internal sensors that possibly send
environmental signals into cellular mechanisms that lead
to germination [7-9].

This study focused on the toxicity effect of Zn from
contaminated soil around the Pertamina pipeline route
on seed germination, especially for the growth of mung
beans (Vigna radiata) and water spinach (Ipomoea
aquatica). Studies of soil characteristics and adsorption
are needed to determine the relationship between soil
characteristics and the adsorption capability of
contaminated soil. In addition, desorption studies are
conducted to investigate the possible distribution of
metals in soil. Finally, Zn metal toxicity tests are required
to assess the effect of metals on plant growth.
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m EXPERIMENTAL SECTION
Materials

Soil samples were taken from four different
sampling points (SP) (20-40 cm depth) based on the
range location from the polluted soil point sources
around Pertamina Rewulu-Cilacap pipeline Bantul,
Yogyakarta. The materials used by pro-analysis qualities
from Merck were chloride dihydrate
(CaCl,:2H,0), potassium chloride (KCl), barium
chloride dihydrate (BaCl,-2H,0), magnesium sulphate
heptahydrate (MgSO4+7H,0), hydrofluoric acid (HF)
40%, nitric acid (HNO;) 65%, and hydrochloride acid
(HCl) 37%. While magnesium standard solution at
1,000 mg L™ and zinc standard solution at 1,000 mg L™

calcium

were from Sigma-Aldrich, and Whatman 42 filter paper
was from Cytiva.

Instrumentation

The apparatuses in this research are analytical
balance (Mattler Toledo AB54-S), digital balance sheet
(ACIS AD 300i), shaker (Marius Instrumenten), Muffle
furnace (Fischer model 184), and oven (Kirin). The
instrumentation used are an X-ray diffractometer (XRD,
XRD-6000),
spectrophotometer (AAS, Perkin Elmer 3110), Fourier

Shimadzu model atomic absorption
transform infrared spectrophotometer (FTIR, Thermo
Nicolet iS10), gas chromatography-mass spectrometry
(GC-MS, Shimadzu), and hot plate-stirrer (Thermolyne
Cimarec 1).

Procedure

Physico-chemical properties evaluation of the soil
samples

For the physico-chemical assessment of the soil
samples, the procedures were started from the drying
step of the 10-15 g samples at 105 °C for 24 h. The water
content of soil samples was determined by the ISO 11465
(1993). Ash content of soil samples by DIN EN 14775:
2004. pH of the soil samples was measured using the ISO
10390 method. Furthermore, organic carbon content
was evaluated based on ASTM D 2974. Cation exchange
capacity (CEC) is determined based on DIN ISO 11260.
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The electrical conductivity was measured by DIN
CEN/TS 15937. Samples characterization by FTIR was
conducted to determine functional groups, while the X-
ray diffractometer instrument was used to study the
mineral content in soil samples. Data retrieval is repeated
three times for standard deviation consideration.

Determination of total petroleum hydrocarbons (TPH)

As much as 10 g of soil samples were extracted with
10 mL of n-pentane. After the addition of n-pentane, the
sample is cornered for 15 min using an ultrasonic device
and allowed to settle for 30-60 min at room temperature.
Two additional extractions, each with 20 mL of n-
pentane, were performed in the same way. The 1 mL of
organic extract was then transferred into vials and
analyzed with GC-MS.

Metal determination

Metal content is measured based on the method
from British Standards European Norm (BS-EN) 13656
(2020) where 1 g of soil sample was extracted with the
addition of 4 mL of 40% HF solution and was shaken for
24 h. Then, the mixture was added with 12 mL of aqua
regia and again 24 h shaking process. The filtrate is
separated, which is then calculated for metal level with
AAS. Data retrieval is repeated three times to consider the
standard deviation.

Adsorption studies with concentration variations

Soil sample (1 g) was put into a polyethylene vial,
and 15 mL of Zn(II) solution was added with concentration
variations of 5, 10, 25, 50, 75, 100, 150, and 200 mol L.
This mixture is shaken for 24 h and then separated by
filtration. The remaining Zn(II) concentration in the
filtrate is measured by AAS instruments. Data collection
is repeated three times to calculate the standard deviation.
The study was conducted at a room temperature (around
27 °C) and a chamber pressure of +1 atm.

Desorption study with variation in citric acid
concentration

A study on the optimum Zn desorption with
variations in citric acid concentration was initiated with
15 mL of citric acid solution with 0.0, 0.1, 0.3, 0.5, 0.7, and
0.9 mol L' concentrations which were added to the 1 g of
soil sample. The mixture was shaken for 24 h and then

953

centrifuged at 5000 rpm for 15 min. The supernatant
was separated, and the remaining Zn(II) concentration
in the supernatant was measured with the AAS
instrument. Repetition in data collection is carried out
three times to calculate the standard deviation.

Determination of optimum pH

pH soil sample solution was evaluated by the
addition of 15 mL of Millipore water in a polyethylene
bottle. Furthermore, the pH of the solution is adjusted to
pH variations of 3, 5, 7, and 9. The mixture is shaken for
24 h and then centrifuged at 5000 rpm speed for 15 min.
The supernatant is separated, and the remaining Zn(II)
concentration in the supernatants is evaluated with the
AAS instrument. Repetition is carried out three times to
calculate the standard deviation.

m RESULTS AND DISCUSSION

The soil samples evaluated in this study were from
around the Pertamina Cilacap-Rewulu pipeline, Bantul-
Yogyakarta, as shown in Fig. 1. Soil sampling is carried
out in the topsoil layer which is the topmost soil layer
with a depth of 5-30 cm from the earth's surface. Four
soil SP are achieved including point I, which is
unpolluted soil. The study of physico-chemical
properties of soil includes several parameters such as
water content, pH, ash level, electrical conductivity, total
organic carbon, CEC, and heavy metal concentration.

The results of the characterization of physico-
chemical properties in soil samples are presented in
Table 1. Itis known that the water contentin the four
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Fig 1. Map of soil sampling location
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Table 1. Physico-chemical properties and metal content of the soil samples around Pertamina Rewulu-Cilacap pipeline

Sampling Sampling Sampling Sampling

Parameters . . . .
point I pointIl  pointIll  pointIV

Water content (%)

a. 105°C 29.95 30.07 33.11 31.92
b. Room temperature drying 24.89 23.58 26.16 25.40
pH

a. O 6.94 7.65 7.86 7.80
b. KCl 6.23 7.07 7.06 7.00
c. CaCl, 6.64 7.24 7.21 7.17
Ash content (%) 87.35 90.08 91.64 91.21
Electrical conductivity (uS cm™) 146.30 197.30 371.00 354.70
Total organic carbon (mg g) 42.18 45.45 57.06 56.14
Cation exchange capacity (meq/100 g) 0.78 0.98 1.08 1.06
Zn total (mg kg™) 163.70 519.37 632.26 620.54

samples is different, and the highest water level is in point
IIT soil samples. The difference in water content is caused
by the ability of the soil to store different water. The ability
of soil to store water is closely related to the surface area
of the land. The greater the land surface area, the greater
the water storage capacity of the soil. In addition, soil pH
evaluation at the medium of H,O, KCl, and CaCl, solution
is used to obtain a pH that is close to natural conditions
and pH values caused by the existence of other cations.

The use of CaCl, 0.01 and KCl 1.00 mol L™ salt
solution is due to these two cations having the highest
cation content in soil solution [10]. The pressure of K*
and Ca®* cations in salt solutions added to the soil
suspension will cause more H' ions to be released in the
solution so that the pH value decreases. This is possibly
because the release of cations will replace H* ions in the
soil so that H* ions will be pushed into the soil solution,
which causes the soil concentration to be close to the
concentration in its natural conditions. This statement is
in accordance with the pH results at the four SP where the
pH value with the H,O extractor is higher than that of the
KCl and CaCl; extractors. In Table 1 (IV), the order of pH
values of the four sample points from high to low are SP
III > IV > II > 1. pH values will determine the adsorption
and desorption processes as well as the chemical
speciation of heavy metals in the soil.

Ash content in all four samples as shown in Table 1,
seems to have variable values. Of the four samples, SP III

had the highest ash content of 91.64%. Ash level
indicates the amount of mineral content and other
inorganic matter in the soil, including heavy metals.
Measured ash content is an inorganic material that
cannot be burned during the ashing process so it
remains in the form of ash. By the ashing process, all
organic compounds may have evaporated due to the
presence of heat energy that is able to destruct soil
samples and evaporate organic compounds in them. The
residual inorganic materials in the ashing process are
used to bond Zn metal in the soil when organic matter is
low.

Soil could deliver electricity through metal ions
dissolved in the soil. Electrical conductivity by the soil
occurs because of the free salt content contained in soil
water and exchangeable ion content on the surface of
soil solid particles [11]. Water in soil can also solve ions
that can be exchanged with other ions. Therefore, the
increase as the salt
This
relationship is closely related to the results of the study

electrical conductivity will

concentration in the solution increases.
in Table 1. where the moisture content value is
commensurate to the electrical conductivity value in the
sample, and the highest electrical conductivity value is at
the SP III, followed by SP IV and then further down in
SPIIandI.

Total organic carbon indicates the amount of

carbon atoms in an organic compound. The increase in
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soil organic carbon is caused by soil organic matter that
decomposes to produce organic acids, so organic matter
is added to the soil, which can increase soil organic carbon
levels. Organic matter itself will increase the ability of the
soil to hold water so that the soil water content will be
higher [12]. Soil organic matter also has functional groups
that can contribute a negative charge to the soil. Negative
charges can exchange cations in the soil so that the CEC
also increases [13]. This is shown in Table 1 that the total
organic carbon content in the sample is closely
proportional to the moisture content and cation exchange
capacity. Organic carbon levels in SP IIT had the highest
value of 57.06 mg g', followed by SP IV, IT and I.

High levels of organic carbon in the soil indicate that
more soil organic matter results in a high dominance of
negative charges in the soil so that it is proportional to the
number of cations that can be bound by the soil. This is in
accordance with the results obtained in Table 1, whereas
the CEC value is proportional to the TOC value. The CEC
value is highest in SP III, while SP I has the lowest value
because it is far from polluting sources. The more negative
charge, the more cations or metals can be exchanged, so
the high CEC will increase the metal content in the soil.

Determination of metal levels in the soil is very
important because the presence of metals will affect metal
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desorption and metal toxicity in the soil. In Table 1 some
metals analyzed from SP III have higher metal content
when compared to SP I, IT and IV. Soil samples at SP III
Zn metal content were higher at 632.26 mg kg™' followed
by samples at SP IV at 620.54 mgkg™', then SP III
samples at 519.37 mg kg™ and SP I at 163.70 mg kg™".
The GC-MS chromatogram results, as shown in
Fig. 2. Fig. 2(a) belongs to SP I, which is an unpolluted
soil sample, and no hydrocarbon results are obtained,
while SP II, IIT and IV samples in Fig. 2(b-d) that have
been identified based on several peaks of the area (%) are
the highest obtained hydrocarbon compounds that are
dominant in soil samples, namely CsH,, and CoH, with
the highest concentrations found in SP III samples with
39% of CsHyo and for CoHi, was 12.44%, then SP IV,
namely CsH,o by 31.16%, CoH,2 by 12.06% and followed
by SP II, namely CsHy by 27.56%, CoHi, by 9.52%.
Hydrocarbon compounds are volatile organic
compounds, and it is clear from the results obtained that
the average hydrocarbon compounds detected at a low
retention time of 5.20-9.27 min. These volatile organic
compounds cannot be removed from soil structure
because of their relatively high hydrophilic properties,
and they usually move several kilometers from the

pollutant supply [14].
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Fig 2. Chromatogram of the sampling point (a) L, (b) I, (c) IIL, and (d) IV

FTIR spectra from the four samples in Fig. 3 showed
that all samples have functional groups at relatively the
same wavenumber. The wavenumber at SP I, II, Il and
IV of 3449 cm™ related to the absorption region for O-H
from Si-OH and Al-OH, reinforced by the presence of
wavenumbers at 1034 cm™ from all four samples showing
absorption for Si-O and Al-O extended vibrations. There
is also a typical absorption of hydrocarbons, namely at
wavelengths 2932-2924 cm™, which shows the extended
vibrational functional group C-H. SP III and IV at
wavelengths 1427 cm™' showed C-H bend vibrations. The
absorption band at wavelength 1636 cm™ at SP [, I, III
and IV is the bending vibrational absorption region -OH
of H,O. In SP I and II, there were absorptions at the
wavelengths of 756 and 748 cm™, indicating absorption
regions for Si-O extended vibrations derived from quartz
and silica [15-16]. In addition, in SP I, there was absorption
at wavenumber 532 cm™" and SP I, III, IV absorption at
wavenumber 540 cm™, which showed Si-O-Al bending
vibration [17]. Bending vibrations of Si-O and Si-O-Si
are shown at wavenumber 471 and 463 cm™" in SP I'and II
while at wavenumber 478 cm™ in SP III and IV. The
results of the analysis on the four samples showed the
content of essential groups that function as metal binders

00

00 600 2.
n

in the soil and from these vibrations, it can be concluded
that metal ions interact with the soil surface not only via
silanol groups but also siloxane groups.

XRD analysis was carried out to determine the type
of constituent minerals found in soil samples around the
Pertamina Rewulu-Cilacap pipeline. Based on Fig. 4, the
minerals contained in SP I are albite, kaolinite, quartz,
quartz, and calcite at 20: 21.81, 23.51, 27.62, 27.87 and
29.66°. SP II has the content of kaolinite, albite, mullite,
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Fig 3. FTIR spectra of soil samples
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quartz, and quartz at 20: 19.78, 21.90, 24.99, 27.74 and
27.99°. SP III has mineral contents of albite, kaolinite,
quartz, calcite, and montmorillonite at 20 of 21.79, 23.55,
27.64, 29.31, and 30.22°. SP IV had mineral content,
namely albite, kaolinite, quartz, calcite, and
montmorillonite at 20: 21.86, 23.60, 27.86, 29.35, and
30.82°. All four samples had similar clay minerals. Clay
minerals are one of the soil mineral contents that affect
the presence of metals and the ability of the soil to adsorb
and desorb metals in the soil.

The adsorption capacity of soil samples to Zn was
studied by observing the relationship of variations in Zn
solution concentration in each soil sample to determine
the ability of each soil sample to absorb Zn metal in the
soil. The adsorption study of concentration variations was
carried out by making variations in the concentration of
standard Zn(II) solution as adsorbate and soil samples as
adsorbents. The adsorption results of the four soil samples
are shown in Fig. 5. It shows that the higher the
concentration of Zn solution, the more Zn is adsorbed,
but after maximum adsorption is reached, it will decrease
to a concentration of 150 mg L™". Zn adsorption in SP I,
IT, IIT and IV reached optimum at a standard solution
concentration of Zn 100mgL™. Zn adsorbed at
maximum state varies. Each amounted to 591.846,
780.459, 926.429, and 904.171 mg kg™'. At high enough
concentrations, adsorbate has occupied all available active
sites in the soil so that the adsorption process will
terminate [18]. The decrease in adsorption capacity after
reaching maximum conditions is due to the number of
active sites used to bind to Zn that have been fully filled or
have reached equilibrium.
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Table 2 shows that the Freundlich isotherm model
is a suitable adsorption isotherm in the Zn adsorption
process because it has a high R* value close to the value
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Fig 4. XRD spectra of soil samples
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Fig 5. Zn concentration’s effect on the adsorption rate of
soil samples

Table 2. Isothermic parameters for adsorption of Zn metal on soil around the Pertamina Rewulu-Cilacap pipeline

Parameter Sampling pointI  Sampling point I Sampling point IIT  Sampling point IV

Isotherm Langmuir

R? 0.8770 0.9325 0.9288 0.9064

Qmax (mmol kg™) 0.0096 0.0013 0.0139 0.0139

K; (L mol™) 5,347.8000 71,428.6000 13,513.5000 12,820.5000

E (k] mol™) 20.8900 27.8800 23.7200 23.5900
Isotherm Freundlich

R? 0.9889 0.9933 0.9966 0.9912

n 2.0600 2.1400 2.4400 2.6400

K¢ 71.0700 119.3700 192.7700 196.3500
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of 1, which is 0.9889, 0.9933, 0.9966, and 0.9912. The
Freundlich that
adsorption takes place on heterogeneous surfaces and

isotherm equation model shows
active sites with different adsorption energies [19]. This is
in accordance with the results of soil characterization by
using FTIR, in which two kinds of active sites, namely
silica and alumina, appeared so that it is possible to
unevenly distribute active sites on the soil surface.

Unlike Langmuir isotherms, the energy in the
Freundlich model is different on each surface. The value
of “n” in the Freundlich equation in all four samples is
2.06, 2.14, 2.44 and 2.64. The n > 1 situation occurred due
to the distribution of surface sites or a factor that causes a
decrease in adsorbent-adsorbate interaction with an
increase in surface density and n values in the range of 1-
10, indicating that adsorption takes place well and
through favorable physical interaction [20].

Desorption capacity is carried out with the aim of
determining the release of Zn metal from soil samples
using citric acid of various concentrations. The result of
Zn metal desorption using citric acid is shown in Fig. 5.
Fig. 6 shows that the higher the concentration of citric
acid solution as the solution medium, the higher the Zn
ions will be desorbed to their maximum point. The
desorption results of sample points I, II, III, and IV
reached the optimum point at a citric acid concentration
0f 0.70 mol L™ with a desorbed Zn metal concentration of
159.52, respectively; 493.78, 625.07, and 602.64 mg kg™
This is in accordance with the statement that low
molecular weight organic acids (LMWOA), with more
and more groups, have a higher ability to absorb heavy
metals [21]. The higher the concentration of citric acid
solution, the more citric acid molecules are in the solution
so more Zn metal will interact with citric acid. This causes
the release of Zn metal from the soil sample. Soil that
interacts with citric acid causes H* ions from citric acid to
replace Zn metal in the form of Zn** in the soil, resulting
in ion exchange. After that, Zn*" ions that have been
released into the citric acid solution will form a stable
complex with citric ions.

Based on Zn ion speciation at various pH, it was
revealed that the pH value is a key parameter that affects
metal ion speciation [22]. The solvent used is water to

Indones. J. Chem., 2024, 24 (4), 951 - 961

determine the optimum pH. The use of H,O aims to make
more and more H" ions decomposed in solution. pH has
an important role in the binding of metals in the soil. Fig.
7 shows that desorption takes place more optimally in
acidic conditions, namely at pH 3. At low pH, more Zn
metal will be desorbed because in the acidic state, Zn
metal is in cationic form, so it is easy to leach. Increasing
soil pH will decrease the positive charge in the soil and
reduce the desorption of Zn, which will cause the
hydrolysis of metal cations to increase.

Toxicity test on mung beans (V. radiata) and water
spinach (I. aquatica) using an eluates solution
containing desorbed metals at a variation of pH 7
(neutral). In toxicity tests with V. radiata, as seen in Fig.
8(a) and 8(b), root and hypocotyl length are influenced
by the presence of Zn metal in the desorption eluate, and
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3 300000 { Sample 3
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Fig 6. Effect of citric acid concentration on soil sample
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Fig 7. pH variation effect on the Zn desorption from the
soil samples
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there is an immediate relationship between the level of
inhibition of the growth response of V. radiata with
increasing concentrations of Zn metal, so the hypocotyl
from V. radiata gives a sensitive response against metal Zn
when compared to the root. Toxicity test results on water
spinach (1. aquatica), as shown in Fig. 9(a) and 9(b) in both
eluate solutions and standard solutions Zn 0.020 mg L™
show negative inhibition values. A negative inhibition value
indicates the lower metal toxicity at that concentration,
even in this concentration range, metal ions support the
growth of I. aquatica. These phenomena are possibly due
to eluate solution containing dissolved organic matter
that can support the growth of water spinach seeds [18],
and the toxicity test results show a sensitive response to
root compared to hypocotyl. This phenomenon due to Zn
toxicity inhibits root cell elongation or cell cycle extension
so that it will inhibit root growth, while roots that are in
direct contact with the medium containing metal ions are
affected by root shortening and inability to adsorb water
from the medium [23].

The results of toxicity tests on V. radiata and I
aquatica showed that the low Zn concentrations in eluates
do not inhibit root growth and hypocotyl in seedlings of
V. radiata and I. aquatica, so it is proven that the higher

the Zn concentration, the higher the toxic effect on root
growth and hypocotyl and vice versa. In other words, the
severity of the plant growth response is influenced by the
high concentration of Zn metal, so Zn metal has a toxic
effect on root growth and hypocotyl from V. radiata and
I. aquatica seeds.

m CONCLUSION

The petroleum-contaminated soil containing zinc
and hydrocarbon concentration corresponded to the
physico-chemical properties of soil samples. SP II, III,
and IV are the most polluted soil sampling locations
compared to samples at SP I, which are unpolluted soil
samples. It is also known that maximum adsorption
and the
adsorption isotherms of Zn into soil samples followed

occurred at a concentration of 100 mg kg™

the Freundlich isotherm model. Furthermore, the
toxicity test exhibited that Zn has a toxic effect on the
growth of V. radiata and I. aquatica. In addition, the Zn
ions seem to be more toxic to V. radiata than I. aquatica.
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