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Abstract: Since rainwater extracts toxic metals from landfills, creating harmful 

leachate, developing methods to remove these metals is necessary. This work 

presents a method of toxic metal ions removal from a loam-type soil consisting 

of washing the soil with a mild washing agent to extract toxic metals in a 

leachate, and a purification of the leachate by filtering it through a synthesized 

graphene oxide (GO) membrane. As washing agents, the pure water and a mild 

solution of HCl (0.01 M) were tested. The GO membrane was synthesized using 

natural Madagascar graphite. The solution of HCl showed a significantly higher 

washing efficiency of Zn(II), Cd(II), and Pb(II) cations than pure water due to 

its acidic nature. An intrinsic GO membrane with an interlayer distance of 0.68–

0.74 nm (before and after filtration) and a thickness of ~0.70 µm yielded 

rejections of 99.80%, 96.15%, and 44.00% for Pb(II), Cd(II) and Zn(II) ions, 

respectively. Molecular dynamics simulation showed that ions are retained in the 

GO interfaces due to the narrow interlayer distance, leading to membrane 

fouling. Nevertheless, the high rejections of Pb(II) and Cd(II) support the 

possibility of purifying landfill soil leachate by the GO membrane. 

Keywords: landfill soil; washing; cations; graphene oxide; membrane. 

INTRODUCTION 

Soil contamination by metals in landfills poses a significant global problem. 

Since the Industrial Revolution, the presence of metal contaminants in soil has 
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steadily increased due to a range of human activities, including manufacturing, 

coal combustion, petrochemical spills, atmospheric deposition, mining, waste 

disposal, wastewater irrigation, the use of agrochemicals (such as pesticides and 

fertilizers), and soil amendments.1 Recent studies indicate that metal 

concentrations in soil are already reaching critical levels, with some approaching 

or exceeding agricultural threshold values of 14–17%.² Certain metals, such as 

cadmium (Cd) and arsenic (As), can accumulate in food crops at concentrations 

that are unsafe for human consumption.2 Hazardous waste landfills are notable 

sources of toxic metals, including lead (Pb), arsenic (As), chromium (Cr), 

cadmium (Cd), zinc (Zn), cobalt (Co), and nickel (Ni), all of which have been 

detected as common soil contaminants in such areas.3 Waste decomposes over time 

in the presence of infiltrated water, forming a dark liquid called leachate.4 This 

leachate leaks from the landfill into the surrounding soil, contaminating 

ecosystems.5 Over time, it migrates through the soil layers, leading to severe and 

persistent pollution.6 Given these risks, the contamination of landfill soils with 

metals represents a critical environmental challenge that must be addressed to 

ensure a sustainable future. 

Researchers have been actively working on finding new methods for soil 

remediation and consequent metal removal from contaminated water. Most of the 

scientific papers deal with soil washing using acids of a bit higher concentration, 

such as 3M HCl to remove Cd or a mixture of 0.6M H2SO4 and 0.6M H3PO4 to 

remove As, Cu, Pb and Zn.7,8 These methods reach high removal efficiencies, but 

the soil remains acidic with low production potential. Hence, methods for mild and 

environmentally friendly landfill soil and leachate treatments are yet to be 

developed.  

Treating washing leachate that contains toxic metals is essential to prevent 

secondary pollution. Membrane technology for metal ion removal is efficient and 

has advantages over other methods because of its low energy consumption, 

environmentally friendly nature, compact design, and scalability.9 GO membranes 

are atomically thin and have interlayers that act as natural nanopores for ion 

separation.10 Other membrane materials, such as polymers, MOFs, zeolites, 

MXenes, their composites, and mixed-matrix membranes could also be used for 

ionic separation.11 These membranes have large pores and cracks that are not 

suitable for ionic separations, while polymer and mixed-matrix membranes offer 

high efficiency but low water permeance. On the other hand, GO-based 

membranes have been widely studied for metal ion filtration in water 

desalination.12 To the best of our knowledge, the integrated approach involving 

landfill soil washing followed by leachate filtration has not yet been documented 

in the existing literature. While graphene oxide (GO) membranes have been 

extensively studied for metal ion removal in various aqueous systems, their 

application in the treatment of landfill leachate remains underexplored. 
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This work presents an efficient and environmentally friendly method for soil 

washing and subsequent leachate membrane filtration. Thus, as mild and 

environmentally friendly washing agents, pure water and a 0.01M HCl solution 

were tested for washing the landfill soil. Further, the novelty of this research lies 

in using an intrinsic graphene oxide (GO) membrane for leachate filtration and 

employing molecular dynamics simulation to understand the mechanism of 

retention. Thus, the objectives of this work are the development of an 

environmentally friendly landfill soil washing method, the subsequent use of a GO 

membrane for landfill soil wastewater purification, and elucidation of the metal 

ion filtration mechanism. The aim is to examine the effectiveness of soil washing 

with water and diluted acid for future practical implementation, as the simple 

preparation of an intrinsic GO membrane via vacuum filtration makes the overall 

method desirable for easy future application. 

EXPERIMENTAL 

Landfill soil treatment 

Soil from the "Cicanovic Forest" landfill near the Bijeljina region in Bosnia and 

Herzegovina was collected from the surface at one location and preserved in a fridge at 5 °C for 

the experiments. The jar test method was used to determine the type of soil.13 A jar was filled 

with soil up to a third of its volume, and filled with 10 g of detergent and water. The mixture 

was shaken, and the heights of the sand, silt, and clay layers were measured after 1 minute, 2 

hours, and 48 hours, respectively (Figure S1). For the soil composition of 12.5% clay, 37.5% 

silt, and 50% sand according to the soil texture pyramid, it was determined to be a loam type of 

soil.14 

Pure water and a 0.01M solution of HCl (prepared from concentrated HCl of analytical 

purity grade, purchased from Sigma-Aldrich) were used as washing agents. As acidification of 

soil can affect plant health and productivity,15 we used a low concentration of HCl for soil 

washing to minimize the decrease of the pH and to simulate environmental conditions. The 

washing process involved mixing of 20 g of soil with 150 mL of H2O or 0.01M HCl and 

exposing the mixture to the sonication in an ultrasonic bath (BANDELIN, DT 102H, Germany) 

at a frequency of 50 kHz and a power of 150 W for 15, 30, 45, 60, and 120 minutes at room 

temperature so to enhance extraction of metals by breaking the soil aggregates. Samples are 

then filtered to obtain leachates to be further treated by membrane filtration.    

GO membrane preparation and leachate filtration 

Graphene oxide (GO) was prepared from natural Madagascar graphite using a modified 

Hummers' method.16 A dispersion of GO (10 mL) at a concentration of 0.001 wt.% was filtered 

through a polytetrafluoroethylene membrane (Omnipore, 5 µm PTFE membrane, 47 mm 

diameter). A thin GO membrane was formed after 2 hours of filtration at a pressure of 8 × 104

Pa (Figure S2a). The leachate containing toxic metals (10 mL) was filtered through the GO 

membrane at a vacuum of 8 × 104 Pa (0.8 bar) (Figure S2b).  The metal ion composition in the 

permeated water was then analysed.  

The membrane's thickness was estimated from the density and mass of the GO membrane 

on the polytetrafluoroethylene (PTFE) substrate. A GO membrane with a mass of 1 mg on a 

PTFE substrate (19.625 cm2 with a membrane diameter of 5 cm) has a thickness of ~0.7 µm, 

considering the density of GO at room temperature (0.75 g cm−3)17. 
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Materials characterizations 

A Fourier Transform Infrared (FTIR) spectrophotometer with attenuated total reflectance 

(ATR-S, IRSpirit SHIMADZU, Japan) was used for soil characterization before and after 

washing. A Raman spectrophotometer (Renishaw, UK), equipped with a λ = 532 nm and 780 

nm laser, was used with a grid resolution of 1200 lines/cm and an integration time per pixel of 

5 seconds. A 100× magnification objective with a numerical aperture of 1.25 was used. Cosmic 

Ray Removal and baseline correction tools were applied to the spectra before univariate 

analysis. 

A X-ray Diffraction (XRD) system (Bruker, Cu K-alpha, λ=1.5406 Å, X-ray lamp power 

1600 W, I = 40 mA and V = 40 kV) was used to characterize the GO membrane before and after 

water filtration. A Göbel mirror, a 2.5° soller, and a 0.3 mm pinhole were inserted along the 

primary beam path. A 0.6 mm slit and a 2.5° soller were mounted on the secondary beam path. 

The 2θ range was from 6 to 90°, with a step size of 0.01° and an integration time per step of 3 

seconds. The surface morphology of the membrane, both before and after water filtration, was 

characterized using a Scanning Electron Microscope (SEM) (JEOL JSM-7800F FESEM, 

France). The instrument was equipped with an in-lens thermal field emission gun with a 

Schottky emitter (W-filament). The accelerating voltage was 5 kV, and the probe current was 

10 pA. The detector used was an in-chamber Everhart-Thornley SE detector or a lower electron 

detector (LED). 

The ionic conductivity (Hanna, EC 214 Conductivity Meter) and pH (Hanna, pH 211 

Microprocessor pH Meter) were measured in the samples before and after soil washing. A UV-

vis spectrophotometer (UV-1800, SHIMADZU, Japan) was used to measure the optical 

absorbance spectra of the water before and after filtration through the GO membrane. An 

Atomic Absorption Spectrometer (Perkin Elmer Analyst 400, USA) was used to measure the 

metal ion concentrations in the water for the future estimation of ion rejection by the membrane. 

The rejection percentage of metal ions separated by the GO membrane was calculated 

using the following expression:                            

𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 =  (1 −  
𝐶𝑝

𝐶𝑓
) ∙ 100 (%) (1) 

where Cf is the concentration of a component in the feed (mg kg-1), and CP is the 

concentration of ions in permeate (mg kg-1). 

Computational details 

Molecular dynamics simulations were performed using the Large-scale Atomic/Molecular 

Massively Parallel Simulator (LAMMPS)18 to investigate the ion separation mechanism through 

the GO membrane. The simulation model consisted of two graphene layers with nanowindows, 

along with water molecules containing Pb(II), Cd(II), and Zn(II) ions in chloride form to 

maintain overall charge neutrality. Snapshots were visualized using DS Visualizer 

The GO-GO interlayer distances in the model were varied to be 0.33, 0.40, 0.50, 0.60, 

0.70, and 0.90 nm. Circular nanowindows were created on the basal planes of the graphene, 

applying periodic boundary conditions along the X and Y axes, while the Z axis was defined as 

a repulsive wall. The simulation box dimensions (in Å) were set as follows: X: -12.31175 to 

12.31175, Y: -34.104 to 34.104, and Z: -150 to 50, with the graphene layers at the center of the 

coordinate system. 

Simulations were carried out in the NVT ensemble, with temperature regulated by the 

Nosé-Hoover thermostat. The SPC/E19 water model was employed, and charges for the Pb(II) 

cations and Cl(I) anions were assigned using the Lennard-Jones (LJ) parameters given in Table 
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S1. A timestep of 1 fs was By varying the interlayer distance, the model evaluated the potential 

permeance of metal ions through the GO membrane. 

RESULTS AND DISCUSSION 

Washing of the metal cations of Cd(II), Zn(II) and Pb(II)  from landfill soil 

Throughout the washing process, both washing agents, i.e. pure water and 

0.01M HCl solution, proved to extract the toxic metals into the landfill wastewater 

(Figure 1a,b). The 0.01 M HCl yielded higher percentages of toxic metal cations 

extraction from the landfill soil than H₂O, likely due to the acidic nature of HCl, 

which facilitates the dissolution of metals and the formation of metal cations. The 

landfill soil washing with diluted HCl is the most efficient for Cd (7.58%), while 

the removal percentages for Pb and Zn were lower (Table S2). Metal cations 

diffuse through the soil particles, reaching the outer surface and forming leachate 

that should be further purified to avoid secondary pollution. 

Figure 1. Landfill soil washing. (a) Washing procedure with 0.01 M HCl and H2O. (b) 

Removal percentage of Zn (II), Cd (II) and Pb (II) cations after ultrasonication. 

Surface functional groups on the landfill soil before and after washing 

The landfill soil, composed of sand, silt, and clay, also contains Si in the 

structure. FTIR spectra of the soil washed with H₂O and 0.01 M HCl show a 

distinct band at ~1000 cm-1 from stretching vibrations of the Si-O group,20 and a 
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band at ~3500 cm-1 from the O-H group in water adsorbed in the soil (Figure 2 and 

Figures S3,4). The Si-O band is slightly shifted to a lower frequency region after 

washing with H₂O and 0.01 M HCl, which could be due to possible interactions of 

H+ ions with active sites on the Si-O band (Figure 2). The Si-O bands of the soil 

after washing with H₂O and 0.01 M HCl became narrower, and the absolute peak 

area decreased from 182 to 135 cm-1. The decrease in the Si-O absorption peak 

area is likely from the removal of vibrational fragments that follow the primary Si-

O vibration. The small band at ~1300 cm-1 could be assigned to metal-oxygen (Me-

O) vibrations in the loam. This Me-O vibrational band disappears after washing 

with H₂O and 0.01 M HCl, which is attributed to the removal of metal from the 

soil.  

Figure 2. FTIR spectra of the Si-O band in loam-type soil. (a) Pristine soil. (b) Soil washed 

with 0.01 M HCl for 60 min. (c) Soil washed with H₂O. 

Ionic conductivity of the leachate 

Metal ions dissolved from the soil increased the electrical conductivity of the 

landfill leachate (Figure S5). The electrical conductivity of the soil dissolved in 

0.01 M HCl and H₂O increased to ~1800 µS cm⁻¹ and ~600 µS cm⁻¹, respectively. 

The electrical conductivity shows an increasing tendency with washing time due 
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to the evolution of ions from the soil, while the pH remains constant and nearly 

neutral because of the absence of acidic or basic ions in the leachate (Figure S5). 

An increase in the electrical conductivity was anticipated due to the evolved Pb(II), 

Cd(II), and Zn(II) cations. These metal cations in leachate were separated using 

the GO membrane, as will be further discussed from experimental and the GO 

structure modelling results. 

Purification of leachate using an intrinsic GO membrane 

Separation of toxic metal cations from a leachate was conducted using an 

~0.70 µm thick GO membrane (Figure 3a-c). The rejection of metal ions by the 

GO membrane increases with the metal ion hydrated diameter (Figure 3d). The 

ionic diameter depends on the number of ligands surrounding the ions, having an 

increasing tendency in the order of Zn(II) < Cd(II) < Pb(II) cations. Metal ions and 

molecules can diffuse through nanowindows or defects on graphene-like surfaces, 

being transferred through the interlayers of GO. The Pb(II) and Cd(II) cations have 

difficulty permeating between the layers of GO because of the narrow effective 

width at the GO-GO interfaces, giving rejection as high as ~100%. Zn(II) cations 

have a smaller ionic diameter than the GO interlayer distance, permeating between 

the GO layers at a relatively low rejection of ~40%. High cation rejection can be 

assigned to the stacking of GO layers under vacuum. The thin membrane was 

produced to ensure rapid water filtration through the membrane. The water 

permeance during metal cation separation shows a decreasing tendency against 

time from 20.3 L m-2 h-1 bar-1 after 0 hours to 7.8 L m-2 h-1 bar-1 after 4 hours (Figure 

S6). The decrease in water permeance occurs due to membrane fouling. The 

leachate contains a small quantity of suspended soil particles, which remain on the 

membrane surface as evidenced by a decrease in the UV-Vis spectra before and 

after filtration (Figure S7). 

The structure of the GO membrane before and after leachate filtration 

The graphene oxide (GO) membrane on the PTFE support, produced by 

vacuum filtration (Figure S2), has a layer-like structure. The membrane is 

composed of GO layers stacked together, forming a compact structure (Figure 

4a1,b1). GO layers have a lateral size of ~0.7 µm,21 covering the surface of the 

porous PTFE support. The surface morphology of the GO membrane changed 

slightly after filtering the landfill water contaminated with metal cations (Figure 

4a2,b2). This can be attributed to the deposition of contaminants onto the GO 

membrane surface. The GO membrane, both before and after metal cation 

separation, has a flat surface morphology due to the uniform and flat PTFE 

substrate on the rigid vacuum filter support. The membrane has a compact structure 

without cracks, which is important for the future large-scale production of crack-

free membranes for landfill cation separation. 
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Figure 3. Toxic metals from landfill soil and their separation. (a) Landfill soil contaminated 

with toxic metals. (b) Water containing metal cations of Pb(II), Cd(II), and Zn(II). (c) 

Separation of toxic metals through the GO membrane. (d) Rejection of metal cations in 0.01M 

HCl and water against their size. 

The interlayer distance of the GO-GO was examined from XRD patterns in 

the two-theta region of 8° to 37°. The GO diffraction peak from the (002) crystal 

plane and the bands from defective GO are prominent both before and after metal 

ion filtration (Figure 5a,b). The absolute intensity of the GO bands decreased after 

water filtration, which is likely due to the deposition of soil particles onto the 

surface of the GO membrane. The small soil particles that cause the turbidity of 

the soil dispersion were separated by filtration through the GO membrane, as 

confirmed by a decrease in the optical absorbance intensity in the UV-Vis region 

of 220–500 nm (Figure S6). After metal ion separation, the intensity of the XRD 

peaks decreased, and the position of the (002) band shifted from 12.50° to 11.86° 

(2 theta) due to an increase in the interlayer distance. According to Bragg's law (2d 

sin θ = λ),22 the interlayer distance ‘d’ increased from 0.70 nm to 0.74 nm. This 

increase is likely due to the intercalation of water and metal ions into the GO-GO 

interlayer space.23 Fortunately, this increase in the interlayer distance is 

insignificant, which contributes to stable ion separation over time. 

A
cc
ep
te
d 
m
an
us
cr
ip
t



METAL CATION REMOVAL USING GRAPHENE OXIDE MEMBRANE 9 

Figure 4. SEM micrographs of the GO membrane before and after filtration of 10 mL of 

landfill water contaminated with metal cations. (a1), (b1) Low and high magnification of the 

membrane before filtration. (a2), (b2) Low and high magnifications of the membrane after 

filtration. The low and high magnifications were used for better understanding the membrane 

surface. 

Figure 5. XRD patterns of GO membranes. (a) GO membrane before cation separation; (b) 

GO membrane after ion separation.  
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The crystallinity of GO membranes before and after ion filtration was 

examined using Raman spectroscopy with a laser wavelength of 532 nm. Defects 

were created in the GO during the exfoliation process, and the edges of these 

defects (referred to as nanowindows) can be identified by oxygen functional 

groups such as carboxyl, carbonyl, hydroxyl, and epoxy.24 The GO membrane has 

a prominent G-band from crystalline sp2 carbon atoms that vibrate in-plane and a 

D-band from defective sp3 carbon atoms that are bound with oxygen functional 

groups (Figure 6). Metal ions permeate through the GO nanowindows, which are 

a few nanometers in size.25 The GO membrane is highly defective, as indicated by 

a high value of ID/G = 0.96. After metal ion permeance, the D-band intensity ratio 

slightly increased to ID/G = 0.99, suggesting an increase in the defects of GO. The 

slight shift in the G-band suggests the presence of charge transfer interactions 

between metal cations of Zn(II), Cd(II), or Pb(II) and graphene. Electron charge 

transfer interactions between unhybridized pz electrons of sp2 carbon atoms and d-

states of metal cations should occur,26 leading to the shift in the G-band of GO. 

The metal ions could be trapped on the basal plane of GO and in between the 

layers, leading to the metal ion separation.  

Figure 6. Raman spectra of the GO membrane recorded at a laser wavelength of 532 nm. The 

spectra of the GO membranes were recorded before water filtration (black line) and after 

water filtration (red line). 

Metal ion separation mechanism 

The mechanism of toxic metal cations retention by GO membrane was 

modelled using MD simulations. The GO membrane model of two layers served 

for examination of the ion separation mechanism (Figure 7). The GO layers have 
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nanowindows on the basal planes, serving for examination of the ion separation 

mechanism between the layers (Figure 7a,b). The metal ions can enter the 

nanowindows on the basal planes and penetrate between the layers of GO at the 

interlayer distances of 0.33 – 0.90 nm (Figure 7c). The rejection of metal ions by 

the GO layered membrane depends on the interlayer distance. Ions can freely enter 

the nanowindows on GO, whose size can reach nearly ~1 nm27 in diameter. The 

sizes of the nanowindows on GO cannot be precisely controlled during synthesis. 

Given that these nanowindows are substantially larger than the metal ions, the 

interlayer spacing likely constitutes the primary barrier to metal ion rejection.28

Adjusting the interlayer distance from the completely stacked GO layers at the 

distance of 0.33 nm to a distance larger than the sizes of the metal ions should lead 

to ion separation performances that are similar to the experimental results. 

Figure 7. A unit cell of the GO membrane models with the periodic boundary conditions for 

molecular dynamics simulation of Pb(II), Cd(II), and Zn(II) cation permeance. (a) GO layer 1 

with nanowindows of ~1 nm in diameter. (b) GO layer 2 with nanowindows of ~1 nm in 

diameter. (c) GO layers with denoted permeance paths for metal ions between the GO layers 

through the nanowindows. (d) Internuclear distances between GO layers used for MD 

simulations of metal cation permeance. 

The GO membrane with an interlayer distance of 0.33 nm is impermeable to 

metal ions due to the narrow gap, which leads to their complete exclusion (Figure 

S8). The GO membrane with an interlayer distance of 0.50 nm is permeable to 

Cd(II) and Zn(II) cations (Figure S8), but is impermeable to Pb(II) cations, 

resulting in their complete rejection (100%). The experimentally obtained rejection 

results are compared to the simulated ones for the membrane model with interlayer 

distance of 0.70 nm (Figure 8). While the simulation results underestimate the 
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rejection of Zn(II) and Cd(II), they show good alignment with the experimental 

membrane regarding Pb(II) rejection. The discrepancy in separation performance 

likely arises from the experimental membrane containing ~500 times more GO 

layers than the model. Thus, the membrane with an interlayer distance of 0.70 nm 

would achieve complete rejection of Pb(II) cations. 

Figure 8. Rejection against the metal cation for simulated and experimental membrane. We 

selected the interlayer distance of 0.70 nm for the membrane model because the experimental 

membrane had the similar interlayer distance, as determined from the XRD pattern using 

Bragg’s law.  

CONCLUSION 

Landfill soil washing was conducted using H₂O and 0.01 M HCl under 

ultrasonication, yielding washed-off metal cations of Zn(II), Cd(II), and Pb(II). 

The soil's structure, determined to be the loam-type, remained similar after 

washing with both H₂O and 0.01 M HCl, suggesting that further development and 

enhancement of soil washing with water solvents are promising. The surface area 

of the loam-type soil increased to 235 m² g⁻¹ due to soil activation. The washed-

off metal cations were filtered using a GO membrane prepared by vacuum 

filtration. The GO membrane reached rejections of 99.80%, 96.15%, and 44.00% 

for Pb(II), Cd(II) and Zn(II), respectively. Water permeance showed a decreasing 

tendency from 20.3 to 7.8 L m⁻² h⁻¹ bar⁻¹ after 4 hours of monitoring, which is due 

to membrane fouling by suspended particles in the leachate. This suggests that the 

membrane should be used in a series and replaced or washed frequently to achieve 

stable separations. Molecular Dynamics (MD) simulations showed that ion 

separation occurs at the GO interfaces. Thus, we showed a possibility for a closed 
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cycle of metal cation removal from the soil, which includes both soil washing and 

GO membrane implementation for metal cation separation. 

SUPPLEMENTARY MATERIAL 

Additional data are available electronically at the pages of journal website: 

https://www.shd-pub.org.rs/index.php/JSCS/article/view/13361, or from the corresponding 

author on request. 
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И З В О Д 
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Будући да кишница екстрахује токсичне метале из земљишта депонија формирајући 
штетне процедне воде, потребно је развити методе за њихово уклањање. У раду је
представљена метода уклањања токсичних металних јона из земље-иловаче, која се 
обухвата прање земљишта благим реагенсима за испирање, како би се издвојили метали у 
процедној води, и пречишћавање процедне воде филтрацијом кроз графен-оксид (GO)
мембрану. Реагенси за прање H₂O и 0,01 M HCl су тестирани. GO мембрана је синтетисана 
користећи графит Мадагаскар. Раствор HCl је показао знатно већу ефикасност уклањања 
Pb(II), Cd(II) и Zn(II) него чиста вода захваљујући киселости. Чиста GO мембрана са 
растојањем између листова графена 0,68 – 0,74 nm (пре и после филтрације) и дебљине 0.70 
µm је показала проценте одбијања 99,80 % за Pb(II), 96,15 % за Cd(II) и 44,00 % за Zn(II). 
Молекуларно-динамичка симулација је показала да се задржавање јона одвија на 
међуповршинама GO слојева, што је довело до прљања мембране. Ипак, високи проценти 
уклањања Pb(II) и Cd(II) јона указују на могућност пречишћавања процедне воде земљишта 
депоније помоћу GO мембране. 

(Примљено 5. маја; ревидирано 27. јуна; прихваћено 29. октобра 2025.) 
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