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INTRODUCTION

Municipal solid waste (MSW) refers to the 
everyday waste generated from households, busi-
nesses, and institutions. In Malaysia, MSW man-
agement remains a significant environmental con-
cern, with the country producing approximately 

38,427 metric tons of waste daily, equivalent to 
1.17 kg per capita (MIDA, 2022). About 82.5% 
of this waste is disposed of in landfills, most 
of which are non-sanitary, leading to pollution 
and sustainability challenges. Food waste, plas-
tics, and paper make up the majority of MSW, 
representing 31%, 22%, and 15%, respectively 
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ABSTRACT
Landfill leachate contains complex mixtures of organic matter and toxic heavy metals that pose significant envi-
ronmental and public health risks; therefore, this study aimed to evaluate the potential of Gracilaria changii, a 
locally available red seaweed, as a low-cost and sustainable biosorbent for zinc (Zn²⁺) and copper (Cu²⁺) removal 
from real landfill leachate. Batch adsorption experiments were conducted using leachate collected from Jeram 
Landfill, Malaysia, which was spiked with Zn²⁺ and Cu²⁺ to ensure controlled concentrations, and the effects of key 
operational parameters including pH (2.5–8.0), biosorbent dosage (5–25 g), and contact time (30–180 min) were 
systematically investigated using a jar test apparatus at room temperature. The results demonstrated that pH sig-
nificantly influenced biosorption performance, with maximum removal efficiencies of 71.89% for Zn at pH 2.5 and 
44.50% for Cu at pH 5.5. Increasing the G. changii dosage enhanced metal removal due to the greater availability 
of active binding sites, achieving optimum removals of 99.14% for Zn and 80.75% for Cu at a dosage of 25 g. Ad-
sorption efficiency increased with contact time and reached equilibrium between 150 and 180 min for both metals, 
indicating favorable biosorption kinetics. Although the study was limited to batch-scale laboratory experiments 
and focused on two heavy metals, the findings provide strong evidence of the biosorption capability of G. changii 
under controlled conditions. The use of this seaweed presents practical value as an environmentally friendly and 
cost-effective alternative to conventional adsorbents, with potential for integration into existing landfill leachate 
treatment systems. Notably, this study represents the first reported application of Gracilaria changii for Zn and Cu 
removal from real landfill leachate, offering original and significant insights into seaweed-based biosorption for 
sustainable wastewater treatment.
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(Fatimah, 2023). Despite efforts to improve recy-
cling, over 65% of waste in Malaysia still ends up 
in landfills (Hassan, 2024). Properly engineered 
sanitary landfills are designed to prevent ground-
water contamination, manage leachate, and con-
trol gas emissions, yet many existing sites exceed 
their capacity and pose environmental risks due 
to poor infrastructure and limited enforcement of 
regulations (Hussein et al., 2021).

Leachate is the contaminated liquid that 
forms when rainwater percolates through de-
composing municipal solid waste (Afolabi et al., 
2022). Its composition varies depending on land-
fill age, waste type, and environmental factors 
such as temperature and moisture (Mojiri et al., 
2021). Typically, leachate contains high levels of 
organic and inorganic compounds, ammonium, 
and toxic heavy metals like Zn, Cu, Pb, Cd, and 
Cr (Josfirin et al., 2024). These substances pose 
serious threats to soil, groundwater, and aquatic 
ecosystems. In Malaysia, the Department of En-
vironment (DOE) regulates leachate discharge 
under the Environmnetal Quality (Sewage) Regu-
lations (2009), which set limits for pH (5.5–9.0), 
COD (200 mg/L), and heavy metals like mercury 
(0.001 mg/L) and cadmium (0.01 mg/L). Younger 
landfills generally produce more biodegradable 
leachate with higher COD and BOD levels, while 
older ones generate stabilized leachate with lower 
pollutant concentrations but increased humic sub-
stances (Lindamulla et al., 2022).

Leachate treatment typically involves a 
combination of physical, chemical, and biologi-
cal processes, often used in conjunction for en-
hanced efficiency (Aziz and Ramli, 2018). Bio-
logical treatments, such as aerobic and anaerobic 
systems, use microorganisms to degrade organic 
pollutants, achieving COD and ammonia removal 
rates above 90% (Mojiri et al., 2021). Physical 
treatments include adsorption using activated car-
bon, membrane filtration (reverse osmosis, nano-
filtration, ultrafiltration, microfiltration), and sed-
imentation, which effectively remove suspended 
solids and heavy metals (Siddiqi et al., 2022). 
Chemical methods like coagulation-flocculation, 
air stripping, and advanced oxidation processes 
(AOPs) are also common, but can produce sludge 
and incur high energy costs (Aragaw and Bogale, 
2023). In Malaysia, integrated treatment systems 
combining these approaches are increasingly ad-
opted to improve pollutant removal while mini-
mizing operational costs and environmental im-
pact (Kumara and Dayanthi, 2023).

Seaweed, or macroalgae, comprises multi-
cellular marine organisms classified into brown 
(Phaeophyta), red (Rhodophyta), and green 
(Chlorophyta) groups (UNCTD, 2024). Sea-
weed’s functional groups, which are carboxyl, 
hydroxyl, sulphate, and amino, allow it to bind 
heavy metals effectively, making it a promising 
biosorbent for wastewater treatment (Foday et 
al., 2021). Several studies have explored the use 
of seaweed for heavy metal removal from waste-
water, particularly from landfill leachate (Pan-
dya et al., 2017; Ali et al., 2020; Arumugam and 
Chelliapan, 2021; Selvam et al., 2019). Beyond 
industrial applications in food and pharmaceuti-
cals, seaweed offers a sustainable, low-cost alter-
native to activated carbon for pollutant removal 
(Pereira and Cotas, 2024). Studies show red algae 
like Gracilaria changii can achieve significant re-
moval of heavy metals through adsorption (Aru-
mugam and Chelliapan, 2021). 

The primary objective of this study is to ex-
plore the effectiveness of the naturally occurring 
seaweed Gracilaria changii in removing heavy 
metals, specifically Zn and Cu, from real landfill 
leachate. The study aims to determine the ad-
sorption capabilities of G. changii under varying 
conditions of pH, adsorbent dosage, and contact 
time through controlled batch experiments. The 
key scientific goal is to generate new insights 
into the biosorption potential of Gracilaria 
changii, which has not previously been inves-
tigated for Zn and Cu removal in real leachate 
matrices. In addition, this research seeks to fill 
a significant gap in the current body of knowl-
edge, as no prior studies have reported on the ap-
plication of Gracilaria changii for the treatment 
of actual landfill leachate. The study is designed 
to uncover previously unknown relationships 
between experimental conditions and removal 
efficiencies, thereby improving the understand-
ing of biosorption mechanisms involving marine 
macroalgae. It is hypothesized that Gracilaria 
changii possesses a high natural affinity for Zn 
and Cu ions, and that its biosorption capacity 
can be significantly influenced by operational 
parameters. It is expected that the results will 
not only validate this hypothesis but also sup-
port the development of Gracilaria changii as 
a cost-effective, environmentally sustainable 
biosorbent. Ultimately, the findings aim to con-
tribute toward the advancement of eco-friendly 
technologies for heavy metal remediation in 
complex wastewater systems.
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MATERIALS AND METHODS

Landfill leachate

The landfill leachate used in this study was 
collected from Jeram Landfill, Selangor, Malaysia. 
Figure 1 shows the landfill leachate collection pond. 
The samples were collected directly from the lea-
chate discharge point, stored in a sealed high-densi-
ty polyethylene (HDPE) bottles, and preserved at 4 
°C to maintain their physicochemical integrity. 

Metal solution

To ensure controlled metal concentrations for 
adsorption studies, the leachate was spiked with 
zinc (Zn²⁺) and copper (Cu²⁺) ions. The spiking 
process was essential to achieve the desired met-
al concentrations, as certain heavy metals were 
present at insufficient levels in the raw leachate. 
Stock solutions (100 mg/L) were freshly prepared 
daily using analytical-grade reagents from Merck, 
where zinc and copper powders were dissolved in 
hydrochloric acid (HCl) and nitric acid (HNO₃), 
respectively, and subsequently diluted with dis-
tilled water. All prepared solutions were stored at 
4 °C until used for experimental work to ensure 
chemical stability and reproducibility.

Characterization of leachate

The leachate was characterised for its key pa-
rameters such as pH, COD, BOD, ammoniacal ni-
trogen, color, and heavy metal content. A calibrat-
ed pH meter (model: Accumet Portable, AP 61, 
Fisher Scientific) with values obtained was accu-
rate to ± 0.02 units, according to APHA (2005) 
Method No. 4500-H+ B, was used to measure the 
pH. Heavy metal concentrations (Zn²⁺ and Cu²⁺) 
in both untreated and treated leachate were de-
termined using ICP-OES (model: Optima 8300), 

according to APHA Method 3111. The instrument 
was calibrated using multi-element standard solu-
tions, and only calibration curves with R² > 0.995 
were accepted. Blank and verification standards 
were analyzed periodically to ensure quality con-
trol. Chemical oxygen demand (COD) was meas-
ured according to APHA (2005) Method 5220 us-
ing the Standard Closed Reflux Method. A 2 mL 
filtered sample was added to a HACH reflux vial 
containing potassium dichromate and mercury 
sulfate, sealed, and refluxed for 2 hours at 150 °C 
in a HACH COD reactor. Leachate color before 
and after treatment was analyzed using APHA 
(2205) Method 2120 with a spectrophotometer to 
assess compliance with DOE standards.

Preparation of the adsorbent

The red macroalgae Gracilaria Changii was 
collected from a cultivation pond in Kota Kuala 
Muda, Kedah, Malaysia. The biomass was thor-
oughly washed with tap water followed by dis-
tilled water to remove salts and impurities, then 
oven-dried at 70 °C for 24 hours. The dried sea-
weed was ground and sieved to obtain powder 
with particle sizes ranging from 150 to 300 µm. A 
comprehensive characterization of the adsorbent 
was carried out to determine its physicochemical 
properties, including ash, crude fat, crude fiber, 
protein, moisture, and mineral composition, using 
standard analytical methods. Additional analyses, 
such as fatty acid profiling, pigment quantifica-
tion, and vitamin content determination, were 
performed to evaluate the biochemical constitu-
ents relevant to its adsorption behavior. Figure 2 
shows the cleaned seaweed, the dried seaweeds, 
and crushed seweed. 

Figure 1. Actual photo of the leachate collection pond in Jeram Landfill, Selangor, Malaysia
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Characterization of Gracilaria changii

The dried Gracilaria changii powder was 
analyzed for particle size, surface morphology, 
and mineral composition. Proximate analyses 
were conducted following standard methods. Ash 
content was determined gravimetrically after low-
temperature oxidation at 550 °C for 18 hours. 
Crude fat was extracted using the Soxhlet method 
with petroleum ether and quantified after drying 
the extract at 80 °C. Crude fiber was measured 
using sequential acid–alkali hydrolysis (1.25% 
H₂SO₄ and 1.25% NaOH), followed by drying 
and weighing the residue. Moisture content was 
obtained by oven-drying samples at 60 °C to con-
stant weight. Protein content was determined us-
ing the Kjeldahl method, and total protein was cal-
culated by multiplying nitrogen content by 6.25. 
Nitrogen-free extract (NFE) was calculated using:

	 NFE (%) = 100 – (ash + crude fat +	
	 + crude fiber + protein)	 (1)

For mineral analysis, freeze-dried samples 
were digested with concentrated HNO₃, HClO₄, 
and H₂SO₄, filtered, and analyzed using ICP-AES 
with a multi-element standard. Fatty acids were ex-
tracted using a direct-transmethylation method with 
methanol/DCM/HCl and analyzed by gas chro-
matography–FID. Pigment analysis (β-carotene, 

xanthophylls, and chlorophylls) involved solvent 
extraction with acetone–methanol, centrifugation, 
partitioning with diethyl ether, and HPLC-MS/MS 
detection. Fat-soluble vitamins (A, D, E, and K) 
were extracted following lipid saponification with 
methanolic KOH and analyzed by HPLC equipped 
with a C18 column. Vitamin C was quantified by 
iodine titration. Particle size distribution of the 
dried seaweed powder was determined using an 
Endecotts EFL 2000 sieve shaker.

Adsorption study

The objective of the preliminary investi-
gation was to determine the optimal operating 
conditions for heavy metal adsorption using 
Gracilaria changii. Maximum removal effi-
ciency was defined as the highest percentage 
of Zn²⁺ and Cu²⁺ removed under each operating 
condition. Batch adsorption experiments were 
conducted at room temperature using a jar test 
apparatus. A jar test was used in this study for 
the batch experiments as shown in Figure 3. The 
effects of pH (2.5–8, adjusted with 2 M NaOH or 
2 M HCl), adsorbent dosage (5–25 g), and con-
tact time (30–180 min) were evaluated. Table 1, 
2, and 3 shows the details experimental condi-
tions for each parameter evaluated.

Figure 2. (a) Cleaned Gracilaria changii before drying; (b) Oven-dried G. changii; (c) Gracilaria changii 
crushed into powder
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For each experiment, 1200 mL of leachate 
containing ±20 mg/L of heavy metals was pre-
pared, and 200 mL of this solution was trans-
ferred into 500 mL beakers. A control sample 
without seaweed was maintained to determine 
the initial metal concentrations for QA/QC. The 
solutions were stirred at 100 rpm at 25 ± 1 °C. 
After the adsorption period, samples were filtered 
using Whatman No. 40 filter paper, and ICP-OES 
(Optima 8300) analyze the filtrates. Removal ef-
ficiency was calculated based on the amount of 
metal adsorbed per gram of biosorbent at equilib-
rium, (mg g⁻¹), using the following equation:

	 𝑞𝑞𝑒𝑒 = (𝐶𝐶𝑖𝑖 −𝐶𝐶𝑒𝑒) × 𝑉𝑉
𝑚𝑚  (2) 

 
 
 

	 (2)

where:	Ci and Ce are the initial and equilibrium 
metal concentrations (mg/L), V is the so-
lution volume (L), and m is the dry mass 
of Gracilaria changii (g).

Statistical analysis

Descriptive statistics were applied to summa-
rize and present the experimental data, including 
measures such as mean values and standard de-
viations to describe the central tendency and vari-
ability of the results. To evaluate the significance 
of differences between groups, a comparative 
analysis was conducted using the t-test. This sta-
tistical test was employed to determine whether 

Figure 3. Jar test experiment for adosorption study

Table 1. Experimental condition during the study of the effect of pH
pH of leachate 

solution
Leachate 

volume (mL)
Heavy 
metals

Heavy metal 
concentration (mg/L)

Mass of Gracilaria 
changii (g)

Contact time 
(min)

Rotational speed 
(rpm)

2.5, 3.5, 5.5, 
6.5, 8 200 Zn2+ 20 10 180 100

2.5, 3.5, 5.5, 
6.5, 8 200 Cu2+ 20 10 180 100

Table 2. Experimental condition during the study of the effect of dosage
pH of leachate 

solution
Leachate 

volume (mL)
Heavy 
metals

Heavy metal 
concentration (mg/L)

Mass of Gracilaria 
changii (g)

Contact time 
(min)

Rotational speed 
(rpm)

Previous result 200 Zn2+ 20 5, 10, 15, 20, 25 180 100

Previous result 200 Cu2+ 20 5, 10, 15, 20, 25 180 100

Table 3. Experimental condition during the study of the effect of contact time
pH of leachate 

solution
Leachate 

volume (mL)
Heavy 
metals

Heavy metal 
concentration (mg/L)

Mass of Gracilaria 
changii (g)

Contact time 
(min)

Rotational speed 
(rpm)

Previous result 200 Zn2+ 20 Previous result 30, 60, 100, 
150, 180 100

Previous result 200 Cu2+ 20 Previous result 30, 60, 100, 
150, 180 100
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there was a statistically significant difference be-
tween the means of two groups under different 
experimental conditions. A p-value of less than 
0.05 (p < 0.05) was considered statistically sig-
nificant, indicating that the observed differences 
were unlikely to have occurred by chance

RESULT AND DISCUSSION

Characteristics of landfill leachate 

The characterization results of the raw leach-
ate, as presented in Table 1, indicate that the 
leachate collected from the Jeram landfill exhibits 
properties typical of an intermediate to stabilized 
leachate. The measured pH of 7.98 falls within the 
Department of Environment (DoE) Malaysia’s al-
lowable discharge range (5.5–9.0), signifying a 
near-neutral condition. The temperature of 32 °C 
is also within the acceptable limit of 40 °C, sug-
gesting minimal thermal variation during collec-
tion. However, several other parameters exceeded 
the permissible limits, demonstrating the leach-
ate’s high pollution load. The chemical oxygen 
demand (COD) and biochemical oxygen demand 
(BOD) values were 2304 mg/L and 834 mg/L, re-
spectively, far above the allowable discharge lim-
its of 200 mg/L and 20 mg/L, indicating the pres-
ence of a substantial amount of biodegradable 
and non-biodegradable organic matter. Likewise, 
the colour intensity (11800 ADMI) and ammo-
niacal nitrogen concentration (638 mg/L) greatly 
surpassed the discharge limits of 80 ADMI and 
5 mg/L, confirming the leachate’s high organic 
strength and ammoniacal contamination, typical 
of aged landfill leachate (Table 4).

In contrast, the concentrations of targeted 
heavy metals, zinc (Zn) and copper (Cu), were 
measured at 0.05 mg/L and 0.02 mg/L, respec-
tively, which are well below the allowable dis-
charge limits of 2.0 mg/L (Zn) and 0.2 mg/L (Cu). 

Although the heavy metal concentrations were 
within permissible limits at the time of sampling, 
leachate characteristics can vary significantly 
depending on factors such as landfill age, waste 
composition, and rainfall conditions. Therefore, 
to evaluate the adsorption performance of Graci-
laria Changii under controlled and representative 
conditions, the leachate was artificially spiked 
with additional Zn²⁺ and Cu²⁺ ions to achieve 
measurable concentrations suitable for adsorption 
studies. This approach ensured that the experi-
mental setup accurately reflected the adsorption 
capacity and removal efficiency of the seaweed 
under various controlled parameters, allowing for 
a comprehensive evaluation of its potential in lea-
chate treatment applications.

Characteristics of Gracilaria changii

The characterization results of the Gracilaria 
changii, as presented in Table 2 revealed that the 
proximate and biochemical analysis in Gracilar-
ia changii contained a high moisture content of 
89.9%, which is typical for fresh seaweed biomass. 
Although further drying at higher temperatures 
could reduce the moisture content, this approach 
is not recommended as it may degrade valuable 
phytochemical and bioactive compounds. The 
analysis also indicated that trace amounts of heavy 
metals such as Fe, Mn, Cu, and Zn are naturally 
present in minimal concentrations, suggesting that 
the seaweed is safe and suitable for environmental 
and adsorption applications.

In addition, Gracilaria changii exhibited 
a rich composition of minerals, pigments, and 
essential fatty acids, including omega-3 and 
omega-6, enhancing its nutritional and medici-
nal value. The presence of β-carotene pigments 
contributes to the characteristic coloration of 
the seaweed, while chlorophyll pigments play a 

Table 4. Characteristics of landfill leachate
Parameter Unit Value Allowable discharge Limit

pH - 7.98 5.5–9.0

Temperature °C 32 40

COD mg/L 2304 200

BOD mg/L 834 20

Colour ADMI 11800 80

Ammoniacal nitrogen (AN) mg/L 638 5.0

Zinc (Zn) mg/L 0.05 2.0

Copper (Cu) mg/L 0.02 0.2
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crucial role in photosynthesis and possess signifi-
cant therapeutic and antioxidant properties. These 
attributes highlight the potential multifunctional 
use of Gracilaria vhangii in both environmental 
remediation and bioproduct development. For ad-
sorption experiments, the seaweed biomass was 
ground and sieved to a particle size range of 150–
300 µm, a size range that was consistently used 
throughout this study (Table 5).

Effect of pH

The pH level of leachate is a crucial factor 
in determining the maximum adsorption capacity 
of an adsorbent, as it directly affects metal sol-
ubility, the adsorbent’s surface charge, and the 
ionization of functional groups on cell walls. To 
evaluate this relationship, an investigation was 
conducted by varying the leachate pH from 2.5 
to 8 to observe its influence on metal ion removal 
efficiency, as illustrated in Figure 1. The results 
revealed that Cu achieved its highest removal ef-
ficiency at pH 5.5, with a maximum percentage 
removal of 44.50%, while Zn exhibited a grad-
ual yet stable removal trend throughout the pH 
range. Interestingly, zinc removal exhibited a 
gradual improvement as the pH increased, with 

the lowest percentage removal (69.05%) detected 
at pH 8, down from a maximum of 71.89% at pH 
2.5. These findings are consistent with previous 
research showing that the biosorption capacity 
of red seaweed generally improves with increas-
ing pH, primarily due to enhanced availability of 
negatively charged binding sites that promote the 
attraction of positively charged metal ions.

The effect of pH on biosorption is fundamental-
ly governed by the competition between hydrogen 
ions (H⁺) and metal ions for the same adsorption 
sites. At low pH values, the high concentration of 
H⁺ ions suppress metal ion adsorption by occupy-
ing the negatively charged functional groups, such 
as carboxyl, hydroxyl, and amine groups, on the 
Gracilaria changii surface (Isam et al., 2019). As 
the pH increases, these groups undergo deprotona-
tion, leading to a more negatively charged adsor-
bent surface, which enhances the electrostatic at-
traction between metal cations and the biosorbent. 
This mechanism explains the improvement in 
copper removal efficiency at moderately acidic to 
near-neutral pH, where binding site accessibility 
and electrostatic interactions are most favourable 
(Sumaiya et al., 2014). In contrast, zinc’s relative-
ly stable adsorption trend across different pH val-
ues suggests that factors beyond surface charge, 
such as ionic size or coordination properties, also 
play a role in determining its affinity toward the 
seaweed surface (Figure 4).

Effect of seaweed dosage

Seaweed dosage is essential because it di-
rectly influences the efficiency of heavy metal 
removal in biosorption processes. Increasing the 
dosage of seaweed provides more active sites for 
metal ions to bind, resulting in greater uptake and 
improved purification rates for contaminated wa-
ter. The graph illustrates the relationship between 
seaweed dosage and the percentage removal of Zn 
and Cu from leachate solutions using Gracilaria 
changii under optimized pH conditions, which is 
5.5 for copper and 2.5 for zinc. As seaweed dos-
age increases from 5 g to 25 g, both metals show 
improved removal efficiencies. Zinc removal ex-
hibits a significant increase from 44.62% at 5 g 
dosage to almost complete removal at 99.14% 
for 25 g dosage. Copper removal also follows an 
upward trend, starting at 65.99% and reaching 
80.75% at the highest seaweed dosage.

The data in Figure 2 indicate that the bio-
sorption capacity of Gracilaria changii enhances 

Table 5. Characteristic of Gracilaria changii
Analysis Result

Ash 4.8%

Crude fat 0.6%

Crude fiber 4.3%

Moisture 89.9%

Nitrogen free extract 4.0%

Protein (N × 6.25) 0.9%

Fatty acid composition: Per 100 g:

Omega 3 5 mg

α-Linolenic acid 5 mg

Eicosapentaenoic acid 0 mg

Docosahexaenoic acid 0 mg

Omega 6: 75 mg

Linolenin acid 35 mg

ƴ-Linolenic acid 0 mg

Dihomo -ƴ- Linolenic acid 0 mg

Arachidonic acid 40 mg

Pigments

B-Carotane 25.8 mg

Xanthophyll 2.4 mg

Chlorophyll 5.5 mg
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with higher biomass availability, providing more 
active sites for metal binding. This positive cor-
relation suggests that increasing the biosorbent 
dosage improves the interaction between the 
seaweed’s functional groups and metal ions, re-
sulting in higher heavy metal uptake (Znad et 
al., 2022). The difference in removal efficien-
cy between zinc and copper could be attributed 
to the intrinsic binding affinity differences and 
metal speciation at the optimal pH. Zinc shows a 
sharper increase in removal, suggesting a strong-
er or more accessible binding mechanism to the 
seaweed biomass at low pH. Copper, while still 
showing a clear enhancement, has a more gradu-
ated increase, likely influenced by different ion-
ization states and competition at the biosorption 
sites (Figure 5).

Effect of contact time

Contact time is a critical variable in biosorp-
tion studies because it determines how long the 

adsorbent is exposed to heavy metal ions, directly 
influencing the overall removal efficiency and up-
take capacity (Ávila et al., 2025). Sufficient con-
tact time allows for optimal interaction between 
the adsorbent’s active sites and metal ions, enhanc-
ing adsorption before saturation or equilibrium is 
reached. The graph in Figure 3 depicts the effect 
of contact time on the percentage removal of Zn 
and Cu from leachate solutions using Gracilaria 
changii under optimized pH (5.5 for copper and 2.5 
for zinc) and fixed seaweed dosage (25g). Zinc re-
moval shows a substantial increase from 85.33% at 
30 minutes to nearly complete removal (~94.89%) 
at 150 minutes, after which it plateaus through to 
180 minutes. Copper removal also demonstrates 
a clear increasing trend, starting at 54.35% at 30 
minutes and reaching 68.84% after 180 minutes. 

The data suggest that extended contact time 
promotes greater metal uptake by the seaweed un-
til an equilibrium state is reached. This increase in 
removal efficiency with time can be attributed to 
the biosorption process, where initially abundant 

Figure 4. Effect of pH on the removal of Zn and Cu

Figure 5. Effect of seaweed dosage on the removal of Zn and Cu
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active sites on the Gracilaria changii biomass rap-
idly adsorb available metal ions (Fawzy, 2020). As 
time progresses, these sites become saturated, and 
the rate of uptake slows, resulting in the observed 
plateau in removal percentages. Zinc reaches 
near-complete removal more quickly than copper, 
implying stronger or faster biosorption kinetics for 
zinc under these conditions, which may be related 
to differences in metal ion properties or affinity for 
binding sites on the seaweed (Figure 6).

CONCLUSIONS

Based on the experimental results across all 
graphs, this study demonstrates that Gracilaria 
changii is an effective biosorbent for removing 
heavy metals from leachate solutions, with re-
moval efficiencies strongly impacted by pH, sea-
weed dosage, and contact time. Optimal pH con-
ditions maximized biosorption, as confirmed by 
the highest removal rates for copper and zinc at 
pH 5.5 and 2.5, respectively. Increasing the dos-
age of seaweed markedly enhanced metal remov-
al, attributed to the greater availability of active 
binding sites, until a point of diminishing returns 
when maximal adsorption was approached. Fur-
thermore, the removal efficiency for both cop-
per and zinc increased with longer contact times, 
reaching equilibrium after 150–180 minutes, 
indicating the importance of allowing sufficient 
interaction time for maximum biosorption. These 
findings are consistent with biosorption kinetic 
models and support the need to optimize opera-
tional variables for industrial-scale applications. 
Overall, the synergy between pH control, appro-
priate biomass dosage, and adequate contact time 
enables Gracilaria changii to remove harmful 

metals from leachates efficiently. The study pro-
vides a scientific basis for employing red seaweed 
as a sustainable and cost-effective solution in en-
vironmental management, contributing to safer 
water discharge and aligning with regulatory 
standards for heavy metal contamination.
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