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INTRODUCTION  

 

HMs (Heavy Metals) are characterized by a specific density greater than 5g/ cm³, 

which is a primary cause of precipitation and accumulation in aquatic ecosystems 

(Rasheed et al., 2024). They are non-biodegradable and bioaccumulating substances, 

known to be toxic to living organisms, even at very low concentrations (Fu & Wang, 
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Heavy metals (HMs) contamination in the Eastern Harbor (EH), 

Alexandria, Egypt, presents serious environmental and health concerns. 

Increased industrial activities and urban runoff have raised pollutant levels 

in the area, impacting marine ecosystems and water quality. This study 

investigated the potential of biochar (BC) derived from marine macroalgae 

for removing (HM) ions from contaminated aqueous solutions. Biochar was 

produced through pyrolysis at 500°C, and its adsorption capacity was 

evaluated for the removal of Pb, Cu, Ni, Zn, and Cd. The physicochemical 

analysis revealed that marine macroalgae-derived biochar demonstrated 

exceptional removal efficiencies, ranging from 97 to 99% for the targeted 

(HMs). Among the macroalgae species assessed, Corallina officinalis was 

the most efficient bioaccumulator of Pb, Ni, and Cd, while Ulva compressa 

and Ulva fasciata showed the highest bioaccumulation of Fe, Cu, and Mn. 

These results highlighted the significant potential of algal biochar as a 

sustainable and effective material for the removal of HMs from 

contaminated water, offering an eco-friendly solution for pollution control 

and contributing to the development of circular economy practices. 
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2011). Therefore, the removal of HMs is essential. Various remediation techniques, based 

on either mobilization or immobilization processes, have been developed to address these 

challenges (Ahmed et al., 2022; Salaah et al., 2022). 

Algal diversity plays a crucial ecological role in coastal ecosystems by cycling 

carbon, nitrogen, and phosphorus. It helps regulate water quality, provides habitat, 

supports coastal food webs, and contributes to overall productivity and biodiversity 

(Abou Gabal et al., 2022). Algae can accumulate trace metals, reaching concentration 

values that are thousands of times higher than their corresponding concentration in 

seawater (Conti & Cecchetti, 2003). The use of macroalgae in biomonitoring indicates 

that metal concentrations in macroalgae correspond to bioavailable metal concentrations 

in marine ecosystems (Campanella et al., 2001). Marine macroalgae are widely used in 

coastal waters around the world as bioindicators of metal contamination (Okuku & 

Peter, 2012). A key assumption in using seaweeds as bioindicators is that the metal 

concentrations in the algae are directly proportional to the bioavailable metal 

concentrations in the surrounding environment. Macroalgae are particularly effective in 

studies of heavy metal pollution due to their rapid accumulation of metals from water and 

their ability to concentrate dissolved metals in their cell walls (Salgado et al., 2005).  

Based on environmentally friendly and financially viable aspects, considerable 

attention has been devoted to the application of biochar (BC) as a practical approach 

because of its low cost, the wide range of available feedstock materials, as well as 

mechanical and thermal stability (Mohan et al., 2015). BC is recognized as a versatile 

material for addressing HMs in contaminated soils and water (Lehmann et al., 2011).  

BC is typically produced through the thermal treatment of biomass, such as wood, 

manure, or leaves, in an oxygen-free environment. It has gained significant attention due 

to its unique physio-chemical properties and its wide range of applications across various 

fields, including climate change mitigation, agriculture, environmental remediation, and 

energy production (Premarathna et al., 2019). 

 BC is a sustainable, carbon-neutral material, with CO2 emissions during its 

production balanced by the amount absorbed by the biomass during photosynthesis 

(Yuan et al., 2019). Its porous structure makes it an effective carbon storage solution and 

aids in pollutant adsorption and degradation. BC is made from various carbon-rich 

feedstocks, often organic waste, supporting waste management efforts. Due to its cost-

effectiveness, BC is used in water and soil treatment as an affordable alternative to 

activated carbon for removing contaminants like heavy metals, pesticides, and dyes 

(Zhao et al., 2021). However, its low surface area limits its effectiveness, prompting 

research into enhancing its properties through modification techniques such as amination, 

acid/base treatments, and magnetic modification (Arif et al., 2021). 

BC can significantly adsorb HMs, resulting in decreased bio-availability and 

leaching of these metals (Cui et al., 2019). With recent advancements in BC research, 

different raw materials have been utilized to successfully eliminate HMs, sawdust 
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(Kaczala et al., 2009), dairy manure (Kołodyńska et al., 2012), wastewater sludge 

(Zhang et al., 2013), organic waste (Mohan et al., 2014), terrestrial biomass, such as 

wood, agricultural residues, and peanut shells (Zhang et al., 2015) in addition to energy 

cane (Mohan et al., 2015). More recently, biochar derived from microalgae and marine 

macroalgae have attracted more attention in research because they are easy to grow and 

has high production rates (González-Hourcade et al., 2022; Kenneth et al., 2023).  

The main goal of this research was to identify the most prevalent algae species at 

each selected site concerning their accumulation of common HMs, specifically cadmium, 

zinc, copper, lead, and iron. Additionally, the research aimed to identify macroalgae 

species with the highest metal retention capabilities for targeted use in phytoremediation 

of contaminated sites. Furthermore, the research investigated the characteristics of BC 

derived from the specified marine macroalgae and assessed its ability to eliminate HMs 

from water solutions, thus aiding in bioremediation endeavors. 

 

MATERIALS AND METHODS  

 

1. Study area 

The Eastern Harbor (EH) is a shallow semi-closed basin covering an area of 

around 2.8km2, situated in the central portion of Alexandria, Egypt, with an average 

depth of 6.5m and a water volume of 16.44 ×106 m3
. Concrete blocks also fortified the 

southern portion of the harbor; the northern side is protected by an artificial breakwater 

with eastern and western inlets. It is bordered to the east by a land projection, El-Silsila, 

and to the northwest by a long causeway. In addition to shipping operations and 

agriculture, the receipt of sewage effluents from many small sewers as a Hunting Club 

and Yacht Club, the Eastern Harbor is impaired by the sewage drainage of the central 

section of Alexandria City, also, to waste from fishing and sailing boats anchoring within 

the harbor around 5400m of sewage per hour. The port is separated by an artificial 

breakwater of concrete blocks from the open sea, except for two openings on the middle 

and eastern sides of the breakwater that allow the active exchange of water between the 

port and the open sea (Abou Gabal et al., 2023; Khairy et al., 2024). 

1.1. Location 

Eastern Harbor (EH) is located at latitude 31°12'02.5" and longitude 29°53'33.4" 

(Fig. 1). 
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Fig. 1. Sampling area (Eastern Harbor), Alexandria, Egypt 

 

2. Sampling procedures 

Seawater samples were collected in June 2019 from a depth of 0.5 meters in the 

Eastern Harbor (EH) using acid-washed polyethylene bottles. Macroalgae samples were 

handpicked at low tide from intertidal zones, ensuring minimal disturbance to the habitat. 

Each sample was thoroughly rinsed with deionized water to remove debris and epiphytes 

before further processing. 

2.1. Macroalgae identification 

According to taxonomic studies by Khalil (1987) and Aleem (1993), the Eastern 

Harbor was found to host three species: Ulva fasciata, Ulva compressa, and Corallina 

officinalis (El-Din et al., 2015; AbouGabal et al., 2021; Ibrahim et al., 2024). 

 

2.2. Sample preparation and analysis of HMs in seawater and macroalgae 

Seawater analysis: 

• Collection: Seawater samples were collected from the Eastern Harbor (EH) in 

June 2019 at 0.5 meters depth using acid-washed polyethylene bottles. 

• Preservation and extraction: Samples were acidified with nitric acid and metals 

were extracted using APDC and MIBK solvents. 

• Analysis: Metal concentrations were measured by atomic absorption 

spectrophotometry (AAS) following APHA (2017) standards. 

Macroalgae analysis: 

• Preparation: Algae (Ulva fasciata, Ulva compressa, Corallina officinalis) were 

washed, dried at 40°C, and grounded into powder. 
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• Digestion: Algae samples were digested with nitric and hydrochloric acids, 

filtered, and diluted. 

• Analysis: Metal concentrations were measured using atomic absorption 

spectrophotometry (AAS), following AOAC (1990) protocols. 

Blank controls and replicates: 

Blank controls (deionized water) were used to ensure accuracy. All analyses were 

performed in triplicate for reliability. 

2.3. Preparation and pyrolysis of algae 

The algae were initially washed with deionized water to remove impurities, and 

then air-dried before undergoing pyrolysis. 

2.3.1. Pyrolysis process 

The thermo chemical conversion of seawater algae into BC was performed in an 

electrically heated muffle furnace (Model. HD-150, Spain). Close to 15gm of algae 

samples were weighed and put in crucibles with secure lids. The pyrolysis was carried out 

under oxygen-limited conditions without nitrogen gas flow. The heat was gradually 

increased to 500°C at a rate of about 15°C per minute, and held at that temperature for 

one hour. This temperature was chosen based on literature indicating it as optimal for BC 

production and maximum heavy metal adsorption efficiency (Vargas & Monteggia 

2015). Following pyrolysis, the BC was cooled to room temperature, subsequently 

grounded, and then stored in sealed bags until further use. 

 

2.4. Surface morphology and characterization 

2.4.1. Scanning electron microscopy (SEM) analysis 

 SEM was used to investigate the surface of each of the three algal BC samples and 

to examine their morphology, which was observed after gold coating on a copper holder, 

using a JSM 6360LA from JEOL, Japan, at an accelerating voltage of 20 KV. 

By applying Fourier transform infrared (FTIR) analysis, the composition of three 

algal biochar samples and their surface functional groups were obtained using Fourier 

transform infrared (Bruker ALFA FTIR spectrometer—Bruker Corporation, Ettlingen, 

Germany) in a range between 400 and 3900cm-1. 

2.4.2. The thermo gravimetric analyzer (TGA) 

The thermal stability of the three algal biochar samples was assessed using a 

thermogravimetric analyzer (TGA-50 Shimadzu). 
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2.4.3. Particle size analyzer (PSA) 

Particle size distribution for the three algal BC samples was analyzed using a 

submicron particle size analyzer (Beckman Coulter—USA). The samples were dispersed 

in water at a temperature of 20°C, with a viscosity of 1.002 and a refractive index of 1.33. 

2.5. Biosorption studies 

2.5.1. Preparation of metal solutions 

Metal salts (CdCl₂·H₂O, Pb (NO₃)₂, CuSO₄·5H₂O, NiCl₂·6H₂O, and ZnSO₄·7H₂O) 

were dissolved in deionized water to prepare 50mg/ L stock solutions. To evaluate the 

impact of initial metal concentration on adsorption, various metals (Zn, Cu, Cd, Ni, and 

Pb) were tested. 

2.5.2. Batch adsorption experiments 

• 0.5g of BC was added to 100mL conical flasks containing 50mL of each 

50mg/ L metal solution. 

• All experiments were conducted in triplicate to ensure statistical validity. 

• The pH was maintained at 4 using dilute HCl or NaOH. 

• The mixtures were shaken at 150rpm and 25°C for 24 hours. 

• Solutions were filtered after 24 hours, and metal concentrations were 

measured using atomic absorption spectroscopy (AAS). 

2.6. Statistical evaluation 

Statistical analysis was performed using Statistix 8.1 software. The correlation 

coefficient was calculated to determine the relationship between the biosorption abilities 

of different (BCs) and the initial HM concentrations. One-way ANOVA was conducted 

to assess the significant differences between the biosorption capacities of the different 

algae-derived (BCs). All experiments were carried out in triplicate, and the results were 

presented as mean ± standard error. 

 

 RESULTS AND DISCUSSION  

 

1. HMs contamination in EH seawater and macroalgae: Impacts on aquatic 

ecosystems 

1.1. HMs contamination in EH seawater 

HMs presents a considerable threat to water ecosystems because of their potential 

to accumulate to toxic levels, thereby causing damage to the ecosystem (Erdoğrul & 

Erbilir, 2007). HMs (Cd, Pb, Ni, Cu, and Zn) were chosen because they are commonly 

found in industrial effluents and pose significant environmental and health risks due to 

their toxicity and ability to bioaccumulate in marine organisms. Analysis of seawater 

samples indicated that the average concentrations of Pb, Cu, Ni, Zn, and Cd were 6.35, 

4.09, 1.97, 16.31, 13.06, and 1.97μg/ L, respectively, all exceeding the WHO permissible 
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limits. However, Mn and Fe concentrations remained within permissible limits (Zhang et 

al., 2015). Mn, being abundant in the Earth's crust with minimal toxicity, plays a 

significant biological role, especially in aquatic environments (Zhang et al., 2015). 

Although iron oxidation is not toxic in itself, the conversion of its soluble form into 

insoluble precipitates can block the gills of aquatic organisms (Okbah et al., 2016). 

The high Cd levels in the EH are associated with sewage discharges from small 

sewer systems, shipping operations, and sewage disposal in central Alexandria (Wahbi & 

El-Greisy, 2016). Furthermore, the area is subject to effluents contaminated with various 

human-made materials, including trace metals. Pb, classified as hazardous by the USEPA 

(2000), originates from manufacturing processes, atmospheric deposition, domestic 

wastewater, sewage, and sewage sludge (González-Macías et al., 2014). Ni discharge 

into natural waters primarily comes from municipal wastewater, smelting, refining of 

nonferrous metals, and mine drainage effluents (Denton et al., 2001; Finkelman, 2005). 

Copper concentration in seawater exceeds the World Health Organization (WHO) 

recommendations by 1.4 times, with permissible limits consistent with those reported by 

Wahbi and El-Greisy (2016). 

Zinc is a prevalent environmental contaminant often found in conjunction with 

lead and cadmium (Bhowmik et al., 2010). Domestic waste discharge represents a 

significant source of zinc in aquatic environments (Wafi, 2015). The findings from the 

analysis of seven metals (Mn, Cu, Zn, Ni, Pb, Fe, and Cd) in water samples, and three 

macroalgae species collected from the EH site are summarized in Table (1). 

 

 

3.1.2. HMs accumulation in macroalgae  

Macroalgae have become more popular for their usefulness in monitoring 

eutrophication, as well as organic and inorganic pollutants. Their capacity to accumulate 

metals within their tissues has made them valuable biomonitors of metal availability in 

marine ecosystems (Gosavi et al., 2004). The three algae species (Ulva fasciata, Ulva 

compressa, and Corallina officinalis) collected from the EH area exhibit varying degrees 

of metal contamination, including Cd, Cu, Fe, Hg, Mn, Ni, Pb, and Zn. 

Various types of algae show specific preferences when it comes to accumulating 

metals. Corallina officinalis, a type of red seaweed, showed the highest level of Cd at 

19.35μg/ g DW, while the green algae Ulva compressa exhibited the highest 

concentration (12.42μg/ g DW). The increased cadmium concentration in red algae may 

be due to the higher calcification rate of Corallina officinalis in warmer areas, leading to 

a more relaxed regulation of minor and trace element absorption (Youssef, 1993).  

The highest concentration of Pb was detected in red algae (Corallina officinalis, 

40.69μg/ g DW), while the lowest concentrations were observed in green algae, Ulva 

fasciata and Ulva compressa (23.33 and 5.0μg/ g DW, respectively). Additionally, Ulva 

compressa exhibited a relatively high Pb concentration (27.51μg/ g DW), possibly due to 
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its filamentous structure. This observation aligns with the findings of Benguedda et al. 

(2011) and Allam et al. (2016), regarding the bioaccumulation of Pb and Cd from Béni 

Saf (Algeria) and Ghazaouet for Corallina officinalis, respectively. In addition, Corallina 

officinalis displayed the highest nickel content (35.63μg/ g DW), potentially because 

other green algae species (Ulva compressa and Ulva fasciata) can regulate nickel uptake, 

leading to lesser accumulation (Ho, 1987). 

Ulva compressa and Ulva fasciata exhibited the highest copper concentrations, 

followed by Corallina officinalis (a Rhodophyta species), consistent with the findings of 

El-Din et al. (2014). Ulva species, prevalent along most coastlines, tend to accumulate 

high nutrient levels in areas affected by domestic sewage, demonstrating a high capacity 

for binding copper associated with sewage (Siddiqui & Bielmyer-Fraser, 2019). 

Therefore, Ulva species could serve as bioindicator species for copper contamination 

(Bonanno & Orlando-Bonaca, 2018). 

Manganese levels in Ulva compressa ranged from 7.36 to 8.81g/ g DW, with 

variable trends across sampling sites. Contrary to findings by Bonanno and Orlando-

Bonaca (2018), our results indicated higher Mn accumulation in green algae compared to 

red algae. Iron content exhibited wide fluctuations across different algal species, with 

Ulva compressa>Ulva fasciata>Corallina officinalis. This variability may be attributed to 

metal binding to extracellular sites, influenced by chemical and physical conditions of the 

aquatic environment influencing metal biosorption on algal surfaces (Mohamed & 

Khaled, 2005). The relatively high iron content in three algal species studied is likely 

attributed to its essential function in biological processes (El-Sarraf, 1995). 

Ulva compressa showed the highest zinc accumulation (48.13μg/ g DW), while 

Ulva fasciata and Corallina officinalis accumulated zinc at different rates (20.06 and 

18.81μg/ g DW, respectively). This indicates that zinc bioavailability depends on 

surrounding water concentrations (El Zokm et al., 2014), consistent with findings by 

Oucif et al. (2020). Given their metal accumulation capacities, Corallina sp. (Cd, Pb, and 

Ni) and Ulva sp. (Fe, Cu, and Mn) could serve as bio-indicator species for metal 

contamination, complementing the observations made by Yozukmaz et al. (2018). 

 

Table 1. Mean and standard rrrors of HMs concentration in seawater (μg/L) and 

macroalgae, compared to WHO limits for seawater 
  

 

 

WHO 

 

Seawater 

Macroalgae 

Ulva fasciata Ulva compressa Corallina officinalis 

Cd 0.11 1.97±0.53 8.20±0.25 12.42±0.87 19.35±3.42 

Pb 0.05 6.35±0.31 23.33±1.73 24.58±0.52 40.69±1.8 

Ni 5.4 16.31±2.23 25.42±2.89 22.16±1.5 35.63±2.89 

Cu 3 4.09±0.51 17.94±1.44 18.81±1.15 15.13±1.14 

Mn 2 1.96±0.58 6.42±0.29 7.36±0.58 3.96±0.59 

Fe 10 5.46±0.88 287.81±12.7 437.81±19 194.06±6.35 

Zn 10 13.06±1.03 20.06±1.7 48.13±4.62 18.81±2.5 
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  Marine algae demonstrate strong metal biosorption abilities thanks to active 

functional groups on their cell walls. Using marine macroalgae as activated carbon 

materials has multiple advantages, including cost-effectiveness, widespread availability, 

and high efficiency in metal binding (Apiratikul & Pavasant, 2008). 

3.2. Bioremediation of HMs using marine BC 

Algal BC has been shown to effectively adsorb HMs, including copper (Cu), 

cadmium (Cd), and zinc (Zn) ions from aqueous solutions (Poo et al., 2018; Son et al., 

2018). Biochar derived from the freshwater macroalga Oedogonium sp. was used for 

removing metal ions from industrial effluent produced by a coal-fired power station 

(Kidgell et al., 2014).   

Currently, algae are being employed as precursors for BC production due to their 

composition of cellulose and hemicelluloses (Jung et al., 2016). The use of marine 

macroalgae as activated carbon materials presents notable benefits, including low cost, 

broad availability, and high efficiency in metal binding (Apiratikul & Pavasant, 2008). 

3.3. Characterization of macro-algal BC 

3.3.1. Energy dispersive x-ray (EDX) analysis 

The elemental composition of the three types of biochar (Ulva fasciata, Ulva 

compressa, and Corallina officinalis) as determined by EDX analysis is shown in Figs. 

(2, 3, and 4, respectively). Table (2) summarizes the differences between the three types 

in the percentage of each element, which is presented as a mass percentage and atomic 

percentage. The results showed that both types of Ulva fasciata and Ulva compressa have 

a similar elemental composition that is carbon, oxygen, copper, and cadmium with 

differences in the percentage of each, while the third type Corallina officinalis contains 

the first three-element (C, O, and Cu) with the absence of Cd. Oxygen is the most 

abundant in all types with the mass percentage of 56.76, 46.53, and 63.34% for types 

Ulva fasciata, Ulva compressa, and Corallina officinalis, respectively. The next element 

in abundance is carbon with a closer mass percentage of 25.44, 23.48 and 27.49% for 

Ulva fasciata, Ulva compressa, and Corallina officinalis. In types of Ulva fasciata and 

Ulva compressa, the cadmium percentage is high compared to that of copper, in Ulva 

fasciata the Cd % is 13.97 compared to 5.80% for Cu, while in the type of Ulva 

compressa, this difference increases between the two elements as the mass percentage of 

Cd is 23.49% compared to only 2.49% for Cu. On the other hand, cadmium is absent in 

Corallina officinalis, and the mass percentage of Cu increased, compared to the type of 

Ulva fasciata and Ulva compressa, to reach 11.21%. 
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Fig. 2. EDX image of Ulva fasciata BC 

 
Fig. 3. EDX image of Ulva compressa BC 

 

Fig. 4. EDX image of Corallina officinalis BC 
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Table 2. The elemental composition of Ulva fasciata, Ulva compressa, and Corallina 

officinalis BC 

  

 
Ulva fasciata Ulva compressa Corallina officinalis 

Element Mass% Atomic% Mass% Atomic% Mass% Atomic% 

 23.48 34.18 27.49 42.04 25.44 33.87 

C 56.76 62.05 46.53 53.41 63.34 63.31 

O 5.80 1.60 2.49 0.72 11.21 2.82 

Cu 13.97 2.17 23.49 3.84 -------- --------- 

Cd 100% 100% 100% 100% 100% 100% 

 

3.3.2. Fourier-transform infrared (FTIR) spectroscopy  

Research shows that BCs derived from bio-waste are highly effective for 

extracting toxic metals from wastewater. This effectiveness is attributed to their porous 

structure, large specific surface area, and rich variety of functional groups (Wang et al., 

2019). 

The three types of BC underwent analysis to assess various physical properties 

and chemical structures through several procedures. FTIR spectroscopy was used to 

identify the functional groups present in the BC samples. FTIR spectra depicted in Figs. 

(5, 6, and 7) illustrate the absorbance of fundamental functional groups in BC. 

Additionally, Tables (3, 4, and 5) present the characteristic bands observed in the BC 

samples, along with their assignments to different functional groups. 

 

Fig. 5. FTIR spectra of Ulva fasciata BC 
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Fig. 6. FTIR spectra of Ulva compressa BC 

 

Fig. 7. FTIR spectra of Corallina officinalis BC 

Table 3. Band assignment to the peaks of BC prepared from Ulva fasciata 

Stretching frequency Functional group 

3700-3900 (3757.46-3869.33 -

3884.76) 

Weak R-OH band representing monomeric alcohol, phenol, 

carboxylic groups. 

3500-3300 (3391.94) O-H Stretching (intermolecular hydrogen-bonded) 

2840-3000 (2929-2866.32) Stretching C-H group for alkane 

2520.08 Stretching -OH group for carboxylic acid 

2300-2400 (2392.78) O=C=O (CO2 may be absorbed on the biochar surface 

2000-1650 (1806.4) Weak bending C-H for aromatic compound 

1627.97 C=O 

1450-1420 (1432.19) C-H Asymmetric. Bending 

1260-1000 (1120.68) C-O in carboxylic acids, alcohols, phenols, and esters 

880-700 (873.78-765.77) Bending C-H for 1,3 disubstituted compounds 

700-400 (607.60-674.14) C-C stretching 
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Table 4. Band assignment to the peaks of BC prepared from Ulva compressa 
Stretching frequency Functional group 

3700-3900 (3759.39) 
Weak R-OH band representing monomeric alcohol, phenol, 

carboxylic groups. 

3700-3584 (3691.88) Stretching free -OH group for alcohol 

3500- 3300(3437.26) O-H Stretching (intermolecular hydrogen-bonded) 

2840-3000(2933.83-2979.16) Stretching C-H group for alkane 

2522.20 Stretching -OH group for carboxylic acid 

2300-2400 (2381.20) O=C=O (CO2 may be absorbed on the biochar surface 

2140-2100 (2136.23) Weak Stretching CΞC for monosubstituted alkyne 

2000-1650 (1795.79) Weak bending C-H for aromatic compound 

1450-1420 (1430.26) C-H Asymmetric. Bending 

880±20 (874.75) 

780±20 (790.84) 

700±20 (712.72) 

Bending C-H for 1,3 disubstituted compounds 

 

Table 5. Band assignment to the peaks of BC prepared from Corallina officinalis 

Stretching frequency Functional group 

3700-3900 (3762.28 -3880.91) Weak R-OH band representing monomeric alcohol, phenol, 

carboxylic groups. 

3500-3300 (3437.26) O-H Stretching (intermolecular hydrogen-bonded) 

2840-3000 (2931.9) Stretching C-H group for alkane 

1635.69 Carbonyl group C=O 

1450-1420 (1447.62) C-H Asymmetric. Bending 

1260-1000 (1118.75) C-O in carboxylic acids, alcohols, phenols, and esters 

700-400 (606.63-483.04) C-C stretching 

 

3.3.3. Scanning electron microscopy (SEM) 

SEM was employed to analyze the microstructure and morphology of the samples 

after pyrolysis, and this technique is frequently used to study algal BC (De Bhowmick et 

al., 2018). The SEM images of BC samples prepared from Ulva fasciata, Ulva 

compressa, and Corallina officinalis are presented in Fig. (8a, b, c, d, e, and f) at different 

magnifications. The pores and curves on the BC surface appear to be more developed 

because of the release of low-mass gaseous species during pyrolysis. The surface area of 

algal BC is rather weakly developed. Increasing temperatures cause the material to 

agglomerate as a result of the increasing ash content. It is noted that despite the high 
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magnification, the presence of small-sized granules may explain the high efficiency in the 

processes of absorption and absorption. 

 
Fig. 8. SEM micrographs of (a, b) for Ulva fasciata BC with magnifications of 25000x; 

(c, d) Ulva compressa BC with magnifications of 35000x; (e, f) Corallina 

officinalis BC with magnifications of 15000x 

 

3.3.4. Particle size distribution (PSD) 

The PSD of all samples was assessed using the Beckman Coulter N5 Submicron 

Particle Size Analyzer. The analysis was conducted at two different angles of scatter (90 

and 11.1), as shown in Figs. (9, 10, and 11), for samples of Ulva fasciata, Ulva 

compressa, and Corallina officinalis, respectively. For all samples, the highest intensities 

of the particles are detected at the larger angle, as shown by the wider distribution curve. 
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The particle sizes for Ulva fasciata and Ulva compressa are closer to each other in the 

large particle size, with a value of 620.9 nm and 666.4nm for Ulva fasciata and Ulva 

compressa, respectively. While the particle size of Corallina officinalis at the higher 

angle is larger than that of Ulva fasciata and Ulva compressa, it is more than twice the 

size (1541nm). The small particle size, measured at the smaller angle, is less intense, and 

the size of a small particle in Ulva compressa is larger than that in Ulva fasciata, and the 

smallest size for the small particles is recorded for Corallina officinalis, as shown for the 

narrow curve of all samples, with values of 65.1, 98.5, and 39nm for Ulva fasciata, Ulva 

compressa, and Corallina officinalis, respectively. 

Fig. 9. Particle size analyzing for Ulva fasciata BC 
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Fig. 10. Particle size analyzing for Ulva compressa BC 

Fig. 12. Particle size analyzing for Corallina officinalis BC 

 

3.4. Biosorption research 

3.4.1. Impact of initial HM ion concentration 

In this study, preliminary experiments were conducted to assess the biosorption of 

five metals (Cd, Pb, Zn, Ni, and Cu) by BC derived from Ulva fasciata, Ulva compressa, 

and Corallina officinalis in single-metal solutions. Initially, it was focused on the 

physicochemical characterization of the BCs, as presented in Table (6). 

The subsequent table illustrates the reduction percentages of various HMs 

following sorption onto the surfaces of the three different algal BC. As indicated in Table 
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(5), all types of BC exhibited a remarkable effectiveness as sorbent materials for 

removing high concentrations of HMs from contaminated solutions. Moreover, there 

were no discernible differences in the efficiency among the three types of BC, with 

reduction in heavy metal concentration ranging between 97 and 99% for all types, 

highlighting their exceptionally high biosorption capacities. Our results indicate that the 

BCs derived from Ulva fasciata, Ulva compressa, and Corallina officinalis have 

exceptionally high biosorption capacities, with removal efficiencies ranging between 93 

and 99% for various HMs. These findings are consistent with previous studies, such as 

those of Kidgell et al. (2014) and Thivya and Vijayaraghavan (2019), who reported 

high removal efficiencies for BCs derived from freshwater macroalgae and red seaweed, 

respectively. 

Our findings corroborate the substantial biosorption capacity of biochar derived 

from algal biomass in extracting HMs from contaminated solutions, aligning with 

previous studies. For instance, Kidgell et al. (2014) demonstrated that the BCs produced 

from the freshwater macroalga Oedogonium at 450°C exhibited effective removal 

efficiencies for Cr (III), Cu (II), and Zn (II) ions from industrial waste, achieving 50% 

removal for Cr (III), 37% for Cu (II), and 92% for Zn (II). Similarly, Thivya and 

Vijayaraghavan (2019) examined BC derived from red seaweed obtained from 

Kappaphycus alvarezii at 350°C, which displayed efficacy in removing reactive dyes. 

Additionally, Gokulan et al. (2019) highlighted the effectiveness of BC produced from 

the green seaweed Ulva lactuca at 300°C in removing Remazol dyes from complex dye 

wastewater, achieving a dye removal efficiency exceeding 77.5%. Therefore, the high 

biosorption capacity of BC samples derived from Ulva fasciata, Ulva compressa, and 

Corallina officinalis suggests their potential use in treating industrial wastewater and 

contaminated marine environments. These BC samples could be employed in filtration 

systems to remove toxic HMs, thereby reducing environmental pollution and protecting 

aquatic ecosystems. 

Furthermore, the results presented in Table (7) demonstrate the superior biosorption 

of various metal ions by BC materials compared to fresh algae metal accumulation. 

Specifically, Corallina officinalis exhibited maximum absorption of HMs (Cd, Pb, and 

Ni), whereas Ulva compressa demonstrated maximum absorption of HMs (Cu and Zn). 

Notably, algal BC outperformed fresh algae in removing HMs, indicating its efficacy in 

environmental remediation. In conclusion, BC derived from Corallina officinalis and 

Ulva compressa shows potential as an effective technology for removing metal ions from 

contaminated environments. 
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Table 6. Percentage of the biosorption of metals by algal BC 

Metal U. fasciata % U. compressa % C. officinalis % 

Pb 98.81±0.01 98.93±0.03 98.71±0.03 

Zn 99.28±0.11 97.11±0.19 99.58±0.03 

Cu 99.86±0.01 99.83±0.02 99.91±0.01 

Ni 98.26±0.03 99.43±0.05 97.01±0.07 

Cd 99.03±0.03 99.35±0.04 98.99±0.040 

 

Table 7. Comparison of HMs accumulation between fresh algae and algal BC 

HMs accumulation (µg/g) Cd Pb Ni Cu Zn 

U. fasciata 
Fresh algae (average) 3.86 24.79 17.12 18.87 21.45 

Algal BC 2417 2967 4350 338 1800 

U. compressa 
Fresh algae (average) 4.99 21.37 15.29 16.656 33.26 

Algal BC 1.617 2683 1433 422 7217 

C. Officinalis 
Fresh algae (average) 11.75 40.22 25.08 10.07 18.49 

Algal BC 2517 3217 7467 233 1062 

 

Characterizing BC is crucial to affirm its efficacy in biosorbing the studied HMs. 

SEM images reveal the presence of small particles, and high magnification supported by 

particle size distribution studies indicates a high surface area, significantly influencing its 

biosorption properties (Gai et al., 2014). Additionally, the smooth surface observed in 

SEM can facilitate the absorption process. FTIR analysis provides a detailed 

characterization of functional groups present in all types, highlighting the presence of 

highly oxygenated functional groups. This is further supported by SEM/EDX analysis 

showing a high percentage of oxygen, indicating potential biosorption sites (Son et al., 

2018). Carboxyl and hydroxyl groups on biomass surfaces are recognized for their 

important role in the biosorption of metals from solutions (Michalak et al., 2018). 

 

 CONCLUSION 

 

Our study highlights the pressing issue of heavy metal (HM) contamination in the 

Eastern Harbor (EH) of Alexandria, where seawater samples showed concentrations of 

cadmium (Cd), lead (Pb), nickel (Ni), copper (Cu), and zinc (Zn) that exceeded the WHO 

recommended limits. This severe pollution is primarily driven by sewage effluents, 

industrial discharge, and municipal wastewater. Among the various macroalgae species 

tested, Corallina officinalis proved to be the most efficient in accumulating cadmium, 

demonstrating its potential as a key bioindicator and phytoremediator. Other species, such 

as Ulva fasciata and Ulva compressa, also exhibited significant heavy metal absorption 

capabilities, enhancing their potential for monitoring and mitigating HM contamination. 
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Furthermore, biochar (BC) derived from these algae species demonstrated high removal 

efficiencies for Pb, Zn, Cu, Ni, and Cd, making it a promising material for environmental 

remediation. These findings suggest that combining macroalgae with BC can 

significantly reduce heavy metal pollution in coastal areas. Our research underscores the 

importance of continuous monitoring of HM contamination in the region and emphasizes 

the potential of algae-based solutions for environmental cleanup. Future research should 

focus on optimizing biosorption conditions and exploring the broader application of these 

techniques in other heavily polluted sites. 
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