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 Chara corallina is a freshwater macroalgae found in aquatic-terrestrial 

boundary environments. Their cellulose fibers have a crystallinity and 

biosynthesis similar to those of terrestrial plants. The algal nanocellulose 

(NC) was prepared through a series of chemical treatments, including 

alkaline, bleaching, grinding, and acid hydrolysis. The X-ray diffraction 

(XRD) crystallinity index of nanocellulose was 85.64%. The cellulose 

nanocrystals are seen in the form of nanorods, and the specific surface area 

of the sample of NC found was 5.823 m2g-1. The study aimed to test the 

effectiveness of a nanocellulose composite membrane in removing heavy 

metal ions, specifically cadmium (Cd), nickel (Ni), and lead (Pb) ions, from 

an aqueous solution. A vacuum filtration unit was used for the experiment, 

where up to five filter layers of composite membranes were examined for 

their ability to remove heavy metal ions. The results showed that the highest 

removal rates of Cd2+, Ni2+, and Pb2+ ions were 98.20%, 95.15%, and 

93.80%, respectively, when using five layers of membranes of NC with the 

adsorbent dose set at 20 ppm. Cellulose and its derivatives are essential in 

sustainable technology for wastewater treatment, as they demonstrate 

exceptional performance in removing various types of pollutants, including 

heavy metals, dyes, and other pollutants. Cellulose is preferred due to its low 

cost, biodegradability, eco-friendliness, and simple surface modification. 
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Introduction 

Air, water, and soil contamination by heavy metals is 

one of the world's most pressing environmental crises 

(Yousif et al., 2024). Heavy metal contamination is a 

major problem since these metals are poisonous, 

bioaccumulate easily, are abundant, and stay in the 

environment for a long time (AL-Heety et al., 2021a). 

Heavy metals enter soil and water via natural processes 

like weathering and rock erosion, in addition to 

anthropogenic sources, including waste disposal, 

industrial and mining operations, the application of 

fertilizers and pesticides, and urban and industrial 

activities (Rosariastuti et al., 2018; Badariah et al., 

2023). Heavy metal pollution refers to the presence of 

any metallic chemical species in high densities that can 

be toxic in very low quantities (AL-Heety et al., 

2021b). Wastewater from industries such as tanneries, 

mining operations, and metal plating contains heavy 

metals as pollutants, which can be lethal (Le et al., 

2023). The accumulation and distribution of metals in 

sediment and river water have increased to an alarming 

degree; this has detrimental effects on biota, which 

may infiltrate the food chain and pose a health risk to 

humans (Badariah et al., 2023).  

In order to process these wastes in a manner that 

is practical and affordable for the general public, 

technical studies on their management are essential 
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(Nurcholis et al., 2020). Over the past few decades, 

strict rules have been implemented regarding 

environmental protection and management. Various 

methods have been adopted to decontaminate 

industrial effluents, such as coagulation, chemical 

precipitation, adsorption, biosorption, ion exchange, 

membrane filtration, and electrochemical treatment 

(López et al., 2022). However, these technologies are 

often ineffective due to high operating and 

maintenance costs, as well as the requirement of highly 

skilled personnel to handle the management of the 

sludge generated during the process (Koul et al., 

2022). Therefore, a sustainable technology with a less 

environmentally degrading approach is necessary. 

Nanotechnology has been used to remove pollutants 

from wastewater with high efficiency. Different 

nanoforms, such as nanomembranes, nanoadsorbents, 

nanopowders, and nanoparticles, are used to detect and 

remove undesired chemical and biological substances 

from wastewater (Goswami et al., 2021).  

In this work, a nanomembrane prepared from 

cellulose nanocrystals was used to remove some heavy 

metal ions. Researchers have discovered that heavy 

metals can be removed from wastewater using 

membranes based on nanocellulose (Wang et al., 2013; 

Sehaqui et al., 2014; Goswami et al., 2021). Cellulose 

is a naturally occurring biopolymer that is found 

widely in nature. It is known for its biodegradable, 

biocompatible, and toxin-free properties, as well as its 

ability to regenerate (Carolin et al., 2023). Due to their 

large surface area, chemical accessibility, and ease of 

functional modification, cellulose nanomaterials have 

gained significant interest in the field of wastewater 

treatment (Salama et al., 2021). One of the most 

significant naturally occurring and sustainable 

polymers is cellulose.  

Nanocellulose refers to cellulosic materials with 

a single dimension in the nanoscale range. There are 

three primary subcategories within it: nanocrystalline 

cellulose, bacterial nanocellulose, and cellulose 

nanofibers (Chen et al., 2019). Cellulose nanocrystals, 

which are made up of rod-shaped cellulose crystals and 

are also called “whiskers,” are usually made using an 

acid hydrolysis method to get rid of the amorphous 

parts of a pure cellulose source (George and Sabapathi, 

2015). Depending on the type of acid that has been 

used in cellulose treatment, the crystals that are 

produced by it usually exhibit varying charges. The 

crystals show a negative charge after being treated 

with HCl because ester groups are formed. CNC 

suspensions made from hydrochloric acid have great 

colloidal stability. Additionally, cellulose nanocrystals 

have special liquid-crystalline and optical 

characteristics (Vasconcelos et al., 2017). Most 

importantly, nanocellulose exhibits greater flexibility, 

porosity, and exceptional purity when obtained from 

algae (Trache et al., 2020).  

Cellulose nanocrystals have special properties 

that make them useful in many areas. They can be used 

in composite materials, biomedical applications 

(Dumanli, 2017), hydrogels (De France et al., 2017), 

packing (Amara et al., 2021), and heavy metal 

adsorbents (Si et al., 2022). Extensive research has 

been conducted on freshwater algae due to their ability 

to eliminate contaminants from polluted water sources. 

Several species of algae, including Oscillatoria 

limnetica, Pseudanabaena limnetica, Anabaena 

spiroides, Eudorina elegans, and Chlorella vulgaris, 

are effective in adsorbing copper, cadmium, and lead 

(Sebeia et al., 2019).  

Cladophora species have been successful in 

removing arsenic, cadmium, and selenium (Jasrotia et 

al., 2014). Furthermore, several studies have 

investigated the possibility of using different types of 

algae to remove dyes from water. For example, 

Kousha et al. (2012) documented the potential of using 

Cystoseira indica and Gracilaria persica biomass for 

the biosorption of Acid Black 1 from water solutions. 

Marzbali et al. (2017) studied the adsorption of 

Chrysophenine (Direct Yellow 12) from a water-based 

solution using Spirulina algae. Mokhtar et al. (2017) 

examined the process of biosorption of azo dye by the 

marine macroalga Euchema spinosum. 

Materials and Methods 

Collection of Chara corallina 

During the spring season of 2023, C. corallina was 

collected from the Euphrates River shore located in 

Ramadi, Iraq. It was carefully washed several times 

with distilled water to remove unwanted materials, 

such as sand particles and debris. Then dried at 60°C 

for 24 hours. The seaweed samples were subsequently 

placed in sealed bags and stored at room temperature. 

Extraction of cellulose 

Cellulose was extracted from C. corallina using a 

method outlined by Reddy and Yang (2009). The 

process involved soaking 100 g of dried seaweed 

biomass in a 17.5% KOH solution (10:1 solution to 

biomass ratio) at 25°C overnight. The solid residue 

was then washed with distilled water, neutralized with 

a dilute acetic acid solution to eliminate any residual 

alkali, and air-dried. To remove residual green 

pigments, 400 mL of 4% hydrogen peroxide was used 

to suspend the sample for 16 hours at room 

temperature. After centrifuging the suspension at 

5,000 rpm for 15 minutes, the residue was dried for     

24 hours at 60°C. The resulting cellulose was tumbler-

milled to obtain micrometer-sized particles of 

cellulose powder (Piras et al., 2019). 

Preparation of nanocellulose  

An acid hydrolysis method was used to produce 

nanocellulose. 10 g of bleached cellulose fibers were 

mixed with 100 mL of 40% hydrochloric acid using 

vigorous stirring, and the reaction was performed at 

45°C for 40 minutes. To stop the reaction, 100 mL of 

cooled deionized water (10°C) was added to the 
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solution. The suspension was neutralized with 1% 

NaOH and centrifuged at 5,000 rpm for 15 minutes 

(Lima et al., 2023).  

Fabrication of nanocellulose composite membrane 

Nanocellulose-based membranes were fabricated 

following the method described in Agtasia et al. 

(2018). To form the membrane, 3.5 g of nanocellulose 

powder was mixed with 15 mL of 5% polyvinyl 

alcohol (PVA) and 10 mL of 5% polyethylene glycol 

(PEG). The liquid was stirred on a hot plate for              

15 minutes and then placed on a glass plate in a thin 

layer. The mixture was left to dry naturally at room 

temperature for one hour. Next, the membranes were 

dried at room temperature to remove any residual 

moisture content. Finally, they were washed with 1% 

NaOH (Figure 1). 

 

 

Figure 1. Preparation of nanocellulose-based 

membrane with polymers. 

Characterization of nanocellulose 

The nanocellulose was characterized using several 

techniques. The Fourier-transform infrared spectra 

were analyzed using the Bruker Alpha II Compact FT-

IR Spectrometer. The morphology of the 

nanocellulose was studied using a Zeiss Sigma 

scanning electron microscope (SEM). The energy-

dispersive X-ray spectrometer (EDX) was used on the 

EDXA apex to investigate the structure and 

morphology of the nanocellulose. The Empyrean 

PAN-analytical XRD technique was employed to 

investigate the crystalline structure of nanocellulose at 

room temperature. The crystallinity level (Crl%) was 

calculated using the Segal equation (El-Sheekh et al., 

2023). 

Crl % �
��		 – ��� 

��		
 100                              eq. (1) 

Where I200 denotes the intensity of the crystalline 

peak observed at 2θ = 22° that corresponds to the (200) 

plane, and Iam represents the intensity of the local 

minimum of the curve seen at 2θ = 15° that 

corresponds to the amorphous phase of cellulose. 

Heavy metal removal  

The vacuum filtration unit shown in Figure 2 was used 

in this study. 100 mL of heavy metal solutions with a 

concentration of (20, 40, 60, 80, and 100 mg L-1 was 

poured into the filtration unit. One-, three-, and five-

layer filters were used to evaluate their ability to trap 

heavy metal ions from solutions. After completion of 

the filtration process, approximately 5 mL of sample 

was collected, and the remaining heavy metals in the 

filtrate were determined by atomic flame spectrometry 

(Shimadzu, Japan). The adsorption percentage was 

calculated after estimating the remaining 

concentrations. This value represents the ratio between 

the difference in concentration of adsorbed material 

before and after adsorption (Ci – Cf), and the initial 

concentration of metal ions in the aqueous solution 

(Ci) and is represented by the equation (Nibret et al., 

2019): 

Adsorption % �
����� 

��
 100                         eq. (2) 

where: 

Ci is the initial concentration of the heavy metal ion in 

the solution (ppm). 

Cf is the final concentration of the heavy metal ion in 

the solution (ppm). 

 

 

Figure 2. Vacuum filtration system used in this study. 

Statistical analysis 

Data were calculated as mean ± standard deviation 

based on three replicates. A one-way ANOVA test was 

performed to examine statistical hypotheses, and 

statistical significance was defined as p-values less 

than 0.05. 

Results and Discussion 

Cellulose extraction 

Algal cellulose is a composite material consisting of 

semi-crystalline cellulose, hemicellulose, and lignin. It 

is a D-glucose polymer that exhibits a distinct X-ray 

diffraction (XRD) pattern akin to that of plant cellulose 

(Chen et al., 2016). Nevertheless, algal cellulose 

obtained from C. corallina features extensive 

microfibrils that are highly crystalline compared to the 

thin, randomly aligned microfibrils present in wood 

cellulose. Chemical treatment is required to remove 

the amorphous constituents from cellulose due to the 

chemical bonding of the carbohydrate groups of 
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hemicellulose and lignin within the cellulose mixture. 

The extraction process involves different steps that 

affect the chemical composition of the algal cellulose. 

The Chara algae, which was collected from its natural 

habitat along the shore of the Euphrates River, turned 

brown when air-dried. Alkaline treatment enables the 

hydrolysis of the ester bond between the lignin 

hydroxyl group and the hemicellulose carboxyl group. 

This process results in a reduction in hemicellulose 

content (Sheltami et al., 2012).  

Lignin is naturally amorphous and can dissolve 

in hot alkalis. On the other hand, cellulose is resistant 

to strong alkalis. When Chara fibers are treated with 

0.5 M sodium hydroxide, the cellulose or cellulose 

microfibrils remain attached to each other. This 

treatment partially separates the microfibrils from the 

fiber bundles, indicating that most of the lignin has 

been dissolved in the alkaline solution. Although a 

small amount of lignin usually remains after alkaline 

treatment, it is important to remove the remaining 

lignin through bleaching. When hydrogen peroxide is 

used to bleach algae, it turns white. The resulting white 

cellulose indicates that the majority of non-cellulosic 

components have been removed. It is worth noting that 

algae samples require a simple bleaching process 

because they have fewer dyes and components than 

terrestrial plant samples, which usually require several 

bleaching steps.  

The production of nanocrystals from cellulose 

requires the use of intense acid hydrolysis. Hydronium 

ions infiltrate the non-crystalline regions of cellulose, 

resulting in the hydrolytic cleavage of glycosidic 

linkages (Le Gars et al., 2020). Through controlled 

circumstances, acid hydrolysis can selectively remove 

the non-crystalline portions of cellulose fibers while 

leaving the crystalline domains intact, resulting in the 

formation of crystalline nanoparticles. The choice of 

acid used for hydrolysis is an important factor that 

affects the outcome, in addition to the reaction time. 

Nanocrystals prepared with hydrochloric acid have a 

negatively charged surface, which is due to the 

esterification of the surface hydroxyl groups, and this 

has an impact on CNC characteristics and behaviors 

(Harun et al., 2022).  

For the first time, the preparation of CNCs from 

C. corallina using HCl was reported in this paper. 

When hydrolyzed with HCl instead of H2SO4, fewer 

labile centers are formed, which may act as potential 

locations for adverse responses. Because amorphous 

cellulose has a lower molecular order than crystalline 

cellulose, it is more prone to HCl hydrolysis (Lorenz 

et al., 2017). The protonation of glucose units’ 

glycosidic O by hydronium ions enhances the 

electrophilicity of the non-bonded carbon, leading to 

nucleophilic attack by water at the anomeric carbon. 

This reaction breaks the glycosidic bond, generating 

separate glucose units and regenerating the hydronium 

ion. The reaction is facilitated by utilizing 

concentrated acid to propel the reaction forward. 

FT-IR of the nanocellulose  

Figure 3 displays the FT-IR spectra of nanocellulose, 

which was produced from C. corallina by acid 

hydrolysis. The spectral analysis of the sample showed 

the presence of hydroxyl groups within the cellulose 

molecule. This was evident from the distinct bands 

observed in the spectral bands of 3,275 to 3,332 cm-1 

which were found in cellulose I (CI).  

 

 

Figure 3. FTIR spectra of algal nanocellulose prepared via acid hydrolysis. 
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Additionally, bands from 3,649 to 3,901 cm-1 as well 

as two bands, were observed at 1,647 and 1,622 cm-1, 

which were attributed to the bending vibration of 

adsorbed water. This feature is characteristic of 

hydrophilic materials that have a cellulosic nature. 

These insights provide valuable information about the 

physicochemical properties of the cellulose sample 

and its potential use in various applications (Battisti et 

al., 2018). 

The stretching vibration of the carbon-hydrogen 

bond (methyl group) was observed at peaks at 2,896 

and 2,966 cm-1. Also, the band noticed at 1,452 cm-1 

indicates the presence of methyl groups in cellulose. 

The bands ranging from 1,248 cm-1 to 1,425 cm-1 

denote the plane bending of the stretching vibration in 

the C=O carbonyl groups, and the symmetric 

elongation of the C-O-C bonds represents the main 

peaks around 1,028-1,105 cm-1. The band at             

1,159 cm-1 was identified as an asymmetric extension 

of the COC of cellulose. The presence of a peak at both 

877 and 898 cm-1 indicates the existence of a beta-

glycosidic bond that connects glucose units (Fazio et 

al., 2020). The findings of the study suggest that the 

process of cellulose isolation from C. corallina was 

executed efficiently, yielding results that corroborate 

the existing literature (Wahlström et al., 2020; Saud et 

al., 2022; El-Sheekh et al., 2023). 

XRD profiles and crystallinity 

The acidolyzed cellulos's XRD profile differs from 

milled cellulos's (Figure 4). On the treated cellulose 

fibers, the primary peaks (peak 3) slightly moved to a 

higher 2 theta. When comparing the acidolyzed-treated 

cellulose sample to the milled cellulose sample, the 

number of peaks reduced, and the peak width rose, 

suggesting that some of the amorphous elements 

present in the milled fiber were eliminated and the 

crystallite size was decreased. The major peak, which 

was identifiable at about 22.5°, revealed the crystal 

polymorph I characteristic of the native cellulose 
(French, 2013). This indicated that the chemical 

treatments successfully extracted the crystalline 

cellulose and efficiently removed hemicellulose, 

lignin, and other non-cellulosic components, most of 

which exist in an amorphous phase. Following the 

chemical treatments, the XRD crystallinity index (CI) 

of these samples increased, reaching 74.20% for 

milled cellulose and 85.64% for acidolyzed cellulose. 

This aligns with the findings examined by Chen et al. 

(2016). 

 

 

 

Figure 4. XRD profiles of (a) milled cellulose, and (b) acidolyzed cellulose from C. corallina. 
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Field emission scanning electron microscopy 

The study employed FE-SEM to examine the 

alterations in surface morphology resulting from 

variations in the cellulose nanoparticle production 

technique. Figure 5 displays FE-SEM micrographs of 

membranes produced using the milling process using 

cellulose derived directly from algae. The FE-SEM 

pictures reveal that the molecules are composed of 

irregularly shaped particles with a coarse surface and 

cavities, suggesting a significant specific surface area. 

This occurs as a result of the degradation of the 

cellulose chains when subjecting the cellulose to 

intense pressure by passing it through a ball during the 

milling process. The images also revealed the 

clustering of the nanocellulose particles. A change in 

morphology was observed during the conversion of 

cellulose to nanocellulose using 40% hydrochloric 

acid. This process caused the fibers to disintegrate due 

to their extensive cross-linking, creating a sponge-like 

structure with microporous properties as nanorods of 

crystalline cellulose began to emerge. Hydrochloric 

acid hydrolysis caused the fibers to decompose and 

produce a network of microporous structures, Figure 

6. 

 

 

Figure 5. FE-SEM of cellulose nanoparticle formation by milling process. 

 

 

Figure 6. FE-SEM of cellulose nanoparticle formation by acid hydrolysis process. 

BET analysis 

The nanocellulose crystals have a high potential for 

gas adsorption due to their large surface area, which 

can be measured using the Brunauer-Emmett-Teller 

(BET) method. This method involves the use of dry 

samples and N2 adsorption at 77 K to determine the 

surface area accessible to other molecules for 

interaction. By measuring the amount of sorbate in the 

monolayer or multilayer on the surface of the sorbent, 

the BET method can accurately determine the surface 

area of the nanocellulose crystals (Kondor et al., 

2021). The BET calculation model determined the 

specific surface areas for acidic hydrolysis of 

nanocellulose and found that they were 5.823 m2/g, 

and the average pore diameter was 23.995 nm. 

Heavy metal ions removal 

Figure 7 shows the experimental results for the 

removal of heavy metal ions (Cd2+, Ni2+, and Pb2+) 

according to two variables, namely the number of 

layers of NC membranes used in the adsorption 

experiments and different concentrations of heavy 

metals from 20 to 100 ppm at optimal values of time, 

temperature, and pH. The selective sequence for the 

adsorption process by NC membranes was as follows: 

Five filters > three filters > one filter.  
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Figure 7. Adsorption efficiency of NC membranes for (a) Cd2+, (b) Ni2+, and (c) Pb2+. 

Hence, the adsorption of heavy metals on a single filter 

is the least due to the lower chemical activity of these 

functional groups on the NC surface. The highest 

adsorption percentage reached 97.90%, 95.15%, and 

93.8% at a concentration of 20 ppm of Cd2+, Ni2+, and 

Pb2+, respectively, when using five layers of 

membranes (4.7 g), while the lowest adsorption 

percentage was 74.81%, 60.20. %, and 58.4% at           

20 ppm of Cd2+, Ni2+, and Pb2+, respectively, using one 

layer of film (0.94 g). Due to the increase in heavy 

metal ion concentrations, the proportion of ions 

adsorbed on the adsorbent surface increases with the 

increase in the polymer dosage at the adsorbent 

binding sites until they reach equilibrium (Hassan et 

al., 2021). The increase in metal removal efficiency 

can be attributed to the fact that as the adsorbent 

dosage increases, more adsorbent surfaces or more 

adsorption sites are available for the adsorption of 

metal ions. The adsorption mechanism occurs through 

electrostatic interactions between metal ions and 
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carboxyl, carbonyl, and hydroxyl groups on the NC 

surface, which contribute to the adsorption process. 

The dosage of nanosorbents has a significant impact 

on the adsorption performance due to the availability 

of more binding sites on the surface of nanosorbents 

due to the complexation of metal ions (Pandey, 2021; 

Raji et al., 2023). Due to its enormous surface area and 

the abundance of accessible adsorption sites, the NC 

membrane showed a high adsorption percentage of 

98.20% at a low initial Cd2+ ion concentration              

(20 ppm) and a lower adsorption percentage of 94.23% 

at a high initial Cd2+ ion concentration (100 ppm) when 

using five filter membranes. As a result, the removal 

percentage of the adsorbent dropped and approached 

adsorption equilibrium. Therefore, 20 ppm was the 

ideal Cd2+ ion concentration range for the ion removal 

(Figure 8).  

At the optimum initial Ni2+ ion concentration of 

20 ppm, adsorbents have shown a higher Ni2+ ion 

removal capacity of 95.15% than NC adsorbents. 

While 91.03% was the removal percentage when using 

a     100 ppm concentration of Ni2+. Also, the removal 

percentage of Pb2+ decreased from 93.8 to 83.64 when 

nanosorbents were used to remove Pb2+ at 

concentrations of 20 to 100 ppm, respectively, as 

shown in Figure 8. 

 

 

 
Figure 8. Effect of adsorbate concentration on the adsorption of  (a) Cd2+, (b) Ni2+, and (c) Pb2+. 
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In general, an increase in the initial concentration of 

metal ions results in a reduced percentage of 

adsorption for each metal ion on the adsorbent. 

However, at lower concentrations, the adsorbent's 

ample active sites facilitate the removal of a greater 

number of metal ions. As the concentrations increase, 

the adsorbents become saturated with metal ions, 

resulting in a greater number of unadsorbed ions 

(Sharifi et al., 2021). 

Conclusion  

Many algae species have been considered promising 

biosorbents. However, C. corallina biomass species 

have not been studied as an adsorbent. The main goal 

of this study was to extract cellulose from the                 

C. corallina moss and then convert it into 

nanocellulose through a series of chemical and 

physical treatments. Additionally, the study aimed to 

fabricate filter membranes from nanocellulose and 

investigate the potential of these membranes to adsorb 

heavy metal ions in aqueous solutions. These 

membranes are exceptional since they can effectively 

and simultaneously remove several hazardous 

chemicals from contaminated water at the same time. 

This makes them a potential option for purifying 

drinking water. To attain an economical method, this 

study wants to take into account the possibilities of 

either pre-filtration or nanofiltration when significant 

quantities of nonorganic materials and natural colloids 

are present. 
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