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Abstract  

Oil spills, as well as heavy metal ion and dye pollution, pose significant dangers to the ecosystem 

and human health. Given the disadvantages in effectiveness, cost, as well as environmental 

concerns of the current methods of their removal, there is a need for a versatile technology 

capable of remediating water bodies contaminated by these pollutants. In this study, reduced 

graphene oxide (rGO), which was synthesised from the peel of the widely-available orange fruit, 

was added to cellulose extracted from pineapple crown leaves. rGO – cellulose hybrid aerogels 

were then synthesised, before batch adsorption studies on the removal of copper(II) ions, lead(II) 

ions and methylene blue dye, as well as an oil sorption test in oil-seawater environment, were 

performed. Isotherm studies were also conducted to evaluate the hybrid aerogel’s maximum 

adsorption capacity for methylene blue dye. When compared with cellulose aerogels (without 

rGO), hybrid aerogels were found to be more effective in removing all 3 pollutants. The hybrid 

aerogel was also found to be reusable in the removal of oil and methylene blue dye for at least 5 

and 3 cycles, respectively. The hybrid aerogels synthesised in this study utilised fruit waste in a 

meaningful way, and also managed to capitalise on the advantages of both rGO and cellulose, 

enabling it to serve as an eco-friendly, affordable and effective tool for water purification.  

 

1. Introduction 

Globally, heavy metal ions, dyes and spilt oil are major pollutants that contaminate water 

bodies, causing harm to ecosystems and human livelihoods alike.  

 Heavy metal ions such as copper(II) and lead(II) ions are common water pollutants which  

are released into water bodies as the by-products of industrial processes. Exposure to copper(II) 

ions has hepatotoxic and nephrotoxic effects on humans (Shrivastava, 2009), while lead(II) ions 

can cause severe and irreversible damage to the central nervous system in humans (Harrison & 

Laxen, 1981). Being non-biodegradable, heavy metal ions ions persist in the environment, posing 

a continuous threat to flora and fauna, as well as mankind, if not removed. Many different methods 

of removing heavy metal ions have been documented, such as precipitation by chemical and 

electrochemical methods. However, the disposal of precipitated wastes is a difficult process. 

Methods like ion exchange treatment are effective but uneconomical (Dursun & Pala, 2006). 
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Removing heavy metal ions by adsorption, however, has been widely cited as an efficient method 

due to its simple operation and lack of secondary pollution. However, many inorganic sorbents 

such as clays have high costs and low adsorption capacities (Li et al., 2016).  

Dyes are another common pollutant which are discharged into water bodies. Around 15% 

of all dyes produced globally are lost during the dyeing process, causing pollution (Maulin, 2014). 

The discharge of dyes affects the photosynthetic activities of submerged plants, resulting in 

adverse effects to the whole ecosystem (Rastogi, Sahu, Meikap, & Biswas, 2008). An example of 

a dye is methylene blue, a cationic dye heavily used in many industries. Methylene blue releases 

amines that are toxic and carcinogenic to humans, showing the need for its removal (Pinheiro, 

Touraud, & Thomas, 2004). However, methylene blue is resistant to degradation by time, so it 

cannot be efficiently removed in conventional wastewater treatment plants. Therefore, the most 

effective way of removing methylene blue is through adsorption (Khodaie, Ghasemi, Moradi, & 

Rahimi, 2013).  

A possible solution is reduced graphene oxide (rGO), a quasi-two-dimensional material 

formed by carbon atoms in the form of sp2 hybridisation (Zhang, Chen, Bai, & Xie, 2018). It has a 

large theoretical surface area (Zhang et al., 2014), and many reactive oxygen-containing 

functional groups, such as hydroxyl, epoxides, and carboxyl groups, which can aid in metal ion 

complexation through both electrostatic and coordinate bonding (Wang, Sun, Ang, & Tadé, 2013). 

Furthermore, the conjugated carbon in rGO can attract the aromatic rings of methylene blue 

through pi-pi interactions. Hence, with these properties, rGO has great potential to be an efficient 

adsorbent of heavy metal ions and methylene blue dye. 

Common methods of synthesising rGO include mechanical exfoliation and chemical 

vapour deposition, both of which give low yields and are not commercially viable (Compton & 

Nguyen, 2010). Another option would be to oxidise graphite to form graphene oxide (GO) by 

Hummer’s method – which involves treating graphite with corrosive chemicals such as 

concentrated sulfuric acid – before reducing the GO to rGO. This procedure emits toxic gases 

such as nitrogen dioxide, thus posing threats to human health and the environment (Somanathan, 

Prasad, Ostrikov, Saravanan, & Krishna, 2015). Therefore, an eco-friendly method was proposed 

in this project. Fruit wastes were carbonised in a furnace with ferrocene (a reducing agent) under 

atmospheric conditions, forming carbon which was oxidised to form GO and then reduced to yield 

rGO. This method is straightforward and affordable, and can even provide higher yields of rGO 

while avoiding the emission of toxic gases. 

Orange peels were used in the synthesis of the rGO. Nearly 60 million tonnes of oranges 

are produced globally per year (Fernandez, Nunell, Bonelli, & Cukierman, 2014). Sadly, orange 
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peels are discarded due to their low economic value into landfills. Thus, using orange peels to 

synthesise rGO for water purification was environmentally-friendly and meaningful.  

Another water pollutant is oil, such as diesel. Oil spills cause significant environmental 

damage (Nguyen et al., 2014), as well as health problems and long-term changes to the 

physiology and behaviour of marine animals (Ober, 2010). There are several ways to clean up oil 

spills, many of which are unviable. Chemical methods such as dispersion are too expensive, while 

physical methods such as the use of booms and skimmers are ineffective (Duong et al., 2018). 

On the other hand, absorption is a more economical, efficient and eco-friendly method (Meng et 

al., 2017). However, some common absorbents like polypropylene have poor reusability, and are 

not biodegradable (Teas et al., 2001).  

Cellulose aerogels may just be the solution to oil spills due to their excellent 

biodegradability, chemical stability, and low cost of cellulose (Long, Weng & Wang, 2018). 

Aerogels are the world’s lowest-density solid materials, composed of up to 99.98% air by volume 

(Sehaqui, Zhou & Berglund, 2011), but are still flexible and can even have high absorption 

capacities of up to 20 times their own weight (Jin, Han, Lin, & Sun, 2015). In this study, cellulose 

was extracted from pineapple crown leaves. Pineapples are popular tropical fruits, with 16 to 19 

million tonnes produced annually. However, the pineapple crown is often discarded due to its low 

economic value, harming the environment and ecosystems. Therefore, making full use of the 

pineapple crown is of great practical significance (Dai, Ou, Huang, Liu, & Huang, 2017).  

 

2. Objectives and Hypotheses 

The objectives of this study were to fabricate cellulose – rGO hybrid aerogels using fruit 

wastes; to evaluate the hybrid aerogel’s effectiveness in removing oil, heavy metal ions and dye; 

as well as to determine its reusability in removing dye and oil. 

This study hypothesised that the cellulose – rGO hybrid aerogel is more effective than the 

cellulose aerogel in removing methylene blue dye, copper(II) ions, lead(II) ions, and diesel oil from 

water; and that cellulose – rGO hybrid aerogels are reusable for at least 3 cycles of sorption.  

 

3.  Materials and Methods 

3.1. Materials 

Methylene blue was purchased from Unichem. Ferrocene was obtained from Sigma-

Aldrich. Sodium hydroxide, hydrogen peroxide (6%), copper(II) sulfate pentahydrate, lead(II) 

nitrate and absolute ethanol were procured from GCE Chemicals. Urea was obtained from 
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Scharlau and diesel oil was obtained from a local petrol kiosk. Pineapple crown leaves and orange 

peels were obtained from local fruit stalls.  

 

3.2. Synthesis of Reduced Graphene Oxide (rGO) 

Orange peels were washed and dried in an oven at 60 °C overnight until constant mass. 

They were blended into powder and passed through a sieve to remove larger particles. 0.5 g of 

the fine powder obtained was mixed with 0.1 g of ferrocene in a crucible and carbonised in a 

furnace at 300 °C for 20 min under atmospheric conditions. The product was characterised using 

Scanning Electron Microscopy (SEM), Raman Spectroscopy and X-Ray Diffraction (XRD). 

 

3.3. Synthesis of the aerogels 

Pineapple crown leaves were washed, dried in an oven until constant mass and blended. 

Cellulose was extracted from the dried pineapple crown leaves using a mixture of sodium 

hydroxide (5% w/v) and hydrogen peroxide (6% v/v) solution per 5 g of dried pineapple crown 

leaves at a temperature of 55 °C for 2 hours, while stirring vigorously. The extracted cellulose was 

then washed with deionised water until the pH was neutral, before being dried in an oven until 

constant mass and ground into finer particles with a blender. The cellulose extracted was 

characterised by Fourier-transform Infrared Spectroscopy (See Appendix A, page 15) and its 

morphology was analysed by Scanning Electron Microscopy (SEM). To synthesise cellulose – 

rGO hybrid aerogels, 2 g of the dried cellulose was dispersed in a urea/sodium hydroxide (10 wt% 

/ 1.9 wt%) solution together with 0.5 g of rGO powder by stirring vigorously for 1 hour, until the 

mixture was homogeneous. The mixture was then frozen for 24 hours to gelate, using the beaker 

as a mould. After freezing, the mixture was thawed, before absolute ethanol was added for 

coagulation for 2 days. The gel was then immersed in deionised water until its pH was neutral, 

before being pre-freezed at -18 °C for 12 hours and then freeze-dried at -98 °C for 48 hours to 

yield the aerogel. The morphology of the hybrid aerogel was analysed by SEM. Non-hybrid 

cellulose aerogels were also synthesised using the same procedure, but without the addition of 

rGO during dispersion.  

 

3.4. Batch Adsorption Studies  

0.1 g of rGO, hybrid and non-hybrid aerogels were each added to 20 ml of a solution 

containing 50 mg/L of copper(II) ions, lead(II) ions or methylene blue dye in a conical flask and 

shaken on an orbital shaker for 24 hours at 150 rpm. The supernatant was extracted from each 

mixture by centrifuging at 13000 rpm for 10 min. The final concentrations of copper(II) and lead(II) 
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ions were measured with a colorimeter (HACH DR 800) and an Atomic Absorption 

Spectrophotometer (AA 6300 Shimadzu) respectively. For methylene blue, the absorbance of the 

supernatant at 664.5 nm was measured using a UV-VIS spectrophotometer (Shimadzu UV 1800). 

The percentage of adsorbate removed from the solution was then calculated with the following 

formula: 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛−𝐹𝑖𝑛𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
× 100% 

 

3.5. Isotherm Studies for the Adsorption of Methylene Blue Dye 

Batch adsorption was carried out at concentrations of the methylene blue dye solutions 

from 50 mg/L to 1000 mg/L for the hybrid and non-hybrid aerogels. The equilibrium concentration 

data was fitted into the Langmuir and Freundlich isotherms (Appendix B, pages 15-17). 

 

3.6. Oil Sorption Test in Oil-Seawater Environment 

 To prepare artificial seawater, 56.0 g of NaCl, 17.0 g of MgCl2, 8.19 g of MgSO4, 2.50 g of 

CaCO3 and 2.00 g of KCl were dissolved in 2 litres of deionised water. 10 g of diesel oil was added 

to a conical flask containing 50 ml of artificial seawater, along with a piece of hybrid or non-hybrid 

aerogel (0.20 g), before the conical flask was sealed with parafilm. The flask was shaken on an 

orbital shaker at 150 rpm for 1 hour. The seawater was then separated from the diesel oil using 

a separating funnel. Hexane was added to extract any remaining diesel in the oil-seawater 

mixture. Anhydrous sodium sulfate was added to the diesel-hexane mixture to remove any 

remaining water. A rotary evaporator was used to separate the hexane from the diesel oil. The 

mass of the remaining oil was monitored over a period of time until constant. The mass of diesel 

oil absorbed was calculated by subtracting the mass of diesel left in the flask from the initial mass 

of diesel added (10 g). The following formula was then used to determine the oil sorption capacity: 

𝑄𝑡 =
𝑚𝑤− 𝑚𝑑

𝑚𝑑
, where Qt (g/g) is the oil sorption capacity of the aerogel in 60 minutes, mw (g) 

is the mass of the aerogel after sorption, and md (g) is the mass of the aerogel before sorption. 

 

3.7. Test for the Reusability of the Cellulose – rGO Hybrid Aerogel in Absorbing Oil 

The hybrid aerogel was weighed and immersed in 50 ml of diesel oil for 1 hour. Thereafter, 

it was weighed again and pressed between pieces of tissue paper under 5 kg of brass weights 

for 30 s to remove the oil absorbed, before being weighed once more. This entire process was 

repeated for 5 times to determine the reusability of the aerogel. The oil sorption capacity of the 

aerogel was calculated for each cycle as mentioned under the Oil Sorption Test (Section 3.6).  
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Figure 2. Raman shift of the orange peel rGO. 

3.8. Test for the Reusability of the Cellulose – rGO Hybrid Aerogel in Adsorbing Dye 

The same procedure as mentioned in the batch adsorption studies was used. After 

adsorption, the cellulose – rGO hybrid aerogel was filtered out using a sieve and soaked in 

ethanol to desorb the methylene blue dye. The aerogel pieces were then dried in the oven until 

constant mass. The concentration of dye remaining in the supernatant was measured and the 

percentage of pollutants adsorbed was calculated using the formula described in the batch 

adsorption studies (Section 3.4). The now-dried aerogels were added to another 50 mg/L 

methylene blue solution and shaken on an orbital shaker. This process was repeated for 3 cycles.  

 

4. Results and Discussion 

4.1. Characterisation of rGO by Scanning Electron Microscope (SEM) 

The SEM image of the rGO synthesised 

from orange peel (Figure 1) at 10 µm 

magnification shows rough, wrinkled and uneven 

surfaces which contribute to an increased total 

surface area for adsorption.  

 
 

 

4.2. Characterisation of rGO by Raman Spectroscopy 

The Raman spectrum of rGO synthesised 

from orange peel (Figure 2) displayed 2 bands at 

1367 cm-1 (D band) and 1585 cm-1 (G band) 

respectively. The G band is associated with the in-

plane vibrations of sp2 bonded carbon atoms while 

the D band is due to the out-of-plane vibrations 

attributed to the presence of structural defects. 

The peaks are in agreement with rGO synthesised 

by Khan, Shaur, Khan, Joya, & Awan (2017).  

 

4.3. Characterisation of rGO by XRD 

Characterisation of the orange peel rGO by XRD showed a peak at 24.280°, 

corresponding to the interlayer distance of 3.63 Å (Figure 3), which was in agreement with rGO 

synthesised by Stobinski et al. (2014).  

Figure 1. 

SEM image 

of the orange 

peel rGO. 
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Figure 7. Adsorption mechanism for 
copper(II) and lead(II) ions onto cellulose. 

Figure 6. Adsorption mechanism for 
copper(II) and lead(II) ions onto rGO.  

Figure 5. SEM 
image of the 

cellulose – rGO 
hybrid aerogel. 

 

 

 

 

 
4.4. Characterisation of the Cellulose – rGO Hybrid Aerogel by SEM 

SEM was used to analyse the structure of the cellulose fibres before and after freeze-

drying. After freeze-drying (Figure 5), air spaces could be seen in between the cellulose fibres, 

suggesting that the aerogel was porous, in contrast to the denser cellulose fibres before freeze-

drying was carried out (Figure 4). 

 

 

 

 

 

 

4.5. Batch Adsorption Studies 

For rGO, copper(II) and lead(II) ions are adsorbed through the formation of dative bonds 

with the lone pairs of electrons in the oxygen-containing functional groups of the rGO (Sitko et al., 

2013). They are also adsorbed via electrostatic interactions with the negatively charged functional 

groups, such as carboxylate ions (Figure 6).  

The cellulose present in the aerogel contains many hydroxyl functional groups, which are 

able to adsorb copper(II) and lead(II) ions through the formation of dative bonds (Figure 7).  

 

 

 

 

 

 

 

 

Figure 4. SEM 
image of the 

extracted 
cellulose. 

Figure 3. XRD analysis of 
the orange peel rGO. 
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Figure 8 shows that close to 100% of heavy metal ions were removed by the orange peel 

rGO. As compared with the cellulose aerogel, the orange peel rGO added during the synthesis of 

the hybrid aerogel increased the percentage of heavy metal ions removed by it to almost 100%. 

A Mann Whitney U-Test between the hybrid and cellulose aerogels gave a p-value of 0.00044 

(<0.05) for copper(II) ion removal and 0.00058 (<0.05) for lead(II) ion removal, demonstrating a 

significant difference between the 2 aerogels’ percentage removals.  

 

However, figure 8 also shows that the cellulose aerogel removed 21.4% more lead(II) ions 

than copper(II) ions, even without the addition of rGO. Chen and Wang (2007) found through a 

linear regression analysis that a higher covalent index of a metal ion was correlated with a higher 

maximum adsorption capacity, qmax of an adsorbent. The lead(II) ion has a covalent index of 6.41 

while that of the copper(II) ion is 2.64 (Wang, Pan, Cai, Guo, & Xiao, 2017), meaning that the 

lead(II) ion has a stronger attraction to the lone pair of electrons in the oxygen-containing 

functional groups of cellulose, allowing more of it to be adsorbed.  

 

Methylene blue dye is adsorbed through 

pi-pi interactions between the conjugated carbon 

in rGO with the dye’s aromatic rings. The 

oxygen-containing functional groups on the rGO 

also adsorbs the dye via electrostatic 

interactions and hydrogen bonds (Figure 9) 

(Minitha, Lalitha, Jeyachandran, Senthilkumar, & 

Rajendra Kumar, 2017). Cellulose is also able to 

adsorb methylene blue dye through the 

formation of hydrogen bonds, but the addition of 

rGO for the hybrid aerogel increases the 

percentage removal significantly (Figure 8).  

Figure 9. Adsorption mechanism for 
methylene blue dye onto rGO. 

Figure 8. 

Percentage of 

heavy metal ions 

and dye removed 

by aerogels and 

orange peel rGO. 
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Figure 11. Reusability of the 
hybrid aerogel in absorbing oil. 

4.6. Isotherm Studies for the Adsorption of Methylene Blue Dye 

 The equilibrium concentration data for both the hybrid and non-hybrid aerogels was fitted 

into the Langmuir and Freundlich isotherms (Appendix B, pages 15-17). The Langmuir isotherm 

is a better fit for both aerogels, suggesting that the adsorption is monolayer. The maximum 

adsorption capacities of both aerogels were derived from the gradient of the equations obtained 

from the Langmuir isotherm (Table 1). The hybrid aerogel has a higher maximum adsorption 

capacity than the non-hybrid aerogel due to the addition of rGO during its synthesis.  

Table 1. Maximum adsorption capacities of aerogels on methylene blue dye. 

Type of Adsorbent Maximum Adsorption Capacity / mg g-1 Reference 

Non-hybrid cellulose aerogel 71.9 This study 

Cellulose – rGO hybrid aerogel 105.0 This study 

 

4.7. Oil Sorption Test in Oil-Seawater Environment 

 The porous networks of cellulose in the aerogels allow 

them to absorb diesel. Figure 10 shows that hybrid aerogels 

have significantly higher sorption capacities than non-hybrid 

aerogels (P-value of Mann Whitney = 0.017), which can be 

attributed to the non-polar conjugated carbon in rGO interacting 

with the diesel via dispersion forces, thus increasing the amount 

of diesel absorbed. The hybrid aerogel also outperformed 

milkweed fibre, another common oil sorbent, which has an oil 

sorption capacity of 7.3 g/g (Karan, Rengasamy, & Das, 2011). 

 

4.8. Test for the Reusability of the Cellulose – rGO Hybrid Aerogel in Absorbing Oil 

 Figure 11 shows that after the first cycle, there is a 

general decreasing trend in the aerogel’s sorption capacity, 

which could be due to the aerogel structures collapsing under 

the pressure exerted by the brass weights, causing it to 

become denser and less porous, thus decreasing the mass of 

oil that it could absorb. However, the insignificant differences 

(P-value of Kruskal-Wallis test = 0.18) between the sorption 

capacities from cycle 2 onwards suggests that the aerogel has 

the potential to be continuously reused. 

Figure 10. Sorption 
capacities of aerogels in oil-

seawater environment. 
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4.9. Reusability of the Cellulose – rGO Hybrid Aerogel 

in Adsorbing Dye 

 Overall, there is a decrease in the percentage of 

methylene blue dye adsorbed (Figure 12) from the 1st to the 

3rd adsorption cycle, which may be attributed to the 

incomplete desorption of the dye from the aerogel. Another 

possibility could be the loss of rGO from the surface of the 

aerogel during the desorption process. However, a high 

percentage of dye adsorbed was still maintained throughout 

the 3 cycles, suggesting that the hybrid aerogel is reusable. 

 

5. Conclusions and Recommendations for future work  

Cellulose – rGO hybrid aerogels were successfully synthesised from pineapple crowns 

and orange peels. This method of synthesising aerogels allowed food waste to be utilised in a 

meaningful way, reducing waste. Synthesising rGO by the carbonisation of fruit peels with 

ferrocene is a straightforward, safe and scalable process that avoids the health risks and 

environmental hazards associated with the toxic fumes produced as a by-product of Hummer’s 

Method. Using the cellulose – rGO hybrid aerogel was also an eco-friendlier way of tackling the 

problem of oil spills, rather than commonly-used petroleum-derived sorbents such as 

polypropylene. 

The rGO present in the hybrid aerogel enhances its oil sorption capacity, and improves 

the percentage removal of copper(II) ions, lead(II) ions and methylene blue dye, as compared to 

non-hybrid cellulose aerogels. For both aerogels, the Langmuir Isotherm is a better fit, suggesting 

that the adsorption of methylene blue dye is monolayer. With the addition of rGO, the maximum 

adsorption capacity of the aerogel on methylene blue increases by about 1.5 times. Furthermore, 

the hybrid aerogel is also reusable in the sorption of diesel oil and dye. These characteristics 

enable the hybrid aerogel to function as an eco-friendly, versatile and effective tool for water 

purification.  

 In future, isotherm studies can be extended to the adsorption of heavy metal ions. Oil 

sorption tests can be conducted on other types of oil, such as motor oil. The scope of the current 

study can also be extended to other pollutants such as anionic dyes, organic solvents, pesticides 

and pharmaceuticals. Finally, thermodynamic and kinetic studies can also be conducted to gain 

further insight into the adsorption mechanisms of the hybrid aerogel.  

 

Figure 12. Reusability of the 
cellulose – rGO hybrid aerogel 

in adsorbing dye. 
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Appendix A 

Characterisation of the pineapple cellulose by FTIR 

 

 

 

 

FTIR was used to analyse the structure of the pineapple cellulose. The FTIR spectrum 

(Figure 13) reveals peaks corresponding to functional groups characteristic of cellulose, including 

the O-H stretch (3423 cm-1), C-H stretch (2920 cm-1), C-O stretch (1163 cm-1) as well as the C-O-

C stretch (1111 cm-1), which were in agreement with cellulose extracted by Fan, Dai and Huang 

(2012). 

 

Appendix B 

Adsorption Isotherms of non-hybrid cellulose aerogel & cellulose – rGO hybrid aerogel 

 

The equilibrium concentration data obtained from adsorption isotherm studies on 

methylene blue dye were fitted into the Langmuir and Freundlich isotherms.  

 

The Langmuir isotherm assumes that the adsorbate is adsorbed over a uniform adsorbent 

surface at a constant temperature. The linear form of the Langmuir isotherm equation is given by: 

 

 

 

Where Ce is the equilibrium concentration of methylene blue (mg/L), qe is the equilibrium capacity 

of the adsorbents (mg/g), b is the Langmuir constant that indicates the sorption intensity and qm 

is the maximum adsorption capacity (mg/g).  

Figure 13. FTIR 

spectrum of cellulose 

extracted from 

pineapple waste. 
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The Freundlich isotherm assumes that the adsorption occurs on a heterogeneous surface. 

The linear form of the Freundlich isotherm equation is given by: 

 

 

Where Ce is the equilibrium concentration of methylene blue (mg/L), qe is the equilibrium capacity 

of the adsorbents (mg/g), KF is a constant related to sorption capacity and n corresponds to 

sorption intensity. 

 

 The Langmuir and Freundlich isotherm plots are shown below: 

 

Figure 15. Freundlich isotherm for the 
cellulose – rGO hybrid aerogel. 

 
 
 
  

Figure 14. Langmuir isotherm for the 
cellulose – rGO hybrid aerogel. 

 
 
 
  

Figure 16. Langmuir isotherm for the 
non-hybrid cellulose aerogel. 

 
 
  

Figure 17. Freundlich isotherm for the 
non-hybrid cellulose aerogel. 
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The value of qm was computed from the gradient of the Langmuir isotherm plot of Ce/qe 

versus Ce. Similarly, the value of n was computed from the gradient of the Freundlich plot of 

log(qe) versus log(Ce). The isotherm parameters obtained are summarised in table 2. 

 

Table 2: Isotherm parameters for the non-hybrid cellulose aerogel & cellulose – rGO hybrid aerogels. 

 
 

Langmuir isotherm parameters Freundlich isotherm parameters 

qm (mg/g) R2 n R2 

Non-hybrid  

cellulose aerogel 

71.9 0.998 3.50 0.814 

Cellulose – rGO  

hybrid aerogel 

105.0 0.991 1.96 0.857 

 

 Comparison of the coefficient of determination (R2) of the linearised forms of both 

isotherms suggests that the Langmuir model yields a better fit for the equilibrium adsorption data 

of methylene blue dye onto both aerogels. The maximum adsorption capacity, qm, of the hybrid 

aerogel was higher than that of the non-hybrid aerogel. 

 

 

 

 

 

 


