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Abstract 
 

Cd2+ adsorption from aqueous solution onto cellulose nanocrystals from cassava peel (CP) was successfully studied. 

The sample was acid hydrolysed into cellulose nanocrystals using 64% sulphuric acid at 45oC for 45 min and was used as an 

adsorbent for the removal of Cd2+ from aqueous solution. Cellulose nanocrystals were characterised using high-resolution 

scanning electron microscope (HR-SEM), x-ray diffraction (XRD), and thermogravimetric analysis (TGA). The different 

optimization factors were studied. The adsorption equilibrium data were best fit by the Freundlich model with an R2 of 1, 

indicating good surface heterogeneity of the active sites. Kinetic data were best fit by the pseudo-second order model type. The 

thermodynamic parameters enthalpy, entropy, and the negative change in Gibbs free energy, imply that the adsorption of Cd2+ 

onto CPCNC was exothermic, spontaneous, and feasible. This nanomaterial has good potential for use in successful removal of 

Cd2+ from wastewaters. 
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1. Introduction 
 

Water pollution caused by the indiscriminate 

dumping of untreated/partially treated industrial effluents 

laden with potentially toxic metals (PTMs) is one of the most 

serious environmental challenges facing the world today. 

These metals include lead, cadmium, arsenic, copper, and 

mercury among others, and are found in wastewaters, sourced 

from the weathering of sedimentary rocks, textile industry, 

printing or mining activities, etc.; they pose a serious threat to 

human beings and the environment at increasing 

concentrations (Anake, Benson, Akinsiku, Ehi-Eromosele, &

 
Adeniyi, 2014). Amid these PTMs, cadmium ions are 

considered very toxic and poisonous to humans and the 

ecological environment (Satarug, 2012). At a high 

concentration the cadmium ions cause kidney dysfunction and 

renal failure; and at a low concentration, they lead to 

mutations by inducing oxidative deoxyribonucleic acid (DNA) 

damage and subsequent cancer (Methulakshmi & Anuradha, 

2015). 

In 2017, Nigeria produced 59 million tons of 

cassava, making it the world’s largest producer at 

approximately 20% of global production, with a 37% increase 

in the last decade (IITA, 2020). Ogun State in Nigeria is one 

of the largest producers of cassava in Nigeria (Akerele, 

Idowu, Oyebanjo, Ologbon, & Oluwasanya, 2018), and the 

indiscriminate disposal of the peels of cassava changes the 

physicochemical and biological integrity of the environment. 
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This has necessitated finding uses for this cheap material, and 

it has potential for the removal of Cd2+ from aqueous 

solutions.  

Chemically cassava peel (CP) is 40.5% cellulose 

(Widiarto, Pramono, Suharso, Rochliadi, & Arcana, 2019); or 

37.9% cellulose, 23.9% hemicellulose, and 7.5% lignin 

(Tumwesigye, Morales-Oyervides, Oliveira, Sousa-Gallagher, 

2016; while other studies have reported the cellulose content 

in CP as 93.24% (Widiarto, Yuwono, Rochliadi, & Arcana, 

2017); or as 14.80% (Leite, Zanon, & Menegalli, 2017). This 

demonstrates that CP could be a good source of cellulose. 

Cellulose materials can be converted into nanocrystals that 

can serve as adsorbents for the uptake of PTMs from 

wastewater due to their unique properties, such as low density, 

reduced toxicity, high surface area, high tensile strength, 

biocompatibility, reactive hydroxyl groups that exhibit 

chemical functionalization, and biodegradability (Flauzino et 

al., 2016).  

However, in this study, the potential use of cellulose 

nanocrystals extracted from cassava peel was examined to 

remove Cd2+ from its aqueous solution. Therefore, the 

objectives of this research are (i) to characterize the prepared 

nanocrystals using high-resolution scanning electron 

microscopy (HR-SEM),  X-ray diffraction (XRD), and 

thermogravimetric analysis (TGA), (ii) to investigate the 

effects of pH, initial concentration of Cd2+, contact time, and 

temperature on Cd2+ adsorption efficiency, (iii) to analyze the 

equilibrium data using three candidate isotherm models 

(Freundlich, Langmuir, and Dubinin–Kaganer–Radushkevich 

(DKR)), (iv) to determine the kinetics and rate-controlling 

step in adsorption using three models (Pseudo-first and 

second-order models assessed  by Sum of Squared Errors 

(SSE)), and (v) to determine the feasibility, spontaneity and 

randomness of the adsorption process from estimates of 

thermodynamic parameters (changes in standard Gibb’s free 

energy(ΔGo), Entropy(ΔSo) and Enthalpy(ΔHo)). 

 

2. Materials and Methods 
 

2.1 Materials and devices 
 

               The chemicals used were acetic acid, ethanol, 

sodium chlorite, sodium hydroxide, sulphuric acid, and 

toluene. All the reagents were of analytical grade and were 

purchased from Sigma Aldrich and Merck South Africa.  

The devices used were centrifuge, sonicator 

(Misomix ultrasonic liquid processors), pH meter (Mettler 

Toledo, SCS200-K), freeze-dryer (Telstar LY Quest: HT 40), 

orbital shaker (Ohaus centrifuge model FC5718), heating 

mantle, X-ray diffraction spectroscope (Philips Xpert Pro-

MPD x-ray diffractometer), ICP-OES (Varian Radial, Varian 

710-ES), HR-SEM (AURIGA field emission high resolution 

scanning electron microscope, Zeiss, Germany), and for 

thermogravimetric analysis a PerkinElmer Frontier TGA 4000 

(Waltham, USA). 

 

2.2 Methods 
 

2.2.1 Isolation of chemically purified cellulose  
 

Raw cassava peels (RCP) used in this study were 

collected from different cassava processing plants at Ilaro and 

Owode areas in Ogun State, Nigeria. The sample was air-dried 

for several days, milled and sieved through a 30-mesh sieve. 

Chemically purified cellulose from cassava peel (CPCPC) was 

isolated according to the previously reported methods with 

slight modifications (Lu & Hsieh, 2012; Rahimi, Brown, 

Tsuzuki, & Rainey, 2016; Shaheen & Emam, 2018).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

The cassava peel (30 g) was isolated with 2:1 v/v 

toluene and ethanol mixture for 6 h and then allowed to dry in 

an oven at 60°C for 16 h. The dewaxed sample was soaked in 

50 g/L proportions in 5% sodium hydroxide solution at 25oC 

for 24 h, followed by heating at 90oC for 2 h to remove 

hemicellulose and silica. The solids were washed with a 

plentiful amount of distilled water until neutral pH was 

achieved, followed by drying at 50oC for 16 h. The residual 

alkaline treated sample was then delignified using 2.5% w/v 

of acidified sodium chlorite with fibre to liquor ratio of 1:20 

for 4 h at 100oC. The delignified cellulose was, thereafter, 

washed with water to remove the excess/unreacted chemicals 

and dried in the oven at 50oC for 16 h. Finally, the product 

(chemically purified cellulose) was collected. 

 

2.2.2 Extraction of cellulose nanocrystals  
 

Chemically purified cellulose produced from the 

peel of cassava was converted into cellulose nanocrystals 

(CNC) by acid-hydrolysis, according to the methods adopted 

by Naduparambath et al. (2018) and Lu & Hsieh (2012), with 

slight modifications. The purified cellulose isolated from 

cassava peel was hydrolysed with 64 wt. % sulphuric acid at a 

10 mL/g acid-to-cellulose ratio at a temperature of 45oC for 45 

min with vigorous mechanical stirring. Hydrolysis reaction 

was quenched by diluting with 10-fold ice water. The resultant 

cellulose nanocrystal gel was centrifuged at 45,000 rpm for 30 

min to concentrate the cellulose nanocrystals and to remove 

extra aqueous acid; the filtrate was then decanted. The 

resultant precipitate was dialyzed with a cellulose dialysis 

tube (Sigma –Aldrich, South Africa) against ultra-pure water 

until attaining neutral pH (pH 6-7). The suspension was 

sonicated at an amplitude of 40% in an ice bath to disrupt 

solid aggregates and avoid overheating. The resultant CNC 

suspension was freeze-dried (–47oC, 0.2 mbar). The dried 

sample was stored in an airtight container for characterization. 

 

2.2.3 High-resolution scanning electron microscopy  

         (HR-SEM)   
 

HR-SEM (AURIGA Field Emission High-

Resolution Scanning Electron Microscope, Zeiss, Germany), 

was used to analyze the superficial morphology of the raw and 

treated cellulose, and the nanocrystals. The samples were 

prepared by coating with carbon to make them conductive for 

SEM imaging. The HRSEM images were captured at varied 

magnifications.  

 

2.2.4 X-ray diffraction (XRD) spectroscopy 
 

X-ray diffraction was carried out using Philips X-

pert MPD X-ray diffractometer with Cu-K radiation operating 

at 40 kV and 40 Ma, to identify the crystallinity in a material. 

The crystallinity index (CI) was calculated from the maximum 

intensity of the principal peak of 200-plane (I002, 2θ= 22.9°) 

and the intensity of diffraction of 110 peaks (Iam, 2θ=16°) 
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using the Seagal method (Azubuike, Rodríguez, Okhamafe & 

Rogers, 2012; Seagal, Creely, Martin & Conrad, 1959). 

 

CI(%) = 
I002 – Iam 

x 100 (1) 
I002 

 

I002 represents crystalline material, whereas Iam represents 

amorphous material.  

 

2.2.5 Thermal gravimetric analysis (TGA) 
 

Thermal stability of RCP, CPCPC and CPCNC 

samples was determined using a Thermogravimetric Analyzer 

(PerkinElmer Frontier, TGA 4000, Waltham, USA). An about 

3.0 mg sample was weighed using a crucible sample holder 

and then placed in the machine. The TGA run was carried out 

under nitrogen atmosphere and the testing started at room 

temperature, ramped at 25oC/min to 700oC, and then held for 

1 min at 700oC. 

 

2.2.6 Adsorption of cadmium ions 
 

The adsorption of Cd2+ by cassava peel nanocrystals 

(CPCNC) was carried out in batch and in duplicate on a 

shaker at 200 rpm at 25oC using 150 mL shaker flasks. The 

adsorption runs were designed to study the different 

operational factors using the synthesized cellulose 

nanocrystals. The pH was adjusted using 0.1M HCl or 0.1M 

NaOH to the maximum pH of 7 to avoid the formation of 

insoluble lead hydroxide. The Cd2+ in solution was analyzed 

using ICP-OES, and the adsorption capacity (qe) and 

percentage removal were calculated as described in equations 

2 and 3b, respectively. 

 

qe = 
(C0 – Ce)V 

 (2) 
W 

 

R = 
C0 – Ce 

 (3a) 
C0 

 

R% = 
C0 – Ce 

x 100 (3b) 
C0 

                   

where, qe 
is the equilibrium capacity of cadmium ions (mg/g), 

Co is the amount of the cadmium ions in solution (mg/L), Ce 

is equilibrium amount of the cadmium ions in solution (mg/L), 

W is the dry weight of the nano-adsorbent (g), V = volume of 

the solution (L), and R% is the percentage of heavy metal 

removed/adsorbed. 

 

2.2.7 Langmuir isotherm 
 

Langmuir model assumes that every single adsorbed 

molecule meets the surface layer of the adsorbent (Ho, 2004). 

The linearized form of Langmuir model is: 

 

1 
= 

1 
+ 

1 
(4) 

qe Qm QmbCe 

 

qe = Quantity of metal adsorbed per gramme of the adsorbent 

(mg/g) 

Qm = Maximum cover volume of the adsorbent (mg/g) 

b = Langmuir isotherm constant (L mg-1) 

Ce = Equilibrium concentration of the adsorbate (mg/L) 

The values of  qe  and b were evaluated from the 

slope and intercept of the Langmuir plot of 1/qe against 1/Ce. 

The Langmuir isotherm has as a constant (RL), an equilibrium 

parameter. 

 

Re = 
1 

 (5) 
1 + (1+bC0) 

 

Here C0 = initial concentration of the adsorbate (mg/L) 

         b = Langmuir constant (L mg-1) 

 

2.2.8 Freundlich isotherm  
 

This model assumes a heterogeneous surface and is 

given by (Ahmad, Ahmad & Bello, 2014): 

 

qe =    KfCe 
1 

 (6) 
N 

 

where,  

qe = amount of the heavy metal that had been adsorbed at 

equilibrium (mg/g)    

Kf = Freundlich isotherm constant (mg/g) 

n = adsorption intensity 

Ce = equilibrium concentration of the adsorbate (mg/L) 

1/N = the function of the strength of the adsorption 

The linearized form of equation 6 for linear regression 

analysis is:  

            

lnqe = lnKf + 
1 

lnCe (7) 
N 

 

3. Results and Discussion 
 

3.1 High-resolution scanning electron microscopy  

      (HR-SEM)  
 

Figure 1 shows the SEM images of cassava peel at 

different stages of processing. The smooth surface of the 

untreated sample (raw) in Figure 1a was due to the presence 

of some non-fibrous components on the fibers, such as lignin, 

hemicellulose, wax, pectin, oil etc. (Chen, Yu, Liu, Chen, 

Zhang, & Hai, 2011). After chemical treatment of the raw 

fibers, the surface of the CPCPC presented lump like 

structures seen in Figure 1b, which could be attributed to the 

strong intramolecular hydrogen bonds, while the smooth 

surfaces of the nanocrystals revealed that the treatment by 

sulphuric acid of cellulose fibers could have removed the 

intramolecular hydrogen bonds (Adewuyi and Vargas, 2016). 

Features of the cellulose nanocrystal in Figure 1c reveal that 

there was a decrease in the fibrillar structure size and 

intermittent breakdown in the fibrillar structure into individual 

fibrils. The SEM spectrum for CPCNC revealed a coarse, 

shattered, cracked surface, indicating high specific surface 

area with pores for the uptake of metal ions. The cracked 

surface allows free movement of the metal ions into the pores 

of the CPCNC; while the surface roughness contributes to a 

high specific surface area, facilitating strong adsorption of the
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a   b                                                 c  

Figure 1. SEM micrographs of (a) raw cassava peel, processed to (b) cellulose, and (c) nanocrystals 

 

metal ions by the pores of the adsorbent (Dada, Adekola & 

Odebunmi, 2015). 

 

3.2 X-ray diffraction  
 

The crystalline structure and phase purity of RCP, 

CPCPC and CPCNC were assessed from X-ray diffraction 

analysis, shown in Figure 2. The characteristic peaks for the 

raw sample were at 2θ= 17.65o, 15.02o and 34.19o which 

correspond to 110 and 400 lattice planes of cellulose, 

respectively, indicating the presence of lignin and 

hemicellulose (Lu & Hsieh, 2012). Also, the peak at 2θ= 

12.39o and the disappearance of the peak for 400 lattice plane 

of cellulose indicate a partial removal of the amorphous 

regions (Thambiraj & Shankaran, 2017). The disappearance of 

the peak at 2θ=12.0o for CPCNC indicates complete removal 

of the amorphous domains. The three X-ray diffractograms 

showed the main peak at 2θ value of about 22.71°, indicating 

crystalline structure of cellulose in all samples (Flauzino et 

al., 2016). The crystallinity indexes of RCP, CPCPC and 

CPCNC were estimated to be 60.7%, 91.7%, and 99.9%, 

similar to the data obtained by Mohamed et al. (2017). The 

crystallinity index increased progressively from the raw to the 

CNC, showing a similar trend with results reported earlier 

(Rahimi et al., 2016). The progressive increase of crystallinity 

index from RCP to CNC indicates the removal of lignin, 

hemicellulose, and extractives (Widiarto, Yuwono, Rochliadi, 

Arcana, 2017). The XRD crystallite size estimates from RCP 

to CNC were 25.4 nm, 24.1 nm, and 5.56 nm. 
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Figure 2. X-ray diffraction patterns of raw cassava peel (RCP), 

cellulose (CPCPC), and cellulose nanocrystals (CPCNC) 

3.3 Thermogravimetric analysis (TGA) 
 

Figures 3a and b present the TGA and differential 

thermal gravimetric (DTG) responses of RCP, CPCPC and 

CPCNC, and the raw cassava peel had three inflation points. 

The maximum degradation occurred at 75.3oC due to the 

evaporation of moisture in the raw cassava peel. The CPCPC 

and CPCNC showed two inflation points. The disappearance 

of a peak was attributed to the chemical treatments that had 

removed non-cellulosic domains by breakdown of ether and 

carbon–carbon linkages (Joseph, Filho, James, Thomas & 

Carvalho, 1999). The peak within 300–400oC which attained 

the optimum rate of disintegration was attributed to the 

glycosidic cleavage of cellulose. The CPCPC showed a 

weight loss at 100.5oC due to moisture evaporation and a 

maximum degradation temperature at 349.5oC. The 

thermogram of the nanocrystals showed a temperature of 

maximum degradation at 292.3oC and onset temperature 

(reflecting thermal stability of the sample) at 218.2oC: this 

was attributed to the attachment of sulphate groups on the 

surface of the nanocrystal cellulose during the sulphuric acid 

hydrolysis (Leãoa, Patrícia, João & Sandra, 2017). The results 

for the raw sample, the CPC and the CNC were similar to 

those reported by Hongjia, Yu, Longhui, & Xiong (2013). The 

TGA graphs indicate that the CNC was the least thermally 

stable because it degraded faster than the CPC and the RCP, 

and its uniform degradation was dissimilar to the raw case that 

had different thermal decomposition peaks. 

 

3.4 Adsorption analysis of cadmium ions by CPCNC 

 

effect of solution pH  
 

Figure 4a presents the amount of Cd2+ adsorbed and 

the percentage Cd2+ removed by CPCNC at various choices of 

initial pH. It is observed that at a low pH the removal of Cd2+ 

increased and then decreased after pH 4, and reached an 

equilibrium at pH 7. The results show that the adsorption 

capacity of CPCNC adsorbent was dependent on the initial pH 

of the Cd2+ aqueous solution. This dependency decreases as 

soon as the pH tends towards neutrality: becoming steady due 

to the surface saturation of the adsorbent (Dada et al., 2015). 
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Figure 3. (a) TGA, and (b) DTG responses of raw cassava peel, cellulose, and nanocrystals 
 

a    b              

c   d  
 

Figure 4. Effects of (a) pH, (b) initial Cd2+ concentration, (c) contact time, and (d) temperature on the   adsorption of Cd2+ by CPCNC 

  

The decrease in adsorption at high pH (pH≥6) is 

attributed to the formation of soluble hydroxyl complexes 

(Bode-Aluko, 2017). The adsorption characteristic was found 

to be dependent on pH, and the optimum adsorption was 

observed at pH 4 (99.5% and 3.60 mg/g).  

  

3.5 Effect of initial Cd2+ concentration 
 

Figure 4b presents the amount of Cd2+ adsorbed and 

the percentage removed by CPCNC at varying initial 

concentrations. The low percentage removal at higher metal 

ion concentrations was due to the fact that the adsorption sites 

became completely occupied and saturated; hence Cd2+ could 

not further be adsorbed from the solution. The maximum 

removal occurred at 5 ppm being 96.8%. From the results, 

cadmium adsorption was dependent on the initial metal ion 

concentration, and the findings are in agreement with an 

earlier report by Bode-Aluko, (2017).  The increase in Cd2+ 

adsorption from 2.08 to 9.34 mg/g as the initial concentration 

was increased from 5 to 50 ppm was due to an increase in the 

mass transfer speed, attributed to the concentration gradient of 

Cd2+ in solution at the CPCNC nano-adsorbent surfaces.  
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3.6 Effect of contact time 
 

Figure 4c represents the percentage of cadmium ion 

removal and the quantity of cadmium ions adsorbed. The 

results show that the amount of Cd2+ adsorbed increased from 

4.06 to 4.22 mg/g with contact time change from 15 to 1440 

min, and the percentage cadmium ion removal increased from 

95.5 to 99.2% with this change. The stable increase in the 

adsorption rate from 15 to 240 min may be attributed to the 

accessibility of several sites for adsorption on the surfaces of 

the adsorbent, and the amount of Cd2+ adsorbed gradually 

reached a plateau from 240 to 1440 min where there was no 

significant further removal of metal ions, due to the fact that 

CPCNC active sites had been saturated with cadmium metal 

ions. This result is similar to that earlier reported (Dada et al., 

2015).  

 

3.7 Effect of temperature  
 

Figure 4d represents the percentage removal, and 

the amount of Cd2+ adsorbed against temperature. The 

percentage of adsorption removal decreased from 64.3 to 

61.6% with temperature increase from 25 to 45oC; and the 

removal reached a steady level at 55oC. The amount of 

cadmium ions adsorbed decreased very rapidly from 2.25 to 

2.15 mg/g with the temperature change from 25 to 35oC. 

However, in 35-65oC there was no significant change, 

indicating that the adsorption capacity had reached a steady 

level; this further indicates that the active adsorbent sites were 

saturated with metal ions at the higher temperatures (Dada et 

al., 2015). The optimum percentage removal and amount of 

Cd2+ adsorbed (64.3% and 2.25 mg/g) occurred at 25oC. 

 

3.8 Adsorption isotherms  
 

3.8.1 Langmuir, Freundlich and DKR isotherms for  

         adsorption of Cd2+ onto CPCNC 
 

Figures 5a and 5c show the Langmuir and 

Freundlich plots for adsorption of Cd2+ onto CPCNC. The 

parameter estimates and coefficients of determination (R2) are 

summarized in Table 1. Based on the latter, the experimental 

data were best fit by the Freundlich model with R2 value of 1, 

while the Langmuir model had an R2 value of 0.9984. These 

suggest a good surface heterogeneity of the active sites and 

the formation of a monolayer of adsorbate on surfaces of the 

CPCNC, respectively (Dada, Ojediran & Abiodun, 2013). The 

Freundlich plot for adsorption of Cd2+ onto CPCNC showed 

that the constants n and Kf were derived from the plot of Lnqe 

against LnCe. The value of n is 1, which is far less than 10, 

indicating that the adsorption was favorable; and 1/n indicates 

the strength of the adsorption and its heterogeneity which in 

the range from 0 to 1 suggests a good adsorption intensity 

(Bode-Aluko, 2017; Dada et al., 2015).  

The Langmuir parameter b was 0.0083 mg/L, which 

indicates the adsorption bond between adsorbent and Cd2+. 

Strong bond energy between the adsorbent and the metal ion 

leads to a high adsorption capacity (Dada et al., 2015; Yu et 

al., 2013). The equilibrium parameter, RL, is an important 

integral of the Langmuir isotherm, as shown in Figure 5b, and 

is the separation factor, a dimensionless constant (Dada et al., 

2015). The RL value indicates whether the adsorption is 

favorable or unfavorable. If RL˃1 it is unfavorable, if RL= 0 it 

is irreversible, if RL=1 it is linear, and if 0˂RL˂1 it is 

favorable and feasible. In the adsorption of Cd2+ onto CPCNC,

a   b  

c   d  
 

Figure 5. (a) Langmuir isotherm, (b) RL value for the adsorption of Cd2+ by CPCNC, (c) Freundlich isotherm, and (d) DKR isotherm fits for the  

adsorption of Cd2+ by CPCNC 
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Table 1. Estimates of parameters in isotherm models for the 

adsorption of Cd2+ by CPCNC 
 

Freundlich Langmuir DKR 
   

n = 1 Qm = 100 Qd = 7.526 

1/n = 1 b = 0.0083 ADRK = -3x10-8 
Kf = 1.250 RL = 0.035-0.369 E(KJ/mol) = 4.08 

R2 = 1.000 R2 = 0.9984 R2 = 0.8749 
   

 

the values of RL ranged from 0.035 to 0.369, staying below 1, 

and indicating that the adsorption was favorable and feasible. 

Based on the R2 value of the DKR model, which was 0.8749, 

the adsorption data were less well fit by the DKR model as 

presented in Figure 5d and Table 1. Since the magnitude of E, 

the free energy of transfer of solute ions to the surface of the 

adsorbent material, CPCNC, was below 8 KJ/mol, the 

adsorption mechanism was physisorption, and the mean 

adsorption energy E, calculated from DKR isotherm was 4.08 

KJ/mol, which reveals that the electrostatic forces played an 

important role in the adsorption process. These findings are 

supported by earlier reports (Dada et al., 2015; Dada, Adekola 

& Odebunmi, 2017). 

 

3.8.2 Adsorption kinetics  
 

In determining the adsorption rate-controlling step 

of Cd2+ onto the nano-adsorbent, pseudo-first order and 

pseudo-second order models were used as candidate models of 

the heavy metal adsorption kinetics. The conformity of the 

experimental values with the models were assessed from the 

coefficient of determination. Figures 6a and 6b represent the 

pseudo-first and pseudo-second order adsorption kinetics 

plots, respectively. The evaluated parameters of the pseudo-

first and pseudo- second order models are presented in Table 

2. Based on the R2 values, the adsorption kinetics data were 

best fit by the pseudo-second order kinetics with an R2 value 

of 1, greater than 0.99, while R2 for the pseudo-first order 

model was 0.7024. In Table 2, the rate of reaction for pseudo-

second order was clearly higher than that for the pseudo-first 

order model. The calculated amount of Cd2+ adsorbed onto 

CPCNC was qe cal (4.228) which was closer to the 

experimental amount of Cd2+ adsorbed qe exp (4.178) from the 

pseudo-second order model, signifying that the kinetics of 

Cd2+ adsorption were best fit by the pseudo-second order 

model, implying that the adsorption process had 

chemisorption as the rate-determining step (Dada et al., 2015). 

The applicability of pseudo-first order and pseudo-second 

order models was judged from R2 and the sum of squared 

errors (SSE). The closer the R2 is to unity, the lower the SSE, 

and the better the model describes the adsorption of Cd2+ onto 

CPCNC. Based on this, the pseudo-second order model gave 

the better fit while a poorer description was obtained with the 

pseudo-first order model. 
 

3.8.3 Adsorption thermodynamics  
 

Thermodynamics are significant for adsorption 

studies because of the vital parameters to be determined. 

Figure 7 presents the Van’t Hoff plot for the adsorption of 

Cd2+ by CPCNC. A summary of the evaluated parameters is 

presented in Table 3. The enthalpy change and the entropy 

            a  

b  
 

Figure 6. (a) and (b): Pseudo-first order and pseudo-second order 

kinetics plots for the adsorption of Cd2+ by CPCNC 

 
Table 2. Kinetic model parameter estimates for the adsorption of   

Cd2+ by CPCNC 

 

Pseudo-first order model Pseudo-second order model 
  

qeexp = 4.178 qeexp = 4.178 
qecal = 1.072 qecal = 4.228 

K1 = 0.0445 K2 = 0.288 

h1 = 0.051 h2 = 5.149 
SSE = 1.174 SSE = 0.019 

  

 

 
 

Figure 7. Van’t Hoff plot for the adsorption of Cd2+ by CPCNC 

 

change were determined from the slope and intercept of the 

Van’t Hoff plot, respectively. The negative enthalpy change 

implies that the adsorption of Cd2+ onto CPCNC is exothermic 

in nature. The negative entropy change confirmed the degree 

of uncertainty at the solid-liquid relationship in the course of 

the adsorption of Cd2+ onto CPCNC. The negative Gibbs free 

energy indicates that the adsorption process was spontaneous 

and feasible. These findings are in agreement with reports 

from other studies (Dada et al., 2015; Garima, 2013). 
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Table 3. Thermodynamic parameters for the adsorption of Cd2+ by 

CPCNC 
 

T (oC) T(K) ∆G(KJmol-1) ∆H(KJ-1) ∆S(Jmol-1K-1) 

     

25 298 -800.842 -2019.066 -4.088 

35 308 -759.962   
45 318 -719.082   

55 328 -678.202   

65 338 -637.322   
     

 

4. Conclusions 
 

In this study, cellulose nanocrystals from cassava 

peel have shown good prospects for use as nano-adsorbent 

material in the purification of Cd2+ polluted water. The results 

indicate that the adsorption of Cd2+ hinged on all the tested 

factors, namely pH, initial concentration of Cd2+, contact time, 

and temperature. The adsorption equilibrium data were best fit 

by the Freundlich model with an R2 of 1, while the Langmuir 

model had an R2 of 0.9984, indicating a good surface 

heterogeneity of the active sites. The mean adsorption energy 

E, estimated from DKR isotherm, was 4.08 KJ/mol, which 

revealed that the electrostatic forces played an important role 

in the adsorption process. The kinetics of adsorption were well 

described by a pseudo-second order kinetic model, and the 

process of adsorption may be chemical adsorption. The 

thermodynamics revealed that the adsorption process was 

exothermic, feasible, and spontaneous in nature. Overall this 

study revealed a good adsorption of Cd2+ by the CPCNC 

adsorbent. Hence, cellulose nanocrystals from cassava peel 

are a candidate low-cost alternative nano-adsorbent material 

for the removal of Cd2+ from polluted waters. 
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