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Abstract
Here, we present the removal of cadmium(II), lead(II) and zinc(II) ions, by sugarcane (Saccharum spontaneum) leaves. Bio-
mass characterisation was performed with Fourier transform infrared spectroscopy, scanning electron microscopy, energy 
dispersive X-ray and X-ray diffractometry. The effects of parameters such as solution pH, initial metal ion concentration and 
contact time were investigated. To understand the adsorption process, data were fitted into models such as the pseudo-first 
order, pseudo-second order, Weber–Morris, Langmuir, Freundlich and Dubinin–Radushkevich (D–R). The surface of the 
adsorbent was oval and irregular in shape, with scattered adsorptive sites. Carbon and oxygen were the main element present 
in the adsorbent, claiming about 59% and 38% of the total elemental compositions, respectively. Optimum pH for lead and 
zinc ions was 5, while 6 was chosen for cadmium ions. Adsorption increased with time and eventually plateaued after 5 h 
for lead and 4 h for cadmium and zinc ions. Metal uptake increased with increase in initial metal ion concentration up to 
250 mg/L. Adsorption data fitted best to the Langmuir isotherm, with maximum sorption capacity, qmax, obtained as 142.86, 
156.25 and 166.67 mg/g for the removal of cadmium, lead and zinc, respectively. The pseudo-second-order model provided 
the best fit for the kinetic data (R2 of > 0.95), indicating that the sorption process was controlled by chemisorption mecha-
nism. Information from Freundlich and D–R models signified that the uptake of the three metal ions was by physisorption 
and that ion-exchange mechanism was also involved in zinc adsorption.
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Introduction

The discharge of untreated industrial effluents and sewage 
from metabolic wastes into water bodies, especially in the 
developing countries, has been on the increase for some 

years. Due to the debilitating effects of this environmen-
tal pollution on the ecosystem (Gnanasekaran et al. 2015), 
global environmentalists have since been looking for ways 
of combating the menace. One of the main reasons for 
the upsurge is the steady increase in the urbanisation and 
industrialisation trend around the world, which results in 
large pollutants being released into the environment (Denny 
1997; Muñoz et al. 2018). Other reasons include high cost 
of advanced technological methods for the treatment of 
wastewater and insufficient information on the danger the 
pollutants pose to aquatic and human lives (Denny 1997; 
Krishnani et al. 2008).

Heavy metal ions are regarded as environmental toxins 
and elevated concentrations of these toxic metal ions have 
been detected in some rural areas of the world (Denny 
1997). Cadmium(II), lead(II) and zinc(II) are few of 
the toxic metal ions that pollute natural potable water 
sources. These hazardous metal ions and other pollutants 
are released into the environment via indiscriminate dis-
charge of toxic chemicals through effluents from a wide 
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range of industries. Industrial units such as steel, oil, can-
neries, refineries, mines and electroplating units are the 
major culprits of heavy metal pollution in the environ-
ment (Reddy et al. 2011; Albadarin et al. 2012). Dreadful 
human illnesses such as disruption of protein metabolism, 
induced sterility, neonatal death, calcium substitution in 
bones, hypertension, cancerous growth and accumulation 
in food chain have been traced to toxic metal ion intake 
(Naushad et al. 2016). Since these toxic metal ions are 
non-biodegradable, once released into the environment, 
they remain and some eventually find their ways into liv-
ing system where they accumulate (Cazón et al. 2013).

The fact that toxic metal ions stay in the environment 
or accumulate in living system with their attendant ill-
effects has led to global concerted effort aimed at rem-
edying the environment by preventing large concentra-
tions of these toxins from getting into the water body. In 
treating industrial wastewaters, a number of conventional 
techniques such as ion-exchange, precipitation, reverse 
osmosis, solvent extraction, solid phase extraction, evap-
oration, membrane filtration and adsorption have been 
employed (Muñoz et al. 2018). Of all these techniques, 
adsorption has gained widespread popularity, mainly 
due to the advantages it has over all other techniques, 
which include its relative simplicity, low cost, high effi-
ciency, minimisation of biological sludge, regeneration 
of adsorbent and possibility of effluent recovery (Pino 
et al. 2006).

The passive sorption and complexation of metals and 
other toxins from polluted water by non-viable biomass 
(i.e. dead biomass), which could be of plant origin or 
animal derived materials, is referred to as biosorption 
(Krishnani et al. 2008; Cazón et al. 2013). A number of 
adsorbents have been tested for their metal uptake capac-
ities. They include: cassava tuber bark (Horsfall et al. 
2006), coconut shell powder (Pino et al. 2006), rubber 
leaf powder (Kamal et al. 2010) and rice husk (Muñoz 
et al. 2018).

Sugarcane leaves are generally regarded as waste and 
they are readily available in abundance, especially in large-
scale sugarcane plantations. The present study was there-
fore aimed at characterising and evaluating the adsorption 
capacity of sugarcane leaves (SCL) in the removal of  Cd2+, 
 Pb2+ and  Zn2+ from aqueous solution in a batch experi-
mental process. The effects of different parameters such as 
pH, contact time and initial metal ion concentration were 
investigated. Moreover, adsorption data were fitted to dif-
ferent models to determine the kinetics and the isothermal 
behaviour of the sorption process. The greater part of the 
research work was carried out at the University of Ibadan, 
Nigeria; while the concluding part was undertaken at the 
Obafemi Awolowo University, Ile-Ife, Nigeria, in 2019 and 
partly characterised in South Africa.

Materials and methods

Preparation of SCL biosorbent

Sugarcane leaves were obtained from a sugarcane plantation 
in Mamu village in Ijebu-Igbo, Ijebu South Local Govern-
ment Area of Ogun State, South West, Nigeria. The leaves 
were thoroughly rinsed with water from a tap and then with 
deionised water. The washed leaves were air-dried for about 
2 weeks and later oven dried for 5 h at 70 °C. The dried leaves 
were pulverised. Further drying was carried out at 50 °C for 
6 h. The pulverised leaves, thenceforth referred to as SCL, was 
sieved through a 420 µm mesh and stored in an airtight plastic 
container for further use.

Preparation of metal ion solution

All chemicals used in this study were obtained from Sigma-
Aldrich and were used without further purification. Standard 
solutions of  Cd2+,  Pb2+ and  Zn2+ used for the study were 
prepared by dissolving appropriately weighed amount of 
Cd(NO3)2.4H2O, Pb(NO3)2 and  ZnSO4·7H2O, respectively, in 
a 1000 mL standard flask and made up to the mark with deion-
ised water. The concentration of the stock solution of each 
metal ion was 1000 mg/L, out of which fresh dilutions were 
made as required. Standardisation of the bulk solution was 
carried out by atomic absorption spectrophotometer (Buck-
Scientific 210 VGP) with deuterium background correlator.

Surface characterisation of SCL

Characterisation of the SCL was performed with Fourier 
transform infrared spectroscopy (FTIR), scanning elec-
tron microscopy (SEM), energy dispersive X-ray (EDX) 
and X-ray diffractometry (XRD). The FTIR analyses of the 
unloaded and toxic metals-loaded SCL were carried out with 
Shimadzu FTIR-8400S Spectrometer (at the scanning frequen-
cies of 400–4000 cm−1). SEM micrographs and EDX spectra 
of unloaded and metal-loaded SCL samples were obtained 
using a Zeiss Ultra Plus 55field emission scanning electron 
microscope (FE-SEM) actuated at 1.0 kV. Identification of 
the diffraction pattern of SCL was done using Rigaku Ultima 
IV X-Ray Diffractometer (XRD). The sample was gently con-
solidated in a copper holder and scanned at 40 mV/40 mA, 
scan speed = 1.000 deg/min; the scan mode was continuous 
and scan range was between 5000° and 100,000°.

Proximate analysis (PA) and bulk density (BD) of SCL

Proximate analysis of SCL was carried out according to the 
procedure of Official Analytical Chemist (AOAC 1990). 
Bulk density was determined according to the protocol of 
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Ofomaja and Naidoo (2011). Briefly, a 25 cm3 density bottle 
was weighed empty and then filled with the SCL with ‘gen-
tle tapping’ to ensure proper filling and elimination of air 
spaces. After filling, the density bottle was weighed with its 
content. The difference between the final and initial weights 
of the bottle gave the mass of the biosorbent that occupied 
25 cm3 density bottles.

Biosorption studies

Metal uptake capability of SCL was studied by varying the 
solution pH, contact time and the initial metal ion concen-
tration (one at a time) in a batch adsorption process. With 
the exception of concentration dependence study, where 
the initial metal ion concentration was varied, all studies 
were performed by contacting 0.1 g of SCL with 50 mL 
of 100 mg/L  Cd2+,  Pb2+ and  Zn2+ ion solutions in corked 
125 mL Pyrex Erlenmeyer flasks. Equilibration was per-
formed at 200 rpm in a thermostatic water bath and shaker 
(Haake Wia model) and the experimental temperature was 
set at 27 °C. Each study was performed in duplicate with 
the average of the two values taken. The effect of pH on 
the biosorption of metal ions was carried out within the pH 
range of 2–7. Adjustment of pH was performed by drop-
wise addition of either  HNO3 or NaOH. The mixtures were 
agitated for 2 h. The effect of contact time was studied at 
various agitation times (0–400 min), with the solution pH 
adjusted to the optimum value for each metal ion. The effect 
of initial metal ion concentration was studied by varying 
the adsorbate concentration from 10 to 500 mg/L. Contact 
time and pH were set at the optimum condition determined 
earlier for each metal ion. After agitation, the metal-laden 
biosorbent was recovered by filtration, using Whatman’s 
#42 filter papers. The filtrate was afterwards analysed by 
atomic absorption spectroscopy for residual metal ions. The 
metal uptake capacity of SCL, expressed as percentage of 
metal ions adsorbed or milligrams of biosorbed ions per 
gram of dry mass of the biomass, qe, was determined by the 
following equations:

where Co, Ce, m and V are the initial metal ion concentra-
tion (mg/L), equilibrium metal ion concentration (mg/L), 
mass of the biosorbent (g) and volume of the solution (L), 
respectively.

Experimental data were fitted into different kinetic 
and equilibrium models to determine the best models that 
describe the adsorption process. The models considered are 
the pseudo-first-order (Lagergren 1898), pseudo-second-
order (Ho and McKay 1999), Weber–Morris intra-particle 
diffusion (Weber and Morris 1963), Langmuir (Langmuir 
1918), Freundlich (Freundlich 1906) and Dubinin–Radush-
kevich (Dubinin et al. 1947) models. The linearised forms 
of these models are as shown in Table 1.

Results and discussion

Surface characterisation of SCL

FTIR study of SCL

Metal uptake capacity of an adsorbent is dependent on 
the chemical reactivity of functional groups present at the 
adsorbent surface as well as its surface porosity. Figure 1 
shows the FTIR spectra of unloaded and metal-loaded 
SCL. The FTIR spectrum of unloaded SCL reveals a num-
ber of characteristic absorption bands. The broad band at 
3448 cm−1 has been assigned to the surface O–H/N–H 
stretching vibration and weakly absorbed water (Zhou 
et al. 2015). The peaks at 2918 cm−1 and 2850 cm−1 were 
attributed to symmetric and asymmetric C–H stretching. 
The bands at 1726 cm−1 and 1633 cm−1 have been assigned 

(1)% adsorbed =
(Co − Ce)

Co

100,

(2)qe =
(Co − Ce)V

m
,

Table 1  Kinetic and equilibrium 
models used in this study
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to the C=O stretching vibration. Peaks at 1462–1380 cm−1 
could be due to alkyl C–H bend, aromatic C=C stretch 
and C–O stretch (Babalola et  al. 2016). Other peaks 
observed at 1514, 1255 and 1055 cm−1 were assigned 
to aromatic stretching rings from lignin, C–O linkage/

OH in-plane bending in cellulose (Castro et  al. 2017) 
and C–O stretch, respectively. As shown in Fig. 1b–d, 
after the uptake of the various metal ions, the absorption 
band at 3448 cm−1 shifted to 3443 cm−1 and 3433 cm−1 
in the spectra of Cd- and Zn-loaded SCL, respectively, 

Fig. 1  FTIR spectra of unloaded and metal-loaded SCL. Spectra a, b, c and d represent unloaded, Cd-loaded, Pb-loaded and Zn-loaded SCL, 
respectively



145International Journal of Energy and Water Resources (2019) 3:141–152 

1 3

suggesting the involvement of the O–H functional group 
in the metal removal process. That same peak, however, 
remained unchanged in the spectrum of Pb-loaded SCL, 
possibly indicating a weak interaction. Comparison of the 
four spectra indicates a shift in the band at 1726 cm−1, 
in the spectrum of unloaded sample, to 1734 cm−1 after 
the adsorption of  Cd2+ and  Pb2+, and 1732 cm−1 after the 
adsorption of  Zn2+. Displacement was also observed in 
the C=O band at 1633 cm−1 as well as in the peaks repre-
senting C–O stretching vibration, indicating the possible 
utilisation of the carbonyl and carboxyl functional groups, 
along with the hydroxyl, in the metal-binding process.

Scanning electron microscopy (SEM) EDX and XRD analyses

The surface morphologies of SCL (before and after metal 
adsorption) were examined by scanning electron micros-
copy (SEM). The SEM micrographs of unloaded and metal-
loaded SCL are shown in Fig. 2. The images, taken at high 
magnifications, reveal that the particles of unloaded SCL 

(Fig. 2a) were oval and irregular in shape (Qin et al. 2016) 
with scattered pores observed all through its surface. The 
abundance of these pores suggests the potentials of SCL in 
efficiently adsorbing toxic materials. After the uptake of the 
various metal ions, the surface morphology of the adsorbent 
changed—the disappearance of the oval shape was observed 
(Fig. 2b–d). Figure 3 shows the EDX spectra of SCL before 
(a) and after adsorption of metal ions (b–d). As indicated by 
the spectrum of unloaded sample (Fig. 2a), SCL is mainly 
made up of carbon (C) and oxygen (O), comprising about 
59% and 38% of the total constituent elements, respectively. 
No Cd, Pb and Zn were observed. However, as shown in 
Fig. 3b–d, the spectra of the adsorbent after adsorption show 
prominent peaks of the respective metals involved, thereby 
indicating that adsorption of the metals actually took place. 
X-ray diffraction was performed to determine the crystal-
line structure of SCL. The XRD pattern, shown in Fig. 4, 
indicates some peaks—one intense peak and other second-
ary peaks. The main and intense peak at θ of 23° reveal 
the presence of highly organised crystalline cellulose, while 

Fig. 2  SEM micrographs of a unloaded, b Cd-loaded, c Pb-loaded and d Zn-loaded SCL
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the other weak secondary peak, especially the one at θ of 
17°, characterises less organised functional moieties such 
as polysaccharides and lignin present in SCL (Zhou et al. 
2015; Babalola et al. 2016).

Proximate analysis (PA) and bulk density (BD)

Proximate analysis of SCL showed that the biosorbent 
contained 6.34, 12.22, 25.41, 1.33 and 34.20% of moisture 

content, ash content, crude fibre, crude protein and starch 
content, respectively. The presence of high crude fibre and 
starch content indicates that SCL contains lignocellulose 
and hemicellulose moieties required for effective adsorp-
tion of toxic pollutants. The measured bulk density of the 
biosorbent is 0.34 g/mL. Bulk density evaluates the quality 
of adsorbents—low bulk density is an indication of high 
porosity, leading to high adsorption capacities on a weight 
basis (Liu et al. 2018). Therefore, the low bulk density of 
SCL signifies that the adsorbent has the capacity to hold 
more metal ions per unit volume.

Batch biosorption of  Cd2+,  Pb2+ and  Zn2+ ions by SCL

Influence of pH

This study attests to the significant role solution pH plays 
in the adsorption process. The phenomenon of adsorption 
of solute ions onto the active sites of biosorbents is greatly 
influenced by solution pH. This is due to the possibility of 
protons being adsorbed or released from the adsorbent sur-
face (Jin et al. 2018). The solution pH regulates the solubility 
as well as the speciation of the adsorbate ions in solution. It 

Fig. 3  EDX spectra of a unloaded, b Cd-loaded, c Pb-loaded and d Zn-loaded SCL

Fig. 4  XRD pattern of SCL
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also determines the surface charge of the adsorbent (Oninla 
et al. 2018). As shown in Fig. 5, % metal uptake for each 
of the three metals under study was obtained at different 
values at different solution pH values. Adsorption of  Cd2+ 
was observed to increase with rise in solution pH from 2 to 
7, while those of  Pb2+ and  Zn2+ ions increased from pH 2 
to 5. Whereas %  Pb2+ uptake decreased, no significant  Zn2+ 
uptake was noticed with further rise in solution pH. At the 
pH of optimum adsorption, 58.6, 49.5 and 52.2% uptakes of 
 Cd2+,  Pb2+ and  Zn2+ ions, respectively, were observed. The 
low metal uptake observed at highly acidic pH could be as a 
result of electrostatic repulsion to the metal cations and the 
protonation of the binding sites on the surface of the SCL, 
occasioned by high abundance of hydrogen ion (Huptake 
up to pH 7, and possibly beyond, might) in the medium (Jin 
et al. 2018). However, with continuous rise in pH, the metal 
ions gained advantage because the carboxyl and hydroxyl 
functional groups on the SCL surface became deprotonated, 
thereby increasing the density of negative charge ions on 
the adsorbent surface, which in turn tremendously enhanced 
the electrostatic attraction between the metals and the SCL 
(Oninla et al. 2018). The continuous rise in  Cd2+ uptake up 
to pH 7, and possibly beyond, might, nonetheless, not be 
solely due to pH influence: other factors such as adsorption 
of hydrolysis products and precipitation of colloidal slightly 
soluble or insoluble metal hydroxides at high pH could as 
well contributed to the phenomenon observed (Vijayara-
ghavan et al. 2017). Thus, to eliminate other influences as 
much as possible, the pH of  Cd2+ solution was set at 6. A 
similar trend has also been reported for the adsorption of 
 Cd2+ by immobilised Pleurotus ostreatus spent substrate 
(Jin et al. 2018). The seemingly constant values of  Zn2+ 
uptake from pH 4 could be due to adsorption/desorption 
equilibrium, indicating no significant influence of pH on 
 Zn2+ adsorption onto the SCL biosorbent from pH 5 to 7.

Influence of contact of time

In designing cost-effective systems for wastewater treatment, 
equilibrium contact time is one major factor often consid-
ered (Hassoune et al. 2018). Time dependence study is very 
vital, as it provides kinetic data for the prediction of adsorp-
tion rate, the information which is of great relevance in the 
design of full-scale adsorption process (Vijayaraghavan et al. 
2017). Information obtained from the effects of the duration 
of contact of SCL with the solutions of  Cd2+,  Pb2+ and  Zn2+ 
ions (Fig. 6a) indicates that most biosorption of  Cd2+ and 
 Zn2+ took place within the first 3 and 4 h, respectively; and 
that a contact time of 4 h was sufficient to attain adsorp-
tion/desorption equilibrium. On the other hand, biosorption 
of  Pb2+ increased with rise in contact period and possibly 
reached equilibrium between 5 and 6 h. Within the first 
5 min of contact between the SCL and the adsorbates, 29.46, 
23.48 and 25.8 mg/g of  Cd2+,  Pb2+ and  Zn2+, respectively, 
were removed, indicating the exposure of a large number of 
binding sites on the SCL, which caused rapid metal binding 
at the earlier stage of the sorption process. It could also be 
because of the high concentration gradient, which enhanced 
the mass migration of the metal ions from the bulk phase 
to the surface of the SCL and the consequent rapid binding 
to the functional groups present at the active sites of the 
adsorbent.

As the adsorbent stayed longer in the solution, the rate 
of  Zn2+ and  Pb2+ uptake slowed until attainment of equi-
librium, although  Cd2+ sorption gained a little momentum 
after 100 min prior to equilibrium state. A relatively more 
pronounced increase in uptake was observed in case of 
 Cd2+ uptake by SCL between 5 min and 1 h, after which the 
uptake rate slowed. The slow uptake after the initial sharp 
rise suggests the occupation of a vast number of the SCL 
active sites within the first 5 min, making the remaining yet 
unoccupied sites less accessible, probably due to repulsive 
forces between the already adsorbed metal ions and the bulk 
phase.

Influence of initial metal ion concentration

The dependence of the adsorption of  Cd2+,  Pb2+ and  Zn2+ 
ions on the initial concentrations of the metals is depicted in 
Fig. 6b. The study was carried out at different initial metal 
ion concentrations ranging from 10 to 500 mg/L. A progres-
sive rise in metal uptake by SCL was observed with increase 
in metal ions concentration up till 250 mg/L, after which 
adsorption/desorption equilibrium was attained. At equilib-
rium, 132.52 mg/g, 146.61 mg/g and 156.12 mg/g of  Cd2+, 
 Pb2+ and  Zn2+ ions, respectively, were adsorbed, indicating 
a better efficiency of SCL in the removal of  Zn2+ ion, when 
compared with  Cd2+ and  Pb2+ ions. The initial sorbate con-
centration is an important factor in any adsorption process. 

Fig. 5  Effect of pH on the biosorption of  Cd2+,  Pb2+ and  Zn2+ by 
SCL (SCL dose: 100 mg; agitation time: 2 h; initial metal concentra-
tion: 100 mg/L; temperature: 27 °C)
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At low initial metal ion concentration, few metal ions were 
present in the solution. This consequently resulted in few 
active sites on the SCL surface being occupied. Increas-
ing the initial metal ion concentrations, however, raised the 
number of metal ions in the solution, leading to continuous 
occupation of more active sites on the adsorbent (Oninla 
et al. 2018). Most researchers have also reported increase 
in sorbate uptake with increasing initial concentration 
(Ofomaja and Naidoo 2011; Babalola et al. 2016; Castro 
et al. 2017). This common phenomenon could most likely 
be due to increasing driving force needed to overcome all 
resistances to mass transfer between the solution and the 
adsorbent as initial concentration increases. Here, increase 
in the initial concentrations of  Cd2+,  Pb2+ and  Zn2+ ions in 
the solution possibly provided the necessary driving force 
needed to overcome all resistances to mass transfer of the 
metal ions between the solution and the SCL, thus result-
ing in increasing likelihood of collision between the metal 
ions in the solution and the SCL biosorbent (Hassoune et al. 
2018).

Modeling of the sorption process

Equilibrium study

To explain the process of the adsorption of  Cd2+,  Pb2+ and 
 Zn2+ ions onto the surface of SCL, data from the batch 
adsorption study were fitted to three different equilib-
rium isotherm models, namely, Langmuir, Freundlich and 
Dubinin–Radushkevich (D–R) isotherms. The linearised 
equations for the various models are shown in Table 1. 

Here, qmax (mg/g) represents maximum adsorption capac-
ity; Ce (mg/L) is equilibrium concentration of metal ion; 
KL (L/mg) is Langmuir constant; Kf (mg/g) and n represent 
Freundlich constant and intensity constant, respectively; R, 
with the value of 8.314 J/mol K, represents the universal gas 
constant; T (K) is the temperature; β  (mol2/kJ2) is the D–R 
constant; and ɛ (J/mol) represents Polanyi constant. Param-
eters for the models, shown in Table 2, were obtained from 
the linear plots of the models’ equations. The parameter, R2, 
known as determination coefficient, was adopted to deter-
mine the model that best described the adsorption process. 
R2 value of 1 is an indication of the perfect description of a 
sorption process, and the closer the R2 value of experimen-
tal data plot to unity, the better the model is in describing 
an adsorption process. A critical look at the values of R2 
obtained by fitting the experimental data to the four mod-
els showed the Langmuir isotherm (with R2 value of 0.992, 
0.986 and 0.994 for  Cd2+,  Pb2+ and  Zn2+ ions, respectively) 
as the best model in describing the adsorption of the three 
metal ions onto the surface of SCL. This, therefore, signifies 
monolayer adsorption, implying that the adsorption of the 
three metals occurred more at specific homogeneous sites 
on the SCL (Langmuir 1918).

The maximum adsorption capacity, qmax, of SCL for 
the uptake of  Cd2+,  Pb2+ and  Zn2+ ions was determined 
as 142.9 mg/g, 156.3 mg/g and 166.7 mg/g, respectively. 
Although  Cd2+,  Pb2+ and  Zn2+ are all divalent ions with 
ionic charge of +2, they possess different ionic radii and 
sizes (Cotton and Wilkinson 1980), and therefore are 
expected to be adsorbed on SCL at different qmax and rates, 
in the order of  Zn2+ (0.69 Å) ˃  Cd2+ (1.03) ˃  Pb2+ (1.17 

Fig. 6  Effect of a contact time and b initial metal ion concentration on the biosorption of  Cd2+,  Pb2+ and  Zn2+ by SCL (SCL dose: 100 mg; agi-
tation time: 5–400 min; initial metal concentration: 10–500 mg/L; temperature: 27 °C)



149International Journal of Energy and Water Resources (2019) 3:141–152 

1 3

Å). In other words, the smaller the size of a metal ion, the 
easier it is expected to diffuse in aqueous systems and the 
faster is the surface coverage (Horsfall et al. 2006). How-
ever, the equilibrium results of the present study revealed 
that the qmax value obtained for  Cd2+ was greater than that 
of  Pb2+. This, nonetheless, may be explained on the basis 
of the mechanisms of the adsorption of the three metal ions 
on SCL. Metal-binding mechanisms include ion-exchange, 
micro-precipitation, complexation and coordination, which 
are functions of the functional moieties on the surface of the 
adsorbent. Therefore, the functional groups on the surface 
of SCL might have shown different affinities for  Cd2+,  Pb2+ 
and  Zn2+ ions (Cazón et al. 2013), as suggested by the FTIR 
results which reveals weak interaction between –OH and 
 Pb2+. Moreover, although both fit the Langmuir isotherm 
better than Freundlich, R2 values (0.986 and 0.969 for Lang-
muir and Freundlich isotherms, respectively) obtained from 
the two models for the sorption of  Pb2+ were closer than 
those obtained for the sorption of  Cd2+, signifying that the 
adsorption of  Pb2+ on SCL was both monolayer and mul-
tilayer in nature. This possibly suggests that  Pb2+ was able 
to access more active sites on SCL, especially in the multi-
layer region. This assertion was corroborated by time- and 
concentration-dependence studies (Fig. 6).

The Freundlich intensity constant, n, for the adsorption of 
the three metals was found to be 2.307, 2.617 and 3.039 for 
the adsorption of  Cd2+,  Pb2+ and  Zn2+, respectively. These 
values (lying between 0 and 10) indicate that the adsorp-
tion of the three metal ions is a physical process. From the 

Dubinin–Radushkevich model, the mean free energy, E, was 
found to be 7.207 kJ/mol, 1.281 kJ/mol and 14.984 kJ/mol 
for  Cd2+,  Pb2+ and  Zn2+ ions, respectively. The E of adsorp-
tion is the free energy change accompanying the transfer of 
one mole of the metal ion from the bulk solution phase to 
the surface of the adsorbent (Albadarin et al. 2012). It is 
expressed as E =1/√2β. The E values, for  Cd2+ and  Pb2+ 
ions, lie between 1 and 8 kJ/mol, indicating physical adsorp-
tion, while the E for  Zn2+ was found to be between 8 and 
16 kJ/mol, suggesting that the ion-exchange mechanism was 
also involved in the adsorption of  Zn2+ onto the surface of 
SCL (Kamal et al. 2010). Table 3 compares the adsorption 
performance of SCL with other adsorbents. From the values 
obtained, it can be seen that SCL has a very high efficiency, 
thereby underscoring its high potential in the removal of 
toxic divalent heavy metals from polluted water.

Kinetics and mechanism of the process

Two simple kinetic models, Lagergren pseudo-first order 
and pseudo-second order were applied in explaining the 
kinetics of the adsorption of  Cd2+,  Pb2+ and  Zn2+ onto the 
surface of SCL, while Weber–Morris intra-particle diffusion 
model was used to explain the mechanism. The linearised 
forms of the equations are given in Table 1; where qe (mg/g) 
and qt (mg/g) represent the amount of metal adsorbed at 
equilibrium and time t, respectively; k1  (min−1) and k2 (g/
mg min) represent pseudo-first-order and pseudo-second-
order rate constants, respectively; kα (mg/g min½) represents 

Table 2  Kinetic and equilibrium 
parameters for the biosorption 
of  Cd2+,  Pb2+ and  Zn2+ by SCL

Parameter Cd2+ Pb2+ Cr3+

Kinetic model
 Pseudo-first order R2 0.8667 0.7628 0.8287

k1 (L/min) 0.0176 0.0173 0.0195
qe (mg/g) 54.174 96.757 130.634

 Pseudo- second order R2 0.9987 0.9586 0.9583
k2 (g/(mg min)) 0.0007 0.0003 0.0002
qe (mg/g) 69.444 72.993 89.286

 Weber–Morris R2 0.8711 0.9689 0.9626
kα (mg/g  min½) 2.2430 2.7006 3.5013
C 28.806 14.784 13.542

Equilibrium isotherm model
 Langmuir R2 0.9922 0.9861 0.9942

kL (L/mg) 0.0490 0.0580 0.0670
qmax (mg/g) 142.857 156.250 166.667

 Freundlich R2 0.9664 0.9688 0.9312
kF (L/mg) 14.078 20.094 27.270
1/n 0.4334 0.3821 0.3290

 Dubinin–Radushkevich (D–R) R2 0.8873 0.9560 0.9368
qm (mg/g) 0.0355 0.0093 0.0403
E (kJ/mol) 7.2073 1.2809 14.9840
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intra-particle diffusion rate constant, while C represents the 
intercept. Their linear plots from which parameters were 
calculated from the slopes and intercepts determined the 
suitability of the models in explaining the kinetics of the 
process. Figure 7 depicts the kinetic plots of the models, 
while Table 2 shows the calculated parameters.

As indicated by the coefficient of determination, R2, 
pseudo-second-order model, with R2 values of 0.999, 0.959 
and 0.958 for the adsorption of  Cd2+,  Pb2+ and  Zn2+, respec-
tively, better described the kinetics of the adsorption processes 
than pseudo-first order whose R2 values are 0.867, 0.763 and 
0.829 for  Cd2+,  Pb2+ and  Zn2+, respectively. That the data fit 
the pseudo-second-order model better is an indication that at 
least two steps were involved in the sorption process: mainly, 
dissociation of metal/hydronium ions complexes and interac-
tion between metal ions and functional groups present on the 
adsorbent’s surface (Castro et al. 2017). It also suggests the 
involvement of valency forces, via electron sharing, in the 
metals/SCL interaction, thus indicating that the biosorption 
process was controlled by the chemisorption mechanism (Sug-
anya and Kumar 2018). The poorer fittings of the experimental 
data to pseudo-first order could be due to the general appli-
cability of the model to the initial period during which there 

is linear increase in sorbate uptake with time (Thitame and 
Shukla 2016). Weber–Morris intra-particle model indicates 
that the amount of adsorbate adsorbed is directly proportional 
to the square root of time. The Weber–Morris equation is given 
in Table 1. The interpretation of the kinetics of the adsorp-
tion process, using this model, is based on the linear plot of  qt 
versus  t½. If the straight line passes through the origin, intra-
particle diffusion is taken as the sole rate-determining step. 
On the other hand, failure of the line in passing through the 
origin implies that, at least, one or more of other stages such 
as external film diffusion, surface diffusion and adsorption 
at binding sites is/are also involved (Reddy et al. 2011; Sug-
anya and Kumar 2018). The parameters from Weber–Mor-
ris plots (Fig. 8) for the adsorption of  Cd2+,  Pb2+ and  Zn2+ 
by SCL, presented in Table 2, show that the lines failed to 
pass through the origin, thus indicating that intra-particle dif-
fusion was not the sole rate-determining step in the removal 
of  Cd2+,  Pb2+ or  Zn2+ ions from aqueous solution by SCL. 
The plots revealed three stages: (a) the initial rapid increase 
in metal uptake, (b) a linear profile (which indicates gradual 
increase in metal uptake) and (c) a slow final stage. These three 
stages have been attributed to the diffusion of the metal ions 
from the bulk phase en route the SCL interface (external film 

Table 3  Comparison of the 
metal removal efficiency of SCL 
with other adsorbents

Materials Experimental conditions qm (mg/g) References

pH Temp (°C) Dose (g) Cd2+ Pb2+ Zn2+

Undaria pinnatifida 5.5 25 0.3 – 46.2 – Zhou et al. (2015)
Coconut shell powder 7 27 5.0 285.7 – – Pino et al. (2006)
NaOH-treated rice husk 3.5 25 1.0 – – 20.08 Muñoz et al. (2018)
Oil palm calyx 5–6 28 0.5 232.558 120.4 – Oninla et al. (2018)
Cassava tuber bark 5 30 0.005 26.3 – 83.3 Horsfall et al. (2006)
Biomatrix from rice husk 5.5–6 32 3.0 16.7 58.1 8.14 Krishnani et al. (2008)
Treated rubber leaf powder 4 24 0.02 – 95.3 – Kamal et al. (2010)
Sugarcane leaves 5–6 27 0.1 142.8 156.2 166.7 Present study

Fig. 7  Pseudo-first-order and pseudo-second-order plots of the adsorption of  Cd2+,  Pb2+ and  Zn2+ by SCL
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diffusion), intra-particle diffusion and adsorption at the active 
sites, respectively (Suganya and Kumar 2018; Thitame and 
Shukla 2016). High values of the intercepts, 28.8, 14.8 and 
13.5, for the adsorption of  Cd2+,  Pb2+ or  Zn2+ ions by SCL, 
respectively, suggest that external film diffusion is substan-
tially involved in the sorption process (Thitame and Shukla 
2016). Since the adsorption step is known to be fast (Albada-
rin et al. 2012), the overall rate is generally not affected by it, 
hence it can be concluded that the two rate-determining steps 
in the removal of  Cd2+,  Pb2+ or  Zn2+ ions by SCL were the 
external film diffusion and the intra-particle diffusion.

Conclusion

SCL, a biomass prepared from an agricultural waste, sugar-
cane leaves, has been described as an efficient adsorbent in 
the removal of  Cd2+,  Pb2+ and  Zn2+ ions. Characterisation 
of the adsorbent suggested the involvement of the hydroxyl 
and carboxyl functional groups in the binding of the metal 
ions. The surface of the adsorbent was composed of scat-
tered pores with altered morphology after metal uptake. Car-
bon and oxygen were the dominant elements present in the 
biomass and their abundant presence ensured the availability 
of the functional moieties involved in the metal-binding pro-
cess. Quantitatively, pH had a significant influence on the 
amount of metal ions removed. The kinetics of the removal 
of  Cd2+,  Zn2+ and  Pb2+ was observed to be relatively fast, 
especially at the first stage of the adsorption process. As 
high as 250 mg/L metal ion concentration was effectively 
removed by as low as 50 mg SCL, underscoring the high 
potentials of the adsorbent in heavy metal removal. Equilib-
rium data fit Langmuir isotherm better than Freundlich and 
D–R isotherms, indicating monolayer adsorption and inde-
pendent occupation of the active sites by the metal ions. The 
maximum metal uptake,  qe, values calculated for the removal 
the three metals underline the high efficiency and effective-
ness of SCL in the removal of toxic metal ions. Informa-
tion from the Freundlich and D–R isotherms attributes the 
removal of  Cd2+,  Pb2+ and  Zn2+ to physisorption, with ion-
exchange mechanism involved in  Zn2+ adsorption as well. 
Kinetic data from the sorption of the three metal ions fit the 
pseudo-second-order model better than pseudo-first order, 
suggesting chemisorption as the rate-determining step in the 
biosorption mechanism. The Weber–Morris model indicates 
that the intra-particle diffusion and external film diffusion 
are the two rate-determining steps.
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