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Abstract
Mobility of toxic metals, originating from natural or anthropogenic sources, from soil to groundwater is a matter of utmost 
concern to human health. Remediation of the contaminated groundwater is of the highest priority as groundwater is an 
alternate source of freshwater that is used all over the world for drinking purpose. Hence, in the present study, Pteris vit-
tata L. is used as a simple, biodegradable and efficient biosorbent of toxic metals in its non-living and pelletized form by 
employing organic binders and a simple manual pellet press. The capacity of the pelletized Pteris vittata L. to sequester 
the metals Cd(II) and Cr(VI) from an aqueous solution is determined through the study on the effect of operating condi-
tions, isotherm and kinetic models. The metal removal capacity of the biosorbent pelletized using corn starch as the 
binder is 13.51 mg/g for Cd(II) at pH 6 and 1.66 mg/g for Cr(VI) at pH 2 as obtained from the Langmuir isotherm model. 
The diffusion of the metal ions into the micropores of the pellets aids its biosorption. Physical adsorption, ion exchange, 
covalent bonding and complexation are deduced to be few of the biosorption mechanisms involved. The findings con-
tribute to the existing data in the biosorption technology. The novelty lies in the use of a weedy fern, Pteris vittata L., 
pelletized with desired structural characteristics as a potential low-cost biosorbent of toxic metals from groundwater.
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1 Introduction

A war over a source of freshwater is not far away from real-
ity. The scarcity of clean water is increasing day by day. 
Growing population and industrialization have diminished 
the quality and quantity of potable water. About two-
thirds of the global population and half the population 
of India are living under the conditions of water scarcity 
[1]. Besides surface freshwater, groundwater is an alter-
nate source of freshwater that has continuously been sub-
jected to the effect of human activities either directly or 
indirectly.

The leaching of the pollutants from the waste dump 
sites, pesticides of the application site soil of agricultural 
land and the wastewater applied to agrarian areas has 
led to groundwater pollution [2]. The leachates may con-
tain organic and inorganic pollutants in them. However, 
the issue of grave concern today is the leaching of heavy 
metals into groundwater. Heavy metals have always been 
there, as a part of the environment, but overexploitation 
of resources and anthropogenic activities have increased 
their background concentration. Heavy metals over the 
past few decades have received considerable attention 
due to their severe effects on the living organisms [3, 4].
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It is vital to understand the behaviour and transport 
of the heavy metals in the groundwater as it is strongly 
dependent upon the heavy metal adsorption/ desorption 
capacity of the soil and the properties of the metal ions. 
Studies have indicated cadmium and chromium to be the 
highly toxic common heavy metals present in the surface 
soil that gradually lead to groundwater pollution [5]. Cad-
mium is a non-essential metal present significantly in the 
fertilizer-applied surface soil, in effluents of the electro-
plating and Cd/Ni battery industries, and recycling sites 
[6, 7]. Chromium (Cr), on the other hand, exists as hexa-
valent [Cr(VI)] and trivalent [Cr(III)] chromium. Cr(VI) is the 
more toxic form of Cr. Cr(VI) compared to Cd(II) has high 
mobility in soil/ groundwater system because of its higher 
solubility and lesser adsorption by aquifer materials [5, 7, 
8]. Heavy metals being highly mobile, non-biodegradable, 
persistent and toxic upon higher levels of exposure have 
to be removed from the groundwater before its consump-
tion [8, 9].

Pteris vittata L., a small–medium-sized, non-edible pteri-
dophyte with weedy potential and no seasonal limitations, 
was studied as a biosorbent of toxic metals in its non-living 
form. Untreated Pteris vittata L. pinnae tissue in its pow-
dered form presented effective biosorption of Cd(II) and 
Cr(VI) with maximum removal capacities of 31.3 mg/g and 
166.6 mg/g at 30 °C. Characterization studies conducted 
and reported in Prabhu et al. [10] proved the efficacy of the 
biomass as a biosorbent for Cd(II) and Cr(VI). Hence, in the 
present study, Pteris vittata L. powder has been immobi-
lized to obtain a stable biosorbent by pelleting it. Batch-
type sorption experiments have been conducted to screen 
the Cd(II) and Cr(VI) biosorption potential of the pristine 
Pteris vittata L. pinnae pellets and its application to remove 
the toxic metals of high initial concentrations.

2  Materials and methods

The biomass, Pteris vittata L., grows resiliently in urban 
areas and is treated as an urban weed. As the biomass is 
abundantly available, Pteris vittata L. pinnae free of heavy 
metal contaminants were collected from Mangalore city 
and suburbs, India (coordinates: 12.87°N, 74.88°E). The 
powdered biosorbent was prepared as per the procedure 
mentioned in Prabhu et al. [10].

2.1  Preparation of Pteris vittata L. pinnae‑based 
adsorbent pellet

Densification of the pristine biosorbent was conducted 
in a manual pellet press. It includes a cylindrical die (with 
a diameter of 12 mm, lengths of 34 mm and 13 mm in 
the presence of the pedestal) and a press (11.88 mm in 

diameter). Pellets were prepared using various organic 
binders such as polyvinyl alcohol (PVA) (HiMedia Labo-
ratories Pvt. Ltd., Nashik, India), arrowroot starch (starch 
from Maranta arundinacea rhizome), potato starch 
(starch from Solanum tuberosum tuber) and cornstarch 
(starch from Zea mays grains) (AksharChem®, Gujarat, 
India) of concentrations 10% and 15%. The binders were 
specifically chosen because of their ease in availability 
and unvaried quality [11]. Biodegradability is the main 
advantage of a biosorbent. Hence, organic binders were 
chosen.

Initially, organic binders and the binder concentration 
required to yield stable pellets were determined. The pow-
dered biosorbent of particle size ≤ 180 μm was selected for 
pelleting. For pelleting of the biosorbent, the powdered 
biosorbent was mixed thoroughly with the chosen binder 
(viscous) of suitable concentration at 1:1 ratio. The mixture 
was transferred into the pellet-press die. An approximate 
compaction pressure of 44.24 kPa was applied. The proce-
dure was repeated thrice to examine the reproducibility 
in pellet stability. After pelleting, the pellets were dried in 
an electric oven at 70 °C for 48 h and stored in an airtight 
container until use.

2.2  Determination of pellet stability

2.2.1  Water stability test of the pellets under agitation

The stability of the pellets in water was determined by 
introducing the preweighed dried pellets into a conical 
flask containing 100 mL of distilled water. The pellets were 
continuously agitated at 150 rpm in an electrically ther-
mostatic reciprocating shaker (Orbitek, Scigenics Biotech, 
Chennai, India). From the previously established results by 
Prabhu et al. [10], it was anticipated that the equilibrium 
would be attained by 8 h. Hence, the pellets were sepa-
rated after 8 h, dried at 60 °C and weighed. The difference 
between the weight of the pellet before and after agita-
tion gives the amount of biomass lost during the study. 
Pellets with a percentage stability of 80% and above were 
considered to be stable.

2.2.2  Pellet stability in pH‑adjusted water

Stability of the pellets at pH 2–7 was determined by 
introducing the desired amount of pellets into 100 mL of 
pH-adjusted water. The study was conducted under con-
tinuous agitation speed of 150 rpm. The pellets were sepa-
rated after 8 h, dried at 60 °C and weighed. The difference 
between the weight of the pellet before and after agita-
tion gives the amount of biomass lost during the study.
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2.2.3  Relaxed density (ρr) and pellet expansion

The length and diameter of ten randomly selected pellets 
were measured using a screw gauge immediately after 
pelletization. The selected pellets were measured again 
after a week of storage. The density calculated then is the 
relaxed density.

2.3  General procedure for batch‑scale experiments

In batch-scale biosorption experiments, the effect of con-
tact time, initial metal ion concentration and the pellet 
dosage on metal biosorption was established. All the 
glassware used was washed with detergent, immersed 
overnight in 10%  HNO3 and rinsed with distilled water sev-
eral times to prevent cross-contamination. The biosorption 
of Cd(II) and Cr(VI) by the biomass pellets was conducted 
at pH 6 and 2, respectively, as previously established 
by Prabhu et al. [10]. Unless otherwise separately men-
tioned, all experiments were conducted with 20 g/L of the 
biosorbent dosage mixed with 100 mL of 100 mg/L metal 
solutions taken in stoppered Erlenmeyer flasks (250 mL) 
and agitated at 150 rpm in an electrically thermostatic 
reciprocating shaker (Orbitek, Scigenics Biotech, Chen-
nai, India) for 120 min. After equilibration, the solution 
was filtered using Whatman No. 1 filter paper. The filtrate 
was refrigerated to prevent any bacterial or fungal activity 
until the completion of analysis. The residual metal con-
centration was analysed using Flame Atomic Absorption 
Spectrometer (GBC 932 plus, GBC Scientific Equipment 
Manufacturer PTY Ltd., Australia) at wavelengths of 428.9 
and 228.8 nm for Cr(VI) and Cd(II), respectively. Controls 
composed of the metal solution with no biosorbent were 
maintained to determine whether any change in the initial 
metal concentration occurred.

The amount of metal uptake was calculated from the 
mass balance equation:

where V is the volume of the metal solution (L) and W is 
the mass of sorbent (g).

2.4  Preparation of synthetic metal solution

A metal stock solution of 1000  mg/L was prepared in 
500 mL of the standard volumetric flask by dissolving 
1.4288 g of potassium dichromate  [K2Cr2O7] or 0.9137 g 
of cadmium chloride monohydrate  [CdCl2  H2O] in deion-
ized water, respectively. Metal ion solutions of desired con-
centrations were prepared by diluting the stock solutions.

q =

(

Ci − Cf
)

V
/

W

2.5  Data evaluation

The applicability of the kinetic models on the time course 
data till the attainment of equilibrium was studied using 
pseudo-first-order, pseudo-second-order and intraparticle 
diffusion models. The data acquired from the biosorption 
studies were subjected to equilibrium modelling to have 
a better understanding of biosorption. Langmuir, Freun-
dlich, Dubinin–Radushkevich and Temkin isotherm models 
were used in the present study to analyse the experimental 
data. Further details on the models are provided in Online 
Resource 1.

2.6  Statistical analysis

Batch experiments were repeated thrice, and the mean 
values and error bars representing standard deviation are 
presented. Data gathered were subjected to one-way analy-
sis of variance (ANOVA) at 5% level of significance, to learn 
whether there were any statistically significant differences 
between the means of the independent groups. Since the 
sample size was small, one-way ANOVA option, Welch’s 
ANOVA, was applied to determine the significant difference 
[12]. Upon validation of all the assumptions, intergroup 
mean values were compared using post hoc Tukey’s test. If 
the assumption of equal variance was violated, Games-How-
ell test was applied to the data for multiple comparisons. 
Statistical Package for the Social Sciences (SPSS) for Windows 
software was used for statistical analysis.

3  Results and discussion

It is more suitable to use immobilized biosorbent than pow-
dered biosorbent because they reduce the clogging of the 
column used for water treatment and have better resistance 
to attrition. Also, the usage of pellets results in localization 
of the remediated metal, which enables easy handling and 
removal of the heavy metal from the contaminated sources. 
Hence, pelletization of the biosorbent, Pteris vittata L., was 
proposed to be a suitable immobilization technique over 
the conventional methods, as the separation and multi-cycle 
application of the biosorbents would be more convenient. 
Initial studies to assess the feasibility of the immobilization 
technique, the stability of the pellets and their metal uptake 
efficiency were conducted to understand the applicability 
of the biosorbent pellets.
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3.1  Standardization of biosorbent pellet 
preparation and its quality control

3.1.1  Binders and pellet stability

Table 1 displays the stability of the pellets in water exclud-
ing the pellets prepared with PVA because the pellets 
disintegrated upon their contact with water. Starch-
based binders were proved to have differed efficiency 
as binders [13]. However, in the present study, statistical 
tests confirmed no significant difference (p > 0.05) in the 
stability of pellet offered by different binders at various 
concentrations.

The disintegration of the pellets prepared with polyvi-
nyl alcohol (PVA) when put into water can be attributed to 
the high solubility of PVA in water at high turbulence. The 
stability of the pellets was affected by the binder and the 
treating temperature of the pellets. Temperature affects 
both the binder and the biomaterial. High temperature 
caused the melting of the components of the biomaterial. 
Upon cooling, solid bridges are formed between compo-
nents that strengthen the pellet [14]. By the combined 
interaction between the moisture content and the bio-
mass components (proteins, starch and/ or lignin) at high 
temperature and pressure, the proteins present in the bio-
mass undergo plasticization/denaturation and the starch 
added as binders undergoes gelatinization that promotes 
better binding of the particles [14, 15]. Also, the waxes and 
lignins present in the biomass could have undergone a 
glass transition at 40–50 °C and 65–75 °C, respectively, as 
reported by Stelte et al. [11]. The combined mechanism of 
glass transition/plasticization of the biomaterial compo-
nents and gelatinization of starch-based binder followed 
by hardening could have played an essential role in bind-
ing and improving the strength of the pellets, thus yield-
ing non-significant differences in the stability of pellets 
offered by different starch-based binders.

3.1.2  Pellet stability in pH‑adjusted water

To study the applicability of the pellets at a wide range 
of water pH, the pellets prepared with 15% corn starch 

binder were tested for stability from pH 2 to 6. The solution 
pH influenced the stability of the pellets. As the pH was 
increased from 2 to 6, the stability of the pellets increased 
from 65.46 ± 5.06 to 86.53 ± 0.87% at pH 6 (Online Resource 
2, Fig. S1). Welch’s ANOVA was conducted to compare the 
effect of pH on the stability of the pellets. The effect was 
significant with *p < 0.05, Welch’s F (4, 4.79) = 12.515. Tuk-
ey’s post hoc comparisons indicated the pellet percent-
age stability at pH 2 to be significantly lower (p = 0.000) 
(M = 65.46, SD = 5.06) than at pH 3 (M = 88.43, SD = 0.65), 
4 (M = 86. 3, SD = 1.01), 5 (M = 86.93, SD = 0.47) and 6 
(M = 86.53, SD = 0.87).

3.1.3  Relaxed density and pellet expansion

Table 2 presents the compressed and relaxed density of 
the pellets after a week’s storage. A slight increase in the 
relaxed pellet length was observed upon storing. However, 
the change was insignificant (p = 0.626) compared to com-
pressed pellet length. Though there was a significant dif-
ference (*p = 0.027) observed in the compressed density 
and relaxed density, the lower relaxed density could be 
attributed to the loss of moisture (wt %) content of the pel-
lets during the heat treatment of the pellets before stor-
age. The pellets thus prepared were suitable to be used as 
a biosorbent.

During the storage of the pellets, the pellets could 
expand, having a substantial impact on their quality as 
a biosorbent. The elasticity of the fibres in the biomass 
causes the spring back of the pellets resulting in volume 
expansion and reduced density of the pellets. Si et al. 
[16] explain the probability of longitudinal expansion or 
increased length of the pellet over diametric expansion. 
The axial pressure applied to the biomass during pelleting 
is assumed to be the reason.

Our previous work [17] inferred amide (–C=O), carboxyl 
(–COO) and alcohol/ester alkoxy (–CO) to be the functional 

Table 1  Water stability study on the pellets using different binders 
at varied concentration

Binder % Stability of the pellets at varied 
binder concentration

10% 15%

Corn starch 83.75 ± 0.49 88.35 ± 0.92
Potato starch 82.90 ± 0.57 86.65 ± 2.76
Arrow root starch 80.65 ± 1.20 81.05 ± 0.21

Table 2  Relaxed density (ρr) and pellet expansion parameters of 
the pellets with cornstarch as the binder

a ρm was measured as soon as the biosorbent was pelletized
b ρr was measured after a week of storage
c n = 8

Maximum compression density (ρm)a,c, kg/m3 942.05 ± 106.21
Relaxed density (ρr)

b,c, kg/m3 769.60 ± 72.70
Length of the  pelletsc (mm)
 Before storage 6.36 ± 0.70
 After storage 6.80 ± 0.84

Diameter of the  pelletsc (mm)
 Before storage 10.74 ± 0.57
 After storage 10.52 ± 0.49
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Fig. 1  Effect of biosorbent 
dosage on the uptake of Cd(II) 
and Cr(VI) by the pelletized 
biosorbent. Conditions: 
initial metal concentration of 
100 mg/L at 30 °C with an agi-
tation speed of 150 rpm. Values 
are expressed as mean ± SD. 
‡‡‡p = 0.000 compared to Cd(II) 
sorption at 20 g/L, ###p = 0.000 
compared to Cd(II) sorption at 
20 g/L, †††p = 0.003 compared 
to Cr(VI) sorption at 15 g/L

Fig. 2  Effect of biosorbent 
dosage on the Cd(II) and Cr(VI) 
sorption efficiency of the pel-
letized biosorbent. Conditions: 
initial metal concentration of 
100 mg/L at 30 °C
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groups present in the pelletized biosorbent based upon 
ATR-FTIR analysis. However, amide (–C=O) and alcohol/
ester alkoxy (–CO) groups were concluded to be the active 
functional groups that biosorbed Cd(II) and Cr(VI) ions 
[10]. In the present work, to obtain maximum uptake of 
Cd(II) and Cr(VI) on the pelletized biosorbent, the effect of 
various operating conditions was ascertained.

3.2  Determining the effect of operating conditions 
to obtain the maximum Cd(II) and Cr(VI) uptake 
by pelletized biosorbent

The metal biosorption on pelletized biosorbent was tested 
using only those pellets that passed the stability tests. The 
effect of operating conditions on the metal biosorption 
was studied at a temperature of 30 °C. The controls main-
tained with a predetermined amount of cornstarch pow-
der showed no changes in the initial metal concentration 
after the experiments, indicating the inability of the binder 
to remove heavy metals.

3.2.1  Effect of pellet dosage on biosorption of Cd(II) 
and Cr(VI)

Figure 1 displays a decrease in the equilibrium biosorp-
tion amount (mg/g) of Cd(II) and Cr(VI) on the pelletized 
biosorbent with an increase in the pellet dosage. Figure 2, 
on the other hand, shows an increase in the biosorption 
efficiency of the pellets at equilibrium. The uptake of Cd(II) 
and Cr(VI) was gradual on pelletized Pteris vittata L pel-
lets. The decrease in the metal uptake with an increase 
in dosage is attributed to unsaturation of the binding 
sites through adsorption reaction. On the other hand, 
the higher availability of the exchangeable sites results in 
increased percent removal of heavy metals. The results are 
in agreement with the findings of Gavrilescu [18], Suguna 
and Kumar [19] and Tsekova et al. [20]. 

Fig. 3  Metal biosorption 
efficiency of the pelletized 
biosorbent at varied initial 
metal concentrations at 
840 min and 1020 min for 
Cd(II) and Cr(VI), respectively. 
Means that do not share a let-
ter are significantly different

Table 3  Equilibrium uptake amount (mg/g) of Cd(II) and Cr(VI) on 
pelletized biosorbent at different initial metal concentrations at a 
biosorbent dosage of 20 g/L

Initial metal concentration 
(mg/L)

Cd(II) Cr(VI)

50 1.95 ± 0.08 1.71 ± 0.14
100 3.61 ± 2.38 4.48 ± 0.06
150 7.42 ± 6.30 6.81 ± 0.22
200 9.19 ± 0.00 8.48 ± 0.19

Table 4  Parameters of pseudo-second-order kinetic model for the 
sorption of Cd(II) and Cr(VI) on the pelletized biosorbent

Pellet dosage 
(g/L)

qe (mg/g) Theoretical qe 
(mg/g)

R2

Pseudo-second-order kinetic model 

(

t
∕qt

=
t
∕qe

+
1
/

q2
e
k

)

 Cd(II)
  10 4.82 5.59 0.953
  15 4.70 4.97 0.988
  20 3.62 4.13 0.985

 Cr(VI)
  10 8.31 8.77 0.975
  15 5.76 6.17 0.973
  20 5.28 5.88 0.996
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3.2.2  Effect of initial metal concentration on biosorption 
of Cd(II) and Cr(VI) on pelletized biosorbent

The effect of initial metal concentrations was studied 
from 50 to 200 mg/L with a biosorbent dosage of 20 g/L. 
The factor of initial metal concentration is vital to under-
stand the sensitivity of the pelletized biosorbent to lower 

metal concentrations. Figure 3 displays the decrease in 
biosorption efficiency of Cd(II) and Cr(VI) on the pelletized 
biosorbent with increasing initial metal concentrations. 
The decrease in the biosorption efficiency of the pellet 
at higher concentrations of Cd(II) and Cr(VI) is associated 
with the saturated active sites. From Table 3, it is observed 
that the equilibrium metal uptake amount of Cd(II) and 
Cr(VI) increases with the increase in its concentration. The 
pellets displayed significant (**p < 0.005) Cr(VI) biosorption 
at 100 and 150 mg/L compared to 50 mg/L. The increase 
in equilibrium uptake amount of Cd(II) and Cr(VI) with 
increasing initial metal concentration is attributed to the 
necessary driving force provided at higher metal concen-
trations that helps overcome the mass transfer resistances 
of the molecules present between the aqueous and the 
solid phases.

Sağ and Aktay [21] and Pokethitiyook and Poolpak 
[22] in their work have linked the reduced diffusion of 
the metal ions in the boundary layer of the biosorbent 
at higher metal concentrations to the decrease in the 
biosorption efficiency of the pellet at higher initial metal 
concentrations. Malkoc and Nuhoglu [23], on the other 
hand, have associated the increase in metal uptake with 
the greater driving force provided at higher metal concen-
trations that help overcome the mass transfer resistance.

3.3  Biosorption kinetic studies

In the present study, the controlling mechanism of 
metal biosorption was investigated by fitting adsorption 

Table 5  Intraparticle diffusion constants for metal ion uptake by 
pelletized biosorbent at dosages of 10, 15 and 20 g/L.  Kid1 and  C1 
represent the macropore and mesopore diffusion,  Kid2 and  C2 rep-
resent the micropore diffusion stage, and  Kid3 and  C3 represent the 
equilibrium

Intraparticle diffusion model 
(

qt = t0.5kid + c
)

Pellet dosage 10 g/L 15 g/L 20 g/L

Cd(II)
 Kid1 (mg/gmin1/2) 0.27 0.29 0.23
 C1 0.18 − 0.29 − 0.49
 Kid2 (mg/gmin1/2) 0.10 0.08 0.07
 C2 2.04 1.96 1.21
 Kid3 (mg/gmin1/2) 0.00 0.06 0.02
 C3 4.82 2.58 3.14

Cr(VI)
 Kid1 (mg/gmin1/2) 0.34 0.09 0.03
 C1 1.25 3.35 3.42
 Kid2 (mg/gmin1/2) 0.26 0.10 0.10
 C2 2.05 2.15 2.56
 Kid3 (mg/gmin1/2) 0.01 0.01 0.03
 C3 8.30 5.37 4.43

Table 6  Isotherm model parameters applied to the biosorption of Cd(II) and Cr(VI)

Cd(II) Cr(VI) Cd(II) Cr(VI) Cd(II) Cr(VI)

Langmuir Isotherm Model

Qo (mg/g) b (L/mg) R2

13.51 1.66 0.06 0.64 0.94 0.91 

Freundlich Isotherm Model

Kf (L/g) 1/n R2

1.34 0.0625 0.55 1.40 0.91 0.85 

Dubinin---Radushkevich Model

qD (mg/g) BD (mol2/kJ2) R2

9.61 10.84 0.76* 10-5 0.17* 10-4 1.00 0.91 

Temkin Isotherm Model

A (L/g) b (J/mol) R2

0.54 0.20 697.63 793.18 0.92 1.0 
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reaction models, pseudo-first-, pseudo-second-order and 
intraparticle diffusion models, to the experimental data. 
The models were accepted only when the correlation coef-
ficient was close to unity.

A lower correlation coefficient was obtained for the 
pseudo-first-order kinetic model (Online Resource 3, 
Table  S1) compared to pseudo-second-order kinetic 
model. Table 4 presents the parameters of pseudo-second-
order kinetic model for the sorption of Cd(II) and Cr(VI) on 
the pelletized biosorbent. From Table 4, it is seen that the 
experimental and theoretical qe values in pseudo-second-
order model were very close. The slight difference is due 
to the heterogeneous nature of the biosorbent. The low 
correlation coefficient obtained for the pseudo-first-order 
kinetic model suggests the biosorption of Cd(II) or Cr(VI) 
on pelletized biosorbent not to occur onto one site per 
ion. However, high correlation coefficients for the pseudo-
second-order kinetic model indicate the rate-limiting step 
to be chemisorption. Ho and McKay [24] have reported 
the pseudo-first-order model to be applicable for an initial 
period only, whereas the pseudo-second-order model to 
be applicable for an extended period.

Intraparticle diffusion plays a crucial role in biosorp-
tion on a porous biosorbent. Hence, the kinetic data were 
fitted into the intraparticle diffusion model. Intraparticle 
diffusion model studies indicated the metal biosorption to 
be influenced by macro-, meso- and micropore diffusion. 
Table 5 shows the significance of intraparticle diffusion 
in determining the uptake of Cd(II) and Cr(VI) on the pel-
letized biosorbent at various pellet dosages. Upon com-
paring the Kid values (Table 5), it is evident that micropore 
diffusion is the rate-determining step as the constants, 
Kid2 (micropore diffusion constant) were lower than those 
for the Kid1 (macropore diffusion constant). Both Kid1 and 
Kid2 constants were in the following order: 10 > 15 > 20 g/L. 
Lower Kid value represented slower diffusion process. 
Hence, internal diffusion of Cd(II) and Cr(VI) was fast at 
pellet dosage of 10 g/L and slowest at 20 g/L, thus justify-
ing the trend obtained for metal uptake amount at various 
pellet dosages.

The Kid2 constants at all pellet dosages were the lowest 
for Cd(II). With a molecular weight of 112.41 g/mol, Cd(II) 
exhibited slow micropore diffusion as indicated by the 
lowest micropore diffusion constant (Kid2) compared to 
Cr(VI) of molecular weight 51.99 g/mol, thus indicating the 
influence of the molecular weight on micropore diffusion. 
The boundary layer effect was higher at the micropore 
diffusion stage (C2) than at the macropore stage (C1) as 
C2 > C1.

3.4  Adsorption isotherms

In the present study, the adsorption isotherms were deter-
mined by varying the metal ion concentrations. Langmuir, 
Freundlich, Dubinin–Radushkevich and Temkin isotherm 
models in linear forms were tested for the experimental 
data. Table 6 presents the parameters of the isotherm 
models. Langmuir isotherm with correlation coefficients of 
0.936 and 0.911 was shown to be the best fit to the experi-
mental data compared to Freundlich model. The findings 
indicate the biosorption of Cd(II) and Cr(VI) on pelletized 
biosorbent at 30 °C to be monolayered. The maximum 
Cd(II) and Cr(VI) biosorption capacity (Qo) of the pelletized 
biosorbent was 13.51 mg/g and 1.66 mg/g. Furthermore, 
the RL values for Cd(II) and Cr(VI) biosorption showed a 
favourable biosorption process.

The D-R isotherm model plot (lnqe vs ε2) was directed 
towards chemical sorption of Cd(II) and Cr(VI) on pelletized 
biosorbent at 30 °C as free energy, E > 16 kJ/mol. The mean 
free energy E was calculated to be 256.49 kJ/mol for Cd(II) 
and 170.01 kJ/mol for Cr(VI). The findings are in agreement 
with the mean free energy range given by Argun et al. [25], 
Cavas [26] and Sarı and Tuzen [27]. From Table 6, the value 
of the heat of adsorption obtained from the Temkin iso-
therm data signifies the uptake of Cd(II) and Cr(VI) on pel-
letized biosorbent to be an exothermic process.

4  Conclusions

The focus of the present research was to explore an effi-
cient biosorbent for the removal of heavy metals from the 
contaminated groundwater for its reuse. Pteridophytes 
having no direct role in the food chain are treated as 
weeds because of their rapid reproduction through spores. 
With no known application, pteridophytes were the suit-
able candidates for biosorbents of heavy metals. Abun-
dant availability of the pteridophyte Pteris vittata L. in the 
location of research made the biomaterial more efficient. 
The best operating conditions required for an effective 
uptake of heavy metals on the biosorbent were studied by 
conducting batch-scale experiments. Corn starch of 15% 
concentration helped in binding the particles of Pteris vit-
tata L. pinnae powder through the plasticization mecha-
nism of the binder, yielding stable pellets. The quality 
of the pellets was unhampered even upon storage. The 
pellets, when applied as a biosorbent of Cd(II) and Cr(VI) 
from an aqueous system, proved to be effective. At a pel-
let dosage of 20 g/L, the biosorption of Cd(II) and Cr(VI) 
occurred with maximum efficiencies of 93.62% and 86.77% 
at 840 min and 1020 min, respectively. Langmuir isotherm 
model indicated the biosorption of Cd(II) and Cr(VI) on the 
pelletized biosorbent to be monolayered with maximum 
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biosorption capacities of 13.51 mg/g and 1.66 mg/g. The 
Cr(VI) removal capacity at the pH of 2 was lower and chal-
lenging compared to Cd(II) at pH 6 due to the instability of 
the biosorbent pellets at the acidic pH. However, the lower 
molecular weight of Cr(VI) aided its diffusion into micropo-
res of the pellets resulting in the biosorption of Cr(VI) to a 
certain extent. Physical adsorption, ion exchange, covalent 
bonding and complexation were deduced to be few of 
the sorption mechanisms involved. The results obtained 
in the research work have contributed to the existing data 
in biosorption technology that can be an alternative treat-
ment method in groundwater treatment of heavy metals. 
Thus, the pelletized Pteris vittata L. is a potential biosorb-
ent form that can be used efficiently for the removal of a 
metal pollutant from a near-neutral aqueous system.
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