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a b s t r a c t
Hexavalent chromium pollution in water puts forward a huge threat to environment and human 
health. Conventional methods of heavy metal removal from water generate toxic by-products, which 
mandate the use of efficient and alternative biosorbent-based strategies. In this study, a novel biosorbent 
Pinus kesiya cone biomass has been investigated for the hexavalent chromium removal from aqueous 
solutions. The biosorbent characteristics have been analyzed using Brunauer–Emmett–Teller, Fourier 
transform infrared spectrometry, field emission scanning electron microscopy–energy dispersive X-ray 
spectrometry, thermogravimetric analysis, X-ray diffraction and electron spin resonance analyses. 
Parameters influencing the biosorption process were optimized as pH 2.0, temperature 303 K, initial Cr(VI) 
concentration 500 mg/L, biosorbent dose 0.5 g/L, biosorbent size of <300 µm and contact time 210 min. 
Langmuir isotherm fitted experimental data better than the Freundlich and Dubinin–Radushkevitch 
isotherm showed that the biosorption followed monolayer adsorption. Maximum biosorption capacity 
calculated by Langmuir adsorption isotherm was found to be 73.96 mg/g. Pseudo-second-order kinetics 
was found to have a better fit than the other kinetic models analyzed. Thermodynamic studies revealed 
that the biosorption process occurs in spontaneous, stable and exothermic manner. Desorption and 
regeneration studies showed that the biosorbent is reusable and an ecofriendly option for Cr(VI) removal 
from aqueous solutions. Breakthrough experiment on Cr(VI) biosorption by P. kesiya cone biomass was 
carried out in continuous packed bed column. These interesting findings on Cr(VI) biosorption by P. 
kesiya cone biomass vouches for its potential application as an alternative biosorbent for Cr(VI) removal.
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1. Introduction

Clean water is an essential need of all living organisms. 
However, the water available in the nature in the form of 
rivers and other flowing sources has been highly polluted 
owing to the disposal of wastewater generated from the 
industry. The polluted water directly or indirectly carries 
great risk to the health of all organisms related to the water 
source. Of the several pollutants present in the wastewater, 
heavy metals constitute one of the major pollutants being 

discharged into the rivers and other sources [1,2]. Chromium 
is a heavy metal, exists in trivalent form Cr(III) and hexava-
lent form Cr(VI). Although chromium in trivalent oxidation 
state is not so hazardous, chromium in hexavalent oxidation 
state is highly toxic, causes pulmonary congestion, skin irri-
tation, ulcers, nerve damage and cancer when present at a 
level more than 0.05 mg/L in drinking water due to higher 
permeability in cells and reactivity [3,4]. Chromium exists in 
hexavalent form as stable dichromate (Cr2O7

2–) and chromate 
(HCrO4–) ions in aqueous solutions [5]. The primary sources 
of chromium in wastewater are attributed to industrial activ-
ities such as leather tanning, electroplating, wood preserva-
tion, photolithographic industries, refineries and chemical 
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production industries [6]. The high severity of chromium on 
living world makes it inevitable to reduce the levels of chro-
mium in water. 

Conventional effluent treatment methods such as sedi-
mentation, coagulation, membrane separation, evaporation, 
extraction and precipitation are not efficient in sequestration 
of heavy metals from water as compared with biosorption and 
photocatalysis owing to certain disadvantages such as sludge 
production, high cost, non-reusability and difficulty in metal 
recovery [7–11]. Adsorption, being a simple and cost-effec-
tive procedure, has been investigated from the past several 
decades for sequestration of various pollutants including 
heavy metals [12–16]. Various types of adsorbents such as dead 
microorganisms like Rhizopus arrhizus [17], Oedogonium hatei 
[18], Rhizoclonium hookeri [19] and Sargassum polycystum [20], 
lignocellulosic materials like walnut hull [21] and Ficus carica 
bast fibers [22] and synthetic chemical compounds like chi-
tosan-crosslinked-poly(alginic acid) nanohydrogel [23] have 
been explored for removing chromium in the recent years due 
to their affordability, availability, reusability and degradability 
in comparison with commercially used adsorbents.

Pinus kesiya which belongs to the family Pinaceae, is one 
of the most widely distributed pines in Asia [24]. In India, 
P. kesiya trees occur mainly in North East region except the 
states of Assam and Tripura [25]. The cone structures of the 
pine are hard in nature and the scales of these cones are rich 
in cellulose, lignin, hemicellulose and tannin [24]. The cone 
structures of pine are easily available in abundant amount 
and cost negligible. Lignocellulosic materials have been 
found to have high Cr(VI) removal capacity. To our knowl-
edge, as per the literature survey, there is no reported indus-
trial use of P. kesiya cones. However, the local people of North 
East India use the female cones of P. kesiya as fuel [25].

Consequently, the aim of this study was to utilize P. kesiya 
cone biomass (PKB) for the adsorption of Cr(VI) from aqueous 
synthetic waste solutions. Parameters having influence over 
the biosorption process were optimized for maximum Cr(VI) 
removal. Isotherm, kinetics and thermodynamic parame-
ters were determined to study the adsorption behavior of 
Cr(VI) on PKB surface. Theoretical studies were done by fit-
ting data for various isotherm models such as Langmuir and 
Freundlich adsorption isotherm and kinetic models such as 
pseudo-first-order and pseudo-second-order kinetic models. 
Desorption and regeneration studies were carried out to check 
the reusability of the biomass. Continuous column study was 
subsequently performed to estimate the utilization efficiency 
of PKB for removing Cr(VI) from aqueous solutions. 

2. Materials and methods

2.1. Preparation of stock solution

Potassium dichromate (2.828  g) was dissolved in 
1,000 mL deionized water to prepare 1,000 ppm stock solu-
tion. Working standards of 100–500  mg/L solutions were 
made by appropriate dilutions in deionized water.

2.2. Preparation of biosorbent

PKB was collected from Nehru Park, Shillong, Meghalaya, 
India. The collected cones were washed thrice with deionized 

water before keeping in hot air oven at 353 K for drying. Pine 
cones were ground in a mixer-grinder before separating them 
into three different particle size range (<300, 300–425 and 
425–600 μm). Sieved pine cone biomass was kept in sealed 
bags for further use. 

2.3. Characterization of biosorbent

Point of zero charge (PZC) analysis of PKB was carried 
out by agitating 0.5  g of biosorbent in 0.1  M KNO3 of dif-
ferent pH (pH 2.0–9.0) for 24 h at 313 K. pH of the solutions 
was adjusted using 0.1 N HCl and 0.1 N NaOH measured by 
a digital pH meter (PB-11, Sartorius, Germany). The varia-
tion in the pH between initial and final state was measured 
and plotted versus the initial pH. The point of intersection at 
which DpH is zero was considered as PZC.

Surface characteristics of the biosorbent were determined 
using field emission scanning electron microscopy (FESEM; 
Zeiss, Sigma, Germany). Energy dispersive X-ray spectrom-
etry (EDX; Zeiss, Sigma, Germany) was done for PKB before 
and after Cr(VI) adsorption. Functional groups involved in 
the Cr(VI) adsorption were identified using Fourier transform 
infrared spectrometry (FTIR; Spectrum Two, PerkinElmer, 
USA). Surface area and pore size of PKB were measured 
by surface area and pore size analyzer (Autosorb-IQ MP, 
Quantachrome, USA). Thermal stability of the biosorbent 
was analyzed by subjecting the biosorbent to temperatures in 
the range of 25°C–800°C by increasing temperature at a rate 
of 10°C min–1 in N2 atmosphere using high temperature DSC/
TG system (TG; STA449F3A00, Netzsch, Bavaria, Germany).

The X-ray diffraction (XRD) studies were performed by 
using high-power TTRAX diffractometer (TTRAX, Rigaku, 
Japan) analytical instrument run at 50  kV and a current of 
100 mA with Cu radiation (λ = 1.5406). A continuous scan mode 
was opted to collect 2θ data from 10° to 70° at a scan speed of  
4 min–1.

Electron spin resonance (ESR) analysis was conducted at 
room temperature in powder form using JEOL Spectrometer 
(JESFA200, JEOL, Japan) operating at X-band frequency (ν = 
9.4 GHz) with 100 kHz magnetic field modulation.

Biosorption parameter optimization experiments were 
performed in 250 mL screw capped conical flasks with 50 mL 
working volume. Agitation of the PKB and Cr(VI) solution 
was carried out using incubator shaker (Orbitek, Scigenics 
Biotech, India) at 303 K. Various parameters such as biosor-
bent dose (0.5–5 g/L), biosorbent size (<300–600 µm), pH (2.0–
5.0), temperature (303–323 K) and initial chromium concen-
tration (100–500 mg/L) were optimized for maximum Cr(VI) 
removal. Residual Cr(VI) concentration in the filtrate from 
samples after contacting with the biosorbent was measured 
using a UV-Visible spectrophotometer (GeneQuant 1300, GE, 
USA) after addition of 1,5-diphenyl carbazide in acidic con-
ditions at 540 nm. The percentage removal of Cr(VI) was cal-
culated by using the equation: 

% Removal =
−







 ×

C C
C
o t

o

100 �  (1)

where Co is the initial Cr(VI) concentration (mg/L), Ce is the 
equilibrium Cr(VI) concentration at time ‘t’ (mg/L).
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The adsorption capacity qt of PKB was calculated using 
the equation:

q
C C

t
o t=
−( )×V
m

	  (2)

where Ct is the Cr(VI) concentration at time ‘t’ (mg/L), ‘m’ is 
the mass of PKB (g) and ‘V’ is the volume of Cr(VI) solution 
(mL).

2.4. Desorption and regeneration studies

Desorption studies were carried out using 0.1 N NaOH 
as desorbing agent. The biosorbent after adsorption of Cr(VI) 
was filtered using Whatmann filter paper No. 1 and added 
in 50 mL of 0.1 N NaOH solution and measured for Cr(VI) 
at regular intervals till maximum desorption occurred. The 
regenerated biosorbent was subjected to Cr(VI) adsorption 
studies to check the efficacy of used PKB. Desorption per-
centages were calculated using the following equation:

% Desorption
C
C

des

ads

= ×100 	  (3)

where Cdes is the concentration of chromium desorbed at time 
‘t’ (mg/L), Cads is the concentration of chromium adsorbed at 
the same time ‘t’ (mg/L).

2.5. Column studies

Continuous mode of Cr(VI) biosorption was performed 
with PKB packed as bed in glass column with dimensions of 
internal diameter 1 cm and length 15 cm. The packed column 
was washed several times with deionized water, loaded with 
glass wool at the bottom of the column approximately to a 
height of 1 cm. Glass beads of 3 mm diameter were loaded next 
to the glass wool to a height of 1.5 cm. Approximately, 4.5 g of 
PKB was packed to 10 cm height in the column. Cr(VI) solution 
(100 mg/L) was passed through the packed bed column by a 
peristaltic pump (PP-20-EX, Miclins, India) at the flow rate of 
5 mL/min. Up flow movement of Cr(VI) solution was chosen 
in order to attain even distribution throughout the packed 
bed of PKB. Sample of 20 mL from the outlet was collected 
at fixed time duration, filtered and estimated for Cr(VI) until 
equilibrium attained. Effective volume of Cr(VI) solution 
that can be treated using PKB was determined by plotting a 
breakthrough curve between Ct/Co and volume treated.

3. Results and discussion

3.1. Biosorbent characterization

PZC of the biosorbent was calculated to be pH 4.0 (Fig. 1), 
which showed that the biosorbent surface is prone to anionic 
Cr(VI) binding below this critical pH. Brunauer–Emmett–
Teller (BET) analysis presented in Table 1 showed that the 
biosorbent has considerable surface area with pores in it 
which is suitable for metal binding.

The TG curve (Fig. 2) showed that two weight loss stages 
occurred in the process: when the temperature is below 150°C, 

the reduction in weight is primarily due to moisture loss. 
From 240°C to 375°C, the weight loss was owing to pyrolysis 
of PKC. From 375°C to 465°C, there was a relatively less sharp 
decrease; however, a weight loss of 10% occurred in this span 
of temperature change. From this temperature profile, the car-
bonation temperature may be chosen as 465°C to produce sta-
ble activated carbon for further studies. In a previous report, 
Li et al. also reported that TG curve for pine cone showed two 
weight loss stages: from 200°C to 400°C, the weight loss was 
mainly due to the pyrolysis of pine cone shells; from 400°C to 
500°C, the loss rate of weight became slow [26]. 
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Fig. 1. Determination of PZC (PKB dose 0.5 g in 40 mL of 0.1 N 
KNO3 agitated for 24 h).

Table 1
BET analysis of PKB

Parameters Values

Total pore volume (cc/g) 1.084 × 10–2

Surface area (m²/g) 3.938
Pore diameter (nm) 3.312
Average pore diameter (nm) 1.10092
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Fig. 2. Determination of stability of the raw biosorbent (PKB) 
using TG in the temperature range of 25°C–800°C.
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FESEM micrographs of PKB before Cr(VI) treatment 
(Fig. 3(a)) show that the surface of the biosorbent is rough, 
striated with ridges and pores upon them. Similar observa-
tion has been noticed in several plant-based biosorbents such 
as Caryota urens [27], Annona reticulata Linn. [28] and Colocasia 
esculenta [29] exhibiting surface properties conducive for 
hexavalent chromium removal. FESEM micrograph of the 
PKB after Cr(VI) adsorption is shown in Fig. 3(b). The surface 
of the biosorbent was observed to contain smaller particles 
adhering and occupying the pores.

EDX analysis (Figs. 3(c) and (d)) revealed that these par-
ticulates were indeed the adsorbed Cr(VI) attesting its appli-
cability as a suitable biosorbent. There were no peaks found 
(Fig. 3(c)) for chromium ions from any spectral lines of X-ray 
energies before adsorption. However, after Cr(VI) adsorp-
tion, there are distinct peaks for chromium at energy levels 
0.57, 5.4 and 5.9 keV which clearly reveals that chromium has 
been adsorbed over the surface of the PKB.

Surface functional groups of the biosorbent have been 
found to play a role in adsorption of Cr(VI) by analyzing 
the FTIR spectrum before and after adsorption. The shift 
in the wavenumber from 3,396.53 to 3,385.53 cm–1 indicated 
the association of surface –OH group in Cr(VI) adsorption 
on PKB (Fig. 4). The wavenumber shift from 2,925.14 to 
2,916.62 cm–1 indicated the involvement of C–H (stretching). 
Wavenumber shift from 1,632.96 to 1,620.84  cm–1 

represented the C=C (stretching). Involvement of alkenes is 
often represented by several researchers in the use of plant-
based lignocellulosic wastes for removal of heavy metals 
[30]. The minor shift in wavenumber at 1,057.65, 1,268.24 

and 1,730.33  cm–1 indicates the non-involvement of C–O 
(stretching), CN (stretching) and C=O in Cr(VI) adsorption. 
From the FTIR analysis done, the functional moieties 
interacting in the biosorption of chromium onto the surface 
of the PKB were determined as hydroxyl, alkenes and alkyl 
groups.

Fig. 3. SEM image of (a) pine cone particles size <300 μm (×1,000) and (b) chromium-loaded pine cone particles size <300 μm (×1,000). 
EDX image of (c) pine cone particles size <300 μm (×1,000) and (d) chromium-loaded pine cone particles size <300 μm (×1,000).
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XRD was carried out to determine the crystallinity of PKB 
and oxidation state of chromium (Fig. 5). The peaks in the 
spectra are broad; hence, it shows the amorphous nature of 
the PKB. Characteristic peaks of trivalent oxidation state of 
chromium were not found. From the XRD spectrum, it was 
observed that there was no change in oxidation state of chro-
mium from hexavalent to trivalent upon adsorption of chro-
mium onto PKB. However, the degree of reduction of Cr(VI) 
to Cr(III) may be less [31]. The mechanism of the biosorption 
of chromium may involve electrostatic interactions.

To further investigate the mechanism of adsorption, ESR 
was performed (Fig. 6). The gValue of trivalent chromium 
(Cr(NO3)3.9H2O) was found to be 1.98. The gValue of PKB 
after chromium adsorption was found to be 1.99. The ESR 
spectra shows that there is very less or negligible amount of 
Cr(VI) reduced to Cr(III) [32].

3.2. Influence of biosorbent size

The influence of biosorbent size on Cr(VI) removal was 
studied using three different size ranges <300, 300–450, 

456–600 µm at pH 2.0, temperature 303 K, biosorbent dose 
of 0.25 g in 50 mL of 100 mg/L chromium solution. Fig. 7(a) 
clearly shows that smaller sized particles of <300  µm pre-
sented higher Cr(VI) removal percentage of 99.10 than that 
of other larger sized particles utilized. This may be attributed 
to the larger surface area contribution by the smaller sized 
particles with the exposure of more number of functional 
groups prone to Cr(VI) binding [32]. The chromium removal 
percentage gradually declined with the increase in the par-
ticle size owing to the decreased surface area and surface 
characteristics.

3.3. Influence of biosorbent dose

Influence of PKB dose was analyzed by using 0.5–5.0 g 
of biosorbent of size less than 300 µm with 50 mL solution of 
100 mg/L initial chromium concentration maintained at pH 
2.0, temperature 303 K and agitation speed 100 rpm. Fig. 7(b) 
shows that the chromium removal percentage sharply 
increased with increase in the dose of PKB from 0.5 to 3.0 g. 
This may be due to more surface area and reactive functional 
groups available with the increase in the biosorbent [33]. 
However, increase in chromium removal percentage was less 
with 3.5 g of PKB. Further, there was no considerable change 
in chromium removal percentage on increasing the PKB 
dose from 3.5 to 5.0  g. The maximum chromium removal 
was 99.33% with 5.0 g of PKB. On increasing the PKB dose 
beyond 3.5 g, due to the less availability of surface area per 
unit weight of PKB, there was relatively less increase in the 
removal percentage which resulted in equilibrium.

3.4. Effect of pH

Influence of pH upon Cr(VI) adsorption was examined in 
the pH range of 2.0–7.0 at 303 K with 100 mg/L of Cr(VI) solu-
tion, optimum dose and size of biosorbent. It was found that 
at lower pH 2.0, maximum chromium adsorption occurred 
with magnitude of 53.88 mg/g. As the pH increased to 3.0, 4.0 
and 5.0, the adsorption capacity got decreased to 35.6, 27.4 
and 16.6 mg/g, respectively, as shown in Fig. 7(c). With further 
increase in pH, the adsorption capacity got further decreased. 
The obvious fact behind this is that hydrogen chromate 
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(HCrO4
–), chromate (CrO4

2–) and dichromate (Cr2O7
2–) ions 

being anionic tend to attract positively charged ions in solu-
tion. At lower pH solutions, the biosorbent surface becomes 
more protonated and hence there is an electrostatic interac-
tion between chromium ions and positively charged ions of 
the biosorbent resulted in increased adsorption capacity. The 
surface of the biosorbent becomes less protonated with the 
increase in pH and repels off the anionic chromium ions [34].

3.5. Influence of contact time and initial Cr(VI) concentration

The time at which equilibrium adsorption capacity 
attained was analyzed for different Cr(VI) concentrations 
(100–500  mg/L) at optimized sorbent size, dose, pH 2.0 at 
100  rpm and 303  K. The maximum adsorption capacity of 
71.24 mg/g of the biosorbent was attained for 500 mg/L Cr(VI) 
solution at 210  min. The equilibrium adsorption capacity 
gradually decreased with decrease in Cr(VI) concentration 
and attained minimum of 19.60  mg/g for 100  mg/L Cr(VI) 
solution. This may be due to the increased driving force 
between Cr(VI) and functional groups of biosorbent owing 
to the development of concentration gradient [35]. The opti-
mum time for biosorbent to attain equilibrium was 210 min, 
after which there was no considerable increase in adsorption 

capacity for all the Cr(VI) concentrations (Fig.  7(d)). This 
might be due to the exhaustion of active sites for the adsorp-
tion of Cr(VI) ions to attach with the biosorbent surface [36]. 

3.6. Isotherm studies

Isotherm studies informed about the nature of interaction 
amid the biosorbent and Cr(VI) ions. Isotherm studies were 
done using various two parameter isotherm models such 
as Langmuir, Freundlich and Dubinin–Radushkevitch (DR) 
models with the experimental equilibrium adsorption capac-
ity data at different initial concentration of Cr(VI) solution.

3.6.1. Langmuir isotherm model

Langmuir isotherm model assumes monolayer attach-
ment of ions over the surface of the biosorbent with no inter-
action between the adjacent ions. Further, the model assumes 
that all the ions covering the monolayer of the biosorbent 
surface have same affinity [37,38]. The linear form of the 
Langmuir model is written as

C
q Q K Q

Ce

e L
e= +

1 1

0 0

	  (4)
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Fig. 7. (a) Influence of biosorbent size on Cr(VI) removal. (b) Plot showing influence of biosorbent dose upon removal percentage and 
adsorption capacity (Co 100 mg/L, contact time 3 h, agitation speed 100 rpm, pH 2.0, temperature 303 K). (c) Influence of pH on Cr(VI) 
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where ‘qe’ represents the equilibrium adsorption capacity in 
mg/g, ‘Ce’ represents the equilibrium concentration of metal 
ion (mg/L), ‘Q0’ is the monolayer adsorption capacity (mg/g) 
and ‘KL’ denotes the Langmuir isotherm constant (L/mg). From 
the KL values the separation factor ‘RL’ can be determined as 

R
K CL
L o

=
+
1

1
	 (5)

The separation factor value is significant in determining 
the nature of the adsorption process. If RL lies between 0 and 
1, the adsorption may be favorable, it is unfavorable if it is 1 
and the process is irreversible if the value is 0. Fig. 8(a) shows 
the linear isotherm plot of the ratio of equilibrium Cr(VI) con-
centration and equilibrium adsorption capacity of PKB versus 
equilibrium Cr(VI) concentration constructed using OriginPro 
8.5 (OriginLab, USA). From Table 2, it is apparent that the 
regression value is 0.968 which is comparatively higher than 
the other isotherm models. The monolayer adsorption capac-
ity of PKB was found to be 73.96  mg/g. Lower value of KL, 
0.0789 L/mg, showed that there was a higher affinity between 
chromium ions and the biosorbent. RL value of 0.112–0.024 for 
initial metal concentrations of 100–500 mg/L Cr(VI) showed 
that the adsorption process was favorable.

3.6.2. Freundlich isotherm

Multilayer adsorption is explained by Freundlich iso-
therm which assumes that the surface of the adsorbing 

Table 2
Isotherm parameters of PKB for adsorption of Cr(VI)

Isotherm analysis Parameters PK biomass 

Langmuir Qo (mg/g) 73.96
KL (L/mg) 0.0789
RL (100–500 mg/L) 0.112–0.024
Goodness of fit
R2 0.96809
Number of points 5
Degrees of freedom 3
Residual sum of squares 0.06145

Freundlich KF (mg/g)(L/mg)1/n
F 17.33

nF 3.525
Goodness of fit
R2 0.95794
Number of points 5
Degrees of freedom 3
Residual sum of squares 0.0062

Dubinin–Radush-
kevitch

Qm (mg/g) 54.830
K (mol2/J2) 9.834E–7
E (kJ/mol) 0.713
Goodness of fit
R2 0.75624
Number of points 5
Degrees of freedom 3
Residual sum of squares 0.19053

(a)

(b)

(c)

Fig. 8. Isotherm plot of PKB for the adsorption of Cr(VI) solution 
at equilibrium Cr(VI) concentrations. (a) Langmuir isotherm, (b) 
Freundlich isotherm and (c) Dubinin–Radushkevitch isotherm.
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material is heterogeneous with varying affinity towards the 
adsorbing ligands [39]. The linear form of Freundlich iso-
therm model is expressed as 

log log log10 10 10
1q K
n

Ce F
F

e= + 	  (6)

where KF and nF represents the Freundlich isotherm constant 
(mg/g)(L/mg)1/n

F and Freundlich exponent (dimensionless), 
respectively. Freundlich constant (nF) represents the degree 
to which adsorption deviates from linearity. From the linear 
isotherm plotted (Fig. 8(b)), the value of KF was found to be 
17.33. Lower value of 1/nF depicted that the Cr(VI) over sur-
face of PKB is favorable. Regression value of 0.957 (Table 2) 
represented a fit of Freundlich isotherm comparable with 
Langmuir isotherm depicted that the adsorption process may 
be multilayer as well. 

3.6.3. Dubinin–Radushkevich (D–R) isotherm 

The linear DR isotherm model equation is given by [40]

ln lnq Q Ke m= − ε2 	  (7)

where Qm symbolizes the maximum adsorption capac-
ity (mg/g), K symbolizes the activity coefficient (mol2/J2), 
ε denotes the Polanyi potential which is obtained by the 
equation:

ε = + −RT(ln( ))1 1Ce 	 (8)

where R represents the universal gas constant in J/mol K 
and T represents the absolute temperature (K). Qm and K 
values estimated by plot (Fig. 8(c)) of log(qe) versus ε2 were 
found to be 54.830 mg/g and 9.834E–7 mol2/J2, respectively. 
An important parameter obtained from DR model is appar-
ent adsorption energy, E (kJ/mol) which is calculated by the 
expression

E
K

=
1
2

	  (9)

If 1 < E < 16 kJ/mol, the adsorption process occurs by phys-
ical adsorption and if E > 16 kJ/mol, the adsorption process 
occurs by chemisorption. If 8 < E < 16 kJ/mol, the mechanism 
predominantly involves ion exchange [41]. The DR constants 
were determined and are depicted in Table 2. However, the 

value of E for PKB was 0.713 kJ/mol, which indicated that the 
biosorption process occurs by physisorption. 

3.7. Kinetic studies

3.7.1. Pseudo-first order

The linear form of pseudo-first-order kinetic model is 
given by

log( )
2.303

q q q
k

te t e− = −log 1 	  (10)

where k1 is the pseudo-first-order rate constant (min–1), qe is the 
equilibrium adsorption capacity (mg/g) and qt is the adsorp-
tion capacity (mg/g) [42]. Table 3 depicts various kinetic model 
parameters and regression values of the model. qe values cal-
culated from the plot of log(qe−qt) versus t did not correlated 
well with the experimental values. The R2 values obtained for 
pseudo-first-order model were found to be less than the R2 val-
ues for other kinetic models, which reveal that the adsorption 
of Cr(VI) upon PKB does not obey pseudo-first-order reaction.

3.7.2. Pseudo-second order

The pseudo-second-order kinetic model is represented 
by the equation: 

t
q k q

t
qt e e

= +
1

2
2 	  (11)

where k2 (g/mg/min) denotes the pseudo-second-order rate 
constant [43]. The linear form of the pseudo-second-order 
kinetic model is shown in Fig. 9(a) at different initial Cr(VI) 
concentrations. There was a good correlation in the experi-
mental and calculated qe values with the increase in the con-
centration of Cr(VI) (Table 3). The R2 values obtained for pseu-
do-second-order model were comparatively higher than the 
other kinetic models analyzed. Hence, the adsorption process 
of Cr(VI) by PKB involved pseudo-second-order reaction 
with sharing of electrons between sorbent and sorbate.

3.7.3. Intraparticle diffusion kinetic model

Intraparticle diffusion model that represents the rate lim-
iting steps is represented by the equation:

q k t Ct = +id
1 2/ 	 (12)

Table 3
Kinetic parameters of PKB for Cr(VI) removal

Co (mg/g) Pseudo-first order Pseudo-second order Intraparticle diffusion
k1 (min–1) qe (mg/g) R2 k2 (g/mg/min) qe (mg/g) R2 kid (mg/g/min1/2) R2

100 0.013 1.476 0.662 0.216 19.60 0.999 1.07888 0.976
200 0.017 1.2918 0.882 0.039 35.71 0.999 4.05558 0.934
300 0.0207 1.5980 0.751 0.137 49.26 0.999 4.61159 0.965
400 0.0237 1.6865 0.762 2.77×10–5 62.50 0.999 6.11128 0.977
500 0.0207 1.5427 0.780 2.84×10–5 71.42 0.999 7.04445 0.973
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where kid is the intraparticle diffusion rate constant (mg/g/
min1/2), C is the intercept [44]. The qe values calculated 
from the model plot were not close to experimental val-
ues. R2 values are lower than pseudo-second-order and 
pseudo-first-order kinetic models (Table 3). Also, the plot 
between t1/2 and qt did not passed through the origin and 
multilinearity resulted which is clearly shown in Fig. 9(b). It 
was inferred that the process of Cr(VI) adsorption upon the 
PKB surface may not be solely controlled by intraparticle 
diffusion [44]. 

3.8. Thermodynamic studies

Influence of temperature for various Cr(VI) 
concentrations has been studied and shown in Fig. 10(a). 
It was determined that the adsorption capacity gradually 
increased with the simultaneous increase in the 
temperature and initial Cr(VI) concentration. The rise in 
biosorption capacity may be due to the increased mobility 
of the ions and modification that would have taken place 
in the functional groups of the biosorbent which makes 
them more available for contacting ions with the increase 
in temperature [45].
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Gibbs free energy (ΔG°), enthalpy (ΔH°) and entropy 
(ΔS°) were calculated using the following equations [46]:

∆G RT KC
ο = − ln 	 (13)

where ‘T’ denotes absolute temperature (K) and ‘R’ represents 
universal gas constant (8.314 J/mol/K) and KC symbolizes the 
distribution coefficient given by

lnK H
RT

S
RC = − +

∆ ∆ο ο

	 (14)

K
q
CC
e

e

= 	  (15)

Table 4 shows the thermodynamic parameters estimated 
from the temperature studies at various metal concentrations. 
The negative ΔG° values indicated the spontaneous nature of 
the biosorption process [47]. The ΔH° values were negative 
which indicated exothermic nature of process. Further, the 
ΔS° values were negative which revealed the stable bond-
ing of Cr(VI) on PKB surface [48]. This may be due to the 
decrease in the randomness and movement of molecules at 
the sorbent–sorbate interface.

3.9. Desorption and regeneration studies

Desorption experiments were carried out after 
adsorption studies for a period of 6 h using 0.1 N NaOH as 
desorption agent at 100 rpm, 303 K. Maximum desorption 
was achieved in 300  min and no further increase in 
desorption was found. The regenerated sorbent was 
filtered and adsorption experiments were performed 
with optimized conditions of 100  mg/L initial metal 
concentration, 2.0 pH, 303  K and 100  rpm. These steps 
were repeated until considerable adsorption of Cr(VI) was 
attained. The maximum desorption percentage in the first 
run was 47.61 and it was reduced to 32.46 in the second run 
(Table 5). The regenerated PKB at the first run showed a 
maximum of 82.30% Cr(VI) removal and in the second run 
of regeneration, it showed only 31.80% Cr(VI) removal. 
The decrease in the desorption percentage might be due 
to the change of functional groups or Cr binding groups 
after continuous exposure of desorbing agent and Cr(VI) 
solution. Tremendous decrease in the removal percentage 
post-desorption was due to the unavailability of binding 
sites for chromium ions.

3.10. Continuous column studies

Continuous column studies of Cr(VI) removal was per-
formed using a packed bed column of PKB at 5 cm height. 

Table 4
Thermodynamic parameters of PKB for Cr(VI) removal

Temperature (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/mol K)
Initial metal concentration (mg/L)

100 200 300 400 500

303 −24.98 −8.73 −1.83 −1.30 −0.81 −59.07 −0.106
308 −29.33 −8.75 −1.97 −1.48 −0.90 −101.28 −0.303
313 −24.66 −5.51 −1.44 −1.27 −0.70 −11.22 −0.030
318 −25.05 −4.57 −1.55 −1.20 −0.81 −5.7 −0.014
323 −24.36 −3.21 −1.27 −1.08 −0.71 −2.6 −0.006

Table 5
Desorption and regeneration data of PKB using 100 ppm initial Cr(VI) concentration

Time (min) Cycle 1 Cycle 2
Chromium  
desorption (%)

Chromium  
adsorption (%)

Chromium  
desorption (%)

Chromium  
adsorption (%)

30 11.85 1.79 15.91 0.35
60 12.39 15.63 14.16 2.15
90 21.31 20.12 11.02 6.64
120 42.04 39.89 14.58 12.93
150 45.29 50.67 15.77 14.73
180 42.42 70.88 26.04 24.61
210 45.45 81.22 36.12 28.12
240 45.45 82.12 33.41 30.90
300 47.61 82.30 32.69 31.80
360 47.61 82.30 32.69 30.90
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Fig.  10(b) shows breakthrough curve of the PKB obtained 
after the passage of 100  mg/L of Cr(VI) solution through 
the column. Breakpoint curve was constructed from a plot 
between volumes of outlet collected versus Ct/Co. It was 
found that a packed bed made of 4.5 g of PKB was capable 
of remediating 180 mL of Cr(VI) solution under given condi-
tions. Hence, PKB can be used as an ecofriendly sorbent for 
treating real Cr(VI) containing aqueous effluents.

3.11. Economics of using PKB

The cost of the Cr(VI) biosorption from wastewater is 
primarily based on factors such as convenient availability 
of biosorbent, amount of biosorbent available, its biosorp-
tion capacity and competency. The expense of activated 
carbons conventionally deployed for wastewater reme-
diation is approximately $1,400–1,800/tons in India. The 
PKB, a waste biomass, was obtained from the Nehru Park, 
Shillong, Meghalaya, India, for negligible cost. The cumu-
lative cost of preparing the biosorbent material including 
water and electrical energy would be $75/tons. In conclu-
sion, the prepared biosorbent PKB offers an affordable yet 
efficient alternative strategy for the disposal of Cr(VI) from 
wastewater.

4. Conclusion

Removal of Cr(VI) from simulated solutions has been 
investigated using a novel biosorbent PKB. The physico-
chemical characteristic studies of the biosorbent showed that 
it has a considerable surface area and pore volume with sev-
eral functional groups embedded over their surface which are 
prone to metal binding. The biosorption of Cr(VI) onto PKB 
has been confirmed by FTIR, FESEM–EDX, XRD and ESR 
studies. It was depicted that the Cr(VI) removal was high-
est at an optimum initial solution pH 2.0, temperature 303 K, 
PKB particle size of <300  µm, PKB dose of 0.5  g/L, contact 
time 210  min, initial chromium concentration of 500  mg/L 
at a constant agitation speed of 100  rpm. Isotherm studies 
obeyed Freundlich model which imply that the biosorption 
is predominantly multilayer over a heterogeneous sorbent 
surface. Maximum adsorption capacity of the biosorbent was 
73.96 mg/g which is comparatively higher than reported in 
the literature (Table 6). Kinetic parameters fitted well with 
pseudo-second-order kinetics. Thermodynamic parameters 

revealed that the biosorption process is spontaneous, stable 
and exothermic. Desorption studies with NaOH revealed 
that the biosorbent is reusable. Continuous packed bed col-
umn studies showed that the P. kesiya cone biosorbent is an 
environment-friendly option to abate Cr(VI) from synthetic 
Cr(VI) solutions. 

Symbols

qt	 —	 Biosorption capacity, mg/g
qe	 —	 Biosorption capacity at equilibrium, mg/g
Co	 —	 Initial metal concentration, mg/L
Ce	 —	 Metal concentration at equilibrium, mg/L
Ct	 —	 Metal concentration at t time, mg/L
V	 —	 Volume of the metal solution, L
m	 —	 Weight of the biosorbent, g
Qo	 —	� Biosorption capacity from Langmuir model, 

mg/g
KL	 —	 Langmuir isotherm constant, L/mg
RL	 —	 Separation factor, dimensionless
KF	 —	� Freundlich isotherm constant, (mg/g)(L/mg)1/n

nF	 —	 Freundlich exponent, dimensionless
Qm	 —	� Maximum biosorption capacity from Dubinin–

Radushkevich model, mg/g
K	 —	� Constant related to the mean free energy of bio-

sorption, mol2/kJ2

ɛ	 —	� Polanyi potential of Dubinin–Radushkevich 
model, kJ/mol

R	 —	 Universal gas constant, 8.314 J/mol/K
T	 —	 Temperature, K
E	 —	 Apparent adsorption energy, kJ/mol
k1	 —	 Pseudo-first-order constant, min-1

k2	 —	 Pseudo-second-order constant, g/mg/min
kid	 —	� Intraparticle diffusion rate constant, mg/g/min1/2

C	 —	 Intercept of intraparticle diffusion model
ΔG°	 —	 Free energy change, kJ/mol
ΔH°	 —	 Enthalpy change, kJ/mol
ΔS°	 —	 Entropy change, kJ/mol
KC	 —	 Distribution coefficient
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