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Abstract
Performance characteristics of peel of Artocarpus nobilis fruit can be enhanced by the treatment of the biosorbent with 
aqueous NaOH solutions under stirred conditions, followed by thorough washing of the treated biosorbent with water. A 
series of experiments performed within a wide range of solution pH demonstrates that the optimum pH for Cr(III) removal 
is pH 5.0, while it is 2.0 for Cr(VI) by peel of Artocarpus nobilis fruit after treatment with aqueous NaOH solutions of 
concentrations varied from 0.0050 to 0.15 M. Adsorption of Cr(III) and Cr(VI) from individual aqueous solutions on the 
above biosorbent treated with 0.010 M NaOH solution, which provides the highest extent of removal of 4.89 × 103 mg kg−1 
(pH = 5) and 4.94 × 103 mg kg−1 (pH = 2), respectively, follows pseudo-first-order kinetics at the ambient temperature of 
27.5 °C when the concentration of adsorbate concentration is kept relatively constant. The order of the reaction is unchanged 
when the solution temperature is increased up to 40.0 °C for Cr(III) although the reaction becomes pseudo-second order for 
Cr(VI). Further, the energy of activation for adsorption of Cr(III) is determined to be 66.82 kJ mol−1, suggesting a strong 
attraction between the adsorbate and the biosorbent. Application of the intraparticle diffusion model to kinetics data within 
the early stages of the adsorption process of Cr(III) suggests that boundary layer-retarded diffusion be valid at both solution 
temperatures, while no retardation be possible for Cr(VI) at the warmer temperature.
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Abbreviations
NWBF1  0.005 M NaOH-treated peel of Artocarpus 

nobilis fruit
NWBF2  0.010 M NaOH-treated peel of Artocarpus 

nobilis fruit
NWBF3  0.020 M NaOH-treated peel of Artocarpus 

nobilis fruit
NWBF4  0.050 M NaOH-treated peel of Artocarpus 

nobilis fruit
NWBF5  0.100 M NaOH-treated peel of Artocarpus 

nobilis fruit
NWBF6  0.150 M NaOH-treated peel of Artocarpus 

nobilis fruit
MB  Methylene blue

Introduction

Chromium is an important metal because its compounds are 
widely used in industries, such as leather tanning, chrome 
plating, glass manufacturing, wood protection, magnetic 
tapes, pigments and catalysis (Weng et al. 2008; Pavithra 
et al. 2019). Both Cr(III) and Cr(VI) oxidation states are 
readily found in industrial wastewater. Although Cr(III) 
is less toxic than Cr(VI), high amounts of Cr(III) would 
result in undesirable effects on human health as well as to 
the environment (Zhang et al. 2019). Some health effects of 
chromium compounds are skin irritation and ulcer, and its 
chronic exposure can damage liver, kidney, and circulatory 
and nervous tissues (Khan and Ganai 2019). Information 
about the toxicity and environmental issues due to metal ions 
has been obtained through bioluminescence inhibition assay 
techniques (Abbas et al. 2018; Iqbal et al. 2019). Therefore, 
removal of chromium species from aquatic environments 
has become an utmost necessity in order to have quality life.

In this context, biosorption, which uses naturally available 
substances, has become an economically and environmentally 
friendly approach for the removal of heavy metal ions from 
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contaminated water although this method has not been much 
used in large-scale industrial setting at present (Ranasinghe 
et al. 2018). Unlike in chemical treatment, biosorbents contain 
a vast number of organic compounds with many different types 
of functionalities which would attract heavy metal ions through 
complexation, in addition to other modes of mass transfer, such 
as ion exchange, transfer to micro- or macropores, and inter-
particle diffusion (Barakat 2011). Adsorption behavior of chro-
mium on Muthurajawela peat (Priyantha et al. 2015), vesicular 
basalt (Alemu et al. 2018), fired brick particles (Priyantha and 
Seneviratne 2007), peel of jackfruit (Ranasinghe et al. 2018), 
palm kernel fiber, and coconut husk (Ju and Ezuma 2014) has 
been investigated. Organic biosorbents have more advantages, 
such as low cost, high efficiency, minimum chemical use, low 
processing conditions, low energy technology, and high metal 
recovery (Richards et al. 2019) as compared to synthetic mate-
rials,. Nevertheless, the major challenge to be considered is the 
need of a large pool of readily available biosorbent material, 
which would limit the application of biosorption techniques in 
large-scale effluent treatment facilities (Wang and Chen 2009).

Artocarpus nobilis tree is an endemic species found in the 
wet zone in Sri Lanka. The peel of fruit, having no economic 
value, is disposed of as a waste material. It has been reported 
that Artocarpus nobilis fruit peel demonstrates remarkable 
characteristics as a biosorbent for Ni(II) removal (Priyantha 
and Kotabewatta 2019). Generally, adsorption characteristics 
of biosorbents can be enhanced through surface modification 
which would alter surface functionalities and the surface pore 
structure. Modified surface thereafter would behave as a new 
adsorbent, showing different characteristics resembling those 
of the modifying agent. Common modifying agents include 
NaOH, HCl,  CH3COOH,  HNO3, EDTA, citric acid, and 
sodium dodecyl sulfate (SDS) (Ramana et al. 2012; Ranas-
inghe et al. 2018).

The main objective of this study was to investigate kinet-
ics behavior of Cr(III) and Cr(VI) on the biosorbent prepared 
from the peel of Artocarpus nobilis fruits after its modification 
with aqueous NaOH solution through pseudo-first-order and 
pseudo-second-order models. Further investigation of adsorp-
tion kinetics was performed using the intraparticle diffusion 
model. Superior nature of the performance of the NaOH-
modified biosorbent as compared to that of the unmodified 
biosorbent and the identification of functional groups of the 
modified biosorbent responsible for enhanced removal were 
also investigated.

Materials and methods

Materials and sample preparation

The air-dried peel of Artocarpus nobilis fruit (biosorb-
ent) was ground well to obtain particles of diameter 

0.710 mm < d < 1 mm, manually homogenized and treated 
with aqueous NaOH solutions of different concentrations 
for 1.0 h under stirred conditions followed by 24 h settling. 
Modified peel samples were labeled depending on the 
concentration of the NaOH solution used for modification 
(NWBF1—0.005 M NaOH; NWBF2—0.010 M NaOH; 
NWBF3—0.020 M NaOH; NWBF4—0.050 M NaOH; 
NWBF5—0.10  M NaOH; NWBF6—0.15  M NaOH). 
Thereafter, NaOH-modified samples were washed thor-
oughly with tap water followed by distilled water and air-
dried for further experiments. Analytical grade  K2Cr2O7 
(Sigma-Aldrich) and  Cr2(SO4)3.6H2O were used to prepare 
standard solutions in distilled water.

Instrumentation

The total chromium concentration was determined using 
Thermo M Series atomic absorption spectrophotometer 
(AAS). The methylene blue concentrations were deter-
mined using UV–visible spectrophotometer (SHIMADZU 
UV-1800) at 664 nm, and the surface functional groups 
were determined using Fourier-transform infrared/attenu-
ated total reflectance (FTIR/ATR) spectrophotometer 
(Jasco 6700).

Specific surface area

First, a sample of 0.200 g of NWBF2was stirred with 
10.00 mL of deionized water. Then, a sample of 0.0120 g 
of MB was dissolved in 100.00 mL3 of deionized water. 
These two solutions were allowed to mix for 2.0 h and 
allowed to stand overnight. An aliquot of 5.00 mL3 of the 
supernatant solution was withdrawn and centrifuged, and 
the concentration of methylene blue in the supernatant was 
determined. The same procedure was performed for MB 
of different concentrations.

The surface area of NWBF2 was calculated using the 
following equation:

where Ss is the surface area of NWBF2  (m2 g−1), mMB is the 
mass of MB adsorbed at the point of complete replacement 
(g), Av is the Avogadro constant  (mol−1), AMB is the area 
covered by a MB molecule (1.3 × 10−18 m2) (Priyantha et al. 
2018), ms is the mass of NWBF2 sample (g), and M is the 
molar mass of MB (319.87 g mol−1).

(1)Sm =
mMBAvAMB

msM
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Batch adsorption studies

Batch experiments were carried out using 50.0  mL of 
10 mg L−1 Cr(III) or Cr(VI) solutions. The mass of metal ions 
adsorbed per unit mass of the biosorbent is given by Eq. (2) 
(Dissanayake et al. 2016):

where qe is the metal uptake (mg kg−1), Ci (mg L−1) and Cf 
(mg L−1) are the initial and final metal concentrations in 
solution, respectively, and V (L) and m (kg) are the solution 
volume and mass of the adsorbent, respectively (Ramana 
et al. 2012). The percentage of the metal ion removed (R) 
was calculated using Eq. (3) (Sadeek et al. 2015):

Investigation of kinetics

Kinetics studies were conducted for NWBF2 samples at 
pH = 5.0 for Cr(III) and at pH = 2.0 for Cr(VI). The experi-
ments were carried out for 180-min time duration, taking 

(2)qe =

(

Ci − Cf

)

V

m

(3)R =
Ci − Cf

Ci

× 100%

samples at 1.0-min intervals within the first 30 min and then 
at 10-min time intervals within the next 150 min. The chro-
mium content in each sample was determined using AAS. 
In this study, three different biosorbent dosages, two differ-
ent adsorbate concentrations and two different temperatures 
were employed.

The chromium content determined at each reaction time 
was used to check the validity of pseudo-order kinetics mod-
els and the intraparticle diffusion model.

Results and discussion

Investigation of functional groups present 
in the biosorbent

FTIR analysis performed for unmodified and modified 
biosorbent (NWBF 2) indicates the presence of functional 
groups of carboxylic acid and its derivatives, phenols, and 
alcohols (Fig. 1, Table 1). These observations are supported 
by previous reports on the same biosorbent (Priyantha and 
Kotabewatta 2019). Although treatment of the biosorbent 
with NaOH solution leads to hydrolysis of esters and ioniza-
tion of carboxylic acid and phenolic groups, C=O and C–O 
groups remain unchanged. However, change in the chemical 

Fig. 1  The FTIR-ATR spectra 
for unmodified (blue line) 
and 0.01 M NaOH-modified 
biosorbent (red line)
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Table 1  Active functional 
groups present in the biosorbent 
(Priyantha and Kotabewatta 
2019)

Bond type Wavenumber  (cm−1) Possible compounds present

C–O 1243 Alcohol, carboxylic acid, ester, acid anhydride
C=O 1733 Aldehyde, ester, carboxylic
O–H 2850, 2918, 3331 Carboxylic acid (hydrogen bonded), alcohol, phenol
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environment of these groups due to NaOH treatment would 
have caused small shifts in peak locations as observed in 
Fig. 1.

Optimization of the concentration of modifying 
agent

Variation of the extent of removal of Cr(III) and Cr(VI) by 
the biosorbent modified with a series of NaOH solutions is 
shown in Fig. 2. An increase in the concentration of NaOH 
solution up to 0.010 M leads to an increase in the extent 
of removal of Cr(III). This can be attributed to the compl-
exation of Cr(III) with negatively charged moieties formed 
as a result of hydrolysis of organic functionalities during 
NaOH treatment. Enhancement of Cr(III) removal by dif-
ferent biosorbents modified with NaOH solutions has been 
reported supporting the observations made in this research 
(Bishnoi et al. 2007; Ranasinghe et al. 2018). The high-
est Cr(III) removal was observed when the biosorbent was 
treated with 0.010 M NaOH solution (NWBF2). A slight 
decrease in the extent of removal of Cr(III) when the modi-
fication was performed using NaOH solutions of concentra-
tions greater that 0.010 M is probably due to denaturing of 
the adsorption sites of the biosorbent. The denaturing pro-
cess has not become significant up to 0.15 M NaOH concen-
tration, the highest concentration attempted in this study. In 
contrast to Cr(III) removal, there is a smaller increase in the 
extent of Cr(VI) removal with the NaOH-modified biosorb-
ent up to 0.020 M concentration. It should be stated that the 

conversion of Cr(VI) to Cr(III) would occur at the acidic 
pH of 2.0 employed in Cr(VI) removal studies. Reduction 
of Cr(VI) to Cr(III) would also be possible due to certain 
functional groups present in natural biosorbents as reported 
earlier (Priyantha and Bandaranayaka 2011). Thus, Cr(VI) 
removal at this pH is actually the removal of Cr(III). Never-
theless, a sharp decrease in the extent of removal of Cr(VI) 
observed with the biosorbent treated with NaOH solutions 
of higher concentrations may be due to kinetics limita-
tions because both the reduction of Cr(VI) and subsequent 
complexation with negatively charged surface moieties are 
involved in the removal process. Consequently, further stud-
ies were carried out using NWBF2 biosorbent for removal 
of both Cr(VI) and Cr(III).

Determination of surface area of biosorbent

The specific surface area is an important parameter of 
porous biosorbent surfaces. It influences the surface charge 
and the density of the surface sites. The use of MB provides 
an accurate determination of the surface area of biosorbents 
as it is assumed that MB molecules lie flat on the biosorbent 
surface due to coulombic interaction resulting in chemisorp-
tion. Equation (1) derived with the above assumption is thus 
used for surface area determinations. The variation of the 
mass of MB adsorbed versus its initial concentration shown 
in Fig. 3 is used to obtain the mass of MB adsorbed at the 
point of complete replacement (mMB), which is 478 mg g−1, 
and the surface area of NWBF2 is thus estimated to be 
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Fig. 2  Comparison of amount of a Cr(III) and b Cr(VI) adsorbed by biosorbent in unmodified (control) and modified forms (10.0 mg L−1 of 
adsorbate solution, 0.20 g of biosorbent, 2.0-h shaking time, 30-min settling time, and ambient pH)
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1.2 × 103 m2 g−1. This is much larger than that of many 
reported adsorbents, such as brick clay, rice husk, kaolinite, 
and Hydrilla verticillata (Bhattacharyya and Gupta 2006; 
Priyantha and Bandaranayaka 2011; Chathurangaa et al. 
2014; Priyantha et al. 2018). More importantly, the surface 
area of NWBF2 is found to be larger than that of chemically 
modified activated carbon prepared by  H3PO4 treatment 
of coconut shells (578 m2 g−1 to 1176 m2 g−1) and copper 
nitrate trihydrate treatment of carbon fiber (1147 m2 g−1) 
(Zhang et al. 2017; Rehman et al. 2018), demonstrating that 
NWBF2 shows superb adsorption properties.

Effect of solution pH on biosorption

Solution properties and the chemistry of adsorbents depend 
on pH, and hence, the extent of adsorption of both chro-
mium species is influenced by the solution pH. The extent 
of removal versus pH investigated from the initial pH of 1.0 
up to a value of the initiation of the corresponding hydroxide 
precipitation estimated based on the solubility product of 
Cr(III) from 10.0 mg L−1 solution is shown in Fig. 4.

At low pH, functional groups of the biosorbent become 
protonated and easily attract negatively charged adsorbate 
species. A decrease in the extent of Cr(III) removal and 
an increase in Cr(VI) removal at low solution pH can be 
attributed to the above fact. According to the observations 
shown in Fig. 4, solution pH of 2.0 is the best compromise 
for removal of Cr(III) and Cr(VI) species if they are both 
present in solution. However, for the individual removal of 
Cr(III), the optimum pH which shows the highest absorp-
tion is 4–6. Therefore, adsorbate solutions of Cr(III) were 
maintained at pH of 5.0 in subsequent experiments. At the 

acidic pH of 2.0, the recommended pH for Cr(VI) removal, 
a significant fraction of Cr(VI) would have been converted 
to Cr(III) as per the following reaction having a high posi-
tive standard reduction potential:

In addition to the above reaction, predominant chro-
mium species present in the aqueous phase depends on 
the pH and the reduction potential according to Pourbaix 
diagram: The main species is  H2CrO4 at pH < 1;  CrO4

− and 
 Cr2O7

2− are mainly present between pH 2 and pH 6; 
 CrO4

2− is predominant above pH 6 (Saha and Orvig 2010). 
Consequently, interaction of chromium species from the 
solution phase to solid adsorbent phase is complex having 
many mechanisms, such as anionic adsorption, adsorption-
coupled reduction, anionic and cationic adsorption, and 
reduction and anionic adsorption. Further, the nature and 
behavior of various forms of chromium species present in 
wastewater could be different from those in natural water 
due to different physicochemical conditions of industrial 
effluents originating from various sources (Rakhunde et al. 
2012).

Investigation of adsorption kinetics

Mass of adsorbent transferred from solution to solid 
adsorbent phase investigated as a function of contact time 
obtained in solid/solution adsorption systems is usually 

Cr2O
2−
7
(aq) + 14H+(aq) + 6e ⇌ 2Cr3+(aq)

+ 7H2O(aq), E� = 1.33V

Fig. 3  Variation of the extent of MB adsorbed on NWBF2 with the 
amount of MB added to solution
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Fig. 4  Variation of extent of removal of Cr(III) and Cr(VI) from 
individual 10.0 mg L−1 solutions with initial solution pH. (0.20 g of 
biosorbent, 2.0-h shaking time, 30-min settling time, and ambient pH)
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fitted to pseudo-order kinetics and intraparticle diffusion 
models. Linearized forms of pseudo-first-order and pseudo-
second-order kinetics models are shown in Eqs. (4) and (5), 
respectively (Jacques et al. 2007):

where qe and qt denote the amounts of Cr(III) and Cr(VI) 
adsorbed per unit mass of the biosorbent (mg kg−1 dry 
biomass) at equilibrium and at time t, respectively, and k1 
and k2 are the pseudo-first-order rate constant  (min−1) and 
the pseudo-second-order rate constant (kg mg−1 min−1), 
respectively.

The amounts of Cr(III) and Cr(VI) adsorbed from indi-
vidual solutions determined in batch experiments within a 
period of 3.0 h result in the expected variation where the 
system reaches equilibrium at longer times as shown in 
Fig. 5. The time required for establishment of adsorption 
equilibrium is longer for lower adsorbent dosages. There-
fore, it would be more appropriate to investigate kinetics 
with lower adsorbent dosages because the change in the 
concentration of the adsorbate with respect to the satura-
tion limit can be considered to be negligible, thereby the 
pseudo-order conditions can be applied with respect to the 
adsorbate. Consequently, adsorption data gathered during 
the initial 20-min period were used to check the validity of 
pseudo-order kinetics models. The regression coefficients 
(R2) determined using linearized equations of pseudo-first- 
and pseudo-second-order kinetics models indicate that both 
Cr(III) and Cr(VI) obey pseudo-first-order kinetics model 

(4)ln
(

qe − qt
)

= ln qe − k1t

(5)
t

qt
=

1

k2q
2
e

+
t

qe

for all the adsorbent dosages attempted at 27.5 °C (Fig. 6, 
Table 2). Thus, it can be argued that there are no distinct 
differences among the functionalities present in the biosorb-
ent for attraction of chromium species. It was further deter-
mined that the order does not change with the concentra-
tion of adsorbate solution, supporting the above fact (Fig. 6, 
Table 2). Although the rate constant of a chemical reaction is 
concentration independent, it is observed to increase it with 
the increase in the mass of the adsorbent. This is probably 
due to the complex nature of the heterogeneous adsorbate/
adsorbent system. Concentration-dependent rate constants 
have been reported in many heavy metal adsorbate–biosorb-
ent systems (Alyuz and Veli 2009; Ali et al. 2016). How-
ever, rate constant was increased when the temperature was 
increased for Cr(III) adsorption system. Nevertheless, as the 
order of Cr(VI) adsorption changes at the warmer tempera-
ture (i.e., at 40.0 °C), the rate constants obtained for two 
different reaction orders cannot be compared.

It is found that both Cr(III) and Cr(VI) species are more 
effectively adsorbed on NWBF2 at warmer temperatures, 
indicating that the biosorption process is endothermic 
(Fig. 7). Further, the pseudo-order condition for biosorption 
of Cr(III) on NWBF2 remains the same when the solution 
temperature is increased from an ambient value of 27.5 °C 
to 40.0 °C, indicating that the mechanism of biosorption 
of Cr(III) is not changed at warmer temperatures (Fig. 8). 
The rate constants determined for biosorption of Cr(III) on 
NWBF2 at the two temperatures lead to the energy of acti-
vation of 66.82 kJ mol−1, determined with the aid of the 
linearized form of the Arrhenius equation, qualifying that 
the biosorption of Cr(III) follows chemisorption. Adsorption 
of heavy metals on different adsorbents has been reported 
to follow chemisorption (Kumar and Acharya 2011; Cantu 
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et al. 2014). On the other hand, biosorption of Cr(VI) on 
NWBF2 at 40.0 °C obeys pseudo-second-order kinetics, 
based on regression analysis of the linearized equation, 
indicating that there are two distinct types of interactions 
(Fig. 8). It can thus be argued that carboxylic acid and 

phenolic acid moieties would function differently toward 
biosorption of Cr(VI) at warmer temperatures. As the mech-
anism of biosorption of Cr(VI) is changed when the tem-
perature is increased, it would not be appropriate to use the 
Arrhenius equation in determining the energy of activation.

Fig. 6  Linearized pseudo-
first-order kinetics models for 
adsorption of Cr(III) at pH 
5 = 0 and Cr(VI) at pH = 2.0 on 
NWBF2 from 1.0 L adsorb-
ate solution at 27.5 °C; a 
10.0 mg L−1 Cr(III) on 1.00 g, b 
10.0 mg L−1 Cr(III) on 2.00 g, c 
10.0 mg L−1 Cr(III) on 4.00 g, d 
5.0 mg L−1 Cr(III) on 1.00 g, e 
10.0 mg L−1 Cr(VI) on 1.00 g, f 
10.0 mg L−1 Cr(VI) on 2.00 g, g 
10.0 mg L−1 Cr(VI) on 4.00 g, h 
5.0 mg L−1 Cr(VI) on 1.00 g
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Intraparticle diffusion model

This model introduced by Weber and Morris states that sol-
ute uptake on adsorbent is proportional to the square root of 
time. The mathematical relationship of this model is given 
in Eq. (6):

where qt  is the amount adsorbed at time t , kp 
(mg kg−1 min−1/2) is the intraparticle diffusion rate constant, 
and C (mg kg−1) is the boundary layer thickness (Wu et al. 
2009).

(6)qt = C + kpt
0.5

The plots of Eq. (6) for adsorption of Cr(III) and Cr(VI) 
at two solution temperatures are shown in Fig. 9. Accord-
ingly, the boundary layer thickness values are estimated to be 
− 0.073 and − 0.025 for Cr(III) at solution temperatures of 
27.5 °C and 40.0 °C, respectively (Table 3). The correspond-
ing values for Cr(VI) are − 0.088 and + 1.404, respectively. 
The negative values for C are indicative of boundary layer-
retarded diffusion (Wu et al. 2009), which should increase 
when the solution temperature is increased as the rate of dif-
fusion is facilitated by temperature increments. This is clear 
in both cases, Cr(III) and Cr(VI), according to the values 
reported in Table 3. In the adsorption of Cr(VI), a significant 
increase in the value of C is observed, in comparison with 

Table 2  Regression coefficients 
(R2) determined from linearized 
kinetics models for pseudo-
first order (shown in Figs. 6, 8) 
and pseudo-second order (not 
shown) for adsorption of Cr(III) 
and Cr(VI) on NWBF2

*Pseudo-second-order rate constant is given only for Cr(VI) adsorption at 40.0 °C

Metal Relevant conditions Regression coefficient Pseudo-first-
order rate 
constant/min−1Pseudo-first order Pseudo-second 

order

Cr(III) Figure 6a 0.9291 0.7229 0.0116
Figure 6b 0.9521 0.0353 0.0177
Figure 6c 0.9689 0.9566 0.0714
Figure 6d 0.6964 0.0014 0.0109
Figure 8a 0.8229 0.6288 0.0130

Cr(VI) Figure 6e 0.7958 0.5817 0.0050
Figure 6f 0.9023 0.3514 0.0098
Figure 6g 0.9650 0.0793 0.0282
Figure 6h 0.6313 0.4190 0.0088
Figure 8b 0.1560 0.9613 2.67 × 10−4* 
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Fig. 7  Variation of extent of adsorption of a Cr(III) at pH = 5.0 and b Cr(VI) at pH = 2.0 with contact time on NWBF2 from 1.0 L adsorbate 
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the smaller increase in relation to Cr(III). This can be attrib-
uted to the change in reaction mechanism for adsorption of 

Cr(VI) from pseudo-first order to pseudo-second order when 
the temperature is increased from 27.5 to 40.0 °C.

Conclusions

Modification of the peel of Artocarpus nobilis fruit 
through treatment with aqueous NaOH solution leads to 
the ionization of carboxylic and phenolic acid functional 
groups and cleavage of ester linkages, thereby promot-
ing the interaction of the above biosorbent and Cr(III) 
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Fig. 8  Linearized kinetics models for adsorption of a Cr(III) at pH = 5.0 (first order) and b Cr(VI) at pH = 2.0 (second order) on NWBF2 from 
1.0 L adsorbate solution of 10.0 mg L−1 at 40.0 °C
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Table 3  Intercepts of intraparticle diffusion model for Cr(III) and 
Cr(VI) determined from Fig. 9

Metal Relevant conditions C × 103/mg kg−1

27.5 °C 40 °C

Cr(III) Figure 9a − 0.073 − 0.025
Cr(VI) Figure 9b − 0.088 + 1.404
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species. On the other hand, Cr(VI) in solution would 
undergo reduction in extreme acidic medium forming 
Cr(III) and subsequently attracted to negatively charged 
biosorbent surface. In addition to the above mode of mass 
transfer from solution phase to solid biosorbent phase, 
enhancement of the surface area of the biosorbent through 
NaOH treatment would make the removal process more 
efficient. The interaction of both Cr(III) and Cr(VI) ions 
with NaOH-modified biosorbent is determined to follow 
pseudo-first-order kinetics with respect to the biosorbent 
at the ambient temperature of 27.5 °C when the concentra-
tion of the adsorbate species is kept relatively unchanged 
within the early stages of adsorption. An increase in solu-
tion temperature up to 40.0 °C does not change the order 
of the adsorption reaction of Cr(III) although Cr(VI) spe-
cies follow pseudo-second-order kinetics, suggesting the 
involvement of two distinct types of functional groups 
of the biosorbent. Intraparticle diffusion model provides 
further support for the above observations, in which the 
extent of boundary layer-retarded diffusion is not much 
changed for Cr(III) adsorption when the solution tempera-
ture is changed from 27.5 to 40.0 °C, while there is a sig-
nificant increase for Cr(VI) adsorption.
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