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ABSTRACT

Finding an economical, efficient and easy handling alternative for commercial grade activated charcoal (AC) in textile wastewater
treatment is a dire need. To address this, a noxious weed water hyacinth (WH) has been explored as a ‘biosorbent’ for the
decolorization of the hazardous textile dye, Remazol Brilliant Red 3BS (RBR 3BS) in wastewater. A novel surface modification has
been carried out using the quaternary ammonium salt, N-Cetyl-N,N,N–trimethyl ammonium bromide, to enhance the dye
decolorization capacity of raw WH. The impact of several process parameters, viz. pH, dosage of adsorbent, temperature, concen-
tration and contact time have been examined. Batch adsorption studies, kinetic-thermodynamics, isothermal modelling and error
analysis have been studied to ascertain the efficacy of the adsorbent. A comparison of the results has been carried out with
activated carbon (AC). Surface-modified WH showed the highest dye uptake of 104.26 mg g–1, at 27 °C, which was about 10 times
more than that of AC. Isothermal, kinetic and thermodynamic studies were conducted for identification of adsorption type taking
place for dye–adsorbent systems. Energy of activation was 8.65 kJ mol–1 for treated WH and 8.98 kJ mol–1 for AC. It was proven that
surface-modified WH had a high capability to replace AC for adsorption treatments.
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1. Introduction
Clean water is a finite natural resource, which needs to be

sustained for future generations. Industries around the world
produce toxic substances as by-products, which are let into
water bodies, thereby polluting the water resources. The signifi-
cant contaminants include chemicals and dyes from textile,
paint-pigment, battery manufacturing, tannery and pharma-
ceutical industries.1–5

Textile industries use a variety of dyes, viz. mordent, sulphur,
vat, azo, reactive, acidic and basic dyes.6 The toxicity, complex
chemical behaviour and non-biodegradability of these dyes
makes their removal difficult, posing an environmental threat.7
Remazol Brilliant Red 3BS (RBR 3BS) is one such commercial
textile dye, which is known to cause respiratory irritation and
skin allergies in humans. It is also toxic (MSDS, RBR 3BS, Dystar
Ltd.) for the aquatic environment8,9

For many years, the need for efficient methods for the
complete elimination of these dyes has been a challenge for
ecologists and scientists. Various methods for dye removal from
wastewater have been investigated and reported in literature.
These include froth flotation,10 precipitation,11 flocculation–
coagulation,12 reverse osmosis,13 membrane filtration,14 photo
degradation,15 electro-chemical destruction,16 irradiation-
ozonization,17,18 Zn-Ferrite inorganic catalyst-assisted photo
Fenton degradation,19 adsorption using nanoparticles derived
from tea extract20 and adsorption using commercial grade acti-
vated charcoal (AC).21

Out of the methods listed above, adsorption with commer-
cial-grade AC, has gained the most popularity in the textile

industry, due to its ease of handling. However, the high cost of
AC makes the technique expensive, which limits its usage as an
adsorbent.22 Therefore cost-efficient, viable and durable adsor-
bent substances, for treatment of dye wastewater, need to be
explored. In line with this, researchers have identified various
efficient, low-cost and natural alternatives for AC as adsorbent.
This includes grass waste, weed dust, bamboo dust, pine saw-
dust, coir pith, fruit shells, fruit peels, wheat straw, rice husk,
sugarcane residues, eggshells and paper mill sludge.23–28

Chemical surface activation of weed biomass and its applica-
tion for dye removal from wastewater is a non-traditional and
revolutionary concept, which has not been explored till date. In
this investigation the phenomenon of surface activation was
used to treat a water hyacinth (WH) weed biosorbent. The WH,
Eichhornia crassipes, is a free-floating, widespread and abundant
noxious water weed. This weed causes water flow blockages,
masks sunlight and reduces dissolved oxygen level in the
water, due to its high growth rate. Quaternary ammonium salt
(N-Cetyl-N, N, N–trimethyl ammonium bromide) has been
used as an activating agent for surface modification in the
present research. The raw and surface treated WH adsorbent
has been further assessed for dye decolorization and compared
with commercial-grade AC to establish its efficacy.

The study thus provides an efficient, economical and biode-
gradable alternative of WH to AC, for the purpose of dye removal
from wastewater.

2. Experimental

2.1. Adsorbate
Commercial textile dye, RBR 3BS (C.I. Reactive red 239,

Make-Dye Star Ltd., India) was obtained from a textile-dying
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unit, Ruby Mills Ltd. (Khalapur, Maharashtra state, India). RBR
3BS is an azo anionic dye with the molecular formula
C31H19ClN7O19S6.5Na and molecular weight 1136.32 g mol–1. The
dye is water-soluble, dark reddish-brown, characterized by the
presence of five sulfonic acid groups and one azo group. (Fig. 1)
Due to conjugated double bonds present, this dye gives a wave-
length maxima (γ) 540 nm, in the visible region.

2.2. Preparation of Adsorbent
In this study two new adsorbents were investigated, namely

untreated and treated WH adsorbents, in comparisson with AC.
The preparation of the two new adsorbents is sumarized as a
flow chart in Fig. 2.

2.2.1. Preparation of Untreated Adsorbent
Fresh green, fully grown WH plants were randomly pulled out

from Pashan Lake, in Pune city, Maharashtra State, India (18.53°
N, 73.78° E). As shown in Fig. 2, the plants were washed under
running water and then with distilled water to remove dust
and dirt. The roots, stems and leaves of WH were separated, and
dehydrated in natural sunlight for five days, followed by dehy-

dration in an oven at 90 °C for 8 h. Plant parts were ground and
sieved separately using ‘Indian standards (IS): 355’ sieves. These
powdered untreated adsorbents of the roots, stems and leaves
were kept separately in sealed containers.

2.2.2. Surface Modification of Untreated Adsorbent
Cellulose and hemicellulose are present, in variable percent-

ages, in the roots, stems and leaves of WH. The order of percent-
age is WH stems > WH roots > WH leaves.29 Every cellulose
molecule, at the adsorbent surface, contained a negatively
charged free OH group, which is the binding site for positively
charged quaternary ammonium cation.30 Thus, the extent of sur-
face modification is dependent on the percentage cellulose pres-
ent in the roots, stems and leaves of the mentioned adsorbent.

N-Cetyl-N,N,N–trimethyl ammonium bromide, a quaternary
ammonium salt (A.R. grade, Thomas Baker, India) was used as
an activating agent for surface treatment. Each of the untreated
adsorbent powders of the roots, stems and leaves of WH were
allowed to mix and were agitated with 0.5 % w/v aqueous
solution of activation agent at room temperature for 30 min,
separately (see Fig. 2). This resulted in the surface activation of
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Figure 1 Structure of RBR 3BS dye (C.I. Reactive red 239).

Figure 2 Flow chart for the preparation of raw and surface-modified adsorbents.
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the adsorbents of the roots, stems and leaves. The treated
adsorbents were then separately filtered, dehydrated at 105 °C
and kept in airtight containers.

2.3. Characterization of Adsorbents
The untreated and treated adsorbents were analyzed using

FTIR (Fourier Transformed Infrared Spectroscopy, Bruker,
Model-TENSOR 27, USA), SEM (Scanning Electron Microscopy,
JEOL, Model-JSM-6360A, USA), CHNO analyzer (Carbon-
Hydrogen-Nitrogen-Oxygen analyzer, Thermo, Model- FLASH
EA1112, USA) and PZC (Point of Zero Charge) techniques,
through which the surface modification was confirmed.

2.4. Adsorption Studies

2.4.1. Untreated Adsorbents
Preliminary batch studies investigated the adsorption capacity

of raw adsorbent of roots, stems and leaves of WH for the
decolorization of RBR 3BS dye. In these studies 0.2 g of the raw
adsorbent (roots, stems or leaves of WH) was shaken, using a
rotary shaker, with 40 mL (4.5 × 10–5 mol L–1) aqueous dye solu-
tion in a glass conical flask at 100 rpm. The studies were con-
ducted under normal conditions of temperature (30 °C) and pH
(pH 5.8) of the dye solution. After sufficient contact time
(180 min), filtration was carried out using Whatman 42 paper.
Examination of the filtrate for the percentage dye decolorization
was done spectrophotometrically, using a double-beam spectro-
photometer (Make-Systronics, Model-SMART 2203, India).
Based on these preliminary studies and using the equations
(Equations 1 and 2) below, the dye adsorption capacity and
percentage dye decolorization were calculated for the adsorbent
samples.

q
c c

We
0 e= −υ (1)

%A
d d

d
0 e

0
= − ×100 (2)

where, qe is adsorption capacity in (mg g–1), υ denotes the vol-
ume of solution in (L), Ce and C0 signify equilibrium and initial
dye concentrations, respectively, in (mg L–1), and W represents
the adsorbent mass material in (g). %A represents the percent-
age dye decolorization, d0 is initial absorbance and de is the final
absorbance.

2.4.2. Treated Adsorbents and AC
Batch studies were performed on the treated stems of WH and

commercial grade AC. The analysis was carried out in conical
glass flasks of 250 mL capacity, containing 100 mL dye solution.
Various physicochemical process parameters like pH (2 to 11),
contact time (up to 60 min), adsorbent dosage (0.025 to 0.5 g),
temperature of experimental solution (27 °C to 50 °C) and initial
dye concentration (1 × 10–5 to 10 × 10–5 mol L–1) were assessed
for their impact on dye decolorization. After attainment of equi-
librium, filtration was carried out using Whatman filter paper
42 and concentration of unabsorbed adsorbate was estimated
spectrophotometrically.

Adsorption study was strategically performed on each
physicochemical process parameter individually, keeping the
other parameters constant to find a set of conditions for maxi-
mum dye uptake. Investigations were carried out in triplicate for
each physicochemical process parameter. The precision of the
process was established with SD (standard deviation) and RSD
(relative standard deviation) statistical functions.

2.4.3. Adsorption Isotherms
Adsorption isotherms provide an empirical relation, at a

constant temperature, between dye adsorbed by adsorbent and
concentration at equilibrium. In the current research, Freundlich
and Langmuir adsorption isotherm models were thoroughly
compared and examined for the adsorption data obtained.

Freundlich suggests multilayer adsorption at rough or
heterogenous and irregular surfaces.35 Langmuir postulates
monolayer adsorption.34 Langmuir isotherm assumes a uniform
distribution of the adsorbate over the adsorbent. Similarly, the
adsorbed molecules and immobilized molecules do not interact
in the solution.

Freundlich (Equation 3) and Langmuir (Equation 4) isotherms
are expressed by following equations.

logq logK logCe f
1
n e= + (3)

1 1 1
q Q bQ Ce max max e

= + (4)

where, 1/n and Kf are Freundlich constants associated with
adsorption intensity and adsorption capacity, respectively. qe

(mg g–1) is the adsorption capacity and Ce (mg L–1) the concentra-
tion at equilibrium, respectively. Similarly, Qmax represents
adsorption in a monolayer (mol g–1) and Langmuir constant is
represented by b (L mol–1).

2.5. Kinetic Studies
Adsorption kinetics is mainly concerned with the mechanism

and rate of chemical or physical change. The rate-determining
step in the mechanism of chemical change was explored with
the help of kinetic modelling. In the present investigation
the Lagergren’s pseudo-first-order (Equation 5), Lagergren’s
pseudo-second-order (Equation 6) and Elovich (Equation 7)
models were studied and applied to the sorption data.

log q q logq te t e
K 1

2.303( )− = + (5)

t t
q K q qt 2 e e

= +1
2 (6)

q ln ( ) ln(t)t
1 1= +β βαβ (7)

In the above expressions, K1 (L min–1) denotes the equilibrium
rate constant of Lagergren’s pseudo-first-order adsorption, K2
(g mg–1 min–1) represents the rate constant of Lagergren’s
pseudo-second-order adsorption, qe (mg g–1) and qt (mg g–1)
refer to the dye adsorbed at equilibrium and at any time (t, min),
respectively. α (mg g–1 min–1) is the rate constant of chemi-
sorption, and β is constant related to the surface coverage.

Adsorption of RBR 3BS on treated WH and AC was proposed
to take place via either film diffusion or particle diffusion. Move-
ment of adsorbate molecules towards the external surface of
adsorbent (external transport > internal transport) takes place in
film diffusion, whereas transport of adsorbate within the pores
of the adsorbent (external transport < internal transport) is seen
in particle diffusion.31

To distinguish between these two diffusion mechanisms, and
to determine the exact rate-controlling step, Boyd’s diffusion
model was applied to the experimental data. Boyd’s model
postulates the dominance of film diffusion or particle diffusion
with the help of standard equations (Equations 8–12).31

F
Q
Q

t=
∞

(8)
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B ln(1 – F)t = − −0 4977. (9)
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Δ
R
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B ( D / r )2
i

2= π (12)

In the above equations, F is fractional attainment of equilib-
rium at a given time t, where q∞ and qt represent dye adsorption
capacities at infinity and at time (t, min), respectively. Bt is a func-
tion of F, –0.4977 is a constant value obtained from Reichen-
berg table for F-value > 0.85. Do (cm2 min–1) and Di (cm2 min–1)
stand for pre-exponential factor and effective diffusion coeffi-
cient, respectively. Ea (J mol–1) represents activation energy,
R (J K–1 mol–1) signifies the universal gas constant, d (cm) is
adsorbent successive site average distance, k (J K–1) denotes
Boltzmann constant and ΔS# (J K–1 mol–1) represents entropy of
the system, and r is the radius of adsorbent particle calculated
from mesh size.

From the above expressions, the values of fractional attain-
ment (F) and Bt were calculated to plot Bt vs. t (Boyd’s plot)
graphs. From the slope of these plots (i.e. B) values of Di and Do
were estimated, which were useful to distinguish between
film and particle diffusion.32 According to Boyd’s model, if the
plots of Bt vs. t produces straight line passing through the origin,
then intra particle diffusion acts as a rate-determining step.
However, if the lines were not straight/curved or linear, but not
passes through origin then film diffusion is dominant.32 The
application of Boyd’s model thus essentially distinguishes
between the two-adsorption mechanisms (namely particle
diffusion and film diffusion) to estimate the rate-determining
step of adsorption.

2.6. Thermodynamic Studies
Thermodynamic studies mainly deal with the spontaneity and

feasibility of chemical change. Thermodynamic studies are also
helpful to estimate adsorption mechanisms in adsorption
studies.34 The heat of formation of products and temperature of
deformation of reactants govern the exothermic and endother-
mic adsorption nature. In the present investigation, thermody-
namic parameters like change in entropy (ΔS), Gibbs free energy
(ΔG), and change in enthalpy (ΔH) were computed using the
relations below (Equations 13–15).

ΔG RT ln b= − (13)

ΔH R
T T

T – T
b
b

2 1

2 1

2

1
= −

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟ln (14)

Δ Δ Δ
S

H – G
T
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In the expression above, b represents the Langmuir constant,
R (J K–1 mol–1) is universal gas constant and T (K) represents tem-
perature.

2.7. Error Analysis
Statistical error analysis is a vital tool to compare experimental

variance with theoretical variance to establish accuracy of any
model.36 To ascertain the error distribution associated with the
system error functions, viz. χ2 (chi-square) (Equation 16), ΣABS
(sum of absolute errors) (Equation 17) and NSD (normalized
standard deviation) (Equation 18) were studied. These error
functions were applied to kinetic and isothermal models to vali-
date the experimental values.

χ2 e exp e modeli=1

N

e exp

(q q )

q
=

−∑ (16)

ABS |q q |e exp e modeli=1

N∑ ∑= − (17)

NSD
(q q )]

N
e exp e model

2

=
−∑100

[
(18)

where qe (mg g–1) is the modelled dye adsorption capacity, qe exp.
(mg g–1) is the experimental dye adsorption capacity and N is the
number of observations.

3. Results and Discussion

3.1. Characterization of Adsorbents

3.1.1. FTIR
FTIR spectra of untreated WH stem adsorbent (Fig. 3a) showed

some key vibrational peaks in the fingerprint region. The peak
observed at 1029 cm–1 was due to C–O stretching. Signals at
1319 cm–1, 1369 cm–1 and 1423 cm–1 indicated C–H bending.
Peaks observed at 1623 cm–1 and 1737 cm–1 were owing to C=C
and C=O stretching vibrations, respectively. Similarly, func-
tional group region consisted of peaks at 2918 cm–1 and 3333 cm–1

for C–H and O–H stretching vibrations, respectively. The
last-mentioned peaks in spectra were due to carbohydrate and
cellulose moieties present in the untreated adsorbent.

After surface modification, the treated stem adsorbent (Fig 3a)
showed a variation in the case of the two characteristic peaks at
2854 cm–1 and 2918 cm–1. This variation was due to the C–H
stretching due to the presence of alkyl groups associated with
N-Cetyl-N,N,N–trimethyl ammonium bromide (activation
agent), confirming surface modification. Other than this, all the
other peak patterns remained unchanged. The FTIR spectra of
untreated and treated WH stem adsorbents highlighted the
functional group change.

In case of AC, the FTIR spectra (Fig. 3b) contained peaks at
443 cm–1, 479 cm–1, 511 cm–1, 545 cm–1 and 576 cm–1 due to C–H
bending. Peak at 1556 cm–1 indicated C=C stretching.
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Figure 3 (a) Overlay of FTIR spectra for untreated and treated WH stem
adsorbents and (b) FTIR spectrum of activated charcoal adsorbent.
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3.1.2. SEM
SEM images show untreated WH stem adsorbent (Fig. 4a),

treated WH stem adsorbent (Fig. 4b) and AC adsorbent (Fig. 4c).
Based on visual observation, the untreated WH stem adsorbent
showed a lumpy and less porous morphology, whereas treated
WH stem adsorbent revealed a soft and highly porous morphol-
ogy. Activation of the adsorbent thus increased the porosity, and
this increased the adsorption capacity. SEM image of AC showed
a rough and an uneven surface with a porous texture. The SEM
images were useful in morphological elucidation.

3.1.3. CHNO
CHNO analysis was performed to understand the changes in

the chemical composition of untreated and treated WH
adsorbents. The elemental content of untreated WH adsorbent,
for nitrogen (N), carbon (C), oxygen (O) and hydrogen (H) was
0.12 %, 32.60 %,62.33 % and 4.95 %, respectively, whereas, the
same for treated WH adsorbent was 6.41 %, 40.50 %, 51.72 % and
1.37 %, respectively. The increase in the percentage of carbon,
hydrogen and nitrogen in the treated WH was due to an
increased carbon, hydrogen, and nitrogen load of the activation
agent N-Cetyl-N,N,N–trimethyl ammonium bromide. This
compositional change confirmed that activation took place.
Elemental content of AC, which gave the percentage of nitrogen
(N), carbon(C), oxygen (O) and hydrogen (H) as 3.75 %, 71.00 %,
22.75 % and 2.50 %, respectively, was also determined for
comparison.

3.1.4. PZC
The activation process was also confirmed by PZC determina-

tion, using the ‘pH drift’ method. The graphs of final pH vs.
initial pH values were plotted for untreated and treated WH
stems adsorbents (Fig. 5a and Fig. 5b). The PZC analysis indi-
cated the residual surface charge on untreated and treated WH
stems adsorbents. The PZC for untreated WH stems adsorbent
was found to be 6.2, suggesting anionic charges at the surface,
whereas for treated WH stems adsorbent the value of PZC was

found to be 8.0, inferring a cationic charge at surface. The
phenomenon thus supported the activation process, where the
negatively charged untreated adsorbent became positively
charged after surface modification.

3.2. Adsorption Studies
In preliminary analysis, WH roots, stems and leaves adsor-

bents in the untreated form showed 22.7 % (23.7 mg g–1), 29.5 %
(30.8 mg g–1) and 18.1 % (18.9 mg g–1) dye decolorization and
adsorption capacities, respectively. After surface modification
the treated adsorbents were again analyzed and showed 89.8 %
and 93.8 mg g–1, 99.8 % and 104.2 mg g–1, and 89.1 % and
93.0 mg g–1 dye removal for root, stem and leaves, respectively
Thus, surface modification treatment increased the dye de-
colorization capacity of untreated WH adsorbents. The order of
dye decolorization capacity was in line with the percentage
cellulose content in the roots, stems and leaves of WH, i.e. WH
stems > WH roots > WH leaves. Out of the treated roots, stems
and leaves, stems showed the highest dye decolorization activity
and was selected for further investigation. Comparing with WH
treated stem adsorbent, the AC (Commercial grade, powder
form, Merck, India) showed 9.8 % (10.4 mg g–1) dye removal.
Surface treated WH stem adsorbent thus exhibited highest
efficiency for dye removal and provides a suitable substitute
for AC.

3.3. Impact of Physicochemical Process Parameters

3.3.1. Effect of pH
The effect of pH on dye uptake by treated WH stem adsorbent

and AC was investigated within a pH range of 2 to 11. As shown
in Fig. 6, low dye adsorption was observed at pH 2 for the treated
WH stems adsorbent. Low dye adsorption was due to ionic
repulsion due to high positive charge accumulation at the adsor-
bent surface. The maximum dye adsorption for WH stems
adsorbent was obtained at pH 3, after which the quantity of dye
adsorbed remained almost constant till pH 11. This phenome-
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Figure 4 SEM images for (a) untreated WH stem adsorbent, (b) treated WH stem adsorbent and (c) AC adsorbent.
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non of constant adsorption concerning pH, was due to the role
of activating agent (N-Cetyl-N,N,N–trimethyl ammonium bro-
mide). The activating agent formed a positively charged layer
over negatively charged OH group of the cellulose present in
untreated WH stems adsorbent. Surface treatment cancelled
the negative zeta potential on untreated WH stems adsorbent
making it positively charged, which attracted negatively
charged dye molecules in the solution.37

AC, showed a linear decrement in dye uptake from pH 2 to 7,
and after pH 7 adsorption remained constant till pH 11. At low
pH, the surface of AC gets protonated due to a high positive
charge, which acted as a binding site for negatively charged dye
molecules resulting in high adsorption. Similar observations
have been reported in the literature.38 De-protonation increased
from pH 2 to 7, leading to electrostatic repulsion and thus

gradual diminished dye adsorption. From pH 7 onwards,
adsorption remained almost constant, not reducing to zero. This
phenomenon was due to the subsequent interaction like π–π
dispersion.30 On comparing the amount of dye adsorbed by both
adsorbents; pH 3 was selected as the optimum pH to carry out
further batch studies.

3.3.2. Effect of Adsorbent Dosage
It was evident from Fig. 7 that in case of treated WH stems

adsorbent, there was a gradual increase in dye adsorption from
0.025 to 0.05 g, after adsorption stayed constant till 0.5 g. On the
other hand, AC showed a proportionate dye adsorption till 0.3 g,
beyond which it was marginal till 0.5 g. The marginal increase or
constant value of adsorption indicated active site saturation of
the adsorbent surface, at a particular concentration at room
temperature. As depicted in the Fig. 7, 0.05 g of treated WH stems
adsorbent showed 52.9 × 10–4 g dye adsorption. This was equiv-
alent to activity showed by 0.5 g of AC, i.e. 51.9 × 10–4 g. There-
fore, treated WH stems adsorbent was ten times more potent
than AC for dye adsorption and had the potential to become an
efficient alternative to AC.

3.3.3. Effect of Temperature
Temperature has a significant impact on dye adsorption. In

this study, variation in dye uptake was investigated at 27 °C,
40 °C, and 50 °C for treated WH stems and AC adsorbents (Fig. 8).
In the case of treated WH stems adsorbent, dye adsorption
slightly decreased with a rise in temperature. At 27 °C it was
52.1 × 10–4 g, which reduced to 51.3 × 10–4 g at 50 °C. Increase in
mobility and solubility of dye molecules at high temperatures
lead to desorption. However, AC adsorbent showed the opposite
effect. With the increase in temperature, it showed a rise in dye
adsorption from 5.2 × 10–4 g to 10.9 × 10–4 g. This behaviour is
supported by the fact that high temperature causes an increase
in dye molecule penetration into the adsorbent micropores,
creating new active sites and thus increasing adsorption. These
contradictory results were due to the different bonding behav-
iour and bond strength between dye molecules and the adsor-
bent.39, 40 Maximum uptake capacity, i.e. dye uptake per gram of
adsorbent, for the treated WH stems and AC adsorbent was
104.2 mg g–1 and 10.4 mg g–1 respectively, at 27 °C. Taking into
consideration the efficiency and practicality, 27 °C was found
ideal for further batch studies.
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Figure 6 Effect of pH alteration on dye uptake for treated WH stems and
AC adsorbents. (Dye concentration = 4.5 × 10–5 (mol L–1); adsorbent =
0.2 g; and contact time = 180 min.).

Figure 7 Effect of varying adsorbent dosage on dye uptake for treated
WH stems and AC adsorbents. (Dye concentration = 4.5 × 10–5 (mol L–1);
volume of dye solution = 100 mL; and contact time = 60 min.)

Figure 5 PZC plots for (a) untreated WH stem adsorbent and (b) treated
WH stem adsorbent.
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3.3.4. Equilibrium Concentration and Adsorption Isotherms
Initial dye concentration is of utmost importance in adsorption

studies. As seen in Fig. 9, there was a linear increase in dye
uptake from 1.0 × 10–5 mol L–1 to 6.0 × 10–5 mol L–1, for both
the adsorbents. After the mentioned concentration, the curves
attained saturation or equilibrium and became non-linear.
Surface diffusion was responsible for this initial linear increase
in dye uptake, whereas pore diffusion was responsible for satu-
ration.41

Taking into account the concepts of Lamberts Beers law for
concentration and absorbance,42 the optimum concentration
4.5 × 10–5 mol L–1 was used for batch studies. The results of batch
studies were mapped with Freundlich and Langmuir isotherms
(Fig. 10), to ascertain the mechanism and mode of adsorption.
Error modelling was carried out on experimental results to
establish the best fit model.

Freundlich plots were plotted as log qe vs. log Ce (Fig. 10a). The
constants n and Kf were obtained from intercepts (log Kf) and
slopes (1/n), respectively. Similarly, Langmuir isotherms were
plotted as 1/qe vs. 1/Ce, (Fig. 10b,c). b and Qmax values were
derived from intercepts (1/Qmax) and slopes (1/bQmax), respec-
tively. The experimental results were validated with the help
chi-square, NSD, and EABS error functions (Table 1).

Table 1 shows that R2 values for the Langmuir isotherm for
both the adsorbents are lower than the Freundlich isotherm;

suggesting a better fit and a highest linearity for Langmuir iso-
therm. As per Table 1, in case of Langmuir isotherm, the values
of chi-square (χ2) at 27 °C were 3.14 × 10–5 and 0.09 × 10–5, the
values of EABS were 10.40 × 10–5 and 1.23 × 10–5 and the values
of NSD were 18.36 and 5.36, for the treated WH stems and AC
adsorbents, respectively. A smaller value of these error functions
in Langmuir on comparing with Freundlich, suggested the high-
est accuracy and smallest deviation for the Langmuir isotherm.
Thus, experimental results followed the Langmuir isotherm for
adsorption, implying monolayer adsorption.
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Figure 8 Effect of temperature on dye uptake for treated WH stem and
activated charcoal adsorbents. (Contact time = 60 min; dye volume =
100 mL; pH = 3.0; and adsorbent dosage = 0.05 g.)

Figure 9 Effect of dye concentration on dye uptake for treated WH stems
and activated charcoal adsorbents. (Contact time = 60 min; volume of
dye solution = 100 mL; pH = 3.0; and adsorbent dosage = 0.05 g.).

Figure 10 (a) Freundlich isotherm plot for treated WH stems and AC
adsorbent. (b) Langmuir isotherm plot for treated WH stem adsorbent.
(c) Langmuir isotherm plot for AC adsorbent.

Table 1 Adsorption isotherm and error analysis parameters for treated
WH stems and AC adsorbents at 27 °C.

Isotherms Parameters Treated WH stems AC
adsorbent adsorbent

Freundlich Kf × 10–3 1.55 0.81
1/n 0.21 0.31
R2 0.6580 0.9442
χ2 × 10–5 18.22 0.53
ΣABS × 10–5 35.44 3.75
NSD 43.39 12.02

Langmuir Qmax × 10–5 (mol g–1) 19.41 4.16
b × 105 (L mol–1) 51.53 1.83
R2 0.9504 0.9811
χ2 × 10–5 3.14 0.09
ΣABS × 10–5 10.40 1.23
NSD 18.36 5.36
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3.3.5. Contact Time and Kinetic Studies
Investigations to study the impact of contact time were per-

formed with 0.05 g of treated WH stems and AC adsorbent at
27 °C for 60 min. A dye solution of pH 3.0 and concentration 4.5 ×
10–5 mol L–1 was utilized for the experiments. After a fixed time
interval of 10 min, the aliquots were sampled and tested spectro-
photometrically for dye adsorption. It is evident from Fig. 11
that, about 60–70 % adsorption took place within the first 10 min,
for both adsorbents. Adsorption slowly increased till 50 min and
attained equilibrium at 60 min due to active site saturation,
which hindered further adsorption.

WH stem and AC adsorbent dye uptake was found to be 49.5 ×
10–4 g and 8 × 10–4 g, at equilibrium, respectively (Fig. 11). Thus,
treated WH stems adsorbent was found to be more effective
than AC adsorbent for dye removal within a reasonable contact
time of 60 min.

Kinetic evaluation was done by correlating the above data
gathered from the contact time experiment with pseudo-first-
order, pseudo-second-order, and Elovich models (Fig. 12), based
on regression coefficient (R2), to ascertain the rate-controlling
step of adsorption. Pseudo-first-order parameters K1, qe and qt
were estimated from Fig. 12a, where the slope was (–K1/2.303)
and intercept was (log qe). Similarly, pseudo-second-order
parameters K2, qe, and qt were obtained from Fig. 12b, where
the slope was (1/qe) and intercept was (1/K2qe

2). The Elovich
constants α and β were computed from Fig. 12c, where the slope
was (1/β), and intercept was (1/β.ln α. β). All these parameters are
listed in Table 2.

To establish the best fit, these models were tested statistically
with chi-square (χ2), NSD, and ΣABS error functions (Table 2).

Table 2 and Fig. 12a,b,c depict that the R2 values for both the
adsorbents for pseudo-second-order model were high and near
unity in comparison to pseudo-first-order and Elovich models,
suggesting the highest linearity and precision within the
observed results. Similarly, for pseudo-second-order model, the
error function chi-square (χ2), ΣABS and NSD were found to be
0.83 × 10–1, 5.63, 1.23 for treated WH stems adsorbent and 0.39 ×
10–1, 1.32, 2.21 for AC adsorbent, respectively. Least value of
pseudo-second-order error functions showed less deviation and
highest accuracy in comparison with the pseudo-first and
Elovich models at 27 °C. The above results imply the occur-
rence of pseudo-second-order route by the adsorbate-adsorbent
system.

The adsorption of RBR 3BS dye on treated WH stem and AC

adsorbents took place via either particle diffusion or film diffu-
sion. To determine the exact mode of adsorption and rate-
controlling step, Boyd’s model was introduced.43 The values of
F and Bt, were estimated from Equation 9 (ref. section 2.5) at two
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Figure 11 Effect of contact time on dye uptake for treated WH stems
and AC adsorbents. (Dye concentration = 4.5 × 10–5 (mol L–1); pH = 3.0;
temperature = 27 °C; and adsorbent dosage = 0.05 g.)

Figure 12 Plots of (a) the pseudo-first-order, (b) the pseudo-second-
order and (c) the Elovich models for treated WH stems and AC adsor-
bents. (Dye concentration = 4.5 × 10–5 (mol L–1); pH = 3.0; adsorbent
dosage = 0.05 g; and contact time up to 60 min.)

Table 2 Kinetics and error analysis parameters for treated WH stems and
AC adsorbents at 27 °C.

Kinetic models Parameters Treated WH stems AC
adsorbent adsorbent

Pseudo-first-order R2 0.9164 0.9002
K1 (1/min) 0.051 0.032
χ2 × 10–1 1.98 1.06
ΣABS 6.30 2.14
NSD 1.90 3.64

Pseudo-second-order R2 0.9980 0.9913
K2 (mg g–1 min–1) 0.003 0.008
χ2 × 10–1 0.83 0.39
ΣABS 5.63 1.32
NSD 1.23 2.21

Elovich R2 0.9463 0.9165
α (mg g–1 min–1) 1.78 × 10–29 8.44 × 10–3

β (g mg–1) 8.40 2.96
χ2 × 10–1 1.84 1.45
ΣABS 6.29 2.18
NSD 1.83 4.43
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distinct temperatures 27 °C and 40 °C. Further according to the
Boyd’s model, plots of Bt vs. t (Fig. 13) were plotted for
experimental observations at 27 °C and 40 °C, and the patterns
obtained were studied.

From Fig. 13 (a) and 13(b), it was observed that the plots of Bt vs.
t for both adsorbents, viz. WH and AC at both temperatures were
found to be linear (in straight line) did not pass through the
origin. This observation supports the postulates of Boyd’s model
concluding that film diffusion was the rate-determining step.44,45

Further from the Boyd’s plot, effective diffusion coefficient (Di)
and pre-exponential factor (Do) were calculated using the slope
of straight lines, i.e. B. With a shift from 27 °C to 40 °C, there was a
rise in the Di values (1.44 × 10–6 to 1.47 × 10–6) for WH stems
adsorbent. Similarly, an increase in Di values (9.63 × 10–8 to
10.14 × 10–8) was also observed for AC adsorbent. This increase
in Di value with temperature due to increased ion mobility,
indicating reduction in hindering forces at a higher tempera-
ture. Fractional attainment, i.e. F, was calculated from Reichen-
berg’s table.46 The energy of activation was computed as
8.65 kJ mol–1 and 8.98 kJ mol–1 for treated WH stems and AC
adsorbent, respectively. Straight-line plots for log (1 – F) vs. t for
both adsorbents (not incorporated here) confirmed dye mole-
cule external transport over the adsorbent surface, via film diffu-
sion. Thus, film diffusion determined the rate of adsorption over
both adsorbents in this study.

3.4. System Thermodynamics
System thermodynamics is an integral part of adsorption

studies. Crucial thermodynamic parameters like change in
entropy (ΔS), enthalpy (ΔH) and Gibbs free energy (ΔG), were
determined (Table 3).

Values of DG showed the process to be spontaneous, exother-
mic and feasible for both the adsorbents. The values of ΔH, i.e.
–5.77 and 1.32 kJ mol–1 for treated WH stems and AC adsorbent,
confirmed physisorption. Physisorption depended upon bond-
ing strength of the two interacting molecules.47 Exothermic
nature of adsorption caused random movement of adsorbate
moieties; leading to increase in molecular disorder. Positive

value of ΔS thus confirmed this randomness associated with said
adsorbate–adsorbent system.

4. Conclusion
This study successfully demonstrated that increased adsorp-

tion is obtained via surface modification of WH adsorbent with a
quaternary ammonium salt. Out of the surface-treated WH
roots, stems and leaves adsorbents, the stems showed highest
dye decolorization capacity. To further assess the efficacy, the
treated WH stem adsorbent was compared with commer-
cial-grade AC.

The optimum conditions for highest dye decolorization were
pH 3, adsorbent dosage 0.05 g, the contact time 60 min, initial dye
concentration 4.5 × 10–5 mol. L–1 and the solution temperature
27 °C. At optimum conditions, treated WH stems adsorbent and
AC showed 99.8 % and 9.8 % dye decolorization, respectively.
Maximum adsorption capacity at 27 °C, i.e. dye uptake per gram
of adsorbent, for the treated WH stems adsorbent and AC was
104.2 mg g–1 and 10.4 mg g–1, respectively. Thus, treated WH
stems adsorbent was found to be 10 times more active compared
to AC for dye adsorption.

The adsorption was an ideal fit for the Langmuir isotherm,
proving the ongoing adsorption to be monolayer adsorption.
Both adsorbent systems, i.e. treated WH stems and AC adsor-
bents, followed pseudo-second-order kinetics, along with film
diffusion model. System thermodynamics supported the spon-
taneous nature of adsorption.

Chemical surface activation of WH thus proved its excellence
for dye removal, exhibiting the effectiveness of the adsor-
bent and the efficiency of the process. Hence, treated WH stem
adsorbent proved to be an economical, efficient, and viable
alternative to commercial grade AC for removal of the dye.
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Fig. S1  log (1-F) vs. t plot at 27°C for treated WH stem and AC adsorbents 
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Fig. S2  log (1-F) vs. t plot at 40°C for treated WH stem and AC adsorbents 
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