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ABSTRACT

In the current study, a novel low cost biosorbent was developed using water hyacinth root powder for
the biosorption of a phenoxy pesticide (2,4-dichlorophenoxy acetic acid) from its aqueous solution.
Initially, biosorbents were prepared by systematically modifying the water hyacinth root powder
with acid, thermal, ultrasound, thermal-acid and ultrasound-acid treatments. The ultrasound-acid
modified biosorbent exhibited superior biosorption capacity over the others with a maximum bio-
sorption capacity of 40.0 mg g. For the ultrasound-acid treated biosorbent, three biosorption oper-
ation parameters namely biosorbent dosage, solution pH and initial pesticide concentration were
varied to obtain their optimal values for maximum biosorption capacity. A maximum removal of
91% was obtained for 4 g L' dosage of ultrasound-acid modified biosorbent at pH of 4 in 100 mg L™ of
the pesticide solution. The presence of various sulphur containing functional groups on the surface
of ultrasound-acid treated biosorbent might be the reason for the enhanced biosorption capacity. The
biosorption kinetic data obtained for different initial concentrations with the optimal values of bio-
sorbent dosage and pH were well fitted to pseudo second order kinetic model indicating chemisorp-
tion type interaction. The biosorption equilibrium data was well fitted to Langmuir isotherm model
which represent mono layered biosorption. The presence of intra particle and film diffusion lim-
itations for the biosorption were confirmed using two well-known intra particle diffusion models
namely Weber and Boyd.

Keywords: Biosorption; Biosorption kinetics; Biosorption isotherm; Water Hyacinth Root Powder;
2;4-dichlorophenoxy acetic acid; Pesticide

1. Introduction component in many herbicide mixtures. The half-life of
2,4-D is dependent on the natural sources where it is accu-
mulated. Under aerobic conditions, the half-life of 2,4-D
in water varies from days to many weeks. On the other
hand, the half-life of 2,4-D in water is more than 120 days
under anaerobic conditions [2,3]. The solubility of 2,4-D
in water is 900 mg L™ [4] and the maximum acceptable
limit of 2,4-D in potable water is 100 ppb [5]. However,
studies indicated that 2,4-D can damage human cells and
causes cancer. Considering the health risks of 2,4-D, it is
very essential to find out techniques to separate the same
from contaminated waters.

Due to its selectivity, cost efficiency and effectiveness
at lower contaminant concentrations, adsorption is con-
sidered to be a suitable method over the other available

The extensive agriculture and cultivation to full fill
the requirements of exponentially growing population
have resulted in the increased usage of pesticides leading
to serious water contamination. The presence of pesticide
residues mainly chlorophenols in water bodies can pose
serious damage to ecosystems. 2,4-dichlorophenoxy ace-
tic acid (2,4-D) is a phenoxy compound and an import-
ant one among chlorinated pesticides. It is widely used
as a systemic herbicide for the selective removal of var-
ious types of broad leaf weeds found in different crops
[1]. 2,4-D is a toxic, poorly biodegradable and an essential
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methods (photochemical degradation, membrane filtra-
tion, coagulation etc.) for the removal of dyes, heavy met-
als and pesticides like 2,4-D from environmental matrices
[6-8]. Generally, activated carbons and synthetic resins are
vividly used as adsorbents due to favourable character-
istics such as high surface area, porosity and presence of
different functional groups. However, these materials are
not much viable due to high preparation costs, especially
when they are derived from non-renewable sources. Thus,
the development of low cost and efficient biosorbents using
renewable and easily available biomass has received great
attention in the last decade [9]. Moreover, the removal of
pesticides using various low cost biosorbents is a novel
research topic now [10].

Water Hyacinth (WH) is an invasive, rapidly growing
and multiplying aquatic weed which is highly tolerant to
pollution [11]. It is regarded as an extreme threat to ecolog-
ical balance in and around water bodies [12]. Earlier, WH
biomass was shown to be an effective biosorbent for the
removal of different types of heavy metals and dyes [13,14].
The development of low cost WH based biosorbents can be
considered as an option because of the abundance of WH in
aquatic systems as waste biomass [15].

Nevertheless, WH based biomass has not been exten-
sively explored for the removal of harmful pesticides such
as 2,4-D. To the best of our knowledge, this is the first work
reporting different physical and chemical modifications
of Water Hyacinth Root Powder (WHRP) and testing the
modified biosorbents for the removal of pesticide 2,4-D. In
this study, ultrasound-acid modification of virgin biosor-
bent was found to be suitable for favourable biosorption
of 2,4-D. Different characterization techniques were per-
formed to study the thermal stability, specific surface area,
morphology and the presence of various functional groups
on the biosorbent surface. For the ultrasound-acid modified
biosorbent, the optimal values of biosorbent dosage, solu-
tion pH and initial pesticide concentration were obtained
experimentally. The experimental data was fitted for differ-
ent kinetics and equilibrium models. The ultrasound-acid
modification of WH biosorbent was found to be suitable for
2,4-D biosorption.

2. Materials and methods
2.1. Adsorbate

The analytical grade 2,4-D of 97% purity was purchased
from Sigma Aldrich (USA) and the standard stock solu-
tions were prepared by dissolving the pesticide in millipore
water. Using this stock solution, solutions of required 2,4-D
concentrations were prepared by appropriate series of dilu-
tions. The general characteristics of 2,4-D are listed in Table
S1 (supplementary data).

2.2. Preparation and modification of biosorbent

WH plants were grown in an artificial cultivation
pond. The roots were separated and washed with dis-
tilled water. The cleaned roots were dried at 105°C for 24
h followed by grinding. The resultant powder was used
as the base material for the preparation of modified bio-

sorbents. The WHRP was broadly modified in three differ
ent ways as shown in Table 1 (physical, chemical and
physicochemical).

2.2.1. Physical modification

In case of physical modifications, the first one (thermal
treatment) was carried out in a muffle furnace at three dif-
ferent temperatures (300, 500, 700°C) with no external air
or gas supply for 3 h. The yields of obtained chars at 300,
500 and 700°C were 67%, 56% and 22% respectively. In the
second method of physical modification, the powders were
ultrasonicated (20 amplitude) for three different time inter-
vals (15, 30, 60 min) separately, followed by water wash and
drying for one day at 70°C. The prepared biosorbents by
physical modifications were tested directly for the biosorp-
tion of 2,4-D.

2.2.2. Chemical modification

Here, solutions of aqueous sulphuric acid of three dif-
ferent concentrations (4, 6, 10 (v/v) %) were employed. In
each case, 2 g of WHRP was incubated in the correspond-
ing acid solution for one day, 100 rpm at 30°C followed
by washing with distilled water. The treated WHRPs were
dried at 70°C for 24 h and later tested for the biosorption
of 2,4-D.

2.2.3. Physicochemical modification

Two different types of physiochemical modifications
namely thermal-acid treatment and ultrasound-acid treat-
ment were employed for the raw biosorbent, i.e., WHRP. In
both methods, the optimized sulphuric acid concentration
(6%, v/v) that was found in the chemical modification for
the removal of 2,4-D was used. In the first physicochem-
ical modification, the thermally treated (300, 500, 700°C)
powders of WHRP were acid modified using 6% (v/v)
sulphuric acid solution followed by washing and drying
(70°C for 24 h). In the second physicochemical modification,
WHRP is ultrasonicated for three different durations (15, 30,
60 min) separately in the optimized concentration of sul-
phuric acid solution. The treated biosorbents were washed
and dried as mentioned above. The treatment conditions
are given in Table 1.

Table 1

Modifications of WHRP
Type of Method of Conditions
modification modification
Physical Thermal 300°C, 500°C, 700°C

Ultra sonication 15, 30, 60 min
Chemical Acid treatment 4,6,10 (v/Vv) %,
H,SO,

Physicochemical Thermal + Acid 300, 500, 700°C + 6

(one after the other) (v/v) %, H,SO,
15, 30, 60 min, + 6

(v/v) %, H,S0,

Ultra sonication +
Acid (together)




M.T. Aswani, M.V. Pavan Kumar / Desalination and Water Treatment 165 (2019) 163-176

2.3. Characterization of biosorbent

The surfaces of selected biosorbents were analysed using
Fourier Transform Infrared (FT-IR) spectrometer (Cary 630,
Agilent technologies, Malaysia) in the range of 4000-400
cm™ to know about various functional groups present on
the biosorbents surfaces. Thermal characteristics of selected
biosorbents were tested using Thermo Gravimetric Analy-
ser (TGA) in the range of 30-900°C with a heating rate 10°C
min™? in nitrogen/inert atmosphere (STA7200, Hitachi,
Japan). The surface topography was analysed using Scan-
ning Electron Microscopy (SEM) analyser (JEOL Model
JSM-6390LV, Japan). The specific surface areas of selected
biosorbents were estimated using Micromeritics ASAP 2020
Porosimeter using Brunauer Emmett Teller (BET) isotherm
model.

2.4. Batch biosorption studies

The batch biosorption studies were performed (till
attaining equilibrium) in 100 mL beakers with 50 mL solu-
tion of 100 mg L pesticide concentration with a stirring rate
of 250 rpm (magnetic stirrer) at native solution pH. After
identifying the biosorbent for the maximum removal of
2,4-D, the effect of different parameters such as biosorbent
dosage, initial pH of solution and initial solution concen-
trations on the removal of 2,4-D were studied for the same
biosorbent and the optimal operating values were obtained
in sequential manner. Three different dosages (2,4, 6 g L™)
were tested for this purpose. The influence of solution pH
on biosorption was studied in the pH range of 2-11. The pH
of the solution was adjusted using 0.1 M HCl and 0.1 M
NaOH. Using a stock solution of 2,4-D (500 mg L), differ-
ent solutions with concentrations in the range of 20-180 mg
L™ were prepared to study the effect of initial concentration
on the 2,4-D biosorption. The samples were carefully col-
lected from each batch experiment at regular time intervals,
centrifuged at 4500 rpm for 10 min and tested for the pesti-
cide concentration using double beam UV-Vis spectropho-
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tometer (Perkin-Elmer Lambda 650, USA) at 284 nm [8].
The amount of pesticide (g, mg g™') biosorbed and percent-
age of pesticide removal (R) at time ¢ (min) were calculated
by Eq. (1) and Eq. (2) [16]:
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where C and C, (mg L) represent initial concentration and
concentration at time ¢, respectively. W (g) is the amount
of biosorbent used and V is the total volume of pesticide
solution in L.

3. Results and discussion
3.1. Effect of biosorbent modification

Initially, the unmodified (WHRP) and modified biosor-
bents were tested under batch mode at native pH and room
temperature. Fig. 1a shows that the acid treatment alone
significantly improves the biosorption characteristics of vir-
gin root powder. A maximum of 70% removal of 2,4-D was
seen with the acid modification of WHRP biosorbent with
6% H,SO, solution. The percentage of removal of 2,4-D with
10% H,SO, solution treated biosorbent is 66. This decrease
in biosorption capacity might be due to the structural
changes of active functional groups present on the surface
of biosorbent. The modification of biosorbent with higher
concentration of H,SO, may result in the decrease of solu-
tion pH during batch biosorption leading to lesser uptake
of 2,4-D.

The thermal treatment alone or its combination with
acid treatment of WHRP could not exhibit favourable bio-
sorption characteristics as shown in Fig. 1b. The thermal
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Fig. 1. Biosorption of 2,4-D by water hyacinth root biosorbents: (a) acid treated, (b) thermal and thermal-acid treated (c) ultrasoni-
cated and ultrasound-acid treated (biosorbent dosage: 2 g L, initial 2,4-D solution concentration: 100 mg L, Exposure time: 3 h,

stirring speed: 250 rpm at native pH).
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treatment at higher temperatures may destruct the surface
structure and internal pore channels. These changes can
potentially reduce the uptake of adsorbate during biosorp-
tion.

A maximum of 82% removal of 2,4-D was seen in the
batch biosorption experiments with ultrasound-acid modi-
fied biosorbent (6% H,SO, solution, 30 min) as shown in Fig.
1c. The equilibrium percentage removal for ultrasound-acid
treated biosorbent of 15 and 60 min of sonication are 56 and
54 respectively. Increase of treatment time to 60 min can
change the biosorbent structure and reduce the available
active sites for the biosorption.

Note that the unmodified biosorbent and thermal-acid
treated biosorbent exhibited poor biosorption characteris-
tics as shown in Figs. 1a and 1b. As ultrasound-acid modifi-
cation (6% H,SO,, 20A, 30 min) of the biosorbent yielded to
the highest biosorption capacity, further batch studies were
performed using this ultrasound-acid modified biosorbent to
identify optimal biosorbent dosage, pH and initial concentra-
tion sequentially. Overall, the acid treatment has a significant
positive effect on the biosorption characteristics for the WHRP.

3.2. Characterization of biosorbents

The characterisation of biosorbent materials is vital to
correlate their properties with the observed biosorption
efficiencies. The characterization studies were carried out
on unmodified, acid modified (6% H,SO,, 30 min) and ultra-
sound-acid modified (6% H,SO,, 20A, 30 min) biosorbents.

3.2.1. FT-IR analysis

The FI-IR spectra of the three different WHRP bio-
sorbents (unmodified, acid modified and ultrasound-acid
modified) are shown in Fig. 2a. The broad peak around
3355 cm reveals the occurrence of -OH and -NH stretch-
ing of hydroxyl and amine groups respectively on the sur-
face [17]. The peaks at 2919 cm™, 2115 cm™ and 1710 cm™
are assigned to -CH stretch, C=C bonds and C=0 stretches
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respectively. High intensity peak observed at 1680 cm™
represents C=0 stretch in the case of unmodified WHRP.
With ultrasound-acid modification, the C=O stretch peak
at 1680 cm™ got weakened. Besides, two new bonds viz.,
C-O stretch and -SOH symmetric bend at 1020 cm™ [17] and
1136 cm™ respectively appeared. In the case of acid treated
biosorbent, the above peaks are present but with very low
intensities. In case of ultrasound-acid modified biosorbent,
two peaks at 884 cm™ and 565 cm™ indicate -S(OH), asym-
metric stretch and O-S=0 bond respectively [18]. These two
peaks are not present for the acid treated biosorbent. The
FT-IR analysis results are tabulated in Table S2 (supplemen-
tary data). The significant difference between unmodified
biosorbent and biosorbent with ultrasound-acid modifica-
tion is the presence of the functional groups containing sul-
phur in the latter.

3.2.2. Thermo gravimetric analysis (TGA)

The thermo gravimetric analysis of biosorbents is pre-
sented in Fig. 2b. The weight loss in all cases till 100°C is
attributed to the removal of physically adsorbed moisture
[19]. In case of unmodified biosorbent, the observed loss
of weight in the range of 270-390°C was due to volatiliza-
tion of cellulose and hemicellulose [20]. The next stage of
weight loss in the range of 390-650°C was due to the lignin
decomposition [15]. For the other two biosorbents, there are
no distinguishable stages in the curves with almost steady
weight loss throughout the tested temperature range. The
loss of cellulose and hemicellulose due to acid treatment
can be seen as a main reason for this trend. The presence of
sulphur containing functional groups on the surface may
be the reason for the greater thermal stability of modified
biosorbents in comparison to unmodified one [21].

3.2.3. Specific surface area and surface morphology analysis

The specific BET surface areas of unmodified, acid mod-
ified and ultrasound-acid modified WHRP were 3.3141 m?
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Fig. 2. Characterization of water hyacinth root powders: (a) FT-IR spectra, (b) TGA profiles of unmodified, acid modified and ultra-

sound-acid modified WHRP.
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g™, 6.1765 m? g™ and 6.7388 m* g™ respectively. Komy et al.
[22] studied the adsorption of Cu*" using Eichhornia crassipes
(water hyacinth) and the adsorbent surface area was 4.16 m?
g'. The surface areas of untreated and treated water hyacinth
root biomasses were 3.8189 m* g™ and 4.1978 m? g™ respec-
tively in Muchanyereyi et al. [23]. Hence, the surface areas
of water hyacinth root biosorbents prepared in the current
investigation are in coherence with the earlier works.

The surface properties of water hyacinth plant biosor-
bents were analysed using SEM and the corresponding
images are shown in Fig. 3. The surfaces of modified WHRP
(Figs. 3b, 3c) were coarse, rough and porous compared to
that of the unmodified (Fig. 3a). The ultrasound-acid treat-
ment caused more crumbling due to the partial removal of
hemicellulose and lignin that interconnects the cellulose
fibrils [24] and made the surface more porous. The hetero-
geneous nature of ultrasound-acid modification can poten-
tially introduce more functional groups on the surface [25].
Although the BET surface areas of modified biosorbents
are comparable, the presence of more functional groups on
the surface with ultrasound-acid modification can result in
increased biosorption capacity.

3.3. Biosorption of 2,4-D
3.3.1. Effect of biosorbent dosage and initial solution pH

Three different dosages of ultrasound-acid modified
WHRP (2, 4, 6 g L) were used for biosorption studies in
100 mg L' concentration of 2,4-D solution at native pH. Fig.
S1 (supplementary data) shows the percentage removal of
2,4-D for these three biosorbent loadings. The equilibrium
removal for 2 g L™ and 4 g L™ biosorbent loadings are 74%
and 90% respectively. By increasing the amount of biosor-
bent, the accessible sites for biosorption increases auto-
matically and culminates towards enhanced biosorption of
2,4-D. The biosorbent dosage of 4 g L™ is sufficient for the
100 mg L™ of 2,4-D as biosorbent loading of 6 g L™ could
not increase the equilibrium percentage removal beyond
90. Similar trend was observed for the biosorption of 2,4-D
on cotton plant and ash char [26]. The lowered biosorption
capacity with 6 g L™ biosorbent dosage might be due to the
unavailability of active binding sites on biosorbent with
possible aggregation of biosorbent particles. Hence, 4 g L™
biosorbent dosage was chosen as the optimum loading of
biosorbent for 100 mg L™ of 2,4-D.

The solution pH can have a prominent effect on ionic
interactions between the surface functional groups of biosor-
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bent and the adsorbate [4]. The point of zero charge (pH,,.)
of ultrasound-acid modified WHRP was estimated as 4.7 and
the measured data is presented in Fig. S2 (supplementary
data). If the pH of the solution is below the pH,, . of biosor-
bent, the surface of the biosorbent becomes overall positive
in nature and vice versa [27]. As the P* value of 2,4-D is 2.7
[28], the degree of dissociation of 2,4-D would be high when
solution pH is above 2.7. If the pH of the solution in the batch
biosorption experiments is between 2.7 and 4.7, the dissocia-
tion of 2,4-D with its existence in anionic form coupled with
overall positive charge on the surface of biosorbent makes
biosorption more feasible. Fig. 4a depicts the biosorption
behaviour of ultrasound-acid modified WHRP at different
initial solution pH values. At a lower pH value, i.e., 4, the per-
centage removal of 2,4-D is 91. At initial pH values greater
than 4, the removal percentage of 2,4-D was lower than or
equal to 61. It might be due to the reduction of overall pos-
itive charge on the surface of biosorbent at these pH values
AtpH =2, the non-dissociation of 2,4-D results in lower 2,4-D
biosorption. Hence, the optimum value of initial pH of the
solution is taken as 4 in the further experiments.

3.3.2. Effect of initial pesticide concentration

The biosorption studies were carried out using the
optimal values of biosorbent dosage and pH (4 g L' and
4 respectively) for different initial concentrations of pesti-
cide (20-180 mg L™). The results are plotted in Fig. 4b. In
the range of 20-100 mg L7, the increment in initial pesticide
concentration has resulted in the increased removal percent-
age. The percentage removal drastically decreased with the
increase in the initial pesticide concentrations beyond 100
mg L. The driving force for mass transfer increases in the
biosorption experiments with the increase of initial concen-
tration in the range of 20-100 mg L-'. The available active
sites present on the biosorbent surface relatively decreases
upon increasing the initial concentration beyond the opti-
mum value of initial concentration (100 mg L) which can
be seen as lowered percentage removal of pesticide [29].

3.4 Biosorption kinetics

The kinetics of 2,4-D biosorption on ultrasound-acid
modified WHRP were analysed using pseudo first and
pseudo second order kinetic equations.

The linearized form of pseudo first order kinetic model
equation can be written as Eq. (3):

0000 0943 SEI

Fig. 3. Scanning electron microscopy images of water hyacinth root powders: (a) Unmodified WHRP, (b) Acid modified WHRP and

(c) Ultrasound-acid modified WHRP.
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Fig. 4. Effect of parameters on 2,4-D biosorption on ultrasound-acid modified WHRP: (a) Initial solution pH range 2-11, initial con-
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In this equation, g4, (mg g"') and g, (mg g) are the
amount of 2,4-D adsorbed at equilibrium and time ¢ respec-
tively, and k, (min™) is pseudo first order rate constant of
biosorption [9]. The experimental data for the different ini-
tial concentrations at a pH of 4 and 4 g L™ of biosorbent dos-
age were fitted for the first order pseudo kinetic model. The
values of k, and g, were obtained as the slope and intercept
of the line between log (g,— ¢, and t as shown in Fig. S3 (sup-
plementary data). The values of k,, g, and the correlation
coefficient, i.e., R? are shown in Table 2. The large deviations
between experimental and calculated values of g, indicate
that the pseudo first order kinetic model is inadequate to
represent the experimental data.

The linearized form of pseudo second order model is
given as (Eq. (4)) [30]:

log(q, —q,) = logq, -

LA S 4)

7 k', 4,

where k, (g mg™h™) is pseudo second order rate constant
[31]. The experimental data was fitted for the linearized
form of pseudo second order model. The slope (1/g,) and
intercept (1/k,g?) values of the model equation were esti-
mated (Fig. 5) and the values of k,, 4, and R’ are tabulated
in Table 2. For all initial concentration tested, the experi-
mental and calculated values of g, are comparable and R’
values are near to unity. The biosorption data of 2,4-D on
ultrasound-acid modified WHRP were best fitted to pseudo
second order kinetic model, indicating chemisorption type
interaction between 2,4-D and the biosorbent. In the ear-
lier studies on the 2,4-D biosorption on activated carbons
derived from various lignocellulosic materials [31], nitric
acid modified activated carbons [32] and polymer-based
activated carbon-polyvinyl alcohol composite [33], the
experimental data were best fitted to pseudo second order
kinetic model.
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Fig. 5. Pseudo second order kinetic plot for the biosorption of
2,4-D by ultrasound-acid modified WHRP at room temperature.

3.5. Biosorption isotherm models

Through biosorption isotherms, the relation between the
specific biosorbed amount or degree of biosorption at the
interface and the bulk concentration of the adsorbate at the
equilibrium is presented. In the current work, the equilib-
rium biosorption data of 2,4-D on ultrasound-acid modified
WHRP was fitted for four isotherm models namely Lang-
muir, Freundlich, Halsey and Harkins-Jura. The assump-
tion of homogeneous single layer biosorption is the main
feature in the derivation of Langmuir model that no further
biosorption on an occupied site of the surface [34,35]. The
linear form of the Langmuir model is given as Eq. (5):

C 1 1

e

e 5)

qe bQO QO ‘

where C, (mg L) is the concentration of pesticide in the
solution at equilibrium, b (L mg™) is the Langmuir equilib-
rium constant related to rate of biosorption and Q, (mg g™)
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is the maximum biosorption capacity for monolayer for-
mation [36]. The values of Q, and b are calculated from the
intercept 1/Q, b and the slope 1/Q, of C /g, versus C, plot
[37] (Fig. 6). The Langmuir constant b, which is the indic-
ative of the energy of biosorption is 0.051 L mg™ (Table 3).

Using the value of b and the range of tested initial con-
centrations of the adsorbate, a dimensionless equilibrium
parameter R, was proposed to understand the characteris-
tics of the biosorption whether it is favourable or unfavour-
able etc. [38]. The expression for R, is given below as Eq.
(6) [39]:

R, = L
1+bC,

(6)

The value of R, specifies the nature of the biosorption as
unfavourable (R, > 1), favourable (0 < R, < 1), irreversibility
of biosorption (R, = 0) or linear isotherm type (R, = 1) [8].
In the current work, the values of R, were 0.495 and 0.098
for the minimum and maximum initial concentrations (20
and 180 mg L) respectively, which proves the favourable
nature of the biosorption. The Langmuir model was sat-
isfactorily fitted with R? (0.98) and maximum biosorption
capacity value of 40.0 mg g'.

The Freundlich model can be employed to depict the
biosorption on heterogeneous surfaces and multilayer bio-
sorption. The linear form of this isotherm is given as Eq. (7):

logg, = logK £ +llog C, 7)
n

The Freundlich constants K, and # describe the biosorp-
tion capacity and the biosorbent intensity respectively [40].
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Fig. 6 Langmuir adsorption isotherm plot for the biosorption of
2,4-D by ultrasound-acid modified WHRP at room temperature.

Table 3
Biosorption isotherm parameters for the biosorption of 2,4-D
by ultrasound-acid modified WHRP at RT

Langmuir Freundlich ~ Halsey Harkin-Jura
Q, 40.0 n 096 Kk, 1075 A 32.08
b 0.051 K, 093 n, -0960 B 1.372
R? 0.98 R? 091 R? 091 R? 0.79

These constants were calculated from the plotted values of
log q,and log C, (Fig. 54, supplementary data) and tabulated
in Table 3. The value of 7 is an indicative of the type of bio-
sorption as linear (n = 1), chemisorption (n < 1), favorable
physisorption (n > 1) [41]. From the fitted data, the value
of R? was found to be 0.91 indicating non-suitability of the
Freundlich model for the representation of the biosorption
equilibrium data.

Halsey isotherm model is used to represent multilayer
biosorption on the heterogeneous surfaces. The linear form
of Halsey model can be written as Eq. (8):

Ing, =LanH —ilnCe 8
ny Ny

where K, and 1, are Halsey’s isotherm constants. They were
calculated from the slope and intercept of the fitted line of
In g, vs. In C, [42] (Fig. S5, supplementary data). The values
of the parameters are tabulated in Table 3. The R?value was
0.91 suggesting the absence of multilayer biosorption. The
Harkin-Jura (H-J) Isotherm is used to analyse the existence
of heterogeneous pore distribution. The linear form of H-J
model can be represented as (Eq. (9)) [42,43]:

1 B 1
where A and B are H-] constants and they can be calculated
from the slope and intercept of the linear plot of 1/’ vs. log
C, (Fig. S6, supplementary data). The R? value of fitted data
was found to be 0.79 (Table 3) indicating the non-existence
of heterogeneous pore distribution and multi-layered bio-
sorption on the surface.

3.6. Biosorption mechanism
3.6.1. Electrostatic interaction

For the purpose of understanding biosorption mecha-
nism, it is essential to analyse the electrostatic interaction
between 2,4-D and the surface functional groups of the bio-
sorbent. The ionic form of 2,4-D in water solution above pX
value of 2.7 can be represented as Eq. (10) [32]:
2,4-D+OH" —2,4-D" (deprotonated form)+H,0 (10

Since the surface of the biosorbent is neutral at the point
of zero charge (pH,,.= 4.7), the deprotonated 2,4-D for pH
values between 2.7 and 4.7 electro statically adheres the
surface of the biosorbent. This is the reason for maximum
biosorption removal capacity observed at pH = 4. Hence,
solution pH is a critical parameter in the biosorption of 2,4-
D. Also, the density of functional groups containing sul-
phur is high in case of ultrasound-acid modified WHRP
in comparison to acid modified one as shown in the FT-IR
analysis in Fig. 2a.

3.6.2. Elovich model

Elovich model is one of the kinetic models that is used
to model the kinetics of chemisorption and slow biosorption
rate processes. The biosorption rate decreases exponentially
with the increase in the amount of adsorbed molecules in
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this model [44]. The linear form of the model is given as
Eq. (11):

1 1

=—Inof+—Int (11)
=5 Z 7
where a (mg g min™) is the initial biosorption rate and f (g
mg™) is associated with the surface coverage and energy for
chemisorption [39]. The value of 1/ represents the number
of accessible sites for biosorption and 1/ (In (af)) portrays
the biosorption quantity when In ¢ is equal to zero [36,45].
The values of the above parameters were obtained from
the slope and intercept of the linear plot of g, versus In t as
shown in Fig. S7 (supplementary data) [37]. The values of a
and B are given in Table 2. The R? values were in the range
of 0.91-0.97 for the tested initial concentrations of pesti-
cide suggesting chemisorption of 2,4-D by ultrasound-acid
modified biosorbent.

3.6.3. Weber's intra particle diffusion model

To understand the mechanism of diffusion, the bio-
sorption data was fitted for Weber’s intra particle diffusion
model. Note that at higher agitation rates, the adsorbate
transfer from the bulk onto the biosorbent surface is not
rate limiting due to rapidity. Nevertheless, the intra particle
diffusion of the adsorbate would be much slower in com-
parison to its transfer from the bulk to the surface at higher
agitation rates. Hence, the intra particle diffusion becomes
rate limiting step in such situations. The Weber’s intra par-
ticle model is expressed as Eq. (12) [46]:

q, =Kt +C (12)
where K, is the intra particle diffusion rate constant (mg g™
min'/?) and C is the thickness of the boundary layer and can
be obtained from the intercept of g, versus t*° plot. A larger
value of C indicates more efficient boundary layer for mass
transfer [47]. The experimental data is plotted in Fig. 7a and
three different regions of varying slopes can be seen in the

(a)

| _— mgL™" —e- 60 mgL"!
50 —A—100 mgL‘1 ¥ 140 mgL'1
o 180 mgL"!
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figure. The biosorption in the region I is very rapid due to
instantaneous biosorption at the external surfaces. The lines
of the regions II and III do not pass through origin. This
trends signify varying mass transfer rates with respect to
time confirming intra particle diffusion and also the exis-
tence of rate limiting mechanisms other than intra particle
diffusion [48]. Similar results were described in Hameed et
al. [5] for the biosorption of 2,4-D using activated carbon
from date stones. The values of K, C and R? are given in
Table 2.

3.6.4. Boyd'’s intra particle diffusion model

Boyd’s diffusion model was applied in various biosorp-
tion studies earlier [49] as it helps to find out the rate-con-
trolling step in biosorption. The Boyd model is given in Eq.
(13) as:

4
F(t)=d=1
()=

where F(1) is the fractional achievement of equilibrium at
time t, and Bt is a function of F(t) [47]. q, and g, are the
adsorbate uptake (mg g™) at time t and equilibrium respec-
tively. For Eq. (14), with the application of Fourier trans-
form and integration for F(t) > 0.85 and F(t) < 0.85, the
expressions for Bt can be obtained as Eq. (14) and Eq. (15)
respectively [50].

6\ 1 )
—(?)Z?exp(—n Bt) (13)

n=1

Bt =0.4977 —In(1- F(t)) for > 0.85,

Bt :[J; S [ﬂ] ]2 for <0.85,

(14)

(15)
3

If the intra particle diffusion is the rate controlling
step, the relation of Bt versus time ¢t (min) is linear passing
through origin. Otherwise, film diffusion is considered as
rate controlling step [51]. In the plot of Bt versus ¢ shown

8- — (b) "
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Fig. 7. Intra particle diffusion models for the adsorption of 2,4-D by ultrasound-acid modified WHRP at room temperature, (a) We-
ber’s intra particle diffusion model, (b) Boyd’s intra particle diffusion model (biosorbent dosage: 4 g L™, Exposure time: 3 h, stirring
speed: 250 rpm ,initial 2,4-D solution concentration: 20-180 mg L™, pH 4).
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in Fig. 7b, the relationships are not linear for all initial con-
centrations. It indicates that the rate limiting step is the
film-diffusion as per this model.

3.7. Desorption studies

After the biosorption of 2,4-D on the ultrasound-acid
modified biosorbent, the desorption studies were carried
out with NaOH as desorption agent. The desorption per-
centages were calculated using the formula given in Eq.
(16) [52].

amount of ionsdesorbed

: 100 (16)
amount of ionsadsorbed

Desorption % =

For the desorption, the 2,4-D loaded biosorbent was
treated with 50 ml of 0.1 M NaOH solution (90 min stir-
ring at native pH and room temperature). The supernatants
were collected and analysed for the concentration of 2,4-D.
Desorption percentages were found to be 40.18, 23.45 and
12.64 respectively for the three consecutive biosorption-de-
sorption cycles. The studies pertaining to desorption such
as selection of agent, method and kinetics are very essential
which form our future study.

4. Conclusion

In the current investigation, water hyacinth root pow-
der (WHRP) both in unmodified and modified forms were
analysed for the 2,4-D removal from water. Among the
different type of modifications employed, ultrasound-acid
modification (6% H,SO, solution, sonication for 30 min) of
the WHRP exhibited maximum affinity for the pesticide
biosorption. The ultrasound-acid modification of the bio-
sorbent resulted in enhanced porosity with the incorpo-
ration of surface functional groups suitable for maximum
2,4-D removal (91%). The optimum values of pH, biosorbent
dosage and initial solution concentration were found to be
4.0 and 4 g L' for 100 mg L™ 2,4-D solution. The isotherm
studies indicated mono layered biosorption of 2,4-D on the
ultrasound-acid treated biosorbent with the equilibrium
data best fitted for Langmuir model. Among the different
kinetic models tested, the biosorption data was best fitted to
pseudo second order kinetic model. The intra particle and
film diffusion limitations for the biosorption of pesticide
were confirmed using two well-known intra particle diffu-
sion models namely Weber and Boyd. Since water hyacinth
is seen as a serious threat to native species in water bodies,
devising suitable routes for converting this waste biomass
into valuable products is thus necessary. In this work, ultra-
sound-acid treated water hyacinth root powder biomass is
shown to be an efficient biosorbent for the removal of 2,4-D
from its aqueous solution.
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Symbols

24-D — 24-dichlorophenoxy acetic acid

— H-J constant

— H-J constant
— Langmuir equilibrium constant (L mg™)
A function of F(t)
Thickness of boundary layer in intraparticle
diffusion model
— Solution concentration at equilibrium (mg
LY
— Initial solution concentration (mg L)
Fractional achievement of equilibrium in
Boyd model
— Pseudo first order rate constant (min)
Pseudo second order rate constant (g mg™
h)
Intraparticle diffusion rate constant (mg g™
min'’?)
— Freundlich constant (L g™')
Halsey’s isotherm constant
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~

o

O 0 OmSTwma
|

n — Freundlich exponent

n, — Halsey’s isotherm constant

Q, — Maximum adsorption capacity (mg g™')

q, — Amount of pesticide adsorbed (mg g™) at
equilibrium

q, — Amount of pesticide adsorbed (mg g™) at ¢

R%  — Removal percentage

R? — Correlation coefficient

R, — Langmuir adsorption isotherm equilibrium
parameter

1% — Volume of 2, 4-D solution (mL)

144 — Amount of biosorbent (g)

WH  — Water hyacinth

WHRP — Water hyacinth root powder

a — Initial biosorption rate (mg g min™) in
Elovich model

B — Surface coverage and energy for chemisorp-
tion (g mg™)
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Supplementary Data

Table S1
General physiochemical characteristics of 2,4-D

175

2,4-D

General characteristics

Structural formula

* Molecular formula: CH,.C,0O,

* Molecular weight: 221.04 g mol™

e JTUPAC: 2,4-dichlorophenoxy acetic acid
¢ White to yellow powder

* Melting point: 140.5°C

¢ Solubility in Water - 900 mg L

e Carcinogenic, kidney failure and skeletal muscle damage

Table S2
FTIR analysis of unmodified, acid modified and ultra-
sound-acid modified WHRP

Wave number Bond stretches @ () (o
(cmly*
3520-3250 OH and NH (3355 cm™) vooN
2990-2850 CH (2919 cm™) VoA
2140-2100 C=C (2155 cm™) VoA
1710-1690 C=0, carboxylic 1710 cm™) v N+
1680-1620 C=0 (1680 cm™) Voo
1149-1118 S- OH bend (1136 cm™) x N A
1060-1025 C -0 (1020 em™) x AW
917-867 S(OH), asymmetric (884 cm™)  x

x A
635-536 0-5=0 (565 cm™) x  x N

*(a) unmodified, (b) acid modified & (c) ultrasound-acid modified WHRP
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Fig. S1. Effect of biosorbent dosage on 2,4-D biosorption by ul-
trasound-acid modified WHRP (initial 2,4-D solution concen-
tration: 100 mg L™, Contact time: 3 h, agitation speed: 250 rpm

at native pH, biosorbent dosage: 2-6 g L™).
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Fig. S2. Point of zero charge of ultrasound-acid modified biosor-
bent (pH 2-12 in 0.1 M NaCl solution for 48 h).

i
0 i
T -2 1
‘o 180 mgL’
£ 20 mgL"" 40 m%Lj
S 4| o 60mgL 190 mat
- ¥60 mgL,
a 100 mgL™" 20 mgL
64| v 140 mgL'1 ‘
+ 180 mgL™" "
-8

0 20 40 60 80 100 120 140 160 180 200
Time (min)

Fig. S3. Pseudo first order kinetic plot for the biosorption of 2,4-
D by ultrasound-acid modified WHRP at room temperature.



176 M.T. Aswani, M.V. Pavan Kumar / Desalination and Water Treatment 165 (2019) 163-176

1.6

1.2

log q,

0.8

0.4

0.0 . T
0.0 0.4 0.8 1.2 1.6

log c,

Fig. S4. Freundlich adsorption isotherm plot for the biosorption of
2,4-D by ultrasound-acid modified WHRP at room temperature.
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Fig. S5. Halsey isotherm model plot for the biosorption of 2,4-D
by ultrasound - acid modified WHRP at room temperature.
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Fig. S6. Harkin-Jura isotherm model plot for the biosorption of
2,4-D by ultrasound - acid modified WHRP at room tempera-
ture.
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Fig. S7. Elovich model plot for the biosorption of 2,4-D by ultra-
sound-acid modified WHRP at room temperature.



