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ABSTRACT

The adsorption of Basic Blue 9 (BB9) from aqueous solution by Fe;O4 nanoparticles loaded
onto wheat straw (NP-WS) from agricultural biomass was investigated. Magnetic nanoparti-
cles (Fe;04) were prepared by chemical precipitation of a Fe** and Fe’* salts from aqueous
solution by ammonia. These nanoparticles of the adsorbent were characterized by field
emission scanning electron microscopy, X-ray diffraction, Fourier transform infrared spec-
troscopy and nitrogen physisorption. The adsorption isotherm data were fitted to Langmuir,
Sips, Redlich-Peterson, and Freundlich equations. The Langmuir adsorption capacity, Qmax
was found to be 627.1 mg g '. The Freunlich equation yielded the best fit to the experimen-
tal data in comparison to the other isotherm equations. It was found that the adsorption of
BB9 increases by increasing the temperature from 293 to 323 K and the process is endother-
mic in nature. The removal of BB9 by NP-WS followed pseudo-second-order reaction
kinetics based on Lagergren equations that showed chemisorption may be the rate-
controlling step in the adsorption processes. Obtained results showed complexation and ion

exchange appeared to be the principle mechanism for BB9 adsorption.

Keywords: Nanoparticles; Fe;Oy; Basic Blue 9; Isotherm; Kinetic mechanism

1. Introduction

Many industries, especially textile and food indus-
tries often use dyes and pigments to color their prod-
ucts. As a result, textile and food industries often
discharge large amounts of colored effluents due to
unfixed dyes on fibers or food during coloring and
washing steps [1]. The release of these colored waste-
waters poses a major problem for the industry as well
as a threat to the environment. Color is the first con-
taminant to be recognized in water and has to be

*Corresponding author.

removed from wastewater before discharging in water
bodies [2]. The development of an efficient, green, and
low-cost method for removal of hazardous organic
dye compounds is essential for the environmental pro-
tection. Various techniques for removing dyes from
effluents have been developed, including electrochem-
ical treatment [3,4], sonochemical treatment [5], photo-
catalytic oxidation [6,7] and adsorption [8,9], etc.
Among them, adsorption is considered as an effective,
efficient, and economic method for water purification
[10,11]. Since the performance of an adsorptive separa-
tion is directly dependent on the quality and cost
effectiveness of the adsorbent, the last decade has seen
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a continuous improvement in the development of
effective noble adsorbents in the form of activated car-
bon [12], zeolites [13], clay minerals [14], chitosan [15],
lignocelluloses [16], natural inorganic minerals [17],
functionalized polymers [18], etc. However, most of
these adsorbents are either not effective (due to diffu-
sion limitation or the lack of enough active surface
sites) or have shown problems like high cost, difficul-
ties of separation from wastewater, or generation of
secondary wastes. Considering such drawbacks,
recently nano-adsorbents viz. nano-alumina [19], func-
tionalized carbon nanotubes [20], and hydroxyapatite
nanoparticles [21] have demonstrated high adsorption
efficiency for pollutants removal. One such advanced
class of adsorbent-magnetic nanoadsorbent with the
help of an external magnetic field has been further
successful in circumventing the solid-liquid separation
problem usually encountered with nanoparticles. Such
novel adsorbent combining nanotechnology and mag-
netic separation technique has not only demonstrated
high adsorption efficiency due to its large surface to
volume ratio, but have also shown additional benefits
like ease of synthesis, easy recovery, and manipulation
via subsequent coating and functionalization, absence
of secondary pollutants, cost-effectiveness, and envi-
ronmental friendliness.

Recently, magnetic separation has been applied in
many areas to remove, isolate, and/or concentrate the
desired components from a sample solution. Nano-
sized magnetic iron oxide particles have been studied
extensively as a new adsorbent with large surface area
and small diffusion resistance [22] for the separation
and removal of chemical species such as metals
[23-29], dyes [30-32], and gases [33]. At present, many
methods, such as co-precipitation, microemulsion,
thermal decomposition, and hydrothermal synthesis,
have been applied and reviewed for the production of
Fe;O, nanoparticles (NPs) [34,35]. Among these meth-
ods, co-precipitation is a facile and convenient method
that synthesizes iron oxides from aqueous Fe®*/Fe®*
salt solutions in the presence of a base with a high
yield and a relatively narrow size distribution [36,37].

Cheaper and effective adsorbents can be formed
from abundant natural materials or certain waste
materials (or products) from industrial and agricul-
tural activities. In general, an adsorbent which
requires little processing or is abundant in nature or is
a by-product or waste material from another industry
is called a “low-cost” adsorbent [38,39]. In recent
years, a vast number of publications have been
dedicated to the removal of dye from wastewater by
using adsorption techniques with different low-cost
materials, such as straw-based adsorbents [40—43].
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As an agricultural waste, wheat straw has a high
yield every year. However, most of the wheat straw
(WS) has been burnt for cooking or heating, or been
left directly to decompose. These treatments will not
only waste natural resources, but also cause environ-
mental pollution. Therefore, it is necessary to make
the best use of wheat straw. Huang et al. have made a
comprehensive study for the component, structure,
and morphology of wheat straw [44,45]. WS has a vas-
cular bundle structure, which will provide additional
surface for chemical modification. It also has compli-
cated components including lignin, hemicellulose, cel-
lulose, pectin, protein, and fatty acid.

The WS is abundant in hydroxyl groups. The
hydroxyl groups of wheat straw can provide chemical
reaction sites and adsorb iron ions to grow Fe;O4
crystal.

In this work, a novel magnetic nanoadsorbent was
developed by the surface modification of NPs with
WS with the aim of exploring its feasibility as adsor-
bent for the adsorption of Basic Blue 9 (BB9) taken as
a model toxic dye. The objectives of this study are: (1)
synthesis of NP-WS by co-precipitation method and
their characterization with respect to FE-SEM, X-ray
diffraction (XRD), pHp.., Fourier transform infrared
spectroscopy (FTIR), and nitrogen physisorption, (2)
comparative batch adsorption study of the NP-WS for
BB9 with respect to various environmental parameters,
(3) comparative isotherm and kinetic studies, and
lastly (4) to presume the underlying mechanism of
BB9 binding.

2. Experimental
2.1. Materials

The WS used in this study was obtained from a
local wheat field of Ardebil in Iran. The raw material
was cleaned and dried at 105°C for 24 h. The dried
WS was then ground and sieved into a size range of
100-500 um. Finally, the resulting product was stored
in an air-tight container for further use. The chemical
composition of WS was determined as follows: 43.1%
cellulose Kurshchner, 19.31% lignin, 29.02% hemicellu-
lose, 6.8% ash, and 1.64% ethanol/dichloromethane
extractable, on an oven-dry weight basis (moisture
content 7.8%).

The BB9 purchased from Merck (No. 115943), was
selected as a representative reactive dye for this study.
A stock solution of BB9 was prepared by dissolving
1.0 g of BB9 in 1L of deionized water, and the concen-
trations of BB9 used (50-500 mg/L) were obtained by
dilution of the stock solution. The pH of the solution
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was adjusted to the desired value by adding a small
quantity of 0.01 M HCl or 0.01 M NaOH.

2.2. Synthesis of Fe304/WS and characterization

The chemical precipitation technique has been
used to prepare particles with homogeneous composi-
tion and narrow size distribution [46]. This technique
is probably the most common and efficient method to
obtain magnetic particles. A complete precipitation of
Fe;O, was achieved under alkaline condition, while
maintaining a molar ratio of Fe?* to Fe®*, 1:2, under
inert environment. To obtain 2 g of magnetic particles,
2.1g of FeSO,7H,0O, and 3.1 g of FeCl;-6H,O were
dissolved under inert atmosphere in 80 mL of double
distilled water with vigorous stirring. While the
solution was heated to 80°C, 10 mL of ammonium
hydroxide solution (25%) was added. To ensure com-
plete growth of the nanoparticle crystals, the solution
was then added to 10 g of WS and reaction was car-
ried out for 30 min at 80°C under constant stirring.
The resulting suspension was cooled down to room
temperature and then repeatedly washed with double
distilled water to remove unreacted chemicals. Mag-
netic nanoparticles Fe;O4-wheat straw (NP-WS) adsor-
bent were tested with magnetic rod as shown in
Fig. 1, and it is clearly observed that all the iron oxide
were attracted to the magnetic rod, because of the
magnetic behavior of the iron. The reactions that occur
in the production of magnetic nanoparticles (Fe;O4-
wheat straw) are shown in the following equations:

FeSO, - 7H,0 + 2FeCl; - 6H,O + 8NH,OH
— Fe30, + 6NH,Cl + (NHy),50, + 17H,0 )

Fe;04 + WS + 17H,O — NP-WS 2

The surface structure and morphology of WS, NP-WS
before and after BB9 adsorption were characterized

Fig. 1. Photograph of (a) WS and (b) NP-WS attracted by a
magnet.
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using a field emission scanning electron microscopy
(Hitachi, 54160, Cold Field Emission) at a 20 kV accelera-
tion voltage. Prior to analysis, the samples were coated
with a thin layer of gold. The XRD pattern of NP-WS
were obtained by a diffractometer (D8-Advanced, Bru-
ker AXS) with Cu Ko radiation (1 =1.5406 nm) in steps of
0.03° (20) min~" from 20=5 to 70°. The type of binding
groups present on the adsorbent were identified by FTIR
(Bruker Co. TENSOR 27, Germany) analysis in the
region of 400-4,000 cm ' via the KBr pressed disc
method. Specific surface area based on nitrogen physi-
sorption was measured by Sibata surface area apparatus
1100. The samples were degassed at 100°C for 2 h prior
to the sorption measurement.

2.3. Studies on point of zero charge (pHpzc)

In pH,,,. determination, 0.01 M NaCl was prepared
and its pH was adjusted in the range of 2-11 by add-
ing 0.01 M NaOH or HCI. Then, 50 mL of 0.01 M NaCl
each was put in conical flask and then 0.1 g of the WS
or NP-WS were added to these solutions. These flasks
were kept for 72 h and final pH of the solution was
measured using pH meter. Graphs were then plotted
for prinal VS. pHinitiaL

2.4. Equilibrium and kinetic studies

Equilibrium studies were carried out by contacting
fixed amount of NP-WS (0.1 g) with 100 mL of BB9 solu-
tion with different initial concentrations (50, 100, 200,
300, 400, and 500 mg/L) in 250 mL stopper Erlenmeyer
flasks at a temperature of 30 = 2°C and pH of 7. The pro-
cedure was repeated for temperatures 40 and 50 +2°C.
BB9 concentrations were determined by spectrometry at
the wavelength of maximum absorbance, 664 nm using
a double beam UV-vis spectrophotometer (Shimadzu,
Model UV 2100, Japan). In kinetics studies, the samples
were taken at preset time intervals, and the concentra-
tions of BB9 were measured. Desorption experiments
were conducted by shaking 100 mg of adsorbent
containing adsorbed BB9 with 100 mL of distilled—
deionized water at 298 K and pH 7.0.

2.5. Isotherm modeling

The nonlinear forms of the Langmuir, Freundlich,
Temkin, Sips, and Redlich-Peterson isotherm models
were used to analyze the equilibrium isotherm data
[47]. The fitness of these models was evaluated by the
nonlinear coefficients of determination (R?). The Mat-
lab (version 8.0.0.783) software package was used for
computing.
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The Langmuir adsorption isotherm assumes that
adsorption takes place at specific homogeneous sites
within the adsorbent and has found successful appli-
cation for many processes of monolayer adsorption.
The Langmuir isotherm can be written in the follow-
ing form:

Qe = (QmakaCe)/(l + KLCe) 3)

where Q. is the adsorbed amount of the dye, C. is the
equilibrium concentration of the dye in solution, Qmax
is the monolayer adsorption capacity and K, is the
Langmuir adsorption constant. The Freundlich iso-
therm is an empirical equation which assumes that
the adsorption occurs on heterogeneous surfaces. The
Freundlich equation can be expressed as:

Q. = KgCI/" )

where Kg and 1/n are fitting constants which can be
regarded roughly, the capacity and strength of adsorp-
tion, respectively. The Sips model is an additional
empirical model which has the features of both the
Langmuir and Freundlich isotherm models. As a com-
bination of the Langmuir and Freundlich isotherm
models, the Sips model contains three parameters,
OQmax Ks, and 1/n, which can be evaluated by fitting
the experimental data. The Sips adsorption isotherm
model can be written as follows:

g, = (QmaxKsC&")/(1 + KsC¢") ®)

Similar to the Sips isotherm, Redlich and Peterson
proposed an isotherm compromising the features of
the Langmuir and the Freundlich isotherms:

9. = KrpCe/(1 + orpCh) ©)

where K, and a,, are the Redlich-Peterson constants,
and g is basically in the range of zero to one. If f is
equal to 1, the equation reduces to the Langmuir
isotherm equation, while in case where the value of
the term a,Cf is much bigger than one, the Redlich-
Peterson isotherm equation can be approximated by a
Freundlich-type equation.

Temkin isotherm was first developed by Temkin
and Pyzhevand and it is based on the assumption that
the heat of adsorption would decrease linearly with
the increase in coverage of adsorbent:

qe = RTln(ﬂtCe)/bt (7)
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where R is the gas constant, T is the absolute tem-
perature in Kelvin, b; is the constant related to the
heat of adsorption, and a; is the Temkin isotherm
constant. Temkin isotherm equation has been
applied to describe the adsorption on heterogeneous
surface.

2.6. Kinetic models

The Lagergren rate equation [48] is one of the most
widely wused adsorption rate equations for the
adsorption of solute from a liquid solution. The
pseudo-first-order kinetic model of Lagergren may be
represented by:

dq/q, —q = kidt ®)

Integrating this equation for the boundary conditions
t=0tot=tand q=0 to =g, gives:

In(q, — q,) = Inge — kit )

where g. and g; are the amounts of adsorbate (mg/g)
at equilibrium and at time ¢ (min), respectively, and k;
is the rate constant of pseudo-first-order adsorption
(min~"). The validity of the model can be checked by
a linearized plot of In (g.—4q¢) versus t. Also, the rate
constant of pseudo-first-order adsorption is deter-
mined from the slope of the plot.

The pseudo-second-order equation based on
adsorption equilibrium capacity can be expressed as:

dq/ (g = 4" = kadt (10)
Taking into account, the boundary conditions t=0 to
t=t and q=0 to g =4, the integrated linear form of the
above equation can be rearranged to follow an
equation:

1/, an

- qt) - 1/qe = kot
Rearranging the variables gives the following equa-
tion:

t/q, = 1/ked; +1/3 (12)
where the theoretical equilibrium adsorption capacity
(@o) and the second-order constants k, (g mg ™' min~")
can be determined experimentally from the slope and
intercept of plot t/q vs. t.
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3. Results and discussion
3.1. XRD, FE-SEM analysis, and nitrogen physisorption

The powder XRD patterns of WS and NP-WS are
shown in Fig. 2. WS consists of mainly crystalline cel-
lulose, and noncrystalline hemicellulose and lignin
[44]. The diffraction peaks at 26°=16.1 and 22.4° for
cellulose I crystalline form, which is assigned to most
natural cellulose [44]. The main crystal planes in a
pure Fe;O, crystals (20°=19.375, 30.535, 35.695, 43.315,
57.805, and 62.935), marked by their indices ((1 1 1),
220,311,400, 6G11),and (4 4 0), were
reported. The diffraction peaks of Fe;O, match well
with the inverse cubic spinel structure (JCPDS
19-0629). The XRD pattern of NP-WS confirms that the
nano Fe;O, was loaded on WS which contributed to
the super-paramagnetic of NP-WS. Comparing with
XRD pattern of pure Fe;O, (not shown), the peak
intensity of NP-WS decreases and the full width of the
peak increases, which indicates the low crystallinity
and small crystallite size. It can be predominantly
attributed to the existence of the WS which affects the
crystal size and crystallinity. The average particle
size of NPs on WS can be calculated using Scherrer’s
equation:

n = K2/ ,cos0 (13)

where K is the Scherrer’s constant with value from 0.9
to 1 (shape factor), where 1 is the X-ray wavelength
(15406 A), 1, is the width of the XRD peak at half
height, and @ is the Bragg angle. From the Scherrer’s
equation, the average crystallite size of NPs for WS is

o
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al 1671 ;’ (311)

c h
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Fig. 2. XRD patterns of (a) WS and b) NP-WS.
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found to be less than 30 nm, which was also in line
with the observation of the FE-SEM results.

FE-SEM images for the WS, NP-WS before and
after BB9 adsorption are shown in Fig. 3(a—c). The WS
materials have insoluble cell walls with fibrous con-
tent and are largely made up of cellulose-based struc-
tural proteins. A high response surface of the
functional groups is also present. Fig. 3(b) shows
the WS is completely covered with iron oxide, and all
the iron oxide particles are aggregated to form a
spherical and cage-like structure. The presence of

Fig. 3. FE-SEM images of (a) WS, b) NP-WS and (c)
NP-WS after BB9 adsorption.
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nano Fe;O, on the NP-WS surface possesses a favor-
able superparamagnetism and is consistent with the
results from Fig. 1 that was attracted by magnetic rod
[49]. Fig. 3(c) shows the FE-SEM image, after BB9
adsorption onto NP-WS. Compared to Fig. 3(b), more
particles are present on the surface of the NP-WS.
These particles are the BB9 dye molecules as well as
the iron oxide particles. The iron oxide particles exhi-
bit magnetic behavior, creating more negative charges
[50]. The positively charge BB9 will be electrostatically
attracted to the adsorbent. This is depicted by more
particles being adsorbed as shown in Fig. 3(c).

The specific surface area of WS and NP-WS before
and after BB9 adsorption based on nitrogen physisorp-
tion was determined by Brunauer-Emmett-Teller
(BET) theory. It was found that the surface area of WS
and NP-WS before and after BB9 adsorption were
15.8, 36.5, and 74.6 m*g ', respectively.

3.2. FTIR analysis

The FTIR spectra of NP-WS before and after BB9
adsorption are shown in Fig. 4. The peak at 668 cm™'
observed in Fig. 4(a) is related to the Fe-O group and
the peak around 3,447 cm ! in curve was assigned to
the -OH group on the surface of the magnetite [20].
These two significant bands in the spectrum indicate
the possible involvement of those functional groups
on the surface of NP-WS process. Thus, it seems that
this type of functional group is likely to participate in
BB9 binding. In comparison with WS (spectrum not
shown), NP-WS showed decrease in the intensity of
the adsorption peaks. This result indicated that Fe;O,

Transmitance

3500 3500 3400 3200 3000 2800 2600 2400 2200 2000 1800 1500 1400 1200 1000 800 SO0 400

Wavenumber 1/cm

Fig. 4. FTIR spectra of NP-WS (a) before and (b) after BB9
adsorption.
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NPs could be successfully coated on the surface of WS
[51]. Fig. 4(b) shows the FTIR spectrum after adsorp-
tion of BB9 onto NP-WS. When comparing the two
spectra of Fig. 4(a) and (b), Fig. 4(b) shows that the
hydroxyl groups are present in the range of peak at
3429 cm™'. This peak has shifted and changes the
region of the peaks (indicated by asterisks), because
the hydroxyl groups are likely to participate in the
BB9 adsorption. A well-known mechanism involved in
the adsorbate and adsorbent interaction is governed
by ion exchange process and followed by the adsorp-
tion process. In the adsorption process, H" ions leav-
ing functional groups of the adsorbent bound with
BB9 at the adsorbent surface due to electrostatic attrac-
tion. We will discuss about adsorption mechanism in
next section.

3.3. Determination of point of zero charge (pH,..) and
underlying mechanism

The point of zero charge (pHp,J) is an important
factor that determines the linear range of pH
sensitivity and then indicates the type of surface active
centers and the adsorption ability of the surface [52].
Many researchers studied the point of zero charge of
adsorbents that prepared from agricultural solid
wastes in order to better understand of adsorption
mechanism. Cationic dye adsorption is favored at pH
> pHp,e, due to the presence of functional groups such
as OH, COO  groups. Anionic dye adsorption is
favored at pH < pHy,. where the surface becomes pos-
itively charged [53,54]. The graph of pHintia1 VS. pHfinal
was plotted as shown in Fig. 5. The intersections of

—o— NP-WS
12 -
= pH final vs. pH initial
w /'
_ 8 : 4
& "
€ —
[- %
4
V4
0
0 a 8 12
pH initial
Fig. 5. Plot determination for point of zero charge of
NP-WS.
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the curves with the straight line are known as the end
points of the pHy,., and this value is 6.8 for NP-WS.
The surface of NP-WS was positively charged at
pH <6.8, not only the weak physical forces such as
hydrogen bonding, van der Waals interactions but
also the chemisorption might be involved in the
adsorption process [2]. At pH > 6.8, the surface of the
adsorbent became negatively charged; the increased
adsorption capacity was likely assigned to the electro-
static forces and the improvement of chemical action.

According to the acid-base equilibrium of BB9 or
MB represented by MBH?" < MB" + H', and to its
very low pK, value (less than 1) the removal of BB9
was due mainly to solubilization of unprotonated
form of the dye MB" [55]. At low pH values, the poor
adsorption of BB9 could be due to competition with
the H* ions for binding sites on NP-WS. Moreover,
many protons will be available to protonate the NP-
WS surface in the condition; thereby, the electrostatic
repulsion between positively charged MB* and posi-
tively charged adsorption sites causes the decrease in
the dye adsorption. As the pH increased, the NP-WS
surface was more negatively charged and the func-
tional groups (such as carboxyl (pK,=4.02), amino
(pK,=9.39), and hydroxyl (pK,=8.36) groups) would
be more deprotonated [56], thus attraction of MB" was
enhanced. The observed trend can be explained by the
effect of the surface charge of adsorbent and pHy,. as
reported by Gupta and Nyaka [57]. The multi hydro-
xyl groups on NP-WS as revealed by FTIR spectra
play a dominant role in the BB9 adsorption. Depend-
ing upon the solution pH, the adsorbent surface
undergoes protonation or deprotonation [58].

The protonation/deprotonation reaction for NP-
WS undergoes as follows:

—Fe-O—(C=0)—(OH),, + H" — —Fe-O—(C=0)—(OH),);"
(14)

At pH < pHp,c (pHp,c of NP-WS is 6.8) -Fe-O—(C=0)-
(OH); are the dominant species for NP-WS. These spe-
cies having high positive charge density make the BB9
dye cation adsorption unfavorable due to electrostatic
repulsion. Also, stiff competition between H" and BB9
dye cation for the active sites will decrease BB9
adsorption [27]. But, at pH>pH;,, —Fe-O-(C=0)-
(OH), are the dominant species in NP-WS. Such
deprotonated species undergo electrostatic attraction
for BB9 dye cation that results in the formation of
BB9-Fe;O, magnetic composite complexes. This causes
enhanced adsorption. Complexation and ion exchange
appear to be the principle mechanism of the adsorp-
tion as revealed by the following equation:
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—Fe-O—(C=0)-(OH), + BB9

— —Fe-O—(C=0)-(O-BB9). + nH" (15)
We studied the pH effect on adsorption of BB9 within
pH range 2.0-12.0 (results not shown). The uptake of
BB9 increased with the increase in the solution pH
and the maximum uptake of BB9 was observed at pH
7.0. At low pH values, the poor adsorption of BB9
could be due to competition with the H" ions for
binding sites on NP-WS. Moreover, many protons will
be available to protonate the NP-WS surface in the
condition; thereby, the electrostatic repulsion between
positively charged BB9 ions and positively charged
adsorption sites causes the decrease in the dye adsorp-
tion. As the pH increased, the NP-WS surface was
more negatively charged and the functional groups
(such as carboxyl, amino, and hydroxyl groups) would
be more deprotonated, thus attraction of BB9 ions was
enhanced. These data are in good agreement with the
determination of point of zero charge.

3.4. Isotherm modeling

Analysis of the isotherm data is important to
develop equations that correctly represent the results
and could be used for design purposes. Fig. 6 and
Table 1 show the fitting parameters for the measured
isotherm data for BB9 adsorption onto NP-WS on the
nonlinear forms of Langmuir, Freundlich, Temkin,
Redlich—-Peterson, and Sips models. The values of non-
linear correlation coefficients (R*) for the Langmuir,
Sips, Freundlich, and Rudlich-Peterson isotherm
models indicate good fit with the four models. The
applicability of Langmuir, Sips and Rudlich-Peterson
isotherms showed that there were effectively mono-
layer sorption and a homogeneous distribution of
active sites on the surface of adsorbent. In all the tem-
peratures, the Temkin isotherm represented the poor-
est fit of experimental data in comparison with other
isotherm equations. The Freunlich equation yielded
the best fit to the experimental data in comparison
with other isotherm equations in this study. The value
of exponent 1/n for the Sips model is close to unity
indicating that adsorptions are rather homogeneous.
The maximum BB9 adsorption capacity (mgg™)
belongs to NP-WS which has been shown in Table 1.
The monolayer capacity (Qmax) is 627.1mgg " as cal-
culated from Langmuir model at 323 K. The adsorp-
tion capacities of magnetic nanoparticle loaded on
wheat straw (NP-WS), used in the present study, are
significant. The manufacture of this adsorbent could
be upscaled and produced in small-scale industries.
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Fig. 6. Isotherm plots for BB9 adsorption onto NP-WS at
different temperatures.

The Freundlich model assumes that the uptake of BB9
occurs on a heterogeneous adsorbent surface. The
magnitude of the Freundlich constant n gives a mea-
sure of favorability of adsorption. Values of n>1 rep-
resent a favorable adsorption process [21]. For the
present study, the value of n also presents the same
trend at all the temperatures indicating favorable
nature of adsorption of BB9 by NP-WS.

3.5. Adsorption kinetics studies

The dynamics of the adsorption can be studied by
the kinetics of adsorption in terms of the order of the
rate constant [59]. The adsorption rate is an important
factor for a better choice of material to be used as an
adsorbent, where the adsorbent should have a large
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Table 1

Isotherm parameters for BB9 adsorption onto NP-WS
Temperature (K) 293 303 323
Langmuir

Qumax (mg/g) 494.4 544.6 627.1
K (L/mg) 0.0033 0.0040 0.0057
R? 0.9961 0.9949 0.9966
Freundlich

1/n 0.9444 0.9397 0.9557
ke (mg/g) (L/mg)'/" 1.8190 2.001 1.8120
R? 0.9999 0.9998 0.9999
Temkin

B 123.086 126.679 134.379
kr (L/mg) 0.2620 0.2841 0.2664
R? 0.9429 0.9436 0.9414
Sips

Qmax (mg/g) 445.8 4913 663

b ((mg )" 0.00366 0.00453 0.00554
1/n 1.007 1.011 0.9974
R? 09,961 0.9949 0.9966
Redlich—Peterson

a(Lkg™ 1.638 1.784 1.684

B (kgmg ™) 0.0018 0.0015 0.0036
n 1.152 1.244 0.9294
R? 0.9959 0.9960 0.9966

adsorption capacity and a fast adsorption rate. Most
of the adsorption studies used pseudo-first-order and
pseudo-second-order models to study the adsorption
kinetics. For the pseudo-first-order model, the adsorp-
tion rate was expected to be proportional to the first
power of concentration, where the adsorption was
characterized by diffusion through a boundary. The
pseudo-first-order model sometimes does not fit well
for the whole range of contact time when it failed
theoretically to predict the amount of dye adsorbed
and thus deviated from the theory. In that case,
the pseudo-second-order equation used was based on
the sorption capacity of the solid phase, where the
pseudo-second-order model assumes that chemisorp-
tion may be the rate-controlling step in the adsorption
processes [60,61].

The transient behavior of the BB9 adsorption pro-
cess was analyzed by using the pseudo-first-order and
pseudo-second-order kinetic models. Plotting In (7. — q;)
against t permits calculation of k; (Fig. 7(a)). The rate
constants, k;, evaluated from these plots with the corre-
lation coefficients obtained are listed in Table 2. Plotting
t/q against t (Fig. 7(b)), gives a straight line where k;
can be calculated. Usually the best-fit model can be
selected based on the linear regression correlation
coefficient R* values. Generally the kinetic adsorption is
better represented by pseudo-second-order model for
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Fig. 7. Kinetic models for adsorption of BB9 onto NP-WS.
(a) Pseudo-first-order and (b) pseudo-second-order rate
equations.

Table 2
Kinetic parameters for the adsorption of BB9 onto NP-WS
based on Lagergren rate equation

Co (mg/L) 25 50 100

Pseudo-first-order equation

ki (min™") 0.0113  0.0161 0.0166
g (mg g™ 23554 34963  4.8939
R? 0.9692  0.8063 0.9648
Pseudo-second-order equation

ks (g mg™' min™") 0.0059  0.002710  0.001353
g (mg g™ 1342 24.04 64.10

R? 0.9985  0.9943 0.9974

anionic and cationic dye adsorption. Lakshmi et al. [62]
evaluated the adsorption of Indigo carmine dye by
rice husk ash. They found that the values of the
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pseudo-first-order rate constant increases from 0.0087
to 0.0122 min~" with an increasing initial dye concentra-
tion from 50 to 500 mg/L, which indicates that the
adsorption rate increases with an increase in initial dye
concentration while the R* values were closer to unity
for the pseudo-second-order model than that for the
pseudo-first-order model. Ponnusami et al. [63] studied
the use of guava leaf powder for adsorption of
methylene blue. They found that the values of R? of the
pseudo-first-order model were between 0.70 and 0.85,
while the values of R* for the second-order model
were 0.999, indicating the conformity of second-order
model.

The R? listed (in Table 2) for the pseudo-first-order
kinetic model was between 0.80631 and 0.0.9692. The
R*> values for pseudo-second-order model were
>0.9943, which is higher than the R? values obtained
for the pseudo-first-order model. Therefore, the
adsorption kinetics could well be satisfactorily more
favorably described by pseudo-second-order kinetic
model for BB9 adsorption onto NP-WS.

3.6. BB9 desorption studies

The tests of BBY9 desorption were conducted
with three initial BB9 concentrations (50, 100, and
200 mg/L). The BB9 desorbability can be defined as
the ratio of the desorbed BB9 over the total adsorbed
BB9 by the adsorbent. Therefore, the desorbability of
BB9 can be used to indicate the degree of BB9 desorp-
tion from the adsorptive materials. The obtained data
show that the desorbability of BB9 is about 10-14%,
and the amount of the desorbed BB9 is slightly
increased with the increase in adsorbed BB9. These
results indicate that the BB9 adsorption on the NP-WS
is not completely reversible and the bonding between
the NP-WS and adsorbed BBY is likely strong. It is
relatively difficult for the adsorbed BB9 to be desorbed
from the NP-WS.

3.7. Comparison with other bioadsorbents

A comparison of the maximum adsorption capacity
(Qmax value) of NP-WS with those of other low-cost
adsorbents in the literatures is shown in Table 3. The
NP-WS shows the comparable adsorption capacity for
BB9 with respect to other low-cost adsorbents. How-
ever, the adsorption capacity was higher than those of
other adsorbents. Therefore, NP-WS was suitable and
promising for BB9 removal from aqueous solutions
since it has a relatively high adsorption capacity and
was easily recovered from treated effluents by apply-
ing a magnet.
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Table 3
Comparison of the Qmax based on Langmuir isotherm of
BB9 on various adsorbents

Qmax
Adsorbent (mg/g) Reference
NP-WS 627.1 This work
Wheat straw 57.2 [42]
Carboxymethylation wheat straw 266.7 [42]
NaOH-modified rejected tea 242.11 [64]
Fe;O4—maize cob 70.29 [65]

Citric acid treated wheat straw 450 [66]
Modified rice straw 208.33 [67]

4. Conclusion

The efficiency of nanoparticle Fe;O, loaded onto
wheat straw in adsorption of BB9 dye from aqueous
solution has been investigated. Results indicate that
adsorption is positively dependent on pH and temper-
ature. The adsorption isotherm data showed the best
fitting to Freundlich isotherm. The adsorption capacity
was found to be 627.1mgg . The kinetics of adsorp-
tion followed pseudo-second-order kinetics. The
adsorption efficiency increases with the increase in
temperature and hence adsorption process is endo-
thermic in nature. The developed NP-WS not only has
demonstrated higher adsorption efficiency and fast
kinetics but also have shown additional benefits like
ease of synthesis, easy recovery, absence of secondary
pollutants, cost-effectiveness, and environmental-
friendliness. It can be concluded to be a promising

advanced adsorbent in environmental pollution
cleanup.
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