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ABSTRACT

Electrospun nanofibrous composites were prepared from polyacrylonitrile yarn waste (PAN) and
carboxylic group functionalized multiwall carbon nanotubes (COOH-MCNT) with 0.5, 1.0 and 1.5%
(w/w). The higher thermal stability of nanofibres was confirmed using Thermo Gravimetric Anal-
ysis (TGA). The presence of carboxyl group was confirmed by Fourier transform infrared (FI-IR)
analysis. Scanning Electron Microscope (SEM) results confirmed the rough and irregular surface of
nanofibres. The adsorption capacity of the PAN-COOH-MCNT nanofibrous composites were eval-
uated systematically with methylene blue (MB) as an adsorbate. The adsorption studies were con-
ducted with various physical and chemical parameters such as contact time, solution pH and initial
dye concentration. The nanofibrous composite was acquired the maximum amount of methylene
blue dye removal under basic pH (10) at initial dye concentration of 30 mg/L. The pseudo second
order kinetic model was found to be most fitted for the adsorption of methylene blue with higher R?
value (0.993). The external diffusion model was adapted to understand the diffusion mechanism of
adsorption. It was observed that the Freundlich and Scatchard isotherm models are more favourable
for the adsorption of methylene blue. The prepared PAN/COOH-MCNT nanofibrous composite was
a potential adsorbent for the removal of methylene blue dye.

Keywords: Polyacrylonitrile yarn waste; Functionalized multiwall carbon nanotube; Methylene blue;

Adsorption isotherm; Kinetics

1. Introduction

The textile, feedstuffs, paper, leather, cosmetics indus-
tries, food producers and electroplating factories are used
dyes for coloring the products [1] and it leads to discharge
large amounts of dye-containing effluents. More than
100,000 commercial dyes are known with the annual pro-
duction of 7 x 10° tonnes per year [2,3]. Worldwide the total
dye consumption in textile industry is more than 10,000
tonnes per year and approximately 100 tonnes per year of
dyes are discharged into waste streams [4]. The wastewater
discharged from the textile industries are one of the major
sources of wastewater production [5]. Methylene blue (MB)
dye is the most commonly used basic dye for dying silk,
cotton and wool [6]. The presence of dye containing water
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can adversely affect the aquatic environment by impeding
light penetration and precluding photosynthesis of aquatic
flora [7]. Moreover, the toxic nature of the dye molecules
route cause for several harmful effects such as allergy, der-
matitis, skin irritation cancer, cell mutation, eye burns, gas-
tritis, diarrhea, anemia, hypertension, vomiting, fever, and
dizziness to the human beings and other living organisms
[8]. Synthetic dyes are one kind of organic compound with
a complex aromatic molecular structure that could provide
bright and firm color to end products. However, the com-
plex aromatic molecular structures of dyes make them more
stable and difficult to biodegrade [9]. The researcher have
been used several techniques such as electrochemical oxi-
dation, ozonization, photocatalytic degradation, sonication,
enzymatic treatment, adsorption, chemical coagulation, sol-
vent extraction, bioremediation and photo catalytic degra-
dation. However, these methods have a certain limitation,
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such as low removal efficiency, high costs, and complex
operation [10,11] and among all the techniques, adsorption
was proved that most economical and efficient methods for
the removal of noxious dyes from aqueous solution, it has
been widely used to remove the dyes, because it is a simple
and cost effective technique [12]. Today, many researchers
have been used chitosan, bentonite, fly ash, peach kernel,
olive, charcoal, barley, wheat, straw, sawdust [13], activated
carbon, zeolites, carbon nanotubes, nanoparticles, nano-
composites, lignin, rubber tire and polymers as adsorbents
[14]. Long and Young first reported that carbon nanotubes
were more effective than activated carbon and other adsor-
bents for removing organic pollutants, these materials as
new adsorbents attracted the attention of many researchers
[15,16]. The porous carbon materials have attracted great
attention in multidisciplinary areas due to their unique
physical, chemical and mechanical properties [17]. The
Carbon nanotubes (CNTs) have been intensively studied
as a potential material to be used in various applications
based on their remarkable physical and chemical proper-
ties [18]. Because of their easily modified surfaces and large
surface areas, extensive experiments have been conducted
for the adsorption of organic and inorganic pollutants on
CNTs [19]. In last decade, the CNTs made a great interest
for the treatment of organic and inorganic pollutants from
the contaminated water [20]. The carbon materials func-
tionalized with oxygen-containing groups on the surface of
adsorbents have been used as a potential adsorbent for dye
removal from aqueous solutions [21].

Nanofibrous technology is an advanced technique and
has rapidly grown over the last decade for waste water
treatment [22,23]. The non-woven material produced by
the electrospinning technique [24] has fine diameter, large
surface area, high porosity, high gas permeability and small
pore size [25]. Recent researchers used 100% pure polymers
(without copolymer) for preparation of nanofibres and few
researchers have been used for dye removal, however the
copolymers contains polyacrylonitrile (PAN) yarn waste
have not been used as a adsorbent. Hence, in the present
work, the polyacrylonitrile (PAN) textile yarn waste was
used to prepare the nanofibrous adsorbent for dye removal.

Thus the present study has been focused on preparing
polyacrylonitrile (PAN) Yarn waste/ COOH-MCNT nanofi-
brous composite as adsorbent by electrospinning technique.
The physical and chemical properties of the nanofibrous
composites are studied using scanning electron microscope
(SEM), X-ray diffractometer (XRD), Fourier transform infra-
red (FI-IR), and thermo gravimetric analyzer (TGA). The
dye removal efficiency and adsorption capacity of the adsor-
bent have been studied using the UV-Vis spectrometer.

2. Materials and methods

The polyacrilonitrile polymer yarn waste was collected
from textile industry. The carboxylic group functional-
ized multiwall carbon nanotube (COOH-MCNT) was dis-
persed in dimethyl formamide (DMF) and sonicated for 1
h. Polyacryllonitrile yarn waste was dissolved in the above
solution followed by continuous magnetic stirring until
homogeneous solution obtained. The solution was loaded
into syringe fitted with needle. Then, the syringe was fixed

on syringe pump of the electrospinning unit. The distance
between the needle and drum collector was set as 15 cm.
The positive high voltage power supply anode was con-
nected to the needle tip and negative voltage cathode was
connected to aluminium drum collector. 15 kV was applied
for the preparation of nanofibre. The flow rate of spinning
solution was maintained as 1 mL/h. While applying 15 kV,
the droplet of the polymer solution release from the tip of
the needle break up and stretched to form the nanofibres.
The fibres were collected on the rotating drum collector,
simultaneously evaporation of solvent take place into atmo-
sphere and remaining solvent evaporation under room
temperature.

2.1. Adsorption experiment

The dye stock solution was prepared by dissolving 1 g
methelyne blue (sigma Aldrich) in 1000 mL of deionized
water. The 10 ppm of working solution was made from the
stock solution for all the experiments. Batch experiment
was conducted for dye adsorption with adding 50 mg of
nanofibrous composite into 100 mL of methylene blue dye
solution (10 mg/L) under shaking condition at room tem-
perature with optimized pH 10. The adsorption rate of
the nanofibrous composite was studied at 10, 20, 30, and
40 mg/L dye concentration. The effect of pH, effect of con-
tact time and the effect of COOH-MCNT dose on the dye
adsorption rate of the nanofibrous composites were stud-
ied. The adsorption rate was measured as absorbance using
the UV-Vis spectrometer (Hitachi U-2800, Japan), with a
scanning range of 400-700 nm.

2.2. Characterization of Nanofibrous composite

The surface structure and shape of the polyacrylonitrile
yarn waste/carboxylic group functionalized multi-walled
carbon nanotube nanofibrous mat was studied by scanning
electron microscopy. The average diameter of the nanofiber
was measured from SEM image using Image Tool software
(UTHSCSA). The FT-IR study was carried out to identify
the characteristic functional groups present in the prepared
nanofibrous composites at the wave number range of 400—
4000cm™. The thermal stability of the nanofibrous composite
was analyzed using TGA (Perkin-Elmer). The temperature
scans ranged from C to C at /min under nitrogen gas atmo-
sphere. The PAN yarn waste nanofiber and PAN yarn waste/
multi-wall carbon nanotube nanofibrous composites were
analysed by X-ray diffractometer, under using CuKoa (A =
1.54) radiation at 40Kv/200Ma. Scan was performed with 20
values ranging from 10 to 80° at a rate of 5°C/min.

3. Result and discussion
3.1. Scanning electron microscopic analysis

The surface morphology of polyacrylonitrile yarn
waste/carboxylic group functionalized multi-wall carbon
nanotube nanofibrous composite was analysed by using
scanning electron microscope. The SEM image (Figs. la—d)
shows the surface morphology of pristine PAN, PAN +
0.5 wt% COOH-MNCT, PAN + 1 wt% COOH-MCNT and
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Fig. 1. SEM Images and distribution of fibre diameter (a) PAN (b) PAN + 0.5 wt% COOH-MCNT (c) PAN + 1 wt% COOH MCNT (d)
PAN + 1.5 wt% COOH-MCNT.
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PAN + 1.5 wt% COOH-MCNT nanofibrous composites.
From Figs. la—d it can be observed that the fiber diameter
is decreased with an increasing the percentage of carbox-
ylic group functionalized multi-wall carbon nanotube in
the polymer solution, which may disturbed the alignment
of crystalline region in the nanofibrous composite. It may
be enhanced the performance of dye adsorption. The carbon
nanotubes (CNTs) have the nano-scale diameter and tubu-
lar microstructure. The carbon nanotubes may be changed
the smooth surface of nanofibrous composite to rough and
irregular surface. The porous structure of carbon nanotubes
also supported to improve the dye adsorption [26].

The percentage of C, N, and O elements were analyzed
for pristine PAN yarn waste and PAN yarn waste/1.5
wt% COOH-MCNT using EDX. The percentage of C, N
and O elements of pristine PAN yarn waste and PAN yarn
waste/1.5 wt% COOH-MCNT nanofibrous composite is
shown in Table 1. From Table 1 it is observed that the per-
centage of C and O was found to be higher in the PAN/1.5
wt% COOH-MCNT nanofibrous mat as compared with
pristine PAN yarn waste nanofibrous mat. This may be due
to the presence of carboxylic group in the PAN/1.5 wt%
COOH-MCNT composite.

3.2. FT-IR analysis

FTIR spectra of the pristine PAN, PAN+0.5 wt% COOH-
MCNT, PAN + 1 wt% COOH-MCNT and PAN + 1.5 wt%
COOH-MCNT nanofibrous composites shown in Figs. 2a—d
respectively. The vibrational band appeared between 2000-
2500 cm!, which may be assigned to the presence of the
nitrile groups in the composite nanofibres [27]. The vibra-
tional band is observed at 1452 cm™ due to the C-H bend-
ing of PAN. The spectra (Figs. 2b—d) show the sharp band
at 1732 em™ for PAN + 1 wt% COOH-MCNT and PAN +
1.5 wt% COOH-MCNT nanofibrous composites, due to the
C=0 stretching of functionalized multiwall carbon nano-
tube in the nanofibrous composites. From the result it could
be observed that the sharp intensity band at 1732 cm' in the
PAN + 1.5 wt% COOH-MCNT nanofibrous mat. The inten-
sity of vibration band at 1732 cm™ is increased with increas-
ing the amount of COOH-MCNT. It may be confirmed the
presence of COOH-MCNT in the nanofibrous composites.

3.3. X-Ray diffraction analysis

The XRD pattern (Figs. 3a—d) show for pristine PAN,
PAN + 0.5 wt% COOH-MCNT, PAN + 1 wt% COOH-MCNT
and PAN + 1.5 wt% COOH-MCNT respectively. The inten-
sity peak is appeared at 16.9° (20) for all nanofibrous compos-

Table 1
EDX analysis of PAN and PAN/COOH-MCNT nanofibrous
composite

Atoms PAN PAN+COOH-MCNT
C% 19.31 20.75
N% 54.38 51.65
0% 26.30 27.60
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Fig. 2. FT-IR spectra of (a) PAN (b) PAN + 0.5 wt% COOH-MCNT
(c) PAN + 1 wt% COOH-MCNT (d) PAN + 1.5 wt% COOH-MCNT.
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Fig. 3. XRD pattern of (a) PAN (b) PAN + 0.5 wt% COOH-MCNT
(¢) PAN + 1 wt% COOH-MCNT (d) PAN + 1.5 wt% COOH-MCNT.

ite mat with their corresponding space (d) of 5.24. The major
intensity peak at 26.04° with the corresponding space of 3.14,
which may be attributed the presence of COOH-MCNT in
the nanofibrous composite. Whereas in Fig. 4b the peak at
26.04 (26) for COOH-MCNT not visible clearly, due to the
lesser amount of COOH-MCNT distribution in the nanofi-
brous composite. From Fig. 3, the peak for COOH-MCNT is
found to be very fine in the PAN + 1 wt% COO-MCNT and
PAN + 1.5 wt% COOH-MCNT nanofibrous composites.

3.4. Thermogravimetric analysis

The thermal stability of the pure PAN yarn waste and
PAN Yarn waste/0.5, 1.0, 1.5 wt% COOH-MCNT nanofi-
brous composites were studied using TGA. Figs. 4a—d show
the pristine PAN yarn waste and PAN yarn waste/0.5,1.0, 1.5
wt% COOH-MCNT respectively. All nanofibrous mats show
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Fig. 4. Thermo gravimetric analysis of (a) PAN (b) PAN + 0.5

wt% COOH-MCNT (c) PAN + 1 wt% COOH-MCNT (d) PAN +
1.5 wt% COOH-MCNT.

the first weight loss at 100°C, which may be attributed to the
evaporation of moisture in the nanofibrous mat. The second
weight loss occurs at 210°C, due to the decomposition of
back bone of the polymer chain. The third weight loss occurs
at 310°C for pure PAN and 320°C for PAN/COOH-MCNT
composites due to volatile components such as CO and Co,
From Fig. 4 it can be observed that the PAN/COOH-MCNT
nanofibrous composites are showing higher thermal stability
as compared with pristine PAN yarn waste nanofibrous mat.

3.5. Effect of initial pH

The pH of the solution is playing an important role in
dye adsorption process. The adsorption capacity of the PAN
yarn waste/COOH-MCNT nanofibrous composite was
studied at different pH with 6 hrs fraction time. The effect of
pH on adsorption of methylene blue was studied by vary-
ing the pH from 3 to 11 with fixed initial dye concentration
of 10 mg/L and adsorbent dosage of 50 mg/L shown in Fig.
5. The adsorption capacity of the naofibrous composite was
increased when the pH of the solution increased from 3.0
to 11.0. Under acidic conditions adsorption capacity was
significantly low. The maximum dye uptake capacity of 9.5
mg/g was obtained at pH 10. The dye adsorption rate was
very low at lower pH and increased with increasing the pH
of the solution. The maximum adsorption was found to be
higher at basic pH. The pH of the dye solution may affect
the surface charge of the adsorbent, the scale of ionization,
functional groups on the active sites of the adsorbent as
well as the structure of the dye molecule

3.6. Adsorption mechanism

The basic pH may enhance the anionic site on the PAN
yarn waste/COOH-MCNT nanofibrous composite surface
due to the presence of a higher number of active sites on
the nanofibrous composite surface, which may be enhanced
the dye adsorption by electrostatic interaction .At basic pH,
the nitrile group of the PAN may be converted into carbox-
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Fig. 5. Effect of pH on methylene blue adsorption.

ylic groups. The carboxylic groups in the composites are
changed anionic site (COO") under basic medium, which in
turn to lead the electrostatic attraction between anionic sur-
face of composite and cationic site of dye [28]

3.7. Effect of contact time and initial dye concentration

The dye adsorption capacity of the PAN yarn waste /
COOH-MCNT nanofibrous composite was observed at dif-
ferent contact time intervals with an optimum pH 10. The
dye uptake capacity was increased with increase in contact
time. In the first phase, the dye adsorption rate of the PAN
yarn waste /COOH-MCNT nanofibrous composite rapidly
increased, which may be due to the outer surface’s active
sites with both physisorption and electrostatic chemisorp-
tions, in the second stage gradual adsorption occurred,
which may be in the inner active sites of the composite with
fully chemisorption. Finally there is no significant colour
change due to the saturation point. The PAN yarn waste/
COOH-MCNT nanofibrous composite was studied with dif-
ferent dye concentration (10, 20, 30, and 40 mg/L) for 6 h at
different time interval. From Fig. 6 it can be observed that the
maximum dye up take is found at 30 mg/L of concentration.

3.8. Effect of COOH-MCNT dosage on dye removal

Fig. 7 shows the effect of COOH-MCNT dosage on dye
removal. From the result, it could be observed that the dye
removal efficiency increased with increase the percentage
of COOH-MCNT. The maximum dye removal is found to
be higher in the PAN yarn waste/1.5 wt% COOH-MCNT
nanofibrous composite, than the pristine PAN yarn waste,
PAN/0.5 wt% COOH-MCNT and PAN yarn waste /1.0 wt%
COOH-MCNT. The COOH-MCNT enhanced the amor-
phous content in the polymer nanofibrous composite, due
to dispersion of COOH-MCNT in the nanofibrous compos-
ite, and also it provided a rough surface to the nanofibrous
composite. The rough surface and amorphous structure are
factors that improve the dye removal efficiency [29].
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3.9. Dye removal efficiency

The fast dye removal rate was occurred in the first 60
min as shown in Fig. 8, due to the presence of more outer
surface active sites on the naofibrous composite. Then grad-
ually increased up to a certain period of contact time, which
may be due to the inner surface phenomenon. The system
may reached the saturation point, after blocking the all
pores and active sites in the nanofibrous composite.

3.10. Adsorption kinetics

A kinetic study is playing an important role to predict
the appropriate rate of adsorption of methylene blue on the
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Fig. 8. Dye Removal efficiency with contact time.

absorbent. The kinetics of adsorption showed the dye uptake
rate and also gives the residence time of the adsorption. The
rate controlling steps and diffusion mechanism have been
studied using the pseudo-first order, pseudo-second order
kinetics and external diffusion models respectively. Pseu-
do-first order kinetic equation is given as Eq. (1) [30].

In(q, —q;) =Ing, —k'’;t 1)

The slope and intercept of In (g,- g,) vs. time (Fig. 9a)
yield, the values of k', and the predicted g, and experi-
mental g, values obtained for the adsorption of methylene
blue dye solution on the PAN yarn waste/COOH-MCNT
nanofibrous composite. In pseudo-second order model, it is
assumed that the adsorption capacity is proportional to the
number of active sites present in the absorbent, and then the
kinetic rate equation is given as Eq. (2) [31,32].

t 1 1
AN S )
qt h+ (%)

where 1 = k’,*q >. The values (1/h) and g, can be determined
from the intercept and slope, respectively, from a linear plot
of t/q, vs. time (Fig. 9b).

The external diffusion model is given by Eq. (3) [33].

Int =k, t ®)

¢

The plot of In (C,) vs. time (Fig. 9¢c) gives a linear rela-
tionship for external diffusion model. From Table 2, the R?
value is found to be higher in the second order than the
first order. From the result, it could be observed that the
Pseudo-second order kinetic model most fitted for the
adsorption of methylene blue dye while compared to other
models.
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Fig. 9. (a) Pseudo-first order kinetic model, (b) Pseudo-second
order kinetic model, and (c) External diffusion model.

3.11. Adsorption isotherms

The adsorption isotherm determines molecular attrac-
tion between the liquid phase and the solid phase when
the adsorption process is reached at equilibrium level. The
adsorption isotherm model is playing an important role to
know the adsorptive behaviour of solid-liquid adsorption
systems. To optimize the adsorbent’s usage, the adsorption
isotherm is used to find how solutes interact with adsor-
bents. The three isotherm models are used to study the
adsorptive behaviour of nanofibrous composite namely,
Langmuir, Freundlich and Scatchard adsorption isotherms.
The applicability of these three isotherms was compared by

Table 2

Kinetic constants for the adsorption equilibrium of methylene
blue on Polyacrylonitrile yarn waste /COOH-MCNT nanofibrous

composite
Kinetic model Methylene Blue
Pseudo first order
k', (min™) 0.0064
R? 0.7697
Pseudo second order
k’, (g/(mg min)) 0.0031
R? 0.9928
h (mg/(g min) 1.0349
q,, (mg/g) 18.2815
External diffusion model
k,,(1/min) 0.0045
R? 0.7043

evaluating the correlation coefficients. Langmuir isotherm
is given as

R N I @
e bQO QO

where C, is the equilibrium concentration of the dye solu-
tion (mg L), g, is the amount of dye adsorbate per unit
mass of adsorbent (mg/g). The Langmuir parameters Q,
(mg/g) and b (L/mg) indicate the maximum adsorption
capacity and the rate of adsorption, respectively. The Q,and
b are obtained from the slope and intercept of the straight
lines of plot C /g, vs. C, (Fig. 10a).

The shape of Langmuir isotherm could also be expressed
in terms of adsorption factor (R,), which is given as follows.

1
1+bC0

Q)

Rp

where b is Langmuir constant (L/mg) which related to the
affinity of binding sites and the energy of adsorption and C,
is initial concentration of dye. The R, and R? parameters are
obtained from the Langmuir isotherm model which is given
in table. If the (R)) is unfavourable, (R, = 1) linear, (0 < R, <
1) favourable, and (R, = 0) irreversible [34].

The Table 3 shows the R, _value in the range between 0
and 1, from which it could be favourable for the adsorption
of methylene blue.

The Freundlich isotherm illustrates the heterogeneity
of the adsorbent surface involving a multilayer adsorption.
The Freundlich equation was used for the adsorption of
Methylene blue on the adsorbent. The Freundlich isotherm
was represented as

1
Ing, =Inkg +;lnce (6)
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Fig. 10. (a) Langmuir isotherm model, (b) Freundlich isotherm
model,and (c) Scatchard isotherm model.

where the parameters K, and 1/n indicated the sorption
capacity and the sorption intensity of the system respec-
tively. The K, and 1/n values are presented in Table 2. The
K. and 1/n are obtained from the slope and intercept of
the straight lines of plot In g, vs. In C, (Fig. 10b). Generally
the 1/n value is occurring between 0 and 1 for favourable
adsorption of adsorbate on adsorbent [35]. The 1/#n values
obtained from Freundlich isotherm model is 0.7716, which
is occurring in the range of 0-1. From the result it could be
concluded that the absorbent is more favourable for methy-
lene blue adsorption.
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Table 3

Isotherm constants for the adsorption of methylene blue on
Polyacrylonitrile yarn waste/COOH-MCNT nanofibrous
composite at room temperature

Isotherm Constants
Langmuir

Q, mg/g 7.1685
b,L/mg 0.1687
R? 0.8881
R, 0.1650
Freundlich

1/n 0.7716
k, (L/mg) 1.5459
R? 0.9007
Scatchard

q, (mg/g) 8.81
K, (L/mg) 0.2137
R? 09122

The Scatchard isotherm model is used to study the bind-
ing sites of adsorbent, the Scatcard equation can be written as

Zi = quL - quL (7)

e

where g,and C, are the equilibrium adsorption capacity of
the adsorbent and the equilibrium concentration of adsor-
bate respectively. The parameters g and K, are represents
the number of binding sites and affinity of the adsorbent
respectively. The g, and K| are obtained from the slope and
intercept of the straight line plot of g,/ C,vs. C, (Fig. 10c). The
R* and K, values are obtained from the Scatchard isotherm
model. The Scatchard plot is showing down curvature line
for methylene blue adsorption. The down curvature line
suggests that the successive adsorbate molecules are bound
more strongly on adsorbent [36]. From the result it could be
observed that the Freundlich and Scatchard isotherm mod-
els are more favourable for the adsorption of methylene
blue than Langmuir model.

4. Conclusions

The prepared PAN nanofibrous composite was a poten-
tial adsorbent for the removal of methylene blue dye. The
nanofibrous composite was acquired the maximum amount
of methylene blue dye removal under basic pH. The percent-
age of dye removal was found to be higher in the PAN/1.5
wt% COOH-MCNT composite as compared with other com-
posites. The R? value was found to be higher in the Freun-
dlich and scatchard isotherm models. It shows the enhanced
multilayer adsorption of nanofibrous composite. Freundlich
and scatchard isotherm models were indicated the number
of adsorption layer and active binding sites in the absorbent
respectively. The pseudo second order kinetic model was
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found to be most fit for the adsorption of methylene blue.
The maximum of 77.74% dye removal was attained by using
prepared PAN yarn waste/COOH-MCNT nanofibrous
composite for 30 initial dye concentrations.
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Symbols

Q, b — Langmuir isotherm constant (1/mg)

C, — Initial liquid-phase concentration (mg/L)

C, — Equilibrium liquid-phase concentration (mg/L)
K — Freundlich isotherm constant (L/mg)

T< — Scatchard isotherm constant (L/mg)

N — Freundlich isotherm constant

q, — Equilibrium uptake capacity (mg/g)

K, — Pseudo first order rate constant (min™)

K, — Pseudo second order rate constant (g/mg min)
K, — External diffusion constant (min)

R, — Dimensionless constant separation factor
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