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ABSTRACT

In this study, Congo red (CR) was removed from aqueous solution by multiwalled carbon
nanotube (MWCNT) oxidized and treated with HNOj5. In this regard, the influence of vari-
ables such as size and amount of MWCNT, pH, stirring time, and initial dye concentration
on the procedure efficiency was examined and optimized. At optimum value of all vari-
ables, high adsorption capacity (357.14 mg g ') indicates the efficiency and suitability of
MWCNT for achievement a safe and clean environment. The initial pH has significant role
on the chemistry of dye molecules and adsorbent, and the best pH was 1.0. The removal
rates follow the pseudo-second order in cooperate with interparticle diffusion models. The
correlation coefficients were in the range of 0.9987-0.9998. The high adsorption capacities
make MWCNT superior to activated carbon and admit to design safe, economic, and non-
toxic wastewater treatment technology. The pH of zero charge of MWCNT was around 1.0.
The higher the fraction of mesopores with size between 10 and 50 nm lead to enhance in
the rate and amount of dyes adsorbed on its surface. Fitting the equilibrium adsorption data
by Langmuir and Freundlich models shows that experimental data well explained by the
by the Langmuir equation. The treated MWCNT has surface area, pore volume, and average
pore diameter of 217.022 m*/g, 0.757 cm>/g, and 276.482 A. The increase in the adsorption
of the CR with rising temperature indicates its endothermic nature.
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1. Introduction

Colored organic effluent is produced in industries
such as textiles, rubber, paper, plastic, cosmetics, and
dyes. Their discharge into water resources even in a
small amount can affect the aquatic life and food web.
Dyes lead to generation of allergic dermatitis, skin irri-
tation and even may be carcinogenic and mutagenic
for aquatic organisms. Dyes with synthetic origin and

*Corresponding author.

complex aromatic molecular structures are more sta-
ble, and their biodegradation is a difficult task [1].
Dyes classified as follows [2] anionic (direct, acid, and
reactive dyes), cationic (basic dyes), and non-ionic
(disperse dyes). Due to their low biodegradability,
conventional biological wastewater treatment process
is not very efficient wastewater treatment approach.
Such media usually can be treated by physical- or
chemical-treatment processes [3-7]. Adsorptions as
one of the most effective and acceptable dye removal
approaches are a well-known method especially based
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on application of low-cost adsorbents. The generally
activated carbon with microporous structure has high
surface area and efficiency for the adsorption of low
molecular weight compounds, while fail to adsorb
strongly giant molecules. The adsorption of bigger size
compounds, such as dyes, dextrin, or natural organic
materials, requires a material with high mesopore con-
tribution to the total pore volume of adsorbent [8-11].
Most of the dyes can cause damage to aquatic life and
human health that emerged from their toxicity, muta-
genic, or carcinogenic nature [12]. Therefore, the
removal of dyes from waste effluents has significant
environmental importance [13]. Congo red (CR) (1-
naphthalenesulfonic acid, 3,3-(4,4-biphenylenebis
(azo))bis(4-amino-)disodium salt) is a benzidine-based
anionic diazo dye [14] enter to various ecosystem from
textiles, printing and dyeing, paper, rubber, and plas-
tics wastewater [15]. This dye metabolizes to benzi-
dine (known human carcinogen) that generates
mutagen and reproductive effectors and also hazards
for skin, eye, and gastrointestinal irritant [16]. Various
adsorbents, especially nanomaterial-based adsorbents,
proven to be promising effective material for the
removal of various dyes [17-23]. In the present
research, first various size multiwalled carbon nano-
tube (MWCNT) in the range of 8-15, 15-30, and > 50 nm
was oxidized in the presence of nitric acid and subse-
quently applied for the dyes removal. The effect of
factors such as initial pH (pHy), adsorbent dose (m),
contact time (#), initial concentration (Cp), and temper-
ature (T) on CR removal percentage was investigated
and optimized. The kinetics of adsorption using
pseudo-first and second-order and diffusion models
tested with experimental data for their validity. The
equilibrium sorption behavior was examined by fitting
the experimental data to various isotherm equations,
and it was found that Langmuir is the best model
with high correlation coefficient.

2. Materials and methods
2.1. Adsorbate

The adsorbate CR dye (CI = 22,120, chemical
formula = C32H22N6Na20652, FW = 6967, /lmax =500 nm)
was supplied by S.D. Fine Chemicals, Mumbai, India.
The dye was of analytical reagent grade and of 99.8%
purity. The structure of CR is illustrated in Fig. 1.
Stock solution (1,000 mg/L) of dye was prepared by
dissolving an accurately weighed quantity of dye
in double-distilled water. Experimental solutions of
the desired concentrations were then obtained by its
successive dilutions.

NH, NH,
N=N

N=N

SO;NE SO}N a

Fig. 1. Chemical structure of CR.

2.2. Analytical measurements

The CR in the aqueous solution was analyzed by
UV  spectrophotometer (Perkin—-Elmer Lambda 35).
The standard solutions at different pH values were
scanned over 200-800 nm to determine the maximum
absorbance wavelengths (Amax). At these wavelengths,
the calibration graphs were prepared, and accordingly
the accurate determination of the CR residual was
monitored.

2.3. Batch experimental program

Batch experiments were conducted to examine the
effect of important parameters like initial pH (pHy),
adsorbent mass (m), initial concentration (Cy), and
contact time (t) on the adsorptive removal of CR. For
each experimental run, 50 mL of 20 mg L™ of CR
solution at various pH in the range of 1-7 was mixed
thoroughly with 0.02 g of adsorbent. This mixture was
agitated in a temperature-controlled vessel with con-
stant speed of 150 rpm. Therefore, all the samples
were centrifuged (Research centrifuge, Remi scientific
works, Mumbai) at 4,000 rpm for 10 min to settle
down suspended particles. After centrifugation, clear
supernatant samples were obtained and the residual
dye concentration was estimated accurately. The effect
of pH in the range of 1-8 was studied, while the pH
was adjusted by the addition of dilute aqueous solu-
tions of H,SO4 and/or NaOH. The kinetics of adsorp-
tion was determined by analyzing adsorptive uptake
of the dye from the aqueous solution at different time
intervals. For adsorption isotherms, different concen-
tration of dye solutions was agitated with known
amount of adsorbent till the equilibrium. The effect of
temperature on the sorption characteristics was inves-
tigated by determining the adsorption isotherms at
288 and 318 K. Blank experimental runs only the
adsorbent in 50 mL of double-distilled water were
conducted simultaneously at similar conditions to
account for any color leached by the adsorbents and
adsorbed by glass containers.
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3. Results and discussion
3.1. Characterization of adsorbent

The MWCNT was oxidized according to our previ-
ous publications [5,7,23] as follows: MWCNT powder
was purified and activated with 10% (v/v) hydrochlo-
ric acid solution for 24 h to remove adsorbed impuri-
ties and metal ions. Then, it was filtered, washed with
distilled deionized water, and dried at 80°C for 5 h.

Subsequently was characterized by SEM and BET
as shown in Figs. 2-6. The BET data are used to prove
modification of the MWCNTs surface (Table 1). The IR
spectrum of activated MWCNTSs shows absorption fre-
quencies at 3,400-3,600(bw), 1,627(s), 1,155(s), 673(s),
and 592(s) cm™' maybe assigned to stretching and
bending of OH, C=0, C-O, and C=C groups. In preli-
minary experiments, various size of MWCNT was
used for removal of CR from aqueous solution, and it
was found that there is not significant change in
removal percentages of CR until 50 nm (Table 2). Due
to simple operation and easy phase separation, in this

Institute for Color Science & Technology

Fig. 2. SEM image of MWCNT.
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Fig. 3. Isotherm linear plot.
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Fig. 5. BJH adsorption cumulative pore volume (Larger)
Halsey: Faas correction.
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Fig. 6. BJH adsorption cumulative pore area (Larger)
Halsey: Faas correction.

research for subsequent work, MWCNT with size in
the range of 30-50 nm was selected as best adsorbent
for efficient removal of present dye.

3.2. Effect of pH

The adsorptive treatment of dye containing waste-
water is pH dependent. However, pH is also known
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Table 1
Summary report of adsorbent properties

Summary report

Surface area
BET surface area:

BJH adsorption cumulative surface area of pores between 17.000 A and 3000.000 A width:
BJH desorption cumulative surface area of pores between 17.000 A and 3000.000 A width:

Pore volume

BJH adsorption cumulative volume of pores between 17.000 A and 3000.000 A width:
BJH desorption cumulative volume of pores between 17.000 A and 3000.000 A width:

Pore size

Adsorption average pore width (4 V/A by BET):
BJH adsorption average pore width (4 V/A):
BJH desorption average pore width (4 V/A):
Nanoparticle size

Average particle size

217.0127 m*/g
230.787 m*/g
243.6311 m*/g

0.756620 cm’/ g
0.753632 cm®/g

122.4743 GA
131.137 A
123.733 A

276.482 A

Table 2
Influences of size of MWCNT on CR removal percentages

MWCNT size CR removal percentage (%)
<8 97
8-15 96
15-50 97
>50 92

to affect the structural stability of CR and its color
intensity. Fig. 7 shows the CR removal trend from
aqueous solution over a pHj, range of 1-8. The effect
of pH was studied with blank CR solutions (20 mg/L)
with approximate natural pHy = 6.8. The solution was
kept for 1 h after the pH adjustment and, subse-
quently, the absorbance of the solution was recorded.
It is inferred that the CR solution is stable at pH

120
100 |
X 80 "
E 5 \A\A
g ——0.007 g
€ 40} —m-0012¢g
1%
[3) 20| —4—0.018 g
——0.022g
0 1 1 1 1 1 1
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Fig. 7. Effect of system pH on adsorption of CR
(20 mg L™") onto MWCNT (0.007-0.022 g) at room temper-
ature (27 + 2°C), agitation speed 300 rpm for the maximum
contact time required to reach the equilibrium (20 min).

around 1 and becomes unstable at both lower and
higher pH. More than 90% of color removal is
observed in the pHj range of 1-3. By raising the pHj
from 2 to 7, the color removal decreases slightly from
80 to 65%. It can also be inferred from Fig. 7 that the
CR removal is maximum at pHy = 1, and also the
solution is most stable at this pHy. Therefore, further
adsorption experiments were carried out at pHy = 1.
At lower pH due to the negative charge of CR and
positive charge of oxidized MWCNT (protonation of
the produced functional groups including hydroxide,
carboxylic, and carbonyl), a strong electrostatic inter-
action enhance the removal percentage. At higher pH
due to negative charge of both dye molecule and
MWCNT surface lead to appearance of electrostatic
repulsive force that hinders from dye adsorption.

3.3. Effect of contact time (t) and initial dye
concentration (Cp)

The effect of contact time on the CR removal at
Co = 6, 12, 20, 30, and 40 mg/L (Fig. 8) was investi-
gated, and it was found that rapid adsorption of CR
occurs in the first 12 min. The increase in contact time
up to 20 min shows that the CR removal increases
slightly. It is mentionable that the difference in the
adsorption values at 12 min and at 20 min is very
small, and subsequently this contact time is steady
state approximation and a quasi-equilibrium situation
was accepted. Further experiments were conducted
for 12 min contact time only. The effect of Cy on the
CR removal (Fig. 9) indicates that the CR percentage
removal decreased with the increase in C,. Although,
CR adsorbed per unit mass of MWCNT (C) increased
with the rise in Cy. The g, enhances with the increase
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Fig. 8. Effect of contact time on the CR removal at 0.02 g
adsorbent of MWCNT in different concentration
(6-40 mg L™") of MG at pH 1.0.
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Fig. 9. Effect of initial dye concentration at 0.02 g
adsorbent on the adsorption of CR.

in Cy as the resistance to the uptake of CR from the
solution decreases with the increase in CR concentra-
tion. The rate of adsorption also increases with the
increase in Cy due to increase in the driving force.

3.4. Effect of adsorbent dosage (m)

The effect of adsorbent mass on the uptake of CR
onto adsorbent was studied at T = 30°C and C, = 5-
55 mg/L and the results are shown in Fig. 10. The CR
removal was increased with an increase in the adsor-
bent mass from 0.007 to 0.022 g, and it was observed
that the removal remained unchanged for m > 0.022 g.
The increase in the adsorption with adsorbent dosage
can be attributed to the availability of greater surface
area and more adsorption sites [24]. At m < 0.01 g, the
MWCNT surface becomes saturated with CR, and the
residual CR concentration in the solution is large.
With an increase in m, CR removal increases due to
enhance in the vacant adsorbent site. For m > 0.018 g,
the incremental CR removal became low and at higher
value, the removal efficiency becomes almost constant.
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Fig. 10. Effect of adsorbent dosage on CR removals in the
range of 0.007-0.022 g at (pH 1.0, agitation speed: 300 rpm,
temperature: 27 + 2°C).

3.5. Adsorption kinetic study

3.5.1. Pseudo-first-order and pseudo-second-order
models

The adsorption of CR molecules from liquid phase
to the solid phase can be considered as a reversible
process. The uptake and retention of the CR molecules
by adsorbent at any instant () is given as:

log (ge — q¢) = log (ge) — (K1,/2.303)t 1)

where g; is the amount of adsorbed compound at time
t (mg/g), g. is the adsorption capacity at equilibrium
(mg/g), ki is the pseudo-first-order rate constant
(min™'), and t is the contact time (min). The pseudo-
second-order model is represented as:

t/qe=1/kad’ + (1/4e)t @)

The initial sorption rate, (4 (mg/g min)), at +—0 initial
rate is defined as:

h= kzqg (3)

The prediction of the batch adsorption kinetics is nec-
essary for the design of industrial adsorption columns.
The experimental value of solid-phase concentration
of adsorbate at equilibrium (ge.exp) and the calculated
value of solid-phase concentration of adsorbate at
equilibrium (gecaic) for the pseudo-first-order model
and pseudo-second-order models are presented in
Table 3. The geexp and the gecale values from the
pseudo-second-order kinetic model are very close to
each other, and the coefficients of determination, (R?),
are also closer to unity for pseudo-second-order
kinetics than for the pseudo-first-order Kkinetics.
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Table 3

849

Kinetic parameters of CR removal using 0.015 g adsorbent over concentration in the range of 8-50 mg/L at optimal

conditions

Parameter values: concentration dye (ppm)

Models Parameters 8 14 20 30 40 50
First-order-kinetic model: Log (7. — gv) =log (g.) — (K1/2.303)t K; 0.245 0.196 0.145 0.105 0.086 0.067
e, cal 1584 196 296 489 598  68.6
rR? 0.924 0953 0914 0909 0.906 0.8911
Second-order-kinetic model: /g, = 1/kyq? + (1/ge)t Kp+10% 0.182 0.145 0.109 0.087 0.053 0.023
e, cal 298 416 599 789 1186 1389
R® 0.9997 0.9997 0.9998 0.9991 0.9987 0.9992
H 538 769 1127 1629 2063 229.7
Intraparticle diffusion g, = Kig t'/% + C Kaif 1.9 3.8 6.8 9.6 146 189
C 108 158 198 283 398 456
R? 0.816 0.857 0.881 0.875 0.846 0.893
Elovich g, = 1/ In(ap) + 1/ In (1) B 0.083 0.156 0.198 0.245 0.298 0.364
R? 0.901 0.898 0.899 0.908 0.939 0.963
Experimental date e, exp 326 428 606 798 1203 1412

Therefore, the sorption can be approximated more
appropriately by the pseudo-second-order kinetic
model than the first-order kinetic model for the
adsorption of CR.

3.5.2. Weber-Morris intraparticle diffusion equation

The possibility of intraparticle diffusion was
explored by using the intraparticle diffusion model
[25]:

gy = kiat'? + C 4)
where k4 is the intraparticle diffusion rate constant
(mg/(g min'/?)) and C (mg/g) is a constant. If the
Weber-Morris plot of g, vs. t'/? satisfies the linear
relationship with the experimental data, then the sorp-
tion process is limited solely by intraparticle diffusion.
The nonlinear nature of investigated line over the
whole time range indicates contribution of more than
one process in the sorption process. The independent
of steps each other the plot of g, vs. t'/? appears com-
bination of two or more intersecting lines that show
the first line represents surface adsorption and the sec-
ond intraparticle diffusion. The presence of such dis-
tinctive features in the plots interpreted and belongs
to the distinction between steps. Surface adsorption
and intraparticle diffusion were likely to take place
separately. The first portion (line not drawn for the
clarity of picture) gives boundary layer diffusion, and
further linear portions depict intraparticle diffusion.
For Cy = 8, 14, 20, 30, 40, and 50 mg/L, the first

straight portion depicting mesopore diffusion, and the
second line represents the micropore diffusion [26].
Extrapolation of the linear portions of the plots gives
the intercepts and the value of I (the boundary layer
thickness). The high value of intercept shows bound-
ary layer dimension. The deviation of straight lines
from the origin is obtained from difference in rate of
mass transfer in the initial and final stages of adsorp-
tion. Deviation of straight line from the origin indi-
cates the pore diffusion is not the sole rate controlling
step [27]. Therefore, the adsorption proceeds via a
complex mechanism. The values of kg, and kiap
(obtained from the slopes of the straight lines) are
presented in Table 3.

3.6. Adsorption equilibrium study

Various isotherm equations such as Freundlich,
Tempkin, Dubinin-Radushkevich, and Langmuir were
used to represent equilibrium adsorption data of tar-
get compounds on adsorbent. Despite serious limita-
tions of all models that restrict their usage, the most
popular Freundlich isotherm is suitable for highly het-
erogeneous surfaces. The Langmuir equation [28] is
valid for homogeneous surfaces. The Tempkin iso-
therm contains a factor that explicitly takes into
account the interactions between adsorbing species
and the adsorbate. This isotherm assumes is based on
linear reduce in adsorption of all heat with
(adsorbate—-adsorbate interactions) and according to
uniform distribution of binding energies [29]. The
Dubinin-Radushkevich (D-R) equation [30,31] is
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Isotherm constants of CR adsorption onto MWCNT
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Parameters Adsorbent (g)
Isotherm Equation 0.007 0.012 0.018 0.022
Langmuir Ce/de =1/KQm + Ce/Qm Om (mg g 1y 357.14 200 76.33 65.79
K, (L mg ") 0.021 1.47 4.85 8.94
RL 0.90-046 0.12-0.012  0.04-0.003  0.022-0.002
x? 4.6 2.1 1.08 0.45
R? 0.9979 0.9942 0.9940 0.9891
Freundlich Inge=InKg+ (1/m)InC. 1/n 0.53 0.42 0.33 0.35
Kg (L mg™) 95.81 92.86 59.9 55.38
X? 9.6 18.6 33.9 47.8
R? 0.9825 0.9235 0.9370 0.9454
Tempkin ge =B In K1 + B, InC, B 66.4 34.27 12.43 11.08
Kr (L mg ") 6.90 28.74 106.74 172.53
X2 16.7 255 35.6 46.8
R? 0.9565 0.9653 0.9799 0.9810
Dubinin and In g. = In Q, - B¢ Q, (mg g™ 215.64 150.20 64.06 57.36
Radushkevich
B 8E-08 4E-08 2E-08 1E-08
E (kJ/mol) = 1/2B)'/? 250 3.54 7.07 10.00
x? 106.6 143.7 289.6 371.9
R? 0.8528 0.9485 0.9761 0.9782

representing solute adsorption onto heterogeneous
surfaces. The isotherm constants and correlation
coefficient of Freundlich, Langmuir, Tempkin, and
D-R isotherms models are listed in Table 4.
Freundlich constants, Kr and 1/n, indicate the adsorp-
tion capacity and adsorption intensity, respectively.
Higher the value of 1/, the higher will be the affinity
between the adsorbate and the adsorbent, and the het-
erogeneity of the adsorbent sites. The 1/n value indi-
cates the relative distribution of energy sites and
depends on the nature and strength of the adsorption
process. The 1/n value of 0.53 refers to the fact that
90% of the active adsorption sites have equal energy
level. Since 1 /n < 1, CR has favorable nature adsorp-
tion at all temperatures. The surface heterogeneity is
due to the existence of crystal edges, type of anions,
surface charges, and the degree of crystalline of the
surface. The net effect of these factors is temperature
dependent. The Freundlich isotherm does not predict
the saturation of the adsorbent surface by the adsor-
bate. The Kr value can be taken as a relative indicator
of the adsorption capacity [32,33]. The magnitude of
Kg also showed the higher uptake of CR at higher
temperature and endothermic nature of adsorption
process. The maximum adsorption capacity of adsor-
bent (Q) is the monolayer saturation at equilibrium.
The Ky, value indicates the affinity of the CR to bind
onto the adsorbent surface so that the higher K; value
indicates higher affinity. The D-R isotherm incorpo-
rates is applicable the homogenous and heterogeneous

systems. The b value between 0 and 1 indicates
favorable adsorption of CR onto adsorbent. The value
of b helps in determining the mechanism of
adsorption. A view glance to experimental results
(Table 4) shows that b value closer to [1 — (1/n)] vs. 1
show heterogeneous nature of adsorption. The
comparison of the values of the error functions
(Table 4) at all adsorbent dosages for all understudy
isotherm models (Table 4) shows that the R* values
for Langmuir model are closer to unity that shows its
applicability for explanation of CR adsorption on this
adsorbent.

4. Conclusion

This investigation shows the efficiency of
MWCNT as a good, green, and low cost with high
adsorption capacity (357.14 mg g ') adsorbent for
the removal of CR from aqueous solutions in short
time (<12 min). In this study, the effective pH was
1, and the optimum adsorbent dose was found to
be 0.022 g. Langmuir isotherm gave a better fit to
adsorption isotherms than Freundlich isotherm using
linear and nonlinear methods. The kinetic study of
CR on MWCNT was performed based on
pseudo-first order, pseudo-second order, Elovich and
intraparticle diffusion equations. The data indicate
that the adsorption kinetics follow the pseudo-
second-order rate in addition to inter particle
diffusion.
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