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ABSTRACT

In this study, ferrofluid-modified multiwalled carbon nanotubes (MMWCNT) was used as
an efficient adsorbent for the removal of bismarck brown R (BBR) and Cd(I) ions from
aqueous solution using batch and column operations. An adsorption capacity (g,,) of 76.92
and 38.17mg/g was achieved for BBR and Cd(I), respectively. A maximum column
adsorption capacity was 98.16 and 39.15 mg/g for BBR and Cd(II), respectively. The column
experimental data conformed to Thomas model. The experimental data were best fitted into
Langmuir isotherm suggesting homogenous, monolayer adsorption of both the dye and
metal on MMWCNT surface. The energy obtained from DKR isotherm for BBR
(2.24 KJ/mol) and Cd(I) (1.58-7.07 kJ/mol) indicated physical adsorption. The adsorption of
both dye and metal followed pseudo-second-order kinetics and the mechanism was
both liquid film and intraparticle diffusion controlled. The adsorption process was
thermodynamically spontaneous and endothermic in nature.

Keywords: Adsorption; Modified MWCNT; Bismarck brown R; Cd(Il); Isotherms; Kinetics;
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1. Introduction

The discharge of many hazardous dyes and/or
heavy metals containing effluents from various indus-
tries into nearby water bodies are major environmen-
tal concerns due to their detrimental effects on aquatic
life. Bismarck brown R (BBR) is a cationic diazo dye
used mainly in colouring paper, wool and leather. Its
ingestion may cause respiratory problems, skin dam-
age and irritation [1] and is also reported to have car-
cinogenic effects [2]. Cadmium poisoning may also
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cause acute nervous damage, renal damage and
hypertension. Therefore, the removal of hazardous
dyes and/or metals from wastewater before they
finally enter into the water bodies has gained much
attention. Adsorption technology is an efficient and
economically viable process for the removal of dyes
and heavy metals from wastewater [3-6] owing lar-
gely to its ease of operation, simplicity of design and
insensitivity to toxic pollutants [7]. Recently, there has
been an increased focus on the utilization of carbon
nanotubes as adsorbents for wastewater purification
[8-14] mainly due its high chemical stability, hollow
and layered structure, and large specific surface area.
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Since its discovery in 1991 the carbon nanotubes
(CNTs), sheet(s) of graphite wrapped into a tubular
structure, have received considerable attention for
many applications including water treatment. CNTs
are generally synthesized by arc evaporation method,
laser ablation, chemical vapour deposition, electrolysis
and flame synthesis, but arc evaporation, laser abla-
tion, and chemical vapour deposition are most com-
monly used methods. The CNTs generally exist in
single-walled CNTs (SWCNTS) or multi-walled CNTs
(MWCNTS) conformations. SWCNTSs consist of a sin-
gle layer graphite sheet, while MWCNTs have two or
more cylindrical graphitic sheets. The adsorption of
pollutants onto CNTs can occur onto four sites (a) hol-
low interior of individual nanotubes—internal sites,
(b) the interstitial channels between individual nan-
otubes in the bundles—interstitial channels, (c) the
grooves on the periphery of a nanotube bundle and
the outer surface of the outermost nanotubes, where
two adjacent parallel tubes meet—grooves and (d) the
curved surface of individual nanotubes on the outside
of the nanotube bundles—outside surface [15]. The
adsorptive surface of the raw CNTs can readily be
modified by physicochemical treatments, which
enhances the dispersion property and adsorption
capacity. The treatment of pristine CNTs with strong
oxidizing agents introduces various functional groups
(COOH, OH) on its surface, which increase the affinity
of CNTs towards various pollutants. However, the
application of CNTs in wastewater treatment is lim-
ited due to difficulties associated with its separation.
In order to overcome the disadvantage of separation
difficulty, magnetic separation of magnetically modi-
fied CNTs 1is considered a desirable technique.
Although magnetic composite/nanocomposites have
been widely used in adsorption studies [16], the appli-
cation of magnetic CNTs for adsorptive removal of
organic dyes and metal ions from aqueous solution
[17-22] is limited. Moreover, the adsorptive removal
of organic dyes and metals by magnetically modified
MWCNTs using batch and fixed-bed method is rela-
tively scarce.

In this study, the magnetically modified multi-
walled carbon nanotubes (MMWNTs), prepared using
aqueous ferrofluid, was used for the adsorptive
removal of BBR and Cd(I) from aqueous solution
using both batch and fixed-bed techniques.

2. Experimental
2.1. Reagents and chemicals

MWCNTs  (95%,
Research, TX, USA),

20-30 nm  diameter)
sodium hydroxide,

(SES
ferrous
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sulphate, ferric chloride, dithizone (Merck, India),
nitric acid (Qualigens, India), cadmium nitrate tetrahy-
drate, hydrochloric acid (s.d. fine), cetyltrimethylam-
monium bromide (CTAB) (Sigma Aldrich, India), BBR
(CDH, India), and sulphuric acid (Himedia, India)
were used as received.

2.2. Preparation of adsorbent

MWCNTs were oxidized using HNOj according to
reported procedure [23]. Aqueous ferrofluid was pre-
pared according to the reported method [24]. Mixed
solutions of FeCl, (2 M) and FeCl; (1 M) were magnet-
ically stirred and to it was added 100 mL of NH,OH
(0.7M) slowly. A black precipitate of magnetite
(Fe304) nanoparticles thus obtained was centrifuged
for 1 min at 1,000 rpm. The supernatant was decanted
and solid magnetite was treated with aqueous tetram-
ethylammonium hydroxide (TMAH) (25%) solution.
The crystallites obtained were then washed with dou-
ble-distilled water to remove any impurities and
resuspended in distilled water. A known weight of 2 g
of MWCNT was suspended in 30 mL ethanol, and
3mL of the prepared ferrofluid was added and the
solution stirred under nitrogen atmosphere for 30 min
at room temperature (25 +5°C). The adsorbent was
finally washed with ethanol and dried at 70°C
overnight.

2.3. Preparation of adsorbate solution

The stock solutions of BBR and Cd(II) (100 mg/L)
were prepared by dissolving 100 mg of BBR and
280 mg of cadmium(ll) nitrate tetrahydrate in 1L of
bidistilled water. Stock solutions were then diluted to
desired concentrations.

2.4. Characterization of the adsorbent

The infrared spectra (4,000-400 cm™ Y of samples
were recorded on a Perkin Elmer FI-IR BX2 instru-
ment. The pellets were prepared by mixing 2 mg of
the powdered sample with 200 mg of spectroscopic
grade KBr. Scanning Electron Microscope (JEOL,
model 3300) was used to investigate the surface mor-
phology of the adsorbent. Brunauer-Emmett-Teller
(BET), Barret-Joyner-Halenda (BJH) and Dubinin-
Astakhov (DA) methods were used to analyse surface
area, pore volume and pore radius of the adsorbent
on a Nova 2000e, Quantachrome Instruments, Florida,
USA. Magnetic studies were carried out using
Microsense EV9 Vibrating sample magnetometeric
(VSM).
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2.5. Adsorption studies

Adsorption experiments were carried out at a fixed
agitation speed at room temperature (298-303 K) under
batch mode technique. Hundred millilitres of adsor-
bate solution of desired concentration (5-25mg/L)
was equilibrated with varying doses of MMWCNT in a
thermostatic water bath shaker for different time inter-
vals. The adsorbent was separated from the solution
by centrifugation (REMI, R-24) and the residual con-
centration of adsorbate in the supernatant was deter-
mined spectrophotometrically at 465 nm for BBR and
540 nm for Cd(II). The spectrophotometric determina-
tion of Cd(II) was done following standard procedure
using dithizone as a complexing agent [25]. In a typical
procedure, 5mL of dithizone solution and 2 mL of
HCI (0.1 M) was mixed with 100 mL of Cd(II) solution
in a calibrated flask, and to it was added 5 mL of 0.3 M
CTAB. A pink coloured Cd(Il)-dithizone complex was
formed, the absorbance of which was measured at
Asso nm along with the corresponding blank. The con-
centration of Cd(II) was determined using the calibra-
tion curve.

The amount of adsorbate adsorbed per unit mass
of the adsorbent (3., mg/g) was calculated using the
following equation (Eq. (1)):

e = (Co - Ce)/m ¢))

The per cent adsorption was calculated from the
relationship (Eq. (2)):

% adsorption = 100 (C, — C.)/C, )

where C, is initial dye/metal concentration in mg/L
before adsorption, C. is equilibrium concentration of
dye/metal in mg/L after adsorption and m is the
amount of adsorbent (g/L of adsorbate solution).

For column experiments, two columns each of
diameter 1.3 cm, length 1.0cm and 25cm were
packed with 1.0 and 2.5g of the adsorbent for BBR
and Cd(II), respectively. The experimental set-up is
diagrammatically represented in Fig. 1. The adsorbate
solutions (100 mg/L) were passed through the column
at a flow rate of 20 mL/min. The retention time of
adsorbate was 80 min for BBR and 90 min for Cd(I).
The effluent was collected in 50 mL aliquots and anal-
ysed spectrophotometrically to determine the remain-
ing concentration of adsorbate. The column was
allowed to run till the adsorbate concentration in the
effluent reached around 95% of the initial concentra-
tion. Maximum column capacity (q.) was calculated
using the following equations:
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Fig. 1. Diagrammatic representation of column set-up.

Gtotal = A - Q ' 1/1000 3)

Je = Grotal/M 4)

where giorar (mg) is the total amount of dye/metal
adsorbed, A is the area under C,q vs. t (Coq = Co — Cp)
curve, Q (mL/min) is the flow rate, C, (mg/L), C; is
the concentration of the effluent after time ¢ is the ini-
tial concentration of the influent and M is the amount
of adsorbent packed in the column.

For kinetic measurements, the experiments were
performed using a fixed adsorbent dose with varying
contact times at different dye/metal ion concentra-
tions. The effect of varying solution pH on adsorption
was studied in the range of 2-10. The solution pH
was adjusted with dilute HCI or NaOH solution (both
0.01 M). The experiments were repeated three times
and average values were taken.

3. Results and discussion
3.1. Characterization of the adsorbent
3.1.1. FTIR studies

The FT-IR spectra of MMWCNT, before and after
adsorption, are given in Fig. 2. The absorption peaks
at 3,422 and 2,974 cm™! correspond to C-H and O-H
stretching, respectively. The bands due to C=0O
stretching modes of -COOH groups on the surface of
the MMWCNTSs was observed at 1,740 cm™ . The band
at 1,635cm™' is assigned to anti-symmetric C-O
stretch, whereas the band at 1,593 cm™! is attributed to
C=C stretch. The R-O-R stretch and characteristic Fe-O
stretching vibrations appeared in the spectrum at 1,294
and 586 cm '. After adsorption, no appreciable
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Fig. 2. FT-IR spectrum of MMWCNT (a) before adsorption, (b) after BBR adsorption and (c) after Cd(II) adsorption.

changes in the absorption bands were observed, which
pointed out the physical nature of adsorbent-adsorbate
interaction. New peaks at 1,046 and 1,102 cm™ ! were
attributed to C-H bending vibration of aromatic ring
and C-N stretching vibration of the adsorbed BBR

molecules.

3.1.2. Scanning electron microscopic studies

The SEM images of the adsorbent are given in
Fig. 3(a) and (b). It is clear from the images that iron
oxide nanoparticles or their aggregates are deposited
on the nanotube walls. The SEM images of MMWCNT

Fig. 3. SEM images of MMWCNT (a), (b) before adsorption, (c) after Cd(II) adsorption and (d) after BBR adsorption.
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after adsorption (Fig. 3(c) and (d)) show the adsorbed
Cd(I) ions and BBR molecules adhering onto the
adsorbent surface and interior pores.

3.1.3. Surface area and porosity measurements

Based on the BET, BJH, DA method, the specific
surface area, pore radius and pore volume were esti-
mated and are given in Table 1. BET surface area was
399.67 m*/g which was high compared to pristine
MWCNTs (outer diameter 10-30 nm, length 1-100 um)
being 158-162 m*/g [26]. Pore radius indicated meso-
porous nature of the adsorbent.

3.1.4. VSM analysis

The magnetization curve (Fig. 4) showed no
permanent magnetization. Neither coercivity nor
remanence was observed indicating the super-
paramagnetic nature of the adsorbent. This property
of losing magnetic nature, in absence of external
magnetic field, made it possible for the adsorbent to
retain its surface area and active sites while adsorp-
tion without aggregating [27]. Moreover, it shows a
good saturation magnetization of ~19.16 emu/g which
is greater than reported earlier (4.81 emu/g) [28].

Table 1
Surface area properties of MMWCNT

Surface area Pore radius Pore volume

Method (m?/g) (nm) (cm®/g)
BET 399.67 - -
BJH 241.74 1.60 1.09
DA - 1.17 0.82
20 1
= 15 1
E 10 -
3 :
E T L) G ' L)
; 6000 -4000 -2000 2000 4000 6000
- -1
g
= 5
_20 -
-25-
Magnetic field (G)

Fig. 4. Magnetization curve of MMWCNT.
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3.2. Equilibrium adsorption studies
3.2.1. Effect of contact time

The effect of contact time on the adsorption of
BBR and Cd{I) onto MMWCNT was studied at a
constant adsorbent dose of 0.1 and 0.5 g/L for BBR
and CddI), respectively, and is depicted in Fig. 5(a)
and (b).With increase in contact time from 10 to
100 min, g, increased from 98.17 (49.08%) to
176.42 mg/g (88.21%) for BBR attaining equilibrium at
80 min. For Cd(II) removal, with an increase in con-
tact time from 5 to 30 min, g, increased from 22.61
(90.43%) to 23.93 mg/g (95.71%) reaching equilibrium
at 20 min. This trend can be explained as: initially the
surface of the adsorbent had sufficient vacant sites
and the longer contact between adsorbent and adsor-
bate increased the access of these vacant sites to the
dye and metal cations. After a certain period of time
(80 and 20 min) almost all the vacant sites got
saturated and no further uptake was noticed [29].

(a) 100 200
90 L 180
80 - 160
o 70 - 140
E 60 - 120 %
g 50 - 100 g
X a0 L 80 &
30 A —=—%removal [ 60
20 1 —o— e - 40
10 - L 20
0 : . . . - 0
0 20 40 60 80 100 120
contact time (min.)
(b) %6 24
i - 238
236
] 34
: °3
g 931 232 g
P s
£ 02 B &
—E-%removal [ 228
_— ——qe - 226
90 T T T 224
0 10 20 30 40
contact time (min.)

Fig. 5. Effect of contact time on g, and per cent removal (a)
BBR and (b) Cd(D).
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Therefore, 80 and 20 min were chosen as the equilib-
rium contact time for the removal of BBR and Cd(II),
respectively.

3.2.2. Effect of adsorbent dose

The removal of BBR and Cd(II) from aqueous solu-
tion onto MMWCNT at varying adsorbent doses was
studied. With the increase in dose from 0.025 to
0.15g/L, per cent removal of BBR increased from
82.66 to 89.44 (Fig. 6(a)), whereas the per cent removal
of Cd(I) increased from 92.57 to 95.51 with the
increase in dose from 0.125 to 1.00 g/L (Fig. 6(b)).
Equilibrium was attained at an adsorbent dose of 0.1
and 0.5g/L for BBR and Cd(I), respectively. The
increase in per cent removal with increase in the
adsorbent dose could be attributed to the increase in
number of vacant sites available to the adsorbate
molecules. However, the g. for both dye and
metal was found to decrease with the increase in dose

(a) 90 185

89 - F 184

g8 | - 183

= 874 - 182
g 181 &
E 86 E'
£ - 180
;3 85 —B8—% removal <

- 179

g8 e L 178

83 1 - 177

82 - r . 176

0 0.05 01 0.15 02
dose (g/L)
(b) 9% 27
9551 - 265
%1 - 26
= 945
E 2558

m -
£ L 25 o
£ 935 o

= —8-%removal 245

——qe
92.5 24
92 - ; 23.5
0 05 1 15
dose /L)

Fig. 6. Effect of dose of MMWCNT on g, and per cent
removal (a) BBR and (b) Cd(II).
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due to an overlap of active sites at high adsorbent
doses [30].

3.2.3. Effect of initial concentration of the adsorbate

At an adsorbent dose of 0.1 g/L and a contact time
of 80 min, the adsorption capacity of BBR increased
from 158.32 to 177.00 mg/g, while per cent removal
decreased from 93.04 to 86.14, with an increase in ini-
tial concentration from 5 to 25 mg/L, reaching equilib-
rium at 20 mg/L (Fig. 7(a)). The maximum amount
adsorbed under these conditions was 167.07 mg/g
(87.84%). For the removal of Cd(II), the g, increased
from 21.54 to 24.11 mg/g, whereas per cent removal
decreased from 98.45 to 95.22, with the increase in
concentration from 10 to 25 mg/L at an adsorbent
dose of 0.5 g/L and 20 min of contact time, reaching
equilibrium at 20 mg/L (Fig. 7(b)). The maximum

(a) 94 180
93
92 4 - 175
_ 91
a - 170
E 90 g
£ 89 s
£ 38 - —5— % removal | 18°
—&—qe
871 - 160
86
85 T T T T T 155
0 5 10 15 20 25 30
conc. (mg/L)
(b) 99 245
985 L 24
98 - | 5ye
975 2
| 23 &
'E' 97 E
- 225 =
\E 965 - s
3 . . —&— % removal 5
et ]
95.5 - 215
95 - : 21
0 10 20 30
Conc. (mg/L)

Fig. 7. Effect of initial concentration of (a) BBR and
(b) Cd(II) on g. and per cent removal.



19380

amount of Cd(II) adsorbed under these conditions was
2412 mg/g (95.29%).

3.2.4. Effect of pH

pHp,e of MMWCNTs was found to be ~4.3
(Fig. 8(a)). At pH < pH,,., MMWCNT surface is posi-
tively charged. As a result, adsorption of positively
charged BBR and metal ions decreased due to electro-
static repulsion (Fig. 8(b)). At pH > pH,,., the surface

(a) 12
10
8.
T
%
g 6
L=
4
2 —&— final pH
—&— initial pH
0 T T
0 5 10 15
initial pH
(b) 98 30
96
- 25
94
- 92 - 20
: -
B =0 §
L 15 &
E a8 5
= -]
86 - 10
84
—8-%removal | 5
82 v
80 T - T T - 0
0 2 4 6 8 10 12
pH
(c) 88.5 176.5
176
88+ - 175.5
175
87.5
F 174.5
g @
S - 174 &b
5 L1735 €
& 86.5- r173 <
F172.5
86 —B—%removal | 172
——qe F171.5
35.5 L} T T L 1 1?1
0 2 4 6 8 10 12

Fig. 8. (a) pHpzc curve of acidified MMWCNT, effect of
pH on g. and per cent removal of (b) BBR and (c) Cd(ID).
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became negatively charged and hence the adsorption
increased due to attractive forces. An equilibrium was
established at pH 7 for BBR, while for Cd(II) the
adsorption decreased after pH 7 (Fig. 8(c)). For both
metal and dye, maximum adsorption was observed at
pH 7. Thus, pH 7 was chosen as optimum pH for
adsorption studies.

3.3. Adsorption isotherms

The adsorption data were evaluated using various
isotherm models to estimate the nature of adsorption
of BBR and Cd(I) onto MMWCNT surface. The
isotherm parameters are summarized in Table 2.

3.3.1. Langmuir isotherm model

Langmuir adsorption isotherm is based on the
assumption that the adsorbate molecules are adsorbed
on definite localized sites with each site being occu-
pied only once, resulting in the formation of a
homogenous monolayer.

The linearized Langmuir isotherm can be
expressed as [31]:
1/ge = 1/qm + 1/qm bCe 5)

where g, (mg/g) is the amount of dye/metal ions
adsorbed per unit weight of adsorbent, b is the equi-
librium constant, and were obtained from slope and
intercept of Langmuir plots, respectively (Fig. 9(a) and
(b)). R* values were closer to 1 (Table 2) indicating the
applicability of this model for both BBR and Cd(II)
ions. This was further supported by R; values
between 0 and 1 (0.74-0.89 for BBR) (0.03-0.48 for
Cd(ID)) (Table 2) [32].

The adsorption capacity of the MMWCNT as
adsorbent was found to be 76.92 mg/g for BBR and
38.17 for Cd(I).

3.3.2. Freundlich isotherm model

The Freundlich adsorption isotherm assumes that
the stronger binding sites are occupied first because of
which the binding strength goes on decreasing with
coverage, resulting in heterogeneous adsorption.
The linearized Freundlich isotherm can be expressed
as [33]:

log g. = logKy + 1/n; log Ce (6)
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Table 2
Adsorption isotherm parameters for adsorption of BBR and Cd(II)
Bi kb R Cddr
Isotherm Isotherm constants [smarek prowh n
303 K 308 K 313 K 303 K 308 K 313K
Langmuir gm (Mg/g) 69.44 71.94 76.92 38.17 29.07 22.99
b (L/mg) 0.87 0.85 0.79 0.49 1.26 10.87
Ry, 0.74 0.81 0.89 0.48 0.23 0.03
rR? 0.99 0.99 0.99 0.96 0.99 0.99
Freundlich 1 2.48 2.35 2.18 1.64 2.24 5.67
K¢ (L/g) 32.22 32.89 33.69 12.20 15.28 19.53
R? 0.99 0.98 0.99 0.94 0.96 0.95
DKR qp (mg/g) 52.04 53.44 54.90 24.35 2243 20.85
E (kJ/mol) 2.24 224 2.24 1.58 2.36 7.07
R? 0.93 0.94 0.94 0.99 0.98 0.96
Temkin K; (L/g) 7.82 7.25 6.51 3.28 x 107° 1.08 x 1077 2.25x 1077
by (KJ/mol) 0.16 0.15 0.14 23.26 17.47 7.32
rR? 0.99 0.99 0.99 0.99 0.99 0.97
Redlich—Peterson A(L/g) 75.45 72.15 70.42 - — -
B (L/mg) 1.31 1.16 1.06 - - -
g 0.90 0.92 0.92 - - -
R? 0.9 0.99 0.9 - - -

where K¢ (L/g) is related to adsorption capacity and
1 is the exponent for favourable adsorption. K¢ and
were calculated from intercept and slope of Freundlich
isotherm, respectively.

On comparing R* values (Table 2) for Langmuir
and Freundlich isotherms, it was found that the
Langmuir isotherm model was better obeyed than
Freundlich isotherm model for both dye and metal
adsorption. But there was not a significant difference
in the R* values of the two isotherms in case of BBR
adsorption. Therefore, in order to establish whether
Langmuir or Freundlich isotherm governs the adsorp-
tion of BBR onto MMWCNT, Redlich-Peterson iso-
therm model was employed.

3.3.3. Redlich—Peterson isotherm model

The Redlich-Peterson isotherm can be described
as [34]:

ge = ACe¢/1 + BC§ (7)

where A and B are Redlich-Peterson isotherm
constants.

Depending upon the value of g, the equation has
two limiting cases.

When the exponent g =1, the Langmuir equation
results, given by:

e = ACe/l + Bce (8)
when g = 0, Redlich-Peterson isotherm equation trans-
forms to Henry’s law given by:

ge = AC./1 + B )
The linear form of Redlich-Peterson equation can be
given as follows:

In[A(C¢/ge) —1]=InB + gIn C, (10)
A linear plot between In C. vs. In [A(Ce/qe) — 1] with
R? values close to 1 (Table 2) suggested the applicabil-
ity of the model. The equation has three unknowns A,
B and g. It was solved by a trial and error procedure
using solver function in excel and the values are given
in Table 2.

g values close to 1 confirmed that the Langmuir
adsorption isotherm is better followed than the
Freundlich isotherm model for the adsorption of BBR
onto MMWCNT.



19382

(a) 008
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0308K
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Fig. 9. Langmuir isotherms for adsorption of (a) BBR and
(b) Cd(D).

This led to the conclusion that the adsorption of
both BBR and Cd(I) onto the adsorbent followed
Langmuir isotherm and is, therefore, homogenous and
monolayer in nature.

3.3.4. Temkin isotherm model

Temkin noted experimentally that heat of adsorp-
tion decreases linearly with coverage but there is a
uniform distribution of binding energy. It takes into
account indirect adsorbate—adsorbent interactions on
adsorbent surface. Temkin adsorption isotherm is
expressed as [35]:

e = RT/bt . In Kt + RT/bt . In Ce (11)
where R is gas constant, T is temperature in Kelvin, b,
is a constant related to the heat of adsorption and K;
is equilibrium binding constant (L/g) corresponding
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to maximum binding energy. A linear plot of g. vs.
In C. was obtained at three different temperatures
(303, 308 and 313 K) indicating the applicability of
Temkin isotherm. The values of b and K, were deter-
mined, respectively, from the slope and intercept of
the plot (Table 2). K; values at 303, 308 and 313 K were
7.82, 725 and 6.51L/g for BBR and 3.28 x 107°,
1.08 x 1077 and 2.25x 107 L/g, for Cd(I), respec-
tively; indicating adsorbate-adsorbent interactions at
all temperatures. The values of b; at these three tem-
peratures were 0.16, 0.15 and 0.14 kJ /mol for BBR and
23.26, 17.47 and 7.32 kJ/mol for Cd(Il), indicating an
increase in heat of adsorption with increase in cover-
age as the temperature is decreased.

3.3.5. DKR isotherm model

Dubinin-Kaganer—-Radushkevich (DKR) model is
useful for calculating the apparent energy of adsorp-
tion, which in turn helps to predict whether the
adsorption process is physical or chemical in nature.
The model can be represented as [36]:

Inge=Ingp — & (12)
where ¢=RT In (1 +1/C.) is Polanyi Potential. The
plot of In g, vs. & yielded straight line, thereby con-
firming the applicability of the model. The magnitude
of f was calculated from the slope of the plot which
was used to calculate the magnitude of adsorption
energy, E [=1/(2/3)1/2]. The values of E for BBR were
found to be equal to 2.24 kJ/mol at all the three tem-
peratures and for Cd(II) values of E were in the range
1.58-7.07 k] /mol (Table 2). This suggested physical
adsorption of both the dye/metal over MMWCNT
surface making the recovery process more feasible as
there is no actual bond formation between the adsor-
bate and adsorbent molecules.

Based on the isotherms discussed above, it may be
concluded that the adsorption of BBR and Cd(I) was
homogenous, monolayer and physical in nature show-
ing considerable adsorbate adsorbent interactions
characterized by a non-uniform heat of adsorption but
an overall uniform binding energy.

3.4. Column studies

The breakthrough curve (Fig. 10(a) and (b)) indi-
cates that almost all BBR was adsorbed in initial
10 min. Nearly 95% of BBR was adsorbed in 20 min,
which was considered breakthrough time (Ty) for its
removal. After that the dye concentration in the
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Fig. 10. Breakthrough curve C./C, vs. t (a) BBR and (b)
Cd(ID.

effluent kept increasing sharply till the column was
saturated around 70 min [exhaustion time (T,)] show-
ing only about 5% adsorption. Similarly, 95% Cd(I)
was removed in the initial 15 min (T}) and saturation
occurred at 80 min (T,). It was concluded that the col-
umn showed an efficient removal percentage and that
too at a high flow rate (23 mL/min). The column max-
imum adsorption capacity of 98.16 and 39.15mg/g,
respectively, for BBR and Cd(Il) was obtained. The
column maximum adsorption capacity g. (98.16 for
BBR; 39.15mg/g for Cd(Il)) was slightly higher than
Langmuir (q,) adsorption capacity (76.92 and
38.17 mg/g for BBR and Cd(I)). The higher value of
g. might be due to the higher adsorbate concentration
onto the adsorption zone in comparison to batch pro-
cess wherein the adsorbate concentration decreases
with time gradient.

3.4.1. The Adam—Bohart model

The Adam-Bohart model [37] was applied for the
interpretation of the initial part (C,/C, > 0.5) of the
breakthrough curve. The model assumes that the rate
of adsorption is proportional to the concentration of
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the adsorbate species and the remaining capacity of
the adsorbent towards targeted adsorbate species [38].
The Adam-Bohart model is given as Eq. (13):

In (CO/Ct) = kABCOt — kABNo(Z/F) (13)
where C, is influent concentration, C; is the effluent
concentration (mg/L) after time, t, kap is the kinetic
constant (L/mg/min), Ny is the saturation concentra-
tion (mg/L) and Z is the bed depth of column (cm), F
is the linear flow rate (cm/min). The value of ks and
No were determined from intercept and slope of the
linear plot of In(C;/C,) vs. t. The values of Ny
decreased from 166,703. 6 to 118,264.2 (L/mg/min) for
BBR and 71565.3-55466.67 (L/mg/min) for Cd(Il) with
increasing bed height. When the flow rate was
increased from 20 to 23 mL/min Ny decreased from
166,703. 6 to 1459314 (L/mg/min) for BBR and
71,565.3-65,521.7 (L/mg/min) for Cd(I). The results
showed that the adsorption kinetics is dominated by
external mass transfer in the column adsorption.

3.4.2. The Thomas model

The experimental data were fitted with Thomas
model [39], which explains the external and internal
diffusion limitation. It is suitable for adsorption obey-
ing the Langmuir isotherm and pseudo-second-order
kinetics. Thomas model is expressed as Eq. (14):

In{(Co/C) — 1} = (ktngoM/Q) — krnCot (14)
where kr, (mL/min/mg) is the Thomas rate constant,
go (mg/g) is the Thomas adsorption capacity, M (g) is
the mass of adsorbent and Q (mL/min) is the feed
flow rate. The values of kry, and gy, were determined
from intercept and slope of the linear plot of In {(C,/
Co)—1} vs. t. The kq, and go values increased with
decrease in the bed height from 0.00104 to 0.00085
(mL/min/mg) and 74.86 to 91.03 (mg/g) for BBR and
0.00085 to 0.00099 (mL/min/mg) and 24.09 to 39.14
(mg/g) for CA(II) at 20 mL/min flow rate. However,
with increase in flow rate to 23 mL/min the kty, and 4o
decreased to 0.00105 (mL/min/mg) and 85.72 (mg/g)
for BBR and 0.00083 (mL/min/mg) and 32.15 (mg/g)
for Cd(ID). The R* for BBR (0.80-0.97) and Cd(II) (0.93—
0.99) is higher than the Adam-Bohart model for BBR
(0.83-0.89) and Cd(I) (0.68-0.81) indicating that the
Thomas model is better fitted. Moreover, the experi-
mental column adsorption capacity (gq.) is in good
accord with Thomas model (qo).
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Table 3
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Pseudo-first-order, pseudo-second-order, liquid-film diffusion and intraparticle diffusion rate constants for the adsorption

of BBR and Cd(I)

Liquid-film Intraparticle
Pseudo-first-order Pseudo-second-order diffusion diffusion

Conc. (mg/L) Adsorbate

qc(cxp.) fe(calc.) kl X 1072 fe(calc.) k2 x 1072 de X 1072 Ki

(mg/g) (mg/g) (1/min) R* (mg/g) (g/mg/min) R* (I/min) R?* (mgmin®®/g) R?
10 Bismarck brown R 25.11 26.42 5.20 0.95 25.77 0.22 0.99 5.21 095 1.37 0.99
15 29.22 18.92 4.03 0.95 29.58 0.22 0.99 4.02 095 1.33 0.99
20 30.11 14.80 1.38 099 3134 021 0.99 1.39 0.99 1.50 0.99
10 Cddn 21.54  2.06 10.06 0.99 20.83 18.73 1.00 10.06 0.99 043 0.94
15 22.14 1.78 9.90 0.99 22.72 19.07 1.00 9.90 0.99 0.37 0.94
20 2412 1.66 13.13 0.96 25.00 18.05 0.99 13.12 0.96 0.31 0.97

3.5. Adsorption dynamics

Various kinetic models were studied to predict the
mechanism of adsorption and the rate-controlling
steps which further led to the idea about order of
reaction. The values of different constants of these
models are given in Table 3.

3.5.1. Lagergren’s pseudo-first-order and pseudo-second-
order

The adsorption dynamics was investigated using
the Lagergren’s pseudo-first-order [40] (Eq. (14)) and
pseudo-second-order rate equations [41] (Eq. (15)):

log(qe — qi) = logge — ki .#/(2.303) (14)

t/ge =1/ (kaq?) + (1/ge).t (15)
where g, and g; (mg/g) are the amount adsorbed per
unit mass at equilibrium and at any time ¢, k; (1/min)
and k; (g/mg/min) are the pseudo-first-order and
pseudo-second-order  adsorption rate constants,
respectively, and & (= k%) (mg/g min) is the initial
adsorption rate at time approaching zero.

ki and k, values were determined from the slope
and intercept of the corresponding plots of log(g. — q:)
vs. t, and t/gvs. t (Fig. 11(a) and (b)), respectively,
and are tabulated in Table 3 along with correlation
coefficients and the ge(catc) and Ge(exp, values. The cal-
culated g. values were found to be very close to the
experimental g. values in case of pseudo-second-order
rate equation for both BBR and Cd(II). Also the corre-
lation coefficient values for the pseudo-second-order
rate equation were found to be very close to 1. In view
of these results, it was confirmed that the adsorption
of BBR and Cd(I) onto MMWCNT followed pseudo-
second-order kinetics.

3.5.2. Intraparticle and liquid film diffusion models

The rate of adsorption at different initial concentra-
tions of the adsorbate was further analysed for

(a) 4
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100

(b) 07
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0.2 - © 10mg/L
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10
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Fig. 11. Pseudo-second-order plots for the adsorption of (a)
BBR and (b) Cd(D).
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evaluating the role of diffusion in the adsorption pro-
cess. Adsorption is considered to be a three-step pro-
cess. The first step involves transport of the adsorbate
molecules from the aqueous phase to the film sur-
rounding the adsorbent. In the second step, diffusion
of the solute molecules from the film to the adsorbent
surface takes place. Finally, in the third step, the
adsorbate molecules diffuse into the pore interiors.
The first step is bulk diffusion, the second is external
mass transfer resistance and the third is intraparticle
mass transfer resistance. When the intraparticle mass
transfer resistance is the rate-limiting step, then the
adsorption process is described as being intraparticle
diffusion controlled [42]. The intraparticle diffusion
[43] and liquid film diffusion [44] models are given by
the following equations:

q = kt™ + G (16)
(a) 30
254 f
20 /
T 151
104
© 10mg/L
5 D 15mg/L
A20mg/L
0 T T T 1
0 2 4 6 8 10
s
(b) 245
24 4 2
235
o <
s 234
225 1
O 10mg/L
22 © O15meg/L
A 20mg/L
21-5 T T T T T
0 1 2 3 4 5 6
tl.i

Fig. 12. Intraparticle diffusion plots for the adsorption of
(a) BBR and (b) Cd(I).
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—In(1-F) = Kgt (17)
where k; (mg/g min®?), K¢g (1/min), C; and F (= g1/ qe)
are rate constants, boundary layer thickness and the
fractional attainment of equilibrium at time ¢,
respectively.

The plots of g; vs. t*° (Fig. 12(a) and (b)) and In
(1 -F) vs. t (Fig. 13(a) and (b)) for the adsorption sys-
tem were linear. This indicated that both intraparticle
diffusion and liquid film diffusion controlled the
adsorption process. However, in either case the plots
did not pass through the origin. The deviation of lig-
uid film diffusion plot from the origin may be due to

high speed of agitation used during kinetic
(a) 4
351 0
3 g
. 251
e
S 21
4
154
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% 25
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Fig. 13. Liquid film diffusion plots for the adsorption of (a)
BBR and (b) Cd(II).
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Fig. 14. Thermodynamic plots for the adsorption of

(a) BBR and (b) Cd(D).

experiments or may also be due to the difference
between rate of mass transfer in the initial and final
steps of adsorption [45]. The deviation of intraparticle
diffusion plot from the origin indicated that the effect
of external film resistance was not negligible. This
indicated that both intraparticle diffusion and liquid
film diffusion controlled the adsorption process.

Table 4

Thermodynamic parameters for adsorption of BBR and Cd(II)
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3.6. Thermodynamic studies

The thermodynamic parameters for the adsorption
system were calculated from van’t Hoff’s plots of log
(ge/Ce) vs. 1/T (Fig. 14(a) and (b)) at different initial
concentrations of the dye at different temperatures.
The van’t Hoff’s equation can be expressed as:

log (9./Ce) = —AH°/2.303RT + AS°/2.303R  (18)

The changes in enthalpy (AH") and entropy (AS®) were
determined from the slope and intercept, respectively,
of van’t Hoff’s plots. These values are given in Table 4.

The free energy change (AG®) was calculated from
the following equation:

AG® = AH°— TAS® (19)
The positive values of AH" at different initial concen-
trations of the dye and metal (Table 4) indicated
endothermic nature of the adsorption process. The
positive AS® values indicated an increased randomness
at the solid—solution interface which might be attribu-
ted to the displaced water molecules gaining more
translational entropy as compared to that lost by the
adsorbate molecules during adsorption. Gibbs’ free
energy change (AG®) was negative indicating the
adsorption of BBR and Cd(I) on MMWCNT to be
spontaneous in nature. Further, AG° values became
more and more negative on increasing the tempera-
ture (Table 4). Hence, a higher temperature was found
to be more favourable for this adsorption study.

4. Evaluation of MMWCNT as an adsorbent

A comparison of the adsorption capacity of
MMWCNT with other adsorbents in the literature for
the removal of BBR and Cd(II) showed that MMWCNT

Bismarck brown R

Cd(Imn

-AG” (K] /mol)

Conc. (mg/L) AH" (kJ/mol) AS® (kJ]/mol K)

AH (K /mol) AS® (k] /mol K) —2C~ (J/moD)

303 K 308 K 313K 303 K 308 K 313 K
15 4.53 0.045 9.16 938 9.61 255.59 0.86 556 9.87 14.18
20 9.91 0.059 817 847 877 175.63 0.60 582 881 1181
25 14.07 0.071 769 805 841 390.06 0.15 593 6.68 742
30 17.50 0.08 674 714 754 24048 0.01 504 552 599
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Table 5
Comparison of adsorption capacities of various adsorbents for removal of BBR and Cd(II)
pH, time (h), Adsorption
adsorbent Isotherms, kinetics, capacity
Adsorbent Adsorbate dose (g/L)  thermodynamics (mg/g) Refs.
MMWCNT Bismarck brown 7 Langmuir 76.92 This
1.33 Pseudo-second-order work
0.1 Spontaneous,
endothermic
Hen feathers Bismarck brown 3 Langmuir 302 [1]
2 Pseudo-second-order
0.2 Spontaneous
endothermic
Magnetically responsive Bismarck brown - Langmuir 75.71 [46]
yeast-based biosorbent 3
4-hydroxybenzoic acid-grafted chitosan  Bismarck brown Langmuir 17.78 [47]
3,4-dihydroxybenzoic acid-grafted 9 26.18
chitosan
3,4-dihydroxyphenylacetic Acid-grafted 48 39.27
chitosan
hydrocaffeic acid-grafted chitosan - 41.67
Magnetically modified spent grain Bismarck brown - Langmuir 724 [48]
3 Freundlich
30
Carbonaceous slurry from fertilizer plant Bismarck brown Langmuir 71.5 [49]
Blast furnace sludge 5.5-6.5 First order 8.2
Blast furnace dust 3 Spontaneous 4.6
Blast furnace slag 1 exothermic 27
Iron oxide nanospheres Bismar ck brown Langmuir 33.80 [50]
HCl-modified iron oxide nanospheres - Freundlich 54.90
Pseudo-second-order
a-Ketoglutaricacid-modified magnetic Cddn 6 Langmuir 201.20 [51]
chitosan 0.5 Pseudo-second-order
Spontaneous,
endothermic
MMWCNT Cdan 7 Langmuir 38.17 This
0.33 Pseudo-second-order work
0.5 Spontaneous,
endothermic
Brewer’s spent grain Cddn 5-6 Langmuir, 2041 [52]
- Pseudo-first-order
04
Oxidized multiwalled carbon nanotubes Cd(II) 5 Langmuir 10.86 [53]
4
0.5
Magnetic oak wood 5 Combined Langmuir-  2.87 [54]
magnetic oak bark Cddn 48 Freundlich (Sips)
10 Pseudo-second-order 7.4
8-hydroxyquinoline-modified Cddn 7 Langmuir 0.032 [55]
multiwalled 2
carbon nanotubes 12.5
Oxidized multiwalled carbon nanotubes Cd(II) 5.5 Langmuir 66 [56]
2 Freundlich
1 Pseudo-second-order
Cddn 5.5 2.6 [57]
4 5.1

(Continued)
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Table 5 (Continued)
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pH, time (h), Adsorption
adsorbent Isotherms, kinetics, capacity
Adsorbent Adsorbate dose (g/L)  thermodynamics (mg/g) Refs.
H,0, oxidized carbon nanotubes 0.5 11.0
HNOsoxidized carbon nanotubes
KMnO, oxidized carbon nanotubes
Ferrofluid-modified montmorillonite Cdn 5 Langmuir 63.29 [58]
24 Freundlich
1
possessed higher g, as compared to most other adsor- References

bents and that too at a low contact time and adsorbent
dosage at natural pH of most water bodies (7) (Table 5).
Additionally, the magnetic nature of the adsorbent
facilitates its recovery using a magnetic bar.

5. Conclusions

MMWCNT showed a considerably high BET sur-
face area of 399.67 m*/g. The optimized conditions for
the removal of BBR were 80 min contact time, 0.1 g/L
dose of adsorbent, at an initial dye concentration of
20 mg/L at pH 7 and room temperature (298-303 K).
For the removal of Cd(I), the optimized conditions
were 20 min contact time, 0.5 g/L dose of adsorbent,
at an initial dye concentration of 20 mg/L at pH 7 and
room temperature (298-303 K). The developed adsorp-
tion system was found to be efficient due to higher
adsorption efficiency of 76.92 and 38.17 mg/g for BBR
and Cd(I), respectively. Langmuir adsorption iso-
therm gave a better fit than Freundlich for both BBR
and Cd(Il) suggesting the adsorption process to be
homogenous and monolayer in nature. Isotherm stud-
ies revealed that both BBR and Cd(II) were adsorbed
by physisorption, showing considerable adsorbate
adsorbent interactions characterized by a non-uniform
heat of adsorption but an overall uniform binding
energy. The column studies gave a maximum column
capacity of 98.16 and 39.15 mg/g for BBR and Cd(D),
respectively, which were comparable to those calcu-
lated from batch studies. The experimental data were
best described by the Thomas model. Kinetically, the
adsorption system followed pseudo-second-order rate
kinetics for both dye and metal removal and the pro-
cess was found to be intraparticle and liquid film dif-
fusion controlled. Thermodynamically, the process
was spontaneous and endothermic in nature.
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