STUDIA UBB CHEMIA, LXIl, 2,Tom Il, 2017 (p. 233-245)
(RECOMMENDED CITATION)
DOI:10.24193/subbchem.2017.2.18

ADSORPTION OF AMMONIUM IONS ONTO MULTI-WALLED
CARBON NANOTUBES

HAMIDREZA SADEGH?®', GOMAA A. M. ALI*¢, ZEYNAB ABBASIY,
MALLIKARJUNA N. NADAGOUDA*®

ABSTRACT. Multi-walled carbon nanotubes (MWCNTSs) surfaces have been
characterized by FTIR and SEM techniques. The adsorption performance of
MWCNTSs was investigated for the removal of ammonium ions from wastewater.
The effect of contact time, temperature and initial ions concentration on the
adsorption of ammonium ions by MWCNTSs were studied and optimized. The
results showed a high adsorption capacity of 129 mg/g according to Langmuir
isotherm model and removal efficiency of 95%. In addition, the adsorption kinetic
and equilibrium data were fitted to the pseudo—second—order model. The potential
application of MWCNTSs for adsorption of ammonium ions from wastewater was
successfully accomplished using a batch adsorption technique.

Keywords: Carbon nanotubes; Removal; Adsorption; Kinetics; Isotherm;
Ammonium ions; Langmuir

INTRODUCTION

The scientific community has a growing interest in environmental
protection against aquatic pollution from various industrial activities for the
reduction and/or the valorization of solid wastes. In this context, many studies
were performed using nanoadsorbents. These adsorbents are used for removal
and adsorption of ammonium ions from wastewater [1, 2]. The use of these
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nanomaterials has shown many advantages, such as large specific surface
area, effective and economical removal, high adsorption capacity, and surface
reactivity [3-7].

Carbon nanotubes (CNTs), which were discovered by lijima in 1991
[8], are one of the most widely studied carbon nanomaterials and can serve
as excellent adsorbents [9-11] because of their hollow and layered structure
and large specific surface area, which make CNTs the most commonly
used nanomaterials for adsorbing toxic material [12]. CNTs can be classified
into three types: single-walled (SWCNTs), multi-walled (MWCNTSs), and
functionalized (f-CNTs) [12-15]. Such materials have already played a key
role in the effective removal of several organic contaminants from water [16].
For example, MWCNTs are much more effective in the removal of organic
chemicals from wastewater than activated carbon [17, 18].

The aim of the present work is to evaluate the potential and
effectiveness of MWCNTs for the removal of ammonium ions from
wastewater. The effect of various parameters such as contact time (t),
temperature (T), and initial ions concentration (C) on the adsorption process
were studied and optimized. The objects of this work are as follows: (i) to study
the feasibility of using MWCNTs as adsorbents for the removal of ammonium
ions, (ii) to determine the applicability of various isotherm models (i.e.,
Langmuir and Freundlich) to find the best-fit isotherm equation, and (iii) to
evaluate kinetic parameters and explain the nature of adsorption.

RESULTS AND DISCUSSION

FTIR was used to characterize the functional groups present on the
surface of the adsorbent. Figure 1 (a) showed a weak band at 3785 cm-"
which indicate the presence of unbound or free hydroxyl group (—OH) [19].
The strong band at 3445 cm™ might be due to the presence of intermolecular
hydrogen bonding or O—H stretching vibrations of the carboxylic acid groups
[19, 20]. The band at 1720 cm™ can be assigned to the C=0 stretching
mode of the —COOH groups [21]. The band at 1570 cm' can be assigned to
the C=C stretching, which indicates the graphite structure of MWCNTSs [20].
The bands at 1120 and 900 cm™ can be assigned to the C-O and C-C
stretching modes, respectively [19, 22].

In addition, the surface textural and morphological properties of the
developed adsorbent were carried out using SEM imaging, as shown in
Figure 1 (b). MWCNTs were entangled and some were in the form of
agglomerates with various bunches of rope-like structures with smooth
surfaces. The tube lengths were several micrometers while the diameters
were lower than 50 nm.
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Figure 1. FTIR spectrum through graphical representation (a)
and SEM image (b) of MWCNTs.

In this work, the adsorption capacity of ammonium ions on MWCNTs
surface was studied. Effect of contact time at adsorption experiments
occurred at various time between 10 and 100 min. As shown in Figure 2,
removal of ammonium ions by MWCNTs adsorbent was very slow after 55
min; therefore, 60 min was selected as the optimum time for the adsorption
process of ammonium ions on MWCNTSs surface at pH =6 and T = 298 K.
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Figure 2. Effect of contact time on the removal of ammonium ions by MWCNTSs
(atpH =6, T=298 K, Co = 140 mg/L, dosage = 0.05 g and 10 mL solution).
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To study the effect of temperature on ammonium ions removal on
MWCNTs surface, adsorption experiments were carried out at several
temperatures ranging from 298 to 338 K. All adsorption experiments were
performed at 60 min and at a pH of 6. Figure 3 displays the effect of
temperature on the removal of ammonium ions by MWCNTs adsorbents.
The removal of ammonium ions on MWCNTs surface increased with
increasing the temperature; removal was 75 % at 298 K and reached 93%
at 338 K.
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Figure 3. Effect of temperature on the removal of ammonium ions by MWCNTs
(at pH = 6, time = 60 min, Co = 140 mg/L, dosage = 0.05 g and 10 mL solution).

The effect of initial ammonium ion concentrations on the adsorption
by MWCNTSs surface is shown in Figure 4. The percentage of adsorbed ions
increased with the increase in initial ion concentration. Around 60% of
ammonium ions were removed using 80 mg/L MWCNTSs, while at 140 mg/L
more than 93% of the ions were been removed. This is because at higher
concentrations, the ratio of the initial humber of ammonium ions to the
available surface area is high and, subsequently, the fractional adsorption
becomes independent on the initial concentration. However, at high
concentrations, the available sites for adsorption become wider and the
adsorption of ions depends upon the concentration [23].
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Figure 4. Effect of initial ions concentration on the removal of
ammonium ions by MWCNTSs (at pH = 6, time = 60 min,
T =298 K, dosage = 0.05 g, and 10 mL solution).

Adsorption is a physicochemical process that involves mass transfer
of a solute from liquid phases to the adsorbent surface. Four of the most
widely used kinetic models, pseudo-first-order, pseudo-second-order, intra-
particle diffusion, and Elovich models, were used to study the adsorption
kinetic behavior of ammonium ions onto MWCNTs. The best-fit model was
selected based on the linear regression correlation coefficient values (R?)
and the average relative error (ARE). The differential form of the pseudo-first-
order kinetic equation [24, 25] can be expressed as:

dg

d—:=kf(qe—qt) (1)

where ge and q: are the amounts of dye per unit of adsorbent (mg/g) at time {,
respectively; kr is the pseudo-first rate constant (min™"); t is the contact time
between the adsorbent and adsorbate (min). Integrating equation (1) and
using boundary condition,t=0tot=tand g: = 0 to q; = qi, the next linear
form will be obtained, known as a first order Lagergren's rate equation [23]:

K
¢ 2)

/Og(qe _qt): logqe " 5303
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A linear fit of log (ge-qt) versus t showed the applicability of this kinetic
model. The pseudo-first-order rate constant (ki) and g values can be
determined from the slope and intercept of the plotted line.

The pseudo-second-order model [25] is expressed as:

%:ks(Qe_qt)Z (3)
t

where ks (g/(mg.min)) is the rate constant of the pseudo-second-order
sorption. The linear forms of equation (3) may be presented as follow [26, 27]:

t ! +it 4)

q. kaq? q.

According to equation (4), plotting t/q: versus t gives a straight line
with a slope of 1/(ks qe?) and an intercept of 1/qe.

Weber and Morris developed a widely accepted kinetic-based model
that represents the time dependent intra-particle diffusion of components.
Their model showed that the sorption process is diffusion-controlled if the
rate is dependent upon the rate at which adsorbate and adsorbent diffuse
toward one another [28]. The adsorbate uptake varies almost proportionally
with 2 rather than with the contact time, t. According to the following
Weber—Morris’s equation:

q, =kt +C (5)

where C (mg/g) is the intercept, and k; is the intra-particle diffusion rate
constant (mg/g.min?), which can be calculated from the slope of the linear
plots of g: versus t"2. A kinetic equation of chemisorption was established by
Zeldowitsch [29] and was used to describe the rate of adsorption of carbon
monoxide on manganese dioxide that decreases exponentially with an
increase in the amount of gas adsorbed [27], which is the so-called Elovich
equation as follows [30]:

dg, /d, =a,,, (- Bq?) (6)

where a is the initial adsorption rate (mg/g.min), and B is the adsorption
constant (g/mg) during any experiment. With the assumption of a g >> 1,
equation (6) was integrated by using the boundary conditions of g=0att=0
and q=qatt=tto yield:

q, =1/BIn(aB)+1/BIn(t) (7)
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If ammonium ion adsorption fits the Elovich model, a plot of g: versus
log t should yield a linear relationship with a slope of 7/8 and an intercept of
1/8 log (ap). Kinetic parameters of ammonium ion adsorption onto MWCNTs
initial ion concentrations are shown in Table 1. The results obtained indicate
that only the pseudo-second order model fit the kinetic data for MWCNTs on
ammonium ions in the whole data range. Furthermore, the values of R? and
ARE for the pseudo-second-order model are much higher than other kinetic
models. There was good agreement between the model fit and experimentally
observed equilibrium adsorption capacities in addition to the large correlation
coefficients. This suggests that ammonium ion adsorption onto MWCNTs
followed the pseudo-second-order kinetic model.

Table 1. Comparison of kinetic models for adsorption of ammonium ion.

Model Parameters Value
Pseudo-first-order ge €xp (Mg/g) 95.74
ge cal (mg/g) 41.21
Kt (min'") 0.121
R? 0.875
ARE 3.90
Pseudo-second-order ge €Xp (MQY/Q) 97.92
ge cal (mg/g) 98.1
Ks (g/mg.min) 0.0071
R? 0.999
ARE 1.1
Intra-particle diffusion ki(mg/g/min"?) 0.1352
C (mg/g) 0.0181
R2 0.988
ARE 3.2
Elovich a 0.4489
B 10.1351
R? 0.895
ARE 0.7

Adsorption isotherms are essential for the description of the interactive
behaviour between adsorbate and adsorbent, and they are critical in optimizing
the application of an adsorbent. To estimate adsorption capacities, the
equilibrium data was fitted to the well-known Langmuir and Freundlich
isotherm models [31]. The mathematical representations of these models are
given in the equations below ((8) and (9), respectively):
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where, Q. is the adsorbate equilibrium amount in solid phases (mg/g), Qo is
the maximum adsorption capacity according to Langmuir monolayer
adsorption (mg/g), and K, is constant according to the Langmuir isotherm
(L/mg). Kr (mg/g)(L/mg) and n are Freundlich constants related to adsorption
capacity and adsorption intensity of the adsorbent, respectively. The values
of Kr and 1/n can be obtained from the intercept and slope, respectively, of
the linear plot of experimental data of log Q. versus log Ce. 1/n values
indicate the type of isotherm to be irreversible (1/n = 0), favorable (0 < 1/n < 1)
and unfavorable (1/n > 1) [20]. Langmuir isotherm values of Q, and K, can
be calculated from the slope and intercept of the linear plot of 1/Q. versus
1/Cs. The adsorption isotherm for ammonium ions by MWCNTSs surface is
listed in Table 2.

Table 2. Fitting parameters of the ammonium ions adsorption experimental results
to the Langmuir and Freundlich isotherm models.

Model Parameter Value
Qo (mg/g) 129

Langmuir KL (L/mg) 3.08
R? 0.999
1/n 0.802

Freundlich Kr (mg/g)(L/mg) 41.3
R? 0.852

Based on the correlation coefficient as shown in Table 2, isotherm
Langmuir represents a better fit of experimental data than Freundlich isotherm
in all cases. It indicates that the surfaces of adsorbents are mainly made up
of heterogeneous adsorption patches [24] in addition to less homogeneous
patches [32]. The Freundlich constant (n) is a measure of adsorption intensity.
As seen from Table 2, the values of 1/n for adsorbent were below 1, which
indicate high adsorption intensity [25]. K¢, which is related to the adsorption
capacity, also shows that the adsorption capacity increased with temperature
increase, indicating that the adsorption processes are exothermic in nature. But
the increase of the values of 1/n with the temperature decrease suggests the
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increasing trend of the adsorption intensity. As temperature increased, the more
ammonium ions were adsorbed, the keener the competitions for the limited
adsorption sites and the stronger the attraction among the molecules, which
resulted in an increase of adsorption intensity. From the results, MWCNTs
surface has advantages for adsorption of ammonium ions. The favorability of
the ammonium ion adsorption process onto adsorbent surfaces evaluated
using a dimensionless parameter (R.) derived from the Langmuir expression
is defined as follows [33]:

1

L 14k LCo (10)

The adsorption process can be defined as irreversible (R, = 0),
favorable (0 < R, < 1), linear (R. = 1) or unfavorable (R. >1) in terms of R_[30].
The calculated values of R for adsorption of ammonium ions by MWCNTSs
surface fall between 0 and 1; thus, the adsorption of ammonium onto adsorbent
is favorable. The adsorption capacity of the MWCNTSs, calculated by the Langmuir
equation, was about 129 mg/g. In addition, the removal efficiency for adsorbate
was found to be 95%.

CONCLUSIONS

In this study, multi-walled carbon nanotubes (MWCNTs) were tested
as adsorbent for the removal of ammonium ions. The effect of contact time,
temperature and initial ions concentration on the removal of ammonium ions
was investigated through batch experiments. The optimum contact time,
temperature and initial concentration for adsorption were obtained to be 60 min,
338 K and 140 mg/L, respectively. The kinetics of adsorbent was experimentally
studied and the obtained rate data were analysed using the pseudo-first-
order, pseudo-second-order, intra-particle diffusion, and Elovich models.
Based on the values of the correlation coefficient (R?) and average relative
error (ARE) obtained for all tested models, pseudo-second-order was found
to best correlate the rate kinetic data of MWCNTSs. In addition, adsorption
parameters for the Langmuir and Freundlich isotherms were determined and
the equilibrium data were found to be best described by the Langmuir
isotherm model with maximum adsorption capacity of 129 mg/g. Moreover, the
removal efficiency for adsorbate respectively was found to be 95%. Therefore,
MWCNTSs could be considered as a promising absorbent for water treatment
or environmental management in terms of high efficiency and feasibility.
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EXPERIMENTAL SECTION

MWOCNTSs were purchased from Nano Amor Nanostructured & Amorphous
Materials, Inc., USA (Purity, > 95%; outer > 50 nm; length, 500-115 2000 nm;
surface area, ~ 40 m?/g; and the manufacturing method, catalytic chemical
vapour deposition (CVD)). Ammonium chloride salt (NH4Cl) (molecular weight,
53.16 g/mol) was supplied by Merck (Germany) (maximum purity available).
Doubly distilled deionized water (HPLC grade 99.99% purity) was obtained
from Sigma Aldrich Co. (Germany). All supplementary chemicals were of
analytical grades and were purchased from Merck Inc., USA.

The functional groups of the prepared materials were identified by
Fourier transform infrared spectroscopy (FTIR) using a Tensor 27, Bruker,
Germany. Small portions (about 5 mg) of powder samples were homogenized
with KBr (about 100 mg) using an agate mortar and pelletized prior to
measurement. Moreover, the surface morphology of MWCNTs was investigated
with a JEOL JSM-5900LV scanning electron microscope (SEM) (Japan) with
an acceleration voltage of 20 KV.

For the purpose of studying the adsorption process, a 1000 mg/L
stock solution of ammonium was prepared by dissolving 3.819 g of ammonium
chloride (NH4Cl) in deionized water. The solutions to be used were prepared
by diluting the stock solution with deionized water when necessary.

Adsorption experiments were conducted by using 100 mL glass
flask containing 0.05 g of the adsorbent and 10 mL of the ammonium ions
solution with the initial concentration of 140 mg/L. The glass flask was
sealed with a glass stopper. The samples were then mounted on an ultrasonic
bath for 60 min at various temperatures (298 - 328 K). The ultrasonic bath
(71020-DTH-E; Model 1510 DTH, 220V; EMS Company) was used to
prevent particles aggregation and bulk formation. Then, the samples were
centrifuged at 4500 rpm and the supernatant was filtered by 0.2 um filter
paper for subsequent ammonium concentration analysis. The initial and
final ammonium concentrations remaining in solutions were analysed by a
UV spectrophotometer (Varian-Cary100 Bio), monitoring the absorbance
changes at a wavelength of maximum absorbance (A = 400 nm). The
difference between the initial and equilibrium ion concentrations could
determine the amount of ions adsorbed onto the MWCNTSs surface. The
amount of ammonium adsorbed was determined by the difference between
the initial and residual concentration of ammonium ion solution. The
removal capacity of ammonium ions by MWCNTSs was calculated using the
equations (11) and (12), respectively [34, 36]:
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C,-C. Vv
qe =( o e) (11)
m
(Co_Ce)
Removal (%) =100 x—2 == (12)

o

where g was the amount of ammonium ions taken up by the MWCNTs
(mg/g), Co was the initial ammonium ions concentration put in contact with
the MWCNTs (mg/L), Ce is the ammonium ions concentration (mg/L) after
the adsorption procedure, mis MWCNTs mass (g) and V is the volume of the
ammonium ions solution (L). To evaluate the fithess of kinetic and isotherm
equations to the experimental data, ARE was calculated using equation (13)
and used to measure the kinetic and isotherm constants [37]. ARE can be
expressed as:

qi,cal - qi,exp
‘ qi,exp

where n is the number of data points. Each experiment was conducted in
triplicate under in the same conditions to confirm the results, and was found
reproducible. Also, all the experiments were performed in triplicate, and only
the mean values have been reported. Ammonium ions concentration was
measured by Nesslerization Method [38].

ARE(%) = 120 > ‘ (13)
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