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Abstract

The use of dyes has increased dramatically and uncontrollably in last few decades. Different types of dyes are frequently
employed in plastics, paper, cosmetics, leather, and textile industries for coloring purposes. These dyes are released in water as
effluents, which are of low Biological Oxygen Demand (BOD) and high Chemical Oxygen Demand (COD). Some of these
dyes also are toxic and carcinogenic in nature. This study report on the synthesis of Mangroves Roots-Carbon Nanotubes
(MRC-CNT) nanocomposite as an adsorbent for efficient removal of Rhodamine B (Rh. B) dye from aqueous solution. Effect
of contact time, initial concentration of dye, pH, and shaking speed on adsorption behavior were systematically investigated.
The data obtained were fitted into Langmuir, Freundlich, Dubinin-Rudishkevich (D-R), and Temkin adsorption isotherm
models for evaluation of adsorption parameters. The results indicated that MRC-CNT nanocomposite would be a promising

adsorbent for adsorption of Rh. B from aqueous solutions.
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Introduction

The major challenge in water supply chain is continuous
contamination of fresh water resources by a variety of
pathogens, organic and inorganic pollutants. When these
pollutants get into the environment they produce harmful
effects to human beings and the environment M. Therefore,
access to clean and safe drinking water is receiving huge
attention and the necessity to improve and develop new and
more efficient water cleaning processes has vastly
intensified [,

Organic contaminants in water include phenols, herbicides,
pesticides, formaldehydes and dyes like Rhodamine B (Rh.
B). Rh. B is a basic red cationic dye commonly used for
commercial and industrial applications: Textile, printing and
dyeing processes, paper manufacturing, rubber and plastic
production and production of biological stains [l In
addition to its application in dyeing industries, Rh. B in
combination with Uramine-O (a basic dye) is used as a
biological stain widely used in biomedical research
laboratories as well as in the dyeing of leather and paper [,
The indiscriminate discharge of Rh. B loaded effluents into
water bodies introduces man, aquatic life and the
environment to potentially harmful effects, ranging from
minor irritations to major diseases . Rh B is a very toxic
dye and affects the growth and multiplication of aquatic life
through depletion of dissolved oxygen 1. Depletion of
oxygen in water creates a viable environment for anaerobic
bacteria to thrive ["). These anaerobic bacteria produce toxic
and smelly compounds like ammonia, amine, sulfide and
flammable methane (mash gas) from nitrogen, sulphur and
carbon which further contributes to environmental
pollutions 1,

Further, Rh B contaminated water reduces the penetration of
light to photosynthetic organisms affecting their growth and

multiplication and also settles on the waterbed altering its
characteristics making it unsuitable habitat for organisms (€,
This dye was considered for present work because it can
cause skin dermatitis, allergic reaction, restlessness,
hyperactivity, and attention problems. Exposure to this dye
can cause irritation to nose, chemical conjunctivitis to eyes
and hence its proper removal from water is mandatory.
Therefore, the current study sought to synthesize
functionalized mangrove roots charcoal-carbon nanotubes
nanocomposite and explore its utilization as a novel
adsorbent for the removal of Rh. B from aqueous solution.

Materials and Methods

Collection of Mangrove Roots and Functionalization of
Carbon Nanotubes

Mangroves roots were used as an adsorbent and were
collected from Dongo Kundu in Mombasa County. The
samples were washed with water, dried, ground and the
powder carbonized using 1.0 M ZnCl; at 500 °C for 3h. The
purified CNTs was functionalized by using a mixture of 6 M
sulfuric and 6 M nitric acid in a volume ratio of 1: 3 at 80 °C
for 12 h and the nanocomposite was prepared by dispersing
1.2 g of functionalized MWCNTSs in 100 ml deionized water
containing MRC powder in the ratio of 1:3 by mass. The
black product (MRC and CNTs mixture) obtained was
washed with deionized water several times until a pH of 7.4
was obtained. The sample was dried overnight in a vacuum
oven set at 80 °C. The fine powder was then stored in a
desiccator for utilization.

Dye Solution Preparation

The dye Rh. B, molecular formula of CjsH31N,O3Cl and
formula weight of 479.02 was used without further
purification. An accurately weighed quantity of dye was
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dissolved in double distilled water to prepare the stock
solution (100 ppm). Serial dilutions were made by diluting it
with double distilled water.

Batch Adsorption Experiments

The influences of initial adsorbate concentration (0-5
mg/L), contact time (0-60 min), pH (2-10), adsorbent
dosage (2-50 mg), speed (0-600 rpm) and temperature (25—
75 °C) on the adsorption process were investigated. The
batch mode adsorption experiments were conducted by
bringing into contact the 50 mL of different Rh. B with a
specified quantity of MRC-CNTSs in a set of each 250 mL
conical flasks. The concentration of residual Rh. B was then
determined by Uv-vis spectroscopy (UV-Vis 1800
Shimadzu spectrophotometer). The Rh. B removal
efficiency, R (%) and equilibrium amount of Rh. B
adsorbed, ge, (mg/g), were calculated by Equations (1) and
(2) below:

_ (CI - Ce )V
m 1

Q.
Where C; and C. are the initial and equilibrium
concentrations (mg/L), m is the mass of the adsorbent (g)
and V is the volume of the solution (mL).
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Adsorption isotherm models

The correlation between the Amount of Rh. B adsorbed onto
MRC-CNTs and the equilibrium concentration of Rh. B in
the aqueous phase was evaluated using Langmuir,
Freundlich isotherm, Dubin-Radushkevich and Temkin
isotherms. The mathematical expression of Langmuir
isotherm model is [,

®)

Where: ge is the amount of solute adsorbed per unit weight
of adsorbent (mg/g), C. the equilibrium concentration of
solute in the bulk solution (mgL™), Qma the monolayer
adsorption capacity (mgg™) and b is the Langmuir constant
which reflects the binding strength between metal ions and
adsorbent surface (Lmg™). The mathematical expression of
Freundlich isotherm model is [,

Log g, =K, +%Iog C. 4)

Where: ge is the amount of solute adsorbed per unit weight
of adsorbent (mgg™), C. the equilibrium concentration of
solute in the bulk solution (mgL™), Kr a constant indicative
of the relative adsorption capacity of the adsorbent (mgg™)
and the constant 1/n indicates the intensity of the adsorption.
The D-R equation is given by:
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where € (Polanyi potential) is equal to RT In(1+1/Ce); Qm is
the maximum adsorption capacity (mg /g) based on D-R
isotherm and K is related to mean adsorption energy (E in
kilojoule per mole). The Temkin isotherm model is based on
the assumption that the free energy of adsorption is a
function of the surface coverage and the linear form is
presented as follows (1,

g.=BInA+BInC, ©)

where A (L/mg) is the equilibrium binding constant, the
constant B= RT/br (mg/g) is related to the heat of
adsorption, R is the ideal gas constant (8.314 J/mol K), T
(K) is the absolute temperature and by is the Temkin
isotherm constant.

Adsorption kinetic studies

The kinetic mechanism of the adsorption process was
investigated by application of the pseudo-first order,
pseudo-second order, intraparticle diffusion and liquid film
diffusion model rate equations. Pseudo-first-order model is
used to describe the reversibility of the equilibrium between
solid and liquid phases [l and is expressed by the equation
shown below.

K
lo —q,)=logc, ——1-t
9(0. ~a) =loge, ~ L o

Where: ge and g are the amounts of heavy metal adsorbed
(mg g*) at equilibrium and at the time (t min) and Kj is the
rate constant of the pseudo-first-order adsorption process
(min1). Linear plots of log (ge - ;) versus t was used to
predict the rate constant (K;) and adsorption at equilibrium
(mg g1), which are obtained from the slope and intercept
respectively. The pseudo-second-order equation assumes
that the rate limiting step might be due to chemical
adsorption 31, According to this model, adsorbates can bind
to two binding sites on the adsorbent surface and the
equation can be expressed as shown below.

t 1 1
— =t ®)

0 K. G

Where: K; is the rate constant of the pseudo-second-order
adsorption (gmg*min-t). If the adsorption kinetics obeys the
pseudo-second-order model, a linear plot of t/qg: versus t can
be observed. The intraparticle diffusion equation is given as
follows 141,

1

q, = K, t2+C 9)

Where Kq (mg g *min~*?) is the intraparticle diffusion rate
constant and C represents the intercept and is related to the
thickness of the boundary layer. When the transport of the
adsorbate from the liquid phase to the solid phase boundary
plays the most significant role in adsorption, then the liquid
film diffusion model can be applied [*°,
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In{L- F)=- K +Y
G

Where o is the fractional attainment of equilibrium, Kg
(mg/g min) is the film diffusion adsorption rate constant and
Y is the intercept. A linear plot of In (1- F) versus t suggests
that the kinetics of adsorption involves a film diffusion
mechanism. Furthermore, if the plot is linear with (Y = 0)
then film diffusion is the sole rate controlling mechanism.

(10)

Results and Discussions

Effect of MRC -CNTSs weight on adsorption of Rh. B dye
In the current study, it was observed that the percentage
removal of Rh. B dye increased as the MRC-MWCNT
dosage increased over the range of 10 to 60 mg as shown in
Figure 1

Fig 1: Effect of MRC-CNTs Nanocomposite weight on %
adsorption of 5 ppm Rh. B Dye.

The rapid uptake of metal ions on the adsorbent may
indicate that most of the reaction sites of the adsorbent were
exposed for interaction with Rh. B molecules [,
Furthermore, the presence of hydroxyl group on adsorbent
surface forms a complex between Rh. B molecule and
adsorbent surface causing faster adsorption [*7],

Effect of initial concentration of Adsorbates on
adsorption

The effect of initial Rh. B concentrations (2, 4, 6, 8, and
10.0 mgL™) on the adsorption of Rh. B onto the MRC-
CNTs was studied using mass of 50 mg and the dye solution
at room temperature and natural pH.
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Fig 2: Effect of Initial Rh. B Concentration on Adsorption by 50
mg MRC-CNTs Nanocomposite
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According to Figure 2 above, the percentage removal of
MRC-CNTs decreased from 97.95% to 70.7% when the
initial dye concentration increased from 2 to 10 mg-L™.
These results shows that adsorption is highly dependent on
initial concentration of adsorbates. This observation can be
explained by the fact that at lower concentration, the ratio of
the initial number of Rh. B molecules to the available
adsorbent surface area is low and subsequently the
functional adsorption became independent of initial
concentration. However, at higher concentration, the
available sites of adsorption become fewer and hence the
percentage removal of Rh. B is dependent upon initial
concentration [28],

Effect of Contact Time on Adsorption of Rh. B Dye
Contact time is an important factor that affect the removal
of adsorbates from aqueous solutions. Figure 3 shows plots
of % adsorption of Rh. B Dye onto MRC-CNTs
nanocomposite versus contact time.

Al

sorption

o Ad

Fig 3: Effect of Contact Time on Adsorption of Rh. B onto 50 mg
of MRC-CNTs Nanocomposite

As seen in Fig. 3, % adsorption increases evidently from
46.6 to 75.98 % for a contact time of 10 minutes to 60
minutes. The adsorption rate increased with time at the
initial stage and became slower before reaching equilibrium.
This can be attributed to the fact that vacant sites were
available on the adsorbents at the initial stage. This
developed a strong driving force for dye molecules to
overcome the mass transfer resistance between aqueous and
solid phases.

After a period of time, the remaining surface site became
difficult to occupy due to the electrostatic hindrance or
repulsive forces that exist between the dye molecules and
the surface of adsorbent. At this point, equilibrium was
reached and this stage also reflects the maximum adsorption
capacity of the adsorbent under certain operating conditions.

Effect of Shaking Speed on Adsorption of Rh. B Dye
The effect of variation in stirring speed on adsorption of Rh.
B onto MRC-CNTSs was studied over the range of 0 to 800
rpm while keeping other parameters such as the adsorbent
dosage at 50 mg, the initial concentration of 5 mg/L, room
temperature and the natural pH of the solutions constant.
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Fig 4: Effect of Shaking Speed on adsorption of 5 ppm Rh. B on
50 mg of MRC-CNTSs Nanocomposite

The highest adsorption of 71.88% was obtained at 400 rpm
whereas the lowest was 60.2 at 600 rpm as shown in Figure
4. It was observed that adsorption yield increased with
increase in stirring speed up to the optimal level and further
rise in stirring speed resulted to decline the adsorption
efficiency. This could be explained by the fact that agitation
results in an increase in ion mobility in the solution and
reduces the mass transfer resistance leading to high
percentage removal of dye molecules ', At high agitation
speed, boundary layer becomes thinner, which usually
improves the rate of solute diffusion through the boundary
layer and as a result the percentage removal increases.
However, for very high agitation speeds (> 400 rpm) the
adsorbent and adsorbates do not have enough contact time
for reaction to take place and as a result the percentage
removal of Rh. B dye declines.

Effect of pH on Adsorption of Rh. B ions

To investigate the effect of solution pH on dye removal
efficiency, the pH of the solution was varied from 2 to 10,
while the dye concentration was kept constant at 5 mg/L.
The obtained results are presented in Figure 5.
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Fig 5: Effect of pH on the % Adsorption of 5 ppm Rh. B by 50 mg
of MRC-CNTs Nanocomposite

The results showed that, as the pH increased from 2 to 10,
the dye removal efficiency drastically decreased from 86.98
to 46.2 % after a contact time of 30 min. The amount of dye
adsorbed on the surface of the adsorbent is influenced by the
adsorbent surface charge and consequently solution pH. Rh.
B exists in two forms; cationic and zwitterionic in polar
solvents and the transformation of the cationic to
zwitterionic form occurs by deprotonation of the carboxyl
group of the cationic Rh. B form [, Electrostatic
interactions between the functional groups on the adsorbent
and the carboxyl group of Rh. B monomers causes the
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aggregation of Rh. B to form dimers and hinders the
adsorption of dye molecules into the pores. As a result, the
% removal of dye adsorbed on the MRC-CNTs
nanocomposite decreased with an increase in pH of the
solution.

Adsorption Isotherm Studies for Rh. B Dye

Four adsorption isotherms were used in the current study to
study the adsorption process. These are Langmuir,
Freundlich, D-R and Temkin adsorption isotherm. The
Langmuir, Freundlich, Temkin and D-R isotherm
parameters were determined through the linearized form and
their values, along with the respective correlation
coefficients listed in Table 1. By comparing the correlation
coefficient (R?) obtained from four adsorption models, it can
be observed that the Freundlich model provides the best
fitness for the adsorption of the Rh. B molecules onto MRC-
CNTs. The appropriateness of the Freundlich model to the
experimental data signifies multilayer capacities on the
MRC-CNTs surface by Rh. B. Similar results were obtained
by 121,

Table 1: Langmuir, Freundlich, Dubinin—Radushkevich and
Temkin model parameters for Rh. B dye adsorbed onto 50 mg
MRC-CNTs nanocomposite. (Weight of adsorbent=50 mg,
agitation speed=300 rpm, contact time=30 min, pH=natural, room
temperature).

Langmuir Freundlich
Qmax(Mg g b(Lmg?) | R? | R Ke(mgg®)| n R?
6.784 0.4565 0.98160.3046) 3.2898 |3.1826[0.9854
Dubin- Radushkevich Temkin
Qm (mg g-DE (Kjmol?Y) R? A (L mg?Y)| br R?
0.1383 3.752 0.9457 19.2248 [3048.1900.8202

Adsorption Kinetics of Rh. B Dye

Adsorption kinetics was studied to understand the dynamics
of the system, applying pseudo-first and pseudo-second-
order, intraparticle diffusion and liquid film diffusion
model. From Table 2, coefficient correlation value (R?=
0.8056) of pseudo-first order model was low as compared to
that of pseudo-second order (0.9909). This suggests that the
adsorption of Rh. B molecules does not follow pseudo-first-
order kinetics properly.

Pseudo-second-order model is based on the assumption that
the rate-limiting step may be chemical adsorption that
involves valence forces through sharing or an exchange of
electrons between adsorbates molecules and the adsorbents,
hence offers the best consistent data for the Rh. B [22]. It
was also found that the model predicted g values (1.5733
mg/g) agree well with experimental g. values (1.44 mg/g)
for adsorption of Rh. B molecules onto MRC-CNTSs as
shown in Table 2. This suggests that the pseudo second-
order Kkinetic model portray that the Rh. B molecules
adsorption onto MRC-CNTs is a rate-limiting step and the
chemical adsorption may involve by valance forces through
sharing or exchange of electrons between Rh. B and the
adsorbent.

Adsorption kinetics data from Rh. B molecules adsorption
onto MRC-CNTs were further used to define whether the
intra-particle diffusion is rate limiting and also to find the
diffusion constant rate, k, (mg/g min®). Intraparticle
diffusion model is presented by the relationship between
specific adsorption and the square root of time, according to
equation 9. It is evident from Figure 13 that the plot is
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multi-staged. The first stage may be attributed to the
boundary layer diffusion effect, while the second stage may
be due to intra-particle diffusion effects [2%l. Therefore, the
slope of the top portion which has a linear portion may be
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defined as a rate parameter (kp) and a characteristic of the
adsorption rate in the region, where intra-particle diffusion
was reported to be the rate-limiting factor for Rh. B
adsorption onto MRC-CNTSs.

Table 2: Pseudo-First-Order, Pseudo—Second-Order, Intra particle diffusion and Liquid film diffusion Rate Constants for Adsorption of Rh.
B ions on 50 mg MRC-CNTs Nanocomposite

Pseudo-first-order Pseudo-second -order
[Rh. B] mg/L Qe(mglg) Constant (min) R? Qe(mg/g) Constant (g/mg/min) R?
5 0.0654 0.05896 0.8056 | 1.5733 0.21773 0.9909
Intraparticle diffusion Liquid film Diffusion
Rh. B (ppm C(mg g?) Ka(mg gt min~%?) R? Intercept Kra(mg/gmin) R?
5 0.7646 0.1067 0.6868 2.2402 0.019 0.9503
Conclusions Solution by Adsorption on Kaolin and Bentonite: A
In the current study, the ability of MRC-CNTs Comparative Study. Journal of Engineering and

nanocomposite to remove Rh. B from aqueous solution was
investigated. It was found that the prepared MRC-CNTSs
acted as an effective adsorbent for the removal of Rh. B
with adsorption capacity of 1.5733mg/g which was
calculated by the Pseudo Second Order.

Recommendations

The following recommendations were made for future

study:

1. A pilot-scale column with the developed adsorbent can
be conducted for real water.

2. A suitable modification method for preparing
adsorbents can be considered to obtain maximum
removal of dyes.

3. The performance of removal of dyes along with other
organic pollutants like pesticides and nitrates can be
evaluated by using the developed adsorbents.
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