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ABSTRACT

Adsorption of anionic dye Alizarin red S (ARS) on carbonized typha grass (CRB-TG) was
studied in an equilibrium batch process. Effects of contact time, initial dye concentration,
adsorbent dose, pH, and temperature on the ARS removal were tested. The adsorbent was
characterized by scanning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR) and point of zero charge (PZC) methods. Equilibrium data were
mathematically modelled using the Langmuir, Freundlich, Temkin and Dubinin Radushkevich
(D-R) models. Kinetic of adsorption was determined by pseudo first-order, pseudo-second-
order Elovich and Intraparticle diffusion models. The thermodynamics quantities of the
adsorption process including AS (56.983J/molK), AH (10.909kJ/mol) and AG (-6.359 to -
7.499kJ/mol) were calculated from Van’t Hoff plot. An optimum equilibrium removal of the
anionic dye was obtained at a pH of 6, contact time of 60 minutes, low adsorbent dosage and
moderate temperature. The rapid ARS adsorption verified the efficiency of CRB-TG with a
maximum adsorption capacity of 46.296mg/g. The data generated were best described by
pseudo-second-order kinetic model and the adsorption isotherm was favoured by Freundlich
compared to other models tested. The thermodynamics parameters indicate the process to be
rapid, feasible and spontaneous. The obtained results show that carbonized typha grass can be
used as a readily available, low cost, eco-friendly adsorbent for the removal of anionic dyes
from waste water with improved efficacy as an outstanding alternative to the commercially
available adsorbents.

1. Introduction

Dyes are commonly used in different industrial
applications such as textile, paint, paper, plastics,
pharmaceutical and food [1]. Wastewater, from these dye
using industries is one of the major environmental hitches
resulting to the characteristics of wastewater such as strong
colour, high chemical oxygen demand (COD) derived from
additives and surfactants with a low biodegradability
property [2]. These dyes are the most problematic
pollutants of industrial wastewaters [3]. Ordinarily, the
wastewater contains dye concentrations ranging from 10 to
200 mg L™ [4]. Hence, a treatment process should be
piloted before the wastewater containing dyes is releases to
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the water environment. Currently, several processes for the
treatment of the wastewater containing dyes are available.
In terms of cost and efficiency, the adsorption process is
the most appropriate method for treating wastewater
containing dyes, especially at low concentrations. The
success of treating wastewater containing dyes using the
adsorption process is highly dependent on the adsorption
capacity of the adsorbent under study [5].

A number of studies have focused on different
adsorbents for contaminants removal including, carbon
nanotubes, activated carbon, clays, metal oxides, minerals
and resins [6]. Activated carbon is the most popular
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adsorbent and has been recognised as one of the best
available options in the removal of pollutants from
wastewater. Due to its large surface area and controllable
pore structure, activated carbon display extremely high
adsorption efficiency for many adsorbates [7].

The purpose of this study is to examine the
effectiveness of carbonized typha grass (T. Latifolia)
towards the removal of ARS (Fig. 1) from aqueous solution
through the wuse of batch experiments. This was
investigated by varying the effects of operating conditions

including contact time, adsorbent dose, initial
concentration, pH and temperature.
OH O
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Fig. 1. Alizarin red S (3,4-dihydroxy-9,10-dioxo-9,10-
dihydroanthracene-2-sulfonic acid sodium salt)

2. Materials and Methods
2.1 Sample collection and preparations

The typha grass was obtained from Marma town,
Guri local government area of Jigawa State, Nigeria. The
sample was first washed with tap water then distilled water
to remove the impurities [8]. The sample was air-dried then
oven dried at 105°C. The dried sample was carbonized in a
muffle furnace at a temperature of 400°C for 1 hour [9].
The carbonized sample was pulverized and passed through
a 2mm sieve and labelled as CRB-TG for further use.

2.2 Preparation of dye solution

The stock solution (Alizarin Red S (ARS) dye)
was prepared by dissolving exactly 1g of the dye into a 1L
to produce 1000 mg/L wusing distilled water. The
experimental solutions of chosen concentration were
prepared accordingly by diluting the stock solution with
distilled water. The concentration of the un-adsorbed ARS
dye was measured at Amax = 424.89 nm using UV-Visible
Spectrometer (Perkin Elmer, Lambda 35).

2.3 Characterization of the adsorbent
2.3.1 Scanning electron microscopy (SEM)

The surface morphological change of the
adsorbent sample was investigated using Scanning Electron
Microscope (Phenom World Eindhoven). Scanned
micrographs of adsorbents before and after ARS adsorption

were taken at an accelerating voltage of 15.00 kV and x500
magnification.

2.3.2 Fourier transform infrared spectroscopy (FTIR)

FTIR analysis of adsorbent before and after ARS
adsorption was carried out using Cary 630 Fourier
Transform Infrared Spectrophotometer Agilent
Technology. The analysis was done by scanning the
sample through a wave number range of 650 — 4000 cm™;
32 scans at 8cm™ resolution.

2.3.3 Determination of point of zero charge

Points of zero charge (PZCs) are pH values at
which the surface charge components become equal to 0
under given conditions of temperature, applied pressure,
and aqueous solution composition [10]. The PZC provides
important information about dye adsorption mechanisms.
Basically, there are three methods for the determination of
point of zero charge namely; (i) Salt addition method (ii)
Zeta potential method and (iii) lon adsorption method

Salt Addition Method was employed in this work.
PZC values for adsorbents were determined in 0.1 M
NaNO; solution at 303-333K. In this method, 0.2 g of
sample was added to 40.0 mL of 0.1 M NaNOj solution.
The pH of the suspension was then adjusted with 0.1 M
HCI and 0.1 M NaOH using pH-meter (MP 220) to obtain
an initial pH value of 2, 4, 6, 7, 8, 10 and 12. Each flask
then was vigorously agitated in a shaker bath for 24 h.
After settling, the final pH of each suspension was
measured very carefully. The ApH (the difference between
final and initial pH) values were then plotted against the
initial pH values [11]. The initial pH at which ApH is zero
was taken to be the PZC [12].

2.4 Batch adsorption experiment

Batch experiments were carried out to determine
the optimum conditions for the equilibrium adsorption of
ARS onto carbonized typha grass (CRB-TG). The results
attained after the optimization experiments were used to
conduct the batch adsorption experiments. Each of these
systems were separately run in a 250 cm® conical flask
differently at 30, 40, 50°C respectively. The conical flasks
were covered during the equilibration period and placed on
a temperature-controlled tightly Innova 4000 incubator
shaker for the earlier reported period. After reaching
adsorption equilibrium, the content was filtered through
Whatman No 1 filter paper. The filtrate was analysed using
Perkin-Elmer UV-visible spectrophotometer at maximum
absorbance wavelength of 424.89nm. The extent of
adsorption was calculated using equations (1) and (2)
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respectively.
(Co-Ce)xV

Adsorption Capacity (qe) = 1)
=) x 100 )
Where ge is the adsorption capacity (mg/g), Co
and Ce are the initial and final equilibrium concentration
(mg/l) of Alizarin Red S in solution, V is the volume of

Alizarin Red S in solution (L), and m is the mass (g) of the
adsorbent.

% adsorption = (

3. Results and Discussion

3.1 Fourier transform infrared spectroscopy (FT-IR)

The FTIR spectra of the adsorbent CRB-TG
before and after adsorption of ARS are presented in Figure
2. Peaks were observed at 3320, 2914 1607, 1547 and 1104
cm™ in CRB-TG before adsorption, which were attributed
to O-H stretching, C-H stretching, C=0 stretching and C=C
stretching respectively [13, 14]. The free O—H stretch for
CRB-TG appeared before adsorption at 3320cm™ (Table 1).
After loading CRB-TG with ARS there was an observable
shift in the vibration frequency of the free O—H stretch.
These shifts in the vibration frequencies might be due to
binding of ARS molecules onto the surface of the
adsorbents [15]. However, The FTIR spectrum after
adsorption also shows other shifted peak positions
indicating interactions between the adsorbent (CRB-TG)
and the dye (ARS). Furthermore, the presence of hydroxyl
group and carbonyl group is attributed to the presence of
carboxylic acids group present in the CRB-TG adsorbent.
The hydroxyl, carboxyl and carboxylic acid are important
adsorption sites [16].
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Fig. 2. Overlaid FTIR spectrum ARS and CRB before and
after adsorption

12

Table 1. Different functional group recognized before and

after adsorption of ARS onto CRB-TG

Functional Absorption Before After Differenc
Group range (cm™) absorption absorption e (cm™)
(cm™) onto ARS
(em™)

OH stretch 3700-2500 3309 3335 26
C-H stretch 3000-2840 2914 2918 4
C=0 stretch 1710-1580 1607 1629 12
C=C stretch
C-O stretch 1675-1550 1547 1510 37

1080-1300 1104 1104 0

3.2 Scanning electron microscopy (SEM)

The SEM micrographs of the adsorbents before
and after adsorption of ARS are presented in Fig 3.
However, the machine was operated at an accelerating
voltage of 15.00 kV and at magnification between 300-
1000, but that of x500 were chosen. The scanned
micrographs of CRB-TG before adsorption (Fig. 3a) shows
a moderately rough surface which is characterized with
defects made of cracks and holes and it might be due to the
existence of adhering particles which may be dust or other
impurities [17]. But when compared with that of CRB-TG
after adsorption of ARS, a smooth surface was observed
with the surface defects earlier observed disappearing due
to the coverage of ARS on CRB-TG surface.
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(b)
Fig. 3. SEM Micrograph of CRB-TG (a) before and (b)
after adsorption of ARS

3.3 Determination of point of zero charge
The points of zero charge (PZCs) result for CRB-
TG adsorbent is presented in Fig. 4.
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Fig. 4. Point of Zero Charge (PZC) of CRB-TG

The PZC studied was found to be 6.02, which
indicate the presence of charge balance in the acidic
medium, the region among the equilibrated ions in an
aqueous solution. Moreover, substrates with low PZC
values show the highest tendency to treat effluents
contaminated with cations, while substrates with high PZC
values would be more appropriate to capture anions. The
magnitude of the surface charge depends on the abundance
and types of functional groups present, and on the pH of
the solution [18].

3.4 Batch adsorption

(a) Effect of contact time
Figure 5(a) depicts contact time effect which is

one of the important parameters affecting the adsorption
efficiency. In this experiment, to obtain better adsorption
efficiency, 0.02g of CRB-TG was added to 20cm® mixture
solutions respectively, and then the vortex was rotated at
different time intervals. The adsorption equilibrium was
reached at 60mins of the vortex, and the removal rate is
higher than 80% while the adsorption capacity was found

to be 9.53 mgg™. However, the removal rate of adsorbate
was rapid initially, but gradually decreases with time until
it reaches equilibrium. This can be due to the fact that a
large number of vacant surface sites are available for
adsorption at the initial stage, and after a lapse of time, the
remaining vacant surface sites are not easily occupied due
to repulsive forces between the solute molecules on the
solid and bulk phases. Similar findings were reported by
other authors [19].

(b) Effect of adsorbent dosage

Figure 5(b) represents the profile diagram of the
doses for CRB-TG used for the removal of ARS dye.
Different adsorbent dosages in the range of 0.02g - 0.2g
were added to ARS solution with the initial concentration
of 50mg L. Adsorption increases with increase in the
adsorbent dose until when the optimum was reached; the
removal efficiency of ARS was gradually increased.
Therefore, in this experiment 0.02g was chosen as the
optimal dosage, and the adsorption capacity was fond to be
46.78 mgg™ [20].

(c) Effect of initial concentration

Figure 5(c) displays the plot showing the effect of
initial dye concentration on the adsorption of ARS onto
CRB-TG. It was detected that the total mass of ARS
adsorbed per gram of the adsorbent increased with
increasing concentration. At low concentration, the
available driving force for transfer of ARS onto CRB-TG
particles is low, while at high concentration, there is a
corresponding increase in the driving force, thereby
improving the interaction between the ARS dye in the
aqueous phase and the active sites of the adsorbent [21].

(d) Effect of pH

Figure 5d shows the effect of pH on the
adsorption of ARS onto CRB-TG. Acidic pH had an
effective influence on the acceptance of ARS increasing
the pH from 2 toward 10, the uptake capacity of the
adsorbent increased up to pH 6. The maximum adsorption
of ARS dye by CRB-TG happened at pH 6, leading to
48.74mg/g. This outcome can be due to the change in
surface charge of the activated carbon in respect to solution
pH [22]. However, it was observed that the lowest uptake
capacity was determined at pH 4 in the acidic range of
experimentation [23].
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Fig. 5. Effect of (a) contact time (b) Adsorbent Dosage (c)
Initial Concentration (d) pH on the Adsorption of ARS
onto CRB-TG

3.5 Adsorption kinetics

Kinetic studies are useful to provide information
about dye uptake rate, which gives important information
for designing and modelling the adsorption processes [24].
Therefore, the removal rate and equilibrium time remain
very substantial to study the adsorption mechanism [20].
The data generated during batch adsorption experiments
when samples were withdrawn at 10 minutes’ interval for a
maximum period of 120 minutes was subjected to different
kinetic models. This is with an aim of possibly establishing
the mechanism of the interaction of the dye with the
surface of the adsorbent (CRB-TG). The following models
were tested, reported and discussed.

(a) The pseudo first-order equation
The pseudo first-order equation [25] is generally
expressed as follows:

d
Ze =k1(qe — qr) 3)

dt

Where: ¢, and g; are the adsorption capacity at
equilibrium and at time t, respectively (mg.g™), k, is the
rate constant of pseudo first-order adsorption (l.min™).
After integration and applying boundary conditions t = 0 to

t=tand g =0 to q; = q the integrated form of Eq. (3)
becomes:

ky
log(ge — q¢) = log(qe) — 5o 4)

2. 303
The values of log (qe - q;) were linearly correlated

with t. The plot of log (ge - ¢ Vvs. t should give a linear
relationship from which k; and g, can be determined from
the slope and intercept of the plot respectively (Fig. 6a).

(b) The pseudo second-order equation
Kinetic rate equation for the pseudo second-order
adsorption is expressed as:

dg,
9 — ky(qe — q0)? )

dt

The pseudo second-order adsorption rate constant
is k, (g.mg™min™). For the boundary conditionst=0to t =
tand g = 0 to q; = qy, the integrated form of Eq. (5)
becomes:

! _ 1 +k (6)
Ge—4) 4o
Equation (6) rearranged to obtain Eq. (7), a linear form:

AR 0 ™
qe k92 qe

The initial adsorption rate, h (mg.g™'min™) is;
h = k,q; ®

Then equation (8) becomes
t 1 1
(H)=7+-0® ©)

The plot of (t/q) against t of Eqg. (9) gives a linear

relationship from which k; and g, can be obtained from the
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intercept and slope of the plot respectively (Fig. 6b).

(c) Elovich Equation
The Elovich kinetic model is defined by the
following relation [26].

q: = 1/3 In(ap) + (1/3) Int (10)

This model gives useful information on the extent
of both surface activity and activation energy for
adsorption process. The parameters (@) and (B) was

calculated from the slope and intercept of the linear plot of
gt versus In (t) (Fig. 6c).

(d) Intraparticle Diffusion Equation

The slowest step in an adsorption process is
usually taken as the rate determining step. This step is
often attributed to pore and intra particle diffusion. Since
pseudo first and pseudo second order models cannot
provide information on effect of intra particle diffusion in
adsorption, intra particle diffusion model can be used.
Possibility of involvement of intra particle diffusion model
as the sole mechanism was investigated according to
Weber—Morris equation (11) [2, 27].
qe = C + Kin, t'? (11)

Where the constant ki, (mg/g min®®) is the intra
particle diffusion rate and C is the boundary layer
thickness. If the rate-limiting step is only due to the intra
particle diffusion, then gt versus ty, will be linear and the
plot passes through the origin (Fig. 6d).

Table 2. Kinetic models parameters for the adsorption of
ARS onto CRB-TG

Kinetic Parameters
Models
Pseudo-first  geca Qeexp k, R’
order (mg/g)  (mg/lg)  (minY)
46.446  0.258 0.009 0.003
Pseudo- geca Qeexp K, R?
second order (mg/g) (mg/g)  (min®)
46.446  46.296 0.583  0.999
Elovich B A R?
7.122 5.247 0.408
Intraparticle Ks C R?
diffusion
0.056 4591 0.355

Table 2 shows the parameters obtained from the
tested kinetic models for the adsorption of ARS onto CRB-
TG. The pseudo-second-order kinetic model support the
experimental data relatively quite well; the correlation
coefficients values, R? are all close to unity, the theoretical
and experimental uptakes are well in good agreement. This

gives the applicability of the second-order kinetic model to
describe the adsorption process of ARS onto the adsorbent.
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Fig. 6. Adsorption Kinetics of (a) first order (b) second
order (c) Temkin (d) Intraparticle of ARS onto CRB-TG

3.6 Adsorption isotherms

The relationship between the equilibrium
concentration of the adsorbate in the liquid phase and in the
solid phase adsorbent was subjected to four different
adsorption isotherm equations. More importantly, to
determine which of the isotherms best describes the
adsorption process. Experimental data were substituted into
the equations and appropriate graphs, constants and other
variables were generated for each of the following
equations:

(a) Langmuir isotherm

This report quantitatively the formation of a
monolayer adsorbate on the surface of the adsorbent,
without further adsorption takes place. So, the Langmuir
stands in the place of equilibrium distribution of dyes
between the solid and liquid phases [28].
Langmuir signified the following equations:

(2()1(1Ce
=— 12
1 =1YkcC, (12)
Langmuir adsorption parameters were obtained by

converting the Langmuir equation (12) into linear form.
! ! + ! 13
Je Qo QoKlCe ( )

Where: C.= the equilibrium concentration of
adsorbate (mg.I™"), g. = the amount of dye adsorbed per
gram of the adsorbent at equilibrium (mg.g™), Q.=
maximum monolayer coverage capacity (mg.g-1), K=
Langmuir isotherm constant (L.mg™).

The values of gm. and K; were computed from the slope

and intercept of the Langmuir plot of qie versus é (Fig. 7a)

[29]. The essential features of the Langmuir isotherm may
be expressed in terms of equilibrium parameter R, which
is a dimensionless constant referred to as separation factor
or equilibrium parameter [30].

1
RR=—m— 14
L™ a+kc,) a4
Where: Co = initial concentration, K, = the

constant related to the energy of adsorption (Langmuir
constant), R, value indicates the adsorption nature to be
either unfavourable if R >1, linear if R =1, favourable if
0<R,<1 and irreversible if R = 0.

(b) Freundlich isotherm

This is commonly used to describe the adsorption
characteristics for the heterogeneous surface [31]. These
data always fit the equation proposed by Freundlich:
Qe = K;C," (15)

Where K¢ = Freundlich isotherm constant (mg.g”
), n = adsorption intensity, Ce = the equilibrium
concentration of adsorbate (mg.L™), Qe = the amount of
the ARS adsorbed per gram of the adsorbent at equilibrium
(mg.g™). Changing equation (15) to linear form, give:

1
LogQ. = logKy + ElogCe (16)

The plotting of ARS molecule adsorbed logge by
CRB-TG against the equilibrium concentration of ARS
molecule logCe in solution (Fig. 7b) gives the equilibrium
isotherm and the values of the parameters calculated are
tabulated in table 3.

(c) Temkin isotherm

This is categorised by binding energies which is
uniform distribution up to the climax of binding energy
[32, 33]. The linear equation of this isotherm is represented
in Equation. (17):

e = BrinC. + BrlnKr (17)
Br=RT/bt (18)

Figure 7(c) presents the Temkin model plots for
the ARS adsorption onto CRB-TG. From Table 3, the By
(energy of adsorption) value was found to be 36.188 while
Ar (equilibrium binding energy) value is 0.934 L mg-.
Therefore, adsorption rate of ARS molecules is bonded to
the sites of CRB-TG as indicated in table 3.

(d) Dubinin-Radushkevich (D-R)

Dubinin—Radushkevich isotherm is an empirical
model initially conceived for the adsorption of subcritical
vapours onto micro pore solids following a pore filling
mechanism [34]. The linear form of Dubinin-Radushkevich
(D-R) isotherm model is given by equation (19)

Inge = Ingm — B& (19)
€ =RTIn[1 +1/Ce] (20)
E =128 (21)

The mean free energy (E) obtained from Dubinin-
Rudushkevich (D-R) model provides information about
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chemical or physical properties of the adsorption process
[35]. A plot of Inge versus & is as presented in Fig 7(d).
The D-R correlation coefficient is the lowest (R?) as
observed from table 3 in comparison with all the studied
isotherms. Thus, the D-R model exhibited less fit with the
experimental data. The E value was less than 8 kJ mol™
implying that the adsorption process is controlled by
physical forces [23].
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Fig. 7. Adsorption isotherms plots Langmuir (a) Freundlich
(b) Temkin (c) Dubinin-Radush-kevich for the adsorption
of ARS onto CRB-TG.

Table 3. Adsorption
adsorption onto CRB-TG

isotherm parameters for ARS

Parameter Alizarin Red S
Langmuir

Qo(mg/g) -4.1034
Ky (L/mg) -0.1459
R. -0.1429

R? 0.603

Freundlich

1/n 2.046

N 0.4770

Kr 0.0155

R? 0.966

Temkin

A; 0.2201

B+ 11.153

B 225.82

R? 0.920

Dubinin-Radushkevich

gm(mg/g) 1107.54
Kar(mol?/kJ?) 2.0x10°
E(kJ/mol) 1.0x10™

R? 0.810

3.7 Thermodynamic studies

The influence of temperature on Alizarin Red S
adsorption onto CRB-TG was determined by changing the
temperature from 303 - 323K and by keeping all factors
(contact time, pH, adsorbent dose, agitation speed and
initial ARS concentrations) constant at optimized values.
The thermodynamic parameters such as changes in Gibb’s
free energy (AG), enthalpy (AH) and entropy (AS) give
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expedient opinion about the feasibility and the spontaneous
nature of the adsorption process using equations (22), (23)

and (24):
AG = -RTInK (22)
AG = AH - TAS (23)

Where R is the gas constant (8.314 J/molK), T is
the absolute temperature (K), and K is the thermodynamic
equilibrium constant.

From equations (22) and (23) we get the equation (24)

InKL:-R—+— (24)
The plot of InK,_ (L/mol) versus 1/T (Van’t Hoff)
was constructed and AH and AS values were calculated

from the slope and intercept of the plot, and K, is equal to
ge/Ce obtained at different temperatures [36].

Table 4. Thermodynamic parameters for the adsorption of
Alizarin Red S onto CRB-TG

AG AH AS
TR K (kd/mol)  (kJ/mol)  (I/mol.K)
303 12482 -6.359
313 14283 -6.919  10.909  56.983
323 16322 -7.499

The negative value of the Gibbs free energy (AG) in
table 4 suggests that the ARS removal using CRB-TG is
thermodynamically feasible and spontaneous. The increase
in the negative value at elevated temperatures indicates that
the adsorbate uptake by CRB-TG is improved at higher
temperatures in the studied range. The positive value of the
enthalpy change (AH) implies the endothermic nature of
the adsorption process. The extent of enthalpy change (AH)
may provide an insight about the kind of adsorption
process involved. If the value of AH is greater than 80
kd/mol, the process is considered chemisorption which
involves chemical bonding between the adsorbate and
adsorbent surface. On the other hand, when AH is lower
than 80 kJ/mol, it signifies the adsorption process is
physisorption which fully describe the process under
investigation [37].

4. Conclusion

The results of this study showed that the
carbonized typha grass is a good adsorbent for the removal
of anionic dye (ARS) from aqueous solution. The
adsorbent was investigated on the effect of contact time,
adsorbent dose, initial ARS concentration, pH and
temperature which are greatly reliant on the efficiency of
adsorption. The attained adsorption kinetics fitted well with
pseudo-second order model, and the adsorption isotherms

was best described by the Freundlich isotherm model. The
adsorption process was qualified to be spontaneous and
feasible based on the thermodynamic parameters calculated
including enthalpy, entropy and Gibb’s free energy. The
results suggested that CRB-TG had the potential to become
a favourable adsorbent for removal of anionic dye such as
Alizarin Red S present in the wastewater.
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Nomenclature and Notations

ARS: Alizarinred S

CRB-TG: Carbonized typha grass

SEM: Scanning electron microscopy

FTIR: Fourier transforms infrared

PZC: Point of zero charge

ApH: The difference between final and initial pH
AH: Enthalpy change of adsorption

AS: Entropy change of adsorption

AG: Gibb’s free energy change of adsorption
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