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ABSTRACT
Batch adsorption of Metanil Yellow on phosphoric acid-activated-carbon prepared from Gmelina
arborea bark was carried out with the view to study the adsorptive capacity of the adsorbent. The
Langmuir, Freundlich, Temkin isotherm models, as well as the Pseudo-first order and the Elovich kinetic
models were used to simulate experimental data. Results showed that optimum equilibrium adsorption
capacity, qe, was 34.238 mg/g by initial solution concentration 100 mg/L. Equilibrium adsorption
capacity increased with increase in initial dye concentration. The isotherm models used were good fits
with correlation coefficients, R2, generally above 0.98. The adsorption was controlled by liquid film
diffusion. The point of zero charge pH of the carbon was 3.2. The Gibbs free energy of adsorption,(
0.294, 1.369 and 2.448 kJ/mol) for initial dye concentrations (25, 50, 100 mg/L), showed non-spontaneity
of the adsorption. The RL and n (2.017) (from Freundlich model) values indicate favourable and physical
process. The results show that Gmelina arborea bark is a potential precursor for activated carbon
production.
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environment by dyes. This causes reduction in
to

the growth of algae due to obstruction of light

environmental pollution. Dyes and pigments

required for photosynthesis, which subsequently

industries are generally known to generate

leads to ecological imbalance in the aquatic

wastewaters with high colour, high content of

ecosystem

organic matter, low biochemical oxygen demand

environment by dyes has also been shown to

(BOD) and low chemical oxygen demand

have toxic, carcinogenic, and aesthetic effects on

(COD) [1]. These wastewaters are often

humans [4, 5]. Azo dyes once released into

discharged into the environment with or without

water bodies produce toxic amines by the

proper treatment [2]. Visual pollution is a

reductive cleavage of azo linkages which cause

serious problem in water quality. It is not easy to

severe effects on human beings through

accept red or brown water bodies [3]. In recent

damaging the vital organs such as the brain,

times, there has been a growing interest and

liver, kidneys and the reproductive system [6].

Industrial

effluents

contribute

majorly

concern over contamination of the aquatic

[4].

Contamination

of

aquatic
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In an attempt to solve dye pollution

enzymic [15] disorders in the human body. It is

problems, methods such as reverse osmosis,

not mutagenic but can alter the expression of

membrane separation, coagulation, chemical

genes [16].

oxidation,

biological

treatments,

photo-

degradation and adsorption have been used. The
most efficient method has been the adsorption
process [7]. Adsorption is the concentration of a
substance at the surface. The concentration at a
surface is largely as a result of binding forces
between atoms, molecules and ions of the
adsorbate

on the

adsorbent

surface. The

adsorption process is used particularly in the
case where pollutants do not undergo biological
degradation, and concentration is very low [8].
Batch experiments are usually carried out to

Activated carbon is a widely used adsorbent in
the treatment of wastewater and drinking water
because

it

has

desirable

physiochemical

properties including good mechanical strength,
chemical stability in diverse media, and large
pore size distribution in addition to its extensive
specific area [17]. Due to the fact that
commercially available activated carbons are
generally expensive, attention is currently paid
to the preparation of activated carbon from
agricultural by-products; they are cheap, and are
derived from renewable sources [18-24].

measure the effectiveness of adsorption in
removing specific adsorbates, as well as to
determine the maximum adsorption capacity [9].

Gmelina

arborea

(G.

arborea)

is

a

moderately sized to large deciduous tree with a
straight trunk. It attains a height of 30 m or more

Metanil yellow (MY) is a synthetic azo dye
applied on wool, nylon, silk, paper, ink,
aluminium, detergent, wood, fur, cosmetics, and
as biological stain. It is hazardous when ingested
and slightly hazardous when inhaled or contacts
the eyes [10]. Toxicity data reveals that oral
feeding or intraperitoneal and intratesticular
administration of MY in animals produces
testicular lesions, causing seminiferous tubules
to

suffer

damage,

reducing the

rate

of

spermatogenesis. On oral consumption, it causes
methaemoglobinaemia [11] and cyanosis [12] in

and a diameter of up to 4.5 m. The bark is
smooth, pale-ashy grey or grey to yellow with
black patches and conspicuous corky circular
lenticels [25]. It grows well in Nigeria and
mainly used as timber, hence, generating a lot of
bark as waste. The aim of this work was to
convert G. arborea bark which is waste, and
readily available in Nigeria, into activated
carbon and investigate its efficiency in the
removal of MY from aqueous solution by batch
adsorption,

thereby,

creating

ecosystem.

humans, while skin contact results into allergic
dermatitis [13]. MY also has tumour-producing

MATERIALS AND METHODS

effects and can also create intestinal [14] and

Adsorbate

a

cleaner
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The MY (M/s Merck, Switzerland) also called

110oC for 2 h, cooled and packaged in an

C.I. Acid yellow 36 used in this study

airtight plastic container

was

bought at Onitsha, Nigeria and used directly

Characterization of the activated carbon

without further treatment. The structure of MY
is shown in Figure 1. The stock solution was

The bulk and dry densities, and the porosity of

prepared by dissolving 1g dye per litre solution

the carbon were determined by the method of

using

solution

Ekpete et al., [26]; pore volume, by the method

concentrations (Co) (25 – 100 mg/L) used in the

of Mohammed et al., [27]; specific surface area

experiment, were obtained by dilution of the

by the ethylene glycol monoethyl ether (EGME)

stock solution. 1M HNO3 and 1M NaOH

method [28], Iodine number, by the Gimba and

solutions were used for pH adjustments.

Musa method [29]; pH by the ASTM – D 3838 –

distilled

water.

Working

80 standard test method [30]; moisture, volatile
matter, ash and fixed carbon contents by the
O
Na O

S

methods of Rengaraj et al., [31]; AOAC [32]
N=N

O

N
H

and Isiuku et al., [10] respectively. The point of
zero charge pH, pHpzc, was determined by the

Figure 1: Structure of metanil yellow

solid addition method [5]. In this method, 40 mL
portions

of

0.1M

KNO3

solution

were

introduced into eleven 100-mL conical flasks.
Preparation of activated carbon

The pH values of the solution in the flasks were

The dry G. arborea bark biomass obtained from

adjusted to 2 – 12 with 1M HNO3 and 1M

the trees at Owerri, Nigeria was washed three
times with distilled water and dried in the sun.
The biomass was ground and soaked in 20%
H3PO4 at a ratio 3 H3PO4: 1 biomass by mass for
24 h. Excess acid was removed by filtration and
the biomass spread on a lattice to dry. The dry
biomass was carbonized at 450 – 500oC for 7 h.
After cooling, the carbon was sieved to obtain

NaOH solutions. 0.2 g portions of phosphoric
acid-activated carbon (PAAC) were added into
the flasks which were stoppered and put in a
water-bath shaker and agitated at 125 rpm for 5
h at 30 oC and atmospheric pressure. The pH
values of the supernatants were measured.
Values of ΔpH were plotted against initial pH
values. The point the plot cuts the initial pH axis

0.42 – 0.84 mm particle sizes and then washed

is the pHpzc. ΔpH = pHf – pHi, where pHf and

with hot distilled water to a pH of about 6. The

pHi are final and initial pH values. The surface

activated carbon was dried in a hot-air oven at

structure of the adsorbent was examined with a
scanning electron microscope (SEM model
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Phenom

Prox,

M/s

Phenom

World,

Netherlands).

The

physicochemical

parameters

of

the

adsorbent are shown in Table 1. Above pH 3.2
adsorption of MY will be low. This is due to the

Batch adsorption study

fact that the surface of the carbon was negatively
Batch adsorption studies were carried out by

charged, hence repulsion of the MY ions which

shaking 25 mL portions of MY solution of

are also negatively charged. This explanation is

known Co (25, 50 and 100 mg/L) with 0.02 g

supported by the work of Akinola and Umar [5].

portions of the activated carbon in 50 mL flasks
at pH 3, shaker speed 175 rpm and temperature
30

o

C. The adsorption was run for 300 min for

Effects of initial concentration and contact
time

each initial concentration. Samples were taken

The effect of contacting 0.02 g portions of

after regular time intervals of 60 min, filtered

PAAC with 25 mL portions of MY solution of

and analysed with a UV - Vis spectrophotometer

Co 25, 50 and 100 mg/L is shown in Figure 2.

(Shimadzu UV – 752, M/s Shimadzu, Japan) at

There was sharp rise in qe for the first 180 min

λmax 440 nm.

with gradual rise as time elapsed. This condition

The quantities of MY adsorbed per unit mass of
adsorbent qt (mg/g) at time t (min) and at
equilibrium qe (mg/g) were determined using

arose due to the large number of vacant binding
sites on the adsorbent available at the beginning
of the process, which reduced with time.
Supportive work had been done by Salman and

Eqs. 1 and 2:

Njoku [18]. Figure 2 also shows that qe (mg/g)
(

)

(

)

increased with increase in Co. This is attributed

( )

to the increase in the concentration gradient
(

)

(

)

which acts as a driving force [33].
( )
Adsorption isotherm modelling

Where, Co, Ct and Ce (mg/L) are the liquid-phase

The distribution of the MY between the dye

concentrations of the dye at time zero, time t

solution and the activated carbon surface at

3

(min) and at equilibrium respectively, V (cm ) is

equilibrium is shown by an adsorption isotherm.

the volume of the solution and x (g), the mass

Analysis of experimental data with various

of dry adsorbent.

isotherm models is an important step in finding

RESULTS AND DISCUSSION

the suitable model that can be used for design
purposes [34]. Adsorption isotherm is basically

Physicochemical properties

useful in describing the interaction between the
adsorbate and the adsorbent and is critical in
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optimizing the use of adsorbents. Correlation
(R2)

coefficient

values

combined

The essential characteristics of the Langmuir

with

model is expressed in terms of a dimensionless

percentage error are used to know the fitness of

constant or separation factor RL [37] expressed

the model applied.

as Eq. 5:

Langmuir isotherm model

( )

The Langmuir isotherm model assumes the
presence of a finite number of binding sites

Where, Com is the maximum Co. The value of

homogeneously distributed over the adsorbent

RL shows the type of the isotherm to be

surface

favourable if 0<RL<1, unfavourable if RL>1,

presenting

the

same

affinity

for

adsorption of a single layer, and with no

linear if RL = 1, or irreversible RL = 0.

interaction between adsorbed species [35]. The

In this work, the RL value 0.25 shows that the

well-known Langmuir model equation [36] is

adsorption was favourable.

expressed as Eq. 3:
Freundlich isotherm model
( )

The Freundlich equation is empirical and based
on adsorption on a heterogeneous surface. It

Where, qo (mg/g) is the equilibrium adsorption
capacity qe (mg/g) for a complete monolayer, KL
(L/mg) is a constant related to the affinity of the
binding sites and energy of adsorption.

provides no information on the monolayer
adsorption capacity in contrast to the Langmuir
model [38]. The heterogeneous adsorption
surface of the adsorbent has unequal available

The linear form of Langmuir model equation is

sites with different energies of adsorption

expressed as Eq. 4:

[39].The Freundlich model equation is expressed
as Eq. 6:
( )
( )

A plot of Ce/qe against Ce gave a straight line
1

with slope /qo and the intercept 1/ (qo KL)
2

(Figure not shown). The R value (0.991) shows
that the Langmuir model is a good fit for
experimental data. Table 2 shows the qo (mg/g)
and KL values.

Where, KF [mg/g(L/mg)

-1/n

] is the Freundlich

adsorption or distribution coefficient and 1/n, a
measure of adsorption intensity or surface
heterogeneity. 1/n ranges between 0 and 1. The
closer the value of

1

/n to zero, the more

heterogeneous the surface of the adsorbent is.
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The linear logarithmic form of the Freundlich

adsorption, showing whether the process is

equation is expressed as Eq. 7:

exothermic or endothermic. AT (L/g) is a
constant corresponding to the maximum binding
( )

energy, R = 8.314 J/mol, the universal gas

A plot of ln qe versus ln Ce, gave a straight line
with slope 1/n and intercept ln KF (Figure not
shown).The correlation coefficient (R2 = 1),
shows that the Freundlich model is a very good
fit for simulating experimental data. Table 2
shows the values of KF and 1/n. The value n
indicates the degree of nonlinearity between
adsorbate concentration and adsorption as
follows: n = 1 shows linear adsorption; n
shows chemisorption, and n

indicates

physisorption. If n value ranges between 1 and
10, it indicates good and physical adsorption

constant and T (K) the absolute temperature. A
plot of qe (mg/g) versus ln Ce, gave a straight line
with slope B and intercept B ln AT (Figure not
shown). The R2 value 0.989 shows the model fit
for the adsorption process. Table 2 shows the
values of B, bT and AT. Low values of B show
weak

interaction

between

adsorbent

and

adsorbate indicating physisorption [45]. Positive
values of bT show that the adsorption is
endothermic [46]. Experimental results of
11.447 J/mol for B, and 219.344 J/mol/K for bT
show that the adsorption was physisorptive and
endothermic.

[40-42]. The n value in this work is 2.017, which
shows the adsorption to be good and physical.

Adsorption kinetics and mechanism

Temkin isotherm model

Isotherms

are

conditions
The Temkin isotherm [43] considers the effects
of indirect adsorbate-adsorbate interaction on
adsorption isotherm and assumes that heat of
adsorption decreases linearly with coverage due
to adsorbate-adsorbate interactions [44]. The

obtained

whereas

in

under

equilibrium

most

adsorption

processes, retention time is too short for
equilibrium to be attained. Hence, information
must be obtained on the time dependence of
adsorption processes by carrying out processoriented kinetic studies [47].

model equation is expressed as Eq.8:
(

)

( )

Pseudo-first order model
The Pseudo-first order (PFO) rate equation of

( )
Where, B (J/mol) is a constant related to the heat

Lagergren [48] is expressed as Eq.10:
(

)

of adsorption, bT (J/mol/K) is the Temkin
isotherm constant related to the heat of

Where, k1 is the PFO rate constant.

(

)
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The slopes and intercepts of the straight-line
plots of log (qe –qt) versus t (h) (Figure not
-1

Batch adsorption mechanism
To ascertain the mechanism that controlled the batch

shown) were used to determine the k1 (h ) and

adsorption of MY on PAAC from G. arborea bark, the

the qo (mg/g) for the various Co values. Table 3

Boyd model was applied to analyse experimental data.

shows the values of qo, k1, R2 and SSE for Co 25,

Boyd Kinetic Model

50 and 100 mg/L. The experimental qe values

The Boyd kinetic model [49] is applied to differentiate

were found to be lower than the predicted qo.

between film diffusion and intra-particle diffusion and to

This might be due to the fact that the time 300

identify the slowest step in the adsorption process. The

min the adsorption was run was too short for

Boyd model equation is expressed as Eq. 12:

equilibrium to be attained. The R2 values (0.96,
0.941 and 0.968) for Co (25, 50 and 100 mg/L),
simulating experimental data.

Where,

Elovich kinetic model

for systems in which the adsorbing surface is
heterogeneous

is

mainly

applicable

)

(

the

fractional

attainment

Eq. 13 or 13a:

to
⁄

expressed in the linearized logarithmic form as

Where qt ˂ qe, or

Eq.11:

(

⁄
)

(

of

equilibrium at any time t. F is determined from

chemisorptions [26]. The model equation is

(

)

is a mathematical function of F which

represents

The Elovich kinetic model which is often valid

(

∑

show the PFO kinetic model as a good fit in

)

Plots of qt against ln t (Figure not shown) gave

(

)

)

Where qt ˃ qe
Transformation and approximation in Eq.13
gives Eqs. 14 [50] and 15: [51, 52]

straight lines with slopes 1/β and intercepts (1/β)
(

ln (αβ). α (mg/g/min) is the initial adsorption

)
)

rate and β (g/mg) is related to the extent of

(

(
)

surface coverage and the activation energy for
chemisorptions. Table 3 shows α, β and R2

(

values for all the Co portraying the Elovich

)

model suitable for analysing experimental data.

(

(

)

)

β decreased with increase in Co while for α, the

If the plot of Bt against t (h) is linear and passes

reverse trend was the case.

through the origin, it confirms the intra-particle
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(or pore) diffusion as the rate-limiting step. If

The adsorption was non-spontaneous for all the

the plot is nonlinear or linear but does not pass

Co values since the ΔGads values are positive.

through the origin, then liquid film diffusion is

The energy for initiating the process might have

confirmed as the rate-limiting step. None of the

come from the agitation at 175 rpm within the

plots (Figure not shown) passed through the

first hour.

origin. This confirms that liquid film diffusion
was the rate-limiting step in the adsorption
process.
The slope of the graph gives B called Boyd or
time constant [53]. This value is expressed as
Eq.16:
(

)

Where, Di (cm2/h) is the effective diffusion
constant and ro the radius of adsorbent particle.
The value for ro used in this work was 3.532 x

Table 1: Physicochemical properties of PAAC
derived from G. aborea
Parameters

Values

pH
3
Bulk density (g/cm )
3
Dry density (g/cm )
3
Porosity (g/cm )
2
Specific surface area (m /g)
3
Pore volume (g/cm )
Iodine number (mg/g)
Moisture content (%)
Volatile matter content (%)
Fixed carbon content (%)
Ash content (%)
pHpzc

6.0
0.51
0.34
0.79
454.54
0.019
35.74
8.17
45.45
37.23
9.15
3.2

10-3 m.
Table 2 shows the value of B and Di for the
various Co values 25, 50 and 100 mg/L.
Spontaneity of the adsorption process
The spontaneity of the adsorption process at
various Co was also determined [54] by applying
Eq. 17:
(

)

Where, KD is the adsorption equilibrium
constant or distribution coefficient., KD was
calculated [55] from Eq. 18:
(
Where,

)
(Cad)e

(
is

the

adsorbed

Table 2: Isotherm models parameters for
batch adsorption of MY on PAAC from G.
arborea at 29oC
Model

adsorbate

concentration at equilibrium. The ΔGoads values
were calculated as 0.294, 1.369 and 2.448
kJ/mol for Co 25, 50 and 100 mg/L respectively.

Value

qe,exp. (mg/g)
Langmuir qo (mg/g)
KL (L/mg)
ΔGads (kJ/mol)
R2
SSE (%)

34.238
49.751
0.03
8.830
0.991
6.94

Freundlic n-1
KF [mg/g(L/mg)1/n]
R2

0.496
4.107
1

Temkin

)

Parameter

bT (J/mol/K)
AT (L/g)
B (J/mol)

R2

219.344
3.846
11.447

0.989
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Co 25mg/L
Co 50mg/L
Co 100mg/L

40
35
30

qt (mg/g)

25
20
15
10
5
0

Table 3: Kinetic models parameters for
the batch adsorption of MY on PAAC
from G. aborea at 29oC
Parameters
25

Co (mg/L)
50

100

qe exp (mg/g)

14.713

22.94

34.238

PFO
qo (mg/g)
k1 (h-1)
R2
SSE (%)

59.294
1.232
0.96
19.94

40.427
0.946
0.941
7.82

68.272
0.916
0.968
15.22

Elovich
β (g/mg)
α (mg/gh)
R2

0.109
10.551
0.9481

0.080
19.141
0.851

0.051
26.588
0.889

Liquid film diffusion
kid
1.218
R2
0.9597

0.95
0.939

0.917
0.967

Boyd
B
0.801
Di x 10-6 (m2/h) 1.012
R2
0.845

0.691
0.873
0.945

0.634
0.801
0.939

0

100

200

300

time (min)

Fig. 2 : Batch adsorption of MY on PAAC
derived from G. aborea bark at 29oC at various
Co

Figure 3: Scanning electron micrograph of PAAC
before adsorption

400
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adsorption process was non-spontaneous. The n
(2.017) value in the Freundlich model, indicates
that adsorption was good and physical.
Experimental data were also modelled using
PFO, Elovich and kinetic models. R2 and SSE
values show PFO model the better fit. The Boyd
kinetic model was used to confirm that liquid
film diffusion was the rate-limiting step. PAAC
from G. aborea bark was found to be a good
adsorbent for MY removal.
Figure 4: Scanning electron micrograph of PAAC
after adsorption
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