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a b s t r a c t
The aim of this work was to investigate the capacity of nitric acid modified-H3PO4-activated car-
bon produced from Gmelina arborea bark in the removal of metanil yellow from aqueous solution. 
The effects of initial dye concentration, C0, contact time, adsorbent dosage, and initial solution pH 
on the adsorption capacity qe were studied. Experimental data were analyzed with the Langmuir, 
Freundlich, Flory–Huggins and Temkin isotherm models. Results show low equilibrium adsorption 
capacities which decreased with increase in Co. The optimum experimental qe obtained was 2.35 mg/g 
by Co 25 mg/L. The optimum contact time of 300 min was obtained. Correlation coefficient R2, values 
(0.861–0.9781) obtained, show that the four applied isotherm models analyzed experimental data well. 
The optimum pH and adsorbent dosage were 2 and 0.01 g/25 mL solution, respectively. The ΔGads 
value of –11.248 kJ/mol based on the Flory–Huggins isotherm, and the separation factor, RL values 
0.489, 0.332, and 0.199 for Co 25, 50, and 100 mg/L, respectively, show the adsorption to be spontaneous 
and favourable. The H3PO4-activated carbon was modified with nitric acid, to determine the effect 
of the modification on the surface area and adsorption capacity. Compared with a similar work with 
unmodified H3PO4-activated carbon (yet unpublished), there was a decrease in surface area, and qe by 
109.59 m2/g and 12.363 mg/g, respectively. These results show that the modification of the activated 
carbon with nitric acid had a negative effect. 
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1. Introduction

Dyes are used extensively in many industries such as 
textile, pharmaceutical, paper, plastic, and tannery, to colour 
their products. The textile industry is the largest consumer of 
dyes among these industries. About 10,000 different textile 
dyes with an estimated annual production of 7 × 105 metric 
tons are commercially available [1]. Dye-bearing wastewaters 
exhibit high colour and high chemical and biochemical oxy-
gen demands. The discharge of these dyes effluents in the 
environment is worrying for both toxicological and esthetical 

reasons [2]. Azo dyes once released into water bodies, pro-
duce toxic amines by the reductive cleavages of azo linkages. 
These degradation products cause severe harmful effects on 
human beings through damaging the vital organs such as the 
brain, liver, kidneys, and reproductive systems. They also 
prevent photosynthetic activity in aquatic plants by reducing 
light penetration [3]. Visual pollution is a serious problem in 
water quality. It is not easy to accept red or brown rivers [4]. 

Due to the worries created by the pollution of water bod-
ies with dye wastewaters, a number of methods with varying 
degrees of success have been developed. They include coag-
ulation, foam floatation, filtration, ion exchange, sedimen-
tation, solvent extraction, electrolysis, chemical oxidation, 
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chemical precipitation, and membrane process. All these 
methods have shortcomings and limitations. For example, 
coagulation requires pH control, and causes further prob-
lems of sludge disposal. Ozonation does not minimize chem-
ical oxygen demand [3].

The separation method based on adsorption is a promising 
method because it is non-denaturing, highly selective, energy 
efficient, and relatively inexpensive. Adsorption is a surface 
phenomenon where a substance binds to the surface of another 
on atomic or molecular scale [5]. Batch experiments are usu-
ally carried out to measure the effectiveness of adsorption for 
removing specific adsorbates, as well as to determine maxi-
mum adsorption capacities [6]. Adsorbents are natural or syn-
thetic materials of amorphous or microcrystalline structure, 
which are available as granules, extruded pellets, fibres, etc. 
Activated carbons remain the most used adsorbents, mainly 
due to their superior physical and chemical properties, such as 
highly developed porous structure, large specific surface area, 
good mechanical properties, biocompatibility, and chemical 
stability, as well as their low cost and great accessibility [7].

Wastewater treatment by adsorption using activated 
carbons is very effective and has been cited by United States 
Environmental Protection Agency (USEPA) as being one of the 
best available environmental pollution control technologies. 
However, the widespread use of activated carbon adsorption 
is still restricted because of the high costs of commercial car-
bons. This is due to the use of non-renewable and relatively 
expensive starting materials such as coal which is expensive, 
thereby making pollution control costly. Many recent studies 
have focused on the use of renewable and cheaper precursors, 
mainly agricultural wastes and by-products [8–10], such as 
water spinach [11], cassava peels [12], banana stalk [13], plum 
kernels [14], cocoa pod husk [15], oil palm fibre [16], ground-
nut hull [17], and hen feathers [18] as raw materials in the 
production of activated carbons.

Metanil yellow is a synthetic azo dye applied on wool, 
nylon, silk, paper, ink, aluminium, detergent, wood, fur, cos-
metics, and as biological stain. It is hazardous when ingested 
and slightly hazardous when inhaled or contacts the eyes 
[19]. Toxicity data reveal that oral feeding or intraperitoneal 
and intratesticular administration of metanil yellow in ani-
mals produces testicular lesions causing seminiferous tubules 
to suffer damage, and decreased rate of spermatogenesis. 
Oral consumption of metanil yellow leads to methaemoglo-
binaemia [20] and cyanosis [21] in humans, while skin con-
tact results into allergic dermatitis [22]. Metanil yellow has 
tumour-producing effects and can cause intestinal [23] and 
enzymic [24] disorders in the human body. It is not muta-
genic but can alter the expressions of genes [25].

Gmelina arborea grows abundantly in Nigeria. It is mainly 
used as timber. The bark is not useful industrially, hence, the 
bark constitutes a huge waste in the environment. The aim 
of this work was to produce H3PO4-activated carbon from G. 
arborea bark, modify it with nitric acid, and use it to remove 
metanil yellow, an anionic dye, from aqueous solution by 
batch adsorption. The modification with nitric acid was to 
study its effect on the surface area and qe of the adsorbent.

2. Materials and methods

2.1. Preparation of metanil yellow solution

The metanil yellow also called C.I. Acid Yellow 
36 (M/s. Merck, Switzerland), used in this study, was bought 

at Onitsha, Anambra State, Nigeria, and used directly without 
further treatment. The structure of metanil yellow, an anionic 
azo dye is shown in Fig. 1. The stock solution was prepared 
by dissolving 1 g dye per litre solution using distilled water. 
Different solution concentrations (25–100 mg/L) used in this 
adsorption study were obtained by dilution. 0.1 M HNO3 and 
0.1 M NaOH solutions were used for pH adjustments.

2.2. Preparation of activated carbon

The dry G. arborea bark biomass was obtained from the trees 
at Owerri, Nigeria. It was washed three times with distilled 
water and dried under the sun. The biomass was ground and 
soaked in 20% w/w H3PO4 at a ratio 3 parts H3PO4:1 part bio-
mass by mass for 24 h. Excess acid was filtered off and the bio-
mass dried. The dry biomass was carbonized at 450°C–500°C 
for 7 h. After cooling, the carbon was washed with hot distilled 
water until filtrate pH was about 6. The washed carbon was 
dried in a hot-air oven at 110°C for 2 h. After cooling, the car-
bon was soaked in 0.1 M HNO3 at a ratio 3 HNO3:1 carbon w/w 
for 4 h. Excess acid was filtered off and the carbon washed to 
about pH 6 with hot distilled water. The washed carbon was 
dried in a hot-air oven at 110°C for 2 h. It was then cooled and 
sieved to obtain 0.42–0.841 mm carbon particles. The carbon 
was stored in an air-tight plastic container. 

2.3. Characterization of the activated carbon

The bulk and dry densities, and the porosity of the carbon 
were determined by the method of Ekpete [26]; pore volume 
by the method of Mohammed et al. [27]; specific surface area 
by the ethylene glycol monoethyl ether method [28], iodine 
number by the Gimba and Musa method [29]; pH by the 
American society for testing and materials (ASTM) D3838-80 
standard test method [30]; moisture, volatile matter, ash, and 
fixed carbon contents by the methods of Rengaraj et al. [31]; 
Association of official analytical chemists (AOAC) method 
[32]; and Isiuku [33]. The point of zero charge, pHpzc, was 
determined by the solid addition method [1]. In this method, 
40 mL portions of 0.1 M KNO3 solution were introduced into 
eleven 100-mL conical flasks. The pH values of the solution in 
the flasks were adjusted to 2–12 with 1 M HCl and 1 M NaOH 
solutions. 0.2 g portions of nitric acid modified-H3PO4-acti-
vated carbon (NAMPAAC) were added into the flasks which 
were then put in a water-bath shaker and agitated at 125 rpm 
for 5 h at 30°C and atmospheric pressure. The pH values of 
the supernatants were measured. Values of ΔpH were plot-
ted against initial pH values. The point the plot cut the initial 
pH axis is the pHpzc. ΔpH = pHf – pHi, where pHf and pHi are 
the final and initial pH values. 

2.4. Batch adsorption study

Batch adsorption investigations [34] were carried out 
by shaking 25 mL portions of known initial concentrations 

Na O S

O

O

N=N N
H

Fig. 1. Structure of metanil yellow.



B.O. Isiuku et al. / Desalination and Water Treatment 70 (2017) 380–386382

of metanil yellow solution with 0.01 g portions of carbon in 
50 mL flasks. The effect of solution initial pH on the adsorp-
tion of the dye solution by NAMPAAC was studied by con-
tacting 25 mL portions of 25 mg/L dye solution with 0.02 g 
carbon portions in various flasks of varying pH values (2–9) 
at 30°C. The initial solution pH was adjusted by drop-wise 
addition of 1 M HNO3 or 1 M NaOH and the pH measured 
with a pH meter (Ohaus ST 10, M/s. Ohaus, USA). The flasks 
were stoppered and placed in a water bath shaker shaking 
at 175 rpm. Samples were withdrawn at 60 min intervals, 
filtered and the filtrate analyzed with UV/Vis spectro-
photometer (Shimadzu UV-752, M/s. Shimadzu, Japan) at 
440 nm λmax.

The quantities of metanil yellow adsorbed per unit mass 
of adsorbent at time t, qt (mg/g) and at equilibrium qe (mg/g) 
were determined using Eqs. (1) and (2):

q
C C V

xt
tmg/g( ) = −( )0

1000
 (1)

q
C C V

xe
emg/g( ) = −( )0

1000
 (2)

where C0, Ct, and Ce (mg/L) are the liquid-phase concen-
trations of the dye at time zero, time t, and at equilibrium, 
respectively. V (cm3) is the volume of the solution used and x 
(g) the mass of dry adsorbent used. 

3. Results and discussion 

3.1. Characterization of activated carbon

The physicochemical properties of the carbon are 
shown in Table 1. From Fig. 2, it can be seen that the pHpzc of 
NAMPAAC was 3.4. 

3.2. Effects of initial dye concentration and contact time

25 mL portions of metanil yellow solution of initial con-
centrations (25–100 mg/L) were contacted with 0.01 g portions 

of NAMPAAC from G. arborea bark at 30°C, initial pH 3 and 
at shaker speed 175 rpm for 360 min. Fig. 3 shows decrease 
in adsorption capacity with time, reaching equilibrium at 
240 min for 25 and 50 mg/L. C0 100 mg/L showed virtually 
no adsorption. This might be due to competition among 
the dye anions for available binding sites on the adsorbent 
[35,36]. The equilibrium adsorption capacities were 2.35, 0.1, 
and 0.48 mg/g for 25, 50, and 100 mg/L initial concentrations, 
respectively. 

3.3. Effect of initial solution pH

The efficiency of adsorption is dependent on the pH of 
the solution, because variation in pH leads to variation in the 
degree of ionization and the surface properties of the adsor-
bent [37,38]. 0.02 g portions of adsorbent were contacted 
with 25 mL of 25 mg/L initial dye concentration at pH values 
2–9. Fig. 4 shows decrease in equilibrium adsorption capac-
ity qe (mg/g) with increase in pH. The optimum pH was 2. 
At low pH, the surface of the adsorbent is largely proton-
ated. The H+ ions provide electrostatic attraction between the 
adsorbent surface and the anionic dye particles which brings 
about maximum adsorption. At higher pH, the degree of 
protonation of the adsorbent surface becomes less, resulting 
in decrease in diffusion and adsorption as a result of elec-
trostatic repulsion [37,39,40]. At pH 9, lowest adsorption 
occurred as a result of competition between excess –OH ions 

Table 1
Physicochemical characteristics of HNO3-treated-H3PO4-activated 
carbon from Gmelina arborea bark

Parameters Value

pH 5.8
Bulk density (g/cm3) 0.4

Porosity 0.82

Pore volume (cm3/g) 0.023

Specific surface area (m2/g) 350.41

Iodine number (mg/g) 53.49

Moisture content (%) 8.7

Volatile matter content (%) 45.4

Fixed carbon content (%) 36.37

Ash content (%) 9.53

Point of zero charge pH (pHpzc) 3.4
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Fig. 2. Point of zero charge pH for NAMPAAC.
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Fig. 3. Adsorption of metanil yellow on NAMPAAC from G. 
arborea bark at various initial concentrations.
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and the dye anions for adsorption sites [38]. The experimental 
results show that low pH was favourable for the adsorption 
of metanil yellow on NAMPAAC from G. arborea bark.

3.4. Effect of adsorbent dosage 

Different masses of the adsorbent (0.01–0.32 g) were con-
tacted with 25 mL portions of the dye solution at 175 rpm 
shaker speed, C0 25 mg/L, pH 3, and temperature 30°C. 
From Fig. 5, it can be observed that, qe (mg/g) decreased with 
increase in adsorbent dosage. The result agrees with the 
work of Tsai et al. [41] and Pokordi and Vasanth Kumar [42]. 
The trend can be as a result of splitting effect of flux (con-
centration gradient) between adsorbate and adsorbent with 
increasing adsorbent concentration leading to a decrease in 
the quantity of dye adsorbed per mass of adsorbent [42].

3.5. Adsorption isotherm modelling

An adsorption isotherm shows how adsorbate particles 
are distributed between the adsorbate and the adsorbent 
when the adsorption process reaches equilibrium state. 
Fitting experimental data into various isotherm models is a 
vital step in looking for the suitable model that can be used 
for design purposes [43]. Adsorption isotherm is critical in 
optimizing the use of adsorbents. The Langmuir, Freundlich, 
Flory–Huggins, and Temkin isotherm models were applied 

to analyze experimental data in this work. The R2 values were 
used to know the fitness of the models.

3.6. Langmuir isotherm model

The Langmuir isotherm model assumes the presence of 
a finite number of binding sites, homogeneously distributed 
over the adsorbent surface, presenting the same affinity for 
adsorption of a single layer, and with no interaction between 
adsorbed species [44]. The well-known Langmuir model 
equation [45] is expressed as Eq. (3): 

q
q K C
K Ce
L e

L e

o=
+1  (3)

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

The linear form of Langmuir model equation is expressed 
as Eq. (4):

C
q q K

C
q

e

e o L o

= +
1 0  (4)

where Ce (mg/L) is the equilibrium concentration of the dye 
solution, qe (mg/g) is the amount of the dye adsorbed per unit 
mass of the adsorbent, qo (mg/g) is the Langmuir constant 
related to adsorption capacity and KL (L/g) is the Langmuir 
rate constant of adsorption.

A plot of Ce/qe against Ce gave a straight line with slope 
1/qo and 1/qoKL the intercept (Fig. 6). Table 1 shows the values 
of qo and KL as 0.3724 and 0.0403, respectively, with R2 0.9781 
that shows that Langmuir model analyzed the experimental 
results well.

The essential characteristics of the Langmuir model can 
be expressed in terms of a dimensionless constant or separa-
tion factor RL (2) expressed as Eq. (5):

R
K CL
L

=
+
1

1 0
 (5)
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Fig. 4. Adsorption of metanil yellow on NAMPAAC from 
G. arborea bark at various pH values.
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The value of RL shows the type of the isotherm to be either 
favourable (0 < RL < 1); unfavourable (RL > 1), linear (RL = 1), or 
irreversible (RL = 1). The RL values for C0 25, 50, and 100 mg/L 
were determined to be 0.489, 0.332, and 0.199, respectively, 
showing the adsorption to be favourable. 

3.7. Freundlich isotherm model

The Freundlich equation is empirical and based on 
adsorption on a heterogenous surface. It is widely used, 
but provides no information on the monolayer adsorption 
capacity in contrast to the Langmuir model [46]. The hetero-
geneous adsorption surface of the adsorbent has unequal 
available sites with different energies of adsorption [47]. The 
equation is expressed as Eq. (6):

q K Ce F e
n= 1/  (6)

where KF (mg/g) is the Freundlich adsorption or distribution 
coefficient and 1/n a measure of adsorption intensity or sur-
face heterogeneity. 1/n ranges between 0 and 1. The closer the 
value of 1/n is to zero the more heterogeneous the surface of 
the adsorbent is. 

The linear logarithmic form of the Freundlich equation is 
expressed as Eq. (7):

ln ln lnq K
n

Ce F e= +
1

 (7)

A plot of lnqe against lnCe gives a straight line with slope 
1/n and intercept lnKF. 1/n and KF were obtained from the 
slope and intercept, respectively (Fig. 7). 

The values of 1/n, KF, and R2 were determined, and are 
0.8933, 81.337, and 0.9987, respectively. The values show the 
Freundlich model a good fit for the analysis of the experi-
mental data. 

3.8. Flory–Huggins isotherm model

To explain the behaviour of the surface of the dye anions 
on the carbon, the fraction of carbon surface covered by dye 
anions was investigated at pH 3 applying the Flory–Huggins 

isotherm model. The Flory–Huggins isotherm model [48] is 
expressed as Eq. (8):

ln ln lnθ θC K n
e

a






 = + −( )1  (8)

where θ is the degree of surface coverage, n is the number 
of dye anions occupying adsorption sites, Ka is equilibrium 
constant of adsorption, and Ce (mg/L) is equilibrium dye 
concentration. 

A plot of ln(θ/Ce) against ln(1 – θ) gave a straight line with 
correlation coefficient R2, n, and Ka values as 0.861, 99.412, 
and 86.973, respectively (Fig. 8 and Table 2) [49].

Surface coverage (θ) can be calculated from Eq. (9):

θ = − 















1

0

C
C
e  (9)

y = -1.119x + 4.398
R² = 0.998
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Fig. 7. Freundlich model plot for the adsorption of metanil 
yellow on NAMPAAC from G. arborea bark at various initial 
concentrations.
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Fig. 8. Flory–Huggins model plot for the adsorption of metanil 
yellow on NAMPAAC from G. arborea bark at various initial con-
centrations.

Table 2
Langmuir, Freundlich, Flory–Huggins and Temkin isotherm 
models parameters and correlation coefficients 

Model Parameter Value

Langmuir qo (mg/g) 0.372
KL (L/mg) 0.0403

R2 0.9781

Freundlich KF [mg/g (L/mg)1/n] 81.337

n 0.8933

R2 0.9987

Flory–Huggins n 99.412

Ka 86.973

R2 0.861

Temkin AT (L/g) 1.582

bT (J/mol) 1,191.0471

R2 0.943
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In order to determine the spontaneity of the adsorption 
process based on the Flory–Huggins isotherm model, the Ka 
value was used to determine the change in Gibbs free energy 
ΔGads. The ΔGads value (–11.248 kJ/mol) obtained using Eq. (10) 
shows a spontaneous adsorption process. 

∆G RT Kaads In= −  (10)

3.9. Temkin isotherm model

The Temkin isotherm [50] considers the effects of indirect 
adsorbate interactions on adsorption isotherm and assumes 
that heat of adsorption decreases linearly with coverage due 
to adsorbate–adsorbate interaction [51]. The model equation 
is expressed as Eq. (11):

q RT
b

A Ce
T

T e= ( )ln  (11)

where bT (J/mol) is the Temkin isotherm constant related to 
the heat of adsorption, AT (L/g) a constant corresponding to 
the maximum binding energy, R (8.314 J/mol/K) the universal 
gas constant, and T (K) the Kelvin temperature. A plot of qe 
against lnCe gives a straight line with slope RT/bT and inter-
cept (RT/bT) lnAT. In this work, bT and AT were calculated from 
the slope and intercept, respectively (Fig. 9). bT, AT, and R2 
values were obtained as 1,911.047 J/mol, 1.582 L/g, and 0.943, 
respectively. The R2 value shows that the Temkin model fitted 
experimental data well. 

4. Conclusion 

Phosphoric-acid-activated carbon from G. arborea was 
modified with nitric acid with a view to study the effect on 
the qe of the adsorbent. The optimum qe was 2.35 mg/g by 
C0 25 mg/L, pH 2, and adsorbent dosage 0.01 g/25 mL solu-
tion. The optimum contact time was 300 min. The Langmuir, 
Freundlich, Flory–Huggins, and Temkin isotherm models 
simulated experimental results well based on R2 values which 
were generally above 0.86. The ΔGads (based on Flory–Huggins 
isotherm model) and RL values show that the adsorption was 

spontaneous and favourable. Compared with a similar work 
(not yet published) using H3PO4-activated carbon from G. 
arborea that was not modified, there were decreases in surface 
area by 109.59 m2/g, and qe by 12.363 mg/g. The modification 
had a negative effect.
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