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ABSTRACT
The properties of an adsorbent prepared from cost effective materials were discussed and analyzed in
this research work. A ubiquitous biomass, Terminalia ivorensis biomass modified with MnO2 (MTIB)
was used for the adsorption of two anionic dyes (methyl orange (MO) and congo red (CR)). To
adequately understand the viability of MTIB to adsorb MO and CR from contaminated water, it was
characterized with some surface characterization techniques, which were bulk density, Boehm
titration, pH point of zero charge, Fourier Transform Infra-Red and field emission-scanning electron
microscopy. Surface characterization buttressed the experimental findings from multifarious data
got from this research, which revealed that the major mechanisms for the adsorption of MO and
CR onto MTIB were π-π stacking interaction and the adherence of these anionic dyes onto the
functional moieties on the surface of MTIB. The experimental data most fit into the Langmuir-
Freundlich equilibrium and Mixed-1,2-order kinetic models. The adsorption capacities, qmaxLF of
MTIB for MO and CR were 81.32 and 92.84 mg g−1 respectively. Desorption study showed that
MTIB could be used as a suitable adsorbent to treat water contaminated with toxic anionic dyes.
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Gibb’s Free Energy ΔG°
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1. Introduction

In recent years, the dearth of potable water, especially in
developing nations of the world has been dreadful to the
survival of humans. The lack of potable water is a threat to
the continuous existence of humans worldwide. Accord-
ing to the World Health Organization (WHO) (1), One
billion people in the world lack basic potable water
service, and 15% of these people depend on surface
water as their drinking water source. Over two billion
people depend on water contaminated with feces and
urine as their drinking water sources. This has led to an
alarming increase in the mortality rate of infants in devel-
oping countries of the world. Water contaminated with
feces and urine are harbingers and thriving grounds for
various water-borne diseases, which include, diarrhea,
cholera, dysentery, typhoid, polio, etc. (1). Contaminated
water employed as a drinking water source has led to
the death of over half a million people worldwide
(especially in South America, Asia, and Africa), as a
result of infections from enteric bacteria such as Vibrio
cholerae, Salmonella typhii, Escherichia coli, among others.

In a bid to solve this global problem of serious
concern, the WHO is working seriously to see that 50%
of the population of the globe will live in water-stressed
areas by 2025. In this vein, the United Nations (UN) has
defined the availability of potable water to the world
as its sixth sustainable development goal (SDG #6) by
the year 2030 (1–4).

Researchers have risen in line with the objectives of
the UN and WHO to terminate this challenge as water
scientists are seeking varied techniques for treating con-
taminated water, to make them portable for the world
populace. Some of these water treatment techniques
are coagulation/flocculation (5, 6), membrane filtration
(7, 8), advanced oxidative processes (AOPs) such as
photocatalysis (9, 10), electrocatalysis (11, 12) and
Fenton processes (13–15), adsorption (16–18), etc. Most
of these techniques are expensive, consume high
power, generate secondary sludge, and are unsustain-
able. Adsorption is a cost-effective and sustainable tech-
nique (16, 17) for treating contaminated water.

Industrial dyes reduce the impact of sunlight on
aquatic plants during photosynthesis. Thus, the

chlorophyll in plants would produce fewer monosacchar-
ides to drive metabolic processes. This will influence the
survival of plants negatively in the aquatic environment.
Industrial dyes form their intermediate analogs and aro-
matic amines that are deleterious to the aquatic habitat
and humans due to their carcinogenicity (high risk of
cancer occurrence), mutagenicity (negative effects on
deoxyribonucleic acid (DNA) in the cells), and toxicity,
which include the bladder cancer, blood cancer, bone
marrow cancer, fertility difficulties, dizziness, the appear-
ance of hives, allergies, asthma, hyperactivity, irritability,
dermatitis, and angioedema, skin irritation, jaundice, cya-
nosis, burns vomiting, diarrhea, nausea blood, and bone
marrow cancer, mental retardation, fertility challenges,
to mention a few (19–21).

The use of biological-based materials as sources of
cheap adsorbents has some drawbacks. These drawbacks
are mainly low mass-volume ratio, low bulk density, and
decomposition in aqueous solutions at elevated tempera-
tures over a period oftime. The novelty of this research
work is based on fact that the functionalization of Termi-
nalia ivorensis biomass with MnO2reduced these draw-
backs. This research hinges on the application of MnO2

functionalized Terminalia ivorensis biomass (MTIB) for
the removal of anionic dyes from aqueous solutions.

2. Materials and methodology

2.1. Chemical reagents

The chemical reagents used in this research were manga-
nese oxalate monohydrate (C2O4·H2O)Mn (>99% purity),
HNO3 (70% purity), HCl (>37.5% purity), H2SO4 (>97%
purity), NaOH (>80% purity), MnSO4·H2O (>98.5% purity),
anionic dyes [Methyl orange (MO) and Congo red (CR)].
They were all obtained from Sigma-Aldrich and used for
this research work without further purification.

2.2. Preparation of stock solutions

A 1 g L−1 of stock solutions of MO and CR were prepared
by dissolving accurately weighed amounts of these
anionic dyes in distilled water, and diluting them to
various working concentrations. Adsorption studies
were conducted by optimizing various operating parame-
terssuch as pH, adsorbent dose, initial dye concentrations,
agitation timeand temperature. All experimentswereper-
formed in triplicate and standard deviation of ±0.25.

2.3. Preparations of modified biomass

The Terminalia ivorensis biomass (TIB) was collected from
Botanical Garden, University of Ibadan, Ibadan (7.3775°
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N, 3.9470° E), Nigeria, and identified at the Department of
Botany, University of Ibadan, Ibadan, Nigeria. The sample
was washed with distilled water, air-driedfor four weeks,
and pulverized. The pulverized biomass was oven-dried
for 1 h at 373 K and sieved with a 250 µm mesh sieve.
The sieved biomass functionalized with MnO2 was pre-
pared using a published protocol (22). Briefly, MnO2

was prepared by co-precipitation method using Manga-
nese salts of two different anions (Manganese sulphate
and Manganese oxalate). Both salts of equal concen-
tration (0.2 M) were mixed under continuous stirring
for 1 h at 373 K. Then, 0.1 M NaOH was added intermit-
tently until a pH of 12.0 was achieved (23). The reaction
mixture was further stirred for 3 h, followed by the
addition of 10 g of pulverized TIB. The black MnO2-func-
tionalized TIB (MTIB) slurry formed was filtered and
washed twice with warm distilled water, so as to
remove unreacted salts. This MTIB slurry wasoven-dried
overnight at 373 K and kept in an airtight container for
future use.

2.4. Adsorption studies

Adsorption studies wereobserved by the uptake of MO
and CR onto MTIB using the batch-adsorption technique.
All experiments were performed in triplicate and the
averages were used in each case. For each experiment,
25 mL of 100 mg L−1 anionic dye solution of MO and
CR was measured into separate plastic bottles contain-
ing a known amount of MTIB. The volume and concen-
tration of the dyes were kept constant for every
experiment except where otherwise stated. These
bottles were tightly corked and agitated in a thermo-
static water bath shaker (Gallenkamp, UK) at 125 rpm
for 2 h. The effect of pH (2.0 to 12.0), adsorbent
dosages (10 to 1000 mg), agitation time (0.5 to
120 min), initial dye concentrations (20 to 200 mg L−1)
and temperatures (298 to 328 K) was studied. Deso-
rption kinetic experiments were performed using 0.1 M
HCl and 0.1 M HNO3 to ascertain the rate of regeneration
of MO and CR from the surface of MTIB from 0.5 to
120 min.

2.5. Experimental data modeling and analysis

Aliquots were removed from the thermostatic water
bath shaker at varied time intervals for equilibrium,
kinetic and thermodynamic analyses of experimental
data.

In all experiments, the adsorbent was separated from
the adsorbate by centrifugation, using a centrifuge
(Hitachi, China) at 5000 rpm for 10 min at room tempera-
ture. Each supernatant was analyzed using a double-

beam UV/Visible Spectrophotometer (Jasco, Japan) at a
maximum wavelength of absorption (464 nm for MO
and 498 nm for CR). The amounts of solutes adsorbed,
qe, by MTIB (mg g−1) was calculated using the mass
balance equation given as

qe =
∫n
i=1

(Co − Ce) · VW
{ }

(1)

The quasi-Newton least square algorithm in KyPlot soft-
ware 2.0 model (KyensLab Inc., Tokyo, Japan) was used to
fit the experimental data into multifarious equilibrium,
kinetic and thermodynamic equations, which are

qe = KFC
1/n
e Freundlich model (FM) (2)

qe = qmaxLKLCe
1+ KLCe

Langmuir model (LM) (3)

qe = KLFCnLF
e

1+ (qmaxLF Ce)
nLF

Langmuir-Freundlich model (LFM)

(4)

qt = qe (1− e−k1t)

Pseudo-First Order model(PFOM)
(5)

qt = k2q2e t
1+ k2qet

Pseudo-Second Order model (PSOM)

(6)

qt = qe
1− e−k1,2 t

1− he−k1,2 t

( )

Mixed-1, 2-Order model (MOM)

(7)

ln
k2
T

( )
= ln

k
h

( )
− DHo

RT

( )
+ DSo

R

( )

Erying model

(8)

where kf , n, kL, qmaxL, qt , k1, k2, DSo, DHo, R, T , qmaxLF , nLF
,

KLF , k1,2, h, k and h, are Freundlich constant (mg g−1)
(L mg−1)1/n, an empirical constant that represents the
adsorption affinity, Langmuir adsorption constant
(L mg−1), qe for a complete monolayer (mg g−1),
amounts of solute ions adsorbed at time t (min) by
MTIB (mg g−1), pseudo-first order rate constant
(min−1), pseudo-second order rate constant (g mg−1

min−1), entropy change (J mol−1 K−1), enthalpy change
(J mol−1), universal gas constant (8.314 J mol−1 K−1),
absolute temperature (K), Langmuir Freundlich equili-
brium adsorption capacity (mg g−1), Langmuir-Freun-
dlich constant for adsorption affinity, Langmuir-
Freundlich constant (mg g−1) (L mg−1)1/n, Mixed-1,2-
order rate constant (min−1), Mixed-1,2-order exponent
(min−1), Boltzmann constant (1.381 × 10−23 J K−1) and
Planck constant (6.626 × 10−34 J s) respectively.
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2.6. Surface characterization of MTIB

Surface characterization of MTIBwas done using bulk
density (BD), Boehm titration (BT), pH point of zero
charge (pHPZC), Fourier Transform Infra-Red (FTIR), and
field emission-scanning electron microscopy (FE-SEM).

3. Results and discussion

3.1. BD, BT, pHPZC, FTIR and FE-SEM of MTIB

The bulk density of MTIB was 0.261 g cm−3. The results
from Boehm titration indicate 1.425 and 0.825 mmol g−1

of acidic and basic functional moieties on the surface of
MTIB respectively. In overall, MTIB comprises more posi-
tive than negative charges, and this reflects the fast
uptake of these anionic dyes (MO and CR) at different
experimental conditions.

The pHPZC (isoelectric pH) of the surface of MTIB was
7.98 (see Figure 1). It was expected therefore that the
adsorption of MO and CR was greatly enhanced at low
pH values due to their anionic form. At pH < pHPZC
and pH > pHPZC, the surface of MTIB has more positive
and negative charges respectively. This means that MO
and CR were more adsorbed by MTIB at pH < pHPZC
due to their anionic form (10,16). The results from pH
studies and other previous reports in the literature
confirmed that maximum adsorption of MO and CR
was achieved at pH 2.0 (20,21).

Figure 2 shows the FTIR spectrum of MTIB, which
reflected distinct peaks of aliphatic and aromatic C–H
stretch, aromatic hydroxyl stretch, aromatic amine
stretch, aromatic sulphydryl stretch, aromatic carbonyl
bend, and Mn ̶ O stretch at 3785 , 3745, 3441, 2329,

721.51, and 519.76 cm−1 respectively. The aromatic moi-
eties in MTIB are responsible for a certain degree of aro-
matization, leading to high electron cloud densities,
which enhance the adsorption of MO and CR onto
MTIB by π-π stacking interactive mechanism (10, 16, 23).

Figure 3(a–c) show the FE-SEM micrographs of MTIB
at 1500×, 1000×, 510×, and its particle size distribution
(3d). These micrographs show large clogs of agglomer-
ated particles that are irregularly scattered. The cell
wall of the biomass contains lignocelluloses, which are
probably lined with the micro-particles of MnO2

(24, 25). Although, these are not visible on the FE-SEM
micrographs. From Figure 3d, the particle size analysis
indicated that the average diameter of the particles is
35.43 µm.

3.2. Effects of pH, initial dye concentrations,
adsorbent dose, agitation time, and temperature

The relevance of pH in adsorption studies cannot be
over-emphasized. The solution chemistry of adsorbates
strongly determines the adsorption capacities of
charged ions onto the surfaces of the adsorbents.
Figure 4 indicates that there is no clear trend between
the adsorption of MO and CR by MTIB with increasing
pH. Adsorption was maximum for MO and CR at pH
2.0 with adsorption capacities of 97.52 and
96.56 mg g−1 respectively after which adsorption
decreases steadily to a minimum capacity of
55.65 mg g−1 at pH 10 for MO, and 38.32 mg g−1 at pH
8.0 for CR before a steady increase was observed again
up to pH 12.0 for both dyes. The decrease in the adsorp-
tion capacity may be due to decrease in the proton
density on the surface of MTIB, thereby decreasing the
static attraction and increasing the repulsion of theFigure 1. The pHPZC of MTIB.

Figure 2. The FTIR spectrum of MTIB.
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adsorption of the anionic dyes onto the MTIB surface.
The fast increase in the adsorption capacity observed
between pH 8.0 and pH 12.0 may be due to charge
stabilization on the surface of the adsorbent, which
decreases the adsorbent–adsorbate repulsion, thereby
increasing the amounts of dyes adsorbed on the
surface of MTIB.

The adsorption of MO and CR onto MTIB increased
with an increase in the initial concentrations of both
dyes. The MO and CR molecules occupied the active
sites of MTIB in rapid successions until there were no
more active sites for MO and CR molecules to occupy.
At equilibrium, which was the point of saturation of
the active sites on the surface of MTIB with these dye

molecules, MTIB stopped further adsorption of MO and
CR on its surface (26, 27).

Figure 5 shows that as the adsorbent dose study,
which indicated that the mass of MTIB increased from
10 to 1000 mg. The adsorption of MO and CR decreased
drastically from 229.61 to 2.37 mg g−1 and 249.8 to
2.42 mg g−1 respectively. This sharp decrease was as a
result of the clogging and agglomeration/aggregation
of MTIB particles as its mass increases. This phenomenon
tends to elongate the diffusion paths for the adsorption
of MO and CR onto MTIB (18, 27, 28).

The amount of solutes adsorbed by MTIB is depen-
dent on the resident time that the adsorption process
occurred. Therefore, the resident time for adsorbate–

Figure 3. (a–c) The FE-SEM images, and (d) particle size distribution of MTIB.

Figure 4. The adsorption of MO and CR onto MTIB at different
pH.

Figure 5. The adsorption of MO and CR onto MTIB at different
adsorbent doses.
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adsorbent interaction is significant in determining the
adsorption capacity of an adsorbent, especially at the
early stage of adsorption. This was observed for the
adsorption of MO and CR onto MTIB, which was
rapid within 1 h after adsorption process had begun.
After 1 h, the adsorption of MO and CR by MTIB
undergo a sharp decline and remain stable. The stab-
ility in this adsorption process was achieved due to
the absence of unoccupied/vacant active sites for MO
and CR to occupy even with increased resident time
(27, 28).

The collision frequency and kinetic energy generated
because of the adsorbate–adsorbent interaction
increased as the temperature increased. It was observed
that from 30 s to 1 h, the adsorption of MO by MTIB
increased from 28 to 77 mg g−1, 37 to 94.90 mg g−1

and 45 to 114.80 mg g−1 at 298, 313, and 328 K, respect-
ively. Similarly, from 30 s to 1 h, the adsorption of CR by
MTIB increased from 42 to 94 mg g−1, 51 to 107 mg g−1

and 60 to 118 mg g−1 at 298, 313, and 328 K, respect-
ively. After 1 h, the adsorption of MO and CR by MTIB
drastically decreased at all temperatures due to the
absence of vacant active sites (17, 18, 26).

3.3. Adsorption equilibrium, kinetics, and
thermodynamics

To better understand the adsorption process, the uptake
of MO and CR by MTIB was critically analyzed for its
adsorption capacity at high initial concentrations.
Adsorption equilibrium plays a significant role in under-
standing the adsorption capacities of adsorbents as
solute concentration increases. Therefore, the adsorp-
tion equilibrium data were fit into two-parameters
(Freundlich (29), Langmuir (30)), and three-parameters
(Langmuir-Freundlich (28, 31)) isotherm models
(Equations (2) to (4)). The experimental data for the
adsorption of MO and CR onto MTIB indicated that the
Langmuir-Freundlich model best described this adsorp-
tion process, which was interplay of both homogeneous
and heterogeneous active sites, which were responsible
for monolayer and multilayer coverage of the surface of
MTIB by MO and CR. This implies that the surface of MTIB
comprises different active sites that interacted with MO
and CR during the equilibrium process. Table 1 shows
that the adsorption capacities, qmaxLFof MTIB for MO
and CR, were 81.32 and 92.84 mg g−1 respectively, and
Figures 6 and 7 show the quantity, qe (mg g−1) of MO
and CR adsorbed at equilibrium concentration, Ce
(mg L−1).

Adsorption kinetic models relate the rate at which the
solutes migrateto the active sites on the surfaces of
adsorbents as a representation of the solutes uptake

with time. The dynamics at which the adsorbates
access and interact with the active sites on the surfaces
of adsorbents give a striking insight into their applica-
bility. Essentially, adsorbate–adsorbent interaction is
only complete when there are (1) steady migration of
solutes from the bulk solutions into the film or bound-
ary layers of adsorbents, (2) further migration of these
solutes from the boundary layers of adsorbents into
the intra-particles and pores of the adsorbents
(17, 18, 32). Therefore, kinetic models greatly support
the pore migration of solutes into active sites of adsor-
bents (32). The adsorption kinetic data were fit into
two-parameters (Pseudo-first order, Pseudo-second
order), and three-parameters (Mixed-1,2-order) kinetic
models (Equations (5) to (7)). Table 2 shows that the
experimental data for the adsorption of MO and CR
onto MTIB indicated that the mixed-1,2-order model
best described this adsorption kinetic process. From
the mixed-1,2-order model in Table 2, the amounts
of MO and CR adsorbed by MTIB were 78.93 to
95.11 mg g−1 at 298 to 333 K and 101.32 to
125.26 mg g−1 at 298 to 333 K, respectively, and

Figure 6. Non-linear adsorption isotherms for the amounts, qe
(mg g−1) for MO adsorbed by MTIB.

Table 1. Non-linear equilibrium parameters for the adsorption
of MO and CR by MTIB.
Models MO CR

FM
KF (mg g−1)(L mg−1)1/n 1.241 1.347
1/n 0.151 0.599
r2 0.993 0.991
LM
qmaxL (mg g−1) 79.034 89.843
KL (L mg−1) 0.457 0.491
r2 0.972 0.968
LFM
qmaxLF (mg g−1) 81.324 92.847
KLF (L mg−1) 0.414 0.427
nLF 14.043 9.564
r2 0.996 0.997
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Figures 8 and 9 show the quantity, qe (mg g−1) of MO
and CR adsorbed at equilibrium concentration, Ce
(mg L−1).

Table 3 succinctly describes the thermodynamics
results (calculated with Equation (8)) for the adsorption
process. The adsorption was non-spontaneous at 298 K
with the Gibb’s free energy change values (ΔG°) of
+4.28 kJ mol−1 and +13.88 kJ mol−1 for MO and CR,
respectively. the increase in temperature from 298 to
313 K and 328 K made (ΔG°) to be negative, indicating
spontaneity. It is important to note that MTIB was at
its best at elevated temperatures. The enthalpy change
(ΔH°) and entropy change (ΔS°) were positive for both
dyes. This implies that the adsorption process was
endothermic with heat energy absorbed from the sur-
roundings and a corresponding increase in the chaos
at the adsorbate–adsorbent interface. This led to an
increase in the amounts of MO and CR adsorbed onto
MTIB.y. The ΔH° value for the adsorption of CR was
higher than that of MO. This explains the increased
adsorption capacity of CR onto MTIB compared to that
of MO.

3.4. Regeneration of MTIB

Adsorbent reusability is an essential factor in consider-
ing its viability when subjected to industrial applications.
In this research work, 0.1 M HCl and 0.1 M HNO3 were
used to desorb MO and CR from 0.5 to 120 min (calcu-
lated with Equation (9)).

Figure 7. Non-linear adsorption isotherms for the amounts, qe
(mg g−1) for CR adsorbed by MTIB.

Table 2. Non-linear kinetic parameters for the adsorption of MO and CR by MTIB.

Model

MO CR

298 K 313 K 328 K 298 K 313 K 328 K

PFOM
qe (mg g−1) 69.481 72.779 83.346 87.987 100.951 107.121
k1 (min−1) 0.408 0.603 0.831 0.207 0.225 0.383
r2 0.834 0.801 0.761 0.815 0.887 0.897
PSOM
qe (mg g−1) 76.771 79.437 88.356 90.321 109.849 113.835
k2 (g mg−1 min−1) 0.146 0.197 0.281 0.586 0.588 0.752
r2 0.971 0.978 0.981 0.982 0.983 0.985
MOM
qe (mg g−1) 78.933 87.651 95.111 101.321 114.993 125.256
k1,2 (g mg−1 min−1) 0.387 0.555 0.649 0.037 0.049 0.057
h 0.046 0.035 0.031 0.006 0.003 0.002
r2 0.996 0.997 0.998 0.994 0.996 0.998

Figure 8. Non-linear kinetic fits for the amounts, qt (mg g−1) at
time t (min) for MO adsorbed by MTIB.

Figure 9. Non-linear kinetic fits for the amounts, qt (mg g−1) at
time t (min) for CR adsorbed by MTIB.
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The amounts of MO desorbed from the surface of
MTIB when 0.1 M HCl and 0.1M HNO3 were used as des-
orbing agents from 0.5 to 120 min were 12.55% to
79.32% and 20.35% to 68.33% respectively.

Similarly, the amounts of CR desorbed from the
surface of MTIB when 0.1 M HCl and 0.1M HNO3were
used as desorbing agents from 0.5 to 120 min were
31.02% to 91.03% and 30.23% to 72.12% respectively.
This indicates that more CR molecules than MO mol-
ecules were desorbed from the surface of MTIB. The
highest desorption rates for MO and CR from the
surface of MTIB were achieved with 0.1 M HCl after 2 h.
Figure 10 shows the desorption kinetics of MO and CR
from MTIB. The equation below was used to calculate
the percentage desorption of MO and CR. Table 4 com-
prises adsorption capacities of multifarious materials for
MO and CR in literature.

% Desorption = Amount desorbed
Amount adsorbed

× 100 (9)

4. Conclusion

The adsorption of MO and CRby MTIB was studied under
various conditions, which include pH, initial dye concen-
trations, adsorbent dose, agitation time, and tempera-
ture. The experimental data fit best into the Langmuir-
Freundlich equilibrium and Mixed-1,2-order kinetic
models. The adsorption capacities of MTIB for MO and

CR were 81.32 and 92.84 mg g−1 respectively. Bulk
density(BD), Boehm titration (BT), pHPZC, FTIR, and FE-
SEM were employed to characterize the surface of
MTIB. These characterization tools for MTIB revealed
that surface functional moieties was responsible for
the uptake of these anionic dyes. Also, desorption
studies revealed the reusability potential of MTIB for
applications in water treatment.
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