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ABSTRACT

Magnetite nanoparticles, activated Carbon and their composites were synthesized in the laboratory.
The adsorbents were characterized by bulk density, pH, pzc, surface area, iodine value, moisture
contents, volatile components, Brunauer Emmett and Teller (BET) surface area, Scanning electron
microscopy (SEM) coupled with Energy dispersive X-ray (EDX), X-ray Diffraction (XRD),
Transmission Electron Microscopy (TEM) and Fourier transform infrared spectroscopy (FTIR). The
adsorbents were employed for the batch adsorption of sulphate ion from aqueous solution. Some
variable effects such as pH, initial concentration, contact time, adsorbent dosage and temperature
on adsorption were also investigated. The data obtained were fitted into isotherms, kinetic model
and thermodynamic process. The adsorption studies results revealed R2 value ranging from 0.961 0.996 for Freundlich and Langmuir isotherm ranges from 0.954 – 0.979 for all types of adsorbents
studied. Pseudo-first-order kinetic models correlation coefficient factor ranges between 0.818 –
0.947 while Pseudo-second-order kinetic models R2 values ranges from 0.999 - 1. The equilibrium
time for all adsorbent types range from 45-120 minutes and the maximum monolayer capacity (qmax)
was observed to be between 83.0 - 142.86 mg/g for all the adsorbents at optimum pH 5.
Thermodynamic studies revealed ∆H value to be in the range 1.484-4.573kJ/mol and ∆G value in
the range -7.054- (-5.314) kJ/mol for all adsorbent types. Thermodynamic result revealed that the
adsorption system was feasible, spontaneous and endothermic in nature
.
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INTRODUCTION
Drinking water is derived from a variety of
sources depending on local availability; such
as surface water (rivers, lakes, reservoirs and
ponds), groundwater (aquifers) and rain water.
These sources vary in terms of contaminants
risk1. The pollution of water resources due to
the disposal of contaminants is an increasing
worldwide concern for the last few decades.
The most common water pollutants are
inorganic and organic matters. They are
discharged into the water by natural
phenomenon or human activities ranging from
discharge of effluents from municipal waste or
industrial activities.
Chemicals that are
discharged into the surface and subsurface
waters from these effluents are permeating
environmental problem.

Sulphate is a naturally occurring substance
that contains sulphur and oxygen. It is widely
distributed in nature and may be present in
natural water in concentration ranging from
hundreds to several thousand mg/l. Sulphate
is mostly found in soils and water and it has
profound effect in environmental systems and
technical applications, because it can alter the
surface chemistry and crystal growth of iron
oxides2, poison catalysts, and affect the
surface charge and reactivity of minerals such
as sorption of anions and cations.
Sulphate is second to bicarbonate as the major
anion in hard water reservoirs. It can be
naturally occurring or the result of municipal
or industrial discharges. When naturally
occurring, they are often the result of the
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breakdown of leaves that fall into a stream, or
water passing through rock or soil containing
barite (BaSO4), epsomite (MgSO4.7H2O) and
gypsum (CaSO4.2H2O)3. Municipal sources
include sewage treatment plants and industrial
discharges such as tanneries, pulp mills, and
textile mills. Runoff from fertilized
agricultural lands also contributes sulphates to
water bodies.
Sulphates are of considerable concern because
they are indirectly responsible for two serious
problems often associated with the handling
and treatments of waste water. They are odour
and sewer corrosion problems which result
from reduction of sulphates to hydrogen
sulphide under anaerobic condition. The
amount of sulphate in water is a factor of
concern in determining the magnitude of the
problems that can arise from reduction of
sulphate to hydrogen sulphide.
The consumption of drinking water containing
high amounts of magnesium or sodium
sulphate may result in intestinal discomfort,
diarrhoea and consequently dehydration. This
laxative effect is often observed when
someone drinks water that contains greater
than 500 milligrams per litre (mg/L) of
sulphate.
According to World Health Organisation
(WHO) guidelines, sulphates in water to be
used for certain industrial processes such as
sugar production and concrete manufacturing
must be reduced below 20 mg/l and
recommended limits for water used as a
domestic water supply are below 250 mg/L.
Therefore, there is need to treat natural and
industrial waste water that contains sulphate
before discharge into the body of water.
Various technologies such as solvent
extraction, ion exchange filtration and
membrane separation, reverse osmosis,
chemical precipitation and coagulation, have
been proposed and evaluated for the removal
of
contaminant
from
aqueous
4,5
solutions .These methods are known for one
shortcoming or the other, ranging from

incomplete
removal,
high
energy
consumption, reagents cost, disposal of large
volume of organic solvents and inefficiency
when the metal concentrations are 10 mg/l 6.
Adsorption process is a promising alternative
technique that is free from the shortcomings of
the earlier techniques. Adsorbents from
natural or modified materials and synthetic
origin are subject of recent research efforts.
These adsorbents include activated carbon
from agricultural products 7, 8 and oxides of
iron9.
In recent time, nanotechnology has been used
in many application including energy10,
industries11, sensor12 and environmental
application13. It provided fast and effective
solution of many challenging problems that
cannot be solved using conventional method
due to generation of sludge into the
environment14.
Magnetite -activated carbon nano-composite
have been shown to be highly efficient
materials for pollutants removal by
adsorption15. To the best of our knowledge,
there are limited reports found for the sulphate
ion sorption onto Magnetite-activated carbon
nano-composite which prompted us to
investigate on it.
The aim of this research work is to synthesize
and characterize magnetite nanoparticle,
activated carbon and magnetite-activated
carbon nano-composite for sorption of
sulphate ion from aqueous solution.
MATERIALS AND METHODS
Sample Collection and Pretreatment
The coconut coir pith was collected from a
coconut farm in Igbaye, Osun State, Nigeria.
The collected coconut coir pith was properly
washed with de-ionized water to remove any
impurities deposited on the surface and sun
dried prior to use.
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Synthesis of Magnetite (Fe3O4) nanoparticle
Magnetite nano-particle was synthesized by
measuring 200 ml of deionized water into a
round bottom flask deoxygenated by bubbling
N2 gas for 30 min. 50 ml of ammonium
hydroxide (NH4OH) (IM) was the added and
the mixture was stirred for 10 min at 1000 rpm
using mechanical agitation. After which 10 ml
of 0.1 M ferrous chloride (FeCl2.4H2O) and 20
ml of 0.1M ferric chloride (FeCl3.6H2O) was
added in ratio 1:2 respectively; the reaction
mixture generated a black precipitate
immediately which was stirred and aged for
24 h before filtration17. The product obtained
was washed severally with de-oxygenated- deionized water for it to be in pure form and
then dried at 45oC for 4 hours. The product
obtained was labeled MAG.

Chemicals and Reagents
All reagents used in this research are of
analytical grade and used without any further
purification. These include de-ionized water
(from SAM pharmaceutical Nigeria Ltd),
NH4OH,
ferric
chloride
hexahyrate
[FeCl3·6H2O] (97%), ferrous chloride
tetrahydrate [FeCl2·4H2O] (99 %), sodium
sulphate (Na2SO4) (Sigma Aldrich, Germany),
isopropyl alcohol, glycerol, orthophosphoric
acid (H3PO4), nitric acid (HNO3), sodium
Hydroxide (NaOH), barium chloride (BaCl2),
potassium nitrate (KNO3), starch, iodine
crystal (BDH) etc.
Synthesis of the Adsorbents
Synthesis of activated carbon
Activated carbon was synthesized by
conventional heating method (carbonization),
in which the heat is produced by electrical
furnace. In this method, activated carbon was
prepared through chemical activation of
coconut coir pith precursor, using orthophosphoric acid as the chemical activating
agent16. A 100 g of the coconut coir pith was
ground using mortar and pestle to increase the
surface area and carbonized at a temperature
of 400 oC for 1 h in a stainless steel reactor
placed in a furnace in the absence of air. The
char produced was then activated with an
aqueous solution of 1M concentrated
phosphoric acid with an impregnation ratio of
1:5 (activating agent). The mixture was mixed
in a mechanical mixer for 1 h to ensure the
mixture was properly mixed. After that, the
mixture was dehydrated in an oven at a
temperature of about 105 oC for 24 hours,
cooled to room temperature and washed with
distilled water to remove any undiluted
residue of ortho-phosphoric acid and then redried, ground and sieved in a glove box under
nitrogen atmosphere to get the desired particle
size and stored in plastic containers for further
use. The product obtained was labeled ACT.

Chemical equation of reaction
FeCl2+2FeCl3+8NH4OH

Fe3O4 + 8 NH4Cl + 4H2O

Synthesis of Fe3O4-AC composites
The Fe3O4-activated carbon magnetic
nanoparticles (AC-Fe3O4 MNPs) were
synthesized in the ratio 1:3 and 1:5. 40 g of
activated carbon was impregnated into nitric
acid (63%) for 3 h at 80 oC in an ultrasonic
bath. The sample was filtered, dried at room
temperature and subsequently, 15 g and 25 g
of obtained powder was weighed each into a
200 ml solution of Fe3O4 (this was obtained
by in-situ method, the 200 ml of the
suspension of prepared magnetite was
measured without filtering) and placed in
ultrasonic vibration for a 1 h at 80oC. The
product formed was filtered, dehydrated in an
oven at 105 oC for 1 h and then heated in a
furnace at 750 oC for 3 h for the formation of
AC-Fe3O4 magnetic nanoparticles. Finally, the
synthesized adsorbent was washed with
deionized water severally, then dried at 105 oC
and kept in desiccators for use. The products
obtained were labeled MAG-AC (1:3) and
MAG-AC (1:5).

Nigerian Journal of Chemical Research

Vol. 22, No. 1, 2017
41

after which they were filtered. All filtrates
were prepared using conditioning reagent19, 20
to become turbid depending on the
concentration of sulphate in the solution in
order to measure sulphate concentration left
after sorption. The final concentration of
sulphate in solution was determined by
measuring the absorbance at 362 nm by UVVIS spectrophotometer (SHIMADZU model).
Optimization of pH and contact time was
performed within the range of 2.0 – 9.0 and 5
–240 min, respectively. Then, the adsorption
of sulphate under different amounts of
adsorbent (0.02–1 g/L) and temperature (303 –
334 K) were studied, respectively.
The amount of adsorbed sulphate by the
adsorbents were determined by equation

Characterization of the Adsorbents
The adsorbents were characterized by
physico-chemical methods; bulk density, pH,
point of zero charge (pzc) for the three
adsorbents while iodine number, volatile, ash
and fixed carbon contents was included for
that of activated carbon. Spectroscopic
analysis such as Scanning electron micrograph
(SEM) was observed to know the morphology
of the exterior surface of synthesized
adsorbents, Energy dispersive X-ray to know
the elemental composition present in the
synthesized adsorbents, Transmission electron
microscope (JEOL Model 1010 series), to
confirm the morphology and the shape of the
magnetite (Nanosizer to know sizes of the
adsorbents, X-ray diffraction (GBC eMMA
XRD model ) was done using Cu-Kα
radiation, λ = 1.54059 A ° at 25°C to confirm
the crystallinity nature of the magnetite and
the composite. The specific surface area of the
adsorbents was measured using BET surface
area analyser (NOVA 4200) and the Fourier
Transform
Infrared
(SHIMADZU)
spectroscopy was used in order to determine
the functional groups on the surface of the
adsorbent over 500 – 4000 cm−1.

Qe =

(1)

Where qe is the adsorption capacity of
adsorbent at a given time t (mg/g), V is the
volume of solution (L), m is the mass of
adsorbent (g) and Ci and Cf (ppm) are the
initial and equilibrium concentration of
sulphate, respectively.
Estimation of the adsorption isotherm and
kinetics
In adsorption process, the study of equilibrium
adsorption isotherm is the basis for the
modeling of an adsorption system21. The
Adsorption capacities of the adsorbents were
determined by fitting the experimental results
into Langmuir, Freundlich and Temkin
isotherm represented by the following
equations, respectively:
Fundamental thermodynamic parameters
including standard enthalpy (ΔH°), standard
free energy (ΔG°), and standard entropy (ΔS°)
were all measured for thermodynamic studies.
Van’t Hoff plots were employed for the
calculation of ΔH° and ΔS° based on the
following equations:
(2)

Batch Adsorption Studies
Sorption experiments of sulphate ion were
carried out by dissolving 1.479 g of Na2SO4
(Sigma-Aldrich) in 1000ml standards flask.
Standard solutions of (0-800) mg/L were
prepared serially from the stock solution
prepared for the adsorption study. The
determinations of the various standard
concentrations were determined on a UVvisible spectrophometer (SHIMADZU model)
at a wavelength of 362 nm.
Adsorption of sulphate ion
0.1, 0.5 and 0.2 g of the magnetite, activated
carbon and composite were made in contact
each with 25 ml of sulphate standard solution
prepared (0-800) ppm initial concentration and
agitated on mechanical shaker for 240 minutes
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The test of bulk density represents the flow
consistency and packaging quantity of solid
sample. The bulk density of any sample plays
a great role on adsorbate uptake. Generally,
higher density carbons hold more adsorbate
per unit volume28. From Table 3, the bulk
density of the MAG is the highest (4.29 g/ml)
and that of activated carbon is the lowest (1.07
g/ml). The higher bulk density of the MAG
can be due to its compactness in nature
because of its crystal form especially when in
nano sizes are prone to agglomeration which
makes the particle to tightly fuse together and
occupy every available space.
The iodine number is the most fundamental
parameter used to characterize activated
carbon performance29. It is a measure of
activity level, the higher the number, the
higher the degree of activation and the
development of the microporous structure. It
is often reported in mg/g. Iodine number may
also be used as an approximation of surface
area. Some types of carbons have been
reported to be between 600 mg/g and 1100
mg/g30, 31. The iodine number of AC adsorbent
was found to be 812.16 mg/g, this is in
agreement with the report in the literature29
where all the adsorbents have higher iodine
number and higher degree of micropore, as an
indication of better performance as
adsorbents.
Surface area and micropore volume are the
key factors in determining whether the
material is suitable for the removal of
pollutants from aqueous solutions. In addition,
the nature of the adsorbent-adsorbate
interaction must also be considered. It is
understood that the pore volume contributed
to the accommodation of metal ion on the
adsorbent32.
Specific surface areas of the adsorbents were
determined by the Brunauer–Emmett–Teller
(BET) method. The BET isotherm is the basis
for determining the extent of nitrogen
adsorption on a given surface. The surface
areas of MAG, ACT, MAG-AC (1:3) and

(3)
(4)
RESULTS AND DISCUSSION
Physico-chemical Characteristics
The percentage yield for the MAG, ACT
MAG-AC (1:3) and
MAG-AC (1:5) ranged from 36.5 to 98.5 %
with the MAG-AC (1:5) having the highest
yield percent and MAG having the lowest
yield percent as it can be seen in Table 1. The
coconut coir pith could serve as a very good
precursor for the production of activated
carbon due to its very low value in ash content
and moderate value of fixed carbon
constituents. Moisture content, according to
Azizian, 200422 has a relationship with
porosity (α) and yield according to Lori et al,
200723 of a given carbon. Adsorbent with high
moisture content is expected to swell less, thus
retarding pore size expansion for adsorbate
uptake.
The moisture content of ACT was found to be
2.9 % while the volatile content was found to
be of 38.5 %. This is responsible for the
decomposition of the organic materials to
release volatiles and development of
microporous structures24. Report has shown
that low volatile matter content implies the
high porosity of the adsorbent since volatile
matter remains clogged in the carbon pores25.
Ash is a measure of inorganic impurities in the
carbons26. The ash content of activated carbon
was found to be 3.8 % which is in the range of
most ash content of agricultural waste
reported27.
Fixed Carbon content is the residual amount
of carbon present in the sample. The result
obtained shows that carbon content is 54.8 %.
This is in concordance with the findings of
Malik et al. 200624 in which most of the
carbon composition of AC falls within 50-90
%.
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MAG-AC (1:5) composites were found to be
276.956, 833.641, 444.095 and 454.569 m2/g,
respectively which falls within the range of
their specific surface area with the pore
volume and pore sizes of (10.97, 32.86, 17.27
and 15.73 cc/g) and 3.015, 3.148, 3.091 and
3.335 nm respectively. The surface area of the
MAG, MAG-AC (1:3) and MAG-AC (1:5) are
lesser than that of ACT. This decrease could
be attributed to the occupation of almost the
entire pores of AC with Magnetite
nanoparticle resulting in less accessible
pores21. The variation in surface area could
also be as a result of chemical used. The
surface areas of the samples are comparable
with some of the commercial, synthetic and
natural iron oxides reported in literature33.
The pH of adsorbents determined the kind of
adsorbate its likely
to remove in an
adsorption system, whether there will be
adsorption of H+ ions from the solution or
desorption of OH- ions from the sorbent
surface when the adsorbent is basic or
acidic34. The pH of the synthesized ACT,
MAG, MAG-AC (1:3) and MAG-AC (1:5) in

de-ionized water ranges from 6.3 to 8.0. ACT
and the composites had their pH tend a bit
towards acidic range; this could be attributed
to the method of synthesis. The pH of the
produced ACT was found to be 6.8, which
falls within the range of pH of most
agricultural by-products. This is also in
agreement with the report of Mohammed et al,
201526. Generally, adsorbents with pH of 6-8
are acceptable in most applications35. The pH
of composites are lower (6.5 and 6.3) than that
of ACT and MAG
The point of zero charge of a material
facilitates the choice of an adsorbent for
removal of certain solutes from waste water; it
also makes it possible to predict the pH effect
on the phenomena and processes involving
adsorption36.
The point of zero charge was located at point
of interception of the curve. However, the
points of interception for various ionic
strengths (0.1, 0.01 and 0.001 M KNO3) were
in the range of 6.2 and 7.8 with MAG having
the highest and activated charcoal been the
least

Table 1: PHYSICOCHEMICAL PROPERTIES OF MAG,
AND MAG-AC (1:5) ADSORBENTS
Physicochemical Magnetite
Activated carbon
Parameters
(MAG)
(AC)
Appearance
Black
Black
% Yield
36.65
60
Bulk
Density 4.89
0.298
(g/cm3)
pH
8
6.8
PZC
7.8
6.2
Fixed carbon (%) ND
54.8
Volatile
ND
38.5
component (%)
Moisture content ND
2.9
Ash content (%)
ND
3.8
Iodine Value
ND
812.16mg/g
BET Surface area 278.956
833.641
(m2/g)
Micro-pore
volume (cc/g)
Pore size (nm)

ACT, MAG-AC (1:3)
MAG-AC
composite (1:3)
Black
96.5
2.35

MAG-AC
composite (1:5)
Black
98.5
1.07

6.5
ND
ND
ND

6.3
ND
ND
ND

ND
ND
ND
444.

ND
ND
ND
454.569

1.097 × 101

3.286 × 101

1.727 × 101

1.573 × 101

3.015

3.148

3.091

3.335
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Spectroscopic characteristics of the
adsorbents
XRD analysis was performed to examine
the crystal structure of the synthesized
MAG and MAG-AC (1:3). The typical
XRD pattern of the adsorbents is shown in
Fig. 1a and b.
From the
spectra shown below for
magnetite, peaks are found at positions of
6.07º , 19.04θ, 35.85θ, 40.70θ, 54.13θ and
63.49θ which are in good agreement with
values found in literatures [37, 38]. The
appearance of a broad peak at 2θ = 35.85º
15, 27, 39
and 15.65 and 26.70 could be
40

interpreted as the evidence for the
presence of Fe3O4 crystalline phase. The
composite shows some distinct spectral
which are found at peaks 15.65º, 22.66º
26.70º and 39.87º because of the slight
shift in the peaks due to activated carbon.
The main peak at 2θ = 15.65 and 26.70º
corresponds to carbon [40]. It can also be
seen from the diffractograms obtained for
MAG that it has a higher degree of
crystallinity than that of the composite.
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Figure 1a: X-ray Diffractogram of MAG

Figure1b:X-ray Diffractogram of MAG-AC

Fourier Transform Infrared Spectroscopy (FTIR)
Fourier Transform Infrared Spectroscopy
(FTIR) analysis was carried out in order to
identify the functional groups present in the
sample. Functional groups of adsorbents not
only affect the adsorption behaviour, but also
dominate the adsorption mechanism41.
The surface functional groups were
characterized by Fourier transforms infrared
(FT-IR) spectroscopy. Table 2 shows the FTIR
spectra between 4,000 to 500 cm−1.
The FTIR spectra obtained for magnetite
(MAG) is shown in Figure 2a and the detailed
summary shown in Table 2. A broad
absorption band at 3423.76 and 3223.16 cm-1
are due to the O-H stretching frequency. The
Nigerian Journal of Chemical Research

H2O intra-molecular bending frequency gives
the absorption band at 1647.21cm-1. The
stretching frequency of Fe – OH is found at the
869.92cm-1 and the peak at 628.81 cm-1 is due
to the presence of O – H deformation bands
found in magnetite. The absorption band at
449.43 and 567.09 cm-1 indicates the stretching
frequency of Fe – O due to H2O42. All these
characteristic peaks can be attributed to
magnetite particle. The spectral obtained for
the activated carbon (ACT) adsorbent is shown
in Figure 2b and the detail are summarized in
the Table 2. A broad absorption band at
3421.83cm-1 is due to the surface O-H
stretching frequency, while the C-H stretching
Vol. 22, No. 1, 2017
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vibration at 2962.76cm-1 indicates the presence
of alkane (sp3) stretching vibration functional
group. The peak found at 2362.88 cm-1
corresponds to the C≡C stretching vibration of
the alkyne functional group. The C=C
stretching vibrations at 1602.90 cm-1 is
assigned to alkenes and aromatic stretching
vibration functional groups. The peak at
1269.20 and 1217.12 cm-1 in the adsorbent
corresponds to the C-H rock and C-H bend of
the aliphatic functional group or C-O-H. The
FTIR spectra obtained were in agreement with
the results reported in the study carried out on
commercial granular activated carbons by Jung
et al;43. This is also in agreement with the work
of Tan et al. 200844

In the spectral of the composites shown in
Figure 2c and d, the bands found in magnetite
and the activated carbon are also present with
just slight shifts due to the formation of new
product from the primary reactants. The
additional peaks found in composites apart
from magnetite are shifted peaks due to
presence of the activated carbon. The slight
shifts in peaks are shown in Table 2, similar
slight shift were observed for C ≡ C stretching
from 2362.88 to 2351.30 and 2360.95cm-1 for
MAG-AC (1:3) and MAG-AC (1:5)
respectively, C – H rock at 1269.30 to 1298
cm-1 for MAG-AC (1:3)

Table 2; Some fundamental bands observed in MAG, AC, MAG-AC (1:3) and MAG-AC
(1:5)
Absorption Bands

Peaks found in Peaks found Peaks found in
MAG(cm-1)
in AC (cm-1)
MAG-AC (1:3)
(cm-1)
O-H
stretching 3423.76
and 3421.83 and 3479.70
frequency
3223.16
3064.99
3
C
H
(sp ) 2962
stretching
Intramolecular H- 2881.75
2831.60
OH frequency
C≡C
2362.88
2351.30
O-H bending mode 1624
1633.76
C = C stretching
1602.90
H2O
intra- 1406.15
molecular bending
frequency
C –H rocking
1269.20
1298
C – H bending
1217.12
Fe-OH stretching 869.92
875.71
frequency
O-H deformation
628.81
and 644.25
582.52
Fe-O
stretching 449.43
and 569.02
frequency of H2O
567.09
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Peaks found
in MAG-AC
(1:5) (cm-1)
3454.62

2831
2360.95
1627.97
1398.44

1217.12
875.71
648.10
574.81
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Figure 2a: FTIR spectrum of Magnetite

Figure 2b: FTIR spectrum of Activated carbon

Figure 2c: FTIR spectrum of MAG-AC (1:5)
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Figure 2d: FTIR spectrum of MAG-AC (1:3)
porous, with irregular shape (like triangle,
plate-like), relatively smooth surface, and
without cavities. These characteristic
could be as a result of method of synthesis
while the composites are porous in nature.
The porous nature of the synthesized
composites from activated carbon and
magnetite is an implication of large
surface area and high adsorption capacity.
Formation of the magnetic-AC was
confirmed by the presence of several
mono-disperse magnetite nanoparticles
embedded in activated carbon pores with
needle-like shapes, large number of
agglomeration, large pore sizes but not as
large as activated carbon as a result of
magnetite which was dispersed over the
surface. This could be due to the fact that
there were no pores on the surface of the
magnetite which was expected to increase
the surface area of the activated because
of its nanoparticle nature. This result is in
concordance with literature values21.

Scanning Electron Microscopy
The SEM micrograph of AC, MAG,
MAG-AC (1:3) and MAG-AC (1:5)
representing the surface morphology of
the synthesized adsorbent is illustrated in
Figure 3a. Large and well-developed
pores which looks like honey comb were
clearly found on the surface of the
activated carbon. This might be due to the
activation process used, which involved
chemical activating agents of H3PO4. Pore
development in the char during
carbonization was also important as this
would enhance the surface area and pore
volume of the activated carbon by
promoting the diffusion of H3PO4
molecules into the pores and thereby
increasing the H3PO4 carbon reactions,
which would then create more pores in the
activated carbon. This result is in
agreement with some researcher’s report27,
44
. MAG micrograph is shown in Figure
3b with the following features; particles
are aggregates of small particles, non-
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Figure 3a: SEM micrograph of (ACT

Figure 3b: SEM micrograph of (MAG)

Figure 3ac: SEM micrograph of MAG-AC (1:3)

Figure 3d: SEM micrograph of MAG AC (1:5)

Transmission Electron Microscopy (TEM)
TEM is a microscopic technique which
provides the fine detail of the particle size
presents in the sample as small as a single
column of atoms.
The TEM micrographs of magnetite at
different magnification as shown in Figure
4a & b below reveal a rod-like shaped
particle with ranges of diameter, the

particle is seen to have smooth surface
which could enhance adsorption properties,
which complement result obtained from
SEM. This result is different from the one
reported by Zhao et al.,200845 in which the
magnetite nanoparticles have cubic shape
which are uniform and mono-dispersed.

Figure 4: TEM micrograph of magnetite
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the other hand, C and O dominate the ACT
sample. It can be observed that iron and
oxygen are dominant in magnetite while
Carbon is included in the composites. The
peaks are more intense in the magnetite
than the composites; this is due to crystal
nature of magnetite.
The result of the particle size analyzer (Fig
6a-c) revealed that the sizes of different
adsorbents are in the range 1-1000
nanometers.

Energy Dispersive X-ray Spectroscopy
Analysis (EDS)
This instrumental technique was used to
investigate the elemental composition of
the adsorbents. Its characteristic ability is
due to the fundamental principle that each
has a unique atomic structure allowing
unique set of peaks on it X-ray emission 46.
From the Table 3 shown below, the major
elements present in MAG and composites
were observed to be C, O and Fe while the
minor elements are Ca, Pd, Cl and Au. On
Table 3: Elemental composition of adsorbents
Elemental Composition (%)
Adsorbents

C

O

Fe

MAG

9.86

46.53

ACT

78.58

MAG-AC (1:3)
MAG-AC (1:5)

Ca

Pd

Cl

P

K

Ca

Au

Total

41.81 -

0.50

-

-

-

-

1.31

100

19.01

-

-

-

-

1.51 0.35

0.19 0.35

100

55.34

4.04

40.42 -

-

-

-

-

-

0.2

100

72.77

19.09

7.12

0.36

-

-

-

0.37

100

0.14 0.21

Figure 5a: EDX spectrum of magnetite
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Figure 5b: EDX spectrum of Activated carbon

Figure 5c: EDX spectrum of MAG-AC (1:3)

Figure 5d: EDX spectrum of MAG-AC (1:5)
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Nanosizer Results

Figure 6a: Nanosizer chat of ACT by intensity

Figure 6b: Nanosizer chat of MAG-AC (1:5) by intensity

Figure 6c: Nanosizer chat of MAG-AC (1:3) by intensity
curve of the standard solutions at 362 nm is
shown in the Figure 6d.

Results of the Adsorption Studies
The maximum absorption of sulphate anion
was obtained at 362 nm. The calibration
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overcome the limitations of low adsorption
by adsorbent47.
It can be seen that the amount adsorbed in
the SO42-/MAG system at equilibrium
increased from 1.821 – 123.18 mg/g while
adsorption capacity of SO42-/ACT and
SO42-/MAG-AC
(1:3)
system
also
increased from 0.8454 – 65.58 mg/g and
1.8181 - 122.45 mg/g respectively. The
maximum percentage adsorption onto the
three adsorbents (MAG, ACT and MAGAC (1:3) was found to be 90.909 %, 84.54
and 90.909 % respectively. One can
deduce from the results of percentage of
sulphate ion adsorbed on the adsorbents
that MAG and MAG-AC (1:3) performed
better than ACT which could be as a result
of sites been filled up as the concentration
of sulphate ion increases in the aqueous
solution48.

Effect of Initial Concentration
The adsorption of sulphate ion from
aqueous solution by all types of adsorbents
synthesized
at
different
initial
concentration ranging from 5 - 800 ppm
showed that the adsorption of sulphate ion
(quantity adsorbed) increased with increase
in initial concentration up to 500 ppm
where the equilibrium was attained for all
the adsorbents after which a drop occurred.
This shows that the adsorption of sulphate
ion is greatly dependent on the initial
concentration. However, the increasing rate
of sulphate ion adsorption decelerated with
further
increase
in
sulphate
ion
concentration. This behavior is due to the
increase in the driving force of the
concentration gradient, as further increase
in the initial sulphate ion concentration

Absorbance

sulphate calibration
curve (362 nm)
5
y = 0.0222x…
0
0

50

100

150

Concentration (ppm)

Ammoun Adsorbed (qe)
(mg/g)

Figure 6d: Calibration curve for sulphate ion solution

150
100
MAG
50

ACT
COMPOSITE

0
0

200

400

600

800

1000

Concentratiion (ppm)

Figure 7a: Adsorption Profile diagram of sulphate ion adsorbed onto the adsorbents V=25cm3,
T = 300K and time = 180mins
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Figure 7b: percentage Profile diagram of sulphate ion adsorbed onto the adsorbents V=25cm3,
T = 300K and time = 180mins
Effect of pH

Amount Adsorbed
(mg/g)

The solution pH is one of the main
effective parameters which could have a
significant role in controlling the
adsorption process [49]. The effect of pH
on SO42- adsorption is shown in Figure 8.
As shown in this Figure, the maximum
SO42- removal on to MAG, ACT and
MAG-AC (1:3) occurred at acidic pH of 5
at initial concentration of 500 ppm) with
maximum percentage values of 91.34, 91.9
and 91.2 % respectively at pH 5. This can
be due to the electrostatic attraction
between the SO42- anions and the positive
charges located on the adsorbents surface.
But, the fall in SO42- removal as a result of

the rise in pH may be due to the fact that at
higher pH, the adsorbents surface are
negatively charged and subsequently
enhances the electrostatic repulsion
between sulphate ions and the adsorbents,
leading to the release of the adsorbed
species off the MAG, ACT and MAG-AC
(1:3) surface50. Since the maximum SO42adsorption was obtained at pH 5, this pH
was selected as the optimum. This result is
in good agreement with the previous
studies in which the maximum adsorption
uptake of sulphate ion occurred at acidic
pH of 7 and 451, 27.

96
94
MAG
92

ACT

90
0

2

4

6

8

10

COMPOSITE

pH

Figure 8: pH profile diagram for adsorption of sulphate on MAG, ACT and MAG-AC (1:3)
(V=25cm3, T=300K, Concentration= 500 ppm
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qe (mg/g)

Effect of Adsorbent Dosage
The optimum amount of the adsorbent
which can remove sulphate ions from
aqueous solution was found through a
batch-mode sorption. In due course,
various amounts (0.02–0.5 g) of MAG,
ACT and MAG-AC (1:3) were examined
at 500 ppm optimized for the initial
concentration and the sulphate ion removal
efficiency as a function of adsorbents
dosage was monitored. It was shown that
as the adsorbent dosage increases, the
sulphate removal percentage also increases
while the quantity adsorbed decrease
rapidly for all the adsorbents. This could be
explained by the fact that an increase in the
adsorbent dose may increase the
accessibility of the active sites on the pores

of the adsorbents for the sulphate ions,
which leads to an enhancement in the
removal efficiency. This result is in
agreement with the reports of some
researchers27, 52. Maximum adsorption
capacity was therefore achieved using
0.01g mass of adsorbent. As shown in
Figure 9a, by increasing adsorbents dosage
from 0.01 to 1 g, the adsorption percentage
of sulphate increased from 82.70 – 95.21
%, 83.38 - 95.37 %, and 80.80 – 93.75 %
while the quantity adsorbed decrease from
418.54 – 19.04 mg/g, 416.90 – 19.07 mg/g
and 404 -18.75 mg/g for MAG, ACT and
MAG-AC (1:3) respectively at optimized
condition.

450
400
350
300
250
200
150
100
50
0

MAG
C3
ACT

0

0.1

0.2

0.3

0.4

0.5

0.6

Dose (g)

Figure 9a: Dose profile diagram for adsorption of sulphate on MAG, ACT and MAG-AC
(1:3) system (V=25ml, T= 300k, Concentration =500 ppm, time= 180 mins,
pH=5.0)
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Figure 9b: % Dose removal profile diagram for adsorption of sulphate on MAG, ACT and
MAG-AC (1:3) system (V=25ml, T= 300k, Concentration =500 ppm, time= 180 mins,
pH=5.0)
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Effect of Contact Time

Amount Adsorbed (mg/g)

Adsorption is a time dependent process and
it is very important to know the rate of
adsorption for designing and evaluating the
adsorbent in removing contaminants from
waste water.
The effect of contact time on the
adsorption of sulphate ion onto MAG,
ACT and MAG-AC (1:3) respectively are
shown in Figure 10. The rates of sulphate
ion adsorption on MAG, ACT and MAGAC (1:3) from aqueous solution were
described as quantity adsorbed as a
function of contact time as shown in Figure
10. It can be observed that the adsorption
capacity of the oxyanion increased with
increasing time. The adsorption process
can be classified into two portions
representing fast and slow. The rapid
increase may be as a result of vacant
adsorption on sulphate sites. However,
gradual reduction in the rate showed that
adsorption sites have become saturated and

the ease of adsorption becomes more
difficult until the adsorption reached
equilibrium. Similar result was also
reported in the literature53. It can be
observed that the amount adsorbed
increases with increase in contact time to a
point after which equilibrium was reached
at 120 min for magnetite (MAG), 45 min
for activated carbon (ACT) and 60 min for
magnetite-activated carbon composite
(MAG-AC (1:3) with the maximum
adsorption capacities in the range 91.1 –
96.44 mg/g respectively. The differences in
the time of equilibrium may be due to the
nature of the adsorbents. A time of 45 120 minutes adsorption time was selected
as the equilibrium time for MAG, ACT and
MAG-AC 1:3 respectively based on the
results of the contact time studied and was
used for further adsorption studies in
investigating other parameters.

120
100
80
60

MAG

40
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20

COMPOSITE

0
0
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250
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Figure 10: Time profile diagram for adsorption of sulphate on MAG, ACT and MAG-AC
(1:3) (V=25cm3, T=300K, Concentration=500 ppm, dose= 0.1g, pH=5.0)
Effect of Temperature
Normally temperature estimates the
molecules, functional groups and surface
morphology of the adsorbent and metals
during adsorption processes. To determine
the thermal effect of the various sorption

systems, adsorption studies were carried
out at temperatures of 303 – 343 K. The
temperature profile diagram for the
adsorption system of sulphate ion onto
MAG, ACT and MAG-AC (1:3) are shown
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in Figure below. The plots show an
increase in adsorption capacity with
increase in temperature for all adsorbents.
These results affirm the endothermic nature
of the adsorption process. The endothermic
nature may be attributed to an increase in
the kinetic energy of the sulphate ions as

the anion moving faster to adsorbents
surface or the anion are solvated [54].
Maximum adsorption capacity was
achieved at 343K for MAG, ACT, and
MAG-AC (1:3) at optimized condition.
The adsorption capacity ranges from 7.39
and 38.77 mg/g

92.5
92
qe (mg/g)

91.5
91

MAG

90.5

ACT

90

C3

89.5
89
300

305

310

315

320

325

330

335

340

345

Temp. (K)

Figure 11: Temperature profile diagram of MAG, ACT and MAG-AC (1:3) (V=25cm3,
Concentration =500 ppm, dose=0.1g, pH=5.0, time = 120, 45 and 60 minutes
respectively.
Adsorption Isotherms
In this study, Langmuir, Freundlich and
Temkin isotherm models were used to
describe the relationship between the
amounts of sulphate ion adsorbed and its
equilibrium concentration in solution has
been studied and results are shown in
Figure 12(a – c)
The Langmuir isotherm assumes that the
uptake of sulphate ions occur on a
homogenous surface by monolayer
adsorption without any interaction between
adsorbed ions. Once a site is filled, no
further sorption can take place at that site
55
.

Where qe is the amount of adsorbate
adsorbed at the time of equilibrium (mg/g),
Ce is the equilibrium liquid-phase
concentration of adsorbate in solution
(mg/L), qm is the maximum adsorption
capacity (mg/g) and b is the Langmuir
constant related to the energy of adsorption
(L/mg). The Langmuir constants KL and
qmax were calculated from the equation 5
and also an essential characteristic of
Langmuir isotherm could be expressed
from the dimensionless constant called
equilibrium parameter
RL =

As such the surface will eventually reach a
saturation point where the maximum
adsorption of the surface will be achieved.
The linear form of Langmuir isotherm
model is given by the following equation:
(

Where KL is the Langmuir constant and Co
is the initial concentration (mg/L). The
value of RL indicates the adsorption nature
to be
either unfavourable if RL>1), linear if RL
=1, favourable if 0< RL<1 and irreversible
if RL=0.The Langmuir separation factor

)
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RL, indicates the nature of the adsorption
process as given in Table 4.

adsorbents were obtained to be in the range
83 - 142.86 mg/g while the Langmuir
constant (b) were in the range 0.0028 0.016 L/mg, respectively. The value of RL
was observed to be in the range 0.199 –
0.676 which lies between 0 – 1, indicating
that the adsorption process is favorable.
The linear plots of Langmuir equilibrium
concentration Ce/qe versus Ce are shown
in the Figures 12a for sulphate ions
sorption, for all the adsorbents used.

The obtained values regarding the
Langmuir, isotherms for sulphate ion
adsorption on to MAG, ACT and MAGAC (1:3) are shown in Table 4 above. The
correlation coefficient range from 0.954 0.979 were obtained for sulphate ion
removal onto all the adsorbents.
This showed that the adsorption systems
fitted Langmuir isotherm. The qm of the

Table 4: Isotherms parameters for various sulphate ion adsorption processes
Adsorption
Models
Langmuir

Freundlich

Temkin

Isotherms Parameters

MAG

ACT

MAG-AC (1:3)

Qmax (mg/g)
b(KL) (L/mg)
RL
R2
Kf
n,1/n
R2
KT
B
R2
bT

125
0.0028
0.586
0.979
3.625
1.540, 0.649
0.961
0.669
20.64
0.860
122.05

83
0.0019
0.676
0.954
0.981
1.201, 0.832
0.996
0.406
12.20
0.849
206.51

142.86
0.016
0.199
0.974
3.310
1.512, 0.661
0.975
0.585
21.06
0.854
119.63

14
y = 0.008x + 2.8377
R² = 0.9795

12

Ce/qe

10

y = 0.0126x + 6.1227
R² = 0.9544

8
6

y = 0.0072x + 0.4359
R² = 0.9746

4
2
0
0

100

200

300

400

500

600

MAG
ACT
C3

Ce

Figure 12a: Langmuir Isotherm of sulphate ion onto MAG, ACT and MAG-AC (1:3)

organic compounds or highly interactive
species on activated carbon and molecular
sieves. The slope ranges between 0 and 1 is

Freundlich Adsorption Isotherm
Freundlich isotherm is widely applied in
heterogeneous systems especially for
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a measure of adsorption intensity or
surface heterogeneity, becoming more
heterogeneous as its value gets closer to
zero. Whereas, a value below unity implies
chemisorption process where 1/n above
one is an indicative of cooperative
adsorption (physi-sorption)56.

As it can be seen in the table above, the
values of 1/n are between 0.649 - 0.832
while n values are in the range of 1.201 –
1.540. These value lies between 1<n<10
indicating that the sorption of sulphate ion
are favourable. The values of Kf were
calculated to be in the range 1.072 - 1.919
for the three adsorbents. The R2 values
were found to be between 0.961- 0.996
which showed that sulphate ion fitted
multilayer adsorption on heterogeneous
surface for the three adsorbents and the
extent is in the order of ACT > MAC-AC
(1:3) > MAG.

where the slope = 1/n and intercept = ln Kf,
qe is the amount of solute adsorbed at
equilibrium time in mg/g, Ce is the
equilibrium concentration of adsorbate
(mg/L), Kf is the capacity of adsorbent
(mg/g) and n is the Adsorption constant
(>1) for Freundlich (L/mg )

7

y = 0.9963x + 0.0684
R² = 0.9988
y = 0.7114x + 0.9979
R² = 0.9427

6
5

y = 0.6989x + 0.3864
R² = 0.9716

4
ln qe

3
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2

ACT

1

COMPOSITE
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Figure 12b: Freundlich Isotherm of sulphate ion onto MAG, ACT and MAG-AC (1:3)

Temkin Adsorption Isotherm Model
The Temkin isotherm model assumes that
the adsorption energy decreases linearly
with the surface coverage due to adsorbentadsorbate interactions. The Temkin
isotherm model is given by the following
equation 57.
Qe= In(ATCe)

Qe= InAT+ InCe

(7b)

Where B =
Qe= InAT+ InCe
(7c)
AT = Temkin isotherm equilibrium binding
constant (L/g)
bT = Temkin isotherm constant
R = universal gas constant (8.314J/mol/K)
T = Temperature at 298K.

(7a)
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B = Constant related to heat of sorption
(J/mol)

systems fitted into the isotherm model with
the MAG being the fittest and ACT being
the least.

The values of KT and B were calculated
from the intercept (BlnKT) and slope (B)
from the plot of ln Ce vs qe. The KT
calculated values are in the range 0.406 –
0.669 and B values are in the 12.20 – 21.06
for ACT, MAG and MAG-AC (1:3)
systems. These low values of the binding
energies and heat of adsorption of the four
systems indicate physical adsorption (Dada
et al, 2012).The R2 values (0.860, 0.854
and 0.849 for MAG, MAG-AC (1:3) and
ACT respectively showed that the three

The adsorption of SO42-/ACT fitted best
into the Freundlich adsorption isotherm
than the other two model used with the R2
value of 0.996 while SO42-/MAG fitted
with Langmuir as seen in the data analysis
above. The order of the isotherm fitness to
the systems are in order of Freundlich >
Langmuir > Temkin. It can be deduced
from the three isotherms used that
Freundlich fitted best for sulphate ion
system.
y = 20.642x - 8.294
R² = 0.8609

140
120
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Figure 12c: Temkin Isotherm sulphate ion onto MAG, ACT and MAG-AC (1:3)

Adsorption Kinetics Study
The slopes and intercepts of ln (qe−qt) versus
t are used to determine the first order rate
constant k1 and the amount of metal or
oxyanion adsorbed at equilibrium qe.
The Lagergren’s Pseudo first order plot of t
(mins) versus ln (qe-qt) for sulphate ion
system were all linear as it can be seen in the
figure below with the correlation coefficient
R2 values that ranges between 0.818 - 0.947
for all adsorbents synthesized but the qe (cal)
were not in agreement with the qe (exp)

Pseudo First Order Kinetics
The sorption kinetics may be described by a
linear pseudo-firstorder equation:

Where qt and qe are the amounts of solute
adsorbed at time t and equilibrium (mg/g),
respectively, and K1 is the pseudo-first order
rate constant for the adsorption process (min1
).
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values as qe calculated values were very low
compared to qe experimental values. This
suggests that this adsorption system is not a
pseudo-first order reaction.

pseudo-first order kinetic model as shown in
Figure 13a. The pseudo second order kinetic
plots are of better linearity with correlation
coefficient of 1(unity) for MAG and ACT
while 0.999 which is almost close to unity for
MAG-AC (1:3) system. The comparism
between experimental and theoretically
calculated qe values for the sulphate ion
adsorption onto the three forms of adsorbents
as shown in Table 5 show a better agreement
(very close) than in the pseudo first order
model. This showed that pseudo-second order
kinetic fitted better than the pseudo-first order
kinetic for the adsorption of sulphate ion in
aqueous solution by MAG, AC and MAG-AC
(1:3) this is in agreement with literature on
sulphate adsorption51. While Payman and
Allan, 200952 reported pseudo first order
kinetic.

Pseudo-Second Order Kinetics
The linear pseudo-first order equation is

Where qe and qt have the same meaning as
above, K2 is the rate constant of pseudosecond order adsorption (g mg−1min−1). The
slopes and intercepts of t/qt versus t are used
to determine the second order rate constant K2
and the amount of oxyanion adsorbed at
equilibrium qe.
The plot obtained for the pseudo-second order
model represented better compared to the

Table 5: Kinetics parameters for sulphate adsorption system
Kinetics Models

Parameters

Pseudo-first

Qecal(mg/g)

1.479

1.54

6.80

order

Qeexp(mg/g)

92.90

93.93

96.45

K1 (min-1)

1.2 × 10-2

1.4 × 10-2

5.5 × 10-2

R2

0.856

0.947

0.818

Pseudo-second

Qe,cal(mg/g)

100

100

100

order

Qe,exp(mg/g)

92.90

93.93

96.45

K2 (min-1)

1.0 × 10-1

1.0 × 10-1

5.0 × 10-2

R2

1

1

0.999

Elovich

MAG

α

ACT

MAG-AC (1:3)

5.003

β

2.73

2.816

1.071

R2

0.831

0.613

0.593
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Figure 13a: Linearized plot of Pseudo-first order model plot of sulphate ion adsorption
onto MAG, AC and MAG-AC (1:3)
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Figure 13b: Linearized plot of Pseudo-second order model plot of sulphate ion adsorption
onto MAG, ACT and MAG-AC (1:3)
Elovich Kinetic Model
The Elovich equation is one of the most
useful models for describing chemisorption
on highly heterogeneous adsorbent [58].
The Elovich equation is generally
expressed as:

conditions qt = 0 and t = 0 and qt at t = t,
equation 8a becomes:
(10b)
Thus, if a plot of 1/qt versus ln t is linearly
correlated, the constants α and β are the
slope and intercept respectively [59].
The correlation coefficient values obtained
from the plots of the Elovich equation as
shown in Table 5 above and Figure 13c
below showed that the adsorption systems
are in agreement with this kinetic model

(10a)
Where q is the sorption capacity at time t
(mg/g), α is the initial adsorption rate
(mg/g.min) and β is the desorption constant
(mg/g.min) during any one experiment.
To simplify the Elovich equation assumed
α β t ˃˃1 and by applying boundary
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since the R2 > 0.5 for all the three
adsorbents.
Pseudo second order kinetics fitted best
among the three kinetics subjected to this

sorption system (sulphate ion system). This
is also in agreement with the literature as it
has been discussed.

y = 0.3655x + 90.749
R² = 0.8315

97
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95

y = 0.3551x + 91.959
R² = 0.613
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R² = 0.5935
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ACT
C3

92
91
90
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Figure 13c: Linearized plot of Elovich model plot of Sulphate adsorption onto MAG,
ACT and MAG-AC (1:3).

Adsorption Thermodynamics

(11b)

The thermodynamics for the adsorption of
sulphate ion on to MAG, ACT and MAGAC (1:3) was investigated in the range
303-343 K and the influence of
temperature on the adsorption under the
optimized
conditions
was
studied.
Thermodynamic parameters such as free
energy (G), enthalpy (H) and entropy (S)
changes during adsorption were evaluated
from below equations.
(11a)

(

)

(11c)

Where Kc is the equilibrium constant, Ce is
the adsorbate concentration at the
equilibrium in mg/mol, ∆G, ∆H and ∆S are
changes in Gibbs free energy, enthalpy and
entropy in kJ/mol respectively. R is the gas
constant and T is the temperature in
Kelvin. The values of H and S was
determined from the slope and the intercept
of Van’t Hoff plots of log Kc versus 1/T.
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Table 6: Thermodynamic parameter of adsorption of Sulphate ion onto MAG, ACT and
MAG-AC (1:3)
Adsorption system

Temp (K)

∆G (kJ/mol)

∆H (kJ/mol)

∆S (J/mol/K)

R2

SO42-/MAG

303
313
323
333
343

-5.314
-5.663
-6.062
-6.305
-6.622

4.573

32.73

0.969

SO42-/ACT

303
313
323
333
343

-5.545
-5.94
-6.319
-6.714
-7.054

5.929

37.912

0.997

SO42-/MAG-ACT

303
313
323
333
343

-5.729
-5.961
-6.222
-6.448
-6.674

1.484

23.81

0.982

2.5

y = -550.87x + 3.9373
R² = 0.9698
y = -713.29x + 4.5602
R² = 0.9971

2.45
2.4
ln Kc

2.35

y = -178.59x + 2.8643
R² = 0.9825

2.3
2.25
2.2
2.15

MAG

2.1

ACT

C3

2.05
0.002850.00290.00295 0.003 0.003050.00310.003150.00320.003250.00330.00335
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Figure 14: Thermodynamic plot of sulphate ion on to MAG, ACT and MAG-AC (1:3)
The Gibb’s free energy (∆G), enthalpy
change (∆H) entropy change (∆S) and
correlation coefficient R2 obtained for the
thermodynamic studies are shown in the
table 6 above. It can be observed that (∆G)
values are negative in all systems. The

Gibb’s free energy (∆G), signify the degree
of spontaneity of adsorption process. The
negative value implies a feasible and a
spontaneous reaction system over the
temperature range studied.
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The positive value of ∆S is an indication of an
increased disorderliness and randomness at the
solid-liquid interface of the system. Similar
trend was reported in the literature52.
The corresponding correlation coefficient R2
values for all the system are closer to unity
which can also be found in the Table 6.
The comparism of the adsorption of sulphate
with the adsorbents prepared in this study with
some literature values using different
adsorbents is shown in Table 7.

It could be observed from the table above that
∆H values are all positive in the systems which
confirmed the favourability of the processes.
The lower values of ∆H suggest that the
adsorption process is likely to be
physisorption60. However, the heats of
adsorption in these systems were all
endothermic.
The values of ∆S from the table above are
positive. The ∆S is a measure of disorderliness
of adsorption at adsorbent-adsorbate interface
and the driving force.

Table 7: Comparism of adsorption on sulphate using different adsorbents
Adsorbent

pH

Freundlich Qm (mg/g)

Kinetics

4

Langmuir
(R2)
ND

Magnetite

Adsorbate

ND

ND

2nd Sulphate

ACT

7

ND

ND

ND

Ni-O MNP

7

0.9999

0.9916

ND

Pseudo
order
Pseudo
order
ND

MAG

5

0.979

0.961

125

2nd Sulphate

ACT

5

0.954

0.996

83

2nd Sulphate

This study

MAGAC(1:3)

5

0.974

0.975

142.86

Pseudo
order
Pseudo
order
Pseudo
order

Payman and
Alllan, 2009
Mohammed
et al., 2009
Uzaira et
al., 2012
This study

2nd Sulphate

This study

2nd Sulphate
Sulphate

References

CONCLUSION
Adsorption batch tests for sulphate (SO42-)
removal from aqueous solution by synthetic
Fe3O4 nanoparticles, activated carbon and their
composite (Fe3O4-AC nano-composites) were
studied. The adsorption studies results revealed
R2 value ranging from 0.961 - 0.996 for
Freundlich and Langmuir isotherm ranges
from 0.954 – 0.979 for all types of adsorbents
studied. Pseudo-first-order kinetic models
correlation coefficient factor ranges between
0.818 – 0.947 while Pseudo-second-order
kinetic models R2 values ranges from 0.999 1. The equilibrium time for all adsorbent types
range from 45 - 120 minutes and the maximum
monolayer capacity (qmax) were observed to be

between 83.0 - 142.86 mg/g for all the
adsorbents at optimum pH 5. Thermodynamic
studies revealed that the adsorption system was
feasible, spontaneous and endothermic.
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