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Synthesis and application of a ternary composite of clay,
saw-dust and peanut husks in heavy metal adsorption
Henry H. Mungondori, Sandile Mtetwa, Lilian Tichagwa, David M. Katwire
and Pardon Nyamukamba

ABSTRACT
The adsorption of a multi-component system of ferrous, chromium, copper, nickel and lead on single,
binary and ternary composites was studied. The aim of the study was to investigate whether a ternary
composite of clay, peanut husks (PH) and saw-dust (SD) exhibited a higher adsorption capacity than
that of a binary system of clay and SD as well as a single component adsorbent of PH alone. The
materials were used in their raw state without any chemical modiﬁcations. This was done to retain
the cost effective aspect of the naturally occurring adsorbents. The adsorption capacities of the
ternary composite for the heavy metals Fe2þ, Cr3þ, Cu2þ, Ni2þ and Pb2þ were 41.7 mg/g, 40.0 mg/g,
25.5 mg/g, 41.5 mg/g and 39.0 mg/g, respectively. It was found that the ternary composite exhibited
excellent and enhanced adsorption capacity compared with both a binary and single adsorbent for
the heavy metals Fe2þ, Ni2þ and Cr3þ. Characterization of the ternary composites was done using
Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and thermogravimetric analysis
(TGA). Kinetic models and adsorption isotherms were also studied. The pseudo second order kinetic
model and the Langmuir adsorption isotherm best described the adsorption mechanisms for the
ternary composite towards each of the heavy metal ions.
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INTRODUCTION
Water is essential to life. From the primeval age to date, one
of the main conquests of humanity is the prevention of dehydration. In humans, water constitutes about 75% of the body
content in infants and 55% in the elderly (Nicolaidis ).
In this regard, the well-being of any human population
depends on readily available clean water. As the world
became more industrialized, water bodies, especially the
natural ones, have been under attack by pollutants. Heavy
metals, a constituent of inorganic water pollutants, are of
major concern due to the health risks they pose to
humans and other species if accumulated. The elements
are naturally occurring and commonly found even in biological processes; however they need to be contained
within certain concentration limits, as they become toxic
above stipulated levels. Exposure to heavy metals continues
to increase in many parts of the world, especially in underdeveloped countries (Berglund et al. ). Some of the
main heavy metals that have adverse health effects are
Cr3þ, Pb2þ and Cu2þ. A recent case of heavy metal pollution
doi: 10.2166/wst.2017.123
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in water is the Flint Water Crisis of Michigan in the USA.
The residents of the area consumed water from the Flint
river, which was heavily polluted by lead. The residents
who had been drinking the water suffered lead poisoning
(Moore ). Indeed, the effects of heavy metal pollution
in water bodies prove to be fatal.
For decades certain processes have been employed for
the removal of heavy metals in water. The popular conventional ways include chemical precipitation, ﬂotation,
adsorption, ion-exchange and electrochemical deposition
(Wang et al. ). However, these conventional methods
have proved to be disadvantageous in that they are overall
not environmentally friendly and are costly. The adsorption
method has gained much interest over the years. Adsorption
involves the uptake of contaminants and consists of several
mechanisms such as surface adsorption, partition, surface
precipitation as well as structural incorporation (Malamis
& Katsou ; Yuan et al. ). Various improved methods
have been devised to produce cost-effective and more
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environmentally friendly adsorbents. As the years progressed, more improved mechanisms of adsorption have
been researched, with the use of nanotechnology being a
major source of the improved efﬁciency of adsorbents.
Nano-based materials such as nanostructures, nanotubes and hollow nanospheres have been widely researched
and applied in the removal of heavy metal ions in water.
Notable work includes the preparation and use of bismuth
hollow nanospheres that exhibited a high capacity for
Cr(IV) removal. The main advantage of these nanospheres
is that they are prepared via a facile solvothermal method
and are employable over a large pH range (2–11) (Qin
et al. a, b). a˛ -Fe2O3 nanostructures have also been
looked into in the removal of Cr(IV) ions. Also prepared
via a facile hydrothermal method, the nanostructures exhibited high Cr(IV) adsorption capacity and the prepared
nanorods had a large surface area and the ideal pore distribution for efﬁcient ion uptake (Liu et al. ). BiOBr
nanostructures have also been synthesized via a facile, fast
microwave irradiation and self-assembly method. The
nanostructures had large surface area, as evidenced by Brunauer–Emmett–Teller (BET) surface area analysis; hence,
their Cr(VI) removal capacity was excellent (Li et al. ).
Also, BiOX (X ¼ Cl, Br, I) nanostructures have been
shown to demonstrate excellent Cr(VI) adsorption. These
nanostructures in ﬂower-like shape exhibit high BET surface
area as well as a large band gap. Through a facile and rapid
microwave irradiation method in mannitol solution, the
BiOX nanostructures are synthesized, with their morphology and size easily manipulated by key variables (Li
et al. ). An attractive approach to the use of nanostructures in heavy metal adsorption is the absence of certain
additives such as templates or surfactants. As demonstrated
by Qin et al. (a, b), Bi2O3 as well as (BiO)2 CO3
nanotubes exhibit a highly remarkable adsorption capacity,
i.e. 79 mg g1 for Cr(IV) when synthesized by a facile solvothermal method.
Recent investigations have given insight into the use of
biosorbents as well as naturally occurring adsorbents with
little/no chemical modiﬁcation as the futuristic technology
in heavy metal removal (Akopmie et al. ; Klapiszewski
et al. ; Zhang & Wang ). There is minimal literature
available on the use of three naturally occurring adsorbents
which when combined, form a ternary composite that has
enhanced adsorption capacity compared with either a
binary composite or a single component. Hence, the aim of
this research was to study the adsorption properties of a ternary composite and compare them with those of a binary
composite as well as a single adsorbent. The materials of
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interest were montmorillonite (MMT), and the lignocellulosic materials: saw-dust (SD) and peanut husks (PH).
MMT is a naturally occurring layered, crystalline 2:1
phyllosilicate clay. Its crystal lattice is comprised of octahedral alumina that is fused between two silica sheets that
are tetrahedral. Thus the name 2:1, meaning 2 tetrahedral
Si sheets: 1 octahedral Al sheet. The layers in MMT are
negatively charged due to the isomorphic substitution by
either Mg2þ or Al3þ in the octahedral or tetrahedral layers.
This negative charge is, however, balanced by cations in
the interlayers, and these cations are exchangeable (Alexandre & Dubois ). MMT adsorbs heavy metals mainly
by two mechanisms, which are: cation exchange in the interlayer from interaction between ions and negative permanent
charge, and also by the formation of inner-sphere complexes
through Si-O- and Al-O- groups present on the edges of the
clay (Abollino et al. ).
Lignocellulosic waste biomasses are growing to be a
valuable resource worldwide in their application in heavy
metal removal by serving as an alternative to expensive
ion-exchange resins (Lopiĉić et al. ). Lignocellulose
materials mainly consist of cellulose, hemicellulose as well
as lignin. These polymers are organized in three-dimensional matrices of plant walls that are rich in functional
groups such as –COOH and –OH, which readily bind to
cations (Torab-Mostaedi et al. ).
When clay and a polymer are mixed together, the resulting
composite can take up one of the following morphologies:
(i) intercalated; (ii) exfoliated; (iii) ﬂocculated; and (iv) nonmixed. These morphologies are highly dependent on the interphase forces between the polymer and the clay. Intercalation is
where a polymer is inserted into a silica structure and the insertion is crystallographically regular, whereas exfoliation is
when individual clay layers randomly separate in a continuous
polymer matrix. The interlayer spacing between the MMT
sheets depends on the charge of the clay. Flocculated composites are similar to intercalated structure; however, ﬂocs form
due to interaction between OH– groups of silicate (Zaarei
et al. ). Kumar et al. () researched the application of
cellulose-clay biosorbent in removal of chromium from industrial water. The researchers found that the maximum
adsorption capacity of the biosorbent to chromium was
22.2 mg/g and the adsorption mechanism was best explained
by the Langmuir isotherm model. Wysokowski et al. ()
and Klapiszewski et al. () recently reported that the combination of two or more naturally occurring components such as
silica/bentonite together with green polymers such as lignin to
produce highly efﬁcient material that combines favorable
properties of both precursors can be achieved.
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MATERIALS AND METHODS
Materials
PH, SD and MMT clay were all procured at Mbare Msika in
Harare Zimbabwe. The heavy metal ions stock solutions
were prepared from the following salts: Fe(SO4·7H2O)
(99%, Skylab Chemicals), Pb(NO3)2 (99%, Skylab Chemicals), CrCl3·6H2O (96%, Sigma Aldrich), Ni(NO3)2·6H2O
(99%, Skylab Chemicals), Cu(SO4) (99%, Skylab Chemicals), absolute ethanol (99%, Skylab Chemicals) and
deionized water.
Synthesis of binary and ternary composites
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Fe2þ. The pH of each mixture was maintained between
pH 6 and 7 and the temperature was kept at room temperature. Each solution was shaken on a mechanical shaker for 1
hour. The solutions were analyzed post adsorption on a
ﬂame atomic absorption spectrometer.
Kinetic model studies
The best adsorbent from the ternary composite was
chosen. A 0.025 g sample of the adsorbent was added to
a 100 mL (10 ppm) solution containing Ni2þ, Pb2þ,
Cu2þ, Cr3þ and Fe2þ. The total contact time for shaking
on the mechanical shaker was 6 hours, aliquots being
withdrawn every 30 minutes. The pH was maintained
between 6 and 7 and the temperature was kept at 25 C
during the adsorption process. The 12 samples were analyzed post adsorption on a ﬂame atomic absorption
spectrometer.
W

The MMT, SD and PH were pulverized to powder form. The
binary composites were composed of MMT and SD weighed
in different ratios as shown in Table 1. The ternary composites were composed of MMT, SD and PH weighed in
different ratios as shown in Table 1.
Each sample was mixed in a 200 mL solution containing a 1:1 ratio of ethanol and deionized water. The mixture
was stirred at 25 C on a magnetic stirrer for 1 hour. The
excess solvent was decanted and the remaining mixture
centrifuged for 10 minutes at 1,000 rpm. The supernatant
ﬂuid was decanted and the residue dried in an oven for
15 hours at 50 C.
W

W

Adsorption isotherm studies
The best adsorbent from the ternary composite batch was
chosen. A 0.025 g sample of the adsorbent was added to
100 mL solutions containing different concentrations of
4.5 ppm, 6.0 ppm, 7.5 ppm, 9.0 ppm, 10.5 ppm, 12.0 ppm,
13.5 ppm and 15.0 ppm of Ni2þ, Pb2þ, Fe2þ, Cr3þ and
Cu2þ. The contact time for each sample on the mechanical shaker was 4 hours. The pH was maintained
between 6 and 7 and the temperature was kept at 25 C
during the adsorption process. The eight samples were
analyzed post-adsorption on a ﬂame atomic absorption
spectrometer.
W

Adsorption studies (batch equilibrium process)
A 0.025 g sample of each composite was added to 100 mL
(10 ppm) solutions containing Ni2þ, Pb2þ, Cu2þ, Cr3þ and

Characterization
Table 1

|

Molar ratios by mass of MMT: SD: PH

Ternary composite

Binary composite

Sample ID

MMT/g

SD/g

PH/g

Sample I.D

MMT/g

SD/g

S1

9.0

0.5

0.5

M1

9.0

1.0

S2

8.0

1.0

1.0

M2

8.0

2.0

S3

7.0

1.5

1.5

M3

7.0

3.0

S4

6.0

2.0

2.0

M4

6.0

4.0

S5

5.0

2.5

2.5

M5

5.0

5.0

S6

4.0

3.0

3.0

M6

4.0

6.0

S7

3.0

3.5

3.5

M7

3.0

7.0

S8

2.0

4.0

4.0

M8

2.0

8.0

S9

1.0

4.5

4.5

M9

1.0

9.0

The characterization was carried out on all the synthesized
ternary composite samples, binary composite, M4, and
MMT. Fourier transform infrared spectra (FTIR) were
recorded in the frequency range of 4,000–400 cm1 using a
Bruker FTIR spectrometer, Model Tensor 27 (Ettlingen,
Germany). The X-ray diffraction (XRD) scans were recorded
in the 2θ range of 0–15 on a Bruker AXS D8 Advance Xray diffractometer. Thermo-gravimetric analysis (TGA)
curve was recorded in the temperature range of 0–1,000 C
using a Perkin Elmer TGA 7 Thermo-gravimetric Analyzer.
BET surface area analysis for nitrogen adsorption/desorption data was carried out at liquid nitrogen temperature
on a Tristar II 3,020 V1.02 surface area and pore size
analyzer.
W

W
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RESULTS AND DISCUSSION
FTIR, TGA, XRD and BET analyses
Fourier transform infrared
The FTIR spectra for all the synthesized ternary composites
are shown in Figure 1. Sample 1, with MMT:SD:PH ratio of
9:0.5:0.5 by mass, has a sharp strong peak at 3,621 cm1,
which is associated with the stretching of hydroxyl groups
that are coordinated to octahedral cations, especially the
Al3þ (Ezquerro et al. ). A broad stretch at 3,386 cm1
is characteristic of the –OH stretch of water in the interlayer
region with H bonding. This bond correlates with the low
intense stretch at 1,641 cm1, which is caused by the bending vibration mode of adsorbed water (Frost & Rintoul
). The low frequency region has the most intense
bands at 1,114 cm1 and 1,002 cm1 associated with Si–O
stretching, out-of plane for the former and in-plane for the
latter. Metal-metal OH bonds are shown at the 911 cm1
sharp band, for Al-AlOH bending, and the last stretch
between 749 and 682 cm1 is likely due to the presence of
quartz in the sample (Tyagi et al. ). Some of the bands
are characteristic of lignocellulose. A typical lignin based
peak occurs at 1,506 cm1 as a sharp band characteristic
of the aromatic skeletal vibrations (Sun et al. ). The
stretch at 1,268 cm1 is a band caused by the C–O stretching
in the ring, aromatic C–H in-plane deformations as well as

Figure 1
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aromatic C–H out-of plane bending vibrations. The C–O
bonds in unconjugated ketones are shown at 732 cm1
together with carbonyls and carboxylic acids (Jahan &
Mun ) from the bonding between groups of the lignocellulose and MMT. All the synthesized composites contain the
same materials, i.e. MMT and lignocellulose, with, however,
a difference in the molar ratios by mass. Hence, they are
expected to have the same functional groups’ bands
observed in the FTIR spectra as shown in Figure 1. The
difference is in the intensity of the bands, as some composites contain a higher lignocellulose or MMT content than
others.
X-ray diffraction
The basal peak for MMT occurs at about 5.98 –6.98 with a
d-spacing ranging between 12.3 and 14.6 Å. If intercalation
takes place, the 2θ angle is expected to shift to a lower
angle (i.e. less than the 5.98 and 6.98 range) due to pushing apart of the clay layers by the guest molecule, thereby
increasing the d-spacing between layers. Also, the peak
between 5.98 –6.98 is expected to disappear to show the
disruption of the crystalline structure of the clay material
as the guest molecule inserts itself between the layers, thus
causing them to collapse (Zhang & Wang ). From the
XRD spectra shown in Figure 2, it is observed that the basal
peak for MMT alone is no longer present in all the ternary
composites (Samples 1–8). This can be attributed to the
W

W

W

W

W

W

FTIR spectra for (a) MMT:SD:PH (9:0.5:0.5), (b) MMT:SD:PH (8:2:2), (c) MMT:SD:PH (7:1.5:1.5), (d) MMT:SD:PH (6:2:2), (e) MMT:SD:PH (5:2.5:2.5), (f) MMT:SD:PH (4:3:3), (g) MMT:SD:
PH (3:3.5:3.5), (h) MMT:SD:PH (2:4:4).
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guest molecules, method of intercalation and the presence
of impurities. In light of this, the increase of the 2θ angle
may be attributed to one of these factors.

Thermogravimetric analysis
With reference to the derivative thermogram (DTG) plot in
Figure 3, information on the different steps of the decomposition of the MMT as well as the pyrolysis of lignin is
obtained. It can be seen that all the ternary composites
(samples 1–9) have characteristic peaks at the region
below 100 C, roughly ranging from 50 C to 80 C. At this
stage the moisture absorbed by lignin evaporates and there
is desorption of water and physisorbed species such as N2
or CO2 (Ezquerro et al. ). The region between 320 and
380 C is shown for the ternary composites (samples 1–9),
and at this stage the heat begins to pyrolyze the lignin and
the fragmentation of its side chains begins to occur. There
occurs decarboxylation as well as decarbonylation, which
allow the polymer to decompose into its constituent
groups (CO, CO2, CH4, CH3COOH and HCOOH)
(Maschio et al. ). This peak is also characterized by a
major weight loss of ≈ 99%. This is due to the fact that
most of the organic content that constitutes the material is
decomposed. Also, at this temperature decomposition of
MMT organic species occurs. It is observed that there are
materials that decompose at a lower temperature (320 C)
W

Figure 2

|

XRD scan for (a) MMT:SD:PH (9:0.5:0.5), (b) MMT:SD:PH (8:2:2), (c) MMT:SD:PH
(7:1.5:1.5), (d) MMT:SD:PH (6:2:2), (e) MMT:SD:PH (5:2.5:2.5), (f) MMT:SD:PH
(4:3:3), (g) MMT:SD:PH (3:3.5:3.5), (h) MMT:SD:PH (2:4:4), (g) MMT:SD:PH
(1:4.5:4.5), (h) MMT:SD:PH (2:4:4).

fact that the crystalline structure of the MMT was disrupted
as the lignocellulose polymer intercalated itself between the
weakly held interlayers. This suggests that the composite has
an intercalated-ﬂocculated structure. An investigation was
carried out by Franco & Ruiz Cruz () studying the factors that inﬂuence the degree of intercalation of a silicate
based material, kaolin, which belongs to the same family
as MMT. The experiments showed that intercalation was
dependent on particle size, degree of ordering, type of

Figure 3

|

W

W

W

W

DTG curve for (a) MMT:SD:PH (9:0.5:0.5), (b) MMT:SD:PH (8:1:1), (c) MMT:SD:PH (7:1.5:1.5), (d) MMT:SD:PH (6:2:2), (e) MMT:SD:PH (5:2.5:2.5), (f) MMT:SD:PH (4:3:3), (g) MMT:SD:PH
(3:3.5:3.5), (h) MMT:SD:PH (2:4:4), (i) MMT:SD:PH (1:4.5:4.5).
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W

and those that do so at higher temperatures (360–380 C);
the former are less thermally stable than the latter. The
last peak, between 450 and 500 C, is characterized by not
much weight loss. In this region there occurs the dehydroxylation of the aluminosilicate layers of the MMT (Ezquerro
et al. ). After this stage there is not much weight loss,
meaning the decomposition process is slowed down. The
registered weight still present is >1%. This is likely due to
the salts formed during precipitation. It can also be attributed to products associated with organic carbonaceous
residue (Xi et al. ).
W

BET
The BET surface areas of MMT, S2 and M4 are shown in
Table 2. As expected, the surface areas of both composites,
M4 at 12.93 m2 g1 and S2 at 16.71 m2 g1, are much lower
than that of MMT alone at 28.58 m2 g1. This is due to the ﬁlling up of the pores of MMT by lignocellulosic materials: PH
and/or SD. As ﬁlling up occurs, porosity decreases; hence,
nitrogen adsorption decreases as well to yield lower surface
area (Koc et al. ). The binary and ternary composites,
M4 and S2 respectively, differed in their surface areas. This
is because the binary composite, M4, had a higher loading
of lignocellulose (SD) in the MMT than S2. Hence, more of
the MMT pores in M4 were ﬁlled up by the SD, resulting in
it exhibiting a lower surface area.
Batch adsorption studies
The percentage removal capacity on the single component
adsorbents, i.e. MMT, SD and PH alone, for each heavy
metal cation was ﬁrst analyzed. This is shown in Figure 4.
It was concluded that the PH (N3) exhibited the highest percentage removal of all three single adsorbents.
A batch equilibrium process was done so as to determine which of the prepared samples from the ternary and
binary composite batch exhibited the best and most plausible percentage removal capacity of the heavy metal
cations. The ternary composite batch had sample S2 (out
of the nine samples) with a MMT: SD: PH ratio of 8:1:1

Table 2

|

Figure 4

|

Trend analysis of each single component adsorbent.

by mass as its best adsorbent. The binary composite batch
had sample M4 (out of the nine samples) with an MMT:
SD ratio of 6:4 by mass as its best adsorbent. A comparison
of the three adsorbents, as representatives of the ternary,
binary and single component batches, is shown in Figure 5.
The graph shows a gradual enhancement of the percentage
removal from the single component to the ternary composite for the metals Fe2þ, Cr3þ and Ni2þ. A synergistic effect
is seen to occur here, as the combination of the three adsorbents resulted in higher metal ion uptake as compared with
the single component adsorbents alone. This can be attributed to the fact that as the number of adsorbents increased,
the number of binding sites where the metals can interact
increased as well, and more of the metal ions in aqueous solution could be removed. It should be noted, however, that
Cr3þ exhibited complete removal by both the binary composite and the ternary composite. The pH was maintained at

BET surface areas and pore volumes
1

Material

Surface area/m2 g

Pore volume/cm3 g

MMT

28.58

0.113

M4 (binary composite)

12.93

0.0657

S2 (ternary composite)

16.71

0.0884
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Figure 5
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Trend analysis of ternary, binary and single component adsorbents.
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6–7 in the batch adsorption studies and as previously
observed by (Lukman et al. ), Cr3þ is adsorbed best at
pH 6. This suggests that the adsorption of Cr was well
suited to the pH conditions; hence, it was the most preferred
in binding amongst all the other metals, and its interaction
with the adsorbent was not as much related to the number
of available binding sites. The percentage removal trend
decreases from the single component to the ternary composite for Cu2þ and Pb2þ. This phenomenon may be due to the
fact that Pb2þ and Cu2þ uptake is more related to the lignocellulose groups, such as the COOH and N-H, where
chelation and/or ion exchange can take place. The
amount of lignocellulose in the composite (by mass)
increased from the ternary composite to the single component. Thus, Pb2þ and Cu2þ adsorption was higher in the
single component than in both the ternary and binary composites, a result that concludes the lack of synergistic effect
contribution to metal ion uptake for these particular ions.
The adsorption of Ni2þ was very poor for the single component adsorbent, which may be due to a previous ﬁnding
by Nachtegaal et al. (), who reported that Ni2þ is
known to undergo structural incorporation into the vacant
sites of the composite, meaning its adsorption would be
more favored to an adsorbent that has more MMT, which
has vacant sites other than the lignocellulose component.

for each of the metal ions. At this point, it is believed that the
adsorption sites were all saturated by heavy metal cations
and could no longer bind to any more cations even when
the contact time was increased. This saturation point can
be termed ‘the adsorption capacity at equilibrium (qe)’,
which was calculated as 22.89 mg/g, 38.4 mg/g, 35.23 mg/g,
37.94 mg/g and 36.34 mg/g for Cu2þ, Fe2þ, Pb2þ, Cr3þ and
Ni2þ, respectively.

Effect of contact time

qt ¼ qe (1  ek1t )

Figure 6 shows the effect of varying adsorption time on the
adsorption process. It can be seen that the rate of adsorption
increased in the initial stages of the contact time. However,
a saturation point was reached at an average of 220 minutes

or the linear form as

Figure 6

|

Effect of contact time on adsorption for ternary composite.
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Kinetic models
To obtain kinetic models, both the adsorption times at equilibrium and the concentration of heavy metal cations at
equilibrium for each of the metal ions were chosen for the
calculations. Various equations were used to describe the
kinetic models followed by an adsorption process. The simplest ones, which were analyzed, were the pseudo-ﬁrst order
and pseudo-second order rate equations.

Pseudo-ﬁrst order adsorption kinetic model
The pseudo-ﬁrst order equation was given by Lagergren as a
possible mechanism for the solid/liquid adsorption systems.
It can be expressed in either the non-linear form as:


log(qe  qt ) ¼ log qe 

(1)


k1 t
2:303

(2)
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In this research, the linear form was used to describe the
pseudo rate order equation, where
qe: adsorption capacity at equilibrium
qt: adsorption capacity at time (t)
k1: pseudo-ﬁrst order rate constant (determined experimentally from data plot)
A linear plot of log(qe–qt) vs t is shown in Figure 7.

Pseudo-second order adsorption kinetic model
The pseudo-second order model is popularly known as Ho’s
model. There are ﬁve different linear forms of Ho’s model
(Kumar ) and (Zhou et al. ), and in this research
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type 1 was utilized. The formula
t
1
t
¼
þ
qt
k2 qe2 qe

(3)

is used to describe the pseudo-second order rate equation. k2
is the pseudo-second order rate constant, which is determined from the plot of experimental data. A linear plot of
(t=qt ) vs t is shown in Figure 8.
The correlation coefﬁcients (R2 values) for the pseudoﬁrst and pseudo-second order plots are shown in Table 3.
It can be observed that each metal ion type has a higher
R2 value for the pseudo second order model, where the plot
of (t=q) vs t exhibits high linearity. Therefore, it can be safely
concluded that the kinetic model that best ﬁts the adsorption mechanism for all ions is the pseudo-second order
model. This means that the adsorption rate of the heavy
metal ions is dependent on the concentration of the ions
that are already present on the surface of the adsorbent, as
well as the amount adsorbed at equilibrium.
Effect of initial heavy metal ion concentration

Figure 7

|

Pseudo-ﬁrst order adsorption kinetic model.

Figure 8

|

Pseudo-second order adsorption kinetic model.
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A plot of adsorption capacity (q) versus initial heavy metal
concentration is shown in Figure 9 for each of the cations
Fe2þ, Ni2þ, Cu2þ, Pb2þ and Cr3þ. It can be seen that for low
metal cation concentrations, i.e. between 4.5 ppm and
6.0 ppm, the uptake increased greatly. These are the initial
stages of adsorption; hence, it is expected that the number
of available adsorption sites is plenty with respect to the
small amount of ions present in solution. At about
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Correlation coefﬁcients of pseudo-ﬁrst and pseudo-second order kinetic models

Metal ion
type

Pseudo-ﬁrst order model
(R2 value)

Pseudo-second order model
(R2 value)

Cu2þ

0.843

0.999

Fe2þ

0.849

0.999

2þ

Pb

0.636

0.999

Cr3þ

0.843

0.998

2þ

0.883

0.999

Ni
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Langmuir adsorption isotherm
The principle of a Langmuir model is that ‘an adsorbent has
a ﬁxed number of available binding sites’, i.e. a limited
adsorption capacity. These sites are all identical and each
of the sites can only bind one molecule. This can be referred
to as ‘monolayer adsorption’. The Langmuir equation is
shown as:
Ce
1
Ce
¼
þ
bqm qm
qe

(5)

where qm and b are Langmuir isotherm coefﬁcients and qm
represents the maximum adsorption capacity. A plot of
(Ce =qe ) vs Ce was drawn to observe linearity, and it’s
shown in Figure 10.

Freundlich adsorption isotherm
In the Freundlich model, multilayer adsorption is assumed
to take place. There possibly occurs the uptake of the
solute onto different adsorption classes on each site present
on the adsorbent. The Freundlich equation is given by:
Figure 9

|

Effect of initial heavy metal ion concentration on adsorption for ternary

qe ¼ Kf Ce(1=n)

composite.

13.5 ppm, the adsorption process is seen to become steady for
the metal ions. At this point, the amount of heavy metal ions
in solution is about three times higher than that present in the
initial stages; hence, it is expected that a saturation point has
been reached. Thus, it can be concluded that further increase
in heavy metal concentration slows down the adsorption process. The process is very efﬁcient only up to a metal
concentration of 13.5 ppm.

where Kf and n are Freundlich constants. A linear plot of
logqe vs Ce is shown in Figure 11.
The correlation coefﬁcients (R2 values) for the Langmuir
and Freundlich plots are shown in Table 4.
It can be observed that each metal ion has a higher value
of R2 for the Langmuir model than for the Freundlich
model. In this regard, it can be concluded that the Langmuir
adsorption isotherm best ﬁts the adsorption mechanism of
the adsorbate to the adsorbent.

Adsorption isotherms
To obtain adsorption isotherms, the adsorption capacity
at equilibrium should be calculated. The amount of
heavy metal adsorbed at equilibrium qe is given by the
formula:
qe ¼



Co  Ce
v
m

(4)

where Co: initial heavy metal concentration, Ce: heavy
metal concentration at equilibrium, m: mass of adsorbent
used, v: volume of heavy metal ion solution.
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Figure 10

|

Langmuir adsorption isotherm plot.
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Freundlich adsorption isotherm plot.

Correlation coefﬁcients for Langmuir and Freundlich adsorption isotherms

Metal ion type
2þ

|

Langmuir model (R2 value)

Freundlich model (R2 value)

0.991

0.669

2þ

Fe

0.986

0.658

Pb2þ

0.994

0.679

3þ

Cr

0.992

0.676

Ni2þ

0.998

0.608

CONCLUSION
The ternary composite exhibited enhanced adsorption
capacity for the metals Fe2þ, Ni2þ, Cr3þ compared with
the single and binary composites. The adsorption capacities
were 41.7 mg/g, 41.5 mg/g, and 40.0 mg/g for the metals,
respectively. The single component adsorbent of PH exhibited enhanced adsorption capacity for the metals Pb2þ and
Cu2þ compared with the binary and ternary composites.
The adsorption capacity for each metal was 45.8 mg/g and
30.2 mg/g, respectively. The ternary composite followed
the Langmuir adsorption isotherm for each metal ion and
the pseudo-second order kinetic model. The adsorbents
exhibited excellent adsorption properties and should be considered for use on a large scale in industry.
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