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Abstract

The present paper reports on the kinetic and equilibrium studies of the adsorption of Nickel(Il) ions from aqueous
solution onto modified natural iron oxide (NAT) from Mbalam (East Region of Cameroon) and synthetic iron oxide
(SYNTH). The parameters investigated using batch techniques include, the contact time, adsorbent mass, pH and initial
metal ion concentration. The experimental results obtained showed that, the optimum pH of 6 for bothadsorbents with
an equilibrium time of 30 minutes was sufficient. The kinetic data correlated well with the pseudo-first-order and
pseudo-second-order kinetic models for both the adsorbents based on the correlation coefficients (R?) obtained. The
adsorption processes followed both the Langmuir and the Tempkin adsorption models for the natural iron oxide,
whereas the Freundlich and Tempkin adsorption models fitted well the adsorption data for the synthetic iron oxide. The
maximum quantity of Nickel(ll) ions adsorbed was 250 mg/g for the two adsorbents. These results revealed a high
adsorption capacity of natural iron oxide which is comparable to that of synthetic iron oxide.
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1. Introduction

Water pollution due to toxic heavy metals remains a serious environmental concern. Although, these heavy metals are at
times essential to plants [1], they might at high dose become hazardous for animals and human beings [2]. Hence, heavy
metals like zinc, copper, mercury, chromium and nickel are recognized to be toxic and non-degradable at high
concentration [3]. Principally, nickel is a common pollutant arising from industries such as electroplating, metal
processing and paints formulation [4]. According to the World Health Organisation, the tolerant limit of Ni** ions in
drinking water is 50mg/L [5]. Up to that acceptance does, nickel poisoning causes cyanosis, cancers of lungs, nose and
bone. Thus, it is necessary to remove them from industrial wastewater [6]. Several methods such as chemical
precipitation, coagulation, ion exchange, and adsorption are generally used [7]. Furthermore, adsorption wasreported as
an efficient and economic feasible option [7]. A number of adsorbent materials have been studied for their ability to
remove nickel such as zeolite [8], activated carbons [9, 10] iron oxides [11]. Magnetic iron oxides are commonly used
for their good adsorbance properties and applications in nanotechnology [11]. In addition, the easy separation of metal
loaded magnetic adsorbent from solution can be achieved using an external magnetic field. But, owing to the high and
expensive cost of the synthetic iron oxide, a low cost material rich in iron oxide, which is abundant and available in the
locality of Mbalam in the East Region of Cameroon is used. The aim of this work is to show out the uptake of nickel(ll)
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ions by treated iron oxide from Mbalam and synthetic iron oxide. Thus, the effect of contact time, amount of adsorbent
and concentration of the adsorbate on the uptake of nickel(Il) ions on adsorbents was thoroughly investigated from a
kinetic and equilibrium point of view.

2. Materials and methods

2.1. Adsorbent

Natural iron oxide

The natural iron oxide from the locality of Mbalam in the East Region of Cameroon had as GPS coordinates: 0214100N
and 01356926 E. In order to transform our adsorbents into magnetic particles, 10 mg of NAT were used with 5 mL of
aniline and 1 mL of sulfuric acid which was all mixed and heated up to 800°C in a carbolite furnace. The goal was to
have at high temperature a partial reduction of iron(I11) ions to iron(Il) ions which confers magnetic properties. After
cooling at room temperature, NAT was sieved using 80 pm mesh sieve. The specific surface area was 3.97 m?/g from
BET result.

Synthetic iron oxide

8g of iron(ll) sulphate and11g of iron(lll) chloride were dissolved in 200 mL of distilled water (co-precipitation
method). 200 mL of NH,OH (25 %) was added to the mixture at 100 °C for 1 hr. After drying, the particles were
fractionated using a fraction finer of 80 um.

These particles of 80 um of sizes were primarily heated in a carbolite furnace at 110 °C for 24 hours, cooled in a
dessicator before the adsorption experiments.

2.2. Adsorbate

The synthetic effluent of (3000 mg/L) nickel(Il) ions was prepared by dissolving the required amounts of nickel(ll)
chloride (12,525 g) in a conical flask of (1000 mL) and fill with distilled water. Different standard concentrations of
nikel(1l) ions were then prepared by dilution method.

2.3. Characterization

The synthetic iron oxide and the treated natural iron oxide were characterized using X-ray diffraction to know their
crystallinity, the FT-IR spectroscopy to identify the functional groups and chemical bonding on the adsorbents and the
BET method to have their surface area.

2.4. Batch adsorption experiments

The batch experiments for the adsorption studies were carried-out at room temperature in a 250 mL screw caped conical
flask. For each run, 0.1 to 0.5 g of the adsorbent was introduced into the flask containing 20 mL of the nickel chloride
solution at initial concentrations, C, ranging from 1200 to 2000 mL. After reaching the adsorption equilibrium, NAT
and SYNTH were separated from the aqueous solution using simple filtration method. Then, the analysis of the residual
solution was performed by UV-visible absorption spectrophotometry at 400 nm (UV-visible 259 Corning). The quantity
adsorbed at equilibrium; Qe (mg.g™) was calculated according to.

(Co—Ce)
Q= €y

Where, C, and C, (in mg.L™) are the initial and equilibrium concentrations of nikel(11) in solution, respectively, V (in L)
is the total volume of the solution, and M (in g) is the adsorbent mass.
The percentage removal of nikel(Il) ions from solution was calculated by using the following equation:

%Removal = (C"C;Cf) x 100 )

0

Where, Co and C; (mg.L™) are the initial nickel(l1) ions concentration and concentration at time t, respectively.

2.5. Equilibrium isotherm

Langmuir adsorption isotherm
The Langmuir adsorption isotherm is valid for monolayer adsorption onto a surface with a finite number of identical
sites, which are homogeneously distributed over the adsorbent surface. It is generally expressed as [12]:
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KLCe
1+Ky,Ce

Qe =Qn (3)
Where, C, is the equilibrium concentration of Ni** ion (mg/L), Q. is the amount of Ni** ions adsorbed per unit mass of
the adsorbent; KL is the Langmuir adsorption constant (L/mg), Qn, is the maximum amount of adsorbate per unit mass
of adsorbent to form a complete monolayer on the surface (mg.L™). The linear form of Langmuir equation is as follows:

1 1 1

Qe QmKiCe = Qm

(4)

Freundlich adsorption isotherm
The Freundlich equation is an empirical equation based on the adsorption on a heterogeneous surface. Its general
expression as [13]:

Qe=KiC,™" (5)

Where, K¢ and n are the Freundlich constants related to sorption capacity and sorption intensity of the adsorbent
respectively. The linear form of this equation is:

INQ.= In K¢ + (1/n) In C, (6)

Dubinin-Kaganer-Radushkevich (D-K-R) model

Langmuir and Freundlich isotherms are insufficient to explain the physical and chemical characteristics of adsorption
[14]. D-K-R is commonly used to describe sorption isotherm of single solute systems, and it is more general for non—
homogeneous surface. The D-K-R isotherm is expressed as [14]:

(RTln(1+é))2

Qe = QmaxeXp[—— ] ()

2E2
E.is the main energy of adsorption and gives information about the physical and chemical features of adsorption. The
linear form of the D-K-R isotherm equation is:

InQe:QOax - BEJZ (8)

Where, &=RT In (1+ 1/C,) is called the Polanyi potential and R is the perfect gas constant(J.K*.mol™) and T (K) the
absolute temperature.

Tempkin Isotherm

The linear form of this isotherm is [15]:

Q.=BInA + B InC, 9)

Where,
A (L/g) is the Tempkin constant which gives maximum bond energy
B (J/mol) is the Tempkin constant which gives adsorption heat

2.6. Kinetic adsorption experiments

The kinetic adsorption experiments were conducted using a series of 20 mL solutions containing 0.1 g of adsorbent and
nickel ions concentration (1600 mL). The solutions were vigorously agitated with magnetic stirrer by increasing time
intervals. Four kinetics models were used to fit our experimental data.

Pseudo-first order model

This model of Lagergren is generally expressed as follows [16]

B =ki(Qe Q) (10)

dt

Where, Q.and Q; are the sorption capacity at equilibrium and at time, t, respectively (mg.g™) and k; is the rate constant
of the pseudo-first order sorption (L.min™). The integrated form is:

In (Qe—Qy) =InQe- Kyt (11)

Pseudo-second order model
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If the rate of sorption is a second order mechanism, the pseudo-second order chemisorption kinetic rate equation is
expressed as [17]:

dQt

T k2 (Qe — Qt)2 (12)

Where, k; is the rate constant of pseudo-second order equation (g.mg™). The integrated and rearranged form equation is:

t_ 1 1

@ @t (13)
Intraparticle diffusion model

The linear form of this equation is expressed as follows [18]:

InR = Ink;q + alnt (14)

Where, R is the percentage removal of nickel(ll) ions at time t, Kiqis the intraparticular diffusion rate constant and a is
gradient whose value depends on the adsorption mechanism.

Elovich equation
The Elovich equation is generally expressed as follows [19]:

L = qexp(—pQy) (15)

Where a is the initial sorption rate (mg™.g.min™), B is the desorption constant (g/mg) during any one experiment. The
integrated and simplified equation:

Q, = %ln(aﬁ) + %Int (16)

3. Results and discussion

3.1. Characterization results

FT-IR

The infrared spectrum was obtained using a Fourier transform-infrared spectrophotometer (alpha spectrophotometer
IRTF Bruker) to identify the functional groups and chemical bonding of the cooled materials.Fourier infrared spectra
(Figure 1) show the characteristics peaks of iron oxide for both adsorbents. For SYNTH and NAT, the peaks of Fe-O-Fe
were found between 410-440 cm™and 580-610 cm™ [20]. We have a broad band of -OH between 3000-3140cm™ which
is allocated to water molecule on the synthetic material which doesn’t exist or appear on NAT owing to the effect of
calcination.

Absorbance Units
005 010 015 020 025 030 035 040

T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

Fig. 1: Fourier Infrared Spectra of SYNTH (In Red) and NAT (In Black)

X-ray diffraction (XRD) Powder X-ray diffraction (XRD) patterns were used to identify the structure of adsorbents. For
SYNTH, the Scherrer equation gave the values of d, with the peaks at 1.271; 1.381; 1.468; 1.796; 2.174; 2.366; 2.541;
3.311; 4.129 (Figure 2.(a)) which show good consistency with the reported data that can be indexed to a cubic
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maghemite-magnetite, but lattice parameter is very close to maghemite (y - Fe,0O3) according with JCPDS file N° 19-
6629. Figure 2.b shows XRD patterns of NAT with the values of dyg  of
3.162;2.308;2.149;1.894;1.569;1.454;1.376;1.276; 1.247. This is a rhombohedric system characteristic of hematite (a.-
Fe,O3) which is the principal constituent of the material. The adsorbents showed magnetic properties which are
important for the possibility of magnetic affinity with nickel which of course is paramagnetic.
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The analysis of the porosity is obtained by B.E.T method and the results are reported in Table 1. According to the
IUPAC classification, we can observe that NAT is macroporous (diameter >50nm) whereas SYNTH is mesoporous
(20<Diameter<50nm).

Table 1: Porosity of Adsorbents

MATERIALS PORE DIAMETER
NAT 60,11080 nm
SYNTH 8,2288 nm

3.2. Effect of contact time

The adsorption data of the adsorbate on NAT and SYNTH versus the contact time at 1600 mg/L with 0.1 g of both the
adsorbent are presented in Figure 3. The plot clearly shows two distinct regions for both the adsorbents. From 0 to 20
minutes for the NAT and SYNTH, the quantities of Ni*" ions adsorbed increase rapidly. After that region, the
adsorption kinetics slow down and gradually tends to level off. The adsorption reaches its maximum at 50 min with
122.5 mg/g for NAT and after 30 min with 120 mg/g for SYNTH. The adsorption increases rapidly because thereare
more free active sites on the adsorbents, and then progressively, there is a saturation in the adsorbent sites which
consequently, decrease adsorption kinetic. Similar case was recorded by previous work [10].

140
120
100
80
60 ——NAT
40 —&—SYNTH
20
0
0 10 20 30 40 50 60 70 80 90

t{minutes)
Fig. 3:Effect of the Agitation Time on the Adsorption of Nickel(Il) lons on the NAT and SYNTH

Q,{mg/g)

3.3. Effect of the amount of adsorbent

For this experiment, different masses of adsorbents were stirred with nickel(11) ions solution for 50 min using NAT and
30 min using SYNTH. The results are presented in Figure 4.a and 4.b. It is observed that nickel(Il) ions adsorption
percentage increases with adsorbent mass (Figure 4.a).This is because anincrease in the amount of mass increases the
specific surface area of the adsorbents[21]. But, the adsorption capacity (mg/L) decrease with the amount of NAT and
SYNTH (Figure 4.b). This is due to the agglomeration of the adsorbent particles which decrease diffusion path of
adsorbate in adsorption sites [22].
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Fig. 4: A) Effect of the Adsorbent Mass on the Metal lon Percentage
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3.4. Effect of pH

The effect of pH on the adsorption of nikel(Il) ions on the NAT and SYNTH was studied at room temperature by
varying the pH of nickel solution from pH 2 to 8 (Figure5). From figure 5, it is observed that with an increase in pH, the
extent of adsorption increases and reaches a maximum value of 180 mg/g at pH 6 for both the adsorbents [11].
However, the adsorption capacity decreases, if pH is further increased. At lower pH, the adsorption capacity is weak
due to the competition adsorption between H* ions and Ni** ions of the iron oxides surfaces. Whereas at pH higher than
6, the nickel precipitate into the Ni(OH), which reduces the adsorbed quantity.
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Fig. 5: Effect of the pH. on the Adsorption Capacity
3.5. Adsorption isotherm

The equilibrium studies were conducted with 0, 1g of both the adsorbents, NAT and SYNTH. These results are shown
in Figure 6:

The adsorption isotherm seems to be of type 1V, which is the characteristic of mesoporous adsorbent. The presence of
two stages is due to the formation of two successive adsorbate layers on the surface. We have the type V for SYNTH,
which is similar to type IV, and where the adsorbate-adsorbent bonds are very weak. The experimental data obtained
from these studies have been tested with linearized equations of four isotherm models. These results are summarized in
Table 2. According to these results, the adsorption isotherms are in agreement with the Langmuir and Tempkin models
for the NAT, whereas the Freundlich and Tempkin models agree well for the SYNTH. The values of 1/n are lower than
1 for both adsorbents, thus the adsorption surface are heterogeneous [23]. The experimental data follow the Tempkin
model, and the adsorption energies are lower than 20 kJ/mol which lead to multilayer formation on both adsorbents
[24]. The correlation coefficients of Langmuir model suggest that, the interactions on the NAT surface are stronger than
those on the SYNTH, which is in agreement with the isotherm of type V. Moreover, the Q,, value is the same (Q,,= 250
mg) for the NAT and SYNTH which of course have similar adsorption capacities.
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Fig. 6: Effect of the Concentration on Adsorption Capacity
Table 2: Isotherm Parameters for Ni**lons Uptake from Agueous Solutions
Models Langmuir Freundlich D-K-R Tempkin
Parameters K, Qm(mglg) R? Ke 1/n R2 K Om(mg/g)  E(kJ/mol) R? B@/mol)  A(llg) R2
NAT 0380 20 096 5621 0174 0956 9% 100757 10 0916 3032 0487 0958
SYNTH i?gl 250 0.966 59.50 0.168 0.979 0.004 191.205 11.180 0.905 29.59 0.611  0.978

3.6. Kinetic modeling of Ni** ions adsorption

The adsorption kinetic of nickel(Il) ions has been studied using four kinetic models. The experimental data have been
tested with linear forms of these models. The straight line plots are presented in Figures 7 to 10 and the kinetics

parameters are given in Table 3.

Fig. 8: Linearized Pseudo-Second Order Plots.
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These results show that the adsorption of nickel(Il) ions on both adsorbents can be well described by pseudo-first order
and pseudo-second order kinetic models, with correlation coefficients greater than 0.99. The adsorbed quantities
calculated at equilibrium (Q.=120 mg.g™) are close and in accordance with the experimental values. For the NAT, the
correlation coefficient is also high for the intraparticle diffusion model, and the intradifusion constant; Kid value is also
greater for the NAT. This suggests that the particle diffusion is better for the NAT, and it is probably due to its pore
diameter. Hence, for the NAT, both physical and chemical adsorption participates in the overall process which is in
agreement with previous work [25], [26]. However, the possibility of chemisorption on the SYNTH surface, the
physisorption is also very predominant.

It is also observed that the porosities, the structures and the adsorption mechanisms of the two adsorbents are relatively
different. Hence, the magnetic attraction between adsorbate-adsorbent can be explained by the similarity of adsorption
capacities. Additionally, if the performance of the NAT is compared to the others adsorbents, it can, then be conclude
that the NAT givesgood adsorption results. It is maximum capacity, Qnequals to 250 mg/g which is larger than the
28,57 mg/g and 62,89 mg/g obtained for the removal of Ni%* ions by Ceralite and Orange peel respectively [27], [5].

Table 3: Kinetics Models Parameters for Ni?* lons on the NAT and SYNTH

Adsorbents NAT | SYNTH
C, of Ni(ll) in mg/L 1600
Kymin™ 0.009 0.159
. Q. (mg.g™) 123.47 118.63
Pseudo first order R 0,997 0.998
Ko(g.minmg?) 4571x10° 4.267 x10°
Qe (mg.g™") 125 125
Pseudo second order R 0.998 0997
B 0.067 0.033
. A 1177.081 59.04
Elovich R 0.976 0.949
Kig 22.265 12.60
. . e A 0.141 0.339
intraparticle diffusion R 0.968 0914
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4. Conclusion

The present investigation reveals that treated iron oxide from the locality of Mbalam in the East region of Cameroon,
and the Synthetic iron oxide are efficient materials for the remediation of nikel(ll) ions contamination. The adsorption
capacities are relatively the same for both adsorbent (Q. = 250 mg.g™). The adsorbate-adsorbent interactions are
stronger on the NAT than on the SYNTH. The adsorption kinetics follows the pseudo-first order and pseudo-second
order for the two adsorbents. Both physical adsorption and chemical adsorption are involved in the adsorption processes
on the NAT and SYNTH. Results showed that the high adsorption capacity of the treated natural iron oxide to remove
nickel(ll) ions is a model scale for the synthetic iron oxide substitution.
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