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Abstract

Magnetite-coated pine cone biomass was successfully synthesized, characterized, and its interaction with As (III) in water eval-
uated in order to apply it as an efficient adsorbent. Transmission electron microscope, scanning electron microscope, and imaging
studies revealed that spherical magnetite particles were evenly distributed over the pine cone surface. Adsorption studies showed
that the optimum pH of As (III) adsorption was 8 and that Fe (III) leaching was negligible at this pH. The optimum Fe3O4:pine cone
ratio for As (III) removal was 2.0 g Fe304:1.5 g pine cone with adsorption capacity of 13.86 mg/g. The pseudo-second-order model
best fitted the kinetic data with activation energy of adsorption was calculated to be 23.78 kJ/mol. The Langmuir isotherm
described the equilibrium data best while the values of Dubinin—Radushkevich mean free energy suggests anion-exchange process.
Increasing ionic strength slightly increased As (III) capacity of MNP-PCP from 13.86 to 17.82 mg/g at optimum solution pH of §,
but As (III) adsorption reduced by POf( anions and humic acid due to competition. Adsorption mechanism was confirmed with
evidence from FTIR, XPS, pHpzc, and NO; replacement by As (III) adsorption onto the NO5 -loaded composite.

Keywords Arsenic (III) - Anion-adsorbate interaction - Adsorption mechanism - Mean free energy - Magnetic adsorbent -
Anion-exchange coefficient

Introduction

The application of arsenic (As) in agriculture has led to unde-
sirable impact on the health of human beings and animals.
Currently about 92% of the world’s arsenic production is used
for agricultural purposes such as herbicides and pesticides and
in timber treatment (Ranjan et al. 2009). Water and wastewa-
ters from these activities usually find their way into rivers,
streams, and underground waters causing pollution. In the
aqueous environment, As exists in the organic form as
dimethylarsenic acid, methylarsenic acid, and arsine (Van
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Vinh et al. 2015), while in the inorganic forms As exists as
As (V) (arsenates), H;AsO5;, H;AsO;” (arsenious), and As
(IIT) (arsenites) (Amin et al. 2006). Generally, it is accepted
that inorganic species of As are more toxic to humans than the
organic forms, since most organic As pollutants can be elim-
inated from the body (Chung et al. 2014). The toxicity of As
(1IT) is estimated to be 2560 times greater than As (V) be-
cause of its affinity for sulphydryl functional groups on en-
zyme systems which then blocks the actions and reactions of
the groups (Ansone et al. 2013).

As (III) is usually adsorbed from aqueous solution at pH
values between 6 and 8 (Ranjan et al. 2009; Zhou et al.
2014). At these pH values, the predominant As (III) specie is
H3AsO; which is neutral, therefore As (III) adsorption can be
said not to occur by electrostatic interaction and is not easily
removed as compared with As (V). Several As (III) removal
methods have therefore focused attention on oxidation of As
(1) to As (V) prior to adsorption and this has been associated
with added complexities (Goswami et al. 2012). In recent times,
studies have been focused on the use metal-loaded anion ex-
changers having acidic or basic functionalities (Hua et al. 2017
Peter et al. 2017). Although these have been proven effective,
but there remains the challenge of the high cost of the resin.
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Biomaterials have therefore been introduced as cheap,
readily available, and eco-friendly alternative support for the
more expensive anion-exchange resins. Biomaterials such as
agricultural wastes materials carry functional groups (acidic or
basic) on their surfaces which makes them capable to
supporting metal oxides and hydroxides such as iron oxide
on coconut (Cocos nucifera L.) fiber (Nashine and
Tembhurkar 2016), Lanthanum oxide on sawdust (Setyono
and Valiyaveettil 2014), and Zr (VI) oxide on orange waste
gel (Biswas et al. 2008) have been applied. Although studies
suggests that effective removal of As (III) with supported met-
al oxides depends on the type of metal oxide (Biswas et al.
2008; Yoshida 1981), Kumar et al. (2014) showed that the
ability of metal oxide interaction with As (IIT) was not depen-
dent on the number of hydroxyl functional groups on the
metal oxide or its surface area, but on the metal oxides ionic
potential (charge of ion divided by its radius, A). Fang et al.
(2003) reported that the support materials for metal oxides
applied in the removal of oxyanion adsorption greatly influ-
ences the adsorption process. The authors suggested that sup-
port matrixes prepared from biomass having high organic acid
content showed exception affinity toward oxyanions.

This study is therefore aimed at examining the type and
mechanism involved when As (III) interacts with Fe;Oy4
immobilized on pine cone biomass. As (III) adsorption was
carried out using Fe;O4-pine cone composite having different
pine cone to Fe;O4 ratio, temperature effect on adsorption
kinetics and thermodynamic parameters were also deter-
mined. Ionic strength and anion competition at various solu-
tion pH was examined to evaluate application of Fe;04-pine
cone composite in the environment. Based on the experimen-
tal results, evidence of anion ligand exchange was examined
using FTIR, XPS, pHpyc, and trends of actual displacement of
NO;5 with As (IIT) from the NO; -loaded adsorbent.

Materials and methods

Materials

Cones from Pine tree obtained from a plantation in Vanderbijlpark
South Africa were collected. The cones were de-scaled, ground in
a blender, and sieved to size below 90 um which was then used

for analysis. As (II) stock solution was prepared by dissolving a
weighed amount of NaAsO, in deionized water.

Methods
MNP-PCP

PCP was prepared by soaking a weighed amount of pine in
0.5 L of 0.15 M NaOH solution (Ofomaja et al. 2009). MNP-

PCP was prepared by adding FeSO47H,0 (2.1 g) and FeCls-
6H,0 (3.1 g) to 0.08 L of double -distilled water in a three-
necked flask under inert atmosphere with continuous stirring
at 200 rpm. The mixture was then heated to 60 °C after which
0.03 L of 25% ammonium hydroxide and 1.5 g PCP were
added. The heating and stirring at 60 °C was continued for
further 30 min. The product of the reaction was then washed
several times with deionized water and ethanol, then dried in a
vacuum oven at 50 °C for 24 h.

Adsorbent characterization

The surface functional groups on MNP-PCP were determined
using a Perkin-Elmer (USA) ATR-FTIR Spectra 400 spec-
trometer in the range 4504000 cm '. Surface morphology
and elemental composition was analyzed using a field
emission-scanning electron microscope (FE-SEM) Carl-
Zeiss-Sigma instrument (Germany). Transmission electron
microscopy (TEM) image was obtained using a JEOL 2010
FET TEM (Japan). Vibrating sample magnetometer magnetic
properties of MNP-PCP nanocomposite was determined with
a Quantum Design MPMS-7. X-ray photoelectron spectros-
copy (XPS) analysis was performed on PHI 5000 scanning
ESCA microprobe with Al Ko x-ray beam (hv = 1486.6 eV).
X-ray diffraction (XRD) micrograph for MNP-PCP was ob-
tained on a Shimadzu X-ray diffractometer with CuK « anode
(A=0.154 nm). The specific surface area of the biosorbent
was measured by BET analyzer. Specific surface area of
MNP-PCP was determined using a Quantachrome NovaWin
(Quantachrome Instruments) surface area analyzer. Salt addi-
tion method was applied in determining the point zero charge
(pHpzc) of MNP-PCP.

Effect of solution pH on As (lll) adsorption

Solution pH effect on As (IIT) removal from aqueous solution
was investigated using batch adsorption study in which 0.1 L
of 100 mg/L of As (III) with the initial solution pH varied
between 1.0 and 10.0 using 0.1 mol/L of either HCI or
NaOH solution. Accurately weighed mass of MNP-PCP
(0.5 g) was agitated for 2 h in each beaker at room tempera-
ture; the mixture was then magnetically separated.
Concentration of As (III) left in solution was then determined
by inductively coupled plasma-optical emission spectrometry
(ICP-OES). Then, 0.05 L aliquots were sampled from the
suspension and passed through an arsenic speciation cartridge
(Metalsoft Center, Highland Park, NJ) packed with a 2.5 g
highly selective absorbent (Meng et al. 2001). The cartridge
removed all As (V) but allowed As (III) to pass through in the
pH range 4 to 9. Then, As (I1I) in the filtered solution was also
determined using ICP-OES.
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The influence of MNP to PCP ratio on As (lll)
adsorption

Effect of MNP to PCP ratio was determined by co-precipitating
2.1 g of FeSO,47H,0 and 3.1 g of FeCl3:6H,O on different
masses of PCP (1.0, 1.5, 2.0, 2.5, and 3.0 g). The prepared
adsorbents were applied for the adsorption of As (III) from a
100 mg/L As (IIT) solution at pH 8 and stirred at 200 rpm. The
adsorbents were magnetically separated. As (IIT) remaining in the
filtrate was then analyzed as above.

As (lll) adsorption kinetics

Batch contact kinetic experiments were performed at reaction
temperatures ranging from 26, 31, 36, 41, and 46 °C by
contacting 0.5 g of the adsorbent materials with 0.1 L of As
(IIT) solution of concentration 150 mg/L in a conical flask
agitated 200 rpm for 2 h and set to pH 8.0. Aliquot
(0.0001 L) of sample was withdrawn at given interval, filtered,
and diluted appropriately and the As (III) analyzed as above.

Equilibrium studies of As (Ill) adsorption

A volume of 0.1 L of different As (III) concentrations (25 to
150 mg/L) were set at pH 8 in 0.25 L conical flasks. A mass of
0.5 g of MNP-PCP were then added separately to the solu-
tions. The different flasks were then agitated at constant speed
of 200 rpm in a shaker at different temperatures from 299,
304, 309, 313, and 319 K. At the end of 2-h agitation, the
adsorbents were magnetically separated. As (III) remaining
in the filtrate was then analyzed as above.

lonic strength and competing anions

The influence of ionic strength and competing ions on As (III)
adsorption onto MNP-PCP was examined by contacting 0.5 g
of the adsorbents with 0.1 L of 100 mg/L. As (III) solution
containing 0.01, 0.05, 0.10, 0.15, and 0.20 mol/L of NaNOs.
For the effect of anion competition, the adsorbents were
contacted with 0.1 L of 0.1 mol/L of NaCl, Na,SO,, Na,COs,
NaNO;, and NaHPO, set at pH 8, 299 K, and shaken for 2 h.

As (Il)/NO5 exchange on NOj -loaded MNP-PCP.

MNP-PCP (5.0 g) was dispersed in 100 mg/L NaNO; solution
which was then stirred at 200 rpm for 5 h at pH 5 at 299 K. On
completion of 5 h of stirring, the solid was washed to remove
excess NaNOj3 and dried overnight at 90 °C. A mass of 0.5 g of
the NO;5 -loaded adsorbent was added to 0.1 L solutions of 0, 5,
25, 50, and 100 mol/L As (1) solutions (pH 8) and was stirred at
200 rpm at 299 K. The amounts of NOy ions released in solution
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and As (II) remaining were determined using an Ion selective
electrode and ICP-OES.

Desorption studies

Desorption studied were carried out using residues of MNP-PCP
in contact with 0.1 L of 100 mg/L of As (II) solution which was
then separated by centrifugation and washed with distilled water,
dried overnight, and stirred in 0.1 L of 0.5 M of each of the
desorbing solvents (HCI, NaOH) and H,O. After shaking the
flask for 2 h at 200 rpm, adsorbent solids were separated by
magnetic field and the leached amount of As (IIT) was analyzed.
The amount of As (III) remaining was determined by ICP-OES.

Results and discussion
Adsorbent characterization
Transmission electron microscopy

MNP-PCP size distribution and transmission electron micros-
copy (TEM) images are shown in Fig. 1 while calculated size
of the particles is shown in the histogram. The TEM image of
MNP-PCP revealed that the magnetite nanoparticles covered
the surface of the pine cone particles. The MNP particles were
spherical in shape and the particles appear to be aggregated to
some extent. The result shows that the mean diameter of the
particles was about 7.94 nm.

Surface area (BET) analysis

The BET surface areas for the PCP and MNP-PCP were cal-
culated as 2.25 and 54.8 m%/g as shown in Table 1. The mag-
netization of the PCP caused a drastic increase in surface area
and pore volume of the PCP. Such increase in BET surface
area for magnetized lignocellulosic waste has been reported
for orange peel powder (47.03 m?/g) and magnetite-orange
peel powder (65.19 m%/g) (Gupta and Nayak 2012a).

Fe-SEM-EDX

Figure 2a shows the Fe-SEM images of MNP-PCP at x
136,000 magnification. Figure 2a shows that MNP-PCP
consisted of thick uniform layer of spherical particles covering
the entire surface of the PCP particles. The micrograph indi-
cates that the iron oxide was successfully immobilized on the
PCP particles on the addition of ammonium hydroxide solu-
tion to the iron salt solution. The EDX analysis of MNP-PCP
particles shown in Fig. 2b indicates the presence of carbon
(C), iron (Fe), and oxygen (O), in its composition.

The dispersion of Fe on MNP-PCP is shown in the imaging
in Fig. 2c. The picture in Fig. 2¢ shows the distribution of Fe
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Fig. 1 TEM image and size distribution of MNP-PCP nanocomposite

on the surface of MNP-PCP. The distribution of the Fe atoms
was like the O atoms as seen in Fig. 2d; this suggests that the
Fe atoms are associated with the O atoms and the compound is
likely iron oxide.

Effect of pH variation on As (lll) uptake

Figure 3 shows the plots of total As, As (III), and change in H" ion
concentration for As (III) adsorption onto MNP-PCP in the pH
range of 1 to 10. The results show rapid increase in the change in
H* ion concentration between solution pH 1 and 3 which then
became constant from solution pH 4 to 10. The observed rapid
change in H* ion concentration at low pH was attributed to pro-
tonation of functional groups such as Fe-OH on the magnetite in
MNP-PCP (Aryal et al. 2010). This was confirmed by running a
blank sample in the absence of As (II) (plots not shown).

Total As and As (III) concentrations left in solution was ob-
served to decrease with pH from pH 1 to 6 and decreased rapidly
as solution pH was increased between 6 and 8 reaching a min-
imum at pH 8 and increased above pH. The speciation of As
(IIT) in solution is known to vary depending on solution pH and
at the pH range at which the experiments were performed (pH 1
to 10), As (III) species usually exist as H3AsO3 (pH <2),
H,AsO; (pH 2 to 8), and H3AsO; (pH >9) (Tian et al. 2011).
At pH below 2, the total As and As (III) concentrations were
quite high in solution due to the very weak binding of H;AsO;to

Table 1 Characteristics of MNP and MNP-PCP

Surface properties MNP MNP-PCP
BET surface area (m?/ 2) 2.25 54.8

Pore volume (cm3/g) 0.0177 0.1522
Pore size (nm) 23.10 10.17
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the positive surface of adsorbents (Kamala et al. 2005). As so-
lution pH was increased, the dominant form of As (III) became
H,AsO; and between pH 6 and 8, ligand exchange between As
(1IT) and hydroxyl groups of Fe-OH in the coordination sphere
of the surface (Zhang et al. 2015) was prevalent.

=Fe~OH + H,AsOs==Fe~HAsOs + H,0 (1)

As solution pH rose above 9, As (III) exists as HyAsO;
which is an anion which will experience electrostatic repulsion
with the negative surfaces of the adsorbents thereby leading to
increase in total and As (III) in solution (Tian et al. 2011).

=Fe-O + H,AsOy==Fe~HAsO3 + OH~ (2)

Under low pH conditions, iron oxides are known to be
slightly soluble in solution leaching out Fe (III). Fe (III)
leached in solution is capable of oxidizing As (IIT) to As
(V). Therefore, plots of concentration of Fe (III) and As (V)
in solution versus the solution pH from 1 to 10 for MNP-PCP
was made and shown in Fig. 3b. The results indicate that at pH
1, 2.33 mg/L of Fe (III) was leached out into solution. As the
solution pH was increased to 6, the concentration Fe (III)
leached reduced sharply owing to the decrease in H" ions in
solution. At solution pH 7, the Fe (III) leached was quite small
and almost nondetectable up to pH 10. The presence of As (V)
was noticed at solution pH of 1 and as pH increased to 6, the
concentration of As (V) became very low and disappeared up
to pH 10. This will explain the observed removal of As (IIT)
from aqueous solution in the solution pH range between pH 2
and 4 through Fe (III) precipitation mechanism as shown:

=Fe—QOH + 2H " ==Fe—OH*" 4+ H,0 (3)
=Fe~OOH + H"==FeOOH; (4)
=Fe—~OH*" 4 H3AsO3==Fe—H,AsO>" + H,0 (5)
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Fig. 2 a SEM image of MNP-PCP, b EDX analysis MNP-PCP, ¢ Fe dispersion on MNP-PCP, and d O dispersion on MNP-PCP

Effect of pine to Fe;0, ratio on As (lll) removal coprecipitation reaction with fixed Fe (II)/Fe (IIT) masses and

the composites produced were tested for their magnetic prop-
erties and ability to remove As (III) from aqueous solution.
The synthesis of Fe304 in this process yields approximately
2.0 g of magnetite, therefore Fe304:pine ratio in the products
were approximately 2.0 g:1.0 g, 2.0 g:1.5 g, 2.0 g:2.0 g,

One aim of synthesizing adsorbent impact magnetic property
on the final material while keeping the adsorption capacity
maximum. Therefore, the preparation of MNP-PCP was car-
ried out using varying pine cone masses (1.0 to 3.0 g) in the
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Fig. 3 a Effect of solution pH on total As and As (III) in solution in contact with MNP-PCP and b concentration of Fe (III) and As (V) left in solution at

different solution pH’s
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2.0 g:2.5 g, and 2.0 g:3.0 g respectively, and As (III) capacity
of the sample containing 1.0 g pine was 8.33 mg/g. Increment
in the mass of pine in the composite to 0.15 g, the As (III)
adsorption reached a maximum at 13.86 mg/g and further
increment in mass of pine led to reduction in As (III) capacity
to 8.48 mg/g when 3.0 g of pine cone was used.

The observed trend in the As (III) adsorption with in-
creasing pine cone mass in the composite can be explained
by looking at the SEM pictures of the various samples.
Figure 4a—f shows the TEM images of bare MNP and
MNP immobilized on different pine cone (PCP) masses
from 0.1 to 3.0 g. Figure 4a shows the TEM of bare
MNP which reveals that the particles are spherical and
slightly agglomerated. The TEM micrograph of MNP on
1.0 g PCP is shown in Fig. 4b; the micrograph showed
spherical shape for the magnetite nanoparticles which are
closely packed on the surface of the biomass support. As
the mass of pine cone was increased to 1.5 g (Fig. 4c), the
spherical magnetite particles became better dispersed on
the PCP support. The increase in dispersion of the nano-
particles on the support surface may account for the in-
crease As (III) adsorption capacity. Cumbal and
SenGupta (2005) reported that an increase in dispersion
of hydrated iron oxide on an anion exchanger as substrate

&
A0

immobilized on 2.5 g PCP, and f MNP immobilized on 3.0 g PCP

Fig. 4 TEM images of a MNP, b MNP immobilized on 1.0 g PCP, ¢ MNP immobilized on 1.5 g PCP, d MNP immobilized on 2.0 g PCP, e MNP

improved arsenic adsorption. As the mass of PCP was in-
creased to 2.0 g, it was observed that particle agglomera-
tion increased (Fig. 4d). As the mass of PCP was increased
from 2.0 to 2.5 and 3.0 g, agglomeration of magnetite
nanoparticles increased and the PCP particles became vis-
ible in the TEM micrograph appearing as a separate phase
(Fig. 4e, 1).

The magnetic response of pure magnetite, PCP, and
MNP-PCP with various masses of pine were measured
using the applied field dependence of magnetization cycled
between — 15 and 15 kOe at room temperature and the
values of saturation magnetization of the samples
displayed in Table 2. The results show saturation magneti-
zation for pure magnetite as prepared was 64.66 emu/g
with the value of 92 emu/g for bulk Fe;04. The saturation
magnetization values were least for PCP (2.47 emu/g) and
increase from 34.34 to 37.50 emu/g in MNP-PCP with
increase in PCP masses from 1.0 to 1.5 g. As the PCP mass
was increased above 1.5 g, there was a reduction in satu-
ration magnetization down to 17.15 emu/g at PCP mass of
3.0 g. Immobilization of MNP onto PCP was observed to
reduce the saturation magnetism of magnetite but increased
that of pine. The increase in saturation magnetism reached
its optimum value with 1.5 g of pine.

b
n e R %‘%’ ’A‘é?:?;w Fest
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Table 2 Adsorption capacities,

saturation magnetization and Sample Adsorption Saturation magnetization Coercivity (G) Particle

coercivity MNP, and MNP capacity (mg/g) (emu/g) size (nm)

immobilized on different masses

of PCP PCP 9.74 247 66.14 -
MNP 10.58 64.66 24.29 8.01
MNP on 1.0 g PCP 533 34.24 11.82 9.03
MNP on 1.5 g PCP 13.86 37.50 11.29 8.23
MNP on 2.0 g PCP 10.48 28.76 12.72 10.77
MNP on 2.5 g PCP 8.54 23.75 12.98 11.19
MNP on 3.0 g PCP 4.99 17.15 13.16 11.18

Temperature effect on As (Ill) kinetics

Adsorption kinetics of As (III) onto MNP-PCP was performed
at different temperatures and the non-linear forms of the ki-
netic models in Egs. (1) and (2) shown below:

g, = q.(1-¢") (6)
kzqzl‘

=_——-7¢ 7

qt 1 4 kzqet ( )

where g, (mg/g) is the equilibrium capacities per gram of adsor-
bent and &, (min') and &, (g/mg min) are the model rate con-
stants. The results in Table 3 show the error determination as
measured by correlation coefficient, 7 and % variable error for

As (IIT). Error measurements for pseudo-first-order model were
#>0.95 and % variable error <290 while for pseudo-second-
order, * > 0.996 and % variable error < 25. The pseudo-second-
order model was observed to best describe the adsorption of As
(1) better than the pseudo-first-order model. The plot of pre-
dicted adsorption capacities for each model against the experi-
mental data were done to confirm the fit of this model to the
experimental data (Supplementary Fig. S1). The rate constant, &,
and initial sorption rates, / increased with temperature. The
increase in As (II) capacity, k», and 4 with temperature can be
linked to increased mobility of As (III) ions in solution with
increasing temperature and the larger surface area (Karthick et
al. 2017). Increasing As (III) capacity with temperature also
suggests that the adsorption process is endothermic.

Table 3 Kinetic data for As (III)

adsorption onto MNP-PCP Kinetic model 299 K 304 K 309 K 313K 319K

MNP-PCP

Pseudo-first-order

Model ¢ (mg/g) 15.58 18.63 21.76 23.39 25.68
k; (min™") 0.5013 0.6362 0.8636 0.0932 1.2957
” 0.9822 0.9506 0.9672 0.9573 0.9654
% Variable error 65.13 99.64 217.35 290.33 278.88
Pseudo-second-order

Model q (mg/g) 16.74 19.58 22.33 24.62 27.01
k> ((z/mgmin) 0.0451 0.0512 0.0636 0.0726 0.0789
h (mg/g min) 12.638 19.629 31.713 44.006 57.561
” 0.9975 0.9964 0.9962 0.9966 0.9979
Variable error 7.52 16.58 24.63 25.19 16.69
Intraparticle diffusion model

k; (mg g ' min %%) 0.0998 0.0719 0.0518 0.0704 0.0689
C 15.529 18.542 21.720 23.960 26.357
” 0.9981 0.9715 0.9286 0.9997 0.9997
Film diffusion

Dy (cm?/s) 222x10 1 232x10°1 238x10 1 241x1071 248 %1071
” 0.9477 0.9422 0.9776 0.9650 0.9304
Pore diffusion

D, (cm?/s) 1.59% 10712 1.57x10713 143x10°1 136x10°13 132x10°13
” 0.9681 0.9949 0.9938 0.9918 0.9783
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The pseudo-second-order rate constant, k, was plotted
using the Arrhenius expression as a function of temperature:

E,
Ink; = Inko—7 (8)

where k, is the pseudo-second-order rate constant, k is the
temperature-independent factor, E, is the activation energy
of sorption (kJ/mol), R is the gas constant (8.314 J/mol K),
and 7 'is the solution temperature (K). £, was then obtained
from the slope of the plot of In (k,) versus 1/T and values.
The plot was observed to be linear with 7 of 0.9922 and
activation energy of 23.78 kJ/mol. Heterogeneous reaction
are known to have rate-limiting step that are controlled by
chemical reaction at the surface or diffusion of the reactant
(Lien and Zhang 2007). The activation energy of surface-
controlled reactions in solutions are usually greater than
29 kJ/mol while the activation energies diffusion con-
trolled reactions are usually between 8 and 21 kJ/mol
(Karthick et al. 2017). The results of this study show acti-
vation energy in between 21 and 29 kJ/mol, meaning the
rate-limiting step is complex, a mixture between surface
and diffusion control. The activation energies of MNP-
PCP were closer to diffusion controlled (23.78 kJ/mol).

Diffusion processes
Intraparticle diffusion

The proposed expression for the intraparticle diffusion of pol-
lutant molecules into porous adsorbent given by Weber and
Morris (1963) is:

g, = k™5 +C (9)

where C is the boundary layer effect or surface adsorption
in the rate-determining step, &, is the intraparticle diffusion
rate constant, and ¢, is the amount of As (III) adsorbed per
unit mass at any time. An initial rapid section was ob-
served in the plot of ¢, versus °° (Supplementary Fig.
S2) followed by slower stage in which As (III) uptake
was almost constant. The plot of g, versus /- did not yield
a straight line passing through the origin indicating that
intraparticle diffusion was not solely rate-limiting. The
pattern of the line of the plots suggests that both film
and particle diffusion influences As (II) adsorption
(Banerjee and Chattopadhyaya 2017). The results in
Table 3 revealed that the value of &, decreased with tem-
perature. The decreasing value of k, with temperature is
attributed to rapid surface reaction with increasing temper-
ature (Hao et al. 2014). The magnitude of the constant, C
increased with temperature suggesting greater participa-
tion of surface adsorption in MNP-PCP and activation of
adsorption sites with increase in temperature.

Film and pore diffusion

It is accepted that film diffusion is predominant when ex-
ternal transport becomes greater than internal transport
while pore diffusion participates more when internal diffu-
sion is greater than external diffusion (Mittal et al. 2007).
To evaluate the extent of the participation of film and pore
diffusion in the adsorption process, the adsorbent particle
was assumed to be a sphere of radius “a.” The diffusion
will then follow the expression:

0.5
qt_ D] 0.5 a Dt
imo(@) (e B

At shorter amount of times, D is replaced by D; and Eq.
(10) reduces to

q—e—6<§21> 3 (11)

The plots of fractional uptake of As (III) onto MNP-PCP
versus 1°° are shown in Supplementary Fig. S3. The plot
can be separated into two sections which are the initial
rapid period and a slow and almost constant stage which
is similar to the intraparticle diffusion profile. The values
of the film diffusion constant, D, at different temperatures
were then calculated from the slope of the plot of ¢,/q.
versus time and recorded in Table 3. For longer reaction
times, the relation between weight uptake and diffusion
equation becomes:

(10)

If B=(D,7/d?), Eq. (13) can be simplified as:

q 6
<1—q—:) = Pexp(—Bt) (14)
Bt = —0.4997-In (1—ﬁ> (15)
9.

The value of Bt at different temperatures therefore can
be calculated from Eq. (10) and then plotted against ¢ for
the different temperatures. These plots can be used to iden-
tify if the rate of As (III) adsorption onto MNP-PCP is
controlled by external or pore diffusion. The plots in
Supplementary Fig. S4 show that the line did not pass
through the origin indicating external mass transfer is
rate-limiting at the initial stages of the process. External
mass transfer at the initial stage was stronger than internal
mass transfer as seen from the closeness of the lines to the
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intercept. The values of B at different temperatures were
calculated and the pore diffusion coefficient, D, deter-
mined by the expression:

2D2

B=m—
a2

(16)

The values of film diffusion, D; and pore diffusion, D,
coefficients at different temperatures were calculated and re-
ported in Table 3. The coefficient of film diffusion, D; was
observed to increase with increasing temperature.

The increasing values of D; with temperature were due to
increase in the mobility of As (III) ions due to retarding forces
acting on the As (III) diffusion (Banerjee and Chattopadhyaya
2017). Santra and Sarkar (2016) also observed an increase in
D, with temperature in the adsorption of As onto Cerium
oxide loaded cellulose nanoparticle beads. The values of pore
diffusion coefficients D, are shown in Tables 3. The reducing
values of D, with increasing temperature and the reduction of
D, with temperature can be attributed to increased surface
reaction as temperature is increased.

Isotherm studies

A description of the adsorption type and the relationship
between adsorbate in solution and adsorbate on the adsor-
bent surface at a given temperature was performed using
the Langmuir, Freundlich, and Dubinin-Radushkevish (D-
R) isotherm models. The non-linear expression of the
Langmuir and Freundlich isotherm models is given as:

qnKaCe
= dm_ae 17
9= TV K.C. (17)
q,=KrCY" (18)
q. = g,exp(—P”) (19)

where ¢., g5, and C, represents the amount of As (III)
adsorbed per unit mass of adsorbent (mg/g), the theoretical
saturation capacity of the adsorbent (mol/g), and the equi-
librium concentration of As (III) in solution (mg/L). The
constants ¢,, and K, represents the Langmuir monolayer
capacity and the equilibrium constant, while the
Freundlich constants K and n are related to adsorption
capacity and intensity. The D-R isotherm constants (§
(mol?/kJ?) indicates the adsorption energy and € the
polyani potential. The polyani potential can be obtained
from the expression:

(20)

e

1
=RTIn|1 +—
€ n[ + C ]
where 7'is the kelvin temperature (K) and R is the universal

gas constant (8.314 J mol ' K™'). The mean free energy of
adsorption, E, which is defined as the energy change

@ Springer

required for transferring a mole of adsorbate from solution
to the adsorbent surface is expressed as:

E= (21)

1
V2P

The value of E gives information on whether the adsorption
mechanism is physical, ion-exchange, or chemical.

The values of the Langmuir, Freundlich, and D-R iso-
therm constants along with the error determination using
the coefficient of determination 7 and the %variable error
are shown in Table 4. The results revealed that the * values
were higher for the Langmuir isotherm while the % variable
error was lower. This shows that the Langmuir isotherm
gave better fit to the uptake of As (III) onto MNP-PCP and
the adsorption was monolayer in nature with homogeneous
adsorbent sites having uniform energy.

The adsorption efficiency of the MNP-PCP can be de-
termined using the dimensionless constant separation fac-
tor for the equilibrium parameter (R,), calculated using the
expression:

1

R =—7F+—
L 1+ K,Cy

(22)
where K, (L/mg) and Cy (mg/L) are the Langmuir equilib-
rium constant and the initial As (IIT) concentration. When
the value of R; is less than 1, the adsorption is favorable;
when R; is greater than 1, the adsorption is unfavorable;
when R; equals 0, the adsorption is irreversible; and when
R; equals 1, it is linear. The results in Table 4 show that the
R; values were in the range of 0.0349 to 0.0040 as temper-
ature increased from 299 to 319 K. This suggests that ad-
sorption of As (III) were favorable at all temperatures.
Table 4 also shows that the 7> (0.9979 to 0.9987) and %
variable (7.68 to 8.55) values for D-R isotherm where high
and therefore describe the isotherm data well. The theoret-
ical saturation capacity g, was observed to increase with
increase in temperature while the adsorption energy (3 de-
creased with temperature from 299 to 319 K. The mean
free energy of adsorption, £, had increased with tempera-
ture and had values between 12.13 and 15.30 kJ/mol which
suggests ion-exchange process (Lunge et al. 2014). The As
(IIT) adsorption capacity was compared favorable with
those of other magnetic adsorbents as shown in Table 5.

Thermodynamics of As (lll) adsorption onto MNP-PCP

The thermodynamics of As (IIT) adsorption onto MNP-PCP
was determined using the expressions below:

AG = —RTInK, (23)
nk, = 25 A4 (24)
R RT
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Table 4 Equilibrium data for As
(111) adsorption onto MNP-PCP Isotherm model 26 °C 31°C 36 °C 41 °C 46 °C
MNP-PCP
Langmuir
q (mg/g) 18.02 20.53 22.11 24.04 26.98
K, (dm*/mg) 0.1845 0.3587 0.6382 0.8881 1.6673
” 0.9991 0.9960 0.9991 0.9992 0.9964
% Variable error 421 26.99 7.18 7.66 41.15
Separation factor 0.0349 0.0183 0.0103 0.0075 .0.0040
Freundlich
n 3.57 4.01 4.28 4.40 4.49
Kp(mg/g) (dm*/mg)"” 5.508 7.840 9.763 11.435 14.730
” 0.9591 0.9372 0.9466 0.9227 0.9089
% Variable error 195.82 419.07 434.56 729.52 1042.88
Dubinin—Radushkevich
gy (mol/g) 2.54x107 2.89x 107 339x107* 3.63x107* 3.74x 107
3 (mol*/J%) 331%x107° 2.88x107° 242x107° 233x107° 2.14x107°
E (kJ/mol) 12.13 13.30 14.40 14.60 15.30
” 0.9987 0.9980 0.9979 0.9985 0.9981
% Variable error 7.76 7.68 7.88 8.07 8.55

where R is the universal gas constant (8.314 J/mol K), T is
temperature (K), and K, is the equilibrium constant of the
Langmuir equation. The enthalpy (AH) and entropy (AS) pa-
rameters were estimated from the following equation. The
values of AH and AS parameters can be calculated from the
slope and intercept of the plot of In K, versus 1/7. The calcu-
lated values of free energy, AG, ranged from —23.7 to —
31.1 kJ/mol with increasing solution temperature (Table 6).
The results show that the values of AG for MNP-PCP were
negative at all temperatures indicating the thermodynamic
feasibility and spontaneous nature of the adsorption. The ad-
sorption process being feasible means that the adsorptive
forces were able to overcome the potential barrier. The values
of AH for MNP-PCP were calculated to be 84.27 kJ/mol,
suggesting that the adsorption process is endothermic in nature
at the reaction temperatures investigated. The values of AS for
MNP-PCP were calculated to be 361.57 J/mol K indicating a
release of orderly structured hydration water and increase in

the randomness at the solid/solution interface during the ad-
sorption process (Meng et al. 2017).

Effect of ionic strength

The results show that As (II) adsorption capacity was higher
at pH 8 when As (III) is in its neutral form and the adsorbent
surface is relatively neutral with no added electrolyte (Fig. 5).
Renkuo et al. (Renkou et al. 2009) also reported higher ad-
sorption of As (IIT) ions in soils rich with iron oxide at near
neutral pH, but with lower capacities at low and high pH’s. On
addition of electrolyte, there was a slight increase in the As
(IIT) capacity which increased with increasing ionic strength at
the three pHs (Fig. 5). The increase can be attributed to the fact
that ionic strength can compress the double layer making the
electrostatic potential which contributes to adsorption be-
came more positive, therefore increasing As (III) uptake
(Chang et al. 2009). Therefore, as the ionic strength is

Table 5 Comparison of As (II)
adsorption capacity onto different
adsorbents

Adsorbents Conc. (mg/dm®) pH  Dose Adsorption Reference
capacity
Magnetic wheat straw 1-28 mg/dm’ 8 5.0 g/dm’ 3.90 mg/g [19]
Iron/Olivine composite 1-10 mg/dm’? 3.0 g/dm’ 2.83 mg/g [23]
Fe (II)-treated Staphylococcus 10-300 mg/dm?> 3.0 gdm®  5.93 mg/g [18]
xylosus
Iron oxide coated seed 1-40 mg/dm’ 7 10.0 g/dm®  4.00 mg/g [32]
Magnetite-reduced graphene oxide ~ 3—7 mg/dm’ 7 0.2 g/dm’ 13.01 mg/g [23]
MNP-PCP 25-150 mg/dm® 8 5.0 g/dm®  13.86 mg/g This
study
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Table 6 Thermodynamics

parameters of As (III) adsorption Adsorbent Temperature (K) AG (kJ/mol) AH (kJ/mol) AS (J/mol K)
onto PCP and MNP-PCP
PCP 299 —22.2
301 -24.6
309 -25.9 81.34 347.19
314 -27.6
319 —29.7
MNP-PCP 299 —23.7
301 —25.8
309 -27.7 84.27 361.57
314 -29.0
319 -31.1

increased, As (III) adsorption capacity increases slightly. The
increase As (III) capacity was 22.22% when NaNO; of con-
centration 0.02 mol/L was applied. Yu et al. (2015) observed a
slight increase in capacity with ionic strength when the au-
thors increased ionic strength of the solution in the adsorption
of As (III) onto magnetic graphene oxide.

Effect of competing anions

The effect of competing anions, SO3 ,CO3 ", PO; and CI', on
the adsorption of As (III) onto MNP-PCP at pH 6, 8 and 10 are
shown in Fig. 6. The results show that the presence of SO,
CO§_ and CI in the solution had slight positive influence on
the adsorption of As (IIT) onto MNP-PCP. The magnitude of the
increase was in the order of CI” > SO~ > CO?%".

The reason for this slight increase in As (III) uptake can be
linked to the fact that binding affinities of SO, CO3 and CI”
are much weaker than that of As (III) (Yu et al. 2013). Chang et
al. (2009) also observed a slight increase in As (III) adsorption

Fig. 5 Effect of NaNOj ionic 20 HpH 6.0
strength at different initial

solution pH on the adsorption of 18 HpH 8.0
As (IIT) onto MNP-PCP 1

nanocomposite mpH 10.0

As(Ill) adsorption Capacity (mg/g)
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onto Fe—Mn binary oxide when the adsorption process was
performed in the presence of SO?{ and CO? at solution pH
of 3.5, 6.0, and 9.0. Adsorption in the presence of PO;  anions
reduced As (IIT) adsorption and the effect was stronger at higher
solution pH. Similar observation was made by Yu et al. (2013)
and Sahu et al. (2017) in the adsorption of As (III) onto
cellulose@iron oxide nanoparticles and cigarette soot activated
carbon modified with Fe;O,4 nanoparticles. The reduction in As
(1II) adsorption is thought to arise from the fact that POi_ forms
much stronger bonds than As (III) with the adsorbents since it
shares similar chemical characteristics as arsenic (Wu et al.
2013). Therefore, by the mechanisms such as competitive ad-
sorption and charge diffusion, PO?[ is able to reduce drastically
the adsorption of As (III) from solution (Goldberg 2002).

Effect of humic acid

The effect of the presence of humic acid on the uptake of As
(III) onto MNP-PCP with respect to humic acid concentration

0.05 0.1 0.15 0.2

Conc. of NaNO, (mol/L)
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Fig. 6 Effect of competing ions 18

on the adsorption of As (III) onto
MNP-PCP nanocomposite 16

14

12

10

As(Ill) Adsorption Capacity (mg/g)

Blank

and solution pH is shown in Fig. 7. The results in Fig. 7 show
that As (IIT) uptake onto MNP-PCP decreased in the pres-
ence of humic acid at all solution pH’s and the extent of
reduction was observed to be high at solution pH around 6.
Humic acids are known to contain a variety of acidic func-
tional groups such as hydroxyl, carboxylic, and phenolic
groups and the presence of these groups gives humic acids
high affinity for magnetite particles (Liu et al. 2008).
Therefore, humic acids usually interact with magnetite nano-
particles to form aggregates (Aaron et al. 2002) and promote
the occupation of adsorption sites on the magnetite surface

leading to reduction in the number of active sites for As (III)
Fig.7 Effect of humic acid on the 16
adsorption of As (III) onto MNP-

PCP 14

EpH 6.0

HpH 8.0

HpH 10.0

As(lll) Adsorption Capacity (mg/g)
= =
o N E~Y ()] (o] o N

COs*"

PO4*" cl-

Competing Anion

bonding (Giasuddin et al. 2007). The above reasons may
therefore account for the reduction in As (III) adsorption on
addition of humic acid to the solution. With increasing con-
centration of humic acids in the solution, the reduction in As
(IIT) adsorption was observed to increase. This suggests that
interaction between humic acid and MNP-PCP increased as
humic acid concentration was increased. It has also been
reported that the presence of humic acids in solution slows
down the rate at which As (III) ions accesses favorable bind-
ing sites on magnetite particles (Giasuddin et al. 2007).

The charge on both MNP-PCP and As (III) can be af-
fected by solution pH, for examples As (III) can exist as

HpH6

EmpH8

0,5 1 1,5
Conc. of Humic Acid (mg/dm3)
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H3AsO; at pH <2, HAsO3 between pH 6 and 8, and H;
AsOy; above pH 9 (Zhang et al. 2015). Humic acids usually
become increasingly positively charged as solution pH de-
creases from their point zero charge of pH 7.7 (Kanel et al.
2006). Therefore, at low solution pH, both humic acid and
magnetite surface are positively charged and As (III) spe-
cies (H3AsO;) is not strongly attracted to humic acids or
magnetite, therefore the influence of humic acids on As
(IIT) adsorption is low. At higher solution pH’s, humic acid,
magnetite surface, and As (III) species (H,AsOj ) are all
negatively charged, therefore adsorption and competition
for As (II) is also low. Around solution pH 8, humic acid,
magnetite surface, and As (III) species (HAsQOs3) are pre-
dominantly neutral, therefore adsorption and competition
is maximum. This explains the higher reduction in As (III)
capacity at pH 8 and the lower reduction and competition
at lower and higher pH’s. Comparable results have been
reported by Aaron et al. (2002).

Adsorption mechanism

Several results obtained from these experiments points to the
probable mechanism of As (III) adsorption onto MNP-PCP.
These results include (1) the higher As (III) removal capacity
at solution pH of 8 at which both the predominant arsenic
species and the surface charge on the adsorbent were close or
actually neutral, (2) the value of the Dubinin-Radushkevich
mean free energy £ which was in the range of 8 and 16 kJ/
mol, and (3) the slight increase in As (III) adsorption capacity
with ionic strength at different pH’s which suggests ligand ion-
exchange mechanism. Therefore, to confirm this mechanism,
(i) the FTIR spectra before and after As (III) adsorption, (ii)

XPS before and after As (III) adsorption, and (iii) point zero
charge before and after As (III) adsorption and the displace-
ment of adsorbed nitrate ions were performed.

Figure 8 shows the FTIR spectrum of MNP-PCP before
and after As (IIT) adsorption. The spectrum shows peaks at
3338, 2881, 1633, 1598, and 1052 cm ! representing hydro-
gen bond stretching of «-cellulose, methylene -CHj3, -CH,-, of
cellulose (Subramanian et al. 2005), and C=0, C-O, C-O-C in
lignin (Gupta and Nayak 2012b). The peaks at 1027, 548, and
477 cm ! are attributed to Fe-O and Fe-OH (Reza and
Ahmaruzzaman 2015) groups in MNP-PCP. After As (III)
adsorption, reduction and shift in peak intensities were ob-
served for -OH stretching of «-cellulose from 3338 to
3289 cm !, the C-O-C and Fe-O from 1052 and 1027 to
1021 and 1000 ¢m !, and Fe-OH peak from 477 to
448 cm ', The shift in peak at 812 to 814 cm™ ' has been
attributed to the formation of As-O bond (Meng et al. 2017).
Several authors have concluded that this shift in peaks of
oxygenated groups and especially to the peak at 814 cm
accounts for the formation of As-O bonds (Meng et al.
2017; Venkatesan and Narayanan 2018).

To confirm the presence of the formation of As-O bond, the
XPS analysis of MNP-PCP before and after As (III) adsorp-
tion was performed and results were shown in Fig. 9a—h. XPS
survey spectra of MNP-PCP before and after As (IIT) adsorp-
tion in Fig. 9a, b shows three major peaks at binding energies
284,530, and 710 eV corresponding to C 1s, O 1s, and Fe 2p
photoemissions, respectively. The spectrum for MNP-PCP af-
ter As (III) adsorption was observed to have a new peak at
binding energy 43.5 eV corresponding to As (IIT) 3d (Mahanta
and Chen 2013).

The Fe 2p spectrum before and after As (III) adsorption are
shown in Fig. 9¢c, d. Figure 9a shows two strong peaks at

Fig. 8 FTIR spectra of MNP- 100
PCP before and after As (III) w
adsorption 1 :
P 2881 cm”! 1633 om*~7 814 cm”
80 3338 céf 1598 cm” X
8 E 1052 cm'/Z
c 1027 cm
£ 60
€
7] J
c
o
~ 40 4
2 —— MNP-PCP-As(lIl)
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548 cm’ 448cm™
548 cm” 477 cm”
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Fig. 9 Full spectra of MNP-PCP a before As (III) adsorption and b after
As (III) adsorption. Fe 2p spectra of MNP-PCP ¢ before As (I1I) adsorp-
tion and d after As (III) adsorption. O 1s spectra of MNP-PCP e before As

binding energies of 709.9 and 723.5 eV corresponding to Fe
2ps;, and Fe 2p;p, respectively, which can be attributed to
magnetite (Yoon et al. 2017). The peak at binding energy of
709.9 eV before and after As (IIT) adsorption was curve fitted
into two peaks with binding energies at 709.73 and 713.48 ¢V,
assigned to Fe (II) and Fe (III), respectively (Wilson and
Langell 2014). The % atomic concentration of Fe (II) and Fe
(IIT) on the MNP-PCP before adsorption was 74.2% Fe (II)

48 46 44 42 40 38
Binding energy (eV)

(IIT) adsorption and f after As (III) adsorption. g O 1s spectra of MNP-
PCP before and after As (III) adsorption. h As3d spectra of MNP-PCP
after As (III) adsorption

and 25.8% Fe (III), while after adsorption was 57.2% Fe (II)
and 42.8% for Fe (II) respectively indicating that Fe (II) was
partially oxidized to Fe (IIT).

The O 1s spectrum of the MNP-PCP adsorbent before As
(IIT) adsorption (Fig. 9e, f) is composed of three component
peaks at 530.56, 531.73, and 532.71 eV, which are respective-
ly assigned to the Fe-O, the C-O group, and the adsorbed
water (H,O). The presence of the As-O peak after As (III)
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Table 7 Parameters for As (III)/NOj3 exchange processes

As (I1) Init. Conc. (mg/dm®) Amt. of NOj5 released (mol/g)

As (IIT) adsorbed (mol/g)

As (IIN)/NOj exchange coefficient (RAS(IH) /No;)

0.00 0.00 0.00

0.474117 0.054378 0.114693
25 0.627318 0.141324 0.225283
50 0.683761 0.304925 0.445953
100 0.849863 0.631741 0.743344

adsorption (Fig. 9f) confirms the As (III) adsorption onto
MNP-PCP surface (Yu et al. 2013; Zhang et al. 2010). The
surface hydroxyl peak and the carbonyl peak reduced after As
(IT) adsorption, indicating the decrease in the amount of hy-
droxyl group on the adsorbent surface during arsenic adsorp-
tion. The results also show that there was a shift in the O 1s
peak before and after As (III) adsorption (Fig. 9g). The XPS
spectrum of As (IIT) 3d (Fig. 9h) was observed to be composed
of two characteristic peaks with binding energies of 42.9 and
43.9 eV with % concentration on 57.17 and 42.8% corre-
sponding to As (III) and As (V), respectively.

The experimental results of this study show a slight in-
crease in adsorption capacity with ionic strength which has
been attributed to increased activity of the counter ions which
compensates surface charge due to specific ion adsorption The
author then used pHpzc analysis to differentiate between inner
sphere and outer sphere complex ligand formation. Goldberg
and Johnston (2001) reported the shift in the value of pHpyc
due to arsenite adsorption onto surfaces as evidence of strong
specific ion adsorption brought about by inner sphere complex
formation. Therefore in this study, the pHpzc of MNP-PCP
before and after As (III) adsorption was determined and is
shown in Supplementary Fig. S5. The pHp,¢ values obtained
were 5.86 and 4.26 for MNP-PCP and MNP-PCP-As (I1I)

90
80
70
60
50
40

30

As(Ill) desorption percentage

20

NaOH HCl

respectively. The results show that there was a reduction in
pHpzc when As (III) was adsorbed on the surface of MNP-
PCP. This suggests that As (III) adsorption formed a negative-
ly charged inner sphere complex on MNP-PCP surface (Pena
et al. 2006). The formation of a negatively charged inner
sphere complex can either be due to deprotonation of
H3AsO; on the surface of MNP-PCP (Pena et al. 2006) or
the oxidation of As (III) to As (V) on the MNP-PCP surface
(Lakshmipathiraj et al. 2006). It was observed from the exper-
iments in “Diffusion processes” section that at solution pH 8,
the presence of As (V) was not detected in solution. From the
XPS spectrum of As (III) 3d, it was observed that both As (IIT)
and As (V) where present in % concentration on 57.17 and
42.8% respectively, therefore the negatively charged As (III)
inner sphere complex on MNP-PCP surface can be attributed
to oxidation reaction of As (III) to As (V) on MNP-PCP sur-
face (Zhao et al. 2011).

To confirm ion-exchange process as the adsorption mech-
anism, NOj -loaded MNP-PCP was prepared by adsorbing
NOj ions onto MNP-PCP and washing to remove excess
NOy ions. Then, 0.1 g of the NO; -loaded MNP-PCP was
then contacted with different concentrations (5, 25, 50,
100 mg/L) of As (III) solution. The amount of NOj ions
released and the As (III) adsorbed were estimated and the

o MNP-PCP

H.0

Desorbing agent

Fig. 10 Desorption studies for As (III) onto MNP-PCP
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results recorded in Table 7. The results show an increase in
NOj ions released as the initial As (III) concentration and
the As (III) capacity increases. This shows evidence of ligand
exchange between the NO; and the As (III) anions.
Similarities between As (II1) adsorbed and SO‘Z[ released were
made by Burton et al. (2009) and Wu et al. (2013) in the
adsorption of As (IIT) onto Schwertmannite and Fe-based
backwashing sludge respectively. Both authors studied the
molar ratios of SO?[ released and As (III) adsorbed on
Schwertmannite and Fe-based backwashing sludge defined

as the As (II[)/SO; ™ exchange coefficient (RAS(III) /Soi—).

The values of the exchange coefficients were 0.16 to 0.31
for Schwertmannite and 0.11 to 0.25 for Fe-based
backwashing sludge. In this study, the exchange coefficient

(RAS(IH) /No;) was determined as the ratio of NO; released
to As (III) adsorbed. The values of exchange coefficient
(R As(IT) /Nog) ranged from 0.11 to 0.74 which was compara-

ble to the results of Wu et al. (Wu et al. 2013). This suggested
that NO; ions exchanged were located within the tunnels of
MNP-PCP and not just the surface adsorbed ones. A plot of
the exchange coefficient values against the amount of As (III)
left in solution gave a straight line with /* value of 0.9897
which can be represented by the relationship:

RAS([I])/NOg = 0.0125C6A5<I[]) + 0.0844 (25)

Therefore, the reaction scheme can be written for the dis-
placement of NO; from NO; -loaded by As (III) as shown:

FeOH + NOy + H"<Fe-NO; + H,0
Fe=NO; + HyAsOs=Fe—HAsO; + NO; + HT

(26)
(27)

These series of tests therefore confirm the presence of li-
gand anion-exchange reaction as the mechanism for As (III)
adsorption onto MNP-PCP.

Desorption studies

To further investigate the binding mechanism of As (IIT) onto
MNP-PCP, the desorption studies were conducted using
0.5 M of NaOH, HCI, and H,O as the desorbing agent and
the results are shown in Fig. 10. The results show that NaOH
had the highest As (III) desorption percentage of 81.6%,
followed by HCI (65.98%) and H,O (4.35%). This suggests
that ion-exchange is the main dominating mechanism for As
(IIT) adsorption onto MNP-PCP while physical adsorption
slightly contributed to the binding mechanism. Strong bases
and acids have been reported to be the most common
desorbing agents for arsenic. Zhou et al. (Zhou et al. 2014)
desorbed 96.5% of As (III) from magnetic cellulose

nanocomposite using 0.1 M HCI while Yoon et al. (Yoon et
al. 2017) desorbed 73.4% of As (IlI) from magnetite/non-
oxidative graphene composite using 0.1 M NaOH. Both au-
thors and the results obtained in this work confirm that the
interaction between As (III) and magnetite-coated samples is
due to ion-exchange mechanism.

Conclusion

Adsorption of As (III) onto magnetite nanoparticles co-
precipitated on pine cone (1.0 g) was studied. Optimum ad-
sorption conditions were pH 8 and adsorbent dose of 5 g/L.
An increase was observed in the pseudo-second-order capac-
ity and rate constant with temperature and was applied in the
determination of activation energy. The rate-limiting step was
a mixed process of surface and pore control. Both the
Langmuir and D-R isotherm showed that adsorption process
was favorable at all temperatures, monolayer in nature and a
ligand exchange process. FTIR evidence of ligand exchanged
was observed as shifts in peaks at 814 cm ™' representing As-O
bonding. XPS confirms the formation As-O bonding as well
as absence of As (V) at pH 8 and the presence of As (V) in the
matrix of the spent adsorbent suggests the oxidation of As (IIT)
adsorbed on MNP-PCP. The lowering of pHpyc with As (III)
adsorption and the trend in the displacement of NO; from
NO; -loaded MNP-PCP with increasing concentrations of
As (III) along with the values of anion-exchange coefficient
confirms ligand ion exchange as the reaction mechanism.
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