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KEYWORDS Abstract Magnetic composite adsorbent (MCA) was prepared successfully using laterite nickel
Laterite nickel ore; ore. The effectiveness of MCA as an adsorbent was evaluated for removal trimethylamine from
Adsorption; aqueous environment. In this technological route, the utilization of solid wastes, wastewater treat-
Organic amine; ment and adsorbent recovery were considered comprehensively. The MCA was characterized by
Industrial waste techniques, including XRD, SEM, TEM, EDS, VSM and adsorption-desorption of nitrogen at

77 K. The adsorption processes were best described by pseudo-second-order kinetic model and con-
trolled by intraparticle and surface diffusion processes. Langmuir and Freundlich isotherm models
were used to match the adsorption equilibrium data. Freundlich isotherm was the best fitting curve
for the sorption equilibrium data. The adsorption mechanism was further interpreted by Gibbs free
energy, entropy and enthalpy calculated by thermodynamic equation. The negative values of Gibbs
free energy changes (AG) manifest that the adsorbing process is spontaneous. The results show that
laterite nickel ore can be made into MCA for organic amine removal from polluted water.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction Nickel is an essential metal for modern industry and mod-
ern life. With the depletion of sulfides and the increase of
demand for nickel, laterite nickel ores, which is a low grade

With the development of society, we have to face the double He ) X ViLEL )
oxidized nickel mineral, has become an inevitable choice for

pressures from increasingly severe discharge of wastewater ’ ! . !
and industrial waste. It will be a solution to the problem if nickel production (Butt and Cluzel, 2013). By calculation, tak-

we can utilize solid wastes to treat wastewater (Pandey et al., ing pyrometallurgy of nickel as an example, 110 tons of waste
2020). slag will be obtained for each ton of nickel produced from

laterite nickel ore (calculated by the ore grade of 1.2% Ni).
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can’t be ignored because the toxic contaminants are very seri-
ous risk to health.

Amines are a common class of organic compounds and
functional groups that usually contain a basic N atom and a
lone pair of electrons. In medical and commercial applications,
including aliphatic and aromatic amines, generated from both
biogenic amines and synthesized amines by diverse industrial,
hundreds of important amine compounds are used. Organic
amines are considered as the more dangerous class of water
pollutants not only because of their toxic and carcinogenic nat-
ure, but their volatility that make them become hazardous air
pollutants. (He et al., 2016; Poste et al., 2014; Wang et al.,
2016) EU standards prohibit amines in concentrations over
30 ppm (Toor et al., 2019). Thus, the amines in nature water
system have to be removed, even at extreme low level.

Numerous physico-chemical methods including air strip-
ping (He et al, 2016), oxidation (He et al., 2014;
Malakootian et al., 2020), Fenton oxidation (Karthikeyan
et al., 2012; Zou et al., 2019), chemical precipitation (Zhang
et al., 2010), ion exchange (Meng et al., 2010), distillation
(Chang et al., 2010), photocatalytic degradation ((Sahoo and
Patra, 2020; Wang et al., 2019), electrochemical technique
(Su et al., 2014), biodegradation (Na-Phatthalung et al.,
2019) and adsorption (Yang et al., 2011) are feasible for
removing organic amines from water. However, some tech-
niques are unfavorable to be used in large scale due to complex
equipment, high operating cost or large amount of toxic by-
product as sludge (Toor et al., 2019). To date, adsorption is
the most widely method for contaminants removal because
of simple, highly efficient, and easy to operate (Yu et al.,
2014). Various adsorbents have been exploited. For the con-
ventional adsorbents, such as activated carbon (Karthikeyan
et al., 2012), carbon nanotubes (Yu et al., 2014), oxides
(Yang et al., 2011), Zeolites (Guo et al., 2017), microporous
polymers (Wang et al., 2016), a hard-solving problem is how
to separate the used adsorbent from the treated water, espe-
cially from large volume water system. Sedimentation, filtra-
tion or centrifugation that usually be used in solid-liquid
processes are unrealistic to be applied at large scale due to long
time duration and technical limitations. It could lead to the
secondary pollution if the used adsorbents were left in the trea-
ted water. To solve the separation problem, magnetic separa-
tion can be easily applied to separate magnetic adsorbents by
applying an external magnetic field (Chen et al., 2019).

Trimethylamine (TMA) is small and volatile aliphatic
organic amine. As pollutant, it is better to be removed before
volatilizing to the air.

In this study, MCA which silica incorporates on magnetic
particles is to design and prepare using laterite nickel ore as
raw materials for amine removal. Si, a main element in the
laterite ore residue, was prepared into amorphous silica to
achieve adsorbing to pollutants. The Ni and Fe in the ore were
prepared into magnetic particles to help the recycle of the
MCA under an external magnetic field. The advantages of
the MCA are that reducing the metallurgical solid waste by
preparing products using the main components in the waste,
achieving the goal of treating waste by waste and easily recy-
cling the used adsorbents preventing second pollution. The
composites adsorbent was characterized, followed by a series
of batch adsorption studies to comprehensively examine the
adsorption behaviors of the adsorbent as a function of contact
time, initial trimethylamine concentration and temperature.

The adsorption properties were also analyzed by evaluating
adsorption kinetics, diffusions, isotherms, and thermodynamic
parameters.

2. Materials and methods

2.1. Materials

The nickel laterite ore was collected from Indonesia. The
chemical compositions of raw ore are presented in Table 1.

All the other reagents, including trimethylamine,
hydrochloric acid, sodium silicate, ferrous sulfate, sodium sul-
fite, sodium hydrate, ethylene glycol, sodium citrate and etha-
nol, were of A.R. grade. They are used as received. Deionized
water was used in all experiments.

2.2. Preparation

The scheme of preparation of MCA using laterite nickel ore is
shown in Fig. 1. The synthesis process is divided into four
parts.

i. Treatment of Laterite nickel ore. 20 g laterite nickel ore
was mixed with 100 mL of 5 M sulfuric acid in a 3-necks flask.
The leachate and leaching residue was obtained.

ii. Preparation of magnetic particles. The sodium sulfite
solution was added into the above leachate for reduction of
ferric ions to ferrous ions. Al was precipitated and removed
by adjusting pH up to 4 using sodium hydroxide solution,
followed by co-precipitating nickel ions and ferrous ions at
pH of 7.

The co-precipitation was dissolved in the dilute hydrochlo-
ric acid. After adjusting the total volume of the solution with
deionized water to 373.4 mL, 80 mL of 1 M NaOH, N,H4-H,-
O (28.6 mL) and (HOCH,), (4 mL) were added into it in
sequence with magnetic stirring for 2 h under N,. The mixed
solution was transferred to an autoclave. The sealed autoclave
was heated in a preheating furnace at 393 K for 2 h. The pro-
duct was separated by magnetic separation at room tempera-
ture, and then washed several times with deionized water.

iii. Preparation of sodium silicate solution. In a typical pro-
cedure, nickel residue and sodium hydroxide were mixed thor-
oughly and roasted in muffle furnace. Sodium silicate solution
was obtained by dissolving the roasted products.

The sodium silicate solution was purified by carbonation
decomposition using CO, at the pH of 11. The purified solu-
tion was obtained by filtration.

iv. Synthesis of MCA. The magnetic particles as-synthesized
was dispersed into the purified sodium silicate solution. After
heating the suspension to 353 K in a water bath, CO, was
purged into it until the pH of 9. After washing with deionized
water and ethanol alternately, the product was separated by
magnetic field and dried at 393 K.

2.3. Characterization

SSX-550 made by Japan was used for SEM testing,and the ele-
ment contents were measured through an energy dispersive
spectroscopy (EDS).TEM was performed onG20(made by
FEICo., USA). The structures of nanoparticles were identified
by X-ray diffraction. PANalytical X’Pert Pro made in
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Table 1 Chemical composition of laterite nickel ore (mass/%).
SiO, TFe MgO ALO; Ni
Raw ore 29.42 19.74 14.71 5.32 1.56

Laterite nickel ore H,S0,

I
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Purifying
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Fig. 1 The scheme of preparation of MCA from laterite nickel
ore.

Netherland was used to record powder diffraction patternsus-
ing Cu Ka radiation. The date wascollected ranged from 10° to
90° at 4.25° per minute. The Lakeshore Model 7407 Vibrating
Sample Magnetometer (VSM)was used for magnetization
measurement at room temperature. The pore size distribution
and Brunauer-Emmett-Teller (BET) surface area of the
nanoparticles were measured by N, adsorption/desorption
on Autosorb-iQ-C (Quantachrome, USA). The concentration
of organic amine was using gas chromatograph-mass spec-
trometer (GC-MS) model 7890B-7000C manufactured by
AAgilent Technologies in the USA.

2.4. Adsorption

In a series of vials containing 20 mL of the designed concentra-
tion of TMA solution, a fixed amount of adsorbent was used
for batch adsorption experiments. Typically, 0.02 g of the
CMA was put into 20 mL of TMA solution (200 mg/L), and
then it was vibrated at 1000 rpm for 24 h at room temperature.
Magnetic bar was used to separate the magnetic adsorbent
from the solution. Gas chromatograph—-mass spectrometer
(GC-MS) was used to measure the concentration of TMA in
the adsorbed liquid.

The adsorption capacity (g.) was calculated as follows (Fu
et al., 2018):

g =G =C) ()
m

Where ¢, is defined as adsorption capacity (mg/g), Cy and C,

are the initial and equilibrium concentration of TMA in solu-

tion (mg/L), respectively. V' is solution volume (L), m is

amount of adsorbent (g).

In the kinetic experiment, 0.02 g of the adsorbents were
added to the 20 mL TMA solution with the specified initial
concentrations of 100, 200 and 300 g/L respectively. The sam-
ples were oscillated at 1000 rpm, and the concentration of
TMA was analyzed within the designed time interval.

3. Result and discussion
3.1. Characterization

3.1.1. Chemical analysis

All materials for synthesizing the MCA were obtained from
the raw ore. Silica which plays an important role in adsorbing
was prepared using the sulfuric acid leaching residue (obtained
via 2.2 i). For the leaching residue, it can be found that SiO,
are upgraded in the residue from original 29.42% up to
69.56% (seen in Table 2). It proved that silicon compounds
are main components in the solid waste.

Sodium silicate solution (F1, F2), purified silicate solution
(F3-F5) and silica (F6) which incorporate on the magnetic par-
ticles and work on adsorbing in the MCA were obtained by
formula (F1) to (F6).

SiO, + 2NaOH — Na,SiO; + H,0 (F1)
ALO; + 2NaOH + H,0 — 2NaAl(OH), (F2)

nNa28103 + 2NaA1(OH)4 — NazO . A1203
-nSiO; + 2nNaOH + (4 - n)H,0
(F3)

2NaFeO, + CO, + 3H,0 — Na,CO; + 2Fe(OH),  (F4)
NaNiO, + CO, + 3H,0 — Na,CO; + Ni(OH), (F5)

NaQSiO3 + COZ — SlOz + N32C03 (F6)

From chemical composition of the purified silicate solution
in Table 2, we can find that heavy metal ions impurities almost
were removed by carbonation decomposition method.

Magnetic particles which play an important role in recy-
cling were prepared via 2.2 iéi. From chemical composition of
the Ni?" and Fe?" solution in Table 2, we can find that the
roatio of ferrous ions in the Ni?" and Fe?" solution are
higher. According to our previous work (Liu et al., 2014),
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Table 2 Chemical composition of different systems.

Si Fe Mg Al Ni
Residue (mass/%) 69.56 (Si0,) 9.02 (TFe) 6.94 (MgO) 2.1 (ALLO3) 0.37
Ni?" and Fe?" solution (g/L) 31.7 10.5 2.3 2.8
In Na,SiO; solution (g/L) 24.4 0.036 0.006 0.48 <0.001

the magnetic particles are mixture of alloy and nickel ferrite,
with more NiFe oxides.

3.1.2. Morphology and structure

The compositions of Ni and Fe in the as-synthesized NiFe par-
ticles are 1:16. As our previous work (Liu et al., 2014), when
the feeding ratio of Ni to Fe was < 60%, the hydrothermal
products are inclined to Nickel ferrite.

XRD patterns of the magnetic particles and MCA are
shown in Fig. 2. The XRD data belonging to magnetic parti-
cles showed six clear peaks. The peaks at 19.0° and 44.8° can
correspond to (111) and (400) features of MgAl,O4. The
peaks at 35.4° and 62.5°can be indexed to (311) and (440)
of spinel NiFe,O4. The peak at 40.9° was assigned to (113)
planes of a-Fe,O;. The peak at 51.9° can be indexed to
(200) plane feature of the NiFe alloy with face-centered cubic
(fee) structure (Hjiri et al., 2019).

Based on our previous work (Liu et al., 2014), the
hydrothermal products of nickel and iron ions mixture solu-
tion are effected by the feeding ratio of Ni to Fe. When Ni:
Fe is higher than 3:1, the products are NiFe bimetallic alloy
with Fec structure; If the ratio of Fe ion increase, the products
appear nickel ferrite with ferroferric oxide structure, even to
pure ferroferric oxide. In this study, the feeding ratio of Ni
to Fe was determined by nickel laterite ore, NiFe,O4 and NiFe
phases found in the products are consistent with the previous
work. Meanwhile, MgAl,O, were seen in the hydrothermal
products. Its existence is because there are Mg®" and AI’"
in the Ni*>" and Fe?* solution (seen Table 2). According to

gy
: MgA1204
e
~ ) o s ?,. . NiFe
- W = = = I @ ¢-Fe,0;
® < ¥ NiFe,0,
é a
z
z
2
b
1 i 1 A 1 A 1
20 40 60 80
20 (degree)
Fig. 2 XRD patterns of magnetic particles and magnetic MCAs

prepared from laterite nickel ore (a) magnetic particles (b)
magnetic MCAs.

the experiment, the hydrothermal products were separated
by magnetic bar, so MgAl,O4 were deduced that it was formed
in the initial hydrothermal reaction stage and offered nucle-
ation for NiFe,O4 or NiFe. For a-Fe,Os, it was derived from
the oxidizing of ferroferric oxide in the sample drying process.

Compared with magnetic particles, the curve b shows a
wide peak at the low diffraction angle (20 < 30°), indicating
the existence of amorphous phase in the magnetic MCA. Fur-
thermore, the decrease and even disappear of the clear peaks is
caused by the cover of amorphous phrase.

The representative sets of SEM and TEM images of mag-
netic particles and MCAs are shown in Fig. 3. It can be seen
that both of the samples (Fig. 3(a, b)) are formed with agglom-
erations of non-uniform grains, but the particle size of the later
is bigger. EDS analysis (Fig. 3(c)) illustrates that the elements
of Ni, Fe, Al and Mg are present in the two samples, but Si
only exists in the MCAs.

Based on XRD, SEM and EDS analysis, it should be
believed that the MCAs are composed of magnetic particles
and amorphous silicon compounds. Furthermore, TEM char-
acterization of MCAs is shown in Fig. 3(d). It is different from
our previous work (Liu and Shen, 2019), the products are not
perfect core-shell structure. Silica small particles obtained by
carbonation decomposition of silicate solution incorporated
on the NiFe particles. The irregular silica particles link
together and form larger clusters. In the composite structure,
silica works on adsorbing and magnetic particles help
recycling.

3.1.3. VSM

As shown in Fig. 4, the magnetic properties of the magnetic
particles and MCAs were characterized via vibrating sample
magnetometer at room temperature. For magnetic particles,
the values of the saturation magnetization (M), remanence
(M,) and coercivity (H,) are 6.364 emu/g, 1.186 emu/g and
86.190, respectively. For MCAs, the values of the parameters
are 0.596 emu/g, 0.196 emu/g and 109.060, respectively. Com-
pared to the magnetic particles, the M, and M, values of
MCAs were lower due to the existence of amorphous silica.
The low effective coupling of the magnetic dipole moment
leads to an increase in H,. (Wang et al., 2005).

3.1.4. BET surface area analysis

Fig. 5 shows the N, adsorption—desorption isotherms of the
MCA:s. It shows that the curves of MCAs have been classified
to typical V curves.

The N, adsorption capacity of composite particles
increased slowly at low pressure, and the adsorption mode of
nitrogen molecules on the inner surface of the pore was mono-
layer to multilayer. When P/P, ranges from 0.8 to 1.0, the
adsorption capacity increases sharply, and the change of
adsorption and desorption region was relatively narrow, which



Preparation of magnetic composite adsorbents from laterite nickel ore 5

Fe

composite adsorbent

Count

magnetic particle

10 12 14 16 18 20

Energy (kev)

(d)

Fig. 3 SEM image of magnetic particles (a) and MCAs (b), and EDS spectra (c) of “A” and “B” point and TEM image of MCA (d).

indicated that the pore size of MCAs was more uniform. The
surface area as determined from the adsorption branch by the
multipoint BET method was 42.167 m?/g. And the pore size
distribution of the composite particles as test by the BJH
method was 3.062 nm.

3.2. Adsorption

3.2.1. Effect of initial concentration

The initial concentration of pollutant is a key parameter for
adsorption. It reflects the necessary driving force that can over-

come the resistance between the liquid phase and the solid
phase (Iram et al., 2010).

The effect of the contact time on the adsorption for TMA is
shown in Fig. 6(a). The equilibrium adsorption capacity
increased from 10.30 to 30.45 mg/g with the initial TMA con-
centration increasing from 100 to 300 mg/L. At the low initial
TMA concentration, most of the adsorption active sites were
unsaturated on the adsorbent surface. With the increase of
the TMA concentration, the driving force derived from the
concentration gradient would gradually be enhanced to pro-
vide greater impetus to adsorbate. It makes more TMA mole-
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Fig. 4 VSM magnetization curve of magnetic particles (a) and
MCA (b) prepared from laterite nickel ore.
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Fig. 5 The N, adsorption-desorption isotherms of MCA.

cules to overcome the transfer resistance to land on the adsor-
bent surface and combine with valid adsorption sites on the
surface of the adsorbent (Zhang et al., 2020).

Here, an adsorption process different from other literatures
was observed. As shown in Fig. 6(a), a negative g, can be
obtained based on Eq. (1) at 30 min of adsorption and then
began positive adsorption. The same trend was found for pure
silica adsorbent (seen the supporting file). According to this
phenomenon, it seems that the adsorbent do not adsorb
TMA but release more to the solution within the first
30 min. Obviously, the interpretation is wrong because there
is no TMA in the prepared adsorbent. The phenomenon of
negative ¢, is originated from the different adsorbing speeds
of the adsorbent to water molecules and TMA molecules.
The prepared adsorbent was dried at 393 K, resulting in the
losing of adsorbed water of the adsorbent. When the adsorbent
was put into the solution containing TMA, TMA and water
molecules were adsorbed onto the adsorbent simultaneously.
But the adsorbing speeds were different, adsorbing to water

was faster. It made the real concentration of TMA higher at
this stage than the initial concentration. Hence, to calculate
¢; based on Eq. (1) at this stage, we got the negative values.
With the adsorption, the adsorbing to water reached satura-
tion. After that, the adsorption mainly exhibited the adsorbing
to TMA. The zero of ¢, at 30 min can be considered that the
adsorbent reach the saturated water adsorption. The volume
of water absorption calculated was 1.6 mL. The ¢, was re-
calculated on the basis of the real concentration using Eq.
(1). The new adsorption equilibrium curve is shown in Fig. 6
(b). There are two findings. First, adsorption of TMA onto
MCA increased fast within the initial 240 min and then slowly
down to equilibrium. It can be interpreted that the available
actives sites on the adsorbent gradually decreased with the
increase of adsorption capacity. Second, the ¢, increased with
TMA concentrations. It can be explained that every active site
on the adsorbent is surrounded by more TMA molecules and
ultimately occupied more efficiently. The actual equilibrium
adsorption capacities at three different concentrations were
19.28, 38.98 and 56.80 mg/g, respectively.

3.2.2. Adsorption isotherms

The adsorption isotherm curves (¢, vs. C.) of TMA onto the
MCA are shown in Fig. 7, measured through the initial
TMA concentrations from 100 to 500 mg/L at temperatures
of 273, 293 and 313 K, respectively. It shows that the ¢.
increase with initial concentrations and temperature. For
example, ¢, increases from 6.77 to 32.41 mg/g when adsorbing
temperature rises from 273 to 313 K under the initial TMA
concentration of 100 mg/L. It demonstrates that high temper-
ature is favorable to removal of TMA.

Formulate the date in Fig. 6(b) into Langmuir and Fre-
undlich isotherm models, and then investigate the maximum
adsorption capacity. In order to describe monolayer adsorp-
tion onto a surface, Langmuir isotherm has been widely used.
The adsorption process will be identify at a site when a pollu-
tant molecule occupies this site (Iram et al., 2010). Its linear
form can be expressed as follows (Iram et al., 2010):

c, G 1

4o 4w 9nKe

where C, (mg/L), . (mg/g), ¢,, (mg/g) and K, (L/mg) are the
equilibrium concentration of TMA solution, the equilibrium
adsorption capacity, the maximum capacity, and the Langmuir
adsorption constant, respectively.

For Freundlich isotherm, it belongs to an empirical equa-
tion. Freundlich model is commonly used to illustrate multi-
layer adsorption process with interaction between pollutant
molecules, which occurs on a heterogeneous surface with uni-
form energy distribution and reversible adsorption (Iram et al.,
2010). Its linear form is represented as follows (Kumar et al.,
2014):

2

Ing, = InKp + llnC[, (3)
n

where ¢, and C, are same definition as represented in Lang-
muir model, Kz (L/mg) is Freundlich constant which can
reflect the binding energy constant showing the affinity of
the absorbent to pollutant and » is the heterogeneity factor.
The Langmuir and Freundlich models for removal of TMA
are shown in Fig. 8. The constants of Langmuir and Fre-
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Fig. 6  Effect of initial concentration on TMA removal by MCA (a) experimental data (b) re-calcualted data.
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Fig. 7 Adsorption isotherms data TMA onto MCA.

undlich were obtained through the corresponding slope and
intercept of the linear curve of C,/q,.’ versus C, and In ¢,/ versus
InC,, respectively. The values of the correlation coefficients
(R% calculated based on the Langmuir model are 0.9252,
0.8437 and 0.9775, respectively, and are 0.999, 0.990 and
0.998 from Freundlich model, respectively. This result illus-
trated that Freundlich model are more appropriate than Lang-
muir model. The linear equations and characteristic
parameters based on Freundlich model are listed in Table 3.
The Freundlich isotherm belongs to non-ideal adsorption
model performing on heterogeneous surfaces with a uniform
energy distribution (Kumar et al., 2014). The heterogeneity is
derived from the presence of different functional groups on
the surface of the adsorbent, and also from various interac-
tions of the adsorbent and the adsorbate (Guo et al., 2014).
As shown in Table 3, the parameter if n represents heterogene-
ity factor and it has used to evaluate when the adsorption pro-
cess is physical (n > 1), chemical (n < 1) or linear (n = 1)

16 |
14
12
10 |
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a5k " 273K
e 293K e (b)
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2.5k
20F
1‘5 1 1 1 1
4.0 4.5 5.0 5.5 6.0 6.5
InC

e

Fig. 8 Langmuir adsorption isotherm fitting lines (a) and
Freundlich adsorption isotherm fitting lines (b) of TMA onto
MCA.



8 L. Fu et al.
Table 3 The linear equation and characteristic parameters for Freundlich model of TMA onto MCA.
T/°C Equation R’ n Kr (mL/pg)
0 In g, = —3.413 + 1.1459/nC, 0.999 0.873 0.0329
20 In g, = —0.712 + 0.8320/nC, 0.990 1.202 0.491
40 In g, = 0.812 + 0.6147in C, 0.998 1.627 2.252

(Martins et al., 2015). For the adsorption at room tempera-
ture, n is greater than 1, the adsorption more inclined to phys-
ical adsorption and the more heterogeneous the surface exists.

3.2.3. Thermodynamics

Thermodynamics analysis of the adsorption process can esti-
mate whether the process will happen spontaneously. For a
practical process, energy and entropy attention have to be con-
sidered in any adsorption process. The values of log K. can be
described on the following equation (Oguz and Keskinler,
2005):

fe (4)

logK, —
R TTTE

Where F, is the fraction adsorbed at equilibrium.

The Gibbs free energy changes (AG), the enthalpy change
(AH) and entropy change (AS) were calculated based on the
Egs. (5) and (6):

AG = —RTInK (5)

AS AH (©6)
2.303R 2.303RT

Where K is the thermodynamic equilibrium constant. In this
paper, K.were chosen as the constant calculated the values of
AG.

In order to calculate the thermodynamic parametersof AH
and AS, these parameters can be calculated from the slope and
intercept of the linear curve of log K. vs.1/T. The thermody-
namic parameters are displayed in Table 4. A spontaneous
adsorption of TMA onto MCAs can be demonstrated from
negative values of AG. The AG calculated from three tempera-
tures (0.380, —1.34 and —2.874 KJ molfl) can confirm that the
adsorption mechanism is dominated by physical adsorption
(Allen et al., 2004). The positive AH declares that the adsorp-
tion reaction of TMA removal by MCA is endothermic (Feyzi
and Norouzi, 2016).

logK =

3.2.4. Adsorption kinetics

The data were further fitted to get access to the adsorption
kinetics information of the TMA onto MCA. Commonly,
the pseudo-first-order model and pseudo-second-order model
of Egs. (7) and (8) were used to analyze them respectively.

Table 4 Thermodynamic parameters for TMA removal by
MCA.

T /K AG/kJ mol ™! AH/kJ mol ™! AS/kJ mol ™!
273 —0.380 16.551 0.062

293 —1.340

313 —2.874

The pseudo-first-order model can be described on the fol-
lowing linear form (Fu et al., 2018):

In(q, — q,) = Ing, — kit (7)

The pseudo-second-order model can be described on the
following linear form (Fu et al., 2018):

t 1 1
—=—+—t (8)
a9 kaq;  4q.

Where ¢, and ¢, are the adsorption capacity at adsorption
equilibrium and at time ¢ (min), respectively. k; (min~") and
k>(mg pg~' min~') are the kinetic rate constants of pseudo-

(a) = 100mgL
o 200 mg/L
4 300 mg/L

o)

0 500 1000 1500 2000 2500
t' (min)

160
= 100 mg/L

140 o 200 mg/L (b)
[ 4 300 mg/L

1 A 1 A 1 A 1 A 1 A 1 A
0 500 1000 1500 2000 2500 3000
t' (min)

Fig. 9 Adsorption kinetic plots of TMA onto the MCA Pseudo-
first-order kinetic model (a) and Pseudo-second-order kinetic
model (b).
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Table 5 The kinetics parameters for TMA onto MCA.

Concentration (pg/mL) Equation q./(mg/g) q.*(mg/g) ko R?

100 ’/q, = 5.6765 + 0.05085 ¢ 19.28 19.67 0.000171 0.999
200 !lq, = 1.7814 + 0.02506 /' 38.98 39.90 0.000164 1.000
300 !lq, = 1.4175 + 0.01714 ¢ 56.80 58.34 0.000149 1.000

q./(mg/g) is adsorption capacity, and ¢.* is adsorption capacity.

first-order adsorption and pseudo-second-order adsorption,
respectively.

As shown in the Fig. 9, it is obvious that Pseudo-second-
order kinetic model exhibited a good linearity (R> > 0.998).
The kinetics parameters according to pseudo-second-order
model are listed in Table 5.The result shows that the pseudo-
second-order equation depending on the adsorbent and pollu-
tant molecules can better reflect the adsorption process (Iram
et al., 2010). The calculated ¢,* calculated from the pseudo-
second-order model are very close to the experimental ¢,/. It
suggests that pseudo-second-order kinetic model is more suit-
able. (Akar et al., 2008) Furthermore, it illustrates that the
adsorption depends on the adsorbate and adsorbent (Ho and
Kay, 1998). The kinetics of adsorption of many species onto
various adsorbents was also found to be of second order in
the literature (Moussavi and Mahmoudia, 2009).

3.2.5. Adsorption rate-controlling mechanism

Assuming that the adsorption mechanism is that adsorbate
molecules enter the pores of the adsorption material through
diffusion. The intra-particle diffusion model explored by

ok = 100mg/L
e 200 mg/L
oL 4 300 mg/L
40k
a0k
20
10
| |
0 i 1 A L i L i L i 1 i
0 10 20 30 40 50 60

172, .12
t"" (min"")

Fig. 10 Weber-Morris intraparticle diffusion plots for removal
TMA using MACs.

Weber and Morris was represented as follows (Brito et al.,
2010):

q,=ky'*+C 9)

Where k, (mg/g min~') represent the intraparticle diffusion
rate constant in the article, and C is a constant connected to
the thickness of the boundary layer.

The plots obtained for ¢, versus /> are shown in Fig. 10 and
the parameters are listed in Table 6. All plots are exhibited in
two linear segments, indicating that the adsorption of TMA
includes two stages (film diffusion stage and intraparticle diffu-
sion stage). In Table 6, the value of k;was higher than that of
k., which was consistent with the observation in Fig. 6 that the
slope of former stage was higher than the latter one. The high &,
values of the first-stage indicates adsorption rate happened at
external surface or instantaneous adsorption is high. k; values
of the second-stage curve is smaller. The adsorption process is
mainly governed by the intra-particle diffusion process.

Furthermore, at the initial stage, the adsorption sites on the
MCA surface can bond with the TMA and get saturated
instantly. Then at the intraparticle diffusion stage, TMA
would transfer and combine with the valid interior adsorption
sites inside the adsorbent pores, where the diffusion of TMA
was slow down due to the lager mass transfer resistance. Thus,
the rate constant of this stage was smaller than the former one.
Moreover, the fitting lines didn’t pass through the origin point,
meaning that the intraparticle diffusion step was not the only
step limiting adsorption rate, the film diffusion stage also
played a part in ruling the adsorption rate (Ghasemi et al.,
2014).

4. Conclusion

In summary, the MCA using laterite nickel ore as raw material
were successfully synthesized and characterized by using XRD,
SEM, TEM, EDS, VSM and BET techniques. The magnetic
MCA can effectively remove trimethylamine from aqueous
solutions. The spontaneous adsorption process can be demon-
strated by the negative values of AG calculated by the thermo-
dynamics parameters. Freundlich isotherm model was the
most consistent with the experiment data. The adsorption
kinetics followed pseudo-second-order kinetic model and the

Table 6 The intraparticle diffusion parameters for TMA adsorption onto the MCA.

Concentration (mg/L) First-stage

kqi (mg/g min~") C,

Second-stage
kq (mg/g min~") C;

100 0.64
200 1.28
300 1.91

3.11 0.12 13.16
8.55 0.14 31.90
10.13 0.25 44.53
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adsorption process was governed by intra-particle diffusion
processes. The results show that laterite nickel ore can be pre-
pared into magnetic MCA for organic amine removal from
polluted water.
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