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Abstract
The polyaniline /Fe, ¢Zng ;04 (PANI/Fe, 9Zng ;0,4) nanoparticles with different mass ratios
were synthesized by both co-precipitation and in sifu polymerization methods. The FT-IR
spectra and DTA analyses showed the involvement of PANI in the nanocomposite samples. The
grain size of samples measured by SEM ranges from 25 to 40 nm. The magnetization of samples
at 300 K, H = 11000 Oe decreased from 65 to 43 emu g71 as PANI/Fe, ¢Zng 1O, mass ratio
increased from 9% to 40%. At pH 7 and 300 K, the maximum arsenic (III) adsorption capacities
of sample S; (mass ratio of 9%) max = 43.48 mg g~ ' was higher than that of others and Fe;0,.
Additionally, the substitution of Fe*" ions by Zn>" ions and the presence of PANI in samples
contributed to improving the magnetic and chemical stability of samples over time. Furthermore,
these materials could be reused after desorption in a solution at pH 14.

Keywords: adsorption ability, infrared spectra, magnetization, nanocomposites,
polyaniline /Fe, ¢Zng 104
Classification numbers: 2.01, 4.02, 5.02, 5.11, 5.18

1. Introduction engineering [1, 2], biomedical applications [3-6], and water

treatment [7-9] as well as environmental pollution monitoring
Nanocomposite materials comprising ferrite and polymer have  [10-12]. In environmental treatment, magnetic nanocomposite
garnered attention due to their wide range of applications in  materials are easy to recover and reuse, whereas the use of

© 2024 Vietnam Academy of Science & Technology. All rights, including
1 for text and data mining, Al training, and similar technologies, are reserved.
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nonmagnetic metal oxide hetero-structures, and mesoporous
[13-17] poses significant challenges in recovery, often leaving
residuals in the environment and causing secondary pollution.
In this context, magnetic nanoporous materials are considered
potential candidates for heavy metal ion removal due to their
simple and efficient recovery using an external magnetic field.
Iron oxide nanoparticles easily undergo a decrease in their
physicochemical properties due to the rapid oxidation of Fe;04
into ~-Fe,O3 as described by the equation:

4Fe;04 + O, — 6Fe,03 (1)

So, a large number of studies have focused on improving the
magnetization and chemical stability of the nanomaterials by
doping of M metal ions into Fe; ;M;O4 (M = Mn, Co, Cu, Ni,
Mg, Zn) [11, 18-25] for treating heavy metal ions, weak-acid
oxyanion contaminants [9, 10, 26-28] or dyes in wastewater
environments. Research results in [23] show that the
magnetization (Ms) of Fe;O4 decreased from 69.5 emu g7l to
56 emu g~ ' after two synthesis months. Among the afore-
mentioned Mx metal ions, the partial substitution of Zn for Fe
ions in Fe;_,7Zn, 04 (0 < x < 1) has been shown to increase
Ms compared to Fe3O4 [18, 29]. This corresponds to the
reduction oxidation of the sample to ~-Fe,Os.

In addition, coating magnetic nanoparticles with polymers
serves to preserve the chemical and physical characteristics of
magnetic nanoparticles while facilitating their recovery and
reuse as adsorbent materials [30, 31]. Polyaniline, known for
its exceptional environmental stability, antioxidation, and
anticorrosion properties, it can be easily blended with other
oxides to form composite materials [32, 33].

In our previous publications, we investigated the max-
imum arsenic adsorption capacity (qumax) using Fe;Oy, Mn**,
Cu?t doped Fe;0, [23], and poly(1-naphthylamine)/Fe;0,
composites [31]. However, studies on the use of Mn”, Cu**
doped Fe;0, and the coating of magnetic nanoparticles with
polyaniline (PANI), poly(l-naphthylamine) and polyvinyl
pyrrolidone [29, 31, 34] have yielded disparate results, with
little attention to the reusability of the materials. Additionally,
the microscopic and magnetic properties of Fe;,Zn,Oy
samples were studied, in which the samples had high mag-
netization [29]. In this research, we focus on studying the
PANI/Fe; ¢Zn, 10, sample system with on the following
aspects: (a) Microstructure analysis of nanocomposites with
different PANI/Fe, 9Zng 04 mass ratios synthesized using a
combination of the co-precipitation method and in situ
polymerization method; (b) Investigating the effect of repla-
cing Zn*" ions for Fe*™ and PANI ions on the As adsorption
capacity of PANI/Fe, 9Zn, ;04 nanocomposites as well as the
desorption /re-adsorption capacities of the magnetic compo-
site nanomaterials.

2. Experimental details

2.1. Chemical and apparatus

All chemicals were of analytical grade: FeCl;.6H,0, Na,SO3,
25% NH4OH, Zn(CH;COO),-2H,0, NaOH, HCI, acetone

99%, isopropanol (IPA), (NH4),S,0s As(IIl) solutions
with an As(III) concentration of 106 ppb, ten times greater
than the permissible values specified by the World Health
Organization (WHO), were prepared from As;O;. The
structure and morphology of the samples were investigated by
x-ray Powder Diffraction (XRD) patterns (D5005, Bruker),
Scanning Electron Microscopy (SEM) (S4800), Infrared
Spectroscopy (IR Prestige —21), and Thermal Gravimetric
Analysis (TGA) by DTG —60H. The magnetization of sam-
ples was measured using a vibrating sample magnetometer
(VSM 8600 S). Additionally, BET analysis was conducted to
determine the porosity and surface area of adsorbent materi-
als, based on the inelastic interaction of adsorbent material
and N2 gas at 77 K, using TriStar 3000 V6.07A and TriStar
3000 V6.08 software. The arsenic concentration of the solu-
tions was determined using the Flame-Atomic Absorption
Spectrophotometer (F-AAS 6300 Shimadzu) before and after
the introduction of adsorbent magnetic nanoparticles.

2.2. Synthesis of Fes ¢Zny 10,4 by co-precipitation method

The initial chemicals, including HCIl, (CH3COO),.Zn.2H,0,
Na2503, FCC13.6H20, NH3, (NH4)25203 were hlgh—purlty
chemicals sourced from Merck Chemical Company, Ger-
many. Solutions of FeCl;-6H,0, Zn(CH3COO),-4H,O con-
taining Fe*" and Zn*" with a nominal Zn atom content of
0.10 were mixed and stirred together with the Na,SO; solu-
tion. The synthesis steps for Fe; ¢Zn, O, nanoparticles have
been previously published in [29, 31].

2.3. Synthesis of PANI/Feg.goZn,. 10Fe204 nanocomposites

The PANI/Fe; 99Zng 1004 nanocomposite was synthesized
via the in situ polymerization method, wherein the aniline
monomers were adsorbed onto the surface of inorganic par-
ticles. Subsequently, aniline was polymerized by the catalyst
(NH4),S,0g to form polyaniline (PANI). Following this, the
inorganic particles were coated with PANI, precipitated, and
separated from the solution. This synthesis method is briefly
described as follows:

(a) A calculated amount of Fe, ¢Zng 10,4 was added in 60 ml
of distilled water, followed by 40 ml of IPA, and aniline.
The mixture was then stirred for 60 min (mixture A).

(b) (NH,4),S,05 solution was added dropwise to mixture A
with a monomer/oxidizing agent molar ratio of 1:1.5 to
obtain a black-blue mixture (mixture B). The mixture
was allowed to stir for 2 h with an exothermal reaction

(c) Filter the mixture using an external magnet, then the
obtained solid was dried by a Labconco Freeze concen-
trator for 5h at 1 mPa and temperature of 40 °C. The
samples with different mass ratios of PANI/Fe; 9Zng 10,4
were synthesized by in situ polymerization method of
aniline on the surface of Fe; ¢Zn, 0, particles and coded
by So, S1, S,, and S5 as represented in table 1. The mass
ratios of PANI/Fe; ¢Zn, ;O, in the samples (in table 1) are
re-calculated from the values of Ms measurements using
VSM device.
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Table 1. Aniline, PANI component in Sy, S;, S,, and S; samples.

Sample So Si S S5
Fe; 00Zny.1004, (in g) 20 20 20 20
Aniline, (in ml) 0O 18 51 178

Mass ratio (PANI/Fe, 99Zng 1004), (in %) 0 9 26 40

2.4. The survey method of arsenic adsorption

The adsorption kinetic of the nanocomposites was studied by
the nitrogen adsorption—desorption isotherms of Sy, Sy, S,,
and S5 samples at 77K using BET method. The evaluation of
the arsenic adsorption capacity of the samples was performed
with different pH levels of As(II) solution at room temper-
ature. Then, pH of the solution was selected at which As(III)
adsorption occurs optimally to investigate qn.x of the syn-
thesized samples. The experiments were conducted by adding
0.01 g of samples (Sy, Si, S,, and S3) into As(III) solutions of
initial content of 106 ppb. Each mixture was then allowed to
stir for 50 + 60 min for complete adsorption. The arsenic
contents before and after adsorption were analyzed by Flame-
Atomic Absorption Spectrophotometer F-AAS.

3. Results and discussion

3.1. Structure and morphology

The XRD pattern of Sy was presented in [29], wherein the
substitution of Zn>* with content of x = 0.10 caused a slight
increase in the lattice constant (a = 8.39 A°) compared to
Fes04 (a = 8.38 A°) [23, 29]. In figure 1, the diffraction
peaks of (220), (311), (400), (442), (511), (440) of S;, S, and
S; were completely fitted with the standard diffraction pattern
(JCPDS card No. 03-0863) of Fe;O, [6] as well as in a
previous publication [29], demonstrating a centered face
cubic structure. This proves that the addition of polymer did
not affect the crystal structure of the materials because PANI
polymer is an amorphous material [34] and does not affect the
crystal structure of Fe,oZng 04 nanoparticles. Using
2dsinf = nA [25], the lattice constants of the nanoparticles in
the Sy, S,, and S3 samples were the same with a = 8.39 A° (in
table 2).

The crystal sizes (Dy.r.y) were calculated from XRD
pattern about 11.8 nm of Sy, S,, and S3 samples using the
formula D = 0.9\/Bcosf [25] (A = 1.54 A°; and (3 is the full
width at haft maximum of diffraction line).

In figure 2, the SEM image of S; shows the agglom-
eration in S; sample with grain size (Dggy) from 20 to 30 nm
due to the presence of PANI in the sample. Meanwhile, in
SEM images of S,, the borders of nanoparticles are more
clearly with the grain sizes larger than S; sample (from 25 to
35 nm). However, the grain sizes of S3 samples are about of
30 to 40 nm and larger than S; and S..

a: JCPDS No 030863

140 o b:s, ¢S, d:S,
120 +
s~ 511 (440)
G100} (400) kg
> 80 (422)
0 d
& 60
E= c
40
20 b
a
Ot I 1 l L | i | L 1
30 40 60 70

Figure 1. XRD patterns of S;, S, and S;.

Table 2. Vibrational modes observed in the FT-IR spectra of PANI,
S, samples.

PANI in [35]

Sy
Wavenumber Wavenumber
(cmfl) Vibrational modes (cmfl)
3124.5 vibrating of OH 3190.1; 3375.4

1573.5; 1492.6
1400.3; 1303.9
1149.6

821.7; 594.1

1573.5; 1492.6
1400.3; 1303.9
1134.0
571.0

vibrating of C = C group
vibrating of C-H, C-H*
bending vibrating of C-H

3.2. FT-IR (Fourier-transform infrared spectroscopy) spectra
analyses

The FT-IR spectrum of PANI (figure 3, line a) shows
strongly absorbed peaks of PANI in the region from 1149.6 to
1573.5 cm™' with the highest intensity at 1149.6 cm™'. The
peaks of 1149.6 cm™', 1303.9 cm™', 1400.3 cm ™', 1492.6 cm ™',
15735 cm™' were attributed to the absorption of bending
vibrating of C-H, and stretching vibrating of C-N" groups, C=C
linkages in PANI [35], in table 2.

In work of [29] the FT-IR spectrum of PANI uncapped
sample shows only the strong adsorbed peak at 571 cm™',
along with two small peaks at 1400.3 cm™', 1623 cm .
Meanwhile, the vibrating peaks in the FT-IR spectrum of S,
(figure 3, line b) appeared at 1573.5 cm™ ! 1492.6 cm™!,
1303.9 cm™ ' and 1134 cm” !, with a slight shift of the peaks
at 571 cm ™" and 1134 cm ™' peaks, suggesting the presence of
PANI in the S, component. The vibrational modes observed
in the FT-IR spectra of PANI, S, samples were shown in
table 2.

3.3. TGA and DTG analyses

The TGA curve in figure 4(a) shows that at temperatures
below 80 °C, PANI’s mass drop was 13% owing to water
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Figure 2. SEM images of Sy, S,, S; and distribution of grain size.
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Figure 3. FT-IR spectra of samples (a) PANI (b) S, and (c) PANI
structure.

3500

evaporation, with a prominent endothermic peak at 45 °C on
the DTG curve. From 80°C to 210 °C, the sample mass
almost remained static. From 210 °C to 320 °C, the decrease
in sample mass due to the decomposition of PANI to form
monomers and oligomers, corresponding to a sharp endo-
thermic peak at 292 °C in the DTG curve. At temperature
over 320°C, the weight loss it caused by the thermal
decomposition of the oligomers. Complete decomposition of
PANI occurs above 600 °C, as reported in [34].

The TGA curve of a typical S, sample in figure 4(b) also
shows that at temperatures below 80 °C, there is an 8.6%
reduction in sample mass due to water evaporation, corresp-
onding to a sharp endothermic peak at 45.2 °C in the DTG
curve. However, from 100 °C to 300 °C, the 3.3% drop in
sample mass might be attributed to the breakdown of
remaining monomers and oligomers. From 300 °C to 600 °C,
the thermal decomposition of the oligomers causes a small
and broad endothermic peak at 395 °C in the DTG curve.
PANI is completely degraded at 600 °C, thus, the sample
mass remaining at about 28%-29% at 600 °C is attributed to
the remaining component of Fe; ¢Zn, ;0,. It can be observed
that the DTG curve of S, compared to that of PANI suggest
that PANI could interact with magnetic nanoparticles [34],
leading to enhanced thermal stability of S, as well as the S,
and S; samples up to 300 °C.

3.4. Magnetization and chemical instability

The Ms at H = 11000 Oe of Sy is 74.5 emu g*1 [29], but Ms
of Sy, S,, and S; samples decreased from 65 emu g_1 to
43 emu g~ ' due to the increase in PANI content (figure 5).
Additionally, S;, S,, and S; samples have similar
Fe, 9Zny 04 magnetic composition, so after synthesis, the
PANI/Fe, ¢Zng ;04 mass ratios of in Sy, S, and S; samples
are calculated as 9%, 26% and 40% as shown in table 1.
These results are quite consistent with the mass loss observed
in the typical S, sample by DTA measurement in figure 4.
Furthermore, the specific mass of PANI is less than that of the
ferromagnetic particles, thus, the larger particle sizes, the
thicker the PANI shell and Ms of nanocomposites is even
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Figure 4. TGA and DTG analyses of samples: (a) PANI, and (b) S,.
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Figure 5. Magnetisation curves of Sy, S, and S;.

smaller. However, due to the PANI coating, the magnetiza-
tion and chemical properties of nanocomposite materials are
more stable over time.

3.5. Porous properties, adsorption kinetic and arsenic
adsorption capacity

Arsenic adsorption capacity is related to the pore properties
and specific surface area of the samples. Therefore, the pore
properties and specific surface areas of the samples were
investigated. Subsequently, the arsenic adsorption capacity in
different pH environments was examined. Based on these
findings, the kinetics of adsorption are discussed using the
observed results to determine the maximum As(III) adsorp-
tion capacity.

3.5.1. Porous properties of nanocomposite samples. The
adsorption kinetics of Sy, S;, S», S; can be explained on the
basis of the inelastic exchange interaction between the
specific surface area of the nanoparticle and the adsorbed
material (N, gas molecule). Using this approach, the N, gas
molecules connected to the nanoparticles before returning to
the gas phase at 77 K [23, 31]. The delayed time is assumed

to account for the phenomena of adsorption, as shown by the
equation: P/V,(Py — P) = (1/Vy,)(P/Py) [36]. Whereas, V,
and V,, are, respectively, the amount of N, gas adsorbed at
pressure P and when the surface area is fully covered in a
mono-molecular layer, respectively. The N, adsorption—
desorption isotherm curves of Sy, S, S, and S; samples
with a mass of 0.54 g at 77 K were presented in figure 6.
Using the BET (Brunauer, Emmett, and Taller) theory [36],
BET desorption average pore diameter (D,,q) BET specific
surface area (Ag,) of samples at a relatively low pressure
P/Py = 0.294 were calculated as shown in table 3.

Comparing the specific surface area of the Sy sample with
that of the S;, S,, and S; composite samples, it can be
observed that although the particle sizes of the Sy, S, and S;
samples (approximately 25 nm to 40 nm as shown in the SEM
images in figure 2) are larger than those reported for Sy in
previous work [29] (approximately 10 nm to 18 nm), PANI
coating increased the porosity of the material. This resulted in
achieving the highest specific surface area (94.7092 m*> g~ ")
for the S; sample with the appropriate PANI mass ratio.

3.52. The arsenic adsorption capacity in different
pH environment. Initially, the So, S;, S,, and S3 samples
were investigated for As(III) adsorption in the environments
with different pH at room temperature to determine the
optimal pH level with the highest As(III) adsorption. By these
observed results, the interaction characteristics in the As(IIT)
adsorption process were analyzed to determine the kinetics of
the As(III) adsorption process and determine the maximum
As(IIl) adsorption capacity of the samples.

To investigate the pH effect on the adsorption capacity of
the nanocomposite materials, the As(IIl) solutions with
different pH ranging from 1 to 14 were prepared. The
corresponding adsorption results were presented in figure 7.

After stirring the nanopowder-arsenic (III) solution
mixture for approximately 50—-60 min, it was observed from
figure 7 that the remained arsenic (III) content varied with pH.
Across all samples, the highest adsorption capacities were
achieved within the pH range of 6-8.

In neutral media and pH below 9.2, the nanocomposites
were stable with no iron (III), iron (IT), and zinc (II) ions
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Figure 6. N, adsorption—desorption isotherm curves of samples.
Table 3. Porous properties and maximum arsenic adsorption ability.
Sample BET D,pq Jmax Sample type in reference of  quax (Mg g_])
(this study) (A) BET Ay, + 0.02 (m? g7!) (P/P, = 0.294) (mgg™h) other works in references
So 118.839 71.7685 41.49 Fe;O,4 nanoparticles [7] 238mg g !
Nanoparticles with chemical 11.76 mg g~
agents [9]
Iron sludge [9] 12.74 mg g~
Sy 84.8842 94.7092 43.48 Fe;0,@Si0, nano- 16.58 mg g
particles [6]
Chitosan-magnetic-gra- 45mg g~
phene oxide [37]
S, 88.1445 90.9667 40.06 Fe;04 [23] 30.3 mg gf1
Fe, oMng ;04 [23] 327 mg g !
Fe, oCug 104 [23] 364 mg g~
Ss 94.6178 86.1750 34.48 Magnetic graphene nano- 1134 mg g™
platelet Fe @Fe,O3 nano-
particles [38]
100 detected in the solution and the un-charge in the surface of
pury Adsorption in solution pH7 As(Ill) (H3AsO3) [39], so at pH 7, the highest arsenic
90 g d adsorption was occurred but not electrostatic interaction under
.'g’_ 80 = X a this condition. Therefore, the As(IIl) adsorption was con-
e g f trolled by the surface complexation of composite nanoparti-
270 | 3 § J,’b cles at pH 7 media. Similar results were observed with other
§60 | g a magnetic nanocomposites as reported earlier [37, 39].
" N In both strongly acidic and basic solutions, the adsorption
g S0 o, ; capacity decreased. These issues are attempted to be
S0l e Time (minue) 7 explained by the characteristics of arsenic (II) at different
= a: s, pH media and the surface charge status of the nanocomposites
- 30 b: S in strong acidic or base environments [37]. At very low
S20} & S1 pH levels (pH from 1-2), the arsenic (III) adsorption is very
E d: S: less. That is attributed by the decomposition of the
10| T Fe, 9Zng 10,4 nanoparticles in strong acidic solution. How-
0 L L L L L 1 L ever, at pH higher than the pHp,. (~7), the surface of
1 3 5 p?H 9 " 14 nanocomposites becomes negatively charged and As(III)

Figure 7. Remaining arsenic content as a function of pH. Inset:

remained arsenic content Cs in solution at pH 7.

exists mainly in form of H,AsOs3, HAsO%f, and ASO%7
anions [37, 39]. Consequently, the sharp decrease in the
arsenic (IIT) adsorption capacity within the pH range of 11-14
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can be attributed to the electrostatic repulsion between the
negatively charged surface of the nanocomposites and the
deprotonated anionic arsenic. However, this issue is subject to
various discussions [37—41]. Nevertheless, the aforemen-
tioned experimental results suggest that the de-adsorption
process of Sy, Si, S, and S; should be conducted in a solution
at pH 14 for reuse.

3.5.3. The kinetics of adsorption and maximum adsorption
capacity in neutral environment. Based on the analyzed
results above, the optimal adsorption of arsenic (III) occurs in
a neutral environment (pH 7), where inelastic exchange
interactions occur. These interactions stem from the Van der
Waals forces between the magnetic nanoparticles and the
adsorbent, as investigated by the Langmuir isotherm model at
300 K in a pH 7 environment [7, 8].

After each different stirring time interval, the equilibrium
time of As(II) adsorption was analyzed in solution pH 7 (the
inset of figure 7- after 10, 15, 20, 25, 35, and 50 min). The
observed results show that the minimum time to reach
adsorption equilibrium is 20 min in a pH 7 solution. Due to
the porosity of the PANI coating nanocomposite samples, Sq
and inelastic collision in the adsorption process, the minimum
adsorption equilibrium time is small compared with other iron
sludge samples [9]. Unit of measurement of remaining arsenic
(IIT) content Cy (in figure 7) is 1 ppb and in the inset of
figure 7 is 1 mg L™' (Note: 0.001 mg L™' = 1 ppb and
the permitted arsenic level is 10 ppb, according to regulations
of the World Health Organization (WHO), the United
States Environmental Protection Agency (USEPA) and the
European Commission (EC). Langmuir isotherm equation at
pH 7 and 300 K with the first-order linear relation was used to
compute the gmayx (Mg g~ ') per unit mass of adsorbent at the
equilibrium time [7, 8]:

1
Cr + 2)
qmax b >< qmax

CG/a =

where C; is the remaining arsenic (II) content (mg 171) at
equilibrium state; q (mg g~ ') is the adsorbed arsenic (IIT)
amount per unit mass of adsorbent (Sy, Sy, S,, and S;) at the
time of equilibrium; b (L.mg ") is constant attributed to the
interaction of adsorbed arsenic (III) and adsorb compounds.

Figure 8 shows the dependence of C¢/q on C; in the
equilibrium state with a minimum adsorption time of 20 min at
room temperature. As indicated in table 3, the maximum arsenic
(III) adsorption capacities (Qmax) of samples are 41.49 mg g ';
4348 mg g~ ', 40.06 mg g ' and 34.48 mg g, respectively,
with an error value of less than 5%. Thus, the q,.x of S; sample
was better than that of Sy (Fe,o9Zng0,4), sample as well as
Fe, oMng 104, Fe;9Cup 04 and Fe;O, as reported in some
works [7, 23, 31] under similar conditions. Additionally, the
Jmax value of Sy is equivalent to the results in recent work (using
chitosan magnetic graphene oxide nanocomposite) [37] and is
larger than q,,,,x values reported in other works (using core—shell
Fe;0,@Si0, nanoparticles or magnetic graphene nanoplatelet
with core—shell Fe@Fe,0; nanoparticles) [6, 38]. The research
results indicate that the combination of the co-precipitation
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Figure 8. C; /q dependence on Cy of Sy, S, S, and Ss.

method and in situ polymerization method is highly suitable
for fabricating PANI/Fe,¢Zng 0,4 magnetic nanocomposite
materials to meet wastewater treatment and other technical
applications.

4. Conclusion

The PANI/Fe, ¢Zn, ;0,4 nanocomposite materials were success-
fully synthesized by a simple process with different mass ratios.
These nanocomposite materials with large saturated magnetic
moments and high specific surface area which contribute to their
effective arsenic (IIl) adsorbing capability in aqueous. The opti-
mal conditions for the adsorption process are at pH 7 and a
minimum adsorption equilibrium time of 20 min. Among the
samples, S; demonstrates the highest arsenic (III) adsorption
capacity (qmax = 43.48 mg g "), surpassing that of S, S,, and S;
samples, as well as many other types of magnetic nanomaterials.
Furthermore, the enhanced saturation magnetization by the partial
substitution of Zn for Fe ions and chemical stability by PANI
coating of the nanomaterials suggest their potential for adsorbing
heavy metal ions at pH 7 and desorbing them in strong alkaline
solutions with a pH 14, enabling the materials to be reused for
further trials.
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