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Abstract Novel SiO,-pyrazole (SiO,-PYZ) nanocomposite was introduced for the elimination of
Zn(I) and Cr(III) from oil reservoir water. Characterization analysis of prepared SiO,-PYZ
nanocomposite was investigated using SEM, FTIR, TGA, XRD, TEM, and BET. Studying the
effects and optimization of the parameters such as retention time, pH, initial Cr(III) and Zn(II) ions
concentrations, adsorbent dosage, and temperature were examined. For kinetics investigation, the
pseudo-second-order (PSO) model matches the adsorption process effectively under different oper-
ating conditions. After applying two other isotherm models (Langmuir and Freundlich), the exper-
imental data was adequately equipped with Langmuir, R* = 1. The thermodynamic results pointed
that the adsorption of Zn(II) and Cr(III) ions was spontaneous, endothermic, and physisorption
reaction. At pH 12, the influence of more than one ion, such as Ca(Il) and Na(I), was checked,
and the results revealed that this conjugate substance was highly selective to Cr(III). After washing
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with water in multiple cycles, the adsorbed material was regenerated with 0.1 M HCI and subse-
quently reused without deterioration in its case cavities. Interestingly, SiO,-PYZ was highly effec-
tive against sulfate-reducing bacteria (SRB) in the petroleum field.

© 2022 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

The significant problem of the oil production process was the
produced water loaded with many corrosive salts and
contained sulfate-reducing bacteria (SRB). These bacteria
release hydrogen sulfide and materials’ potential related odor
and corrosion (Ortenberg, 2003). Moreover, this produced
water interacts with the internal production lines of wells, lead-
ing to samples of elements such as zinc (Zn(II)) and chromium
(Cr(I1D)) in the water (Fathy, 2018; Fathy, 2015; El-Maghrabi,
2018). These elements are more sensitive to the marine envi-
ronment upon discharge into the surface water (Wang et al.,
2022; Aldawsari, 2020; Aldawsari, 2021; Aldawsari, 2021).

Over 170 thousand tons of chromium-containing waste are
estimated to be discharged into the aquatic system and the
environment each year by various industrial processes, includ-
ing pharmacology, electroplating, tanning metallurgy, and bat-
tery manufacturing. Zn(II) and Cr(III) tend to stay in the
human body over time, consequently increasing the chemical
concentrations in biological organisms (Mubarak and
Hosny, 2021). However, Cr(I1I) is less hazardous than hexava-
lent chromium [Cr(VI)] (Wang, 2017; Bakshi and Panigrahi,
2018; Mubarak, 2021; Ali, 2021; Shoueir, 2020); an excessive
amount of chromium posing a severe problem led to lung can-
cer and many disorders in the liver and kidney (Proctor, 2014;
Beveridge, 2010). This ion can cause skin irritations such as
rashes, ulcers, and permanent scarring upon direct contact
with skin. On the other hand, Zn ions are more toxic and lead
to intense pollutants (Vardhan et al., 2019).

Before the wastewater discharges into the environment,
treating metal-contaminated wastewater is essential to reduce
toxicity. Even though the traditional techniques are often
chemically, energetically, and operationally intensive
(Shoueir, 2016; El-Kemary, 2018; Shoueir, 2017; Shoueir,
2016).

Previously discussed, conventional heavy metal elimination
strategies from wastewater include flocculation, coagulation,
electrochemical, ozonation, and Dbiological treatment
(Barakat, 2011). High inputs, hazardous byproducts, and inad-
equate metal removal techniques are only a few of the draw-
backs of such methods. In recent decades, technologies for
removing low trace metals from wastewater and water supplies
have been developed that are both less expensive and more
successful (Bailey, 1999).

These are typically interested in using small systems that
provide technological hurdles during implementation and
operation on a large scale (Basu, 2019). As a result, scientists
have spent a lot of time developing new methods (Owlad,
2009; Hosny, 2019). Recently, adsorption technology has got-
ten a lot of attention because of its high efficiency, selectivity,
flexibility in use, and being economically feasible and afford-
able in practical applications (Fu and Wang, 2011; Kausar,
2018; Kausar, 2017; Naeem, 2017).

It has been important for analytic and environmental appli-
cations to prepare silica-based adsorbents for water remedia-
tion. An efficient adsorbing matrix should be a stable,
insoluble porous matrix with appropriate active groups that
interact easily with the analyte (EI-Maghrabi, 2019). Given
its surface reactivity and capacity to trap organic molecules
on the surface, silica gel is considered strong support for
organic groups (the inorganic material that does not swell
and remains stable in acidic environments). Besides, the
organo-functional silicas are resistant to organic solvents or
water removing the ligand from the surface and having good
thermal resistance (Massie, 1980).

Structural mesopores silica nanoparticles piqued more
interest because of their surface characteristics which paved
research towards vital applications such as environmental pro-
tection, sensing applications, biomedical, catalysis, and elimi-
nation of toxins such as heavy metals, organic pollutants,
and persistent contaminants (Da’na, 2017). Mesoporous silica
gained more attention because of its appropriate surface mod-
ification, well-defined pores, and geometrical pore structure.
SBA-15, MCM-41, and HMS are categorized under the potent
mesoporous materials and have been functionalized to be used
in the literature to remove traces of hazardous metals from
polluted waters (Kong et al., 2021).

The silica-based adsorbent was used as a convenient
method for capturing heavy-metal ion contaminants from
wastewaters (Rahman and Nasir, 2020; Rahman, 2021). A
functionalized bipyrazole was condensed with a 3-glycidoxy
propyl-trimethoxysilane silylant agent (SG2P)to produce a
pure adsorbent based hybrid polymer, previously anchored
on a silica surface, which demonstrates a high degree of selec-
tivity against Hg>" ion (Radi, 2015).

The use of pyrazoline as a coating material for silica
nanoparticles such as MCM-41 is one of the rare applications
and techniques in core—shell processing. According to some
studies, the core—shell system is always intended to use a solid
surface and core, typically a metallic or polymeric structure.
Due to the initial findings and our long-term chemistry pro-
gram of 1,3-diketones and their various utilization (Abdou,
2019; Abdou, 2019; Abdou, 2017; Abdou, 2016; Abdou,
2017; El-Mahalawy et al., 2021; Abdou, 2017; Abdou, 2018;
El-Mahalawy et al., 2022). Herein, chemical bonding between
the thin layer of pyrazoline on the silica surface acts as a coat-
ing shell that allows for various chemical surface properties to
be achieved. The use of this type of complex in water treatment
will enhance the economic operation of any treatment system
and add to the core—shell category as a new group of com-
plexes with an amorphous organic thin film. The essential aims
of this paper are to prepare SiO»-PYZ nanocomposite as a
strong adsorbent for the elimination of Zn(II) and Cr(III).
Characterization tools of Si0,-PYZ were performed using
SEM, FTIR, TGA, XRD, TEM, and BET. The kinetics, iso-
therm, and thermodynamics are all being investigated. The
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adsorption mechanism based on controlled pH was also
discussed.

2. Experiments

2.1. Materials and techniques

The working solutions of metal ions were prepared from zinc
nitrate hexahydrate (Merck, purity > 99%) and chromic(III)
nitrate non-hydrate. Calcium chloride (CaCl,- 4H,0), sodium
chloride (NaCl), cetyltrimethylammonium bromide(CTAB)
(Carlo Erba, 99% purity), tetraethyl orthosilicate (TEOS) were
purchased from MERCK company. The functional moieties
on the surface adsorbent (mesoporous silica and SiQ,-PYZ)
were analyzed using FTIR in the presence KBr (Thermo Scien-
tific, USA). A TGA (SDT Q600 V5.0 Build 63 (TA, America)
was carried out to evaluate the thermal stability, starting from
room temperature to 800 °C. The mineralogical composition
and the crystalline structures of the mesoporous silica and
Si0,-PYZ were analyzed via XRD (D8 ADVANCE, Bruker,
Germany). SEM was carried out using (EVO 10) with electron
source tungsten filament. TEM observations (JEOL-JEM-1200
EX) were used to elucidate the designed nanoparticles’ shape
and size. For surface characteristics, BET was used to deter-
mine the surface features performed in automatic equipment
(ChemBET 3000, Quantachrome). The concentrations of Zn
(IT) and Cr(IIT) were determined using an atomic absorption
spectrometer, Analytic Jena (ZEEnit 700P, Germany).

2.2. Synthesis of organic pyrazoline ligand (PYZ)

The selected organic PYZ ligand was prepared according to
our previous protocol (Metwally, 2012; Metwally, 2012;
Metwally, 2013; Abdou, 2013).

2.3. Preparation of mesoporous silica by ultrasound methods

Mesoporous silica was prepared with the addition of TEOS to
an aqueous solution containing CTAB, 2 M of NaOH, and
deionized water using a modified conventional synthesis proto-
col (EI-Maghrabi, 2018). For TEOS@CTAB@NaOH@H,O0,
the molar composition was 1.0:0.09:3.57:62.05 to produce a
gel mixture. The mixture pH was fixed at 9 by adding sulfuric
acid after a further stirring with ultrasound irradiance
(35 kHz) for 30 min at 35 °C. At room temperature (R.T),
the mixture was maintained for one day. The resulting white

powder was treated (filtered, washed, and dried at 70°C for
one day). The samples were calcined in the open air at a rate
of 1 °C per minute for 5 h at 550 °C to eliminate the template.
The final material obtained was used for all further studies.

2.4. Synthesis of mesoporous silica-PYZ nanocomposite

Approximately 5.4 g of prepared mesoporous MCM-41 was
added to 50 ml acetone, and vigorous agitation lasted 30 min
to prepare SiO,-PYZ. The filtered solution was subsequently
mixed with PYZ (0.05 g), and the final mixture was mixed
for another 2 h at 100 °C in pure acetone until evaporation
took place. For 24 h, the synthetic composite has been filtered
and dried. Scheme 2 is a simplistic representation showing the
synthetic pathway.

2.5. Adsorption of Zn(IlI) and Cr(III) by SiO>-PYZ

Different parameters that influence the removal efficiency
using SiO,-PYZ were studied inside the cupboard and in the
presence of an incubated shaker. The impact of pH, retention
time, and adsorbent dosage was investigated. By taking all
other parameters constant, the dose ranged from 0.05 to 1 g/
1. To determine the pH influence of the first solutions, diluted
concentrations from HCIl and NaOH solutions were used for
controlling pHs between 2 and 12. The retention time was
changed from 5 to 120 min. After reaching the predetermined
time, filtration is required to separate the adsorbent. The
experiments were also conducted at different ions concentra-
tions (50-500 mg/l) to attain equilibrium adsorption isotherm.
The concentrations of Zn(II) and Cr(III) in solution were
determined using atomic absorption spectrometry. Concentra-
tion was measured at least three times, and the result was their
average. A cellulose membrane was utilized to filtrate the solu-
tion after adsorption’s Zn(II) and Cr(III) adsorption perfor-
mance (E %) is given by the following equations:

E% = [M} % 100 (1)

0
Pollutant adsorption capacity is given by:

Co—C;

O(mg/g) = (2

C, is the starting solution concentration before adsorption
in mg/l, C, is the solution ion concentration after adsorption
(mg/l), and m (g) is the one-liter solution containing the mass

OH N-NH OH N-NH
cl =0 ©
2 T O 1 - N'
N, H,N-NH, N-NH O,N N,Cl ~NH
oo OH Reflis - NN
EtOH, Reflux NaOH/EtOH, 0-5 °C
1 2 Cl pyz ©
NO,
Scheme 1  The synthesis of PYZ ligand.
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Dil. H2S04

TEOS

PYZ (0.05g)
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100 °C, 24h

Si02-PYZ

Scheme 2 Mechanistic synthesis of mesoporous silica MCM-41 and SiO,-PYZ nanocomposite.

adsorbent. A proper solvent is required to desorb the adsorb-
ing substances for multi-use immediately after the batch
adsorption process.

2.6. Reusability

The recyclability of the adsorbent is very important for its
practical application. SiOQ,-PYZ was evaluated through Zn
(IT) and Cr(III) adsorption/desorption cycles to test its recycla-
bility. SiO,-PYZ was immersed in a 10 ml aqueous solution of
a single metal ion (500 mg/l). After each adsorption step, the
Si0,-PYZ sample was regenerated by stirring M(X)-loaded
Si0,-PYZ in 0.1 M HCI for one hour. After centrifugation
and washing with distilled water, the samples were vacuum-
dried at 50 °C for 30 min. Regenerated SiO,-PYZ was then
used for the next metal ion adsorption cycle, and this step as
a regeneration procedure was repeated five times.

2.7. Microbial-induced corrosion evaluation study

After production, SRB-contaminated oil tank, water samples
were collected from the bottom of the tank. Under the anaer-
obic circumstances provided by this position, this location is
suitable for colonization growing SRBs (Wakai, et al., 2018;
Wakai, 2020). In such situations, SRB can have strong MIC
effects (Silva, 2020). The Egyptian Petroleum Research Insti-
tute (EPRI) procured specific media to quantitatively deter-
mine the growth rate of SRB bacteria, prepared according to
NACE TMO0194-14-SG (Sun et al., 2018) and sealed in insu-
lated vials. The test procedure followed the NACE TM0194-
14-SG standard test and our earlier research (Abbas, 2021).

3. Results and discussion
3.1. Synthesis of organic pyrazoline ligand (PYZ)

The synthetic approach for the organic synthesis of PYZ is
shown in Scheme 1, as we previously published (Metwally,
2012; Metwally, 2012; Metwally, 2013; Abdou, 2013). Treat-

Filtration

rying under
vacuum(70 °C 24h)
30 min

Washing

Calcmatlon H\b

MCM-41

ment of azo coumarin 1 (Abdou et al., 2019; Abdou et al.,
2019; Metwally, 2012) with NH,NH, in EtOH afforded the
corresponding pyrazolinone 2. Diazo coupling of 2 with diazo-
tized 4-nitroaniline in basic solution yielded the target organic
PYZ ligand.

3.2. Characterization

3.2.1. FTIR

The FTIR spectrum of organic silica material has similar fea-
tures in the two samples. The Si-O stretching band and a range
of 1240-1099 cm™! were assigned to a fingerprint region of
mesoporous MCM-41 (Fig. 1a). For SiO,-PYZ nanocompos-
ites, after pore expansion of synthesized materials, the Si-OH
vibration band decreased by about 560 cm ™' due to the inter-
action between —NH, groups and groups of silanol via the
hydrogen bonding. The peak of 1087 cm™' comes from the
Si-O vibration in the bulk silica. At 1637 cm™' and
3400 cm ™!, peaks are usually ascribed to the silica-pulp surface
adsorbed water.

Observing N-H bending vibrations at 692 cm™! verifies the
incorporation of the -NH, group into mesoporous MCM-41.
For MCM-41, the vibration modes were located as follows;
3423 cm™'(-OH), 1089 cm™", 796 cm™! (Si-O-Si), 970 cm ™!
(Si-OH), and 471 cm™" (Si—-O). When compared to the strength
of the Si-OH vibration at 970 cm™' in unmodified mesoporous
MCM-41, the intensity of the -Si-OH vibration at 970 cm™" in
—NH; mesoporous MCM-41 reduced, indicating that the mod-
ification had occupied most of the -Si-OH bonds on the inner
surface of MCM-41.

The absorption of C-N stretching vibrations is usually
about 1200-1000 cm™!, but this band, due to its overlap with
Si-O-Si absorption, can stretch in the range 10001238 cm™',
Si-CH,-R, which lengthens to 11531250 cm ™" are not permit-
ted. The band at 876.34 cm™! in the FTIR spectra of SiO,-
PYZ nanocomposites demonstrates S-H bending. Further-
more, at frequencies 3440, 3259, 1658, 1471, and 767 cm™ ", dis-
tinct absorption bands were ascribed to OH, NH, C = O,
N = N, and C-Cl. SiO,-PYZ nanocomposite shows C-O
stretching at 699 cm ™! in mesoporous MCM-41.
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Fig. 1

3.2.2. XRD

XRD has investigated the amorphous and crystalline nature of
mesoporous silica and nanocomposites SiOQ,-PYZ with an
appropriate formulation. The XRD pattern demonstrates that
the mesoporous silica nanoparticle is crystalline, as seen in
Fig. Ib. A mesoporous silica nanoparticle exhibits two peaks
in XRD examination, at 6.5° and 23°, imprintingthat the
mesoporous MCM-41 silica particles are of crystallinity nature
(EI-Maghrabi, 2017; Slowing et al., 2006).

With the above-described peaks, SiO,-PYZ nanocompos-
ites show a broad peak between 20° and 30° in mesoporous sil-
ica MCM-41. This amorphous peak can signify the
nanoparticles’ peak in silica. The inclusion of a silica coating
also reduces XRD peak intensity.

Besides a broad peak ascribed to the SiO,, there are two
diffraction peaks at 20 16°, indicating the presence of
PYZ in the structures of SiO,-PYZ nanocomposites that
decrease its crystallinity concerning mesoporous silica. How-
ever, only a very sharp peak of SiO,-PYZ at 24°, 26.1°,
37.9°, 41.8°, and 48.8°, respectively. These peaks indicated
small particles with the semi-crystalline nature of
nanocomposite.

Intensity (a. u.)

1000 ~

b

——Si0,-PYZ
—— MCM-41
800 -

600

400 4

200 +

0 10 20 30 40 50 60
2 Theta (degree)

70

(a) FTIR and (b) XRD analysis curves of nanoparticles; mesoporous silica MCM-41 and SiO,-PYZ nanocomposite.

3.2.3. SEM

As shown in Fig. 2a, the mesoporous silica nanoparticles’
diameter is between 0.2 and 0.5 pum, indicating the high surface
area and porosity. The size is almost unchanged for the SiO,-
PYZ nanocomposite core—shell (Fig. 2b). Still, the topography
has changed where the surface becomes rough, and the poros-
ity has increased due to the coordination of chemical interac-
tion between the two materials. The core—shell structure
formation was the silica nanoparticles in the core covered with
a connected hairy layer of the prepared SiQ,-PYZ that acts as
a semi-permeable membrane. The existence of this thin layer
increases adsorption and selectivity towards metal ions.

3.24. TGA

Fig. 3 presents the TGA curves of mesoporous silica MCM-41
and SiO,-PYZ nanocomposites. Initial losses at temperatures
below 100 °C in nanocomposite samples of mesoporous silica
and SiO,-PYZ because of the physically absorbed water and
some residues from hydrolysis reactions due to surfactant pres-
ence. The weight loss after 200 and 800 °C was due to the loss
of organic working groups in the mesoporous walls. The con-
densing of Si-OH units on the pore walls can also create water

Fig. 2

SEM texture of (a) mesoporous silica MCM-41 and (b) SiO,-PYZ nanocomposites.
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——Si0,-PYZ
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Fig. 3 TGA curves of mesoporous silica MCM-41 and SiO,-
PYZ nanocomposites.

molecules during this process. Between 100 and 400 °C, the
total weight loss of SiO,-PYZ  nanocomposites
was ~ 41.2%, much higher than that of mesoporous silica
(~10%). This difference in weight loss could be accounted
for by the amount of conjugated PYZ (about ~ 12.1%). The
functionalized sample also offered better stability than pure
PYZ, which is shown to have a complete degradation at
around 600 °C. Together with FT-IR, the data from TGA con-
firmed the coating of PYZ onto the mesoporous silica (MCM-
41) surface.

50 nm

A0

.1

3.2.5. TEM

The MCM-41 and SiO,-PYZ preparation morphology was
characterized by TEM. In the case of MCM-41 (Fig. 4a-c) with
different magnifications, the silica was arranged in a harmo-
nious state with an ordered structure. The shape was uniform
mesopores honeycomb with a hexagonal array. The low mag-
nification TEM photo shows a clear center (cavity) and a dark
Si0,-PYZ nanocomposite with an open structure, as shown in
Fig. 4d. Besides, there was a relatively consistent diameter
below 20 nm in the hollow spheres. The hollow sphere con-
sisted of interconnected nanocrystals varying between 2 and
3 nm in size, shown in the substantially higher magnification
TEM image.

3.3. Batch adsorption process for SiO,-PYZ nanocomposite

3.3.1. Kinetics

The influence of retention time on the uptake of Zn(II) and Cr
(III) (Qe, mg/g) with varying adsorbent concentrations are
shown in Fig. 5a,b. There are three different waves of adsorp-
tion behavior. As adsorption time is frequently from 5 to
110 min, first no change is observed in the adsorption, further
increased to 275.5 mg/g at 500 mg/l for Zn(II) uptake was
attained. A similar trend was obtained in Cr(IIl), although
with higher adsorption with higher uptake of 380 mg/g at
500 mg/l and afterward a slow kinetic rate within which
422.9 mg/g Cr(IlI) adsorption. Overtime, adsorbent surface
coverage becomes high and poor absorption occurs. The evo-
Iution of Zn(II) and Cr(IIl) uptake over time is shown in
Fig. 5.

The initial rapid increase in adsorption can be associated
with free adsorption sites on SiQ,-PYZ and unrestricted active

120 kV
X40000

Fig. 4 TEM analysis of (a-c) MCM-41 at different views, (d) SiO,-PYZ nanocomposites.
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Fig. 6 Influence of pH on the adsorption of (a) Zn(II) and (b) Cr
(III) on SiO,-PYZ nanocomposite [time = 120 mins.,
T = 255 + 2 °C, adsorbent weight = 1 gm and
Co = 500 mg/1].

sites with similar energies. Nevertheless, the adsorption rate
slows as more and more active sites are filled, and adsorption
becomes harder until the balance has been achieved. In a sim-
ple and binary solution, the quantity of Cr(III) adsorbed at all
times was more remarkable than the quantity of Zn(II) in the
solution.

3.3.2. Effect of pH

Fig. 6 illustrates pH variation on the SiO,-PYZ nanocompos-
ite adsorption with similar duration and concentration of
adsorbate. The solution’s pH was between 1 and 13, and it
was obtained that Zn(II) and Cr(IIl) ion removal efficiency
was 91.9 and 89 %, at pH 12. With increasing pH, adsorbed
quantities have risen so that Zn(II) is more affected than Cr
(III). Zn(II) and Cr(III) ions’ adsorption can often be pH-
dependent. The adsorbent controlled the pH from + 3
to + 6, with reducing centers that prevent the conversion

450 o
400 - - == WT'7 -1 1L1l_1
350 -

~~ 300

(2]

~

O) 250

E —s=—50 mg/|

~ 200 o100 mg/l

[}]

Q 150 / —v—1500 mg/l
100- ) el e e

0 T T T T

0 20 40 60 80 100 120
Time (min)

Effect of retention time on the adsorption of (a) Zn(II) and (b) Cr(III) on SiO,-PYZ nanocomposite [pH = 7, T = 25.5 + 2 °C,

T
a I. b !

804
- 60 -
x
N
o 40 4

20

0

Ca(ll) Na(l)
Co-exsting ions

Fig. 7 Effects of coexisting ions (Ca(ll) and Na(I)) on the

removal of (a) Zn(II) and (b) Cr(III) ions from water solution by
SiO,-PYZ nanocomposite [time = 120 min, pH = 7,
T = 25.5 £ 2 °C, adsorbent weight = 1 gm and C, = 500 mg/1].

action as it has -NH and -OH groups that act as reducing.
In each case, the partially negative reacts with the somewhat
positive metal of the substrate.

3.3.3. The co-existing ions effect

The co-existing cations effects were studied, and the data are
shown in Fig. 7. Adsorption by SiO,-PYZ nanocomposite
was studied with Ca(Il) and Na(I) interfering ions. These ions
showed a minor effect on Zn(II) and Cr(III) adsorption. A
negligible impact of co-existing cations on Cr(III) removal
by SiO,-PYZ was found due to the stronger bonds of Cr
(III) to surface sites of Si0,-PYZ when Ca(Il), Na(I), and
other cations co-existed in the water solution. These ions
may participate in active adsorption sites on the surface of
Si0,-PYZ with Zn(II) ions, as the Zn(II) removal was reduced
by ~ 20-25% and ~ 30-32%, respectively, when Ca(Il) and
Na(I) were present. Compared to Zn(II), the composite had
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superior selectivity and adsorption affinity for Cr(III). The
results indicated that in the water solution, the given SiO,-
PYZ nanocomposite had high adsorption capability towards
Cr(I11) ion compared to Zn(II) ion.

3.3.4. Effect of different metal ion concentrations

The effect of initial ion concentrations of Zn(II) and Cr(III) on
adsorption efficiency for SiO,-PYZ nanocomposite was stud-
ied by experimenting with several ions ’initial concentrations
of 50-500 mg/l at the constant retention time, adsorbent
dosage, and temperature. The pH of solutions was controlled
(pH 12), and the adsorption process was conducted for one
hour at a speed of 500 rpm.

The adsorption efficiency was changed from 99.8% to
85.9% at the original concentration. Although Zn(II) and Cr
(IIT) adsorption effectiveness reduces with an increment of
the starting concentration, the change is only highly minor.
The initial concentration shows that the adsorption processes
are only minimally affected (Fig. 8).

3.3.5. Effect of dosages

The effect of the prepared SiO,-PYZ nanocomposite adsor-
bent doses is shown in Fig. 9. As the adsorbent dosage
increases, the adsorption efficiency of Zn(II) and Cr(III) ions
increases. The maximum adsorbent dosage of the prepared
Si0,-PYZ nanocomposite is 1 gm with a removal efficiency
of ~ 87.8 and 93% for Zn(II) and Cr(IlI) ions, respectively.
At which lower adsorbent dosage, the number of active sites
is lower than the available ions concentration in the bulk
solution.

3.3.6. Effect of adjusted temperature

Fig. 10 studies the influence of temperature over a specific
value starting from 25 °C up to 66 °C with pH 12. The removal
percentage of Zn(II) onto SiO,-PYZ nanocompositewas
increased with an increase in temperature up to 60 °C,
87.2 % removal, and then decreased when the temperature

110
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80 \i
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0 100 200 300 400 500
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Fig. 8 The effect of initial metal ions concentrations on the
efficiency of the adsorption processon (a) Zn(II) and (b) Cr(III)
[time = 120 mins,, pH = 7, T = 255 £ 2 °C, adsorbent
weight = 1 gm].
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Fig. 9  Effect of adsorbent dosage of SiO,-PYZ nanocomposite

on the removal efficiency of (a) Zn(Il) and Cr(III) [time = 120
mins., pH = 7, T = 25.5 + 2 °C, adsorbent weight = 1 gm].
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Fig. 10  Effect of temperature on the adsorption of (a) Zn(Il)
and (b) Cr(IIT) on SiO,-PYZ nanocomposite [time = 20 mins.,
pH = 7, adsorbent weight = 1 gm, and Co = 500 mg/1].

was further raised. The removal percentage of Cr(III) onto
Si0,-PYZ nanocomposite was increased with increased tem-
perature up to 66 °C, reaching 80.2%. Intraparticle diffusion
increases at high temperatures, and more adsorption sites are
created, which boost adsorption.

3.4. Linear and nonlinear kinetic models

3.4.1. Pseudo-first-order (PFO) kinetic model

According to the PFO model, the rate of change in Zn(II) and
Cr(IIT) adsorption capacity with time is proportional to the
difference between the equilibrium concentration and the
amount of Zn(II) and Cr(III) adsorbed over a time range. This
type was insufficient to illustrate the kinetic behavior of
selected metal ions on SiO,-PYZ nanocomposite, at least in
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Table 1

Adsorption kinetics and dynamic molding of Zn(II) and Cr(III) ions on SiO,-PYZ nanocomposite.

Adsorption Models Adsorption Parameters

PFO Co(mgll)
Zn (1)
50
100
300
500
Cr (1)
50
100
300
500
PSO Co
Zn (1)
50
100
300
500
Cr (1)
50
100
300
500
Co(mg]l)
Zn (1)
50
100
300
500
Cr (111
50
100
300
500

Intra particles

K, Q. R’
0.0170 0.2998 0.9351
0.0071 0.3167 0.9948
0.0052 0.3802 0.8798
0.0046 0.4076 0.8159
0.0109 0.3233 0.9640
0.0146 0.3074 0.9288
0.0084 0.3492 0.9115
0.0109 0.4098 0.9079
e k2 R2
345.60 0.0029 0.9627
359.63 0.0028 0.9803
100 0.01 1

500 0.002 1
134.54 0.0074 0.9852
530.61 0.0019 0.9281
101.79 0.0099 0.9992
505.92 0.0020 0.996
A ky R
0.0776 17.701 0.7484
0.0776 19.374 0.7484
0.0928 25.209 0.7078
0.0673 17.701 0.6394
0.0633 13.774 0.6803
0.0633 15.071 0.6803
0.0538 13.384 0.6465
0.0556 13.774 0.6451

its linear form. Despite the use of suitable linear regression
coefficients (R?), no linear trend was observed when the exper-
imental data was plotted for the entire Zn(II) and Cr(IIT) nom-
inal concentrations. Both Zn(II) and Cr(III) reactions on SiO,-
PYZ nanocomposite were poor linearities, regardless of higher
linear regression coefficients.

In the current study, unknown logarithmic values hindered
the PSO linear model from fitting better. Thus, for both pHs
tested, the PFO adsorption rate constants (k;) were negative
and of a small order of magnitude, maybe suggesting deprived
affinity or repulsion between Zn(II) and Cr(III) solutions and
Si0,-PYZ nanocomposite. Recently, machine learning (ML)
has gained fame in material science, and it is an easy and fast
method. When it comes to computing, ML is a branch of com-
puter science that uses algorithms and techniques to automate
solutions to complex problems that are difficult to program
using conventional programming methods (Mahmood and
Wang, 2021; Mahmood and Wang, 2021; Mahmood and
AhmadIrfan, and Jin-LiangWang, , 2021; Mahmood et al.,
2022).

For the dynamic conditions of Zn(IT) and Cr(III) adsorp-
tion, PFO kinetic model was considered as follows:

PFO equation : log(Q, — Q,) =logQ, — Kt (3)

3.4.2. Pseudo-second-order (PSO) kinetic model

The PSO kinetic model was used to describe the efficiency of
the adsorption process. Zn(II) and Cr(III) adsorption onto
Si0,-PYZ nanocomposite obeyed PSO kinetics in linear and
non-linear forms. Moreover, PSO constant rates (k) were sim-
ilar when comparing the linear and nonlinear models at the
same pH, but upper initial adsorption rates (%) were recorded
for the nonlinear model. Higher linear R? ~ 1.0 and sharp com-
parison between experimental and calculated adsorption at
equilibrium (2}52 < 0.05) suggested a better fit with the linear
than the nonlinear model (sz < 0.50), but being nonetheless,
the two values were comparatively lower than the Chi-square
tabular value (9.488). A very small Chi-square test indicates
that the calculated data is well-matched with the experimental
data. As a result, the PSO kinetic model fit was greatly
improved rather than PFO.

1 t

t
PSOequation : — = + — 4
a q K.q q, ®)

3.4.3. Intra particles kinetic model

The intra particles equation is expressed by the following:

Intra particles equation : ¢ = Ky'/*> + a (5)
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Table 2 MSE-percentage error and Chai-square of adsorp-
tion kinetics and dynamic molding for SiO,-PYZ nanocom-
posite towards Zn(II) and Cr(I1I).

Adsorption model  C, (mg/l) MSE-Percentage  Chai-square
error X
Zn(II)
PFO 50 30,692 72.772
100 30,692 70.140
300 30,692 67.507
500 30,692 64.875
Cr(I1I)
50 128,764 37.979
100 128,764 41.379
300 128,764 44.779
500 128,764 48.170
PSO
Zn(11)
50 61,385 84.807
100 60,681 92.400
300 49,678 99.992
500 26,882 107.58
Cr(11I)
50 29,616 26.231
100 29,381 28.580
300 26,882 30.928
500 26,882 33.277
Intra particles Zn(11)
50 148,378 186.57
100 148,478 203.28
300 134,458 219.98
500 134,959 236.68
Cr(I1I)
50 3238.6 83.554
100 3214.9 91.034
300 2955.5 98.514
500 2965.2 105.99

where ¢, a, and k, represent the optimal amount of solute
adsorbed (mol /g), intercept, and the intraparticle diffusion
rate constant (mol/g min'/?).

Plotted #/q against ¢ of the PSO reaction for the adsorption
of Zn(II) and Cr(III) on SiO,-PYZ nanocomposite was used
to detect the rate parameters. These plots derived the kinetic
parameters under various conditions listed in Table 1. The
results show that Zn(II) and Cr(III) adsorption on SiO,-
PYZ nanocomposite does not follow PFO or intraparticle
kinetics.

The slope of the linear plot of t/q; vs. t was 1/q., and the
intercept was 1/k,q2. This method is more likely to anticipate
behavior across the entire adsorption range. A linear plot of
t vs. t/q, matches the experimental and estimated q. values
(Tablel). Furthermore, the correlation coefficient values for
the PSO model were nearly equal to unity for all Zn(II) and
Cr(IIl) ions concentrations, indicating that the PSO model
can be used to define the adsorption process of Zn(II) and
Cr(III) ions on the prepared SiO,-PYZ nanocomposite. In this
case, the adsorption property follows a physisorption mecha-
nism. The rate of approach to equilibrium is often increased
as temperature rises, but the equilibrium adsorption capacity
decreases (Rahman and Varshney, 2021).

Furthermore, to select a better model that fits the experi-
mental data, Chi-square (), the mean square error (MSE),
and correlation coefficient (R?) listed in Table 2 were used to
justify the favored adsorption kinetic model. Table 2 shows
the MSE-percentage error and Chai-square of adsorption
kinetics and dynamic molding of Zn(II) and Cr(III) ions on
Si0,-PYZ nanocomposite. The smaller the x> value, the closer
the agreement in the fit between the experimental data and lin-
earized forms of the kinetic equations.

3.5. Adsorption isotherm

The Freundlich model depicts multilayer adsorption, while the
Langmuir isotherm represents monolayer adsorption. The
Langmuir isotherm is given by Eq(6):

qOKLCI
— doBL™t 6
1=17K.C (6)

Assume that q is the maximum quantity of metal ion mg/g
of adsorbent from a complete monolayer on the surface, C; is
the equilibrium concentration, Ky is a constant related to
binding site affinity, and qo is the maximum amount of metal
ion (mg) per unit weight (g) of adsorbent. As seen below, the
Langmuir equation can be represented in a variety of ways:
c G 1

=14 7
9 9 Kiqg @

The equation gives Freundlich isotherm.
q=KC)" (8)

KFr (mg/g) and n are the Freundlich adsorption isotherm
constants, indicating the adsorption extent and the nonlinear-
ity degree between adsorption and solution concentration.
Taking logarithm on both sides.

1
logq = logk,+ " log ¢, 9)

The Freundlich constant n measures the deviation from lin-
earity of the adsorption and is used to verify the adsorption
type. If n is equal to unity, the adsorption is linear. If n below
unity indicates that adsorption is a chemical process, n above
unity is associated with favorable adsorption and a physical
process (Rahman et al., 2020; Rahman et al., 2020). The
adsorption of Zn(II) and Cr(III) ions by SiO,-PYZ nanocom-
posite fit both the Langmuir and Freundlich adsorption iso-
therm equations with R?values greater than 0.9. The
Langmuir isotherm presupposes a homogenous monolayer of
adsorbate covers the adsorbent (Rahman and Varshney,
2020; Rahman and Haseen, 2014). The Freundlich isotherm
equation presupposes that multiple surface layers surround
the adsorbent (multilayer) and are heterogeneous. In this
study, the highest adsorption capacity of Zn(II) and Cr(III)
ions by SiO,-PYZ nanocomposite particles was 0.094 mg/g
for Zn(IT) and 0.642 mg/g for Cr(I1I) ions, respectively. Tables
3 and 4 clarify the mathematical calculation of linear and non-
linear Langmuir and Freundlich adsorption isotherms of Zn
(IT) and Cr(III) ions by SiO,-PYZ nanocomposite at different
temperatures.

Nonlinear regression is the most practical method for deter-
mining the isotherm model parameters. The obtained data
from nonlinear regression are more suitable than those
obtained from linear one. Different forms of nonlinear regres-
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Table 3 The linear Langmuir and Freundlich adsorption isotherms of Zn(II) and Cr(III) ions by SiO,-PYZ nanocomposite at

different temperatures.

Isotherm equation Temperature (K)

298 319 330 339
Zn(I1)
Langmuir
qo (mg g ) 0.0930 0.0945 0.0715 0.0876
K. (L mg ") 0.0039 0.0038 0.0036 0.0039
R? 0.9429 0.9143 1 0.9452
Freundlich
K¢ 0.6420 0.5006 0.5401 0.5332
n 0.4436 1.3653 1.2823 1.3587
R 0.9990 0.9649 0.9912 0.9891
Cr(I1I)
Langmuir
qo (mg g ") 0.0419 0.0731 0.0582 0.0367
Ky (L mg™") 0.0041 0.0034 0.0031 0.0042
R? 0.9378 0.9003 0.9451 0.9399
Freundlich
K¢ 0.4778 0.3643 0.3370 0.3530
n 0.1016 1.6703 1.7253 1.7262
R? 0.9859 0.9808 0.9816 0.9857

Table 4 The non-linear Langmuir and Freundlich adsorption
isotherms of Zn(II) and Cr(III) ions by SiO,-PYZ nanocom-
posite at different temperatures.

Zn(II)

Ce Langmuir isotherm Freundlich isotherm
5 26.3488 26.3488

10 27.3493 31.5071

54 36.1541 49.371

78 40.9566 54.419

Cr(IIT)

Ce Langmuir isotherm Freundlich isotherm
1 25.548 49

8 26.949 92

42 33.753 158

58 36.954 242

sion can be applied. Various isotherm models (Table 5) were
considered for the nonlinear regression analysis to define the
adsorption process. To compare the results of the linear and
nonlinear regression analyses, the standard deviation (Sp)
and coefficients of determination (R?) were calculated for each
of the variables.

Fig. 11a-f show linear and non-linear Langmuir and Fre-
undlich for Zn(II) and Cr(III). Even linear or nonlinear match-

ing with the experimental range, especially with the Freundlich
system, yields a high R2. Linear and non-linear fitting yielded
vastly different results in the error analysis. Findings suggest a
significant improvement in prediction accuracy by using a non-
linear fit to the Freundlich isotherm instead of a linear fit.
According to the data, it presents favorable adsorption, the
values for the constant n were around 1 when using SiO,-
PYZ nanocomposite as an adsorbent for both linear and
non-linear fitting. Using non linearized regression, the results
showed much higher ¢, values. In other words, the nonlinear
fitting of measured data to a non-linearized form of the Fre-
undlich model depicted a greater affinity between experimental
and predicted data than the linearization of a Freundlich iso-
therm. It was found that using the non-linear Freundlich iso-
therm yielded more reliable results with higher R* and
smaller error sum of squares.

3.6. Comparison with other sorbents

Table 6 displays the related studies on heavy metal Zn(II) and
Cr(IIT) adsorption of various prepared adsorbent materials,
summarizing the relevant adsorption capacity. To prove the
effectiveness of SiO,-PYZ nanocomposite as a strong adsor-
bent, its adsorption capability must be compared to that of
other adsorbents. The data shows the capacity values men-
tioned in the literature. Compared to other adsorbents, it
demonstrates that SiO,-PYZ nanocomposite has a high

Table 5 Equilibrium model equations investigated Zn(II) and Cr(III) adsorption onto SiO,-PYZ nanocomposite.

Isotherm Nonlinear equation Linear equation

La“gmlﬁr Jqe = qmax'KL'Ccl + KL'CC lqc = lqmax + 1C1max'KL'1Cc
Freundlich qe = Kg:Cel/n logqe = logKy + 1n-logC.
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Fig. 11  Non-Linear Langmuir isotherm of (a) Zn(II) and (b) Cr(I11), Non-Linear Freundlich isotherm of (c) Zn(II) and (d) Cr(III), and
Linear fit of Langmuir isotherm of (¢) Zn (II) and (f) Cr(I1I) adsorption by SiO,-PYZ nanocomposite.

Table 6 General comparison between the different adsorbent systems in literature and SiO,-PYZ nanocomposite.

Adsorbent Pollutant Conc. (mg/l) Capacities (mg/g) Ref.

Thiol-functionalized mesoporous calcium  Cd(II), Cu(Il), Pb(I), 25, 50, 75, 100, 125, 601.51, 509.56, 618.09,  (Lihua, 2017)

silicate (MCS-SH) and Cr(I1I) and 150 and 334.81

Silicagel modified with salicylaldoxime Zn(IT) 1-10 2.61 (Uger et al., 2006)

NiFe,0,/ZnAl-EDTA LDH Cr(VI) 50 77.22 (Deng, 2017)

Steel slag Cr(I1I), Zn(II) 500 105.26, 42.19 (Chen, 2019)

Fungus Phallus impudicus loaded y- Cr(III), Zn(II) 50-150 22.8,25.6 (Yalgin, 2020)

Fe,O3 nanoparticles

MCS-SH Cr(I1II) 150 334.81 (Silva, 2020)

Fe;0,@SiO, magnetic Zn(IT) 20 170 (Wamba, 2018; Hao,

2016)

Amino-functionalized mesoporous silicas  Zn(II) 0.1 to 4 mM 89 (Toor et al., 2019)

(AFMS)

Synthesized Silica @Based @ MCM-41 Zn(II), Cr(VI) 50 392, 554 (Rahman and

Varshney, 2021)

Si0,-PYZ nanocomposite Zn(IT), Cr(IIT) 1000 850, 500 This Study
adsorption capacity. Different adsorbent features, such as or endothermic. First, the influence of temperature (T) on
structural characteristics, functional moieties, and surface the adsorption process is examined (Fig. 12).
areas, are attributed to variances in metal ion adsorption abil- The following parameters, Gibb’s free energy AG, enthalpy
ity (Ozsoy and Kumbur, 2006). AH, and entropy AS, are thermodynamic factors that are sug-

gestive of the likely type of adsorption and represented by the
3.7. Thermodynamics Van’t-Hoff equations Eqn 10, 11 and 12:
AG = AH — TAS (10)

The thermodynamics study on adsorption is exciting and
enables us to know if the specific adsorption process is chem- AG = —-RTIn K, (11)
ical or physical, spontaneous or non-spontaneous exothermic
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Fig. 12 Dependency of In K, on 1/T used for the adsorption of (a) Zn(II) and (b) Cr(III) on SiO,-PYZ nanocomposite.
Table 7 Thermodynamic parameters of Zn(II) and Cr(III) ions removal from aqueous solution by SiO,-PYZ nanocomposite.
Metal ion Temp. K AS (J/mol. K) AH (KJ/mol) AG
Zn(IT) 298 330.57 —3064.5 —2831.7
319 0 0 —2927.7
330 0 0 —3063.3
339 0 0 —3247.8
Cr(I1I) 298 437.06 —3323.6 —3723.2
319 0 0 —3850.7
330 0 0 —4030.3
339 0 0 —4273.3
pH<2 2<pH<7 pH>7
pH...................................................................>
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Fig. 13  Adsorption mechanisms of SiO,-PYZ nanocomposite under different pH values.
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Fig. 14 The reusability performance of SiO,-PYZ nanocom-
posite adsorbent [time = 120 mins., pH = 7, T = 25.5 £ 2 °C,
adsorbent weight = 1 gm, and Co = 500 mg/l].

R is the gas constant, T is the temperature (K), and K is
the thermodynamic equilibrium constant of the Zn(II) and
Cr(III) adsorption on the prepared SiO,-PYZ nanocomposite.
During plotting of InK4 vs. 1/T, AH and AS were estimated
from Van’t-Hoff equation’s slope and intercept (Fig. 12)
(Bennet, 2017).

In kd = ﬁ — A—I—I (12)
R RT

The influence of temperature on the adsorption behavior is
to be first analyzed. The values of Gibbs free energy (AG) for
various temperatures are recognized from the experimental
data. The slope and intercept of the curve between InKy4 and
1/T can determine the enthalpy change values (AH) and
entropy change (AS). We can evaluate thermodynamic feasibil-
ity, spontaneity, and thermal effects of sorption from these
thermodynamic parameters. Table7 summarizes the results
for thermodynamic parameters.

The results reveal that the value AG of Zn(II) and Cr(III) is
negative at all temperature ranges and increases with tempera-
ture, indicating that adsorption on the adsorbents is sponta-
neous as the feasibility of the adsorption reaction increases.
At low temperatures, sorption efficiency improved with a
decrease in AG. As the negative value of AG raised with tem-
perature, the adsorption behavior becomes more favorable at
lower temperatures, demonstrating the conventional physical
adsorption mechanism.

3.8. Adsorption mechanism

The impact of pH on the adsorption process can be explained
based on the nature of the isoelectric point of silica material at
pH = 2, which is determined by its zeta potential. Silica sur-
face is positively charged below 2, so the interaction
between the adsorbent and the metal ions is electrostatic repul-
sion; hence, the higher the repulsion, the lower the pH value.
Also, at common pH values, sometimes precipitation and for-

Fig. 15

Infected water samples with varying SiO, -PYZ
concentrations were introduced into SRB growth measurement
media kits (a) blank, (b) 20 mg/l, and (c) 40 mg/l.

mation of hydroxides are dominant, hindering the adsorption
process. Increasing pH more than 2, the surface of silica
becomes more negative; consequently, the whole inner chan-
nels and the surface of Si0Q,-PYZ nanocomposite become
more energetic with a negative charge. These criteria enhance
the electrostatic attraction between adsorbent and adsorbate,
and more removal capacity will attain. The presence of H™
ions in the solution with Zn(II) and Cr(IIl) significantly
attracted more negative charged groups inside the channels
and surface of SiQ,-PYZ nanocomposite when the pH is
acidic, and the same positive charges interfere, causing com-
petitive adsorption between H™ and metal ions Zn(IT) and
Cr(III). Otherwise, the active adsorption sites on the SiO,-
PYZ nanocomposite surface are filled by H", reducing the
adsorption of Zn(II) and Cr(IIl). Increasing controlled pH
value, silanol groups in harmony with H™ ions on the surface
of nanocomposites which more ion dissociation promoting a
large number of active sites enhancing the adsorption activity.
Higher pHs enhance the overall negative charges onto the
adsorbent, reflecting on the hydrolysis ability of the metal ions
in the solution. Fig. 13 shows Zn(II) adsorption mechanisms
on Si0,-PYZ nanocomposite under different pH values.

3.9. The Re-usability of SiO,-PYZ nanocomposite adsorbent

To investigate the reusability of SiQ,-PYZ nanocomposite for
the selected heavy metals, the adsorbents’ reusability was
tested in five successive cycles under similar circumstances,
with the adsorbents being reused without further modification
from the previous test. After each test, the removal efficiency
was calculated, and the data are shown in Fig. 14. After five
usages, the Si0,-PYZ nanocomposite’s adsorption perfor-
mance was marginally affected according to the experiments.
As a result, the SiO,-PYZ nanocomposite is a stable adsorbent
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Table 8 SRB growth bacterial count for SiO, —PYZ at 40 °C for 28 days.

Compound Conc. SRB count Reduction in SRB count (cell/ml) Efficiency
(ppm) (cell/ml)

Blank - 10° - -

SiO, -PYZ 20 10 10* 66.7%
40 10° 10° 100%

for treating Zn(II) and Cr(III)-laden waters. Overall, the
reusability of the SiO,-PYZ nanocomposite supports its
potential economic utilization.

3.10. Microbial induced corrosion (MIC)

This research looked into the effectiveness of SiO,-PYZ as a
proven antibacterial against SRB microorganisms that induce
MIC in anaerobic environments. The methodology for deter-
mining SiO,-PYZ’s biocidal activity is based on the NACE
standard test method TM0194-14-SG. This common method
is used as a routine test in oil and gas wells to measure the rate
of microbial growth in places with water anaerobically, such as
well trunk lines, and at various phases of processing plants,
such as when water is trapped in places like the bottom of
oil storage tanks (Bennet, 2017). Fig. 15 compares the number
of microbial SRB cells in a water sample taken from an already
known contaminated well bed to subsequent dosages of SiO,-
PYZ using sets of specially manufactured growth conditions.
The inhibitor was diluted in vials in a series of steps. Two series
of serial dilutions were examined at different concentrations.
The SiO,-PYZ test was done at two doses of 20 and
40 ppm. The antimicrobial activity of SiO,-PYZ against
SRB bacteria has been encouraged (Fig. 15). Images were
acquired for vial sets injected after a 28-day incubation period,
and a blank is shown in Fig. 15. Compared to white vials, the
number of black vials (infected vials) was reduced, indicating a
biocidal effect.

The data interpretation from the conducted test is shown in
Table 8. Because they scored 10? cell/ml and 0 cell/ml in the
20 ppm and 40 ppm doses, respectively, it appears that
SiO,-PYZ has exhibited the most vigorous action for inhibit-
ing bacterial growth (up to 100%).

4. Conclusions

In this study, SiOQ,-PYZ nanocomposite adsorbent was syn-
thesized for removal of metal ions from synthetic water and
capability against SRB from oilfield water. The best adsorp-
tion parameters by the developed nanocomposite were pH 12
and in the presence of 1 gm adsorbent dosage. The linear
and nonlinear models of Langmuir, PSO adsorption isotherm,
and kinetic models described well the adsorption process.
According to the thermodynamic study, adsorption is a spon-
taneous feasible, and endothermic process. The fact that the
negative value of AG increases with temperature implies favor-
able adsorption at low temperatures with a proven physical
adsorption mechanism. The SiO,-PYZ nanocomposite can
adsorb selected heavy metals in a broad pH range, even in
the presence of coexistent ions. It was also demonstrated that
the Zn(II) and Cr(III) cationic species are desorbed under

alkaline conditions. The SiQ,-PYZ nanocomposite could be
easily regenerated by giving it the possibility to extend its use-
ful lifetime. Besides, microbial-induced corrosion exhibits
good antimicrobial activity against SRB in oil production at
two different concentrations, 20 and 40 ppm.
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