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ABSTRACT: Manganese and iron-doped mn-YBOs; have been
synthesized using a modified epoxide-mediated gel method. The PXRD
pattern evaluated the formation of the desired phase and the structural
changes. EDS spectra determined the elemental analysis of undoped and
doped samples. Raman spectra observed the stretching and bending
modes of B-O bonds. The direct band gaps for doped samples were 1.47
and 2.07 eV, respectively, lower than the band gap value of 5.81 eV for
n-YBOs. The green and blue indigo emission bands were observed in the

photoluminescence spectra. Doped samples showed good magnetic

Attribution 4.0 International License (CC properties as they are antiferromagnetic and ferromagnetic at low

BY 4.0). -’

https://creativecommons.org/licenses/by/ temperature (T = 5 K) M-H plot and SQUID measurement. An

4.0/ indigenously built Sawyer-Tower circuit is used to measure ferroelectric
hysteresis. Photodegradation studies of RhB were conducted under

UV-visible irradiation.

KEYWORDS: borate; sol-gel; magnetic; photocatalytic; ferroelectric;
phosphor

1. Introduction

Transition metal borates have recently attained enormous attention due to their significant
properties and potential applications!!®!. Transition metal borates can be classified into metal
orthoborates and metal oxyborates. The metal-rich oxyborates, containing six coordinated metal ion of
mixed valence and trigonal planar BOs* unit, adopts two warwickite and pinakiolite type structure and
the metal: borate ratio of warwickite is 2:1. In contrast, pinakiolite type has a ratio of 3:1. The mixture of
divalent and trivalent metal ions, the composition Mo,"M™OBQO; and M,"M™O,B0O;, where metals are
iron, cobalt and manganese, can cause the formation of homometallic oxyborates and mixed valence in
solid state. The known homometallic oxyborates are manganese oxyborates (Mn,OBQO; and
Mn,"Mn'O,B0:s), iron oxyborates (Fe;OBO; and Fe,"Fe0,B0;) and cobalt oxyborates (Co,OBO; and
C0,"Co™0,B0O;) which adopt warwickite and pinakiolite structure!”,

The name warwickite is applied to an unusual family of orthorhombic minerals having space group
Pnma and ideal composition (M,O;BO; (M = Mn?*, Fe**, Mg?*, Ti*, and Al’")), warwickite structure
was first investigated by Takeuchi et al. in 1950 having composition (Mg,Fe); sTiosOBO;“. Mg,InBOs
belongs to the category of M3;BOs, having a ludwigite structure with a space group of Pbam. The M3;BOs
(where M can be divalent ions such as Mg?*, Fe**, Co**, Ni** and Zn*" or tri- and tetravalent ions as Al*",
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V3, Cr¥*, Mn**, Fe’*, Ga’*, Mn*", Sn*", Ge**, Zr** and Ti*") belongs to oxyborate family having ludwigite
type structure has already been studied in the past. These all materials such that the cations (transition
metal ions) are distributed over four crystallographic distinct octahedral sites, but in some cases, two
different atoms can occupy the complementary sites®?). Rare earth ortho-borates show excessive
polymorphism, where most structures have explicitly been determined. The following is a survey of
previous work!'13l, Levin et al.'! 1961 described the vaterite type- orthoborate -REBO; (RE: Y, Nd,
Sm-Lu). The structure of T-REBQO; was proposed to be hexagonal with a coordination number greater
than three. A new phase ©-YBQO; was proposed, which was isostructural with vaterite form and possibly
in a pseudohexagonal phase. Newnham et al.'® considered two hexagonal structures of m-YBQO;, one
distorted with the space group of P6;/mmc and the other ordered with a space group of P6s/mcm). In
both structures, rare earth ions were coordinated with eight oxygen atoms, forming a distorted cube.
Spectroscopic techniques such as IR, NMR and Raman studies of m-ortho-borates confirmed the
tetrahedral coordination of boron in the B;Oo ring!'®?%, The hexagonal space group P6c2 at low
temperatures was proposed by Bradley et al.?!, and at high temperatures, it described the P6;22 space
group. In 1977, the pseudohexagonal model for 1-YBO; orthoborate was proposed by Morgan et al.['*¥,
and it favoured the psuedowollastonite-type structure over the vaterite type. In 1997, Chadeyron et al.*?
restudied the structure of n-YBO; using single-crystal diffraction techniques where hexagonal cell, a =
3.776 A and ¢ = 8.806 A with space group of P6;/m was observed. Ren et al.?¥ introduced two other
space groups for n- and u-REBO3, where n-YBQO; was identified as a sub cell of a rhombohedral structure.
In this way, a fully ordered structure in the rhombohedral space group R32 was accomplished. The study
results of Cohen-Adad et al.” in 2000 were consistent with all possible hexagonal space groups P63/ mmc,
P6c2, P6;/mem and P63/m, while the best agreement could be accounted for in P6c2. For u-GdBO;,
hexagonal space group P6;22 was assumed. Lin et al.l'’l surveyed the powder data of the Yo9,Er00.BOs
sample by neutron diffraction, and it was found that a monoclinic structure was observed with space
group of C2/c for both low- and high-temperature. In 2008, Hosokawa et al.”! presented the space group
P63/ m for orthoborate powder synthesized by gyrothermal reaction, which was previously determined by
Chadeyron et al.””, We know that literature has yet to be published on doping transition metals in YBOs.
The use of the sol-gel process is quite beneficial for creating superior materials. The result of the sol-gel
method is an improvement in the processing of traditional materials and their properties, as well as the
synthesis of new materials. Due to its low-temperature nature, the organic-inorganic hybrids sol-gel
technique is beneficial for creating high-performance liquid chromatography. The following benefits of
the sol-gel technique are Easy procedure, the creation of highly pure products, the efficiency of synthesis
is very high, more thorough surface coverage, the creation of low-cost and high-quality materials, etc.?¢!.
In the present study, transition metal doped YBO; has been synthesized by epoxide gel route. Following
this, photoluminescence, magnetic, ferroelectric, and photocatalytic properties have been studied
thoroughly. In the present study, transition metal doped YBO; has been synthesized by epoxide gel route.
Following this, photoluminescence, magnetic, ferroelectric, and photocatalytic properties have been
studied thoroughly.

2. Experimental

2.1. Synthesis

To synthesize n-YBOs;, YCl36H20 (99.9%, Sigma Aldrich), H;BO; (99.9%, BDH) and Propylene
Oxide (99%, Alfa Aesar, Massachusetts) as the starting materials, we dissolved 0.3056 g (1 mmol) of
YCl36H2O in 5 mL of absolute ethanol and 0.061 g of H3BO; (1 mmol), and constantly stirred the
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mixture at room temperature. Then, we added 0.69 mL (10 mmol) of propylene oxide drop by drop
while stirring the solution. After a few minutes of ultrasonication, the mixture produced a colourless
xerogel. We calcined the samples in a muffle furnace at 900 °C for 4 h, with the heating rate set to
20 °C/min. Finally, we allowed the samples to cool naturally to room temperature by turning off the
furnacel”.

Use 0.0192 g (10 mmol) MnCl, sH,O (99%, Alfa Aesar), 0.0410 g (10 mmol) Fe(NO3); oH>O (98%,
CDH), 0.281 g (0.9 mmol) YCl;¢H,O and 0.061 g H;BO; with 0.69 mL (10 mmol) of propylene oxide
to produce xerogels of composition of Y9Mo10BO3; (M = Mn** and Fe?*) following the same procedure
described for the synthesis of n-YBO;.

2.2. Characterization

A high-resolution Bruker D-8 Advanced X-ray diffractometer was used to record the powder X-ray
diffraction (PXRD) patterns. The obtained PXRD data was subjected to structure refinement via the Le
Bail method, which used TOPAS3 software. Renishaw spectrometer was adopted to record the Raman
spectra using a microscope system operating with an Nd: YAG laser (A = 532 nm). Diffuse reflectance
spectra were collected for the samples on a Perkin-Elmer Lambda-35 UV-visible spectrophotometer with
an attached integrating sphere, taking BaSQO. as the reference transformed to absorbance via selecting
KM Function to perform this. The conventional excitation and emission spectral measurements of the
samples were performed adopting Horiba Jobin Yvon Fluorolog-modular spectrofluorometer at room
temperature with a continuing-wave xenon lamp source and Cary Eclipse Fluorescence
Spectrophotometer G9800AA. Low-temperature magnetic measurements were recorded using MPMS
(Magnetic Properties Measurement System) Excel manufacturing quantum design USA in temperatures
ranging between 5 to 320 K under an applied field of +1 Tesla. Magnetization measurements were
performed using a vibrating sample magnetometer (Magnetic Properties Measurement System excel
manufacturing quantum design USA) at 5 K and 300 K under an applied field of +7 Tesla. An
indigenously built Sawyer-Tower circuit was used to measure the ferroelectric hysteresis, and a lock-in
amplifier drove the circuit. Further, a photodegradation study of dye molecules was done in the presence
of a catalyst in an immersion type, in-house fabricated reactor under UV-visible radiation adopting a 125
W capacity mercury vapour lamp (Philips, India). A solid sample (50 mg) was added to a 10 uM aqueous
solution of RhB (pH ~ 7) dye, formed by adopting double distilled water. Firstly, the suspension was
stirred under the dark for almost 20 min to attain equilibrium, then turned on the UV-visible radiation
and shined on the suspension. A 5-6 mL quantity of aliquots was withdrawn periodically from the
reaction mixture. Then, solutions were centrifuged, and the concentration of the solution was obtained
by measuring the absorbance at Amax = 556 nm for (Rh-B) using a UV-visible spectrometer (Shimadzu
UV-1601).

PXRD patterns of 10% manganese and iron-doped n-YBQOs;, were compared with those of pure
n-YBOs, in Figure 1. The xerogel is amorphous, and the calcined product exhibited reflections that
matched well with hexagonal m-YBQO;, regarding position and intensity profile (JCPDS File No.
83-1205).

The PXRD pattern of this sample was successfully refined using the Le-Bail method in the P6;/m
space group. The resulting lattice parameters were a = 3.7756 (15) and ¢ = 8.8138 (25) with no uncounted
reflections!!>162225] The crystallite size (D) was estimated to be 27 nm using Scherrer’s formula D = 0.89
A/BCosB, (where A is the wavelength of the X-ray, 0 is the diffraction angle, and f is half peak width). The
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Figure 1. PXRD patterns of product calcination of xerogels from the attempts to make n-YBO3, manganese and iron doped
n-YBOj3, samples. Inset showing the EDS spectra.

10 20

doped samples showed peaks only about hexagonal n-YBQs;, with no additional reflections and a
systematic shifting of the diffracted peaks toward higher 26 values was observed. From the Le-Bail
refinement of the PXRD pattern, we derived unit cell constants of ¢ = 3.7701 (18) and ¢ = 8.8025 (11) A
for the manganese-doped sample, a = 3.7616 (20) and ¢ = 8.8011 (18) A for the iron-doped sample
(Figure 2). This suggests the inclusion of smaller-sized manganese (0.83 A) and iron (0.78 A) for Y** in
six-fold coordination. The crystallite size of n-YBOj3, increased with the doping of transition metal ions,
with crystallite sizes of 36 nm and 38 nm deduced for the manganese and iron-doped samples,
respectively. EDS analysis of the n-YBO3; sample showed that approximately 21%, 22%, and 63% of Y, B,
and O were present in the sample, respectively, which was close to the expected ratio of 1:1:3. For the
doped samples, 10% manganese and iron were confirmed to be present about the amount of yttrium.
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Figure 2. Le-Bail refinement of (a) n-YBOs3, (b) m-Yo0.90Mno.10BO3 and (c) ©t-Yo.90Feo.10BOs.

Raman spectra of Mn** and Fe** doped m-YBO; samples have been compared with n-YBO;3, in
Figure 3. Translations of Y**, B3O, units and vibrational modes of B3O, units within the structure
contribute to the bands visible between 180 and 250 cm™. Moreover, the existence of B3Oy rings was
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attributed to the bands present at 414 and 513 cm™. B-O-B bending of the BO4 units and B;O,> borate
ring deformation modes were visible at 615 and 839 cm™. Stretching vibration of tetrahedral BO, groups
exists as a part of the B;Oo’ ring displayed as a band at 1006 cm™'?”*1, All the Raman peaks shifted
toward lower values for Mn?* and Fe?* doped samples, confirming their incorporation.

—Y,,Fe,

0.90

BO,

0.10

: ; ] —Y,,Mn, BO,

' ' ' 0907 0.10
1

Signal Intensity (a.u.)

— . : 1 T T
200 400 600 800 1000
1
Wavenumber (cm )

Figure 3. Raman spectra of undoped and doped n-YBO:s.

UV-visible spectra of Mn?* and Fe?* doped m-YBO;are presented in Figure 4. The band centred at
235, 360, 402 and 498 nm for the manganese doped samples corresponded to transitions from ®A;4(S) to
A 1(F), “Ta(D), “Eg(D) and “T1(G), respectively™!. On the other hand, the broad band centred at 534 nm
and 885 nm for the iron doped n-YBO; corresponded to ’A—°E and °A,;—*T, (*G) transitions of iron,

respectively®!l,
0.34 -
o (a)
I
I
8 024 4 \
s |l
£
c 9]
2 |
= 014 \
lbw;;,,
0.0 : " . ,J;U;;‘-,)mm ol
200 300 400 500 600
Wavelength (nm)
0.18+
g o247
=
<
=
=
2
< 0.06
0.00

200 400 600 800 1000
Wavelength (nm)

Figure 4. UV-visible spectra for (a) - Yo0.90Mno.10BO3 and (b) mt-Yo.90Feo.10BO:s.

The direct band gaps for Mn?* and Fe?* doped samples, calculated using Tauc plot ((ahv)? (eV/cm)?
versus hv (eV)), were 1.47 and 2.07 eV, respectively. They were lower than the value of 5.81 eV for
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n-YBO;. Pure n-YBO; was off-white, whereas brown and reddish-brown colours were acquired by Mn**
and Fe?* doped samples (Figure 5). PL spectra of Mn?" and Fe** doped n-YBOj3 have been presented in
Figure 6(a). Blue indigo emissions at 412, 438 and 454 nm were observed for the Fe** doped samplel*?.
The green emission band in the region of 500 nm to 630 nm was assigned to the *A;; (°S) — “Ti; (‘G)
transition of Mn?* doped n-YBO;**.

KM Function
o

0 2 4
Photon Energy (eV)

Figure 5. Bandgap estimation for ©-YBO3 (Black), 7t-Y0.90Mno.10BO3 (Red) and 7t-Yo.90Fe0.10BO3 (Blue).

254 ” A, =360 nm
- I —o— Mn**
g W e Ll
: /
-
- 15 I
W
E L ]
= 104 |
: [
B 54 1
0 \‘Q

s00 550 600 60 700
Wavelength (nm)

)
RADIANT

T T
400 450

y-chromaticity coordinate

0.0 0.2 0.4 0.8 0.4

x-chromaticity coordinate

Figure 6. (a) PL spectra of 7-Y(9Mng10BO3 and 7t-Y.90Feq 10BO3 and (b) CIE coordinate of colour intensity of Mn?* doped n-YBO:s.

The CIE 1931 XY coordinate plot for the Mn?* doped sample as per their emission maxima has been
presented in Figure 6(b), which fell in the green region.

3. Magnetic properties

In Figure 7(a), the Magnetic properties of m-Yo90Mng10BOs have been investigated at 200 K. The
sample exhibited a hysteresis loop with an immense coercivity value (H =~ 31.5 K Oe), indicating
ferromagnetic solid ordering®!. The magnetic susceptibility of the sample was studied in zero
field-cooled (ZFC) and field-cooled (FC) conditions. The ZFC measurements revealed antiferromagnetic
ordering with a Neel temperature (Tx) of 108 K. Below Ty, the sample showed antiferromagnetic
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behaviour, while above Ty, it showed paramagnetic behaviour. On the other hand, FC measurements
showed ferromagnetic behaviour below Curie temperature (TC = 171 K), indicating the existence of
large domains in the same direction. These results provide important insights into the magnetic
properties of ®-Y.90Mny10BO; at 200 K.

—e—ZFC
——FC

1000 Oe

M (emu/g)
% (emu/g)
P

1
=
n

——200K

~
N

T =171K
P )

0.0
T T T
-60 300

T T T
-20 0 20 100 200
H (KOe) Temperature (K)
0.18
0.018
—ZFC
0.0124 0.15 —Fe
_ =212K
%" 0.006 ) N2
£ J = o 1000 Oe
£ 0.000 E
s é <
-0.006 = 0004 T, =141K
——300K
-0.012 4
0.06
-0.018 (©
60 40 -20 0 20 40 60 100 200 300
H (kOe) Temperature (K)

Figure 7. (a) and (c) show the magnetization versus magnetic field for mt-Yo.90Mno.10BO3 and 1t-Yo.90Feo0.10BOs. (b) and (d) represent
the variation of magnetic susceptibility with temperature under zero field and at an applied field of 1000 Oe for 7t-Yo0.900Mno.10BO3
and ©t-Yo90Feo.10BOs.

The zero field-cooled (ZFC), and field cooled (FC) samples showed significant differences at low
temperatures in the curve. This could be due to an inhomogeneous mixture of ferromagnetic and
antiferromagnetic ordering in the sample and frustration in the lattice. Similar magnetic behaviour has
been reported in the literatureP>3!. Figure 7(c) shows iron-doped samples’ magnetization versus
magnetic field. A small hysteresis loop suggests the presence of antiferromagnetic ordering in the sample
at 300 KB7. The magnetic susceptibility of 7-YooFey10BO; under ZFC and FC conditions has been
presented in Figure 7(d). For Fe** doped m-YBQO;, the magnetic susceptibility was increased with a
decrease in temperature from 320 K and exhibited a small cusp at around 141 K, indicating the presence
of antiferromagnetic ordering. Below 133 K, magnetic susceptibility was again increased and exhibited a
curve around 21.2 K before falling rapidly as the temperature approached 5 K. The cooled (FC) plot
showed similar behaviour above 21.2 K temperature. The bifurcation in both ZFC and FC curves above
141 K might be due to the anisotropy in the system, which appeared well above Tx!*¥3%. The ZFC/FC
bifurcation also exhibited local spin or anti/ferromagnetic domain growth clustering. Such bifurcation
behaviour was noticed for Fe;BOj; in the literaturel”,

The magnetic moment value for the manganese doped sample was plotted with a temperature range
of 5 K to 300 K (Figure 8). Magnetic moment increased with temperature up to 74 K and showed a
decreasing trend. The magnetic moment (W) values were 5.74 BM at 74 K, corresponding to the
+2-oxidation state of manganese. This was due to the orientation of domains at low temperatures, which
became random at room temperature®*!!. For the iron-doped sample, the magnetic moment increased
with temperature. At room temperature, it was found to be 4.81 BM, corresponding to the only value of
Fe?* (d® configuration, 4 unpaired electrons).
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100 200 300
Temperature (K)

Figure 8. Magnetic moment versus temperature plot for manganese and iron, doped n-YBO:s.

3.1. Ferroelectric properties

The combine P-E loops of Mn?* and Fe?* doped sample at 7 V/cm potential have been shown in Figure
9. It was observed that 1-YBO; doped with Mn*" exhibited ferroelectric polarization, with P, = 9.52 x 107
uC/cm? as the P-E loop’s remnant polarisation value. The iron-doped sample also displayed ferroelectric
polarization, with a remnant polarization value of 1.90 X 10 at zero electric fields®”*2,

7 Viem

5 10 15

5 0 s
E (KV/cm)
Figure 9. Ferroelectric hysteresis loop (P-E) curve for ©t-Yo.90Mno.10BO3 and 7t-Yo.90Feo.10BO3 at 7 V/cm.

3.2. Photocatalytic properties

The catalytic role of m-Yo090Mng10BOs and ©-YoeFeo10BOs for the photodegradation of RhB dye
solution was studied. Temporal changes in absorbance maxima at A = 549 nm (for RhB dye) in the
presence of undoped and doped samples after shining with UV-visible radiation have been shown in
Figure 10(a—c).

The reduction in intensity of absorbance maxima confirmed their catalytic role in the presence of
these samples. Approximately 57%, 93% and 87% of dye was observed to degrade in 90 min of exposure

with undoped and doped samples, respectively (Figure 10(d)). The concentration of dye was computed
using the expression,

C=Cexp (“kt)

C——concentration of dye at time ¢, Co—concentration at ¢ = 0 min, /—rate constant and t—time in
minutes. Pseudo-first-order rate constants (&) for these experiments employing -YBOs3, ©t-Y0.90Mnyg 10BO;
and 7-Yoo0Feo10BOs as catalysts were 9.16 x 107, 3.01 x 102 and 2.54 x 102 min™', whereas in the
absence of catalyst (photolysis experiments), observed rate constant was found 5.14 X 10 min™ (Figure

10(e)). The excitation of electrons from the valance band (VB) to the conduction band (CB) and
generation of electron-hole (¢ — /") pairs is predicted due to the narrow bandgap®?®.

Catalyst + v — ¢ +h*
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Figure 10. (a—c) Photocatalytic degradation of RhB under UV-visible irradiation, in presence of n-YBO3, 7t-Y090Mno.10BO3 and
7-Yo.sFeo.10BOs, (d) Dye degradation plot (Black = photolysis, Royal = n-YBO3, Red = Y0.90Mno.10BO3 and Blue =
7-Yo.90Feo.10BO3) and (e) In (Co/C) plot.

The holes (#*) generated in the valance band will react with H,0 and hydroxyl anion (OH") acting
as electron donors to form hydroxide radical (OH"). In the conduction band, electrons will react with
electron acceptor species, i.e., oxygen molecule (O;) leading to the formation of reactive oxygen anion
radical (Oy).

Afterwards, reactive hydroperoxyl radical (HO,") will form. At the end, OH’, O,, HO, radicals will

attack the dye molecule, leading to the intermediate with the formation of the final product.
Photodegradation of dye through radical mechanism has already been reported in the literature!?43,

RhB + (OH), (0,), (HO,) — intermediate — CO, + H,O

The comparison study of magnetic and photocatalytic properties of our material with other literature
is mentioned in the tabular form (Table 1).

To check the stability of our catalyst, we have performed a reusability experiment for the manganese
and iron-doped samples (Figure 11). The results show that the catalyst degrades the same amount of dye
solution until the 4th run. The high degradation of dye and stability is better performed by the
manganese-doped sample over iron.
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Table 1. Comparison of performance of manganese and iron doped orthoborate catalyst with the other photocatalyst.

Compound Dye Concentration (M)  Rate constant (min™') Efficiency (%) Time (min) Ref.
TiO: (P25) RhB 2x%x10° 5.7 x 1072 85 20 [44]
Coo.75Fe2.2504 RhB 14 x 10°° 2.41 x 107! 54.4 100 [45]
g-C3Ny RhB 5% 1072 6.9x10°% 95 320 [46]
Spray deposited ZnO MB 5% 1072 6.9%x 108 95 60 [47]
ZnO-ZnWOs Crystal Violet 1 x 107 2.96 x 1078 82 160 [48]
ZnO RhB 4.17 x 10°° 2x10% 8 120 [49]
6% Indium ZnO RhB 4.17 x 10°° 1.01 x 102 76 120 [49]
Y-MnO:> RhB 2% 107 - 90 270 [50]
Yo0.00Mno.10BO3 RhB 1x107° 3.01 x 1072 93 90 Our work
Y090Feo.10BO3 RhB 1x107° 2.54 x 1072 87 90 Our work
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Figure 11. (a) Reusability experiment for manganese doped and (b) reusability experiment for iron doped sample.

4. Conclusions

The application of epoxide-mediated gel synthesis of crystalline n-YBOs, transition metal doped
n-YBO;, has been demonstrated successfully. The PXRD patterns confirmed the inclusion of 10%
manganese and iron in ©-YBQO;. The optical and PL studies of doped samples have confirmed the

presence of manganese and iron. Emission in the green region was observed in the CIE 1931 XY

coordination plot for the manganese-containing sample. Magnetic susceptibility versus magnetic field

data showed the ferromagnetic and antiferromagnetic behaviour for manganese and iron-doped
samples. For doped samples, ferroelectric and at room temperature (300 K) were also observed. The

photocatalytic properties of RhB under UV-visible irradiation in the presence of manganese and iron
doped n-YBO;3, have been observed.
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ABSTRACT: This study compared gas-metal arc welding (GMAW) and
laser beam welding (LBW) for the superposed joining of two low-carbon
steels. The motivation was to reduce the visible defects (notches) in the
external part of one of the sheets. Both welding processes produced
sound welds characterized by ferrite and pearlite; however, the notch
disappeared when LBW was used. The hardness values of the fusion and
heat-affected zones were similar for both processes, but the tensile
strengths were very different. The shear tensile strengths of the LBW and
GMAW were 415 and 84 MPa, respectively. Finite element analysis
simulations indicated a more diffuse distribution of the von Mises stress
throughout the welded component. The GMAW FEA model also

presented a defect because of excessive heat transfer and residual stresses.

In conclusion, LBW can replace GMAW in this particular case with

improvements in appearance, productivity, and mechanical strength.

KEYWORDS: gas-metal arc welding; laser beam welding; low-carbon
steel; automotive

1. Introduction

Several joining techniques have been exploited in the transportation industry and have attained a
high level of automation and quality control. For automotive construction, arc, electrical resistance,
friction, and laser methods have been widely employed for tailored-blank and body-in-white welds!".
None of these methods except for minor defects should be considered for the purpose of the component.
For example, a small undercut in a mid-floor auto blank can be considered less critical than an
inconsistent weld in a door beam. In other cases, the part should attain a cosmetic appearance along with
mechanical and metallurgical qualities. For example, this is the case for a truck bumper, which is usually
a gas-metal arc weld (GMAW) to a clip in the body frame; however, the external appearance of
the bumper should be as flat as possible for aesthetic reasons. These components are sometimes
painted black at the end of the manufacturing line, and the appearance of small surface deformations is
apparent to the client. In addition to the aesthetic question, GMAW seems to be sufficient to fulfill the
requirements of the component during the truck lifetime®.

In the present work, laser beam welding (LBW) is proposed as a replacement for GMAW for
steel bumper clip joining. This replacement aims to overcome the small delamination at the free surface
resulting from arc welding, together with enhanced automation potential and process speed. Mechanical
tests were performed to evaluate the performance of each method.
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A comparison between arc and laser methods has been reported in the literature. Sakai et al.?!
compared GTAW (gas-tungsten arc welding), plasma, and laser sources for the welding of SAE 300 M
steel. For the authors, the choice of source did not change the tensile mechanical behavior or hardness.

Antunes and de Lima® compared GMAW), laser, and hybrid welding (laser plus GMAW) for the
welding of 2.16 mm thick Dual Phase (DP) 600 steel. These authors reported that GMAW is not a
suitable route because of the massive tempering of the base material, which results in premature failure.
Similarly, both laser and hybrid techniques are recommended according to the microstructure, hardness,
and tensile behavior standards.

Hashemzadeh et al.l! studied the question of finite element models for GMAW and LBW steel
sheets. Although the simulations seem to be a good fit to the experimental data, the question of
deformation is missing, and according to the authors, a more robust model must be considered.

The novelty aspect of the present contribution concerns the comparison of steel superposed weld
coupons from numerical computation results, which provides further robustness to the decision of
automakers to consider one method or another.

The residual stresses in laser beam-welded C-Mn steel blanks were considered by Derakhshan et al [,
According to these authors, the residual stresses and deformations are linked to the heat input when
comparing arc welding to laser welding. Similar results were reported by Pavan for austenitic stainless
steels!”.

The objective of the present work is to verify whether laser beam welding (LBW) can replace gas-
metal arc welding (GMAW) for superposed welding of 1.9 mm low-carbon steel sheets in terms of final
deformations, microstructure, and mechanical behavior.

2. Experimental

A 1.9 mm thick low-carbon steel sheet with a composition of Fe-0.02maxC-0.25maxMn-0.01maxAl-
0.021maxP-0.30maxT1 (weight %), was used in the as-annealed state. According to the manufacturer, steel
has a yield strength (YS) between 140 and 180 MPa, an ultimate tensile strength (UTS) between 270 and
330 MPa, a maximum elongation (ME) of 40%, and a hardness of approximately 48 HRB.

The welds were prepared according to the geometries required for application. GMAW realized a
flat-position lap joint using an ESAB source and manual procedures. The arc welding parameters were
17.2 'V, 76 A, wire speed of 6.3 mm/s, and argon gas shielding (8 L/min). The OK AristoRod 12.63
ESAB: filler wire (classification EN ISO 14341-A) had a diameter of 0.8 mm and a typical composition
(Fe as the balance) of 0.074% C, 1.68% Mn, and 0.95% Si.

For LBW, a Yb:glass fiber laser (IPG Photonics, model YLR-2000) was used. The geometry was
superposed sheets with the laser focus on the top of the upper sheet (0.1 mm spot diameter). After some
free trials, the laser power was fixed at 1800 W, and the weld speed was 25 mm/s.

The welds were analyzed using an optical microscope (Zeiss, model Axio Imager.A2m) after
polishing and etching with a solution of 2% nitric acid in ethanol. The hardness of the different regions
was acquired using a FutureTech model FM-700 microhardness tester with a 100-gf load and a dwell
time of 10 s. Tensile strength tests were carried out in an Instron universal mechanical testing machine
(DL 10'000), with an axial speed of 1 mm/min. Three tensile coupons were tested for comparison
purposes.

Finite element analysis (FEA) simulations were performed using Sysweld Software©®!. Sysweld is
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FEA software specially designed for welding and heat treatment of metals and alloys. For the current
purpose, a mesh refined around the laser or arc path was designed, and the actual experimental conditions
were considered. The material properties in the database were low-carbon steel grade DC04 (1.0338)
for both the base sheets and wire.

3. Results and discussion

Figure 1 shows two micrographs of the transverse cut after GMAW and LBW. The GMAW joint,
shown in Figure 1(a), has a 5.2 mm wide weld bead with a resolidified material height of 2.8 mm and
melts through the lower sheet of approximately 0.4 mm. A pore is perceived at the interface between the
sheets, which is due to the pumping of gases into the gap. Large grains around the welded zone are shown
in Figure 1(a), owing to the heat input. Figure 1(a) also shows an arrow indicating a notch on the external
surface of the bottom sheet. The notch dimensions are 0.27 mm wide and 0.03 mm deep, which is
relatively small but easily noticed by a visual inspection of the component. Figure 1(b) shows an LBW
cross-sectional micrograph with a typical heyhole shape. The laser-weld bead dimensions are 1.78 mm
wide and 2.93 mm deep, with a maximum width of 0.6 mm in the heat-affected zone. Some small pores
appear in the laser weld bead, but adjacent to the joint, as in the GMAW case. The free surface of
the bottom sheet does not exhibit a notch, as shown in Figure 1(a).

(a) (b)

Figure 1. Optical micrographs of (a) GMAW and (b) LBW welds. The arrow indicates the notch at the bottom surface of the component.

Figure 2 shows two typical microstructures observed in the fusion zone (FZ) of the weld beads. The
GMA weld beads (Figure 2(a)) were marked by the wire composition because the dilution of the base
material was relatively low (Figure 1(a)). GMAW is characterized by grain boundaries, acicular ferrites,
and pearlite in the middle of the grains (Figure 2(a)), in accordance with Boumerzoug et al.”’’ and Bodude
and Momohjimoh!'%. The laser beam-welded FZ (Figure 2(b)) presented ferritic (light gray) and pearlite
(dark gray) grains, which also corroborates the literature!!-1?),

Table 1 presents the average Vickers hardness (HV) values for the base material (BM), heat-affected
zone (HAZ), and fusion zone (FZ) for different types of weld beads. The hardness of the base metal
increased in the HAZ and FZ of the GMAW as a result of grain refinement. In the LBW case, the HV
slightly increased in the FZ and HAZ because of the grain size.
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Figure 2. Optical microscopy images of the center of the fusion zone for (a) GMAW and (b) LBW.

Table 1. Hardness values for each region of the welds.

Region GMAW LBW

BM 100 + 10 100 + 10
HAZ 140 £ 10 110 + 20
FZ 140 £ 10 150 + 10

The stress-strain curves for a representative lap joint-type tensile test are presented in Figure 3. The
shape and maximum strain points did not change significantly between the three tests under the same
conditions. The maximum strengths of the LBW and GMAW coupons were 415 MPa and 84 MPa,
respectively. In contrast, the maximum strains obtained for LBW and GMAW were 2.6% and 7.9%,
respectively. In terms of toughness moduli, given by the area under the curves, LBW and GMAW are 2.9
MPa and 0.9 MPa, respectively.

450
400
350 —_
300 LBW
250 4

200

Stress (MPa)

150

100
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0 T T ) T ) T T T 5 T ) T T T g 1
0 1 2 3 4 5 6 7 8
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Figure 3. Lap-joint shear stress-strain curves representative of the LBW and GMAW samples.

The temperature profile in the middle of the welding process is shown in Figure 4. As can be seen,
the GMAW case distributes the arc energy through a large portion of the component. For example, the
temperature at the bottom of the lower sheet was 1200 °C in the GMAW case compared to the ambient
temperature of the LBW case. The simulated dimensions of the melt pool (red areas in Figure 4) resemble
the actual welds in both cases (Figure 1). Heat-affected zones (HAZ) are less visible because of the
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ferritic base material. However, the presence of grain growth around the fusion region, as shown in Figure
1(a), is indicative of the HAZ. Comparing Figure 1(a) and Figure 4(a), it can be considered that the HAZ
extends to approximately 1200 °C. This temperature was reported by Thaulow et al.'* around the grain
growth HAZ in low-carbon steels. The HAZ in the LBW case was much narrower than that in the
GMAW case, approximately 300 um in the optical micrograph (Figure 1(b)), giving approximately 700 °C
in the simulated cross section (Figure 4(b)). This temperature was reported to be approximately equal to
the Al temperature of low-carbon steel!'®. In the literature by Oh et al.l'”! these temperatures were
sufficient to produce a hard and brittle HAZ composed of martensite. However, the very low carbon
content kept the hardness level (Table 1) compatible with ferritic grains in the HAZ.
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Figure 4. Temperature profiles for GMAW and Laser welds in the middle of the component.

From a thermomechanical point of view, Figure 5 presents the Von Mises residual stresses for
GMAW and LBW, as estimated from the upper free surface. The maximum residual stresses were
approximately 220 MPa and 470 MPa for GMAW and LBW, respectively. Although the LBW stresses
doubled the GMAW case, the laser beam weld confined the highest values, and the GMAW spread the
stress lines far from the joint. As a result, the final displacement of the FEA mesh was much more
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perceptible in the GMAW case than in the LBW case (Figure 6). In particular, a notch on the opposite
face of the weld was visible in the GMAW simulation (Figure 6(b)). In the simulations, the volume was
free to expand, and the notch was presented as a protuberance at the lower surface of the component
(Figure 6(b)). This is exactly the inverse of the experimental evidence (arrow in Figure 1(a)) because,
under real conditions, the sheets are not free to expand. Consequently, residual strain notches the surface

at the bottom.
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Figure 5. Von Mises stresses at the end of the simulation for (a) GMAW and (b) LBW.
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Figure 6. Final displacement of nodes in Z-direction (orthogonal to weld line) for (a) GMAW and (b) LBW.

4. Conclusions

The following conclusions were drawn:

Gas-metal arc welding (GMAW) and laser beam welding (LBW) were performed for superposed

sheets of low-carbon steel.

The microstructures of the fusion zone are ferritic (LBW) or ferritic-pearlitic (GMAW), because the

latter accounts for wire dilution.

The surface opposite the GMAW presented a notch as a visible defect, which was not present in the
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The hardnesses of the base material, heat-affected zone, and fusion zone were similar (100-150 HV)
owing to the majority of ferrite grains.

In terms of lap-shear tensile strength, LBW coupons were stronger (415 MPa) than GMAW coupons
(84 MPa), but with a reduction in the final elongation from 7.9% to 2.6%.

Finite element analysis (FEA) indicated that the lateral heat exchange for GMAW was excessive,
attaining 1200 °C at the face opposite to the weld. In the case of LBW, the opposite surface was
maintained at room temperature.

The mechanical results of the FEA indicated a high von Mises maximum residual stress for LBW
compared with GMAW. However, residual stresses were confined to the weldment. Owing to the intense
heat input and residual stress, the GMAW presented a defect on the opposite surface.
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ABSTRACT: This study examined the surfaces of non-passivated and
passivated tinplate samples, as well as the impurities present on them,
using SEM, EDS, and GDOES. Additionally, solutions were analyzed
using ICP in order to identify any correlations between the elements
present in the solutions and on the strip surfaces. The results from

GDOES indicated the presence of unwanted elements, such as Sn, S, Cr,
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pyne © N, P, Zn, Fe, Mn, C, and Si, on both the passivated and non-passivated
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sample surfaces. SEM analysis of the passivated sample revealed light
and dark regions in parallel lines, which were observed ahead of the
rolling direction. EDS analysis indicated that the light areas were rich in

BY 4.0). : . ) .
https://creativecommons.org/licenses/by/ Sn while the dark areas were rich in Fe, and C was identified as an
4.0/ unwanted element in both areas. O and Cr were only found in the dark

areas. EDS analysis of the impurities revealed Na, S, CI, Ca, Mg, Si, N,
and Al as unwanted elements. The results suggest that unwanted
elements are transferred from the steel strip surface to different solutions

in the tinplate line, causing pollution in various solutions.

KEYWORDS: tinplate surface; surface impurities; unwanted elements;

passive

1. Introduction

Food contact surfaces play a critical role in ensuring food safety and quality"®. As such, it is
essential to identify and minimize potential sources of contamination, including the presence of
unwanted elements on the surface of the tinplate. In identifying sources of pollution, several criteria are
utilized, encompassing factors like chemical composition, environmental impact, and concentration
levels*!. Elements or compounds known for their harmful effects on the environment or human health
are typically labeled as pollutants. However, the exclusion of substances such as viruses, bacteria, and
certain compounds often stems from their biological nature or the focus on chemical pollutants. While
these biological agents can cause contamination and health issues, they might not align with
conventional pollutant definitions. In the context of addressing contamination on the surface of
tinplate, the emphasis could be on chemical elements or compounds that adhere to the surface,

23



Materials Technology Reports 2023; 1(1): 293.

potentially impacting its use or posing risks upon contact, thus prioritizing their identification and
mitigation over biological contaminants. This focus allows for more effective control and management
of contamination in industrial settings, aligning with the specific concerns related to surface pollutants
in manufacturing or processing.

Previous studies have utilized various analytical techniques to investigate the surface layer of
commercial tinplate!® %, For instance, in addition to the XPS method with argon ion sputtering used by
Chen et al.'!] Sun et al.'”, and Azzerri et al.['¥), other studies have employed techniques such as Raman
spectroscopy!*l, atomic force microscopy!™®, and X-ray diffraction® to analyze the surface composition
and structure of tinplate.

In this study, we employed SEM, GDOES, and EDS to investigate the presence of unwanted
elements and components on both passivated and non-passivated samples of tinplate. These techniques
allowed us to identify the different elements present on the surface and determine their distribution and
concentration. We also utilized ICP to analyze the elements in the process solutions of the tinplate line,
which helped us understand the sources of these unwanted elements and their correlation with the
elements present on the polluted tinplate surface. The surface of tinplate is susceptible to contamination
from a variety of sources. One major contributor is the use of raw materials that are not properly
screened for impurities. Contaminants from the raw materials can find their way onto the surface of the
tinplate during production, leading to an inferior product. Inadequate cleaning procedures can also be a
source of unwanted elements on the surface of the tinplate. If the equipment used in the manufacturing
process is not thoroughly cleaned between batches, residual contaminants can build up and transfer
onto the surface of the tinplate. This can have a negative impact on the appearance and quality of the
final product. Poor passivation techniques can also lead to the transfer of unwanted elements onto the
surface of the tinplate. Passivation is a process used to create a protective layer on the surface of the
tinplate, which helps prevent corrosion and other types of damage. If this process is not properly
executed, contaminants can become trapped within the passivation layer and eventually make their way
to the surface of the tinplate. To mitigate these issues, it is crucial to establish and maintain effective
quality control measures throughout the production process. This includes rigorous screening of raw
materials, implementing and enforcing thorough cleaning procedures, and ensuring proper execution of
passivation techniques. By doing so, manufacturers can optimize their production process and deliver
high-quality tinplate that is free from contamination. The novelty of this study lies in the comprehensive
investigation of the presence of unwanted elements and components on both passivated and
non-passivated tinplate samples using various analytical techniques such as SEM, GDOES, EDS, and
ICP. While previous studies have used the XPS method with argon ion sputtering to analyze the surface
layer of commercial tinplate, this study goes further by examining the potential correlation between
unwanted elements in the solution used in the production and the elements present on the polluted
tinplate surface. The findings of this study can contribute to the development of effective strategies to
reduce the pollution of tinplate surfaces, improve production quality, and enhance customer
satisfaction.

2. Experimental method

In this study, various methods were utilized to investigate the chemical composition and elements
present on the surface of tinplate. Two types of samples were prepared, including non-passivated
tinplate (free from any surface contamination) and passivated tinplate (with surface pollution), with
dimensions of 50 mm X 50 mm X 0.25 mm and a coating mass of 2.8 g/m? Scanning electron
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microscopy (SEM) with the ZEISS EVO MA18 model from Germany was used to examine the samples
using secondary electrons, electron back-scattered electrons, luminescence cathodes, and back-scattered
separation detectors. For quantitative analysis, energy-dispersive X-ray spectroscopy (EDS) was utilized
with the same device. To detect elements in solution samples, inductively coupled plasma spectrometry
(ICP) with Integra XL construction company GBC Australia was employed. To investigate the
chemical composition of the very thin layer on the surface of tinplate samples, glow discharge optical
emission spectroscopy (GDOES) with the GDA 750 HR SPECTRUMA ANALYTIK GMBH
company was used, which is capable of identifying up to 79 elements with a resolution of one
nanometer in the analysis and can cover a depth of 200 microns. One of the novelties of this study is the
utilization of GDOES to study the chemical composition of the very thin layer on the surface of tinplate
samples. Moreover, the combination of SEM, EDS, ICP, and GDOES analysis provided a
comprehensive understanding of the elements present on the surface of tinplate and their behavior in
different solutions, which can be helpful in improving the quality and safety of food packaging
materials.

3. Results and discussion

The surface morphology and microstructure of both passivated and non-passivated samples were
examined using SEM and EDS analysis. The SEM and EDS results of the non-passivated sample are
illustrated in Figure 1 and Figure 2. The surface exhibits burrs, notches, and impurities. EDS analysis
revealed the presence of O, Sn, and Fe, with Fe accounting for around 13 atomic%. As a result of the
presence of impurities on the surface, further investigation was necessary. SEM analysis showed that
impurities A and B were present on the surface of the non-passivated sample, as shown in Figure 3 and
Figure 4.

20 pm* EHT = 18.00 kv Signal A = SE1 Date :15 Oct 2014
WD =12.0mm Mag= 750X

Figure 1. SEM of non-passivated sample.
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Figure 2. EDS result of non-passivated sample.

20 pm* EHT = 18.00 kV Signal A = SE1 Date :15 Oct 2014
|_| WD =12.0 mm Mag= 500X 2 ]

Figure 3. SEM of impurity (A) on the non-passivated sample.

20 pm* EHT = 18.00 kV Signal A = SE1 Date :15 Oct 2014
| WD =12.0 mm Mag= 1.00 KX ]

Figure 4. SEM of impurity (B) on the non-passivated sample.
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The EDS analysis of these impurities (A and B) is presented in Figure 5 and Figure 6. Unwanted
elements, including Cl, O, Fe, S, C, Mg, Al, Si, Ca, and Na, were detected. The turbulence of the
coating electrolyte may cause impurities to transfer to the strip surface. These impurities can then move
to adjacent cells through the strip and contaminate their solutions as well.

Element series [wt. 5] [norm. wt.%} [narm. at.38] |
1 Carbon K-serias 3296 35.590 63.95
1 Owxygen K-zeries 1536 16.73 2237
Sodiom K-series 131 1979 134
Sulfur K-zeries 0.92 1.00 067
&0 Chlorine K-series 2298 249 1.50
Calcium K-serias 426 464 248
Iron K-series 2.08 228 087
] Tin L-series 32.0%9 3495 6.29
Sum: 91.81 100 100
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$8nFe 8- 8¢ ]
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b |

H 8 1 12 "
Figure 5. EDS result of impurity (A) on the non-passivated sample.
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Figure 6. EDS result of impurity (B) on the non-passivated sample.

The SEM result of the passivated sample is displayed in Figure 7. Dark and light parallel areas,
indicating the rolling direction, were observed in Figure 8. The EDS analysis of the light and dark areas
is presented in Figure 9 and Figure 10, which confirmed that the dark areas were enriched in Fe with a
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high concentration of C as an unwanted element. Cr was also observed in the dark areas. The light
areas were rich in Sn, with a high concentration of C as an unwanted element, similar to the dark areas.

200 pm* EHT =17.50 kV Signal A = SEA Date :31 Dec 2014 0
F——— wo=110mm Mag= 200X o7

Figure 7. SEM of passivated sample.

20 um* EHT = 17.50 kV Signal A= CZ BSD Date :31 Dec 2014 o
I WD =11.0mm Mag= 1.50 KX G FA S

Figure 8. SEM of passivated sample on dark & light areas.
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Figure 9. EDS of B point (dark area) on passivated sample.
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Figure 10. EDS of W point (light area) on passivated sample.

The oxygen content in the bright area depicted in Figure 8 is relatively low. The relatively low
oxygen content in the passive area of the tin plate can be attributed to the formation of a protective layer
or film that impedes further oxidation. Tin plates often develop a passive layer. This layer acts as a
barrier, reducing direct contact between the underlying metal and the surrounding environment.
Consequently, the availability of oxygen for further oxidation reactions on the surface decreases,
resulting in a relatively low oxygen content in the passive area of the tin plate. This protective layer
helps maintain the metal’s integrity while limiting the extent of oxygen interaction, thereby keeping the

oxygen content comparatively low in the passive region.

There was no oxygen in the dark areas, but in the light areas, it was significantly present. Oxygen
was observed due to the presence of the tin oxides SnO and SnO; on the surface. There was no Cr in the
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light areas. ICP has been used for investigating tinplate lines with different cell solutions and GDOES
for the surfaces of passivated and non-passivated samples.

The chemical composition of the plating electrolyte is shown in Table 1. The elements Sn, S, C,
and Fe in small amounts due to the dissolution of the steel strip are expected. This result is shown in the
significant unwanted elements Fe, Pb, Mn, Cr, Si, and Ca. The source of the very high amount of Fe,
Mn, and Si in the electrolyte is due to the frequent stoppages of steel strips in acidic plating electrolytes
during the long age of this solution. At the time of the test, the solution to this study was about 12 years
old.

Table 1. ICP result of plating electrolyte.

Element Quantity (ppm)
Fe 3100
Pb 33.2
Zn 2.15
Mn 56.4
Cr 8.4

Sn 25,600
Si 10

Ni 4.6

Ca 8

S 260

The presence of Pb, Ca, and Cr is also caused by impurities in the raw materials PSA and ENSA,
as well as tin anodes consumed during the life of the electrolyte. The chemical composition of the
passivation solution is shown in Table 2. As expected, the main ingredient in the chemical composition
of the solution is Cr. But the presence of Sn, Si, S, and Fe in concentrations is remarkable. According to
the above results, the transmission of different elements from plating cells to the next cells by the strip
surface is observable. Also, the high age of the plating electrolyte causes contamination of the solution
due to the raw materials PSA, ENSA, and Sn anodes and strip stoppages.

Table 2. ICP result of passivation solution.

Element Quantity (ppm)
Fe 3.90
Pb 0.30
Zn 0.10
Mn 0.75
Cr 1950
Sn 5.00
Si 4.00
Ni 0.50
Ca 0.50
S 5.00

The GDOES test was used for quantitative analysis of elements present on the surface layer of the
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sample. The results showed that for the non-passivated surface, S was detected in the first moment, and
then Sn was exposed to large amounts as specified in Figure 11. N, P, Zn, C, and Fe were also present.
In this experiment, Si and Mn were not observed. After the preliminary detection of C, it was reduced
to zero by test time. In terms of priority element detection by the device, S, N, Sn, P, Zn, C, and Fe were
detected on the surface in the first moments of the test. As mentioned above, a large amount of S, N,
and Sn was available on the surface.
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Figure 11. GDOES result of non-passivated sample.

The GDOES graph in Figure 12 reveals the chemical composition of the pollution on the
passivated surface. Upon closer inspection of the graph, high peak intensities of C, S, Zn, and Si were
observed in the first moments along with abundant Sn, which declined over time. Cr also had a strong
peak that completely dropped with time. Based on the peaks of N, P, Zn, Fe, and Si in the early
moments, of the test, it can be concluded that in very thin profiles of the surface, Sn, S, Cr, N, P, Zn,
Fe, Mn, C, and Si exist, representing the chemical composition of the pollution on the surface. In terms
of priority element detection, Sn, S, N, P, Cr, Zn, Fe, Mn, and Si were the most apparent.
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Figure 12. GDOES result of passivated sample.
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Comparing the ICP results with the GDOES results shows remarkable similarities in the elements
that represent the placement of unwanted elements on the Sn coating layer during electrolysis.

Applying a coefficient of 50 times on the display of S, P, and N, S and before Sn are revealed as the
first element in the non-passivated sample in GDOES. This suggests that S exists on the surface of the
entry strip to the passivation cell, which can prevent a correct cathodic dichromate passivation process
and also dissolve in the passivating solution, infecting it as an unwanted element. S is also observable in
the ICP results of the plating electrolyte as well as the passivation solution. According to GDOES
analysis, nitrogen and phosphorus were found to be located beneath the strip surface, following the
detection of sulfur and tin. The increase in nitrogen emissions and decrease in tin emissions suggest that
the nitrogen source may be either the tin plating or surface melting sections. Phosphorus, on the other
hand, is believed to have been transferred from the cleaning section to the plating section during strip
processing. Si was observed in the passivation solution ICP results (Table 2) and contributed to an early
peak in the GDOES results of the passivated sample (Figure 12). Cr, as well as Sn, S, N, and P, were
detected in the passivated sample results. The presence of Sn in the GDOES results was attributed to its
presence in the passivation solution rather than the coating process. The sequence of element detection
in the passivated sample revealed the interference of C and Zn in the passivation process, with C and
Zn being detected after Cr. The significant presence of C in both the EDS and GDOES results of the
passivated sample indicates that the strip carries a certain amount of plating electrolyte as it passes
through the cells in the line.

The experimental findings necessitate several key recommendations to enhance food packaging
material quality and safety. These include the implementation of stringent monitoring protocols
throughout the manufacturing process, focusing on critical stages like passivation, and refining
processes to minimize the transfer of unwanted elements between different manufacturing cells.
Thorough evaluation of raw materials before their use, alongside establishing stringent quality
assurance measures and investing in ongoing research to explore alternative surface treatment methods,
are also crucial. By adopting these measures, the study aims to reduce the presence of contaminants on
tin plate surfaces, ultimately ensuring safer food contact and compliance with stringent regulatory
standards. This proactive approach not only mitigates risks associated with potential contamination but
also fosters long-term consumer confidence in the safety and quality of packaged food products.

4. Conclusion

The outcomes from the previous chapter’s discussions are as follows:

The SEM analysis of passivated samples uncovered rolling grooves on the surface, displaying
alternating dark and light areas. The tall areas in the dark regions contained elevated levels of Fe and
unwanted C, while both dark and light areas revealed the presence of Cr. The light regions, rich in Sn
and significant amounts of unwanted C but lacking O, indicated the presence of Sn oxide in these areas.
The melting process on the surface resulted in differential Sn thickness between dip and tall regions due
to the liquid Sn filling the lower areas. For non-passivated samples, impurities adhered solely to the Sn
layer, indicating transfer from plating cells. EDS analysis of these impurities showcased unwanted
elements in sequence—O, Fe, Cl, S, C, Mg, Al, Si, Ca, and Na. The ICP analysis of plating electrolyte
coating uncovered significant unwanted elements caused by the steel strip stoppage during its 14 years
of use, alongside impurities in raw materials (PSA, ENSA, Sn anode). GDOES highlighted the
detection sequence—S, N, Sn, P, Zn, C, and Fe—on non-passivated samples, indicating their transfer
between cells. Passivation solution ICP results emphasized Cr as the major element, with notable

32



Materials Technology Reports 2023; 1(1): 293.

amounts of Sn, Si, S, and Fe. S, N, and P were detected beneath the surface layer in both passivated
and non-passivated samples, while GDOES of passivated samples indicated initial high-intensity peaks
of various elements, diminishing over time due to surface pollution’s chemical composition. These
findings suggest the transfer of unwanted elements from previous process cells during passivation
electrolysis, adsorbing on the surface due to polarization and compounding surface elements at the
passivation cell entrance.
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1. Introduction

Agricultural and vegetable wastes are associated with some environmental issues that need to be
solved. Using these residual materials in various composite materials is a way utilized in many research
and industrial applications. For example, Nazarpour-Fard et al. used Buxus sempervirens ingredients for
modifying the polyvinylpyrrolidone (PVP) properties!!l. Also, they utilized the rice husk ash for
modifying the thermal, hydrophilicity, and spectroscopic characteristics of polyvinylpyrrolidone and
polystyrene??!, thermal characteristics of chitosan™, and mechanical properties of linear low-density and
high-density polyethylenel.

Polystyrene is one of the famous thermoplastics used in various fields and its composites with
various micro and nano materials have been studied and practically used. It should be noted that the
suspension method is one of the common and widely used methods in the synthesis of polystyrene!®7.

Solution casting is the most common method used to prepare polymer and non-polymer composites.
In this procedure, all components of the composite are dissolved in a suitable solvent, and after the
evaporation of the solvent and drying of the sample, the desired composite is prepared. For example, we
can refer to many research studies such as the preparation of graphene oxide/polyaniline/polystyrene
composites®!. Moreover, Yadav et al.” employed this procedure for preparing poly
(methylmethacrylate)-BiFeOsPolystyrene-2% divinyl benzene composites!..

The preparation of polymer composites from biomaterials has attracted increasing attention due to
the excessive consumption and exploitation of non-renewable resources such as coal and oil. In this
context, the composite compounds obtained from plant wastes have received more attention owing to
their abundance and in order to protect the environment. For instance, the leaves of various plants are
widely used resources that can be utilized in many research and industrial fields!'>!!l. In other studies,
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chitosan/pectin-rich vegetable waste composites were successfully prepared for use in the active
packaging of dry foods!'?. Also, Cherkashina et al. employed Hazelnut Shells as a valuable additive for
modifying polystyrene properties!®l. Moreover, Nazarpour-Fard used bio-additives prepared from rice

husk to modify the polystyrene and polyvinylpyrrolidone characteristics and obtained valuable results!'-
5]

Here, based on the above-mentioned explanations and for protecting the environment and the
correct use of plant and environmental wastes, it was decided to use the waste of Buxus sempervirens
ingredient (which is left into the environment as a waste originated from biomaterial) as an additive for
polystyrene composites. Its carbon and ash derivatives obtained by thermal pyrolysis, were also used as
bio-derived and valuable additives to prepare polystyrene composites. These additives showed the
observable effects on the DRS and XRD spectra of the polymer, which will be discussed detailly in the
next sections.

2. Experimental
2.1. Materials

Polystyrene was synthesized by suspension polymerization method based on the published article!*],
as its schematic representation has been shown in Figure 1. Toluene (used to dissolve polystyrene) was
manufactured by Merck, Germany. The carbon and ash materials were obtained by thermal pyrolysis
method in a laboratory furnace as previously reported by Nazarpour-Fard et al.l'"5,

Mechanical stirrer ) 1 nermometer

Nitrogene inlet

Deionized
water
Styrene
Gelatine
BPO

PS

Figure 1. Schematic of the system for polystyrene synthesis.

2.2. Instrumentation

The sonication of the solutions was carried out by using an ultrasonic bath (Sono Swiss, Sw3H,
Switzerland). Knauer Instrument (Germany) was used as gel permeation chromatography (GPC) for
determining the average molecular weight and polydispersity index of the prepared polystyrene. X-ray
diffraction (XRD) analysis was performed on a Philips diffractometer (PW1840 made in Holland
Netherlands) with Cu-Ka radiation. burning the plant waste to provide the favorite carbon and ash was
done by using a Nabertherm furnace (made in Germany) adjustable up to the temperature of 3000 °C.
Visible Reflection Transmission Spectra (DRS) was taken using a Shimadzu UV-2100 spectrometer.
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2.3. Polystyrene synthesis

The process of polymer synthesis was carried out as radical suspension polymerization. Here,
deionized water (250 cm?®) and gelatine (1.25 g) were poured into a 500 cm? three-neck glass reactor fitted
with a nitrogen inlet, a stirrer, and a condenser. 20 cm®of styrene was mixed with 0.5 g of benzoyl
peroxide (BPO) and then added into the reactor. The reaction medium was mechanically agitated to
prepare the uniform condition for polymerization. The temperature inside the reactor was continuously
computed by a thermometer fixed to the reactor system. The temperature of the suspension reaction was
gradually enhanced to 95 °C, where the polymerization was done for 3.5 h under nitrogen atmosphere.
Then, the synthesized PS particles as uniform granules were filtered and separated, washed with
deionized water, and dried in an oven at 60 °C. The example of synthesized PS granules has been reported
by Slobodian et al.l"4,

2.4. Preparation of carbon and ash from the plant waste

In order to prepare carbon and ash from the waste of plant leaves, the dried waste was first powdered
with the size of fine particles by using a ball mill (Figure 2(a)). Then it was heated in a laboratory furnace
at the temperature of 250 °C for 2 h to turn into a carbon material (Figure 2(b)). Additionally, it was
passed through a sieve with 200 mesh to be used in the preparation of polymer composites as a bio-
additive. The process of ash preparation (Figure 2(c)) was also done in the same way but at the
temperature of 700 °C.

B ARSI - F
Figure 2. Image of (a) Buxus sempervirens leaf ingredient, and (b) carbon and (c) ash obtained from this type of plant waste.

2.5. Preparation of polystyrene composites with the additives

To prepare a polystyrene composite, a polystyrene solution was obtained in toluene solvent at
ambient temperature. Then, using mechanical and ultrasonic stirring methods, the additives were well
distributed in the polystyrene solution. The polystyrene composites with Buxus sempervirens leaf ingredient
(PS-L), carbon (PS-C), and ash (PS-A) were prepared through the evaporation of toluene by drying
process at a suitable temperature. The composition of the additives in all the composites was 2 wt%.

3. Results and discussion

3.1. Identification of polystyrene by gel permeation chromatography (GPC)

The molecular weight and molecular weight distribution (PDI) of the synthesized polystyrene were
determined through gel permeation chromatography analysis. The results of these investigations are
shown in Figure 3 and Table 1. As it is clear that, the weight and number average molecular weights are
33,949 and 19,905 g mol ™, respectively. It was found that the polydispersity index (molecular weight
distribution) value of the synthesized polystyrene (1.705) was in accordance with that of commercial PS
as formerly reported by Chen et al.!'™,
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Figure 3. GPC chromatogram for the synthesized polystyrene.

Table 1. Average molecular weight and molecular weight distribution of synthesized polystyrene.

Characteristic Amplitude
Weight average molecular weight (Mw) 33,949 g mol™!
Number average molecular weight (My) 19,905 g mol™
Z average molecular weight 56,512 g mol™!
Z + 1 average molecular weight 84,505 g mol™!
Peak molecular weight 22,409 g mol™
Polydispersity index 1.705

3.2. The effect of additives on absorption of visible light by polyvinylpyrrolidone and
polystyrene

Investigation of the additive effect on the absorption of visible waves by polystyrene composites
showed that these additives have an increasing effect on the absorption of visible light by the polymer
(Figure 4). However, it is clear that after the addition of additives to the polymer matrix, the absorption
values of all the composites have increased as compared to the pure polymer. The increasing trend is also
proof of the formation of composites with a uniform distribution of particles in the polymer matrix. It is
obvious that in the case of composite containing carbon and ash, two peaks have been observed in the
range of 400 to 450 nm, which can be due to the presence of functional groups in these additives and/or
due to their different interactions with polystyrene, in comparison to PS-LP sample. The similar
observations were reported for polyvinylpyrrolidone composites with Buxus sempervirens ingredients!!), as
well as for chitosan after adding rice husk ash!.

0.5
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Figure 4. DRS visible spectra for polystyrene and their composites.
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3.3. The effect of additives on the XRD pattern of polyvinylpyrrolidone and polystyrene

Examining the XRD results for polystyrene in Figure 5, shows that the additives have had significant
effects on the XRD pattern of polystyrene. In other words, the addition of carbon and ash to this polymer
not only caused the shift of the peak located at around 19.5° to higher degrees but also led to an increase
of the full width at half maximum (FWHM) of the peak. In the case of PS-LP, we can see no drastic
changes. All of these observations show that these additives affect the morphology and crystal structure
of polystyrene. But the effects in PS-LC and PS-LA were greater compared to PS-LP, which could be due
to stronger interactions and bonds between these bio-additives and the PS matrix. It is worth mentioning
that the values of d-spacing parameter in all the composites were higher as compared to pure PSS
indicating an increase in the size of crystalline particles in the semi-structured samples. It is obvious that
molecular arrangement and interactions between the composite components are of the main factors
controlling the polymer crystallinity. Moreover, the appearance of new peaks in the XRD patterns of the
composites exhibits the creation of new crystalline area in the composites (Table 2). Some changes in
XRD of PVP and PS have been observed after adding rice husk derivatives as can be seen in the literature
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Figure 5. X-ray diffraction spectra of polystyrene and its composites.
Table 2. X-ray diffraction results of the PS samples.
Peak Pos. [°2Th.] Height [cts] FWHM [°2Th.] d-spacing [A] Rel. Int. [%]  Tip width [°2Th.]
PS 1 9.895 86.72 1.92 8.93176 30.86 1.6
2 23.0265 281.06 1.0184 3.86252 100 0.8487
PS-LP 2 19.743 281.1 1.0612 4.49685 100 0.8843
PS-LC 2 22.3645 1456.49 1.536 3.97203 100 1.28
PS-LA 2 22.289 1892.98 1.5744 3.98863 100 1.6

4. Conclusion

In this research study, polystyrene composites with Buxus sempervirens ingredients and the prepared
carbon and ash materials were prepared via the solution casting method. The results of DRS and XRD
investigations showed that incorporating the biomaterials into the polymer matrix leads to changes in
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their spectroscopic results. For example, in the DRS spectrum, polystyrene did not show absorption in
the visible region, but the composites showed more absorption compared to the parent polymer. The
composites of PS-LC and PS-LA showed a peak at around 400 nm that did not appear in the case of PS-
LP composite. The XRD results exhibited that these additives cause shifting of 26 values of the PS peaks
as well as changes in the width of peaks and the d parameter. This indicates an alteration in the size of
crystals and the morphology of the polymer. The study showed that the derivatives of Buxus sempervirens
leaf ingredient prepared by pyrolysis can lead to the observable changes in DRS and XRD spectra of
polystyrene. Thus, the effects of these additives on other properties of PS and other polymers can be
considered interesting studies in the future.
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ABSTRACT: Polymeric membranes are widely used for treatment of lean
stream in chemical process industries. These membranes are used in
different configurations such as tubular, plate & frame, disc-tube, spiral
and capillary/hollow-fibre. Membrane modules with capillary/hollow-
fibre configuration appears promising in ultrafiltration applications due to
its relatively higher packing density, ease of backwashing, ease of cleaning
and lower pressure drops since it can be operated at laminar flow regime
with high cross-flow velocity. Hence, efforts are being made by researchers
to make capillary/hollow-fibre membrane modules from various polymers,
ranging from most hydrophilic polyacrylonitrile (PAN) to super-
hydrophobic polypropylene (PP) and polytetrafluorethylene (PTFE). Here,
we discuss the qualifying properties of the polymeric materials suitable to
spin into capillary/hollow-fibre ultrafiltration membranes. Selection of
polymers for making fibres requires in-depth knowledge of properties
of base polymer and its processability/fabricability. The important
properties to be considered for making capillary/hollow-fibre membrane
are intrinsic structural properties of the base polymer like degree of
crystallinity, tensile strength, tensile modulus, etc. The functional
properties such as permeability, hydrophilicity/hydrophobicity etc. also
plays role in selecting polymer for a given application. The polymer should
also have appreciable dissolution in available solvents or should have
degradation temperature higher than melting point so that it can be
processed through appropriate membrane preparation process.

KEYWORDS:
ultrafiltration

Polymers; membranes; capillary;  hollow-fibre;

1. Introduction

A membrane is a physical barrier that allows preferential transport of one or more specie over other,
thus causing separation. The main advantages of membrane separation systems are its compact size, no

additives requirement, ambient temperature operation, low specific power consumption, etc. In addition,
owing to its modular nature, it can be easily scaled up and scaled down, as well as it can be easily

integrated with other separation or reaction processes!!. The polymeric membranes are widely deployed
in industrial applications such as water treatment, gas separation, pretreatment of seawater, desalination

using reverse osmosis membrane, fruit juice concentration using forward osmosis membrane and in
separations process of the dairy, paper, textile industries, etc.’!. It can be used in different module
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configurations such as tubular, plate and frame, disc tube, spiral and capillary/hollow-fibre. The
capillary/hollow-fibre module configuration has the highest packing density and thus offer more contact
area per unit volume for the separation. Other advantages of capillary module are ease of backwashing
and cleaning, operation in laminar flow regime to give lower pressure drop with high cross-sectional
velocity.

The capillary/hollow-fibre membranes are cylindrical supportless membrane with diameter in the
range of 0.5 mm to 5 mmP!. As these are supportless membrane, it requires good mechanical strength so
as to deploy in the pressurised environment when compared to the supported membranes used in other
membrane module configurations. The mechanical properties of the capillary/hollow-fibre membrane
depend on the mechanical properties of the polymer from which it is prepared. Polymer selection is
therefore one of the important criteria for preparation of the membrane. Intrinsic structural properties
of base polymer help in imparting mechanical strength to the final capillary membrane. These properties
are degree of crystallinity, tensile strength, tensile modulus, etc. Polymer should also be processable i.e.,
it should be easily soluble in common solvents or melt before degradation. It should be chemically stable
with the process fluids, that is, it should withstand operating pH condition and should not undergo
degradation or oxidation. It should be thermally stable and work without degrading at required
temperature condition. In addition, hydrophilicity, adsorption characteristics to avoid
fouling, biocompatibility plays crucial role depending on the field of application. Systematic approach to
polymer selection for development of capillary/hollow-fibre membrane for practical applications is not
available in the literature.

Several polymers namely, polysulfone (PS)*° polyethersulfone (PES)®7”, polyethylene (PE)®*,
polyvinylchloride (PVC)!%!! polyvinylidene difluoride (PVDF)!213! polypropylene (PP)!4! and
polyacrylonitrile (PAN)!'® are presently used for making capillary/hollow-fibre membranes. Different
processes viz. Non-Solvent Induced Phase Separation (NIPS), Vapour Induced Phase Separation (NIPS),
Thermal Induced Phase Separation (TIPS), etc. are used for making capillary/hollow-fibre membranes.

2. Prerequisites of polymer to form a capillary/hollow-fibre membrane

Selection of the proper polymer is the first step of development of any useful membrane. A polymer
should have membrane forming properties and fibre forming properties so that it can be used to make
capillary/hollow-fibre membrane. In addition, also it is important to understand the polymer properties
that can affect the membrane characteristics and performances. Figure 1 gives the summary of the criteria
for polymer selection to prepare capillary/hollow-fibre membranes.

Polymer selection

v v
Prerequisites of Polymer to form a Polymer properties affecting
capillary/hollow-fibre membrane membrane characteristics
Membrane forming Properties Position of the repeating units of the polymer
Fibre forming Properties Position of side groups and chain flexibility
of the polymer

Figure 1. Criteria for polymer selection to prepare capillary/hollow-fibre membranes.
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2.1. Membrane forming properties

Polymer forms a membrane film and one of the physical properties of the film formed is its
mechanical strength to withstand the operating pressure. This is especially required for support-less
capillary/hollow-fibre membranes. Also, the polymer chosen must be compatible and have desired
properties required for the application where membrane, prepared from such polymer, is deployed. This
restricts the selection of the polymer for preparing a membrane. The capillary/hollow-fibre membrane
can be open porous membrane, primarily used in Ultrafiltration (UF) and Microfiltration (MF) or non-
porous membranes which find application in pervaporation and gas separation?®. For the porous
membrane, the pore size of the membrane determines membrane performance. The polymer material is
selected based on membrane manufacturing requirement, its mechanical strength, fouling tendency,
chemical inertness, and thermal stability required in the final membrane. The selection of polymer
material is not determined by separation characteristics of the membrane as the separation characteristics
are tuned by the process parameters by which membranes are prepared. For example, porous membranes
that are prepared by non-solvent induced phase separation (NIPS) method whose separation property is
determined by the choice of solvent/nonsolvent, the rate of phase separation, presence of additives, etc.®.

2.2. Fibre forming properties

Capillary/hollow-fibre membranes can be made from polymers having the fibre forming properties.
Fibres are built up by crystallites and less ordered or amorphous regions of the polymer. The crystallites
are oriented in such a manner that the molecules from which they are built are parallel with the fibre
axis!!'’). This orientation can also be imparted during and after the spinning of the capillary/hollow-fibre
membrane. The crystallites can be regarded as the high softening reinforcing filler for the disordered
regions of the drawn fibres!'®. The entropy factor presents in the macromolecules of the polymer favours
return to maximum randomness, however, in the case of fibres, the forces opposing retraction are greater
which causes the macromolecules to remain in the extended form which otherwise would have retracted,
as in case for rubbers!!8,

The polymer crystallinity determines the physical and mechanical characteristics of a fibre which is
turn depends on the chemical structure of the polymer and on the manner in which the fibre is built up
from the polymer'”’. The chemical structure greatly influences the intermolecular forces. Hydrogen
bonding systems, strong polar groups, readily ionisable segments are responsible for inter chain attraction
to further increase the crystallinity!'®!. Branched-chain in the polymer may result in reducing the packing
efficiency, thus reducing crystallinity and departing from fibre properties. Molecular weight also
influences the properties of the final fibre formed. The molecular weight of the polymer is usually
characterised in terms of intrinsic viscosity (1)). Value of n should be 0.5 for most of condensation
polymers for achieving fibre forming properties!”. It should be even higher for better physical properties.
Crystalline melting point is another important factor in the fibre forming properties and can be considered
as a measure of the stability. Higher crystalline polymer shows higher crystalline melting point”.
However, it may be noted that higher crystallinity of polymer will lead to difficulties in converting the
polymer satisfactorily into the fibre as it may not be easily soluble in solvents for wet spinning and will
require higher temperature for melt spinning. Hence, an optimum crystallinity is required for preparation
of membranes with desired separation characteristics.

3. Polymer properties affecting membrane characteristics

A Dbrief review of polymer properties affecting the characteristics of the membrane is mentioned in
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this section.

3.1. Position of the repeating units of the polymer

A polymer with the same repeating units is said to be a homopolymer, whereas a polymer with
different repeating unit is said to be a copolymer. However, a copolymer is considered random if it has
sequence of the irregular structural units. Due to the fact that many synthetic rubbers are random
copolymers, they cannot be used to prepare capillary or hollow fibres. In a block copolymer, each
monomer blocks are linked together to form the chain. The free volume and thus the permeability of
produced membranes will increase if the main chain is rigid and the side chains are bulky. Crosslinking
of chains of polymers causes reduced solubility of the polymer. Additionally, melt casting will be
challenging since it will be more difficult to slide one chain over another, resulting in mobility reduction
during membrane preparation as compared to linear chain polymers. Increase in free volume brought
on by chain length result in increased permeability. Linearity tends to increase close packing in the
polymer material and hence tend to increase the crystallinity. The increase in close packing increases the
density. Thus, higher chain length suggests higher density of the polymer and higher crystallinity™. The
polymer’s molecular weight may be used to express the chain length pretty well. Because polymers
contain several chains of various lengths, their molecular weight is not uniform. The molecular weight
of the polymer is expressed using the number average molecular weight (Mn) and the weight average
molecular weight (Mw). The polymer’s molecular weight distribution is given by its polydispersity index
(PDI), which is Mw/Mn!. The optimum molecular weight with narrow molecular weight distribution
is desired for preparation of capillary/hollow-fibre membranes with desired properties.

3.2. Position of side groups and chain flexibility of the polymer
The polymers viz. PVDF, PP, PVC, PE, PAN are basically vinyl polymers having chemical formula
[-CH,—CRR'-] repeat units with side group —R and —R'being different for different polymers as shown

in Table 1. The position of the side group R and R’ plays an important role in polymer properties. Based
on the arrangement on the side group, the polymer can be classified as isotactic, atactic, syndiotactic®.
Isotactic arrangement in a polymer is a configuration in which the main chain and the side groups are in
the same side, which leads to the formation of crystalline polymers. Isotactic arrangement in a polymer
is desired for making capillary fibre. In atactic arrangement in a polymer, random arrangements of side
groups are present along the main chain and thus it is non-crystalline in nature. In case of syndiotactic
polymer, the configuration is such that main chain and side groups are on the alternate sidel. This kind
of arrangement also gives rise to crystallinity in the polymer, making it suitable to be used in capillary
fibre making. However, it must be noted that higher crystallinity reduces permeability in the membrane!®”.

Table 1. Vinyl polymers with different side groups.

Polymer -R -R'
PE -H -H
pPVC -Cl -H
PVDF -F -F
PP —CH; -H
PAN -CN -H

The chain flexibility is one of the important characteristics of polymer which affects the membrane
mechanical property. Character of main chain and the side chain, if present, decides chain flexibility and

45



Materials Technology Reports 2023; 1(1): 103.

thus the membrane mechanical property. Flexibility in the polymer is attained because of oscillation of
atoms about its equilibrium position and because of rotation of certain parts of molecules with respect to
each other. The rotation is possible in single covalent bond?!! present in the polymer. Additionally, side
groups affect whether rotation around the main chain is easily achievable or difficult due to steric
hindrance. Presence of aromatic or heterocyclic groups in the main chain reduces the flexibility but
increase chemical and thermal stability® as in case of polysulfone and polyethersulfone. Higher flexibility
in polymer will impart higher impact strength of the membrane but tensile strength will be lower as
compared to the membrane obtained from rigid polymer!’®. The chain interaction and flexibility in the
polymer determines its glass transition temperature (Tg). It is the temperature at which the polymer
changes its state of amorphous polymer changes glassy to rubbery state. In glassy state, the polymer has
high tensile modulus (E) whereas in the rubbery state the polymer has three to four order lower tensile
modulus®. The polymer chain has restricted motion in glassy state and increase in temperature cause
increase in motion and hardly any change in the specific volume of polymer. However, after Tg, the
polymer gets converted into rubbery state in which the segments of polymer chain can rotate freely and
there is increase in free and specific volume of the polymer, increasing the polymer permeability. Glassy
polymers are preferred for capillary/hollow-fibre membrane preparation and most of the time the
polymer casting solutions are prepared at higher temperature.

4. Common polymers used for capillary/hollow-fibre membrane
preparation: Properties, preparation methods & applications

A list of polymers with their properties/characteristics used for development of useful membranes
are given in Tables 2 and 3 based on several literature search. A summary of the solvents used for
dissolution of selected polymer to cast membranes and the methods used for their preparation are given
in Figures 2 and 3 respectively. Schematics of common fibre preparation techniques like nonsolvent-
induced phase separation (NIPS) and melt spinning-cold stretching method (MSCS) are given in Figure
4.

Solvent Selection

A L

PSF PES PE PVvC PVDF PAN
\
~ DMF - DMF - Decalin - DMAc | Benzaldehyde Diozanone
DMAc - DMAc I~ Toluene I~ DMF - DMF I Fthylene carbonate
DMSO - DMSO - Xylene - THF - THF DMSO
- Halogen - Cyrene - Tetralin NMP = NMP I~ Chloroacetonitrile
Derivatives :
. = TEP - Cyclohexane - Methyl ethyl — DMAc - Dimethyl Phosphite
Nitrobenzene N Ketone
- n-Tetracosane | DMF
Cyclohexane
_ Chlorinated Hydrocarbons Ketones
Toluene
Nitrobenzene — Diethvl ether
. DMSO ~  Acetonitrile

Figure 2. Solvents used for dissolution of selected polymer to prepare casting solution.
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Fibre making Process Selection

W

PSF PES PE PVC PVDF PP PAN

NIPS L NIPS L TIPS/ Melt I— NIPS NIPS TIPS — NIPS
) Spinning
vIPS Melt Casting Melt Stretching

Figure 3. Summary of the methods used for preparation of membranes from selected polymers.

— N T
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(a) Nonsolvent-induced phase separation (NIPS)
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T e SpeedN1  Speed N2
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Solvent/Diluent
Removal
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(b) Melt spinning-cold stretching method (MSCS)

Figure 4. Schematic of (a) nonsolvent-induced phase separation (NIPS) and (b) melt spinning-cold stretching (MSCS)
techniques for fibre preparation.

Table 2. Properties/characteristics of PSf, PES, PVC, PVDF & PAN polymers used to make porous membranes.
Polymer property PSf PES
Structure

[ CcH, 9
o_/\_)c"\)o/\)sl \>
=/ &y

ROt B

Molecular weight 17,600-58,000 26,000-49,000 43,000-126,000  300,000— 70,000-400,000
700,000

Density, g/cm?® 1.24 1.37 1.388 1.675 1.184

Solubility parameter, 23.7 23.12 19.6 19.2 26.2

(MPa)l/Z

Water absorption, 0.2-0.8 0.1-1.7 0.2-1 0.03-0.05 0.3
(241h), %

Tensile strength, MPa 69 82.8 55.5 43 35

Tensile modulus, MPa 2600 2777 276-75,884 1194 350

Thermal expansion 21 5.5 47-62 7-15 6-7

coefficient, 10-> K-!

Glass transition 459 498 344 239 382

temperature Tg, K

Melting point Tm, K =~ 458-468 493-503 473-573 443-473 593
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Table 3. Properties/characteristics of PE & PP polymers used to make porous membranes.

Polymer PE PP
property

LHDE LLDE LDE MLLDE Elastomeric Syndiotactic Atactic Elastomeric Isotactic
Structure HoH CIT?

T U
YA CHP—CH

Molecular 1000- 50,000- 30,000~  40,000- - 127,000- - - 12,000-
weight 8,000,00 200,000 40,000 110,000 290,000 585,000

0
Density, g/cm® 0.92-0.99 0.912- 0910- - - 0.91-0.989 0.855 0.868— 0.85—

0.930 0935 0.8787 0.946

Degree of 35-90 33-53 33-53 33-53 9-21 21-29 Some/none 9-27 50-70
Crystallinity,
%
Solubility 16.7 16.7 16.7 16.7 16.7 16.2 16.2 16.2 16.2
parameter,
(MPa)l/ 2
Water 0.005- 0.005-0.01 0.005- 0.005- 0.005-0.01 0.01 0.01 0.01 0.01
absorption (24 0.01 0.01 0.01
h), %
Tensile 10-60 9-20 9-15 3048 - 10.85 1-2 3.2-39 23-36
strength, MPa
Tensile 60-290 137-520 102-310 4-700 1.5-12.5 483 - 23-359 482.6
modulus, MPa
Glass 140-155 ~193 140-170  ~193 221-244 ~263 260 265 275.5—
transition 283.7
Temp. Tg, K

Melting temp.  391-419 378-383 & 378-388 363-398 322-349 398-421 6.1 x 10-3~ 316.5-433 452

Tm, K 394-398
9.3x 1073

4.1. Polysulfone (PSf)

Polysulfone is a thermoplastic and slightly hydrophilic polymer [water absorption (24 h) <0.3%]%?.
It has excellent properties such as good solubility in a wide range of aprotic polar solvents like
dimethylformamide (DMF), dimethylacetamide (DMAc), dimethylsulfoxide (DMSQ), nitrobenzene etc.
It has good mechanical stability of the films (tensile strength: 69 MPa, tensile modulus: 2482 MPa), good
stability in oxidative environment (hydrogen peroxide 3%—5%, hypochlorite 5%—7%), good chemical
stability, high thermal resistance property with glass transition temperature ‘Tg’ = 459 K% and moderate
reactivity in aromatic electrophilic substitutions reactions (sulfonation, nitration, chloromethylation,
acylation, etc.”?®!. The aromatic ring in the chain of polysulfone gives rigidity to the polymer chain which
is reflected in its higher tensile strength. PSf also has high impact strength (80.4 J/m)??, indicating higher
flexibility, and has high tensile modulus. The mechanical properties of PSf make it more resistant to fibre
breakage/bursting. As a result, it can withstand higher operating pressure condition. The glass transition
temperature ‘Tg’ is also high owing to presence of aromatic group. The operating temperature can be

kept higher because of higher Tg value. However, the thermal expansion coefficient (2.1 x 10-* K-!2%)

of the PSf is relatively higher. This may decide the operating temperature while using the polymer in
capillary/hollow-fibre membrane configuration. Polysulfone membrane can be prepared in fibre form
both by non-solvent-induced phase separation (NIPS)* & vapor induced phase separation (VIPS)®.
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Common applications of PSf capillary/hollow-fibre ultrafiltration membranes are in pretreatment
of seawater desalination, waste water recovery, food and beverage processing, support for thin-film

composite membrane preparation etc.?*.

4.2. Polyethersulfone (PES)

Polyethersulfone is a thermoplastic polymer and is relatively more hydrophilic as compared to PSf
polymer [water absorption (24 h): 0.43%?%]. It is widely used as a membrane material for liquid and gas'®
separation processes. The polymer has aromatic ring in its chain giving rigidity to the polymer chain and
it is reflected in its mechanical properties. PES polymer is soluble in N, N-dimethylformamide (DMF),
N, N-dimethyl acetamide (DMAc), 1-methyl-2-pyrrolidinone (NMP), and dimethyl sulfoxide (DMSQO)
and also in some of the “green solvents” like Dihydrolevoglucosenone (Cyrene), triethyl phosphate etc.
The mechanical properties of PES are better than PSf polymer. It has high very high tensile strength (82.8
MPa), higher tensile modulus (2482 MPa)?| higher impact strength (85.7 J/m®") which will increase its
ability to withstand higher operating pressure condition. The glass transition temperature (498 K) is also

high due to the presence of aromatic group. It also has lower linear thermal expansion coefficient (5.5 X
10-5 K-'221), Thus, operating at higher temperature is possible with PES capillary membrane as compared

to PSf membrane. The solubility parameter of PES is 23.12 (MPa)'/???! and hence it can be processed

with more ease than PSf.

Polyethersulfone membrane are being prepared in fibre form by non-solvent-induced phase
separation (NIPS)%”. Common applications of PES capillary/hollow-fibre ultrafiltration membranes are
in pretreatment of seawater desalination, hemodialysis, biomedical applications, food and beverage
processing, support for thin-film composite membrane preparation etc.

4.3. Polyethylene (PE)

Polyethylene is a hydrophobic polymer (water absorption (24 h) <0.02%) and has an advantage
of being cost effective polymer, flexible and tough. It offers high impact strength and chemical resistance
to acids and aqueous solvents®??. Polyethylene can be classified based on density and branching as
elastomeric/linear high-density (LHD)/linear low-density (LLD)/low-density (LD)/metallocene linear
low-density (MLLD). Elastomeric PE is highly branched®??. It has low packing density and poor tensile
modulus (1.5-12.5 MPa). The degree of crystallinity (9%—21%) is also low for elastomeric PE. It has low
melting point (322-349 K) and thus cannot be operated at higher temperatures. Hence, it should not be
preferred for making capillary/ hollow-fibre membrane. LHD PE has large range of molecular weight (1
x 10°-8 x 10° g/mol) and large range of PDI (1.07— > 107). It has density of 0.92-0.99 g/cm’ and has
lower melting temperature (391-419 K) restricting its operational temperature range. The degree of
crystallinity (35%—90%) is very high indicating very good fibre forming properties. However, the
processing of the polymer is difficult. It is soluble only above 353 K in hydrocarbons such as, aromatics,
ketones, halogenated hydrocarbons, higher aliphatic esters, di-n-amyl ether, etc. It shows moderate
mechanical properties with average tensile modulus (60-290 MPa), average tensile strength (10-60 MPa)
and excellent impact strength (30-200 J/m). LLD PE has molecular weight range of 5 x 10*-20 x 10*
g/mol and narrow range of PDI (4-35). It has density of 0.912-0.930 g/cm®. It has lower melting
temperature (378-398 K) restricting temperature range of operation. The degree of crystallinity (33%—
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53%) is very good for forming fibre. The processing of the polymer is difficult. It is soluble in decalin,
toluene at 368 K, xylene at 369 K, tetralin at 371 K, cyclohexene at 341 K, n-tetracosane at 374 K. It
shows moderate mechanical properties with good tensile modulus (137-520 MPa), average tensile
strength (9-20 MPa) and very good impact strength (53.0 J/m)?2,

Low density PE has molecular weight range of 3 x 10*-40 X 10* g/mol and narrow range of PDI
(4-30). It has density of 0.910-0.935 g/cm?® and lower melting temperature (378-388 K) and thus
restricting temperature range of operation. The degree of crystallinity (33%—-53%) is very good for
forming fibre. The processing of the polymer is difficult. It is soluble in decalin, toluene at 368 K, xylene
at 369 K, tetralin at 371 K, cyclohexene at 341 K, n-tetracosane at 374 K2, It shows moderate mechanical
properties with average tensile modulus (102-310 MPa) and average tensile strength (9-20 MPa). MLD
PE has molecular weight range of 4 x 10*-11x 10*g/mol and narrow range of PDI (2-2.5). It has density
of 0.910-0.935 g/cm? and has lower melting temperature (363-398 K), thus restricting temperature range
of operation. The degree of crystallinity (33%—-53%) is very good for forming fibre. It shows moderate
mechanical properties with average tensile modulus (4-700 MPa), average tensile strength (3048 MPa)
and excellent impact strength (2500 J/m)?2,

As solubility of LHDPE, LLDPE and LDPE is only at higher temperature near to their melting
point, hence melt spinning (melt-extrusion/cold-stretching methods) should be preferred to avoid any
involvement of solvent or additive. LHDPE and LDPE can be used together or separately to make PE
membrane in fibre form by melt spinning process or thermally induced phase separation (TIPS)
method®®. PE membranes are used in organic solvent filtration, sea water desalination by membrane
distillation (MD), alkaline fuel cells, air filtration, environment monitoring, biomedical
and biotechnology applications?>",

4.4. Polyvinylchloride (PVC)

PVC is a thermoplastic polymer having molecular weight in the range of 33 x 10°-67 x 10° g/mol,
with PDI of 2.01-2.44. 1t is a slightly hydrophilic polymer (water absorption (24 h) 0.03%—0.45%) and
has a density of 1.26-1.5 g/cm3??. It is a cheap polymer having very good mechanical strength and
excellent chemical resistance towards halogens, inorganic acids, alkalis, and some of the organic
solvents!'”. Some of the solvents that are used for making PVC solution are DMF, DMSO, NMP, DMAc,
etc.'%22l, Nonsolvent of PVC include alcohols, hydrocarbons, acetone, non-oxidizing acids, etc.??. PVC
has low to very high degree of crystallinity (11.3%—-84.2%). For making fibre of PVC polymer, a higher
degree of crystallinity must be selected keeping processability factor in consideration. PVC has a very
high melting temperature (473-573 K) but lower Tg value (344 K) and relatively high thermal expansion

coefficient (4.7 x 10~%-6.2 x 10~* K-1)?? so the operating temperature should be limited so as to avoid

fibre failure. It shows good mechanical properties with average to excellent tensile modulus (276-75,884
MPa) and good tensile strength (55.5 MPa) making it suitable to deploy in applications requiring
relatively high operating pressure!??.

PVC membrane in fibre form is prepared by non-solvent-induced phase separation (NIPS)!%! PVC
membrane in fibre form can be used in water treatment, oil-water separation and gas separation
applications!!!28-30],

4.5. Polyvinylidene difluoride (PVDF)

PVDF is a thermoplastic fluoropolymer. The molecular weight of the polymer is 3.4 x 10*-40 x 10*
g/mol and PDI is 1.62-2.14. It is slightly hydrophollic polymer (water absorption (24 h) <0.04%; contact
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angle with water 82°)?%. It is highly resistance to chemicals with no effect of inorganic acids; halogens;
oxidants; weak bases; chlorinated solvents, etc.??). Common solvents of PVDF include benzaldehyde,
DMF, THF, NMP, DMAC, etc. PVDF has high degree of crystallinity (50%)"* which is desirable for
making fibre. PVDF has high melting temperature (443—473 K) with low thermal expansion coefficient

(0.7 x 10--1.5 x 10~* K-') and so operating at relatively higher temperature is possible. It shows good

mechanical properties with moderate tensile modulus (1194 MPa) and average tensile strength (43 MPa).
Thus, use of PVDF should be limited to applications requiring moderate operating pressure.

PVDF membranes in fibre form are prepared mostly by non-solvent-induced phase separation
(NIPS)!'2131and sometime using melt spinning method®". PVDF membrane in fibre form are used in
vacuum membrane distillation (VMD)!?, water treatment, non-aqueous ultrafiltration applications,
etc.3233,

4.6. Polypropylene (PP)

Polypropylene is a thermoplastic & hydrophobic polymer (water absorption (24 h): 0.01%,
advancing contact angle for isotactic PP: H,O; 116° at 298 K). It is a low-cost polymer having moderate
mechanical strength and excellent chemicals resistance®”. No common solvent can dissolve PP at room
temperature and hence melt spinning process is usually used to prepare PP capillary/hollow-fibre
membrane. PP can be of syndiotactic, atactic, elastomeric or isotactic macromolecular configuration.
Atactic PP has some/none crystallinity and has poor mechanical properties with tensile strength: 1-2
MPal®?. Hence atactic PP can’t be used as it is to prepare membrane in fibre form but can be used along
with syndiotactic or isotactic PP!'4. Atactic PP has a density of 0.855 g/cm? whereas syndiotactic PP has
density in range of 0.91-0.989 g/cm?. Syndiotactic PP has moderate degree of crystallinity (21%—27%)
and hence can be used to prepare membrane in fibre form. It has melting temperature in the range of
398421 K and has average tensile modulus (483 MPa). Thus, it can be operated at moderately high
temperature and at moderate operating pressure. Elastomeric PP has density in range of 0.8683—
0.8787g/cm® with low to moderate degree of crystallinity (9%-27%). Elastomeric PP has melting
temperature in the range of 316.5-433 K which is low to moderate range and is influenced by the degree
of crystallinity (as the degree of crystallinity increases it increases melting temperature of the polymer). It
has average tensile modulus (23-359 MPa) and average tensile strength (3.2-39 MPa). Hence a proper
choice of elastomeric PP having relatively higher degree of crystallinity should be made so as to obtain
membrane in fibre form having good mechanical properties. Isotactic PP has density in range of 0.85—
0.946 g/cm?®. It has very high degree of crystallinity (50%—70%) and hence is best suited for making
membrane in fibre form but the pore sizes created will be expected to be smaller as compared to
elastomeric or syndiotactic PP membrane. It has melting temperature in the range of 433—439 K which

is quite high and has low thermal expansion coefficient (6.5 X 10~°-14 x 10-3 K-!). Thus, the membranes
can be operated at higher temperature range. It has average tensile strength (23—-36 MPa) with very low

impact strength (23-36 J/m) and thus operating pressure has to be limited for applications involving PP
membrane in fibre form.

At present, PP capillary/hollow-fibre membranes are prepared by the melt spinning-cold stretching
method (MSCS) and thermally induced phase separation method (TIPS) methods?**3!. PP membranes
in fibre form are used in membrane contactors, supported liquid membranes, gas separations,
pervaporation, ultrafiltration, and microfiltration etc.[42>36],
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4.7. Polyacrylonitrile (PAN)

Polyacrylonitrile is a thermoplastic and semi crystalline organic polymer. Although it is a
thermoplastic polymer, it degrades before melting and hence melt spinning can never be used for
preparing PAN membrane in fibre form. Common solvents of PAN include NMP, DMF, dioxanone,
ethylene carbonate, DMSQO, sulfuric acid, nitric acid, etc. PAN has moderate degree of crystallinity (18%—
30%)1” which is desirable for making fibre. PAN has high melting temperature (593 K)??, but it degrades
at lower temperature and hence operation temperature is restricted by degradation temperature of PAN.
It has average tensile modulus (350 MPa) with average tensile strength (35 MPa)?" and thus operation of
the fibre made of PAN should be limited to moderate operating pressure. Due to the presence of highly
reactive-CN group, the synthetic modification via post functionalization of PAN is an additional freedom
for incorporation of improved properties in the membrane which can increase the number of targeted
applications. The synthetic modifications can be the reactions such as nucleophilic addition,
cycloaddition, and hydrolysis using various reagents.

PAN membrane in fibre form can be prepared by non-solvent-induced phase separation (NIPS)!!,
As polyacrylonitrile membranes are more hydrophilic compared to common polymeric membranes such
as PVDF, PE, PP and PSf, they are less prone to fouling in aqueous solutions. PAN membrane in fibre
form is used in pervaporation process, treatment of industrial wastewater, fabrication of the substrate of
composite membranes and air filtration®!.

5. Summary & conclusions

Even though it was developed as early as 1960 s, but capillary/hollow fibres membranes have been
prepared using a limited number of polymeric materials as on today. Various polymers namely,
polysulfone (PSf), polyethersulfone (PES), polyethylene (PE), polyvinylchloride (PVC), polyvinylidene
difluoride (PVDF), polypropylene (PP) and polyacrylonitrile (PAN) that are commonly used for
preparing capillary/hollow-fibre membrane were reviewed with respect to their properties which qualifies
them to be selected for making useful membrane along with their process of making and application areas.
The membrane forming and the fibre forming properties of the polymer are essential for qualifying a
polymer to be selected for making capillary/hollow-fibre membranes. The mechanical and physical
properties of the polymer which are essential for forming fibre are directly influenced by crystallinity of
the polymer which in turn is dependent on the chemical structure of the polymer. A general observation
from the ‘degree of crystallinity’ data of selected polymers, which are presently used for preparing
capillary membranes, suggests that the degree of crystallinity should be between 20%-50%. Lower value
of degree of crystallinity may not lead to fibre formation while higher value may cause difficulties in
fabrication. Higher values of tensile strength and tensile modulus of a polymer suggest better mechanical
properties, which is desirable for making capillary membrane. From the observation of data of selected
polymer, it can be concluded that the gross values of tensile strength should be more than 30 MPa and
tensile modulus should be more than 150 MPa for making capillary/hollow-fibre membrane useful to
operate at high pressure range. In addition to mechanical and physical properties of the polymer, thermal
stability, chemical stability, hydrophilicity, etc. are also important parameters to be considered before
selecting a polymer for making capillary/hollow-fibre membrane for a particular application. Based on
the properties of the polymers, different methods are used for preparation of capillary/hollow-fibre
membranes. Non-solvent-induced phase separation (NIPS) method is used for PSf, PES, PVC, PVDF &
PAN membranes whereas PSf & PES membranes are prepared by vapor induced phase separation (VIPS)
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methods also. Thermally induced phase separation (TIPS) and melt-stretching method (MS) methods are
used for PE & PP membranes.
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1. Introduction

It is well known, that MALDI MS frequently used for analysis of biological complex mixtures!' .
The applicability of Matrix Assisted Laser Desorption/Ionization methods (MALDI) in
computer-assisted identification of different biochemical constituents on ahcnor chips (also known as
MALDI target plates, including barcoded machine-readable ones)!'*'® with areas on which the
corresponding samples for identification are pipetted is a matter of common knowledge. Pipetting of the
sample onto the target plates/anchor chips can be performed manually with a glass or plastic tip (in the
latter case, the probability of contamination of the sample with organic contaminants is often
significantly increased) or automatically with special devices!"*??. Literature on MALDI sampling is

extremely large* ),

Ideally, if the goal is not just detection but specific quantitative or semi-quantitative data collection
on the content of target substances in samples, the drops should be similar in volume and
microrheological properties, which is not always possible with manual dosing on the plate. Identical
drops are identically desolvated and crystallized however, drops applied at intervals in time, at any time
after their pipetting (see Figure 1) have different optical and recrystallometric, desolvated and
microrheological characteristics. From the standpoint of statistical data analysis and metrology, this can
result in heteroscedasticity in the sample statistics associated with the difference in the size of drops and
the completeness of filling the wells on the plate (MALDI target plates/anchor chips) after manual
dosing. This problem is particularly evident when the types of wells geometries differ. In essence, the
products of analyte dehydration/crystallization, both colloidal and macromolecular (e.g., polypeptide)
in nature, from the standpoint of nonlinear physics, are self-organization products® " that are formed in
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the presence of the corresponding energy conditions/gradients, including laser-induced desolvated
(dehydrated) self-organization. Therefore, the form of such self-organizing structures strongly depends
on the medium conditions and the experimental protocol.

For both colloidal and supramolecular structures, the statements about the dependence of the
structure on the preparation conditions are true. The transition from manual dosing to automatic pipettes
for applying “spots” (also known as MALDI spotter), although it leads to the improvement of the
reproducibility of dosing and uniformity of the plate in volume filling, does not lead to the elimination of
the physical causes of desolvated heterogeneity. Therefore, when measuring native samples by direct
mass spectrometry uniformity of spots is often neglected and the performance of a specific quantitative
analysis is not considered, with the only purpose to identify the presence of a particular
compound/chemical agent in the analyzed sample, or chemical identification of an unidentified sample,
collected directly in the natural conditions, according to its MALDI mass spectra without an extremely
complicated sample preparation, associated with chemical separation of the biological sample into
elementary identifiable molecular components (lipids, proteins, etc.).

Figure 1. Stages of the liquid droplet desolvation and pattern formation in the self-organization on MALDI.

2. Methods

For a serial comparative analysis of stain dehydration patterns on MALDI chips, it was proposed to
use the Fourier transform of stain images. At the same time, with the help of a neural network, each
chemism of spots could be associated with a certain complex of descriptors of chemical and physical
genesis. As a tool for express Fourier spectral analytics, the QAVIS software package was used, which
generated IFCs and ISCs (Integral Frequency Characteristics and Integral Spatial Characteristics) based
on the two-dimensional Fourier transform of the image of a spot, a drop on a chip. This complex was
developed at the POI FEB RAS by the group of Fishchenko and Goncharova'®®!. It is based on the
FFTW library and was previously used for various tasks!®®7,

This technique of comparative Fourier measurements was named correlation-spectral analysis by
the authors of the software package themselves.
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Wavelet analysis was performed using the QAVIS program in real and imaginary coordinates.

3. Results

The results of the correlation-spectral Fourier analysis of various forms of desolvation in drops are
shown in Figures 2—4. The results of wavelet correlation-spectral analysis of different forms of
desolvation in drops (with separate analysis in three image fragments—on three scan strips of a photo of
a drop) are shown in Figures 5-7. It can be seen that both the Fourier method and the wavelet method
can distinguish between different forms of desolvation and shaping/crystallization/reaction-diffusion
mophogenesis during the transition to the solid phase. This is characteristic, since when pipetting onto
MALDI substrates, one can observe heteroscedasticity of samples of morphometric characteristics of
droplets and patterns of their dehydration or desolvation (see Figure 8).

Figure 2. Comparative 2D FFT correlation-spectral analysis of droplets; example of image processing from the old presentation
in Moscow State University.
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Figure 3. Comparative 2D FFT correlation-spectral analysis of droplets; example of image processing from the old presentation
in Moscow State University.

Figure 4. Comparative 2D FFT correlation-spectral analysis of droplets; example of image processing from the old presentation
in Moscow State University.
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Figure 5. Comparative wavelet correlation-spectral analysis of droplet images; example of image processing from the old
presentation in Moscow State University.

Figure 6. Comparative wavelet correlation-spectral analysis of droplet (Ibid.).
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Figure 7. Comparative wavelet correlation-spectral analysis of droplet; example of image processing from the old presentation in
Moscow State University.

Figure 8. Comparative 2D FFT correlation-spectral analysis of droplets; example of image processing from the old presentation
in Moscow State University.
4. Conclusion

So, as a result of testing the methods of Fourier analysis and wavelet analysis of cracking of drops
during drying or laser drying on MALDI chips, it was shown that such methods give very well
distinguishable pictures of qualitative differences between drops. This allows us to speak about the
applicability of this method as a method of qualimetry in analytical chemistry and thesiography of
biological fluids with MALDI analysis.
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ABSTRACT: This review addresses the problem of reaction-diffusion
effects and spatiotemporal oscillations in fiber-like and wire-like systems
under the electron beam in SEM and in the presence of electric field in
some special AFM techniques, such as current sensing atomic force
microscopy (CS-AFM)/conductive atomic force microscopy (C-AFM),
electrostatic force microscopy (EFM) and Kelvin probe force microscopy
(KPFM) also known as surface potential microscopy. Some similar
reaction-diffusion effects also can be observed in scanning capacitance
microscopy (SCM), scanning gate microscopy (SGM), scanning voltage
microscopy (SVM) and piezoresponse force microscopy (PFM). At the
end of this paper the authors provide analysis of their own results and

approaches. In particular, the possibility of achieving the ion transfer
controlled growth of cells along the ion concentration gradients in
reaction-diffusion fibers and actuators is indicated. This fundamental idea
is discussed within the framework of the implantable fiber “bioiontronics”
and “neuroiontronics” controlled by acoustic and electrical signals that
regulate the reaction-diffusion or chemical oscillation activity of such
fiber structures as reaction-diffusion actuators and sensors. The literature
review includes more than 130 references.

KEYWORDS: dielectric

nanofibers and microfibers

charging; reaction-diffusion; iontronics;

1. Introduction

Effects of incremental charging of molecules and supramolecular structures under the tip of the
scanning tunnelling microscope are well known since 1990s!"!. Such effects (taking into account Coulomb
interaction of electrons) are the basis of the theory of quantum wire states”. Sablikov et al."”!, write that,
“The chemical potential difference that exists between a decoupled, isolated quantum wire and the
reservoirs gives rise to charge transfer in the coupled system... the quantum wire can be charged
positively or negatively or remain neutral as a whole, depending on such factors as the wire radius and the
background charge density in the wire. The magnitude of the charge and its sign are to a large extent
determined by the exchange interaction of the electrons in the wire... The period of the oscillations
depends on the charge acquired by the wire and the exchange energy™.” Consequently, the effect of
incremental charging of the quantum wires in various conditions can be interpreted as the
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reaction-diffusion process with many possible oscillation regimes. Despite the fact that, “The linear
conductance is... a function of the chemical potential”, the authors write, “The nonadiabatic transition
from the reservoirs to the wire leads to conductance oscillations caused by multiple scattering of electron
waves... and the exchange interaction strongly enhances the Friedel oscillations near the contacts.”” The
charging effect can be visualized not only at the repolarizable/resonant quantum wires with bistability™
(when “the system becomes unstable with respect to fluctuations of the electric potential and the electron
density”®! and instabilities are the result of multistable electron states), but also in semiconductor
quantum dot and wire arrays™®. Only the background of the surface physics for low-dimensional
systems (for example—1D metallic segments at the quantum wire!” or 0D quantum dots) can be used for
the description of charging and transport in the quantum or molecular wire systems, including very
complex multiterminal and fractal-like branched ones®. Models of such phenomena must be
multiphysical®'” because they must consider all types of interactions (including non-covalent ones) and
forces at the surfaces of quantum or molecular wires, which must be spatially colocalized with
conduction maps!'Y. In the ideal case of a time-resolved (4D) approach in the analysis of charging of 1D
systems the charge pattern must be colocalized with nanomechanics and mobility/motility of the
“wires” at the time-resolved (“time-lapse”) multilayer map for different forces and levels of
energy/charging!">".

A crucial problem of the wire theory application in the past twenty years is its focusing only on the
nanoscale phenomena and misuse of the terms “nano-" or “nanowire” in some situations, which blurs
the meaning of the terms when they are inapplicable or beyond the technical level of the experiment.
This terminological confusion blurs the distinctions between the real nanoscale wires, where quantum
effects are observed, and microscale wires, where they can be neglected/ignored. However, from the
precision Si nanosensors!'¥ and single electron charging nanowire quantum dots!"”! to macroscopic
lithium-ion batteries or supercapacitors!'®?? “charging nanowires” are widely used as a term. At the same
time, it is quite obvious that “charging nanowires” in the case of supercapacitors and lithium-ion
batteries can be replaced by “microwires” without changing the term meaning and physical sense of the
224 As it is known, the influence of quantum effects and the importance of
“quantization” increases inversely with the nanowire diameter for a given material. When comparing

effects observed!

different materials, the significance of quantization depends on their electronic properties, in particular
on the effective mass of electrons. This means that the significance will depend on “how the conduction
electrons interact with the atoms within the analyzed material”. In practice, semiconductors start to
exhibit a clear effect of conductance quantization at sufficiently large transverse wire dimensions (100
nm), since their electronic levels already increase at such parameters due to the spatial restrictions. As a
result, the Fermi wavelength of the electrons increases and splitting of the energy levels with sufficiently
low energies occurs. This means that they can only occur at cryogenic (several K) temperatures, when the
thermal excitation energy is lower than the energy of transitions between states. A quantum wire is just a
conductive wire in which quantum effects influence the transport phenomena. Due to quantum
restrictions on the conduction electrons in the transverse direction of wires, their transverse energy is
quantized into a number of discrete values. In other cases, nanowires as well as supramolecular or
molecular wires may not be considered as the quantum wires.

We proceed from the fact that it is difficult to work with single quantum wires and nanowires due to
both physical and technical limitations. Therefore, we firstly do not consider oscillations and
reaction-diffusion processes for nanowires, and secondly, we carry out modeling using rechargeable and
repolarizable microwire-like polymer ferroelectrics. For the above reasons, we move from the methods of
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tunneling microscopy to the SEM (scanning electron microscopy) methods in different specific operation
modes, including YMD.

The local dielectric charging induced by the line scanning during SEM observation is a well known
phenomenon, which can be simulated using simple mathematical/statistical physical approaches?>2°
(including those approved by the standards of NIST (National Institute of Standards and Technology*™)).
The electric charging of electron microscopic specimens has been actively studied from 1960s or
197051 TInitially, this effect was perceived only as an obstacle to obtaining high quality SEM images.
“The elimination of charging artifacts in the scanning electron microscope” was the main aim of
SEM-assisted sample charging investigations at the earliest years of SEM development®**!. Such
artifacts can be detected not only by the SEM image drift/defocusing induced by charging during
observation, but also by the signals of X-ray analysis™®, particularly in ESEM and variable pressure
scanning electron microscopes®. According to Miller™®, “The effects of charging of uncoated, highly
resistive samples of energy-dispersive X-ray spectra are examined. It is observed that as sample charging
increases, the continuum background and characteristic peaks at higher X-ray energies diminish.
Modelling of the continuum background has allowed this effect to be related to the development of a
surface potential on the sample.” And, “This potential reduces the effective accelerating voltage of the
electrons and results in a decreased overvoltage necessary for excitation of higher-energy X-rays. This
artifact may lead to erroneous results in compositional analysis based on such charging-affected spectra.”

There are many methods for suppressing and elimination of the charging artifacts, such as random
or pseudo-random scanning®”, vector scanning® and Rayleigh contrast stretching method®”. There are
also many approaches that uniquely identify and compensate the charging signal®®!. However, such
methods for identifying the charging signal without its suppression and compensation also have
significant methodical value, since they allow to study only the sample charging signals without taking
into account another basic components of the microscopic image signals. For correct interpretation of
the identified microsample charging signal it is necessary to consider its physical mechanism rather than
formally filtered, eliminated (by identification and subsequent matched filtering of the signal)
images/signal features spaces.

It is well known that after the first observations of the surface charging using scanning electron
microscopes™® (which can be interpreted as the starting point for the development of the stroboscopic
electron microscopy at MSU by G. V. Spivak and the prerequisites for the EBIC/EMF technique
development) the surface charging of different chemical compounds was proposed as a characterization
method of their surfaces (since 1970s till now, from inorganic to polymeric samples*®**). Therefore, for
spatiotemporal charging analysis not only inorganic, but also polymeric samples can be investigated.
Since they are dielectrics, insulators in a primitive representation, elements of physics of the charging

dielectrics under the electron beam are applicable to them in a certain approximation™**,

Instead of analyzing the quantized charging of the quantum wires/nanowires, we will consider the
analysis of charging of fibrous polymeric ferroelectric or piezoelectric composites. They clearly
demonstrate the effects of the charge wandering, polarization/repolarization, as well as
electromechanical dynamics under the electron beam. Many effects characteristic for the
conductor-insulator composites, semiconducting and percolating samples can be observed on the
developed surface of polymeric ferroelectrics and composites based on organic ferroelectric materials
(compare with the study of Campbell et al.'* and Barkay et al.*”)). Note that charging of ferroelectrics
and piezoelectrics in SEMs (for example, TGS) has been studied since 1988"*¥ and (corresponding to
their generation modes) a metastable surface-acoustic wave contrast observed in a scanning electron
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[49]

microscope has been also described in 1988"". Accordingly, using the analysis of histograms (and

possibly their central moments) from the SEM charging images””, one can perform mapping of the
ferroelectric or piezoelectric properties of such complex polymeric samples. It can be implemented not
only in the case of the negative charging, but also in the case of a positive charge®*?, which can be
colocalized not only with the electron concentrations but also with the proton concentration in polymeric
ferroelectrics (such as proton conductivity of PVDFF %) Of particular interest is the case of charging
under the electron beam, taking into account the plasma emerging under the action of the electron
beam!®’). Note that the effects observed in this case are multiphysical and are not reducible to the simpler

machinery of the nanowire charging in collisionless plasma'®.

As for the study of polymer ferroelectrics for space applications® it should be noted that the
processes similar to those during the polymer irradiation under an electron beam in a vacuum SEM
chamber can also be observed in real outer space conditions when spacecrafts are bombarded with the
particles (electrons, ions) of galactic and solar origin””"®. Even more interesting phenomena requiring
surface charge compensation (including electromechanical ones) occur when observing dielectric
samples in ESEM™*" and CryoEM (in particular, hydrocolloids or biological samples®). The
mechanisms underlying such phenomena of the sample surface charging can lead to the shift in the
accuracy of X-ray spectral analysis and chemical element map quality deviation in variable pressure
scanning electron microscopy®®*!. None of the methods of local (“topical”) controlling over the surface
charging by other chemical agents or labels can be used in the case of position sensitive chemical
mapping (since it can be the source of metrological artifacts itself)®. Consequently, the charging effect
metrology in SEM can be based not only on the physical signal changes®!, but also on the qualimetry of
the shift of calibration curves or chemical distribution curves and spectra. A situation can often arise
when hardware suppression of the parasitic charging signals does not lead to the improvement in
chemical metrology, since there is no improvement in charging at the level of the samples and detectors
that record its signals in the X-ray spectral range®.

Both nanotechnologists and users of nanotechnology-related equipment have a question: Why SEM
is the best tool to study the charging of fibers, wires, linear structures in comparison with tunneling
microscopy and AFM? Indeed, some AFM methods have been used to analyze the local (“topical”)
charging of nanostructured samples since the 1990s, despite the fact that most of such results are
classified as artifacts®. However, the geometric requirements for the linearity or planarity of the sample
in this case are extremely important/obligate. The possibility of the single particle (or nanocrystal)
studying or single molecule measurements is the “reverse side of the coin” for the impossibility of
analyzing three-dimensional geometrically complex samples with a mesoscopically developed surface. It
is possible to study/measure the charging of single semiconductor nanocrystals’®®®! inorganic 2D
layers®**!l self-assembled monolayers®**! and nanolithography-level 2D polymeric surfaces®™ (using
special amplitude modulated techniques). It is possible to measure not only contact charging of bulk or
2D planar layer insulator surfaces®, but also single particle electrostatic charging®®, single molecule
charging by atomic force microscopes®”*! including regular, periodic charging of individual molecules
coupled to the motions of an atomic force microscopy tips®”. But it is impossible to measure dynamic
electromechanical coupling in 3D oscillating and strictionable piezoelectric polymer microwire systems
in 3D space by AFM. In AFM one can measure only single electron charging effects for
nanosystems!'”'®! but can not measure synchronous cooperative electron transfer or transport of the
charge gradients along the complex fiber. This is also true for quantum wires, because the simplest

quantum wires can be made from metallic carbon nanotubes, which can be investigated by AFMs. It is
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well known that it is possible to create macroscopic quantum wires based on carbon nanotubes, since in
complex carbon nanotube filaments there is no need for each individual fiber to pass along the entire
length of the wire due to the quantum tunneling of electrons, which creates tunnel transition from strand
to strand. At the same time, it is obvious that AFMs cannot be used for the synchronous analysis of
charging or charge transfer in such complex structures, while electron microscopy methods can be used
for these purposes (since 1950s when specimen charging for latex particles was registered by TEM
electron microscopes'™). SEM techniques can be used for the analysis of charging of macroscopic
complex and cooperative fibers up to the micron- and decamicron-scale radius fibers (e.g., hair!'®>'")
(while AFMs can analyze the hair charging only at nanoscales, and not in a complex and mutual
dependence of the charging of different hair fibers on each other!'®®'%). Consequently, SEM technique is
more optimal for the analysis of cooperatively driven ferroelectric fibers then AFM. It is quite obvious
that oscillations observed in such systems are oscillations in distributed systems, and the corresponding
models of the dynamics of reaction-diffusion processes in such systems should be interpreted as the
models of 3D (4D) processes in distributed systems with spatiotemporal reactions under the electron
beam, which is a control agent for the wave or pulse propagation with different charges and polarities (as

Turing activators and inhibitors in the classical approaches!'*'?),

Further presentation of the experimental data obtained on bioferroelectric PHB fibers will be based
on the approaches and assumptions described above.

2. Results and prospects

Figures 1 and 2 show dielectric charging of ferroelectric polymer fibers taking into account the
action of the electric double layer'**'?*!, The discrete and pulsating kinetics of the charge wandering
along the fiber is observed, which corresponds to the reaction-diffusion model with the wandering waves.
In the case of ionic or proton conductivity, rather than the conventional charge wandering, this system
can be considered as a quasi-chemical ion-exchange system!"?*. The effects of ionic conduction can be of
great importance for biomedical iontronics and the creation of active implants, which can be stimulated
and perform ion exchange with the environment during conduction of biological autowaves and
chemical oscillations (for example, in cardiomyocytes and neuronal fibers)!'>'?!. Moreover, despite the
apparent homogeneity of the fibers, in fact they can be microheterogeneous, which corresponds to a
different surface distribution of the charge/electric double layer. As a result, the charge wave propagation
will be inhomogeneous even over the single fiber surface. Examples of this phenomenon from our

129]

work!"?”! are shown in Figures 3-5.

Many of these waves are associated with acoustic and mechanical vibrations of the fibers induced
by the electron beam. Therefore, it is possible to develop the principles of design of the reaction-diffusion
and autowave fiber systems. In such systems (potential scaffolds taking into account their biophysical
biocompatibility) it is possible to achieve the ion transfer and controlled growth of cells along the ion
concentration gradients during ion transfer and ion exchange (ion conductivity, including proton
conductivity). In other words, not only implantable acoustofluidics based on such filamentous
microfluidic structures can be implemented in the future, but also implantable “bioiontronics” and
“neuroiontronics” controlled by the acoustic and electrical signals that regulate the reaction-diffusion or
chemical oscillation activity of such fiber structures as reaction-diffusion actuators and sensors!**'*,
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Figure 1. Dynamic images of the electric double layer charge propagation under electron beam at 500x magnification.

It can be seen that the charge isoline positions change in time and the charge propagation occurs
cyclically, but not periodically, and the charge often accumulates on the heterogeneities of the fiber

structure which prevent its further propagation!?.
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Figure 2. Dynamic images of the electric double layer charge distribution and propagation under the electron beam at 1000x
magnification.

Perturbation of the double layer charge often influences the local fiber micromorphology#.

71



Materials Technology Reports 2023; 1(1): 135.

Figure 3. Singular branched fiber with traveling charge waves on the surface (YMD micrographs after Sobel-Feldman operator
visualizing isopotential lines of the electron beam induced emission)!??.
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Figure 4. Charging isolines (isopotential lines obtained by Sobel filter) colocalized with SEM map:
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Figure 5. Oscilloscopic sectioning visualization of the surface charge propagation process performed in YMD-compatible
registration mode (Y-modulation and raster carrier wave).

It is the point effect on the acute angle (or “arris”) of the fiber sample!'*”).
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