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Kinetics and Mechanism of Hydrogen Reduction
of Lead-Silicate Slag

A. RUKINI, M. A. RHAMDHANI, G.A. BROOKS, A. VAN DEN BULCK,
and T. VAN ROMPAEY

A systematic study on the microstructure evolution and kinetics analysis of PbO-SiO, slag
reduction using hydrogen was conducted. The reduction was carried out on PbO-SiO, pellets
(70 wt pct PbO-30 wt pct SiO,; or 38.6 mol pct PbO and 61.4 mol pct SiO,) using 15 pctH,/85
pctN, gas, with a flowrate of 500mL/min for various reaction time (30 minutes to 3 hours)
isothermally at 300 °C to 700 °C. The kinetics and reaction mechanism were assessed by
measuring the weight loss over reaction time and applying kinetics models on the data;
supported by detailed samples characterizations. The results from microstructure observation
show a viscous and blackish glass structure formed on the pellets when the reduction was carried
out above softening point (glass transition temperature). This viscous structure appeared to
reduce the overall reduction rate. The kinetics analysis shows that the reduction appeared to be
a diffusion-controlled process. The activation energy, E,, was calculated to be 70.7 kJ/mol at
temperature range of 300 °C to 500 °C; while between 500 °C and 700 °C the kinetics were found
to decrease with increasing temperature due to the formation of the viscous glass. These results
suggest that for a complete reduction in industrial process, the formation of the viscous glassy
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state should be avoided.
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I. INTRODUCTION

THERE has been a push on decarbonization of
metallurgical processes including for non-ferrous sys-
tems such as in lead production from primary and
secondary resources. The use of hydrogen, as reductant
and fuel, is vital in this decarbonization effort. Never-
theless, the existing studies in the literatures on lead
recovery from lead-bearing slag were mainly focused on
the use of carbon-based reductant (e.g., coke, methane);
and of these, the processes were carried out mainly
through a liquid state reduction.'"* In addition to the
high carbon footprint, a carbothermic process is often
resulting in the formation of metal carbide as by-pro-
duct which provide more complexity. A solid-state
reduction process with hydrogen as a reductant is
appealing in terms of development of carbon neutral
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process. The fundamental understanding on the solid-
state reduction using hydrogen on multicomponent slag
system is essential for effective valuable metals recovery
and for industrial waste/by-product cleaning processes.
Thus, the current work aims to provide a fundamental
information to support the development of a low-car-
bon footprint technology to process solid wastes/
by-products and at the same time recover the valuable
metals.

Although the global primary lead production has
been decreasing in the last decade, the general trend of
total refined lead production is slowly increasing, as
reported by the International Lead and Zinc Study
Group (ILZSG).”! The main reason is due the impor-
tance of lead metallurgy and its role in supporting
circular economy and metals recycling, i.e., lead and
lead-containing slag are suitable medium/carrier for the
recycling of various precious and strategic elements
from secondary resources (waste PCB, batteries, ezc.).
This also re-emphasise the importance of the current
study.

There are limited studies on the kinetics of lead
recovery from lead oxide and lead-containing com-
pounds using hydrogen in the literatures (in the context
of metallurgical recycling). The existing studies on
hydrogen reduction on lead-bearing slag system were
mainly related to the hydrogen reduction of PbO-SiO,
(lead silicate) glass in the context of glass industries.!®®
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There have been studies of hydrogen reduction on lead
silicate for glass application of electron multiplier
devices,"”! X-ray shield (XRS) glass,/) and microchannel
plates.* Hydrogen reduction was reported as an
essential treatment in the fabrication of typical lead
silicate glass to generate a conductive layer on a
microchannel plate glass!” and to develop %lass resistiv-
ity for a typical X-ray shield (XRS) glass.!”! For those
mentioned purposes, the hydrogen reduction on silicate
glass have been studied at very low temperature within
the solid-state reduction range to improve the glass’
electrical and surface properties. Surface properties is an
important aspect of glass which a certain textures and
surface morphology gives a good channelling property.
Following the solid-state reduction of lead silicate glass
in hydrogen atmosphere, the glass typically subjected to
annealing and devitrification.'” Extensive studies on
lead silicate glass were also found in the context of
archeologic examination of historic glasses.!'"'?) These
studies focused on glass composition and structure
identification, where correlations between glass vibra-
tional Parameters with composition were estab-
lished.!""'% These studies utilized characterization and
optical techniques that are useful both for glass and slag
studies. Through these studies, some of the lead silicate
glass properties (i.e., chemical, mechanical, thermal,
vibrational spectra, optical etc.) have been investigated.

Pal et al.!" reported a lead-silicate slag reduction with
a focus on the investigating the relative contribution of
reaction rates at different interfaces. They performed the
hydrogen reduction on PbO-SiO, melts at 900 °C and
evaluated the reduction rate at slag/gas, slag/refractory,
and slag/metal interfaces. The reduction kinetics were
evaluated through the measurements of mass loss and
concentration profiles using electron microprobe. They
reported that the reduction reaction was occurring at the
slag/gas and slag/refractory interfaces, while the reac-
tion at the slag/metal interface was quite negligible.
They also reported that the reduction rate was decreas-
ing with increasing amount of P,Os in the slag, which
suggested a surface blocking mechanism by P,Os due to
its surface-active nature.

The current study is part of a broader systematic
study that is investigating the reduction and recovery of
lead from lead-bearing oxides and slags using hydrogen
at temperature ranges where solid-state reduction is
expected. This involves a systematic experimental work
of reduction of a simple unary PbO, binary PbO-SiO,,
ternary/quaternary PbO systems, and finally to indus-
trial comglex PbO slags. In a previous paper by the
authors,'™® a detailed kinetics study of PbO pellet
reduction by hydrogen has been presented. The current
study focuses on the hydrogen reduction of PbO-SiO,
pellets at sub-liquidus temperature ranges. The kinetics
and the mechanism of the reduction are investigated
with the focus and context of extraction and recovery of
lead from the material.
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II. EXPERIMENTAL PROCEDURES
A. Slag/Glass Composition and Details of Pellet Making

In the current study, a lead silicate slag/glass with
composition of 70 wt pct PbO and 30 wt pct SiO; (which
corresponds to 38.6 mol pct PbO and 61.4 mol pct SiO»)
was utilized. As can be seen from the binary phase
diagram of PbO and SiO, presented in Figure 1 (con-
structed using FactSage 8.2 thermochemical package),
this particular composition has a relatively low melting
point of 732 °C. In addition to the low melting point,
this composition was chosen because it represents a
eutectic composition with highest amount of SiO, (~29.6
wt pct SiO,) compared to the other eutectic composi-
tions (e.g., 8.2 wt pct SiO, and 15.4 wt pct SiO,). The
concentration of SiO, also resembles the typical indus-
trial slag composition of 30 to 40 wt pct SiO,.
Considering this composition, the expected phases at
equilibrium at 600 °C and 700 °C are PbO-SiO, and
SiO,; while at 500 °C are 3PbO-SiO, and SiO,;
respectively.

This PbO-SiO, slag/glass was prepared by mixing
both PbO (purity > 99.9 pct, sourced from Sigma
Aldrich) and SiO, (purity > 99.8 pct, sourced from Alfa
Aesar) powders in a ball mill for 24 hours. The
corresponding mixed powders were then melted in an
alumina crucible at 800 °C for 30 minutes before cast
into a mould. The slag /glass was analysed using X-ray
fluorescence (XRF) and X-ray diffraction (XRD) anal-
yses which confirmed its composition and homogeneity.
The XRD analysis result showed broad spectra which
indicated that the material was in an amorphous/glass
state after casting. The cast slag/glass was then crushed
and sieved down to size 325 mesh (— 45 pum) before
pelletized. Approximately 2.5 g of the PbO-SiO, pow-
ders were pressed in a steel die using a hydraulic pressing
machine with 5 tonnes of force for 20 minutes to make
pellets with an average diameter of 29.5 mm and
thickness of 4.2 mm. The pelletizing process was
resulting in pellets with apparent density of 871 kg/m”.
Meanwhile, the theoretical density of a mixture of 70 wt
pct PbO and 30 wt pct SiO, (which corresponds to 38.6
mol pct PbO and 61.4 mol pct Si0O,), assuming a “‘rule of
mixture”, is 4796 kg/m>.'%!%2% This suggests that the
pellets were quite porous.

B. Hydrogen Reduction Set-Up

In this study, systematic microstructure investigation
and kinetics analyses of solid state PbO-SiO, pellets
reduction in a mixture of 15 pct hydrogen-85 pct
nitrogen (H,/N,) atmosphere were carried out. The
main reason of using a low hydrogen concentration in
the gas mixture is for a safe laboratory experimental
procedure (reduce flammability of the gas mixture).
Different concentration of hydrogen in the gas mixture
may affect the reduction kinetics, however, the
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Fig. 1—Phase diagram of PbO-SiO, binary slag system constructed using FactSage 8.2 thermochemical package.
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Fig. 2—A schematic of experimental apparatus consisting a vertical resistance tube furnace; with sample holder, gas and ventilation systems;
(inset) a crucible holder system equipped consisting a shallow alumina crucible with Ni-Cr wire net to hold the pellet sample and functioning as
a drain for liquid Pb. Reprinted from Ref. [18], under the terms of the Creative Commons Attribution 4.0 International License.

investigation of the effect of hydrogen concentration is
beyond the current study. The mixture of ultra-high
purity hydrogen and nitrogen gas was sourced from

Coregas.

3062—VOLUME 54B, DECEMBER 2023

Isothermal reductions of PbO-SiO, pellets at temper-
atures between 300 °C and 800 °C were performed in an
RHTV 120-300/18 Nabertherm vertical tube furnace
(equipped with Mo,Si heating elements) using fixed bed
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type of reactor (as shown in Figure 2). In anticipation of
producing liquid Pb during the reduction, a special
sample holder arrangement was adopted where a
shallow crucible was equipped with nickel chromium
wire net as shown in Figure 2 (inset). This would allow
the sample to be suspended and readily react with the
hydrogen in the atmosphere and at the same time let any
possible lead liquid to drip down and contained within
the crucible.

The temperature in the hot zone was calibrated using
a standard reference thermocouple and provided an
accuracy within & 1 °C. The PbO-SiO, pellet was placed
above the wire net on the crucible; and the whole system
was positioned in the cool zone before the furnace was
sealed and ultrahigh purity Argon was blown into the
furnace chamber for 5 minutes to purge the air out. For
the experiments, the furnace was then heated to the
designated temperature before the H,/N, gas mixture
was flown into the furnace chamber a with constant gas
flowrate of 500 mL/min. The pedestal was then lifted up
to position the pellet and crucible system in the hot zone
of the furnace and this was set to be the time zero for the
reaction. The pellet was then let to react with the
hydrogen in the gas for different reaction times (from 30
minutes to 3 hours). To terminate the reaction, the
furnace chamber was bleed with Ar gas to flush the
hydrogen mixture out of the furnace chamber, then the
pedestal was lowered to position the pellet in the cooling
zone (cooled by circulating water and cold Ar gas) and
let to rest for 30 minutes before the sample was extracted
out from the furnace. The PbO-SiO, pellet was then
weighed after the reduction experiments and
characterized.

C. Characterizations and Kinetics

The surface morphology and cross section of the
samples prior and after reduction were investigated
using a scanning electron microscope (SEM), i.e., SEM
Zeiss Supra 40 VP, operated using 10 to 15 keV
accelerating voltage. The SEM instrument was equipped
with energy dispersive X-ray spectroscopy (EDS) detec-
tors, in which elemental characterizations were also
carried out. The phases analysis was carried out using
XRD Bruker D8 Advance (Cu Ka, 4 = 1.5418 A) with
26 from 5 to 80 deg. Raman analysis was carried out for
the purpose of studying the Q species in the silicate
network. Raman spectra of lead silicate slag samples
were collected at wavenumber range of 100 to 3200
cm ™! using InVia Raman Spectroscope from Renishaw
equipped with Leica microscope and used 514 nm laser
type. CasaXPS software was used for peaks identifica-
tion and deconvolution of the spectra.

The progress of kinetics of PbO-SiO, reduction by
H,—N, gas mixture were tracked by measuring the mass
loss of the pellets at particular time and temperature.
The degree of reduction or extent of reduction at a
particular time (o), defined as the ratio of mass loss
measured at that time (AW,) with theoretical maximum
mass loss (AWiota1), Was calculated at different reaction
time following Eq. [1]. Here, m,, m; and m, are the mass
at time ¢, at initial and at time final, respectively. It was
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assumed that the mass loss measured reflects the oxygen
removal from PbO in PbO-SiO, glass/slag with neither
substantial evaporation of raw material (PbO-SiO,) nor
product (Pb). The final theoretical mass loss was defined
as the total possible mass loss when all oxygen element is
completely removed from PbO within the PbO-SiO,
glass/slag.
AW[ ml‘ - m[

oy = = [1]
A Wtotal nm; — Miotal

The incorporation of « into a suitable model is useful
for kinetics analysis and also to be used to determine the
rate controlling step and micro-mechanism. Models that
represent the solid-gas reaction have been comprehen-
sively explained.[" ) The current work kinetics inter-
pretation includes the fitting of experimental result data
(o) into existing isothermal Kkinetics models which
include nucleation models, reaction order models, geo-
metrical contraction models, and diffusion models. The
value of (R?) from a linear regression of each model was
evaluated and triangulated with the phase analysis and
microstructure evolution observation to determine the
micro-mechanism and possible rate limiting step.

III. RESULTS AND DISCUSSION

A. Macro- and Micro-Observations

Macro-observation of the lead silicate pellets post
hydrogen reduction was carried out and the macro
images of the samples are presented in Figure 3. It can
be seen that there were colour and shape alterations with
reduction time and temperature. The original colour of
the pellet was white, and it was gradually changed into
brownish and then blackish after reduction. It was clear
that the hydrogen flow through the pellet pores resulted
in the reduction of PbO within glass structure into Pb,
and consequently altered the pellet colour from white to
brownish then blackish as the reduction time was
prolonged. This colour changing phenomena was also
observed and reported by previous studies on hydrogen
reduction of PbO-containing glass.!*:

In addition to the colour change, physical alterations
of the pellets shape were also observed on samples
reduced at 600 °C and above. This shape change
appeared to occur due to sintering process and then
followed by glass softening phenomenon experienced by
the samples. Shrinkage due to sintering was able to be
observed on samples reduced at 600 °C during 30
minutes to lh reduction. As soon as the sample was
sintered, the material was soften and tended to form a
round shape due to its high surface tension. Figure 4
summarized the typical glass transition temperatures
(T,) of a glass mixture with different SiO, concentration
as reported by Kacem ez al.'® In Figure 4, the estimated
composition changes of the PbO-SiO, samples reduced
at different temperatures in the current study are also
presented. It can be seen that samples with 30 wt pct of
SiO, would start to experience glass softening at about
495 °C. The samples that were reduced at 500 °C were
close to this softening region. However, as the PbO
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Fig. 3—Macrographs of lead silicate pellets prior (left) and post reductions (right) at temperatures 300 °C to 700 °C and times 30 min to 3 h in

15 pctH,—N, atmosphere.
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Fig. 4—Glass transition temperature (7,) as a function of wt pct
SiO, and the expected SiO, concentration change of the pellets
reduced at 500 °C, 600 °C, and 700 °C. Data of T, was taken from
Kacem er al.l'

reduction kinetics were quite fast (will be discussed in
the kinetics section in later section), the composition was
quickly moving towards a higher SiO, concentration
(red line in Figure 4) and brought the samples into a
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region where the softening phenomenon is not occurring
at 500 °C. On the other hand, in the case of reduction of
samples at 600 °C and 700 °C (blue and green lines in
Figure 4), the composition ranges of the samples were
located above the glass transition temperatures, hence
they experienced the softening phenomenon during the
reduction process. These were clearly shown in Figure 3,
where significant changes in pellet shape were observed
in samples reduced at 600 °C and 700 °C.

The softening phenomenon occurs at the range of
glass transition; where the glass will start to behave
solid-like (for cooling down process) or transition from
rigid state to flexible/rubbery state (for heating process)
like in the case of the current study where solid pellet
started to behave fluid-like during reduction above 500
°C. Shrivastaval®® described that softening occurs due
to the increasing number of free volume (by about 2.5
times) in between silicate molecular chains. It should
also be noted that glass transition does not involve a
transition between thermodynamic states/phases (e.g.,
solid vs liquid), because when this phenomenon hap-
pens, the silicate network within the glass become more
viscous without any change in the materials structure.
Rather, the glass has intramolecular covalent bonding
broken allowing it to behave like fluid-like amorphous
structure.?***! Therefore, even though the glass become
viscous, i.e., above Ty, it is not yet a liquid as it still
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below the melting point (7). Glass transition is a
dynamic process where cooling or heating rate also
heavily affect the phenomenon, in addition to the
temperature. In the case of reductions of the PbO-SiO,
pellets at 500 °C to 700 °C, clearly the mechanism of
reduction was heavily affected by the softening
phenomenon.

The cross section of the pellet sample reduced at 600
°C is shown in Figure 5. It can be seen that the sample
underwent a reduction in the interior (as evidenced by
the formation of Pb droplets) and at the same time it
was slowly softened (accompanied by pellet shape
change). It can also be seen from Figure 5 that micro
bubbles were also observed in the interior of the sample.
These micro bubbles appeared to form due to entrapped
gas (H>—N,) as well as from the gas generated from the
reduction reaction (H,O). At 700 °C, the samples were
softened rapidly compared to that of at 600 °C. It
appeared that this softening phenomenon and the
formation of a viscous glass provided a barrier for
reduction.

Figure 6 shows the cross section of the sample
reduced at 700 °C. It can be seen from the Figure 6
that there was unreduced part of sample in the pellet’s
interior which was due to the viscous layer formed.
Some pores/bubbles were also observed in the pellet’s
interior. It appeared that some of these bubbles had

Cross section

(b) Lower part of pellet body

coalesced forming much larger bubbles (compared to
samples reduced at 600 °C) and a dome shape. Overall,
the samples that were reduced above their glass transi-
tion temperature (reduced at 600 °C and 700 °C) had
lower kinetics (will be described in the kinetics section)
and that reduction process mainly happened at the
region near the surface of the pellet. Figures 5(a) and (c),
6(a) and (c), show the formation of Pb micro-droplets
on the top surface of the sample as well as under the
dome/big bubbles in the interior.

The general schematic of the shape alteration
sequence on the PbO-SiO, samples during hydrogen
reduction below and above the glass softening point is
illustrated in Figure 7. It can be seen from Figure 7 that
for samples reduced at temperatures below the softening
point, they were able retain the original pellet shape (no
significant shape change). This is different compared to
the samples reduced above the softening point. Above
the softening point, the sample became soften and
densification occurred. Overall, the shape alteration on
the samples started by the softening phenomenon which
resulted in some of the pellet part drooping down
toward the crucible due to gravity. Due to the viscous
nature of the materials, the part that was drooping did
not really separate from main body of the pellet. As the
softening uniformly occurred around the structure and
that reduction proceeded, some gas was trapped within

Fig. 5—SEM images of lead silicate pellet surface and cross-section post reduction at 600 °C reduced for 2 h in 15 pctH,—N, atmosphere,
showing: (a) Pb droplets under the dome, () dense area at the bottom of pellet, (¢) surface of the dome.
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Fig. 6—SEM images of lead silicate pellet surface and cross-section post reduction at 700 °C reduced for 2 h in 15 pctH,~N, atmosphere,

showing: (a) Pb droplets under the dome, (b) surface of the dome, and (c) unreduced pellet center.
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Fig. 7—An illustration of the cross section and surface appearance of PbO-SiO, pellet after reduction in 15 pctH,—N, atmosphere at different

temperatures (below and above glass transition softening point) and reaction times.
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the pellet forming bubbles (as can be seen from Figures 5
and 6). The final stage of the shape alteration included
the formation of a bloated round shape sample, which
might have indicated that the highly viscous melt had a
high surface tension and it tended to shape into a single
big droplet to reduce its overall surface energy.

B. Semi-quantitative EDS Analysis

Selected semi-quantitative EDS point analyses were
carried out on parts of the reduced pellet samples at 700
°C, and the results are presented in Table I and Figure 8.
The original composition of raw lead silicate pellets in
this study was 70 wt pct PbO and 30 wt pct SiO, in
which the breakdown of weight percent of elements is
also given in Table I. The total initial amount of Pb was
65 wt pct and while the total oxygen from both PbO and
and SiO; was 21 wt pct. EDS analysis on the unreduced
interior part of the sample reduced at 700 °C (Fig-
ure 6(c)) revealed that it contains fairly similar compo-
sition to the initial lead silicate pellet composition. The
microdroplets formed under the blackish dome (Fig-
ure 6(a)) was also confirmed to be Pb (as shown in
Table I). The lead-rich region (light grey area) on the
surface of the dome (Figure 6(b)) showed a relatively
high Pb concentration that only get about 2 pct decrease
of Pb compared to the Pb concentration in the initial
pellet. This light grey area appeared to be a Pb pool on a
partially reduced PbO-SiO; surface, indicated by the low
concentration of oxygen. The lead-depleted regions
(dark grey areas in Figure 6(b)) both on the surface of
the dome (outside) and under the dome (inside) showed
only small concentration of lead (Table I). It appeared
that this area was a SiO, phase.

Therefore, it appeared that upon heating at 700 °C in
hydrogen atmosphere, the original glassy amorphous
pellet underwent some transformation towards the
formation of PbO-SiO, and SiO, phases (see phase
diagram in Figure 1) at the same time of the formation
of Pb droplets (mainly from the light grey phase); and
these occurred majority on top part area of the pellet (as
evidenced by Pb droplets on the dome). Zhang et al.®
reported that lead that was produced by hydrogen
reduction of Pb glass tends to form ‘land’ or aggregated
Pb (similar to that shown in Figure 6(c)). In more
detailed observations, the lead-rich regions (light grey
phase) shown under the dome (in Figure 6(a)) were also
the spots where the Pb droplets emerged from. In
contrast with the previous study by the authors!"® on
PbO pellet reduction by hydrogen which reported
non-wetting Pb droplets formation on the surface of
PbO, the Pb formed on the surface of the sample in the
current study were quite wetting the top surface of
PbO-SiO, or SiO, phases (Figure 6(c)). The wetting
behaviour of the lead droplet will depend on a number
of factors such as surface roughness, chemical hetero-
geneity of the surface (e.g., type of bonding at the
surface), and the force balance at the solid, liquid, gas
interface; among others. The presence of SiO, appeared
to provide a different intermolecular interaction at the
liquid Pb and solid PbO-SiO, (or SiO,) interfaces
resulting in low wettability compared to Pb-PbO
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interface. It should be noted that the Pb droplets that
were observed hanging under the dome exhibited almost
a fully round shape due to the action of gravity.

C. XRD and Raman Analyses

1. XRD analyses results

The XRD analyses results on selected lead silicate
samples prior and post reduction are given in Figure 9.
The XRD spectra of the original lead silicate pellet
sample (prior to reduction) showed typical spectra for
an amorphous glass phase indicated by broad bumps
(Figure 9 bottom). This result implied that the sample
was initially amorphous prior to the reduction process.
The sample reduced at 300 °C for 2 hours showed an
early reduction process indicated by a colour change
into brownish colour (Figure 3). However, the XRD
spectra of this particular sample did not show any
significant peaks, rather, similar spectra to the original
materials (amorphous state) were observed. It appeared
that this early stage of reduction resulted only a very
small amount of lead and virtually the peaks were not
visible on the XRD spectra. It should be noted that
there was noticeable weight change observed at this
temperature and reduction time indicated that reduction
had occurred. This will be discussed in more detailed in
the kinetics section.

Broad Pb XRD peaks were observed in the sample
reduced at 400 °C for 2 hours. The broad peaks may
indicate that the formed Pb were very fine at this
condition. The Pb XRD peaks started to emerge and
visible on sample reduced at 400 °C for 2 hours. The
intensity of Pb peaks became significantly sharper and
higher as the reduction temperature was increased to
500 °C and 600 °C. The sample reduced at 600 °C
showed sharp and high lead peaks as early as 30 minutes
of reduction time. At this time the pellet shape was still
intact, however, as the reduction time was increased (for
example to 2 hours), the pellet was significantly
deformed due to the softening phenomenon. Beyond
30 minutes, it appeared that the reduction did not
increase significantly due to the softening phenomenon
and unreduced core. This was also confirmed by the
calculated reduction conversion (will be discussed in the
kinetics section).

A lower amount of lead (based on the XRD results)
was observed in the sample reduced at 700 °C, this
happened due to the faster softening phenomenon that
already occurred at the early reduction time. The
softening of the pellet resulted in a viscous layer that
provide barrier and limit the reduction to only at the
outer part of sample. This phenomenon was reflected on
the XRD peaks of sample reduced at 700 °C where the
outer part (part-b) showed higher amount of lead
compared to that of the inner part of the sample
(part-a). This was also supported by the reduction
conversion of samples reduced at 700 °C being lowered
than that reduced at 600 °C (will be discussed in the
kinetics section). In addition, the XRD analysis of the
part-a showed that it still had amorphous structure. It
implied that the softening process in the current
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Table I. EDS Analyses Results of Selected Areas on the Lead Silicate Pellets Reduced at 700°C Shown in Fig. 6

Original Composition of Lead Unreduced Part in the Sample’s Lead Droplets Under the

Silicate Pellet Interior Dome Lead-Rich Region
Element (Wt Pct) (At. Pct) (Wt Pct) (At. Pct) (Wt Pct) (At. Pct) (Wt Pct) (At. Pct)
Pb 65 15 64.71 15.41 100 100 62.88 14.76
Si 14 35 18.26 32.08 — — 21.09 36.52
(0] 21 50° 17.03 52.51 — — 16.02 48.71

Lead-Depleted Region (Inside) Lead-Depleted Region (Outside)

Element (Wt Pct) (At. Pct) (Wt Pct) (At. Pct)
Pb 5.89 0.60 8.46 0.97
Si 44.83 3393 58.47 49.69
o 49.28 65.47 33.07 49.33

20 (from PbO) = 5 wt pct and O, (from SiO,) = 16 wt pct.
0 (from PbO) = 15 at. pct and O, (from SiO,) = 35 at. pct.
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Fig. 8—EDS semi-quantitive analyses of selected areas on the reduced lead silicate pellets in 15 pctH,—N, atmosphere at 700 °C.
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and 700 °C for 2 h in 15 pctH,—N, atmosphere.

lead-silicate sample changed its viscosity but did not
change the silicate network from amorphous into
crystalline.

2. Raman spectroscopy analyses

Raman spectroscopy analyses were carried on the
samples prior and after the reduction. The main purpose
for the Raman spectroscopy analyses in the current
study was to investigate the alteration of the silicate
chains/species in the silicate network structure within
the samples, before and after reduction. Typical silicate
glass mainly built by silicate species that share oxygen to
their adjacent silicate species and forms a silicate
network; which shown schematically in Figure 10. There
are several classifications of bonding based on the

METALLURGICAL AND MATERIALS TRANSACTIONS B

number of bridging oxygen (BO) and non-bridging
oxygen (NBO) made by the silicate network. An isolated
simple silicate that makes no bonding to other silicate is
called Q% when two silicates share one of their oxygens
and forms a smallest unit of Si,O5, it is called Q'; if the
tetrahedra silicates share their two and three of the
oxygens with the nearest adjacent silicate, they will make
0’ and Q° bonding type, respectively. Silica species
where all of their oxygens are connected with other silica
species form Q% bonding. PbO is categorized as an
amphoteric oxide where the structural role of PbO in a
silicate glass is concentration dependent. At low PbO
content, less than 40 mol pct PbO, Pb was reported to
present as a network modifier that connected to silicate
network,”1%!%! while above this concentration Pb will
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Table II. Raman Spectra of PbO Stretch and Silicate Species

Wavenumber (cm ™)

Network Type/Species

References

135-140 Pb—O stretching
300-600 Si-O-Si bending
900-1300 Si—O stretching
850-870 0°

905-920 0!

950-970 0?

1050-1100 0’

1065 o*

Filho et al.,”®! Furukawa e al.l'”
Robinet e al.

Robinet e all'!

Mysen!*”!

Mysen?”

Mysen[27]

start to act as a network former. Wang et al.”’ reported
that at PbO concentration less than 40 mol pct, the ionic
bonding of PbO dominates which results in its
behaviour as a network modifier; while above 40 mol
pct, the Pb starts to be polarized and develop covalent
bonds which makes it into a network former. Robinet
et al."" however, reported that at concentration of 35
to 40 mol pct PbO, the PbO already started to take over
the role of a network former. However, the network
within the glass remained stable and not depolymerized
at this concentration. In the current study, the concen-
tration of the PbO in the initial sample was 38.6 mol pct.
It was pre-assumed that the PbO would act as silicate
network modifier, and the presence of PbO in the sample
would increase the NBO.

Table II shows a summary of the relevant wavenum-
ber range for different Q”, Pb-O stretching, Si-O
stretching, and Si—O bending obtained from previous
literatures. Figure 11 shows the results of the Raman
spectroscopy analyses from the samples prior and after
reduction for 30 minutes at different temperatures. One
of the ways to evaluate the effect of PbO reduction on
the silicate network is by evaluating the intensity of the
Si-O-Si bending at ~500 cm ™' and Si-O stretching at
900 to 1300 cm~'. It appeared that when reduction
proceeded and more Pb droplets produced (reduced out
from the sample), those peaks intensity were decreasing.
It can be seen from Figure 11 that as the temperature
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was increased from 300 °C to 400 °C the Raman spectra
exhibited more noise; and there were decreasing inten-
sity of the peaks mentioned. At 30 minutes reduction at
these temperatures, fine Pb droplets were forming on the
surface and appeared to start to break down the silicate
network. At 30 minutes of reduction at 500 °C and 600
°C, extensive Pb formation and breakdown of silicate
network had occurred; which resulted in the highly noise
spectra in such that the silicate spectra were not visible
anymore. At 700 °C there was significant softening of
the sample which resulted in low reduction (low forma-
tion of Pb) at the center of sample, hence clear silicate
spectra were detected. This study was also observed
decreasing PbO peaks (at ~100 to 150 cm™') post
hydrogen reduction which confirms the reduction of
PbO within the lead silicate glass.

One can estimate the relative fraction of each type of
(Q") bonding in the silicate network by carrying out
deconvolution of the peak of Si—O stretching at 900 to
1300 cm ™', considering the specific 0" wavenumbers in
Table II. Due to faint Si—O stretch on samples that
produced higher amount of lead, deconvolution of the
Si—O stretch was only performed on spectra from
samples prior and after reduction at 300 °C and 400
°C, in which the results are presented in Figure 12. The
Q" species fraction (in percentage) resulted from the
deconvolution of samples reduced at 300 °C and 400 °C
are tabulated in Table III. There are several quantitative
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Fig. 11—Selected Raman spectra of lead silicate glass before and
after reduction for 30 min at 300 °C, 400 °C, 500 °C, 600 °C and
700 °C in 15 pctH,—N, atmosphere.

parameters that can be used to describe the silicate
network (e.g., degree of polymerisation, NBO per
tetragonal unit (NBO/T), etc.). The current study
attempted to characterise the silicate network of the
samples by evaluating the degree of polymerisation
(DoP) and the number of NBO/T on samples reduced at
300 °C and 400 °C using formulation given in Egs. [2]
and [3],® respectively. It should be noted there have
been a number of parameters used by previous
resedrchers to represent the DoP such as 03/0,, (03/

0., (Q7 + Q Q" + 0, 0 NQ" + ©7), as well as the
NBO/T [27-33

3 3_|_ 4 3
por(g") = Gror(5) Or(SO o) (o)

2]

NBO

=(Q"x4)+ (0" x3)+ (0*x2)+ (@’ x 1)
+(0* % 0)

3]
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One would expect an inverse proportionality between
the NBO/T with the DoP. The different parameters of
DoP (expressed in Eq. [2]) were calculated and the trend
was compared to the NBO/T. It was found that the DoP
parameter of (0° + 0YH/(0° + Q") fit well with the
inverse trend of the NBO/T The results of the calcu-
lated DoP (Q° + 0%/(0° + Q ) and NBO/T, as well as
the shift of Q° are presented in the Table IV. It can be
seen from the data in the Table that there is no clear
trend between the (Q° + 0%/(0° + 0") with the PbO
reduction over time. Robinet et al.'" ™ reported that the
change in PbO concentration in the glass would signif-
icantly shift the position of O species in the Raman
spectra, i.e., the O peak at around 1040 to 1070 cm ™!
would shift to lower wavelength with increasing Pb
concentration. Similar trend was also observed in the
current study which can be seen in Figure 12 (top right)
and Table III, that shows the shift of the 0 to a lower
wavelength as the reduction proceed at 300°C and
400°C.

D. Kinetics Analyses and Calculation of Activation
Energy

The overall degree of reduction (o) as a function of
time of the PbO-SiO, pellet samples reduced in hydro-
gen atmosphere at 300 °C to 700 °C are presented in
Figure 13. The values of degree of reduction were
calculated considering the samples’ mass change post
hydrogen reduction using Eq. [1]. In general, the
reduction degree was observed to increase with increas-
ing reduction time. In the case of reduction at 300 °C,
there was a significant increase in the reduction degree
up to 25 minutes; beyond this time, further increase of
reduction degree was sluggish. It was observed that the
there is an increase in the reduction degree with
increasing reduction temperature from 300 °C to 500
°C (Figure 13(a)) with reduction degree increase from 7
to 47 pct at 3 hours of reduction, respectively. However,
when the reduction temperature was increased above
500 °C, the overall reduction degree was found to
decrease with increasing temperature (from 500 °C to
700 °C), as shown in Figure 13(b).

As has been discussed in the previous Section I11-A,
the softening phenomenon occurred extensively at
temperatures above 500 °C. The decrease in the reduc-
tion degree above 500 °C appeared to be associated with
the shrinkage and the formation of viscous phase that
hindering reduction process. The viscous phase forma-
tion presumably affected the diffusion of either hydro-
gen gas and/or H,O product to/from the interior of the
samples that reduced at 500 °C to 700 °C. The
cross-section observation (Figure 6) on sample reduced
at 700 °C showed that the interior of the sample was
secluded with viscous structure and that reduction only
occurred on the near surface; and the centre part of the
pellet was confirmed to be unreduced from the EDS and
XRD analyses. It also appeared that the softening
phenomenon occurred more extensively on sampled
reduced at 700 °C compared to that reduced at 600 °C.
Hence, the samples reduced at 600 °C exhibited slightly
higher reduction degrees.
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Fig. 12—Deconvolution of Raman spectra of samples reduced at 300 and 400°C and the correlation of Q* position with reduction time.

Table III. Q" Species Fraction (in Percentage) of Samples Reduced at 300 °C and 400 °C
Sample
Temperature (°C) Reduction Time (h) 0° (Pct) 0" (Pct) 0? (Pct) 0? (Pct) 0* (Pct) Total (Pct)
300 0 11.06 19.63 44.98 19.51 4.82 100
0.5 21.05 30.65 36.06 9.79 2.45 100
1 10.86 30.62 46.38 9.82 2.32 100
3 17.95 21.93 39.36 12.29 8.47 100
400 0 11.06 19.63 44.98 19.51 4.82 100
0.5 16.29 33.35 35.09 9.61 5.66 100
1 11.80 32.21 41.15 4.67 10.17 100
3 4.16 39.54 43.18 10.71 241 100

To evaluate the reduction degree more quantitatively,
the data obtained from the experimental works were
fitted into exisiting possible kinetic models of solid state
reduction, i.e., nucleation model (A), geometry model

(R), diffusion model (D). The models evaluation
involved the use of conversion () data into the model
equations to obtain k (constant rate) and R> value from
fitting of the data. Table V summarizes the results of the
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calculations. It can be seen from Table V that the DI
(one-dimensional diffusion) and D2 (two-dimensional
diffusion) models provide similar high R? to the D3
(Jander) and D4 (Ginstling—Brouhnstein) models. The
D1 and D2 representing diffusion processes in simplified
one- and two-dimensional cases. To provide a more
comprehensive kinetics evaluation that representing the
actual sample shape (pellet), only 3D diffusion models of
D3 and D4 were further evaluated.

The reduction degree data can be fitted really well to
the diffusion models D3 (Jander) and D4 [Gin-
stling—Brounhstein (GB)] with R* value of each diffusion
model ranges from 91 to 99 pct (underlined and bold
texts in Table V). The differences between the R* of the
Jander and GB models are negligible, hence both are
suitable to be used for analysing the reduction kinetics
in the current study.

The Jander model basic formulation is shown in
Eq. [4]. For a 3D sphere particle, the equation can be
written as function of time as shown in Eq. [5]. The
Jander 3D-model is also aPPlicable for other shapes
such as cylindrical pellet.” Jander model assumes
negligible volume and density change during the reac-
tion, hence more accurate for a case with low reduction
degree  (extent of  reaction).'”  The  Gin-
stling-Brounhstein (GB) model, on the other hand, is
an improvement of Jander model with a correction to
the assumptions made and presented in Eq. [6].

x = R[1 = (1= a)] gl
ket =[1— (1 - o)’ 5]
ki=1-2(1ap Q
k= Aexp <_ lfT) 7]

As can be seen in Table III, both Jander and GB
models showed similar values of R>. However, by
looking at the dimension of the reduced PbO-SiO,
samples, no significant size changes were observed upon
reduction, except for samples reduced at 600 °C and 700
°C. The highest reduction degree was observed on
samples reduced at 500 °C, i.e., less than 50 pct at 3
hours of reduction, which could still be considered as
having a low reduction degree. The samples reduced at
600 °C and 700 °C experienced significant shape change
but the reduction degree was even smaller. Considering
all of these, the Jander model was then selected to
represent further the kinetics analyses and for the
calculation of the activation energy (E,).
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The plot of the kinetics data using the Jander model is
presented in Figure 14. It can be seen from the figure that
the data can be reasonably fitted into straight lines in
which the & (rate constant) can be calculated. Once the k&
were calculated, an Arrhenius plot of In k as function of
1/T was then constructed (using Eq. [7]) and shown in
Figure 15. It can be seen from the figure that there are
two kinetics regions. The Region I, with a range of
temperature 300 °C to 500 °C, showed an increase of
rate constant with increasing temperature. The associ-
ated activation energy for this Region I was calculated
to be 70.7 kJ/mol. It was reported by Welter et al.l*”
that the diffusion activation energy (Ep) of NBO-free
glass (purely silica glass) is within the range of 20-120
kJ/mol, while for NBO-bearing glass it ranges between
25 and 50 kJ/mol. However, the composition of glass
mixture might vary the value of Ep in NBO-bearing
glass. The Region II was observed at temperature range
of 500 °C to 700 °C; and showed an anomalous
decreasing rate constant with increasing temperature.
Again, this observation was highly related to the
formation of viscous glass structure which started to
form at temperatures above 500 °C. This phenomenon is
an indication that support the diffusion-controlled
mechanism during the PbO-SiO, pellets reduction.

E. Reaction Mechanism

Considering the results presented in the previous
sections, two generic mechanisms of the reduction of
PbO-SiO, pellets were proposed. The mechanisms were
classified based on the softening point of the glass
(below and above) as schematically presented in Fig-
ure 16. The first mechanism is for the reduction at
temperatures below the softening point. This corre-
sponds to the Region I in Figure 15. In this mechanism,
the process appeared to mainly involves hydrogen
reduction at microscopic scale which eventually resulted
in the formation and aggregation of Pb that is embedded
within the glass. The reduction presumably started by
hydrogen diffusion through amorphous glass structure
and the reaction would start at preferred sites with a
metastable equilibrium in the silicate network, that is
where the ionic Pb located. The Pb—O bonds are much
weaker compared to Si—O bonds. The high concentra-
tion of PbO in the lead silicate would provide many Pb
ion as network modifier, hence also provided many sites
for the hydrogen reduction and Pb nucleation to occur.
It is noteworthy that reduction in this Region I occurred
before the glass turn viscous, thus, the hydrogen was
able to reach into the interior of the sample for
continued reduction. The H,O gas product also
appeared to able to diffuse out from the sample, and
overall there was no shape change on the sample during
the reduction.
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Table IV. Calculated Values of NBO/T, DoP, and Q> Position from the Measured Spectra

Sample
Temperature (°C) Reduction Time (h)

Q° Position

NBO/T DoP (Q° + 0%/(0° + 0"

300 0
0.5

400

1060.82
1057.98
1056.95
1037.01
1060.82
1050.43
1045.83
1043.19

212.6 0.79
258.06 0.24
237.88 0.29
228.57 0.52
212.6 0.79
245.00 0.31
230.80 0.34
232.33 0.30
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Fig. 13—Degree of reduction as a function of time of the PbO-SiO,

pellet samples reduced in 15 pct H,—N, atmosphere at temperatures
(a) 300 °C to 500 °C, and at (b) 500 °C to 800 °C.
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The second mechanism for reduction at temperatures
above softening point, which is marked Region II in
Figure 15, involves hydrogen reduction at microscopic
scale accompanied by glass softening at macroscale. The
softening process (formation of viscous materials) has
different pace between samples reduced at 600 °C and
700 °C. As evidenced from samples’ cross-section
observation and XRD analyses, the Pb nucleation at
microscopic scale occurred at the early minutes. In the
case of reduction of samples at 600 °C, the reduction
managed to occur further into the interior of the sample
before shrinkage and extensive softening occurred. In
the case of the reduction at 700 °C, it appeared that the
softening occurred earlier and provided barrier for
diffusion of hydrogen (and H,O gas product), hence
the reduction could only have occurred effectively on the
surface. The viscous material formed also promoted the
bubble formation (trapped gas bubbles within the
sample). This observation was also supported by the
kinetics result where the reduction degree of samples
reduced at 600 °C was higher than samples reduced at
700 °C. The cross section and SEM evidences strongly
supported that the blackish region on the surface of the
sample at 700 °C were reduced while the centre is
unreduced. In this second mechanism, the viscous state
of the matter also meant that the overall shape of the
pellets changed during the reduction. When the majority
part of sample state become more viscous, the pellet
tends to form a round shape due to its high surface
tension.

From the reaction mechanism analysis above, it
suggests an important information regarding a possible
practice for industrial process context. In industry, to
achieve quite extensive reduction from PbO-SiO, mate-
rials, a viscous condition should be avoided, i.e., the
reduction should be carried out either below the
softening point or at the conditions of fully liquid (well
above the liquidus). Viscous state of the material was
evidently hinder further hydrogen reduction into high
degree reduction.
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Table V. Calculated k (Rate Constant) and R (Regression Linier Coefficient) from Fitting of Various Solid-Gas Kinetic Models
for the Reduction of PbO-SiO, Samples at 300 °C to 700 °C

300 °C 400 °C 500 °C 600 °C 700 °C
Kinetics Model k R’ k R’ k R’ k R’ k R’
A2 (- In(1-2)'?) 0.0003 0.84  0.001 0.93 00023 094  0.0012 0.9 0.0008 0.95
A3 (— In(1-2)'?) 0.0002 0.84  0.0007 0.93  0.0019 097  0.0008 0.9 0.0005 0.95
A4 (— In(1—a)'/%) 0.0001 0.84  0.0005 093  0.0011 094  0.0006 0.9 0.0004 0.95
R1 () 0.0005 0.83  0.0017 0.92  0.003 092  0.002 0.89  0.0014 0.94
R2 (1-(1-o)'? 0.0003 0.84  0.0009 0.93  0.0019 093  0.0011 0.89  0.0007 0.94
R3 (1-(1-2)'?) 0.0002 0.84  0.0006 0.93  0.0014 093  0.0007 0.90  0.0005 0.94
D1 (22) 0.00004 0.91  0.0004 0.97  0.0015  0.97  0.0005 0.97  0.0003 0.99
D2 (¢ + (1—o) In (1-e))  0.00002 0.91  0.0002 0.97  0.0009 098  0.0003 0.97  0.0001 0.99
D3 (1-(1—2)")? 0.000004  0.91  0.00005  0.97  0.0003  0.98  0.00007 098  0.00003  0.99
D4 (1-20/3- (1-)*?) 0.000004  0.91  0.00005  0.97  0.0002 0.98  0.00006 097  0.00003  0.99
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Fig. 14—A plot of kinetics data of PbO-SiO, pellets reduction by
hydrogen at 300 °C to 700 °C using the Jander model.
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Fig. 15—Arrhenius plot on using Jander model showing two kinetics
regions, i.e., Region I, where the rate is increasing with temperature
and Region II where the rate is decreasing with temperature.
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IV. CONCLUSIONS

A study of reduction of 70 wt pct PbO-30 wt pct SiO,
by hydrogen at temperatures from 300 °C to 700 °C has
been carried out. Sequences of macro and microstruc-
ture studies, supported by phase analysis from XRD,
EDS, and Raman spectroscopy were conducted result-
ing on findings as the followings:

e Macrograph observation at temperature range of 300
°C to 500 °C the macrograph results showed a grad-
ual colour change from white unreduced sample into
brownish and blackish, where it is confirmed by SEM,
EDS and XRD analysis that this happened due to the
formation of Pb that was embedded within the glass.
While, reduction at 600 °C and 700 °C immediately
change the sample into blackish at early of reduction
which followed by the formation viscous structure.

e The silicate structure analysis using Raman spec-
troscopy revealed that there was a shift in the Q°
position as the reduction reaction was progressing at
300 °C and 400 °C. The calculated degree of poly-
merisation (in this case (0 + 0%/(0° + 0")) and the
NBO/T did not provide a clear trend with increasing
reduction time.

e Overall reduction of lead silicate appeared to follow a
diffusion-controlled process at temperature region of
300 °C to 500 °C. The apparent energy activation was
calculated to be 70.7 kJ/mol.

e At higher temperatures of 600 °C and 700 °C, pellets
started to sinter, and then viscous material was
formed due to the softening phenomenon. This pro-
vided a barrier for further hydrogen reduction, hence
significantly affected the kinetics of lead silicate
reduction. Between 500°C to 700°C, the reduction
rate was observed to decrease with increasing tem-
perature due to the phenomenon.

The findings from the current study give an industrial
implication that regardless the kinetics rate, to obtain a
complete reduction process either a solid state or
complete molten phase are preferred over a viscous
state. Therefore, a condition in within viscous range
needs to be carefully identified and considered.
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