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Lead Recovery From PbO Using Hydrogen
as a Reducing Agent

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

A systematic isothermal reduction study was carried out on pure PbO pellets using 15 pct H2/85
pct N2 gas. The reduction was carried out at 350 �C to 800 �C at different reaction times
(30 minutes to 4 hours) with gas flowrate of 500 mL/min. The kinetics of the reaction were
evaluated by measuring the mass change and applying kinetic models to the data. The results
from microstructure observation showed that globular and non-wetting lead droplets form on
the surface of PbO samples. The droplet’s diameter was observed to increase with increasing
temperature and reduction time. It was observed that this lead droplets layer, once covers the
whole surface, appears to reduce the overall reduction rate. The kinetics analysis showed that
PbO pellet reduction is a diffusion-controlled process as supported by the SEM (scanning
electron microscope) micrographs, samples’ cross-section observation, and phase analyses using
EDS (energy-dispersive spectrometry) and XRD (X-ray diffraction). The energy activation, Ea,
was calculated for two temperature ranges, i.e., 61 kJ/mol (for 350 �C to 450 �C) and
224 kJ/mol (for 600 �C to 800 �C), respectively. These results suggest that, in an industrial
context, continued reduction process will require constant removal of lead product from the
surface of the lead monoxide.
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I. INTRODUCTION

REDUCTION process of lead monoxide (PbO) to
lead (Pb) is a great importance in the lead industries.
The detailed understanding of PbO reduction is not only
important in the context of lead recovery from primary
source, but also essential for further understanding and
application of lead recovery from complex lead com-
pound systems (i.e., lead containing slag) and other
secondary resources. The existing lead production tech-
nologies either through indirect smelting (i.e., lead blast
furnace) or through direct smelting (i.e., Isasmelt,
Outotec-Ausmelt, Kivcet, Kaldo, SKS, and QSL)
involve the use of oxides burden in the form of PbO
or PbO-containing raw materials. In the past 5 years
(2016–2020), approximately 12,000 tonnes of lead pro-
duced globally, with more than half was sourced from
secondary resources which made lead as one of the
highly recycled metals.[1] However, all of the existing

routes for the production of lead in the lead industries
use carbon-based reductant (including methane) for the
reduction process.
Amidst of decarbonization effort in metal production

industries, researchers have been exploring and maxi-
mizing the potential of carbon-alternative reductants in
the last few decades. Hydrogen is one of the alternative
candidates to reduce and replace carbon usage for the
lead production as it is thermodynamically favorable to
be utilized as reducing agent for lead oxide reduction.
Hence, the use of hydrogen-based reductant is promis-
ing to be utilized in some of the lead production
technologies such as Isasmelt, Outotec-Ausmelt, Kivcet,
and Lead Blast Furnace (LBF). For instance, hydrogen
can potentially be injected into the melt bath through
submerge lance in the Isasmelt and Outotec-Ausmelt
reactor or can be injected in a lead blast furnace through
the middle tuyeres for the reduction of the solid charge
as it goes down the shaft with the coal/coke bed.
There are only limited studies in the open literatures

on the detailed fundamental kinetic study of lead
reduction from pure lead oxide or lead oxide mixtures
using hydrogen.[2–5] Hydrogen in this context includes
pure H2 gas or H2 gas mixture (with H2O or inert gases,
i.e. H2-N2, H2-Ar). These key studies are summarized in
Table I. Majority of the hydrogen reduction studies
reported were related to the reduction of lead silicate
materials[6–10] in the context of glass making as the
compounds are important in the glass industry. The
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experiments conducted in these studies aimed for lead
deposition on the glass and not for the context of lead
recovery. The study of kinetics of lead extraction from
lead silicate system using hydrogen was also found to be
limited. Pal et al.[2] conducted a study to analyze the
relative magnitude of reduction rates at different slag
interfaces (i.e., slag gas, slag/refractory, slag/metal)
when PbO.SiO2 was subjected to hydrogen atmospheres
at 900 �C. The analysis was carried out by observing the
concentration profile using electron microprobe. The
results concluded that the reaction mainly take place at
slag/gas and slag/refractory interfaces. Additional
remark of the study also mentioned that the presence
of P2O5 was decreasing the reduction rate.

Culver et al.[3] carried out the kinetics study of PbO
reduction by hydrogen at 475 �C to 775 �C and reported
that the process was a diffusion-controlled. Their
experiments were performed on a fixed bed PbO
powder, and the kinetics were studied by measuring
the amount of H2O produced, in addition to measuring
the Pb-PbO percentage with chemical assay in ammo-
nium acetate. Culver et al. pointed out that further study
is needed to understand the effect of water product on
the kinetics. The study found that the addition of water
vapor into hydrogen gas decreased the reduction rate
compared to the rate in H2-N2 gas. Using their
developed rate model, they pointed out that desorption
of water (H2O) was not the controlling step, rather they
suggested that the adsorption of H2 was the rate-con-
trolling step. On the other hand, a study by Ivanov
et al.[5] reported that the kinetics of PbO reduction in
hydrogen atmosphere is controlled by a nucleation
process. These experiments were also carried out on a
fixed bed PbO powder, in which the amount of H2O
produced from reduction was used for kinetics analysis
evaluation through a chromatography method. The
kinetics itself was examined through the iso-conversion
analysis approach. The main focus of Ivanov’s study
was to investigate the effect of different crystallographic
form of PbO (between b-orthorhombic and a-tetrago-
nal) on the kinetics behavior within the temperature
range of 450 �C to525 �C where the polymorphic
transition is expected to occur. The main finding from
this work is that different crystallographic form does not
affect the kinetics behavior.

The above-mentioned previous studies on hydrogen
reduction of PbO were conducted using powder PbO
sample and the kinetics evaluations were carried out
using H2O adsorption method and analyzed using an
iso-conversional method. There are no studies reported
in the literature on the reduction of lump and bulk PbO
sample. Considering the importance of non-powder feed
in industrial process (especially in lead blast furnace
process), an investigation on the reduction of bigger size
burden or pelletized sample is essential. Therefore, the
current study intends to evaluate the kinetics and the
micromechanism of PbO reduction in hydrogen atmo-
sphere. In this study, pelletized PbO samples were
reduced under hydrogen atmosphere (15 pct H2-N2) and
the kinetics were measured via mass loss and analyzed
through the implementation of solid–gas reaction
isothermal kinetic models. This study also examines

the morphological and microstructure evolution during
the reduction. Overall, this study also provides funda-
mental information that is useful for the broader
industrial lead production from PbO and Pb-containing
secondary resources (i.e., slag, tailing, sludge) using
non-carbon reductant.

II. EXPERIMENTAL METHODOLOGIES

A. Starting Material and Hydrogen Reduction
Experiment Set-Up

The starting material for the PbO reduction experi-
ment was a high-purity PbO powder (> 99.9 pct)
sourced from Sigma Aldrich, with an average mean size
of 10 lm. Lead (Pb) droplets (with average diameter of
1 mm and purity> 99.9 pct) were also sourced from
Sigma Aldrich for evaporation experiments. Each PbO
pellet was made by weighing approximately 5 g of PbO
powder, which then put and pressed into a steel die to
form a pellet with diameter of 29.5 mm and thickness of
4.2 mm. The PbO powder was compacted using a
hydraulic press with a force of 10 tonnes for 30 minutes.
In this study, systematic microstructure and kinetics

analyses of solid-state PbO reduction in a mixture of 15
pct hydrogen-85 pct nitrogen (H2/N2) atmosphere were
investigated. 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
investigation of the effect of hydrogen concentration is
beyond the current study. The mixture of ultra-high-pu-
rity hydrogen and nitrogen gas was sourced from
Coregas. Isothermal reductions of PbO pellet at temper-
ature range of 350 �C to 800 �C were carried out in a
vertical resistance tube furnace (equipped with Mo2Si
heating elements) as shown in Figure 1. In anticipation of
having liquid Pb generated during reduction, a special
sample holder arrangement was adopted where a shallow
crucible was equipped with nickel chromium wire net as
shown in Figure 1 (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 in the crucible.
The temperature in the hot zone of the furnace was

calibrated with a standard reference thermocouple and
found to be accurate within ± 1 �C. For the experiment,
the PbO pellet on the crucible 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. The furnace was then heated to the
designated temperatures, then the H2/N2 gas mixture was
flown into the furnace chamber with constant gas flowrate
of 500 mL/min. The pedestal was then lifted up to position
the pellet in the heat 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 4 h). To terminate the reaction,
the furnace chamber was bleed with Ar gas to flush the
hydrogen mixture out of the furnace chamber, then the

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 54B, JUNE 2023—997



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 pellet was weighed along with
the crucible holder system both before and after the
reduction experiments.

B. Sample Characterizations and Kinetics Approach

Scanning electron microscopy (SEM) observations
and phase analyses using X-ray diffraction (XRD)
technique were carried out on the PbO pellet samples
before and after the experiments. The PbO surface
morphology was examined using field emission SEM
Zeiss Supra 40 VP, using accelerating voltage of 10 to
15 keV. The SEM instrument is equipped with an
energy-dispersive X-ray spectroscopy (EDS) detector;
hence, elemental characterizations were also carried out.
The phases analysis was carried out using XRD Bruker
D8 Advance (Cu Ka, k = 1.5418 Å) with 2h range from
5 to 80 deg. Quantitative phase analyses from XRD
spectra were carried out using Rietveld quantification
method through Profex� software.

The progress of PbO reduction by H2-N2 gas mixture
was also tracked by measuring the mass loss of the pellet
at particular time and temperature. The degree of
reduction or extent of reduction at a particular time

(at) was defined as the ratio of mass loss measured at
that time (DWt) with theoretical maximum mass loss
(DWtotal), see Eq. [1]. Here, mt, mi, and mtotal are the
mass at time t (g), at initial (g), and at maximum oxygen
removal, respectively. It was assumed that the mass loss
measured reflects the oxygen removal from PbO with
neither substantial evaporation of raw material (PbO)
nor product (Pb). While the final theoretical mass loss
was defined as the total possible mass loss when all
oxygen element is completely removed from PbO.

at ¼
DWt

DWtotal
¼ mi �mt

mi �mtotal
½1�

The incorporation of a into a suitable model is useful
for kinetics analysis and also to be used to determine the
rate-controlling step and micromechanism. Models that
represent the solid–gas reaction have been comprehen-
sively explained.[11–13] The current work kinetics inter-
pretation includes the fitting of experimental result data
(a) into existing isothermal kinetics models which
include nucleation models, reaction order models, geo-
metrical contraction models, and diffusion models. The
value of (R2) from a linear regression of each model was
evaluated and triangulated with the phase analysis and
microstructure evolution observation to determine the
micromechanism and possible rate-limiting step.

Fig. 1—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 also
functioning as a drain for liquid Pb.

998—VOLUME 54B, JUNE 2023 METALLURGICAL AND MATERIALS TRANSACTIONS B



III. RESULTS AND DISCUSSION

A. Starting Material Characterizations

PbO is known to have two polymorph phases, namely
PbO tetragonal (also known as litharge or red-PbO or
a-PbO) and PbO orthorhombic (also known as massicot
or yellow-PbO or b-PbO). The tetragonal a-PbO phase
is stable at low temperature (room temperature) and can
transform to orthorhombic b-PbO phase at temperature
range of 486 �C to 489 �C.[14] Different transition
temperatures, however, have been reported in the
literature. Risold et al.[15] reported that the a-PbO to
b-PbO polymorphic transition occurs between 488 �C
and 530 �C, while Oka et al.,[16] based on a color change,
reported the transition to occur above 500 �C.

Figure 2 shows the XRD analysis results, while
Figure 3 shows the color/physical appearance of the
raw PbO powder, PbO pellet, and heat-treated PbO
pellet, as well as the SEM images of the pellet’s surface.
It can be seen from Figure 2 that the original PbO
powder contained both the orthorhombic b-PbO and
tetragonal a-PbO phases indicated by the presence of
their peaks. However, after pellet making process, the
intensity of tetragonal a-PbO peaks was found to
increase which indicated an increase in the amount of
the tetragonal a-PbO phase in the pellet. Visually, there
was also distinguishable color change between the raw
PbO powder, and the PbO pellet, as shown in Figure 3.
This was confirmed by the Rietveld phase quantification
analysis result shown in Table II. The raw PbO powder
with reddish yellow color was confirmed through
Rietveld quantification to contain approximately 89
pct and 11 pct of orthorhombic b-PbO and tetragonal
a-PbO phases, respectively. After pelletizing, a color
change from bright reddish yellow powder into dark red
pellet could be observe, as shown in Figure 3. It
appeared that the pelletizing process provides a con-
strain (mechanical force) to the orthorhombic b-PbO
lattice which transforms it to the tetragonal a-PbO
phase. The amount of the tetragonal a-PbO phase was
found to increase from 11 to 36 pct after pelletizing.

A heat treatment of the PbO pellet was carried out in
Ar gas at 500 �C for 1 h to investigate further the
reversal of polymorphic transition. The color of the
pellet was found to change to a brighter yellow post-heat
treatment. The Rietveld quantification analysis showed
that the amount of tetragonal a-PbO and orthorhombic
b-PbO is 0.8 pct and 99.2 pct, respectively. It appeared
that the thermal treatment transformed almost all of the
PbO to its orthorhombic b-PbO phase. It is worth to
note that orthorhombic b-PbO is stable at high temper-
atures, i.e., above 500–530 �C. However, it appeared
that the b-PbO when rapidly cooled down, the structure
would stay as metastable orthorhombic b-PbO even at
temperature of liquid helium.[13,14] It was reported that
this metastable phase was able to persist for more than
ten years at room temperature[13] and could be con-
verted to a-PbO when stress was applied. Polymorphic
transformation of a-PbO into b-PbO happened due to
thermally induced process. On the other hand, the
transformation of b-PbO into a-PbO that happened at

room temperature is a mechanically induced transfor-
mation. The transformation was proposed by Soed-
erquist and Dicknes[17] as a sublattice contraction and
dilation as much as 13 pct along the (001) plane and as
much as 18 pct along the (010) plane, respectively, which
consume the least minimum energy. The information on
the behavior of a-PbO and b-PbO phase before and after
pelletizing process and after heat treatment, presented
above, is important in the context of identifying the
reduction mechanism as will be presented later in the
mechanism Section in this paper.

B. Assessment of the Effect of PbO and Pb Evaporation
Rates and Gas Flow Rates

Initial tests were carried out to evaluate the rate of
evaporation of PbO and Pb at high temperature
conditions. These tests were carried out to check
whether the PbO and Pb evaporation rates are negligible
compared to the overall weight reduction during the
reduction process. PbO pellets (~ 5 g each experiment)
and Pb droplets (totalling 5 g each experiment) were
heated at 700 �C in Ar atmosphere (flowrate of 500 mL/
min) and held for different times. The results of the

Fig. 2—X-ray diffraction spectra of the starting powder PbO,
pelletized PbO, and heat-treated pellet (at 500 �C in Ar atmosphere
for 1 h) indicating phase transformation between tetragonal a-PbO
and orthorhombic b-PbO upon applying mechanical stress and heat
treatment.
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evaporation tests of both PbO and Pb are given in
Figure 4. To compare, the PbO reduction data under
H2-N2 atmosphere at 700 �C were also plotted. It can be
seen from Figure 4 that there were no significant mass
changes of the PbO and Pb sample in Ar. The
accumulation of PbO and Pb was calculated to be less
than 0.5 pct of total weight reduction during reduction
experiments; hence, it was confirmed that evaporation
rates of PbO and Pb were negligible.

The effect of flowrate of H2-N2 was also investigated
to check whether gas phase mass transfer might be
controlling the reduction process. For this purpose,
three different flowrates, i.e., 300, 500, and 700 mL/min,
were tested for the PbO reduction at 700 �C, and the
results are presented in Figure 5. It can be seen that the
discrepancy of weight loss using different gas flowrate
was relatively small and still within the deviation range.
It can be concluded from this results that the reduction
rate was independent of the gas flowrate, hence was not
controlled by gas phase mass transfer, which was in
agreement with previous studies.[3,5]

C. Observation of the Surface of the Pellets

Visual observation of the PbO pellets’ surface after
hydrogen reduction was carried out and the macro-
graphs are presented in Figure 6. The most noticeable
physical change observed on the PbO pellets after
reduction was a color change from reddish yellow
(Figure 3) into gray (Figure 6). For samples reduced at
400 �C, there were no lead droplets observable by naked
eye. However, upon microscopy and XRD analyses,
microdroplets of lead were found to form already at this

temperature (as shown in Figure 7(a)). At 500 �C and
600 �C, many small lead droplets with few bigger
droplets were observed. At higher temperatures
(700 �C and 800 �C), significant amount of lead droplets
was observed on the surface. Coalescence of smaller
droplets forming bigger droplets is observed. At long
reduction times, some of the lead droplets dripped into
the crucible. At 800 �C and 3 h, it appeared that all the
PbO reduced to Pb.
Systematic pellets’ surface examinations were carried

out using scanning electron microscopy. Figure 7 shows
the secondary electron images of selected pellets surface
reduced at 400 �C and 500 �C for 1 to 4 h. At higher
magnification of 910,000, it can be seen that fine lead
seeds with average size of 0.5 to 1.5 lm were observed to
form on the surface of pellets reduced at 400 �C
(Figures 7(a) through (d)). Similar trend was also
observed for PbO pellets reduced at 500 �C, and fine
lead droplets with average size of 0.5 to 7 lm were
observed at 1 to 2 h reduction time (Figures 7(e) and
(f)). Bigger sizes of lead droplets with average size
between 10 and 50 lm were observed at longer reduc-
tion time of 3 to 4 h (Figures 7(g) and (h)). There were
evidences of droplets coalescence to form a few macro-
droplets (visible by naked eye; millimeters in size) as
shown in Figure 6.
Secondary electron images of the pellets’ surface after

reduction at 600 �C and 700 �C are presented in
Figure 8. In the case of samples reduced at 600 �C,
small lead droplets (with diameter less than 1 lm)
uniformly covered the surface of PbO pellet even as
early as 30 minutes reduction. With further reduction
times, the smaller droplets started to coalesce, forming

Fig. 3—Visual appearance of the starting PbO powder, pelletized PbO pellet, and heat-treated PbO (at 500 �C in Ar atmosphere for 1 h)—(top);
SEM images of the surface of PbO pellet before reduction—(bottom).
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bigger droplets among the smaller droplets (Figures 8(a)
through (d)) at 600 �C. The same trend was observed for
samples reduced at 700 �C; however, the rate of coales-
cence was observed to be higher compared to those at
600 �C (in line with the overall rate of reduction).

However, the variation in the lead droplet size in
samples reduced at 700 �C was higher compared to
those reduced at 600 �C (Figures 8(e) through (h)).
Overall, the lead droplets had size of 0.5 lm in the early
time of reduction and could grow up to 500 lm at
longer reduction time (at 4 h) for samples reduced at
600 �C. While in samples reduced at 700 �C, the lead
droplet size could grow up to 1.5 mm, at 4 h of
reduction time (Figure 8h).
Figures 8(e) through (h) also show that upon coales-

cence of droplets to form bigger ones, a fresh surface of
PbO was exposed (please see the arrows indicating the
regions). This allowed the H2 gas to reach and react with
the PbO surface; and once that happened, immediate
formation of new nano-size (less than 1 lm) Pb droplets
on the exposed area was observed. So, it appeared that
these continual droplet’s coalescence (and removal of
these droplets through dripping) is vital for the overall
kinetics of the reduction. This will be discussed further
in the following section on kinetics and mechanism.
The rate of droplet’s coalescence (from SEM obser-

vation of the surface) was found to increase with
increasing temperature from 600 �C to 800 �C. With
more bigger droplets formed at longer reduction time,
the chance and hence the frequency of lead dripping to
the crucible underneath were also high. These led to the
ability of the H2 to keep reducing the PbO; hence, the
overall kinetics were also faster as the temperature was
increased from 600 �C to 800 �C. Figure 9 shows the
secondary electron images of the surface of the samples
reduced at 800 �C. Figures 9(a), (b) and (c) show the
surface of the pellet where full coverage of lead had
already occurred. Figure 9d and e shows the other areas
on the pellet surface where a complete coverage of the
surface was yet to occur. At 3 h, all of the PbO had fully
reduced and the surface of the lead is shown in
Figure 9d.
The observation of numerous lead droplets on the

surface of the PbO surface re-emphasizes the fact that
the lead is quite non-wetting on the PbO. This is good
from the perspective of separation process. High inter-
facial energy between lead and PbO (indicated by the
non-wetting) would ease a clean separation between
them. However, it was also clear that the covering of the
lead droplets on the flat surface of the PbO hindered the
H2 reductant to reach the PbO to continue the reduc-
tion, which has ramification for industrial practice. The
detached lead droplets behavior will likely affect the

Table II. Rietveld Refinement Phase Quantification Results of the Starting PbO Powder, Pelletized PbO, and Heat-Treated Pellet

(at 500 �C in Ar for 1 h)

Sample

Phase Composition Determined by Rietveld Analysis (Wt Pct)

a-PbO
(Tetragonal)

b-PbO
(Orthorhombic)

Starting PbO Powder 11 pct 89 pct
Pelletized PbO 36 pct 64 pct
Heat-Treated PbO (Ar, 500 �C, 1 h) 0.8 pct 99.2 pct

Fig. 4—PbO and Pb evaporations relative to the wright change
during PbO reduction under 15 pct H2-N2 atmosphere at 700 �C.

Fig. 5—The effect of gas flowrate on the weight loss/reduction rate
of PbO at 700 �C under 15 pct H2-N2 gas atmosphere.
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efficient gas flow in a typical lead blast furnace and
might lead to an uneven charge descent.[18,19] In indus-
trial practice, therefore, it is important to ensure that the
formed lead droplets are able to easily drain to allow the
reduction to continue to completion. Hence, a strategy
for the arrangement of how the input charge is dis-
tributed in the reactor (such as in blast furnace) will
need to be carefully considered. There have been some
previous studies that look at methods for improving
mode of charging of materials and their distribution,
and various modification of air blast injection via
tuyeres for operation efficiency of blast furnace.[20,21]

However, these have focused on operation using coke as
reductant and fuel. Having hydrogen as reductant and
fuel will provide additional challenges for blast furnace
operation. To the author’s knowledge, no works in open
literatures exist on the use of high concentration of
hydrogen for lead blast furnace, although there have

been some works in the context of hydrogen in iron blast
furnace.[22–26] Therefore, these areas are worthy of
further research to facilitate the integration of hydrogen
in lead blast furnace.

D. XRD Phase Analysis

Two types of XRD phase analyses were carried out,
namely powdered and surface analyses. The powdered
method involved crushing the reduced pellet into fine
powder. The main advantage of this method is that one
can get an overall information of phases that exist
within the pellet (include those on the surface and at
the core). Even though surface visual observation
showed a distinguishable color change (Figure 6),
cross-section observation revealed unreduced PbO at
the core of the pellet, as shown in Figure 10. This
unreduced section of the pellet (yellowish phases) was

Fig. 6—Macrographs of the PbO pellets’ surface after the reduction in 15 pct H2-N2 at temperatures 400 �C to 800 �C; and reaction time from
30 min to 4 h.
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important to be identified for overall reduction mech-
anism analysis. However, as the study involved the use
of metastable orthorhombic b-PbO phase that was

sensitive to stress-induced phase transformation,[14–16]

crushing the samples would provide an invalid phase
identification and quantification. Therefore, in

Fig. 7—Secondary electron images of the PbO pellets’ surface reduced in 15 pct H2-N2 gas at (a) 400 �C 1 h; (b) 400 �C 2 h; (c) 400 �C 3 h; (d)
400 �C 4 h; (e) 500 �C 1 h; (f) 500 �C 2 h; (g) 500 �C 3 h; (h) 500 �C 4 h.
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addition to the powdered samples analyses, surface
XRD analyses were also carried out on selected
samples to obtain phases information close to the
surface.

Figure 11 shows surface XRD analysis results of
selected pellet samples after reduction at 400 �C to
700 �C for 4 h. Based on Rietveld quantification, the
amount of a-PbO in the sample reduced at 400 �C for

Fig. 8—Secondary electron images of the PbO pellets’ surface reduced in 15 pct H2-N2 gas at (a) 600 �C 1 h; (b) 600 �C 2 h; (c) 600 �C 3 h; (d)
600 �C 4 h; (e) 700 �C 1 h; (f) 700 �C 2 h; (g) 700 �C 3 h; (h) 700 �C 4 h.
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4 h was relatively similar to the original pellet sample, as
shown in Table III. Lead was also detected at this
condition. There were significant a-PbO to b-PbO phase
transformations observed from samples reduced at
500 �C and above. This result is in agreement with
previous studies that reported the PbO polymorphic
transformation at about 500 �C. Meanwhile, the
amount of lead on the surface was observed to increase
with increasing temperature up to 600 �C. At 600 �C,
the amount of lead on the surface was approximately 75
pct. This was in line with the overall SEM observation
that shows a high coverage of lead droplets on the pellet
surface. However, a lower amount of lead (~ 10 pct) was
observed on the surface of pellet sample reduced at
700 �C. This was due to the rapid coalescence of lead

droplets on the surface (followed by dripping of the
droplets to the crucible) exposing fresh PbO surface
during reduction at high temperatures.
The XRD analysis results of powdered pellet samples

reduced at 400 �C and 500 �C are shown in Figure 12
along with the Rietveld phases quantification in
Table IV (for samples reduced at 400 �C to 700 �C).
Tetragonal a-PbO, orthorhombic b-PbO, and also lead
peaks were detected on the samples reduced at 400 �C
treated for 1 h, 2 h, and 3 h (Figure 12-left). The
amount of lead was observed to increase with increasing
reduction time, and at the same time, the orthorhombic
b-PbO was also decreasing. The samples reduced at
400 �C were transformed into ‘gray PbO,’ as evidenced
by the macrograph Figure 6 and cross section in

Fig. 9—Secondary electron images of the PbO pellets’ surface reduced in 15 pct H2-N2 gas at 800 �C, (a) at 30 min, showing a layer of lead
product; (b) at 1 h; (c) at 2 h; (d) at 30 min and (e) at 1 h showing other areas where complete coverage was not yet happened; (f) at 3 h where
all the PbO has fully reduced to Pb.
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Figure 10. The gray PbO or gray oxide (or sometimes
called leady oxide) is a mixture of a-PbO and Pb with
ratio varies but normally with higher proportion of
a-PbO. As the reduction progressed with time, the

tetragonal a-PbO dominated the structure of ‘gray PbO’
as shown in the Rietveld quantification (Table IV),
increasing from 57 to 73 pct at 1 h to 3 h reduction,
respectively. This, overall, resulted in a less dense pellet
(as the density of a-PbO is smaller than b-PbO). The less
dense pellet, combined with generation of Pb droplets at
nano-size, allowed hydrogen to went through to the
center of pellet for further reduction.
The XRD spectra of samples reduced at 500 �C are

shown in Figure 12-right. The Rietveld quantification
analysis of the samples (Table IV) showed a high
amount of b-PbO, which was due to a-PbO fi b-PbO
phase transformation that happened at temperature at
about 500 �C. However, compared to the samples
reduced at 400 �C, the samples reduced at 500 �C
showed a decreasing amount of lead due to a diffu-
sion-controlled process (will be explained in the kinetics
Section III–E). The evidence of diffusion-controlled
process was reflected on the cross section shown in
Figure 10. Samples reduced at 500 �C and above went
through a phase transformation in the whole pellet body
and at the same time faster oxide reduction on the
surface. Faster reduction was resulting in high lead
formation covering on the surface. In samples reduced
at temperatures between 500 �C and 600 �C, in partic-
ular, no Pb dripping was observed. This resulted in the
accumulation of Pb and formation of a Pb layer on the
surface which provide an obstacle for hydrogen diffu-
sion to the samples’ interior. This was also supported by
the increase of lead intensity on surface XRD analyses
of the samples reduced at 500 �C compared to those
reduced at 400 �C (an increase by about 20 pct), as
shown in Table III.
PbO reduction by hydrogen on the surface of the

samples reduced at 600 �C occurred even more rapid
which consequently created a similar lead layer that
covered the surface. This lead layer can also be seen on
the cross-sectioned sample (Figure 10) and also reflected
on the surface XRD analysis result (Table III). How-
ever, the XRD analysis of the powdered samples
reduced 600 �C in Figure 13-(left) hardly showed any
lead. This happened presumably due to unevenly

Fig. 10—Cross-section observation of the PbO pellets reduced at 400 �C, 500 �C, 600 �C, and 700 �C for 2 h.

Fig. 11—Surface XRD analysis and Rietveld quantification of
original PbO and pellet samples reduced at 400 �C, 500 �C, 600 �C,
and 700 �C for 4 h.
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dispersed of lead within the crushed powder. It should
also be noted that at 600 �C, coalescence of the droplets
on the surface was already observed (Figure 8).

Surface XRD analyses were applied for samples
reduced at 700 �C due to difficulty of grinding the lead
droplets down into fine powder. The XRD results are
shown in Figure 13-(right), which revealed a high
amount of orthorhombic b-PbO and Pb with small
amount of a-PbO. Theoretically, the a-PbO should had
been converted into b-PbO at temperature above
polymorphic transition. The detection of small amount
of a-PbO was presumably due to the mechanical force
during sample crushing which caused some b-PbO
converted back into a-PbO.

It is worth noting that from the macrograph, mor-
phology, and phase observations, one can observe a
phase transformation of PbO phase from tetragonal-(a)
to orthorhombic-(b) due to heating above its polymor-
phic transition temperature. This transformation will be
included the analysis of micromechanism (in the subse-
quent Subsections) as one was able to observe a gray
PbO formation which contains a mixture of one of PbO
phase with Pb. However, these phase transformations
appeared to not affect the overall kinetics, which also
has been reported in the previous study by Ivanov
et al..[7]

Table III. Rietveld Refinement Phase Quantification Results of Surface XRD Analyses of Original PbO Pellet and Reduced

Pellets at 4 h at 400 �C to 500 �C

Sample Phase Composition Determined by Rietveld Analysis (Wt Pct)

Temperature (oC) Reduction Time (h)
a-PbO

(Tetragonal)
b-PbO

(Orthorhombic)
Pb

(Cubic close-packed)

PbO Pellet — 36 64 —
400 4 31.5 65.5 4
500 4 2 76.5 21.5
600 4 — 25 75
700 4 — 90 10

Fig. 12—Powdered XRD analysis and Rietveld quantification of pellet samples reduced at 400 �C (left) and 500 �C (right) for 1 to 3 h.
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E. Kinetics Analyses of PbO Reduction by Hydrogen

The samples’ weight measured after the reduction
experiments were converted into extent/degree of reduc-
tion (a) according to Eq. [1], and the results are
presented as a function of time in Figure 14. In general,
the reduction degree was observed to increase with

increasing reduction time. However, the variation of the
reduction degree with increasing temperature was not
straight forward. The reduction degree (at 2 h of
reduction) was first observed to increase with increasing
temperature from 350 �C to 475 �C, i.e., from 10 to 30
pct, respectively. From 500 �C to 600 �C, the reduction

Table IV. Rietveld Refinement Phase Quantification Results of XRD Analysis of Powdered Samples Reduced at 400 �C to 700 �C
for 1 to 3 h

Sample Phase Composition Determined by Rietveld Analysis (wt pct)

Temperature (oC) Reduction Time (h)
a-PbO

(Tetragonal)
b-PbO

(Orthorhombic)
Pb

(Cubic close-packed)

400 1 57.6 36 6.3
2 73.8 15.4 10.8
3 73.2 11.5 15.3

500 1 9.5 85.7 4.8
2 8 87.3 4.7
3 7 87 6

600 1 7 93 —
2 6.7 92.6 0.7
3 6 92 2

700* 1 — 75.8 24.2
2 1.3 81.7 17
3 5.2 81.2 13.6

*surface XRD analyses.

Fig. 13—XRD analysis and Rietveld quantification of powdered pellet samples reduced at 600 �C (left) and surface of pellet samples reduced at
700 �C (right) for 1 to 3 h.
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degree was observed to decrease from only 15 pct to
under 10 pct, before increased steeply above 600 �C. A
sharp increase of reduction degree was observed at
800 �C and it reached a complete reduction after
120 minutes.

The reduction degree behavior with respect of tem-
perature can be explained by looking at the samples’
cross section along with the macrograph observations
and the XRD analysis results, and this has been briefly
discussed in Section III–C. At 350 �C to 475 �C, the
cross-section observation showed that the reduction
appeared to occur into the interior of PbO pellet where
fine nano-size Pb nuclei (less than 1 lm) were formed
but large micro-droplets were not formed yet. The
mixture of fine Pb and unreduced PbO that formed a
‘gray PbO’ appeared to be relatively less dense

(maintained its open connected pores) which allowed
hydrogen to diffuse to the center of the pellet, which
consequently, more PbO (both a and b-PbO) were
reduced. This was supported by the XRD results of
powdered samples shown in Figure 12 as well in
Table IV. Therefore, in the temperature range of
350 �C to 475 �C, the reduction could progress and
the reduction degree increased with increasing
temperature.
Between 500 �C and 600 �C, the initial formation of

the fine lead droplets was quite fast and quickly covered
the surface. With further reduction time, some of the
lead droplets coalesce; however, the rate of lead droplets
coalescence and droplets dripping was not that high;
hence, the lead was accumulated on the surface. This
resulted in a thicker lead layer with increasing

Fig. 14—Degree of reduction as a function of time of the PbO pellet samples reduced in 15 pct H2-N2 atmosphere at temperatures (a) 350 �C to
475 �C; (b) 500 �C to 600 �C; and (c) 600 �C to 800 �C.
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temperature and time and provided a bigger barrier.
Hence, the reduction degree decreased with increasing
temperature. Similarly, at temperatures between 600 �C
and 800 �C, the initial lead droplets were formed quickly
and abundantly on the surface of the samples. However,
the rate of droplets coalescence and droplets dripping
was significantly higher compared to those at 500 �C to
600 �C. The higher temperatures meant that the surface
tension and viscosity of the lead were also lowered[27,28]

which further facilitated the lead dripping and draining
from the samples. This resulted in a continual formation
of fresh PbO surface, which allowed the reduction to
proceed faster with increasing temperature.

The discussion presented in the previous revealed that
the reduction process was very likely to be controlled by
diffusion, as evidenced by SEM analyses of the samples
surface, macro- and cross-section observations, as well
as preliminary experiments on the effect of gas flowrate
(Section III–C). With this in mind, further kinetics

analyses were carried out by evaluating different kinetic
models that associated with nucleation, grain growth,
and difussion. These included the calculation of rate
parameter (as a function a), the k (constant rate), and R2

value from the different models, in which the results are
summarized in Table V. It can be seen that the reduction
can be reasonably fitted into Jander (D3) and Gin-
stling-Brounhstein (D4) diffusion models. The R2 values
of the D3 and D4 diffusions model are in the range of 91
pct to 99 pct. It should be noted that previous study of
PbO reduction by hydrogen reported to the process to
controlled by first-order reaction (A1)[5] and inter-par-
ticle diffusion (D3) in the case of reduction using a bed
of PbO particles.[3]

Jander model uses a parabolic law, Eq. [2], as a basic
formulation to describe a continuously decreasing extent
of reaction over time progression. In the case of a 3D
sphere particle, the equation can then be presented as
Eq. [3]. Jander 3D model can also be applied for other

Table V. Calculated k (Constant Rate) and R2 (Regression Linier Coefficient) from Fitting of Various Kinetic Models for the

Reduction of PbO Pellets at 350 �C to 800 �C

Kinetics Model (Conversion Factor)

350 �C 400 �C 450 �C 475 �C 500 �C

k R2 k R2 k R2 k R2 k R2

Order of Reaction
F1 0.0014 0.9662 0.0027 0.9809 0.0033 0.9200 0.0036 0.9374 0.0017 0.9078
F2 0.0126 0.8530 0.0142 0.8775 0.0150 0.8619 0.0154 0.8700 0.0130 0.8486
F3 0.0142 0.8716 0.0182 0.9148 0.0202 0.8660 0.0213 0.9015 0.0152 0.8597

Nucleation and Growth
A2 (� ln(1 � a)1/2) 0.0007 0.9662 0.0013 0.9809 0.0017 0.9200 0.0018 0.9374 0.0009 0.9078
A3 (� ln(1 � a)1/3) 0.0005 0.9560 0.0010 0.9842 0.0011 0.9200 0.0012 0.9374 0.0006 0.9078
A4 (� ln(1 � a)1/4) 0.0003 0.9662 0.0007 0.9809 0.0008 0.9200 0.0009 0.9374 0.0004 0.9078

Geometry Models
R1 (a) 0.0013 0.9618 0.0024 0.9738 0.0029 0.9127 0.0031 0.9269 0.0016 0.9031
R2 (1 � (1 � a)1/2) 0.0007 0.9640 0.0013 0.9774 0.0015 0.9163 0.0017 0.9322 0.0008 0.9054
R3 (1 � (1 � a)1/3) 0.0004 0.9647 0.0009 0.9786 0.0011 0.9175 0.0011 0.9339 0.0006 0.9062

Diffusion Models
D1 (a2) 0.00020 0.9944 0.0005 0.9982 0.0007 0.9490 0.0009 0.9747 0.0002 0.9420
D2 (a + (1 � a) ln (1 � a)) 0.00008 0.9940 0.0003 0.9976 0.0004 0.9530 0.0005 0.9776 0.0001 0.943
D3 ((1 � (1 � a)1/3)2) 0.00002 0.9935 0.00007 0.9966 0.0001 0.9529 0.0001 0.9803 0.00003 0.9439
D4 (1 � 2a/3- (1 � a)2/3) 0.00002 0.9938 0.00007 0.9973 0.00009 0.9517 0.00001 0.9785 0.00003 0.9433

Kinetics Model (Conversion Factor)

525 �C 575 �C 600 �C 700 �C 800 �C

k R2 k R2 k R2 k R2 k R2

Order of Reaction
F1 0.0019 0.8819 0.0015 0.8991 0.0012 0.8943 0.0036 0.9869 0.0356 0.9678
F2 0.0132 0.8422 0.0127 0.8427 0.0124 0.8403 0.0155 0.9126 0.7215 0.6259
F3 0.0156 0.8506 0.0146 0.8519 0.0138 0.8471 0.0218 0.9627 99.527 0.5402

Nucleation and Growth
A2 (� ln(1 � a)1/2) 0.0009 0.8819 0.0008 0.8991 0.0006 0.8945 0.0018 0.9869 0.0178 0.9678
A3 (� ln(1 � a)1/3) 0.0006 0.8819 0.0005 0.8991 0.0004 0.8943 0.0012 0.9869 0.119 0.9678
A4 (� ln(1 � a)1/4) 0.0005 0.8819 0.0004 0.8991 0.0003 0.8945 0.0009 0.9869 0.089 0.9678

Geometry Models
R1 (a) 0.0017 0.8789 0.0014 0.8955 0.0011 0.8914 0.0030 0.9884 0.0100 0.9406
R2 (1 � (1 � a)1/2) 0.0009 0.8804 0.0007 0.8973 0.0006 0.8928 0.0016 0.9881 0.0082 0.9872
R3 (1 � (1 � a)1/3) 0.0006 0.8809 0.0005 0.8979 0.0004 0.8933 0.0011 0.9878 0.0068 0.9963

Diffusion Models
D1 (a2) 0.0003 0.9084 0.0002 0.9424 0.0001 0.9340 0.0009 0.9405 0.0091 0.9864
D2 (a + (1 � a) ln (1 � a)) 0.0001 0.9096 0.00009 0.9441 0.00006 0.9383 0.0005 0.9352 0.0081 0.9982
D3 ((1 � (1 � a)1/3)2) 0.00003 0.9108 0.00002 0.9459 0.00001 0.9397 0.0001 0.9296 0.0045 0.9479
D4 (1 � 2a/3- (1 � a)2/3) 0.00003 0.9100 0.00002 0.9447 0.00001 0.9388 0.0001 0.9333 0.0024 0.9945
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shapes such as pressed or compacted powder (pellet),
where the sphere is considered to have n number of
particles.[29] Jander model assumes no change in solid
volume and density during reaction. Consequently, the
model is accurate for low reduction degree (extent of
reaction).[12] The Ginstling-Brounhstein (GB) model is
an improvement of Jander model with a correction to
this assumption and presented in Eq. [4].[13] Both Jander
and GB models showed similar kinetic graph fitting for
the data from the current study with similar R2

(although the R2 of the GB was slightly lower compared
to Jander). It was noted from the experiments that the
shape of the majority of the samples did not experience
significant change in size except those reduced at 700
and 800 �C. Therefore, for simplicity, Jander model was
used to evaluate the kinetics data of PbO pellets
reduction.

x ¼ R 1� 1� að Þ
1
3

h i
½2�

kt ¼ 1� 1� að Þ
1
3

h i2
½3�

kt ¼ 1� 2a
3
� ð1� aÞ2 ½4�

k ¼ A exp � Ea

RT

� �
½5�

The plots of the kinetics data using the Jander model
are presented in Figure 15. It can be seen that the data
can be reasonably fitted into a straight line using the
model. It should be noted that it is quite likely that the
rate-controlling mechanism could change as the reaction
proceeds with time. Hence, the kinetics data were
considered from the early stage of the reactions, i.e.,

Fig. 15—Plots of kinetics data using Jander model for samples reduced at: (a) 350 �C to 475 �C, (b) 500 �C to 600 �C, and (c) 600 �C to 800 �C.
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some of the plots were fitted by considering the first
three to four data points only (full lines in the Figure).
The slope of the line represents the rate constant (k).
The apparent activation energy of PbO reduction can be
obtained by plotting the ln k with 1/T following the
Arrhenius formula Eq. [5], in which the slope of the line
represents the (- Ea/R). The plot is presented in
Figure 16.

It can be seen from Figure 16 that there are three
distinct temperature ranges from the plot representing
three different kinetic regimes, i.e., (I) 350 �C to 475 �C,
(II) 500 �C to 600 �C, and (III) 600 �C to 800 �C. In the
temperature range of (I) 350 �C to 475 �C and (III)
600 �C to 800 �C, the rate constant was found to
increase with increasing temperature, and the apparent
activation energy was calculated to be 61 kJ/mol and
224 kJ/mol, respectively. For comparison, the activation
energy of PbO reduction in hydrogen atmosphere
reported in the previous studies is presented in
Table VI. It can be seen that the activation energy for
the temperature range (I) was close to that reported by
Ricapito et al..[4] Ricapito et al. did not proposed any
rate-limiting step in their study. From the characteriza-
tion results and observations of the cross section of the
pellets, it is plausible that the reduction process in the

temperature range (I) was controlled by the diffusion of
the hydrogen through the gray PbO (mixture of PbO
with fine Pb).
In the temperature range of (II) 500 �C to 600 �C, the

rate constant was found to decrease with increasing
temperature. This anomalous variation of k with tem-
perature was due to the phenomenon occurring in this
temperature range where thick lead layer was forming
and accumulating on the surface, and this range
represented a transition from kinetics regimes (I) to
(III). Therefore, the k in this temperature range,
calculated using the approach in the current study,
should be taken as indicative.
In the temperature range of (III) 600 �C to 800 �C,

the kinetics were quite fast and the effective energy
activation was quite high, i.e., 224 kJ/mol. This energy
activation is much higher compared to the previous
work of Culver et al.[3] in a similar temperature range.
The cross-section observation of the pellet samples also
revealed a thick Pb layer on the surface. Hence, it was
plausible that the reduction process was controlled by
hydrogen diffusion through this Pb layer, and the
coverage of the Pb layer will significantly affect the
kinetics. Overall, the process and the kinetics behavior
were quite complex; the Pb layer coverage on the surface
would be governed by an overall net effect of the rate of
droplets nucleation and coalescence, the rate of forma-
tion of fresh PbO surface upon droplets coalescence, and
the rate of dripping which would be affected by surface/
interface tension and viscosity of the lead and available
path for draining.

F. Overall Reduction Macromechanism

Considering the results presented in the previous
Sections, an overall reduction macromechanism for PbO
pellet reduction in 15 pct H2-N2 was proposed which
consist three major mechanisms, as schematically pre-
sented in Figure 17. First, the mechanism for samples
reduced at 400 �C or below the polymorphic transfor-
mation mainly involves a chemical reduction of PbO
and gray PbO formation. This mechanism is in line with
kinetics regime (I) 350 �C to 475 �C. At this tempera-
ture, there is no polymorphic transition from tetragonal
a-PbO to orthorhombic b-PbO as the minimum energy
for lattice contraction has not reached. It this temper-
ature range, it appeared that a direct reduction of
orthorhombic b-PbO by hydrogen occurred followed by
formation of gray PbO (Pb.2PbO). Based on the lattice
crystal structure, there is a high probability of

Fig. 16—Arrhenius plot of the rate constants following the Jander
model from the experiments.

Table VI. Activation Energies (Ea) of PbO Reduction in Hydrogen Atmosphere from Selected Studies

Range of Temperature (�C) Type of Sample Ea (kJ/mol) References

475–775 packed bed of PbO powder 163.18 Culver et al. [3]

250–400 PbO in liquid Pb-Bi 67.7 Ricapito et al. [4]

450–525 packed bed of PbO powder 85.8 (b-PbO)
93.1 (a-PbO)

Ivanov et al. [5]

350–475
600–800

pelletized PbO 61
224

This study
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orthorhombic b-PbO to be reduced by hydrogen com-
pared to tetragonal a-PbO. Space in the orthorhombic
b-PbO is larger than the tetragonal a-PbO by 13 pct
along the (100) plane and 18 pct along the (001) plane
(Pavlov, 2017). As reflected in the XRD result, the
orthorhombic b-PbO was observed to decrease at the
same time of increase in Pb. The Pb that was formed by
hydrogen reduction then associated with tetragonal
a-PbO and the remaining orthorhombic b-PbO in the
sample to form ‘gray PbO.’ The formation of gray PbO
is the main reason of color change of the pellet from
reddish to gray. This temperature range is beyond the
melting point of lead (Tm = 327 �C); however, the
formed fine lead was scattered across the sample and
had not reach the critical radius for nucleation of large
Pb droplets.

The second mechanism is for samples reduced at
above the PbO polymorphic transformation tempera-
ture. This is in line with the kinetics regime (III) 600 �C
to 800 �C. In this temperature range, the pellet samples
were first undergoing a phase transformation from
tetragonal a-PbO to orthorhombic b-PbO which then
followed by reduction to Pb. The pre-existed
orthorhombic b-PbO at the same time would also go
through reduction by hydrogen to form Pb. In this
temperature range, the rate of nucleation, growth, and
coalescence of the Pb droplets were very high. However,
at the same time, the rate of dripping and draining of Pb
from the samples was also high, which was able to
continuously create a fresh PbO surface to allow
continuous reduction by hydrogen.

The third mechanism is a transition mechanism which
combined the two previous mechanisms, mainly
occurred in samples reduced around the PbO polymor-
phic transformation. This is in line with the kinetics
regime (II) 500 �C to 600 �C. In this temperature range,
the phase transformation from tetragonal a-PbO to
orthorhombic b-PbO is occurring, and both gray PbO
and significant amount of Pb were also observed to
form. The rate of nucleation, growth, and coalescence of
the Pb droplets were quite high and enough to provide
coverage of the surface. However, this was not matched
by the rate of Pb dripping and draining. The resulting
accumulated Pb on the surface provides a barrier and
hindered further reduction by hydrogen. Therefore, the
overall reduction degree in this temperature range was
lower compared to those in 350 �C to 475 �C. The gray
PbO structure observed the lower temperature range of
350 �C to 475 �C that was more loose and allowed
hydrogen to diffuse through the samples’ interior which
consequently more PbO to be reduced.

IV. CONCLUSION

The current work established a fundamental knowl-
edge on lead reduction from lead monoxide pellets using
diluted hydrogen (15 pct H2-N2) at 350 �C to 800 �C. A
detailed and systematic microstructure evolution during
reduction combined with isothermal reduction kinetics
analyses was presented. The key findings from the
current study are as follows:

Fig. 17—Proposed overall reduction macromechanism for PbO reduction in 15 pct H2-N2 at 400 �C to 800 �C.
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� The results from microstructure observation showed
that globular and non-wetting lead droplets formed
on the surface of PbO samples. It was also observed
that this lead droplets layer, once covered the whole
surface, appeared to reduce the overall reduction rate.
The droplet’s diameter was observed to increase with
increasing temperature and reduction time.

� The reduction mechanism was found to be complex
involving PbO polymorphic phase transformation,
PbO reduction to Pb, and diffusion-limited process.
In addition to this, the rate of Pb nucleation, rate of
Pb droplets coalescence, and rate of Pb dripping and
draining play an important role on the overall
reduction process.

� A reduction macromechanism consisting three dif-
ferent mechanisms has been proposed which in line
with three different kinetics regimes based on tem-
perature range, i.e., (I) 350 �C to 475 �C, (II) 500 �C
to 600 �C, and (III) 600 �C to 800 �C. In the tem-
perature range (I), the reduction appeared to be
controlled by diffusion in the gray PbO layer, with
apparent energy activation of 61 kJ/mol; while in the
temperature range (III), the reduction appeared to be
controlled by diffusion in thick Pb layer with appar-
ent energy activation of 235 kJ/mol. Temperature
range (II) represents a transition range where the
reductions were halted due to an accumulated lead
layer.

� In the case of the current study, which can be ex-
tended to industrial practice, it appeared that in the
case of pellet sample, the appropriate process
parameters are reduced at 800 �C for at least 2 h to
achieve the complete reduction.

The findings from the current study have ramification
for industrial practice. Overall, the results from the
current study suggest that hydrogen reduction of PbO to
produce Pb is feasible. In industrial practice, however, it
is vital to ensure that the lead droplets product is able to
easily drain to allow the continuous reduction. Hence, a
strategy for the arrangement of how the input PbO
charge is distributed in the reactor (such as in blast
furnace) will need to be carefully considered.
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