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The content of aluminium impurity in primary magnesium produced via
silicothermic reduction often fluctuates uncontrollably. Such variability

harms the market credibility and economic performance of producers,
aswell as constraining the material’s suitability for certain high-end
applications. Existing purification methods are either inefficient or
prohibitively expensive. Inspired by the frequent detection of Ca-Al-F-O
compoundsin troublesome deposits formed during the reduction
process, we propose using CaO to trap aluminium impurities in magnesium
vapour, where it reacts with AIF to form Ca,,Al,,F,0,,, as supported by
thermodynamic calculations. By constructing a miniaturized silicothermic
reduction apparatus in our laboratory, we show that CaO canreduce
aluminium impurities in magnesium down to 6.3 ppm, achieving over

90% removal efficiency. Inindustrial-scale applications, by using calcined
dolomite—a cost-effective, readily available raw material in magnesium
plants—the percentage of primary magnesium with aluminium impurities
satisfying the Mg9998 grade could be raised from nearly zero to 83%.
Compared with the current most popular high-purity magnesium
production technology, our approach lowers extra purification costs

by ~-96%, enabling large-scale, ultra-low-cost production of high-purity
magnesium with low aluminium.

Magnesium and its alloys, owing to their exceptional properties such
as high strength-to-weight ratio, strong reducing ability, excellent
biocompatibility and biodegradability, hold tremendous potential for
awide range of advanced applications in lightweight transportation,
strategic metal reduction and biodegradable implants' ™. Nowadays,
approximately 80% of the world’s primary magnesium is produced
by the silicothermic reduction process*, which is cost-effective and
suitable for large-scale production. However, primary magnesium
produced by this method often contains unwanted impurities, which
compromiseits desirable properties, economic value and performance
in critical applications”®. Among metallicimpurities in primary magne-
sium, aluminiumis particularly problematic due toits higher concen-
trations and larger fluctuations than other elements’ (a trend also seen
in Supplementary Fig. 1). Such excess and variability not only restrict

efforts to upgrade primary magnesium, causing profit losses (Supple-
mentary Notes 1and 2) but also destabilize downstream processing,
compromise material reliability and limit its use in high-end applica-
tions. Typical cases are titanium and zirconium production, where mag-
nesiumwidely serves as the reductant*’. For sputtering targets, ASTM
F-1709-16 requires titanium of 299.99% purity. Yet aluminiumimpurity is
especially difficult to eliminate in post-purification steps (for example,
through moltensalt electrorefining™" or electron-beam refining®) due
toits electrochemical similarity and strong affinity with titanium. It has
beenreported that the production of semiconductor-grade titanium
requires sponge titanium with aluminium impurity levels of <50 ppm
(ref. 14), and achieving <1-ppm aluminium impurity in final titanium
necessitates sponge titanium containing <10-ppm aluminium?’. Since
magnesium has been identified as the primary aluminium source in

Engineering Research Center for Magnesium-based New Materials, Center for Advancing Materials Performance from the Nanoscale (CAMP-Nano),

State Key Laboratory for Mechanical Behavior of Materials, Xi‘an Jiaotong University, Xi‘an, China.

e-mail: zwshan@mail.xjtu.edu.cn

Nature Materials | Volume 25 | June 2026 | 922-929

922


http://www.nature.com/naturematerials
https://doi.org/10.1038/s41563-026-02561-2
http://orcid.org/0009-0004-6483-3105
http://orcid.org/0000-0003-4509-3418
http://orcid.org/0000-0002-1044-0160
http://orcid.org/0000-0002-3575-3294
http://orcid.org/0009-0004-9957-4756
http://orcid.org/0000-0002-4533-0869
http://crossmark.crossref.org/dialog/?doi=10.1038/s41563-026-02561-2&domain=pdf
mailto:zwshan@mail.xjtu.edu.cn

Article

https://doi.org/10.1038/s41563-026-02561-2

a 900
800 — ™~ 845 ppm
é 700
2
S 600
€
8 500 R e e L e L Mg9980
z
5 400
Q
£
£ 300
3
£ 900 M8 -l e @] = Mg9990
E I S| 1 Mg9995B
< 1 Mg9995A
Mg9998
o4
T I I I I I I
0 50 100 150 200 250 300
Days (Jan-Dec 2022)
b c
7,000 Monthly selling price <'\gg59ﬁ>/§ Mg9980
= Each month Mg9998 4.45%
o 1.27% \ Mg9990
3 6,000 \ / 7.85%
N
N
o
N
€ 5000
[0]
é Mg9995B
i Mg9995A 23.84%
2 400 62.05%
)
w
3,000
T T T T
Mg9990 Mg9995B  Mg9995A Mg9998

Primary magnesium grade

Fig. 1| Aluminium impurity content fluctuations in magnesium and the
resulting economicimpact. a, Aluminium impurity levels in magnesium ingots
produced by aleading manufacturer in 2022. Each column represents the
aluminium content of all production batches on a specific day, with each point
corresponding to anindividual production batch weighing approximately 2 t.
The aluminium content fluctuated substantially, with a peak of 845 ppm, more
than 32 times that of the lowest level (21 ppm), spanning five purity grades

as defined by ISO 8287:2021. b, Selling prices of different magnesium grades
in2022. Barsindicate the average monthly selling price, and dots represent

the selling price in each individual month (Mg9990, n=12; Mg9995B,n=8;

Product grades in 2022

Mg9995A, n=12; Mg9998, n =7). nreflects the number of months in which each
grade was actually sold, as some grades were not traded in certain months;
months without sales were notincluded in the averaging. Mg9995B and Mg9995A
achieved premiums of US$279-529 t over Mg9990, the mainstream industry
standard, whereas Mg9998 commanded amuch higher premium of US$1,459 t ™.
¢, Despite the aluminium impurity content in magnesium meeting the
requirements of Mg9995B and Mg9995A grades for the majority of production,
there still existed 1.27% of the products with aluminium impurity content
satisfying the Mg9998 grade.

sponge titanium”'¢, strict aluminium control in primary magnesium

isindispensable. A comparable requirement exists in nuclear-grade
zirconium production, where the allowable aluminium content in mag-
nesium reductant is typically restricted to <50 ppm (Supplementary
Note 3). Thisis because even trace aluminium can markedly deteriorate
the corrosion resistance of zirconium andits alloys in high-temperature
water and steam environments, particularly in the presence of other
impurities” ™. In biomedical applications? %, aluminium impurity
is also undesirable: it is neurotoxic?* and markedly accelerates cor-
rosion. For instance, increasing aluminium impurity content in pure
magnesium from 28.5 ppm to 81.5 ppm can lead to an approximately
3.5-fold rise in corrosion rate (Supplementary Fig. 2). In addition, in
nominally aluminium-free magnesium alloys, especially Mg-Zr sys-
tems, aluminium is widely recognized as a highly sensitive impurity
that degrades the effectiveness of costly Zr-based grain refiners®°.
Collectively, these considerations underscore the critical necessity
of controlling aluminium impurities in magnesium.
Fluxrefining® 2’ and vacuum distillation®*~** are the two most com-
mon methods for magnesium purification. Flux refining can remove
reactive metal impurities (for example, K, Caand Na) and metal oxides
by forming asludge of heavy oxychlorides for separation onsettling®>*.
However, it has a fairly limited effect in removing aluminium and

other metal impurities in magnesium. Vacuum distillation®* is the
most effective technique to produce high-purity magnesium, but it is
energy-intensive and costly: it requires reheating primary magnesium
for distillation purification, and the higher the desired purity, the lower
the distillation efficiency’. Consequently, high-purity magnesium
produced by the vacuum distillation process is usually prohibitively
expensive for most industrial applications. Most recently, Yang et al.’
reported an effective way to reduce aluminium impurities inthe early
stage of primary magnesium production. They found fluorite (CaF,,
a catalyst used to foster the silicothermic reduction process*?°) can
transform Al or Al,O; in feedstocks into gaseous AIF, making AIF the
primary form of aluminium impurity in magnesium vapour’. Due to
its similar vapour pressure to magnesium, AlF is prone to co-condense
with magnesium vapour and contaminate the magnesium’. Although
reducing or eliminating the use of fluorite can suppress the forma-
tion of AIF and substantially lower aluminium impurities in primary
magnesium, this fluorite-free method also decreases the produc-
tion efficiency and substantially raises production costs. Moreover,
despite the identification of AIF as the primary carrier of aluminium,
no cost-effective method has yet been developed to reliably suppress
aluminium contamination in primary magnesium, underscoring the
urgent need for new, economically viable strategies.
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Fig. 2| Predeposition of aluminium impurities from magnesium vapour

as natural deposits. a, Schematic of the silicothermic reduction process,
illustrating the temperature gradient and the formation of natural depositsin
the retort. Magnesium vapour forms from briquettes at high temperatures and
condensesinto crystalsin the cooling zone. Several natural deposits formin

10 20 30 40 50 60 70 80
26 (°)
the temperature range of 1,127 °C-440 °C. b, Macroscopic image (left) and SEM
image (right) of natural deposits. ¢, XRD analysis of the deposits, confirming
the presence of aluminium-containing Ca,,Al,,F,0;, phase, along with the CaF,
and MgO phases.

Results

Impurity removal mechanism inspired by the troublesome
deposit analysis

To understand the extent and fluctuation of aluminium impurities in
primary magnesium, the composition data at aleading magnesium
plant, whichis known for the quality of their magnesium product, was
analysed. This plant has an annual production capacity of 30,000 t.
The aluminium impurity levels in 2022 exhibited unexpectedly large
fluctuations. As shownin Fig. 1a, each column represents the alumin-
ium content in ingots produced on a single day, with each data point
corresponding to a production batch of -2 t. The aluminium content
ranged from 21 ppm to 845 ppm, with the highest value being over 32
times that of the lowest. Moreover, the aluminium content crosses
five purity grades as specified by ISO 8287:2021 (Mg9980, Mg9990,
Mg9995B, Mg9995A and Mg9998), where Mg9998 represents the high-
est purity here.

The cost or selling price of magnesium products usually correlates
strongly with the purity grade. According to the real sales datain 2022
(Fig. 1b), Mg9995B and Mg9995A fetch premiums of US$279.14 to
US$529.23 t™ over Mg9990, the most common grade on the market.
Mg9998 commands a notably higher premium of US$1,459.07 t ..
The distribution of purity grades in primary magnesium can directly
impact the economic benefits for the producer (Supplementary
Note 2). As summarized in Fig. 1c, when only considering aluminium
impurity levels—the primary factor limiting magnesium grading
(Supplementary Fig.1)—62.05% of the magnesium meets the Mg9995A
grade and 23.84% meets the Mg9995B grade. However, the aluminium
impurity contents that satisfy the requirement for Mg9998 grade
(corresponding to an aluminium impurity content of <40 ppm, ISO
8287:2021) are of particular interest. As shown in Fig. 1c, Mg9998
accounts for approximately 1.27% of the total production (Fig. 1a,
orange data points). Typically, achieving such low aluminium impurity
levels for Mg9998 grade requires additional vacuum distillation®**".
Theexistence of the small amount of Mg9998 suggests that the current
silicothermic reduction process is likely to produce magnesium with
aluminiumimpurity levels that meet the Mg9998 grade, provided the
key parameters are identified. In other words, by determining these
key parameters, the yield of Mg9998-grade magnesium can be raised

substantially in the existing silicothermic reduction process with mini-
mal additional cost.

To identify the key factors influencing the aluminium impurity
levels in primary magnesium, the data shown in Fig. 1a were carefully
analysed. The fluctuations are often observed withinasingle day or over
afewadjacent days, exhibiting sharp peak-like patterns. As mentioned
above, primary magnesiumis the product obtained after refining crude
magnesium, and crude magnesium is the direct product of the reduc-
tion process. Onthe basis of the fundamental principles of the refining
process, itisunlikely to be the source of these substantial fluctuations.
Therefore, the investigation was focused on the production of crude
magnesium, thatis, the reduction process.

As shown in Fig. 2a, the briquettes composed of calcined dolo-
mite (Ca0-MgO), ferrosilicon and fluorite are placed in a vacuum
reduction retort. Under conditions of ~1,250 °C and ~10-Pa vacuum,
ferrosilicon reacts with CaO-MgO to generate gaseous magnesium,
impurities and solid dicalciumssilicate slag. Driven by pressure and tem-
perature gradients, magnesium and impurity atoms flow towards the
lower-temperature crystallization zone, where magnesium and impuri-
ties condense into crude magnesium. Since the briquette composition
and operational conditions are unlikely to vary markedly within a
single day, the daily aluminium impurity levels would be expected to
remainrelatively stable. The observed single-day fluctuations (Fig. 1a
and Supplementary Fig. 1b) are, therefore, probably attributed to fac-
tors occurring between the generation of magnesium vapour and
its crystallization.

It can be found that some troublesome deposits often form on
theinner wall of theretort during the silicothermicreduction process
(Fig. 2a). These deposits must be cleaned regularly, otherwise heat
transfer efficiency decreases and consequently reduces the output
of crude magnesium’®. Deposit samples from different locations of
the retort have different colours (Supplementary Fig. 3b). Abrownish
compound with its surface exhibiting a porous structure attracted our
attention (Fig. 2b). This compound was generated over awide tempera-
turerange of1,126.7 °C-439.7 °C (Supplementary Fig. 3a). X-ray diffrac-
tion (XRD) analysis revealed that the brownish deposit predominantly
consists of a high-aluminium Ca,,Al,F,0;, phase together with MgO
and CaF, (Fig. 2c). This finding suggests that the formation of these
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Fig. 3| Thermodynamic calculation of the possibility of forming Ca,,Al,,F,0;,
deposits. a-d, Ternary phase diagrams of the AIF-Ca-O system at 10 Pa,
illustrating the formation regions of Ca,Al,,F,0;, at different temperatures:
(a)1,150°C, (b)1,050 °C, (¢) 950 °C and (d) 750 °C. The orange areas represent
the zones containing solid Ca,,Al,,F,0;,, and other phases are detailed in
Supplementary Note 6. Across a-d, Ca,,Al,,F,0;, remains formable over abroad
temperature range, butits formation region varies notably with temperature.
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From1,150 °Ct0 1,050 °C and from 950 °C to 750 °C, the proportion of the orange
area changes only slightly. By contrast, when the temperature decreases from
1,050 °C to 950 °C, the Cay,Al,,F,0,, phase zone diminishes markedly, indicating a
reduced formation likelihood below 950 °C. Interestingly, at high temperatures,
when the molar ratio of Cato O is1:1 (marked by the red dashed line), Ca,,Al,F,0;,
is always prone to form, regardless of the molar percentage of AIF.

aluminium-rich deposits may be linked to fluctuations in aluminium
impurity levels and could offer insights into optimizing conditions for
lowering aluminium impurities.

Our previous work has demonstrated that aluminium impurities
inmagnesium vapour mainly exist in the form of gaseous AIF (ref. 9).In
addition, previous studies®****~*' showed that the gaseous substances
produced during the silicothermic reduction process can contain cal-
cium atoms and gaseous SiO, which can serve as the source of oxygen.
On the basis of this, it is reasonable to speculate that Ca and O play a
critical role in capturing gaseous AlF, thereby influencing the forma-
tion of Ca,Al,F,05,.

Theoretical insights into the impurity removal mechanism

To validate the above hypothesis, the ternary phase diagram of
AIF-Ca-0 was calculated at different temperatures (Fig. 3). The
orange-shadedregionsrepresent the compositional conditions under
whichthe Ca,,Al ,F,05, substance can be formed at the given tempera-
ture and pressure. Other phases are detailed in Supplementary Fig. 5.
Obviously, the areas of the orange regions decrease as the temperature
drops, indicating that lower the temperature, the stricter the require-
ments for the AIF, Ca and O ratios to form Ca,,Al,,F,0;,. However, the
extent of thisreduction varies markedly with temperature. Forinstance,
when the temperature drops from1,150 °Cto 1,050 °C (Fig. 3a,b) as well

asfrom 950 °Cto 750 °C (Fig. 3c,d), the proportion of the orange area
changes only slightly. By contrast, when the temperature drops from
1,050 °C t0 950 °C, the orange area shrinks dramatically (Fig. 3b,c).
Itis worth noting that the contents of AlIF, O and Ca in the generated
magnesium vapour (Supplementary Note 7) and the temperature of
the gradient cooling zone (Supplementary Fig. 3a) fluctuate frequently
under industrial production conditions. These variations can cause
fluctuations inthe formation of Ca,,Al,,F,05, (Supplementary Fig. 6d),
thereby resulting in variations in the aluminium impurity content of
the final magnesium product. Moreover, it is interesting to note that
at high temperatures (Fig. 3a,b), Ca,Al,F,0;, is always prone to form
when the molarratio of Cato Ois1:1(red dashedline), regardless of the
molar percentage of AIF. Considering that the content and proportion
of Ca and O in the magnesium vapour are both difficult to control, it
canbespeculated that the use of solid calcium oxide (CaO) may have a
strong and stabilizing absorption effect on AlF in the high-temperature
zone, thereby effectively reducing the aluminium impurities.

Validation of the proposed impurity removal mechanism

by experiments

To experimentally verify the predicted effect of CaO on removing
Al impurities from the flowing magnesium vapour generated dur-
ing the silicothermic reduction process, a miniature apparatus was
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Fig. 4| Comparative experiments showing the aluminium removal capability
of Ca0. a, Schematic of the silicothermic reduction process, showing a high-
temperature reaction zone, gradient cooling zone and crystallization zone.

The control setup was conducted without CaO, whereas CaO was introduced
inthe experimental groups within the temperature range of1,139-1,017 °C.

b, Morphological and phase analysis of CaO before and after use. CaO changes
colour fromwhite to yellowish black after use, whereas its overall morphology

Main impurity elements

remains preserved. XRD patterns confirm the formation of Ca,Al,F,05,and
CaF, phasesin the used CaO. ¢, Impurity content in the produced magnesium
withand without using CaO. Each dot represents one independent experiment
(without CaO, n =4; with Ca0O, n = 3). Barsindicate mean values + s.d. Aluminium
content decreases markedly from109.5 ppmto 6.3 ppm, demonstrating a
reduction of over 90%. Other major impurities (Si, Mn, Fe, Caand Zn) show no
notable increase, with magnesium purity exceeding 99.98%.

constructed containing the key part of an industrial silicothermic
reduction retort (Fig. 4a). To ensure the uniform placement of CaO
and facilitate an even passage of magnesium vapour, the apparatus
was set up vertically. Briquettes used for the silicothermic reduction
reaction were sourced fromanindustrial plant,and CaO blocks of >95%
purity and diameters of 10-20 mm were selected for this study. Before
the experiment, the inner temperatures along the axial direction of
the apparatus were measured carefully after the setting temperature
reached asteady state. Approximately 250 g of briquettes were placed
inthe~1,250 °Creaction zone to generate magnesiumvapour,and-20 g
of CaOblocks were positionedin the regioninwhich the temperature
ranged from 1,139 to 1,017 °C. This temperature range in which CaO
was introduced coincides with the temperature window where the
thermodynamic formation probability of Ca,,Al,,F,0;, is the highest
(Fig. 3) and majority of the Ca,,Al,,F,05, compound was found in the
industrial retort (Supplementary Fig. 3).

After the experiment, the colour of the CaO blocks was changed
from white to abrownish appearance (Fig.4b). The surface micromor-
phology of CaO was transformed from a relatively uniform granular
structure with diameters of 1-2 pmto alarger, moreirregular structure
(Supplementary Fig. 7), indicating a chemical reaction rather than
simple dust accumulation. XRD analysis confirmed that the reacted
CaOdisplayed characteristic diffraction peaks of Ca,,Al,F,0;, (Fig. 4b),
providing strong evidence for the expected chemical reaction during
the purification process. Purity analysis (Fig. 4c) on the final crystal-
line magnesium demonstrated that the average aluminium content
in magnesium reached 6.3 ppm + 0.5 ppm, an extremely low level
compared with those in real industrial conditions. For comparison,
experiments under exactly the same conditions but without using CaO
were also carried out. The average aluminium content in magnesium
was 109.5 ppm + 5.4 ppm. This demonstrated that CaO had an excel-
lent effect on removing aluminium impurities from magnesium, with
an aluminium removal rate exceeding 90%. Additional experimental
settings confirmed that the specific reaction mechanism involved
CaOreacting with AIF to form Ca,,Al4F,0;,, along with Ca and CaF, as
byproducts, and these byproducts did not contaminate the crystallized

magnesium (Supplementary Note 8). As shown in Fig. 4c, the levels
of Ca and other impurities did not increase and were even slightly
reduced, resulting in magnesium with an overall purity exceeding
99.98% (Supplementary Table 7). Our experiments demonstrate that
CaOisindeed an excellent medium that can be used to remove alu-
minium impurities from the flowing magnesium vapour.

Industrial-scale application and its effectiveness

For industrial application, an effective purification strategy must
balance the impurity removal efficiency with system compatibility,
environmental sustainability and cost. Theimpurity removal medium
must neither introduce new impurities nor compromise the retort
lifetime under operating conditions. Additionally, it should be readily
accessible, inexpensive and recyclable. Calcined dolomite meets these
requirements. It contains over 50 wt% of CaO as the active component
for aluminium capture and is a primary raw material in magnesium
production. Itis bothinexpensive and readily available on-site. It also
remains chemically stable in the retort without generating negative
effects on the retort (Supplementary Note 10). Moreover, the used
Ca0-MgO can potentially be used as a raw material in the next batch,
enabling a closed-loop utilization within the process.

Besides material selection, another key concern for industrial scal-
ingis the potentialimpact on magnesiumyield, as the packed removal
medium may hinder the smooth flow of magnesium vapour when the
mass flowis substantially increased inindustry. To mitigate this risk, two
design strategies were implemented. First, the medium-to-briquette
ratio was adjusted to alower level sufficient to achieve effective puri-
fication without noticeably hindering vapour flow (for example, from
20 g:250 ginlaboratory experiments to 500 g:250,000 ginindustrial
trials in this work). Second, as demonstrated in our previous work*, the
temperatureinthesilicothermic reductionretortgradually decreases
from the reaction region towards the crystallization zone. Once the
temperature of briquettes near the crystallization zone drops below
~1,050 °C, their reduction becomes insufficient, with reduction rates
typically falling below 50%. Placing a removal medium in this region
can serve as a thermal barrier, reducing heat loss from the reaction
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Fig. 5| Industrial application of CaO for aluminium impurity removal and
the overwhelming advantages compared with other methods. a, Aluminium
impurity content without and with Ca0-MgO (a common and ultra-cheap raw
material in magnesium factories) in 6 days. Without CaO, the impurity levels
fluctuate between 41.4 and 168.3 ppm, whereas with CaO, levels stabilize at
19.8-53.0 ppm. b, Distribution of primary magnesium grades before and

after using CaO. Without the use of Ca0, 73% of the magnesium ingots have
aluminium content that meets the Mg9995A standard, and none meet the
Mg9998 standard. By contrast, with CaO, over 83% of the magnesium ingots
meet the high-purity Mg9998 standard for aluminium content. ¢, Comparison
of aluminium impurity removal efficiency of different approaches. Each dot
represents one independent experiment (vacuum distillation, n = 26; fluorite-

free method, n = 55; this work, n = 32). The box plots display the median (central
line), mean (white circle) and interquartile range, with the upper whiskers
extending to the largest value <1.5x the interquartile range from the 75th
percentile and the lower whiskers extending to the smallest value <1.5x the
interquartile range from the 25th percentile. The proposed method achieves
amean removal efficiency of -67.34%, higher than that of the fluorite-free
method (56.33%) and equivalent to 86% of that of vacuum distillation (78.45%).
d, Cost comparison of different purification methods. Our method is highly
cost-effective, only increasing US$33.94 t™ of magnesium for purification,
approximately 20% of the fluorite-free method (US$180.88 t™) and 4% of vacuum
distillation (US$858.35 t™). Details are provided in Supplementary Note 13.

zone to the crystallization zone and consequently elevating the local
temperature. This allows a more complete reaction of briquettes,
thereby achieving a higher magnesium yield. These factors together
were expected to offset the modest increase in flow resistance, result-
inginno noticeable loss of magnesiumyield.

Industrial trialsina30,000 t yr' magnesium plant confirmed the
effectiveness of CaO-MgO in aluminium removal. CaO-MgO was used as
asingle-useremoval mediumineach productioncycle, primarily dueto
its extremely low cost, on-site availability and straightforward integra-
tioninto the existing process. As shownin Fig. 5a, aluminium impurity
levels for each production day are represented by a column of data
points, witheach point corresponding to an-2-t batch. Before applying
theremoval medium, aluminiumimpurity contents fluctuated widely
between 41.1 and 168.3 ppm, with an average of 85.07 ppm (95% con-
fidence interval, 78.10-92.03; standard deviation (s.d.), 29.64 ppm).
By contrast, after introducing the removal medium, the average con-
tent dropped to 31.34 ppm (95% confidence interval: 29.29-33.40;
s.d.:8.74 ppm), with fluctuations narrowed t0 19.8-53.0 ppm. Welch’s
analysis of variance confirmed that this reduction was statistically sig-
nificantand not due to random variation (Supplementary Note 11). This
decrease cansufficiently upgrade the product. Over three consecutive
production days, the aluminium impurity levels in all batches met or

exceeded the Mg9995A standard, the proportion meeting the Mg9998
standard rose from 0% to 83.3%, and the lowest grade improved from
Mg9990 to Mg9995A (Fig. 5b). Importantly, purification was achieved
withoutanoticeableimpactonyield (Supplementary Fig.11b): over the
same 3-day production period (-100 t of magnesium per day), batches
with CaO-MgO yielded an average of 39.15 kg magnesium per 250 kg
briquette (per production unit), very close to 38.82 kg in the controls,
withthe difference well within the typicalindustrial fluctuationinyield.
Moreover, the used CaO-MgO could berecycled by blending into fresh
raw materials without a detectable influence on either the product
quality oryield in subsequent production days (Supplementary Note
12). Onthebasis of these findings, the method—termed the CaO absorp-
tion method—was rapidly adopted across the plant, underscoring its
industrial feasibility, simplicity and scalability.

Discussion

Techno-economic assessment highlights the clear advantages of
the CaO absorption method over existing purification techniques,
such as vacuum distillation and fluorite-free approaches. As shown
in Fig. 5¢, even at a substantially lower medium-to-briquette ratio in
industrial trials (-500 g:250,000 g) compared with laboratory-scale
tests (-20 g:250 g), the aluminium removal efficiency in industry
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remained ~-67.34%, higher than that of the fluorite-free method (56.33%)
and lower than that of the vacuum distillation method (78.45%). The
reduced efficiency relative to that of laboratory tests (>90%) can be
partly attributed to the lower medium-to-briquette ratio and partly
to differencesinkinetic conditions betweenindustrial and laboratory
settings. Nevertheless, its cost and energy efficiency are outstand-
ing. The extra purification cost relative to the traditional silicother-
mic reduction process is only ~-US$33.94 t™ of magnesium—just ~20%
of the fluorite-free method (after accounting for yield loss) and ~4%
of vacuum distillation (Fig. 5d and Supplementary Note 13). In par-
ticular, the plant in which the experiments were conducted repre-
sents a benchmark enterprise in magnesium industry, with typical
industrial-scale capacities of 30,000 t yr ' of silicothermic magnesium
and 500 t yr of vacuum-distilled magnesium production. Complemen-
tary throughput-independent energy analyses further confirmed the
advantages, showing that the CaO absorption method requires only
~1.4% of additional energy consumed by vacuum distillation (Supple-
mentary Note 13). Considering the substantial reduction inaluminium
impurity levels (Fig. 5a,b) and the corresponding improvement in prod-
uct value for higher-grade magnesium (Fig. 1b), the CaO absorption
method delivers remarkable economic benefits, yielding an additional
net profit of ~US$1,400 t™ of magnesium.

Thiswork also establishes a generalizable framework for impurity
removal: by analysing vapour-phase impurity species and their associ-
ated deposits, one canreverse-engineer selective and system-compatible
removal media. The spontaneous formation of such deposits under
process conditions indicates that impurities prefer to stabilize within
these phases, ensuring the selectivity and effectiveness of the designed
media. Since the key elements forming these deposits are already present
in the system, the resulting media are easily accessible and inherently
compatible with the system. Similar strategies have also proven effec-
tiveindecreasing Mn and Pb impurities in magnesium (Supplementary
Note 14). Moreover, because interatomicinteractions are the weakestin
the gaseous state, it is easier and more effective to exploit the intrinsic
physicaland chemical properties of impurities to drive their preferential
condensation or absorption on suitable media. This principle is appli-
cable not only to magnesium but also to other metals with low melting
points and high vapour pressures such as calcium and zinc.

In summary, this work addresses a long-standing industrial chal-
lenge: reducing both content and fluctuations of aluminium impu-
rity in primary magnesium in a cost-effective way. Unlike traditional
post-production purification, our strategy removes aluminiumimpu-
rities directly during the reduction stage, by stabilizing aluminium as
Ca,Al,F,0;, deposits ahead of magnesium condensation. Validated
at the full industrial scale, this CaO-based method delivers superior
cost-effectiveness and enables the large-scale production of low-Al
magnesium for demanding applications such as electronic-grade
titanium, nuclear-grade zirconium and biodegradable implants. Our
methodological framework is not only applicable to other impurities
in magnesium but also provides broader insights into purification
strategies for vapour-phase metallurgical systems besides magnesium,
thereby establishing a general approach for impurity control.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41563-026-02561-2.
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Methods

Quasi-in situ collection of natural deposits

Collecting deposits from the inner walls of the retort within the
gradient cooling zone and accurately correlating them with spe-
cific locations and temperatures presented great challenges. To
overcome this, we lined the interior of the retort with steel plates
matching its length. After high-temperature operation, the retort
was removed from the furnace and allowed to cool naturally. The
differences in thermal expansion between the retort material and
the attached deposits caused the deposits to detach and fall onto
the corresponding steel plates. By carefully removing the steel plates
horizontally from the retort, we were able to observe the detached
deposits that had adhered to the retort’s inner wall and pinpoint
their exact locations.

To correlate the locations of the deposits with temperature, the
temperature was measured along theretort at 100-mmintervals, start-
ing fromthe weld seam between the retort and the crystallizer, extend-
ing through the gradient cooling zone and into the high-temperature
zone. Thismeasurement procedure was repeated across three retorts
to ensure measurement accuracy and reproducibility.

Thermodynamic analysis

The ternary phase diagram of the AIF-Ca-0 system was calculated
using the Phase Diagram module of the commercial thermodynamic
software FactSage 7.3 (ref. 43). Calculations were performed at a
pressure of 10 Paand temperatures of 1,150 °C, 1,050 °C, 950 °Cand
750 °C. The molar ratios of AIF/(AIF+Ca+0) and O/(AIF+Ca+0O) were
varied between 0 and 1 to maintain a correlation between the con-
centrations of AlIF, Caand O, and to ensure that all components were
included within the 0-1-mol range. The databases used for these
calculations included FactPS, which contains thermodynamic data
for pure substancesrelevant to the silicothermicreduction process.
Before performing the analysis, we assessed the potential discrep-
ancies between databases (FactPS alone versus FactPS combined
with FToxid and FTsalt, which provides broader coverage of oxides,
salts and their solutions). As the deviations were negligible and
the phase evolution trends remained consistent (Supplementary
Note 6), FactPS was adopted as the primary database to maximize
computational efficiency.

Settings of confirmatory comparative experiments
Comparative experiments were conducted to verify the aluminium
impurity removal efficiency of CaO using a self-designed appara-
tus. For each experiment, the temperature in the high-temperature
reaction zone was set at 1,250 °C, whereas the temperature in the
low-temperature crystallization zone was maintained at 450 °C, with
a pressure of 10-100 Pa in the crystallization zone. Temperature
measurements were taken at 50-mm intervals along the apparatus,
from the high-temperature reaction zone to the low-temperature
crystallization zone.

Inthe controlgroup, approximately 250 g of briquettes (provided
by Taida Coal Chemical) were placed in the high-temperature reac-
tion zone. The temperature was ~1,250 °C, and the reaction lasted
for 2 h. In the experimental group, in addition to the above condi-
tions, CaO blocks (equivalent diameter of 10-20 mmand 20 g per run)
were placedinthe1,139-1,017 °Cregion. Each set of experiments was
repeated at least three times to ensure the reliability and accuracy
of results.

Industrial experiments were carried out at a magnesium
plant with an annual capacity of 30,000 t. Each reduction retort
was charged with ~250 kg of briquettes together with ~500 g of
Ca0-MgO. The silicothermic reduction process was conducted
at 1,250-1,280 °C under an ~10-Pa vacuum. The composition of
Ca0-MgO used as the removal medium is provided in Supplementary
Table14.

Microstructure, composition and purity analysis

The phases of the collected industrial deposits, as well as CaO before
and after use, were characterized using XRD with a D8 ADVANCE A25
diffractometer. The analysis was conducted with a Cutarget at atube
voltage of 40 kV and a tube current of 40 mA. The diffraction angle
ranged from10° to 80° (26), with a scan speed of 7° min™.

The micromorphology and composition of the industrial deposits
and CaO were examined using scanning electron microscopy (SEM;
HitachiSU8230) equipped with energy-dispersive X-ray spectroscopy
(Bruker XFlash 6/60). SEM imaging and energy-dispersive X-ray spec-
troscopy analysis were performed at an accelerating voltage of 10 kV
andabeam current of 10 pA.

To analyse the purity of magnesium, the crystalline product was
first remelted to homogenize impurity distribution, and the resulting
cast ingot was characterized at multiple points using spark optical
emission spectroscopy (GNRS5). Before use, the instrument was cali-
brated and cross-validated against both certified reference materials
(G315, G311, RMG11-38 and E4131B) and in-house samples quantified
by inductively coupled plasma mass spectrometry (Supplementary
Note 16). The average impurity concentrations and standard devia-
tions were calculated to assess both impurity levels and their fluctua-
tion. For industrial-scale trials, 95% confidence intervals and Welch’s
analysis of variance were additionally applied to evaluate the reli-
ability of the impurity results and the statistical significance of the
purification effect.

Data availability

The data supporting the findings of this study are available within the
article and its Supplementary Information. Additional data are avail-
able fromthe corresponding author upon reasonable request. Source
dataare provided with this paper.
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