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ABSTRACT

Aim: The objective of this study was to determine the chemical and physical character-
istics of McIntyre Powder, which was stated to be a mixture of aluminum oxide and ele-
mental aluminum. The aim was to (i) confirm this with the current techniques and to see 
if there were any toxic metals present, which could contribute to health effects including 
neurological disorders and Parkinson’s disease and (ii) obtain a precise particle size dis-
tribution. McIntyre Powder was inhaled by at least 27,500 gold and uranium miners of 
Ontario as prophylaxis to prevent silicosis during 1944–1979.
Materials and Methods: The chemical characterization involved analysis by inductively 
coupled plasma mass spectroscopy (ICP-MS) and scanning electron microscopy (SEM). 
The physical characterization was carried out using transmission electron microscopy 
(TEM).
Results: The chemical analysis results confirm that the McIntyre Powder contains mainly 
aluminum and only trace amounts of other metals. The physical characterization shows 
that it is about 12% of ultrafine (also referred to as nanoparticles) and 88% of fine particles. 
Approximate aerodynamic diameters of the particles are mean 321.5 nm (0.32 μm) and 
median 273.8 nm (0.27 μm) with a range from 9.5 nm (0.01 μm) to 1,314 nm (1.31 μm).
Conclusions: There are no metallic impurities in McIntyre Powder in quantities that could 
make a significant contribution to health effects. There is a 12% ultrafine particle content 
which could be important because of the apparent ability to translocate to the brain.
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Introduction

McIntyre Powder, which is no longer produced, was 
stated to be a mixture of finely ground aluminum 
and aluminum oxide. It was used as a prophylactic 
agent for treatment against lung disease silicosis 
in hardrock miners (gold and uranium) of Ontario, 
Canada from1944 to 1979 [1]. At least 27,500 min-
ers inhaled the McIntyre Powder during that period 
according to the record in the Mining Master File of 
the Workplace Safety and Insurance Board (WSIB) 
of Ontario. The use of McIntyre Powder became 
known as aluminum therapy and was also taken up 
in Australia, the United States, and the United King-
dom [2–4], but its use was short-lived in those coun-
tries before the practice was abandoned, whereas 
in Canada, it was used for a prolonged period of 

time. The studies discussing the invention and use 
of McIntyre Powder for the prevention of silico-
sis have been described [5–7]. Several US patents 
were also granted for the manufacture of aluminum 
powder [8–10]. It has been claimed by workers/
miners in Ontario that the McIntyre Powder may 
be responsible for the increased risk of developing 
adverse health conditions including neurological 
conditions such as Parkinson’s and Alzheimer's  
diseases [11,12]. The WSIB of Ontario recently com-
missioned a review of scientific evidence to re-ex-
amine the issue. The report [13] did not find a link 
between aluminum and development of adverse 
health effects. In 2017, a systematic review [14] was 
conducted by the WorkSafeBC (an agency of the 
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Government of British Columbia, Canada) on occu-
pational exposure to aluminum (McIntyre Powder) 
by inhalation and the development of neurological 
disorders with similar conclusions. Their report 
stated that “the available epidemiological evidence 
does not support any potential (causal) association 
between occupational exposure to McIntyre Pow-
der and death due to neurological disorder such as 
Parkinson’s or Alzheimer's diseases.” The Ontario 
WSIB has, however, commissioned and funded fur-
ther investigations as referred to on their website 
(www.wsib.on.ca occupational aluminum exposure 
and McIntyre powder update).

McIntyre Powder was produced by introducing 
small aluminum pellets of approximately 99.9% 
purity into a grinding mill. These pellets were 
grounded without the aid of any steel balls or peb-
bles in the mill under mill rotation [10]. The powder 
was stated to contain 15% of aluminum and 85% 
of aluminum oxide. The total metallic content was 
stated as 58%–60%. About 96% of the particles 
were reported to be less than 1.2 microns in diame-
ter, with 88% less than 0.8 micron [10]. This would 
suggest that there could be a significant number of 
particles which, today, would be classified as ultra-
fine or nanoparticles. Ultrafines are the particles 
with a diameter less than 100 nm and are poten-
tial mediators of the well-documented cardiopul-
monary and cardiovascular adverse health effects 
of PM10 and PM2.5 pollution in ambient air, which 
could also pose a problem in the occupational envi-
ronment [15,16]. Furthermore, Oberdorster et al. 
[17] stated that “there are anecdotal data indicat-
ing a causal relationship between long-term ultra-
fine particle exposures in ambient air (e.g., traffic 
related) or at the workplace (e.g., metal fumes) and 
resultant neurotoxic effects in humans. More stud-
ies are needed to test the hypothesis that inhaled 
nanoparticles may be associated with neurodegen-
erative effects.”

The toxicological significance of inhaled particles 
is dependent on the chemical and physical proper-
ties of the particles. The deposition of particles in 
the human respiratory system is governed by the 
size of the particles, whether the particles deposit 
in pulmonary, thoracic, or extrathoracic compart-
ments. Since previously reported physical and 
chemical characterization data of McIntyre Powder 
were obtained by methods and techniques of the 
1950s, we wished to confirm them by more current 
methodology. We thus undertook this study to char-
acterize the chemical and physical properties of the 
McIntyre Powder using inductively coupled plasma 

mass spectroscopy (ICP-MS) and by both scanning 
electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). One of us has also recently 
reported on the retained aluminum in the lungs of 
Ontario hardrock miners, who had inhaled McIntyre 
Powder for a significant number of years [18]. The 
objectives of this study were to determine: (i) the 
chemical composition of the powder, using a cur-
rently accepted methodology, to see if it contained 
metals other than aluminum and aluminum oxide, in 
amounts which may have toxicological significance 
and (ii) the physical characteristics of the McIntyre 
Powder to confirm more precisely the size distri-
bution. This information would be useful for future 
health-related research on the exposed workers.

Materials and Methods

McIntyre powder

A canister of McIntyre Powder was obtained in 
1979–1980 for the research purpose and was kept 
on hand until 2019. The canister is cylindrical, 
sealed at both the ends, with a diameter of 3.5 cm 
and length of 5.3 cm. Figure 1 shows the canister 
with identifying information on it. The sealed con-
tainer held 10 g of powder. A hole was drilled into 
the container in 2018 to remove the powder for 
analysis. The powder is fine and grayish-white in 
color.

Figure 1. McIntyre Powder canister.
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Chemical composition characterization by SEM and 
ICP-MS

Since the McIntyre Powder was supposed to be 
mainly aluminum, we analyzed the sample to deter-
mine the metal content to see if there are signifi-
cant amounts of metals other than aluminum in the 
sample. A small aliquot of the powdered aluminum 
sample was dusted onto double-sided carbon tape 
which was adhered to an SEM stub. The powder 
was viewed in a Tescan Vega II LSU scanning elec-
tron microscope (Tescan USA, PA) operating at 20 
kV. The SEM is equipped with an Oxford X-Max 80 
Energy Dispersive Spectroscopy detector and Inca 
software (Oxford Instruments, UK), from which 
spectra and weight percentages were obtained. 
The chemical characterization was also performed 
by ICP-MS analysis. A sample was analyzed by an 
American Industrial Hygiene Association accred-
ited Canadian laboratory for 12 metals. Approxi-
mately 500 mg of bulk sample was digested in the 
digestion tube with 5 ml of nitric acid (HNO3), 1 
ml of hydrochloric acid (HCl), and 100 μl of sulfu-
ric acid (H2SO4). The sample was then heated for 3 
hours at 100°C. It was then diluted and analyzed by 
ICP-MS.

Physical characterization by TEM

A powdered aluminum sample was dispersed in 1 
ml of 100% ethanol and sonicated for 1 minute. A 
5 ml of droplet was placed onto a Formvar-coated 
Cu grid and allowed to dry. The grid was viewed in 

a JEOL JEM 1200 TEMSCAN transmission electron 
microscope (JEOL, Peabody, MA, USA) operating 
at an accelerating voltage of 100 kV. Images were 
acquired with an AMT 4-megapixel digital camera 
(Advanced Microscopy Techniques, Woburn, MA).

Particle size distribution analysis was performed 
on TEM images with magnifications between 40K× 
and 250K×. Larger particles had to be imaged at 
the lower magnification range, whereas smaller 
particles were imaged at higher magnifications in 
order to visualize them and to optimize the accu-
racy of measurements. ImageJ (National Institutes 
of Health, Bethesda, MD) [19] was used to convert 
grayscale images to binary images. Touching par-
ticles were segmented. Overlapping particles and 
particles touching the edge of images were excluded 
from measurement. A systematic search of the grid 
was made to find as many occurrences of separated 
particles as possible. Area measurements were cal-
culated for 390 particles, and these area measure-
ments were converted to area-equivalent diame-
ters using the formula outlined in Rice et al. [20]. 
The software enables the outline of a particle to be 
drawn and then converts the irregular shape of the 
particle into an equivalent circle, and its diameter is 
given as area-equivalent diameter.

Results

The result of chemical characterization by SEM is 
shown in Figure 2, where Figure 2A is at a magni-
fication of 7k×, Figure 2B is at a magnification of 

Figure 2. Scanning electron micrographs and energy dispersive spectrum.
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2,000×, and Figure 2C shows the elemental distribu-
tion of Figure 2B. Only aluminum and oxygen peaks 
are predominant. The carbon peak is due to carbon 
tape used in the analysis. This confirms that the 
metal content of the powder is mainly aluminum.

The result of ICP-MS analyses as shown in Table 1  
further confirms that it is mainly aluminum. Neuro-
toxic metals such as manganese and cadmium were 
not detected, and iron was presented only at the 
trace level. The overall precision and accuracy of 
the method of analysis as shown in Table 1 were not 
provided by the laboratory. The overall precision 
(SrT) and accuracy (%) of the ICP-MS filter method 
are given in Table 4 of the method [21]. For exam-
ple, in Table 4, the overall precision for aluminum 
by two different instrumental techniques is given as 

0.0379 and 0.0419 and overall accuracy as 9.9 and 
15.1, respectively. However, the modified method of 
analysis on bulk samples would likely have differ-
ent precision and accuracy.

TEM provides two-dimensional images of parti-
cles that can be used to produce the number-based 
size distribution data. Figure 3 shows the typi-
cal micrographs of particles as viewed by TEM.  
Figure3A is at the magnification of 40k×, and  
Figure 3B is at the magnification of 200k×. A histo-
gram of particle size distribution based on the size 
of 390 particles is shown in Figure 4. The results 
are in terms of area-equivalent diameter, which is 
the diameter of a circle that has an area equivalent 
to the area of the particle in question. The normal 
distribution pattern displayed in the histogram 
would suggest that we were able to obtain a good 
representation of particle size ranges comprising 
our sample. Table 2 shows the statistical character-
istics of the particle distribution as calculated using 
Excel. The results of area-equivalent diameter can 
be approximately converted to aerodynamic diam-
eter (da), which is more relevant in terms of depo-
sition in the human respiratory system.

Discussion

An assessment of particulate matters is defined by 
their particle size in discrete categories as coarse, 
fine, and ultrafine (also referred to as nanoparticles). 
Coarse particles are those which range between 
2,500 and 10,000 nm (or 2.5 and 10 μm), fine par-
ticles are those between 100 and 2,500 nm (0.1 and 
2.5 μm), and as defined earlier, ultrafine or nanopar-
ticles are between 1 and 100 nm (0.001 and 0.1 

Figure 3. Transmission electron microscope micrographs.

Table 1. Result of ICP-MS analysis.

Analyte
Total Concentration 

(mg/kg)
Total 

Result (μg)
VMR (μg)

Magnesium NA <VMR 100

Aluminum 350,000 35,000 500

Vanadium 30 3.0 0.50

Chromium NA <VMR 5.0

Manganese NA <VMR 5.0

Iron 810 80 50

Cobalt NA <VMR 0.20

Nickel NA <VMR 10

Copper 24 2.3 2.0

Zinc 110 11 5.0

Cadmium NA <VMR 0.25

Lead 9.5 0.94 0.50

NA = Not Applicable; VMR = Minimum Reported Values.
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μm). In terms of health effects and deposition in the 
human respiratory tract, the aerodynamic diameter 
particle size is the most relevant parameter. Aerody-
namic diameter (da) of a particle is the diameter of 
the unit density (ρ = 1 gm/cm3) sphere having the 
same settling velocity as the particle in question. 
The American Conference of Industrial Hygienists’ 
(ACGIH) occupational exposure limits for particu-
late matters are defined for deposition as size-se-
lective sampling based on aerodynamic diameter 
[22]. The aerodynamic diameter of the bulk pow-
der can be directly measured by equipment such as 
an aerodynamic particle sizer, an expensive device 
[23]. Alternatively, aerodynamic diameter (da) can 

be approximately estimated from area-equivalent 
diameter obtained by microscopic technique using 
available data in the literature. Hinds [24] presented 
a table, where for mineral, dust ratio of da/dPA can 
be used to approximately convert area-equivalent 
diameter (i.e., dPA = projected area diameter) to 
aerodynamic diameter. He further stated that “this 
useful quantity combines the volume shape factor, 
dynamic shape factor, and particulate density into 
a single factor. Except for very heavy material, most 
minerals have a value close to 1.” Assuming the ratio 
of aerodynamic diameter and equivalent area diam-
eter given by TEM to be 1, the value of Table 2 can be 
approximately the aerodynamic diameter of a mean 
321.5 nm (range 9.48–1,314 nm). The data in Fig-
ure 4 indicate that the particles that we examined 
from the McIntyre Powder were approximately 12% 
ultrafine (or nano) particles and 88% fine particles.

While the manuscript was under review, a paper 
describing the characterization of McIntyre Powder 
was published by Zarnke et al. [25]. The results are in 
broad agreement with the results of that paper, partic-
ularly those attributable to the light gray powder. For 
example, the aluminum content of the gray McIntyre 
Powder given in Table 1 at approximately 35% is sim-
ilar to those reported by Zarnke et al. [25] of 32.4% 
± 0.6% based on four light gray McIntyre Powders 
by ICP-MS/OES. This concentration, which was not 
what was expected based on the canister label, shows 
a mixture of elemental aluminum (15%) and alumi-
num oxide (85%). They were able to explain their 
finding using X-ray diffraction data which showed 
that the light gray powder consisted predominantly 

Figure 4. Histogram of particle size distribution by transmission electron microscope (n = 390).

Table 2. Size distribution parameters, n = 390 particles, 
and particle size in nanometer (nm).

Statistic Result

Mean 321.5

Standard Error 11.2

Median 273.8

Mode 238.3

Standard Deviation 220.3

Sample Variance 48,526

Kurtosis 2.9

Skewness 1.5

Range 1,305

Minimum 9.5

Maximum 1,314

Sum 125,400

Count (n) 390
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of aluminum hydroxide polymorphs with hardly any 
elemental aluminum present. This would mean that 
the labels on the light gray canisters are not accurate. 
We do not have XRD data, but it appears likely that 
the gray powder is similar in composition to theirs.

Conclusion

The chemical analysis of McIntyre Powder by the 
two methods such as ICP-MS and SEM confirms it 
to contain mainly aluminum. The physical charac-
terization by TEM showed the powder to be mostly 
comprised of fine particles that were less than 1.3 
μm in size but also contained a significant amount 
of ultrafine particles which may cause adverse 
health concerns. This information has not been pre-
viously available and should be useful in future tox-
icological and health studies, given the possibility 
that ultrafine particles may translocate to the brain. 
This maybe a useful line of research to follow in cur-
rent consideration of health effects for those who 
had inhaled McIntyre Powder in the past.

References
[1] Rifat SL, Eastwood MR, Crapper McLachlan DR, 

Corey PN. Effect of exposure of miners to aluminum 
powder. Lancet 1990; 336:1162–5.

[2] Peters S, Reid A, Fritschi L, de Klerk N, Musk AW. 
Long-term effects of aluminum dust inhalation. 
Occup Environ Med 2013; 70(12):864–8.

[3] Penrose B. So now they have some human guinea 
pigs: aluminum therapy and occupational silicosis. 
Health Hist. 2007; 9:56–79.

[4] Kennedy MCS. Aluminum powder inhalation in the 
treatment of silicosis of pottery workers and pneu-
moconiosis of coal-miners. Brit J Industr Med 1956; 
13:85–101.

[5] Denny JJ, Robson WD, Irwin DA. The prevention of 
silicosis by metallic aluminum I. Can Med Assoc J 
1937; 37:1–11.

[6] Denny JJ, Robson WD, Irwin DA. The prevention of 
silicosis by metallic aluminum II. Can Med Assoc J 
1939; 40:213–28.

[7] Crombie DW, Blaisdell JL, MacPherson G. The treat-
ment of silicosis by aluminum powder. Can Med 
Assoc J 1944; 50:318–28.

[8] Denny JJ, Robson WD, inventors; Method of neu-
tralizing the condition producing qualities of finely 
pulverized silicious materials. US patent 2,156,378. 
May 2, 1939.

[9] Hannon JWG, Inventor; Aluminum powder. US pat-
ent 2,861,880. Nov. 25, 1958.

[10] Hannon JWG, Inventor; Method of making alumina 
powder. US patent 2,837,451. June 3, 1958.

[11] McIntyre Powder Project. Aluminum dust exposure 
& health issues. Available via http://www.mcin-
tyrepowderproject.com. (Accessed 4 March 2019).

[12] Silliker A. The black cloud. Canadian Occupational 
Safety, Hamilton, ON, 2018.

[13] Ferguson HR, Poortinga K, McCallum L. Systematic 
Review of Occupational Aluminum Exposure and 
Adverse Health Conditions. Mississauga ON: Intrin-
sik Corp. Revised Final Report March 7, 2018. Pre-
pared for Workplace Safety & Insurance Board of 
Ontario. WSIB Aluminum Review - Revised Final 
Report 030718.pdf. Available via www.wsib.on.ca 
(Accessed 12 September 2018)

[14] WorkSafeBC Evidence-Based Practice Group. 
Martin CW. Occupational exposure to aluminum 
(McIntyre Powder) by inhalation and the develop-
ment of neurological disorders. WorkSafeBC Evi-
dence-Based Practice Group, Richmond, BC, 2017.

[15] Donaldson K, Stone V, Clouter A, Renwick L, Mac-
Nee W. Ultrafine particles. Occup Environ Med 
2001; 58:211–6.

[16] Oberdorster G, Stone V, Donaldson K.Toxicology of 
nanoparticles: a historical perspective. Nanotoxi-
cology 2007; 1(1):2–25.

[17] Oberdorster G, Elder A, Rinderknecht A. Nanopar-
ticles and the brain: cause for concern? J Nanosci 
Nanotechnol 2009; 9(8):4996–5007.

[18] Verma DK. Aluminum in the lungs of Ontario hardrock 
miners. Arch Environ Occup Health 2019; 75(2):75–
8. doi: 10.1080/19338244.2019.1574703

[19] Schneider CA, Rasband WS, Eliceiri KW. NIH image 
to imageJ: 25 years of image analysis. Nat Methods 
2012; 9(7):671–5.

[20] Rice SB, Chan C, Brown SC, Eschbach P, Han L, Ensor 
DS, et al. Particle size distributions by transmission 
electron microscopy: an interlaboratory compari-
son case study. Metrologia 2013; 50:663–78.

[21] National Institute of Occupational Safety and 
Health (NIOSH): NIOSH Analytical Method #7304: 
Elements by ICP Microwave Digestion in NIOSH 
Manual of Analytical Method (NMAM), 5th edition, 
(R Andrews and PF O’Connor Editors), Feb 2020 
Available via www.cdc.gov/niosh/nmam (Accessed 
8 March 2020.

[22] American Conference of Governmental Industrial 
Hygienists (ACGIH). Threshold limit values for 
chemical substance and physical agents and bio-
logical exposure indices, Appendix C. Particle size 
selective sampling criteria for airborne particulate 
matter. ACGIH, Cincinnati, OH, 2019.

[23] Ramachandran G. Occupational exposure assess-
ment for air contaminants. Taylor & Francis Group, 
Abingdon, UK, p 199, 2005.

[24] Hinds WC. Aerosol technology. properties, behav-
ior, and measurement of airborne particles. John 
Wiley & Sons, Hoboken, New Jersey, p 365, 1982.

[25] Zarnke A, Rasmussen PE, David MO, Eidi H, Ken-
nedy K, Hedges K, et al. Physical and chemical char-
acterization of McIntyre Powder: an aluminum 
dust inhaled by miners to combat silicosis, J Occup 
Environ Hyg 2019; 16:11, 745–56.


