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Executive summary 

Acute inhalation studies with some types of surface-modified (hydrophobic) synthetic 

amorphous silicas (SAS) indicated high mortality resulting in four hour LC50 values that 

ranged from 80 to > 2,000 mg/m3. Formally, some of the LC50 values with surface-modified 

SAS are in the range of guidance values for classification regarding acute inhalation toxicity 

under GHS.  

However, lethality of surface-modified SAS under toxicity testing conditions is due to airway 

obstruction by the large particle load received. This results in suffocation. Thus, lethality is 

not due to a specific property of SAS. LC50 values obtained with non-surface modified 

(hydrophilic) SAS were generally higher as compared to surface-modified SAS (ECETOC, 

2006). The differences in potency between SAS to cause lethality can be explained by 

differences in agglomerization kinetics.  
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Suffocation as a cause of lethality in rodents after inhalation of SAS under toxicity testing 

conditions has no relevance to humans exposed to SAS placed on the market. The particle 

size distribution of the SAS used in the inhalation toxicity testing is significantly reduced to 

fulfill testing guideline requirements (MMAD < 4 µm) to generate respirable particles and 

therefore is widely different from the particle sizes (MMAD > 100 µm) of commercially used 

SAS. This aspect needs to be considered in hazard definition of surface-modified SAS.  SAS 

placed on the market only contain a very small mass percentage of respirable particles that 

may reach the deeper respiratory tract and specifically the terminal bronchioli that are 

susceptible to obstruction. Lethality due to suffocation therefore should not be used as basis 

for classification. Moreover, as CLP requires classification of materials based on information 

that “shall relate to the forms and physical states in which the substance is placed on the 

market and in which it can reasonably expected to be used”, the observations made in the 

acute inhalation toxicity studies with much smaller particles as compared to those used 

commercially have no/very limited relevance for classification.   

 

1. Introduction 
Both non surface-modified and surface-modified synthetic amorphous silica (SAS) have 

many uses. SAS is intentionally manufactured and does not contain detectable levels of 

crystalline silica. SAS is produced either by a thermal process (high temperature hydrolysis 

of chlorosilanes – called pyrogenic or fumed silica) or by a wet process (precipitation of a 

water glass solution with acids – called precipitated silica, colloidal silica and silica gel).  In 

the first step of the production process of SAS, primary particles with dimensions below 100 

nm are formed. These primary particles convalently bind to form aggregates (indivisible 

units), which have no physical boundaries among them. The aggregates have external 

dimensions typically above 100 nm (pyrogenic, precipitated, gel). These aggregates further 

combine to form agglomerates in the micron size range by physical attraction forces (van der 

Waals) and hydrogen-bridges (aSASp, 2018c). SAS powder is placed on the market as 

micron-sized agglomerates with an internal structure in the nanoscale.  

Obtained SAS can be modified by surface treatment to generate a hydrophobic character. In 

such surface-modified SAS, surface silanol groups are modified by a chemical reaction with 

a functional silane or a siloxane and up to 70 % of the silanol groups on the surface of a SAS 

particle may be modified. All commercial SAS products, besides colloidal silica that produced 

as a dispersion of particles mostly in water, are white and fluffy powders or dispersions of 

these powders.  

Under realistic conditions, dry SAS is present in the form of agglomerated aggregates with 

much larger particle sizes (> 100 µm MMAD, mass median aerodynamic diameter) as 
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compared to those that are required in the OECD-guidelines (MMAD < 4 µm) for inhalation 

toxicity testing. The large particles present in commercial SAS are not respirable and 

significant shear stress is required to break down SAS agglomerates to respirable particles 

as required in the testing guideline. Small SAS agglomerates and aggregates formed by the 

application of shear stress have a high tendency to re-agglomerate, especially at higher 

concentrations. These characteristics of surface-modified SAS permit to propose a plausible 

mode of action for lethality after exposures to very high concentrations of respirable SAS-

particles. 

Formally, the low LC50 values of some surface-modified SAS in some studies may require 

classification regarding acute inhalation toxicity. In addition, the classification criteria 

according to regulation (EC) 1272/2008 (on classification, labeling and packaging of 

substances and mixtures, amending and repealing Directives 67/548/EEC and 1999/45/EC, 

and amending Regulation (CLP)) as specific target organ toxicant (STOT) – single exposure, 

inhalation (mist/dust) under the Globally Harmonized System of Classification and Labeling 

of Chemicals (GHS, 2013) may be met since reversible or irreversible adverse health effects 

were observed at a relative low particle masses in air.  

As a classification for health effects has to rely on expert opinion, this statement evaluated 

the available database on the acute toxicity of surface-modified SAS and the 

physicochemical characteristics of surface-modified SAS to derive an evidence-based 

conclusion regarding a need for classification of SAS for acute inhalation toxicity as required 

in the appropriate guidance in the CLP-regulation. 

2. Results of the acute inhalation toxicity testing with surface-modified SAS 
An overview of the available studies is presented in table 1.  

Acute inhalation studies with some types of surface-modified SAS indicated high mortality 

(most animals died during or shortly after the end of the inhalation exposures) with an 

apparent lethal concentrations expressed as four hour LC50 of 80 mg/m3 (ECETOC, 2006) 

indicating a need for classification for acute toxicity. In addition, the study results could be 

interpreted that non surface-modified SAS may have higher LC50 values as compared to 

surface-modified SAS. 

However, the toxicity database is complex due to the many different SAS types marketed, 

differences in study design, problems to obtain stable test atmospheres due to sedimentation 

of suspended SAS aggregates and agglomerates, rapid agglomeration of SAS in the 

absence of shear stress in the exposure chambers, and the generally limited parameters 

assessed in single exposure inhalation studies. While most studies followed respective 

guidelines for acute inhalation toxicity testing and report to have generated particle sizes 

(expressed as mass median aerodynamic diameter, MMAD) in the ranges required for 
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inhalation toxicity testing of particulate material (MMAD < 4 µm), the reported MMADs have 

to be considered questionable due to complexities of correctly determining particle sizes of 

SAS (Stintz, 2001; Stintz et al., 2008). In some cases, MMADs of the particles actually 

reaching the breathing zone of the test animals were not determined. This is important due to 

the high tendency of SAS to re-agglomeration, specifically at high particle concentrations 

(see below). Yields of respirable particles in the toxicity studies with SAS were usually low 

(comparison nominal vs. actual concentration) and most studies needed to introduce very 

large amounts of SAS into the exposure systems to obtain the desired actual concentrations 

of respirable particles in the size range required by the testing guideline. Some studies 

reported that animals could not be observed during the exposures due to the extreme dust 

concentrations in the exposure chambers. Due to the many issues described, any 

conclusions on the potential of the surface-modified SAS listed in table 1 for acute toxicity is 

severely hampered by the questionable validity of the reported MMADs and thus the highly 

uncertain LC50-values. 
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white	material	in	nasal	tubinates,	larger	dark	
lungs	with	red	areas,	intestines	with	read	areas	

HDK®			SKS	
130		

SD	5	M,	5	F	 Hexamethyl-
disiloxane	

0.2	 4	 350	
770	
2,530	
5,300	
(whole	body)	

910	
1,900	
6,000	
15,000	

Rapid	respiration,	decreased	activity,	labored	
breathing/severe	read	discoloration	of	lungs	

0/10	
0/10	
10/10	
10/10	

Probably	
between	
770	and	
2,530	

Wacker,	
1996a	

HDK®		SKS	
130		

SD	5	M,	5	F	 Hexamethyl-
disiloxane	

7.2	
7.7	

4	 900	
2200	
(nose	only)	

13,100	
25,800	

Labored	breathing,	rapid	respiration,	decreased	
activity,	increased	salivation/red	discoloration	of	
lungs	

0/10	
4/10	

>	2200	 Wacker,	
1996b	

HDK®			SKS	
300	

SD	5	M,	5	F	 Hexamethyl-
disiloxane	

7.1	
7.0	

4	 400	
600	
(nose	only)	

2,900	
4,800	

	

Rapid	respiration,	decreased	activity,	labored	
breathing,	loss	of	righting	reflex,	convulsions	

3/10	
6/10	

estimated	
between	
400	and	
600	

Wacker,	
1996c	

HDK®			SKS	
300	VI	

SD	5	M,	5	F	 Hexamethyl-
disiloxane	with	
vinyl	function	(<	
1%)	

0.1	 4	 80	
340	
1,200	
5,000	
(whole	body)	

300	
1,200	
4,700	
21,000	

labored	and	rapid	respiration,	decreased	
activity/severe	red	discoloration	of	lungs	

5/10	
10/10	
10/10	
10/10	

80	 Wacker,	
1996d	

HDK®			SKS	
300	VI	

SD	5	M,	5	F	 Hexamethyl-
disiloxane	with	
vinyl	function	(<	
1%)	

6.3	
7.7	
6.6	

4	 2,000	
700	
400	
(nose	only)	

9,700	
4,100	
2,000	

labored	and	rapid	respiration,	decreased	activity,	
excessive	lacrimation/severe	red	discoloration	of	
lungs,	granular	extracellular	material	in	alveoli	
(presumed	to	be	test	material)	

10/10	
10/10	
2/10	

estimated	
between	
400	and	
700	

Wacker,	
1996e	

Aerosil®		R	
972	

Not	
specified	5	
M,	5	F	

Dichloro-
dimethylsilane	

0.15	 1	 2,280	 13,700	 Irregular	breathing,	crusted	eyes	and	nose,	
crusted	muzzle,	yellow/brown	stained	fur,	
squinting,	alopecia/no	abnormalities	in	6/10	
animals,	depression	red	lungs,	discoloration	

0/10	 >	2,280	 Cabot,	1982	

Aerosil	R	
974	

Wistar	5	M,	
5	F	

Dichloro-
dimethylsilane	

56%	<	5;	
calculat
ed	
MMAD:	
2.9	*	

4	 477	(technically	
highest	
achievable	
concentration)*
*	

24,400	
	

Restlessness,	closed	eyes/no	abnormalities	 0/10	 >	477	 Degussa,	1983	

*	Density	of	approx.	0.05	g/cm3;	**	Explanation	for	the	high	nominal	concentrations	is	that		Aerosil	R	974	mainly	consists	of	large	agglomerates,	which	have	great	settling	speeds	under	the	

influence	of	gravidity.	Also	seen	with	Aerosil	R	972	(Klosterkötter,	W.,	Archiv	für	Hygiene	und	Bakteriologie	149	(1965),	Heft	7/8).		
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there in large amounts due to rapid re-agglomeration in the absence of shear stress. 

Moreover, the humid surfaces of the lung further promote re-agglomeration of surface-

modified SAS. Deposition of a large particle mass is confirmed in the more detailed 

evaluations of pathological changes in single exposure inhalation studies in rats (table 1 and 

ECETOC, 2006). These confirm that large amounts of inhaled SAS particles were deposited 

in the lower airways and often completely occluded both bronchi and smaller bronchioles. 

This frequently observed particle deposition induces the observed lethality in the studies due 

to mechanical obstruction of airways causing a severe impairment of oxygen uptake into 

blood resulting in suffocation and death. Since an examination of particle deposition is not 

required in the testing guideline, it is therefore not frequently assessed. However, additional 

effects seen in the exposed animals in many of the acute toxicity tests (high lethality during 

particle exposures, steep dose response for lethality, difficulty breathing, full recovery of the 

surviving animals within a short time frame) are additional indications of suffocation as cause 

of death.  

Thus, the adverse effects of SAS after inhalation of high concentrations of respirable 

particles are due to the physical presence of large masses of SAS in the lower airways 

(ECETOC, 2006). Such effects can also occur after single dose inhalation of large masses of 

other small lipophilic particles (Hofmann et al., 2018). Therefore, the observed lethality is not 

due to an intrinsic (toxic) property of SAS. Absence of an intrinsic toxic property of SAS is 

also indicated by the very low potential for acute toxicity of SAS when applied dermally or 

orally. LD50-values for SAS after both oral and dermal single dose application are well above 

2 000 mg/kg bw. Classification of chemical substances for toxicity is to be made on intrinsic 

toxic properties. Therefore, the effects seen in the acute toxicity studies should not be used 

as a basis for classification regarding toxic effects. 

4.1.2 Particle size distribution of commercial SAS is different from the particle 
sizes used in the inhalation toxicity testing 

According to CLP regulation, tests performed for the purpose of the regulation shall be 

carried out on the substance in the form of physical state in which the material is placed on 

the market and in which it can “be reasonably expected to be used”. The relevant particle 

size distribution for both non surface-modified and non surface-modified SAS present in 

commercial marketed products are the sizes of their agglomerates with mean agglomerate 

sizes in the order of several hundred microns (Stintz, 2001) and the weight fraction of 

agglomerates/aggregates that may reach the thoracic and alveolar section (MMAD < 4 µm) 

represents only < 1 % of the overall size-distribution of airborne particles (according to 

EN/DIN 481) (Stintz, 2001). This size-distribution also applies to normal handling and use 

conditions (Stintz, 2001). 
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Continuous application of high shear stress is necessary to obtain a significant reduction of 

the agglomerate sizes of SAS to obtain a high proportion of respirable particles with an 

MMAD below 4 µm as required by the guidelines for acute inhalation toxicity testing. 

Therefore, the available tests do not represent the toxicological behavior of the commercial 

surface-modified SAS products as such (ECETOC, 2006) due to different particle size 

distribution of the mechanically modified SAS used in the inhalation toxicity. The testing 

guideline requiring the presence of respirable particles for hazard characterization and the 

CLP-regulation requesting testing of particulate materials as “they are placed on the market” 

are at odds. As a consequence, the information obtained in the hazard assessment applying 

the required OECD-guidelines to testing of SAS does not permit conclusions on the 

toxicological behavior of the commercial SAS products (ECETOC, 2006) due to the large 

differences in particle size distribution of the SAS used in the inhalation toxicity as compared 

to the marketed SAS. As CLP (see above) requires classification of material on properties of 

the form it is “placed on the market and in which it can be reasonably be expected to be 

used”, the results of the acute inhalation toxicity studies have no/very limited relevance for 

classification of commercial SAS. 

4.1.3 The lower LC50-values reported for surface-modified SAS are likely due 
to differences in the kinetics of agglomeration 

Under realistic conditions, dry surface-modified SAS as placed on the market is present in 

the form of larger agglomerates that are not respirable. Significant shear stress is required to 

generate inhalable smaller agglomerates or single aggregates in a highly dynamic 

equilibrium. In acute inhalation toxicity studies, surface-modified SAS generally show lower 

nominal LC50 values as compared to non surface-modified SAS. These differences are due 

to differences between in agglomeration kinetics due to a reduction of the agglomeration 

forces (van der Waals interactions and hydrogen bridges) as a result of a more hydrophobic 

surface. Formation of larger and non-respirable agglomerates is therefore slower for surface-

modified SAS. For small agglomerates or single aggregates of non surface-modified SAS, 

agglomeration to non-respirable particles is very rapid under the low shear stress 

environment as present in the breathing zone of animals in the exposure chamber. These 

differences in physicochemical properties influence the time course of the concentration of 

respirable particles and correspondingly the effective dose of particles to the lung. For 

surface-modified SAS with lower agglomeration forces, inhalable particles will be present in a 

dust atmosphere for a longer time resulting in higher doses of small agglomerates/single 

aggregates to the terminal bronchioles. This results in airway obstruction by surface-modified 

SAS at lower nominal concentrations as compared to non surface-modified SAS. 

Nevertheless, rapid re-agglomeration and sedimentation of the generated inhalable particles 
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in air at concentrations relevant for acute inhalation testing are observed for both non 

surface-modified and surface-modified SAS. 

4.1.4 Human relevance of suffocation in rodents after high particle loads  
As the high lethality of some surface-modified SAS is due to particle accumulation in the 

lower airways resulting in a blockade of the airways due to a physical barrier, species 

differences in airway anatomy need to be included in assessment of human relevance of the 

reported rodent data. Terminal airways of the rat have a much smaller diameter as compared 

to terminal bronchioles in humans and are thus much more prone to clogging by precipitated 

particles and the resulting suffocation. Therefore, in this case, the rodent model is less 

suitable to define human hazard. Therefore, the reported LC50-values have little human 

relevance. 

4.1.5 Chemical composition and reactivity of SAS  
Both non surface-modified and surface-modified SAS contain silicon and oxygen connected 

in a three-dimensional macromolecule network. Pyrogenic silica typically contains at least 

99.8 % SiO2 and precipitated silica, colloidal silica and silica gel typically contain at least 

95 % SiO2. The hydrophilic nature of non surface-modified SAS is due to the presence of 

silanol groups on the surface. Surface-modified SAS considered in this paper usually are 

obtained by a chemical reaction with hexamethyldisilazane, dimethyldichlorosilane, or 

polydimethylsiloxanes. The first compound forms mono-functional moieties upon hydrolysis, 

whereas the latter two give rise to bi-functional units (ECETOC, 2006; Canada, 2013). In the 

most commercially available surface-modified SAS, the modifying agents are no longer 

detectable. Surface-modified SAS contain two entities on their surface: (1) short chain 

polydimethylsiloxane units, which project off the surface of the silica and somewhat shield 

the remaining hydrophilic entities, and (2) unmodified surface silanols (US-EPA, 2003).  

4.2 No classification for STOT-SE warranted 

4.2.1 Absence of intrinsic toxicity of surface-modified SAS 
Effects seen in the acute inhalation studies can be explained by mechanical airway 

obstruction due to the high particle deposition in the lung. Neither systemic effects on other 

parameters nor effects on the lungs of surviving animals that are indicative of a lung specific 

toxicity were observed in animals sacrificed after the end of the recovery period. The 

reported remaining changes in the lungs are the consequences of the high particle 

deposition in the inhalation exposures and thus do not represent an adverse effect of 

surface-modified SAS and indicate an intrinsic toxicity of hydrophobic SAS. Therefore, again 

due to arguments summarized under 4.1.1, the observations should not serve as a basis for 

classification with STOT-SE. 
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4.2.2 Experimental results on inhalation toxicity of SAS were generated with a 
particle size different from that of the commercial material 

As discussed under 4.1.1, the studies indicating lethality were generated with a specifically 

generated particle size of SAS that do not represent the commercially available materials. 

Therefore, as argued above, the results should not be used as basis for classification.  

 

5. Conclusions 
The database on the acute inhalation toxicity of surface-modified SAS is complex and all 

study results need to be interpreted with caution due to issues with particle generation, 

particle size measurements and stability of respirable particles in the test atmospheres due 

to the need to continuously apply high shear stress. All studies needed to apply very high 

particle loads. The very high load of particles that readily form (larger) agglomerates when 

deposited in the lung thus resulted in effects (obstruction of the airways with lethality due to 

suffocation) that are not an intrinsic property of the hydrophobic SAS, but a result of the 

extreme load of the rodent lung with particulate material. Besides suffocation due to airway 

obstruction, toxic effects to other organs besides the respiratory tract after SAS-inhalation 

were not seen in the acute toxicity studies and did also not occur in repeated dose studies 

with SAS after oral administration. Moreover, the acute inhalation toxicity studies with 

surface-modified SAS intentionally use a form of test material with a much higher respirable 

fraction than is present in commercial surface-modified SAS. Therefore, the acute inhalation 

studies do not characterize an intrinsic toxicological effect of the commercial surface-

modified SAS products. As a consequence, classification of SAS for Acute Inhalation Toxicity 

and STOT-SE is not warranted. The higher potential of surface-treated SAS for acute 

lethality is most likely due to the slower re-agglomeration of the generated respirable 

particles in the exposure chamber to large agglomerates due to reduced binding forces as 

compared to non surface-modified SAS. This slower re-agglomeration results in larger 

particle doses to the lung since inhalable particles will be present for a longer time in the 

chamber atmosphere for non surface-modified SAS as compared to surface-modified SAS. 

An acute inhalation toxicity study with a SAS-type with a low LC50 that integrates a detailed 

pathological assessment of all exposed animals including determination of particle deposition 

in the airways and of oxygen or oxyhemoglobin concentrations in blood during the exposure 

or in animals that died during the exposures and shortly afterwards may further strengthen 

this conclusion. 
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