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Abstract
In order to address risks associated with nanotechnology, there needs to be improved understanding of potential sources 
of engineered nanomaterials (ENMs) into the environment. Nano-enabled products (NEPs) are amongst such sources, 
and the current study identified NEPs sold in South Africa as a means of examining their potential to emit ENMs into 
the environment. Two hundred and sixty-four products were identified, mainly from the health and fitness category 
(66.7%), followed by electronics and computers (15.2%), home and garden (10.6%), appliances (3.8%), automotive (2.7%) 
and food and beverage category (1.1%). The chemical identity of ENMs was reported in 62.8% of those products with 
the top five most common being ENMs (in the descending order) Ti, C, Ag, Si and bisoctrizole. Determining the NEPs 
environmental exposure potential indicated that 63.6% exhibited high exposure potential comprising predominantly 
health and fitness, personal care, cosmetics and clothing products. The priority NEPs in terms of environmental exposure 
were sunscreens, hair relaxers, moisturising lotions, eye creams, cosmetic sera and socks. Assessed through analytical 
examination, NEPs were found to contain ENMs with length and width ranges of 15–350 and 8–185 nm, respectively. 
Our study suggests that most NEPs sold in South Africa pose a high potential for nanopollution, with water resources as 
the highest risk. Mandatory labelling of NEPs is recommended in order to better estimate the extent of nanopollution 
arising from usage of the NEPs.
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1  Introduction

The concerns raised regarding human and environmen-
tal safety aspects of nanotechnology [5, 19, 23] are being 
addressed at a slow pace relative to their development and 
commercialisation rate, and hence pose a threat to the sus-
tainability of nanotechnology [3, 11, 30]. The lack of robust 
data on sources and environmental exposure characteris-
tics of engineered nanomaterials (ENMs) [19, 31] coupled 
with the ENMs’ toxicity potential [18, 26, 27, 29] hamper 

risk assessment efforts that can inform decision-making 
to mitigate or manage their associated risks. Large data 
sets that currently exist are generated predominantly from 
studies with pristine ENMs and therefore do not compare 
well to those applied in products and processes, and thus 
are inadequate to support meaningful risk assessment 
tasks. There have been rising calls to examine various life 
cycle phases involved in nanotechnology applications to 
assist in addressing the persistent lag in nanotechnology 
risk assessment efforts.
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Nano-enabled products (NEPs) constitute potential 
sources of ENMs release into the environment (nanopo-
llution), and there have been initiatives to characterise 
such products as a means of examining potential implica-
tions for environmental health (http://www.nanot​echpr​
oject​.org/cpi; http://nanod​b.dk; [12, 35, 40]). The project 
of emerging nanotechnologies (PEN), the oldest initiative 
initiated in 2005, has recorded 1827 NEPs that are available 
in certain countries in North and South America, Europe, 
Asia and Australia (http://www.nanot​echpr​oject​.org/cpi). 
The data being generated by these initiatives are valuable 
in supporting efforts for risk assessment of NEPs. However, 
findings are not easily applicable between international 
regions because differences in socio-economic factors 
(e.g. GDP, population size, market diversity and dynamics) 
and other aspects that affect the rate of NEPs application, 
disposal patterns and waste management [8, 16, 37] can 
influence the extent of nanopollution arising from usage 
of NEPs. Furthermore, different NEPs exhibit different 
potentials to emit ENMs into the environment (exposure 
potential) based on their design, use and disposal. For 
instance, the incorporation and location state of ENMs in 
the product influence the ease and rate at which these 
are released from the product [10, 13, 14]. The exposure 
potential between human and environmental recipients 
also differs. Moreover, different ENMs have different phys-
ico-chemical and toxicological properties; therefore, such 
basic information needs to inform the classification and 
prioritisation of NEPs for environmental risk profiling. The 
current study is unique in that NEPs in local markets were 
not only identified and categorised according to their envi-
ronmental exposure potential, but also examined using 
a suite of analytical techniques for hazard identification; 
currently no study has adopted such a detailed approach.

South Africa has taken initiatives to evaluate the risks 
associated with nanotechnology, although so far such 
efforts have been poorly coordinated and not harmonised 
for a common national objective. As a result, calls have 
been raised for the development of a coordinated national 
nanotechnology health, safety and environment (HSE) 
research strategy [23] that aims to: (1) identify principal 
sources of exposure and exposure routes, (2) investigate 
physico-chemical properties that affect the environmental 
transportation and behaviour of ENMs and (3) investigate 
various environmental factors that affect the environ-
mental transformation of ENMs. The present study was 
undertaken as a response to local Nanotechnology HSE 
initiatives, viz. to identify sources of nanopollution and 
exposure routes in the environment. It provides the first 
scientific record of NEPs in South Africa and the African 
continent, hence widening the global profiling of nano-
technology environmental implications. The study under-
took physico-chemical characterisation of the hazard 

(ENMs) in the identified NEPs and examined the NEPs’ envi-
ronmental exposure potential. “Priority” NEPs cases were 
identified based on their high ENMs’ environmental expo-
sure potential, and the priority NEPs should be the focus 
of risk estimation in the future; the current study did not 
extend to risk calculation. However, our research group 
has already started examining the environmental expo-
sure release of ENMs during the life cycle of some priority 
NEPs identified inhere [25]; such a tiered approach will be 
useful to identify candidates for dose–response evaluation 
within the risk assessment pathway.

2 � Materials and methods

2.1 � Identification of NEPs

The inclusion of products in the present study was limited 
to products which contained ENMs in its formulation as 
shown by the labelling on the package or ingredients list. 
Locally sold NEPs were identified through online searches 
of manufacturers’ and store/retailer’s websites (limited to 
.za domain) as well as physical store visitations for identi-
fication on the shelves.

2.2 � Evaluation of environmental exposure potential

Once a NEP was identified, the incorporated ENMs chemi-
cal type, location and claimed function/property (if pro-
vided), as well as product-use category, were recorded. 
Briefly, the ENMs location refers to the position of the 
ENMs in the NEPs or how it is incorporated; the different 
categories are provided in Table S1. The product-use cat-
egorisation (health and fitness, home and garden, elec-
tronics and computers, food and beverages, automotive 
and appliances) and the classification of the ENMs loca-
tion of Hansen et al. [14] were used in the present study. 
Commonly, the function of the ENMs was not provided 
by the manufacturers, and therefore, further literature 
consultation was conducted to determine its potential 
function. A qualitative procedure to assess the NEPs envi-
ronmental exposure potential was adopted and informed 
by the following parameters: the location of ENMs in the 
NEP, intended product use, estimated ENM concentration, 
usage patterns and the release factor.

The first step in this assessment  involved using the 
location of ENMs in a given NEP to estimate the exposure 
potential (i.e. likelihood to release ENMs) to the environ-
ment, and the outcome can either be low, medium or 
high exposure potential (Table S1). To illustrate: for the 
“suspended in solid” category, products can be assigned 
either a high or low release potential. A solid nanocompos-
ite such as those used in tennis/hockey rackets is assigned 

http://www.nanotechproject.org/cpi
http://www.nanotechproject.org/cpi
http://nanodb.dk
http://www.nanotechproject.org/cpi
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low exposure potential, whereas powdered products are 
assigned a high exposure potential. In addition to the 
assessment based on the ENMs location in NEPs, the NEPs 
with medium or high exposure potential were further eval-
uated by incorporating additional exposure assessment 
parameters, namely the estimated ENMs concentration 
in the NEP, NEP usage rate and release factor (RF). The RF 
refers to the fraction of ENMs that can be released in com-
parison with the amount of product used, which in turn is 
influenced by how the product is used. Various assump-
tions were made when assigning concentration and usage 
rate values. Firstly, the concentration of ENMs in a given 
NEP will be the same across countries as such products are 
largely manufactured by multi-national companies, and 
secondly the published data on the usage rate of a given 
NEP are globally homogenous. Each input value (concen-
tration and usage rate) was then assigned a weight rating 
which was in turn used to determine the overall environ-
mental exposure potential. The rating was both qualita-
tive (very low to high) and numerical (1–4), as illustrated 
in Table 1. The higher the numerical score, the higher the 
exposure potential, and each exposure assessment param-
eter was ranked separately. For example, a given NEP can 
be rated low in terms of concentration but has a medium 
rating in terms of usage rate.

2.3 � Characterisation of ENMs in NEPs

A selection of NEPs that exhibited high environmental 
exposure potential, and thus considered as a likely source 
of nanopollution posing high environmental exposure, 
were characterised to confirm the presence of ENMs and 
their characteristics. The products included three sun-
screens containing TiO2 (Sun 1–3), a moisturising cream 
with ZnO (MC 1), and an eye cream with SiO2 (MC 2).

2.3.1 � Extraction of ENMs from NEPs

n-Hexane, hydrofluoric acid (HF) (47-51%), nitric acid 
(HNO3) (≥ 65%) and hydrogen peroxide (H2O2) (35%) 

were obtained from Sigma-Aldrich (South Africa). Ethanol 
(99%) was obtained from Merck (South Africa). Acetone 
and boric acid (H3BO3) were obtained from Associated 
Chemical Enterprise (South Africa). Calibration and internal 
standards for ICP-MS were obtained from De Bruyn Spec-
troscopic Solutions (South Africa) and are traceable to NIST 
reference materials.

Solvent extraction was applied in order to preserve the 
incorporated ENMs in their (nano) particulate form. The 
ENMs were extracted by weighing 2 g of the NEP sam-
ple into a 50 mL centrifuge tube; 30 mL of n-hexane was 
then added, and the mixture vortexed for 30 s and bath 
sonicated (ultrasonic cleaner 705; Scientech) for 20 min. 
The mixture was shaken at 120 rpm for 12 h in a shaker 
at 25 ± 2  °C before centrifugation (Centrifuge refriger-
ated Z 326K, Hermle) at 6000 rpm for 30 min. The super-
natant was discarded, and 30 mL ethanol was added to 
the pellet and centrifuged, as previously described. After 
centrifugation, the supernatant was discarded and 10 mL 
of acetone was added to the pellet, vortexed for no less 
than 30 s and centrifuged at 6000 rpm for 30 min. This step 
was repeated, and the residue of the remaining solvent 
was evaporated in oven at 80 °C under vacuum and then 
ground into a powder which was analysed as described in 
the section that follows (Sect. 2.3.2).

2.3.2 � Characterisation

For scanning electron microscopy (SEM), the dried pow-
ders were immobilised on double-sided carbon-coated 
tape, and imaged with a Zeiss Auriga Cobra FEGSEM at 
an accelerating voltage of 5 kV. Energy-dispersive spec-
troscopy (EDS) was used to determine the elemental com-
position of the sample. For high-resolution transmission 
electron microscopy (HRTEM), 60 mg of the extracted pow-
der was dispersed in 10 mL of ethanol ultra-sonicated for 
30 min, before mounting on carbon-coated copper grids 
and drying at room temperature. The samples were exam-
ined with a JEOL JEM 2100 HRTEM coupled with EDS at 
200 kV. Multiple images of each sample were taken for 
subsequent particle-size analysis with Image J software.

Nanoparticle tracking analysis (NTA) was performed on 
a NanoSight NS500 (Software 3.0) as a rapid screening tool 
for the presence of ENMs in the samples irrespective of 
their shape and chemical nature. Fifty milligrams of the 
dried powder was mixed with 10 mL of deionised water 
and sonicated for 30 min. The suspension was filtered 
using a 0.45 µm syringe filter and sonicated for a further 
10 min before analysis. Analysis was conducted in tripli-
cate, and each replicate was analysed by recording three 
30-s videos. If the sample was too concentrated, further 
dilution was undertaken. The X-Ray diffraction (XRD) anal-
ysis was undertaken to determine the crystalline structure 

Table 1   Scoring criteria of different exposure attributes used 
to evaluate NEPs potential environmental exposure for ENMs. 
Adopted from Tiede et al. [34]

*g/p/d = grams per person per day

Concentra-
tion (wt%)

Usage rate (g/p/d)* Qualitative rating Numeri-
cal 
rating

< 1 < 0.1 Very low 1
> 1 ≤ 5 > 0.1 ≤ 1 Low 2
> 5 ≤ 10 > 1 ≤ 10 Medium 3
> 10 > 10 High 4



Vol:.(1234567890)

Research Article	 SN Applied Sciences (2019) 1:577 | https://doi.org/10.1007/s42452-019-0584-3

of TiO2 in sunscreens. A Rigaku Ultima IV X-ray diffractom-
eter was operated using Cu Kα radiation under the follow-
ing conditions: 40 kV and 30 mA, 2θ range of 5°–90° with 
step size of 0.01 and a 2°/min scan speed.

The elemental concentration of the metal was deter-
mined with ICP-MS following sample dissolution of the 
metal-oxide nanoparticles using microwave-assisted acid 
digestion. For this purpose, the NEP sample was used 
instead of the extracted sample. A NEP sample of 0.2 g was 
weighed into a Teflon vessel, and then, 4 mL of HNO3, 2 mL 
of H2O2 and 1 mL of HF were added. The samples where 
digested with microwave (Multiwave Pro, Anton Paar) 
under the following conditions: ramp to 500 W for 5 min, 
hold at 500 W for 20 min. After cooling, 6 mL of 4% (w/w) 
H3BO3 was added to each sample to complex the excess 
HF. This was achieved by ramping the microwave power to 
400 W for 15 min, and then held at 400 W for 10 min. The 
contents of the tube were decanted and diluted to 50 mL 
with deionised water. Total elemental concentration was 
determined with ICP-MS (iCAP Q) using 45Sc (for Zn) and 
73Ge (Ti and Si) as internal standards. The examination of 
the method’s recovery efficiency was undertaken by spik-
ing the cream matrix with a known amount of TiO2 and 
then digested as before.

3 � Results and discussion

3.1 � Nano‑enabled products

Two hundred and sixty-four (264) NEPs were identified 
spreading across six product-use categories, namely: 
health and fitness, electronics and computers, home and 
garden, appliances, automotive and food beverages (Fig. 1; 
Table S2). The health and fitness category dominated, 

making up 66.7% of the identified products, followed by 
the electronics and computer at 15.2%, home and garden 
at 10.6%, appliances at 3.8%, automotive at 2.7%; and the 
least proportion was in the food and beverage category, 
which accounted for just 1.1%.

In the health and fitness category, most NEPs were per-
sonal care and cosmetic products (52.8%), followed by 
sunscreens (29.5%), sporting goods (11.9%) and least pro-
portion was clothing (5.7%). The electronics and computer 
category consisted mainly of television sets and camera 
lenses. The home and garden category consisted of clean-
ing and maintenance products (67.9%) and paints and 
coatings (28.6%). In the appliances category, the products 
were refrigerators and air conditioners. The products in the 
automotive category were mostly cleaning and mainte-
nance products. All the products in the food and beverage 
category were supplements. The dominance by the health 
and fitness NEPs is similar to trends reported in Singapore 
[40], Europe [12] and the Consumer Product Inventory 
(CPI) nanodatabase [35]. The number of NEPs identified in 
South Africa is considerably lower than that in the CPI and 
The Nanodatabase which stand at 1827 and 3037 NEPs, 
respectively. However, an increase locally is anticipated in 
the future as indicated by the trends observed in both the 
CPI and The Nanodatabase over the years.

The chemical type of ENMs incorporated was stated 
in 62.8% of the identified products, whilst for the rest it 
was either not declared or poorly defined (e.g. “nano-
coating”) (Fig. 2). The most frequently used ENMs in the 
identified products were TiO2, carbon-based materials, 
Ag and SiO2. It is noteworthy that the chemical identity 
of ENMs was not declared in any product from the home 
and garden category. The application of TiO2 ENMs was 
predominantly in sun protection and cosmetic products, 
probably in pursuit of UV absorptive capacity, similarly for 

Fig. 1   The number of identi-
fied nano-enabled products in 
South Africa and their classifi-
cation into use categories
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bisoctrizole and ZnO. Carbon-based ENMs were used in 
sporting goods (53.1%) such as rackets, probably as car-
bon nanotubes (CNTs) and other carbon derivatives and in 
cosmetics (46.9%) as a colourant. Silver ENMs were used as 
antimicrobial agents in hair-care products (66.7%), filtra-
tion membranes (18.5%) and in clothing (11.1%). Indium 
selenide quantum dots were used in display-screen prod-
ucts such as televisions, whilst Au ENPs were used in cos-
metic products for anti-oxidant and soothing properties. 
The chemical identity of ENMs was not stated or poorly 
defined in 37% of the NEPs, and such lack of information 
is one of the factors that hamper progress in performing 
robust exposure assessment, hazard evaluation and ulti-
mately risk assessment of NEPs. Calls have been raised for 
mandatory declaration of the type of ENMs in NEPs, and 
in some cases, mandatory labelling is exclusive to certain 
product categories, for instance personal care products in 
the USA (http://nanot​echia​.org/news/nanom​ateri​als-us-
scien​ce-score​card-perso​nal-care). In South Africa, there 
are currently no requirements for manufacturers to declare 
NEPs for local markets and it is assumed that most prod-
ucts identified in this study are produced by multinational 
companies and packaged for international markets where 
the declaration of NEPs is mandatory or encouraged. How-
ever, even in the regions where the declaration of NEPs is 
required, the chemical identity of ENMs and other proper-
ties may still not be reported. For instance, the European 
Cosmetic Directive stipulates mandatory declaration for 
nano-enabled cosmetics (Regulation EC 1223/2009) [6] 
although in about 50% of cosmetics identified in The Nan-
odatabase the chemical type of ENMs was not reported 
[12]. Thus, local enforcement for NEPs declaration can 
enhance the identification of NEPs of concern pertaining 
environmental risks.

3.2 � Assessment of environmental exposure 
potential

Amongst the identified NEPs, the location of the ENMs was 
determined to be in the following categories: suspended 
in liquid, suspended in solid, airborne, surface-bound and 
nano-structured surface (Fig. 3). The ENMs were found to 
be predominantly suspended in liquid, and the products 
were mostly health and fitness NEPs such as personal 
care products, cosmetics and sunscreens. In almost all 
the NEPs (96.4%) in the home and garden category, the 
ENMs were suspended in liquid and thus possessed high 
likelihood to release ENMs into the environment. The pro-
portion of products with ENMs suspended in solid was 
14.4%, and these were mostly health and fitness products 
such as sporting goods (50%), personal care and cosmet-
ics (28.9%). The products with nano-structured surfaces 
were predominantly electronics and computer products, 
for instance coated lenses. Airborne ENMs were used only 
in the appliances category, specifically air conditioners. 
The products with surface-bound ENMs made up 12.9% 
of the identified NEPs, 85.3% of which were health and 
fitness products, and 14.7% were clothing and appliances.

The outcomes of the environmental exposure potential 
in the identified products are illustrated in Fig. 4. Of the 
identified NEPs, 63.6% were found to possess high poten-
tial for ENMs environmental exposure. This was predomi-
nantly for NEPs with ENMs suspended in liquid (88.1%), but 
there were also cases of ENMs suspended in solid (7.1%), 
airborne (2.9%) and surface-bound (1.8%). With respect 
to product-use category, the high exposure potential 
NEPs were health and fitness products, personal care, 
cosmetics and clothing. All NEPs in the automotive and 
food–beverages category had high exposure potential, viz. 

Fig. 2   The chemical type of ENMs claimed to be used in the identified products. Inse QDs indium selenide quantum dots, PTFE polytetra-
fluoroethylene

http://nanotechia.org/news/nanomaterials-us-science-scorecard-personal-care
http://nanotechia.org/news/nanomaterials-us-science-scorecard-personal-care
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cleaning and surface protection liquids and supplements, 
respectively. Medium environmental exposure potential 
was identified in 23.5% of the identified NEPs, mostly with 
surface-bound ENMs and those that are nano-structured 
at the surface. Only 12.9% of the NEPs exhibited low envi-
ronmental exposure potential and were made up of those 
with nano-structured surfaces and ENMs suspended in 
solid.

The dominance of NEPs with medium and high ENMs 
environmental exposure potential observed for South 
Africa is similar to other international findings [12, 35, 

40]. The low-tier assessment of environmental exposure 
undertaken was meant to guide the identification and 
prioritisation of cases of concern for nanopollution. We 
then proceeded to further examine exposure potential 
of the identified medium and high environmental expo-
sure NEPs whose chemical type of ENMs was known. The 
assessment indicated that personal care NEPs such as 
hair relaxers, moisturising lotions and sunscreens pre-
sent a high priority case as likely sources of nanopollu-
tion, as they exhibited high exposure score and release 
factors for ENMs (Table 2).

Fig. 3   The location of ENMs in NEPs across different product-use categories

Fig. 4   The ENMs exposure potential assessment for the environment in NEPs
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The environmental exposure assessment based on the 
ENMs’ loci in NEPs adopted in the present study at a low 
tier was valuable in identifying priority NEPs nanopollut-
ants in South Africa, considering no previously published 
information existed to guide such an assessment. How-
ever, it is important to caution that a different outcome 
can be observed when other exposure assessment factors 
are considered. For instance, eyeshadows and sunscreens 
exhibited high exposure potential based on the location 
of ENMs; but when usage rate and RF were considered in 
the assessment, a different exposure rating was observed 
for the two products (Table 2). The inclusion of the RF in 
this study was important because it relates to the likeli-
hood of ENMs release during the actual use of the NEPs. 
For instance, the RF of the nutritional supplements to the 
environment is low because oral uptake is the main route 
of exposure, and ENMs such as Ag and ZnO are expected 
to be dissolved in the acidic environment of the intestinal 
tract [40]. Their eventual release is expected to be reduced 
due to potential biotransformation, uptake and excretion 
processes. For most of the cosmetics (e.g. concealers and 
eyeshadows), the RF to water was relatively lower when 

compared to sunscreens and moisturising lotions because 
of the assumption that in the former most of the prod-
ucts remain in facial cotton wool after being wiped off 
and therefore disposed as solid waste [40]. For sunscreens 
and moisturising lotions, however, the RF was above 90% 
because of high likelihood of the product being released 
into water systems during bathing and swimming.

Overall, the current findings indicate that most identi-
fied NEPs, especially those in the health and fitness cate-
gory, are expected to release ENMs into environment with 
relative ease, with water resources being the most likely 
immediate recipients, and thus are a priority for South 
Africa. This will require rigorous scientific examination in 
order to closely estimate the environmental implications. 
Similarly, there is likelihood for ENMs being released dur-
ing use even for NEPs with medium exposure potential. 
For products with low environmental exposure potential, 
the ENMs are usually deeply embedded in the matrix; and 
whilst the likelihood of them being released during use 
is negligible, exposure from such products is expected 
to occur during their manufacturing, disposal and recy-
cling. Higher tier assessments, such as modelling of ENMs’ 

Table 2   The exposure potential ranking of different NEPs

The values in the bracket are the numerical rating
a Value based on the concentration supplied on products of the same brand sold in Australia
b Value based on Keller et al. [17]
c Value based on Botta et al. [4]
d Value based on the maximum allowable concentration as per regulation of the Scientific committee on consumer safety (SCCS)
e Value based on study by Benn and Westerhoff [2]
f Value based on Taufikurohmah et al. [32]

Product type ENM type Concentration (%wt) Usage rate (g/pc/d) Exposure score Release 
factor 
(%)

Hair relaxer SiO2 3.0d (2) 0.2 (2) 4 100
Sunscreen TiO2 6.0a (3) 0.9 (2) 5 90
Sunscreen Bisoctrizole 10.0d (3) 0.9 (2) 5 90
Sunscreen TiO2 6.9b (3) 0.9 (2) 5 90
Sunscreen TiO2 3.93c (2) 0.9 (2) 4 90
Eye cream ZnO 3.0d (2) 0.00003 (1) 3 10
Eye shadow Carbon black 10d (3) 0.00003 (1) 4 10
Moisturising cream ZnO 3d (2) 1.1 (3) 5 95
Moisturising cream SiO2 5.0d (2) 1.1 (3) 5 95
Nail polish Carbon black 5.0d (2) 0.1 (2) 4 –
Nail Polish SiO2 5.1d (3) 0.1 (2) 5 –
Concealer SiO2 2.0d (2) 0.8 (2) 4 30
Socks Ag 0.27e (1) 89 (4) 5 90
Foundation TiO2 and ZnO 5.4 (TiO2) (3) and 12.0 (ZnO) (4)b 0.8 (2) 5 and 6 30
Membrane filter Ag – – – –
Cosmetic serum Au 20 (4)f 0.055 (1) 5 95
Eye cream Au 20 (4)f 0.055 (1) 5 95
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volumes released during product usage, are still necessary 
to generate robust quantitative data, providing in-depth 
information regarding the extent of nanopollution from 
the use of NEPs in South Africa.

3.3 � Characterisation of the physico‑chemical 
properties

A sample of NEPs that exhibited high environmental expo-
sure potential were then experimentally examined to 
obtain the characteristics of the incorporated ENMs, being 
three sunscreens and two moisturising creams (Table 3). 
The ENMs were detected in all the NEPs samples examined, 
thus confirming the manufacturers’ nano-claim (Figs. 5, 6; 
Table S3), and the ENMs size ranges obtained were com-
parable to other studies [1, 21, 22] Additionally, the pres-
ence of TiO2 and SiO2 ENMs in Sun 1–3 and MC 2, respec-
tively, was confirmed (Figures S1–S2). However, for MC 1 
no Zn was detected by either EDS or ICP-MS, although Ti 
was detected instead, suggesting rather the presence of 
TiO2 ENMs. The findings suggested that either the claim 
by the manufacturer for MC 1 was incorrect or the ZnO 
ENMs concentration was below the lower detection limits 
of the equipment utilised. Erroneous ENMs reporting by 
manufacturers has been observed previously [1]. Electron 
microscopy showed that the ENMs were predominantly 
agglomerated with variable size and shape. The Sun 1 and 
Sun 2 samples contained a mixture of rectangular, rod-like 
TiO2 particles with sizes ranging 8–34 nm in width and 
20–121 in length. Sample Sun 3 contained spherical-like-
to-oval-shaped ENMs, ranging 15–86 nm in width and 
15–105 nm in length. The particles in MC 1 were mostly 
near spherical with some being hexagonal, exhibiting a 
wide size distribution, ranging from 50 to 350 nm. Whilst 
there was an overlap in the size distribution of the particles 
determined by TEM and NTA, the modal size value deter-
mined with NTA was greater than the ones determined 
with TEM. This may be due to the fact that NTA cannot 
distinguish agglomerates and individual particles, whilst 
TEM allows for measurement of individual particles. None-
theless, NTA can be used as a valuable rapid screening 
tool for ENMs in samples prior to more detailed analysis 

with electron microscopy. The size distribution and modal 
values determined by NTA and TEM are summarised in 
Table S3. The acquired XRD patterns of the extracted par-
ticles from TiO2-containing samples (Fig. 7) were compared 
to the known XRD patterns of TiO2 in literature [33, 39]. It 
was found that the TiO2 ENMs in Sun 1–2 and MC 1 were 
rutile (the most common natural form of TiO2), whereas 
Sun 3 contained anatase (a common modification of TiO2) 
with small amount of rutile. The preferable use of rutile 
over anatase in sunscreens arises from the lower toxicity 
of the former due to its lower photocatalytic activity [7, 
15]. Even when TiO2 in sunscreens are coated with layers 
of Al and Si hydroxides, they are subjected to degradation 
by environmental factors such as sunlight, and can thus 
expose bare TiO2 [20, 36]. The properties of TiO2 ENMs in 
sunscreens observed in this study have been observed by 
others [1, 4, 21, 22] (Fig. 7).   

Detecting the inorganic elemental concentrations of 
the ENMs with ICP-MS was successful as a recovery rates 
were 73.4 and 91.97% for Si and Ti respectively; thus 
illustrating the efficiency of the digestion process which 
was comparable to another study [28]. The percentage 
weights of Ti were 2.14 ± 0.074, 1.56 ± 0.012, 1.23 ± 0.045 
and 0.34 ± 0.052% for Sun 1, 2, 3 and MC 1, respectively, 
and that of Si was 0.87 ± 0.034% for MC 2. However, these 
were within ranges reported elsewhere as generally the 
elemental content of ENMs is often no more than 10% 
wt of the NEPs in which they are found [4, 38]. The very 
low concentrations of ENMs in NEPs have been raised as 
a hindrance to risk estimations, as commonly insufficient 
mass can be extracted or released to undertake robust 
experimental examination such as toxicity testing [24]. 
The issue is further complicated by the challenging and 
time-consuming extraction of ENMs from NEPs, which can 
influence the quality of data generated with ICP-MS and 
electron microscopy. For instance, incomplete elution of 
the organic matrix can limit the sizing of ENMs (Figure S3). 
Standardised protocols are urgently needed in this regard.

It is important to highlight that whilst the current 
section presents characteristics of the ENMs extracted 
from NEPs, ENMs are not necessarily released into the 
environment in a “pure” state. For instance, the ENMs are 

Table 3   The exposure 
attributes of NEPs evaluated 
for the physico-chemical 
properties of incorporated 
ENMs

Product Declared 
ENM type

Location of ENMs Estimated con-
centration (%wt)

Usage rate 
(g/p/d)

Release 
factor (%)

Expo-
sure 
score

Sun 1 TiO2 Suspended in liquid 6.9 0.9 90 5
Sun 2 TiO2 Suspended in liquid 6.0 0.9 90 5
Sun 3 TiO2 Suspended in liquid 6.0 0.9 90 5
MC1 ZnO Suspended in liquid 4.8 0.9 95 4
MC 2 SiO2 Suspended in liquid 5.0 0.9 95 4
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embedded in complex product matrices mostly of organic 
nature (Figure S3), and therefore not released immediately 
to the environment as free entities. Instead, it is the com-
plex ENMs-containing matrix that is initially released and 
which must then undergo environmental physico-chem-
ical transformations before the ENMs are subsequently 
released (nanopollution). Hence, a more realistic picture 
of the physico-chemical properties of ENMs in the envi-
ronment is obtainable from release studies rather than 
from extraction studies. The physico-chemical nature of 

such ENMs is influenced by the product life cycle, as well 
as ageing and transformation processes in the receiving 
environment [24]. Therefore, we raise the call for more 
release studies with the priority source NEPs identified in 
this study as a basis for more quantitative data.

3.4 � Concluding remarks

This is the first study in South Africa, and the African con-
tinent, that identified commercial NEPs and prioritised 

Fig. 5   Scanning electron microscopy of selected NEPs. a Sun 1, b Sun 2, c Sun 3, d MC 1, e MC 2
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them based on their likelihood to emit ENMs into the 
environment. It is anticipated that the present study not 
only advances scientific knowledge with respect to the 
environmental implications of NEPs, but also has relevance 
to the general public debate, and environmental regula-
tion in South Africa regarding steps towards government 
policy development..

The study identified 264 NEPs available in the South 
African market and examined their potential to release 
ENMs into the environment.

•	 Health and fitness products in the form of personal care 
and cosmetics and sunscreens were the dominant pro-
portion of the identified NEPs.

•	 There was high occurrence of products for which the 
chemical identity of their ENMs was not reported by 
the manufactures, presenting an information gap with 
respect to robust identification of ENMs sources into 
the environment. Experimentally, no NEP in this cat-
egory was examined; however, from the sample that 
was examined by ICP-MS and EDS, the manufacturer-

Fig. 6   Transmission elec-
tron microscopy images of 
extracted particles from com-
mercial NEPs. a Sun 1, b Sun 2, 
c Sun 3, d MC 1, e MC 2
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provided ENMs elemental information was mostly cor-
rect, suggesting relatively high reliability of manufac-
turer information; but low levels of incorrect reporting 
can be expected.

•	 It is concerning that the majority of NEPs identified 
exhibited medium and high ENMs exposure potential 
for the environment, indicative of current potential 
nanopollution of water resources although the extent 
is yet to be estimated.

•	 The health and fitness as well as home and garden 
NEPs were observed to exhibit elevated ENMs expo-
sure potential for the environment. We identified 
these to include sunscreens, hair relaxers, moistur-
ising lotions, eye creams, cosmetic sera and socks 
to be priority sources of ENMs into water resources. 
We propose that local studies investigate exposure 
potential and effects of ENMs in the environment 
(mostly water resources) arising from NEPs focus on 
this priority list. Such efforts should include release 
studies, life cycle assessments and environmental 
mass flow estimations of ENMs from NEPs. In that 

way, more valuable data would be generated as a 
means of shedding more insights into the extent 
of ENMs environmental pollution, more so because 
ENMs have been identified as an emerging case of 
concern for water resource quality in South Africa [9].

•	 We relied fully on the manufacturers’ “nano” claim, in 
identifying NEPs and as such there is a likelihood of 
additional NEPs that were missed in the current study 
due to the lack of mandatory declaration in South 
Africa, or even erroneous declaration. Thus, we pro-
pose that government authorities consider estab-
lishing a requirement for manufacturers to declare 
and label NEPs sold in South Africa as nano-enabled 
including chemical type of incorporated ENMs. This 
will help in collecting locally relevant information in 
order to understand the extent of nanopollution and 
whether or not regulation is necessary.
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