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Abstract: This review provides a detailed inventory anal-
ysis of the manufacturing process of a cosmetic cream using
gold nanoparticles (AuNPs) and hydroxylated fullerene
water complex (3HFWC) as novel nanocomponents for
cream. The inventory analysis was focused on the evaluation
of the two raw materials of the nanocomponents, the con-
sumption of electricity and water, which enabled an insight
into the process flows within the production process. The
data obtained from this analysis of the inventory of nano-
components provide an insight into the potential improve-
ments that can be made in the manufacturing process of
nanocomponents, in order to reduce the environmental
impact of the production of new cosmetic creams. These
results will serve as the basis for the second part of the
analysis, where a life cycle analysis will be carried out to
assess the environmental impacts of cream production from
the acquisition of raw materials to the disposal of the final
product.
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1 Introduction

Sustainable and environmentally friendly practices are
becoming more and more important in various industries,
including cosmetics.™* As the demand for environmentally
friendly products continues to increase, it has become
imperative for companies to conduct a Life Cycle Analysis
(LCA) to assess the environmental impact of their products
throughout their life cycle.

The global and profitable cosmetics industry offers a
variety of products to improve the way consumers look and
feel.® Cosmetic cream is one of the most popular and widely
used products in this industry, with applications ranging
from moisturising, anti-ageing and sun protection to skin
whitening. The cosmetics industry enhances these effects
with novel ingredients, such as gold nanoparticles (AuNPs).
AuNPs are reported to have anti-ageing and skin-hydrating
properties.* However, there is concern regarding their
potential toxicity, especially in relation to their size. Smaller
particles, up to about 20 nm, have more potential for skin
penetration than larger ones from 40 nm upwards, as
tested.’ There are reports of 28 nm AuNPs having a weak
toxicological response on hairless mouse skin, while larger
sizes of 49 and 73 nm showed no toxicological response.® This
response is also achieved with AuNPs embedded in cosmetic
creams, as the interaction between the AuNPs and cosmetics’
ingredients seems to play a critical role in toxicity enhance-
ment or reduction. Studies showed the toxic and non-toxic
nature of AuNPs, depending on their characteristics, prepa-
rations and physicochemical properties. As such, their overall
effects are not considered conclusive, with more studies
required to focus on their changes in physical properties
before and after treatment with biological media.”

The production and consumption of cosmetic creams
also have significant environmental impacts that must be
assessed and mitigated.” The purpose of all studies is to use a
life cycle analysis to assess the environmental impacts that
occur throughout the entire life cycle of cosmetic cream
production, i.e. from the acquisition of raw materials, the
supply and transport of materials and packaging, as well as
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the production itself, to the handling of the products after
use.” The primary task of the LCA method is to provide in-
formation on the basis of which we can make environmen-
tally oriented business decisions, for example, comparing
the environmental impacts of different products, choosing
different materials, developing a new product, choosing
technological processes that are less harmful to the envi-
ronment, introducing new recycling processes, or choosing
suitable packaging. The purpose of modern research is to
assess the environmental impacts of cosmetic creams in
their life cycle, and to stimulate marketing activities that will
increase the use of more environmentally friendly products.

The inventory analysis involves the following steps:

(1) Identification of the system boundaries: Definition of
the assessment’s functional unit and system bound-
aries. This includes determining which processes and
activities are included in the inventory analysis, and
which inputs and outputs are considered.

(2) Collection of data: The inputs and outputs of each pro-
cess and activity within the system boundaries. These
data may include information on the raw materials
used, energy consumed, water consumed, emissions
released, and waste generated at each life cycle stage.

(3) Conversion of the data to a standard unit: Conversion
of the data collected to a standard unit of measurement
allows for data comparison and aggregation. For
example, energy inputs may be converted to kilowatt-
hours, while emissions may be converted to kilo-
grammes of carbon dioxide equivalents.

(4) Quality check: Review the data for accuracy,
completeness and consistency. This involves validating
the data with industry experts, or performing sensi-
tivity analyses to test the impact of different assump-
tions and data sources.

(5) Calculation of the inventory results: We used software
tools and databases to calculate the total inputs and
outputs for each life cycle stage and the total inventory
results for the entire life cycle. This involved using the
specialised LCA software OpenLCA, which contains
pre-populated environmental data databases for
various products and processes.

(7) Documentation of the inventory: The inventory data
and methods used in the analysis will be documented
transparently and consistently, to facilitate the repro-
ducibility and comparability of the results.

In this review, we have analysed the raw materials of the
cosmetic cream, which will serve as the basis for the assess-
ment of the product’s life cycle. More precisely, we have
studied all the procedures of making a cosmetic cream at
different stages of the production process. We also assessed
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the environmental impacts of the production process, such as
energy consumption, greenhouse gas emissions and water
consumption. The purpose of the inventory analysis was to
provide a comprehensive understanding of the environ-
mental impact of the cosmetic cream, and to identify oppor-
tunities to improve the production process. These results will
help the entire cosmetics industry to improve the sustain-
ability of their products and reduce their environmental
footprint. The inventory analysis performed in this review will
serve as the basis for a comprehensive life cycle assessment of
the cosmetic cream. The LCA will assess the environmental
impact of a product throughout its life cycle, including the
procurement of raw materials, production, distribution, use
and disposal. By performing the LCA we aim to identify areas
of the product’s life cycle with the most significant impact on
the environment, and evaluate the effectiveness of possible
improvement strategies. In addition, the LCA will allow us to
compare the environmental impact of the cosmetic cream
with other similar products on the market and determine its
overall sustainability. The findings of this inventory analysis
and LCA will be valid for other decision-makers in the cos-
metics industry, including product designers, manufacturers
and marketers, so that they can make informed decisions on
how to improve the sustainability of their products. Overall,
the aim of this review was to provide a better understanding of
the environmental impact of cosmetic creams, and to promote
more sustainable practices in the cosmetic industry.

2 Materials and methods

Cosmetic creams are used widely by people worldwide for various
purposes, such as moisturising, anti-ageing and skin-brightening ef-
fects.5” The demand for cosmetic creams with innovative and effective
ingredients is increasing constantly. In this context, the use of AuUNPs®’
and hydroxylated fullerene water complex (3HFWC) as key ingredients
in cosmetic creams has gained popularity, due to their unique properties
and potential benefits for the skin. The production process of cosmetic
cream that includes these ingredients involves several steps, including
the synthesis, purification, and drying of the AuNPs, the synthesis of
3HFWC, and the mixing of the cream with other ingredients. Figure 1
outlines the detailed process of producing cosmetic cream that includes
AuNPs and 3HFWC as key ingredients. A detailed inventory analysis for
each process is provided in the continuation of the manuscript.

3 Results and discussion

3.1 Inventory data for the synthesis,
purification and drying of AuNPs

The data inventory for the synthesis, purification and drying
of AuNPs was first carried out by reviewing and processing
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Synthesis, purification and drying of gold nanoparticles (AuNP)
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Figure 1: Detailed process involved in producing cosmetic cream.

the input data received from the manufacturing process. The
manufacturing processes used in the evaluated system were
reviewed next.

3.1.1 Synthesis of HAuCl,-3H,0

A common chemical reaction for synthesising HAuCls-3H,0
involves the dissolution of gold metal in aqua regia, a
mixture of nitric acid (HNOs) and hydrochloric acid (HC).
Aqua regia is one of the few reagents capable of dissolving
gold. This unique capability arises not from hydrochloric
acid alone, but from the combined action of both acids,
where the nitric acid oxidises the gold, and the hydrochloric
acid stabilises the gold ions in the solution.
The reaction proceeds as follows:

Au + HNO; + 4HCl — HAuCl, + NO + 2H,0

Upon cooling and partial evaporation of the aqueous
solution obtained from the reaction above, gold(IIl) chloride
trihydrate crystallises out of the solution:

HAuC14 (aq) + 3H20(l) - HAUC14 . 3H20(5)

The process involves controlling the evaporation rate
and the temperature, to ensure that the product retains its
trihydrate form.

To synthesise HAuCl,-3H,0, we need to determine the
amounts of each required starting reagent. The molar mass
of HAuCl, 3H,0 is 393.83 g/mol. Therefore, 1 g of HAuCl,-3H,0
is equivalent to:

1g/393.83 g/mol = 0.00254 mol HAuCl, - 3H,0

Now we can calculate the mass inputs of each starting
chemical:

We need 1 mol of gold (Au) to synthesise 1 mol of HAuCly
3H,0. Therefore, we need the following:

0.00254 mol Au x 196.97 g/mol Au = 0.501 g Au

We also need 4 mol of hydrochloric acid (HC]) and 1 mol
of nitric acid (HNOs) for each mole of HAuCl,-3H,0. The
molar masses of HCl and HNO; are 36.46 g/mol and
63.01 gA\mol, respectively. Therefore, we need the following:

4 % 0.00254 mol HC] x 36.46 g/mol HCI = 0.370 g HC1
1% 0.00254 mol HNO; x 63.01g/mol HNO; = 0.160 g HNO;

Therefore, to synthesise 1g of HAuCl,-3H,0, we need:
0.501g of Au, 0.370 g of HCL, 0.160 g of HNO3

The data used for individual input process streams for
the production of HAuCl,-3H,0 are as follow:

3.1.1.1 Gold (Au)

The input data for pure gold were the Ecolnvent dataset
»market for gold | gold | Cutoff, U«. This dataset describes the
production of 1kg of gold. Data were taken from the 2005
Environmental Report of Newmont'® for the Kalgoorlie,
Jundee, Tanami and Pajingo Mines — all of which produce
only gold. The data for the reference flows, by-products and
most exchanges were calculated by piling up the
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corresponding inputs and outputs of each mine, and then
scaling them to the production of 1kg of gold. Tanami and
Pajingo are underground mines. Kalgoorlie is an open pit,
and Jundee is both an open pit and underground. The system
includes the transport of raw materials to the mine. The
activity ends with the Wohlwill electrolysis of gold."" The
dataset includes the mining and beneficiation of the metals,
the smelting, the energy, materials and land consumption,
and the air and water emissions. The dataset does not
include the emissions from the refining step.

3.1.1.2 Hydrogen chloride (HCI)

This dataset represents the production of 1kg of hydro-
chloric acid via the combustion of chlorine with hydrogen.
Hydrogen chloride (HC)) is a colourless to yellowish-fuming
liquid with a sharp, pungent odour. It is a strong, highly
corrosive acid. This dataset estimates the amounts of raw
materials and emissions based on stoichiometric calcula-
tions.”” The electricity consumption is approximated based
on data from a large chemical factory.”® The activity starts
when the raw materials enter the process. This activity ends
with the production of hydrochloric acid. The dataset in-
cludes the input materials, energy uses, infrastructure and
emissions. As an input for hydrochloric acid we considered
the dataset from the Ecolnvent database® »market for
hydrochloric acid, without water, in a 30 % solution state |
hydrochloric acid, without water, in a 30 % solution state |
Cutoff, U«.

3.1.1.3 Nitric acid (HNO3)
This nitric acid process represents a market activity. This
dataset is a consumption mix, representing the supply of
“nitric acid, without water, in a 50 % solution state” from
activities that produce it, to activities that consume it within
the geography of this dataset, Europe without Russia. The
dataset considers transportation from the producer to the
consumer of this product. The transportation distances are
based on the default transport distances for markets.'*
»Nitric acid, without water, in a 50 % solution state« is an
inorganic substance whose molecular formula is HNOs. It is
liquid in normal conditions of temperature and pressure.
This dataset represents a pure substance (100 % active sub-
stance). The reference to a “50 % solution state” pertains to
the common industrial usage of nitric acid, which is typically
utilised in a diluted form for safety and practicality. How-
ever, in the Ecoinvent database used, this substance is
described as 100 % active, implying a pure form. On a con-
sumer level, »nitric acid, without water, in a 50 % solution
state« is used in the following products: washing & cleaning
products, fertilisers, polishes and waxes and air care prod-
ucts. On industrial sites, the substance is used for the
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manufacture of products in the following sectors: pH regu-
lators and water treatment products, washing and cleaning
products, non-metal-surface treatment products, metal sur-
face treatment products, water treatment chemicals, semi-
conductors and laboratory chemicals. The input data for
nitric acid were from the EcoInvent dataset'* »market for
nitric acid, without water, in a 50 % solution state | nitric
acid, without water, in a 50 % solution state | Cutoff, U«.

3.1.2 Nitrogen

This dataset for nitrogen represents the production of lig-
uefied nitrogen, oxygen and argon by cryogenic air separa-
tion. The liquefaction process of air represents an average
cryogenic air separation process. Nitrogen is often used as
an »inert« gas, due to its non-reactive nature with many
materials. Commercial nitrogen is produced by different air
separation processes, such as cryogenic liquefaction and
distillation, pressure swing adsorption (PSA) and membrane
separation. Gaseous nitrogen is used in the chemical and
petroleum industries for storage tank blanketing and vessel
inerting applications, in the food industries to pack oxidis-
able foods, and in the electronics and metals industries for
inert properties. This is the market for “nitrogen liquid” in
the geography of Europe and is a constrained market for
consequential system models. For attributional system
models, this is a stock market. In the case of the conse-
quential system model, details about the marginal consumer
can be found in the comment on the conditional exchange
(by-product).

Nitrogen, a liquid, is usually produced as a by-product of
different activities. This means its production volume always
depends on the number of reference products produced in
those activities. The consequence is that the market for
nitrogen liquid is not fully flexible, but constrained. In the
case when the demand increases, the supply will not increase.

Special transport modelling for liquid gases: No ship
transport and normal transport modelling for chemicals
reduced by 90 %. This activity starts at the gate of the
activities that produce »nitrogen, liquid« within the geog-
raphy of Europe. This activity ends with the supply of
»nitrogen, liquid« to the consumers of this product. Trans-
port is included. Product losses during transportation are
assumed negligible, and are therefore not included.

The input data for nitrogen were from the EcoInvent
dataset™ »market for nitrogen, liquid | nitrogen, liquid |
Cutoff, U«. For a typical synthesis, 1.21 N, cylinders are used
(data from a practical example). The volume of the cylinder
is 50 L, filled to 200 bar. The ideal gas law can be used to
calculate the mass of nitrogen gas at a pressure of 200 bar
and a volume of 60.5 L:
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pV=n-R-T

where p is the pressure, V is the volume, n is the number of
moles, R is the gas constant and T the temperature. We
assumed a standard temperature of 0 °C (273.15K) for the
calculation.

First, we can calculate the number of moles of nitrogen
gas:
200bar

Lbar
mol'K

-60.5L
- 273.15K

= 533.1mol

n:R.

p-V
T 0.0831

Then, using the molar mass value, we can calculate the
mass of nitrogen gas:

g

m=n-M =533.1mol - 28.014 =
mol

14934 g = 14.934 kg

Therefore, the mass of nitrogen gas at a pressure of 200 bar
and a volume of 50 L is approximately 14.934 kg.

3.1.3 Hydrogen

The hydrogen production process represents a market
activity for hydrogen production. When relevant, they also
account for transport to the consumer and the losses during
that process. This is the »hydrogen gaseous« market in the
Global geography. This product is generally considered an
intermediate product, and is expected to be used at or near
the production site. Therefore, the market does not contain
any transport.

For processes demanding gaseous hydrogen, it is
advised to set direct activity links to the producing activities.
»hydrogen, gaseous« is an inorganic substance called
»molecular hydrogen« under IUPAC naming, and its molec-
ular formula is H. It is gas under normal temperature and
pressure conditions and has no odour. The substance is
modelled as a pure substance. On industrial sites the sub-
stance is used to manufacture products in the following
sectors: Fuels and fuel additives, functional fluids (closed
systems), intermediates, laboratory chemicals, odour agents,
oxidising/reducing agents, and processing aids specific to
petroleum production. The activity begins with the product
leaving the production site. The activity ends with the
product arriving at the user. As this product is generally
considered to be used on or near the production site, no
transport requirements are included.

The hydrogen input data were from the Ecoinvent
database' »market for hydrogen, gaseous | hydrogen,
gaseous | Cutoff, U«.

For a normal synthesis, one cylinder of H, is used (data
from a practical example). The volume of the cylinder is 50 L,
filled to 200 bar.
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The ideal gas law can be used to calculate the mass of
hydrogen gas at a pressure of 200 bar and a volume of 50 L:

pV=nR-T

where p is the pressure, V is the volume, n is the number of
moles, R is the gas constant and T the temperature. We
assumed a standard temperature of 0°C (273.15K) for the
calculation.

First, we can calculate the number of moles of hydrogen
gas:

200bar -50L
Lbar . 973 15K

mol'’K

n_p'V
"R-T 0.0831

= 440.6 mol

Then, using the molar mass value, we can calculate the
mass of hydrogen gas:

g

m=n-M = 440.6 mol - 2.016
mol

= 888g =0.888kg
Therefore, the mass of hydrogen gas at a pressure of 200 bar
and a volume of 50 L at standard temperature is approxi-
mately 0.88 kg.

3.1.4 Polyvinylpyrrolidone (PVP)

PVP stands for Polyvinylpyrrolidone, a water-soluble poly-
mer used commonly in various industrial and medical
applications. PVP is a linear polymer comprised of repeating
units of the monomer N-vinylpyrrolidone. In the medical
field, PVP is often used as a binder, thickener and emulsifier
in various pharmaceutical and cosmetic products. It is also
used as a coating for tablets and capsules, and a dispersant
for pigments and other insoluble substances. PVP is used as a
binder and dispersant in industrial applications, to produce
ceramics, inks and adhesives. It is also used in the manu-
facture of textiles, paper and detergents.

PVP (Polyvinylpyrrolidone) is purified through a series
of steps that typically involve dissolution in a suitable sol-
vent, followed by filtration to remove insoluble impurities.
After filtration, the solution might undergo further purifi-
cation steps, such as dialysis against a solvent to remove low
molecular weight substances, or repeated precipitation and
redissolution in solvents of varying polarity to separate the
PVP from other soluble impurities. The final step usually
involves drying the purified PVP under specific conditions,
to obtain it in a solid form suitable for use in subsequent
applications or research studies.

In our application PVP is used as a stabilising agent: the
amount of stabilising agent required in AuNPs’ synthesis
depends on the specific stabilising agent used and the
desired size and morphology of the AuNPs. Common stabil-
ising agents used for the synthesis of AuNPs include
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cetyltrimethylammonium bromide (CTAB), polyvinylpyrr-
olidone (PVP) and bovine serum albumin (BSA). PVP was
used in our case. The input for PVP was the Ecoinvent
database'® dataset »market for N-methyl-2-pyrrolidone |
N-methyl-2-pyrrolidone | Cutoff, U«.

3.1.5 Water (0.1 pS/m)

Thisis a market activity representing the consumption mix
of a product in a given geography, connecting suppliers
with consumers of the same product in the same
geographical area. Ultra-pure water is a standard
requirement in many industrial applications. As such,
these industries can only invest in high-quality water
production equipment for their plants and facilities.”®
Thus, ultrapure water production is usually carried out at
the premises of each industry. No transport and losses are
assumed. This activity starts at the gate of the activities that
produce »water, ultrapure« within the geography of
Europe. This activity ends with the supply of »water, ul-
trapure« to the consumers of this product. Transport or
losses are considered irrelevant for this product. This
market represents the local market for 1kg of ultrapure
water in Europe. As water input, we considered the
Ecoinvent database'* dataset »market for water, ultrapure
| water, ultrapure | Cutoff, U«.

3.1.6 Miron glass jar 1L with lid

Miron glass is a biophotonic glass that filters different light
frequencies to protect and revitalise natural products,
extending their shelf life drastically (https:/www.
mironglass.com). It is also known as violet glass, because
of its dark purple colour. It allows only beneficial rays, such
as violet, ultraviolet and infrared, to pass through, while
blocking the harmful rays that can degrade the quality of
natural products. Miron glass is used for packaging various
natural products, such as cosmetics, skincare, foods, drinks,
natural healing and nutrition.

Miron glass is made by adding a blend of minerals to
the molten glass during manufacturing, giving it its
distinctive violet colour. The minerals used in Miron glass
are believed to block out harmful light frequencies selec-
tively, while allowing in beneficial light, such as violet,
ultraviolet and infrared. This selective filtering is thought
to help protect the contents from the damaging effects of
light, which can cause degradation and loss of potency over
time.

Miron glass’s specific properties and benefits are still
being studied, and the scientific evidence is limited. How-
ever, some studies have suggested that Miron glass may
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help to maintain the quality and shelf life of certain prod-
ucts, such as essential oils, herbs and supplements, by
protecting them from the damaging effects of light and
oxidation. As no Miron glass production reports were
available in the database, we used as an alternative a
dataset that represents the production of 1kg of brown
packaging glass from a mix of primary and secondary raw
materials. The material inputs were estimated based on
literature sources and a Swiss production site. The energy
and water consumption, emissions, and waste production
were estimated based on literature sources. Infrastructure
is an estimation based on the average European packaging
glass factories. The CO, emissions have been recalculated
from the carbon content in raw materials and fuels. The
dataset includes the reception of the precursors silica sand,
soda, unsorted glass cullets, limestone, dolomite, feldspar,
and chemicals inorganics at the factory gate. The activity
ends with the production of 1kg of brown packaging glass.
The dataset includes material and energy inputs, water
consumption, emissions to air and water, waste production
and infrastructure.

The input for packaging glass was the dataset from the
Ecoinvent database'® »packaging glass production, brown |
packaging glass, brown | Cutoff, U«.

The data for all the input components for synthesising,
purifying and drying AuNPs s are shown in Table 1.

3.1.7 Electricity for synthesis, purification and drying of
AuNPs

For an inventory of the electricity data for the base cream,
we used the »market group for electricity, medium voltage |
electricity, medium voltage | Cutoff, U« from the Ecoinvent
database.' This dataset does not include losses and relevant
exchanges (transport, transport infrastructure, etc.). They
are present in the contained markets. This is the market
group for »electricity, medium voltage, in Europe without
Switzerland«. This activity starts at the gate of markets that
deliver »electricity, medium voltage« in geographies con-
tained within the geography of this dataset. This activity
ends with the supply of »electricity, medium voltage« to the
consumers of this product within the geography of Europe
without Switzerland.

The inventory of electricity used for synthesising, pur-
ifying, and drying AuNPs is presented in Table 2.

3.1.8 Water consumption for the synthesis, purification
and drying of AuNPs

This dataset represents the production of 1kg of deionised
water delivered to the user by ion exchange. The process
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Table 1: Inventory for synthesising, purifying and drying AuNPs.™

Data Quantity Unit Dataset

HAuCl, x 3H,0

Gold (Au) 0.501 g »Market for gold | gold | Cutoff, U«

Hydrogen chloride (HCI) 0.370 g »Market for hydrochloric acid, without water, in 30 % solution state | hydrochloric acid, without
water, in 30 % solution state | Cutoff, U«.

Nitric acid (HNOs) 0.160 g »Market for nitric acid, without water, in 50 % solution state | nitric acid, without water, in 50 %
solution state | Cutoff, U«

Water 0.163 g »Market for water, ultrapure | water, ultrapure | Cutoff, U«

Nitrogen 14.934 kg »Market for nitrogen, liquid | nitrogen, liquid | Cutoff, U«

Hydrogen 0.888 kg »Market for hydrogen, gaseous | hydrogen, gaseous | Cutoff, U«

Polyvinylpyrrolidone (PVP) 32.400 g »Market for N-methyl-2-pyrrolidone | N-methyl-2-pyrrolidone | Cutoff, U«

Water (0.1 uS/m) 15.200 L »Market for water, ultrapure | water, ultrapure | Cutoff, U«

Miron glass jar 1 L with lid 1 Item »Packaging glass production, brown | packaging glass, brown | Cutoff, U«

Table 2: Inventory of electricity use for synthesising, purifying, and drying AuNPs."

Data Quantity Unit Dataset

Electricity for USP synthesis cycle (tube furnace, US generators, 28.7 kwh »Market group for electricity, medium voltage | electricity,
chiller) medium voltage | Cutoff, U«

Electricity for supporting equipment for the USP synthesis cycle 32.0 kwh »Market group for electricity, medium voltage | electricity,
(fume scrubber, ventilation) medium voltage | Cutoff, U«

Electricity for rotary evaporation of the prepared Au nanoparticle 12.0 kWh »Market group for electricity, medium voltage | electricity,
suspension medium voltage | Cutoff, U«

Electricity for the Lyophilisation cycle (nanoparticle suspension 105.0 kwh »Market group for electricity, medium voltage | electricity,
drying) medium voltage | Cutoff, U«

Electricity for Lyophilisation air conditioning 172.8 kwh »Market group for electricity, medium voltage | electricity,

medium voltage | Cutoff, U«

includes an anionic resin or combined -cation/anion
exchange resin. The unit is operated with counterflow
regeneration. Obtained water quality: about 1-0.1 uS/cm for
the conductivity and silica content (as SiO,) of 5-25 pg/L. For
the water source, tap water from a public supply with a total
hardness assumed of 1.71 mol/m® (range 0.7-3.2)."

The data for all the inputs and outputs for water use for
the synthesising, purifying and drying AuNPs are shown in
Table 3.

3.2 Inventory data for the synthesis of
3HFWC

3.2.1 Synthesis of 3HFWC

3.2.1.1 Fullerol

Fullerol is a term that refers to a class of water-soluble
fullerene derivatives that have hydroxyl groups attached to
the carbon atoms of the fullerene cage. Fullerols can have

Table 3: Inventory of inputs and outputs for water use for the synthesising, purifying and drying of AuNPs."*

Data Quantity Unit Dataset

Inputs

Cleaning of the USP system 50 L »Water production, deionised | water, deionised | Cutoff, U«

Chiller water for rotary evaporation 2400 L »Water production, deionised | water, deionised | Cutoff, U«
Outputs

Discharge from cleaning of the USP system 50 L Water, Europe without Switzerland (emissions to water, unspecified)
Discharge of chiller water for rotary evaporation 2400 L Water, Europe without Switzerland (emissions to water, unspecified)
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various structures, depending on the number and position of
the hydroxyl groups and other possible functional groups.'®
Fullerols have been studied for their physicochemical
properties and applications in various fields, such as Nano-
technology, Nanomaterials, and Nanomedicine. Some po-
tential applications of fullerols include polymers, paints,
concrete, drug delivery, antioxidant therapy and tissue en-
gineering.'® Since fullerol is a relatively new and emerging
material, it is not yet included in the Ecoinvent database.
Therefore, we used Phenol as a reference for fullerol in
terms of the life cycle assessment. Fullerol and Phenol share
similarities in their chemical structure, with both com-
pounds containing hydroxyl functional groups (~OH). Both
are also used as antioxidants, and have been studied for
their potential use in various biomedical applications. It is
important to note that these compounds are not identical or
very similar to fullerol in all aspects, and each compound’s
potential uses and properties may differ significantly. In the
analysis, we used Phenol as the best proxy as an alternative
process for producing fullerol, as it would be too time-
consuming to simulate the process. We used the Ecoinvent
3.8 database process for »market for phenol | phenol |
Cutoff, U« and data from the literature.”’*® This dataset
represents the supply of 1kg of Phenol from activities that
produce it within the geography RER. The transport amounts
are based on the Eurostat transport statistics for 2016."° This
activity starts at the gate of the activities that produce Phenol
within the geography RER, with the product ready for
transportation. This activity ends with the supply of 1kg of
Phenol to the consumers of this product. Transport is
included. Product losses during transportation are assumed
negligible, and are therefore not included.

3.2.1.2 Water

For the water the dataset from the Ecoinvent 3.8 database™
was used: »market for water, deionised | water, deionised |
Cutoff, U« for the modelling. The process includes an anionic
resin or combined cation/anion exchange resin. The unit is
operated with counterflow regeneration. Obtained water
quality: about 1-0.1 uS/cm for the conductivity and silica
content (as SiO,) of 5-25 ug/L. For the water source, tap water
from a public supply where a total hardness of 1.71 mol/m®
(range 0.7-32) was assumed.”” Table 4 presents the
inventory data of the SHFWC synthesis.

3.2.2 Electricity use for 3HFWC synthesis

To inventory the electricity data for the base cream, we used
the »Market group for electricity, medium voltage | elec-
tricity, medium voltage | Cutoff, U« from the Ecoinvent
database'* shown in Table 5.
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Table 4: Inventory of the 3HFWC synthesis.'*

Data Quantity Unit Dataset
Fullerol 349 »Market for phenol | phenol | Cutoff, U«
Water (0.1 pS/m) 20 L

Table 5: Inventory of electricity data for 3HFWC synthesis.™

Data Quantity  Unit Dataset

Electricity for 1 kWh »Market group for electricity,

heating medium voltage | electricity,
medium voltage | Cutoff, U«

Electricity for 3 kwh »Market group for electricity,

production medium voltage | electricity,

medium voltage | Cutoff, U«

3.2.3 Water use for 3HFWC synthesis

This dataset represents the production of 1kg of deionised
water delivered to the user by ion exchange. The process
includes an anionic resin or combined -cation/anion
exchange resin. The unit is operated with counterflow
regeneration. Obtained water quality: about 1-0.1 pS/cm for
the conductivity and silica content (as SiO,) of 5-25 pg/L. For
the water source, tap water from a public supply where a
total hardness of 1.71 mol/m® (range 0.7-3.2) was assumed.”*
The data for all the input and output components for
water use for SHFWC synthesis are shown in Table 6.

3.3 Final remarks
This study undertook a Life Cycle Inventory (LCI) analysis to

pave the way for a comprehensive Life Cycle Assessment
(LCA) of a cosmetic cream manufacturing process,

Table 6: Inventory of data for water use for 3HFWC synthesis.™

Data Quantity  Unit Dataset

Inputs

Cleaning of the 20 L »Water production, deionised |
system water, deionised | Cutoff, U«
Cleaning of the 0 L »Water production, deionised |
equipment water, deionised | Cutoff, U«
Output water

missions

Cleaning 30 L Water, Europe without Switzerland
discharge (emissions to water, unspecified)
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emphasising the integration of innovative ingredients such
as gold nanoparticles (AuNPs) and three-dimensional hy-
drating water cubes (3HWC). The LCI analysis, a founda-
tional aspect of LCA, plays a critical role in evaluating the
environmental footprint of products, including those within
the cosmetics industry. Our objective was to generate precise
inventory data for a detailed assessment of the environ-
mental impacts at each stage of the cosmetic cream pro-
duction process, ranging from raw material extraction to the
synthesis of the final product. This in-depth environmental
profiling is vital for identifying both direct and indirect
environmental impacts associated with cosmetic products
accurately, thereby facilitating a comprehensive under-
standing of their environmental footprint.

The inventory analysis, a cornerstone of this review,
quantified the consumption of critical raw materials,
electricity, and water meticulously. By focussing specif-
ically on synthesising AuNPs and 3HWC, the study shed
light on the substantial environmental burdens of pro-
ducing cosmetic creams containing advanced nano-
components. While including AuNPs and 3HWC enhances
product quality, it poses significant environmental chal-
lenges, particularly concerning resource consumption and
energy use. The LCI analysis effectively identifies envi-
ronmental hotspots in the production of cosmetic creams,
such as stages characterised by high energy consumption,
intensive water use, or the release of hazardous sub-
stances. Recognising these hotspots is crucial for directing
efforts towards environmental improvements, be it
through changes in formulation, process optimisations, or
packaging innovations. The outcomes of this analysis are
instrumental for subsequent environmental impact as-
sessments, and for exploring potential enhancements in
the production processes of nanocomponents.

A significant aspect of the research focused on quanti-
fying the environmental burdens associated with using
electricity and water during the synthesis, purification and
drying of the AuNPs. Utilising the Ecoinvent database for
inventorying electricity and water consumption provided
robust and reliable data essential for an accurate environ-
mental impact assessment. Our detailed analysis of resource
consumption underscored the energy-intensive nature of
the production process, and highlighted the critical need for
optimising energy and water use to bolster overall
sustainability.

This review offers pivotal insights into the environ-
mental impacts associated with the production of cosmetic
creams incorporating advanced nanocomponents. It
underscores the importance of adopting sustainable
manufacturing practices within the cosmetics industry,
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and is a foundational reference for further scholarly
inquiry. By delineating environmental challenges and
pinpointing opportunities for advancement, this study
aids producers and stakeholders in making well-informed
decisions towards more sustainable practices.

LCI analysis enables cosmetics manufacturers to
benchmark the environmental performance of their
products, thereby aiding in monitoring improvements
over time. Such benchmarking is indispensable for estab-
lishing and meeting sustainability targets, communicating
environmental credentials to consumers, and adhering to
Regulatory and Certification Standards focused on envi-
ronmental sustainability. The comprehensive data yielded
by LCI analyses of cosmetic creams lays a solid ground-
work for informed decision-making by industry stake-
holders and policy-makers. It facilitates the development
of sustainability Standards and certifications tailored to
the Cosmetics sector, guides regulatory policies on envi-
ronmental protection, and assists consumers in making
more sustainable choices based on reliable environmental
information. Furthermore, LCI analysis allows for the
comparative analysis of different cosmetic cream formu-
lations or packaging options, highlighting the relative
environmental advantages of each. This comparative
capability is vital for fostering life cycle thinking within
the cosmetics industry, enabling brands to select in-
gredients, processes and packaging solutions that mini-
mise environmental impacts and appeal to eco-conscious
consumers.

The application of LCI in the cosmetics industry con-
tributes significantly to broader global sustainability efforts,
by promoting resource efficiency, reducing waste, and
mitigating the environmental impacts associated with
cosmetic products. By standardising the methodology
for environmental impact assessment, LCI fosters cross-
industry and international collaboration, propelling the
Cosmetics sector towards more sustainable practices on a
global scale. Although incorporating nanocomponents in
cosmetics introduces sustainability challenges, notably in
resource consumption and energy use, there are ample
opportunities for improvement. The cosmetics industry can
mitigate the environmental impacts of Nanotechnology by
optimising production processes, minimising energy con-
sumption, exploring sustainable raw material sources, and
implementing recycling and recovery strategies. This holis-
tic approach, underpinned by regulatory frameworks and
fuelled by informed consumer demand, paves the way for
developing more sustainable cosmetic products that
leverage the benefits of Nanotechnology without compro-
mising environmental integrity.
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4 Conclusions

The conclusions of this review underscore the critical
role of comprehensive inventory analysis in enhancing
the sustainability of the cosmetic cream production pro-
cess, particularly when incorporating advanced nano-
components such as gold nanoparticles (AuNPs) and hy-
droxylated fullerenol water complexes (3HWC). This study
illuminates the multifaceted environmental impacts
engendered by integrating these innovative ingredients, by
evaluating the consumption of key resources, including
raw materials, electricity, and water, meticulously. Despite
the enhancement in product quality attributed to AuNPs
and 3HWC, their inclusion introduces considerable envi-
ronmental challenges, notably in resource and energy uti-
lisation. The findings from this analysis serve as an
indispensable foundation for subsequent environmental
impact assessments, and underscore the imperative for
targeted improvements within the nano-component pro-
duction process.

This investigation has further quantified the specific
environmental burdens associated with the electricity and
water used in the synthesis, purification and drying pha-
ses of AuNPs’ production. Utilising the Ecoinvent database
for arobust inventory of these consumptions has provided
essential, reliable data for an accurate and comprehensive
environmental impact assessment. The detailed scrutiny
of resource use highlights the energy-intensive nature of
this production process, and stresses the urgency
for optimising resource efficiency to bolster overall
sustainability.

Moreover, this study contributes significantly to the
ongoing discourse on sustainable production methodologies
within the cosmetics industry. It accentuates the necessity
for continuous evaluation and mitigation of the environ-
mental repercussions associated with emerging production
technologies. The insights garnered from this review advo-
cate for implementing more eco-friendly practices across the
industry, thereby fostering a paradigm shift towards sus-
tainability in cosmetic product manufacturing. The eluci-
dation of environmental challenges and opportunities for
improvement aids stakeholders in formulating informed,
sustainable choices.

Despite the challenges, the review on monitoring envi-
ronmental pollution with AuNPs is progressing. By refining
existing techniques and exploring novel approaches, we can
understand these nanomaterials’ potential risks better, and
develop effective strategies to mitigate their environmental
impact. Continued research and collaboration between sci-
entists, engineers and regulatory bodies are crucial, to
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ensure the responsible development and application of
AuNPs in a sustainable manner.

In essence, this review examines the current environ-
mental ramifications of incorporating advanced nano-
components into cosmetic cream production critically, and
establishes a solid groundwork for future endeavours to
achieve sustainable production in the Cosmetics sector. By
delineating a path for adopting greener practices and tech-
nologies, this study makes a pivotal contribution to the
advancement of environmental stewardship in cosmetic
manufacturing, ultimately paving the way for developing
more sustainable cosmetic products and production
techniques.
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