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ABSTRACT: Nanocellulose is a nascent and promising
material with many exceptional properties and a broad
spectrum of potential applications. Because of the unique
and functional materials that can be created using nano-
cellulose, pilot-scale development for commercialization has
begun. Thus a thorough understanding of its environmental
impact, covering the whole life cycle of nanocellulose, becomes
the foundation for its long-term sustainable success. In this
current study, four comparable lab scale nanocellulose
fabrication routes were evaluated through a cradle-to-gate life
cycle assessment (LCA) adopting the Eco-Indicator 99
method. The results indicated that, for the chemical−mechanical fabrication routes, the majority of the environmental impact
of nanocellulose fabrication is dependent upon both the chemical modification and mechanical treatment route chosen. For
sonication, the mechanical treatment overshadows that from the chemical modifications. Adapting the best practice based on unit
mass production was 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) oxidation followed by homogenization, as TEMPO
oxidation resulted in a lower impact than carboxymethylation. Even though the fabrication process of nanocellulose presents a
large environmental footprint markup relative to its raw material extraction process (kraft pulping), it still exhibits prominent
environmental advantages over other nanomaterials like carbon nanotubes.
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■ INTRODUCTION
The commercialization of nanocellulose is forthcoming with
the projected GPD of $600 billion worldwide by 2020;1,2 hence
it is critical that we understand how much environmental
impact the fabrication process will generate and design the best
manufacturing system accordingly. Life cycle assessment (also
known as life cycle analysis (LCA)) can be used for evaluating
the cumulative environmental impact associated with all stages
of fabrication of materials from the initial extraction of raw
materials (cradle) through the end-of-life disposal of final
products (grave).3−7 LCA enables the selection of best
fabrication methods with quantified indexes (LCA scores)
related to environmental impact.3−5 LCA requires careful goal
and scope definition in order to define the objectives, the
functional unit, and the system boundaries. On the basis of the
systems boundaries, a life cycle inventory (LCI) is compiled
that documents and quantifies inputs and outputs related to the
material and energy flows. Life cycle impact assessment (LCIA)
then transforms the inventory data into comparable values in
selected environmental impact categories. On the basis of the
data analysis, meaningful insights and decisions can be made to
minimize the environment impact of products and processes.4

Cellulose is a naturally occurring biopolymer and has been
recognized for its many environmentally friendly characteristics,
such as biodegradability and biocompatibility.8−12 Cellulose
exists in a supramolecular structure in its native state, with the

individual polymer chains assembled together in fibrils of a few
nanometers in cross-section, with dimensions dependent on
plant type. Isolated cellulose with at least one dimension in the
nanometer range (usually below 100 nm) which exhibits novel
properties associated with its size is referred to as nano-
cellulose.9,13 Nanocellulose is used in many material
applications such as polymer reinforcement14,15 and transparent
films.16−19 Nanocellulose can be prepared through many
different approaches, which can be classified into two general
categories: top-down and bottom-up.8,20 The top-down
approaches, which obtain nanocelluloses by extracting cellulose
particles from various sources,21 typically involve intensive
mechanical and/or chemical treatments to deconstruct the
intrinsic native structures from the plant cell wall. Top down
approaches can be further divided into three subcategories:
mechanical, chemical, and chemical−mechanical. The bottom-
up approaches assemble cellulose nanostructures either from
the solution state of cellulose molecules or utilize biosynthesis
processes.9,20 On the basis of the preparation methods and raw
material origin, nanocelluloses are conventionally classified into
three subcategories (Figure 1): (i) microfibrillated cellulose
(MFC), an elongated fibril form of nanocellulose, is prepared
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from wood and other plant fibers via chemical, mechanical, or
combined treatments; (ii) nanocrystalline cellulose (NCC;
cellulose nanocrystals, crystallites, and whiskers) is a rodlike
highly crystalline form of nanocellulose, prepared from a
broader range of raw materials including plant-, animal-, or
bacteria-originated cellulose via acid hydrolysis; (iii) bacterial
nanocellulose or BNC (a.k.a.: bacterial cellulose, microbial
cellulose, biocellulose), is a network form of nanocellulose,
produced by certain bacteria.9,22,23

Nanocelluloses have developed applications across a number
of markets and thus will have an increasing impact on
consumer, health, food, and industrial goods. MFC finds its
applications in paper making as reinforcement agents or
functional coatings (e.g.: grease proofing or moisture
absorbing), and in food, cosmetic, pharmaceutical, and hygiene
products as the emulsion and/or dispersion additives, as well as
in various nanocomposites and films as structural components.
All these applications are built on MFC’s unique combination
of properties: surface functionality, water retention, large aspect
ratio, large specific strength, rheology, and optical character-
istics, as well as its universal compatibility with natural and
biological environment.8,9,13,23 As for NCC, the most readily
implementable applications are based on mechanical properties
which allow use as a reinforcement agent in composite films to
increase strength.8,9,12,24 This form of nanocellulose also shows
potential applications in nanomedicines.24,25 BNC has many
properties that set it apart from MFC and NCC such as it forms
a stable nanofiber network, has shapability during biosynthesis,
exhibits excellent mechanical strength while maintaining high
flexibility, and has been proven to be noncytotoxic and
nongenotoxic.9 These properties lead to BNC use in novel
application fields like food gels, artificial blood vessels, wound
dressing material, fuel cell membranes, and even films for
electronic appliances.9 An example of the successful commerci-
alization of BNC in food industry is the Nata de cocoa jelly
like food product produced via Acetobacter xylinus fermenting in
coconut milk.26

MFC is one of the most widely studied nanocelluloses
prepared from different approaches including: pure mechanical
treatment or combined chemical-mechanical treatment (chem-
ical pretreatment followed by mechanical agitation). First
described by Turbak et al. in 1983, homogenization processes
different types of pulps with intensive shear treatments with
controlled pass numbers through a small orifice at high
pressure.23,27 The predominant end product has a netlike

structure, with a diameter ranging from 25 to 100 nm in the dry
state. Because releasing nanocellulose from native cellulose
fibers requires the disruption of the hydrogen bonding system,
the energy consumption is relatively large (27 000 kW h/t),
which becomes the major impediment of its commercial
success.9,23 Sonication is another technique to overcome the
interfibril bonds within pulp fibers. The first work to produce
MFC with mechanical agitation method was reported by
Wuhrmann et al. in 1946, where plant fibers from ramie, hemp,
and cotton were subjected to intensive sonication treatment
and fine fibrils (6−7 nm width) were yielded solely as a
function of the mechanical agitation intensity.28 Inspired by
Wuhrmann’s work, many groups have employed sonication as a
major avenue to isolate nanocellulose.15,16,29−33 Different
chemical pretreatments (e.g.: oxidation,32 carboxymethyla-
tion,16,34 acid hydrolysis,35 and enzymatic hydrolysis36) and
mechanical agitations (e.g.: sonication, homogenization, blend-
ing, etc.), as well as their different combinations have been
extensively investigated to generate MFC.12,37 The most
common chemical−mechanical approach is to modify the
cellulose fiber surface via carboxylation or carboxymethylation
reactions (e.g.: TEMPO oxidation,38 chloroacetic acid ether-
ification34) to introduce negative charges onto the microfibril
surface allowing easy separation; the modified fibers are
subjected to mild to intensive mechanical treatments to liberate
MFC from the raw materials.37 The end product, MFC, is in
long fibril forms with lateral dimensions of single digit
nanometers (or even subnanometers) and hundreds of
nanometers to several micrometers in length.30,39

Given all the promising applications, however, the
commercialization of the MFC nanocellulose is still in its
early stage.1,2,8,12 The general consensus for the next stage of
development is to continue exploring a broader marketplace
beyond the conventional “stronger and stiffer” structural
reinforcement application,8 as well as to address the high
energy consumption and capital cost for industrial scale
production.9 Therefore, comprehensive LCA for nanocelluloses
(especially the energy consumption analysis during production)
are an essential step in their commercialization efforts as well as
enhancing this emerging industry’s responsible and sustainable
development. Besides the energy consumption issue, there is
also the tendency to assume that nanocellulose should share the
same favorable environmental impact as its precursors, such as
wood pulp, since the nanoscale particles are isolated directly
from cellulose.9,13,20 However, the processes of isolating

Figure 1. Images of different types of nanocelluloses. Reprinted with permission from refs 9 and 24. Copyright 2011 John Wiley and Sons and 2007
American Chemical Society.
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nanocellulose via chemical modifications and mechanical
disintegrations can involve polluting or toxic chemicals and
energy intensive steps,27 which may produce significant
environmental burdens and may neutralize or even overshadow
the inherent environmental benefits using cellulose.
LCA can be utilized to gauge the cumulative environmental

impact associated with the nanocellulose fabrication process,
reveal the relative environmental footprint compared to its
precursor raw material, and provide a quantitative reference to
assess the environmental attributes of different nanomaterials
that serve similar applications (i.e., polymer reinforcement). To
the best of our knowledge, only one LCA report has been
released considering environmental impacts of nanocellulose.40

In this report, a cradle-to-gate LCA for nanofibrillar cellulose
(NFC) was done using the impact assessment RECIPE to
provide values for climate change potential, eutrophication,
terrestrial acidification, and fossil fuel depletion. This LCA used
a combination of lab and pilot scale measurements, estimates,
and expert opinions to look at three different processing routes,
including TEMPO-oxidation with homogenization that is
similar to one route (TOHO) in this work. It is not clear if
this report was peer-reviewed, and the sources for the
quantitative inventory data which serves as the basis for the
LCA are not detailed.
Although many fabrication methods/routes have been

suggested and practiced in a lab setting, there are only the
quantitative environmental impact values available from this
paper, which makes further improvement difficult. Therefore,
LCA can be used to guide the emerging fabrication
technologies toward reducing environmental impacts,41 and
the data collected at laboratory scale provides important
insights for the large scale industrial production in the absence
of industry data and analysis.
In this LCA, four comparable chemical−mechanical

approaches for lab scale nanocellulose fabrication (TEMPO-
oxidation followed by sonication or homogenization and
chloroacetic etherification followed by sonication or homoge-
nization) were examined with the Eco-Indicator 99 impact
assessment method.42 The overall environmental impacts
across these fabrication routes were quantified using this
method. This LCA research attempts to provide insights to at
least the following two questions:

(1) Under typical laboratory scale conditions, what nano-
cellulose choices lead to the lowest environmental
impacts?

(2) On the basis of lab-scale LCA results, what additional
questions and analysis are necessary to provide useful
information to decision makers who want to consider the
environmental impact of nanocellulose production at the
industrial scale?

■ EXPERIMENTAL SECTION
LCA Scope and Functional Unit Definition. The system

boundary of this LCA is shown schematically in Figure 2. This
boundary defines a “cradle-to-gate” analysis since it includes the
extraction of the raw materials for chemical precursors and energy as
well as the processing of the nanocellulose but not the use or disposal
phase of the nanocellulose which would be different for every
application. “Cradle-to-gate” LCAs are common boundaries for
materials which are used in a wide variety of applications. This
boundary includes the steps associated with the nanocellulose
fabrication, starting from delignified kraft pulp, followed by chemical

modification, mechanical disintegration, and purifying, until the final
product nanocellulose is ready to deliver at the “factory gate”.

The system inputs considered in this analysis include are wood
pulp, direct processing energy (in the form of electricity), chemicals,
and water. Many of these inputs are based on compiled LCA
processes, and therefore, the analysis includes extensive upstream
accounting for associated raw materials and energy. The corresponding
outputs were final product nanocellulose, disposal of process wastes,
and emissions related to upstream processing of raw materials and
energy production. Other than the transportation which is included in
the upstream processes for kraft pulping, all transportation of raw
materials to the lab has been excluded since it is similar for all cases.
Process equipment manufacturing was also excluded since the lab scale
equipment is used for many processes and the contributions are
considered negligible over the life of the equipment.

The LCA functional unit must be selected carefully to allow for fair
comparisons of the processes. For this case, the functional unit is
defined as 10 g equivalent dry mass of the end product nanocellulose
at the factory gate. All reference flows of materials and energy are
scaled appropriately for the production of this amount of nano-
cellulose.

Nanocellulose (MFC) Fabrication Process Description. The
nanocellulose fabrication routes evaluated in this LCA are presented in
Figure 3. Fabrication comprised a chemical modification process, a
mechanical disintegration process, and a centrifuge purifying process
(only for sonication treated samples). Two comparable methods for
both chemical modification and mechanical disintegration processes
were selected. The starting material, delignified kraft pulp (kindly
donated by Weyerhaeuser Company), was converted to nanocellulose.

Figure 2. Cradle-to-gate LCA system boundary (indicated by the
dashed line box) of lab-scale nanocellulose fabrication.

Figure 3. Cellulose MFC fabrication process flow, with colored arrows
indicating 4 distinct pathways: redTOSO, yellowCESO, green
TOHO, and blueCEHO.
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As a result, four different fabrication routes were designed (Figure 3):
the first route is TOSO (TEMPO-oxidation for chemical modification,
sonication for mechanical disintegration), the second route is TOHO
(TEMPO-oxidation for chemical modification, homogenization for
mechanical disintegration), the third route is CESO (chloroacetic acid
etherification for chemical modification, sonication for mechanical
disintegration), and the fourth route is CEHO (chloroacetic acid
etherification for chemical modification, homogenization for mechan-
ical disintegration). Primary data for TEMPO oxidation was collected
directly from the lab for this study, while the chloroacetic acid
modification relied on previously reported inputs.34

Chemical and Mechanical Processes Descriptions. Chemical
Modification Process, TEMPO Oxidation (TO). Delignified kraft pulp
was oxidized following previously reported techniques with the key
parameter controlling oxidation of NaClO at 5 mmol per gram of dry
fiber.30 System inputs included: 10 g equivalent dry mass of kraft pulp,
0.06 g of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), 2.4 g of
sodium bromide (NaBr) powder (in inventory NaBr is substituted for
molar equivalent of NaCl), 21.4 mL of sodium hypochlorite solution
(13% w/w concentration), 50 mL of 0.5 N sodium hydroxide (NaOH)
solution (for controlling the pH environment), 5.5 L of deionized
water (0.5 L for reaction and 5 L for washing), 200 mL of ethanol (for
quenching the reaction), and electricity to power the experiment
equipment (overhead blender, syringe pump, and pH meter). System
outputs were surface modified pulp (oxidized cellulose, intermediate
product) and liquid emissions.
Chemical Modification Process of Chloroacetic Acid Ether-

ification (CE). Delignified kraft pulp was dispersed in aqueous
suspension, and then, aqueous NaOH and chloroacetic acid were
added into the system in sequence to activate the reaction at 60 °C.
The reaction was stopped by cooling down to room temperature and
adjusting the pH to neutral range after 2 h.34 System inputs included
10 g equivalent dry mass of delignified kraft pulp, 1.41 g of NaOH
powder, 2.12 g of chloroacetic acid powder, 5.12 L of deionized water
(0.12 L for reaction and 5 L for washing), 435 g of isopropanol, and
262 g of ethanol. System outputs were surface modified pulp
(carboxymethylated cellulose, intermediate product) and liquid
emissions.
Mechanical Disintegration Process by Homogenization (HO).

Chemically modified pulp was processed with high-pressure
homogenizer (Mini DeBEE) under 205 MPa for 2 passes to produce
nanocellulose. System inputs were chemically modified pulp and
electricity and the output was end-product nanocellulose. The 10 g
functional unit of nanocellulose was derived from four batches,
processing 2.5 g per batch, equivalent to a concentration of 0.5% in
500 mL DI water. A processing rate of 200 mL/min was measured and
working power of 2.87 kW measured from the ammeter.
Mechanical Disintegration Process by Sonication (SO). Chemi-

cally modified pulp was subjected to intensive sonication treatment (a
19 mm diameter horn was used to sonicate the modified pulp at 20
kHz, VC700, Sonics & Materials) for designated time intervals (30
min for this LCA) to produce nanocellulose. System inputs were
chemically modified pulp and electricity (power consumption
measured by equipment read-out measured in kilojoules for the time
intervals and converted to kilowatt hours); output was unpurified
nanocellulose (with titanium impurities from the sonication process).
Batch size is defined as 0.3 g/batch, equivalent to a concentration of
0.1 g wt % in 300 mL DI water. After sonication, nanocellulose was
purified by centrifugation (15 min @ 5000 rpm, Eppendorf centrifuge
5804) to remove the titanium particle impurities introduced during the
sonication . System inputs were unpurified sonicated nanocellulose
suspensions and electricity (measured with Kill-A-Watt meter) while
outputs were end product nanocellulose, solid, and liquid emissions.
Key Assumptions. The following assumptions were made to

facilitate the LCA models of nanocellulose from the above laboratory
practices. In some cases, small changes in LCA assumptions can have
large impacts on the results while in other cases the results can be
insensitive to assumptions. For those LCA results which were thought
to be sensitive to the assumptions, we performed scenario analysis with
different assumptions.

1. Kraft pulp (starting material) loss during the fabrication process
is negligible. The material mass balance indicated that although
weight loss may occur during the washing, transferring, and
purifying steps, the total weight loss is below 3%. For simplicity,
we assume this weight loss exerts no significant influence to the
LCA results.

2. The two chemical modification processes (TO and CE)
produce comparable surface charged cellulose fibers. The TO
modified pulp is carboxylated cellulose (with C6 converted to
carboxyl group, average degree of substitution (DS) ∼ 0.23)
while CE modified pulp is carboxymethylated cellulose (with
primary hydroxyl groups converted to carboxymethyl group,
DS ranges from 0.10 to 0.20), so the chemical structures are
slightly different and degrees of substitution are also differ-
ent.10,16 However, both modified pulps are similar in the sense
that the modification processes introduce anionic surface
charges onto the pulp while maintaining the primary physical
and mechanical properties of the isolated nanocellulose.

3. The two mechanical disintegration processes (SO and HO)
produce comparable nanocellulose and are independent of the
previous chemical modifications. Both processes deconstruct
surface modified pulp into disintegrated nanocellulose.
However, due to the different mechanisms as well as the
starting materials (carboxylated cellulose vs carboxymethylated
cellulose), the products could be different in dimension
distributions, surfaces charges, and the associated bulk
properties. We assume these differences are insignificant for
most of the downstream applications.

4. Batch processing capacities of homogenization (HO) is
assumed to be three times of that of sonication (SO). The
batch processing capacities for both HO and SO can vary in
certain ranges, dependent on the target concentration of the
nanocellulose and the batch volume limits of the equipment.
Therefore for 10 g (the functional unit) of dry nanocellulose, it
takes 4 batches processed via HO (2.5 g/batch or 0.5 wt % in
500 mL DI water) and 33 batches via SO (0.3 g/batch or 0.1 wt
% in 300 mL DI water). Also, since SO processed nanocellulose
has to go through the centrifuge purifying (CP) to remove the
titanium impurities, it requires 33 batches of SO plus an
additional 33 batches of centrifugation to process 10 g of
nanocellulose.

5. The common procedures (e.g.: washing) do not influence the
comparison among four fabrication routes and are therefore
considered negligible to simplify the analysis.

6. The LCI process data assumes ethanol is manufactured from
the fermentation of biomass (corn). Ethanol is also commonly
produced from hydration of ethylene with the process of choice
depending on the relative cost of the two processes. A
conversation with the supplier of the lab’s ethanol confirmed
that the ethanol was produced from corn, but the scenario of
ethanol from ethylene was modeled for comparison.

7. Liquid processing wastes were mixed with other laboratory
wastes and disposed through the university as hazardous
liquids. These were modeled as incinerated or combusted liquid
waste for energy recovery as is a common practice for
laboratory wastes. The emissions from this incineration/
combustion were included in the analysis, but transportation
of the wastes and the energy recovery was not modeled due to
complexity. Both of these processes emit chemicals into the
atmosphere, but the energy recovery offsets this to some degree
since another energy source is displaced.

8. Solvent evaporation was considered negligible, and these direct
emissions were not included.

Life Cycle Inventory Analysis (LCI). All the data used in this
LCA comes from the following four sources: original data, literature
data,34 SimaPro databases, and estimations. Inventory details are
provided in the Supporting Information Tables 1−4.

Foreground Data.
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1. For chemical processing, all the input and output (emissions)
data were scaled to the equivalent amount for producing 10 g
dry nanocellulose (the functional unit). The direct energy input
in the form of electricity during the chemical processes (i.e.:
overhead stirring system, heating plat, pH meter, centrifuge
washer, cooling system, etc.) was measured with an electricity
usage monitor (P4400 Kill A Watt, P3 International); three
readings were taken to get the average value in kilowatt hours.

2. For mechanical processing, electricity was the only direct input.
The electricity consumption was calculated based on the
operation time and the equipment power specifications.

Background Data. The upstream manufacturing data for kraft pulp,
chemicals, water, and electricity are modeled using the inventory
database provided within SimaPro version 7.3 (Ecoinvent v.2, USLCI
v1.6.0). The specific processes are also listed in the Supporting
Information Tables 1−4. Although inventory data from the US would
be preferable for these processes, many of the chemicals and raw
materials were not available from the USLCI database. Commodity
chemicals are often produced with similar technology throughout the
world and often sourced outside the US, so the European data was
considered acceptable despite some differences in fuel sources for
electricity generation. Process data from EcoInvent has the advantage
that these processes are consistent with one another with regard to
boundary conditions which can lead to inaccuracies if LCI process data
from different databases was used.
Electricity for lab scale processing was a low-voltage average for the

US grid (approximately 57% coal, 22% nuclear, 17% natural gas, and
4% others) from the USLCI database which included typical line
losses. This data is representative of the year 2000 fuel mix, so the
recent shift away from coal due to displacement by natural gas is not
considered but would be the same for all four cases compared in this
study. While this is a good general case for this LCA, interpretation of
these results for a specific location should consider the current
electricity fuel source mix compared to this average.
Estimations. For some process data (e.g., the volume for the tap

water used in washing the intermediate product), we estimated the
value from experience and estimated the uncertainty in these cases to
be approximately 10%. Additionally, there are two key reactants in the
TEMPO oxidation process that were not available in existing LCI
databases. TEMPO was not included in the inventory because very
limited information about its environmental impact (or immediate
precursor chemicals) is available. Moreover, it comprises much less
than 1% of the mass flows in the process. NaBr, not available in any of
the SimaPro databases, was replaced with NaCl for impact estimation,
because the two chemicals share many similarities in the industrial
manufacturing processes and environmental outputs.43,44 Both
TEMPO and NaBr could be modeled more accurately in the future
if evidence suggests the associated impacts are significant.

■ RESULTS AND DISCUSSION

Life Cycle Impact Assessment (LCIA). LCA results
depend critically on the impact assessment method used.
These methods use different scientific models to translate the
inventory amounts into environmental impacts using character-
ization factors. Several impact assessment methods were used in
this analysis.
Energy use is a metric that is well understood and often

reported, but it is not strictly an environmental impact.
However, energy use is strongly correlated with both the use of
raw materials as well as emissions. Cumulative energy demand
(CED, SimaPro v1.08) was used obtain the overall energy use
across the life cycle.45 CED has been shown to correlate
strongly with other environmental metrics calculated from a
wide range of different impact assessment methods.46 The CED
method further breaks down energy use into the categories of
nonrenewable (fossil, nuclear, and biomass) and renewable

(biomass, solar/wind/geothermal, and hydro) energy. The
units for CED are megajoules (MJ).
Global warming potential (GWP) is also a frequently

reported environmental metric due to both the strong scientific
consensus on the potential implications of this issue as well as
the corresponding societal, political, and economic ramifica-
tions. This impact was modeled using the International Panel
on Climate Change method (IPCC 7 GWP 100a v1.02) which
has a time frame of 100 years.47 This method uses the midlevel
time horizon, but there are also 20 and 500 year methods which
account for differential lifetimes of greenhouse gases in the
atmosphere. The units for IPCC 7 GWP are kilograms CO2,
equivalent.
While energy and climate change are the most often

quantified environmental impacts, LCA methods allow for a
much wider range of environmental impacts to be quantified.
Eco-Indicator 99 (EI99, SimaPro v2.08) was used to provide an
end point damage assessment using the 11 impact categories
shown in Table 142 EI99 translates environmental impacts into

“Points (Pts)” under three comprehensive end point categories:
human health, ecosystem quality, and resources. The values can
then be normalized, weighted, and reported collectively as one
single score for comparison.42,48,49 In this method, higher
scores represent larger environmental impact. The EI99
method is “easy to understand but there is the risk of losing
transparency”.48 The single scores reported using EI99 are
dimensionless values, normalized to the overall annual
environmental load per capita, in continental Europe.42 EI99
normalization values were not available in SimaPro for the US,
but this is not a critical issue in the comparisons of this study
since each option was normalized by the same values. EI99 also
provides detailed breakdowns of the impact values in either the
3 end point categories or 11 environmental impact categories of
Table 1.
EI99 also has three weighting sets reflecting different

perspectives for gauging the environmental damagethe
egalitarian (E), hierarchist (H), and individualist (I)
perspectives.42 These weights are necessary to obtain single
score comparisons but are subjective unlike the LCI and
normalization values in the models. We ran our models using
all three perspectives, but the baseline model will use the
hierarchist weighting which uses a midlevel time frame and risk
perspective. The values for the end point categories for the
three weighting schemes are shown in Table 2. Also note that
these three EI99 methods have, for some categories, different

Table 1. Environmental Impact Categories Considered in
Eco-Indicator 9942

environmental impacts end point categories

carcinogens human health
respiratory organics
respiratory inorganics
climate change
radiation
ozone layer
ecotoxicity ecosystem quality
acidification/eutrophication
land use
minerals resources
fossil fuels
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characterization factors to take into account the different
perspectives.
Baseline Comparison of Four Processing Methods.

CED and GWP impact values for the four baseline processes
are shown in Table 3. Sonication (SO) requires more energy

than homogenization (HO), and the chloroacetic acid
etherification route (CE) is more energy intensive than the
TEMPO-oxidation route (TO). Recall that sonication requires
a follow-up centrifuge step for purification and the CE process
uses both isopropanol and ethanol, while TO process only uses
ethanol. Details of the four process inventories are included in
the Supporting Information Tables 1−4.
Overall, TOHO requires the least energy across the entire

process life cycle. More than 97% of the nonrenewable energy
for these processes is categorized as fossil-derived while a
similar percentage of the renewable energy is categorized as
biomass. In this baseline case, the renewable biomass energy
comes from the corn fermentation process for the manufactur-
ing of the ethanol.
The GWP values follow the same trend as the energy

demand for these processes since most of the greenhouse gas
emissions are dominated by carbon dioxide and result directly
from the use of fossil fuels for energy. These climate change
values are the only ones that can be compared easily to the
results from the previous LCA on NFCs. For the 3 processes
and 2 electricity generation scenarios studied in the previous
work by Hohenthal, et al., the GWP values range from 0.7−3.0
kg CO2 equiv/kg nanocellulose.

40 From the data in Table 3, the
GWP values for this study range from 190 to 1160 kg CO2
equiv/kg nanocellulose. It is clear that the electricity inputs for
the Hohenthal et al. LCA have orders of magnitude less direct
electricity input per unit nanocelluose mass than in this work. It
is interesting to note in the Klemm et al. review a number
examples are provided for relative energy consumption with the
value of 27 000 kW h/ton cited for the nonmodified kraft pulp
and 500 kW h/ton for the carboxylated pulp.9 Processing time,
concentration, number of passes, and power consumption are
key variables in these systems that dictate energy demand in the
fibrillation step. Homogenizers that use high pressure to shear
the solution through a small orifice are limited by the
concentration throughput because of clogging issues. An
increase of an order of magnitude of concentration in our
study would reduce the total energy demand to ∼10 000 kW h/
ton for our two pass scenario at 250 mL/min. This number is

similar to the Hohenthal et al. report where they use a 4%
concentration in their LCA combined with a single pass
homogenization step to derive the 4900 kW h/ton energy
estimate. In Supporting Information Table 5, we present several
different scenarios for energy consumption related to the
energy cost of the homogenization step per pound of material.
As can be noted, in our lab system the energy cost of
mechanical fibrillation is just under $3 USD per pound of
nanocellulose, which demonstrates the large amount of energy
required for this lab scale process.
The total energy demand for these processes was also broken

down into chemical and mechanical process components in
Table 3. The chemical energy corresponds to the energy for all
the raw materials and energy in the chemical synthesis of the
nanocellulose (CE or TO). The mechanical energy corre-
sponds to the energy used in the sonication/centrifugation or
homogenization step (SO or HO) for these processes. As
shown graphically in Figure 4, the mechanical processes for

sonication demand a larger fraction of the energy than for the
homogenization processes. For the homogenization processes,
the chemical processes have greater energy demand than the
mechanical process. This distribution of energy is an important
consideration for industrial scale-up options for these processes
demonstrate that sonication does not appear to be competitive
with homogenization.
In addition to the energy and climate change impacts, EI99

single scores are shown in Table 4 with a breakdown by end
point category detailed in Figure 5. The SimaPro network
diagrams for these models at a cutoff level of 5.5% shows the
LCA models visually in the Supporting Information Figures 1−
4.
Despite the LCA model, differences from a short-term

individual perspective (I) to a long-term societal perspective

Table 2. Weighting Values for EcoIndicator Methods24

EcoIndicator method time horizon intergenerational responsibility human health ecosystem quality resources

individualist (I) short present > future 55% 25% 20%
hierarchist (H) medium present = future 30% 40% 30%
egalitarian (E) long present < future 30% 50% 20%

Table 3. CED and GWP Results for 10 g Nanocellulose
Production

impact category CEHO CESO TOHO TOSO

CED total energy (MJ) 64.9 176.1 34.7 145.9
CED nonrenewable energy (MJ) 48.8 160 19.5 130.6
CED renewable energy (MJ) 16.1 16.1 15.2 15.2
CED chemical process (MJ) 54.4 54.4 24.2 24.2
CED mechanical process (MJ) 10.5 121.7 10.5 121.7
IPCC7 GWP 100a (kg CO2, equiv) 3.6 11.6 1.9 9.8

Figure 4. CED values for nanocellulose production routes separated
into mechanical and chemical processes.
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(E), the order of environmental impacts stays the same from
TOHO (lowest in each perspective) to CEHO to TOSO to
CESO (highest in each perspective). Note also that this is the
same result obtained from the energy and climate change
models despite the inclusion of nine more impact categories.
What does vary as these methods change is the relative
importance of human health to ecosystem quality to resources
for the processes. Human health is the largest factor for the
individualist method while human health and resources become
relatively more important for the hierarchist and egalitarian
methods.
Scenario Analysis. One of the most useful aspects of LCA

is the ability to make different assumptions to test various
scenarios or the sensitivity of the models to data uncertainty.
We have modeled two specific scenarios, which might be
expected to change the results in a significant way.
First, ethanol is a solvent for both of the chemical processes

and a significant contributor to the overall environmental
impact. The method of its manufacturing varies depending on
various economic and technical factors. In addition to
production from corn fermentation, ethanol is also made by
the hydration of ethylene. It might be expected that this latter
ethylene would have higher environmental impacts since it is
derived from a fossil resource rather than a biomass source like
corn. This scenario was tested by selecting an LCI process
based on ethylene hydration to replace corn ethanol. Second,
the four baseline processes are all modeled from actual lab scale
processes for the conversion of pulp to nanocellulose. While
the results can help to make decisions at the lab scale, it would
also be useful to gain insights into environmental impacts at the
industrial scale based on the LCA analysis. To do so, we made
the following modifications to the models to approximate

expected differences at the industrial scale. To account for
increased efficiencies due to industrial scale processing and
equipment, we used only 8.3% of the direct electricity inputs
(to drop the fibrillation energy to ∼8000 kW h/ton, based on
2% consistency, single pass, rate of 5 mL/s, and working power
2.87 kW) from the baseline model corresponding to a process
that is more energy efficient. In this industrial scenario, we also
input and output only 20% of the ethanol and isopropanol
solvent volumes for these processes by assuming that industrial
scale processes will capture and recycle solvent at an 80%
efficiency level. These assumptions provide less savings in
electricity than the energy efficiency estimates in the Hohenthal
et al.40 nanocellulose LCI and Klemm et al. review;9 however
this shows relevant data achievable in a short-term industrial
scenario based on the collected data in this study.
Figure 6 shows the cumulative energy demand for the

baseline processes and two scenarios. For all cases, the

ethylene-based ethanol has lower energy demand than the
corn-based ethanol. This result is due to more energy demand
for the extraction and processing of corn than many people
would intuitively expect. This result is also supported by the
EI99 comparison of ethanol sources shown in Figure 7 where
CEHO is the baseline and CEHO_Ethylene is based on the
ethylene-sourced ethanol. While the environmental impact for
fossil fuels is lower for the corn-based ethanol, it does not
overcome the higher impact for this form of ethanol for the
land use impact category.
For the industrial scenario, one can also see in Figure 6 that

energy demand for each case is lowest for this scenario due to
the lower direct energy input and the smaller volume of solvent
that is used and incinerated due to solvent recycling. While this
is not a surprising result, once again the order of lowest to
highest environmental impacts does not change for these
scenarios compared to the baseline. Additionally, it is noted
that while there has been an order of magnitude reduction in
mechanical energy use, the overall energy consumption only is
reduced by a factor of three because of the embodied energy
within the chemical processes. These results highlight how LCA
is useful to study the whole process relative to looking into a
single factor (power consumed during fibrillation).

Table 4. EI99 Results for Nanocellulose Production Routes
with Different Impact Method Perspectives

method CEHO CESO TOHO TOSO

Eco-Indicator I/I (Pt) 0.23 0.73 0.15 0.65
Eco-Indicator H/H (Pt) 0.35 0.78 0.16 0.60
Eco-Indicator E/E (Pt) 0.30 0.84 0.18 0.72

Figure 5. Single score impact factor for the four fabrication methods,
and three different impact factor perspectives.

Figure 6. CED for nanocellulose baseline, ethylene-based ethanol, and
estimated industrial scenarios.
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Nanocellulose Comparisons to Other Materials. In
addition to relative comparisons of nanocellulose processes
with each other, it is useful to compare this material to other
nanomaterials to put the absolute metrics in context. First, it is
useful to show the degree of impact for nanocellulose
production relative to the kraft pulping process. Kraft pulp
and MFC were compared to understand how much environ-
mental impact increases for the nanocellulose fabrication
compared to its precursor raw material. To model this, the
kraft pulping process selected from the EcoInvent library in
SimaPro was “Sulphate pulp, average, at regional storage/RER
U”, and this assumes that pulp is produced from an average
technology European pulping facility. Sulfate pulp is the
predominate fiber on the market and has a degree of
polymerization greater than other high alpha cellulose content
pulps. As the exponential growth of nanocellulose production is
expected,1,2 it is crucial to understand the potential environ-
mental risks associated with this new material so that
environmentally burdensome steps can be addressed proac-
tively and to guide the emerging nanocellulose fabrication
technologies toward the minimization of overall environmental
impact.
The CED value for pulp is 2.5 MJ while the EI99 (H/H)

score is 7.4 mPt. This compares with 34.7 MJ (10.6 MJ
industrial scenario) and 164 mPt (45 mPt industrial scenario)
for the lowest impact nanocellulose process (TOHO). These
are factors of 10× (4× industrially) and 20× (6× industrially)
of the energy and environmental impact for the nanocellulose
compared to the raw pulp material, respectively. This estimate
shows how quantifying the life cycle with LCA may shift the
impression that surrounds some new technologies. To make
further sense of these numbers, it should be noted that modern
pulping technology is largely self-sustained from an energy and
chemical recycling perspective;50 hence the overall environ-
mental burden is brought down substantially compared with
other materials. Additionally, from the nanomaterials perspec-
tive, isolation of nanocellulose from native wood fiber’s
hierarchical structure is intrinsically an energy-intensive
process.21

This LCA shows that direct energy consumption during
nanocellulose processing accounts for significant fraction of
environmental impact of its manufacturing. The processing of
another popular nanomaterial, single-walled carbon nanotubes
(SWNTs),41,51,52 is generally considered to be very energy
intensive. Hence the fabrication energy demand of nano-
cellulose was compared with SWNTs, to understand where
nanocellulose stands relative to this material from an energy
perspective. Ganter et al. reported electricity inputs for
producing SWNT via laser vaporization in a lab setting at
114 000 kW h/kg.52 Laser vaporization was reported having
comparable energy consumption to other SWNT synthesis
methods, but it is a promising approach to scale up and achieve
substantial energy saving.52 Scaling the direct electricity inputs
for the lab scale nanocellulose TOHO chemical and mechanical
processes produced 96 kW h/kg, less than 0.1% of the direct
electricity input reported for processing SWNTs. This low
energy consumption relative to SWNTs may provide nano-
cellulose with an environmental advantage in applications
where the properties of both materials are acceptable.
Moreover, to make these two nanomaterials more equivalent
from a functional point of view, SWNTs must undergo
additional processing (oxidation with acid mixtures) to achieve
aqueous dispersible nanoparticles. One caveat regarding this
comparison is that mass-based functional units are generally not
appropriate in LCA. When considering a specific application,
the relative amount of a nanomaterial required to achieve
certain property enhancement is critical; i.e., if SWNTs require
much less mass to achieve the same performance, then the
energy consumption advantage of nanocellulose could be
reduced proportionally.

Limitations. Like all LCAs, this assessment is a snapshot in
time for the life cycle inventory which serves as the basis for the
LCA model and impact assessment. As such, any changes in
technology or processing conditions as well our understanding
of the environmental impacts of the inputs and outputs
(characterization factors) will lead to different results. This is an
important consideration for researchers considering the results
of this study as the differences between the processes studied in
this case and future cases will increase and perhaps become
more significant over time.
Because of this inherent limitation for LCA, the study has a

number of factors, which should be discussed explicitly. The
conclusions of this LCA are limited to the specific conditions in
the laboratory setting and processes explained in detail. While
many of the local lab conditions were based on measured
primary data, most of the raw material processes were based on
LCI data compiled at different times in different locations. As
discussed, this study also does not accurately represent the
industrial scale processing of nanocellulose, which will use
different equipment and processes. Nonetheless, these results
give insights into the specific inventory data necessary to
complete an LCA at the commercial level. Moreover,
reasonable estimates regarding potential environmental advan-
tages of industrial processing such as more efficient equipment
and recycling of solvents allowed scenarios to be tested.
The lab-scale comparison to SWNTs is also problematic for

many of the reasons just outlined. However, on a relative basis,
it is not unreasonable to assume that differences between
nanocellulose and SWNTs will scale as both of these processes
are transitioned to the industrial level.
Finally, it should be noted that current LCA impact methods,

including the EI99 method used in this work, lack character-

Figure 7. Baseline EI99 graph for baseline CEHO method with corn-
based and ethanol-based ethanol scenario.
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ization factors for human and environmental toxicity effects due
to nanomaterials. This study assumes no emissions of
nanocellulose to the environment or interaction with humans.
Even if these emissions were accurately modeled for this LCA
scope or future cradle-to-cradles studies for nanocellulose
containing products, more research to determine appropriate
characterization factors for this material are necessary to
accurately assess potential impacts.

■ CONCLUSIONS

The present work models a cradle-to-gate LCA for lab scale
nanocellulose fabrication. Four fabrication routes (composed of
two interchangeable chemical and mechanical processes) were
evaluated using cumulative energy demand, global warming
potential, and Eco-Indicator 99 impact assessment methods.
This allowed quantification and comparison of the four
methods across a range of environmental impacts. Scenarios
to assess the sensitivity of the model to reasonable industrial
scale process changes were also tested. The LCA results were
also compared with the kraft pulping process and single-walled
carbon nanotube (SWNT) fabrication.
The primary conclusions are as follows:

1. Sonication processes had more environmental impact
that homogenization processes, and etherification had a
greater impact than oxidation.

2. The TOHO process had the lowest environmental
impact compared to the other processes for energy,
global warming potential, and overall impact based on
EcoIndicator 99.

3. Different assumptions for impact weighting, the source of
ethanol, and estimations of industrial scale energy and
solvent efficiency change the absolute values of the
environmental impacts but not the relative impacts
among the four processes studied. In this sense, the LCA
methods were fairly insensitive to a wide range of
assumptions when comparing processes, though individ-
ual processes did vary significantly under the different
scenarios.

4. Comparing the laboratory data to the literature on
energy consumption of fibrillation, it appears maximizing
pulp concentration during scale-up will significantly
impact mechanical energy demand. Additionally, this
LCA study notes that inherent energy embodied within
chemical modification (both etherification and oxidation)
contributes greatly to nanocellulose’s overall cumulative
energy demand even if the mechanical energy is
minimized. This finding implies that the oxidation or
etherification reactions should be optimized as well.

5. Despite the lack of good inventory data for various
aspects of this LCA, useful insights can be made
regarding the overall impacts for these processes at the
laboratory scale and likely be good predictors for some of
the environmental issues at the industrial scale.
Furthermore, based on the models developed from the
laboratory procedures life cycle inventory data from pilot
scale production will allow more accurate assessment of
the potential environmental impacts for the scale-up of
this nanomaterial for the industrial-scale processing of
nanocellulose.
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