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ABSTRACT: Lignin micro- and nanoparticles (LMNPs)
synthesized from side-streams of pulp and paper and
biorefinery operations have been proposed for the generation
of new, high-value materials. As sustainable alternatives to
particles of synthetic or mineral origins, LMNPs viability
depends on scale-up, manufacturing cost, and applications. By
using experimental data as primary source of information,
along with industrial know-how, we analyze dry and spherical
LMNPs obtained by our recently reported aerosol/atom-
ization method. First, a preliminary evaluation toward the
commercial production of LMNPs from industrial lignin
precursors is presented. Following, we introduce potential
LMNPs applications from a financial perspective. Mass and
energy balances, operating costs, and capital investment are estimated and discussed in view of LMNPs scalability prospects.
The main potential market segments identified (from a financial perspective) include composite nanofillers, solid foams,
emulsion stabilizers, chelating agents, and UV protection. Our technical, financial, and market assessment represent the basis for
R&D planning and efforts to lower the risk related to expected industrialization efforts. Manufacturing costs were estimated
between 870 and 1170 USD/t; also, minimum selling prices varied from 1240 and 1560 USD/t, depending on raw materials
used. Sensitivity analysis indicated that manufacturing cost can be as low as 600 USD/t, depending on the process conditions
considered. Finally, based on the financial assessment, potential applications were identified.

KEYWORDS: Lignin, Organic colloids, Microparticles, Nanoparticles, Biorefinery, Mass and energy balance,
Techno-economic analysis

■ INTRODUCTION

Lignin naturally occurs in woody and nonwoody plants,
representing from 15% to 30% by weight of the total dry mass,
depending on the source.1 Lignin has a complex structure
originating from hydrogenative polymerization of three basic
precursors, namely, p-hydroxyphenyl (H), coniferyl (G), and
sinapyl (S) alcohols. The resulting macromolecule contains
various functional groups and its monomeric phenylpropane
units (or C9-unints) are linked by different ether and C−C
linkages (Figure 1a).2−5 The huge opportunity for securing
vast quantities of lignins from the forest products industry,
economically and at large scale, is concurrent with develop-
ments in biorefineries and bioproduct mills that integrate
biomass conversion processes. At present, the primary
production sources of industrial lignin are the organic-rich
streams generated during biomass digestion (wood pulping),
which contains mainly dissolved lignin, carbohydrates and their
degradation products and extractives, as well as cooking

inorganics. The latter components are usually recovered from
solution while the remaining material, the ligninic fraction, is
normally used for energy generation.6 This current low-end use
of lignin can be seen as a starting point for the future
bioeconomy, as an alternative to fossil resources that do not
compete with food supply.
Due to its diverse functional groups, lignin can find other

uses,7 such as absorbents, emulsifiers, dispersants, and as
chelating agents.8−11 Additionally, a wide range of chemicals
and products, such as adhesives, can be produced from
lignin.12−14 Moreover, it can be used for the production of
bioplastics, as well as for controlled and slow release of
fertilizers.15 Carbon fibers can be obtained from lignin,16 which
in turn can be used as component in supercapacitors and
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energy storage devices.4,16,17 Nevertheless, several challenges
exist to facilitate value-added applications of lignin. They
include relatively low reactivity, low compatibility in many
polymer blends, the chemical structure variability (which
depends on the feedstock and extraction conditions), broad

molecular weight distributions, inconsistency in composition

profiles, and tendency to repolymerize after fragmentation,

among others.14,18 In addition to the complexity of the lignin

structure in the plant biomasses, all biorefinery processes result

Figure 1. (a) Plausible structural model of a lignin fragment showing various functional groups and interunit linkages. Reprinted in part with
permission from ref 26 (Copyright 2010 American Society of Plant Biologists). (b) Energy profile (Gibbs free energy) along with chemical or
mechanical nanoparticle preparation. The chemical pathway presents an unnecessary diminution step (high intermediate ΔG) since the atomic/
ionic or molecular intermediates are then again combined to nanosized particles. Reprinted in part with permission from ref 22 (Copyright 2015
The Royal Society of Chemistry).

Figure 2. (a) Number of publications per year according to a search with Web of Science (March 2018) using the search terms “TI = (polymer* or
biopolym* or biomacrom*) and TI = (particle* or nanoparticle* or microparticle* or bead* or microbead* or nanobead* or capsule* or
microcapsule* or nanocapsule* or microsphere* or nanosphere*) and refined by TOPIC: (production or isolation or synthesis or development or
separation). (b) Number of publications per year according to Web of Science (March 2018) using the search terms “TI = (Lignin*) and TI =
(particle* or nanoparticle* or microparticle* or bead* or microbead* or nanobead* or capsule* or microcapsule* or nanocapsule* or
microsphere* or nanosphere*) NOT TS = (particleboard* or board*). Field tags: TI = title, TS = topic.
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in dramatic increase in complexity and chemical heterogeneity
of the structures of technical lignins.14,19

Lignin Micro- and Nanoparticles (LMNPs). A remark-
able behavior of lignins, when subjected to specific conditions,
is their tendency to form small particles within the plant cell
walls.6,20 In this work, lignins from pulp and paper processes
are used as feedstock for the manufacture of colloidal lignin or
lignin micro- and nanoparticles (LMNPs). LMNPs represent a
toolbox toward property development that can be quite
attractive for practical applications. These can be exemplified
in current efforts to supply materials with color, thermal, and
light stability as well as strength.21 Moreover, improved or new
functions can be achieved from multiple components
integrated in the form of particles.22 In general, the isolation
of particles via mechanical pathways is less energy demanding
than chemical routes. This is a direct result of the surface
energy that is lower compared with typical chemical
manufacturing enthalpies, such as dissolution, reduction, and
others (Figure 1b).22 Thus, small and chemically inert particles
can be used, for example, in pigments, as polymer fillers or in
surface finishing.22 In the specific case of lignin particles, there
is great promise as emulsion stabilizers, antioxidants, and
agents for UV protection.6,23−25

The field of polymer nanoparticles is quickly expanding and
playing a pivotal role in a broad spectrum of areas.27 This fact
can be realized from the ever-increasing number of
publications, as depicted in Figure 2a. This trend is based on
the properties of polymer particles, which meet a wide range of
applications and market needs. To some extent, the same can
be said for those derived from lignin, a subset of polymer
particles, Figure 2b. The use of lignin micro- and nanoparticles
to produce added value materials can open an important
pathway for the development of new applications and
consequently contribute to fostering the future biobased
industry.6,28

LMNPs Formation Mechanism and Synthesis. At given
conditions, lignin tends to form spherical particles.6,20 Prior
studies have proposed that LMNPs are formed in situ when
biomass is subjected to temperatures higher than the lignin
phase transition (∼175 °C).6,20 Formation of particles with
different shapes and sizes, between 5 nm to 10 μm, have been
reported. The mechanisms proposed for the formation of these
particles includes: (i) a coalescence phase, when temperature is
above lignin softening point, allowing it to expand and move
within the cell wall matrix; (ii) a migration phase, when lignin
migrates to the cell surface, and finally (iii) particle formation
and extrusion from the cell wall, as cellulose microfibrils are
exposed and consequently attached to each other by hydrogen
bonding.6,20 Lignin can be separated from other wood
components by well-known processes (such as kraft pulping),
although particular conditions are needed for the generation of
respective particles at the micro- and nanoscale.23

Biomass pretreatments may indeed change the lignin
structure and generate different types of materials.18,29 For
lignin characterization purposes, various analytical procedures
including ball milling (followed or not by enzymatic treat-
ments) have been used to isolate lignins from biomass without
significantly modifying its structure.5 The drawbacks of these
processes include the very high energy demand and limitations
in scaling up, making them industrially unrealistic. At the
industrial scale, lignin is isolated from the wood by different
processes, such as kraft, soda, and sulfite pulping, generating
kraft lignin, alkali lignin, and lignosulfonates, respec-

tively.14,23,30 On the basis of pulp production, the kraft process
is the most commonly used to separate lignin from wood,
generating about 78 million metric tons of lignin world-
wide.14,30−32 While this lignin is used in energy cogeneration,
there is a potential to recover between 5% to 10% of the total
kraft lignin production without negative impacts on mills’
operations and finance (depending on pulp mill production
limitations). The current recovery of pulping lignins is only 2%
of the industrial production, where the majority of commercial
lignin is sourced from the sulfite process, with a total
production close to 1.1 million metric tons/year of
lignosulfonates as of 2015.14,23,30,33,34

Lignin particles with various sizes and shapes, hollow or
solid, have been reported by using different processes, such as
solvent or pH shifting, cross-linking/polymerization, mechan-
ical treatment, ice-segregation, template-based synthesis,
electrospinning, CO2 antisolvent, and aerosol processing.23 A
description of these processes can be found in recently
published reviews.6,18,23 In the solvent shifting process, the
lignin is dissolved in a water-miscible organic solvent. The
solution is then mixed with excess water, generating the
LMNPs due to the reduced solvency.23 In pH shifting, lignin is
diluted in a solvent (e.g., ethylene glycol) or water at a high
pH, followed by addition of an acidic solution (e.g., HCl),
allowing the formation of LMNPs.35 Cross-linking and
polymerization have been used for the synthesis of LMNPs,
which may include the use of surfactants and cross-linking
agents.23 Mechanical treatments, such as homogenization and
sonication, were applied to reduce particle size of lignin to the
nanoscale.36,37 In the ice-segregation method, an aqueous
lignin solution was rapidly frozen, followed by ice sublimation,
thus generating a network of lignin nanofibers.38 Template-
based synthesis, as suggested by its name, uses a template (e.g.,
alumina membrane) to shape the lignin into a desired form,
such as nanotubes.39,40 Electrospinning of lignin solutions has
been demonstrated in the presence of poly(ethylene oxide) or
poly(vinyl alcohol) in the solution.41 Carbon dioxide
antisolvent is a technique that uses CO2 at supercritical
conditions for lignin precipitation.42 Finally, LMNPs have been
produced from kraft lignin solution (tetrahydrofuran and
water) by evaporating the solvents and redispersing the solids
obtained in water.43

Solvent shifting, CO2 antisolvent, aerosol, and dissolution/
evaporation pathways have presented the highest yields
reported. The main drawbacks of solvent shifting and CO2
antisolvent are the low solids concentration in final product
and high operating pressures, respectively. The dissolution/
evaporation process, despite the high yields, needs multiple
steps. Mechanical treatment for the manufacturing of LMNPs
seems promising, given the similarities to existing pulp and
paper operations and the absence of hazardous solvents;
however, the broad range of particle sizes obtained may
prevent applications of the final product (due to nonun-
iformity). Most relevant for any practical use, most of the
above methods are highly intensive in solvent use. In contrast,
previous efforts demonstrated the possibility of aerosol
processing, in one step, to obtain dry lignin particles with
sizes ranging from 30 nm to 2 μm and with various surface
energies (wettability), depending on the source and process
conditions.28 Moreover, in situ development of surface features
on the particles is possible, such as wrinkling, which is
attractive in advanced applications.44 A comparison of the
processes previously discussed including the types of lignin
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used, yields, advantages, and disadvantages is presented in
Table 1. Due to ease of scale-up and relatively high yields, the
aerosol process was selected in our techno-economic study.
Due to the relative novelty of LMNPs and the recent dates

associated with the reports and advances in the manufacturing
processes, to our knowledge, no techno-economic studies on
LMNPs manufacturing process are available, although some
studies indicate potential for scale-up.28,43 We hereby propose
a preliminary assessment for LMNPs manufacturing at
industrial scale. The selected process (aerosol method) is
described and discussed along with estimated capital and
operating costs. Additionally, the impact of different process
conditions on project financials is evaluated through sensitivity
analyses. Finally, an evaluation of potential applications is
provided. The collective information and methodologies used
are expected to help in directing LMNPs development efforts
to the most promising opportunities.

■ MATERIALS AND METHODS
Synthesis of LMNPs. Different types of lignins were used at the

laboratory scale for the aerosol flow process. The precursors included
soda, organosolv, and kraft lignins.28 In the first generation of this
process, a lignin solution (e.g., alkaline solution for alkali lignin, and
dimethylformamide for organosolv or kraft lignin) was prepared in an
agitated vessel. The solution was then sent to a collison-type jet
atomizer with nitrogen that generated small droplets. The droplets
were carried to a heated reactor at a given temperature (e.g., 100 °C
for water or 153 °C for DMF), and the solvent was evaporated. The
reactor outflow consisted of a mixture of lignin particles and solvent in
the vapor phase. This outflow was sent to a Berner-type low-pressure
impactor, where LMNPs were collected and the vapor was exhausted.
A second, larger version of the unit was developed for the benefit of
this study to increase the capacity, which included a nebulizer and a
cyclone collector (Figure 3). In this larger version, the cooling water
in the solution source is necessary to prevent overheating of the
ultrasonic nebulizer during extended operation periods. Figure 4
illustrates LMNPs that can be produced with this system.
Techno-Economic Analysis of LMNPs Manufacturing at

Industrial Scale. The steps used to perform the techno-economic
analysis for LMNPs manufacturing are illustrated in Figure 5. Initially,
information from the laboratory scale process was collected to identify
the main streams and processes (e.g., reaction, separation, heating,
etc.). Using this information, and based on industrial experience, a
block diagram was constructed. Process areas and major equipment
needs were defined, as well as main process streams. Process
information from the laboratory scale was collected (such as
production yields, raw materials, and energy requirements), and
adjusted for mass and energy balances at the industrial scale.
Production flow rates were estimated, and the main equipment (tanks,
pumps, atomizer and separator) were designed.
The following step aimed to link the technical and financial models.

Ordinary equipment costs were estimated using Peters and
Timmerhaus’ cost estimation tool and Matches’ databases.46,47 The
cost for atomization and separation equipment was based on previous
quotations from equipment suppliers. The overall capital investment
was estimated by multiplying the sum of equipment costs by factors
that account for equipment erection, piping, electrical systems,
instrumentation and controls, buildings, yard improvements, service
facilities, land, as well as indirect costs (engineering, construction and
legal expenses, contractor fees, and contingency); factors used were
based on information available in literature.48 To estimate direct
operating costs, calculated process flow rates were combined with
unitary costs of feedstocks and utilities. Other operating costs
(maintenance, labor, depreciation, overheads, and other fixed costs)
were based on direct operating costs and capital investment values, in
addition to wages information used in previous assessments.49,50

Finally, a simplified cash flow modeling was executed and the
minimum product selling price (MPSP) was estimated for a set of T
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financial assumptions that will be described later. MPSP is the
estimated product price for the investment to achieve Net Present
Value (NPV) zero at a specified hurdle rate (the minimum rate
expected when investing in a project). The assessment was then
supplemented by a sensitivity analysis, where main process and
financial parameters were varied and their impact on the project

financials were evaluated.51 Microsoft Visio was used to create block
and process diagrams at the laboratory and industrial scales. Microsoft
Excel was used for mass and energy balance calculations, as well as
financial assessment and sensitivity analysis of the industrial process.

Feedstock. Kraft lignin and lignosulfonate were selected as the
precursors for the industrial scale process, due to their commercial
availability. For experiments at the laboratory scale process, kraft
lignin, DMF and ammonium hydroxide (25% aqueous) were
purchased from Sigma-Aldrich; they were used without further
purification. For the industrial process, bulk-scale feedstocks and
chemicals were assumed. Suitable solvents for lignin precursors were
defined: water for the lignosulfonate and dimethylformamide (DMF)
and ammonium hydroxide solution (14% wt.) for kraft lignin. DMF
was used in the initial experiments with kraft lignin28 and ammonium
hydroxide was considered given its lower cost. The three solvents
were selected to establish a comparison of their effect in the economic
feasibility and considering that they easily dissolve the respective
lignin for the aerosol flow process, at 5% solids concentration.

Technology Selected and Scenarios Assessed. As indicated
previously, the techno-economic analysis of the aerosol technology
was performed. It is worth noting that the atomizer and separation
technologies were used for the cost modeling of LMNPs
manufacturing at the industrial scale. Additional bench scale analyses,
pilot testing, as well as discussions with equipment suppliers were
carried out to confirm the adequacy of this technology from a
technical perspective. Three scenarios were selected (Table 2). All
scenarios considered the LMNPs facility colocated with a pulp mill,
which was assumed to supply dried lignin to the new facility. Note,
however, the possibility of using lignin solutions generated directly in

Figure 3. Laboratory-scale setup used for LMNPs synthesis in this study: (a) general scheme for the aerosol flow reactor; (b) ultrasonic nebulizer
assembly; and (c) cyclone collector assembly.

Figure 4. Example of LMPNP produced by the aerosol flow system shown in Figure 3. On the left, spherical, dry, and smooth lignin particles with
sizes in the micrometer range (scale bar = 3 μm). On the right, a SEM image of LMNPs (scale bar = 200 nm) showing surface wrinkling, which can
be produced by adjusting the operation conditions in the unit. Adapted with permission from ref 44 (Copyright 2018 The Royal Society of
Chemistry).

Figure 5. Steps to perform techno-economic analysis of LMNPs
manufacturing.
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the process, avoiding drying, which would entail a considerable
benefit in the economics of the process. In our calculation we
assumed that lignin was delivered in dry form, making it more cost-
demanding. Despite this added cost, it is reasonable to still expect a
lower cost compared to alternative processes to obtain lignin particles,
such as solvent or pH shifting. Not only they require the lignin
solution feed but also other solutions (anti-solvent or acid solutions)
that ultimately are to be removed by drying.
Description of Simulated Industrial Scale Process. The first

step to simulate the nth plant for LMNPs manufacturing was to
construct a block diagram of the laboratory-scale process, and to adapt
it to the industrial scale. For the laboratory scale facility (Figure 3),
four main unit operations were identified (dissolution, atomization,
drying, and vapor−solid separation). The block diagram of the
proposed industrial scale process for LMNPs manufacturing is

illustrated in Figure 6, top. While one can assume that the lignin is
sourced as a solution from the actual process, in situ, here we adopt
the most challenging situation where the lignin feed is obtained as a
dry powder. Such dried lignin was then diluted in the given solvent
using an agitated vessel. Afterward the solution was sent to the
atomizer and separation systems. This equipment was able to generate
small solution droplets, followed by the evaporation of the solvent
using hot air that flowed countercurrent in a drying chamber. The
stream consisting of dried particles and the vapor phase of the solvent
was sent to a device where the vapor−solid separation was performed.
A cyclone and bag filter were assumed for separation. The particles
were collected at the bottom of the cyclone, and the vapor phase
passed through a bag filter to collect the remaining particles. The
solids collected from cyclone and bag filter are the final product,
LMNPs. The vaporized solvent in the separation step was drafted
from the system using a fan and recovered in the solvent recovery
section. In the solvent recovery section, the solvent was condensed in
a heat exchanger. The recovered solvent was mixed with fresh solvent
and fed back to the dissolution step. Solvent losses were accounted in
the simulation, due to possible residual solvent within the final
product (LMNPs) and the very small losses through venting systems,
which were calculated using EPA guidelines.52 The impact of solvent

Table 2. Summary of Scenarios Assessed

scenario lignin precursor solvent

1 kraft lignin dimethylformamide (DMF)
2 kraft lignin ammonium hydroxide (14% wt. in water)
3 lignosulfonate water

Figure 6. Simplified block (top) and process (bottom) diagrams for industrial scale manufacturing of LMNPs.
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losses is further evaluated in this work. A flowsheet for the proposed
industrial process is presented in Figure 6, bottom.
Process Assumptions. The main process assumptions for the

industrial process are included in Table 3. The production rate was
defined based on Culbertson (2017),53 which assumed that 5.2% of
lignin liquor can be extracted as lignin product from a kraft pulp mill
with a capacity of 440 000 air-dry metric ton/yr. The yields for
LMNPs reported by Ago et al.28 were >60%; such relatively lower
yields at the laboratory scale, in absence of a bag filter, are mainly
attributed to particles retained in the drying chamber and losses in the
solvent exhaustion system. It is expected that for the industrial facility
these issues would be controlled, generating no product losses. Thus,
we assumed negligible lignin losses in the industrial scale
manufacturing. A separator efficiency was defined for the industrial
process, which means that the solids that could not be separated in
the cyclone and bag filter were sent to the solvent recovery system
together with the solvent and then reprocessed. A typical mass
balance is presented in Table 4.
Scalability Assessment. Feedstock. For the proposed techno-

economic analysis, we assumed that the kraft and lignosulfonate
lignins used were not of high purity. Lignin may contain ash and
carbohydrates, which are not soluble in organic solvents. Although not
considered in the current analysis, additional filtration equipment
might be necessary for separating insoluble impurities from the lignin
solution. In addition, it was assumed that a less pure lignin does not
affect negatively the LMNPs quality for the intended applications.
The consequences of using an industrial grade feedstock should be
assessed by laboratory and pilot trials before scaling up the process.
Process Configuration and Equipment. The production of

LMNPs at the laboratory scale process was performed in semibatch
mode. The dissolution phase was in batch, and atomizing and drying
steps were performed continuously. To ease operation and

consequently produce LMNPs in a cost-effective manner, the
industrial process was assumed to run in continuous mode; this
prevents equipment idle time and ensures their efficient utilization.
Nevertheless, it was assumed that the facility would operate 95% of
the year (Overall Equipment EfficiencyOEEof 95%) to account
for maintenance and facility downtime (Table 3).

The nebulizer in the laboratory scale process was defined as an
atomizer and separator system, which can be easily designed and
scaled up for capital cost estimation. In addition, the particle drying
system at the laboratory scale (oven) used electrical resistance to
evaporate the gases. In the industrial scale, air was assumed to be
heated in a furnace using natural gas as fuel (Figure 6, bottom).

Utilities and Infrastructure. Considerations about infrastructure
and utilities are necessary for the simulation of an industrial facility.
For example, the laboratory scale process used nitrogen as carrying
gas between process equipment. The transport of particles at
industrial scale considered a fan to draft air and consequently carry
the particles. It was assumed that the solvents were recovered by a
condensing system and recirculated back to the dissolution step.

Major Costs and Financial Assumptions. Major raw materials
and energy costs are presented in Table 5. Reported Kraft lignin value
vary between 250 and 500 USD/t.34,53 For the current assessment, we
considered USD 250/t based on Culbertson (2017).53 Lignosulfo-
nates values range from 300 to as high as 2700 USD/t, depending on
purity.7,34 For LMNPs, we assumed that there is no requirement on
lignosulfonate quality. Using the literature review and industry
quotations, we adopted the value reported of 300 USD/t. DMF
costs were retrieved from ICIS database (2000) and adjusted to
current values using the PPI (producer price index) reported by the
Bureau of Labor Statistics.54,55 The PPI used was for crude petroleum
and natural gas extraction−primary products, since DMF is
manufactured from methanol. Ammonium hydroxide costs were

Table 3. Main Process Assumptions for LMNP Manufacturing at Industrial Scale

input value unit reference

production rate 150 metric ton/day Culbertson (2017)53

facility type colocated with a pulp mill assumed
lignin concentration in solution 5% % wt. Ago et al. (2016)28

lignin losses to the environment 0% % wt. of input flow assumed
losses of solvent to atmosphere 0.001% % wt. of recirculating solvent based on EPA52

solvent concentration in final product 0.5% % wt. assumed
separation efficiency 99% wt. solid out/wt. solid in assumed
cooling tower temperature difference 10 °C assumed
cooling water makeup 2% based on recirculating flow assumed
overall equipment efficiency 95% assumed

Table 4. Typical Mass Balance for Industrial Manufacturing of LMNPs (for stream numbers refer to Figure 6, bottom)

stream 1 2 3 4 5 6 7

description lignin, t/day fresh solvent, t/day recovered solvent, t/day solution to atomizer, t/day vapors to recovery, t/day losses, t/day LMNPs, t/day

lignin 150.0 1.5 151.5 1.5 150.0
solvent 0.8 2878.0 2878.8 2878.0 0.03 0.8
total 150.0 0.8 2879.5 3030.3 2879.5 0.03 150.8

Table 5. Major Costs Considered for LMNPs Process

input value (2019) unit reference

Kraft lignin 250 USD/t Culbertson (2017)53

lignosulfonate 300 USD/t Holladay et. al (2007);7 Miller et. al (2016);34 industry contacts
dimethylformamide (DMF) 1530 USD/t ICIS (2000)54

ammonium hydroxide (14 wt %) 72.7 USD/t Fertecon56 and AirGas57

tap water 0.66 USD/m3 EPAa (2004)60

natural gas 4.5 USD/MMBTU FisherSolve
electricity 69.5 USD/MWh EIAb (2016)58

aEPA − Environmental Protection Agency, USA. bEIA − Energy Information Administration, USA.
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based on average anhydrous ammonia prices reported by Fertecon,56

and calculated as indicated by Airgas, an ammonium hydroxide
supplier.57 Water was assumed as tap water. Natural gas and electricity
costs were retrieved from FisherSolve and EIA (U.S. Energy
Information Administration)58 databases, respectively. Table 6
illustrates financial assumptions for the techno-economic analysis of
LMNPs industrial manufacturing. These assumptions are similar to
the ones considered in previous bionanomaterial assessments.49,50

The hurdle rate considered (16%) is approximately twice the average
cost of capital reported for pulp and paper and chemicals (specialty)
industry segments.63 The construction time considered for the
LMNPs facility is two years, although we acknowledge that additional
savings are possible if the construction time is reduced to 1.5 years.
Assessment of LMNPs Market Value and Potential

Applications. A product price may be defined by its manufacturing
cost, as well as by the market, which is driven by supply and demand.
Additional analyses were proposed to assess the potential market
value of LMNPs. The market value of LMNP was assessed
systematically (Figure 7). In brief, a literature search was carried

out to identify characteristics of LMNPs and investigate potential
applications. Following, a preliminary evaluation of products in
current use was performed, identifying potential ones where LMNPs
can be used as a substitute. Estimated manufacturing costs for LMNPs
were compared to potential market prices of materials that can be
substituted by LMNPs. Applications where the manufacturing costs
were higher than market prices were screened out. The most
promising applications were the ones with higher market prices, in
addition to the ones with broad market availabilities. When available,
the use of a substitution ratio is recommended (i.e., the amount of
lignin needed for a given application divided by the amount of existing

product used for the same application). In the absence of information,
a ratio of 1:1 was considered. The information generated are
proposed as a guide to screen the most promising applications, aiming
commercialization.

■ RESULTS AND DISCUSSION

Capital Investment for LMNPs Manufacturing. The
estimated capital investment for LMNPs manufacturing is
shown in Figure 8. For the three scenarios assessed, the total
investment was estimated at about USD 160 million, with
atomizer and separation system representing approximately
65% of the capital investment, followed by engineering and
construction expenses. A similar capital investment was
expected for the three scenarios, since the atomizer and
separation systems costs are based on the flow rate of the
liquid evaporated. The scenarios considering water-based
solvents present higher solvent recovery capital investment
due to the higher energy demand (the heat of vaporization of
water is approximately four times that of DMF) and
consequently require larger heat exchanger areas.

LMNPs Manufacturing Cost. The estimated manufactur-
ing cost for LMNPs using the aerosol technology are illustrated
in Figure 9. The manufacturing costs vary between 871 and
USD 1168 USD/t, depending on the scenario selected. In
addition, the estimated minimum product selling prices to
achieve NPV zero at 16% hurdle rates vary from 1241 to
1559 USD/t.
For all scenarios, major costs are related to lignin, utilities,

and depreciation. The scenario where DMF was used as a
solvent presented significant lower utility costs. As the heat of
vaporization of DMF is approximately four times lower than
water (137 kcal/kg vs 540 kcal/kg),64,65 less energy is needed
to vaporize the DMF used as solvent and consequently lower
costs related to natural gas are expected. However, solvent
makeup costs for the scenario that uses DMF are higher due to
its relatively higher cost, although solvent makeup is not a
significant portion of manufacturing cost.
On the basis of the manufacturing cost information and

knowledge of the process, changes in process conditions were
proposed to reduce costs. For instance, a higher concentration
of lignin in the solution that feeds the atomizer would allow for

Table 6. Financial Assumptions

input value unit reference

project start 2017 assumed
production year 0 (2019) 80% % of plant capacity assumed
production year 1 (2020) 100% % of plant capacity assumed
project life (after start-up) 10 years assumed
% of CAPEX spent in year −2 50% assumed
% of CAPEX spent in year −1 50% assumed
depreciation schedule, straight line 10 years assumed
working capital 10% % of sales next year assumed
maintenance cost 2% % of RAVa assumed
capital reinvestment 1% % of RAVa assumed
hourly and administrative staff 12 employees assumed
overhead costs 3% % of sales assumed
other fixed costs (insurance, property taxes, and emissions) 1.5% % of RAVa assumed
inflation 1.2 %/yr. U.S. Treasury61

taxes on EBIT 35% % NREL62

hurdle rate 16 % Damodaran (2017)63

project terminal value (at year 10) 5 times EBITDA assumed
aRAVReplacement Asset Value.

Figure 7. Steps for preliminary assessment of LMNPs economic
potential.
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less solvent vaporization and recirculation in the system.
Consequently, solvent makeup and natural gas consumptions
can be reduced, as well as capital investment. Other aspects to
be investigated are the impact of lignin costs, production rate,
and solvent losses on manufacturing costs. In addition, the use
of other (not yet commercial but promising) lignin/solvent
combination (e.g., organosolv lignin and acetone) was
preliminarily examined. Using sensitivity analysis, the impacts
of these propositions were quantified and discussed in the
following section.

Sensitivity Analysis. Impact of Initial Lignin Concen-
tration on Project Financials. As previously discussed, lignin
concentration in the precursor solution markedly affects energy
and capital investment for LMNPs manufacturing. For scenario
1 (kraft lignin/DMF), the manufacturing cost significantly
decreased when lignin concentration in the initial solution
increased (Figure 10a). For low lignin concentrations, the
difference between manufacturing cost and MPSP increased
substantially due to the increase of evaporative capacity and
higher capital investment. The manufacturing cost decreased

Figure 8. Estimated capital investment for LMNPs manufacturing.

Figure 9. Estimated costs for LMNPs manufacturing.

Figure 10. (a) Impact of lignin concentration on manufacturing cost and MPSP. (b) Impact of production rate on manufacturing cost and MPSP.
Both cases apply to scenario 1 (kraft lignin/DMF).
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by approximately 35% if lignin concentration was 10% (wt.) or
more, when compared to the 5% (wt.) lignin concentration
scenario. If the lignin concentration drops to 2%, then the
manufacturing costs will be double of that determined for the
base case scenario (5% wt.). Ultimately, the manufacturing
cost of LMNPs are very sensitive to the initial lignin
concentration in the precursor solution, and should be
carefully evaluated for further work.
Impact of Production Rate in Project Financials. The

production capacity selected for the current study considered a
feasible scenario of a kraft lignin manufacturing facility
colocated with a pulp mill, where the lignin is extracted from
the black liquor (see Culbertson, 2017).53 Since LMNPs may
be classified as a specialty material, which is added in small
quantities to enhance product and material properties, the
product demand may be lower than the reference scenario
(150 t/day). The impact of facility scale on manufacturing cost
is illustrated in Figure 10b (scenario 1 - kraft lignin/DMF).
From a financial perspective, for LMNPs productions over 100
t/day, the impact of scale in manufacturing costs was minor: if
the production is doubled, from 100 to 200 t/day, then the
manufacturing costs and MPSP decrease by about 3.6%.
However, higher production rates may imply better contracts
for raw materials and energy supply, which were not accounted
in this assessment and may benefit potential producers. It is
worth noting that additional factors might be considered when
investing in a LMNPs facility, such as the market demand and
competition, which were not in the scope of this work. The
most expensive equipment in the LMNPs manufacturing
facility was the atomizer and separation system, which presents
modular capital investment for capacities over the base case
scenario (150 t/day), not extensively affected by economies of
scale. If the LMNPs production rates were below 50 t/day,
then the impact of economies of scale starts to take effect. For
a 25 t/day production rate, for example, the estimated
manufacturing costs and MPSP were nearly 15% higher than
the base-case.
Impact of Lignin Cost on Manufacturing Cost and MPSP.

For the initial assessment, the lowest cost possible of lignin was
considered for all scenarios. Nevertheless, as described
previously, kraft lignin and lignosulfonate costs can vary
widely. Figure 11 illustrates how lignin costs affect manufactur-
ing cost and minimum product selling prices (MPSP) of
LMNPs. For the scenarios assessed (scenario 1, kraft lignin/
DMF and scenario 3, lignosulfonate/water), the range of costs
considered for lignin precursor is between 250 USD/t to 500
USD/t for kraft lignin and 300 USD/t to 2700 USD/t for

lignosulfonate. When the highest kraft lignin cost reported
(500 USD/t) is considered, the LMNPs manufacturing cost is
moderately increased by 30%, and MPSP by 20%. Lignin costs
varies between 29% and 45% of manufacturing costs.
Given the broader ranges of reported costs for lignosulfo-

nates, it can be noticed that the MPSP can be as high as
4100 USD/t when higher-grade lignosulfonates are used. For
the highest lignosulfonate cost situation, lignin accounts for
74% of manufacturing cost, versus 26% when lignosulfonate
prices of 300 USD/t are considered. For an average cost of
lignosulfonate (1500 USD/t), estimated LMNPs manufactur-
ing cost is 2414 USD/t, which is about two times the
manufacturing cost when lignin is 300 USD/t. As lignin costs
are significant in LMNPs manufacturing, lower grades and
cheaper lignin precursors are preferred from a financial
perspective.

Impact of Solvent Losses in Project Financials. Solvent
losses were considered minimal in the simulated scenarios
(around 0.03% of recirculating flow rate). As the solvent losses
during processing in industrial scale (e.g., as purge) or losses of
solvent to final product have not been investigated in detail, we
believe that an assessment on the impact of solvent losses in
product manufacturing cost is valuable at this initial stage.
Figure 12 illustrates the impact of solvent losses in
manufacturing cost. The impact of solvent loss in LMNP
manufacturing cost is more pronounced when DMF is used as
a solvent (scenario 1). DMF prices are higher than ammonium
hydroxide; consequently, increased solvent losses affect LMNP

Figure 11. Impact of lignin cost on LMNPs manufacturing cost and MPSP (left: scenario 1−kraft lignin/DMF, right: scenario 3 lignosulfonate/
water).

Figure 12. Impact of solvent losses on LMNPs manufacturing cost for
kraft lignin/DMF (scenario 1) and kraft lignin/ammonium hydroxide
14% wt. (scenario 2).
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from kraft lignin and ammonium hydroxide to a lesser extent.
An interesting outcome of this analysis is that either
minimizing solvent losses or selecting a low cost solvent,
when losses are inevitable, contribute to important reductions
in LMNPs manufacturing cost.
Use of Acetone as a Solvent and a Biorefinery Lignin as a

Feedstock. The manufacturing costs and minimum product
selling prices previously calculated considered lignin precursors
that are commercially available (kraft lignin and lignosulfo-
nates). However, additional lignin precursors can be
potentially used for LMNPs manufacturing. For instance,
lignin can be efficiently extracted from the crude biorefinery
residues with approximately 90% acetone solution in water66

and, after separation of residual cellulose-rich solids, directly
sent to the atomizer without lignin isolation from the solution.
This inexpensive feedstock should dramatically reduce
manufacturing cost. The heat of vaporization for the acetone
solution was calculated as 180 kcal/kg, using the software
Aspen Plus v8.2, considering the thermodynamic model
NRTL-HOC. The heat of vaporization of the acetone solution
is slightly higher than the DMF value; indeed, there are no
energy savings when compared with scenario 1 (kraft lignin/
DMF). If, alternatively, pure acetone is used (heat of
vaporization of 120 kcal/kg),67 then small cost reductions
are possible. Assuming a lignin cost of 100 USD/dry t (fuel
value),7,14 acetone cost of 1200 USD/t (based on ICIS and
adjusted for current values),59 initial lignin concentration of
5% (wt.), and the same assumptions for previous scenarios, the
calculated LMNPs manufacturing cost is 747 USD/t and the
minimum selling price is 1119 USD/t (14% and 9% lower than
kraft lignin/DMF scenario). Most of the savings are due to the
reduced cost of lignin. The breakdown of manufacturing cost
for the lignin biorefinery scenario is shown in Figure 13. As for
previous scenarios, lignin feedstock, energy (natural gas and
electricity), and depreciation are the major contributors to the
manufacturing cost.
Potential Applications of LMNPs. A preliminary assess-

ment of LMNPs properties and potential applications was
performed. Initially, the specific characteristics of LMNP and
potential applications were identified by a literature search. It is
worth noting the broad range of LMNPs applications, such as

in the food industry, pharmaceutical, materials, and agriculture.
Table 7 correlates the potential applications with distinct
characteristics of lignin particles. Detailed information can be
found in recently published reviews on LMNPs applica-
tions.21,68

A literature research on the materials in current use for the
potential applications was performed. The purpose was to
exemplify what type of materials LMNPs could substitute. As
no information was available, a substitution ratio of 1:1 was
considered. Note that additional assessments for the
substitution of current materials are necessary, such as the
LMNPs substitution ratio and the impacts on final product
performance. The most promising applications were identified
from a financial perspective, by comparing existing products
prices and the estimated LMNPs manufacturing cost and
MPSP. In addition, when available, the existing market volume
for the materials is provided. A summary of the findings is
illustrated in Table 8. Suggestions on potential market for
LMNPs were done by comparing the lowest estimated
manufacturing cost (871 USD/t) and MPSP (1241 USD/t)
of LMNPs, specifically for kraft lignin and DMF as precursors,
with prices of potential substitutes. In most cases, the use of
spherical lignin nano- and microparticles for the given
application bears a significant advantage compared to the
respective (amorphous) powder. This assessment reveals that
some uses of LMNPs seem unfeasible from a financial
perspective (such as displacing carbon black). The relatively
low price of carbon black used for these applications makes the
adoption of LMNPs more difficult in these markets, if only a
financial perspective is considered. Nevertheless, this scenario
can change if the manufacturing costs are reduced, as
illustrated by our previous sensitivity analyses. From this
initial assessment, replacement of some emulsion stabilizers
(gum arabic and Grinsted), UV protection products, chelating
agents (such as nitriloacetic acid), nanofillers (other than
carbon black), and composites reinforcements were econom-
ically attractive and therefore were identified as potential
candidates for further technical investigation. These categories
present substitutes with high prices, but relatively limited
market sizes. Other categories of potential applications
includes phenol-formaldehyde resins, foams, bactericides,
other emulsion stabilizers, and other chelating applications.
Some of these products represent a large market size, which
makes it very attractive for lignin product commercialization.
However, prices of potentially replaced products (from 1500 to
3000 USD/t) are close to the MPSP estimated for LMNPs.
Therefore, further assessments should include market
perspective and technical feasibility of each specific application.

■ CONCLUSIONS AND FUTURE PROSPECTS
While the Life Cycle Assessment was not the focus of this
work, converting lignocellulosic streams has been shown to be
quite attractive. Particularly, valorization of lignin has been
identified as a key factor to reach environmental benefits.53

With this in mind, the present study dealt with a techno-
economic analysis and market assessment of LMNPs.
Preliminary manufacturing costs using different types of lignins
(kraft lignin and lignosulfonates) and solvents (DMF, water,
and ammonium hydroxide) were estimated between 870 and
1170 USD/t, depending on raw materials used and processing
conditions. Major cost drivers for LMNPs manufacturing
include lignin, utilities, and depreciation. Estimated manufac-
turing costs can be as low as 600 USD/t if higher lignin

Figure 13. Breakdown of manufacturing cost and MPSP for
biorefinery lignin and acetone as solvent.
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concentration in the solution feed is used. Sensitivity
assessment showed that if higher grades of lignin are utilized,
the manufacturing cost can increase considerably, reaching
1100 USD/t (for kraft/DMF scenario) and 3660 USD/t (for
lignosulfonate/water scenario).
The current work shows a potential feasibility for the

applications of LMNPs in replacement of high value products,
such as some emulsion stabilizers, UV protection products,
chelating agents and polymer nanofillers. Additionally, there is
the possibility of using LMNPs in applications targeting large
size markets, such as composites and formaldehyde resins.

Special mention is the case of particulate coatings, which can
be quite promising given the excellent packing of LMNPs in
coating layers, as demonstrated recently.81 In all cases, the
utilization of LMNPs as biobased component is beneficial from
the point of view of the inherent properties of spherical micro
and nanoparticles, which are different than those in other
forms as well as the fact that they are environmentally benign.
Observing the difference between the estimated LMNPs
minimum product selling prices and the market price of
large-scale lignin substitutes, it is important to develop
manufacturing pathways to reduce LMNPs manufacturing

Table 7. LMNPs Properties and Potential Applications

properties for specific applications application reference comments

resistance to decay and biological attacks veneer protection 69 use of derivatized lignin (epoxidation)
films for active packaging
(drug delivery, tissue engineering,
wound healing)

70

UV absorbance and antioxidant activity cosmetics (skin care, sunscreens) 25
UV absorbance pesticide protection 25 lignin used for UV protection of

microbial agents that act against insect pests
capsule formation pesticide encapsulation 71 use of acetylated lignin to allow spheres formation
high stiffness polymer reinforcement 23
low toxicity, non-cytotoxicity, small size, capsule
formation

drug-delivery 23,71−78

stable behavior of nanoparticles emulsion stabilizer 79,80 application in oil well drilling
pH dependent stability Pickering emulsions for polymerization 81 polystyrene preparation
possible to electrospun feedstock for carbon fiber production 82 diameter of carbon fibers between 400 nm and 1 μm
shape tunability, high interfacial area, UV
absorbance, antioxidant effect, high stiffness,
miscibility with polymer matrix, thermal
stability

composite and polymer filler 6,68,69,83 lignin at nanoscale allows
uniform distribution in composite

low density, non-conducting material, light
color

natural rubber filler 84

low density, reinforcing properties, large
availability

phenolic foam reinforcement 85

affinity of lignin with TNT
(2,4,6-trinitrotoluene)

substrates for TNT detection 86

Table 8. Preliminary Assessment of the Economic Potential of LMNPs

category examples of material currently used price (USD/t) source for synthesis volume (t/y)

emulsion stabilizers gum arabic 1500−300087 acacia trees 60 00088

glycerol monostearate 190089 glycerol
Grinsted (DuPont) 380089 vegetable oils and algae
hydrogenated castor oil 150090 hydrogen + castor oil 15 00090

cetyl alcohol 200091 palm oil
foams raw materials polyols 270092 glycols (e.g., ethylene

glycol, propylene glycols)
7.5 million93

chelating agents ethylenediaminetetraacetic acid (EDTA) 120058 acetic acid + ethylene diamine
nitriloacetic acid (NTA) 10 00094 ammonium, formaldehyde

and sodium cyanide
diethylenetriaminepentaacetic acid (DTPA) 2 50091

UV protection 2-ethylhexyl-4-methoxy cinnamate 10 00091 oil (propylene)
benzophenones 400091 methane and benzene
phenolic benzotriazoles 20 00091 nitrobenzenes 12 00095

bactericide & carrier silver nanoparticle 1 500 00091 silver
titanium dioxide (TiO2) 1500−250096 mineral 14 million97

zinc oxide (ZnO) 1500−200091 mineral 1.4 million98

carbon filler carbon nanotubes 10 000 00099 carbon dioxide, acetylene few hundreds99

graphene 200 000100 carbon
carbon black 500−700101 petroleum 12 million101

raw material for phenol-
formaldehyde resins

PF resin 1200102 petroleum 2.5 million (phenol used to
resin production)103

reinforcement for composites glass fiber 800−250091 mineral 4.5 million105

aramid 26 000104 petroleum 78 000106
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cost. Additionally, it is suggested a better understanding of the
substitution ratios for specific applications, as well as the
impact of LMNPs use in final product properties and
performance. On the basis of the financial evaluation herein
discussed, important elements contributing to LMNPs
production costs are (i) the cost of the lignin feedstock, (ii)
the energy required to evaporate the solvent, (iii) the lignin
concentration in the solvent, and, likely, (iv) the solvent price.
Thus, it is suggested to target future research on:

• The technical feasibility of using potentially lower cost
feedstock, such as lower grade industrial lignins and
crude biorefinery lignins.

• The use of low cost solvents with low heat of
vaporization, such as aqueous acetone and ethanol,
which are well suitable for dissolution of some grades of
lignin.

• The effect of higher concentration of lignin starting
solution on LMNPs properties and application perform-
ance.

• The reduction of solvent losses and improvement of
solvent recovery, especially on studies aiming the scale-
up of LMNPs manufacturing.

We believe the outcomes of this study are relevant for
LMNPs industrialization and fast-track commercialization.
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■ NOTE ADDED AFTER ASAP PUBLICATION
Figures 11−13 were renumbered in the version published
ASAP August 2, 2018. The corrected version was published
ASAP on August 6, 2018.
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