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This paper describes results of a multiobjective comparative assessment of several established and emerging technologies
for extraction of a natural antimalarial substance, artemisinin. Extractions by hexane, supercritical carbon dioxide,
hydrofluorocarbon HFC-134a, ionic liquids, and ethanol were considered. Hexane extraction is an established technology
and appears to be the most cost-effective. However, it is characterized by lower rates and efficiency of extraction than
all other considered techniques and is also worse in terms of safety and environmental impact. Similarly, EtOH extraction
was found to be worse than hexane in all assessment parameters. The new technologigsHsEEC@nd ILs) are

based on nonflammable solvents and are characterized by faster extraction cycles and more complete extraction of the
useful substances and enable continuous extraction processes with reduced solvent inventory. lonic liquid and HFC-
134a technologies show considerable promise and should be able to compete with hexane extraction in terms of cost-
effectiveness following due process optimization. New technologies are also considerably safer (no risk of explosions,
low toxicity) and greener (having a lower environmental impact in use, potential for biodegradability after use). The
methodology of comparative assessment of established and emerging technologies is discussed.

Introduction , G

Artemisinin 1, itself an antimalarial compound, is the precursor
to more potent substances such as artem&hartesunat®, and
several others;? including the most recent addition to the family
of compounds, the artemisode! The importance of this class of
compounds in malaria treatment stems from their very rapid action
against most widespred@lasmodium falciparunmalaria and its
cerebral complicationsAlthough artemisinin-based monotherapies
and combination therapies (ACTs) with other antimalarial drugs
have been used for over 10 years, there is still no reliable evidence HsC
of parasite resistance to artemisifiihence the increasing impor-
tance and demand for the artemisinin-based compounds and ACTSs.

The main source of artemisininAgtemisia annuawhich grows
in temperate climates and is most widespread in China and Vietnam,
although also found and/or grown in East Africa, the United States,
Russia, India, Brazil, and some other countfié$Total synthesis
and biochemical synthesis of artemisinin have also been demon-
strated, but these routes are expensive and, therefore, are presently
not viable as the mainstream source of artemisinin.

The main artemisinin-related compounds found in the plant are
artemisinin, arteannuin B5J, and artemisinic acié contained in
the plant leaf, with ca. 42% of the total artemisinin content found
in upper leave$?® The total amount of artemisinin found in
different varieties ofA. annuais between 0.01 and 1.4 wt % based
on dry leaf mass. In some plant varieties the a@jdvhich is
accepted to be the precursor to artemisinin in the biotransformation
pathway, is found in significant concentrations, up to an order of
magnitude higher than that of artemisifi€hemical conversion
of artemisinic acid is, therefore, an option of developing a
semisynthetic route to artemisinin, increasing its total production
from biomasg$:13 An alternative strategy, currently pursued by a
number of research groups, is to develop a new plant variety with

OCOCH,COOH
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an increased concentration of artemisinin. Apart from sesquiterpe-
nes, which represent the main medicinal value, the plant’s essential
oil contains a large number of components of potential commercial
value, such as camphd@y artemisia alcohdB, and ketone, borneol,
etc? Recently, the lipid content o&. annuawas analyzed and the
medicinal effect of lipophilic extracts on the skin investigatéd.
Although there is already a limited commercial use of other than
artemisinin compounds of the plant to produce cosmetics and
flavorings, there is a significant scope to increase the commercial
o p S —  Tol (am 1225 value of A. annuacultivation by more complete utilization of
orresponaing autnor. e-mail: A.Lapkin .ac.ukK. . i i i i i
apaaea o (44? A e pkin@bath.ac.uk. Tel: (44) different biomolecules, i.e., the biorefinery conc&pt. .
T University of Bath. The World Health Organization (WHO) estimated that they will
*FSC Development Services. require 120 million courses (adult equivalent) of artemisinin-based
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combination therapies (ACTSs) in 208&although up to 500 million emission of greenhouse gases, photochemical smog generation, the
cases of malaria are reported to occur annually worldwide. At the use of nonrenewable materials, and its human and biotoxicity. There
time when this paper was written the only ACT approved by WHO is also sufficient concern over the entrapment of hexane in extracted
was Coartem, manufactured by Novartis. One treatment course ofproducts and residual biomass that is being used as fertilizer or
Coartem consists of between 16 and 24 tablets, each containing 2Ganimal feed. It is therefore desirable to develop an alternative
mg of artemethe®.1” On the basis of this information it is possible  method of extraction of artemisinin, which would compare favor-
to estimate the required area Af annuaplantations to satisfy ably with hexane extraction in terms of environmental impact,
current annual demand. Given that the chemical yield of artemetherhazard, and also extraction efficiency, cost, universality, i.e., ability
2 from artemisininl is approximately 60%the global requirement  to extract other materials in different seasons, and scaleability.
for artemisinin in 2006 is projected to be. &b 000 kg. The content ~ Hexane extraction is also used in the production of vegetable oils
of artemisinin in the leaf varies widely, but a reasonable assumption for biodiesel and other uses, and the demand for these products is
is that most commercial plantations would be based on the higher destined to increase dramatically.

yielding crops with an average content of ca. 1 wt %. The amount  Apart from conventional solidliquid extraction with nonpolar

of leaf harvested also varies greatly and depends not only on thehydrocarbon solvents, extraction of artemisinin with EfOBInd
plant variety but also on the climate, growth density, and use of supercritical C@3-32 was reported. Extraction of oils and fra-
fertilizers and irrigation. Thus, a study based on the field trial in grances by hydrofluorocarbon solvents, such as 1,1,1,2-tetrafluo-
Vietnam reported up to 7000 kgi* dry mass yield and c&80 roethane (HFC-1348) and iodotrifluoromethane (ITFM¥ was
kgrha'! artemisinin yield at a plant density of 20 plams2.® A reported, and test trials of artemisinin extraction were performed.
more recent report describes a multiharvest approach in trial in Another potentially promising new class of extraction solvents is
India, exploiting the fact that artemisinin content is higher in young ionic liquids3® It is not yet clear how these methods of extraction
leaves!® This technique allows increasing the yield of artemisinin - compare with the conventional hydrocarbon extraction, especially
by harvesting young leaves from the same plants up to four times, in the absence of direct experimental pilot-scale trials.

with the maximum reported yield of 77.5 g *. The potential There are several comparative studies of artemisinin extraction
least efficient option is based on the yield of dry mas#ofnnua available in the public domain. Earlier results on EtOH, 1,2-
of ca. 1000 kena'.'® More generally, it is believed that large  gichloroethane, CHGJ ELO, acetone, and petroleum ether using
commercial farms using best agricultural practice and irrigation are onyventional solie-liquid extractors were reported by Klayman et
achieving between 4000 and 5000Hay* dry mass yield, whereas 5121 No differences were found between different hydrocarbon
ca. 1000 kena *.° Based on these values, the annual worldwide cQ,, pressurized kD and EtOH, and microwave-assisted hydro-
area ofA. annuaplantations should be between 3000 and 14 000 carbon solvent extraction methods were experimentally compared
hectares (741334 595 acres) to provide enough artemisinin for by Christen and Veuthey on the lab sc#l&cCQ, hexane, and
manufacturing of 120 million adult treatment courses of ACTs. Such EtOH were compared on the basis of efficiency, cost, and
an area of land is fairly small, and given the uncertainty over the environmental impact in the study aimed at potential development
future demand for artemisinin due to potential (i) development of of A, annuaplantations in Tanzania and Ken§faHowever, there
vaccines, (i) decrease in price of the synthetic alternatives, and s significant discrepancy between some reports, and more recent
(iii) development of resistance to artemisinin in parasites, it is trjals of HFCs, EtOH, and ionic liquids have not been benchmarked
prudent to consider the potential new extraction facilities as a against the more conventional techniques.

multicrop versatile plant, rather than focusing solelyAarannua The aim of the current study is to provide a comparative

The main commercial extraction process is based on the use ofassessment of performance of different technologies of artemisinin
hot petroleum ether (single-component solvents such as heptaneextraction, which would enable the potential end-users to make a
hexane, and toluene are also used and are almost identical inrational decision on the suitability of these methods of extraction
performance to petroleum ether) as extracting agent, sometimesto specific applications: the scale and location of the extraction
modified with EtOAc to increase solubility of artemisirfr?> The facility, the potential for extraction of more than one plant material,
initial extraction is performed in several steps to increase efficiency and the potential for developing a small-scale mobile extraction
with respect to artemisinin content in the leaf. Separation of facility. The study compares mature technologies, such as extraction
artemisinin-related compounds from the raw extract, containing also with hexane and scGQwith developing technologies, extraction
waxes, essential oils, and chlorophylis, is performed by crystal- by HFCs and EtOH, and an emerging technology of extraction by
lization from EtOH and also requires several stages. The productionic liquids. Hence, it is also the aim of this study to identify the
of crystallization is off-white crystals and is further purified by areas of future development that may improve the performance of
chromatography. A variation of this method, involving partitioning  the developing and emerging technologies. Comparison of mature

of the hexane extract with acetonitrile, was propo¥edhe and emerging technologies is not straightforward, and there are no
advantages of this method are (i) a significant reduction in the well-developed methodologies. Therefore, the paper also demon-
volume of solution after partitioning with G)EN (the ratio of strates an approach to such an analysis in the area of Green

hexane raw extract to GI&N is 3:1) and (ii) the ability to cleanly Chemical Technologies.di., technologies aimed at elimination of
separate the three main “artemisinin” components, namely, arte-waste, risk, hazard, and dependence on nonrenewable feedstocks
misinin 1, artemisinic acids, and arteannuin B. through the design of materials and processes.

The use of hexane/petroleum ether as extracting agent is widely Comparison of technologies on the basis of cost is the normal
practiced in China and Vietnam, who are currently the main growers approach to comparative assessment of processes, even when
and processing centersAf annua This is mainly due to low capital environmental performance is taken into account, i.e., environmental
cost, technical simplicity, and wide applicability of hexane extrac- cost accounting approaéh.However, the monetary approach is
tion, despite fairly low overall efficiencies of extraction, as low as not ideal for comparison between mature and emerging technolo-
62—70% to crude extract, in large-scale processes. This process isgies, because of the uncertainties and, hence, low accuracy of cost
hazardous due to high flammability of hydrocarbon solvents and estimates, necessarily associated with emerging technologies, as
the potential for generation of explosive hydrocarbon vajoerygen well as the lack of optimized performance data for emerging
(air) mixtures. The use of large volumes of a volatile hydrocarbon processes. Furthermore, environmental assessment in monetary
solvent results in significant environmental impact of the process terms requires assignment of arbitrary monetary values, a value
via several routes: contribution toward global warming through judgment, to the inherently nonmonetary concepts, such as clean
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Table 1. Artemisinin Propertied capable of processing up to 2500 tonnes of dry biomass per annum,
artemisinin content and (iii) a very large extraction plant with the annual throughput
of 6000 tonnes. The largest scale of extraction facilities was
97.0-102.0 (by IR) 98.6102.0 (by TLC) considered due to the angcdotal evidence of the planned areas of
TM/°C 151-154 o A. annuaplantations.
[a]p +751t0+78 (}ghmgr"atzéﬁlo‘ﬁo” n The environmental performance of the extraction technologies
loss on drying <5mggt at S%QC was assessed_usir!g thg r_eported multiobjective apprddehis
sulfated ash <1mgg? approach requires identifying the relevant stakeholders and to agree

to the set of the most appropriate indicators/criteria; results of this
. L . . . analysis are shown in Table 2. It appears that only a small number
air or b_|od|ver5|ty. Another approach is to compare the environ- o quantitative indicators can be assembled that are relevant to the
mental impact of alternative processes over the life-cycle, and thesemajority of stakeholders and which are feasible to estimate on the
approaches have been developed for biofeedstSckawever,  pagis of the available data. Hence, the analysis will not be focused
traditional life-cycle assessment is done at a fixed point in time go|ely on numerical indicators, but also on qualitative factors. This
and also does not deal explicitly with the issue of emerging s especially important, since several technologies assessed in this
breakthrough technologié8.It is argued, that a multiobjective  gy,qy are “emerging technologies” and therefore cannot be directly
hierarchical metric, which is based on the philosophy of environ- compared in terms of raw performance and economics with the

mental impact of the product/process over its life-cycle, but stops \yg||-established hydrocarbon solvent extraction.
short of indicator aggregation and maps indicators onto stakeholder

interests analysis, should be more adept at dealing with problemsGeneral Aspects of Artemisinin Extraction

involving a high degree of uncertainty.This paper attempts to L .

present a comprehensive comparison of alternative artemisinin_Artemisinin compoundsl( 5, 6) have been predominately found
extraction technologies using the multiobjective metric approach, I the upper parts of tha. annuaplant, with the concentration of

explicitly tackling the issue of comparing established and potentially artemisinin said to peak just before or during full flowering, the
breakthrough technologies. difference being attributed to climatic conditions, plant variety, or

other, yet undetermined, factdtd4ore specifically, artemisinird
The Method of Assessment and its precursor artemisinic adichave been shown to be localized

The viability of each technology has been assessed on the basig " the glandular trichomes on the leaf surfdéé: The main

of the potential to achieve the required feed throughputs, their consequences of this are that (i) it may not be necessary to

g . : ) .. mechanically crush the plants prior to extraction for reasons other
energy efficiency and global warming potential, running and capital . : . " S

e . I than to increase the packing density, and (ii) the artemisinin content
costs, toxicity, and risk, as well as several qualitative parameters,

such as potential for using other crops, existence of undesirabledepen(js on the age of the leaf, since in older leaves the glands

X . : were often found to be ruptured. The latter has been exploited in
hazards, and potential further use of spent biomass. Other important . . .

e ; - developing a multiharvest approach from the same plants, allowing
criteria that were necessary taken into account are the operating
conditions under which to compare technologies, the scales of

production, and the purity of the final product. These factors define
the system boundarand theinitial conditions for comparative polarity and, hence, poor solubility inz8, and good solubility in

assessment. : . ; !
. organic solvents, see Table 3), its extraction with nonpolar solvents
System boundary was selected as gate-to-gate: each process was . . . . )
. i i, .15 necessarily complicated by simultaneous extraction of essential
evaluated under its optimal or best known conditions, and envi-

- : .__oils, chlorophylls, and waxes. Therefore, the extraction step must
ronmental impacts were considered for the process of extraction

itself, without including life-cycle impact of synthesis and disposal be .follc.)wed by separqtlon of artem|S|n|p from thg |n|.t|al liquor,
of the solvents. It was also necessary to specify the desired purity‘l'zvthO'C: 'S lge_nerally achieved by sequential crystallization from an
of the obtained artemisinin extraction and whether extraction should S0 ut.lon. . . .
be done under GMP conditions (GM2 good manufacturing . E"?“!'er Ilteratur_e suggests that ext_ractlo_n with hoﬁOﬂ_ls
practice). The purity of pharmacological products is defined within |neff|c_|e_nt_, e>_<tract|on with E1OH results in rapid decomposmon of
their monographs; for example, there is a publicly available artem|3|r.1|.n (|sopropapql appears to have no dgletenous eff.e.ct on
monograph of Coartem, published by NovatisThere is some theT stability of artemisinin), and other conventional Iovy boiling
uncertainty over the monograph for artemisinin. However, some point solvents, such as £, acetone, CHGl and 1,2-di- and
data are publicly availabféand reproduced in Table 1. At present trlchlggoethane, are also suitable, filbelt not as selective as pet.r(.)Ieum
only final purification of artemisinin and conversion of artemisinin ether: _How_ever, mo7re recent literature demonstrates efficient
1 into artemether2 or artesunate3 are being done under GMP extraction with EtOH
conditions. The extension of GMP regulation to extraction, which
is by its nature more variable, would significantly increase the cost
of biomass processing and was considered unnecessary. Som
aspects of GMP relating to phytopharmaceuticals have been Solid—Ligquid Low-Pressure Extractions. Conventional soliet
discussed recentlf. It is, therefore, considered sufficient if an  liquid extraction is performed in the “soak” (batch) regime or the
extraction process is capable of producing crude artemisinin extractpercolation regime, with the solvent pumped through the biomass
(crystalline or powder compound with “off-white” color) that can to increase the efficiency of intraparticle mass transfer; see first
attain monograph standard following chromatographic purification. two schemes in Figure 1. Such processes are limited by the
The main initial condition of comparative assessment is the equilibrium solubility of the solute in the solvent and, therefore,
condition of comparison of technologies under their optimal almost always require more than one extraction stage with fresh
operating conditions. Further requirements are to satisfy Europeansolvent portions. Pressurized liquid solvents could also be used,
environmental legislation and have potential for multicrop operation. especially in the case of percolation extraction. Elevated pressure
Three sizes of extraction facilities were analyzed: (i) a mobile allows an increased liquid flow rate and, hence, further improves
“back-of-a-truck” plant capable of servicing a number of small mass transfer efficiency.
holder farmers, thus reducing the need for transportation of biomass Three different solvents considered in this study are used in these
and increasing the income of farmers, (ii) a large-scale facility types of processes: hexane, EtOH, and ionic liquids. The common

a considerable increase in the amount of artemisinin produced per
areal® Due to the physicochemical properties of artemisinin (low
thermal and chemical stability of the endoperoxide function, low

Specific Aspects of Different Extraction Technologies;
gomparison of Extraction Efficiency
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Table 2. Stakeholder Analysis for Artemisinin Extraction Technologies

Reviews

stakeholders

drivers

indicators

patients

growers ofArtemisiaannua

owners of extraction facilities

technology developers

pharmaceutical industry

WHO and NGOs

price, efficiency, side effects,
availability of medicines
price of fresh/dry le#@rtemisiaannua
availability of processing facilities,
potential to switch to other crops
capital and running cost of processing
technology, quality/price of final
product, safety, other crops,
environmental impact
quality of produced extract, compliance
with regulations enabling
implementation, safety,
environmental impact,
cost, other crops

availability of artemisinin at the
correct price and purity
availability and price of artemisinin,

(euroykg* (artemisinin) or
$-kg~? (artemisinin)

kg (artemisinin) hat
(euroykg~* (artemisinin)

(euroykg™! (artemisinin)
kg (COy)-kg™1 (artemisinin)
(euro)m capital costs

kg (artemisininyhat
(euroykg~t (artemisinin)
(euro)m capital costs

kg (artemisininyhat

other markets

safety, hazard to environment
and human health
(euroykg™! (artemisinin)

(euroykg* (artemisinin)

environmental and social impact of
technologies in local areas

Table 3. Physicochemical Properties of Artemisinin addressed in the lab-scale microwave-assisted extraction study,

parameter value ref showing that at a fixed extraction time the smallest studied particle
molecular massigol© 2823 sizes (<0.125 mm) gave the highest extraction efficiedtyhe
melting point?C 156-157 3 effect of particle size mlght_ be due to th_e_lmproved mass transfer.
thermal stability in nonpolar solvente 150 3 However, due to the location of artemisinin external to the leaf
solubility in HoO @ pH 7/gL~t 0.063 4 glands, the main effect of mass transfer should be expected due to
solubility in H,O0 @ pH 7, 37°ClgrL ™ 0.048 66 convection, which is controlled by the solvent flow rate through
SO:“E!:!W in Etgz @ 2;0003'-;1 igo g? the biomass bed, rather than diffusion, which is controlled by the
zglﬂbh:g o h::xa:e% 40C/g-L*1 0.46 3 particle size. One additional aspect of the particle size effect is the
solubility in hexane/EtOAc (5 vol %)k 33 23 packing density of dry mass: fine particles allow higher packing
solubility in 9/g-L~1 82 50 density, which increases pressure drop and decreases percolation
solubility in 10/g-L 1 110 50 efficiency. There is not enough systematic data on the effect of
octanol/HO partitioning coefficient/log® 2.94 4 particle size to provide a qualified recommendation on the optimum

aValue for triclinic crystals obtained by recrystallization from  size. In order to improve the efficiency of extraction, a small amount
cyclohexane; recrystallization from EtOH (50 vol %) solution yielded of cosolvent EtOAc can be added to the main nonpolar hydrocarbon
orthorhombic crystals with lower and slower solubility in® solvent. This increases the solubility of artemisinin in the solvent
mixture by about 2 orders of magnituéfe.

Following extraction, the solvent is drained and spent biomass
ust be stripped of the residual solvent. Biomass is said to absorb
solvent in the ratio of 1 &kg~146 Solvent can be removed by
pressing the biomass removed from the reactor. This allows
recovery of the artemisinin contained in the residual solvent.
Stripping of the solvent can also be achieved by evaporation in air
under natural convection. This is potentially hazardous and leads
to the release of significant quantities of environmentally harmful
volatile hydrocarbon, as well as reduces the amount of recovered

feature of the three systems is the relatively simple scale-up due to
low pressure: the large-scale facilities were assumed to be baseqn
on 10 n? extractors, which is believed to be close to the size of
existing hexane extractors.

Hexane Extraction. Although solid-liquid extraction with
hexane is a well-established method, for example in extraction of
flavors from partially dried whole hopsand extraction of seed
oils, detailed information on the extraction of artemisinin is difficult
to access. Available open literature on extraction with hexane,

toluene, cyclohexane, or petroleum ether give widely variable rtemisinin. Steam stripping foll db ndensation i mor
numbers of extraction efficiencies, times for extraction, ratio of &remisinin. steam stripping followed by condensation 1S a more
efficient method of recovery of the solvent, but also does not

solvent to biomass, and the type of the secondary purification | ; e
method employed to separate artemisinin from the primary increase the yield of artemisinff.The recovery and reuse of the

extracts21.23-26364647Two schemes of hydrocarbon sofitiquid solvent reduces the environmental impact and improves the cost-
t effectiveness of the process. Vacuum stripping may also be used

extraction of artemisinin are shown in Figure 2. Scheme A is wha ) o . X
is believed to be the most commonly used method with some to avoid potential biomass decomposition under steam and to avoid
downstream watefsolvent separation.

variations in the actual solvent, i.e., petroleum ether, hexane, or
The obtained initial crude extract is flash-evaporated to 10% of

hexane/EtOAc mixture, and the type of extraction plant used, i.e.,
batch or semibatch percolation. its initial volume, and the remaining liquor is left to stand at ambient

In the simplest hexane batch extraction, dried, crushed leaf is temperature over ca. 48 h to crystallize crude artemisinin, allowing
soaked 3 or 4 times in fresh portions of warm {305 °C) hexane decanting of the remaining liquor. Crude artemisinin is washed with
or petroleum ether, each extraction cycle taking between 10 andwarm hexane to remove the waxes and other precipitated impurities.
48 h2647 Under the flow conditions (solvent percolation through In order to remove the waxes, artemisinin is recrystallized several
packed biomass bed) at the same temperature the duration of eactimes from EtOH/HO azeotrope (95 wt % EtOH) in the presence
cycle can be reduced to 9020 min# whereas under microwave  of activated carbon adsorbent, followed by vacuum evaporétion.
irradiation the duration of extraction can be further reduced to about Further purification is achieved by chromatography. An alternative
12 min#° However, scale-up of the microwave process to industrial- method of separating artemisinin from the initial hexane extraction
size extractors is problematic due to the short depth of penetrationinvolves liquid-liquid extraction of artemisinin-related compounds
of microwave irradiation. Therefore, it is not considered as a viable from hexane into acetonitrilé?6see Figure 2, part B. This allows
option. The effect of the size of leaf particles was explicitly a reduction in the volume of extract and also the capability to
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Solvent tank

Compressor

Separator

Extract

Semi-continuous extraction with
pressurised solvents

(above: pressure driven,

right: temperature driven isobaric)

Heat exchanger
(solvent condenser)

—

Solvent tank

- Repeat with fresh solvent - Repeat with fresh solvent Separator
or remove residual solvent or... - Solvent is continuously separated from extract
and load fresh biomass - Extraction stopped when biomass is exhausted =
xtract

Figure 1. Schematic diagrams of extraction plant options.

co,

system boundary for energy and environmental assessment

solvent recycle solvent recycle
Raw extract, containing: '
hexane ;
1 EtDAC solvent, “artemisinin”, Wwaxes, olls i
I waxes, chlorophylls, |+| crystallisation precipitate waste waxes, oils,
Dry biomass | extraction essential oil, etc 48 h crystalline washing hexane
8h artemisinin with hexane crystalline crystallisation
artemisinin from EtOH
steam for heating
steam for hexane stripping
[ chromatography|
| solvent recycle
natural gas (heat)
electricity artemisinin B
hexane phase: solvent ;
waxes, oils evapo- waxes, oils
solvent, “artemisinin”, solvent itiani ration
g partitioning
waxes, chlorophylls, evapo- with CH.CN
essential oil, efc ration i CH.CN phase tallisati
B ] ; H crystallisation :
dehydrat i
arternisinln(s) 4{5 yara IDI’)—-(EVEDUI&TIUI'I from CH>CN aevaporation
I |
CH.CN +

artemisinic acid

artemisinin
arteannuin

Figure 2. Schematic diagrams of artemisinin extraction with hexane; solid bold line corresponds to gate-to-gate system boundary for
energy and environmental assessment.

selectively isolate artemisinic ac8land arteannuin B, as well with fresh solvent portions, is believed to be about 78%.much
as artemisinirl. This method will not be considered in this study lower efficiency of extraction with hexane was also reported (ca.
due to the hazardous nature of acetonitrile to the environment and39%); however, this value was obtained using unoptimized condi-
human health (lowest L§ 50 mgkgt, MSDS data), rendering  tions?#® The efficiency of artemisinin recovery from the primary
its large-scale use unacceptable. extract is not known. On the basis of the data for other extraction
Based on the reviewed information on hexane/hydrocarbon methods, which also require recovery of artemisinin from the
solvents extraction, the process summary and performance figuregprimary extract, the overall efficiency of extraction with hexane is
are shown in Table 4. Hexane/EtOAc (95:5 molar ratio) mixed estimated to be about 60%. This value was used to estimate the
solvent was assumed. The efficiency of extraction, i.e., the amounttwo figures of the overall artemisinin yield that could be obtained
of artemisinin in the primary extract relative to the amount of by alarge commercial farm and a small holder, which are reported
artemisinin in starting dry biomass even after several extractions in Table 4.
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Table 4. Direct Comparison of Extraction Performance of Different Methods

ratio of no. of duration of  solvent yield of conc of overall
operating solventto extractions acomplete residuein extraction primary artemisinin  artemisinin

method of operating pressure/ dryleaf/  withfresh  extraction biomass/ efficiency/ extract/wt%  in primary yield?/
extraction tempfC MPa kg:kg solvent cycleé’/h wt % % (dry basis)  extract/wt % kg-hat
hexane 3640 0.1 4:1 34 8-10 66 70/60 7.3 9 6/30
EtOH ambient 0.1 5:1 3 7 unknown 91/73 unknown unknown 7.3136
scCQ 30-50 15-30 N/A N/A 3-6 0 —182 ~6 unknown 8/41
HFC-134a 1540 0.4-1.2 N/A N/A 6 19 77162 >2.7 ~40 6.2/31
IL, 9 . 6.3:1 25 ~79/64 6.5/32
IL 10 ambient 0.1 0.9 1 6 unknown ~96/79 0.08-0.% 7.9/39

aNumber of extraction steps with fresh solvent in the given ratio of solvent to biomass to achieve close to complete recovery of artemisinin.
bIncludes changeover and heating time estimatedet@ In and excludes downstream separation of artemisinin from the primary exit¢tt.
respect to biomass content of artemisinin: first number corresponds to artemisinin content in the primary extract; second number corresponds to
the overall efficiency after separation of artemisinin from the primary extfassuming initial artemisinin content in dry leaf of 1 wt % and
biomass yield of 1000/5000 Kga* (the cases of small holder and an efficient commercial fafiBest case estimatéSolvent residue before
stripping. In the case of HFC-134a stripping of solvent reduces the residual amount to below 300rppme. case of IL primary extract is not
concentrated. The range is given by the estimated best and the experifnesitahes of solvent used.

solvent recycle

Raw extract, containing:

lonic —» oil phase

Liguid solvent, “artemisinin”, IL/H,0 partitioning
) waxes, chlorophylls, Crystallisation [ IL/H.O phase H,0
Dry biomass | extraction essential oil, etc 017 h }—— crystalline artemisinin
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[

solvent-contamina H.O

biomass *

Figure 3. Schematic diagram of artemisinin extraction with an ionic liquid solvent.

lonic Liquids (ILs). Organic ionic liquids (organic equivalent ~ With DMEA oct the maximum artemisinin concentration in solution
of molten salts) is a new class of solvents, characterized by (0.79 gL~1) was reached after 30 min of extraction, after which a
negligible vapor pressure, nonflammability, and the possibility to slight decrease in concentration of dissolved artemisinin was
tune solvation properties over a very broad range. Since ILs lack observed, perhaps due to either the decomposition of artemisinin
two major drawbacks of the hydrocarbon solvents, vapor pressureor its migration back to the spent biomass. The problem of stability
and flammability, these solvents are often cited as a “green of artemisinin in some solvents was reported for conventional
alternative”. However, life-cycle impact of their manufacturing and systems as weflt The observed concentration of artemisinin in
disposal and the reported toxicity of some ionic liquids are just solution was similar to that obtained in the benchmark experiment
two concerns. lonic liquids have been reported as a very good with hexane at the same temperature (0.189.
reaction medium for many organic reactions catalyzed by chemical |n the case of the solveniO the rate of extraction was
as well as biocatalysts. Despite a fairly recent development of this considerably slower than that with. However, the maximum
field of research, several chemical processes based on ionic liquidsconcentration of artemisinin in solution was higher (by 23%) and
have already been commercialized. However, there are very fewng apparent loss of artemisinin was observed. Furthermore, the
publications on the application of ionic liquids in extraction of obtained rate of extraction withO was similar to the rate of
biomolecules® The assessment presented in this study is based onextraction with n-hexane at the same temperature. Thus, in
the preliminary study undertaken by Bionigs Ltd (U.K.) and funded comparison with hexane, ionic liquiél gave a similar efficiency
by MMV.=0 of extraction at a considerably faster rate, whereas ionic ligQid
gave a higher extraction efficiency at the same rate.
. © (CHZlG H The second step is the separation of artemisinin from the solvent.
\‘/ CHs The proposed process involves partitionitgcrystallization with
OH S H,O at ambient temperature, which causes simultaneous separation
of the oil fraction and crystallization of artemisinin. Crystallization
9 allows a separation of 82% of the total extracted amount of
o o artemisinin; the remainder is assumed to be lost with the oil phase.
HSC/ \/\NH;’\/ \CH3 The crystals are 95% artemisinin (by NMR) and are essentially
free of solvent (not detectable by NMR). The amount eDHised
0o 0 in the initial experiments was 3:1 (v/v) with respect to the IL
FiC/ \L_CFs solvent. Separation was achieved in about 10 min. The potential
//S\N-/S\\ scheme of extraction with ionic liquid solvent is shown in Figure
o o 3. The final process is likely to be considerably different, since
10 there are many alternative options for recovery of artemisinin from
the primary extract. Furthermore, the regeneration of ionic liquid
Initial tests were performed using five ionic liquids of which ~ solvents (periodic removal of accumulated nonvolatile impurities)
N,N-dimethylethanolammonium octanoate (DMEA o8, and has not been studied, and it is therefore impossible to comment on
bis(2-methoxyethyl)ammonium bis(trifluoromethylsulfonyl)imide  the long-term stability of the solvent and its impact on the process
(BMOEA bst,10) have shown the best performance. The extraction €conomics. These aspects require further development.
process is similar to a standard liguidolid extraction and was The estimated performance data obtained with the two ionic
performed in a batch regime. Extraction was performed using a liquids are shown in Table 4. The time of extraction in the case of
solvent to biomass ratio between 6.3:1 and 9:1 (w/w) af@5 IL 10 was estimated from the kinetic data based on 95% of the

|
HsC—ll\l
CH,
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maximum solution concentration, since further extraction required cal due to very high energy costs and due to low selectivity of
too long process times. Using the same calculation method the hexane extraction. Two solvent systems considered in this study
overall efficiency of extraction with respect to the area of cultivated allow continuous extraction processes, hydrofluorocarbons and
land was estimated. It should be emphasized that the obtained initialsupercritical carbon dioxide.

results are not optimized and the overall yield of artemisinin, as  Both solvent systems allow separation of extracted solute by
well as the ratio of solvent to biomass, is likely to be significantly depressurization of the solvent. The pure solvent gas is then
improved. More specifically, it is likely that under optimal  compressed or condensed back to the supercritical or liquid state.
conditions the required amount of solvent would be equivalent to Thys, isothermal pressure driven and isobaric temperature driven
the void fraction in the packed extraction Vessel, thus resulting in processes are possib|e, as shown in Figure 1. There are several

the ratio of solvent to biomass of ca. 0.9:1 (w/w). The amount of specific aspects that are unique to such extraction processes.
residual solvent in the biomass was not measured and is a matter ' ;. expansion of scGOn the separator results in a decrease

of ongoing further stu_dy, since th_is would significantly impact on in temperature due to Joutd homson effect, the presence of excess
the process economics and enwronm_ental Impact, as We”.as. °Ny,0 may result in freezing of the expansion valve and of the
the potential further use of the spent blomass. Some ionic liquids biomass bed at the end of the extraction cycle. Thus, scCO
(e.g., DMEA oct) are biodegradable, which OPENS a New ProCess g tion requires<4 wt % water content of biomass, whereas all

option without solvent recovery from spent biomass. This requires other extraction methods typically use biomass with-18 wt %

further study. Finally, extractic_m from fresh leaf was also tested H,O content, which is dictated by the optimal biomass storage
an_d_wa; shown to _be fea5|ble,_ although considerably lower conditions, rather than the solvent. Additional drying of biomass
efficiencies of extraction were achieved. to such low HO content is hugely time consuming and energy

Ethanol Extraction. Despite earlier reports on the poor stability  jntensive. However, in this study the drying step was outside the
of artemisinin in EtOH solution3; a recent study of extraction by system boundary for all processes. Depressurization of the extractor,
EtOH agueous azeotrope at room temperature claims high ef- o recovery of residual solvent by vacuum evaporation required in
ficiency?” EtOH is an attractive solvent due to its benign nature the case of HFC-134a, could also result in freezing of the biomass
and widespread availability from renewable feedstocks. The latter g However, due to much lower pressures, there is no specific
fact is especially important for processes that are predominantly requirement on the lower J@ content of the biomass. A more
focusing on locally sourced materials to improve the overall process cgrefyl design of the extractor heating is required to avoid problems
sustainability. A potential constraint on the use of EtOH as a process ith biomass changeover. Finally, in the case of continuous
solventis its use as a spirit. This can be resolved by using a spikedextraction processes, the ratio of solvent to biomass is dependent
solvent, which is the customary practice in the EU. However, there o the size of the equipment and desired recirculation flow rate,
are similar concemns with the use of EtOH, as in the case Of rather than the amount of biomass, as in the case of the batch
hexane: it is a flammable solvent, with high toxicity (based on extraction. The extraction cycle time is then governed by the
MSDS data, see discussion below) and high risk in use. solubility and recirculation flow rate.

The process based on EtOH extraction involves three sequential  scco, Extraction. Extraction of artemisinin by scGOor
extractions with fresh solvent portions followed by flash evaporation gy pcritical liquid CQ has been describ@®;32 and large-scale trials
of solvent to reduce the volume of the primary extrécgome are currently being undertaken. The efficiency of extraction of
process optimization is possible to reduce the ratio of solvent t0 artemisinin from biomass is reported to be quantitative, rapid, and
biomass, as described in the original publication. The described ity higher selectivity compared with the hydrocarbon solvent
process uses mechanical stirring, which is impractical and can beeyiractions, based on the gram-scale laboratory t&tslowever,
replaced by solvent percolation. The efficiency of extraction with here is wide variability in the efficiencies of extraction with scCO
respect to the biomass content is reported to be about 91%, whereagjieq in the open literature, dependent on the scale of extraction,
overall effic?ency after tak.ing into account recovery of artemisinin | se of cosolvents, temperature and pressure of extraction, and
from the primary extract is about 73%A very recent study of g nerficial velocity of the solvent in the extractor. Thus, a lower
EtOH extraction of artemisinin in a pressurized percolator extractor efficiency than that obtained with a hydrocarbon solvent was
was unable to replicate such high extraction efficiengles. reported in the absence of a hydrophilic cosoh@nthereas an

Semicontinuous Extraction with Condensable or Supercritical earlier pateri? gives a wide range of extraction efficiencies, between
Solvents. A very significant drawback of batch and batch- 25 and 100%, depending on the operating conditions. Such a wide
percolation extraction processes is the equilibrium limitation. This variation can be attributed to four factors: (i) accuracy of the
drawback is avoided in the semicontinuous extraction processes,analytical methods of determining artemisinin concentrations, (ii)
where a solute is continuously separated from the solvent outsidevariability in the operating conditions (pressure and temperature,
the extractor vessel, thus regenerating the solvent as shownduration of extraction, concentration of cosolvent), (iii) variability
schematically in Figure 1. A fully continuous extraction is in the water content of dry biomass, and (iv) variability between
established when the solids bed is moving through the extractor; and within biomass samples. A typical value of overall extraction
such processes are less common in natural products extraction angfficiency, including the secondary purification by crystallization,
are not considered in this study. A semicontinuous process is notof ca. 80%2 was used to estimate the overall yield of artemisinin
equilibrium limited, and solvents with relatively poor partitioning  from the area of land, shown in Table 4. The duration of the
coefficients but high selectivity could be used very effectively. extraction cycle depends greatly on the scale of extraction and use
Extraction processes with continuous solvent regeneration are alsopf cosolvents, as well as more specific aspects of extractor design
significantly more flexible than batch extraction in terms of that influence optimal solvent mass flow rate. Thus, a 20 min
optimizing for different biomasses. extraction cycle was quoted for ca L scale in the case of the

In order to achieve semicontinuous extraction, it is necessary to scCQ—ethanol systeri? whereas detailed kinetic study of arte-
establish an effective separation of solute from solvent. This is misinin extraction with scC@without cosolvents showed extraction
achieved, for example, by changing the solubility when liquid or times up 6 2 h on a 0.2 Lscale3 Further analysis of costs and
supercritical solvent is transformed into a gas by depressurization. energy efficiency was based on the assumption that the extraction
Temperature-dependent solubility has also been demonstrated (e.gtimes should be similar to these obtained in the case of hydro-
in higher molecular weight fluorinated solvents). Continuous fluorocarbon solvent and that it is impractical to run more than a
extraction with conventional solvents may also be feasible, e.g., single extraction per working day in a large-scale facility equipped
via evaporation/condensation of hexane. However, this is impracti- with 10 n® extraction vessels. Smaller scale units with short cycle
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time allow scheduling of three extractor vessels, which increases data reported in the patent literati#€* ITFM is a much stronger
the throughput of the system while minimizing the size of an solventthan HFC-134a: HFC-134a is more selective toward mobile
individual extractor vesséf. oils containing fragrant compounds and extracts little waxes and

Hydrofluorocarbons (HFCs). Following the withdrawal of heavier oils, which are effectively extracted with ITFM. Due to
chlorinated hydrocarbons as refrigerants and propellants, they werethis difference in solvation properties, HFC-134a is expected to be
replaced by hydrofluorocarbons (HFCs), many of which are more selective toward artemisinin than ITFM. By combining ITFM
nonflammable, have low toxicity, and are not ozone-depleting with cosolvents, including HFC-134a, it is possible to regulate the
substances. A number of HFCs have been developed and foundextraction efficiency. Thus, a patéhtlaims that the amount of
widespread commercial applications as refrigerants, propellants, fire-extracted waxes decreases proportionally with an increase in the
retardants, etc. HFC-134a (1,1,1,2-tetrafluoroethab®) gpecifi- concentration of HFC-134a cosolvent in ITFM. Similarly, it is
cally is classed as nonflammable and has zero ozone-depletingpossible to increase the extraction power of HFC-134a by addition
potential. HFC-134a is among the most studied and utilized of nonpolar hydrocarbon cosolvents.
materials for which there is a life-cycle impact sttdhAdditionally The data reported in this study are based on the information
in Europe, Japan, and the United States, HFC-134a is accepted byindly provided by Ineos Fluor Lt& These data are supported by
regulatory bodies for use as a solvent in the extraction of food similar results obtained by Peter WilBeValues reported in Table
flavorings. One drawback of the HFCs is their very high global 4 were calculated using the efficiency of artemisinin recovery from
warming potency factor: 1300 times larger than that of carbon the primary extract of 80%. This is a conservative value based on
dioxide for HFC-134a. Therefore, complete recycle and capture of the efficiency of artemisinin extraction from hexane and EtOH
the solvent within a process is of significant importance. extractions. Because HFC-134a extract has a much higher concen-

Hydrofluorocarbons are gases under normal conditions and aretration of artemisinin and lower amount of tars, it is likely that a
liquefied at relatively low pressures (see operating conditions in more efficient secondary extraction can be developed. The amount
Table 4). Therefore, these solvents are ideally suited for continuous of residual solvent in the biomass reflects experimental values prior
extraction processes, when depressurization of the solvent resultso any attempt to strip the solvent. This value is not especially
in a rapid separation of the extracted material; see Figure 2. Becauseneaningful since residual solvent must be recovered to reduce the
of the modest pressures and low operating temperatures, the energgnvironmental impact and recover expensive solvent. Solvent
required for continuous depressurization/pressurization cycle is notrecovery by vacuum stripping has been included in the energy and
high, resulting in low energy costs, low operating costs, and low cost estimates.
greenhouse gas emission due to energy duty. Furthermore, recir- - other Solvent SystemsThe solvent systems described in detail
culation of solvent can be achieved without pumps, by establishing ahove are either already commercially used for artemisinin extrac-
an isobaric condensatierevaporation cycle, thus avoiding the need  tjon or hold great promise for this specific application. Extraction
for expensive capital investment in the pump and the compressor. by steam or pressurized,8, which can be used for oil extraction
In this case the flow rate of solvent depends on the efficiencies of fom seeds, is not applicable to artemisinin, due to its poor solubility
the condensz_ar and evaporator, as well as _perpolation properties Qfand stability in aqueous solutions. Higher molecular weight
the packed biomass; see process scheme in Figure 1. A commercigdiearomatized hydrocarbon solvents were reported as efficient
extraction plant (Phurua Natural Oils Limited) based on this sglyents for artemisinin extraction both in the standard and in the
principle has been operating in Thailand since 2804. microwave-assisted proces$&3he microwave-assisted extraction

is potentially a highly efficient method, allowing significant

'I' '|: I reduction in extraction times. However, its technical complexity,

F—C—C—F F—C—F high cost, and requirement for skilled operators render this

lL ||: '|: technology impractical for the process of artemisinin extraction.
The data on extraction by reviewed solvent systems indicate that

1 12 the higher content of essential oil in the plant is beneficial for

. . efficient extraction, acting as a cosolvent. It may be possible to
_Extraction of natural compounds by HFC-134d)(and iodo- use natural oils as extraction medium, especially if such industry
trifluoromethane (ITFM,12) have been reported;>**although is available locally. There are industrial precedents of such

not specifically of artemisinin. Physical properties of ITFM and  gyiractions. Thus, sea-buckthorHigpophae rhamnoidésoil is

HFC-134a are quite similar. However, because of the presence ofpaing commercially extracted from seeds by sunflower oil. There
a weaker C-halogen bond with iodine, there are potential toxicity  5re 1o available data on such extraction of artemisinin.

issues with the use of ITFM. More specifically, acute toxicity of
ITFM itself was found only in the conditions of exposure to very
high concentrations>(25 vol %). However, there is a significant
risk of cardiac sensitization at levels of exposure of 0.2 vol % (2000
ppm), and there are also suspicions of a potential carcinogenic
effect>”58 ITFM has poor stability in sunlight, in the presence of
artificial UV light, and at temperatures above 100; its decom-
position is facilitated in the presence of copper and moisttifde
products of ITFM decomposition are HF, HI, and CORhich

Table 4 summarizes the best available data on the extraction
efficiency and potential artemisinin yields from two types of
commercial farms, the small holders and large, efficient commercial
operators, achievable by each extraction method. On the basis of
these data, hexane extraction shows the worst artemisinin yield.
This is due to poor solubility of artemisinin in hexane and poor
selectivity of hexane toward artemisinin. It is now necessary to
compare these processes in terms of environmental impact, energy
efficiency, capital and running costs, and the potential for multicrop

aretthlgrlﬂy (}.OX'C; themtsetlve_s .t"’de Cla?_ relact furtij[elr)_;{\{lth fc:'r|9;|\r/l|lc extraction, before a recommendation could be made on the most
matler, leading 1o acute toxicily. Relatively poor stabiiity 0 promising alternative to hexane extraction technology.
requires specific safety measures during storage and use. HFC-

134a is a considerably more stable compound and has been subje
to long-term (5 yr) stability trials for its pharmaceutical applications.
There are also significant differences in the extraction efficiency
and prices. For comparison, 100 g of HFC-134a and ITFM were  Calculations of energy and environmental impact indicators were
quoted at 111 and 365 euro (U.S. $142 and $467), respectively, byperformed within a gate-to-gate system boundary (see boundary
the SigmaAldrich catalog in September 2006. Note that catalog shown in Figure 2 for hexane extraction), in order to achieve the
prices cannot be used for scaling, would differ in other countries, most appropriate comparison across all considered solvent systems.
and are only given for comparison purposes. On the basis of the It should be emphasized that separation of artemisinin from primary

cé:omparison of Energy Efficiency, Environmental Impact,
and Economics of Artemisinin Extraction Processes
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Table 5. Comparison of Environmental and Economic Performance of Different Extraction Methods

no. of extractors

energy efficiency/ GHG emissions/ in large-scale facility capital cd$M(euro)
GJkg (artemisininy* CO;, kg-kg (artemisininy® running costs/ plant throughput/kg (biomassnnunt?!
extraction  best worst best worst (euroykg
method case case case case (artemisininy?  25x 106  6x 10° 2x10* 25x10° 6x 10°

hexane 1.3 87 28 3 8 0.06 0.7 1.6
EtOH 2.3 148 47 3 8 0.06 1.0 2.1
scCQ 35 221 42 3 8 1.2 4.1 7.5
HFC-134a 0.9 131 19 3 8 0.3 1.0 15
IL, 9 1.1 6.3 68 407 22 2 4 0.2 0.3 0.9
IL, 10 0.9 5.2 56 335 21 3 8 0.2 1.0 2.8

a Capital cost includes equipment directly related to extraction process (see system boundary in Figure 2) and the cost of solvent inventory for
the specified size of a plant.

extract was excluded from these calculations. This is due to theto greenhouse gases generated in the production of heat and
lack of systematic data on this processing step for most of the electricity required by the process.
technologies considered, and consequently experimental work on  Hexane extraction is the least expensive of all technology options.
the purification steps to convert the crude extract to acceptable However, other factors, such as risk of explosion, reliance on
artemisinin would be required to make a final evaluation of the nonrenewable feedstock, and persistence of solvent in the product
relative _merlts of these gxtr_acn_on technologies. The monetary datagnq spent biomass, should be taken into account. Capital and
are not intended as an indication of actual process costs, but as nning costs do not include costs associated with recovery of
relative comparison between the methods. _ artemisinin from the primary extract: there is too little data available
In the case of hexane, EtOH, and HFC-134a it was assumedy, s process. The cost of solvent is included in the capital cost,

Epr?t solvent is reICHO\;ered completely olr 'éo g .g"{ﬁn reT'dlljatl, con1t_ehnt. since the process was calculated as zero loss of solvent, similar to
e energy “cost’ of recovery was included in the calculation. The "o coctems,

energy requirement for all processes was split into two categories: EtOH extraction is performed at ambient temperature. Therefore
energy demand for process heating, including steam generation, . X DN '
and electricity to drive pumps and compressors. Efficient condens-);zgé]:;'”aige;gvigeoag'tzgnmeorf‘tslz ?éeHd:thjzgl:‘?gg‘so';otgz Ff)cenlrlgs\ﬁgr
ing evaporators/heat exchangers were used in the heating dut . : | '
calculations. Energy requirements were then converted into total €Xtraction. Due to considerably higher latent heat of evaporation
global warming potential, as emissions of equivalent mass of O °f EtOH—H0 azeotrope, the amount of energy required for EtOH
(greenhouse gas) using conversion coefficients for natural gas (64.28xtraction is considerably higher than that in the case of hexane.
kg CO»GJ1) and electricity (51.7 kg C®GJ1). Global warming Hence the energy efficiency and greenhouse gas emissions are
potential is, therefore, the only numerical environmental index Worse than in the case of hexane.
considered at this stage. The higher capital and running costs are due to the higher price
Several assumptions were made; most significantly, heat integra-of EtOH and the higher requirements for heat to evaporate large
tion was not included and heat loss from insulated vessels wasamounts of EtOH-H,O azeotrope after each extraction cycle. This
ignored. These two contributions have opposite effects on the energyis only slightly offset by having one less extractor in the large-
efficiency; the two assumptions taken together minimize the error. scale facility due to a shorter extraction cycle, since the cost of
In the absence of exact data, the pumping energy requirement wassquipment required to produce sufficient heating power is by far
calculated agsuming the same linear Ii.quid velocity inside percolator the biggest contribution to the overall capital cost.
reactors, using the conditions experimentally tested on a 8.5 M gy¢raction of artemisinin with ionic liquids has been tested only
pilot scale with the HFC-134a solvent as a basis. .. very recently, and no attempt to optimize extraction efficiency or
The energy efficiency was normalized to the mass of artemisinin o nara4ing conditions was made. Since extraction is performed at
produced and was based on the large-scale extraction facilities.; jhient temperature and pressure, the main energy demand is for
_Normallzatlor_l to yalue added, often_u_sgd IN process |ndu§ﬂ|e§, the process of separation of ionic liquid from® (see process
is not convenient in the case of artemisinin, due to its rather volatile description above). Due to very high heat capacity and latent heat
and unpredictable price. Cost indicators were calculated for the of H,0, its evaporétion is hugely energy consuming. The amount
e_xtractlon process_only: capital cost includes only primary e>_<trac- of HZO’to be distilled depends on the ratio o®ito ionic liquid
tion a.nq .the required solvent StO.Ck and excludes §eparat|oq Ofextract and the ratio of ionic liquid to biomass. Two limiting cases
artemisinin from the extract. Capital costs were estimated using : }
step count methodoloay and cost curves for the vear 2000. and V€ estimated: the larger energy demand corresponds to the
P . ) g%/ . . Y &0Bh ' experimentally tested ratio of ionic liquid to biomass, whereas
recalculated including 3% annual inflation to the year 28/0Bhe h I | d h inimal £ ioni
size of large-scale extraction vessels was assumed to be®10 m the smaller value corresponds to the minimal amount of ionic
liquid that was assumed feasible for the process based on high

which is practical for all considered technologies. Running costs lubility of artemisini dih t ired t tth ked
include only the cost of natural gas (as an equivalent of heating Solubriity of artemisinin and the amount required to wet the packe
biomass bed. The values clearly show that the step of water

demand) and electricity. o S
Results of these calculations are shown in Table 5. In the casedistillation is hugely expensive in terms of energy demand and

of hexane extraction, the main demands on energy are pumping ofshould be minimized or avoided during further process develop-
solvent in the percolator-type extractor, heating of the extractor ent.

over prolonged extraction periods, distillation of large volumes of ~ Cost estimates were done for two ionic liquids that have different
hexane, and steam stripping of hexane from spent biomass. It iscycle times, but assuming the lower ratio of ionic liquid to biomass.
understood that the latter is not always performed in the existing The strong effect of the cycle time is due to the increase in the
commercial facilities, but is required to satisfy the European heat duty (water distillation), but also due to the higher price of
emissions legislation and, hence, included in the calculation. It is, the second ionic liquid, since the inventory of solvent is tripled
therefore, assumed that a negligible amount of hexane vapor iswhen more extractors are required to provide the necessary biomass
released to the environment. The main environmental impact is duethroughput. These calculations were performed within the uncer-
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tainty limitations over the data on heat capacities of these specific —=— Duration, 1 = 80 days
ionic liquids. Only limited data are available on heat capacity of —e— Capital cost, 1 = 1.2 m Euro
ILs.52 —a— Solvent volume, 1=7.6 m®

In summary, of the three low-pressure batch/batch-percolation
extraction processes, the inventory of solvent required on site due
to high solvent:biomass ratio in the case of EtOH and hexane
extraction, as well as the requirement of elevated extraction
temperature, significantly increases the capital and operating cost.
Although ionic liquids are comparatively more expensive than
hexane and EtOH, in the case of ionic lig@dhe cost is offset by
the much shorter extraction cycle time, which reduces the inventory
of solvent and other capital investment.

In the case of semicontinuous extraction processes based on HFC-
134a and scCgadditional equipment is required, i.e., compressors 0.0 | A . A .
and heat exchangers. A fairly detailed calculation of energy Hexane  EtOH scCO2 HFC134a IL
efficiency of hydrofluorocarbon HFC-134a-based artemisinin ex- Figure 4. Feasibility criteria for a mobile “back-of-a-truck”
traction was possible due to the availability of thermophysical data. extraction facility.

The obtained values of energy requirement for specific items of

the flowsheet corresponded well with the power ratingsafd n# from a single farm, it clearly is not a practical proposition. The
scale reactor, provided by Ineos Fluor. This validates employed following constraints were used in this calculation: the volume of
calculation methodology. Solvent recovery from spent biomass was reactor was limited to 1 fand the maximum throughput was
assumed to take place at 8C under evacuation over 2 h. This  |imited to 2 x 10* kg of biomass. In the case of continuous
should be sufficient to reduce the level of residual solvent to below extraction processes the total reactor volume could be split into
300 ppm 0.03 wt %; this equates to the annual loss<&% of several smaller reactors, which would reduce the duration of each
solvent inventory). The temperature of extraction was@@o avoid cycle and allow better process scheduling. However, the overall
potential degradation of temperature-sensitive compounds. Theduration would remain the same.

duration of the extraction cycle was based on the actual performance  As shown in Figure 4, extraction with hexane and EtOH are

data h a 1 n? reactor® unlikely to be feasible on such a scale due to the very long overall
Although extraction with HFC-134a is performed under elevated time required to process the given amount of biomass and very
pressure and requires either a compressor or a heat exchanger, thiarge inventory of solvent that must be available on site. A seCO
energy efficiency, capital, and running costs are very low. The main based mobile unit is feasible, but is the most expensive. The most
contribution to global warming potential is due to the estimated promising solvent systems for mobile applications are based on
loss of solvent from residual amounts in the spent biomass at ca.HFC-134a and ionic liquids. The practical viability of a small, back-
300 ppm. of-a-truck, extractor based on HFC-134a had already been dem-
Calculation of the energy requirement of supercritical carbon onstrated® whereas development of a process based on ionic liquids
dioxide artemisinin extraction was based on the earlier detailed requires a significant research effort to optimize solvent regeneration
study for rapeseed dif. The process of extraction is similar in  and solvent:biomass ratio.
principle and would differ in exact operating conditions and cycle
time. Thus, a typical cycle for a large-scale extraction plant used Feasibility of Developing a Multipurpose Plant

in the original calculation is about 6.5 h, Wit4 h of actual The long-term viability of artemisinin as a commercial extraction
extraction®* In the case of artemisinin the total cycle time is  product is affected by many factors that are difficult to predict:
assumed to be shorter (4 h) and the pressure of extraction is alsgyotential for parasites developing resistance to artemisinin-based
lower than in the example calculation used for rapeseed oil. grygs, availability of funds to buy ACT drugs, successful registra-
However, the mechanical energy component of calculation, which tjon of new ACTs, development of an antimalarial vaccine or new
takes into account operating pressure and recompression 9f CO grygs, and the development of synthetic artemisinins are the most
is low in comparison with the heating and cooling requirenfént.  gpyious. It is therefore essential that any new extraction facilities
Therefore, it is reasonable to use conditions similar to those in the gre constructed with the view of potential switch to another
original work to recalculate the energy requirement of artemisinin feedstock. Apart from ionic liquids, the scope of applicability of
extraction. Although the best results were reported with addition gther solvents has been tested and reported and depends mainly on
of about 3-5% of cosolvent® the contribution of cosolvent toward  tne solvation power (partitioning coefficient) of the solvent to
overall cost is insignificant and was ignored. The values shown in particular substances. Thus, scCBIFC-134a, and hexane have
Table 5 are not exceptionally high in comparison with other very broad applicability, and little or no adjustment is required to
processes, as it may be expected. The energy requirement valuegquipment to switch between different biomasses. Extraction with
are most likely to be significantly overestimated, since it was shown gtoH is not as popular, due to high polarity of the solvent, which
that an optimized extraction cycle could be considerably more |imits its efficiency. lonic liquids are potentially highly tuneable
efficient® The capital and operating costs were estimated using gpjvents. However, each new biomass may require a different
the same methodology as in the case of other solvents, to allow ggjyent for optimal process. This may lead to a more expensive

o o o =
» (] (e o
T T T T

Normalised parameter / -

o
N
T

comparison across all technologies. changeover between biomasses.
Fez_isibility of Developing a Small-Scale Mobile Extraction Multiobjective Comparative Assessment of Extraction
Unit Processes

A mobile extraction unit is envisaged as a “back-of-a-truck” rig Based on the analysis of the stakeholder interests (Table 2) the
that would service a number of small holder farms and potentially main criteria for selection of the optimal extraction technology are
extract more than a single crop. The initial criterion, which, if not the cost of artemisinin ., running cost), capital cost of large-
satisfied, would make such a unit totally unfeasible, is the ability scale facilities, safety, and, to a lesser extent, environmental
to process a given amount of dried biomass in the shortest possibleperformance. This is due to the fact that extraction of highly
time: if a unit requires several months to treat the biomass harvestedfunctionalized biomolecules is a very small-scale process and is
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Operating costs HFC-1345 Conclusions
1280, —¥— Hexane This study provides a comparison of several technologies of
- -#- - 5cCO2 extracting artemisinin based on their extraction efficiency, cost,
—O— lonic liquid (9) energy efficiency, and global warming potential. Although there
—O—EtoH are no established methods of comparative assessment of mature
Toxicity " and emerging technologies, in this study several key criteria were
' Capital costs identified for process selection and as guidance for further process

development and optimization of the emerging technologies. Review
of available literature on different artemisinin extraction methods
revealed several aspects that require systematic study or collection
of information, namely, the effect of biomass particle size and,
consequently, the optimal percolation conditions, and separation
of artemisinin from crude extracts obtained by different extraction
methods.
Risk & Safety GHG emissions The study showed that new solvents, such as HFC-134a and ionic
) o . . . liquids, have higher extraction efficiencies than the optimized
Figure 5. Multiobjective comparison of extraction technologies. haxane extraction and have the potential to outperform hexane
extraction in all assessment criteria. The HFC-134a solvent extrac-
o . . . . tion has already been commercialized on the scale of 0.4 and 1
|nS|gn|f|can_t, in terms of its global envwo_nmental impact, €.9., 3 Eirther process development may be needed to optimize the
_petrochem_lcals or transport. However, enwronmental performance cost versus greenhouse gas emissions and to reduce the capital cost.
is a 5|_gn|f|car_1t. _factor at the Ie_vel of companies or owners of The ionic liquid solvents are the least studied and show the most
extraction faql[ltles, plue to the impact on the .Ioclal enwronment promise. A considerable research effort is required (and is currently
and communities. Figure 5 shows seleqted criteria normalized to underway) to develop a more efficient separation of extracted
the base case of hexane, 50 on each axis; lower values correspongompoundS from the ionic liquid and also to develop the method
to improvement, higher values correspond to worse performance. of recovery of ionic liquids from the spent biomass. Since the latter
Only best-case scenario data for the ionic ligBidiere used. The  step was not considered in this study due to lack of data, the actual
values of risk were assigned on the basis of the number of specific gperating cost and greenhouse gas emissions for ionic liquids could
risk and safety concerns based on materials safety data sheetge somewhat worse. It is yet unclear whether the same ionic liquids
(MSDS); risk for supercritical scCQvas assigned arbitrarily, due  will be effective in extracting other biomolecules of interest or a
to perceived additional risk of high-pressure equipmentsgldand different solvent must be developed for each extraction. Supercritical
LCso data were used as measures of toxicity. These data were con-CO, extraction is a mature technology, used on a very large scale
verted to log values and scaled assuming 50 for hexane. Differentfor high-value products, such as decaffeination of coffee. It also
toxicity mechanisms are thus hidden inside these parameters: EtOHhas potential for artemisinin extraction, especially if equipment cost
is most toxic on ingestion, whereas €@ an asphyxiant. could be reduced significantly. EtOH extraction is worse than
Unfortunately, no data on the specific ionic liquid’s toxicity were hexane extraction in all criteria. Furthermore, due to the current
available. There is limited data on ILs’ toxicity. Solvent Innovation —uncertainty over the existing performance data and very limited
GmbH (www.solvent-innovation.com) provides a value ofshD scope for a multiple crop facility based on EtOH, this solvent is
(rats) of 2000 mékg~* for ECOENG 500 ionic liquid. Although ~ considered less favorable.
this solvent is different structurally from the two ionic liquids used
in this study, it i.s lep basgd on a qu(":lt.er.nary. ammoni.um salt and Malaria Ventures (MMV, Switzerland) with the aid of the Dutch
does DOt Coqtaln lmldgzollum (.)r. pyridinium ions, Wh'(,:h would Foreign Ministry. The project was aided by Crystal Faraday (Chemistry
result in considerably higher toxicity valu€sTherefore, this LR, Innovation Knowledge Transfer Network, UK). The authors are grateful
value was used as a guide for toxicity of ionic liquids. to S. Gardner, A. Lindley, and A. Elliott at Ineos Fluor, Dr. A. Walker
Figure 5 suggests that HFC-134a and ionic liquid solvents have at Bionigs Ltd, T. Chapman and C. Newbould at Essential Nutrition
the best comparison against the hexane base case: ionic liquidg-td, Prof. S. P. S. Khanuja at CIMAP, Drs. B. Khambay and M. Nicola
have the potential to outperform hexane extraction in all assessmentat Rothamsted Research, Dr. I. Flockhart at Botanical Developments
criteria, except that the toxicity of specific ionic liquids must be Ltd, A. Ellman, C. Hill, P. Wilde, and Prof. M. von Freyhold for
assessed. HFC-134a is shown as less efficient in terms of providing technical data on different extraction processes and aspects
greenhouse gas emissions, but has better indicators in risk, safetyOf A. annuagrowth, as We.” as Drs. C. Preston (GIax_oSmlthKI!ne) and
toxicity, and operating costs. Performance of EtOH extraction is M Sm?llWOOd _(Umv_ersny_ of York, U'K?) for taking part in the
' . = discussions during this project, and especially Dr. I. Bathurst of MMV.
shown to be consistently slightly worse than hexane. It should be
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