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Abstract
Rising oil prices and uncertainty over the security of existing fossil fuel reserves, combined with concerns over 

global climate change, have created the need for new transportation fuels and bioproducts to substitute for fossil 
carbon-based materials. Ethanol is considered to be the next generation transportation fuel with the most potential, 
and significant quantities of ethanol are currently being produced from corn and sugar cane via a fermentation 
process. Utilizing lignocellulosic biomass as a feedstock is seen as the next step towards significantly expanding 
ethanol production. The biological conversion of cellulosic biomass into bioethanol is based on the breakdown of 
biomass into aqueous sugars using chemical and biological means, including the use of hydrolotic enzymes. From 
that point, the fermentable sugars can be further processed into ethanol or other advanced biofuels. Therefore, 
pretreatment is required to increase the surface accessibility of carbohydrate polymers to hydrolytic enzymes. 
This paper reviews recent developments of several widely used pretreatment technologies, including alkali, hot-
water, acid and inorganic salt (ionic liquid and Lewis acid) pretreatments. Recent advancements in the pretreatment 
field include: 1) application of novel chemicals or processes on biomass fractionation; 2) the use of new enzyme 
mixtures such ascombinations of purified xylan related enzymes, appreciation of soluble inhibitors of cellulases, 
and especially the evaluation of pretreated biomass at varying cellulase loading; 3) application of a wide variety of 
sophisticated techniques for analyzing native and pretreated biomass solids, especially microscopic techniques and 
methods for measuring surface area; and 4) greater efforts at scale up and commercialization of biomass processes 
for biofuels and chemicals.  
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Introduction

Rising oil prices and uncertainty over the security of existing fossil 
fuel reserves, combined with concerns over global climate change, 
have created the need for new transportation fuels and bioproducts to 
substitute for fossil carbon-based materials. Ethanol is considered next 
generation transportation fuel with the most potential, and significant 
quantities of ethanol are currently being produced from corn and sugar 
cane via a fermentation process. The use of lignocellulosic biomass as 
a feedstock is seen as the next step towards significantly expanding 
ethanol production capacity. Several biorefinery processes have been 
developed to produce biofuels and chemicals from biomass feedstock 
(Figure 1). There are two primary biorefinery platforms: the biological 
conversion route and the thermochemical route. In the thermochemical 
route, biomass is converted into syngas through gasification or into 
bio-oils through pyrolysis and catalytic hydrothermal treatment, which 
can be further upgraded to liquid fuels and other chemicals, such as 
menthol, gasoline, diesel fuel, and biodegradable plastics. While the 
biological route is based on the breakdown of biomass into aqueous 
sugars using chemical and biological means. The fermentable sugars can 
be further processed to ethanol or other advanced biofuels. However, 
in order to efficiently convert lignocellulosic biomass into bioethanol, 
technological barriers that include pretreatment, saccharification of the 
cellulose and hemicellulose matrixes, and simultaneous fermentation 
of hexoses and pentoses, still need to be addressed. 

Pretreatment has been considered as the most expensive processing 
step in cellulosic ethanol processes, representing about 18% of the total 
cost [1-3]. Therefore, developing a cost-effective and efficient biomass 
pretreatment technology is the most critical need for lignocellulosic 
biofuels. Pretreatment is required to increase the surface accessibility of 

carbohydrate polymers to the hydrolytic enzymes, which is a key step 
toward efficient utilization of biomass for ethanol or other advanced 
biofuels production. Pretreatment enables enzymes to attach to the 
carbohydrate polymers, and then hydrolyze these polysaccharides 
into fermentable sugars. The goal of pretreatment is to pre-extract 
hemicellulose, disrupt the lignin seal and liberate the cellulose from the 
plant cell wall matrix (Figure 2)[4]. Depending on the application and 
type of pretreatment catalyst, pretreatment techniques have generally 
been divided into three categories: physical, chemical, and biological 
pretreatment. Each pretreatment method has its own advantages and 
disadvantages, and no single pretreatment approach is suitable for all 
biomass species. 

Recent advancements in the pretreatment field include: 1) 
application of novel chemicals or processes on biomass fractionation; 
2) the use of new enzyme mixtures such ascombinations of purified
xylan related enzymes, appreciation of soluble inhibitors of cellulases,
and especially the evaluation of pretreated biomass at varying cellulase
loading; 3) application of a wide variety of sophisticated techniques for
analyzing native and pretreated biomass solids, especially microscopic
techniques and methods for measuring surface area; and 4) greater
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efforts at scale up and commercialization of biomass processes for 
biofuels and chemicals. The processes of pretreatment have previuously 
been reviewed[2,3,5,6], and this paper reviews recent developments of 
several widely used pretreatment technologies, including alkali, hot-
water, acid and inorganic salt pretreatments. 

Alkaline pretreatment

Using alkaline chemicals such as dilute sodium hydroxide, 
aqueous ammonia and lime to remove lignin has long been known to 
improve cellulose digestibility [7]. Commercially, DuPont-Danisco has 
developed a proprietary mild alkaline pretreatment process through its 
collaboration with the US. Department of Energy National Renewable 
Energy Lab (NREL) [8]. 

Sodium hydroxide (NaOH)

Among the alkaline reagents, sodium hydroxide (NaOH) was 
widely used for pretreatment because its alkalinity is much higher 
than others. Zhang et al. [9] reported that 54.8% of cattail lignin and 
43.7% of the hemicellulose were removed when applying a 4% NaOH 
solution. The overall effectiveness of alkali pretreatment was found 
to be a function of NaOH concentration. Nearly 78% of the cellulose 
from raw cattails was converted to fermentable glucose in 48 h using a 
cellulase loading of 60 FPU/g glucan. 

Adding additional chemicals with NaOH could improve the 
pretreatment performance. For instance, by combining 5% NaOH with 
a 5% H2O2 solution that helps in additional lignin removal by oxidative 
action on lignin, the maximum overall sugar yield obtained from high 
lignin hybrid poplar pretreated at 80°C was 80% [10]. When spruce 
wood chips were pretreated with a NaOH/urea mixture solution, a 70% 
glucose yield was obtained at the low temperature of (-15°C) using 7% 
NaOH/12% urea solution, however, only 20% and 24% glucose yields 
were obtained at temperatures of 23°C and 60°C, respectively [11]. 
SEM confirmed that the NaOH/urea pretreatment could disrupt the 
bonds between hemicelluloses, cellulose, and lignin, and thus change 
the structure of cellulosic material. Partial lignin, hemicelluloses 
and cellulose was removed from spruce, enhancing the enzymatic 
hydrolysis efficiency of the lignocellulosic biomass.  

The enzyme kinetics of sodium hydroxide pretreated biomass 
(wheat straw) were studied via two theoretical approaches, which 
describe the influence of enzyme concentration (6.25–75 g/L) on the 
production of reducing sugars [12]. The first approach used a modified 
Michaelis–Menten equation to determine the hydrolysis model and 
kinetic parameters (maximal velocity, Vemax, and half-saturation 
constant, Ke). The second approach, the Chrastil approach, was used 
to study all the time values from the rate of product formation. This 
approach considers that the product formation reactions are diffusion 

Figure 1: Biorefinery options.
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limited, and the time curves are dependent on the structure of the 
heterogeneous enzyme systems. 

Compared to other pretreatment technologies, alkali pretreatment 
usually does not require high temperatures and high pressures, so 
the cost of pretreatment equipment is significantly low. However, 
pretreatment time is in the range of hours to days. Sodium hydroxide 
is expensive, and the recovery process is complex. Another challenge 
of alkaline pretreatment is the neutralization of alkali, which forms 
significant amount of salts. 

Lime

Lime pretreatment has the following advantages: lime is the least 
expensive alkali at $0.06/kg; is safe to handle; and can be simply 
recovered [13]. The mechanism is similar to the NaOH pretreatment. 
When using over lime (0.5g Ca(OH)2/g biomass) to pretreat corn 
stover at 25-55°C, lignin and hemicellulose were selectively removed, 
the degree of crystallinity slightly increased from 43% to 60% with 
delignification, but cellulose was not affected [14]. Lime pretreatment 
technology has been thoroughly studied on various biomass sources, 
such as sugarcane bagasse [15], switchgrass [16] and poplar [17]. 

Sierra et al. [17] combined the lime pretreatment with high-
pressure oxygen, and found that the digestibility of poplar wood was 
significantly increased [18,19]. Poplar was treated with 0.18-0.39 g 
lime/g biomass at 140-160°C for 2 hr under 14.8-21.7 bar absolute. The 
overall glucose and xylose yields obtained under these recommended 
conditions were ~95% and ~73.1%, respectively. 

Lime provides a lower cost alternative than other alkalis, and lime 
pretreatment also requires lower temperatures and pressures. As with 
the NaOH pretreatment, the drawbacks of the lime pretreatment are 
long residence time, a large amount of wash water, or time consuming 
neutralization process and the formation of large quantities of salts, 
such as Ca(SO)4. 

Terrabon, Inc. (www.terrabon.com) licensed the MixAlco 
technology from Texas A&M University. The MixAlco process consists 
of a lime pretreatment followed by fermentation by microorganisms, 
producing a mixture of carboxylic acids, such as acetic, propionic or 
butyric acids. Calcium carbonate is added to neutralize the acids and 
form their corresponding carboxylate salts, such as calcium acetate, 
propionate and butyrate. The salts can be dewatered, concentrated, 
dried and thermally converted to ketones such as acetone, which can 
be hydrogenated to produce secondary alcohols such as isopropanol, 
propanol and butanol; or the carboxylic acids can be recovered from 

the fermentation solution by reacting with tertiary amines to form 
tertiary amine carboxylates and calcium carbonate that are then cracked 
to regenerate the tertiary amine and produce the carboxylic acids. 
According to the company, those primary or secondary alcohols can 
then be oligomerized to produce gasoline, diesel or jet fuel. According 
to Terrabon, the tertiary amine and calcium carbonate are recycled 
within the process so no chemicals are consumed. However, the cost of 
recycling 25% of calcium carbonate via lime kiln is expensive.

Ammonia fiber expansion (AFEX)

During an ammonia fiber expansion/explosion, biomass particles 
are rapidly heated by high-pressure ammonia for a period time, then 
the pretreatment process is terminated by rapidly releasing pressure, 
which causes the biomass to undergo an explosive decompression. 
Ninety-nine percent of the ammonia is recovered and reused, 
while the remainder serves as a downstream nitrogen source for 
fermentation. The AFEX process decrystallizes cellulose, depolymerizes 
hemicellulose, and depolymerizes and removes lignin from cellulose/
hemicellulose. The ammonia fiber expansion/explosion (AFEX) 
process has been found to be an effective pretreatment for promoting 
enzymatic hydrolysis of a wide variety of biomass sources, including 
corn stover [20], switchgrass [21], coastal Bermuda grass [22], forage 
and sweet sorghum bagasse [23]. The AFEX-treated hemicellulose is 
in oligomeric form, which can usually be hydrolyzed to fermentable 
pentoses by most commercial cellulase and xylanase mixtures. 

AFEX treatment parameters include temperature, moisture 
content, ammonia loading and residence time. Teymouri et al. [20] 
optimized the AFEX pretreatment process for corn stover. The 
reactivity of pretreated biomass was affected by all operation variables 
including temperature, moisture content, ammonia loading and 
treatment time. Under the optimal conditions the glucose yield was 
close to the theoretical value, and the xylose yield was ~80%, using 
60 FPU of cellulase enzyme/g of glucan. They concluded that AFEX 
is a promising pretreatment technology because of low enzyme 
requirements, the absence of degradation products, and much higher 
solids loadings.

Recently, Lee et al. [22] compared the autohydrolysis with AFEX 
pretreatments using coastal Bermuda grass as the feedstock. An AFEX 
pretreatment of (100°C for 30 min) and an autohydrolysis pretreatment 
(170°C for 60 min) resulted in a sugar yield of 94.8% and 55.4%, 
respectively, when applying a enzymatic loading of 30 FPU/g. AFEX 
pretreatment did not change the chemical composition of coastal 
Bermuda grass, but caused re-localization of lignin components. 
Bals et al. [24] studied the effectiveness of ammonia fiber expansion 
pretreatment on two harvest times and locations for switchgrass, and 
suggested that both harvest date and ecotype/location would determine 
the optimal pretreatment conditions. 

Ammonia recycle percolation 

Ammonia Recycle Percolation (ARP) is a process that pretreats 
biomass with 5-15 wt% aqueous ammonia in a flow-through column 
reactor. Ammonia, being a selective reagent for lignin, noncorrosive, 
and a relatively less expensive chemical, is an appropriate choice 
for pretreatment. SEM and FTIR spectra showed that the aqueous 
ammonia causes swelling and delignification of biomass at high 
temperatures. The ARP process could solubilize ~50% xylan from corn 
stover, but retains over 92% of the cellulose. Enzymatic digestibility 
of ARP-treated corn stover is 93% with 10 FPU/g-glucan enzyme 
loading [25]. The X-ray crystallography data showed that the basic 
cellulosic crystalline structure was not altered. By further minimizing 

Figure 2: Schematic of goals of pretreatment on lignocellulosic material .
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the liquid throughput and optimizing the operation conditions for 
corn stover, 59–70% of lignin removal and 48–57% of xylan retention 
were achieved. Enzymatic digestibilities were 95, 90, and 86% with 60, 
15, and 7.5 FPU/g of glucan, respectively [26]. ARP also showed great 
success in the delignification of sorghum [27], poplar [28], switchgrass 
[29] etc. 

In order to reduce liquid loadings of the ARP process and make the 
process more cost effective, the soaking in aqueous ammonia (SAA) 
at low temperature – which retains the hemicellulose in the solids by 
minimizing the interaction with hemicellulose during treatment – was 
reported as a feasible approach to increase the fermentation yield and 
simplify the bioconversion scheme [30,31]. 

Hot-Water Pretreatment
Hot water pretreatment is often called “autohydrolysis.” The 

major advantages of this method are less expense, lower corrosion 
to equipment, less xylose degradation and thus fewer byproducts 
including inhibitory compounds in the extracts [32]. Hot water under 
pressure can penetrate the cell structure of biomass, hydrate cellulose, 
and remove hemicellulose, thus effectively improving the enzymatic 
digestibility of biomass cellulose. A pretreatment at 190°C for more 
than 10 minutes could effectively dissolve the xylan fraction of aquatic 
plant cattail as soluble oligomers. Both the glucose yield and xylose 
yield obtained from the pretreated cattail increased with the escalation 
of the final pretreatment temperature and treatment time. When 
cattails were pretreated at 190°C for 15 minutes, the highest glucose 
yield of 77.6% from the cellulose was achieved in 48 h using a cellulase 
loading of 60 FPU/g glucan [33]. 

At optimal conditions, 90% of the cellulose from corn stover 
pretreated in hot-water can be hydrolyzed to glucose [34]. The 
pretreatment process of bagasse was studied over a temperature range 
of 170-203°C, and time range of 1- 46 min. An 80% conversion yield was 
achieved, and no hydrolysis inhibitors were detected [35]. Hot water 
pretreatment was also reported to improve enzymatic digestibility of 
switchgrass, resulting in an 80% glucose yield [36]. The optimal hot-
water pretreatment conditions for hybrid poplar consisting of of 15% 
solids (wt/vol) were 200°C for 10 min, which resulted in the highest 
fermentable sugar yield, in the range of 54% and 67% [37].

Inbicon Biomass Refinery at Danmark established a demonstration 
facility based on hot-water pretreatment technology. Their goal is to 
demonstrate 4 ton/hr of continuous operation at industrial scale by 
2013 [38]. 

Acid Pretreatment 
The use of acid hydrolysis for the conversion of cellulose to glucose 

is a process that has been studied for the last 100 years. Generally, there 
are two types of acid hydrolysis: dilute and concentrated, each having 
unique properties and effects on biomass, and each having advantages 
and disadvantages in terms of economics 

Dilute-acid pretreatment

Dilute acid (0.5-1.0% sulfuric acid) pretreatment at moderate 
temperatures (140-190°C) can effectively remove and recover most of 
the hemicellulose as dissolved sugars. In the process, lignin is disrupted 
and partially dissolved, thus increasing cellulose susceptibility to 
enzymes [39]. Under this method, glucose yields from cellulose increase 
with hemicellulose removal to almost 100% [40]. Dilute acid hydrolysis 
consists of two chemical reactions. One reaction converts cellulosic 
materials to sugar and the other converts sugars into other chemicals, 

many of which inhibit the growth of downstream fermentation 
microbes. The same conditions that cause the first reaction to occur, 
simultaneously cause over-degradation of sugars and lignin, creating 
inhibitory compounds such as organic acids, furans, and phenols.

Partial cellulose may be degraded as oligomers or monomers 
during the acid pretreatment process. Sugar (glucose and xylose) 
yields were often reported for the pretreatment and enzyme hydrolysis 
stage separately, and as the total for both stages. Lloyd and Wyman 
[41] reported that up to 92% of the total sugars originally available in 
corn stover could be recovered via coupled dilute acid pretreatment 
and enzymatic hydrolysis. Conditions achieving maximum individual 
sugar yields were often not the same as those that maximized the 
total sugar yields, demonstrating the importance of clearly defining 
pretreatment goals when optimizing the process. 

Dilute sulfuric acid pretreatment has been applied to a number of 
feedstocks including aquatic plants [42], switchgrass [43], hardwood 
[44], softwood [45], etc. The dilute-sulfuric acid pretreatment is an 
effective pretreatment approach that results in a high sugar yield from 
most biomass feedstocks. The disadvantages of the dilute sulfuric acid 
pretreatment are 1) corrosivity, requiring expensive construction 
materials, 2) formation of inhibitory compounds, 3) the requirement 
for acid neutralization. 

Verenium (www.verenium.com) is using a combination of acid 
pretreatments, enzymes, and two types of bacteria to make ethanol 
from bagasse that’s left over from processing sugarcane to make sugar. 
It will also process “energy cane”, a relative of sugarcane that’s lower 
in sugar and higher in fiber. The high fiber content allows the plants to 
grow taller, increasing yield from a given plot of land.

SO2-Catalyzed steam explosion

SO2 impregated steam-explosion has been considered as one of 
the most cost-effective pretreatment processes. Similar to the AFEX 
pretreatment, an SO2 catalyst is used to presoak the biomass before 
a steam-explosion pretreatment. SO2 steam-explosion promotes 
hemicellulose hydrolysis and increases the reactivity of various 
biomasses. 

For example, when corn fiber was exposed to 3% SO2, and then 
pretreated at 190°C for 5 minutes, coupled SO2-catalyzed steam 
explosion and enzymatic hydrolysis resulted in a maximum conversion 
efficiency of 81% of the combined original hemicellulose and cellulose 
[46,47]. An SO2-catalyzed steam explosion could effectively increase 
the saccharification efficiencies of softwoods [48]. However, even 
with optimized steam pretreatment conditions, delignification after 
pretreatment was necessary in order to obtain sufficient hydrolytic 
conversion and subsequent fermentability [49]. 

An improved saccharification of SO2 catalyzed steam-exploded 
corn stover was observed by adding polyethylene glycol (PEG6000). 
Adding PEG6000 could lower the enzyme loading and facilitate 
desorption of enzyme protein from lignocellulose. With 20% solid 
loading, the highest glucose concentrations of 102 g/L and 91.3% sugar 
yield were obtained [50]. 

In summary, SO2 catalyzed steam-explosions has been tested at 
pilot-scale [51], and showed high efficiency on the pretreatment of 
soft woods. However, in order to obtain complete hydrolysis of the 
cellulosic component at reduced enzyme loadings, a delignification 
step is still required. At the same time, SO2 is highly toxic and may 
cause unsafe impacts on heath and environment. Also, some inhibitors 
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are derived from the degradation of carbohydrates during the catalyzed 
steam-explosion process. 

In 2010, Mascoma (www.mascoma.com), which has spent the past 
five years developing its consolidated bioprocessing (CBP) technology, 
acquired Canada’s SunOpta BioProcess Inc., a division of SunOpta 
Inc. SunOpta’s steam explosion technology is a first-step pretreatment 
process which exposes the cellulosic fibers of various materials, 
including woody biomass, switchgrass or agricultural waste, for further 
conversion to biofuels. Another commerical cellulsic ethanol company 
Abengoa Bioenergy/Iogen, is also using an acid steam explosion 
pretreatment process [52].

Concentrated acid hydrolysis

The concentrated acid process for producing sugars and ethanol 
from lignocellulosic biomass has a long history that goes back to1883. 
Concentrated acid hydrolysis (about 70% acid content) uses a low 
temperature (100oF/38°C) and low pressure. The rate of cellulose 
recovery from the initial pre-treatment process and the conversion rate 
of cellulose to glucose under this process are much higher (90%) than 
with dilute acid hydrolysis. One concentrated acid hydrolysis model 
was developed by USDA and further refined by Purdue University and 
the Tennessee Valley Authority (TVA) [53]. Among the improvements 
added by these researchers were 1) recycling of dilute acid from the 
hydrolysis step and reusing it in the hemicellulose pretreatment step and 
2) improved recycling of sulfuric acid by the use of a chromatographic 
column. Minimizing the use of sulfuric acid and recycling the acid cost-
effectively are critical factors in the economic feasibility of the process. 

The primary advantage of the concentrated process is the 
high sugar recovery efficiency, which can be on the order of more 
than 90% of both hemicellulose and cellulose sugars [54]. The low 
temperatures and pressures employed also allow the use of relatively 
low cost materials, such as fiberglass tanks and piping. The weaknesses, 
compared to other processes, are its relatively slow rate of conversion, 
and the fact that more economical and efficient acid recovery systems 
need to be developed. Unless the acid is removed, large quantities of 
lime must be used to neutralize the sugar solution, which requires the 
disposal of salts. This increases the cost and makes the end product 
more expensive.

BlueFire Ethanol Incorporated (www.bluefireethanol.com) in 
the United States is currently working with DOE to commercialize 
this technology. BlueFire Ethanol Incorporated uses the Arkenol 
patented process, and it’s a viable, world-wide cellulose-to-ethanol 
company with demonstrated production experience with ethanol from 
wood wastes, urban trash (post-sorted MSW), rice and wheat straws 
and other agricultural residues. To demonstrate the efficacy of the 
technology, the company has constructed and operated a pilot plant 
near its southern California offices for roughly eight years since 2003. 
BlueFire is building its second biorefinery plant at Fulton, MS. 

Meanwhile, HCL CleanTech (www.hclcleantech.com) uses 
concentrated hydrochloric acid (HCl) technology, which efficiently 
hydrolyzes all cellulosic materials and so allows a large variety of 
feedstock to be used with minimal configuration. HCL CleanTech 
announced that cost of the sugars produced by HCL CleanTech is 
more than 17% lower than the cost of corn mill sugars, while their 
quality is very similar. HCL CleanTech’s process is more than 80% 
environmentally friendlier than corn mill processes by a Life Cycle 
Analysis comparison. In June 2010, HCL CleanTech has begun running 
its first pilot plant at the Southern Research Institute, NC. 

Inorganic Salts Pretreatment 
Ionic liquid 

An ionic liquid (IL) is a salt in the liquid state with a melting 
point typically below 100°C (212 °F). ILs are largely composed of 
ions and short-lived ion pairs, and developed as environmentally 
friendly alternative to organic solvents. Because of their extremely low-
volatility, ILs are expected to have minimal environmental impact as 
a pretreatment reagent. ILs have been shown to be highly effective at 
solvating cellulose to technically useful concentrations [55]. During IL 
pretreatment, the microcrystalline cellulose is first dissolved and then 
recovered as essentially amorphous or as a mixture of amorphous and 
partially crystalline cellulose by rapidly quenching the solution with an 
antisolvent.

Graenacher first suggested in 1934 that molten N-ethylpyridinium 
chloride in the presence of nitrogen-containing bases, which have 
a relatively high melting point of 118°C, could be used to dissolve 
cellulose, followed by subsequent chemical and mechanical processing 
[56]. 

Several ionic liquids containing 1-butyl-3-methylimidazolium 
cations ([C4mim]+) that would dissolve cellulose have been screened 
[55]. It has been shown that these ILs can be used as non-derivatizing 
solvents for cellulose, and ILs incorporating anions as hydrogen 
bond acceptors were the most effective, whereas ILs containing ‘non 
coordinating’ anions, including [BF4]- and [PF6]- were nonsolvents. 
Chloride containing ILs appear to be the most effective solvents, 
presumably solubilizing cellulose through hydrogen-bonding from 
hydroxyl functions to the anions of the solvent. 

Li et al. [57] compared dilute acid pretreatment of switchgrass with 
ionic liquid [C2mim][OAc] pretreatment in terms of delignification, 
saccharification efficiency and reducing sugar yields. During ionic 
liquid pretreatment, switchgrass cellulose undergoes dissolution 
and precipitation by an anti-solvent, resulting in reduced cellulose 
crystallinity and increased surface area, and a glucan yield of 96.0%. 
Lignin removal by IL is more effective than that of acid pretreatment. 

Dadi et al. [58] studied the saccharification kinetics of cellulose 
pretreated using an ionic liquid: 1-n-butyl-3-methylimidazolium 
chloride. The initial enzymatic hydrolysis rates were approximately 
50-fold higher for regenerated cellulose as compared to untreated 
Avicel PH-101 cellulose. They [59] further compared the effect of 
two ILs: 1-n-butyl3-methylimidazolium chloride (BMIMCl) and 
l-allyl-3-methylimidazolium chloride (AMIMCl). By optimizing the 
IL treatment conditions, the digestibility of the IL-treated cellulose is 
significantly enhanced, and the initial hydrolysis rates were up to 90 
times greater than those of untreated cellulose. 

In order to select inexpensive, efficient and environmentally sound 
solvents for processing cellulosic biomass, Zhao et al. [60] studied a 
number of chloride- and acetate-based ILs for cellulose regeneration. 
Their data suggested that all regenerated celluloses are less crystalline 
(58–75% lower), and the initial hydrolysis rates were 2–10 times faster 
than the respective untreated celluloses. 

The mechanism of the IL pretreatment was visualized using different 
technologies. Poplar wood was swollen by ionic liquid (1-ethyl-3-
methylimidazolium acetate) pretreatment at room temperature [61], 
and silver and gold nano-particles of diameters ranging from 20 to 
100 nm were able to be incorporated at depths up to 4 μm. Confocal 
surface-enhanced Raman images and Quantitative X-ray fluorescence 
microanalyses confirmed the incorporation of these nano-particles. 
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Auto-fluorescent mapping of switchgrass cell walls was used 
to visualize the mechanisms of biomass dissolution during ionic 
liquid pretreatment [62]. Treating switchgrass in the ionic liquid of 
1-n-ethyl-3-methylimidazolium acetate resulted in the disruption and 
solubilization of the plant cell wall at mild temperatures. The results 
showed that swelling of the plant cell wall, attributed to disruption of 
inter- and intramolecular hydrogen bonding between cellulose fibrils 
and lignin, was followed by complete dissolution of the biomass.

Application of ionic liquids for the lignocellulosic biomass 
fractionation or pretreatment is still in its infancy. Most studies were 
done using cellulose. There are still multiple challenges needed to 
be overcome before applying this new concept in the field. Some of 
these challenges include the high cost of ILs; induction of cellulase 
inactivation; effective regeneration; causticity and toxicity of ILs; 
selection of stable ILs with suitable physical properties; and process 
scale-up.  

Lewis acid 

Lewis acid is defined as a molecular entity that is an electron-
pair acceptor and therefore able to react with a Lewis base to form a 
Lewis adduct by sharing the electron pair furnished by the Lewis base. 
A typical example of a Lewis acid in action is in the Friedel–Crafts 
alkylation reaction [63]. The key step is the acceptance by AlCl3 of a 
chloride ion lone-pair, forming AlCl4

− and creating the strongly acidic, 
that is to say, electrophilic, carbonium ion. 

Recently, it has been discovered that Lewis acid, specially chloride 
salts, can react with cellulosic biomass directly, in an aqueous phase 
or in ionic liquid with excellent selectivity [64,65]. Liu and Wyman 
[66] evaluated the effect of several inorganic salts KCl, NaCl, CaCl2, 
MgCl2, and FeCl3 on xylose monomer and xylotriose degradation. 
FeCl3 was found to significantly increase xylose monomer and 
xylotriose degradation, resulting in degradation ratio of 65% and 
78% for xylose and xylotriose, respectively. Also, losses of xylose and 
xylotriose were described using first order homogeneous kinetics. Yu 
et al. [67] investigated the effect of the metal salts NaCl, KCl, CaCl2, 
MgCl2, FeCl3, FeCl2, and CuCl2 solutions on the decomposition of 
sweet sorghum bagasse. The hemicellulose removal by using transition 
metal chlorides is higher than that of using the alkaline earth metal 
chlorides or alkaline metal chlorides. Chloride salts may react with 
biomass, forming a saccharide-metal cation intermediate complex. The 

total sugar yield from sweet sorghum bagasse undergoing a 0.1% CuCl2 
solution pretreatment reached 90.4%. 

Liu et al. [68] used NaCl, KCl, CaCl2, MgCl2, FeCl2, FeSO4, 
FeCl3, and Fe2(SO4)3, as catalysts for the degradation of corn stover 
hemicellulose. Under optimal conditions of 0.1 M FeCl3 at 140°C for 20 
min, the xylose recovery yield and cellulose removal amount were 90% 
and <10%, respectively. They further optimized a FeCl3 pretreatment 
process of corn stover for cellulose conversion [69]. The optimum yield 
of 98.0% was obtained. FTIR, SEM and XRD analysis indicated that 
FeCl3 pretreatment may damage the surface of corn stover and disrupt 
almost all the ether linkages and some ester linkages between lignin 
and carbohydrates, but have no effect on delignification by analysis.

The advantages of the Lewis acid pretreatment include the lower 
corrosion to equipment frommetal chlorides and lower xylanase 
demand for hydrolysis. However, the mechanism of Lewis acid 
pretreatment is not clear, the overall efficiency of the pretreatment 
needs to be improved, and the effect of Lewis acid residues on the 
downstream processing needs to be evaluated. 

Other Commercial Pretreatment Technologies
Several lignocellulose-based ethanol demonstration plants are 

operating in the US, though there still exists technical, economical, 
and commercial barriers. The pretreatment techology used by some 
of these cellulosic ethanol companies were reviewed above. Some of 
them do not use pretreatment or do not talk about their methods for 
pretreatment of cellulose. The following two commercial cellulosic 
ethanol companies use different pretreatement approaches. 

PureVision (www.purevisiontechnology.com) has developped a 
biomass fractionator to pretreat lignocellulose to yield a highly pure 
cellulose fraction. The biomass fractionator is based on sequentially 
treating biomass with hot water, hot alkaline solutions, and polishing 
the cellulose fraction with a wet alkaline oxidation step. PureVision 
now carries out fractionation and rapid hydrolysis testing at the bench 
and half-ton per day scales, with a focus on scaling up to a 20-ton per 
day, fully-integrated cellulosic biorefining facility expected to break 
ground during the 4th quarter of 2011. 

Lignol’s solvent-based pre-treatment technology (www.lignol.
ca) was originally developed by a former affiliate of General Electric 
(“GE”), and then further developed and commercialized for wood-

Methods Features and Advantages Disadvantages

Sodium hydroxide (NaOH) remove lignin, low temperature and pressure, inhibitory, long pretreatment time, expensive chemical, 
complex recovery process

Lime the least expensive alkali; safe to handle; can be simply recovered inhibitory, long residence time, neutralization or washing 
process required

Ammonia fiber expansion (AFEX) low enzyme requirement, minimized degradation products, high solids 
loadings

formation of oligomeric form of hemicellulose degradation 
products

Ammonia recycle percolation (ARP) high efficiency for delignification, low solids loadings

Hot-water low cost, less inhibition, low corrosion, less residues, high simplicity high temperature, particle size reduction required to 
obtain high yield

Dilute sulfuric acid high yield inhibitory, causticity reagent, acid neutralization required
SO2-catalyzed steam explosion high solids loadings, rapid penetration of biomass highly toxic, inhibitory
Concentrated acid hydrolysis high yield slow rate of conversion, acid recovery systems required

Ionic liquid effective at solvating cellulose, minimal environmental impact
high cost, induction of cellulase inactivation; effective 
regeneration; causticity and toxicity of ILs; selection of 
stable ILs

Lewis acid lower corrosion to equipment, lower enzyme demands
overall efficiency needs to be improved, the effect of 
Lewis acid residues on the downstream processing need 
to be evaluated

Table 1: Simple comparison of different pretreatments.
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pulp applications by a subsidiary of Repap Enterprises Inc. Lignol has 
modified the pre-treatment process and integrated it with proprietary 
capabilities to convert cellulose to ethanol. Lignol’s process includes 
an expensive pre-treatment step that fractionates biomass into separate 
streams of cellulose, hemicellulose and lignin, enabling the company 
to produce a variety of high value products, including furfural, acetic 
acid and a trademarked lignin, known as HP-L. The successful test of 
the effectiveness of Novozymes’ enzymes and Lignol’s substrate is an 
important step towards establishing Lignol’s first commercial project, 
which is to be located in the United States. 

Closing Remarks
Although pretreatment technologies have been extensively studied, 

it has become unclear who will be the pretreatment technology 
‘winners’. The advantages and disadvantages of pretreatment 
technologies reviewed in the article are summarized in Table 1. 

To develop a cost-effective pretreatment process, the following 
criteria should be considered: 1) the process requires minimized size 
reduction; 2) the requirement of pretreatment reagents is minimized; 
3) the hemicellulose recovery is maximized; 4) the process does not 
form significant amount of inhibitors for enzyme hydrolysis and 
fermentation steps; and 5) the process is designed in a way to simplify 
the downstream processing. 
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