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Acid enhanced ionic liquid pretreatment is a promising method for boosting the yield of sugars produced

from purified cellulose. Acid enhancement significantly increases the yields of sugars from the lignocellu-

losic feedstock switchgrass. The addition of Amberlyst 15, a protic acid resin, to the ionic liquid pretreat-

ment of switchgrass boosted the yield of sugar up to ten times, decreased the amount of cellulase

required for saccharification and increased the biocatalytic conversion of switchgrass into free fatty acids

10-fold to 22% of the theoretical yield.

Every day, the United States consumes around 20 million
barrels of petroleum for transportation fuels, heating, and as
the primary feedstock for the chemical industry.1 Our heavy
reliance on fossil fuels is poised to create a number of problems
including economic instability and anthropogenic climate
change.2 This has led to growing interest in developing alterna-
tive sources of carbon for use as a fuel and chemical feedstock.
For instance, the supply of lignocellulosic biomass, the most
abundant renewable organic feedstock on the planet, is pro-
jected to be at least 1.3 billion tons in the US alone, providing a
feedstock with the potential to displace approximately 25% of
the fossil fuels currently being used for transportation fuels.2

Biomass is primarily composed of three types of polymers:
cellulose, which is composed of β (1–4) linked glucose chains
that hydrogen bond to form stiff crystalline rods; hemicellu-
lose, which is composed primarily of xylan and wraps around
cellulose fibrils; and lignin, a polyphenylpropanoid that cross-
links hemicellulose.3 The most significant obstacle to the use
of the sugar present in cellulose and hemicellulose is the recal-
citrance of lignocellulose to depolymerization.2,4 Pretreatment
(PT) or dissolution with ionic liquids (ILs), such as 1-ethyl-3-
methylimidazolium acetate ([C2mim][OAc]) or 1-butyl-3-
methylimidazolium chloride ([C4mim]Cl,5 is a promising
method that facilitates the downstream conversion of biomass
into fermentable sugars with hydrolytic cellulose cocktails.6

Heating cellulosic biomass dissolved in IL is believed to
enhance enzymatic saccharification in two ways: it removes
lignin7 and it breaks down the crystalline lattice of the

cellulose to produce amorphous cellulose (Fig. 1).4b Certain
ionic liquids are also attractive as pretreatment solvents
because they have a low vapor pressure and are miscible with
water. Compared to aqueous solutions of other solvents com-
monly used for pretreatment including ammonia and sulphu-
ric acid, [C4mim]Cl is less toxic to animals.8

One of the major drawbacks to this type of biomass pre-
treatment is the price of ILs: [C2mim][OAc] is the most
effective IL for pretreatment found to date,9 but at a cost of
$50/kg would represent approximately half the cost of conver-
ting cellulosic biomass to ethanol.10 In contrast, [C4mim]Cl
costs approximately 1/60th of [C2mim][OAc],11 but it is not as

Fig. 1 Acid enhanced ionic liquid pretreatment. (A) Acid catalyzes hydrolysis of
adjacent glucose monomers within an individual cellulose strand. (B) Biomass
treated this way is more suitable for biocatalytic conversion into fuels and other
chemicals.
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effective as a pretreatment solvent.12 Even when produced at
scale, there will still be significant differences in the cost of
producing different ionic liquids. This will have a significant
impact on the economic viability of downstream renewable
chemicals produced. In addition, it should be possible to
recycle and reuse ionic liquids, which will offset their high
prices and lead to substantially greener processes than those
which employ non-recyclable solvents. Demonstrated methods
for IL recycling include nanofiltration,13 vacuum distillation,14

and supercritical CO2 extraction.15 Recycled [C4mim][Cl] was
reused five times while maintaining its activity as a biomass
pretreatment solvent.14 Furthermore, for a combined IL/cata-
lyst system, it was possible to reuse both the catalyst and ionic
liquid at least four times without a drop in the performance of
either component.16

A general method to improve the performance of cheaper
ILs will be an important development for the adoption of IL
pretreatment. One strategy that has been demonstrated with
purified cellulose is the addition of a solid protic-acid resin
such as Amberlyst 15, which catalyzes the hydrolysis of the
ether linkages between adjacent glucose molecules in cellu-
lose, reducing the chain length of the cellulose polymers
(Fig. 1).17 In previous studies, this pretreatment resulted in
partial depolymerization and an enhancement of approximately
15% to the downstream enzymatic saccharification and total
sugar yields with α-cellulose, a highly refined version of cellu-
lose.17,18 While these foundational studies with α-cellulose are
exciting we were curious whether these results could be
extended to industrially relevant feedstocks.19 Here we hypo-
thesize that IL–Amberlyst treatment of more complex biomass
would result in greater improvements because this material is
naturally more recalcitrant to enzymatic hydrolysis.18 Maximi-
zing the conversion of these complex cellulose substrates into
sugar will be key in developing greener alternatives to petroleum
feedstocks. In addition Amberlyst 15 is less toxic than other
acid catalysts used for pretreatment such as HCl or H2SO4.

In this study, switchgrass, a perennial crop with strong
potential as a renewable feedstock, was selected as the ligno-
cellulosic substrate.19 The IL–Amberlyst 15 pretreatment was
performed in two steps. First, biomass was added to [C4mim]-
Cl and heated at 160 °C for solubilization/delignification. Next,
the temperature was reduced to 100 °C, and the solid acid cata-
lyst Amberlyst 15 added. After the acid-catalyzed hydrolysis,
biomass was then precipitated by the addition of DI H2O
(Fig. 2A). Two biomass fractions were obtained, a coarse frac-
tion retained by a 20 m filter and a much finer fraction that
precipitated in the filtrate. It was found that the amount of
material in both fractions was a function of the length of the
acid treatment at 100 °C, with a maximum yield of the fine
fraction obtained for incubations of three hours (Fig. S1†). For
the 2- and 3-hour acid incubations, the content of this fraction
was 50% richer in glucan than the starting material (Fig. 2B).
The fine fraction may be a mixture of oligosaccharides that
were hydrolyzed from cellulose in the coarse and dissolved
portions of switchgrass, which precipitated upon addition
of antisolvent.17 Concomitant with the higher levels of

carbohydrate in the finer material, the remaining coarse frac-
tion was enriched in lignin.

To test whether the changes in the biomass that occurred
during incubation with the acid catalyst facilitated down-
stream enzymatic digestion, each fraction was hydrolyzed sepa-
rately using CX2, a synthetic binary cellulase cocktail secreted
by E. coli containing one cellulase and one xylanase that con-
tained around 415 carboxymethylcellulase units per liter
(Fig. 3A).5 An enhancement of enzymatic digestion was observed
for all IL–Amberlyst samples treated for greater than 1 hour,
with the finer fractions hydrolyzing more effectively than the
coarser fractions. Switchgrass pretreated an hour or less with
acid was resistant to hydrolysis by enzyme mixture CX2, and
only 0.9% of biomass was converted to soluble sugars in these
samples (Fig. 2B). Sugar yield was found to vary with the length
of time the biomass was incubated with the Amberlyst resin,
with an optimum of 3 hours when hydrolysed with CX2. The
soluble glucan increased 16-fold and the total sugar yield
increased nearly 10 times over [C4mim]Cl pretreatment alone,
with 7.6% of the initial weight as sugars being released. This is
similar to yields with [C2mim][OAc] treated switchgrass, which
released 8.1% of its dry weight as sugars (Fig. 3B).

The use of cellulolytic enzymes contributes significantly
to the cost of producing chemicals from lignocellulosic

Fig. 2 Biomass recovered from AEILPT. (A) Coarse fraction (left) and fine frac-
tion (right) which accumulates in presence of acid catalyst. (B) Fractional compo-
sition of each sample. The top graph shows the glucan content, and the bottom
shows lignin content; the course fraction is shown on the left and the fine is on
the right. (Not enough of the fine fraction was obtained from the 0 and 1 hour
acid treatments for compositional analysis.)
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biomass.20 The previous experiment showed that biomass dis-
solved in IL and treated with an acid catalyst was significantly
more amenable to enzymatic hydrolysis, and so less cellulase
would be required to achieve the same rate and yield of sac-
charification. To quantify this, the fine and coarse fractions of
switchgrass were combined and hydrolysed with Celluclast, a
commercial cellulase cocktail. Four enzyme loadings from 700 U
g−1 biomass to 0.7 U g−1 biomass were investigated (Fig. 3C).
Samples incubated in IL with Amberlyst 15 yielded approxi-
mately seven fold more sugars than biomass pretreated with no
acid saccharified with the same enzyme loadings. Incubation
with the acid catalyst reduced enzyme requirements by 99%,
with samples treated with acid requiring only 7 U g−1 cellulase
to release 10% of their mass as sugar while untreated samples
digested with 700 U g−1 yielded only 7% sugar. With all
samples, this complex cellulase mixture was more efficient than
CX2 alone, when saccharifying with similar cellulase loadings.

Acid enhancement appears beneficial for simple in vitro
hydrolysis of biomass, but conversion of the released sugar
into more useful chemicals is equally important. To demon-
strate that biomass pretreated this way also increases the yields
of downstream products, it was used as the substrate for con-
solidated bioprocessing (CBP), a process in which the organ-
ism(s) producing enzymes for lignocellulose depolymerization
also convert the released sugars into some desired product.6,21

This has the potential to substantially reduce biofuel costs as
no separate saccharification step is necessary, and no
additional enzymes are required. A recently developed strain of
E. coli, which expresses four proteins that enable it to depoly-
merize and consume sugars from complex biomass, was used
as a biocatalyst for CBP.6 Initially these cellulolytic E. coli were
grown in Mops minimal medium (MMM) with IL-pretreated

switchgrass as the sole carbon source, so that production of
free sugars from switchgrass is required for cell growth. Both
the xylan and cellulose are more readily converted into mono-
saccharides from biomass processed using acid-enhanced IL
pretreatment (AEILPT) compared to regular IL pretreatment,
as can be seen from the growth of monocultures capable of
consuming one fraction or the other. In a coculture of E. coli
strains engineered with cellulose- or hemicellulose-degrading
enzymes, the acid treated biomass was a much better substrate
for growth, with a 1% switchgrass solution supporting the
growth of 95.8 × 107 CFU mL−1 (Fig. 4B), 12 times more than
the number of cells (7.8 × 107 CFU mL−1) that grew on the con-
ventionally treated biomass (Fig. 4A). Such a significant
increase in cell growth on AEILPT biomass is not surprising
considering the increased saccharification (Fig. 3A and 3B) in
which the CX2 cellulase cocktail was also used.

To show that these cells could convert the liberated sugar
into more valuable chemicals via CBP, free-fatty acids (FFA)
were chosen as the target product because they are used by the
pharmaceutical, cosmetics, and biofuel industries.22 The cellu-
lase and xylanase plasmids were cotransformed with plasmid
pHatty, which harbors the thioesterase tesA and the fatty-acid-
responsive transcription factor fadR, which in combination
were shown to produce near theoretical yields of FFAs.23 Yields
were maximized by using E. coli cells with fatty acid β-oxi-
dation eliminated through deletion of fadE, the second gene
in this pathway. These strains were used to convert 1% switch-
grass to FFA in MMM (Fig. S2 and S3†). The conversion of
biomass pretreated with only [C4mim]Cl was 6 mg L−1, or a
yield of 0.24% (Fig. 4C). Enhancing biomass pretreatment with

Fig. 3 Acid enhanced pretreatment of biomass improves enzymatic hydrolysis.
(A) Saccharification of 1% w/w switchgrass pretreated in [C4mim]Cl and acid for
times ranging from 0 to 5 hours with cellulase cocktail CX2. At the indicated
times, samples were removed and soluble sugars were assayed using DNS. The
left graph show hydrolysis of the fine fraction, and the coarse fraction is on the
right. (B) Total sugar yield per gram switchgrass after 24 hours from reactions
shown in (A). (C) The combined fractions from the 3 hour (blue) and the 0 hour
(red) acid pretreatment were saccharified with dilutions of Celluclast cellulase
cocktail for 24 hours and the soluble sugar in each sample was measured.

Fig. 4 Utilization of AEILPT switchgrass as carbon source for growth and pro-
duction of chemicals. All experiments were performed in MMM + 1% pretreated
swtichgrass. (A) and (B) Growth of cellulytic E. coli transformed with pCellulose,
which conferred ability to grow on cellulose (Cel), or pXylan which conferred
the ability to grow on xylan (Xyl); Cel/Xyl is a co-culture with both strains and
RFP is the negative control which expresses Red fluorescent protein. (A) Growth
on biomass from the regular pretreatment. (B) Growth on biomass from 3 H
acid treatment. (C) FFA production through CBP. Cells cotranformed with fatty
acid producing plasmid pHatty and pCellulose or pXylan were mixed to form a
co-culture capable of converting both cellulose and xylan to FFA. (D) FFA pro-
duction with SSF. E. coli transformed with pHatty was used to produce fatty
acids in switchgrass/MMM supplemented with 70 U cellulase g−1 biomass.
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acid increased conversion 18 times to 107 mg L−1 FFA, a yield
of 4.3%, an increase similar to the growth assays above.

Although CBP is a promising route for low-cost biomaterial
production, the yields are currently too low for industrial appli-
cations. Simultaneous saccharification and fermentation (SSF)
is a related mode of biorefinery operation in which cellulases
are added from an externally produced source.24 This removes
the additional burden of producing cellulase from an organism
already producing the enzymatic pathway to convert sugar into
fuel. To determine whether AEILPT would also increase the
titers of biofuel produced during SSF, E. coli cells transformed
with only pHatty were used to produce FFA from pretreated
switchgrass. This strain was grown in MMM supplemented with
1% pretreated switchgrass and Celluclast cellulase cocktail at
70 U g−1 biomass (Fig. 4D). Standard pretreatment with
[C4mim]Cl and no acid lead to FFA production of 49 mg L−1

from biomass, a 2.0% yield. From biomass pretreated with acid
and [C4mim]Cl, titers increased to 548 mg L−1, nearly 22% of
theoretical yield. It is worth noting that Celluclast functions
optimally at pH 5.0 and 50 °C, and a cellulase blend that func-
tioned better at temperatures and pHs compatible with E. coli
growth would potentially improve yields even more.

These studies demonstrate that incorporating acid catalyzed
hydrolysis into IL pretreatment significantly enhances the per-
formance of a relatively poor, but inexpensive, pretreatment
solvent. Acid enhanced pretreatment lead to higher yields of
sugar from the model lignocellulosic crop, switchgrass, and
reduced the cellulase loading necessary for saccharification.
Enhanced saccharification leads to higher bioconversion using
both simultaneous saccharification and fermentation and con-
solidated bioprocessing. This general strategy should work
with other ILs with strongly acidic anions such as halides,
phosphonates, and sulfonates. The use of inexpensive ILs for
pretreatment, a decrease in the cellulase loading required for
saccharification, and higher bioconversion yields will be
important for development of lignocellulosic material as a
replacement feedstock for petroleum.
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Supplemental Info for AEILPT of biomass 
Biomass pretreatment protocol Biomass was switchgrass supplied by Daniel Putman, University of California - Davis.  The switchgrass (20-40 mesh) was dried in a convection oven at 40°C for 24 hours before use.  1-Butyl-3-methylimidazolium chloride (≥ 98 %, CAS: 79917-90-1) was purchased from Sigma-Aldrich and heated to 80°C to allow handling.  Amberlyst 15DRY (moisture ≤ 1.5%, CAS: 39389-20-3) was purchased from Sigma-Aldrich and used as received.  The parameters used for the experiments are as follows unless otherwise noted in the text: 5g of switchgrass was placed in 95 g of [C4C1im]Cl and heated to 160°C in a Parr reactor for 90 minutes with stirring at 100 rpm. The reaction was swiftly cooled in 2 minutes to 80-90°C using the internal cooling of the Parr reactor. The reactor was opened and 1 g of Amberylst catalyst was added. The reaction was then heated to 100 °C and kept at temperature with the reaction time varied, and stirring of 100 rpm.  After reaction time was completed, the vessel was cooled to 80 °C and 300 ml of H2O added whilst stirring vigorously, to precipitate the biomass.  It was apparent that the resulting mixture contained coarse solids, which settled to the bottom of the container, and finer solid matter that remained suspended in solution. The mixture was filtered through 100-μm nylon mesh, yielding a filter cake of coarse material. This filter cake was thoroughly washed in copious amounts of water to remove residual ionic liquid. The filtrate contained the fine suspended solids. The filtrate was centrifuged at 14,000 x g for 30 minutes to separate the fine materials from the liquid portion. The liquid was decanted and 500 ml of liquid added. This mixture was then centrifuged again and the process repeated 5 times.   
Carbohydrate and lignin analysis The carbohydrate composition of biomass samples was determined according to standard NREL protocol (Sluiter et al. 2006). Monomeric sugars in the supernatant were measured with a Agilent HPLC equipped with a Bio-Rad Aminex HPX-87H column (Richmond, CA) at a rate of 0.6 mL of 5 mM H2SO4 per min at 60°C. Solids remaining after two-stage acid hydrolysis were held at 105°C overnight. The weight of the dried solids corresponds to the amount of acid-insoluble lignin and ash in the sample. The weight of the ash only fraction was then determined by heating the solids to 575°C for 24 hours.   
In vitro Enzymatic Assays To produce CX2, comp cells prepared from freshly acquired MG1655 cells were transformed with (pCellulase or pXylanase). Cells harboring each plasmid were grown overnight in LB supplemented with 100 μg/ml carbenicillin. They were diluted 1:20 into fresh LB with 100 μg/ml carbenicillin and production of the cellulase and xylanase were induced at OD600 = 0.7 with 1 mM IPTG. After the 
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overnight induction the culture media containing each enzyme was sterile filtered with a 0.2 micron filter. Equal parts of the xylanase containing media and cellulase containing media were combine to formed cellulase cocktail CX2.For hydrolysis assays, pretreated switchgrass was rinsed twice with water, once with ethanol and then two more times with sterile distilled water. This biomass was added wet to undiluted CX2 to a final concentration of 1% switchgrass (w/v). Enzymatic hydrolysis was carried out at 37° C with 250 RPM agitation. Samples were withdrawn at the indicated times and frozen for subsequent analysis.  To measure the hydrolysis kinetics, the soluble reducing sugar equivalents in each sample were measured using the 3,5-dinitrosalicylic acid (DNS) assay. 1% DNS assay solution was prepared with 1% DNS, 0.05% sodium sulfite, and 1% sodium hydroxide. To a 2 ml Eppindorf tube, 0.5 ml of the DNS assay solution and 0.5 ml of the sugar solution were added. Samples were heated to 90°C for eight minutes quenched with 167 μl 40% potassium sodium tartrate and then cooled to room temperature. The absorbance at 575 nm is then proportional to the concentration of reducing sugar, which was calculated with a standard curve created with known amounts of glucose.  The final concentration of solublized sugars after 24 hours was determined after oligosaccharides in the samples were converted to monosaccharides by acidifying to 4% H2SO4 and then autoclaving at 140° C for one hour. The sugar concentration was measured with HPLC as described above.  For cellulase loading assays, the washed sterilized biomass from above was resuspended in fresh LB to a final concentration of 1% switchgrass (w/v).  Then 10 fold dilutions of sterile filtered Celluclast cellulase from Trichoderma were added starting from 1% v/v (700U/g biomass) to 0.0001% v/v (0.07U/g biomass). Hydrolysis was carried out at 37°C with 250 RPM agitation. Samples were withdrawn at the indicated times and frozen for subsequent analysis. Oligosaccharides were converted to monomers and sugar concentrations were measured with HPLC  as above.  Each data point shown is the average of two replicates performed with switchgrass from two different pretreatment runs. Values within each replicate typically differed by less than 25%. Total sugar yield was calculated as:  (Saccharification yield of course fraction)*(Weight of coarse fraction recovered)+  (Saccharification yield of fine fraction)*(Weight of fine fraction recovered) 
Growth Assays For these experiments, samples of E. coli MG1655 freshly acquired from the ATCC were used. These cells were transformed with either pCellulose or pXylan and then grown up overnight at 37°C in LB with 100 μg/ml carbenicillin. The next day, cells with each plasmid alone were used for seeding the monocultures while strains were combined to seed the coculture. These inoculums were diluted 1:20 into fresh MMM 
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supplemented with 100 μg/ml carbenicillin and 1% pretreated switchgrass (w/v) and incubated at 37°C.  Growth was measured by counting the increase in the number of viable cells in each culture. Every 24 hours, samples were removed from each culture, diluted 1:10,000 and then plated on LB.  Data is average of three independent replicates. 
Fatty acid production from consolidated bioprocessing Plasmid pHatty was produced in two steps.  First, tesA was amplified from the E. coli chromosome without the N-terminal periplasmic leader sequence and then cloned into the Bgl-Brick site in BglBrick plasmid pBB-A5K under the control of the lacUV5 promoter with Gibson cloning.  Then, fadR was then amplified from the E. coli chromosome and placed under the control of the kanamycin resistance promoter with Gibson cloning to generate pHatty.     pHatty was cotransformed with either pXylan or pCellulose into an MG1655 strain in which fadE was deleted using the method described in Datsanko and Wanner. The cotransformants were grown up separately at 37°C in glycerol-free terrific broth (TB) supplemented with 50 μg/ml kanamycin and 100 μg/ml carbenicillin overnight. The next day, both cultures were combined and then diluted 1:20 into 1 ml fresh MMM cultures supplemented with 10% LB, 50 μg /ml kanamycin, 100 μg/ml carbenicillin and 1% pretreated switchgrass and then incubated at 37°C. After 4 hours, fatty acid production was induced by the addition of 1 mM IPTG and fatty acid production was allowed to proceed for 1 week.  Free fatty acid titers were measured as previously described. Data is average of three independent replicates 
Fatty acid production from simultaneous saccharification and 
fermentation MG1655 cells transformed with pHatty were grown overnight at 37°C in MMM + 10% LB supplemented with 1% glucose and 50 μg/ml kanamycin. The following day, cells were diluted 1:20 into 1 ml fresh MMM supplemented with 1% pretreated switchgrass, 50 μg /ml kanamycin and 1 μl (0.7 U) Celluclast Trichoderma cellulase from Sigma and incubated at 37°C.  After 8 hours, free fatty acid production was induced with 1 mM IPTG. Fatty acid production proceeded for 72 hours and then free fatty acid was quantified as described previously. Data is average of three independent replicates  
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Fig. S1  Dry weight recovered in each fraction after acid enhanced ionic liquid pretreatment 

Fig. S2  Cellulytic E. coli. Cellulose is hydrolyzed by cellulase cel to cellobiose, which is hydrolyzed to glucose monomers by β-glucosidase cel3A. Glucose can then be imported into the cell and enter central carbon metabolism.  
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References Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D, Crocker D. 2006. Determination of structural carbohydrates and lignin in biomass. http://devafdc.nrel.gov/pdfs/9572.pdf. Laboratory Analytic Procedure LAP-002.   

 
Fig. S3 Hemicellulytic E. coli. Xylan is hydrolyzed by xylanase Xyn10B to xylobiose, which is hydrolyzed to xylose monomers by β-xylobiosidase gly43F. Xylose can then be imported into the cell and enter central carbon metabolism.  
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