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Abstract 

Background: Lignocellulosic biorefineries have tonnage and throughput requirements that must be met year round 
and there is no single feedstock available in any given region that is capable of meeting the price and availability 
demands of the biorefineries scheduled for deployment. Significant attention has been historically given to agriculturally 
derived feedstocks; however, a diverse range of wastes, including municipal solid wastes (MSW), also have the potential 
to serve as feedstocks for the production of advanced biofuels and have not been extensively studied. In addition, ionic 
liquid (IL) pretreatment with certain ILs is receiving great interest as a potential process that enables fractionation of a 
wide range of feedstocks. Acid catalysts have been used previously to hydrolyze polysaccharides into fermentable sugars 
following IL pretreatment, which could potentially provide a means of liberating fermentable sugars from lignocellulose 
without the use of costly enzymes. However, successful optimization and scale-up of the one-pot acid-assisted IL decon-
struction for further commercialization involve challenges such as reactor compatibility, mixing at high solid loading, 
sugar recovery, and IL recycling, which have not been effectively resolved during the development stages at bench scale.

Results: Here, we present the successful scale-up demonstration of the acid-assisted IL deconstruction on feedstock 
blends of municipal solid wastes and agricultural residues (corn stover) by 30-fold, relative to the bench scale (6 vs 
0.2 L), at 10% solid loading. By integrating IL pretreatment and acid hydrolysis with subsequent centrifugation and 
extraction, the sugar and lignin products can be further recovered efficiently. This scale-up development at Advanced 
Biofuels/Bioproducts Process Demonstration Unit (ABPDU) will leverage the opportunity and synergistic efforts 
toward developing a cost-effective IL-based deconstruction technology by drastically eliminating enzyme, reducing 
water usage, and simplifying the downstream sugar/lignin recovery and IL recycling.

Conclusion: Results indicate that MSW blends are viable and valuable resource to consider when assessing biomass 
availability and affordability for lignocellulosic biorefineries. This scale-up evaluation demonstrates that the acid-
assisted IL deconstruction technology can be effectively scaled up to larger operations and the current study estab-
lished the baseline of scaling parameters for this process.
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Background
Renewable biomass represents an abundant source of 
carbon neutral domestic energy, and its use for biofuels 

is attracting considerable attention in the US and world-
wide as a strategy to mitigate climate change, secure a 
constant energy supply, and improve rural economies 
[1]. The success of biofuel and biochemical industries 
depends on a reliable supply of high-quality biomass, 
available at a cost that enables meeting the cellulosic 
biofuel and business profitability targets [2–5]. Some 
challenges include securing cost-competitive reliable 
sources of feedstocks in quantities large enough to meet 
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our energy needs; carrying capacity of infrastructures to 
harvest/collect, sort, and pre-process biomass feedstocks 
and transport and store products; technologies capable 
of converting these into consumable cost-competitive 
energy products; and ensuring environmental and public 
health protection and benefits. Many research and devel-
opment efforts, however, have been historically focused 
on the utilization of agriculturally derived cellulosic feed-
stocks, such as agricultural residues, perennial grasses, 
woody perennials, and forest products. A diverse range 
of wastes, including municipal solid wastes (MSW), also 
possess great potentials to serve as feedstocks for the 
production of biofuels and biochemicals [6–10], and have 
not been extensively studied to date in terms of conver-
sion efficiency and scale-up performance.

Compared with the seasonal availability of agricultural 
wastes, MSW has the advantages of year-round availabil-
ity, an established collection infrastructure and poten-
tial availability at negative cost [11]. An efficient use of 
MSW would not only benefit the biofuel industry, but 
also reduce landfill disposal [7]. Recent reports projected 
that an estimated 44.5 million dry tons of MSW will 
be available in 2022 in the United States, among which 
mixed paper waste is one of the major components, 
representing about 30% of total MSW [12]. In addition, 
biomass feedstock costs remain a large contributor to 
biofuel production costs and US DOE has a cost target 
of $80/dry metric ton at year 2017 [6]. While improve-
ments in technology for biomass harvest and collection, 
storage, preprocessing, and handling and transportation 
will help to meet this goal, reductions in grower payment 
will be required since it is one of the largest contribu-
tors to costs. One promising alternative to reduce the 
cost is to blend more expensive high-quality feedstocks 
with lower cost, lower quality feedstocks such as MSW 
so that the overall quality still meets the required speci-
fications for the biorefinery [6, 13]. Given the seasonal 
availability of plant-derived feedstocks, and the continual 
supply and established infrastructure for MSW, it will be 
advantageous and important to consider use of MSW as 
an advanced biofuels’ feedstock, especially as a blending 
agent to help normalize the composition of the biomass 
inputs to a biorefinery which has a narrow tolerance to 
variation in biomass composition [13].

Another key factor in the successful large-scale pro-
duction of cellulosic biofuels is efficient and cost-effective 
biomass deconstruction process for fermentable sugar 
conversion. Among the various leading pretreatment tech-
nologies, certain imidazolium-based ionic liquids (ILs) 
have been shown to efficiently fractionate biomass and 
provide fermentable sugars for downstream production of 
advanced biofuels [14, 15]. Previous work illustrated sev-
eral favorable properties of IL pretreatment for biomass 

deconstruction at bench scale, including biomass dissolu-
tion and cell wall disruption, reduced cellulose crystallin-
ity, reduced lignin content, and feedstock agnostic [16, 17]. 
Studies have been published by our group on the scale-up 
demonstration of IL pretreatment and the subsequent 
enzymatic saccharification treating single and mixed feed-
stocks [15, 18]. Besides the hydrolysis route using enzyme 
as catalyst following IL pretreatment, the conversion of 
biomass in ILs can be realized chemically through the acid 
catalysis [6, 19, 20]. It is an enzyme-free, wash-free one-pot 
process where monomeric sugars can be directly released 
from plant cellulose and hemicellulose within 2–3 h using 
direct injection of acid and water after IL pretreatment. 
The significant reduction of processing time and elimina-
tion of the washing and enzymatic hydrolysis steps would 
be beneficial for biorefineries in terms of increased pro-
ductivity and significant cost reduction. Additionally, there 
is no need for IL separation or solid/liquid separation 
before acidolysis which may take up the significant opera-
tion time and cost for large-scale process [19].

Recently, a collaboration between three national labs: 
Sandia National Laboratories (SNL), Lawrence Berkeley 
National Laboratory (LBNL), and Idaho National Labora-
tory (INL) successfully demonstrated efficient sugar pro-
duction using acid-assisted IL deconstruction at milliliter 
scale using a blend of MSW with corn stover. A range 
of MSW/CS blends were also evaluated for the feed-
stock cost using least cost formulation model and a ratio 
of 20:80 was identified that met the 2017 cost target of 
$80/ton and quality specifications (ash content less than 
5%) for efficient biochemical conversion [6]. However, 
the data generated for this research along with other IL 
acidolysis data to date were obtained at the 10–100 mL 
level of operation, which cannot be directly translated to 
industrially relevant scales. Thus, liter-scale experiments 
are a necessary intermediate step between bench and 
pilot scale to identify operational parameters and poten-
tial problems associated with scale-up prior to pilot-
scale and full-scale commercial operations. In particular, 
scale-up of the one-pot acid-assisted IL deconstruction 
involves challenges such as reactor compatibility, mix-
ing at high solid loading, handling of acid and biomass 
at high temperatures, sugar recovery and separation, 
etc., which have not been effectively resolved during the 
development stages at bench scale.

As the continuation of the collaborative work, the cur-
rent study aims to (1) evaluate and address the engineer-
ing and operation challenges to scale up IL acidolysis 
process; (2) investigate the response and scaling effects 
of MSW/CS blends for sugar conversion; (3) optimize the 
process by integrating with efficient and scalable product 
separation and recovery process; and (4) provide baseline 
parameters to facilitate the further pilot-scale operations.
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Results and discussion
Reactor compatibility with IL and acid biomass system
One of the process scale-up challenges is the reactor 
material compatibility with the reactant. In this study, 
corrosion effects to the reactor caused by ILs with the 
chloride anion and biomass reactions under the acidic 
conditions were unknown [21, 22]. Thus, it was critical 
to evaluate such reactor performance and understand the 
potential risks of chemical corrosion, before directly uti-
lizing the reactor for scale-up efforts. Coupon testing was 
conducted using Hastealloy C276 (bioreactor construc-
tion material) obtained from commercial source.

The corrosion rates and weight loss for the two types 
of coupons (physical properties shown in Table  1) 
exposed to both [C4C1Im]Cl and [C2C1Im]Cl—biomass 
slurry for 144 h as a function of HCl concentrations are 
shown in Table 2 [21, 23]. The corrosion tests were per-
formed in total six cycles of experiments to simulate 
the environment of biomass IL pretreatment at 140  °C 
and acidolysis at 105 °C. For acid concentration at 0.6%, 
the corrosion rates for all coupons are between 0 and 
1  mile per year (mpy). The coupons in the [C4C1Im]Cl 
showed similar corrosion rates at 0.481 and 0.511  mpy 
while the [C2C1Im]Cl was less corrosive with a rate of 
0.295 mpy. The weight loss and metal loss were very low, 
ranging from 0.013 to 0.048% and 0.005 to 0.008  mils, 

respectively. When acid concentration increased to 1.8%, 
the corresponding corrosion rates increased 2–3 times 
for all coupons. Similarly, [C2C1Im]Cl was less corrosive 
than [C4C1Im]Cl at higher acid concentration. Although 
weight loss and metal loss increased with the increasing 
acid concentration, the corrosion behavior was limited to 
an overall corrosion rate less than 1  mpy. Furthermore, 
microscopic examination of the coupon surface shows 
the morphologies of coupon surface (Fig. 1) after 144-h 
treatment in [C4C1Im]Cl/biomass slurry and 1.8% HCl. 
The images demonstrated that only very minor surface 
corrosion was observed. Long-term exposure of cou-
pons in two ILs and 1.8% HCl was further performed for 
4 weeks at room temperature, and little further corrosion 
was observed (Fig. 1). These results indicate while slight 
corrosion may happen during high-temperature reaction 
conditions, the overall corrosion impact under the cur-
rent experimental conditions is not a severe concern for 
our Hastelloy C276 Parr reactor scale-up efforts.

Integrated one‑pot IL acidolysis scale‑up process
Imidazolium-based ILs have been shown great promise 
for dissolving and fractionating various types of feed-
stocks into fermentable sugars at small scales [6, 14, 16]. 
Chemical processing of feedstocks at larger scale involves 
the integration of feedstock feeding, mixing, processing, 
separation and recovery with pretreatment technologies. 
ABPDU has published studies that demonstrated the suc-
cessful 600-fold scale-up of switchgrass, eucalyptus, and 
mixed feedstock IL pretreatment in a 10-L reactor with 
the process integration of pretreatment, water precipita-
tion, homogenization, washing, centrifugation and the 
product recovery system which reduced the IL contents 
in the recovered biomass product and mitigated the risk 
to downstream enzymatic saccharification and microbial 
fermentation [15, 18]. These previous published works 

Table 1 Physical properties of  coupons used in  corrosion 
testing

Physical properties

Coupon 
types

Coupon 
source

Thickness 
(cm)

Surface  
area (cm2)

Density  
(g/cm3)

I Parr 6.25 5.05 8.76

II MacMaster 0.89 15.91 8.61

Table 2 Coupon testing during  IL pretreatment (140  °C) and  acidolysis (105  °C) under  various acid concentrations 
and corrosion results

Reaction conditions Test results

Coupon type Reaction time (h) Ionic liquid type HCl concentration (%) Weight loss (%) Metal loss (mils) Corrosion rate (mpy)

I 144 [C4C1Im]Cl 0.6 0.013 0.008 0.481

II 144 [C4C1Im]Cl 0.048 0.008 0.511

II [C2C1Im]Cl 0.029 0.005 0.295

I 144 [C4C1Im]Cl 1.8 0.028 0.017 1.055

II 144 [C4C1Im]Cl 0.073 0.012 0.770

II [C2C1Im]Cl 0.066 0.011 0.670

I 366 [C4C1Im]Cl 1.8 0.001 0.0005 0.002

II 366 [C4C1Im]Cl 0.002 0.0004 0.006

II [C2C1Im]Cl 0.003 0.0005 0.017
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focused on the IL pretreatment followed by product 
recovery for enzymatic saccharification, which requires 
extensive washing to remove the residual IL and mitigate 
the inhibition to downstream processing. The excessive 
use of water and waste disposal associated with washing 
poses critical challenges for the scale-up of IL process.

Building on the recent development of IL acidolysis 
which breaks down polysaccharides directly into pen-
tose and hexose in the presence of IL [6, 19, 24], this work 
presented an improved scale-up process integration and 
realized the one-pot enzyme-free and wash-free sugar 
conversion process using mineral acid. Figure 2 presents 
images taken at different stages of the IL pretreatment, 
acidolysis and product recovery process. The MSW/CS 
(20:80) blend used in this study was previously evalu-
ated for its potential to meet the cost target ($80/ton) 
and quality specifications (37.7% glucan, 18.6% xylan, and 

4.6% ash) [6]. First, 3.06 kg of [C4C1Im]Cl or [C2C1Im]Cl 
was loaded into the 100-L Parr reactor and preheated to 
70 °C for IL melting (Fig. 2a). Then, 0.34 kg (dry weight) 
of MSW/CS blends was loaded into the 10-L Parr reac-
tor and mixed with IL at a solid loading of 10% (w/w) 
(Fig.  2b). The MSW/CS blend was observed to be sig-
nificantly solubilized in IL after 2-h reaction at 140 °C as 
evidenced by the lack of biomass or MSW paper fibrous 
structure. This is similar to what was observed for the 
same reaction conditions in 10-mL small-scale reac-
tions or 200-mL scale glass reactor [6, 19] (Fig. 2c). We 
attribute this finding to the effective and uniform mixing 
and heating capacity of the Parr reactor with the anchor 
impeller and internal temperature control. Figure  2d 
depicts the formation of sugar hydrolysate/IL mixtures 
with the injection of acid for direct hydrolysis in the reac-
tor. The efficient recovery of the sugar-rich hydrolysate 

200µm 200µm 

200µm 200µm 

a b

c d

Fig. 1 Microscopy images before and after 144-h IL acidolysis treatment showing the minor surface corrosion: a coupon surface before testing, b 
coupon surface after 24-h treatment in [C4C1Im]Cl, c coupon surface after 114-h treatment in [C4C1Im]Cl, and d coupon surface after 114-h treat-
ment in [C2C1Im]Cl
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and removal of residual lignin-rich solid is a key step in 
the scale-up process and a basket centrifuge was used for 
solid/liquid separation (Fig. 2e). The centrifugation speed 
was set at 1200 rpm for 30 min to recover the sugar-rich 
hydrolysate and lignin-rich product (Fig.  2f ). During 
each step, water was recycled by pumping back into the 
centrifuge and recirculating for 30 min at centrifugation 
speed of 250 rpm to obtain liquid washes and lignin-rich 
solids. In the end, centrifugation speed was increased to 
1200  rpm for 30  min to recover the final solid product 
that was further analyzed for total weight and composi-
tion analysis. Overall, the successful integration of these 
unit operations, i.e., one-pot pretreatment and acidolysis 
under efficient mixing, liquid/solid separation, and mate-
rial handling/washing, was essential to develop a baseline 
that will facilitate further development for a commer-
cially scalable and cost-competitive process.

Acidolysis of MSW/CS blends in [C2C1Im]Cl
Scale-up of one-pot sugar conversion was first carried 
out using IL [C2C1Im]Cl for the acidolysis process. It is 
known that sugars can be lost due to spontaneous deg-
radation to other small molecules during acidolysis. For 

example, glucose and xylose can be dehydrated to furans 
and other degradation products under acidic conditions 
[19]. To determine the extent to which this occurred 
during acidolysis, effect of acidolysis time (1–3.5 h) was 
evaluated to optimize the most efficient conversion time 
with the lowest levels of sugar degradation. The results 
are shown in Fig.  3a, b. The sugar yields obtained after 
pretreatment and acidolysis were calculated using Eq. (1):

where Csup is the sugar concentration of the superna-
tant (w/w), Msup is the mass of the supernatant, W is the 
weight of the biomass, C is the percentage of glucan or 
xylan contained in the biomass, and f is the factor to con-
vert glucan or xylan to glucose or xylose (1.11 for glucan 
and 1.14 for xylan). For 3.5 h of acidolysis at 105 °C, the 
MSW blends converted in [C2C1Im]Cl achieved a glucose 
yield of 51% and a xylose yield of 71%. When increasing 
the acidolysis time from 1.0 to 2.0  h, both glucose and 
xylose yields slightly increased. Longer acidolysis time 
did not further improve the sugar conversion. 5-(Hydrox-
ymethyl) furfural (HMF) and furfural were quantified 

(1)Yield% =

Csup ×Msup

W × C × f
× 100%

a b c

f e d

Fig. 2 Process flow of IL acidolysis of MSW/corn stover blends at 6 L scale. Photographs depicting (a) IL preheating in Parr reactor and MSW/CS 
blend, (b) mixing of IL and biomass, (c) solubilization of blend in IL after 2 h at 140 °C, (d) acidolysis and incubation of MSW/CS blends, (e) basket 
centrifugation for solid/liquid separation, and (f) recovery of sugar hydrolysate and lignin-rich product
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in the supernatant for each acidolysis time. The results 
show that 8% of the glucose (equivalent) was converted 
to HMF after 1.0 h acidolysis, but more xylose (18%) was 
dehydrated to furfural. The sugar degradation was not 
sensitive to longer acidolysis times with no significant 
increase of HMF and furfural yields until the acidolysis 
time reached 3.5  h. Previous work at the 20-mL scale 
demonstrated that acidolysis of MSW/CS blend (25:75) 
resulted in a maximum 77% glucose and 51% xylose 
release [6]. It was also shown that more CS in the blend 
led to reduced sugar yields. In comparison to the small-
scale study, the 6-L scale achieved lower glucose yields, 
possibly due to the higher CS ratio, and degradation of 
glucose. Xylose yield was higher since xylan is easier to 
dissolve and hydrolyze compared to glucan [6].

A mass balance for the one-pot [C2C1Im]Cl pre-
treatment and acidolysis, the subsequent solid/liquid 
separation and product recovery through centrifuga-
tion, and their resultant composition of the products is 

summarized in Fig. 4 to provide a clear overview of this 
sugar production scale-up process. On the 340  g basis 
of untreated MSW/CS blend, the hydrolysate retained 
85.4 g of glucose and 46.1 g of xylose with 9.2 g of each 
sugar degradation product, HMF and furfural, and 42.5 
dissolved lignin in the IL/hydrolysate mixture. Further-
more, 43.4  g of solid residue was recovered after water 
washing, containing 11.9 g of lignin, a small quantity of 
ash (2.5 g), and undigested glucan (16.7 g in terms of glu-
cose) and xylan (2.2 g in terms of xylose). The overall glu-
cose yield on the basis of starting materials is 51%, lower 
than xylose (70%), which is attributed to the greater recal-
citrance of glucan and easier depolymerization of xylan 
during the IL acidolysis. The overall glucose balance 
and xylose balance are 69 and 95% counting both solid 
and liquid fractions. During the pretreatment and acid-
olysis, a significant amount of lignin was also solubilized 
into the liquid stream, indicating potential opportunities 
for lignin valorization. For a long-term development of 
biorefinery, lignin supply will progressively increase as 
many types of lignocellulosic feedstock are implemented 
in the future. Adding value to the lignin utilization will 
significantly enhance the competitiveness of biomass-to-
biofuel conversion [25–27].

Acidolysis of MSW/CS blends in [C4C1Im]Cl
The acidolysis scale-up of MSW/CS blends was also con-
ducted for the IL: [C4C1Im]Cl. Sugar yields and degrada-
tion to HMF and furfual were continuously monitored 
at various acidolysis time and the results are shown in 
Fig.  5a, b. It appeared that the [C4C1Im]Cl under the 
same pretreatment and acidolysis conditions (140 °C, 2 h 
and 10% solid loading; 100 mg HCl per g biomass, 105 °C, 
3.5 h) has lower severity than [C2C1Im]Cl, as evidenced 
by the presence of small quantities of fibrous biomass, 
likely caused by the decreased accessibility of larger 
molecular IL to the plant cell wall for feedstock solubi-
lization. However, the lower severity may help to reduce 
the sugar degradation during acidolysis step. As shown 
in Fig.  5a, higher glucose yield (58%) and xylose yield 
(87%) were obtained for [C4C1Im]Cl, in comparison to 
[C2C1Im]Cl under the same process conditions at 3.5 h of 
acidolysis. The glucose and xylose yields increased with 
the increase of acidolysis time from 1 to 3  h. Figure  5b 
further demonstrated less degradation of glucose to HMF 
(up to 3%) and xylose to furfural (up to 12%) during the 
3.5-h acidolysis. Results also show that shortening acidol-
ysis time helps to decrease the sugar degradation without 
sacrificing sugar production.

Similarly, the mass balance for the [C4C1Im]Cl pre-
treatment and acidolysis, the subsequent unit operations 
including solid/liquid separation and product recov-
ery, and their resultant composition of the products is 
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Fig. 3 MSW/CS acidolysis with [C2C1Im]Cl pretreatment at 6 L scale. 
a Effect of acidolysis time on glucose and xylose yield, b effect of 
acidolysis time on sugar degradation
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summarized in Fig.  6. In comparison to the results of 
[C2C1Im]Cl, higher sugar contents were recovered in 
hydrolysate with 96.5 g of glucose and 57.1 g of xylose by 
[C4C1Im]Cl. Higher lignin solubilization (45.6 g) and less 
sugar degradation (3.7  g of HMF and 5.1  g of furfural) 
were observed in the hydrolysate. 44.7 g of solid residue 
contained similar amounts of undigested glucan and 
xylan, with lower lignin and higher ash. The overall glu-
cose balance and xylose balance are 71 and 99% count-
ing both solid and liquid fractions. The overall lignin 
recovery from solid stream is 16%, similar to [C4C1Im]
Cl process, with the majority of lignin being dissolved in 
the liquid fraction for potential lignin valorization by IL-
tolerant organisms or catalysts.

It should be addressed that due to their relatively 
high costs, recovery and recycle of ILs have been given 
more and more attention as a requirement for its com-
mercial use in biomass deconstruction. The IL recovery 
approaches include using anti-solvents such as acetone, 
followed by distillation/evaporation for separation [28], 
biphasic system with addition of an aqueous solution 
containing kosmotropic anions, such as phosphate, car-
bonate, or sulfate [19], and sequential membrane fil-
tration and vacuum evaporation post sugar extraction 
from aqueous IL hydrolysate [29, 30]. Although these 
results show that separation and recovery of IL can be 
achieved by various methods, to date, all these poten-
tial alternatives have been limited to the lab-scale level 

of development and require more investigation before 
scale-up can occur. The enzyme-free and wash-free one-
pot sugar production process demonstrated in this paper 
does not involve IL recovery. However, these ILs are 
expensive and likely inhibitory to fermentation microbes 
so a recovery process will be required. Alternatively, San-
dia, ABPDU/LBNL and INL are working together to use 
the lower cost biomass-derived renewable “bionic liq-
uids” for conversion of these MSW blends into hydrocar-
bon fuels at both milliliter-scale and liter-scale studies. 
The present work provides an essential step to under-
stand and evaluate the scale-up effects and important 
parameters that require further development toward a 
commercially scalable and cost-competitive process.

Conclusions
MSW paper materials can be blended into CS providing 
lower cost and high-quality biorefinery feedstock inputs 
that are easily processed using the IL-based deconstruc-
tion technology. In this study, the acidolysis of MSW/CS 
blends into fermentable sugars with both ILs: [C2C1Im]
Cl and [C4C1Im]Cl, was successfully scaled up by 30-fold 
at 6 L with a solid loading of 10%. The results are com-
parable with small-scale experiments that have been 
conducted previously and indicate that MSW blend 
feedstock is a viable and valuable resource to consider 
when assessing the biomass availability and affordability 
demands of the biorefineries scheduled for deployment. 

[C2C1Im]Cl 3060 g     
4N HCl      250   g     
H2O            2375 g

Biomass/IL slurry

6 kg 

Ionic Liquid 
Pretreatment and 

Acidolysis

Solid/liquid 
Separation

Liquid

Solid 
washing

340 g biomass            

171.7 g glucose           
65.9 g xylose                   
54.4   g lignin              
25.5 g ash       

Solid residual

43.4 g dry weight   
16.7 g glucose
2.2   g xylose                 
11.9 g lignin        
2.5   g ash               

85.4  g glucose              
46.1 g xylose                 
42.5  g lignin             
9.2    g HMF        
9.2    g furfural

MSW/CS Blend (20:80)

Glucose yield in hydrolysate = 51% 

Xylose yield in hydrolysate = 70% 

Overall glucose balance = 69% 

Overall xylose balance = 95% 

Overall lignin recovery from solid stream = 22%                         

Fig. 4 Mass balance of the MSW/CS blend acidolysis in [C2C1Im]Cl
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Reactor material was first evaluated for chemical com-
patibility and corrosion behavior in the chloride-rich 
acidic biomass/IL system and the results show that there 
are no fundamental issues in terms of performance asso-
ciated with the scale-up of this MSW/CS blend to sugar 
conversion technology. An integrated scale-up process 
including one-pot pretreatment and acidolysis, product 
separation and recovery was effectively developed. Fur-
ther process optimization at both lab and bench scale is 
desired to achieve high sugar conversion. The scale-up 
attempt and process integration will leverage the oppor-
tunity toward a cost-effective sugar/lignin production 
technology.

Methods
Raw materials
The paper waste materials, consisting of 15% glossy 
paper, 25% non-glossy paper, 31% non-glossy cardboard, 
and 28% glossy cardboard, were collected over the course 

of 2  weeks from an Idaho National Laboratory (INL) 
office building and utilized to represent the MSW paper 
material in this study. The material was shredded through 
a conventional office shredder and the cardboard mate-
rial was cut into pieces with scissors. Each paper type 
was ground to 2 mm using a Thomas Scientific Model 4 
Laboratory Wiley Mill (Thomas Scientific, Swedesboro, 
NJ). The corn stover was grown near Emmitsburgh (IA, 
USA) and was harvested in September 2010. Harvested 
corn stover was ground using a Vermeer BG480 grinder 
(Vermeer, IA, USA) designed for processing up to 4 × 4 
ft bales. A 1-in. screen was used for all these grinds. The 
MSW paper materials were then mixed with ground 
corn stover in a ratio of 20:80, which was previously 
determined to meet the cost and quality targets [6]. The 
1-Ethyl-3-methylimidazolium chloride, [C2C1Im]Cl, and 
1-Butyl-3-methylidazolium chloride, [C4C1Im]Cl (>97% 
purity), and 6 N hydrochloric acid were purchased from 
Sigma-Aldrich.

Coupon testing for chemical compatibility
Prior to utilizing the Parr reactors for ionic liquid acid-
olysis of biomass, a set of coupon testing experiments 
were conducted to evaluate the reactor compatibility and 
corrosion behavior of reactor Hastelloy C276 materials. 
One type of coupons was obtained from Parr Instru-
ment Company (Moline, Illinois, USA) in the form of 
disk plates. Another type of coupon was purchased from 
McMaster-Carr Supply Company in the form of cylin-
ders. Their sizes and physical properties are shown in 
Table 1. Two sets of coupon tests were carried out in two 
50-ml global glass reactors (Syrris, UK), one for [C2C1Im]
Cl and the other for [C4C1Im]Cl.

For each set of testing, in total six cycles of experiments 
were performed to simulate the environment of biomass 
acidolysis in IL. Each cycle, the biomass solutions were 
prepared by combining 3 g of biomass with 17 g IL, and 
coupons were placed into the mixture in duplicates. The 
reactor was programmed to heat up to 140  °C and hold 
for 2 h. The solutions were then cooled down to the acid-
olysis temperature of 105  °C and acidolysis started after 
15  min equilibration time. Acidolysis was performed 
following a procedure described previously  [19]. In 
summary, 2.07 mL 4 M HCl was added to the biomass/
IL solution (t =  0) and with DI water added to give an 
H2O concentration of 5% (w/w) of the total weight. More 
water (3.175 mL) was added at 10 min to get the targeted 
water concentration of 20%. Water was injected into the 
mixture starting from 15 min at the rate of 227.5 μL/min 
for 45 min. Acidolysis was continued for a total of 2.5 h 
and stopped by cooling down the reactor to room tem-
perature. After that the coupons were soaked in the reac-
tor overnight to complete a 24-h cycle. After each cycle, 
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Fig. 5 MSW/CS acidolysis with [C4C1Im]Cl pretreatment at 6 L scale. 
a Effect of acidolysis time on glucose and xylose yield, b effect of 
acidolysis time on sugar degradation
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the coupons were taken out, cleaned following the ASTM 
protocols [31], and measured the weight loss, and calcu-
lated the metal loss and the corrosion rate using the fol-
lowing equations:

where the K factor is 3.45 ×  106 for Eq.  (2) and 393.7 
for Eq.  (3) [21, 31]. The coupons were placed back into 
the reactor to start another cycle of 24 h under the same 
acidolysis conditions. The six cycles were performed for 
total 144 h. Then, the coupons were continuously soaked 
in the IL/biomass solutions for 4 weeks to perform long-
term corrosion test and measure weight loss and corro-
sion rate.

In addition, the coupons were also monitored at the 
end of each cycle for surface changes using a Zeiss LSM 
710 confocal system mounted on a Zeiss inverted micro-
scope (Carl Zeiss Microscopy, LLC, Thornwood, NY) 
with a 10× objective.

(2)

Corrosion rate(CR)

=

Weight loss
(

g
)

∗ K

Alloy density
(

g
/

cm3
)

∗ Exposed area (A) ∗ Exposure time (h)

(3)

Metal loss (ML) =

Weight loss
(

g
)

∗ K

Alloy density
(

g
/

cm3
)

∗ Exposed area (A)

Reactor modification, setup and operation for large‑scale 
IL pretreatment
A 10-L Parr Floor Stand Reactor (Model 4558, Parr 
Instrument Company, Moline, IL, USA) made of Hasteal-
loy C276 was used for this study. To realize the safe 
handling of biomass and acid/water injection at high 
temperature and induce the acidolysis in IL/biomass 
slurry, the Parr reactor was customized to accommodate 
the process scale-up challenges. First, the reactor was 
modified and installed with a self-sealing packed gland 
drive and anchor impeller to allow heavy duty mixing 
to facilitate the material uniformity at high solid load-
ings. Second, a sampling injection port was installed in 
the reactor to allow acid/water injection during the high-
temperature operation, and safe material handling with-
out opening up the reactor.

A 10% (w/w) biomass/IL solution was prepared by 
combining 340 g of biomass with 3060 g of IL in the Parr 
reactor. For each run, the reactor was sealed and the reac-
tants were heated at 140 °C for 2 h with a stirring speed 
of 50 rpm from the anchor impeller. After 2-h incubation 
at 140  °C, the reactor was cooled to 105  °C with chilled 
water through the cooling coils inside the reactor. Tem-
perature ramping (to 140  °C) and cooling (to 105  °C) 
times were approximately 30 and 15  min, respectively. 
Detailed procedure for IL pretreatment and acidolysis 
is summarized in Table 3. In brief, the acidolysis started 
after 15  min equilibration time, 4  N HCl was pumped 

Biomass/IL slurry

6 kg 

Ionic Liquid 
Pretreatment and 

Acidolysis

Solid/liquid 
Separation

Liquid

Solid 
washing

340 g biomass            

171.7 g glucose           
65.9 g xylose                   
54.4   g lignin              
25.5 g ash       

Solid residual

44.7 g dry weight   
16.2 g glucose
2.9   g xylose                 
8.8   g lignin        
4.9   g ash

96.5  g glucose              
57.1  g xylose                 
45.6  g lignin             
3.7    g HMF        
5.1 g furfural

MSW/CS blend (20:80)

[C4C1Im]Cl 3060 g     
4N HCl      250   g     
H2O            2375 g

Glucose yield in hydrolysate = 58% 

Xylose yield in hydrolysate = 87% 

Overall glucose balance = 71% 

Overall xylose balance = 99% 

Overall lignin recovery from solid stream = 16% 

Fig. 6 Mass balance of the MSW/CS blend acidolysis in [C4C1Im]Cl
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into the biomass/IL solution through the injection portal 
and with DI water added to give a water concentration 
of 5% (w/w) of the total weight. More water was pumped 
and injected at 10  min to get the targeted water con-
centration of 20%. Water was injected into the mixture 
starting from 15 min for 45 min to get to the final water 
concentration of 43%. Then, the acidolysis was continued 
and incubated for another 2.5 h and stopped by cooling 
down the reactor to room temperature. Time points were 
taken every 30  min during acidolysis to monitor sugar 
yield, HMF and furfural production by HPLC.

MSW/CS blends composition and hydrolysate analysis
Moisture content of pretreated biomass was quantified 
using a moisture content analyzer (Mettler Toledo, Model 
HB43-S Halogen) by heating to 105  °C and monitor-
ing the mass until it remained constant. Acid-insoluble 
lignin, and structural carbohydrates, i.e., glucan, xylan, 
arabinan and galactan, of MSW/CS blend (20:80) before 
and after IL pretreatment and acidolysis were determined 
according to analytical procedure of the National Renew-
able Energy Laboratory (NREL) by a two-step sulfuric 
acid hydrolysis [32, 33]. Briefly, 300  mg of biomass and 
2  mL 72% H2SO4 were incubated at 30  °C while shak-
ing at 300  rpm for 1  h. The solution was diluted to 4% 
H2SO4 with 56 mL of DI water and autoclaved for 1 h at 
121  °C. The reaction was quenched by placing the sam-
ples into an ice bath before removing the biomass by fil-
tration. Carbohydrate concentrations were determined 
from the filtrate by Agilent HPLC 1200 Series equipped 
with a Bio-Rad Aminex HPX-87H column and a Refrac-
tive Index detector, and acid-insoluble lignin was quanti-
fied gravimetrically from the solid biomass after heating 
overnight at 105  °C. Absorbance reading of acid-soluble 
lignin was taken using an UV–Vis spectrophotometer 
(Shimadzu UV-2401) with high-purity quartz cuvettes 
with a 1 cm pathlength [34].

Furfural and HMF in the hydrolysates was further 
analyzed using an Agilent 1200 High-Pressure Liq-
uid Chromatography (HPLC) instrument equipped 

with Aminex HPX-87 H column and an UV detec-
tor (λ =  280 nm). Eluent containing 4 mM H2SO4 was 
used and the flow rate was 0.6 mL/min. Standard cali-
bration curves were made by using six different known 
concentrations of furfural/HMF (125–1000 μM) from 
Sigma-Aldrich. Ionic liquid was quantified using 
reversed-phase liquid chromatography using an HPLC 
equipped with Eclipse Plus C8 column and Evapora-
tive Light Scattering Detector (ELSD, evaporator tem-
perature  =   45 °C, nebulizer temperature  =   30 °C; gas 
flow  =   1.2). All analyses were performed at 0.5  mL/
min flow rate. The injection volume was 5  μL and the 
column temperature was 30 °C.
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Pretreat‑
ment 
condi‑
tions

IL pretreatment process Acidolysis process

0–10 min 10–15 min 15–60 min 60–210 min

Solid 
loading 
(%)

Starting 
weight 
W0 (g)

Dry 
biomass 
(g)

IL (g) HCl 
4 N (g)

1st water 
addition 
to 5% (g)

Total 
weight 
W1 (g)

2nd 
water 
addition 
to 20% 
(g)

Total 
weight 
W2 (g)

3rd water 
pumping 
addition 
to 43% 
(g)

Total 
weight 
W3 (g)

Incubation 
at 105 °C

140 °C, 
2 h

10% 3400 340 3060 250 0.0 3650 643 4293 1732 6025 Incubation



Page 11 of 11Li et al. Biotechnol Biofuels  (2017) 10:13 

Consent for publication
All authors agreed to publish this article.

Availability of supporting data
All data supporting the conclusions of this article are included within the 
manuscript.

Funding
This work was supported by funding from the DOE Energy Efficiency and 
Renewable Energy (EERE)’s BioEnergy Technology Office (BETO). ABPDU would 
like to acknowledge the funding support from Office of Biomass Program 
within the DOE EERE, and also the funding support from the American 
Recovery and Reinvestment Act. INL would like to acknowledge the funding 
support from the DOE, EERE, BETO office under DOE Idaho Operations Office 
Contract DE-AC07-05ID14517.

Received: 9 November 2016   Accepted: 21 December 2016

References
 1. Ragauskas AJ, Williams CK, Davison BH, Britovsek G, Cairney J, Eckert 

CA, et al. The path forward for biofuels and biomaterials. Science. 
2006;311(5760):484–9.

 2. Kenney KL, Smith WA, Gresham GL, Westover TL. Understanding biomass 
feedstock variability. Biofuels. 2013;4(1):111–27.

 3. Thompson DN, Campbell T, Bals B, Runge T, Teymouri F, Ovard LP. 
Chemical preconversion: application of low-severity pretreatment 
chemistries for commoditization of lignocellulosic feedstock. Biofuels. 
2013;4(3):323–40.

 4. Shi J, Thompson VS, Yancey NA, Stavila V, Simmons BA, Singh S. Impact of 
mixed feedstocks and feedstock densification on ionic liquid pretreat-
ment efficiency. Biofuels. 2013;4(1):63–72.

 5. Turhollow A, Perlack R, Eaton L, Langholtz M, Brandt C, Downing M, 
et al. The updated billion-ton resource assessment. Biomass Bioenerg. 
2014;70:149–64.

 6. Sun N, Xu F, Sathitsuksanoh N, Thompson VS, Cafferty K, Li C, et al. Blend-
ing municipal solid waste with corn stover for sugar production using 
ionic liquid process. Bioresour Technol. 2015;186:200–6.

 7. Shi AZ, Koh LP, Tan HT. The biofuel potential of municipal solid waste. Gcb 
Bioenerg. 2009;1(5):317–20.

 8. Kalogo Y, Habibi S, MacLean HL, Joshi SV. Environmental implica-
tions of municipal solid waste-derived ethanol. Environ Sci Technol. 
2007;41(1):35–41.

 9. Perlack RD, Stokes BJ, U. S. Department of Energy. U. S. Billion-ton Update: 
Biomass supply for a bioenergy and bioproducts industry. Oak Ridge: Oak 
Ridge National Laboratory; 2011. p. 227.

 10. Graham RL, Perlack RD. The billion ton report revisited: How much bio-
mass could there be? In: Abstracts of papers of The American Chemical 
Society, vol. 238. ACS Publications: Washington; 2009.

 11. Klemetsrud B, Ukaew S, Thompson VS, Thompson DN, Klinger J, Li L, et al. 
Characterization of products from fast micropyrolysis of municipal solid 
waste biomass. ACS Sustain Chem Eng. 2016;4(10):5415–23.

 12. Report EPA. Renewable fuel standard program—regulatory impact analy-
sis. 2010. p. 53.

 13. Li C, Aston JE, Lacey JA, Thompson VS, Thompson DN. Impact of feed-
stock quality and variation on biochemical and thermochemical conver-
sion. Renew Sustainable Ener Rev. 2016;65:525–36.

 14. Li C, Knierim B, Manisseri C, Arora R, Scheller HV, Auer M, et al. Compari-
son of dilute acid and ionic liquid pretreatment of switchgrass: biomass 

recalcitrance, delignification and enzymatic saccharification. Bioresour 
Technol. 2010;101(13):4900–6.

 15. Li C, Tanjore D, He W, Wong J, Gardner J, Thompson V. Scale-up of ionic 
liquid-based fractionation of single and mixed feedstocks. Bioenerg Res. 
2015;8(3):982–91.

 16. Li C, Sun L, Simmons BA, Singh S. Comparing the recalcitrance of euca-
lyptus, pine, and switchgrass using ionic liquid and dilute acid pretreat-
ments. Bioenerg Res. 2013;6(1):14–23.

 17. Li C, Cheng G, Balan V, Kent MS, Ong M, Chundawat SPS, et al. Influence 
of physico-chemical changes on enzymatic digestibility of ionic liquid 
and AFEX pretreated corn stover. Bioresour Technol. 2011;102(13):6928-36

 18. Li C, Tanjore D, He W, Wong J, Gardner JL, Sale KL, et al. Scale-up and 
evaluation of high solid ionic liquid pretreatment and enzymatic hydroly-
sis of switchgrass. Biotechnol Biofuels. 2013;6(1):154.

 19. Sun N, Liu HB, Sathitsuksanoh N, Stavila V, Sawant M, Bonito A. Production 
and extraction of sugars from switchgrass hydrolyzed in ionic liquids. 
Biotechnol Biofuels. 2013;6(1):1-15.

 20. Li CZ, Wang Q, Zhao ZK. Acid in ionic liquid: an efficient system for 
hydrolysis of lignocellulose. Green Chem. 2008;10(2):177–82.

 21. Uerdingen M, Treber C, Balser M, Schmitt G, Werner C. Corrosion behav-
iour of ionic liquids. Green Chem. 2005;7(5):321–5.

 22. Zhang QB, Hua YX. Corrosion inhibition of mild steel by alkylimidazolium 
ionic liquids in hydrochloric acid. Electrochim Acta. 2009;54(6):1881–7.

 23. Sun XF, Chi YL, Mu TC. Studies on staged precipitation of cellulose 
from an ionic liquid by compressed carbon dioxide. Green Chem. 
2014;16(5):2736–44.

 24. Binder JB, Raines RT. Fermentable sugars by chemical hydrolysis of bio-
mass. Proc Natl Acad Sci USA. 2010;107(10):4516–21.

 25. Ragauskas AJ, Beckham GT, Biddy MJ, Chandra R, Chen F, Davis MF, et al. 
Lignin valorization: improving lignin processing in the biorefinery. Sci-
ence. 2014;344(6185):1246843.

 26. Johnson CW, Beckham GT. Aromatic catabolic pathway selection for 
optimal production of pyruvate and lactate from lignin. Metab Eng. 
2015;28:240–7.

 27. Linger JG, Vardon DR, Guarnieri MT, Karp EM, Hunsinger GB, Franden MA, 
et al. Lignin valorization through integrated biological funneling and 
chemical catalysis. Proc Natl Acad Sci USA. 2014;111(33):12013–8.

 28. Dibble DC, Li C, Sun L, George A, Cheng ARL, Cetinkol OP, et al. A facile 
method for the recovery of ionic liquid and lignin from biomass pretreat-
ment. Green Chem. 2011;13(11):3255–64.

 29. Shi J, Gladden JM, Sathitsuksanoh N, Kambam P, Sandoval L, Mitra D, et al. 
One-pot ionic liquid pretreatment and saccharification of switchgrass. 
Green Chem. 2013;15(9):2579–89.

 30. Mai NL, Ahn K, Koo YM. Methods for recovery of ionic liquids—a review. 
Process Biochem. 2014;49(5):872–81.

 31. ASTM G1-03. Standard practice for preparing, cleaning, and evaluating 
corrosion test specimens. West Conshohocken: ASTM International; 2003. 
www.astm.org.

 32. Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D. Determina-
tion of structural carbohydrates and lignin in biomass. LAP-002 NREL 
Analytical Procedure. Golden: National Renewable Energy Laboratory; 
2004.

 33. Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D. Determina-
tion of ash in biomass. LAP-005 NREL Analytical Procedure. Golden: 
National Renewable Energy Laboratory; 2004.

 34. Suryawati L, Wilkins MR, Bellmer DD, Huhnke RL, Maness NO, Banat IM. 
Effect of hydrothermolysis process conditions on pretreated switchgrass 
composition and ethanol yield by SSF with Kluyveromyces marxianus 
IMB4. Process Biochem. 2009;44(5):540–5.

http://www.astm.org

	Scale-up and process integration of sugar production by acidolysis of municipal solid wastecorn stover blends in ionic liquids
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results and discussion
	Reactor compatibility with IL and acid biomass system
	Integrated one-pot IL acidolysis scale-up process
	Acidolysis of MSWCS blends in [C2C1Im]Cl
	Acidolysis of MSWCS blends in [C4C1Im]Cl

	Conclusions
	Methods
	Raw materials
	Coupon testing for chemical compatibility
	Reactor modification, setup and operation for large-scale IL pretreatment
	MSWCS blends composition and hydrolysate analysis

	Authors’ contributions
	References




