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A B S T R A C T  

Pop ar wood was fractionated into a water-inso ub e ce  u osic so id (WIS) fraction and a spent  iquor that 
contained main y disso ved  ignin and xy an using an acid hydrotrope, p-To uenesu fonic acid (p-TsOH), at  ow 
temperatures (≤90 °C). Reaction-kinetics-based severities were used to sca e-up fractionation using 100 g wood 
at p-TsOH concentration 50 wt% and 90 °C for 112 min. The WIS and spent  iquor from a sca e-up run were used 
to produce bioethano  and furfura , respective y. At 15% WIS  oading (w/v), maxima  ethano  concentration was 
52.47 g/L with a fermentation efciency of 68.3%. Direct dehydration of the virgin spent  iquor resu ted in a 
maximum furfura  concentration of 5.44 g/L at 68.4% yie d. Precipitating  ignin in the spent  iquor increased 
furfura  concentration to 6.18 g/L and yie d to 77.7%. These resu ts demonstrate the potentia  of acid hydrotrope 
fractionation for forest biorefnery. 
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1. Intr ducti n 

Using fossi -based fue s and chemica s is an environmenta  concern 
because of c imate change resu ting from greenhouse gas emissions. 
Recent y,  ignoce  u ose-based biofue s (e.g., bioethano ) and bio-based 
chemica s (e.g.,  actic acid, furfura ) have attracted increasing attention 
because  ignoce  u oses are renewab e, capab e of carbon sequestration, 
and abundant and avai ab e in many regions of the wor d [1]. Woody 
biomass has severa  advantages over herbaceous biomass and agri-
cu ture residues, such as high density, which faci itates  ogistics and 
transportation, and year round harvesting capabi ity, which reduces 
storage [2]. However, woody biomass is more reca citrant than her-
baceous biomass for bioconversion, partia  y due to its high  ignin 
content and strong physica  integrity [3,4]. Conventiona  di ute acid or 
a ka ine pretreatments are not efective on woody biomass [5], whereas 
efective pretreatment methods, such as su fte [6,7], so vent [8–11], or 
steam exp osion [12,13] are expensive, part y due to the requirement of 
high temperatures that increased capita  cost. On the other hand, de-
ve oping economic forest biorefnery requires va orization of a   major 
components of wood [14]. A few approaches have been exp ored with 
some  eve  of success [10,15,16], however, more work is needed. Lignin 
va orization remains especia  y difcu t, part y due to  ignin con-
densation [17,18] by most pretreatment processes inc ude those men-
tioned above [7–13] that use harsh chemica s under high temperature. 

Recent y, we deve oped an acid hydrotrope fractionation (AHF) 
process that used an aromatic acid, i.e., p-To uenesu fonic acid (p-
TsOH), to so ubi ize approximate y 90% of pop ar wood  ignin be ow 
90 °C for a very short period of time, < 30 min, which a  owed for 
producing  ignin with a  ow degree of condensation [19–21] to faci -
itate subsequent va orization. By defnition hydrotropes can so ubi ize 
hydrophobic materia s,  ignin in the present study, in aqueous systems 
through aggregation [22,23], though the exact mechanism of hydro-
tropic actions is sti   unc ear [23]. However, it is understood that p-
TsOH as an strong acid can c eave ether bonds [19,21] to faci itate 
 ignin disso ution in aqueous p-TsOH so ution through aggregation. 
There is a minima  hydrotropic concentration (MHC) be ow which so-
 ute ( ignin) precipitate, which faci itates  ignin separation through 
precipitation by simp y di uting hydrotrope concentration in the spent 
 iquor be ow its MHC. 

An aromatic sa t-based hydrotrope fraction was extensive y studied 
for wood pu ping a ha f century ago [24] and for pretreatment of 

biomass for biorefnery in recent years [25,26]. However, aromatic sa t-
based hydrotropes are efective on y at high temperatures, > 150 °C, for 
a  ong period of severa  hours. As a resu t, aromatic sa t-based hydro-
tropic process sufers the same prob ems of existing pretreatment/ 
fractionation techno ogies, such as  ignin condensation to resu t in 
difcu ties for  ignin va orization and high capita  cost due to high 
process temperature and pressure. AHF diferentiates itse f from con-
ventiona  aromatic sa t-based hydrotropic fractionation for its efec-
tiveness at  ow temperatures, i.e., be ow the boi ing point of water, and 
for high y se ective and rapid disso ution of  ignin (< 30 min) and 
hemice  u oses simu taneous y and substantia  y. As a resu t, AHF sub-
stantia  y improves ce  u ose accessibi ity to enzymes [27], which  eads 
to efective enzymatic sugar production [19]. Low-temperature AHF 
a so resu ted in substantia  y reduced  ignin condensation to faci itate 
 ignin va orization. As a hydrotrope, separation of p-TsOH from the 
disso ved  ignin can be achieved by di uting the spent  iquor to the 
minima  hydrotrope concentration (MHC) [19,28]. The amount of 
water to be evaporated for reconcentration is extensive; however, it is 
no more than that for weak b ack  iquor evaporation in commercia  
kraft pu p mi  s. The disso ved xy an can then be dehydrated into fur-
fura  using the p-TsOH in the  ignin precipitated spent  iquor [29] 
without additiona  cata ysts as wi   be eva uated in this study, which 
can improve product portfo io for biorefnery. p-TsOH can then be re-
used. Initia  eva uation showed over 98% of p-TsOH can be recovered in 
the washing f trates [20], suggesting p-TSOH consumption through 
fractionation reactions is minima  and high recovery of over 95% is 
achievab e through mu tip e cyc es reuse. The spent  iquor can a so be 
direct y reused without dehydration and  ignin separation without 
 osing its efcacy for a coup e of cyc es [19], which can save therma  
energy for evaporation. 

In view of the potentia  of using one chemica  at  ow temperatures 
to va orize three major wood components with the advantages of re-
ducing capita  cost and easing chemica  recovery, the objective of the 
present study was to conduct a carefu  eva uation of AHF for pop ar 
wood biorefnery using p-TsOH. The study focused on optimizing (1) 
AHF for pop ar wood bioconversion using reaction-kinetics-based se-
verity factor for subsequent bioethano  production from the ce  u osic 
so id fraction and (2) va orizing disso ved hemice  u oses in the spent 
 iquor by producing furfura  through batch dehydration (Fig. 1). The 
resu ts obtained from the study can be used for future economic ana-
 ysis studies for comparison with competing techno ogies. 

Fig. 1. A schematic fow diagram shows pop ar fractionation using p-TsOH for the production of ethano  from the ce  u osic so id residue with SSF/q-SSF, and furfura  
from the spent  iquor. Process with dashed  ines were not conducted in the present study. 
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2. Materials and meth ds 

2.1. Materials 

Pop ar NE222 from Pop l s deltoides Bartr. ex Marsh × P. nigra L. 
was harvested from Hugo Sauer Nursery in Rhine ander, WI, USA, by 
Dr. Rona d Za esny, Jr., USDA Forest Service, Northern Research 
Station. The  ogs were debarked and chipped at the USDA Forest 
Service, Forest Products Laboratory in Madison, WI, USA. The chips 
were screened using 32-mm-square ho es. Wood chips were then 
ground to a 20 mesh using a Wi ey mi   (mode  No. 2, Arthur Thomas 
Co, Phi ade phia, PA, USA). 

The p-TsOH of ACS reagent grade was purchased from Sigma-
A drich (St. Louis, MO, USA). A commercia  comp ex ce  u ase, Ce  ic® 
CTec3 (abbreviated CTec3) was comp imentari y provided by 
Novozymes North America (Frank inton, NC, USA), with ce  u ase ac-
tivity of 217 FPU/mL, as determined using f ter paper assay according 
to the Internationa  Union of Pure and App ied Chemists [30]. 

2.2. Poplar fractionation  sing p-TsOH 

AHF fractionations of pop ar using p-TsOH were conducted under a 
wide range of conditions of p-TsOH concentration, 30–85 wt%, tem-
perature, 30–80 °C, and reaction time, 5–60 min, to systematica  y 
study AHF se ectivity in disso ving  ignin and hemice  u oses, and re-
taining ce  u ose (Tab e S1). Each fractionation run was designated as 
PxxTyytzz, with xx, yy, and zz represent p-TsOH concentration in wt%, 
fractionation temperature in °C, and time in min. Aqueous p-TsOH so-
 utions were prepared by disso ving desired amounts of p-TsOH in 
deionized (DI) water to make 100 g p-TsOH so ution in conica  fasks. 
The fasks were p aced in a heated shaker (Mode  4450, Thermo Sci-
entifc, Wa tham, MA, USA) to faci itate disso ution. To prepare p-TsOH 
so utions at high concentrations (> 65 wt%), temperature was raised to 
approximate y 100 °C using a heating p ate to so ubi ize p-TsOH. After 
disso ution, the p-TsOH so utions were coo ed to desired fractionation 
temperatures and p aced on the same shaker, and 10 g (in oven dry 
weight) Wi ey-mi  ed pop ar was then added into 100 mL so ution, for a 
 iquor to so id ratio of 10 (v/w). 

The fractionation condition P50T90t112 was se ected for bioethano  
and furfura  production study using 100 g of Wi ey-mi  ed po ar wood. 
The reaction was conducted in a water bath with agitation at 250 rpm 
for 112 min. 

For a   runs, undisso ved so ids and spent  iquor without di ution 
were separated using vacuum f tration immediate y at the end of each 
fractionation. The f trate (p-TsOH spent  iquor) co  ected from 
P50T90t112 was used to produce furfura  through dehydration, and the 
so ids were used to produce bioethano  through fermentation. A   so ids 
samp es were thorough y washed using DI water unti  pH of the f trate 
reached 5–6. The washed water-inso ub e ce  u osic so ids (WISs) were 
ana yzed for chemica  compositions. The p-TsOH spent  iquors were 
ana yzed for p-TsOH, sugars (g ucose and xy ose), formic acid, acetic 
acid,  evu inic acid, 5-hydromethy furfura  (HMF), and furfura . 

2.3. Enzymatic hydrolysis of WIS 

Enzymatic hydro ysis of WIS was carried out in 125-mL Er enmeyer 
fasks on a shaking bed incubator at 200 rpm and 50 °C (Mode  4450, 
Thermo Scientifc, Wa tham, MA, USA) at so ids  oading of 1% (w/v) in 
50 mM citrate bufer of pH 5.5. An e evated pH of 5.5 can reduce 
nonproductive ce  u ase binding to  ignin, as we discovered previous y 
[31,32]. CTec3 ce  u ase  oading was 20 FPU/g ce  u ose. A iquots of 
hydro ysate were taken periodica  y during hydro ysis (1, 3, 5, 6, 24, 
48, 72 h). Each samp e was centrifuged at 10,000 rpm for 5 min. The 
supernatant was f tered through a 0.22-μm membrane before sugar 
(g ucose and xy ose) ana ysis using high-performance  iquid chroma-
tography (HPLC). 

2.4. Yeast strain and media 

The yeast Saccharomyces cerevisiae YRH400, an engineered funga  
strain for g ucose and xy ose fermentation [33], was generous y pro-
vided by Drs. Rona d Hector and Bruce Dien at the USDA Agricu tura  
Research Service. The strain was maintained at 4 °C on YPD agar p ates 
containing 10 g/L yeast extract, 20 g/L peptone, 20 g/L g ucose, and 
20 g/L agar. 

A co ony from the YPD agar p ate was transferred by a  oop to 50 mL 
 iquid YPD medium in a 125-mL fask and cu tured on a rotary shaking 
bed incubator at 30 °C and 200 rpm for 24 h. The yeast concentration 
was monitored using optica  density at 600 nm (OD600) by a UV–vis 
spectrophotometer (Mode  8453, Agi ent Techno ogies, Pa o A to, CA, 
USA). 

2.5. Enzymatic saccharifcation and fermentation of WIS 

Enzymatic saccharifcation and fermentation experiments of the 
WIS from the pretreated pop ar NE222 were carried out in 125-mL 
Er enmeyer fasks on the same rotary shaking bed incubator described 
in the previous section. The enzymatic hydro ysis was conducted at 
15% so ids  oading (w/v) with CTec3 dosage of 20 FPU/g ce  u ose. 
Hydro ysis was carried out at 50 °C and 200 rpm for 48, 24, and 0 h, 
respective y, before inocu ation using yeast. Experiments with 0 h hy-
dro ysis time are true simu taneous saccharifcation and fermentation 
(SSF), those with 48 and 24 h hydro ysis time are quasi (q)-SSF. The 
hydro yzed or  iquefed s urries were coo ed to 37 °C before SSF and q-
SSF on the rotary shaking bed incubator at 150 rpm. S. cerevisiae 
YRH400 broth was added to inocu ate the enzyme- oaded pop ar WIS at 
an initia  OD600 of 4. Nutrients (yeast extract 5 g/L, (NH4)2SO4 2 g/L, 
NaH2PO4 5 g/L) were supp emented to the hydro ysate. 

A   fermentation runs were carried out in dup icates. Samp es were 
withdrawn at 8, 24, 48, 72, 96, 120, 168, and 193 h and centrifuged at 
10,000 rpm for 5 min. The supernatants were ana yzed for g ucose, 
xy ose, xy ito , g ycero , and ethano . 

Fermentation efciency, η (%), was ca cu ated as the theoretica  
percentage of the amount of ethano  produced from the amount of 
carbohydrate in the pretreated so ids fed into fermentation, expressed 
as 

= ×
+ ×

C V
m

(%)
(0.511 0.46 )f f

ethanol broth

0.9 0.88 WIS
cellulose hemicelluloses

(1) 

where Cethano  and Vbroth are the measured ethano  concentration (g/L) 
and the vo ume (L) of the fermentation broth; fce  u ose and fhemice  u oses 

are the ce  u ose and hemice  u ose content (g/g) in the pretreated 
pop ar WIS, respective y. mWIS is the tota  so ids mass (g) in oven dry 
weight of the samp e used in the enzymatic hydro ysis and fermenta-
tion. 

2.6. F rf ral prod ction from p-TsOH spent liq or 

Pure xy ose so ution was frst used to optimize furfura  production 
in batch mode cata yzed by p-TsOH. This is because approximate y 90% 
of the disso ved xy an in spent  iquor obtained from the  arge-sca e run 
at P50T90t112 were monomeric xy ose, as discussed  ater. The co -
 ected p-TsOH spent  iquor from fractionation of pop ar at P50T90t112 
was then used to eva uate furfura  production without adding cata ysts 
using the optima  condition from the pure xy ose study. To investigate 
the efect of  ignin disso ved in the spent  iquor on furfura  production, 
two spent  iquor preparation routes were adopted as shown in Fig. 1: 
(1) the spent  iquor was direct y dehydrated; or (2) the spent  iquor was 
di uted 10 times using DI water to p-TsOH concentration of approxi-
mate y 5.5% be ow p-TsOH MHC of 11.5% [19,28] to precipitate  ignin 
through centrifugation. The  ignin precipitated and di uted spent  iquor 
was reconcentrated 10 times using vacuum evaporation at 60 °C. 
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Dehydration reaction for furfura  production was conducted in a 25-
mL stain ess stee  reactor containing 20 mL  iquid in a sand bath 
(Techne F932D, Techne Inc.) at 140–170 °C for 4–7 min. After heating 
the sand to the target temperature, the stain ess stee  reactor was im-
mersed in the sand, and kept for a set time. At the end of the reaction, 
the reactor was quenched immediate y in an ice-water bath. The com-
position (g ucose, xy ose, formic acid, acetic acid,  evu inic acid, HMF, 
and furfura ) of the reacted  iquor was ana yzed by HPLC, as described 
be ow. 

2.7. Analytical methods 

The chemica  compositions of untreated pop ar and p-TsOH frac-
tionated pop ar WIS were ana yzed by the Ana ytica  Chemistry and 
Microscopy Laboratory at the USDA Forest Products Laboratory 
(Madison, WI, USA), as described previous y [34]. 

The chemica  compositions of p-TsOH spent  iquors, enzymatic hy-
dro ysates, and fermentation broths were determined by a HPLC system 
(U timate 3000, ThermoFisher Scientifc) using a refractive index de-
tector (RI-101, Shodex), as described previous y [29]. Chromatographic 
species separation was achieved using a Bio-Rad Aminex HPX-87H 
co umn (300 mm × 7.8 mm i.d.) at 60 °C with di ute su furic acid at 
0.005 mo /L as the mobi e phase at a fow rate of 0.6 mL/min. 

3. Results and discussi n 

3.1. Fractionation mass balance and severity 

Component mass ba ance for p-TsOH fractionation of pop ar is de-
termined from the WIS yie ds and compositiona  ana ysis of the frac-
tionated WIS (Tab e S1). Overa  , AHF using p-TsOH fractionation is 
high y se ective in preserving ce  u ose (most y retained in WIS) and 
disso ution of  ignin and hemice  u oses. To faci itate process sca e-up, 
we used a combined de ignifcation factor (CDF) and a combined hy-
dro ysis factor (CHF) deve oped previous y [29,35] based on reaction 
kinetics to ana yze  ignin and xy an disso ution data. Using a bi-phasic 
assumption [36,37], i.e., both xy an and  ignin contain a fast and a s ow 
fraction, then, the fraction of xy an, XR, and  ignin, LR, that remained in 
WIS can be expressed as 

= + +X e e(1 ) f
R R

CHF CHF
R

= +E
RT

C C tCHF exp

= + +L e e(1 ' ' ) ' 'f
R R

CDF ' CDF
R

(2a) 

(2b) 

(3a) 

= +exp E
RT

C C tCDF ' '
'

(3b) 

where C is the p-TsOH mo ar concentrations (mo /L), R = 8.314 (J/ 
mo /K) is the universa  gas content, t is reaction time in min, and T is 
reaction temperature in ke vins. α, α', and β, β' are adjustab e para-
meters, E and E' are apparent activation energy (J/mo ), θ and θ' are the 
initia  fraction of s ow-reacting xy an and  ignin, respective y. f and f' 
are the ratios of reaction rates between s ow and fast xy an and s ow 
and fast  ignin, respective y. θR and θR' are residua  xy an and  ignin, 
respective y. Fitting of the data of xy an and  ignin that remained in 
WIS (Tab e S1) resu ted in parameters as  isted in Tab e 1. 

Eqs. (2) and (3) indicate that CHF and CDF can predict xy an and 
 ignin disso ution, as va idated by experiments shown in Fig. 2. 
Therefore, xy an disso ution and de ignifcation can be contro  ed by 
CHF and CDF, respective y, independent of individua  fractionation 
conditions. Furthermore, CHF and CDF are true fractionation severity 
and can be used for process sca e-up to a  eviate experimenta  con-
straints posed by individua  process conditions. For examp e,  ow acid 
concentrations are often preferred to reduce chemica  recovery costs, a 

Table 1 
List of ftting parameters for Eqs. (2) and (3) using the data of xy an and  ignin 
that remained in WIS (Tab e S1). 

Parameter Unit Xy an Lignin 

α, α′ 
β, β′ 
E, E′ 
θ, θ′ 
f, f′ 
θR, θR ′ 

none 
L/mo  
J/mo  
none 
none 
none 

19.00 
1.33 
75,200 
0.25 
0.0088 
0.125 

26.70 
1.50 
96,100 
0.55 
0.0066 
0.135 

0 100 200 300 400 500 600 700
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0 500 1000 1500 2000 2500 3000
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Data
Eq. (2a)

X R

CHF

A

B
Data
Eq. (3a)

L R

CDF

Fig. 2. Fittings of pop ar disso ution data of xy an (A) and  ignin (B) by p-TsOH 
using kinetic-based reaction severities, combined hydro ysis factor (CHF) and a 
combined de ignifcation factor (CDF), respective y. 

 ong reaction time can be used to compensate for a  ow acid  oading. 
Based on the resu ts shown in Fig. 2, we chose to use a moderate p-

TsOH concentration of 50 wt% but a higher temperature of 90 °C and a 
re ative y  ong reaction time of 112 min, or P50T90t112, to achieve 
good de ignifcation and disso ution of hemice  u oses for a sca e-up run 
using 100 g of pop ar. The corresponding severities for this condition 
were CHF = 78 and CDF = 296 according to Eqs. (2b) and (3b), re-
spective y. The actua  hemice  u oses and  ignin disso utions were ap-
proximate y 79% and 84% (Tab e 2) based on WIS yie d and chemica  
composition. The extensive  ignin and hemice  u ose remova  ensured 

Table 2 
Chemica  composition of pop ar before and after p-TsOH sca e-up fractionation. 
Numbers in parentheses are component retained in WIS. 

Untreated pop ar P50T90t112 

WIS (%) 
So id yie d 
Ce  u ose 
Hemice  u oses 

100 
45.7 ± 0.6 
16.4 ± 0.3 

47.7 
83.4 ± 0.1(87.0) 
7.4 ± 0.1(21.4) 

Lignin 23.4 ± 0.2 8.1 ± 0.1(16.3) 

Spent  iquor (g/L) 
p-TsOH 545.0 ± 9.1 
G ucose 1.1 ± 0.1 
Xy ose 
Formic acid 

12.7 ± 0.3 
0.2 ± 0 

Acetic acid 4.5 ± 0.1 
HMF 0 
Furfura  0.7 ± 0.1 

4 
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Fig. 3. Time-dependent substrate enzymatic digestibi ity of p-TsOH-fractio-
nated pop ar WIS at 1% (w/v) substrate and 50 °C with pH 5.5. 
CTec3 = 20 FPU/g ce  u ose. 

exce  ent enzymatic digestibi ity of the fractionated WIS for sugar/ 
biofue  production [27]. Resu ts in Tab e 2 a so indicate that ce  u ose 
disso ution was  ow, approximate y 10% in the form of o igomers, as 
g ucose concentration in the spent  iquor was  ow. Most of the disso ved 
xy an was in the form of xy ose. The amount of xy an dehydrated into 
furfura  was  ow, approximate y 10%. 

3.2. Enzymatic hydrolysis of p-TsOH fractionated WIS and comparisons 
with literat re data 

The WIS from P50T90t112 a ong with the untreated pop ar wood 
were enzymatica  y hydro yzed. As shown in Fig. 3, p-TsOH fractiona-
tion substantia  y improved the so id substrate ce  u ose enzymatic di-
gestibi ity (SED) as expected due to substantia  de ignifcation and 
disso ution of hemice  u oses (Tab e 2). Here SED is defned as the 
percentage of ce  u ose in WIS enzymatica  y saccharifed into g ucose. 
SED of WIS reached 93% after 72 h, compared with the untreated po-
p ar, which was bare y hydro yzed, with SED  ess than 5%. 

Tab e 3 compares the AHF with other pretreatment methods for 
enzymatic hydro ysis of pop ar wood reported in  iterature. We a so 
 isted hemice  u ose remova  and  ignin disso ution as both are im-
portant to remove the reca citrance of  ignoce  u oses [27]. Due to 
variations in the pop ar wood and enzymatic hydro ysis conditions, 
such comparisons can on y provide qua itative information about the 

performance of AHF. In genera  AHF is not as efective as SPORL [7] to 
enhance enzymatic saccharifcation of ce  u ose, part y because su fte 
in SPORL substantia  y so ubi ized hemice  u oses and su fonated  ignin 
which reduced nonproductive ce  u ase binding. However, AHF per-
formed better than high temperature pretreatments using hot-water 
[38] and di ute acid [39], main y due to substantia   ignin disso ution in 
AHF and s ight y higher hemice  u ose remova  than hot-water treat-
ment. A recent study by Prof. Sadd er’s group at the University of 
British Co umbia showed that AHF using aqueous p-TsOH so ution at 
80 °C a so performed better than a deep eutectic so vents system of 
 actic acid and betaine for fractionation of corn stover and wi  ow wood 
conducted at a high temperature of 140 °C [40]. 

3.3. Ethanol prod ction from WIS 

Ethano  yie d in a traditiona  separated hydro ysis and fermentation 
(SHF) is often negative y afected due to inhibition by substrate (g u-
cose) and end-product (ethano ) [41]. SSF was deve oped to simp ify 
process integration and e iminate end-product inhibition, thereby re-
ducing production cost [42]. Prehydro ysis is often imp emented to 
produce a certain amount of g ucose to faci itate the growth of micro-
organisms for fermentation. SSF with prehydro ysis is ca  ed q-SSF. 
Time-dependent consumptions of g ucose and xy ose and production of 
ethano  and minor products (xy ito  and g ycero ) during fermentation 
using SSF and q-SSF are shown in Fig. 4A and B, respective y. G ucose 
concentration was be ow 6 g/L throughout the entire SSF process, 
suggesting SSF efective y e iminated g ucose inhibition. G ucose con-
centration decreased and remained at a  ow  eve  (∼2.7 g/L) after 24 h. 
Ethano  concentration increased rapid y in the frst 48 h. Fermentation 
was near y comp eted in 72 h, with ethano  concentration over 51 g/L. 
Extending fermentation to 120 h resu ted in a minor increase in ethano  
concentration to approximate y 52 g/L. Compared with g ucose, the 
maxima  xy ose concentration on y reached approximate y 2 g/L, and 
decreased to approximate y 0.5 g/L after 72 h. Fermentation by-product 
xy ito  from xy ose metabo ism increased with time, with a maximum 
xy ito  concentration of approximate y 1.2 g/L attained at 120 h. An-
other fermentation by-product g ycero  was a so produced, with a 
maximum concentration of approximate y 3.0 g/L at 168 h. 

Ethano  fermentation efciencies were compared among SFF and 
two q-SSF processes (Fig. 4C). Ethano  fermentation efciencies of the 
two q-SSF runs were  ower than that of the SSF run, indicating that the 
high initia  sugar concentration did not resu t in more efcient 

Table 3 
Comparison of p-TsOH fractionation with other pretreatment methods for enzymatic saccharifcation of pop ar wood. 

Wood Fractionation condition Remova  of xy an; Enzyme  oading (FPU/per g g ucan) Substrate enzymatic digestibi ity Method and Source 
 ignin (%) (SED) @ 72 h (%) 

Pop ar NE222 fbers p-TsOH = 50 wt% 
T = 90 °C 

80; 84 CTec 3 = 20 93 ± 2 Acid Hydrotrope This study 

t = 112 min 

Pop ar NE222 fbers p-TsOH = 75 wt% 
T = 80 °C 

81; 86 CTec 3= 5 
7.5 

32 
47 

Acid Hydrotrope [19] 

t = 20 min 10 59 
20 87 

Pop ar NE222 chips T = 150 °C; t = 108 min SPORL [7] 
NaHSO3 = 0.67%; CTec 3 = 10 
@ H2SO4 = 0.3% 86; 8 84 
@ H2SO4 = 0.5% 96; 9 98 
H2SO4 = 0.2%; 
@ NaHSO3 = 0% 69; 2 43 
@ NaHSO3 = 1.3% 79; 26 71 

Pop ar Pass ¼” 
screen 

Hot-water 
@ 200 °C; 10 min 

62; ∼0 Spezyme = 15 + 40 IU Novo188 30 Hot-water [38] 

Pop ar saw dust H2SO4 = 4% 89; ∼0 Ce  uc ast 1.5 L = 30 75 Di ute acid [39] 
T = 180 °C; t = 10 min + 30 IU Novo188 
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Fig. 4. Time-dependent data from simu taneous saccharifcation and fermen-
tation (SSF) and quasi (q)-SSF of p-TsOH fractionated pop ar WIS at 15% (w/v). 
CTec 3 = 20 FPU/g ce  u ose. (A) Ethano  and g ucose concentrations; (B) xy-
 ose, xy ito , and g ycero  concentrations; (C) fermentation efciency (η). Yeast 
inocu ation at time = 0. 

fermentation. G ucose concentrations of 62.2 and 78.6 g/L, and xy ose 
concentrations of 4.4 and 5.1 g/L, were achieved from the two q-SSF 
runs with prehydro ysis times of 48 and 24 h, respective y (Fig. 4A). 
Resu ts showed that the q-SSF48h (prehydro ysis 48 h) produced a re-
 ative y higher ethano  concentration than the q-SSF24h (prehydro ysis 
24 h) before 120 h, but both runs achieved the same termina  ethano  
concentration of 46.4 g/L at 168 h,  ower than that produced by SSF. 
Perhaps g ucose inhibition became important as g ucose concentrations 
in both q-SSF runs were greater than 50 g/L [43]. G ucose concentra-
tions for both q-SSF runs decreased rapid y within the frst 24 h of in-
ocu ation simp y due to the avai abi ity of a high amount of g ucose. 
The g ucose concentration in the SSF run, however, had a s ight in-
crease from zero at the beginning of fermentation within the frst 8 h of 
inocu ation, indicating that the rate of g ucose produced from enzy-
matic hydro ysis was higher than that of yeast uti ized to produce 
ethano . The g ucose concentration for a   fermentation runs was  ow 
after 24 h, at approximate y 3 g/L. 

Xy ose consumption had characteristics simi ar to g ucose for the 
corresponding fermentation runs (Fig. 4B). It appears that S. cerevisiae 
YRH400 consumes xy ose a most immediate y without de ay. However, 
xy ose consumption for the two q-SSF runs was  ow in the frst 8 h due 
to the avai abi ity of high amounts of g ucose. The fermentation by-
product xy ito  reached approximate y 0.5 g/L in 8 h of SSF. G ycero  
concentration increased with time. Maximum g ycero  concentrations 
were 3.7 and 4.5 g/L for q-SSF24h and q-SSF48h, respective y. The SSF 
run produced a higher xy ito  concentration and a  ower g ycero  con-
centration than the two q-SSF runs, indicating that the higher initia  

g ucose and xy ose concentrations resu ted in more g ycero  production, 
whereas high initia  xy ose concentration did not  ead to high xy ito  
production. This is perhaps because S. cerevisiae YRH 400 was en-
gineered to ferment xy ose by stab e integration of the xy ose reductase, 
xy ito  dehydrogenase, and xy u okinase genes [33]. 

3.4. F rf ral prod ction from p-TsOH spent liq or 

Furfura  production from a pure xy ose so ution was conducted at 
xy ose concentration of 12 g/L and p-TsOH concentration of 50 wt%, 
based on the concentrations of xy ose and p-TsOH in the spent  iquor 
from fractionating po ar at P50T90t112 (Tab e 2). Furfura  yie ds were 
ca cu ated based on the measured fna  furfura  concentration (in-
c uding furfura  production in the fractionation process) as percentage 
of the theoretica  achievab e furfura  from the initia  xy ose con-
centration in the pure xy ose so ution or in the p-TsOH  iquor. High 
temperature and short reaction time resu ted in high furfura  yie d 
(Tab e S2). Due to  imitations in experimenta  apparatus, the shortest 
achievab e reaction time was 4 min. As a resu t, reaction at 170 °C for 
4 min produced the highest furfura  yie d of 66% theoretica , which is 
quite good for batch operations because of unavoidab e side reactions, 
such as condensation with itse f and sugars, which tend to reduce fur-
fura  yie d [44]. Xy ose was a most dep eted with a neg igib e amount 
of formic acid formation. 

Furfura  production using p-TsOH spent  iquor from P50T90t112 
was conducted at 160 and 170 °C with various reaction duration times 
based on the resu ts from pure xy ose study discussed above. The 
hemice  u ose remova  data a ong with the xy ose concentration in the 
spent  iquor (Tab e 2) indicate that approximate y 90% of the disso ved 
xy an in the spent  iquor of P50T90t112 was in the form of xy ose, with 
very  ow amount of xy oo igomers. Therefore, using optima  conditions 
derived from the pure xy ose so ution study is va id. Comparisons were 
made between spent  iquor with or without  ignin precipitation. The 
spent  iquor without  ignin precipitation was direct y dehydrated. Re-
su ts indicated that xy ose was not comp ete y dep eted after dehydra-
tion reactions. Simi ar to a study using pure xy ose, a higher tempera-
ture of 170 °C and a short reaction time of 4 min resu ted in the highest 
yie d of 68.4% with residue xy ose concentration of 1.9 g/L. Increasing 
reaction time reduced residue xy ose concentration but did not increase 
furfura  yie d, most  ike y due to furfura  condensation through side 
reactions [44]. Using batch disti  ation may reduce furfura  condensa-
tion reactions. For examp e, furfura  yie ds of 75% and 90% were ob-
tained using a pure xy ose so ution of 5 g/L and hot-water-extracted 
 ignoce  u ose hydro ysates with a signifcant amount of xy oo igomers, 
respective y [45]. When using corn-cob direct y, furfura  yie d of 75% 
theoretica  was achieved through batch disti  ation [46]. These studies 
suggest that the furfura  yie d reported here can be further improved 
through batch disti  ation. 

To study the efect of disso ved  ignin on furfura  production,  ignin 
in the same p-TsOH spent  iquor from P50T90t112 was precipitated as 
described in the experimenta  section (Fig. 1). The dehydration resu ts 
using precipitated  ignin and reconcentrated spent  iquor were com-
pared with resu ts from the virgin spent  iquor. Xy ose  oss through 
evaporation for reconcentration was neg igib e (Tab e 4). Evaporation 
removed the vo ati e components with formic acid, acetic acid, and 
furfura  remova  of 100%, 68.2%, and 100%, respective y (Tab e 4). 
Simi ar y, reaction temperature at 170 °C for 4 min produced the 
highest furfura  yie d of 77.7%, higher than the 68.4% obtained using 
the virgin  iquor without  ignin precipitation. Residue xy ose con-
centration was reduced from 1.9 g/L for the virgin spent  iquor to 1.4 g/ 
L in the  ignin-precipitated  iquor. This diference is equiva ent to an 
increase of approximate y 3 percentage points in furfura  yie d esti-
mated from the xy ose and furfura  concentrations  isted in Tab e 4. It is 
possib e that the remova  of vo ati e species through evaporation and 
precipitating  ignin a so contributed to improved furfura  yie d by re-
ducing the side condensation reactions [45]. To demonstrate the efects 
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Table 4 
Compositiona  ana ysis of spent  iquor from p-TsOH fractionated pop ar with/without  ignin precipitation after furfura  production at diferent reaction conditions. 

Component Spent  iquor without  ignin precipitation Spent  iquor with  ignin precipitation 

virgin spent 160 °C 170 °C reconcentrated spent 170 °C 
 iquor 

5.5 min 6.0 min 6.5 min 7.0 min 4.0 min 4.5 min 5.0 min 5.5 min 
 iquor 

4.0 min 4.5 min 5.0 min 5.5 min 

G ucose (g/L) 
Xy ose (g/L) 
Formic acid (g/L) 

1.23 
12.43 
0.18 

0.60 
1.56 
0.49 

0.60 
1.56 
0.49 

0.54 
1.52 
0.51 

0.32 
1.06 
0.63 

0.59 
1.87 
0.45 

0.49 
1.75 
0.45 

0.49 
1.49 
0.53 

0.25 
0.87 
0.64 

1.18 
11.99 
0 

0.52 
1.38 
0.39 

0.34 
1.04 
0.52 

0.34 
0.98 
0.52 

0.08 
0.70 
0.64 

Acetic acid (g/L) 4.59 4.62 4.59 4.60 4.65 4.56 4.59 4.58 4.50 1.46 1.59 1.59 1.59 1.57 
Levu inic acid (g/ 

L) 
HMF (g/L) 
Furfura  (g/L) 
Furfura  yie db 

(%) 

0 

0 
0.54 
0 

0.49 

0.09 
5.13 
64.5 

0.53 

0.09 
5.06 
63.6 

0.53 

0.08 
4.97 
62.5 

0.66 

0.06 
4.56 
57.3 

0.45 

0.10 
5.44 
68.4 

0.46 

0.10 
5.27 
66.3 

0.54 

0.08 
5.08 
63.8 

0.70 

0.07 
4.62 
58.1 

0 

0 
0 
0 

0.60 

0.10 
6.18a 

77.7 

0.75 

0.10 
5.80a 

72.9 

0.74 

0.08 
5.68a 

71.4 

0.90 

0.05 
5.15a 

64.8 

a Furfura  concentration contains the furfura  produced in the fractionation process and the furfura  produced from the spent  iquor by dehydration. 
b It was ca cu ated using the tota  furfura  produced from the fna   iquor (inc uding furfura  production in the fractionation process) as the percentage of the 

theoretica  achievab e furfura  from the amount of xy ose in the p-TsOH spent  iquor. 

of the remova  of acetic acid and disso ved  ignin on furfura  produc-
tion, xy ose dehydration experiments were conducted using pure xy ose 
so ution spiked with acetic acid and disso ved  ignin. The resu ts (Tab e 
S3) show the presence of acetic acid and disso ved  ignin reduced fur-
fura  concentration. 

A sma   amount of g ucose in the spent  iquor resu ted in the for-
mation of HMF (Tab e 4). G ucose was near y-dep eted with  ignin 
precipitation. 

4. C nclusi ns 

This study demonstrated the potentia  of acid hydrotrope fractio-
nation for forest biorefnery app ications. Pop ar wood was fractionated 
using p-TsOH into a water-inso ub e so ids (WIS) fraction and a xy ose-
rich spent  iquor at 90 °C. Fermentation of WIS resu ted in a maximum 
ethano  concentration of 52.47 g/L at 15% so ids  oading with a fer-
mentation efciency of 68.3%. Direct dehydration of the spent  iquor in 
batch without any cata yst produced furfura  yie d of 68.4%. 
Precipitating  ignin and remova  acetic acid in the spent  iquor in-
creased furfura  yie d to 77.7%. 
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