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A B S T R A C T

In this work, the beneficial effect of carbocation scavenger additives on hardwood pretreatment was revealed by
significantly improved biomass saccharification: cellulose hydrolysis yield was increased by over 15% after
steam pretreatment of poplar, while that was enhanced by more than 48% after dilute acid pretreatment.
Besides, the relative contributions of lignin towards enzyme binding and physical barrier effect for proposed
mechanisms were quantified. Results indicated that the addition of carbocation scavenger, 2-naphthol-7-sulfo-
nate, resulted in acid groups incorporation of 62.36mmol/kg to lignin, which mitigated enzyme non-productive
binding. Moreover, enlarged biomass porosity and reduced surface lignin coverage were detected through BET
and XPS analysis, respectively, which mostly related to the diminished physical barrier effect of lignin. As a
result, the lignin inhibitions were significantly suppressed through the addition of carbocation scavenger, giving
rise to significantly improved enzymatic hydrolysis of hardwood.
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1. Introduction

Lignocellulosic biomass is important feedstock of biorefinery pro-
cesses to produce bio-based fuels, chemicals and materials. Poplar, as a
fast growing, widely distributed, short-rotation-period hardwood, is
considered as a highly attractive feedstock for the lignocellulosic bior-
efinery (Wen et al., 2019). However, the complex structure of cellulose-
lignin-hemicellulose in raw biomass makes it recalcitrant towards sac-
charification. Therefore, proper pretreatment methods are required to
fractionate some of the biomass components, thus to improve cellulose
accessibility and facilitate biomass saccharification (Chu et al., 2017;
Galkin and Samec, 2016).

Currently, various pretreatment methods including autohydrolysis,
acid hydrolysis, alkaline hydrolysis and ionic liquid pretreatment have
been proposed (Al-Lagtah et al., 2016). Among these methods, auto-
hydrolysis like hot water pretreatment and steam explosion is widely
studied due to a number of advantages, such as no chemical addition,
low cost and environmental friendliness (Chen et al., 2011). During
autohydrolysis, acetyl groups are released to form acetic acid, pro-
moting the solubilization and degradation of hemicelluloses (Chen
et al., 2017). As a result, autohydrolysis pretreatment yields a solid
fraction mainly consisting of cellulose and lignin with improved enzy-
matic digestibility (Huang et al., 2016). Another method to fractionate
hemicellulose components is dilute acid (DA) pretreatment. This pre-
treatment technology has been proven to perform well for most species
of lignocellulosic biomass by removing all hemicelluloses and drama-
tically improving the enzymatic conversion efficiency of glucan to
glucose (de Oliveira Santos et al., 2018). However, these acidic pro-
cesses are not effective in removing lignin. Moreover, it was revealed
that, carbocations are formed in lignin molecule under acidic condi-
tions, which are prone to form stable CeC bonds with an electron-rich
carbon atom (C5 or C6) of another aromatic ring (Jensen et al., 2017; Li
et al., 2007; Pielhop et al., 2015). As a result, lignin undergoes severe
carbocation-induced repolymerization reactions (Chandra et al., 2016;
Lai et al., 2018), which intensifies the non-productive adsorption be-
tween cellulase enzymes and residual lignin (Lai et al., 2018; Nakagame
et al., 2011; Pielhop et al., 2015), imposing additional obstacle to
subsequent enzymatic hydrolysis.

Thus, lignin modification such as sulphonation, deacetylation or the
use of carbocation scavengers (Li et al., 2007; Tang et al., 2018) were
proposed and integrated into the acidic pretreatment processes, helping
to overcome the lignocellulosic recalcitrance and achieve a robust en-
zymatic hydrolysis. For instance, deacetylation by immersing biomass
in dilute alkali solution prior to acidic pretreatment is reported to re-
duce the acid catalyst, thereby mitigating the lignin repolymerization of
steam pretreated hardwood (Li et al., 2007; Tang et al., 2018). Besides,
the carbocation scavengers, like 2-naphthol, is believed to compete
with the aromatic rings in lignin for the formed carbocations, thereby
preventing the lignin repolymerization reactions during pretreatment
(Lai et al., 2018; Zhai et al., 2018).

Previous work has looked at the effect of 2-naphthol addition in hot
water pretreatment or dilute acid (DA) pretreatment on enzymatic
hydrolysis of softwood (Lai et al., 2018; Pielhop et al., 2016; Pielhop
et al., 2017; Zhai et al., 2018) or on the delignification capacity of
hardwood (Li and Gellerstedt, 2008; Li et al., 2007). However, few
studies have evaluated efficiency of the carbocation scavenger in en-
hancing enzymatic digestibility of hardwood. It is suggested that the
scavenger is hardly beneficial in the pretreatment of hardwood, as the
abundance of syringyl (S) units in hardwood makes it less susceptible to
lignin repolymerization (Lai et al., 2018; Pielhop et al., 2016; Pielhop
et al., 2017; Zhai et al., 2018). Besides, in previous studies, lignin was
always isolated from the pretreated solid to investigate the changes in
lignin structure and enzyme adsorption of purified lignin for proposed
mechanisms (Lai et al., 2018; Pielhop et al., 2016; Pielhop et al., 2017;
Zhai et al., 2018). Few studies have been reported to quantify the re-
lative roles of lignin in enzyme binding and physical barrier, and to

elucidate inhibition mitigating effect of scavenger on these roles. Fur-
thermore, the majority of the studies on softwood have evaluated the
enzymatic hydrolysis while investigating the underlying mechanisms at
a relatively high enzyme loading (20–60 FPU/g of cellulose) (Lai et al.,
2018; Pielhop et al., 2016; Pielhop et al., 2017; Zhai et al., 2018). At
high enzyme loading, an excess amount of cellulase protein is available
to adsorb to the lignin, leaving sufficient enzymes for cellulose hydro-
lysis, which diminished the interference of lignin (Kim et al., 2015).

The present work therefore used hardwood as raw material to in-
vestigate the effect of carbocation scavengers on the enzymatic hy-
drolysis. Initially, steam explosion pretreatment was carried out on
poplar with sodium carbonate and 2-naphthol, respectively, to examine
the effect of deacetylation and carbocation scavenger on lignin struc-
ture and cellulose hydrolysis. Then, to verify the effect of carbocation
scavengers in enzymatic hydrolysis of hardwood, dilute acid pretreat-
ment of poplar was also performed with the addition of carbocation
scavenger. The relative contributions of lignin towards enzyme binding
and physical barrier were quantified, at both high (20 FPU per gram
cellulose) and low enzyme loadings (5 FPU per gram cellulose). Finally,
the influence of acidic pretreatment with scavenger addition on the
physiochemical properties of hardwood (e.g. cellulose accessibility,
porosity and surface lignin coverage) and its relation with cellulose
hydrolysis was evaluated for proposed mechanisms.

2. Materials and methods

2.1. Wood samples and chemicals

Poplar wood sawdust (20–80 mesh) was obtained from Xuzhou,
Jiangsu Province, China. The moisture content of the wood sawdust
was 6.83%. Sulfuric acid (H2SO4), 2-naphthol (2 N), 2-naphthol-7-sul-
fonate (2N7S), resorcinol (RS), sodium carbonate (Na2CO3) and bovine
serum albumin (BSA) were obtained from Sinopharm Chemical Reagent
Co., Ltd.

2.2. Pretreatments

Deacetylation was performed as follows: 20 g wood sawdust (dry
mass) was mixed with an aqueous solution containing 1.0 g sodium
carbonate (5%, w/w biomass) at a liquid-to-dry-mass ratio of 4:1 (v/w).
The mixture was kept in thermostatic water bath at 60 °C overnight.
The deacetylated or non-deacetylated substrate was put in a bucket
made by single layer 120-mesh stainless steel screen and subjected to
steam explosion pretreatment (210 °C, 5min) in a steam gun (QBS-200,
Hebi Zhengdao Machine Factory, Hebi, China), in order to prevent the
loss of fines.

For steam pretreatment with 2-naphthol, 20 g wood sawdust (dry
mass) was mixed with 80mL acetone containing 1 g 2-naphthol (i.e.
5%, w/w biomass). After thorough mixing, the wood meal was air-dried
in a fume hood at room temperature overnight as described by Li and
Gellerstedt (2008). Then, the air-dried mixture was subjected to steam
pretreatment (210 °C, 5min). Additionally, poplar woody biomass was
also subjected to steam pretreatment with only acetone as control.

Dilute acid (DA) pretreatment of poplar was carried out in an
electrically heated oil bath. Considering the reactor capacity of 150mL
Teflon-lined stainless autoclave in oil bath, 15 g biomass (dry mass) was
loaded in a with 0.4% (w/v) sulfuric acid solution in a solid-to-liquid
ratio of 1:7.5. The mixture was pretreated at 180 °C for 60min, which
had comparable severity as steam pretreatment at 210 °C for 5min.
Then, reactors were cooled by tap water. The pretreated solid was
collected by filtration and washed with deionized (DI) water. The
pretreatment liquid and washing water were collected as water-soluble
fraction (WSF) for determination of sugars concentration. The washed
solid, referred as water-insoluble fraction (WIF), was collected and
stored at 4 °C for further use. In addition, 2-naphthol (2 N) with the
final concentration of 5% (w/w dry mass) was added prior to the DA
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pretreatment, in order to explore the effect of carbocation scavenger.
Moreover, to further strengthen the evidence linking repolymerized
lignin structure to cellulose hydrolysis, dilute acid pretreatment in the
presence of resorcinol that aggravated lignin cross-linking was also
investigated. Besides, 2-naphthol-7-sulfonate, which was reported to
possess the similar reactivity with 2-naphthol and higher water solu-
bility (Lai et al., 2018), was applied as well in the dilute acid pre-
treatment of poplar to figure out the impact of functional groups of
lignin in cellulose hydrolysis.

2.3. Enzymatic hydrolysis

Enzymatic hydrolysis of the pretreated substrates was carried out in
an acetate buffer (50mM, pH 4.8) at 50 °C with shaking at 180 rpm. The
enzymes for the enzymatic hydrolysis of cellulose were Cellic CTec 2.
Enzyme dosage was 5 FPU and 20 FPU cellulase per gram cellulose to
represent low and high enzyme loading, respectively. Enzymatic hy-
drolysis was performed with substrate loading of 2% (w/v) cellulose in
a 100mL flask for 72 h to represent digestibility of biomass and facil-
itate the comparisons with related literature (Ko et al., 2015; Lai et al.,
2018; Sun et al., 2016; Zhai et al., 2018). Then, enzymes were in-
activated by heating at 100 °C for 5min and subsequently stored at
−18 °C until sugar analysis was performed. All experiments were run in
duplicate and average data were present with error bars representing
the standard deviation.

2.4. Bovine serum albumin (BSA) treatment

A separate set of enzymatic hydrolysis was performed by treating
the pretreated biomass with bovine serum albumin (BSA) before adding
the cellulase. 0.5mL of 0.1 g/mL BSA solution was added to each flask
for a final BSA concentration of 5 g/L. The samples without cellulase
were incubated at 50 °C, 180 rpm for 24 h. Then, cellulase (5 FPU/g and
20 FPU/g cellulose as low and high enzyme loading) was added in each
flask, and the enzymatic hydrolysis was carried out as described in
Section 2.3. From the comparison of enzymatic hydrolysis with and
without BSA, the effect of non-productive binding of cellulase enzyme
to lignin could be isolated and elucidated.

2.5. Delignification treatment

Delignification treatment was performed by resuspending 3 g dry
mass substrate in 30mL solution containing 5% (w/v) NaClO2 and 1%
(v/v) acetic acid, and then the mixture was incubated overnight at
room temperature in the dark. The process was carried out 3 successive
rounds for complete delignification. The delignified substrate was col-
lected, and the enzymatic hydrolysis was performed as described in
Section 2.3. From the comparison of enzymatic hydrolysis based on
delignified and non-delignified substrate, the overall inhibitory effect of
lignin towards enzymatic hydrolysis, including non-productive binding
and physical barrier effect (Kumar et al., 2012), could be evaluated.
Further, the difference between non-productive binding effect of lignin
as specified in Section 2.4 and the overall inhibitory effect of lignin
would mostly reveal the physical barrier effect of lignin (Kumar et al.,
2012). A logic diagram of the experimental designs on lignin inhibition
was shown in Fig. 1.

2.6. Analytical methods

The chemical components (cellulose, hemicellulose, acid-soluble
lignin and acid-insoluble lignin) of raw biomass and pretreated samples
were determined based on the protocol developed by the US National
Renewable Energy Laboratory (Sluiter et al., 2008). The concentration
of monosaccharide was determined using a high performance liquid
chromatography (HPLC) system as described by Sluiter et al. (2008).
The lignin components were fractionated into acid-insoluble lignin

(AIL) and acid-soluble lignin (ASL). AIL would represent the lignin with
more condensed structure, while ASL referred to the relatively low-
molecular-weight and hydrophilic derivatives of lignin (Ko et al.,
2015). Thus, the AIL/ASL ratio could be indicative of the extent of
lignin repolymerization.

Fiber swelling was assessed by the water retention value (WRV),
which was measured using the Technical Association of the Pulp and
Paper Industry's (TAPPI) useful method UM 256 (Chu et al., 2018).
Porosity, including specific surface area, pore size and pore volume,
was evaluated by Brunauer-Emmett-Teller (BET) method using nitrogen
adsorption/desorption at 77 K with Nova Station (Quantachrome In-
struments) (Song et al., 2016). The accessibility of cellulose was eval-
uated by direct blue staining (Simon’s Stain technique) as described by
de Oliveira Santos et al. (2018) and results were expressed as dye ad-
sorption. Acid groups content in substrates was determined by con-
ductometric titration as described by Katz et al. (1984). O/C ratio on
fiber surface of substrates was determined by X-ray photoelectron
spectroscopy (XPS) system (Thermo Fisher Scientific, Waltham, US).
Nitrogen content of substrates was measured by LECO Elemental Ana-
lyzer.

3. Results and discussion

3.1. Improved enzymatic hydrolysis of poplar based on steam pretreatment

3.1.1. Steam explosion pretreatment on poplar
A logic diagram of the experiments was shown in Fig. 1. Poplar

woody biomass was initially subjected to steam explosion pretreatment,
since it was reported as a promising pretreatment method to improve
enzymatic saccharification of lignocellulosic biomass (Singh et al.,
2015). As illustrated, the hemicellulose content declined from 23.62%
in raw biomass to 5% after steam pretreatment at 210 °C (Steam210,
Fig. 2), mainly due to the acid-catalyzed solubilization (Chu et al.,
2018). As a result of the hemicellulose solubilization, cellulose acces-
sibility assessed by the dye adsorption increased from 57.81mg/g to
76.13mg/g, leading to a significantly enhanced hydrolysis yield of
cellulose from 12.74% to 63.54% (Fig. 3).

However, it was also found that around 40% of the original hemi-
cellulose could be recovered after Steam210 pretreatment, in which
only 15% was present in water-insoluble fraction (WIF, Table 1). Re-
sults indicated that around 60% of original hemicellulose component
was lost, which probably degraded to lower-molecular-weight com-
pounds that might be inhibitory towards enzymatic hydrolysis and
downstream utilization of hemicellulose-derived sugars (Yuan et al.,
2018).

Besides, it was also found that the lignin content increased from
28.10% in raw material to 36.27% after Steam210 pretreatment
(Fig. 2), which would aggravate the impact of lignin as a physical
barrier in enzymatic hydrolysis through restricting fiber swelling, as
indicated by the lower water retention value (WRV, Fig. 3) (Chandra
et al., 2016; Nakagame et al., 2011). On the other hand, lignin structure
was changed to a more repolymerized type during steam pretreatment,
as implied by the increase in the AIL/ASL ratio in Table 1 (Ko et al.,
2015). The repolymerized lignin structure was reported to intensify the
non-productive adsorption effect of residual lignin, thereby inhibiting
enzymatic hydrolysis (Yu et al., 2014). As a result, biomass sacchar-
ification of poplar was severely inhibited by the low sugar recovery and
the restricted enzymatic hydrolysis after steam explosion pretreatment.

3.1.2. Deacetylation and steam explosion pretreatment
To further improve biomass saccharification, a deacetylation step

was carried out prior to steam pretreatment to liberate acetyl groups
from the xylan backbone and reduce the acid catalyst during steam
pretreatment (Jiang et al., 2016; Tang et al., 2018; Wang et al., 2019).
As observed, the pH value of pretreatment liquor increased from 3.57 of
Steam210 pretreatment to 4.26 of “Deacetyl Steam210” pretreatment
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(Fig. 3), indicating a lower pretreatment acidity. This reduced acidity
gave rise to 24% higher hemicellulose recovery (i.e., from 41.22% to
65.30%) and 23% greater hemicellulose retention in WIF (i.e., from
15.51% to 38.71%) after steam pretreatment (Table 1). In addition, the
AIL/ASL ratio of lignin obviously decreased from 28.97 to 20.26
(Table 1), suggesting a less repolymerized lignin structure. Theoreti-
cally, this reduced lignin repolymerization would promote the ease of
enzymatic hydrolysis and biomass saccharification (Song et al., 2019).
However, it was found that the ease of enzymatic hydrolysis evidently
declined, which compromised its higher carbohydrate recovery, re-
sulting in a similar degree of biomass saccharification when comparing
with steam pretreatment without deacetylation (Steam 210, Fig. 3).
This declined hydrolysis yield was likely due to the diminished cellulose
accessibility as indicated by the reduced dye adsorption (Deacetyl
Steam210, Fig. 3), probably resulted from the higher hemicellulose
retention in the pretreated solid. When the steam pretreatment fol-
lowing deacetylation was performed at lower temperature

(190–150 °C), hemicellulose retention in WIF was further enhanced
(Table 1), and reduced dye adsorption was also detected (Fig. 3). Re-
sults suggested that the hemicellulose removal was probably as critical
as lignin removal for enhancing cellulose accessibility and thereby
cellulose hydrolysis (Song et al., 2019).

3.1.3. Carbocation scavenger addition in steam explosion pretreatment
Another alternative to promote biomass saccharification was to

modify the lignin structure during steam pretreatment, for instance,
generating a less repolymerized form of lignin by the use of carbocation
scavengers like 2-naphthol (Li et al., 2007). As illustrated, acetone that
was used to solubilize 2-naphthol hardly affected steam pretreatment
and subsequent enzymatic hydrolysis (Table 1 and Fig. 3), which could

Fig. 1. Schematic diagram of the experimental designs and analysis methods in this study.

Fig. 2. Chemical compositions of raw material, substrates after deacetylation
followed by steam pretreatment at 150–210 °C, steam pretreatment at 210 °C
without or with acetone and 2-naphthol (2 N).

Fig. 3. Substrate characteristics of pretreated solids and hydrolysis yield, bio-
mass saccharification after pretreatments and subsequent enzymatic hydrolysis.
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demonstrate the effect of 2-naphthol in steam pretreatment of hard-
wood. However, it was observed that the percentage of lignin in the
pretreated solid increased after 2-naphthol addition (Acetone+2N
Steam 210, Fig. 2), resulting in lower lignin removal (Table 1). This was
likely because carbocation scavengers such as 2-naphthol could be in-
corporated into the lignin structure through electrophilic substitution,
which increased the total mass of lignin after pretreatment (Zhai et al.,
2018). Interestingly, enzymatic hydrolysis of cellulose was obviously
enhanced (Fig. 3), in spite of the increased lignin content after 2-
naphthol addition. Results implied that higher lignin content did not
necessarily indicate poorer enzymatic hydrolysis, and the structure or
properties of lignin might be crucial factors to biomass saccharification
(Yang and Pan, 2016). In this scenario, AIL/ASL ratio of residual lignin
was evaluated, which was found to be significantly decreased (Table 1),
indicating a less repolymerized lignin structure. Another noteworthy
phenomenon was that, the cellulose accessibility assessed by dye ad-
sorption was obviously enhanced (Fig. 3), probably ascribed to the less
repolymerized lignin structure. As a result, the addition of carbocation
scavenger 2-naphthol led to significantly improved enzymatic hydro-
lysis from 63.54% to 73.33% and enhanced biomass saccharification
from 50.67% to 58.39% (Fig. 3), both increased by over 15%.

3.2. Improved enzymatic hydrolysis of poplar based on dilute acid (DA)
pretreatment using carbocation scavenger

3.2.1. Effect of carbocation scavenger on chemical components and
enzymatic hydrolysis of the pretreated solids

In order to verify the relation between carbocation scavenger ad-
dition and improved enzymatic hydrolysis of hardwood, dilute acid
(DA) pretreatment was carried out on poplar with or without carbo-
cation scavenger. Differing from the short-time steam explosion pre-
treatment, long-time dilute acid pretreatment solubilized all the hemi-
cellulose components (Table 2), which excluded the influence of
hemicellulose components on cellulose hydrolysis. It was shown that,
the addition of resorcinol and 2-naphthol in DA pretreatment both in-
creased the content of lignin in pretreated solid (Table 2), owning to the
incorporation of phenolic additives into lignin structure. Interestingly,

they played opposite roles in changing lignin structure during pre-
treatment, as resorcinol significantly increased AIL/ASL ratio, while 2-
naphthol decreased AIL/ASL ratio. This was possibly because 2-naph-
thol condensed to lignin through just a single electrophilic substitution,
which occupied the reactive carbocations of lignin and prevented fur-
ther repolymerization reactions (Wayman and Lora, 1980). On the
contrary, more than one site in resorcinol was activated, which allowed
for several substitutions to occur and increased the cross-linking of
lignin fragments (Wayman and Lora, 1980). Besides, the addition of 2-
naphthol-7-sulfonate decreased the lignin content compared to DA
pretreatment, probably because the introduction of sulfonate functional
groups to lignin fragments made them more soluble, leading to higher
lignin removal (Wang et al., 2018). As expected, 2-naphthol-7-sulfonate
also led to a less repolymerized lignin structure, as indicated by the
lower AIL/ASL ratio compared to DA pretreatment (Table 2).

Enzymatic hydrolysis of the pretreated hardwood at both relatively
high (20 FPU/g cellulose) and low enzyme loadings (5 FPU/g cellulose)
was assessed. When an enzyme loading of 5 FPU was employed, cel-
lulose hydrolysis was severely inhibited, with the yield varying from
only around 3–22% (Table 3). At high enzyme loading (20 FPU/g of
cellulose), the cellulose to glucose conversion for all the pretreated
substrates was in the range of 22–73% (Table 3). It was reasonable that
greater enzymatic hydrolysis was obtained at higher enzyme loading.
This was because at high enzyme loading, more cellulase enzymes could
overcome the lignin recalcitrance and were accessible to cellulose,
catalyzing the cellulose conversion to glucose (Kim et al., 2015). Hy-
drolysis yield of cellulose at high enzyme loading was enhanced from
42.39% to 63.05% with the 2-naphthol addition in DA pretreatment
(Table 3), i.e., increased by 49%, most likely due to the suppression of
lignin repolymerization despite the higher lignin content. Although this
improvement in cellulose hydrolysis of poplar was not as high as 64%
reported by Pielhop et al. (2015) that looked at the 2-naphthol addition
in autohydrolysis pretreatment of softwood spruce, results in this work
indicated that pretreatment of hardwood could also be significantly
improved by carbocation scavenger. The greatest enzymatic hydrolysis
yield of 72.53% was obtained after 72 h hydrolysis of diluted acid (DA)
with 2-naphthol-7-sulfonate pretreated substrate, i.e. increased by 71%

Table 1
Carbohydrate recovery, lignin removal and composition of residual lignin after deacetylation followed by steam pretreatment at 150–210 °C, steam pretreatment at
210 °C in the absence and presence of acetone and 2-naphthol (2 N).

Pretreatments Cellulose
recovery (%)

Hemicellulose recovery Lignin removal
(%)

Acid-insoluble lignin
(AIL, %)

Acid-soluble lignin
(ASL, %)

AIL/ASL

Water-soluble
fraction (%)

Water-insoluble
fraction (%)

Total (%)

Raw material – – – – – 25.78 ± 0.02 2.32 ± 0.28 11.11
Deacetyl Steam150 96.64 1.62 93.95 95.57 4.38 26.07 ± 1.10 2.41 ± 0.05 10.83
Deacetyl Steam170 95.50 10.44 82.05 92.49 8.13 27.24 ± 0.58 2.01 ± 0.04 13.55
Deacetyl Steam190 95.48 22.72 59.92 82.64 12.82 28.37 ± 0.42 1.83 ± 0.13 15.50
Deacetyl Steam210 93.83 26.49 38.71 65.30 14.62 30.89 ± 0.67 1.52 ± 0.06 20.26
Steam 210 92.76 25.71 15.51 41.22 9.24 35.06 ± 0.31 1.21 ± 0.03 28.97
Acetone Steam210 93.32 25.33 15.92 41.25 10.21 34.54 ± 1.14 1.15 ± 0.44 30.04
Acetone+2N Steam210 93.64 26.79 15.96 42.75 1.26 36.32 ± 0.41 1.88 ± 0.33 19.32

“−” indicated not applicable.

Table 2
Chemical compositions, carbohydrate recovery and biomass porosity after dilute acid (DA) pretreatment in the absence and presence of different phenolic additives
(i.e., resorcinol, 2-naphthol, 2-naphthol-7-sulfonate).

Pretreatments Cellulose (%) Hemicellulose (%) Lignin (%) AIL/ASL Cellulose
Recovery (%)

Hemicellulose
recovery (%)

Pore
volume
(cc/g)

Pore
diameter
(nm)

Surface area
(m2/g)

DA+Resorcinol 54.39 ± 0.62 0.48 ± 0.01 42.97 ± 0.14 63.95 94.68 37.76 0.017 5.42 2.88
DA 58.15 ± 0.51 0.34 ± 0.07 38.57 ± 1.28 33.44 95.66 40.19 0.023 16.27 8.97
DA+2-Naphthol 55.21 ± 0.32 0.45 ± 0.01 43.16 ± 0.29 15.86 95.29 40.56 0.028 18.82 9.59
DA+2-Naphthol-7-Sulfonate 60.91 ± 0.19 1.03 ± 0.17 36.37 ± 1.04 17.09 95.62 45.14 0.047 19.61 13.28
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than DA pretreatment (Table 3). Besides, the higher hydrolysis yield of
2-naphthol-7-sulfonate addition than 2-naphthol addition was probably
because introduction of hydrophilic sulfonate group into lignin struc-
ture could help to decrease the non-productive binding of enzymes, by
mainly reducing the hydrophobic and possible the electrostatic inter-
action between enzymes and lignin (Chu et al., 2018; Lai et al., 2018;
Song et al., 2019). A notable phenomenon was that resorcinol addition
decreased hydrolysis yield of cellulose, while 2-naphthol addition fa-
vored enzymatic hydrolysis, at both enzyme loadings (Table 3). Given
the absence of hemicellulose in DA pretreated substrates, these results
suggested that different behaviors of enzymatic hydrolysis were prob-
ably related to the opposite roles of resorcinol and 2-naphthol in af-
fecting lignin structure, as discussed above.

3.2.2. Effect of carbocation scavenger on overall lignin inhibition
To evaluate the overall effect of lignin on cellulose hydrolysis, ex-

tensive delignification by acid chlorite was carried out on the pre-
treated substrates (Kumar et al., 2010), which allowed lignin removal
of more than 95%. It was clear that the extensive delignification ren-
dered cellulose equally susceptible to enzymatic hydrolysis, as in-
dicated by more than 90% of cellulose conversion even at a low enzyme
loading of 5 FPU/g cellulose (Table 3). Results implied that lignin
played a predominant role in limiting the enzymatic hydrolysis of DA
pretreated hardwoods. Furthermore, it was also illustrated that the
addition of 2-naphthol and 2-naphthol-7-sulfonate could diminish the
inhibitory effect of lignin, as suggested by the narrowing gap between
enzymatic hydrolysis of delignified and non-delignified substrates,
compared to other pretreatments (Table 3). As discussed above, lignin
content was not the determining factor of lignin inhibitory effect in
enzymatic hydrolysis. Instead, the physiochemical properties of lignin
were suggested to play a significant role.

3.2.3. Effect of carbocation scavenger on non-productive binding of lignin
For a more insightful understanding of the role lignin played in non-

productive binding of enzymes from the overall inhibition of lignin,
bovine serum albumin (BSA) was added to the substrate prior to en-
zymatic hydrolysis. BSA was believed to be selectively adsorbed onto
lignin, thereby enhanced the accessibility of cellulases which would
have otherwise been non-productively adsorbed to lignin (Li et al.,
2014; Pielhop et al., 2015). With BSA, cellulose hydrolysis at 5 FPU/g
enzyme loading was improved by 15.63%, 20.30%, 35.00% and
31.65% on DA+ resorcinol, DA, DA+2-naphnol and DA+2-naphnol-
7-sulfonate pretreated substrates, respectively, showing an increasing
trend of hydrolysis improvement along with less repolymerized lignin.
However, at high enzyme loading of 20 FPU/g, the hydrolysis im-
provement was 36.92%, 26.51%, 21.19% and 15.97%, respectively, at
a decreasing trend with less repolymerized lignin (Table 3). It seemed
that increment in enzymatic hydrolysis of DA pretreated hardwood
with BSA addition depended on both the enzyme loading and lignin
structure. But how lignin structure influenced the ease of enzymatic
hydrolysis and why opposite trends of hydrolysis improvement were
obtained at high and low enzyme loadings remained unclear, and will
be further discussed in the following section.

3.3. Relative contributions of lignin towards enzyme binding and physical
barrier for proposed mechanisms

It was suggested that lignin repolymerization influenced physico-
chemical properties of the pretreated solid, such as pore structure,
functional groups and surface morphology (Lai et al., 2018), thereby
affecting cellulose hydrolysis mainly through physical blocking and
enzyme non-productive binding (Lai et al., 2018; Pielhop et al., 2015;
Yang and Pan, 2016; Yu et al., 2014). In this section, lignin inhibition
towards enzyme binding and physical barrier and the related substrate
properties were evaluated.

3.3.1. Physical barrier effect of lignin at low enzyme loading and related
biomass properties

The relative contributions of lignin towards enzyme binding and
physical barrier was determined (Fig. 4). Previous work that looked at
steam pretreated softwood showed that at low cellulase loadings (< 10
FPU/g cellulose), the non-productive binding effect of lignin primarily
resulted in poor hydrolysis of cellulose (Kumar et al., 2012). However,
it was apparent in this work that, at low enzyme loading (5 FPU), the
physical barrier effect of lignin played a major role in inhibiting en-
zymatic hydrolysis (Fig. 4). It was considered that, in softwood, the
abundance of guaiacyl (G) units offers an additional linking site on the
C-5 position compared to the predominant syringyl (S) units in hard-
woods (Pielhop et al., 2017). Therefore, softwood lignin had a greater
degree of repolymerization and was supposed to have greater impact on

Table 3
Enzymatic hydrolysis of cellulose after dilute acid (DA) pretreatments without or with different phenolic additives (i.e., resorcinol, 2-naphthol, 2-naphthol-7-
sulfonate) at low (5 FPU) and high enzyme loadings (20 FPU).

Pretreatments Low enzyme loading of 5 FPU/g cellulose High enzyme loading of 20 FPU/g cellulose

Enzymatic
hydrolysis

BSA+Enzymatic
hydrolysis

Delignification+Enzymatic
hydrolysis

Enzymatic
hydrolysis

BSA+Enzymatic
hydrolysis

Delignification+Enzymatic
hydrolysis

DA+Resorcinol 2.79 ± 0.97 18.41 ± 1.57 90.47 ± 0.38 21.72 ± 1.84 58.64 ± 1.11 93.17 ± 0.87
DA 9.37 ± 2.28 29.67 ± 1.84 91.15 ± 1.21 42.39 ± 0.97 68.90 ± 1.30 94.06 ± 1.01
DA+2-Naphthol 13.66 ± 2.07 48.66 ± 0.47 90.97 ± 1.65 63.05 ± 2.75 84.24 ± 1.02 95.26 ± 1.82
DA+2-Naphthol-7-Sulfonate 22.65 ± 0.10 54.30 ± 1.04 91.61 ± 0.72 72.53 ± 2.09 88.50 ± 0.51 95.75 ± 0.45

Fig. 4. Relative contributions of lignin towards non-productive binding and
physical barrier effect in inhibiting enzymatic hydrolysis of cellulose after di-
lute acid (DA) pretreatments (RS: resorcinol; 2 N: 2-naphthol; 2N7S: 2-naph-
thol-7-sulfonate) at low (5 FPU) and high enzyme loading (20 FPU).
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cellulase adsorption and enzymatic hydrolysis (Yu et al., 2014). Ad-
ditionally, it seemed that the physical blocking process occurred more
pronounced on repolymerized lignin structures (i.e. DA+Resorcinol
and DA samples, Fig. 4), probably due to the pore structure and surface
coverage of the pretreated solid.

As observed in DA+Resorcinol and DA samples, the pore volume,
pore diameter and surface area of substrates were significantly lower
than that of DA+2-Naphthol and DA+2-Naphthol-7-Sulfonate sam-
ples (Table 2). In particular, pore diameter of DA+Resorcinol sample
was only 5.42 nm, close to the rate limiting pore size for cellulose hy-
drolysis by cellulases (i.e., 5.1 nm) (Del Rio, 2012), which would pre-
vent a major portion of cellulase enzymes from accessing the surface of
cellulose fibers (Li et al., 2014). Moreover, XPS results showed lower
oxygen:carbon (O/C) atomic ratios of 0.40 and 0.28 at fiber surface of
DA+Resorcinol and DA samples (Fig. 5), respectively, compared to the
value of 0.63 on fiber surface of raw material (data not shown). Lower
O/C ratio indicated relatively higher surface lignin coverage (Laine
et al., 1994). It was reported that in hydrothermal pretreatments at
temperatures above the lignin glass transition temperature, lignin could
melt, migrate and relocate within fiber or onto fiber surface, resulting
in the interior porous lignocellulosic matrix and the exterior surface
lignin coverage (Pielhop et al., 2015). In the case of dilute acid (DA)
pretreatment, the lignin relocation on fiber surface would bring about
moderate interior porosity as compared to raw material (Table 2)
(Chandra et al., 2016; Saini et al., 2016). However, in the case of dilute
acid pretreatment with resorcinol (DA+RS), the incorporation of re-
sorcinol to lignin probably increased the total amount of bulk lignin,
which would both fill the interior porosity and raise the exterior lignin
relocation. As results, both marginal biomass porosity (Table 2) and
severe surface lignin coverage (Fig. 5) intensified the physical barrier
effect of lignin. Furthermore, it was noted that the physical barrier ef-
fect of lignin at low enzyme loading was evidently reduced by the ad-
dition of 2-naphthol and 2-naphthol-7-sulfonate (DA+2N and
DA+2N7S, Fig. 4). This was primarily because biomass porosity was
augmented (Table 2) and surface lignin coverage was declined (Fig. 5)
through suppression of lignin repolymerization, which enhanced the
accessibility of cellulase enzymes to cellulose.

3.3.2. Enzyme binding effect at high enzyme loading and related biomass
properties

At high enzyme loading (20 FPU), there were a larger amount of
enzymes bound to the surface area, which de-emphasized the physical

barrier effect of lignin but highlighted the non-productive binding ef-
fect of lignin in turn. In detail, the lignin binding effect was severer in
the enzymatic hydrolysis of substrates containing highly repolymerized
lignin such as DA+RS and DA samples than that with less re-
polymerized lignin like DA+2N and DA+2N7S samples (Fig. 4),
implying that lignin repolymerization also intensified the non-produc-
tive binding effect of lignin, in agreement with previous work (Lai et al.,
2018). The nitrogen content of the lignocellulosic residues after enzy-
matic hydrolysis using enzyme loading of 20 FPU/g cellulose was
shown in Fig. 5, which served as an indicator of proteins bound to the
residues or the enzymes adsorption. The higher nitrogen content of
DA+Resorcinol and DA samples indicated increased enzyme adsorp-
tion to the more repolymerized lignin.

Several studies have reported that non-productive binding of cel-
lulases on lignin through hydrophobic adsorption was the primary
mechanism for the inhibitory effect of lignin, with possible contribution
from electrostatic interactions (Lai et al., 2018; Pielhop et al., 2015;
Yang and Pan, 2016; Yu et al., 2014). Our previous work on steam
explosion pretreatment of hardwood showed that repolymerization
reactions of lignin probably led to the loss of hydrophilic functional
groups such as carboxylic acid in lignin structure, which would in-
tensify the hydrophobic interactions between residual lignin and en-
zymes, as well as reducing cellulose accessibility by restricting fiber
swelling in substrate (Chandra et al., 2016; Chu et al., 2018).

In this context, acid groups content and degree of fiber swelling
were measured on pretreated substrates (Fig. 5). As expected, acid
groups content decreased from originally 39.65mmol/kg in raw ma-
terial (data not shown) to 7.60 and 3.33mmol/kg after DA+Re-
sorcinol and DA pretreatment, respectively, while fiber swelling eval-
uated by water retention value (WRV) decreased from initially 2.36
(data not shown) to 1.15 and 1.35, respectively (Fig. 5), which ac-
counted for the aggravated non-productive binding effect of re-
polymerized lignin. Besides, 25.52mmol/kg acid groups were retained
in DA+2-Naphthol sample (Fig. 5), which had potential to reduce non-
productive binding effect of lignin, although fiber swelling was still
restricted by the higher content of residual lignin. DA pretreatment
with 2-naphthol-7-sulfonate remarkably increased acid groups content
(62.36 mmol/kg) due to the introduction of sulfonic groups to lignin,
leading to a higher degree of fiber swelling (1.89 of WRV) and the lower
nitrogen content after enzymatic hydrolysis (Fig. 5). As anticipated, the
introduction of hydrophilic functional groups would decrease the hy-
drophobic interaction between lignin and enzymes, thus reducing the
non-productive binding of enzymes (Kellock et al., 2019; Shuai et al.,
2010; Yang and Pan, 2016).

3.3.3. Proposed mechanisms for lignin inhibition mitigating effect of
carbocation scavengers on hardwood

This work compared the relative contributions that lignin played in
restricting cellulose hydrolysis through either enzyme binding or phy-
sical barrier. It was apparent that the inhibitory effect of lignin was
dependent on both the enzyme loading and lignin structure. Based on
the results and discussion above, the mechanisms on improving enzy-
matic hydrolysis of hardwood by carbocation scavengers like 2-naph-
thol and 2-naphthol-7-sulfonate were proposed (Fig. 6). At high enzyme
loading, the enzyme binding effect of lignin played the relatively main
role in restricting cellulose hydrolysis. The addition of scavenger in
dilute acid pretreatment of hardwood resulted in lignin modification
with less repolymerized structure and greater acid groups incorpora-
tion. The acid groups incorporation had the potential to reduce the
hydrophobicity of lignin, giving rise to the lower nitrogen content of
enzymatic hydrolysis residue and the diminished non-productive
binding of enzymes to lignin. Besides, at low enzyme loading, the
presence of repolymerized lignin brought about poor hydrolysis yield of
cellulose mostly due to the physical barrier effect of lignin. However,
lignin content was not the determining factor of lignin inhibitory effect
in enzymatic hydrolysis. The usage of carbocation scavenger led to

Fig. 5. Substrate characteristics of pretreated solids after dilute acid (DA)
pretreatment in the absence and presence of different phenolic additives (i.e.,
resorcinol, 2-naphthol, 2-naphthol-7-sulfonate).
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enlarged biomass porosity and diminished surface lignin coverage, as
well as the greater extent of fiber swelling, which contributed to the
declined physical barrier effect of lignin. As results of suppressing lignin
repolymerization by scavengers, lignin inhibition towards cellulose
hydrolysis was significantly decreased, leading to greater cellulose ac-
cessibility and the distinctly promoted biomass saccharification of
hardwood.

4. Conclusions

Compared with deacetylation, the usage of carbocation scavenger in
acidic pretreatment was shown to better improve the ease of enzymatic
hydrolysis of hardwood. The underlying mechanisms for hydrolysis
enhancing effect of scavenger were explored by quantifying relative
contributions of lignin towards enzyme binding and physical barrier. It
was found that, at high enzyme loading, the enzyme binding effect of
lignin played the major role in restricting cellulose hydrolysis, which
was diminished by the less repolymerized lignin structure with larger
amount of acid groups. Besides, at low enzyme loading, the physical
barrier effect of lignin mostly affected cellulose hydrolysis, which was
significantly reduced by the enlarged biomass porosity and diminished
surface lignin coverage after scavenger addition. Based on reduced non-
productive binding and physical barrier effect of lignin, enzymatic
hydrolysis and biomass saccharification of hardwood was remarkably
enhanced.
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