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A B S T R A C T   

Switchgrass was fractionated using maleic acid (MA) as an acid hydrotrope in comparison with p-toluenesulfonic 
acid (p-TsOH) at atmospheric pressure. MA achieved more rapid and greater maximal dissolution of lignin and 
hemicelluloses (88 % and 63 %, respectively) than did p-TsOH (73 % and 55 %, respectively). MA esterified 
(carboxylated) the dissolved acid hydrotropic lignin (AHL) as evidenced by 2D 1H-13C HSQC NMR analysis, 
which improved AHL antioxidant ability compared with AHL from p-TsOH that is not carboxylated. MA also 
carboxylated the lignin and cellulose in the fractionated cellulosic water-insoluble solids (WIS), which signifi
cantly improved WIS enzymatic digestiblity for sugar production than did p-TsOH with the same level of 
delignification. It also improved the lignin lubrication effect to facilitate mechanical fibrillation of WIS into 
lignocellulosic nanofibrils. MA is an FDA-approved indirect food additive (21CFR175-177) with lower acidity 
and solubility than p-TsOH, which substantially benefits recycling and decreasing environmental impacts to 
achieve sustainability.   

1. Introduction 

Switchgrass (Panicum virgatum L.) is a perennial plant that can be 
grown on marginal land in many regions of the US and can be used for 
sustainable production of biomaterials, bioenergy, and platform 
biochemical (Schmer et al., 2008). Effective and sustainable fraction
ation of switchgrass into key building blocks, such as sugars, lignocel
lulosic nanomaterials, and easily processable lignin precursors, is key to 
this endeavor. Early fractionation techniques focusing on efficient pro
duction of sugar and biofuels through enzymatic saccharification ach
ieved some level of success (Wyman et al., 2011; Zhang et al., 2013) but 
were not economical. Recent studies emphasized the valorization of 
lignin by improving process economics using various techniques such as 
ionic liquid (Liu et al., 2018), organic solvents (Luterbacher et al., 2015; 
Si et al., 2017), and molten salt (Li et al., 2018). These techniques have 
challenges, especially in chemical recovery or capital costs because of 
the corrosivity of the chemicals used at the designated operating tem
peratures. Practical implementation of new fractionation processes will 
require low chemical toxicity and corrosivity, chemical recyclability 
with decreased waste streams, and high selectivity to facilitate valori
zation of all major components of plant biomass, as well as cost-effective 

integration into existing capital structure. 
Acid hydrotropic fractionation (AHF) of lignocelluloses was first 

demonstrated using an aromatic sulfonic acid, p-Toluenesulfonic acid (p- 
TsOH) (Chen et al., 2017; Ma et al., 2018b). AHF can rapidly solubilize 
lignin at atmospheric pressure and below boiling resulting in low de
grees of condensation, which facilitates valorization through further 
depolymerization (Cai et al., 2020b; Wang et al., 2019a) or via direct 
utilization as polymers. Lignin separation can be achieved simply by 
diluting the fractionation liquor to below the minimal hydrotropic 
concentration (MHC) (Chen et al., 2017; Ma et al., 2018a). AHF has high 
selectivity in preserving cellulose. The dissolved hemicelluloses can be 
dehydrated into furans as a high-value chemical using the hydrotrope 
remaining in the fractionation liquor without additional catalyst (Cai 
et al., 2020a; Zhu et al., 2019). The hydrotrope can then be reused after 
distilling off the furans and reconcentration. 

Recently, we discovered that maleic acid (MA) also has hydrotropic 
property toward wood lignin (Cai et al., 2020a). As a Food and Drug 
Administration (FDA)-approved indirect food additive (21CFR175-177, 
Code of Federal Regulations), MA has significant advantages over 
p-TsOH for reducing environmental impact. Furthermore, MA has a 
higher MHC than p-TsOH which can decrease water usage for lignin 
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precipitation. MA also has a lower water solubility at room temperature 
than p-TsOH which decreases water distillation for acid recovery (Cai 
et al., 2020b). As a weaker acid, MA is less corrosive than p-TsOH to 
significantly reduce capital and operating costs. In view of these ad
vantages, it is desirable to compare MA with p-TsOH for fractionation of 
lignocelluloses. This study conducted a comparative evaluation of AHF 
fractionation of switchgrass using p-TsOH and MA. The study is focused 
on (1) using a reaction-kinetics-based severity factor to characterize 
AHF of switchgrass for process scale-up; and (2) comparing the perfor
mance of p-TsOH with that of MA for biorefining switchgrass in the 
production of cellulose nanomaterials, sugars, and lignin precursors. 
The results obtained from this work can be used for developing viable 
biomass biorefinery technology. 

2. Materials and methods 

2.1. Materials 

Switchgrass was complimentarily provided by the Department of 
Biological Systems Engineering, University of Wisconsin-Madison. The 
switchgrass was Wiley-milled with a 1-cm mesh size screen. The mate
rials that passed the screen were used for this study. 

p-TsOH and MA of ACS reagent grade were purchased from Sigma- 
Aldrich (St. Louis, MO, USA). 2,2-diphenyl-1-picrylhydrazyl(DPPH) 
and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) dia
mmonium salt of ACS high-performance liquid chromatography (HPLC) 
grade were also purchased from Sigma-Aldrich. A commercial complex 
cellulase, Cellic CTec3 (abbreviated CTec3), was complimentarily pro
vided by Novozymes North America (Franklinton, NC, USA). The CTec3 
had a cellulase activity of 217 FPU/mL. 

2.2. Switchgrass fractionation and compositional analysis 

Switchgrass fractionation experiments using aqueous p-TsOH and 
MA solutions were carried out at a biomass to acid solution ratio of 1:15 
(w/w) under a range of conditions of concentration of 20–60 wt% at 
60–120 ℃ for 20–120 min, as shown schematically in Fig. 1. These runs 
were denoted as PxxTyytzz or MxxTyytzz to represent the p-TsOH or MA 
concentration in xx wt% at yy ℃, and zz min. Aqueous p-TsOH or MA 
solutions were prepared in a conical flask by dissolving a desired amount 
of p-TsOH or MA in deionized (DI) water to make 200 g of acid solution. 
The flask was placed on a heat-controlled shaker (C-MAG HS7DS1, IKA, 

USA) to facilitate dissolution. 10 g in oven-dry (OD) weight of switch
grass were added into 150 g of the prepared p-TsOH or MA solution 
under constant stirring at the designed reaction temperature and time. 

The chemical composition of p-TsOH and MA fractionated water- 
insoluble lignocellulosic solids (WIS) were determined by the Analyt
ical Chemistry and Microscopy Laboratory at the USDA Forest Service, 
Forest Products Laboratory, Madison, WI, USA, using the two-step sul
furic acid hydrolysis method, as described previously (Luo et al., 2010). 
Briefly, lignocellulosic solids were hydrolyzed for 1 h in each of the two 
steps using sulfuric acid at 72 % (v/v) and 30 ◦C, and 3.6 % (v/v) at 120 
◦C, respectively. The balance between the unsolubilized solids and the 
ash determined from burning at 560 ◦C for 3 h was considered as lignin. 
The solubilized sugar streams were analyzed by an HPLC system (Ulti
mate 3000, ThermoFisher Scientific) equipped with a BioRad Aminex 
HPX-87H column (300 mm × 7.8 mm) operated at 60 ◦C and a refraction 
index detector (RI-101, Shodex) (Ma et al., 2018b; Zhou et al., 2013). 

2.3. Preparation of switchgrass milled wood lignin (MWL) 

Air-dried switchgrass was milled to pass 30 mesh in a Wiley mill 
(Model No. 2, Thomas Scientific, Swedesboro, NJ). The dried powder 
was then milled in a vibratory ball mill (PM100, Retsch, Haan, Ger
many) for 12 h (Holtman et al., 2006; Suzuki et al., 1998). The 
ball-milled powder was extracted by stirring in an aqueous dioxane 
solution of volumetric concentration 96 % with a solid-to-liquid ratio of 
1:20 (g/mL) for 24 h. This procedure was repeated three times with fresh 
solvent. The mixture was filtered and washed with the same solvent 
until the filtrate was clear. Then, all filtrates were combined and evap
orated under vacuum at 40 ℃ to remove dioxane. The solids were dried 
in a vacuum oven at 40 ℃ to obtain the crude MWL. The crude MWL was 
dissolved in 90 % acetic acid and precipitated by dropwise addition to 
water. The precipitate was washed, freeze-dried, and dissolved in 
dichloroethane/ethanol (2:1, v/v) mixture. The solution was precipi
tated by dropwise addition to ether, and the precipitate was filtered and 
washed with ether and petroleum ether and dried to obtain the purified 
switchgrass MWL. 

2.4. Enzymatic hydrolysis 

Enzymatic hydrolysis of fractionated WIS was performed in 125 mL 
conical flasks on a shaking bed incubator (Model 4450, Thermo Scien
tific, Waltham, MA, USA) at 200 rpm and 50 ℃ with WIS loading of 1% 

Fig. 1. Experimental schematic flow diagram showing hydrotropic fractionation, production of sugars and cellulose nanomaterials from fractionated cellulosic 
solids, furfural from dissolved xylan, and AHF lignin with low degree of condensation for valorization. Processes with dashed lines were not carried out in this work. 
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(w/v). 50 mM acetate buffer of pH 5.7, greater than the commonly used 
pH of 5.0, was used to buffer hydrolysis to decrease nonproductive 
cellulase binding to lignin as reported previously (Lan et al., 2013; Lou 
et al., 2013). CTec3 cellulase loading was 10 FPU/g cellulose. Aliquots 
of hydrolysate were taken at 2, 4, 6, 8, 10, 24, 48, 72, and 96 h during 
hydrolysis to obtain time-dependent sugar production. The samples 
were centrifuged at 10,000 rpm for 10 min and the supernatant was 
analyzed for glucose using a biochemistry analyzer (YSI 2900D, YSI Inc., 
Yellow Springs, Ohio, USA). 

2.5. LCNF production and characterization 

WISs from low severity fractionations were dispersed in DI water for 
2 h and then disintegrated using a laboratory disintegrator (TMI, Ron
konkoma, NY, USA) at 0.5 wt% for 15,000 revolutions. The fiber sus
pensions were mechanically fibrillated into lignin-containing cellulosic 
nanofibrils (LCNFs) at approximately 0.5 wt% using a microfluidizer (M- 
11OEH, Microfluidics Corp., Westwood, MA, USA) and passed through 
two chambers in series with diameters of 200 and 87 μm, respectively, 
for five or nine passes at an operating pressure of 120 MPa. 

The morphology of LCNFs was examined using an atomic force mi
croscope (AFM) (CS-3230, AFM Workshop, Signal Hill, CA, USA). LCNFs 
were diluted to approximately 0.01 wt% and dispersed via sonication for 
1 h, then stirred for 4 h at room temperature. A drop of the suspension 
was deposited on a clean mica plate and air-dried overnight at room 
temperature before AFM measurement. Height distribution was ob
tained by analyzing the AFM topographic images using Image-Pro Plus 
software (Media Cybernetics, Silver Spring, MD, USA). 

LCNF Carboxyl group content was determined using conductometric 
titration, as described previously (Bian et al., 2017a). Briefly, an LCNF 
suspension containing 100 mg LCNFs was mixed with 100 mL of 1-mM 
NaCl solution and then titrated with continuous stirring using 10-mM 
NaOH, which was added dropwise every 30 s to allow time for equili
bration before measuring conductivity. Conductance was measured 
using a conductivity meter (Model 35, YSI, Inc., Yellow Springs, Ohio, 
USA). 

The surface charge of the LCNFs was measured using a zeta potential 
analyzer (Nanobrook Omni, Brookhaven Instruments, Holtville, NY, 
USA) at room temperature. The concentration of the suspension was 
approximately 0.05 g/L. 

The water retention value (WRV) of LCNFs was measured following 
the standard test method SCAN-C 62:00 (SCAN, 2000), as described in 
our previous works (Gu et al., 2018; Luo and Zhu, 2011). 

2.6. AHF lignin molecular weight determination using GPC 

Acetylated lignin was prepared for gel permeation chromatography 
(GPC) analyses according to literature (Li et al., 2018; Yang et al., 2016). 
Briefly, 0.1 g freeze-dried lignin sample was dissolved in 2 mL of 
pyridine-acetic anhydride solution (1:1 vol). The solution was placed in 
a paper box to avoid light and incubated on a temperature-controlled 
shaker at 150 rpm and 40 ℃ for 72 h. The solution was added drop
wise into 100 mL of ice water with continuous stirring to precipitate 
lignin acetate, which was filtered and washed with water and then 
freeze-dried. The various acetylated lignin preparations were dissolved 
in tetrahydrofuran (THF, HPLC grade) with a concentration of 1 mg/mL 
and analyzed by LC-20A GPC (Shimadzu, Japan) using an organic 
size-exclusion chromatography column (KF-804, 300 mm × 8 mm i.d., 7 
μm), calibrated with polystyrene standards (peak average molecular 
weights (Mw) of 1000, 2000, 5000, 10,000, and 120,000 g/mol). The 
column was run at 40 ℃ and eluted with THF at a flow rate of 1 mL/min. 

2.7. Nuclear magnetic resonance (NMR) spectroscopic analyses of lignin 

31P NMR and 2D 1H-13C heterogeneous single quantum correlation 
(HSQC) NMR of lignin samples were analyzed using a Bruker (Billerica, 

MA, USA) AVANCE 500 MHz spectrometer. For 31P NMR analysis, 20 mg 
of nonacetylated lignin was dissolved in 0.5 mL anhydrous pyridine-d5/ 
CDCl3 (1.6/1, v/v) solution. 100 μL of cyclohexanol (11.02 mg/mL, 
internal standard) and 100 μL chromium (III) acetylacetonate (5 mg/ 
mL, relaxation regent), prepared using anhydrous pyridine-d5/CDCl3 
solution, were mixed with lignin solution and then added to 60 μL 
phosphitylating regent (2-chloro-4,4,5,5-tetramethyl-1,2,3-dioxaphos
pholane), which was shaken at room temperature for 30 min, and then 
immediately analyzed. For 2D-HSQC NMR experiments, 70 mg of lignin 
were dissolved in 0.5 mL of dimethyl sulfoxide (DMSO)-d6 as described 
previously (Chen et al., 2017). HSQC experiments were performed using 
the Bruker standard pulse program hsqcetgisisp2.2. Spectra were ac
quired using 40 scans and an interscan delay of 1 s for a total time of 3 h 
and used a 12-ppm sweep width in F2 (1 H) using 1024 data points for an 
acquisition time of 85 ms and a 215-ppm sweep width in F1 (13C) using 
512 increments with 50 % nonuniform sampling density. Data pro
cessing used Gaussian multiplication (LB -0.1, GB = 0.01) in F2 and 
squared consine bell (QSine SSB = 2) with zero-fill and linear forward 
prediction of 40 coefficients in F1 resulting in a 1024 × 1024 data 
matrix. Topspin 3.5pl7 was used for interactive integration of the cross 
peaks after the central DMSO solvent peak was referenced at δ 13C, 39.5 
ppm; δ 1H, 2.49 ppm. Spectral images were colored using Adobe Illus
trator CS6. Chemical structures were drawn using ChemDraw Pro 14.0. 

2.8. Antioxidant activities of lignin 

The antioxidant activities of lignin were evaluated by measuring the 
radical scavenging capacity of DPPH and ABTS (Jiang et al., 2018a). 
Briefly, the DPPH assay of concentration of 6 × 10− 5 mol/L was pre
pared by dissolving in ethanol. The ABTS assay was prepared by reacting 
aqueous ABTS diammonium salt (7 mM) with aqueous 2.45 mM po
tassium persulfate and then allowing it to stand for 15 h in the dark at 
room temperature. Lignin samples were dissolved in dioxane/water 
(9:1, v/v) solution. The dissolved lignin was separately added into the 
DPPH and ABTS assays and reacted for 30 min and 6 min, respectively. 
The amount of DPPH and ABTS remaining in the assays was spectro
scopically analyzed using a spectrophotometer (Model 8453, Agilent 
Technologies, Palo Alto, CA) at 517 nm and 734 nm, respectively. 

3. Results and discussion 

3.1. Component mass yield through AHF 

The chemical composition and component yields of WISs from AHF 
under different conditions (Table S1) reveal that lignin and xylan 
dissolution increased with reaction severity for both p-TsOH and MA 
fractionations; however, the dissolution of glucan was low, below 20 %, 
for all runs. As reported previously (Ma et al., 2018b), acid hydrotropic 
fractionation can retain minerals on WIS, which is reflected by the re
ported high ash contents (Table S1). 

Reaction severity-based kinetic analysis (Zhu et al., 2012) was 
effective in predicting xylan and lignin dissolution in AHF wood frac
tionation (Zhang et al., 2015; Zhu et al., 2019) to facilitate process 
scale-up (Zhou et al., 2015, 2013). The fraction of xylan, XR, and lignin, 
LR, retained on a WIS after AHF can be expressed by a combined hy
drolysis factor (CHF) and a combined delignification factor (CDF), 
respectively, as follows: 

XR = (1 − θ − θR)e− CHF + θ∙e− f ∙CHF + θR (1a)  

CHF = exp(α −
E

RT
+ βC )∙C∙t (1b)  

LR = (1 − θ’ − θ’R)e− CDF + θ’∙e− f ’∙CDF + θ’R (2a)  
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CDF = exp(α’ −
E’

RT
+ β’C)∙C∙t (2b)  

where C is the p-TsOH or MA molar concentrations (mol/L), R = 8.314 

(J/mol/K) is the universal gas content, t is the reaction time in min, and 
T is reaction temperature in Kelvin. α, α’, and β, β’ are adjustable pa
rameters; E and E’ are apparent activation energy (J/mol), θ and θ’ are 
the initial fraction of slow-reacting xylan and lignin, respectively. f and 
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Fig. 2. Comparisons of xylan (A and B) and lignin (C and D) dissolution between two AHFs using p-TsOH and MA, along with their predictions based on reaction- 
severity-based kinetics. 
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f’ are the ratios of reaction rates between slow and fast xylan and slow 
and fast lignin, respectively. θR and θR’ are residual xylan and lignin, 
respectively. The fitting parameters (Table S2) indicated that the 
apparent activation energy E’ for lignin dissolution is higher than E for 
xylan dissolution, which is consistent with the higher residual lignin θR’ 
than residual xylan θR. Lignin dissolution also has a stronger dependence 
on acid concentrations, i.e., β’MA > βMA and β’p-TsOH > βp-TsOH. 

Excellent fittings of measured amounts of xylan and lignin retained 
in WISs to Eqs. (1a) and (2a) were obtained, as shown in Fig. 2. The 
results clearly demonstrate that AHF dissolutions of xylan and lignin, by 
both MA and p-TsOH, have a rapid phase followed by a slow, “long” 
phase to reach asymptotic values θR and θR’ for xylan and lignin, 
respectively. Furthermore, both p-TsOH and MA dissolved most of the 
switchgrass xylan and lignin, or approximately two-thirds, during the 
first rapid phase, which is in agreement with an earlier study using 
poplar wood and p-TsOH (Zhu et al., 2019). 

Comparing MA with p-TsOH, MA fractionation (MAHF) had a much 
sharper transition from the rapid phase to the slow phase than p-TsOH 
fractionation (PAHF). MA also dissolved more xylan and lignin than did 
p-TsOH (Fig. 2) and left lower amounts of residual xylan and lignin in 
WISs, i.e., θR-MA = 0.121 < θR-p-TsOH = 0.370 and θR’-MA = 0.263 < θR’-p- 

TsOH = 0.445 (Table S2), despite MA being a much weaker acid than p- 
TsOH. These observed differences in xylan and lignin dissolution suggest 
that these two hydrotropes are inherently different, which is subse
quently explored further by analyzing the dissolved lignin and WIS. 

The results in Fig. 2 also indicate that a desired degree of xylan or 
lignin dissolution can be obtained as long as the proper severity of CDF 
or CHF is used in the fractionation, independent of the individual re
action conditions. Therefore, using CDF and CHF aids process scale-up, 
especially if there are site-specific constraints on an individual condi
tion(s). For example, low concentrations are usually desirable to 
decrease chemical recovery costs; therefore, a longer reaction time can 
be used to compensate for the low acid dosage. 

3.2. AHF WISs for enzymatic sugar production 

Several WISs from PAHF and MAHF were enzymatically hydrolyzed 
to compare the effectiveness of these two hydrotropes for sugar pro
duction from switchgrass. These samples were selected so that com
parisons could be made among samples with similar lignin removal. 
Their lignin and xylan content and removal through AHF along with 
their substrate enzymatic digestibility (SED) are listed in Table 1. In 
general, increasing lignin removal increased SED for both MAHF and 
PAHF, as shown in Fig. 3A. The differences in SED of WISs from these 
two AHFs were negligible below lignin removal of approximately 40 %. 
However, at high lignin removal above 40 %, MAHF resulted in sub
stantially greater SED than did PAHF. Comparing WIS M60T120t30 with 
WIS P60T80t90, with almost the same lignin and xylan removals of 57.8 

% and 79.0 %, respectively, WIS M60T120t30 had a much greater SED 
of 78.5 % than did WIS P60T80t90 of 53.7 % (Fig. 3B). Even lower 
severity WISs M60T100t60 and M50T90t90, both of which had lower 
lignin and xylan removals than WIS P60T80t90, had greater SEDs (73.1 
% and 57.3 %, respectively) than that from WIS P60T80t90 (53.7 %). 
This clearly indicates that factors other than WIS physical porosity 
(accessibility) created by dissolution of lignin and hemicelluloses 
affected SED. 

Lignin carboxylation at higher MAHF severities (Cai et al., 2020a), 
such as at lignin removal greater than 40 % (as will be discussed later in 
Table 2), contributed to the decrease in nonproductive cellulase binding 
to substrate lignin when enzymatic hydrolysis is conducted under 
elevated pH such pH = 5.7 in this study (Lan et al., 2013; Lou et al., 
2013). This explains the significantly greater enzymatic digestibility of 
WISs from MAHF than WISs from PAHF that were not carboxylated, in 
agreement with our earlier studies using birch wood (Cai et al., 2020a). 
As shown in Fig. 3B, WIS P60T80t90 with higher lignin and xylan 
removal had a slightly greater initial hydrolysis rate than the WISs from 
MAHF within the first 10 h; however, the hydrolysis rate was decreased 
much more rapidly than that of the three WISs from MAHF, probably 

Table 1 
Lists of Lignin and xylan content of selected WISs, amounts of lignin and xylan 
removed through the AHF fractionation condition, and WIS substrate enzymatic 
digestibility (SED).  

WIS a Lignin 
content 
(%) 

Lignin 
removal 
(%) 

Xylan 
content 
(%) 

Xylan 
removal 
(%) 

SED 
@96 h 
(%) 

P20T60t20 24.4 6.8 25.6 12.4 5.5 
P40T80t60 22.7 42.4 14.5 56.8 51.0 
P60T80t90 18.7 57.9 11.1 76.4 53.7 
M30T70t90 24.7 13.1 21.7 12.7 9.6 
M40T90t120 24.2 35.2 12.1 66.0 45.4 
M50T90t90 22.2 41.8 11.9 67.2 57.3 
M60T100t60 18.2 52.2 12.3 66.0 73.1 
M60T120t30 17.2 57.8 8.1 79.0 78.5  

a MxxTyytzz or PxxTyytzz stands for fractionation under MA or p-TsOH con
centration at xx wt% and yy ◦C for zz min. 
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Fig. 3. Comparisons of enzymatic substrate digestibility (SED) between p-TsOH 
and MA fractionated WISs (CTec3 loading 10 FPU/g glucan with hydrolysis pH 
5.7). (A): Effect of lignin removal; (B) Time-dependent SED profiles. 

Table 2 
Water retention value (WRV), carboxyl group content, and surface charge of 
LCNFs.  

LCNFs WRV (%) COOH (mmol/g) ζ potential (mV) 

P60T80t90− 5 539 0.045 ± 0.007 − 30.3 ± 2.2 
M60T120t30− 5 710 0.203 ± 0.010 − 36.7 ± 1.4 
P60T80t90− 9 664 0.049 ± 0.008 − 31.7 ± 2.0 
M60T120t30− 9 848 0.220 ± 0.011 − 37.5 ± 3.6  
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because of the dominance of nonproductive cellulase binding in the later 
stage of hydrolysis. The hydrolysis rate of WIS M60T120t30 was almost 
unchanged at 96 h from the rate at 10 h, suggesting that nonproductive 
cellulase binding is negligible and SED can reach 95 % in another 24 h 
based on linear extrapolation of the data shown. This is a significant 
advantage of MAHF for enzymatic sugar production. 

3.3. AHF WISs for producing LCNFs 

Two AHF WISs P60T80t90 and M60T120t30 with very similar levels 

of lignin and xylan removal (Table 1) were compared for producing 
LCNFs. AFM images and AFM topography-measured fibril height prob
ability density distributions are shown in Fig. 4. Lignin nanoparticles are 
clearly observable as both WISs had a relatively high lignin content of 
more than 17 % (Table 1). LCNFs produced using PAHF had greater 
height compared with LCNFs from MAHF under the same extent of 
fibrillation (numbers of passes through the microfluidizer). Increasing 
fibrillation decreased the average height and decreased the fibril net
works as shown (comparing Fig. 4A with B and C with D). Mean LCNF 
height was decreased from 10.9 to 7.5 nm and from 8.8 to 6.0 nm by 

Fig. 4. AFM images of LCNFs from AHF WISs (A-D) using p-TsOH and MA and varied passes through microfluidization along with their AFM topography-measured 
LCNF height probability distributions. A: P60T80t90-5 P; B: P60T90t90-9 P; C: M60T120t30-5 P; D: M60T120t30-9 P; E: LCNF height distributions. 
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increasing the numbers of passes from 5 to 9 through the 87-μm chamber 
of the microfluidizer for p-TsOH- and MA-produced LCNFs (Fig. 4E), 
respectively. 

The morphology of LCNF samples can also be indirectly evaluated 
using their WRV as we demonstrated in an earlier study (Gu et al., 2018) 
though surface chemistry also affects WRV. The WRV of a lignocellulosic 
material represents its interaction with water and total surface area (Luo 
et al., 2011) for samples with same surface chemistry. PAHF-produced 
LCNFs had a lower WRV than MAHF-produced LCNFs under the same 
extent of microfluidization as listed in Table 2. Increasing the extent of 
fibrillation increased WRV for both PAHF and MAHF LCNFs, in agree
ment with the AFM topographic measurements previously discussed. 

Esterification (carboxylation) of lignin (Cai et al., 2020a) and cel
lulose (Fischer and Speier, 1895; Chen et al., 2016) by MA resulted in 
negatively charged WIS, which induced repulsion between fibrils and 
enhanced the role of lubrication that lignin plays in nanofibrillation 
(Ferrer et al., 2012; Spence et al., 2010) as observed previously (Bian 
et al., 2017b; Cai et al., 2020a). As listed in Table 2, LCNF samples from 
PAHF had a significantly lower amount of carboxyl groups (COOH) (less 
than 0.05 mmol/g) than LCNFs from MAHF because COOH content in 
natural lignocelluloses is very low and p-TsOH does not esterify lignin 
and cellulose. The two MA LCNF samples had COOH content of more 
than 0.2 mmol/g and a higher zeta-potential (ξ) of approximately − 37 
mV compared with − 31 mV for the two LCNFs from p-TsOH (Table 2). 

Although the titration method employed here cannot discern lignin 
esterification from cellulose esterification, our previous study indicated 
that COOH group content in CNFs derived from bleached kraft pulp fi
bers under a more severe hydrolysis condition (than the conditions 
employed in this study using MA) was only 0.06 mmol/g (Bian et al., 
2017b); this is significantly lower than the values of over 0.2 mmol/g for 
the MA-LCNFs from the present study (Table 2) and strongly suggests 
that both lignin and cellulose in MA-LCNFs are esterified. This is also 
supported by the NMR measured higher COOH content of dissolved 
lignin (Table 4) than of LCNFs (Table 2). 

3.4. Molecular weight distributions of dissolved lignin 

GPC analysis of the lignin samples showed decreasing mean Mw as 
fractionation severity increased (Table 3). Previous works (Cai et al., 
2020b; Cheng et al., 2019; Villaverde et al., 2009; Wang et al., 2019b) 
found that acidic fraction substantially depolymerized lignin, especially 
under severe fractionation conditions. The AHLs L-P20 and L-M30 from 
the mildest fractionation runs, using p-TsOH and MA with delignifica
tion of 6.8 % and 13.1 %, had fairly high Mw of 6674 and 8458 Da 
(Table 3), respectively, although these values were much lower than the 
13,000 Da of switchgrass MWL. With increasing delignification to 42 %, 
the mean AHL Mw remained fairly high at 6060 and 7000 Da, respec
tively, for p-TsOH and MA fractionation (Table 3); however, the Mw 
distribution broadened as shown in Fig. 5. AHL L-M50, from a moderate 
severity M50T90t90 with delignification of 42 %, had a similar and 
slightly narrower distribution to that of switchgrass MWL and shifted 
toward the low Mw because of depolymerization. AHL L-P60 from 
p-TsOH fractionation with delignification of 58 % had a distinctive 
bimodal distribution, which reflects the competing reactions of depo
lymerization and repolymerization associated with the lower and higher 
Mw peaks at approximately 1180 and 2140 Da, respectively. The sig
nificant lignin condensation caused by repolymerization is also clearly 
reflected by the 2D NMR analyses as will be discussed later. By com
parison, L-M60 from MAHF under M60T120t30 at the same level of 
delignification of 58 %, with a much lower degree of lignin condensa
tion, has a single peak Mw distribution and fairly high Mw of 4840 Da. 

3.5. AHF lignin chemical structure from 1H-13C HSQC NMR spectra 

2D HSQC NMR was used to compare the structure of selected AHLs 
from p-TsOH and MA fractionation with switchgrass MWL, as shown in 
Fig. 6. 

The assignments of main cross-signals of lignin (Table S3) and 
quantification of main chemical structures per 100 monomeric lignin 
units (100Ar) are based on literature (Capanema et al., 2004; Del Río 
et al., 2012; Li et al., 2018; Yelle et al., 2008). Correlation peaks from 

Table 3 
Amount of lignin substructure and lignin carbohydrate complex (LCC) linkages along with mean molecular weight (Mw) of MWL and AHL samples.  

Fractionation MWL P20T60t20 P40T80t60 P60T80t90 M30T70t90 M50T90t90 M60T120t30 

Lignin removal (%)  6.8 42.4 57.9 13.1 41.8 57.8 
Lignin samples MWL L-P20 L-P40 L-P60 L-M30 L-M50 L-M60 
Mw 13,091 6674 6066 3666 8458 7009 4841 
Mn 4803 3106 2721 2299 3666 3708 3067 
Mw/Mn 2.7 2.1 2.2 1.6 2.3 1.9 1.6 
Interunit linkagesa        

β− O− 4’ (A) 47.1 42.6 32.9 21.0 46.9 37.8 28.8 
β− 5’ (B) 5.9 3.5 4.6 3.4 3.3 4.0 5.2 
β− β’ (C) 6.1 1.3 1.3 2.6 1.4 1.5 1.9 
Condensed degreec 20.3 10.1 15.2 22.2 9.1 12.7 19.8 
γ-esterification 6.8 5.2 3.3 2.7 15.3 33.5 46.8 
HKα ND ND 2.5 11.7 ND 0.8 3.7 
Aromatic unitsb        

S 32 41 44 49 30 36 38 
Scond – 2 4 10 1 2 4 
G 65 55 51 46 66 60 57 
H 3 4 5 5 4 4 5 
S/G ratio 0.49 0.75 0.86 1.07 0.45 0.60 0.67 
p-Hydroxycinnamatesb        

p-coumarates 15.8 15.1 16.0 17.4 16.6 17.1 18.3 
ferulates 4.0 2.3 2.1 2.2 1.3 1.8 1.7 
Flavonoidb        

Tricin 4.2 1.1 0.4 0.4 0.6 0.4 0.4 
LCC linkages        
PhGlc 3.9 2.2 1.0 1.1 1.5 1.5 1.5 
BE 3.1 1.4 0.9 0.7 1.6 1.1 1.1  

a Molar percentages (H + G + S = 100). 
b Interunit linkages, p-coumarate, ferulate, and tricin molar contents as percentages of lignin content (H + G + S). 
c Condensed degree, % = 100 * (IBα+ ICα) / (IA+ IBα+ ICα). 

C. Su et al.                                                                                                                                                                                                                                       



Industrial Crops & Products 159 (2021) 113017

8

methoxyl groups and β–O–4′ linkages (A) were most prominent in the 
side chain region of all lignin preparations, followed by phenyl
coumarans (B) and resinols (C). Various signals associated with carbo
hydrates were also present, including β-D-xylopyranoside units (X), 
arabinofuranoside units (Ara), and 4-O-methyl-α-D-glucuronic acid units 
(U). 

AHL from mild severity MAHF, L-M30 from M30T70t90, showed 
only small changes compared with MWL (Fig. 6A and B) with similar 
β–O–4′ linkages of approximately 47 % (Table 3), except the signal at δC/ 
δH 63.5/(3.83, 4.30) ppm due to maleation at the γ-position Eγ(MA) 
overlapping with the signal at δC/δH 62.1/(4.23, 4.43) ppm (Fig. 6B) that 
is attributed to A’γ–Est corresponding to the known acylated γ-position 
by p-coumarate of grass lignins (Balakshin et al., 2011; Wen et al., 
2013a). The signals at δC/δH 128.0/6.2 and 132.9/6.4 ppm (Fig. 6B) are 
also attributed to lignin esterification at the γ-OH position by MA to form 
Eγ(MA), as confirmed by our earlier study (Cai et al., 2020a) and also 
identified in literature (Ralph et al., 2009; Zhou et al., 2019). AHL from 
PAHF at similar lignin removal resulted in decreased β–O–4′ linkages of 
33 % (Table 3), which decreased with increasing p-TsOH fractionation 
severity (Table 3), in agreement with an earlier study using p-TsOH 
(Wang et al., 2020). 

Increasing MAHF severity increased lignin esterification, as can be 
seen by comparing the signal intensity of Eγ(MA)2,3 at δC/δH 128.0/6.2 
and 132.9/6.4 ppm in the AHL 2D NMR spectra of L-M30 (Fig. 6B) with 
L-M50 (Fig. 6D), and decreased the signal of Aα because of increasing 
dissolution of hemicelluloses. The formation of Hibbert’s ketones (HK) 
(δC/δH = 67.1/4.2 ppm, γ-position; δC/δH = 44.5/3.7 ppm, α-position) 
was visible from the spectrum of L-M50 (Fig. 6D) through the cleavage 
of β–O–4′ linkages because of acid-catalyzed formation of a benzylic 
cationic intermediate (Cheng et al., 2019; Li et al., 2018). The abun
dance of β–O–4′ linkages of L-M50 was decreased to approximately 38 % 
from 47 % for L-M30 (Table 3). Scond signals can be clearly seen at δC/δH 
= 105.5/6.7 ppm in Figs. 6B-D. 

Comparing AHF using MA with that using p-TsOH under moderate 
conditions, i.e., M50T90t90 with P40T80t60 with the same level of 
delignification of approximately 42 % (Table 1), L-P40 (Fig. 6C) from 

P40T80t60 is not esterified lacking the Eγ(MA) signals at δC/δH 128.0/ 
6.2 and 132.9/6.4 ppm L-P40, and also has a slightly lower β–O–4′

linkage content of 33 % than the 38 % of L-M50 (Table 3). The higher 
degree of lignin condensation is also reflected from the more HK in L- 
P40 than in L-M50 as listed in Table 3. Similar trends of β–O–4′ linkage 
preservation, extent of lignin condensation, and HK formation were 
observed at elevated delignification of 58 % comparing MAHF under 
M60T120t30 and PAHF under P60T80t90 (Table 3, Fig. S1). At low AHF 
severities, MAHF under M30T70t90 removed more lignin than AHF 
under P20T60t20 using p-TsOH and also retained more β–O–4′ linkages 
(Table 3, Fig. S1). These comparisons indicate MAHF has better 
delignification selectivity in preserving more β–O–4′ linkages and pre
venting lignin condensation. 

The lignin carbohydrate complex (LCC) linkages of phenyl glycoside 
(PhGlc) and benzyl ether (BE) were also identified in the zoomed-in 2D 
NMR spectra shown in Fig. 6. The PhGlc linkages in the MWL spectra 
showed three cross-signals at δC/δH 100.2− 98.4/5.09− 4.90 ppm 
(PhGlc1), 100.9− 100.3/4.85− 4.63 ppm (PhGlc2), and 102.0− 101.5/ 
4.92− 4.79 ppm (PhGlc3) (Balakshin et al., 2011; Du et al., 2014). These 
peaks indicate that there are different kinds of carbohydrates associated 
with lignin by phenyl glycoside linkages. However, with increasing 
fractionation severity, some signals disappeared because of cleavage of 
some glycosidic bonds by AHF. The total amount of PhGlc in the 
switchgrass MWL was 3.9 per 100Ar. This decreased to 1.0 % as frac
tionation severity increased with the use of p-TsOH and increased to 1.5 
% with the use of MA (Table 3). Benzyl ether, BE, shown in the region of 
δC/δH 85− 80/5.4–4.0, has two types: (1) linkages between the α-posi
tion of lignin and primary OH groups of carbohydrates (BE1, δC/δH 
82− 80/4.7− 4.5 ppm); and (2) linkages between the α-position of lignin 
and secondary OH groups of carbohydrates (BE2, δC/δH 82− 80/5.1–4.9 
ppm) (Jiang et al., 2018b). In a similar manner to PhGlc, the amount of 
BE decreased as fractionation severity increased. Again, the decrease in 
BE by MA is smaller than that by p-TsOH, i.e., from 3.1 for MWL to 0.7 
and 1.1 for L-P60 and L-M60, respectively, with the same level of 
delignification (58 %) (Table 3), in agreement with an early study that 
showed smaller decreases of LCCs with decreased acidity (Wang et al., 
2020). 

3.6. 31P NMR analysis 

The main signals in 31P NMR spectra (Fig. 7) were assigned and the 
content of OH in lignin was calculated as listed in Table 4 (in mmol/g 
lignin) according to previous literature (Granata and Argyropoulos, 
1995). In general, both AHFs resulted in a decrease in aliphatic OH and 
an increase in phenolic OH and carboxyl groups. The decrease in 
aliphatic hydroxyl groups suggested that the aliphatic OH groups were 
oxidized and modified during MAHF, such as by the acid-catalyzed 
elimination reactions. The high content of the phenolic hydroxyl im
plies the cleavage of β-O-4′ linkages (Wen et al., 2013b). Under the same 
delignification of 42 %, AHL L-P40 from PAHF under P40T80t60 and 
L-M50 from MAHF from M50T90t90 had almost the same amount of 
aliphatic OH, while L-P40 had a slightly greater amount of phenolic OH 
than L-M50, suggesting that p-TsOH could break more β-O-4′ linkages 
and increase S and G phenolic hydroxyl groups than MA. Lignin esteri
fication by MA increased the carboxyl group content in AHL from 
MAHF. L-M50 has almost twice the amount of carboxyl groups than 

Table 4 
Quantification of the functional groups in lignin by 31P NMR spectroscopy.  

Samples Aliphatic OH 
Phenolic OH (mmol/g) 

COOH (mmol/g) 
Syringyl Condensed OH Guaiacyl OH p-Hydroxyl OH Total 

MWL 2.81 0.28 0.49 0.36 1.13 0.32 
L-M30 2.56 0.29 0.31 0.31 0.91 0.33 
L-M50 1.61 0.43 0.52 0.38 1.33 0.61 
L-P40 1.60 0.48 0.58 0.39 1.45 0.29  
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Fig. 5. Comparisons of molecular weight (Mw) distributions of the switchgrass 
AHLs and MWL. 

C. Su et al.                                                                                                                                                                                                                                       



Industrial Crops & Products 159 (2021) 113017

9

L-M30 had because of increased fractionation severity. 3.7. Assessment of radical scavenging ability 

The antioxidant activities of AHLs from switchgrass were evaluated 
by examining their capacity to scavenge DPPH and ABTS radicals. All 

Fig. 6. 1H-13C 2D HSQC NMR spectra of MWL and AHLs from MA and p-TsOH hydrotropic fractionations. MxxTyytzz or PxxTyytzz stands for fractionation under MA 
or p-TsOH concentration at xx wt% and yy ◦C for zz min. 

C. Su et al.                                                                                                                                                                                                                                       



Industrial Crops & Products 159 (2021) 113017

10

AHL samples were effective in scavenging DPPH and ABTS radicals as 
shown in Fig. 8. The scavenge capacity increases with AHL concentra
tion (Niu et al., 2016). Both types of AHL had greater antioxidant 

activities than MWL toward both DPPH and ABTS radicals, especially 
toward the DPPH radical. In general, AHL from MAHF had greater 
scavenging capacity than AHL from PAHF toward both DPPH and ABTS 
radicals. However, the difference between these two types of AHL is not 
significant toward DPPH. At a relatively low dosage of 0.30 mg/mL, AHL 
L-M60 and L-M50 from MAHF can eliminate 90 % of both radicals in the 
prescribed time of 30 min and 6 min for DPPH and ABTS, respectively. 

The differences in the lignin chemical structural are responsible for 
the observed difference in AHL antioxidant activity. The antioxidant 
activity of lignin mainly comes from the scavenging properties of its 
hydroxyl structure, including phenolic and carboxyl hydroxyl (Dizhbite 
et al., 2004; Jiang et al., 2018a, 2019). Lignin esterification by MAHF 
increased carboxyl group content, and the cleavage of ether aryl link
ages increased phenolic OH content, as verified by31P NMR analysis 
(Table 4), which contributed favorably to improving antioxidant activity 
(Qin et al., 2018) as shown in Fig. 8. 

4. Conclusions 

This study demonstrated maleic acid hydrotropic fractionation 
(MAHF) of switchgrass at atmospheric pressure. MAHF resulted in 
carboxylated dissolved lignin with improved antioxidant activities and a 
lower degree of condensation. Lignin and cellulose carboxylation sub
stantially improved enzymatic digestibility of the fractionated cellulosic 
water-insoluble solids (WIS) and facilitated mechanical fibrillation of 
WIS into lignocellulosic nanofibrills in comparison with WIS from p- 
TsOH fractionation under the same level of delignification, but without 
esterification. MA is an FDA-approved indirect food additive 
(21CFR175-177) with lower acidity and solubility than p-TsOH and has 
substantial advantages in recycling and decreasing environmental im
pacts to achieve sustainability. 
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