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Abstract 15 

Traditional pretreatment of lignocellulosic biomass is often accompanied by washing and 16 

disposal of wastewater, which leads to overuse of water and loss of by-products. The objectives 17 

of this study were to validate the potential of an acid-base integrated process for simultaneous 18 

sugars, furans, and lignin production without washing and wastewater discarding. The 19 

difference in conversion performance among different biomass resources was also 20 

demonstrated. Parallel acetic acid (HOAc, pH=2.25) and sodium hydroxide (NaOH, pH=13.46) 21 

pretreatments followed by solid and liquid integration were applied to four genotypes of 22 

industrial hemp (Cannabis sativa L.) biomass that were harvested from two planting locations 23 

(Haysville and Manhattan, KS). Results showed that genotype, planting location, and their 24 

interaction had notable influences on biomass composition and its conversion to bioproducts 25 

but exhibited different trends. Glucan content of biomass from Haysville, ranging from 26 

47.29-50.05%, were higher than those of 42.49-48.38% from Manhattan with the lowest being 27 

Vega (Manhattan) and the highest being Hlukouskii (Haysville). Xylan and lignin contents in 28 

all the hemp genotypes were 11.70-13.88% and 10.45-15.14%, respectively. The integration 29 

process effectively rendered the pH of the integrated filtrate and slurry to approximately 4.80. 30 

The highest lignin recovery of 73.13 g/kg biomass was achieved by Rigel from Manhattan. 31 

Fourier transform infrared spectroscopy (FTIR) characterization showed that only lignin 32 

derived from Vega (Haysville) and Anka (Manhattan) was comparable to the commercial alkali 33 

lignin. Retaining monosaccharides (2.24-3.81 g/L) enhanced sugar concentrations (glucose: 34 
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40.40-45.71 g/L; xylose: 7.09-8.88 g/L) and conversion efficiencies (glucose: 71.19-77.71%; 35 

xylose: 45.42-52.03%). Besides, furans including 0.79-1.25 g/L of hydroxymethylfurfural 36 

(HMF) and 0.99-1.59 g/L of furfural coupling with 1.96-2.95% and 10.00-14.65% conversion 37 

efficiencies, respectively, were obtained in the final hydrolysate. Biomass from Haysville 38 

produced relatively higher glucose concentrations than those from Manhattan. Based on mass 39 

balance, the most productive genotype was Rigel. This study offers essential information to 40 

reduce water and chemical overconsumption and to understand the effects of genotype and 41 

planting location on biomass valorization. 42 

Keywords: Industrial hemp; genotype; planting location; lignin recovery; sugar and furan 43 
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1. Introduction 44 

In past decades, the legislative limitation of industrial hemp (Cannabis sativa L.) cultivation 45 

and processing in Western Europe, the USA, and Canada, to inhibit its abuse and illegal 46 

utilization for drug production (Cherney and Small, 2016; Fike, 2016), remarkably weakened its 47 

economic importance. Therefore, industrial hemp is often recognized as an underdeveloped and 48 

underutilized crop. Currently, the USA federal restriction on industrial hemp cultivation is 49 

unlocked by the 2018 US farm bill that approved its cultivation with a delta-9 50 

tetrahydrocannabinol content (THC) below 0.3% in 46 states (Adesso et al., 2019). Governing 51 

changes are leading to a resurgent commercial exploration of this crop. The chemical 52 

composition of hemp seed is of great interest, attributed to the potential for food and 53 

nutraceutical and pharmaceutical applications (Farinon et al., 2020; Wang and Xiong, 2019; Xu 54 

et al., 2021). Industrial hemp stover, either as a by-product of hemp grain production or as a 55 

primary product, could serve an important role as a biochemical and biofuel feedstock (Zhao et 56 

al., 2020a). 57 

Compared to other lignocellulosic biomass such as wheat straw, corn stover, and sorghum 58 

biomass, industrial hemp biomass has been reported to contain higher cellulose content. Thus, it 59 

has the potential to be a competitive candidate for biomass-to-bioproducts production (Zhao et 60 

al., 2020a). To render industrial hemp biomass amenable to enzymatic hydrolysis, large numbers 61 

of pretreatment strategies such as acid, alkali, liquid hot water, steam, organosolv, and 62 

Microwave-assisted ionic liquids have been investigated by many research groups (de Vega and 63 

Ligero, 2017; George et al., 2015; Kamireddy et al., 2013; Kreuger et al., 2011; Kuglarz et al., 64 
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2014; Väisänen et al., 2019; Viswanathan et al., 2020; Xie et al., 2017; Zhao et al., 2020a). In 65 

this regard, excessive post-pretreatment washing was widely discerned to moderate the severity 66 

of pH and inhibitory compounds in the pretreated biomass and filtrate (Das et al., 2020; Kreuger 67 

et al., 2011; Kuglarz et al., 2014; Semhaoui et al., 2018). This process generates abundant 68 

wastewater, which inevitably inhibits commercial exploration. Therefore, reducing water and 69 

chemical consumption is highly needed for industrial hemp biomass valorization. To address this 70 

issue, our previous study proved that integrating acid and alkali pretreated biomass and their 71 

mixed filtrate for enzymatic hydrolysis was performed well without compromising sugar yield 72 

(Zhao et al., 2021b). The neutralization of residual acid and alkali in the biomass and filtrate can 73 

be achieved simultaneously during the integration process (Zhao et al., 2021b). Also, the 74 

dissolved lignin in the alkaline filtrate can be recovered. The post-washing and chemical disposal 75 

procedures can be avoided after pretreatment. Therefore, the major advantage of the acid-base 76 

integration process is the feasibility to minimize water and chemical overconsumption. On the 77 

other hand, Viswanathan, et al. (2021) investigated the economic perspectives of ethanol and 78 

biodiesel coproduction from industrial hemp biomass (genotype of 19m96136) and found that 79 

minimum selling prices of biodiesel ranged from $1.09 to $4.88/L when the ethanol selling price 80 

was $0.62/L depending on the lipid content. Das et al. (2020) reported that dilute acid 81 

pretreatment and enzymatic hydrolysis predicted practical ethanol yields of 264.98−344.47 L/dry 82 

ton hemp stems with the highest ethanol yield of 344.85 L/dry ton hemp stems from the Futura 83 

75 genotype. These studies indicate that industrial hemp biomass has the potential to be used for 84 
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biofuel production but the variation among genotypes and the effect of the growing environment 85 

should be considered. 86 

The effects of agronomical practices, genotypes, and cultivation sites on the nutritional, 87 

phytochemical, and antioxidant properties of hempseed and pant growth performances and 88 

biomass yields have been considerably explored (Ascrizzi et al., 2019; Campiglia et al., 2017; 89 

Cappelletto et al., 2001; García-Tejero et al., 2019; Irakli et al., 2019; Pagnani et al., 2018; 90 

Scheliga et al., 2018; Sraka et al., 2019; Struik et al., 2000). However, few studies have been 91 

targeted at the impacts of genotype and environmental factors on the bioconversion of industrial 92 

hemp biomass to lignin, sugar, and furan. In this respect, Das et al. (2020) compared the 93 

potential of eleven industrial hemp biomass for biofuel and bioproducts production through 94 

dilute sulfuric acid pretreatment coupled with theoretical simulation and found that 95 

dual-purpose genotypes had advantages over fiber-only Genotypes in terms of potential per 96 

hectare gross profit. Additionally, Zhao et al. (2020c) evaluated four varieties of industrial 97 

hemp biomass to illuminate their variation for bioethanol production through liquid hot water, 98 

sulfuric acid, and NaOH pretreatments. The two studies demonstrated the influence of 99 

genotypes on biomass valorization, but environmental factors such as planting location remain 100 

unanswered. 101 

In this study, the integrated HOAc and NaOH pretreatments were applied to four 102 

dual-purpose industrial hemp genotypes grown at two planting locations. The objective of this 103 

research was to demonstrate the effects of genotype and planting location on industrial hemp 104 
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biomass valorization using an integrated biomass pretreatment method. Thus, effects of 105 

genotype, planting location, and their interaction on the chemical composition of biomass and 106 

filtrate as well as chemical (glucose, xylose, HMF, furfural, and lignin) conversion 107 

performances were elucidated. The recovered lignin was also compared with commercial alkali 108 

lignin. Additionally, relationships between biomass composition and its conversion 109 

performances to bioproducts were demonstrated. This study offers essential information to 110 

understand the effects of genotype and planting location on biomass-to-chemicals production 111 

and promote industrial exploration with limited water and chemical consumption. 112 

 113 

2. Materials and Methods 114 

2.1 Industrial hemp cultivation and materials 115 

Stover remaining after threshing to remove grain from whole-plant samples of four 116 

dual-purpose genotypes of industrial hemp (Anka, Rigel, Vega, and Hlukouskii 51) that were 117 

harvested from two planting locations (Haysville and Manhattan, KS) were used for this study. 118 

Field management details can be found in Griffin et al. (2020). The detailed weather data in 119 

Haysville and Manhattan for May-September of 2020 are shown in Fig. 1. Growing conditions 120 

were generally favorable for hemp growth at both locations, but the Haysville location had a 121 

shallower, more coarse soil [Canadian-Waldeck fine sandy loam (coarse-loamy, mixed, 122 

superactive, thermic Udic-Fluvaquentic Haplustoll)], compared to the Manhattan location 123 

[Wymore silty clay loam (fine, smectitic, mesic Aquertic Argiudoll)]. Overall, from May to 124 
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September, the average relative humidity was 70.44% for Manhattan and 72.36% for Haysville, 125 

the total precipitation was 498.58 mm for Manhattan and 410.19 mm for Haysville, and the 126 

average of solar radiation was 20.80 MJ/m2 for Manhattan and 20.57 MJ/m2 for Haysville. 127 

Supplemental irrigation was applied during a dry period in June, soon after planting at Haysville 128 

to facilitate stand establishment and early growth. Substantial rainfall events in the first half of 129 

August likely minimized the negative impacts of a dry period in the second half of the month at 130 

both locations. Vegetative growth was essentially complete at that point, so the dry period likely 131 

had a minimal impact on biomass accumulation and composition but may have affected seed fill 132 

and composition at both locations. 133 

The small branches and leaves of received hemp biomass were removed from the stems, and 134 

only the stems were used for analysis. Stems were sequentially ground by SM 2000 cutting mill 135 

(Restsch Inc. Newton, PA) and kitchen mill (Blendtec Residential, Orem, UT) for size reduction 136 

(< 2 mm). After grinding, the samples were stored in Ziploc bags at room temperature before 137 

further use. Alkali lignin (370959-100G) was purchased from Sigma-Aldrich chemicals 138 

company (St. Louis, MO). Cellic® CTec3 (cellulase, 516 mg/mL) and NS22244 (hemicellulase, 139 

266 mg/mL) were obtained from Novozymes (Franklinton, NC). 140 

 141 

2.2 Biomass pretreatment and integration process  142 

Biomass pretreatment was carried out in a sandbath (Techne Inc., Princeton, NJ) with 143 

continuous air blast. Four-gram biomass was loaded into the 75 mL stainless steel reactors 144 

(Swagelok, Kansas City Valve & Fitting Co., KS), followed by adding 40 mL HOAc (pH=2.25) 145 
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or NaOH (pH=13.46) reagents. The selected pHs of these reagents were based on the results of 146 

the pre-experiment. After manual mingling, these reactors were instantly submerged into the 147 

sandbath at 190 ℃. When pretreatment time reached 40 min, these reactors were quenched by 148 

cold tap water to avoid the further reaction. The pretreated slurry was separated into solid and 149 

filtrate by vacuum filtration coupled with Whatman filter paper. The pH values were measured in 150 

situ by an Orion Star™ A211 Benchtop pH Meter (Thermo Fisher Scientific Inc., Waltham, MA). 151 

It must be mentioned that HOAc and NaOH pretreated biomass were not subjected to 152 

post-washing. 153 

 154 

2.3 Enzymatic hydrolysis 155 

After pretreatment, HOAc and NaOH pretreated filtrates were mixed with slow shaking to 156 

precipitate the lignin and then subjected to vacuum filtration. Whereas HOAc pretreated 157 

biomass was directly mixed with NaOH pretreated biomass in the 250 mL Erlenmeyer flasks 158 

and then added the above-integrated filtrate. To verify the neutralization of residual HOAc and 159 

NaOH in solid residues, the pH of the integrated slurry was examined. Enzymatic hydrolysis 160 

was initiated by pipetting 100 µL cellulase/g biomass and 50 µL hemicellulase/g biomass (Zhao 161 

et al., 2021a). These flasks were transferred into an orbital shaker (I2400 Incubator Shaker, 162 

New Brunswick, USA) at 49 °C with 160 rpm for 72 h. Herein, no pH adjusting for the 163 

integrated slurry was carried out. 164 

 165 
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2.4 Analytical methods  166 

The chemical composition of raw industrial hemp biomass was measured according to the 167 

National Renewable Energy Laboratory (NREL) (Sluiter et al., 2008ab). The extracted biomass 168 

(~ 0.3000 g) was mixed with 3 mL of 72% sulfuric acid and stirred in a 30 °C water bath for 60 169 

min. After that, 84 mL of deionized water was added to reduce the sulfuric acid concentration to 170 

4%, and the sealed flask was then autoclaved at 121 °C for 60 min. The flask was cooled down at 171 

room temperature and filtered by a pre-weighed filter crucible. The 1.5 mL filtrate was pipetted 172 

for acid-soluble lignin (ASL) test, and 10 mL filtrate was first neutralized with 0.40 g calcium 173 

carbonate for 40 min and filtered for glucose and xylose determination. Finally, solid residue in 174 

the crucible was washed with at least 50 mL distilled water and dried overnight at 105 °C for 175 

acid-insoluble lignin (AIL) test. After that, the crucible was shifted into the Muffle furnace at 176 

575 °C for the ash test. Monosaccharides (glucose and xylose), furfural, and HMF in the filtrate 177 

were determined by a 1260 high-performance liquid chromatography (HPLC) system (Agilent, 178 

Santa Clara, CA). The measurement parameters were: an HPX-87H organic acid column 179 

(7.8×300 mm) was a separation column and set at 60 °C; 0.005 M sulfuric acid was mobile phase 180 

buffer with a flow rate of 0.6 mL/min; the refractive index detector temperature was set at 45 °C 181 

(Zhao et al., 2021a). Chemical bonds of raw hemp biomass were identified by a 400 FTIR 182 

spectrophotometer (PerkinElmer Corp., Shelton, CT) equipped with a room temperature 183 

deuterated lanthanum α alanine doped triGlycine sulphate (RT-DLαTGS) detector. Background 184 

scanning was carried out for calibration before determination. The parameters such as 4000-400 185 

cm-1 wavenumber range, 4 cm-1 resolution, 68-71 pressure intensity, and 32 scans per sample 186 
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were applied (Zhao et al., 2020c). Besides, glucose, xylose, HMF, and furfural conversion 187 

efficiencies were calculated as shown in Eqs (1) to (4), while glucose, xylose, HMF, and furfural 188 

yields based on the initial raw biomass weight were calculated as shown in Eqs (5) to (8). These 189 

equations were referred to our previous studies (Zhao et al., 2021a, 2020b). 190 
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E(g), E(x), E(HMF), and E(furfural) are glucan-to-glucose, xylan-to-xylose, glucose-to-HMF, and 199 

xylose-to-furfural conversion efficiencies, respectively. Y(g), Y(x), Y(HMF), and Y(furfural) are 200 
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glucose, xylose, HMF, and furfural yields, respectively. C(glucose), C(xylose), C(HMF), and C(furfural) are 201 

glucose, xylose, HMF, and furfural concentrations (g/L) in the slurry, respectively. M (b) and 202 

V(mL) are dry-basis solid weight and slurry volume, respectively. C(glucan) and C(xylan) are glucan 203 

and xylan contents in raw hemp biomass before pretreatment, respectively. MM(HMF), MM(glucose), 204 

MM(furfural), and MM(xylose) are the molar mass of HMF, glucose, furfural, and xylose, respectively. 205 

0.9 and 0.88 are the transformation factor of glucan-to-glucose and xylan-to-xylose, respectively. 206 

 207 

2.5. Statistical analysis 208 

In order to elucidate the effects of genotype, planting location, and their interaction on the 209 

chemical composition of biomass and filtrate as well as chemical conversion performances, 210 

multivariate analysis of variance (ANOVA) was performed using IBM SPSS Statistics Version 211 

27.0 (Armonk, NY, IBM Corp). In this regard, the genotype and planting location were treated 212 

as fixed factors, other variables such as glucose concentration and conversion efficiency were 213 

recognized as dependent variables. Means for significant difference were identified using the 214 

least significant difference method. 215 

 216 

3. Results and discussion 217 

3.1 Chemical composition of industrial hemp biomass 218 

Effects of genotype, planting location, and their interaction on the chemical composition of 219 

industrial hemp biomass are summarized in Table 1. It is clear that genotype played a significant 220 
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role in determining glucan, xylan, ASL, and extractives, whereas planting location had 221 

significant effects on glucan and lignin components. This is comparable with the finding that 222 

planting location had significant effects on the chemical compositions of big bluestem (Zhang et 223 

al., 2012). However, it is unexpected that the interaction between genotype and planting location 224 

had a significant influence only on extractives (Table 1). Glucan content of biomass from 225 

Haysville ranged from 47.29-50.05%, which were relatively higher than those (42.49-48.38%) 226 

from Manhattan (Fig. 2A). Vega from Manhattan exhibited the lowest glucan content of 42.49%, 227 

while Hlukouskii from Haysville showed the highest glucan content of 50.05% (Fig. 2A). It can 228 

be recognized that roughly compared to grain straws (31-39%) (Tian et al., 2018) and corn stover 229 

(31.0-41.2%) (Zhao et al., 2020a), industrial hemp biomass obtained from this work was 230 

composed of higher glucan content. Xylan content for all the genotypes fell in the range of 231 

11.70-13.88% with the lowest xylan content being Hlukouskii from Haysville and the highest 232 

xylan content being Rigel from Manhattan (Fig. 2A). Total carbohydrates (glucan and xylan) 233 

accounted for 56-63%. These results are comparable to the previous studies, where different 234 

genotypes of industrial hemp biomass were investigated (Xu et al., 2016; Zhao et al., 2020a). 235 

The lignin content of industrial hemp biomass has been reported to differ dramatically from 15 to 236 

30%, depending on the genotypes (Xu et al., 2016). In this work, it was noticed that there was a 237 

slight variation in ASL (0.47-0.50%) and AIL (9.96-14.67%) lignin content among the biomass 238 

samples, with the total lignin content ranging from 10.45 to 15.14%. Extractives of four 239 

industrial hemp biomass ranged from 11.63 to 18.36% (Fig. 2A). In contrast, Das et al. (2020) 240 

reported that eleven industrial hemp biomass genotypes contained 43.8-50.1% of glucan, 241 
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11.6-14.2% of xylan, 15.4-29.4% of lignin, and 5.5-11.9% of extractives. Additionally, the 242 

differences in chemical bonds among the four industrial hemp biomass harvested at Haysville 243 

and Manhattan were characterized by FTIR spectrum (Fig. 2B). It was found that peaks at 1590 244 

cm-1 (C=C stretching from aromatic skeletal vibration) and 1514 cm-1 (aromatic skeleton of 245 

lignin) in Rigel from Manhattan were slightly more intense than biomass from other genotypes 246 

and locations (Fig. 2B). It is consistent with the relatively higher lignin content (Fig 2A). It was 247 

also noticed that other peaks showed no visible variations among the biomass samples (Fig. 2B). 248 

 249 

3.2 pH and chemical composition of filtrate 250 

Due to the severer pH of acid and alkali pretreated filtrate comparing to buffer, adequate 251 

water washing followed by direct wastewater discarding was generally observed (de Vega and 252 

Ligero, 2017; Pagnani et al., 2018; Xie et al., 2017). For example, a previous study reported that 253 

160 mL water/g raw biomass was required to clarify the waste liquor from NaOH and 254 

hydrothermal pretreatment of coconut fiber and reduce their pH to neutral (da Costa Nogueira et 255 

al., 2018). Herein, mixing the HOAc and NaOH pretreated filtrate was performed to utilize it as a 256 

buffer. 257 

It was found that genotype, planting location, and interaction between genotype and 258 

planting location had significant effects on the pH of filtrate (Table 1). The initial pHs for HOAc 259 

and NaOH reagents used for biomass pretreatment were 2.25 and 13.46, respectively. After 260 

pretreatment, the pretreated filtrate showed slight variations in terms of pH, ranging from 2.91 to 261 
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2.99 (HOAc) and 12.96 to 13.15 (NaOH) for biomass from Haysville and from 3.03 to 3.08 262 

(HOAc) and 13.05 to 13.20 (NaOH) for biomass from Manhattan (Fig. 3). The slight variation in 263 

pH is attributed to the heterogeneous distribution of hemicellulose among different biomass 264 

samples (Zhao et al., 2020b). Compared to the starting pH of reagents, the mitigation of pH in 265 

the filtrate is also attributed to the dilution caused by adding biomass. As mentioned above, the 266 

resultant filtrate with the extreme pH is unable to be utilized for efficient enzymatic hydrolysis. 267 

However, the pH severity was attenuated through the integration of HOAc and NaOH pretreated 268 

filtrate (Fig. 3), as the pHs of the integrated filtrate were 4.78-4.82 for biomass from Haysville 269 

and 4.79-4.92 for biomass from Manhattan (Fig. 3), indicating that a neutralization reaction was 270 

performed between acids and NaOH in the filtrate. Furthermore, the black liquor obtained from 271 

NaOH pretreatment turned into a brown color, when it was mixed with HOAc pretreated filtrate 272 

with the precipitation of lignin. In comparison to the complicated and high-cost 273 

poly(ether)sulfone-based ultrafiltration membrane filter (Kim et al., 2020), this simple 274 

integration process might be more feasible to alleviate the pH of filtrate and utilize the residual 275 

chemicals. 276 

The monosaccharides derived from HOAc and NaOH pretreatments of four genotypes of 277 

hemp biomass in the filtrate were tracked by HPLC (Fig. 4). A comparison of sugar 278 

concentrations in the pretreated filtrate often discloses the variances in the biomass recalcitrance 279 

(Zhao et al., 2021a). For HOAc pretreatment, the highest and lowest glucose concentration of 280 

1.77 g/L and 0.77 g/L was generated by Rigel from Haysville and Vega from Manhattan, 281 

respectively (Fig. 4 A and B), and the highest and lowest xylose concentration of 4.82 g/L and 282 
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2.16 g/L was obtained by Hlukouskii and Rigel from Manhattan, respectively (Fig. 4B). In the 283 

case of NaOH pretreatment, no glucose was found in the filtrate for Anka from Haysville or 284 

Anka and Vega from Manhattan (Fig. 4A and B). Carbohydrates of biomass are more susceptible 285 

to confront the pretreatment with acid rather than NaOH reagent (Zhao et al., 2020b), which is in 286 

agreement with the finding that HOAc pretreatment showed 0.16-1.12 g/L of glucose and 287 

1.43-4.41 g/L of xylose higher than NaOH pretreatment (Fig. 4A and B). Based on the high 288 

sugar concentrations in the filtrate, direct disposal can certainly cause sugar loss. The final 289 

glucose and xylose concentrations in the integrated filtrate ranged from 0.84 to 1.64 g/L and 1.31 290 

to 2.55 g/L, respectively, depending on the genotype and planting location of industrial hemp 291 

biomass (Fig. 4A and B).  292 

Due to the inhibitory compounds, physical, chemical, and biological technologies 293 

including membrane filtration, neutralization reaction, and activated charcoal adsorption have 294 

been promoted to render biomass filtrate amenable to enzymes and microbes (Kumar et al., 295 

2020). Furfural and HMF, decomposed from hemicellulose and cellulose, respectively, are 296 

mainly recognized to inhibit microbial growth. Unlocked lignin units were informed to absorb 297 

on the surfaces of cellulose and hemicellulose tightly to circumvent enzymatic accessibility (Li 298 

et al., 2018). Also, lignin-derived phenolic compounds can bring a severe inhibitory effect on 299 

enzymatic hydrolysis (Chen et al., 2020) and lead to incompatibility of biological membranes 300 

(Jung and Kim, 2017). It was discerned that HMF and furfural in HOAc pretreated filtrate 301 

ranged from 1.69 to 2.41 g/L and from 2.51 to 3.68 g/L, respectively (Fig. 4). The highest HMF 302 
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and furfural concentration was acquired by Hlukouskii and Rigel from Haysville (Fig. 4A), and 303 

the lowest HMF and furfural concentration was obtained by Anka and Hlukouskii from 304 

Manhattan (Fig. 4B). However, NaOH pretreatment prompted no HMF and furfural formation 305 

in the filtrate (Fig. 4A and B). After integration, the concentrations of sugar-derived inhibitors 306 

that originated from the HOAc pretreated filtrate were relieved: HMF and furfural were in the 307 

range of 0.71-0.95 g/L and 0.64-1.25 g/L, respectively (Fig. 4A and B). These results indicate 308 

that this simple integration approach is multipurpose to associate the strengths of acid-base 309 

pretreatments and to solve the bottleneck of inhibitors in a practical path. 310 

 311 

3.3 Lignin recovery and FTIR characteristic 312 

Tremendous attention has been attracted to reduce the resistance of biomass and enhancing 313 

its accessibility to enzymes and microorganisms, while additional byproducts, especially lignin, 314 

have rarely been recovered qualitatively (Huang et al., 2020). However, the conversion of 315 

biomass-based lignin to polymeric materials might offer potential values for biomass upgrades 316 

(Upton and Kasko, 2016). In this work, the lignin was precipitated after integrating HOAc and 317 

NaOH pretreated filtrate and then subjected to vacuum filtration and oven drying. Lignin 318 

recoveries based on raw biomass and its FTIR characteristics are compared with commercial 319 

alkali lignin as a control (Fig. 5). It was found that planting location and interaction between 320 

genotype and planting location showed significant effects on lignin recovery (Table 2). Industrial 321 

hemp biomass could be differentiated in terms of its lignin recovery: 50.63-57.50 g lignin per kg 322 
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biomass from Haysville, 56.88-73.13 g lignin per kg biomass from Manhattan, and Rigel being 323 

the highest from Manhattan (Fig. 5A).  324 

The FTIR spectrum of the isolated lignin fraction was compared with commercial alkali 325 

lignin. For biomass from Haysville, only Vega showed similar intensities of peaks at 1592 and 326 

1506 cm-1 (assigned to the vibration of aromatic rings), 1461 cm-1 (assigned to the methoxyl C-H 327 

bending and C-C stretching in the aromatic skeleton), 1265 cm-1 (assigned to the aromatic C-O 328 

stretching of syringyl units and/or condensed guaiacyl units), 1120 cm-1 (assigned to the syringyl 329 

units), 1030 cm-1 (assigned to C-OH and C-O-C stretching of the side groups and glycosidic 330 

bonds), and 830 cm-1 (assigned to the guaiacyl units) with the commercial alkali lignin (Fig. 5A). 331 

For biomass from Manhattan, only Anka exhibited analogous intensities of peaks at 1592, 1506, 332 

1120, 1030, and 830 cm-1 compared to the commercial alkali lignin (Fig. 5A). These results 333 

indicate that lignin derived from Vega (Haysville) and Anka (Manhattan) might have comparable 334 

chemical structures with the commercial alkali lignin. 335 

 336 

3.4 Enzymatic hydrolysis of integrated biomass and filtrate 337 

Rinsing pretreated biomass with adequate water, followed by adding a fresh buffer solution 338 

(sodium acetate, citrate, and phosphate), has been typically applied for enzymatic hydrolysis. 339 

This conventional process inevitably causes solid-liquid imbalance, especially resulting in the 340 

accumulation of wastewater. Herein, we emphasize that HOAc and NaOH pretreated solid 341 

biomass were first mixed without post-washing, and the integrated filtrate was loaded and 342 

homogeneously stirred without pH adjusting. As expected, the neutralization reaction also 343 
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happened between the HOAc and NaOH pretreated biomass, evidenced by the final slurry pHs 344 

ranging from 4.60 to 4.65 for biomass from Haysville and from 4.65 to 4.70 for biomass from 345 

Manhattan (Fig. 6A). Thus, the resulting pH is suitable for enzymatic hydrolysis without pH 346 

adjusting and new buffer solution addition, avoiding wastewater discarding and extra chemical 347 

consumption. Besides, planting location and interaction between genotype and planting location 348 

had significant influences on the pH of the integrated slurry (Table 1).  349 

After enzymatic hydrolysis, the slurry was subjected to centrifugal separation to segregate 350 

solid from hydrolysates. The chemical concentrations were quantitatively determined by HPLC 351 

(Fig. 6B), and their conversion efficiencies and yields were calculated as shown in Table 3. It 352 

was observed that genotype, planting location and their interaction exhibited significant impacts 353 

on chemical conversion performances (Table 2). Industrial hemp biomass from Haysville 354 

reached glucose concentrations of 41.97-45.71 g/L, which were slightly higher than those from 355 

Manhattan (40.40-44.38 g/L) (Fig. 4B), but there was no similar trend found for 356 

glucan-to-glucose conversion efficiencies: 72.97-75.33% and 71.19-77.71% for industrial hemp 357 

biomass from Haysville and Manhattan, respectively (Table 3). The highest glucose 358 

concentration and conversion efficiency were achieved by Hlukouskii (45.71 g/L) from 359 

Haysville and Vega (77.71%) from Manhattan, respectively. In terms of xylose, the integration 360 

process attained xylose concentrations of 7.09-8.88 g/L (Fig. 6B), with their conversion 361 

efficiencies of 45.42-52.03% (Table 3). The highest xylose concentration and conversion 362 

efficiency were achieved by Rigel (8.88 g/L) from Manhattan and Hlukouskii (52.03%) from 363 

Haysville, respectively. In contrast, Das et al. (2020) reported that dilute sulfuric acid 364 
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pretreatment of eleven industrial hemp biomass only reached 30% of xylose conversion 365 

efficiencies (maximum potential based on raw biomass). On the other hand, HMF (0.79-1.25 g/L) 366 

and furfural (0.99-1.59 g/L) were remained in the final hydrolysates (Fig. 4B), corresponding 367 

with 1.96-2.95% (maximum potential based on glucose-to-HMF) and 10.00-14.65% (maximum 368 

potential based on xylose-to-furfural) conversion efficiencies, respectively (Table 3). Regarding 369 

the conversion performance based on raw biomass, sugar concentration and conversion 370 

efficiencies obtained in the present work were superior to those in the previous report (Zhao et 371 

al., 2020a), where industrial hemp biomass pretreated by steam, sulfuric acid, or NaOH was 372 

subjected to remarkable water washing and drying, followed by enzymatic hydrolysis with new 373 

buffer solution under low (7.5% <) solid loading. The chemical yields (g/kg biomass) based on 374 

the raw biomass were also summarized in Table 3. Given 1.0 kg of raw dried biomass used for 375 

HOAc (500 g) and NaOH (500 g) pretreatments, 366.85-418.89 g of glucose, 64.04-80.84 g of 376 

xylose, 7.14-11.46 g of HMF, and 8.94-14.53 g of furfural could be obtained, in addition to 377 

50.63-73.13 g of lignin. Among the four genotypes harvested from Haysville and Manhattan, the 378 

most and least productive genotype is Rigel and Vega, respectively (Table 3). 379 

 380 

3.5 Relationship between biomass composition and chemical conversion performance 381 

To our knowledge, this is the first report on studying the relationship between chemical 382 

composition (glucan, xylan, and lignin) of raw biomass and the concentration and conversion 383 

efficiency of hydrolysates (glucose, xylose, HMF, and furfural), although a previous study by Xu 384 

et al. (2016) reported that glucan and lignin contents in the ionic liquid pretreated rice straw had 385 
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a positive linear correlation and negative linear correlation with sugar digestibility. Herein, it was 386 

observed that glucan content showed a positive linear correlation (r = 0.81) with glucose 387 

concentration (Fig. 7A), xylan content showed a positive linear correlation (r = 0.72) with 388 

furfural concentration (Fig. 7B), and lignin content showed a negative linear correlation (r = 389 

-0.73) with HMF concentration (Fig. 7C). Das et al. (2020) found no obvious correlation 390 

between lignin content and sugar conversion efficiencies among the eleven hemp biomass that 391 

had notable variation in lignin contents. Besides, glucan content had a moderate correlation (r = 392 

0.65) with HMF concentration; lignin content had a moderate correlation (r = 0.67) with HMF 393 

conversion efficiency; glucose conversion efficiency had a moderate correlation (r = -0.58) with 394 

furfural concentration and conversion efficiency; xylose conversion efficiency had moderate 395 

correlation with glucose concentration (r = 0.60), xylose concentration (r = 0.53), and HMF 396 

concentration (r = 0.54); and glucose concentration had a moderate correlation (r = 0.61) with 397 

HMF concentration (Fig. 7D). This relatively weak correlation between the composition of raw 398 

industrial hemp biomass and chemical conversion parameters indicates that non-quantitative 399 

factors are playing a role in the biomass-to-chemicals conversion interdependently. 400 

 401 

4. Conclusion 402 

Parallel HOAc and NaOH pretreatments with solid and liquid integration were demonstrated 403 

to produce glucose, xylose, HMF, furfural, and lignin without washing and wastewater 404 

discarding. Genotypes and planting locations had significant effects on bioproduct conversion 405 

performances. Industrial hemp biomass harvested from Haysville had relatively higher glucan 406 
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contents (47.29-50.05%) than those (42.49-48.38%) from Manhattan. Integrating HOAc and 407 

NaOH integrated filtrate reached the pH of 4.78-4.92, precipitating the soluble lignin 408 

(50.63-73.13 g/kg biomass). The recovered lignin from Vega (Haysville) and Anka (Manhattan) 409 

showed almost comparable FTIR characteristics with the commercial alkali lignin. Combining 410 

HOAc and NaOH pretreated biomass and their mixed filtrate for enzymatic hydrolysis achieved 411 

40.40-45.71 g/L of glucose and 7.09-8.88 g/L of xylose. Besides, high-value HMF (0.79-1.25 412 

g/L) and furfural (0.99-1.59 g/L) remained in the final hydrolysate. The higher glucose 413 

(71.19-77.71%) and xylose (45.42-52.03%) conversion efficiencies validate the potential of this 414 

integrated process to reduce water and chemical consumption. Based on mass balance, the most 415 

and least productive genotypes were Rigel and Vega, respectively. Glucan and xylan contents in 416 

the biomass showed a positive linear correlation with glucose and furfural concentration, 417 

respectively; whereas lignin content showed a negative linear correlation with HMF 418 

concentration. Additionally, increasing the solid loading of biomass and screening of low-cost 419 

acidic catalysts for pretreatment could be new perspectives for further explorations. 420 
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Table 1. Mean squares from multi-factor analysis of variance for the effects of genotype, planting location, and their interaction 
between genotype and planting location on the chemical composition of raw biomass and pH of pretreated and integrated filtrate. 

Source of variation df 
Chemical composition of biomass (%) pH of filtrates 

Glucan Xylan ASL AIL Extractives HOAc-treated NaOH-treated Integrated slurry 

Genotype 3 13.08* 2.16** 0.00 5.92** 23.64** 0.00** 0.03** 0.00 

Planting location 1 36.60** 0.20 0.00* 7.84** 0.90 0.05** 0.04** 0.01** 

Genotype x location 3 2.63 0.27 0.00 1.12 5.21** 0.00** 0.01** 0.00* 

ASL: acid-soluble lignin; AIL: acid-insoluble lignin; HOAc: acetic acid; NaOH: sodium hydroxide. Integrated slurry refers to the 
mixture of pretreated biomass and filtrate. * and ** are statistically significant at P < 0.05 and P < 0.01 probability, respectively.
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Table 2. Mean squares from multi-factor analysis of variance for the effects of genotype, planting location, and their interaction 
between genotype and planting location on the concentration and conversion efficiency of chemicals obtained from simultaneous 
enzymatic hydrolysis of integrated biomass and filtrate. 

Source of variation df 
Lignin  

recovery 

Chemical concentration (g/L)   Conversion efficiency (%) 

Glucose Xylose HMF Furfural   Glucose Xylose HMF Furfural 
Genotype 3 21.00 11.64** 0.74** 0.01 0.16** 10.62** 14.23** 0.03 7.51** 
Planting location 1 172.20* 12.92** 0.10** 0.20** 0.09* 6.23** 0.48 0.65** 10.61** 
Genotype x location 3 113.17* 2.30** 0.46** 0.03 0.02   8.12** 18.80** 0.18** 1.33 
HMF: hydroxymethylfurfural. * and ** are statistically significant at P < 0.05 and P < 0.01 probability, respectively.
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Table 3. The conversion efficiency (%, based on original component) and yield (g/kg-biomass) of chemicals obtained from 
simultaneous enzymatic hydrolysis of integrated biomass and filtrate. 

Biomass 
Conversion efficiency (%)   Yield (g/kg biomass) 

Glucose Xylose HMF Furfural   Glucose Xylose HMF Furfural 

Haysville 

Anka 73.40 ± 0.25b 45.42 ± 0.18a 2.38 ± 0.15ab 14.65 ± 1.01b 405.28 ± 1.37c 70.47 ± 0.27b 9.19 ± 0.59bc 14.53 ± 1.01b 

Rigel 74.10 ± 0.18bc 47.05 ± 0.15a 2.61 ± 0.04bc 14.52 ± 0.33b 405.91 ± 1.00c 71.08 ± 0.23b 10.00 ± 0.14cd 14.01 ± 0.32b 

Vega 72.97 ± 0.13b 45.87 ± 0.21a 2.39 ± 0.16abc 12.22 ± 1.23ab 383.37 ± 0.69b 69.20 ± 0.32b 8.82 ± 0.59abc 11.78 ± 1.19ab 

Hlukouskii 75.33 ± 0.19cd 52.03 ± 0.97b 2.95 ± 0.02c 11.14 ± 0.27ab 418.89 ± 1.05d 69.20 ± 1.28b 11.46 ± 0.09d 9.49 ± 0.23a 

Manhattan 

Anka 71.19 ± 0.05a 46.20 ± 0.09a 2.13 ± 0.03ab 12.88 ± 0.57ab 370.51 ± 0.27a 68.91 ± 0.14b 7.76 ± 0.09ab 12.33 ± 0.55ab 

Rigel 75.12 ± 0.77cd 51.26 ± 0.32b 2.18 ± 0.08ab 11.31 ± 0.59ab 403.84 ± 4.14c 80.84 ± 0.50c 8.23 ± 0.32abc 11.42 ± 0.59ab 

Vega 77.71 ± 0.00e 45.66 ± 0.15a 2.43 ± 0.14abc 11.73 ± 0.18ab 366.85 ± 0.00a 70.15 ± 0.23b 7.99 ± 0.45abc 11.53 ± 0.18ab 

Hlukouskii  76.77 ± 0.06de 45.85 ± 0.00a 1.96 ± 0.02a 10.00 ± 0.20a   396.76 ± 0.32c 64.04 ± 0.00a 7.14 ± 0.09a 8.94 ± 0.18a 

HMF: hydroxymethylfurfural. Data: means ± standard deviations. In each column, means with different letters are significantly 
different at P < 0.05. 
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Fig. 1. Detailed weather data from May 1st to October 1st (Kansas Mesonet, 2020: Kansas 
Mesonet Historical Data. Accessed 12 March 2020, 
http://mesonet.k-state.edu/weather/historical) at Haysville and Manhattan where four genotypes 
of industrial hemp were cultivated.
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Fig. 2. Chemical composition (A) and FTIR spectrum (B) of four genotypes of industrial hemp 
biomass that were harvested at Haysville and Manhattan (ASL: acid soluble lignin; AIL: acid 

insoluble lignin).1

                                                             
1The peaks are denoted as (1) C=C stretching from aromatic skeletal vibration, (2) aromatic skeleton from lignin, (3) syringyl and 

guaiacyl lignin units, (4) C-O vibration of crystalline cellulose, (5) C-O stretching in cellulose and hemicellulose, (6) C-O-C 

pyranose ring skeletal vibration ascribed to cellulose, and (7) C-H amorphous cellulose. 
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Fig. 3. The pH of acetic acid (HOAc) and sodium hydroxide (NaOH) pretreated filtrate before 
and after the integration process.
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Fig. 4. Glucose, xylose, hydroxymethylfurfural, and furfural concentrations in acetic acid (HOAc) 
and sodium hydroxide (NaOH) pretreated filtrate before and after the integration process (A: 
Haysville; B: Manhattan).
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Fig. 5. Lignin recovery (A) and Fourier transform infrared spectroscopy characterization (B) 
with the commercial alkali lignin used as a control. The mean difference is significant at P < 
0.05.2 

                                                             
2The peaks are denoted as (1) stretching vibrations of conjugate carbonate of carboxylic acid and ketone groups, (2) the 

vibration of aromatic rings, (3) the vibration of aromatic rings, (4) the methoxyl C-H bending and C-C stretching in the aromatic 

skeleton, (5) the vibration of aromatic rings, (6) the non-esterified phenolic –OH resulting from the cleavage at α-O-4' and β-O-4' 

linkage, (7) aromatic C-O stretching of syringyl units and/or condensed guaiacyl units, (8) aromatic C-O stretching of syringyl 

units and/or condensed guaiacyl units, (9) the p-hydroxy phenylpropane, and (10) the syringyl units, (11) C-OH and C-O-C 

stretching of the side groups and glycosidic bonds, respectively, (12) the guaiacyl units (Shi et al., 2019). 
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Fig. 6. The pH of integrated slurry including pretreated biomass and filtrate (A) and 
concentrations of glucose, xylose, hydroxymethylfurfural (HMF), and furfural in the hydrolysate 
after 72-h enzymatic hydrolysis (B). 
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Fig. 7. The linear relationships between composition (A: glucan; B: xylan; and C: lignin) of raw 

industrial hemp biomass and chemical conversion performances as well as correlation 

coefficients among these parameters (D). The abbreviations are denoted as: G is glucose, X is 

xylose, HMF is hydroxymethylfurfural, and F is furfural. 
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