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28 A comprehensive review of the literature shows that enzyme hydrolysis efficiency decreases

29 with increased solids loadings at constant enzyme:cellulose ratios for pretreated lignocellulosic

30 substrates. In seeking a mechanistic explanation for this phenomenon, we found that a nitrogen

31 atmosphere enhances enzyme hydrolysis and minimizes the decrease in glucose yields as solids

32 loadings are increased in an agitated bioreactor. For liquid hot water pretreated corn stover, at

33 solids loadings of both 100 g/L and 200 g/L and hydrolyzed for 72 hours in a 1L bioreactor at pH

34 5.0 with 3.6 mg protein per g biomass, glucose yields were 55% in a nitrogen atmosphere vs

35 45% in air with agitation and about 34% without agitation. While mixing promotes

36 biomass/enzyme contact and disperses sugars released during hydrolysis that would otherwise

37 cause product inhibition, nitrogen gas displaces air, avoiding deactivation of cellulases by

38 oxygen. The nitrogen effect points to a facile approach of enhancing hydrolysis at high solids

39 loadings.

40 Keywords: cellulases, agitated reactor, corn stover, solids loading effect, nitrogen

41



3

42 Introduction

43 Pretreatment is needed to disrupt the lignin seal, open up the biomass structure and make

44 the cellulose amendable to enzyme hydrolysis1. While acid, alkaline or neutral pH pretreatments

45 may be used, this work addresses liquid hot water (i.e., hydrothermal pretreatment at neutral pH).

46 This represents one of the pretreatments that has been determined to be attractive since no

47 chemicals are added or removed, and since high yields are obtained upon enzyme hydrolysis.2-15

48 Lignocellulosic materials are converted into ethanol for use in biofuels through a processing

49 sequence that entails pretreatment, hydrolysis, fermentation to ethanol, and ethanol distillation

50 and drying.9 Economically viable lignocellulosic ethanol production requires operating at high

51 biomass loadings to minimize sizing of hydrolysis and fermentation vessels, increase product

52 concentrations and decrease recovery costs.2,10 However, the paste-like properties associated

53 with biomass concentrations of 120 g/L and higher lead to difficulties in material handling and

54 mass transport within unit operations in a biorefinery. The major constraint for high-solids

55 occurs during enzymatic hydrolysis of pretreated biomass to extract fermentable sugars. Sugars

56 yields fall with increased solids loading.

57 The decrease in conversion with increasing solids concentration i.e., the solids loading effect, has

58 been attributed to a range of phenomena. Geng et al. (2015), Bals et al. (2013), Palmqvist and

59 Linden (2012) and others have observed decreases in glucan conversion with increasing solids

60 loadings even with good mixing to ensure contact between enzymes and lignocellulosic

61 biomass.16-18 However, at equivalent conditions and constant enzyme:biomass ratios, hydrolysis

62 yields that are independent of solids concentration, while expected, are not observed. Simply

63 adding more enzymes is not an option because they are very expensive. Based on our prior work

64 and a review of the literature, we suspected enzyme instability and / or inhibition to be factors

65 contributing to the solids loading effect and that improving enzyme stability would partially



4

66 alleviate this effect.

67 Many studies have sought to address ways to improve sugar yields at high solids loading. Most

68 have focused on mixing (Table 1)3-5,16,18-41. Others have examined the role of glucose inhibition

69 of cellulases (e.g. end product inhibition). Our laboratories as well as others have identified and

70 examined the role of soluble inhibitors, which of course, increase in concentration along with

71 solids. Soluble inhibitors include phenolic compounds and oligosaccharides, including

72 recalcitrant xyliologomers.1,20,23-26,42,43 Pretreated lignin also inhibits hydrolysis by adsorbing

73 cellulases.4,5,27 Soluble inhibitors can be removed by washing with hot water,28 but insoluble

74 inhibitors and lignin residue remain and reduce enzyme activities.4,24,28,44 Nonspecific binding of

75 cellulases to modified lignin has been addressed by confirming this effect by blocking using

76 BSA 4,45 or a low cost protein source such as soybean46 . One less studied effect is enzyme

77 deactivation from exposure to the air-liquid interface.29,30 In this study, we focused in this last

78 effect and propose an inexpensive solution. For this purpose, corn stover was pretreated with

79 liquid hot-water. Liquid hot-water has been widely applied because it avoids the use of a

80 catalyst (e.g. mineral acid) or expensive solvent, which is often toxic to microbes. This study

81 also uses pelletized biomass, which is favored because it allows for more efficient transport and

82 handling47. Hydrolysis was conducted in well mixed flasks or using a stirred glass vessel with a

83 marine impeller.

84 When the hydrolysis reaction fluid is mixed, an air-liquid interface is created, which can

85 lead to foaming and protein denaturation. One possible source of denaturation is oxidation of the

86 enzymes mediated by molecular oxygen. To test for this, hydrolysis was conducted under air

87 and nitrogen. Adding a nitrogen atmosphere improved hydrolysis. Furthermore, conducting

88 hydrolysis under a nitrogen atmosphere gives consistent extents of glucose production at biomass
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89 concentrations of 100 and 200 g/L for enzyme hydrolysis of pretreated corn stover in an agitated

90 vessel. Purchased enzymes would cost $0.83 per gal for corn stover at conditions used in this

91 work (according to Liu et al. (2016))48 and cost of enzyme continues to be a bottleneck.49,50

92 Nitrogen gas costs between $0.2 to 2 per m3, (https://puritygas.ca/nitrogen-gas-costs/, accessed

93 on 06/17/2020), equivalent to 1.5 to 15¢/gallon, so use of N2 promises to directly lower

94 production costs. The nitrogen effect indicates a potential approach of enhancing hydrolysis at

95 high solids loadings, while minimizing enzyme loading and associated costs.

96 Materials and Methods

97 Each experiment consisted of preprocessing ground corn stover into pellets, adding the

98 pellets into pretreatment tubes containing water, and cooking the pellets under liquid hot water

99 pretreatment conditions.32,33 The material was then washed, filtered, and added to an agitated

100 reactor containing enzyme and buffer, as described below. Variability between replicate

101 experiments was less than 10%.

102 Corn stover, milling and densification

103 Corn stover was harvested in Story County, Iowa in October 2015 using a multi-pass

104 harvest system. The resulting bales were shipped to the full-scale milling facility at DOE’s

105 Biomass Feedstock National User Facility (BFNUF) located at Idaho National Laboratory (INL).

106 A Vermeer BG-480 (Pella, IA) with a 50.8-mm screen followed by a Bliss hammer mill (Ponca

107 City, OK) with 6.35-mm screen were used to process the bales into milled corn stover particles.

108 The milled biomass was then pelletized through a 6.35-mm diameter die with a length to

109 diameter ratio of 12 in a Bliss Pioneer Pellet Mill (B35A-75) at the Bliss Industries, LLC testing

110 laboratory (Ponca City, OK). Pellets in sealed 5-gallon plastic buckets, stored at room

111 temperature, were sent to Purdue University for subsequent experiments.

https://puritygas.ca/nitrogen-gas-costs/
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112 Liquid Hot Water Pretreatment (LHW)

113 The pellets were pretreated in 316 stainless steel tubes, as described by Kim et al. (2009)32. The

114 tubes have length of 4.5 in., an outside diameter of 1.0 in., wall thickness of 0.065 in., and a

115 measured internal volume of 45 ml. These were filled with water, and submersed for 20 min in a

116 fluidized sand bath preheated to 190C. Pretreatment consisted of a 5 min heat-up time to

117 190C, a 15 min hold at 190C (R0 = 9.8), and subsequent quenching at 20C in a bucket of

118 water. The tube was opened, and its contents were placed on Whatman #1 filter paper in a

119 Buchner funnel. Vacuum filtration removed free liquid from the solids and the solids were

120 retained on the filter paper. The ratio of pellet solids to water in these experiments was 15.25 g

121 solids (weighed at 8.35% w/w moisture) to 23.25 g distilled water. Solids content was

122 equivalent to 36% w/w in water. Heat transfer in the sand baths was confirmed by measuring the

123 temperature inside the reactors with a probe. 32 It was similar to the temperatures seen with 10

124 and 15% solids. The pretreated material also had similar composition to pretreated materials at

125 lower solids loadings. One important point here is the pelleted nature of the material was critical

126 to achieve the high solids loading during pretreatment.

127 After vacuum filtration, the wet solids weighed 33 ± 1 g. Two 100 mL aliquots of DI

128 water (temperature ≥ 90°C) were added to the Buchner funnel in two steps. The filtrate

129 contained phenolic and other water-soluble inhibitors. After washing, the weight of the

130 remaining dry solids was 9.0 ± 0.5 g, corresponding to 26.5 ± 1.5% w/w solids content in the

131 pretreated and washed material. Between 36 ± 4% of the starting dry weight was removed by

132 pretreatment and the subsequent washing step, while cellulose and lignin content of the

133 remaining solids increased. The lost weight included partial removal of hemicellulose and lignin

134 (Table 2). The equation of Overend and Chornet (1987)6; log Ro (Ro = t x exp ((T – 100)/ω))
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135 with a value of ω = 4.6 was used to calculate pretreatment severity, log Ro = 9.8.51

136 Enzymes

137 Cellic CTEC2 (150 FPU/mL, 180 mg protein/mL, Sigma-Aldrich, St. Louis, MO) gave

138 eight distinct protein bands in an SDS-Page electrophoresis gel. The protein bands were

139 associated with enzyme major activities for lignocellulose hydrolysis (Supp. Figure 1).

140 Identification of activities associated with the bands utilized Uniprot Consortium database.52-54

141 Protein concentration was measured using a bicinchoninic acid (BCA) protein assay reagent kit

142 (Thermo-Scientific, Rockford, IL) using bovine serum albumin (BSA) as the standard.55 All

143 enzymatic assays were performed in triplicate in citrate buffer, 50 mM, pH 4.8, at 50°C. Activity

144 in filter paper units (FPU) was determined using Whatman #1 filter paper (1 × 6 cm, 50 mg) as

145 substrate, according to previously described standard conditions.56 Total reducing sugars were

146 measured by the dinitro salicylic acid (DNS) method.57 Other chemicals were purchased from

147 Sigma-Aldrich (St. Louis, MO) unless noted.

148 Enzymatic hydrolysis

149 The pretreated and washed solids were slurried in either 50 mL or 600 mL of 50 mM, pH

150 4.8 citrate buffer to which an appropriate amount of enzyme was subsequently added into a

151 shake flask or 1 L agitated Bioflo® reactor (Eppendorf North America, Hauppauge, NY),

152 respectively, containing the corn stover slurries. An enzyme loading of 3.6 mg protein/g dry

153 solids (equivalent to 3 FPU/ g pretreated and washed solids, dry basis) was used to carry out

154 hydrolysis (50 mL slurry in 250 mL flasks) at 50ºC for 72 hours in an New Brunswick™

155 Innova® 44 orbital shaker (Eppendorf North America, Hauppauge, NY (0 or 200 RPM)) or in the

156 1L stirred reactors (600 mL slurry) with dual marine impellers (Supp. Figure 2) at 0 or 290 rpm,

157 respectively. Solids were loaded into the shake flasks or reactors to obtain 10, 100 and 200 g/L
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158 (dry weight basis) with enzyme solutions added to the top of the surface of the corn stover

159 slurries at the beginning of each experiment.

160 For experiments on air-free reactions, the headspace was purged using N2 flowing at

161 1.5L/hr for 2 hours into each of three 1L glass Bioflo® vessels (Eppendorf North America,

162 Hauppauge, NY) wrapped in heating pads and equipped with dual, marine impellers powered by

163 overhead stirrer motors (Supp. Figure 2). Temperature and mixing (at 290 RPM) were

164 controlled by a Bioflo® 115 control tower. Dissolved oxygen was measured by cutting off the

165 flow of air and inserting, 10 cm into the reactor, an InPro6850i polarography probe (Mettler

166 Toledo, Switzerland), calibrated against 100% saturation levels of oxygen (air) in deionized

167 water in water at equivalent conditions. Since the enzyme formulations contained lytic

168 polysaccharide monooxygenase (LPMO), initial oxygen levels were above 100% saturation since

169 the hydrogen peroxide generated by LPMOs decomposes to oxygen and water and thereby

170 increase dissolved oxygen.31,58 For hydrolysis in the presence of air, the headspace was purged

171 with air at equivalent conditions. Shake-flask runs in the New Brunswick™ Innova® 44 orbital

172 shaker (0 or 200 RPM) provided a baseline comparison to typical laboratory scale enzyme

173 hydrolysis in the presence of air. Hydrolysis in both shaker flasks (Figure 1A) and 1 L agitated

174 bioreactors (Figure 1B) utilized the same starting materials for these studies.

175 Analyses of the hydrolysates were by Aminex-H87 (Bio-Rad, Hercules, CA) HPLC

176 column with 50 mM H2SO4 mobile phase at a flowrate of 0.6 mL/min. Enzymes in 2 mL

177 aliquots of hydrolysate were deactivated by boiling for 5 min. After centrifugation at 13,000

178 rpm for 3 min and at ambient temperature in 1.5 mL microfuge tubes, decanted supernatant was

179 clarified by passing through a 0.2 mm Acrodisc1, nylon syringe filter. Glucan conversion, y,

180 was calculated on a weight basis, using the relation y = 100 * G/(B * X * 1.11) where G
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181 represents measured glucose, B weight of biomass, X fraction of glucan (cellulose), and 1.11 the

182 factor that represents weight gain due to water added across the glycosidic bond upon hydrolysis.

183 Yield stress measurements

184 The apparent yield stress of corn stover slurries was determined using an Anton Paar

185 MCR 702 rotational rheometer in controlled shear rate mode with a fixed glass starch cell fixture

186 (inner diameter of 56 mm) in a flexible cup-holder mount. This 24 mm diameter fixture has an

187 active length of 30 mm to minimize particle settling. Samples were placed in the cell and

188 allowed to equilibrate (rest) for 15 min after the fixture was lowered into the cell. The flow

189 behavior of each sample was measured by performing flow curve experiments, in which the

190 magnitude of shear stress was monitored over time as the sample experienced logarithmically

191 increasing applied shear rates from 0.1 to 100 s-1. A single value of yield stress was determined

192 from each flow curve experiment as the local shear stress maximum at applied shear rates less

193 than 5 s-1.41,59 Flow curve experiments were performed in triplicate to determine an average

194 apparent yield stress value for each corn stover slurry sample.

195 Statistical analysis

196 Origin Pro 2020 software (OriginLab Corp., Northampton, MA) with statistical

197 significance set at α = 0.05 was used for calculations, data analysis, and graphing.

198 Results and Discussion

199 Enzymatic Hydrolysis in Shake Flasks

200 Shaker flasks agitated using an orbital shaker is the most common apparatus used to

201 conduct hydrolysis experiments at a laboratory scale. Thick slurries mixed in a shaker resist the

202 swirling action, likely resulting in uneven distribution of cellulases and localized pockets of
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203 enzymes and inhibitors that compromise hydrolysis efficiency.16,60 We gauged the magnitude of

204 this effect by comparing hydrolysis at equivalent compositions of pretreated and washed corn

205 stover slurries at mass loadings of 10, 100, and 200 g/L, respectively.

206 The difference between mixing (200 RPM) vs. no mixing (0 RPM) is statistically

207 significant at a 10 g/L loading (Figure 1A), with 51% conversion of glucan to glucose obtained

208 after 72 hrs at an enzyme loading of 3.6 mg enzyme/g pretreated and washed solids versus 45%

209 with no mixing (p-value < 0.05). Conversions for 100 and 200 g/L solids loadings in flasks

210 placed in an orbital shaker are similar, whether hydrolysis is carried out by mixing at 200 rpm

211 (Fig 1A). Hence, runs at quiescent conditions (such as in a microfuge tube) suffice for gauging

212 hydrolysis conditions at industrially relevant solids loadings. However, these conversions do not

213 necessarily indicate maximum hydrolysis yields achievable with mixing and are consistent with

214 previous works that used a variety of mixing methods (Table 3).

215 It should be noted that high enzyme loadings (12 mg protein/g solids) disguise the impact

216 of mixing and inhibitor effects since nearly complete hydrolysis of corn stover occurs (data not

217 shown). Enzyme loadings of 3.6 mg protein/g solids were therefore used in our study to avoid

218 this masking effect. The lower loadings are consistent with previously reported levels of enzyme

219 added to pretreated hardwood, wheat, corn stover, and sugarcane bagasse in shake-flask

220 hydrolysis experiments.4,44,61

221 Yield Stress of Lignocellulose

222 Yield stress, a key indicator of slurry mixing for dilute acid pretreated corn stover,

223 increases with particle size and/or particle volume fraction in a slurry that exhibits pseudoplastic

224 behavior.34,41 Through our flow curve experiments, we found the average yield stress for
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225 untreated corn stover derived from pellets was 772 ± 96 Pa (Figure 2) compared to literature

226 values of 1,000 to 10,000 Pa for 200 g (initial) solids/L of diluted acid pretreated corn

227 stover.41,62,63 Yield stress of the untreated slurry gives an important reference point since it has

228 the largest yield stress during mixing. The fluid flows and mixing occurred at stress values

229 greater than the apparent yield stress, as confirmed by visual inspection at 132 rpm with a shear

230 rate of 73.6 s-1 and impeller tip speed of 1.17 m/s, corresponding to 290 RPM in the 1 L Bioflo

231 stirred reactor. The shear rate ẏ = υ/h is obtained from the velocity υ = RPM (0.10472r); where h

232 is the gap between the tip of the agitator and reactor wall, and r the impeller radius.64

233 Enzymatic Hydrolysis: Shake Flask vs Stirred Bioreactors

234 In the absence of mixing and presence of air, glucose yields in shake flasks (Figure 1A,

235 open columns) were higher than in the stirred reactor (compare Figure 1A and 1B) (p < 0.05)

236 although the difference was small at equivalent solids loadings. Vigorous mixing in an agitated

237 bioreactor minimizes differences at the lowest loading of 10 g/L.

238 For mixed and unmixed slurries at 10 g/L in the bioreactor with the marine impeller,

239 contact of water and enzyme readily occurs in dilute suspension (i.e., 10 g/L). There is no

240 statistical difference for mixed and unmixed slurries at 10 g/L solids loading (Figure 1B) in the

241 presence of air. Significant decreases in free liquid occur at 100 g/L and very little free liquid is

242 visible at 200 g/L. Hence, at higher loadings the contact between the water-soluble enzyme and

243 insoluble lignocellulosic substrate requires forced mixing. Mixing improves yields from 34%

244 (not mixed) to 45% (mixed). Palmqvist et al. 18,35 showed that a high impeller speed increased

245 glucose yield for 100 g/L (dry basis) acid pretreated corn stover solids. This is consistent with

246 our hydrolysis runs for hydrothermally (e.g. no acid added) pretreated corn stover at 200 g/L in

247 the presence of air (Figures 3A and 3B).
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248 Mixing with an impeller changes the interactions among enzymes, substrates, products,

249 inhibitors, and air. Washed, pretreated biomass has lower concentrations of liquid hot water

250 prtreatment-derived inhibitors,28,32 although insoluble lignin inihibitors are still present.1,24,36

251 Also, at high solids and high conversions, glucose, cellobiose, xylose, phenolic compounds and

252 oligomers, all of which are enzyme inhibitors, accumulate locally with higher concentrations

253 than in a well-mixed bulk phase.20-22 A study at low solids loadings (10 g/L) in shaker flasks

254 using 10 mg/mL Avicel (a lignin-free microcrystalline cellulose) showed that air entrained into

255 the slurry would deactivate cellulolytic enzymes.30 For our experiments with corn stover, unlike

256 avicel, there is minimal difference between non-agitated and agitated hydrolysis reactions at

257 solids loadings of 10 g/L in the presence of air (Figure 1B, 10 g/L), although differences become

258 apparent at 100 and 200/L suspended in 600 mL volumes. If “free fall mixing” (resembles a

259 cement mixer) is used instead of mechanical agitation of a slurry, a solids loading effect is also

260 observed.19

261 Combination of air-restricted conditions and improved mixing

262 Mechanical action promotes contact of a third phase, air, with enzyme and may

263 deactivate cellulolytic enzymes.30,31 An air-restricted or microaerobic condition is necessary if

264 the air-liquid interface and the air deactivation of cellulases is to be eliminated. Hydrolysis

265 under air-free conditions should enhance yields at the same degree of mixing. When the

266 headspace of agitated reactors (290 RPM) were blanketed with N2 to remove air, hydrolysis

267 yields were higher at all three solids concentrations and there was no difference in glucan

268 conversion with increasing solids loadings (Figure 3). In the case where hydrolysis and

269 fermentation of the formed glucose occurs simultaneously, the generated CO2 could displace air

270 and possibly mitigate enzyme deactivation, although the current work did not test this

271 hypothesis. Hence, selection of an optimal mixing strategy for biomass slurries in an agitated
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272 reactor must consider all three phases: solid, liquid, and gas.

273 Measurement of dissolved oxygen shows that it decreases and then stabilizes during the

274 first 2 hours of hydrolysis and mixing, for reactors not purged with N2 (Figure 4). The lowest

275 biomass concentration (10 g/L) corresponds to the highest dissolved oxygen (DO) level, and the

276 highest (200 g/L biomass) corresponds to the lowest DO (Figure 4). Bhagia et al. (2018)30

277 demonstrated that larger liquid-air interfaces at solids loadings of 10 g/L, lead to greater

278 deactivation of cellulases and lower conversions. This is particularly noticeable at the lower

279 enzyme loadings of 3.6 mg/g solids used in this work and where excess activity would not mask

280 deactivation effects. These data indicate the beneficial effect of using a nitrogen atmosphere

281 occurs within the first two hours at the highest solids loading. Furthemore, monooxygenase

282 (present in the commercial cellulase used here) also affects measurement of dissolved oxygen

283 levels, since this enzyme generates ROS that in turn results in high background readings for the

284 type of DO probe used here (Figure 4).

285 The LPMO’s (i.e., monoxygenases) present in some commercial cellulase preparations1,

286 such as the one used in this study, utilize oxygen to generate reactive oxygen species (ROS) and

287 enhance cellulose hydrolysis, reducing exposure of cellululytic enzymes to oxygen. However,

288 too much ROS may also deactivate cellulases over time.31 When nitrogen is purged into a

289 bioreactor fluid that includes LPMO’s, the gas displaces oxygen, decreasing both ROS and

290 enzyme deactivation resulting in higher cellulolyic activity.31 In this sense, our results show the

291 interesting and important finding that controlling deactivation using a nitrogen atmosphere

292 mitigates the solids loading effect for cellulose hydrolysis. Deactivation effects due to air in

293 stirred vessels have also been described for lipases and lysozyme, in addition to cellulases.30,36

294 The deactivation coefficient is directly proportional to the mass transfer coefficient kLa
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295 consisting of kL – rate constant for oxygen gas transfer into liquid and a – interfacial area.65

296 While we are not aware of other kLa data for lignocellulose slurries, for viscous cassava starch

297 the net value of kLa decreases as solids loading increase, hence suggesting some protective effect

298 could be achieved at high solids.37,65

299 Conclusions

300 The combination of agitation with a nitrogen atmosphere points to operational factors and

301 mechanisms that mitigate the solids loading effect and possibly enhance enzyme hydrolysis by

302 removing air-based deactivation of enzymes. This effect merits further research for

303 lignocellulosic substrates since it has the potential to simplify enzyme formulations by achieving

304 a decrease in dissolved oxygen using a gas rather than an added enzyme (an oxygenase) to

305 achieve a similar effect. This approach enables the concentration of pretreated solids to be

306 increased, while avoiding a decrease in the extent of enzyme catalyzed cellulose hydrolysis when

307 the enzyme:cellulose ratio is kept constant.
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515 Figure Captions

516 Figure 1. (A) % glucan conversion for 50 mL slurry of pretreated corn stover in 250 flasks; with

517 or without shaking (B) % glucan conversion for 600 mL pretreated corn stover slurry in 1 L

518 agitated reactor. Conditions: 72 h, pH 4.8 (50 mM citrate buffer), 3.6 mg (Cellic CTEC2)

519 protein/g dry solids). Columns are averages of triplicates and error bars show 95% confidence

520 interval.

521 Figure 2. Yield stress as shear rate increases: 200 g solids/L of untreated corn stover compared

522 to estimated impeller speeds in the rheometer and stirred reactor. Error bars indicate 95%

523 confidence interval of triplicate measurements.

524 Figure 3. Glucan conversions of pretreated corn stover in a 1L bioreactor with N2 purged mixed

525 reactor compared to air exposed reactions with or without mixing after 72 hours and 50C. Total

526 volume: 600 mL, at pH 4.8 and impeller speed of 290 RPM. Conditions the same as Figure 1.

527 Columns are averages of triplicates and error bars show 95% confidence interval. Data for

528 experiments with air is the same as shown in Figure 1.

529 Figure 4. DO in a 1L bioreactor with dual marine impellers (290 RPM) at different solids

530 loadings. Hydrolysis at 50°C, pH 4.8, 3.6 mg (Cellic CTEC2) protein/g dry solids.100% DO,

531 base level equivalent to DI water, saturated with air at 50°C and 290 RPM. Trend lines are the

532 best model fit identified by OriginPro 2020. For 10 and 200 g/L, the model used is the nonlinear

533 Boltzmann equation. For 100 g/L, the model used is a modified Gaussian model.

534 Supplemental Figure 1. Cellic CTEC2: SDS-PAGE showing MW of 6.5 to 200 kDa. Enzyme

535 components correspond to Uniprot Consortium data (2017).

536 Supplemental Figure 2. Bioreactor showing impeller configuration with dimensions.

537

538

539
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540 Table 1. Deleterious factors of lignocellulose enzymatic hydrolysis.

541

Factor Solutions References
Soluble inhibitors Hot water washing* Kim et al., 2009, 201332,33

McMillan et al., 201128

Ximenes et al., 2010b26

Insoluble inhibitors Protein blocking Kim et al., 20154

Ko et al., 2015a, 2015b5,27

Ximenes et al., 2010a25

Kumar et al., 20123

Product inhibition Simultaneous
saccharification and
fermentation

Jørgensen et al., 200719

Kristensen et al., 200920

Hong et al., 198121

Ladisch et al., 198022

Absence of complete Mixing Different mixing methods
and geometries*

Jørgensen et al., 200719

Roche et al., 2009a34

J. Zhang et al., 200938

X. Zhang et al., 200939

Geng et al., 201516

Ramachandriya et al., 201340

Palmqvist et al., 201135

Palmqvist and Lidén, 201218

Enzyme deactivation by air/oxygen Anaerobic conditions*
Amphiphilic additives

M. H. Kim et al., 198229

Scott et al., 201631

Bhagia et al., 201830

542*indicate methods used in this work.

543
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544 Table 2. Composition (%) of pelletized corn stover before and after liquid hot water pretreatment
545 at 190°C, 20 min.

  Untreated Pelletized Corn Stover Pretreated Pelletized Corn Stover

Cellulose 35 ± 2 50 ± 1
Hemicellulose 20.2 ± 1 10 ± 2
Insoluble lignin 16.5 ± 0.5 33.5 ±0.5

Soluble lignin 2.2 ± 0.1 1.7 ± 0.3
Total lignin 18.5 ± 0.5 35.0 ± 0.4
Extractives 15.5 ± 1.5 -
Ash 3 ± 1 5.1 ± 0.1
Total 91 ± 1 99 ± 3

546
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Table 3. Summary of previous reports on hydrolysis of pretreated biomass at increasing solids loadings.

Biomass Pretreatment Washing? Enzyme
(loading)

Mixing
process

Solids
loading

Glucan Conversion Reference

48 hours 72 hours 96 hours
Wheat
straw

Steam pretreated
80°C for 6 mins
followed
195-205°C for
6-12 min

No Celluclast
15L +
Novozyme
188
(7 FPU/g
solids)

Horizontal
reactor

20 g/L - - 87.5% Jørgensen et al.,
200719200 g/L - - 60%

400 g/L - - 40%

Corn
stover

Diluted acid
48 mg acid/g dry
biomass
190°C, 1 min

Yes GC220
(20 mg
protein/g
glucan)

Shaker flask 150 g/L - 60% 65% Roche et al.,
2009b66200 g/L - 40% 45%

300 g/L - 30% 25%
Roller bottles 150 g/L - 80% 85%

200 g/L - 70% 70%
300 g/L - 50% 55%

Corn
stover

Diluted acid
0.8% sulfuric
acid
158°C, 10 min

Yes Cellic
CTEC2 +
Cellic
HTEC2
(5 FPU/g
solids, 7.21
mg protein/g
solids)

Conical tube
rotated in a
hybridization
reactor with
added steel
balls

50 g/L - - 78.4% Geng et al.,
201516100 g/L - - 76.3%

150 g/L - - 73.2%

Pelletized
Corn
stover

AFEX 1 kg
ammonia/kg dry
biomass, > 80°C

No Cellic
CTEC3 +
HTEC3
(10 FPU/g
glucan)

Incubator
shaker (150
RPM)

30 g/L - 73% - Bals et al.,
201417180 g/L - 68% -

Biomass Pretreatment Washing? Enzyme Mixing Solids Glucan Conversion Reference
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(loading) process loading

48 hours 72 hours 96 hours

Hardwood
pulp

Kraft pulped
from mill

NA Celluclast
15L +
Novozyme
188
(20 FPU/g
glucan)

Peg Mixer 20 g/L - 100% 100% X. Zhang et al.,
200939

200 g/L - 80% 80%

Eastern
redcedar

Diluted acid
3.75% sulfuric
acid
20% sodium
bisulfite
90°C, 3 hours,
150 RPM
followed by
200°C, 10 min

Yes Accelerase®
1500
(46 FPU/g
glucan)

Shaker flasks
at 250 RPM
with added
steel balls

20 g/L - - 82.4% Ramachandriya
et al., 201340

160 g/L - - 82.5%

200 g/L - - 75.2%

Arundo
donax

Steam explosion
2.5% sulfur
dioxide
210°C, 5 min

Yes Cellic
CTEC2
(0.1g
solution/g
solids)

Anchor
impeller
(controlled
power input)

100 g/L 40.8% - - Palmqvist and
Lidén, 201218

150 g/L 35.1% - -

200 g/L 30.3% - -

Norway
spruce

100 g/L 44.0% - -

150 g/L 34.4% - -

200 g/L 27.6% - -
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