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Abstract

Up to 90% of Dunaliella salina biomass remains unused after extraction

of the main product β-carotene. The potential of mild hydrothermal

liquefaction (HTL) to exploit this biomass as a source of valuable by-

products was assessed. The results indicate that 80% of the remnant was

converted into glucose by mild HTL (100 ◦C, 0 min). The recovered glucose

was successfully used as a carbon source to cultivate biotechnologically

relevant microorganisms, namely Chlorella vulgaris, Escherichia coli and

Saccharomyces cerevisiae. Furthermore, the analysis of energy demand and

operating costs confirms the beneficial effect of mild liquefaction on the

overall process economics of algal β-carotene production.
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1. Introduction1

In recent years, hydrothermal liquefaction (HTL) has become an attractive2

subject of research, especially in the area of microalgal biofuel generation3

(Orfield et al., 2014). The approach has the clear advantage to use water as4

reactant, allowing high moisture contents of the biomass (Yang et al., 2004).5

In microalgal processes biomass dewatering is one of the most cost-intensive6

steps in the production. Thus, product extraction technologies which oper-7

ate efficiently with wet biomass are in great demand. In addition, the bio-oil8

yield under typical HTL conditions is significantly higher compared to that of9

conventional extraction because carbohydrates and proteins are partly con-10

verted into organic solubles as well (Frank et al., 2013; Delrue et al., 2013).11

In general, liquefaction leads to the hydrothermal conversion of solid biomass12

into a bio-crude, an aqueous and a gas fraction. Furthermore, also uncon-13

verted biomass remains as solid residue. The reaction is operated at high14

temperatures of 300-350 ◦C and pressures of 5-20 MPa (Chen et al., 2015).15

However, various studies demonstrated significant product yields even under16

milder conditions (e.g. Gai et al. (2015); Minowa et al. (1995)). During17

the time course of liquefaction, the initial hydrolysis and depolymerization18

compete with repolymerization at a later stage (Gai et al., 2015). The frac-19

tions obtained by the hydrothermal treatment are strongly dependent on the20

biochemical composition of the applied biomass (Biller and Ross, 2011). Nev-21

ertheless, the study of Yu et al. (2011) revealed, that even low-lipid biomass22

can be attractive for bio-oil production, which is the main product of interest23

of the liquefaction. However, there are various other valuable components24
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found in the product fractions, e.g. nutrients, organic acids, alkanes, alkenes,25

cyclic ketones and phenols and nitrogenous organic compounds (Brown et al.,26

2010; Biller and Ross, 2011; Pham et al., 2013). To achieve an optimal val-27

orization of the product fractions of HTL, researchers are looking for possible28

applications of the aqueous phase obtained in liquefaction besides the already29

exploitable bio-oil phase. One successfully investigated approach is the nutri-30

ent recycling from the aqueous phase for microalgae cultivation (López Bar-31

reiro et al., 2015; Hognon et al., 2015; Biller et al., 2012).32

The green microalga D. salina is an industrially used production organism33

of natural β-carotene. After extraction of the pigment up to 90% biomass34

remains unexploited in the process. The valorization of this remnant biomass35

can improve the overall process economics significantly. With β-carotene ex-36

traction by organic solvents, the main fraction of triglycerides in the biomass37

is extracted as well. Thus, conventional liquefaction of the remnant biomass38

seems not to be promising for lipid-based biofuel production at the first39

glance. As the alga has no rigid cell wall, cell constituents are easily accessi-40

ble and due to the small cell size a rapid heat transfer during liquefaction is41

possible. This could facilitate the release of other valuable products from the42

remnant biomass. The present work aims for the assessment of mild HTL43

of extracted D. salina biomass. Initially, the macromolecular and elemental44

biomass composition was determined to identify possible liquefaction prod-45

ucts. Under consideration of the process economics, moderate temperatures46

between 100-200 ◦C were investigated in the absence of a catalyst. There-47

after, the recovered glucose-containing aqueous phase was used as carbon48

source for mixotrophic or heterotrophic cultivations of three different mi-49
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croorganisms. One of the main challenges of HTL is the considerable energy50

consumption due to the high operation temperatures and pressures used in51

the process. Therefore, energy consumption and operating costs for the ap-52

plied liquefaction condition of D. salina were calculated to finally evaluate53

the results.54

2. Materials and Methods55

2.1. Origin and composition of the biomass56

D. salina biomass was purchased as a carotenoid-containing dried powder57

from Denk Ingredients GmbH, Germany (Art. no: 967996). Prior to hy-58

drothermal treatment, pigments were extracted to get remnant biomass. The59

extraction was carried out for 5 h using a Soxhlet extractor and n-hexane as60

extraction solvent. After the solvent has been evaporated in a rotary evapo-61

rator, the concentrated extract as well as the extracted biomass were dried62

overnight, respectively. The lipid content of the raw biomass was estimated63

from the weight of the dried, solvent free extract. The fraction of carotenoids64

in the biomass was measured spectroscopically using the protocol of Licht-65

enthaler (2001).66

The carbon, hydrogen, nitrogen and sulfur (CHNS) contents in the remnant67

biomass were analyzed by elemental analysis (Currenta, Germany). Mois-68

ture and ash contents of the extracted D. salina powder were determined69

by weight difference of samples prior and after overnight drying at 100 ◦C70

and 450 ◦C, respectively. The concentration of carbohydrates was quantified71

based on glucose by an enzymatic test kit (R-Biopharm AG, Germany). The72

method of Lowry was used for protein content determination (Lowry et al.,73
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1951).74

2.2. Mild hydrothermal liquefaction of remnant biomass75

A 200 mL stainless steel batch reactor (Picoclave 3, Büchi Labortechnik76

GmbH, Germany) was used to hydrothermally liquefy the D. salina biomass.77

Therefore, a slurry containing 6 g of the extracted biomass mixed with78

100 mL bidistilled water was placed in the reactor. After sealing the re-79

actor, the headspace was purged by nitrogen for 5 min to remove air. During80

an experiment the suspension was mixed with a frequency of 1800 rpm. The81

reactor was operated at temperatures and reaction times between 100-200 ◦C82

and 0-60 min, respectively. Once the set point of temperature was reached,83

the reaction time was registered. For 0 min reaction time, the heating process84

was directly stopped after reaching the set temperature. The time courses85

of temperature, pressure and stirrer frequency were recorded (Büchi log’n86

see bls2, Büchi Labortechnik GmbH, Germany). After cooling down, the re-87

actor content was transferred through a preweighted filter into a separation88

funnel. To collect any remaining lipophilic products, the reactor and stir-89

rer were rinsed with 60 mL n-hexane. Afterwards, the n-hexane mixture was90

passed through another preweighted filter into the separation funnel contain-91

ing the aqueous phase. Filters were dried and oil residuals in the filter and92

on the solid surface were recovered by applying 30 min Soxhlet extraction93

using 60 mL n-hexane. Afterwards, filters were dried again and weighted to94

determine the yield of the solid phase. The immiscible water-hexane system95

in the separation funnel was intensively mixed to extract all bio-oil products96

into the hydrophobic phase. After that, the biphasic mixture was allowed to97

separate into an aqueous and a hydrophobic n-hexane phase. To recover the98
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bio-crude the n-hexane phase was mixed with that obtained during Soxhlet99

extraction of the filters and evaporated at 40 ◦C and reduced pressure. For the100

quantification of the bio-crude fraction the remaining lipophilic substances101

were dried overnight. The yields of all product fractions were calculated102

based on the dry weight of the used biomass. The yield of the aqueous phase103

was determined by weighting two 6 mL samples of the aqueous phase after104

overnight drying. The yield of the gas phase was calculated as subtraction105

of the yields of aqueous, solid and bio-crude phase from 100%. Since the106

yield of the aqueous phase clearly exceeded that of the other phases, detailed107

investigation was done to identify its chemical compounds.108

2.3. Analysis of the aqueous phase109

Concentrations of glucose, fructose, sucrose, galactose and glycerol were110

determined in duplicates or triplicates using substrate specific enzymatic111

test kits (R-Biopharm AG, Germany) based on absorbance measurements112

at 340 nm. Nutrient concentrations were determined by ion chromatogra-113

phy (930 compact IC flex, Metrom, Switzerland). Therefore, concentrations114

of anions were measured using a Metrosep A Supp 5 column at 35 ◦C, an115

eluent containing 3.2 mM Na2CO3 and 1 mM NaHCO3 and a flow rate of116

0.7 mL min−1. Cations were measured using a Metrosep C6 column at 45 ◦C,117

an eluent containing 1.7 mM HNO3 and 1.7 mM C7H5NO4 and a flow rate118

of 0.9 mL min−1.119
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2.4. Cultivation of different microorganisms on glucose obtained from the120

aqueous phase121

Cultivation experiments were conducted using microbial representatives of122

highly relevant production organisms in biotechnology, which are already123

industrially applied for the production of a wide range of products (see Sec-124

tion 3.5 for more details). Chlorella vulgaris SAG 211.12, Escherichia coli125

MG1655 and Saccharomyces cerevisiae Y187 were used as model organisms126

for algae, bacteria and yeast, respectively. C. vulgaris was grown mixotroph-127

ically at a pH of 7.1 in 300 mL shaking flasks containing 100 mL BG11128

medium (Stanier et al., 1971) with 0.5% glucose. The cultivations were car-129

ried out in a rotary shaking incubator as previously described in Pirwitz et al.130

(2015b). E. coli was cultivated aerobically in 500 mL shaking flasks filled131

with 75 mL LB medium (tryptone 1%, yeast extract 0.5%, sodium chloride132

0.5%, glucose 0.5%) adjusted to a pH of 7. The cultivation occurred at 37 ◦C133

and a mixing frequency of 200 rpm. Growth experiments with S. cerevisiae134

were carried out under aerobic condition using 500 mL shaking flasks filled135

with 100 mL YPD medium (tryptone 2%, yeast extract 1%, glucose 2%).136

The cultures were incubated at 30 ◦C and 200 rpm.137

In preparation of all cultivations, the respective glucose concentration (see138

above) in the control media was adjusted by addition of purchased glu-139

cose (Sigma-Aldrich, USA). The glucose concentration in the individual test140

medium was adjusted by adding appropriate volumes of the aqueous phase141

(∼48 g L−1) obtained by mild HTL (100 ◦C, 0 min) to reach concentra-142

tion equal to the corresponding control medium. That means that approx-143

imately 10 mL aqueous phase per 100 mL LB as well as BG11 or 42 mL144
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per 100 mL YPD were added to the medium before the water and pH ad-145

justment was done. All other media ingredients were identical in source and146

concentration to the above described control media recipes. The pH in the147

control and test media was adjusted to the same value.148

The growth of all microorganisms was followed by absorbance measurements149

of the cultures at 735 nm for C. vulgaris or 600 nm for E. coli and S. cere-150

visiae. The glucose consumption was determined in filtrated supernatants151

of the cultures by the previously mentioned enzymatic assay kit (see Section152

2.3).153

2.5. Energy and operating cost analysis of hydrothermal biomass conversion154

2.5.1. Process model description155

To calculate the additional energy demand and operating costs for the glucose156

generation from remnant biomass, the process model described by Pirwitz157

et al. (2015a) was extended by the process unit of liquefaction. The energy158

consumption of liquefaction comprised the energy required for water and159

slurry pumping, for mixing as well as for heating. Pumping and mixing160

work was calculated according to the assumptions made in the process model161

(Pirwitz et al., 2015a). The energy required for the heating of the algal162

slurry containing 6% dry weight biomass was estimated by the heat capacity163

equation:164

Q = cpi · ∆T ·mi (1)

where Q is the heat energy required in kJ, cpi is the heat capacity of the com-165

ponent i (water or algae biomass) in kJ kg−1 K−1, ∆T is the temperature166
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change in K and mi is the mass of species i in kg. Liquefaction was assumed167

to be operated in a continuous, isolated reactor with a working volume of168

400 L. The reactor was simulated to be heated from 20 ◦C to 100 ◦C by a169

conventional boiler in combination with a heat exchanger with an efficiency170

of 80% (Delrue et al., 2013). The heat capacity of algal biomass was set171

to the value 1.25 kJ kg−1 K−1 (Orosz and Forney, 2008). After liquefaction172

the reaction mixture was separated in a separation unit. The biomass con-173

centration as well as the biomass conversion and the yield of glucose were174

adopted from the results of the mild HTL experiment at 100 ◦C presented175

in this study. The total revenue of glucose was estimated considering the176

recent commodity price of 747.55 USD t−1 published by the United States177

Department of Agriculture (Department of Agriculture, 2016).178

2.5.2. Statistics179

For the consideration of uncertainties of the parameter values used in the180

process model, Monte Carlo simulation was applied using 5 x 105 indepen-181

dent normally distributed samples to analyze the impact on the predictions.182

The variances were defined in dependence of the used parameters. A variance183

of σ2
parameter = (0.25/3µparameter)

2 was assumed for parameters derived from184

literature, which is 3 standard deviations corresponding to 25% of the nom-185

inal parameter. For the determined experimental parameters, the observed186

experimental variances were used. The simulations of the process proposed187

model were done using Matlab (MathWorks).188
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3. Results and discussion189

3.1. Biomass composition190

One crucial factor affecting the product yields of HTL is the composition of191

the biomass. Therefore, the biochemical and elemental compositions of the192

used D. salina powder were analyzed (see Table 1). In the following, the193

optional uses of the remnant biomass are considered shortly.194

Lipids and carotenoids in the biomass were removed by initial extraction,195

making the remnant unattractive as a source of lipid-based fuels or unsatu-196

rated fatty acid at first sight. However, the works of Biller and Ross (2011)197

and Yu et al. (2011) demonstrate, that the liquefaction of low-lipid contain-198

ing biomass can also lead to efficient bio-oil production since the source of199

bio-oil in the biomass is not only the lipid fraction but also the protein and200

carbohydrate fractions. Thus, it seems possible to achieve adequate bio-oil201

yields even with the extracted biomass.202

Due to the need of nitrogen deprivation during β-carotene production in D.203

salina, the biomass is low in nitrogen (<0.2) and consequently has a low204

protein content (<9%). It is therefore not highly feasible to use the remnant205

biomass as protein source for animal feed. Another approach, also reported in206

literature, is the recycling of nutrients recovered from the aqueous phase af-207

ter liquefaction into the cultivation unit (López Barreiro et al., 2015; Hognon208

et al., 2015). However, in the present work the ash content, and thus the209

mineral salt content is negligible, reducing the potential for sustainable nu-210

trient recycling.211

The heating value of the extracted biomass was calculated according to the212

Boie equation (Boie, 1953). With a value of 17.32 MJ kg−1 it is low com-213
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pared to lignocellulosic biomass or coal, but similar to other algal feedstocks214

(Daneshvar et al., 2012; Chen et al., 2015). Accordingly, direct combustion215

of the biomass comparable to lignocellulose containing feedstocks does not216

seem to be promising.217

Interestingly, with 85.6% the carbohydrate content of the used D. salina218

remnant is remarkably high which once again can be explained by the nitro-219

gen deprivation under production conditions. In this state, proteins in the220

biomass are decomposed and lipids as well as carbohydrates serve as storage221

molecules for cell maintenance. As the major fraction of the storage lipids222

was removed by extraction, the remnant biomass mainly consists of carbo-223

hydrates. This macromolecule class can serve as precursor of fine chemicals224

and fuels.225

All in all, two potential approaches to valorize the residual biomass need to be226

further investigated. On the one hand, there is the possibility to achieve sat-227

isfactory biofuel yields comparable to the above mentioned low-lipid biomass.228

On the other hand, in terms of process economics the extraordinary high car-229

bohydrate content of the biomass seems to be the most promising by-product230

in the overall process.231

3.2. Influence of the reaction time on HTL yields232

To examine the impact of the reaction time on the yields of the gas, solid,233

bio-crude and aqueous fractions, liquefaction experiments were carried out234

for 0, 30 and 60 min at 160, 180 and 200 ◦C, respectively (see Fig. 1). There is235

no clear correlation between the reaction time and the product yield. For the236

liquefaction at 180 ◦C and 200 ◦C, a slight increase of the bio-oil phase was237

visible while at the same time the aqueous phase yield declined marginally.238
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A similar behavior was described by Yu et al. (2011) for the low-lipid alga239

Chlorella pyrenoidosa. With respect to the biomass conversion, the lique-240

faction experiment at 200 ◦C resulted in a decrease with prolonged reaction241

time, showing possible initiation of repolymerization. During longer reaction242

times, the repolymerization reaction starts to compete with the initial hy-243

drolysis and depolymerization processes and leads to higher solid yields (Gai244

et al., 2015). In all cases, most of the biomass was converted into aqueous245

phase components regardless of the reaction time. With increasing temper-246

ature and time, the color of the aqueous phase turned from light yellow into247

deep brown (data not shown). In parallel, the solid yield slightly increased248

to a maximum of up to 8%. These observations could be a first indication249

of a high sugar content in this phase as sugars tend to visibly oxidate at250

higher temperatures. For comparison, in the study of Biller and Ross (2011)251

a solid yield of up to 20% was attained after HTL of the model compounds252

glucose and starch, demonstrating that carbohydrates are partly converted253

into solids during HTL.254

3.3. Influence of the reaction temperature on HTL yields255

The impact of the reaction temperature on the yields of the product frac-256

tions is illustrated in Fig. 2. The temperature was varied from 100 to 200 ◦C257

in 20 ◦C intervals. The reaction time was constantly fixed at 0 min, which258

means that the heating process was directly stopped after reaching the set259

reaction temperature. Obviously, the yield of the solid phase declined from260

15% to 5% with increasing temperature. In contrast, the gas fraction in-261

creased in line with the temperature which can be explained by more in-262

tensive hydrothermal gasification at higher temperatures (Gai et al., 2015).263
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Both observations are characteristic for hydrothermal liquefaction of microal-264

gal biomass (López Barreiro et al., 2014; Yu et al., 2011). Nevertheless, in265

all experiments, the yield of the gas fraction was relatively low.266

2-6% of the extracted biomass was converted into biocrude by mild HTL267

which is not sufficient for the purpose of biofuels. This phenomenon can268

be attributed to the previously mentioned degradation of macromolecules269

like proteins or carbohydrates during the hydrothermal treatment (Biller and270

Ross, 2011). For example, Yang et al. (2015) demonstrated a conversion of up271

to 5% of pure polysaccharides into bio-oil during liquefaction which is compa-272

rable to the results achieved in our study by liquefying the carbohydrate-rich273

biomass. The yield of the aqueous phase was constantly in the range of 80-274

90%. Thus, it represents the main product of the hydrothermal treatment of275

the residual D. salina biomass.276

The reaction temperatures investigated in the present study are below the277

commonly used HTL temperatures ranges of 200 to 400 ◦C (Hognon et al.,278

2015; Chen et al., 2015; Toor et al., 2013). In the case of D. salina, cell279

disruption as well as biomass decomposition requires less energy input than280

that of other microalgae species, due to the lack of a rigid cell wall. Even281

at a reaction temperature of 100 ◦C a biomass conversion level of 87% was282

achieved (see Fig. 2). At increased temperature the conversion could be283

further improved by 10%. These results are contrary to the low HTL conver-284

sion of 49% reached by Yang et al. (2011) for a lipid-rich D. salina at 200 ◦C.285

Accordingly, the pretreatment by lipid extraction used in the present work286

seems to improve the efficiency of mild liquefaction for D. salina biomass.287
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3.4. Products of the aqueous phase288

Based on the results from Sections 3.2 and 3.3, an efficient recovery of valu-289

able compounds from the aqueous phase of remnant biomass seems to be290

promising. Even at low temperatures, high amounts of solubles were re-291

leased into the aqueous phase. However, the products of interest and their292

value need to be identified and quantified to assess the economic feasibility293

of the approach.294

The nutrient content of the aqueous phase was analyzed by ion chromatog-295

raphy (see Table 2 and 3). Anion as well as cation concentrations were de-296

tectable only in traces and low compared to the results obtained with other297

microalgal species (Biller et al., 2012; López Barreiro et al., 2015). The low298

nitrogen content of the biomass was reflected in the negligible concentrations299

of NH4
+, NO−

2 and NO−
3 . Thus, the unfeasible use of the aqueous phase300

as protein source was once again confirmed. The crucial nutrients of the301

culture medium, namely, Na+, K+, Ca2+, Mg2+, SO4
2−, Cl− and PO4

3−,302

were detected in concentrations not higher than 0.01 wt% of the investigated303

biomass. Consequently, the recycling of the aqueous phase in the D. salina304

cultivation unit seems to be unreasonable. Interestingly, in all cases small305

amounts of organic acids in the form of acetate and formate were identified,306

showing an increasing tendency in line with temperature and reaction time307

(see Table 2). Organic acids are metabolites of green algae and can be poten-308

tially used as an carbon source for mixotrophic growth (Biller et al., 2012).309

One expected product in the aqueous phase was the polar molecule glyc-310

erol, which is a degradation product of triglycerides and a by-product in the311

β-carotene production located in the cytoplasm of D. salina. However, no312
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significant concentrations were detected in the samples (data not shown).313

Regarding the types of carbohydrates, cellulose as well as hemicellulose were314

unexpected to be present in the D. salina samples, due to the lack of a rigid315

cell wall. Sucrose, fructose and saccarose were present only in small portions316

or not detectable in the aqueous phase samples of the present study (see317

Table S1).318

The relatively high carbohydrate content of the biomass (see Table 1) led319

to the presumption that glucose as primary product of photosynthesis and320

depolymerization product of the storage molecule starch could be one of the321

main carbohydrate molecules in the aqueous phase. The measured glucose322

concentrations confirmed this hypothesis (see Table 4). Even at the lowest323

temperature a glucose yield of 77 wt% of the used biomass was reached.324

The glucose seems to be easily recoverable from the biomass by mild hy-325

drothermal treatment. No clear trend of the glucose yield was visible with326

the increase of the reaction temperature or time. The high glucose concentra-327

tions can be explained by the relatively low reaction temperatures applied328

in the present work. A further increase of the temperature above 200 ◦C329

would likely lead to a conversion of glucose into other molecules, especially330

5-hydroxymethylfurfural (5-HMF) (Srokol et al., 2004). Since glucose itself is331

a valuable feedstock and carbon source for chemical and biotechnological ap-332

plications, it was selected as target by-product of the β-carotene production333

process. With respect to the process economics, possible applications of the334

glucose in the aqueous phase generated during liquefaction at 100 ◦C were335

investigated. At this temperature a relatively low energy input is needed to336

reach a high concentration of glucose.337
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3.5. Glucose from aqueous phase as microbial carbon source338

As glucose is a common organic carbon source for a wide range of microor-339

ganisms, diverse applications in microbial production processes can be found.340

However, the extensive applicability also carries a high risk of undesired con-341

tamination for open pond cultivation using glucose as substrate. Conse-342

quently, the substrate is more feasible for closed bioreactor cultivations. In343

the following, the aqueous phase was applied as carbon source to grow three344

different biotechnologically well-established production organisms.345

The bacterium E. coli is one of the most important production organisms in346

biotechnology. It is currently used for the production of recombinant pro-347

teins in pharmaceutical industry and for biomolecular products like amino348

acids and primary as well as secondary metabolites (Choi et al., 2006). Due349

to the fact that glucose is one of the main substrates in E. coli fermenta-350

tion, the ability of the bacterium to consume the liquefaction-derived glucose351

was investigated (see Fig. 3 a). Therefore, the glucose concentration in the352

modified cultivation medium was adjusted by addition of the aqueous phase.353

All other ingredients were added with identical concentrations to the control354

medium (see Section 2.4). The growth curves demonstrate a similar behavior355

of the culture cultivated on the control medium compared to that cultivated356

on the modified medium. The same holds true for the glucose consumption357

of the bacteria cultures in both media (see Fig. 3 a). Accordingly, there358

is no inhibitory effect of the aqueous phase components aside glucose which359

would hamper the growth of E. coli. A similar conclusion was drawn for360

the use of the aqueous phase from HTL of Nannochloropsis oculata for the361

cultivation of E. coli as well as Pseudomonas putida (Nelson et al., 2013).362
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Both microorganisms revealed an improved final optical density in medium363

mixed with up to 30% of the aqueous phase which contained approximately364

20 g L−1 organic carbon (e.g. in form of glycerol and acetate). In the case365

of P. putida even an increase in growth rate was reached for cultivation in366

the mixed medium compared to the control medium. In addition, a recently367

published life cycle analysis of algal liquefaction also demonstrated a clear368

beneficial effect of the use of the aqueous phase for E. coli cultivation on the369

overall process economics (Orfield et al., 2014).370

For the next cultivation experiment we chose C. vulgaris as a potential mi-371

croorganism with high biotechnologically relevance. The green microalga is372

largely used for mass cultivation to generate biomass especially for nutritional373

purpose. One important product substance from C. vulgaris is β-1,3-glucan,374

which serves as immunostimulator (Richmond, 2007). Furthermore, the alga375

is grown for the production of lipid-rich flour as well as protein-rich powder376

applied as functional nutrition (Piechocki et al., 2011). Besides photoau-377

totrophic cultivation with CO2, C. vulgaris is cultivated mixotrophically and378

heterotrophically utilizing an additional organic carbon source like glucose379

(Richmond, 2007). Fig. 3 b illustrates that C. vulgaris was able to mixotroph-380

ically consume the liquefaction-derived glucose in the same manner as the381

glucose in the control medium. Both cultures grow to a comparable optical382

density. Similar results were reported by Biller et al. (2012), who cultivated383

C. vulgaris phototrophically on diluted aqueous phases after liquefaction to384

recycle nutrients and carbon sources. The alga was able to use the recy-385

cled nutrients in a 200-fold diluted aqueous phase comparable to the culture386

in the standard medium. However, a less diluted aqueous phase resulted387
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in an inhibitory effect of algal growth. In the present work, we applied an388

initial glucose concentration of 5 g L−1 which required an approximate 10-389

fold dilution of the aqueous phase. In spite of the high concentration, there390

was no visible inhibitory effect on mixotrophic growth due to other possible391

substances derived from the aqueous phase. A possible explanation for the392

observation of Biller et al. (2012) is the presence of toxic compounds in the393

aqueous phase of HTL (Gai et al., 2015). The work of Pham et al. (2013) re-394

vealed the correlation between cytotoxicity of the aqueous phase from HTL395

of Spirulina patensis and the presence of nitrogenous organic compounds.396

These compounds are generally derived from the degradation and repoly-397

merization of carbohydrates and proteins during HTL at temperatures above398

200 ◦C (Gai et al., 2015). However, the aqueous phase used in the present399

study was generated by hydrothermal treatment at 100 ◦C of low-protein400

biomass. Accordingly, no inhibitory effects on algal growth by nitrogenous401

organic compounds are expectable.402

In the third experiment, the usability of liquefaction-derived glucose was in-403

vestigated for the cultivation of S. cerevisiae which is currently the most404

frequently used yeast strain to produce a wide range of commercial platform405

chemicals (Li and Borodina, 2015). The growth curves in Fig. 3 c indicate a406

comparable biomass generation and glucose consumption of cultures growing407

on standard medium and those growing on the modified medium. In con-408

trast to the above mentioned work of Nelson et al. (2013) growth of the yeast409

strain was not inhibited by the aqueous phase. In this study S. cerevisiae was410

not likely to be able to consume a variety of different organic carbon sources411

present in the aqueous phase. This assumption arose from the fact that412
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the inhibitory effect decreased by the supplementation of additional glucose.413

The aqueous phase derived from mild HTL of D. salina in the present work414

mainly consists of glucose, which seems to be the preferred carbon source of415

the yeast. With respect to product generation, Pervez et al. (2014) reported416

an ethanol yield of 84% using S. cerevisiae fermentation with glucose orig-417

inating from cassava starch by saccharification and liquefaction. Ethanol is418

one possible product derived from glucose which is largely used as biofuel419

(Kim et al., 2015).420

For all investigated microorganisms, the recovered glucose was successfully421

applicable which makes it a promising carbon source for biotechnological422

purpose.423

3.6. Energy and operating cost analysis of glucose production424

To assess the feasibility of liquefaction regarding cost and energy demand425

the parameters and results of the experimental studies (e.g. biomass con-426

centration, biomass conversion and glucose yields) were integrated into the427

extended process model for D. salina based β-carotene production developed428

by Pirwitz et al. (2015a) (see Section 3.6 for more details). Uncertainties in429

the assumed and measured parameters were considered via Monte Carlo sim-430

ulations.431

The results of the energy and operating cost analysis for glucose production432

by mild HTL are depicted in Fig. 4. With a consumption of 102 kWh d−1
433

the liquefaction needs less energy compared to all other process steps in β-434

carotene production (see Fig. 4 a). Only 2.3% of the overall energy is needed435

to liquefy the remnant biomass. In detail, the production of one kg glu-436

cose consumes 0.74± 0.14 kWh energy. These results are in line with the437
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production cost of glucose (see Fig. 4 b). By avoiding harsh reaction condi-438

tions and the use of catalysts, an inexpensive by-product generation seems439

possible. In detail, the raw production cost (excluding costs of tax and440

manpower) amount to 0.09± 0.02 USD per kg glucose. Using the current441

market price of glucose (Department of Agriculture, 2016), total revenues of442

34036± 3271 USD a−1 can be achieved for the annual glucose production less443

the estimated production costs of 4318± 910 USD a−1. However, one should444

note, that the selling price is calculated on the basis of glucose syrup and445

is thereby overestimated since the product of the present work is a glucose446

containing aqueous solution. To achieve syrup consistency further energy is447

required and thus costs will arise for an additional concentration step. Nev-448

ertheless, the results of the cultivation experiments reveal the successfully449

proven application of the glucose in form of an aqueous solution without the450

need of further concentration into syrup. Regarding the biomass utilization,451

it became obvious that the main part of the low valued remnant was con-452

verted into valuable glucose (see Fig. 4 c). More specifically, the generation453

of 45.5 t glucose per year can be achieved by liquefying the annual produced454

biomass remnant of 59.1 t according to the results of the modeled β-carotene455

production process. Thus, the by-product valorization by mild HTL is highly456

beneficial for the overall process economics and a holistic biorefinery concept457

with a more extensive exploitation of available biomass components appears458

possible.459
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4. Conclusion460

In the present work the potential of HTL to use remnant D. salina biomass461

was investigated. Mild process conditions of 100 ◦C and 0 min reaction tem-462

perature and time were found to be sufficient to reach high biomass conver-463

sion levels of at least 85%. In the aqueous phase, glucose was the most abun-464

dant product which was successfully used to grow three different microor-465

ganisms of biotechnologically relevance. Consequently, liquefaction-derived466

glucose can be used as valuable by-product in the β-carotene production467

process. The beneficial effect of the overall process economics was clearly468

verified by the calculation of energy demand and operating costs.469
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Figure captions584

Figure 1: Influence of reaction time on hydrothermal liquefaction yields and585

biomass conversion of lipid extracted D. salina biomass. Mild liquefaction586

was carried out for 0 min, 30 min and 60 min at 160, 180 and 200 ◦C,587

respectively.588

589

Figure 2: Influence of reaction temperature on hydrothermal liquefac-590

tion yields and biomass conversion of lipid extracted D. salina biomass.591

Mild liquefaction was carried out for 0 min at 100, 120, 140, 160, 180 and592

200 ◦C, respectively.593

594

Figure 3: Growth and glucose consumption of a) E. coli, b) C. vul-595

garis and S. cerevisiae on standard culture medium and medium where596

the glucose concentration was adjusted by addition of the aqueous phase of597

liquefied D. salina (100 ◦C, 0 min). Cultivation was carried out in duplicates598

of shaking flasks. Error bars represent the deviation of the measurements599

from the average value.600

601

Figure 4: Unit scale a) energy demand and b) operating cost calcu-602

lation per day for industrial D. salina based β-carotene and glucose603

production. c) Conversion of remnant biomass into glucose after mild604

hydrothermal liquefaction (HTL). Error bars are based on Monte Carlo605

simulation to consider the uncertainties of experimental and literature data.606

607

608
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Table 1: Biomass composition of D. salina powder

Biochemical composition (wt%)

Carbohydrate 85.58 ± 4.98

(Lipid/Carotinoida 11.47/4.46 ± 1.84/0.11)

Protein 8.46 ± 0.96

Moisture 1.26 ± 0.01

Ash 0.03 ± 0.002

Elemental composition (wt%)

C 42.5 ± 0.15

H 6.85 ± 0.5

N <0.2

Ob 50.34

S <0.01

a lipid and carotenoid content in the biomass before extraction

b calculated by difference
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Table 2: Anion concentrations in the aqueous phase of hydrothermally treated D. salina.

T t Na+ NH4
+ K+ Ca2+ Mg2+

◦C min mg g−1
dw mg g−1

dw mg g−1
dw mg g−1

dw mg g−1
dw

100 0 0.16 0.01 0.18 0.41 0.13

120 0 0.14 0.01 0.15 0.35 0.11

140 0 0.15 0.01 0.14 0.32 0.15

160 0 0.39 0.01 0.20 0.61 0.18

30 0.32 0.01 0.30 1.00 0.22

60 0.15 0.02 0.22 1.08 0.21

180 0 0.15 0.01 0.25 0.86 0.21

30 0.13 0.01 0.21 0.73 0.18

60 0.24 0.02 0.16 0.62 0.15

200 0 0.17 0.01 0.22 0.84 0.22

30 0.28 0.03 0.29 1.06 0.26

60 0.31 0.02 0.33 1.04 0.24
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Table 3: Cation concentrations in the aqueous phase of hydrothermally treated D. salina.

T t Acetate Formate Cl− NO−
2 NO−

3 PO3−
4 SO2−

4

◦C min mg g−1
dw mg g−1

dw mg g−1
dw mg g−1

dw mg g−1
dw mg g−1

dw mg g−1
dw

100 0 0.70 2.24 0.42 0.04 0.45 0.52 0.52

120 0 0.60 1.92 0.36 0.03 0.39 0.45 0.45

140 0 0.86 3.23 0.35 0.03 0.36 0.57 0.47

160 0 1.12 1.96 1.04 0.05 0.68 0.83 0.74

30 2.95 4.86 0.80 0.05 0.67 0.75 0.77

60 2.79 4.50 0.56 0.06 0.67 0.76 0.73

180 0 5.30 15.97 0.63 0.06 0.74 0.88 0.82

30 4.48 13.50 0.53 0.05 0.63 0.74 0.69

60 4.01 10.42 0.54 0.05 0.57 0.67 0.86

200 0 1.49 2.30 0.41 0.04 0.51 0.59 0.54

30 3.67 9.95 0.73 0.06 0.74 0.88 0.92

60 3.82 12.13 0.71 0.06 0.79 0.96 0.90
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Table 4: Glucose yields in the aqueous phase of hydrothermally treated D. salina.

T t Glucose

◦C min wt%

100 0 77.01 ± 0.39

120 0 66.47 ± 5.82

140 0 79.54 ± 1.18

160 0 68.40 ± 4.43

30 62.49 ± 0.74

60 68.73 ± 1.12

180 0 59.44 ± 1.35

30 65.68 ± 3.14

60 52.67 ± 0.37

200 0 69.63 ± 1.39

30 69.08 ± 0.60

60 66.54 ± 0.50
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Supplementary materials

Valorization of the aqueous phase obtained from hydrothermally

treated Dunaliella salina remnant biomass

Kristin Pirwitz, Liisa Rihko-Struckmann, Kai Sundmacher

Table S1: Carbohydrate yields in the aqueous phase of hydrothermally treated D. salina.

T t Galactose Fructose Sucrose

◦C min wt% wt% wt%

100 0 n.d. n.d. n.d.

120 0 n.d. n.d. n.d.

140 0 n.d. n.d. n.d.

160 0 n.d. n.d. 2.93 ± 0.01

30 1.32 ± 0.00 n.d. 1.02 ± 0.17

60 1.60 ± 0.66 n.d. n.d.

180 0 1.60 ± 0.18 0.37 ± 0.12 n.d.

30 2.41 ± 0.04 n.d. n.d.

60 0.38 ± 0.03 0.47 ± 0.24 n.d.

200 0 2.70 ± 0.05 n.d. 1.00 ± 0.46

30 5.50 ± 0.37 n.d. 5.30 ± 2.09

60 3.66 ± 0.25 n.d. 3.73 ± 1.21

1
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