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Abstract 27 

 28 

Spent coffee grounds are a huge residual stream from instant coffee makers. The 29 

production of spent coffee oil and molecular weight fractionated hemicellulose 30 

hydrolysates via supercritical CO2 and a hydrothermal treatment followed by 31 

concentration, separation, and purification through cascade ultrafiltration/diafiltration 32 

(30-10-5 kDa) was studied. Hemicelluloses extraction yield reached 3.49 g/100 g of dry 33 

defatted spent coffee after 40 min at 160 ºC. The ultrafiltration system allowed 34 

concentrating up to 5-fold certain groups of hemicellulose, being most of them retained 35 

in the first membrane. Hemicellulose concentration and molecular weight of the feed 36 

exerted a great influence on the mass transfer through the membrane due to the 37 

formation of aggregates. However, purification through diafiltration allowed both to 38 

decrease by-products retentions from 45.6% to 8.7%, increasing the molecular weight 39 

of each fraction. Six hemicellulose products were obtained with purities between 83.7 – 40 

97.8 wt% and weight-average molecular weights between 1641 and 49733 Da.  41 

 42 
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1. Introduction 58 

Spent coffee grounds are one of the main organic wastes from the food industry the 59 

opportunity of revalorization is huge. In both the preparation of a coffee beverage and 60 

in the production of soluble coffee, the coffee is subjected to extraction with hot water 61 

or steam for the release of several substances that are transferred to the liquid phase. 62 

The solid residue of this process is known as spent coffee grounds. Worldwide, coffee is 63 

the second-largest commodity, being a 50 % of its worldwide production destined for 64 

the manufacture of soluble coffee which generates around 6 million tons of spent 65 

coffee grounds per year (Ballesteros et al., 2014). This waste is currently burned to 66 

produce energy (e.g. in cement production) or dumped in the landfills but these options 67 

have disadvantages. Thus, incineration only recovers part of the energy and emit 68 

polluting gases into the atmosphere, and the deposition in landfills means (1) occupying 69 

a space with waste instead of using it for other purposes such as cultivation, (2) 70 

emission of odors associated with fermentation processes, and (3) release into the 71 

environment of substances of certain toxicity such as caffeine, tannins and polyphenols 72 

(Melo et al., 2014). In this sense, due to environmental problems that affect our society, 73 

it is necessary to look for alternative resources for the production of high value-added 74 

products being these resources, renewable and non-polluting. In addition, it is desirable 75 

that their use as biomass raw material (RM) does not compete with any other possible 76 

application such as the food industry.  77 

In recent years several studies have been focused on the valorization of spent coffee 78 

grounds looking for alternative uses. Due to this, several compounds of interest have 79 

been extracted, mainly coffee oil (Jin et al., 2018; Loyao et al., 2018), carbohydrates 80 

(Getachew et al., 2018; Nguyen et al., 2019), and bioactive compounds (Pettinato et al., 81 

2019; Shang et al., 2017). Coffee oil has applications as additive in cosmetic 82 

formulations, in the manufacture of biodiesel and in the bioproduction of 83 

polyhydroyalkanoates; coffee carbohydrates can be used as both, food and 84 

pharmaceutical additives, and also as carbon source in biotechnology; bioactive 85 

compounds have applications as supplements and in pharmacy due to their antioxidant, 86 

antibacterial, antiviral, anti-inflammatory and anticarcinogenic properties (Campos-87 

Vega et al., 2015; Zabaniotou and Kamaterou, 2018). The solid residue after the 88 

extraction of these valuable compounds has also applications such as filler for polymers, 89 

adsorbent, biochar, bio-oil, fuel, and compost (Kovalcik et al., 2018). 90 

Among the mentioned compounds, the extraction of carbohydrates from spent coffee 91 

grounds is of great interest as cellulose and hemicellulose constitute approximately 45% 92 

of the weight of the RM (Campos-Vega et al., 2015). In spent coffee grounds, 93 

hemicelluloses are heterogeneous carbohydrates generally formed by hexoses 94 

(mannose, galactose, and glucose) and pentoses (arabinose) (Campos-Vega et al., 95 
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2015). Consequently, the types of hemicelluloses that may be mainly present are 96 

glucomannan and galactoglucomannan. Galactomannans are high molecular weight 97 

polysaccharides with a low level of branching, composed of a backbone of mannose 98 

containing single galactose side groups. Depolymerization and debranching of 99 

galactomannans occur during the roasting process increasing their solubility in water 100 

(Ballesteros et al., 2017). It should be noted that about 70 wt% of the hemicelluloses 101 

glucomannan and galactoglucomannan remain in the spent coffee grounds matrix after 102 

the coffee brewing process or during soluble coffee production (Zabaniotou and 103 

Kamaterou, 2018).  104 

After the extraction, hemicelluloses can exhibit different configurations such as 105 

monomeric, oligomeric, and polymeric with different degrees of polymerization. The 106 

properties and, therefore, the industrial applications will be different depending on 107 

their configuration and molecular weight distribution. In monomeric form, 108 

hemicelluloses are known for their applications in the production of biochemicals, 109 

biosugars, and energy (Baptista et al., 2018; Dutta and Chakraborty, 2018; Luo et al., 110 

2019); in their oligomeric form, hemicelluloses are used as feed and pharmaceutical 111 

additives (Samanta et al., 2015); and in their polymeric form, hemicelluloses have 112 

applications in food packaging, hydrogels, and thermoplastics (Farhat et al., 2018; 113 

García-Uriostegui et al., 2018; Liu et al., 2019). With regards to hemicelluloses extracted 114 

from spent coffee, films formed from glucomannan have proven to have interesting 115 

properties such as good gas barrier, flexibility, and mechanical strength, making them 116 

suitable for food packaging (Fortunati et al., 2016). Hydrogels with drug-delivery 117 

applications have also been developed from galactoglucomannan (Voepel et al., 2009). 118 

In their oligomeric form, mannooligosaccharides from spent coffee have been produced 119 

by hydrothermal treatment at 220 ºC, with further monosaccharides removal by carbon 120 

chromatography (Takao et al., 2006). The major mannooligosaccharides were 121 

mannobiose (19 %), mannotriose (27 %), mannotetraose (21 %) and mannopentose (17 122 

%). These oligosaccharides had good effects reducing abdominal and subcutaneous fat 123 

accumulation in humans when administered daily. The bioactivity of these 124 

hemicelluloses, associated with their oligomeric form, was also studied by Getachew 125 

and Chun (2017) through a reduction of molecular weight by hydrothermal treatment in 126 

a semi-continuous reactor. Hemicelluloses from coffee were extracted by alkaline 127 

treatment, being less than 5% of the total hemicelluloses in monomeric form.  The 128 

modified hemicelluloses obtained by hydrothermal treatment at 180 and 220 ºC 129 

showed a much higher antioxidant capacity. 130 

The high valuable hemicelluloses can be extracted by different extraction methods: 131 

dilute acid extraction, hot water extraction, steam explosion extraction, alkali 132 

extraction, dilute acid steam explosion extraction, organic solvents extraction, and 133 

microwave-assisted extraction. Both dilute acid extraction and alkaline extraction are 134 
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among the most commonly used, as hemicelluloses can be extracted in both alkaline 135 

and acid solutions (Fortunati et al., 2016). These extractions give rise to quite defined 136 

hemicelluloses whose molecular weight range is not very wide, with polydispersity 137 

values usually lower than 2. On the contrary, the extraction of hemicelluloses by 138 

hydrothermal treatment can produce a wide variety of molecular weights in 139 

hemicelluloses depending on the severity of the treatment. 140 

The variety of molecular weights in the hemicelluloses that can be extracted by 141 

hydrothermal treatment makes necessary a downstreaming process that allows both to 142 

obtain hemicelluloses of adequate purity and to separate them depending on the 143 

molecular weight. The most common downstream processes are precipitation with 144 

ethanol and chromatography. However, following the philosophy of respect for the 145 

environment, it is worth noting the use of ultrafiltration (UF) membranes. Although the 146 

fractions of hemicelluloses obtained by membranes are more heterogeneous (Peng et 147 

al., 2012), this separation process has multiple advantages, as low energy requirements, 148 

mild operating conditions, no chemicals are required except for cleaning, and the 149 

equipment has a simple and easily scalable design (Nayak and Bhushan, 2019). 150 

Ultrafiltration/Diafiltration (UF/DF) has been used by several authors in different types 151 

of biomass to obtain different hemicellulose fractions. Thuvander and Jönsson (2016) 152 

used downstream processing of galactoglucomannan-type hemicelluloses from the 153 

process water from a thermomechanical pulp mill with spruce as primary RM. The 154 

process was carried out using a cascade system of prefiltration, microfiltration and UF. 155 

The concentration was increased thanks to UF from 0.85-1.5 g/L to 25-52 g/L, using a 156 

high feed volume reduction of up to 98%. Likewise, in a later study of the same authors, 157 

they used diafiltration (DF) to purify the previously ultrafiltered hemicelluloses, but the 158 

desired effect was not achieved since the percentage of retention of hemicelluloses and 159 

lignin in the membrane was very similar, not achieving the separation between them 160 

(Thuvander et al., 2016). Laine et al. (2015) carried out extraction by alkaline hydrolysis 161 

with NaOH from both wood pulp and brewer’s spent grain. It was demonstrated that 162 

their UF/DF system allows not only to separate and purify the hemicelluloses but also to 163 

recover and recirculate part of the NaOH used in the extraction.  164 

González-Muñoz et al. (2013)  used a hemicelluloses concentration and DF system 165 

composed of 5 membranes in cascade with molecular weight cut-off (MWCO) of 10, 5, 166 

3, 1 and 0.3 kDa. With this system, they were able to separate and purify the 167 

hemicelluloses obtained by hydrothermal treatment from Pinus pinaster wood. The 168 

initial concentration of hemicelluloses in the autohydrolysis liquor was 17.92 g/L, 169 

meanwhile, the concentration of the hemicellulose fractions obtained after the 170 

downstream process was in the range 1.08-6.01 g/L. This decrease in concentration is 171 

normal due to obtaining several fractions from a single feed. The purity was increased 172 

from 69.4 wt% in the feed liquor to values between 80.5-90.3 wt% in the diafiltered 173 

fractions, which also had different molecular weight distributions. 174 
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 175 

To the best of our knowledge, very few UF experiments have been published on 176 

carbohydrates obtained from spent coffee grounds as biomass. Moreover, 177 

environmental concerns make it necessary not only to use residual and renewable raw 178 

materials but also to apply environmentally friendly both extraction and downstream 179 

processes, using as few auxiliary chemicals as possible. The raw material was 180 

conditioned by extracting the spent coffee oil using supercritical CO2 (scCO2). In the 181 

hemicellulose extraction process, hydrothermal treatment requires only biomass and 182 

water at certain pressure and temperature. During the downstream stage by UF/DF, 183 

only a certain transmembrane pressure is required and water as the only agent in the 184 

purification step. Accordingly, the aim of this work was to investigate the technical 185 

feasibility of the hydrothermal extraction of hemicelluloses from spent coffee grounds, 186 

and the subsequent concentration, separation, and purification of hemicelluloses 187 

through prefiltration plus cascade UF/DF. The target of the downstream processing was 188 

the production of fractions of purified hemicelluloses with different properties and 189 

potential applications.  The results from this work will make it possible to plan the 190 

production of hemicelluloses of different composition and molecular weight distribution 191 

on a larger scale, for the subsequent direct application or transformation into high 192 

value-added products. 193 

2. Materials and methods 194 

 195 

2.1. Raw material and sample preparation 196 

Spent coffee grounds were supplied by PROSOL Productos Solubles S.A. (Palencia, 197 

Spain). The RM was dried and stored in a cool, dry and dark place so that its 198 

composition and physical properties would not be affected by atmospheric conditions. 199 

When necessary, the sample was sieved to obtain different fractions. 200 

2.2. Analysis of the raw material 201 

The composition of the dry RM was determined according to the standard methods 202 

published by National Renewable Energy Laboratory (NREL), as in previous works of the 203 

research group (Gallina et al., 2018; Yedro et al., 2015). 204 

The humidity content of the biomass was determined in order to express the results on 205 

a dry weight basis, being the weight contribution of moisture mathematically removed. 206 

A 105 ºC convection oven-drying procedure was applied to the biomass for this 207 

determination. 208 

The sample was subjected to three consecutive Soxhlet extractions using hexane, water, 209 

and ethanol as solvents, respectively for 24 hours/each. Hexane, a non-polar solvent, 210 

was used for extracting lipophilic compounds, such as terpenoids and fats. Water 211 
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extractives may include non-structural sugars and sugar acids, nitrogenous materials, 212 

and inorganic materials. Ethanol soluble material includes waxes, chlorophyll, and other 213 

minor compounds. 214 

The amount of inorganic material in the biomass was measured as ashes. Structural ash 215 

is mainly inorganic material bonded in the physical structure of biomass, while 216 

extractable ash is an inorganic material that can be the result of soil remaining in the 217 

material. To quantify the total ashes, a certain amount of the sample was subjected to 218 

dry oxidation at 575 ºC until constant weight. The unburnt part corresponded to the 219 

ashes. 220 

The protein content was evaluated indirectly by a standardized Kjeldahl method. 221 

Measurement of the nitrogen content was corrected by nitrogen-to-protein conversion 222 

multiplier to determine the protein content in the biomass. 223 

Structural carbohydrates and lignin were determined using a two-step acid hydrolysis. 224 

In the first step, 3 mL of sulfuric acid (72%) were added to 300 mg of a biomass sample 225 

while stirring. The mixture was incubated at 30 ºC for 1 hour in a thermostatic bath. In 226 

the second step, 84 mL of Milli-Q water were added and the sample was autoclaved for 227 

1 hour at 121 ºC. A liquid aliquot of 50 mL was used to determine the acid-soluble lignin 228 

and carbohydrates. The hydrolysis process fractionated the biomass into acid-insoluble 229 

material and acid-soluble material. The product after autoclaving was vacuum filtered 230 

and rinsed. An aliquot of 50 mL was used to determine structural carbohydrates and 231 

acid-soluble lignin. Structural carbohydrates were hydrolyzed into monomeric sugars, 232 

which are soluble in the hydrolysis solution and quantified by HPLC following the 233 

method described in section 2.6.1.2. Acid-soluble lignin was quantified by UV-Vis 234 

spectroscopy. The acid-insoluble lignin was measured gravimetrically. The solid residue 235 

from the vacuum filtration was dried at 105 ºC for 24 hours and weighed. The dried 236 

solid was placed in a furnace at 575 ºC and weighed again. The final solid after the 237 

weight is constant was considered as ash, and the difference between the solid weight 238 

before and after combustion at 575 ºC corresponds with the amount of acid-insoluble 239 

lignin. 240 

2.3. Supercritical fluid extraction 241 

The spent coffee grounds oil was recovered through supercritical CO2 (scCO2) extraction 242 

at 300 bar, 45 ºC and a flow rate of 5 kg/h of scCO2 in recirculation, during 2 h. The 243 

details of the experimental supercritical extraction pilot plant were described recently 244 

(Mustapa et al., 2015). 245 

2.4. Hydrothermal treatment 246 
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Extraction of hemicelluloses from the RM was performed using a flow-through pilot 247 

reactor, schematized in Fig. 1 and previously described by (Gallina et al., 2018). Biomass 248 

is placed inside the reactor of 2 L volume (R-01) with the help of a cartridge, which 249 

facilitates biomass handling. A constant flow of fresh water is pumped (P-01) from a 250 

feed tank (D-01) through two concentric tube heat exchangers (12 m total length, ¼’’ 251 

internal tube- 3/8’’ external tube) and an electric heater with a maximum power of 5 252 

kW (E-01, E-02 and H-01, respectively). After heating, water passes through a three-way 253 

valve (V-T1), which allows the water to be introduced into the reactor from the top or 254 

to be bypassed to the outlet of the reactor. The biomass-loaded reactor is initially filled 255 

with water pumped (P-02) from a second feed tank (D-02). After filling, the reactor is 256 

closed, and heated by the electric clamp resistors located on the wall of the reactor. 257 

When both water inside the reactor and water bypassed have reached the temperature 258 

setpoint, the three-way valve (V-T1) allows fresh water to enter the reactor, starting the 259 

operation. The outlet valve (V-01) is also opened at the same time, and thus the 260 

extraction process begins. Autohydrolysis liquor passes through the two previous heat 261 

exchangers (E-01 and E-02) again, thus heating the feed stream and achieving 262 

significant energy savings. Finally, the output stream passes through a third concentric 263 

tubes heat exchanger (E-03) operating with cooling water, and through a go-back 264 

pressure valve (V-GO) to maintain the plant pressurized. The cold product is finally 265 

collected in a tank (D-03). A sample-taking port (V-D1) placed at the outlet of the 266 

reactor allows sampling at different times, in these experiments 0, 7, 15, 30 and 40 267 

minutes from the starting of the operation. The reaction temperatures were 140 and 268 

160 ºC so that the severity factor (logRo) was in the range 2.02 to 2.78 (140 ºC) and 2.61 269 

to 3.37 (160 ºC). 270 

The extraction experiments were carried out at constant water flow rate (10 L/h). The 271 

pressure was sufficient to keep the water in liquid phase (almost 10 barg). A pressure 272 

test with cold water was done before each experiment, in order to check the presence 273 

of leaks in the plant. 274 

The spent solid after autohydrolysis was collected from the cartridge and dried for 24 at 275 

60 ºC for further structural characterization. 276 

The autohydrolysis liquor corresponding to the first 10 minutes of extraction was taken 277 

and transferred to the downstream stage, composed of UF and DF. The reasons for the 278 

selection of this initial volume were: first, a larger volume of liquor is not required (1 L is 279 

sufficient) for the lab-scale membranes; second, the average molecular weight of the 280 

hemicelluloses is higher at this short time; and third, the hemicelluloses are more 281 

concentrated. 282 

2.5. Ultrafiltration and Diafiltration 283 
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Autohydrolysis liquors corresponding to the first 10 minutes of extraction were pre-284 

filtered to remove particles and extractives by means of dead-end filtration. A high 285 

pressure filter with a pore size of 10 µm was used. Multi-step UF was selected to 286 

separate and concentrate hemicelluloses. Three Pellicon XL Biomax polymeric 287 

membranes (Millipore, Bedford, MA) were employed in cascade, with molecular weight 288 

cut-off (MWCO) of 30, 10 and 5 kDa, and a filtration area of 50 cm2. Hemicellulose 289 

concentration was achieved by collecting permeate in a separate container and 290 

recirculating continuously retentate to the feed container. UF was carried out until a 291 

feed volume reduction of 80 % was achieved.  292 

Autohydrolysis liquors were ultrafiltrated using a cascade configuration: (1) feed liquor 293 

passed through 30 kDa membrane, (2) 30 kDa permeate passed through 10 kDa 294 

membrane, and (3) 10 kDa permeate passed through 5 kDa membrane. Multiple-step 295 

UF allowed obtaining three concentrate product streams with different molecular 296 

weight distribution. To purify the retained hemicelluloses, the retentates were 297 

subjected to a discontinuous DF process (Fig. 2). During DF, a known volume of water 298 

was added to the retentate and it was collected in the permeate, carrying small 299 

substances that were not able to pass through the membrane. In this study, the volume 300 

of water added at each DF step was equal to the retentate volume (one diavolume was 301 

added). Retentate of 30 kDa membrane underwent two DF steps (two diavolumes) with 302 

Milli-Q water. Three-diavolume DF was performed on the retentates of 10 kDa and 5 303 

kDa membranes, using different waters: (1) Milli-Q water, (2) water from the DF of the 304 

previous membrane in the cascade system, and (3) Milli-Q water. Following this 305 

strategy, hemicelluloses removed in the previous DFs can be partially or even totally 306 

recovered in the next membrane.  307 

Transmembrane pressure (TMP) was maintained in the range 1.5 to 2.0 bar by a 308 

manually adjusted valve on the retentate side, and feed flow was selected in the range 309 

0.8 to 1.0 mL/min/cm2.  310 

After cascade experiments were finished, samples were taken from feed liquor (Feed), 311 

retentate of 30 kDa membrane (Ret-30 kDa), retentate of 10 kDa membrane (Ret-10 312 

kDa), retentate of 5 kDa membrane (Ret-5 kDa), permeate of 5 kDa membrane (Perm-5 313 

kDa), and retentates after DF process (Ret-30 kDa-DF, Ret-10 kDa-DF, Ret-5 kDa-DF) as 314 

shown in Fig. 2. Hemicelluloses and by-products contents in the samples were verified 315 

by mass balance after analysis of composition by HPLC. 316 

After each experiment, the UF membranes underwent a cleaning and flushing stage as 317 

recommended by the manufacturer.  318 

2.6. Analysis 319 

 320 
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2.6.1. Chemical characterization 321 

 322 

2.6.1.1. Supercritical Fluid Extraction extract 323 

Determination of the fatty acid profile was carried out through sample derivatization 324 

and Gas Chromatography (GC), following the official method of the AOAC (Official 325 

Methods and Recommended Practices of the American Oil Chemists’ Society, 1995) 326 

(Society., 1995). 327 

Neutral lipid analysis was performed by High-Performance Liquid Chromatography 328 

(HPLC) using an Agilent 1200 series HPLC equipment with an evaporative light scattering 329 

(ELS) detector. The column was Lichrosphere DIOL-5, 250 mm x 4 mm, 5 mm. A gradient 330 

analysis method was used, with a flow of 1 mL/min of solvent A (isooctane) and solvent 331 

B (methyl tert-butyl ether with 0.1% (v/v) acetic acid). The detector was maintained at 332 

35 ºC.  333 

2.6.1.2. Autohydrolysis and UF/DF liquors 334 

Composition analysis of the liquid samples was done by High-Performance Liquid 335 

Chromatography (HPLC) as previously described by Gallina et al. (2018). The column 336 

SUGAR SH-1011 Shodex was used at a temperature of 50 ºC for the identification and 337 

quantification of sugars, aldehydes, acids, and degradation products, using as mobile 338 

phase flow of 0.8 ml/min of 0.01 N sulfuric acid in Milli-Q water. Degradation products 339 

(5-HMF and furfural) were determined with a Waters dual   absorbance detector 2487 340 

(210 nm and 254 nm). Sugars, aldehydes, and acids were identified with a Waters IR 341 

detector 2414. To determine the amount of polysaccharides, samples were subjected to 342 

a standardized post-hydrolysis step to break all the polymers and oligomers into 343 

monomers. Briefly, 0.8 ml of sulfuric acid (72%) and 15 ml of Milli-Q water were mixed 344 

with 5 ml of the liquid sample. The solution was autoclaved for 1 h at 121 ºC. Post-345 

hydrolysis samples were neutralized with CaCO3 and filtered (Pore size 0.22 µm, 346 

diameter 25 mm, Nylon; FILTER-LAB) before HPLC analysis. The standards employed for 347 

the analysis were: cellobiose (98%), glucuronic acid (98%), galacturonic acid (97%), 348 

glucose (99%), mannose (99%), xylose (99%), galactose (99%), fructose (99%), arabinose 349 

(99%), glyceraldehyde (90%), glycolaldehyde (99%), lactic acid (85%), formic acid (98%), 350 

acetic acid (98%), levulinic acid (98%), acrylic acid (99%), 5-hydroxymethylfurfural 351 

(99%), and furfural (99%), all of them from Sigma-Aldrich. The concentration of 352 

hemicelluloses was calculated using anhydrous corrections of 0.9 and 0.88 for hexoses 353 

and pentoses, respectively. 354 

2.6.2. Molecular Size Distribution 355 

Molecular size characterization was carried out by Size Exclusion Chromatography 356 

(HPLC-SEC) using a GPC column (SB-803 HQ; Shodex), protected by a guard column (SB-357 
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G; Shodex). Temperature was maintained at 35 °C with a mobile phase flow rate of 0.5 358 

ml/min (NaNO3 0.1 M + NaN3 0.02% in Milli-Q water). The molecular weight of the 359 

hemicelluloses was determined using a Waters IR detector 2414. The calibration curve 360 

was obtained with a set of 5 pullulan standards (STANDARD P-82; Shodex) dissolved in 361 

Milli-Q water, ranged between 6.1 and 113 kDa of weight-average molecular weight. 362 

Chromatographic data provided information on the molecular weight distribution but 363 

does not identify different groups of compounds depending on the molecular weight. 364 

Assuming that the concentration is proportional to the signal of the refraction index (RI) 365 

detector, chromatographic curves were subjected to deconvolution in multiple narrow 366 

Gaussian curves. Following this strategy, hemicelluloses can be classified depending on 367 

their molecular weight in different groups, whose percentage is known from the 368 

intensity of the RI detector. The Gaussian curves are grouped to provide the following 369 

division of hemicelluloses:  (1) mono (2) di, (3) tri, (4) tetra, (5) penta, (6) hexa, (7) 370 

hepta, (8) octa, (9) nona, (10) deca, (11) 1.6-5 kDa, (12) 5-10 kDa, (13) 10-30 kDa, and 371 

(14) >30 kDa, where mono stands for monosaccharide, di for diose, tri for triose, etc. 372 

2.6.3. Structural characterization 373 

The extraction of coffee oil and hemicelluloses from spent coffee grounds were 374 

analyzed by changes in the molecular structure of different samples: spent coffee 375 

grounds, defatted spent coffee grounds, coffee oil, and spent coffee grounds after 376 

hemicellulose extraction. The structural characterizations were carried out by 377 

Attenuated total reflectance (ATR)-Fourier transform infrared spectroscopy (FT-IR) 378 

(Bruker, Alpha model, with a Platinum ATR single reflection diamond module). 379 

Absorbance spectra were obtained in the wavenumber range from 4000 to 400 cm-1, 380 

acquiring 64 scans per sample at a resolution of 2 cm-1. 381 

3. Results and Discussion 382 

 383 

3.1. Raw material characterization 384 

The RM characterization enabled to determine the composition in dry basis: lignin 385 

(26.90 wt% ± 0.10), ash (0.60 wt% ± 0.04), gluco- (11.97 wt% ± 0.05), manno- (17.46 386 

wt% ± 0.09), galacto- (0.58 wt% ± 0.03), proteins (11.11 wt% ± 0.77), water extractives 387 

(9.84 wt% ± 0.41), ethanol extractives (2.40 wt% ± 0.24), and hexane extractives (20.00 388 

wt% ± 0.04). The sugars that form the polysaccharides of the spent coffee grounds were 389 

glucose, mannose, and a small percentage of galactose. Hemicelluloses are therefore 390 

glucomannan or galactoglucomannan. The percentage of hexane extractives was 391 

considerably decreased after scCO2 extraction. 392 

3.2. Spent coffee grounds oil characterization 393 
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The yield of coffee oil reached by scCO2 was 14.04 % of the dry RM, which represents a 394 

70.2 % of the extraction yield obtained by Soxhlet hexane extraction. Similar results 395 

were obtained by Andrade et al. (2012)  whose yield was 10.5 % (dry RM) using scCO2 396 

extraction. On the other hand, their extractions with other methods such as ultrasound 397 

and Soxhlet resulted in yields ranging between 9 and 15 %. Also, Couto et al. (2009)  398 

performed a scCO2 extraction of coffee oil during 3 h that resulted in a yield up to 85% 399 

compared to the yield reached through Soxhlet hexane extraction. The lower extraction 400 

yield in the present work compared to Couto et al. could be due to a lower extraction 401 

time (2 h in present work vs. 3 h). In addition, it should be noted that the amount of oil 402 

present in the spent coffee grounds can vary depending on the type of coffee, roasting 403 

conditions, and the brewing process (Andrade et al., 2012). 404 

The main lipids in spent coffee grounds of this research were free fatty acids (58.00 wt% 405 

± 1.00) and triglycerides (32.00 wt% ± 2.00). In addition, the minor components 406 

detected were: short-chain esters (0.50 wt% ± 0.10), long-chain esters (6.60 wt% ± 407 

0.70), diglycerides (1.71 wt% ± 0.03) and monoglycerides (1.26 wt% ± 0.05). 408 

Transformation of spent coffee oil into biodiesel has been studied through direct 409 

transesterification into fatty acid methyl esters with short-chain alcohols such as 410 

methanol by many research groups. However, this oil can contain high levels of free 411 

fatty acids, which is a disadvantage in the transesterification process. The free fatty 412 

acids can give rise to soap by-products during the alkali-catalyzed process because they 413 

neutralize the catalyst, resulting in the formation of unwanted emulsions. In addition, 414 

the presence of free fatty acids is responsible for the high degree of viscosity of the 415 

spent coffee oil, which hinders the mixing during the reaction as well as reduces the 416 

separation yield between the biodiesel and the glycerol formed. To overcome the 417 

problem of free fatty acid, Al-Hamamre et al. (2012) implemented a two-stage 418 

transesterification process including a first stage catalyzed by acid prior to the alkali-419 

catalyzed stage. In certain cases, the biodiesel obtained through this double 420 

transesterification process did not meet the NP EN 14214:2009 standards, so it has to 421 

be cut either with other vegetable oils or with other biodiesel (Caetano et al., 2014). 422 

Tuntiwiwattanapun et al. (2017) developed a process of direct transesterification of the 423 

spent coffee, without the need to extract the oil, resulting in a biodiesel yield of 77 %. In 424 

this process, methanol wash was carried out to reduce the content of free fatty acids, 425 

and the influence of temperature, reaction time and particle size on the biodiesel yield 426 

were studied. Methanol was separated by flash distillation, and biodiesel was recovered 427 

from glycerol by adding hexane, which was later also removed by flash distillation. 428 

Determination of fatty acids profile showed a content of 45.1 ± 0.3 % in saturated fatty 429 

acids, 11.40 ± 0.04 % in monounsaturated fatty acids and 43.4 ± 0.3% in 430 

polyunsaturated fatty acids. The major fatty acids were linoleic acid C18:2n-6 (42.1 ± 431 
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0.3%), palmitic acid C16:0 (33.6 ± 0.2%), oleic acid C18:1n-9 (10.47 ± 0.02%), stearic 432 

acid C18:0 (7.27 ± 0.08%) and arachidic acid C20:0 (3.23 ± 0.02%), among others. 433 

Campos-Vega et al. explained that spent coffee grounds can be divided into two types 434 

of oil depending on the ratio between saturated and polyunsaturated fatty acids. Since 435 

in this case, the unsaturated/saturated ratio is 1.11, this oil could be considered as less 436 

atherogenic and thrombogenic than those with ratio <1 (Campos-Vega et al., 2015). 437 

Furthermore, spent coffee grounds oil with a very similar composition to the one 438 

obtained in this study (also extracted by scCO2) was used in the synthesis of 439 

biodegradable polymers with high yield (0.77 g polyhydroxyalkanoates/kg spent coffee 440 

grounds oil) (Obruca et al., 2014). 441 

3.3. Extraction of hemicelluloses and by-products 442 

The extraction yield was determined by dividing the mass of hemicelluloses extracted 443 

by the total amount of carbohydrates in the RM (holocellulose). The accumulated yield 444 

evolves slightly asymptotically over time, reaching a maximum value 9.96 wt% when the 445 

extraction was carried out at 160°C (logRo = 3.37), and a maximum of 8.22 wt% at 140 446 

°C (logRo = 2.78). This relatively low yield may be due to several factors: (1) the repellent 447 

effect of the oil, which was not completely removed and may suppose an obstacle in 448 

the extraction of hemicelluloses; and/or (2) spent coffee grounds could require a higher 449 

temperature than the one used in the production of soluble coffee or in the coffee 450 

brewing process so that the previously unextracted polysaccharides were extracted 451 

now, as recently demonstrated by Pedras et al. (2019). L F Ballesteros et al. (2017) 452 

extracted the hemicelluloses from spent coffee grounds through autohydrolysis without 453 

previous extraction of oil, and their maximum accumulated yield was 5.72 wt% (logRo = 454 

3.83). The hemicelluloses recovered at these conditions were arabinogalactans and 455 

galactomannans. 456 

Although the hemicelluloses extraction yield could have been higher if more lipids had 457 

been removed, the extraction with scCO2 is the most appropriate option. The yield of oil 458 

extraction was high in relation to the time (70 % in 2 h). In addition, as already 459 

mentioned, some of the most important potential application of hemicelluloses are in 460 

the food, cosmetics and pharmaceutical industries, so it is very important to avoid any 461 

toxicity or smell of the product. Due to this, scCO2 has the great advantage of having 462 

low toxicity and no-smell in relation to other solvents such as hexane. Furthermore, it 463 

allows operating at low temperatures which reduce the risk of thermal degradation of 464 

components present in the spent coffee grounds and has a low cost compared to other 465 

solvents. 466 

The cumulative extraction of hemicelluloses and by-products, taking the RM in the dry 467 

base as reference, is shown in Fig 3a. The extraction of by-products was low and 468 

remained approximately constant over time. The extracted hemicelluloses, therefore, 469 
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had a relatively high purity due to the low presence of sugars, aldehydes and 470 

degradation products, which were probably mostly extracted in the soluble coffee 471 

production process. Within the temperature range of this study, a higher extraction 472 

temperature in spent coffee grounds results in slightly higher extraction of both 473 

hemicelluloses and by-products. Mayanga-Torres et al. (2017) obtained an accumulated 474 

yield of 8.8 g/100 g RM through autohydrolysis (175 ºC, 36 min, 22.5 MPa, logRo = 3.76), 475 

also using a flow-through reactor system with a residence time of 9 min. In our study, 476 

the residence time was 12 min and the maximum cumulative yield obtained was 3.49 477 

g/100 g RM. This lower yield value can be attributed to milder conditions of both 478 

pressure and temperature during extraction, as well as, lower presence of 479 

carbohydrates in the spent coffee grounds. 480 

Regarding the extracted by-products, the main ones were acids, followed by sugars and 481 

aldehydes, as can be seen in Fig. 3b. Also, degradation products (furfural and 5-HMF) 482 

are released during extraction with very low yields (up to 0.02 g/100 g). The higher 483 

temperature (160 °C) led to a higher content of organic acids due to the hydrolysis of 484 

high molecular weight hemicelluloses already extracted into lower molecular weight 485 

hemicelluloses. The rest of the by-products were also in greater proportion when the 486 

temperature was higher.  487 

Previous studies showed that hydrothermal treatment could be tailored towards the 488 

selective recovery of hemicelluloses and the reorganization of the remaining cellulose 489 

and lignin fractions with improved morphological characteristics (Nitsos et al., 2016, 490 

2013). In these studies the severity factor was in the range logRO = 1.90 – 4.69, where a 491 

good correlation between hemicelluloses yield extraction and logRO was obtained. 492 

However, it was demonstrated that at the same logRO values, hydrolyzates with 493 

different composition and molecular weight can be obtained. In the present study, low 494 

severity values were used: in the extraction at 140 ºC logRO = 2.02, 2.35, 2.65 and 2.78 495 

were analyzed, while at 160 ºC logRO = 2.61, 2.94, 3.24 and 3.37 were analyzed. 496 

According to these values and to the evolution in the extraction of hemicelluloses and 497 

by-products (Fig. 3a), purity was always higher in the points studied at 140 ºC than 498 

those at 160 ºC, even though the logRO was of a very similar order. At both 499 

temperatures, the highest purity was obtained for the highest logRO (2.78 for 140 ºC 500 

and 3.37 for 160 ºC). This higher purity could be attributed to the higher extraction 501 

time, where the extraction by-products increased in much smaller magnitude than the 502 

extraction of hemicelluloses. 503 

3.4. Molecular weight distribution of extracted hemicelluloses 504 

Fig. 4 shows the evolution of the molecular weight distribution of the hemicelluloses at 505 

the outlet of the flow-through reactor. At the beginning of extraction (Fig. 4a) the 506 

presence of hemicelluloses was higher in the 160 °C extract than in the 140 °C extract, 507 
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except for those hemicelluloses > 30 kDa. After 15 minutes of extraction (Fig. 4b), 508 

hemicelluloses > 30kDa obtained at 160 °C (logRo = 2.94) were fully hydrolyzed to 509 

hemicelluloses of lower molecular weights. On the other hand, the 140 °C extract (logRo 510 

= 2.35) still maintained hemicelluloses > 30 kDa. At this time, the total concentration of 511 

hemicelluloses decreased considerably in the 160 °C extract, meanwhile, it is still almost 512 

constant in the 140° C extract comparing to time 0. After 40 min (Fig. 4c), 513 

hemicelluloses > 30 kDa were also lost in the 140 °C extract (logRo = 2.78). 514 

Hemicelluloses obtained at 140 °C suffered at this final time a more accentuated 515 

decrease in their total concentration than those obtained at 160 °C (logRo = 3.37), which 516 

may be explained by the fact that at 140 °C it is not possible to extract much more 517 

hemicelluloses from the RM. 518 

The distribution of oligosaccharides was similar in both experiments at 140 and 160 ºC, 519 

being the diose and triose configuration the most abundant, followed in decreasing 520 

order by tetraose, pentose, etc. The concentrations of monomers and oligosaccharides, 521 

both decreasing over time, were always higher in extraction at 160 ºC than at 140 ºC. At 522 

160 ºC the greatest decrease occurred after the first 15 min of extraction, while at 140 523 

ºC the most abrupt decrease occurred at the end of extraction, after 40 min. This 524 

difference may be due to a faster extraction/production of oligosaccharides at 160 ºC 525 

than at 140 ºC. 526 

Relating the molecular weight distribution (Fig. 4) with the logRO used, the evolution can 527 

be studied depending on the extraction temperature. At 140 ºC, moving from 15 min 528 

(logRO = 2.65) to 40 min (logRO = 2.78), the ratio monomers/total hemicelluloses 529 

decreased, while at 160 ºC the ratio increased from 15 min (logRO = 3.24) to 40 min 530 

(logRO = 3.37). This may be due to the more accentuated autohydrolysis process at a 531 

higher temperature. The proportion of the oligomeric groups from diose to heptaose 532 

increased with the increase of logRO at both temperatures, especially at 140 ºC, possibly 533 

due to less rupture towards monomers or to a more accentuated decrease in the 534 

concentration of hemicelluloses in polymeric form. Conversely, molecular weight 535 

groups higher than heptaose decreased their proportion with the increase of logRO at 536 

both temperatures, especially at 160 ºC. 537 

 538 

3.5. Concentration, purification and separation by ultrafiltration/diafiltration 539 

The three objectives of the downstream process were concentration, purification, and 540 

separation of hemicelluloses. 541 

3.5.1. Concentration 542 

The increase in the concentration of certain groups of hemicelluloses was mainly 543 

carried out at the UF stage. Feed volume reduction of 80 % was fixed in each 544 

membrane, resulting in a maximum increase of the concentration of 5-fold respect to 545 
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the normalized concentration in the Feed stream. This increase in the concentration 546 

respect to the normalized Feed concentration was called concentration factor, and it is 547 

represented in Fig. 5. This factor was defined as the ratio of the RI detector intensity of 548 

each group of hemicelluloses (mono, di, tri, etc.) in the UF and UF/DF streams 549 

comparing with the Feed stream. At 140 ºC the weight-average molecular weight of the 550 

Feed stream was 12763 Da (hemicellulose concentration: 358.1 mg/L), while at 160°C 551 

was 6720 Da (hemicellulose concentration: 556.9 mg/L). This difference occurred due to 552 

the fact that at a lower temperature (140 ºC) hemicelluloses were less autohydrolyzed. 553 

Regarding the first membrane (30 kDa), in the 140 ºC extract hemicelluloses were more 554 

retained than in the 160 ºC extract, as the concentration factor of all the groups 555 

suffered a greater increase. This higher retention could be attributed to a higher 556 

weight-average molecular weight of the Feed stream, which makes more difficult mass 557 

transfer across the membrane. Hemicelluloses from the > 30 kDa group were almost 558 

completely retained in the first membrane in both cases, as the concentration factor in 559 

Ret-30 kDa-DF was almost 5, being 5 the maximum that can be reached with a VR = 80 560 

%. 561 

In the last two membranes (10 and 5 kDa), there was no considerable increase in 562 

concentration compared with the Feed. This is due to the high retention in the first 563 

membrane (30 kDa). In the case of 160°C due to the lower molecular weight of 564 

hemicelluloses in this extract, the concentration in these retentates was higher than in 565 

140°C extract, as more hemicelluloses were able to cross the first membrane.  566 

3.5.2. Purification 567 

After UF, it is usually necessary to purify the retentates due to the retention of some 568 

hemicelluloses whose MW < MWCO. In the present work, the used of DF purified the 569 

hemicelluloses retained not just by reducing the concentration of by-products but also 570 

by enrichment in hemicelluloses of higher molecular weight, thus a higher weight-571 

average molecular weight of the product. Fig. 5 shows the changes in the concentration 572 

factor of the products after purification by DF, called UF/DF products. 573 

In the first membrane (30 kDa), DF reduced the presence of all the hemicellulose groups 574 

in the 140 ºC extract, being the more reduced the ones of lower molecular weight (from 575 

mono to 1.6-5 kDa). In the 160 ºC extract, DF was able to reduce the presence of an 576 

only certain group of hemicelluloses (from mono to 1.6-5 kDa), but not of the others. 577 

This could be due to a higher hemicelluloses concentration of the 160 ºC Feed stream 578 

(556.9 mg/L) compared to 140 ºC Feed stream (358.1 mg/L). Monomers, dimers, and 579 

trimers may have been trapped on the feed side by other hemicelluloses. Regarding 580 

intermediate size hemicelluloses (5-30 kDa), problems for crossing the UF membranes 581 

agree with previous studies. In this sense, Strand et al. (2015) reported that the 582 
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substances more harmful for the UF capacity were intermediate size hemicelluloses. 583 

Otherwise, the highest molecular weight hemicelluloses (>30 kDa) cannot cross the 584 

membrane being retained easily, and the lowest molecular weight substances (by-585 

products) can generally pass through it causing no problems of concentration 586 

polarization and/or membrane fouling. 587 

Regarding the last two membranes (10 and 5 kDa), in the 140 ºC extract part of the 588 

hemicelluloses of 10-30 kDa group dragged in the DF of the first membrane (30 kDa) 589 

were recovered in the DF of the second membrane (10 kDa), thanks to the reuse of the 590 

DF water. However, in the DF of 160 ºC extract, there was no recovery of hemicelluloses 591 

in the second membrane as hemicelluloses >10 kDa were not dragged during the DF of 592 

the 30 kDa membrane. DF of the 10 kDa and 5 kDa retentates also allowed to decrease 593 

the presence of hemicelluloses whose MW < MWCO. If a higher decrease were desired, 594 

a higher number of diavolumes would be necessary. 595 

One of the main goals of DF is to reduce the presence of by-products in the UF 596 

retentates. This effect can be seen in Table 1. By-products were more retained in the 597 

membrane when hemicelluloses had the highest weight-average molecular weight, and 598 

the DF was more crucial to purify the retentates. This higher retention of by-products 599 

may be due to the formation of certain aggregated by high molecular weight 600 

hemicelluloses, which trap the by-products. The percentage of by-products removal 601 

after DF was 56.3 % for 140 ºC extract, compared to 31.6 % for the 160 ºC extract, 602 

whose molecular weight was lower (6720 Da vs. 12763 Da). Similarly, in the case of 603 

lower molecular weight hemicelluloses, a higher percentage of by-products was 604 

recovered directly in the permeate 49.0 % (160 ºC extract) against 31.2 % (140 ºC 605 

extract). The maximum retention of by-products in the purified retentates was 8.7 %, so 606 

the DF can be considered as a good method for purification. It should be noted that the 607 

application of a greater number of diavolumes would further reduce this retention. The 608 

increase in the purity of the products through the removal of by-products is shown in 609 

section 3.6. 610 

3.5.3. Separation  611 

The third objective of this work was the hemicellulose separation depending on the 612 

molecular weight. This purpose was achieved partially in the UF process and also in the 613 

UF/DF process above mentioned. After DF results showed that the majority of the 614 

target hemicelluloses (> 5 kDa) were recovered in the purified retentate. At 160 ºC, 615 

hemicelluloses from the groups 5-10 kDa, 10-30 kDa and >30 kDa were recovered with 616 

percentages of 78.9, 99.5 and 100%, respectively. In the case of 140 ºC, the recoveries 617 

were lower with values of 57.4, 85.7 and 90.6 % of the groups 5-10 kDa, 10-30 kDa and 618 

> 30 kDa, respectively. These lower recoveries could be attributed to mass transfer 619 

difficulties associated with the high molecular weight of the Feed stream, and 620 
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therefore, these hemicelluloses trapped into the membrane were dragged to the DF 621 

water. 622 

On the contrary, certain hemicelluloses were not the target in this particular process, 623 

thus the objective was to separate them from the purified retentates. These substances 624 

were monomers, dimers and trimers, oligomers from tetra to penta, and hemicelluloses 625 

between 1.6-5 kDa. At 160 ºC, the total removal percentage of these compounds was 626 

57.2 % compared to 66.2 % in the case of 140 ºC. All these substances were eliminated 627 

by the 5 kDa permeate and the DF waters. 628 

3.6. Characterization of the products 629 

Table 2 shows some parameters of the Feed streams, UF products, and UF/DF products: 630 

weight-average molecular weight (MW), hemicelluloses concentration, by-products 631 

concentration, and purity. Feed volume reduction of 80% allowed that most of the 632 

hemicellulose concentrations were similar to or higher than the hemicellulose 633 

concentration in Feed steam, despite the fact that hemicelluloses are only partially 634 

retained by each of the membranes and are distributed in three retentates, one 635 

permeate, and the DF water. 636 

Cascade UF system allowed obtaining three differentiated fractions of hemicelluloses: 637 

Ret-30 kDa, Ret-10 kDa, and Ret-5 kDa. These products differ considerably in their 638 

weight-average molecular weight. In the 140 ºC extract, the MWs were 34965 Da (Ret-639 

30 kDa), 2029 Da (Ret-10 kDa), and 1564 kDa (Ret-5 kDa). The UF products from the 160 640 

ºC extract had MWs of 15265 Da (Ret-30 kDa), 3618 Da (Ret-10 kDa), and 1388 Da (Ret-641 

5 kDa). 642 

Purity has been determined as the relation between the concentration of 643 

hemicelluloses in the solution and the total concentration of compounds detected by 644 

HPLC (hemicelluloses, sugars, aldehydes, acids, furfural, and 5-HMF). The assumption 645 

that the lignin that may be present did not contribute significantly to purity is justified 646 

by the low severity used in the autohydrolysis and the very low percentage of acid-647 

soluble lignin quantified in the raw material characterization. The purity of the three 648 

products after UF was in the range 67.0 to 89.5 wt%, being the average purity of the 649 

Feed liquors 79.8 wt%. 650 

According to Table 2 and previous results, purification by DF allowed (1) to increase the 651 

MW of the products, (2) to recover hemicelluloses dragged in the DF of the previous 652 

membrane in the cascade, and (3) to diminish the presence of by-products increasing 653 

the purity of the retentates. The purity of the products after UF/DF was in the range 654 

83.7 to 97.8 wt%. 655 
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The reported data allow the formulation of UF material balances with Feed, Ret-30 kDa, 656 

Ret-10 kDa, Ret-5 kDa, and Perm-5 kDa, taking into account that feed volume reduction 657 

was 80 % (v/v) in each of the UF steps. Discrepancies can be attributed to 658 

experimental/analytical errors and small retention of the compounds on the membrane 659 

surface. 660 

Molecular weight characterization of the feed liquors and the UF/DF products (Fig. 6) 661 

shows the different molecular weight distributions obtained. Feed streams had a variety 662 

of hemicelluloses, thus having a considerable polydispersion. Hemicelluloses between 663 

1.6-5 kDa were the more common in both feed of 140 and 160 ºC extract with 664 

percentages of 28.9 wt% and 31.9 wt%, respectively. The most abundant oligomer was 665 

mannotriose with percentages of 8.9 wt% (140 ºC extract) and 9.3 wt% (160 ºC). 666 

Comparing each of the products individually, the UF/DF of 140 ºC extract resulted in a 667 

Ret-30 kDa-DF containing mainly > 30 kDa hemicelluloses (28.2 wt%), with a lower 668 

proportion of monomers, dimers, trimers, oligomers and also 1.6-5 kDa hemicelluloses 669 

than the Feed. This was thanks to the improved mass transfer across the membrane 670 

during DF. The other two retentates (Ret-10 kDa-DF and Ret-5 kDa-DF) contained 671 

mainly hemicelluloses between 1.6-5 kDa (25.8 wt% in both cases), with a similar or 672 

higher proportion of oligomeric hemicelluloses than the Feed. The most abundant 673 

oligomer of these two retentates was again mannotriose with percentages of 9.8 wt% 674 

(Ret-10 kDa-DF) and 17.0 wt% (Ret-5 kDa-DF). In the case of 160 ºC extract, Ret-30 kDa-675 

DF was rich in 1.6-5 kDa hemicelluloses (30.4 wt%). It is also worth noting: 1) the 676 

increase in the proportion of hemicellulose of molecular weight higher than the group 677 

1.6-5 kDa and 2) the decrease in the proportion of hemicelluloses of molecular weight 678 

lower than 1.6-5 kDa, comparing both with the Feed. Ret-10 kDa-DF and Ret-5 kDa-DF 679 

had their higher proportion in hemicelluloses between 1.6-5 kDa (30.2 and 20.6 wt%, 680 

respectively), with mannotriose as the most abundant oligomer (9.3 wt% and 14.7 wt%, 681 

respectively). 682 

3.7. Structural characterization of the spent solids 683 

The ATR-FTIR spectra of spent coffee grounds oil and spent coffee grounds before and 684 

after extractions were determined. The broad bands in 3600-3000 cm-1 region are 685 

attributed to the hydroxyl group of O-H stretching vibrations related to cellulosic 686 

materials (Lazzari et al., 2018). The absorbance in this region increased after the 687 

extraction of oil from spent coffee grounds. This increase shows that oil removal is a 688 

good pre-treatment, as the polysaccharides appeared to be more concentrated and 689 

accessible in the matrix of the raw material. The decrease in absorbance after 690 

hemicellulose extraction was greater at a higher extraction temperature, indicating a 691 

greater breakage of bonds due to hemicellulose extraction. The region between 3000-692 

2800 cm-1 is related to C-H stretching vibration (Ballesteros et al., 2015). Two peaks 693 
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have high absorption in this range: 2920 cm-1 and 2845 cm-1. These bands are due to 694 

the CH2 symmetrical and asymmetrical stretching, respectively (Lazzari et al., 2018). 695 

Some authors have related these stretching with aliphatic bounds attributed to the 696 

presence of caffeine and lipids (Li et al., 2014). This can be confirmed by the presence of 697 

the same peaks in the spectrum of spent coffee grounds oil. Other authors have related 698 

the peak at 2920 cm-1 with the presence of hydrogen bonds in cellulose. The peaks 699 

between 1750 cm-1 and 1730 cm-1 represent ester moieties in the hemicellulose 700 

fraction related to the bonds between lignin and polysaccharides (Ravindran et al., 701 

2017). This peak appears after extraction of oil from spent coffee grounds, indicating 702 

that the oil release made the ester groups more available in the matrix. These ester 703 

groups are part of both the hemicellulose-lignin complexes and the oil. The region 704 

1700-1500 cm-1 is related with carbonyl groups (C=O) asymmetrical and symmetrical 705 

stretching vibrations, and the peaks at 1700 and 1650 cm-1 are highly associated to the 706 

presence of caffeine and chlorogenic acid (Ballesteros et al., 2015). The presence of 707 

caffeine in the spent coffee oil is again confirmed by the peak 1700 cm-1. Regarding the 708 

second peak (1650 cm-1), the absorbance was constant after oil extraction by scCO2, 709 

which could indicate that the chlorogenic acid remained in the defatted spent coffee 710 

matrix. The band at 1369 cm-1 is attributed to the C-H deformation in cellulose and 711 

hemicellulose (Traoré et al., 2016). The intensity of this band increased after oil 712 

extraction, and decreased after hemicellulose extraction more markedly at a higher 713 

extraction temperature. This decrease was due to the breakage of C-H bonds in the 714 

hemicelluloses and between hemicelluloses and cellulose during extraction. The broad 715 

region between 1200-920 cm-1 is related to the stretching vibration of C-O in C-O-H 716 

bonds such as glycosidic bonds, attributed to polysaccharide sugars (Ballesteros et al., 717 

2015). After oil extraction, the intensity of this band increased considerably, which can 718 

be attributed to a greater presence of this type of bond without unions linkages with 719 

the lipid phase in the matrix. There was a large decrease in absorbance in this region 720 

after the extraction of the hemicelluloses so that the higher the extraction temperature 721 

the higher the absorbance decrease. This decrease in intensity suggests the rupture of 722 

hydrogen bonds between cellulose and hemicelluloses, as well as the hydrolysis of 723 

polysaccharides. Within this region, the peak at 1035 cm-1 is related to the C-O, C=C, 724 

and C-C-O stretching between polysaccharides and lignin (Ravindran et al., 2017). The 725 

peaks at 935 cm-1, 869 cm-1 and 801 cm-1 can be attributed with glycosidic linkage in 726 

cellulose and hemicellulose (Ballesteros et al., 2017; Feng Xu et al., 2013). The intensity 727 

of these peaks decreased by a very similar degree at both temperatures, as the ruptures 728 

of glycosidic bonds in hemicelluloses are of greater importance when they occur in the 729 

liquid phase (autohydrolysis). 730 

4. Conclusions 731 
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Spent coffee grounds where defatted using supercritical CO2 and hydrolyzed in 732 

subcritical water at 140 and 160 ºC in a pilot plant. The hemicellulose hydrolyzates were 733 

concentrated, purified and separated by means of multiple-step 734 

ultrafiltration/diafiltration. The concentration of hemicelluloses occurred mainly in the 735 

first membrane due to difficulties in the mass transfer by the formation of aggregates. 736 

The separation and purification were improved by diafiltration, which considerably 737 

reduced the retention of both by-products and not target hemicelluloses. Obtaining 738 

purified hemicellulose fractions at pilot scale allows the production on a larger scale for 739 

potential applications in food, pharmaceutical, and biopolymers industries. 740 
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Figure Captions 914 

Figure 1.  Diagram of the flow-through pilot reactor used for hemicellulose extraction  915 

Figure 2. Ultrafiltration and diafiltration cascade process 916 

 917 

Figure 3. Extraction yield (g/100g of dry raw material) of hemicelluloses and by-products 918 

at 140 and 160 °C 919 

 920 

Figure 4. Evolution of the molecular weight distribution of hemicelluloses during 921 

extraction at 140 and 160 °C 922 

 923 

Figure 5. Increase in the concentration of the different groups of hemicelluloses in each 924 

of the UF and UF/DF products compared to the Feed stream 925 

 926 

Figure 6. Molecular weight distribution of the Feed and the UF/DF products 927 
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Tables 1065 

 1066 

Table 1 1067 

Recovery of by-products after UF and UF/DF 1068 

      UF by-products recoveries UF/DF by-products recoveries 

  
MW 
(Da) 

Perm-5 kDa Ret-30 kDa Ret-10 kDa Ret-5 kDa Ret-30 kDa-DF Ret-10 kDa-DF Ret-5 kDa-DF 
DF 

water* 

140 ºC  12763 31.2 % 45.6 % 9.3 % 13.9 % 2.7 % 3.4 % 6.5 % 56.3 % 

160 ºC 6720 49.0 % 19.1 % 16.5 % 15.4 % 3.1 % 7.5 % 8.7 % 31.6 % 

* recovery of by-products in the different DF waters was determined by material balance 1069 
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Table 2 1091 

Characterization of the UF and UF/DF products 1092 

 1093 

  140 ºC 160 ºC 

  
MW 
(Da) 

Hemicelluloses 
(mg/L) 

By-products 
(mg/L) 

Purity 
(wt%) 

MW 
(Da) 

Hemicelluloses 
(mg/L) 

By-products 
(mg/L) 

Purity 
(wt%) 

Feed 12785 358.1 118.0 75.2 % 6720 556.9* 103.9 84.3 % 

Ret-30 kDa 34965 457.4 225.7 67.0 % 15265 770.7 90.3 89.5 % 

Ret-30 kDa-DF 49733 382.7 13.3 96.6 % 23236 656.9 14.8 97.8 % 

Ret-10 kDa 2029 390.2 57.5 87.2 % 3618 561.4 97.5 85.2 % 

Ret-10 kDa-DF 4158 341.7 21.0 94.2 % 4043 494.4 44.6 91.7 % 

Ret-5 kDa 1564 368.1 107.5 77.4 % 1388 642.1 113.6 85.0 % 

Ret-5 kDa-DF 1641 256.7 49.9 83.7 % 1803 442.1 64.2 87.3 % 

Perm-5 kDa 1941 323.5 60.3 84.3 % 1596 439.1 90.6 82.9 % 

*determined by an average of the extract concentrations corresponding to the first 10 minutes of extraction  1094 
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