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Abstract

Production of enzymes through solid-state fermemaiSSF) of agro-industrial wastes
reports high productivity with low investment. Tagtraction of the final product from
the solid waste and solid disposal represent the pwst of the process. In this work,
the complete downstream processes of SSF of twesinidl residues for the production
of proteases, soy fibre (SF) and a mixture of aad sludge (HS), were studied in terms
of activity recovery, using different extractionrapmeters (extracting solvent, ratio
solid:solvent and extraction mode). Activity aftgophilisation was tested. Solid waste
valorisation after extraction was studied usingpmagion techniques and biogas
production tests, as part of a zero waste strategy.

Results showed a maximum extraction yield of 91%3B6 and 121% for HS, both in
agitated mode and distilled water as extractiomiagkn average activity recovery of
95 + 6 % and 94 + 6 % for SF and HS respectively wlatained after lyophilisation and
redissolution. To reduce the cost of extractiomateo 1:3 w: v solid-solvent in static
mode is advised for SF, and 1:2 w:v extractiororatiagitated mode for HS, both with
distilled water as extracting agent. Both compastind anaerobic digestion are suitable

techniques for valorisation of the waste material.

Keywords. downstream, extraction, protease, organic wastdisl-state fermentation,

Zero-waste.
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I ntroduction

The use of enzymes in industrial processes is gipwevery day. They are used, for
example, in detergent manufacturing, bioethanodpction and food and beverage
processing. Their use versus traditional chemicabcgsses allows reducing
manufacturing costs and waste generation, alsaegpthe need of harsh operational
conditions, as high pressure or temperature (Segth 2016).

Two main processes are used to produce enzymed;state fermentation
(SSF) and submerged fermentation. In recent yedhes,use of SSF has become
outstanding due to its higher yield and the reanést of simpler and smaller
equipment (Kriaa et al. 2016). As substrates, ditee provides a wide range of
residues, the most popular being agro-industrisidtees, like the coffee pulp waste
used by Kandasamy et al. (2016) to produce protfdsese residues are adequate as a
substrate due to their low cost and availabilitesi8les, several microorganisms have
been reported to produce all types of enzymes wiaulated in sterile conditions on
an adequate substrate (Riyadi et al. 2017, Lizéirdénez and Hernandez Martinez,
2017). In fact, the main part of the studies cdrmait in solid state and submerged
fermentation are focused on the improvement ofgdreeluction yield by optimizing
fermentation parameters as temperature, particke, snoisture or selecting the right
strain (Sun et al. 2011; Karpe et al. 2015).

However, several issues regarding operational tiondi still need to be solved
to ensure a successful scale-up of the SSF pragdiseoverheating problems (Finkler
et al. 2017), or optimization of aeration and agta modes (Gassara et al. 2013).
Also, since most of the optimal working temperasugd SSF microorganisms are

around 30°C, questions like moisture and tempezate critical in the scale-up of SSF
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processes. Despite the good yields obtained, S8Riisly being developed at lab scale
(El-Bakry et al. 2015).

Apart from all the technical issues mentioned abdhe assessment of the
performance of the entire process at industrialesa@sults crucial to determine its
profitability. Activity losses can occur during exttion due to a low contact area
between solid and solvent (Zhang and Sang. 20h8)traus inefficient mass transfer, or
due to stability of the enzyme, which is mainlyeatied by pH and temperature (Silva et
al. 2014). Storage of the crude extract can alad te activity losses through time or
during purification (Negi et al. 2011) or lyophdigson stage (Mensink et al. 2017).
Also, the disposal of solid biodegradable residyeserated after extraction should be
studied. These residues still contain a considerabiount of biodegradable matter, a
resource to obtain biogas or organic amendmentspi2ethe relevance of having a
better understanding of downstream and global pedace of SSF processes, to our
knowledge, no complete study at pilot scale has Ipeblished.

Some data obtained at lab scale are provided bhiiRat al. (2013), where
mannose extraction from 0.9 kg of palm kernel cafas studied, finding that soaking
time, nature of solvent, physical state, soliddtvent ratio and number of washes have
great influence on enzyme recovery. Chaithanyd.ef2812) also extracted protease
from fermented bran, finding that the optimum leaghconditions were glycerol and
tap water as solvent, contact time 60 min and &agiaat 100 rpm. Both authors
obtained the highest recovery yield when agitat@s applied and the solvent was a
mixture of water and glycerol. A solid-solvent catif 1:5 (w: v) was also determined as
optimal in both cases. The most influential paranetas the ratio solid-solvent, which
produced the highest difference within the maximamd the minimum activity

recovery in the extraction of protease.
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In previous works by Abraham et al. (2013) and Afarid et al. (2016), the
listed problems of SSF processes at pilot scalee wsrercome, developing and
describing robust SSF processes at pilot scale.opleeational strategy was based on
allowing the native consortia of microorganismsseré in the residue to develop, so
inoculation and sterilization would not be necegsBrotease activity obtained in those
works was remarkably higher than those previousdported and with simpler
operational conditions.

Therefore, the aim of this work is to provide a q@bete picture of the
downstream process of two SSF processes for petpesduction at pilot scale,
including activity recovery from enzyme extractidypphilisation of the crude extract
and activity conservation after dissolving the Igibised. Downstream processes for
two different wastes, soy fibre waste and cow hagare studied. Influence of extraction
parameters (w:v ratio, type of solvent and presiahsence of agitation) was studied to
determine the activity recovery obtained with eattategy. Operational conditions
were selected considering their suitability for usttial scale. Regarding the
management of the substrate after extraction, aiential as feedstock for biogas
production was assessed, along with the possibtesfiormation of the solid into an
agricultural organic amendment according to itiitg for soil application in a zero

waste strategy.

Materials and M ethods

Raw material
Two wastes were assessed for the extraction otasetafter SSF, soy fibre (SF), from

a soy beverage manufacturing plant in CastelltefBatcelona, Spain), and cow hair,
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from a local tannery industry located at IgualaBar¢elona, Spain). Cow hair was
mixed with dehydrated sludge from the WWTP (wastewareatment plant) of
Igualada (Barcelona, Spain) as inoculum for the B®EEess in a ratio 1:2 hair: sludge
(w: w) (HS), and moisture was adjusted to 65%. INgitinoculation nor moisture
adjustment was needed for SF as the residue pessessnative population of
microorganisms and adequate water content. In lwatbes, wood chips from a
composting plant in Manresa (Barcelona) were useoluiing agent in ratio 1:1 (v: v).
SF average patrticle size is between 800 pm and u@vywhile cow hair particle size is
about 1 cm long. 79% in weigh of bulking agent icéatsize is between 16 mm and
3.15 mm, Soy fibre was stored at -20°C before #peements, while fresh sludge and
hair were stored at 4°C due to the structural chsrigat freezing produces in fresh
sludge. The suitability of these industrial resslugs raw materials for protease
production through SSF has been described by Abrattaal. (2013, 2017) and Abu
Yazid et al. (2016), where details of the procesd proteases production range are

thoroughly provided.

SSF Materials and experimental set up

SSF was carried out in 10 L and 50 L (working vodyradiabatic reactors, in order to
minimize environment influence, as described irailleh previous works (Figure 1)
(Maulini-Duran et al. 2014; Puyuelo et al. 2010¢aRBtors consist in a Dewar-glass with
an outside metallic coverage and an adjusted cajos® the container hermetically.
The inward part of the cap is covered with isolgtnaterial. In the bottom of the glass,
a double plastic net was placed to provide supfmothe fermentable waste, create a
space for lixiviates and distribute evenly the trde-flow. In the cap, there are three

connexions, two for inlet and outlet gases andlaise for a temperature prove. Inside
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the reactor, a plastic pipe conducts the inletaithe bottom of the reactor, below the
plastic net. The oxygen content of exhausted gassaneasured by an electrochemical
oxygen sensor and data were collected using a mparsomputer. Data analysis was
carried on by non-commercial software called Sen§emperature and air flow were
also measured. A control system for air-flow baseoixygen content in the outlet gases
was used, stablishing an upper and lower set pdihP.5% and 11.5% oxygen content
and variation of volumetric air-flow between valuEs300 and 1000 mL mih assuring
that oxygen was always above 10% in exhaust g&sssctors capacity (mass) was 3.8
kg of SF and 2.8 kg of HS for 10 L reactors andbXg of HS and 20 kg of SF for 50 L

reactors, respectively.

Protease activity recovery - Material and experimental set up

Influence of extraction parameters
Extractions were performed to evaluate the recowvéprotease activity under different
experimental conditions. 200 g of fermented salahf SSF performed in 10 L and 50
L reactors were used in every extraction. The sahd the solvent were in contact
during one hour under different regimes, at envitent temperature, in this case,
around 15 °C, and then the liquid phase centrifudi@ing 10 minutes at 10000 rpm.
Protease activity of the supernatant was measurddeferred to a value considering
the total protease activity produced.

To obtain the total protease activity, an extraciio agitated mode at 1:5 solid:
solvent ratio and HCI-Tris (hydroxymethyl aminoneatle) buffer pH 8.1 as solvent was

also performed during one hour. The selected rati® based on Salariato et al. (2010)
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that extracted polygalacturonase with distilledevat a ratio 1:5. Also, results obtained
in this work from consecutive extractions confilme taccuracy of the choice.
The experimental parameters assayed were solvest éxtraction mode and w:
v solid: solvent ratio. The variations of each paeger were:
Solvent type: Two different solvents were used to perform exioas, distilled
water (DW) and HCI-Tris (hydroxymethyl aminomethpimiffer at pH 8.10
(TB).
Extraction mode: The extraction modes were three: i) no agitatgiatic mode),
i) orbital agitation at 120 rpm, and iii) circulah of the solvent through a
column packed with the waste at 96 mL thiwhich resulted in the renewal of
the whole volume of liquid 14 and 7.2 times, fo2 fv:v and 1:4 w:v extractions
respectively, as added volume of solvent in 1:4aetion is double than for 1:2.
Waste to solvent ratio (weight: volume): Assayed ratios of solid: solvent were
1.1, 1:2, 1:3 and 1:4.
The different combinations of these tested varmhble shown on Table 2.
Experimental set up for static and agitated modesisd of a set of glass
containers of different volumes where solvent aolitisvere placed. Static extraction
was performed introducing the fermented solid dreldhosen volume of solvent in a
beaker and waiting for one hour. To obtain the amttin agitated mode, the same
procedure was followed but beakers were placedSoray orbital shaker incubator for
an hour at 120 rpm and room temperature.
The experimental set up used in liquid circulatetraction was composed of a
peristaltic pump Watson-Marlow 400L2 with varialst#or speed from 2.5 to 50 rpm
and a 0.5 L plastic vessel with two adaptors, onéa top and one at the bottom,

connected by plastic tubes to the pump input atgubuinside the vessel, a device was
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coupled to let the water fall over the biomass inlrap-shower mode, in order to
achieve a homogenous contact with the solid inragb&ion mode. Fermented matter
was placed inside the vessel and solvent addedfldWveate was set up in the pump

and liquid circulation lasted for an hour

Number of extraction stages

Enzyme recovery from consecutive stages was assagddrming four consecutive
extractions to the same fermented material. Betwednactions, the biomass was
drained to reduce its moisture as much as possib?esolid: solvent w: v ratio was
chosen for these experiments. Differences betwésic/agitated mode and TB/DW

were evaluated.

Lyophilisation

15 ml of supernatant obtained after centrifugatbérthe extraction mixture Solid-DW
and Solid-TB were frozen at -80°C and later lyogkidl using a Virtis 5L sentry
lyophilizer connected to an Edwards vacuum pump 853 01 903. The protease
activity was measured in the dissolved lyophilizgalid and the activity recovery

calculated.

Zero waste strategies

Anaerobic digestion - Biogas Potential Test (BPT)

Biomass fermented for the production of protease teated as feedstock for biogas

production through anaerobic digestion after exiac Sludge from an anaerobic
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digester of raw sludge from a municipal WWTP in &l (Barcelona) was used as
inoculum.

The methodology used was a modified method of tioéopol described by the
German Institute for Standardization and reportgthle Ordinance on environmentally
compatible storage of waste from human settlem@a61), detailed by Ponsé et al.
(2010) Inoculum and biomass from SSF were mixed fi@ed to inoculum (F/I) ratio of
0.5 for both residues and placed in hermetic cldsstles. Each sample was tested in
triplicate. The ratio F/I was calculated based loa iitial amounts of volatile solids
(VS) of substrate and inoculum. According to Poesal. (2010), this ratio is the
optimum to maximize biogas production. The contdntolatile solids in fermented SF,
HS and anaerobic inoculum were measured, obtamipgrcentage of 26%, 24%, and
1.5%, respectively. A triplicate with only inoculumas also tested as control and its
biogas production subtracted from the sample tests.

All the bottles were placed in an incubator Memner50 working at 37°C for
21 days. The amount of biogas produced was caéxuldbm the biogas pressure,
measured by an ISE 30A-01-P vacuum switch, temyerand headspace volume. The
bottles were manually agitated before and after somegment, and biogas was
periodically released to avoid overpressure.

Representative measures of methane percentageeibidigas were taken at
different days of incubation. Percentage of methemgk carbon dioxide were measured
using a gas chromatograph 5890A with a column 17B@8arcpackQ (250C), support
100/120, tube 3m 1/8’x 5.5 mm. Initial oven tengiare was 70°C, final oven
temperature was 120, determination time was 8 min, injector tempeamtuas 150C
and detector temperature was 180°C. Methane pesldetacted at 0.8 minutes. 100 pl

of gas sample were required for the analysis.

10
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Composting assays
Solid material after SSF and protease extractios stabilized in order to test its
suitability as soil organic amendment. Experimemtse carried out in 50 L and 4.5 L
working volume reactors (Figure 1), for HS and $Bpectively. Both reactors have
been previously describé8ayara et al. 2010; Maulini-Duran et al. 2014).L5@actor
was a packet bed type reactor, working in almostkadic conditions and made of
steel. Similar to the 10 L reactor, the cover had tonnectors for the outlet air and the
temperature prove, at the bottom of the reactothemaconnector was placed for the
inlet air and also a faucet for lixiviate leachifidhe outlet air was conducted through a
water trap at 4 °C, and oxygen content measurednbglectrochemical sensor. 4.5 L
reactor is identical to the 10 L reactor descriabdve but in a smaller size. Composting
process was performed with air supplied under OGRtrol (Puyuelo et al. 2010), a
control system based in an algorism which assuserman O, consumption during the
experiment. Volumetric flow oscillated between 13@0d 200 mL miit for HS and
between 1000 and 100 mL rififior SF.

In the case of HS, a drying stage was required a&ftéraction for moisture
removal, in order to continue the stabilization.ring the drying step, the solid was

disposed in thin layer out of the reactor for 24iiso

Analytical methods

Protease activity deter mination
Protease activity was determined using an adaptafioche Alef and Nannipieri (1995)

method for activity determination in soil (Abrahaet al. 2013). According to the

11



268 methodology, 1 g of soil is mixed in a falcon tuligh 5 mL of HCI-Tris buffer pH 8.1,
269 5 mL of bovine casein salt (2% ) as substrate, a/and incubated for 2 h at 50 °C.
270  During this time, the protease will break the males of casein, releasing peptides and
271 free amino acids into the media. In this case,df goil specified in the methodology
272 was replaced by 1 mL of extract from the SSF analL4of TB were added instead of 5
273 mL. The conditions for the standard extraction wixed in a ratio of 1.5 in g of
274  biomass per mL of HCI-tris buffer pH 8.1, agitatiamode and environment
275 temperature. The extract was centrifuged 10 m0800 rpm and the supernatant was
276  analysed. After the 2 incubation hours, 5 mL athloroacetic acid (TCA) (15%) were
277 added in order to precipitate the non-soluble piestiat this TCA concentration. 1.5 mL
278  of an alkaline solution and 1 mL of Folin-Ciocalteragent (25%) solution were added
279  to 1 mL of the incubated mixture after centrifugatiand then incubated at environment
280 temperature for 1h, in order to perform a colormeetletermination of the amount of
281  tyrosine present, using and spectrometer working0@tnm. L-tyrosine was used as a
282 standard. So, protease activity was expressedtivitpainits per gram of dry matter,
283  being an Activity Unit (U) 1 pug of tyrosine reledsafter 1 hour under incubation
284  conditions. Calculations were carried out accordogquation 1.

285

. CcCis5Vv
Protease activity (U ¢DM) = 5V (Eq 1)

286

287  Where C is the concentration of tyrosine expressedg of tyrosine per ml in the 15 ml
288  of solution after incubation, 15 is the transforimatfactor to obtain the concentration
289 in 1 ml of extract; V is the volume of solvent usadhe extraction (ml) and DM (Q) is
290 the dry matter of fermented solid used in the etiva.

291
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Activity recovery calculation
Activity recovery was calculated referring the waityi obtained in the extraction at

given conditions as a percentage of the standdrdaton according to Equation 2.

100 x Protease activity (L DM)
% Activity recovery = (Eq 2)
Standard protease activity (U' M)

As the extractions were performed by triplicatelerof 25% was applied,

discarding the values that differ more than 25%nftbe average.

Chemical oxygen demand (COD)
2 mL of the extract obtained for activity deterntioa with DW as solvent were used to
determine COD with a Lange Kit LCK 514 ranging frdi0 to 2000 mg ©L™ and

COD measures were taken by a Lange Spectrophoto®iet8900.

Dynamic Respirometric Index (DRI)
In this case, respirometric tests were performetherresidues before and after SSF in
order to determine their stability (German Fed#&falistry for the Environment, Nature
Conservation and Nuclear Safety, Ordinance on enmentally compatible storage of
waste from human settlements and on biologicalevaeatment facilities, 2001).

A dynamic respirometer following the method deseditby Adani et al. (2003)
was used. The experimental device was describd@olgpani et al. (2011). According
to Gea et al. (2004) the test was carried out @rstant temperature of 37°C. All the

experiments were performed in triplicate. Cumukatoxygen demand, AT(g O kg™

13
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dry matter), and Dynamic Respirometric Indices, RBIRI1hour (g Q kg dry matter

h™1), were calculated (Mejias et al. 2017, Almeirale015).

Routine methods
pH was calculated by soaking 10 g of sample in ROofdistilled water. After 30 min,
pH value was measured with a pH meter Crison mptb 2001. Volatile solids,
moisture content, total organic carbon (TOC), tdtgldahl nitrogen, (TKN) and
Soluble N-NH® were measured according to TMECC (The U.S. Depantnof
Agriculture and The U.S. Composting Council, 2001).

TOC (Total Organic Carbon) was determined usingCah Analytical Solid
TOC Analyser/Win TOC Solids v3.0, and TKN was meaduwsing a Bloc Digester 6
(with six tubes capacity) (J.P. Selecta S.A., Barte, Spain) and a Buchi Distillation
Unit K-355 (Flawil, CH).

Fat content (HEM-Hexane extractable material) waasared using a standard
Soxhlet method with n-hexane as organic solvene (OtS. Environmental Protection
Agency, Method 9071B) (The U.S. Department of Agjtire and The U.S.

Composting Council, 2001).

Satistics

One-way analysis of variance was performed to coemffae mean values of activity
recovery obtained under different experimental domas. Multiple factor regression,
to obtain a linear equation reflecting the influeraf each experimental condition in
activity recovery, was calculated using also attivecovery data. Excel 2010 data tools

was used in both calculations

14
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Results and Discussion

Waste char acterization

The results of the characterization of raw materae summarized in Table 1. As in
this work the objective of SSF was the productibprotease, nitrogen-rich substrates
were used. Air Filled Porosity (AFP) of the mixtunes measured to ensure a good
aeration of the whole mass. Casciatori et al. (R0p@rated with a bed porosity of 0.75
in a mixture of sugarcane bagasse and wheat briaug @s packet bed bioreactor.
According to Machado de Castro et al. (2016), 4 lggrosity will ensure the oxygen
transport, but the initial value will change thrbutpe process due to degradation of the
support. Porosity seemed to be adequate along xperiment, achieving a good
aeration of the whole sample and no heat loss. dgjatiability was evaluated through
the dynamic respirometric assay. As Table 1 shawstures assayed presented
appropriate initial moisture and porosity, as vadla low C/N ratio. The raw material
chosen as a substrate could be a good inducereoérinyme produced (Gopalan and
Nampoothiri 2016). So, for protease production gisanconsortium of microorganism,
the substrate should be a nitrogen-rich one, wimglans a high content in protein.
Compared to other reported wastes used as subfraistease production like coffee
pulp, corn cobs (Kandasamy et al. 2016), wheat fvéeena et al. 2013) alatropha
curcas seed cake (Thanapimmetha et al. 2012), which predeC/N ratios of 18.9
(Eshetu et al. 2013), 36 (Pan-In and Sukasen 20969 and 2.46 (Mishra et al. 2016)
respectively, HS and SF present a high contentratems (nitrogen). Comparing the
reported values of protease production in the roaetli examples, and after
optimization of the experimental conditions in alhses, maximum production

correspond tdatropha curcas, with a range of production near to 1500 U hwhich

15
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was the residue that presented lowest C/N ratidevitne range of production for wheat
bran and the mixture of coffee pulp and corn colsewd20 U mL* and 582 U mL[
respectively. Although wheat bran presents alsagh production value, enrichment
with peptone was carried out previously to the $BHcess and onlyatropha curcas
was specifically chosen for its high N content,aadming to the authors. In the present
work, a high protease production was obtained, @et with the examples above,
without any enrichment of the initial mixture, a\NGatio was already adequate.

Material was also biodegradable, as the respirocneditues show (Table 4).

SSF process evolution in 10 L reactors

Figures 2a and 2b show an example of temperatuté&i 1hour (g @ kg' DM h™)
profiles obtained in the fermentation process of &l SF, respectively. The highest
protease activity for HS was always observed inmtesophilic phase after 8 days of
process, while SF protease activity presented asimmum at thermophilic temperatures
after 5 days of fermentation. Maximum activity powwas determined in previous
experiments by sampling the reactors periodically determining the protease activity
for both mixtures. Abraham et al. (2013) found th@ximum activity for SF was
observed at theBday for a mixture equal to the one used in thiskwBor this residue,
maximum biological activity concurred with maximwmzymatic activity. On the other
hand, Abraham et al. (2017) found the highest agtixalue for a mixture of cow hair
and digested sludge at the™day of fermentation. For the mixture used in thizk,
the highest value for protease activity was foundthe g day of fermentation
approximately. Difference with Abraham results ¢endue to the different inoculum,
as in this work fresh sludge was used. Abu Yazichlet(2016) characterized the

protease obtained from solid state fermentation hafr and anaerobic sludge

16



391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

determining that the alkaline protease was a s¢ypein the range between 26 and 100
KDa, and exhibit good stability in a temperaturega of 30-50 °C and alkaline pH. In
literature shorter optimum fermentation times anenfd for protease production through
solid-state fermentation. Kandasamy et al. (20b&n#l maximum vyield of protease
production after 60 h of fermentation, using coffedp and corncob as a substrate
inoculating with Bacillus sp. BT MASC 3, Pouryafar et al. (2015) determined an
optimum incubation time of 48 h using wheat bran sabstrate withBacillus
licheniformis. However, in the literature consulted, the SSFcess was usually
interrupted after a fixed time, without taking irdocount the biological activity. So it is
difficult to determine if the maximum productioncaered at this time, because no
information about the complete production curvprssented. Also, the highest amount
of solid used in the references found was 25 golmsequence, temperature control and
oxygen availability was not a limitation of the pess. In the present work, SSF was
performed at a pilot scale and this approach requa complete monitoring of the
process, which makes that highest protease acts/ptained at different times. Thus,
the direct comparison is not possible. High valoie®BRI 1hour were maintained longer
in the case of SF, which indicates a higher contémapidly biodegradable material.
These data are in agreement with previous resbligireed by Abraham et al. (2013,
2017). The range of protease activity obtainedtis work was 6668 to 23541 U'g
DM for HS and 8054 to 33374 U'¢OM for SF. For both residues, pH reached values
between 8.0 and 8.8 during the thermophilic phasd,remained in this range until the

end of the process.

Protease activity recovery
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Factors influencing enzyme extraction from the dohatrix at the point of maximum
protease activity during SSF were evaluated fortthee wastes under study. As stated
above, these factors include solvent type, wasigest w: v ratio and operation mode
(static, with agitation and recirculation). Tablsl®ws the mean and standard deviation
of the protease activity recovery achieved durirgaetion under the conditions listed
on the same table. Extractions were performed @anmim of three times for each set of
parameters and each residue in agitated and statie. A duplicate of the extractions
was performed in recirculated mode due to expera@onstraints.

Maximum activity recovery of 91 + 8 % for SF wasmwved in agitated mode at
1:4 using DW as solvent while a maximum recovery®f + 22% was obtained with
the same extraction conditions for HS.

The lowest value of activity recovery for SF waganted at 1:1 w: v with DW
as a solvent and agitated regime. HS presentedimtisnum at 1:3 w: v extracted with
TB and Static mode.

Regarding the mean values of activity recovery Bf &gitated mode presents
approximately 10% more efficiency than static motleese values represent a higher
recovery in static mode than the results presemyddrudula and Kokila (2010) for the
extraction of amylase from fermented bran (alsibeofis residue), where a 40% less
recovery in static mode than in agitated mode wasnted. However, the difference is

greater for HS residue, which reached 40% diffezdyetween agitated and static mode.

Solvent type
One factor variance analysis was performed comgaitie obtained yields between
experiments differing in one extraction paramelgsults showed, for SF and HS, no

significant difference between recoveries using NV TB as extractant. Protein
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solubility depends mostly on polar interactionswesn the molecules and the solvent,
in some proteins, pH solubility profile presentamnimum value in the isoelectric
region, the value of which depends on the structiréhe protein (Hu et al. 2017).
According to Vuong et al. (2016) salt concentratoan also affect solubility, either
negatively or positively, as can remove hydratetayaround protein molecules. In this
work, both DW and TB are polar solvents than caadequate for protease extraction,
but with different initial pH and salinity. Howevecertain pH can cause deactivation.
Freitas et al. (2013) reported denaturalizatioprotease from SSF of canola cake at pH
4, so low pH should be avoided. Table 3 show &abfgoH and conductivity measured
in several extracts. As it can be observed, pHDMf and TB extracts presents similar
results with a maximum pH of 9 and a minimum vabfe8.3. Thus, no buffering
properties were needed in the extraction agent dmtain an optimal pH value. pH
achieved is due to the solubilisation of salts atitr compounds contained in the solid
matrix, which rise the pH of DW extracts. Differesc between both wastes are
reflected in conductivity values, where TB presdmtther values due to the Tris salt.
As the extraction ratio decrease, conductivity @ase due to higher concentration in
soluble salts from the matrix. During the SSF of &l HS, proteases were produced
when pH values reached the range of 8-9, thuse tbesymes are expected to be stable
under pH extraction conditions presented in Table 3

According to literature, DW is often used for enzyraxtraction with good
yields (Pal and Khanum 2010, Zaslona and Trusekdfimar 2015). Karatas et al.
(2013) compared different solvents for the extaacof proteases andamylase from
fermented rice husk, showing tap water the besivieny yield for both enzymes over
HCI-Tris buffer pH 7 and distilled water. In thisse, distilled water showed almost

50% less recovery than the buffer. On the othedh&legi et al. (2011) found as the
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best solvent for extraction of protease and glugdase from wheat bran a solution
containing 10% of glycerol, other solvents assayede water, ethanol, acetone and
HCI-Tris buffer pH 6.5. Freitas et al. (2013) foutitht the ideal pH for protease
recovery from fermented canola cake was 7, althdbgi achieved good recoveries at
a range from 5 to 8.

According to the results of this work, a solventiebha pH lower than 8.1
should be used, as recovery yield using distilledewwas higher, having an initial pH
lower than TB. However, optimum solvent will vargmending on the substrate and the

characteristics of the enzyme produced (Rezadi 2041)

Extraction mode

Three different extraction modes were assayed rfatepse extraction: static extraction
(no agitation), orbital agitation, and recirculatiof the solvent at two different
extraction ratios, 1:2 w: v and 1:4 w: v, usindaM of 96 mL/min, which produces 14
times recirculation of the whole volume for 1:2rextions and 7.2 for 1:4 extractions,
due to the doubled extracting volume. Results @ihbbesidues are shown in Table 2.

One factor variance test was performed for 1:4 aradw: v experiments for
both residues. Activity recovery for SF in agitatedd static mode was considered
statistically equal in all cases. However, for regiation mode, differences with
agitated mode were found for 1:4 w: v TB.

Sugumaran and Ponnusami (2017) studied the effeagitation speed in the
extraction of pullulan, a polysaccharide, from tfilarous substrates, cassava bagasse
and palm kernel, reporting increment of 42% and 48%e recovery obtained at 100
rpom when increasing the agitation speed to 400 apoh 300 rpm for casaba bagasse

and palm kernel respectively. This difference inorgery depending agitation mode
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does not agree with the results found in this wéidko, extractions of xylanase from
sorghum straw performed by Adhyaru et al. (2016pwsdd that in this case
intermedium agitation speed was the optimum and #iat interaction between other
extraction parameters like temperature and ratdvest-solid were significant.

SF presents very small particle size and once mact with the solvent losses
its structure allowing good contact solid-solvevitrdanega et al. (2010) also reported
no influence of the agitation speed in lipase recg¥rom soybean meal within a range
of 50-150 rpm.

When comparing results obtained for HS through &ator variance test,
significant differences are shown in all cases betw agitated mode and static
extraction mode. Explanation for these differensaglated to the nature of the residue.
Sludge used in HS contains chemical compounds addéte WWTP to produce the
flocculation of the solids and their sedimentatibfabarlatz et al. (2012) compared
extraction of protease and lipase from two WWTPdg& using stirring and ultra-
sonication, obtaining much better results in almuaf of the extraction time for the
second strategy. This shows that the presenced{d] formed by the chemicals added
to produce the clumping of the solids during wateatment, causes poor contact
liquid-solid.

Values of COD for SF and HS extracts, obtained utide same experimental
conditions were 7525 and 3280 mg® Lrespectively, which indicates a higher

solubilisation of SF material than HS.

Volume-weight (solvent-waste) ratio
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Results of one factor variance test of experimeiftering from extraction ratio w: v
showed, for SF, no statistical difference betwesnaetions performed at 1:3 and 1:4
w: v. However, in some cases, significant diffeeshevere found between 1:4 and 1:2
w:v extractions and even more significant with tvd/. When the test was performed
for HS results, there was no difference betweeavery at different extraction ratios or
difference appear between 1:4 and 1:3 extractiombubetween 1:4 and 1:2 ratios.

According to those facts, solubility of proteasenir SF seems to be high and
related to the equilibrium between concentratioproftease in the solid matrix and the
solvent. In the literature, a direct relation betwesnzyme activity and w: v ratio is
documented. For instance, Adhyaru et al. (201&szexl the recovery of xylanase from
sorghum straw at different ratios from 8 to 16 mil gf substrate, locating the
maximum recovery at 12.41 mL g-1 (5069.20 U g-1)ewithe rest of extraction
parameters had been optimized. Although almosbfathe studies performed on this
issue confirm a direct relationship between w:vorand activity (Vardanega et al.
2010), the opposite result was reported by Volkeal.e(2008) who found a negative
effect of the increase of extraction volume durthg extraction of transglutaminase
from industrial fibrous soy residue. Anyway, it stidoe pointed that although recovery
achieved at higher ratios can be almost total,dibiained extract will present lower
enzyme concentration, requiring extra processespfotease concentration or more
energy during lyophilisation. This fact is not takieto account in most of the works
performed at laboratory scale that do not condua#iner downstream stages.

Linear regression using Excel software was appteddata from Table 2.
Assignation of values to the different extractijparameters in order to perform the
linear regression, as only numbers can be adjustasl as follow: values of 1 and -1 to

static and agitated mode and also to DW and TBeetsgely, values of 1, 2, 3, and 4 to
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extraction ratios of 1:1, 1:2, 1:3 and 1:4, respebt. Recirculation mode results were
excluded from calculations, since experiments irs thgitation regime were not
performed with all ratios. Extraction parametersevendesignated as follow, S for
solvent type, EM for extraction mode, and RA faigaf extraction w: v. The results

obtained are displayed below for SF (equation 8)H8 (equation 4).

% Activity recovery = 48.9 + 1.7(S) -3.4 (EM) + {BA) (R =0.81) (Eq 3)

% Activity recovery = 51.3+ 5.2(S) -18.3(EM) + {RA) (R = 0.82) (Eq 4)

As observed, there is a correlation between thierdifit results, as regression
coefficients are 0.81 and 0.82, considered higlekperimental values.

SF regression shows the highest coefficient for RAich means that extraction
ratio has the greater influence in the extractibnpmtease. However, for HS, the
parameter that presents more relevance is thecégtiamode. In both cases, it is clear
that agitated mode will produce the maximum recpyazld.

To sum up, the facts that can be deduced from teqsations agree with the
results obtained by one factor variance test, atthg that extraction yield will increase
with extraction ratio for SF with little dependenca& the agitation mode. When
proteases are extracted from HS, agitation musippéed to achieve maximum activity

recovery, but a lower extraction ratio is allowed.

Number of extraction stages
Consecutive extractions were carried out for HS &Rdusing DW and TB in a ratio of
1.2 w: v with agitation and in static mode. Fig@&@) and b) shows the percentage of

activity recovery for the consecutive extractioesfprmed on 200 g of fermented solid.
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As it can be seen for both residues, approximédtedy80% of the total activity
recovered is extracted during first and secondaekitin, leaving a small amount of
protease in the solid matrix. For both residues,fitial percentage of activity recovery
is higher for agitated regime. Regarding the tatdivity recovery after two consecutive
extractions, it is possible to conclude that with éxtraction ratio in agitated mode and
TB as solvent, practically a 100% recovery of thetgase contained in the solid matrix
for both residues can be achieved.

Ahmed and Mostafa (2013) reported a recovery of 98% exo-
polygalacturonase produced by solid state fermiemtabf orange bagasse under
optimum leaching conditions after three washes. &éi@s, 70% of the enzyme was
extracted with the first wash. Also, Abd el Aty aMidstafa (2015) Extractedtamylase
from pre-treated and fermented potato shells with consecutive washes at the
optimum extraction parameters, achieving a recoeé§0.3% at the forth one. In this
case, recovery in the first and second extractias very similar, approximately a 35%.
Comparing the results obtained for protease, agtreicovery yield was higher in both
SF and HS. In view of these results it seems tHatiency recovery of successive
extraction stages may be related to the type ofreezand specifically studied in

economic terms.

Lyophilisation process

15 ml of fresh extract were lyophilised and the a@nng solid powder dissolved in DW
to its original volume. The activity of that soloi was measured and compared to the
fresh extract to determine the activity recoverytié lyophilisation process. The
process was performed by duplicate. Lyophilisatiesulted in high yields of activity

recovery, for SF, 95 = 4 % was recovered as a ek and 96 £ 6 % for HS extracts.
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No relation between extraction parameters and iictbonservation was observed, as
samples of each set of extraction parameters vesiggyad. Minimum activity recovered
was 87 = 3 for HS and 88% for SF. Abu Yazid ef(2016) reported an activity loss of
21% after lyophilisation of protease extract obediralso from the fermentation of hair
and sludge. During freezing and drying, protein carffer denaturation, losing its
activity. Bonds between water molecules disappeasind drying process, but some
components present the ability to stabilize thetgnostructure and preserve activity
(Mensink et al. 2017). The same protein in a d#férmatrix can lead to different
activity preservation. Activity losses have beeported by Imamura et al. (201#y
different proteins after drying in sodium and pstas phosphate buffer. The highest
recovery with no salts addition reached 31%. Thugphilisation in this case results in
low activity losses compared to the results reghréand a possible explanation can be

that no unfolding of the protein is happening dgriyophilisation.

Protein hydrolysisby SSF produced protease
Abu Yazid et al. (2017) described the immobilisatiof protease, obtained from the
same residues used in this work, onto functiondlin@gnetic iron oxide nanoparticles
through covalent binding method, obtaining a retenyield of 96%. Abu Yazid et al.
(2017) also used the immobilized enzymes durindeast three cycles for protein
hydrolysis with no loss of activity. With an initigrotein amount of 5.2 mg from
casein, the degree of protein hydrolysis achieved W5% and 50% of the initial
amount of protein for enzymes produced by HS andeSpectively.

According to those results, for a 50 L reactorefrfented HS and SF (17.5 kg
and 20 kg respectively), obtaining the maximumwatgtiachieved in this work, 23541

U DM™for HS and 33374 U DM for SF, it would be possible to hydrolyse 156.6 mg
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and 238.3 mg of protein from casein bovine with theovered protease from HS and
SF respectively. For this calculation the immoleitizenzyme would be used during 6
cycles, in which initial activity does not diminisimtil the fourth cycle. Jin et al. (2010),
reported hydrolysation of 2.1 mg of protein fronpgaeed meals in one cycle using 1
mL of immobilised protease on ferric nanoparticdetution (8.50 mg/mL), during two
hours incubation at 50°C. Hydrolysis yield in toesse was lower (9.86%) compared to
the one reported by Abu Yazid et al. (20{7%% and 50%). Comparing activity to
commercial products, neutral protease for beer imggwFood grade) provided by
Creative EnzymefCreative enzymes) was taken as example. The nmeatiproduct
activity, as manufacturing specifications says0900 U/g, being a unit the amount of
enzyme that hydrolyses casein to get 1 ug of tyeosi 1 min. at 30°C and pH 7.5. Abu
Yazid et al. (2017) was capable of immobilize 48.9 mg of ferric nanoparticles (NP)
for HS and 31.9 U / mg nanopatrticles (NP) for S€inf a unit (U) the amount of
enzyme that hydrolyses casein to get 1 pug of tyeosi 1 min. at 50°C and pH 8.1, The
resulted product described by Abu Yazid e{2017) will have an activity of 45900 U /
g NP, and being reusable during at least 3 cyci#isout activity loss, resulted in a

much better yield that the commercial one.

Zero waste strategies

As described above, the solid residue obtained aftgaction was tested as feedstock

for biogas and soil organic amendment productiotha framework of a zero waste

strategy.

Anaerobic digestion
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Biogas potential tests were undertaken to deternthvee suitability of anaerobic
digestion to treat the solid waste after enzymeaekibn. After 21 days, SF replicates
produced 365, 304 and 273 mL of biogds\S with a content of approximately 43%
of methane. During the same period of time, HS peed 132 and 111 mL biogad g
VS, with both presenting 40% of methane contenbgBs production in this case was
significantly lower than for SF. This result wagegted since HS fermentation lasted 6
more days than SF, so HS was more biodegradecegbdimt of maximum protease
production and extraction.

Kafle et al. (2013)eported biogas potential of different agricultusald animal
wastes like apple waste, bread waste or cutletViisbte. The values reported ranged
from 508 to 617 biogas mL'gVS, significantly higher than the values reporiedhis
study, since SF and HS were already partially dbggtaValues reported by Ponsa et al.
(2011) of biogas production for organic fraction of mupii solid waste with no
mechanical pre-treatment (340 mL* M) and for municipal solid waste with
mechanical pre-treatment (133 mL' M) are in the range of SF and HS biogas
production values obtained in the present studyvalaes of biogas production were
found in literature regarding SF and HS before aftek SSF and extraction, Merlino et
al. (2012) reported a production approximately 80 SNnt t* VS of broken soybean
after 35 days of digestion at 4CQ, with a methane content of approximately a 55%.
That data is barely comparable to biogas productibi$F since SF was already a
fermented material and a part of SF volatile solidere lignocellulosic, non-

biodegradable material.

Composting process

27



662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

The stabilization of the solid waste after enzymé&aetion under aerobic conditions
was also tested. Composting was evaluated as aisalon technology to obtain an
organic soil amendment.

HS required a drying stage after enzyme extraciioth before composting, in
order to decrease its moisture content from 74%28%. Before drying, no biological
activity was occurring despite the aeration proglid&ccording to Chen et al. (2012),
excessive water content can hamper the oxygenférans

For HS, temperatures up to 55°C, required for aoit were not reached during
composting. This is probably due to the amount a@fste in the reactor (17 kg)
compared to industrial scale quantities to which Egulations apply (European
Commission, Working document, Biological treatmehtBiowaste 2nd draft, 2001).
Abu Yazid et al. (2016) also composted a mixturéaif and anaerobic digested sludge
after fermentation and extraction of protease &0 & scale for approximately 30 days
without reaching thermophilic temperatures. Onyakal. (2013) composted a mixture
of cow hair and soil achieving maximum temperawir®l °C at a scale of 2 L. In an
industrial scale, it would be expected to reachréugiired temperature for sanitation, as
heat gradient will increase as scale does (Ge @0al7). Table 4 shows DRIvalues of
2.0 £ 0.1 and 0.61 £ 0.05 for initial mixture of Hfter SSF and composted product
respectively, indicating that the material becorstdble after composting. This stage
lasted 5 days for HS.

In the case of SF, SSF experiments were stoppeshfyme extraction at thé'3
and " day of process, showing values of average oxygéske rate during the last 24
hours (OUR,) of 3, 4.5, 9 g @kg * DM h™ in thermophilic range. Thus, SF was

clearly a non-stable material at this stage ofpttoeess.
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Composting of SF after SSF and enzyme extractios e@ried out in 4.5 L
reactors in duplicate. Both replicates showed amemse of temperature and oxygen
consumption during the first 24h, followed by a tfa$ecrease to environment
temperature. The maximum temperature values reachere 34°C and 4
respectively, and maximum OUWRvalues around % O, kg' DM h™, but never
reaching the thermophilic range again.

After 9 days of composting process, the residuddcoat be considered stable
as it presented a DRIvalue of 2.1 + 0.4y O, kg’ DM h™* and AT, value of 146 + 27 g
0, kg* DM. A longer composting process will be neededicsithe decrease of
biological activity is slow.

According to Barrena et al. (2009), aerobic andeawiaic indices are closely
related. Values reported for the ratio between JpRhd biogas production in liquid
condition and between ATand biogas production at the same condition féemint
wastes were 86 and 1.56 respectively. The sanwsragre calculated using the values
obtained in this study, giving values of 84 andéli&spectively. These numbers agree

with the parameters reported by Barrena et al.4p00

Conclusions

In this work a complete assessment of the downstred SSF processes for the
production of proteases has been performed (Figur&ields of activity recovery in

protease extraction and lyophilisation stages, uadeide variety of conditions, were
calculated. According to the results, extractiotmoraf 1:3 for SF is recommended and
agitation mode at extraction ratio 1:2 would be #mequate conditions for HS.
Consecutive extractions in static mode seem anieffi way of obtaining also a good

yield, with no agitation but double extraction timEconomical balance between
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profitability of the recovered product and wateelggy consumption should be
performed. Lyophilisation provides a high activigcovery, around 95% as an average.
It was also observed that as the solubility ofgbkd matrix increases, the ratio waste:
solvent w: v becomes the most determining factaheactivity recovery vyield, while
agitation mode is the key factor when solubilitgdase.

After enzyme extraction, the use of SF and HS asldiock for anaerobic
digestion reported relatively high biogas produttidlso, HS and SF could be treated

throw composting obtaining a stable product.
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Figure captions

Figure 1. a) 4.5 L and 10 L reactors, b) 50 L react
1. 45 L and 10 L reactor; 2: 4.5 L and 10 L reactside; 3: Mass-flowmeter; 4:
Temperature probe; 5: Water trap; &:Edectrochemical sensor. 7: 50 L reactor; 8: 50 L

reactor inside

Figure 2. Temperature (lines) and DRI 1 hour (skbdrt) profiles obtained in SSF
processes a) HS fermentation, b) SF fermentation.

DRI 1h: Dynamic Respirometric Index 1 hour averagkeie

Figure 3. Percentage of activity recovery obtaimeconsecutive extractions of 200 g of
fermented solid at 1:2 w: v ratio a) HS b) SF.
HS: Hair and Sludge; SF: soy fibre; TB: HCI-Trisfigu (pH = 8.10); DW: Distilled

water

Figure 4. Downstream summatry.
DRI 1h: Dynamic Respirometric Index 1 hour averagkie; AT,: Cumulative Oxygen
Consumption during 4 days; HS: Hair and Sludge; stiy: fibre; TB: HCI-Tris Buffer

(pH = 8.10); DW: Distilled water; VS: Volatile Sdi
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Table 1: Characterization of wastes and mixturesl @s substrates in SSF

Parameters Hair waste Sludge HS SF
Moisture (%, wb) 67 +8 75+ 2 62.3+0.8 67 +8
Organic matter (%, db) 861 67 89+1 96 +3
pH 9.9+0.8 7.8+x0.4 7.6+0.3 62
EC (mS crit) 45+08 23+0.09 3+1 0.9+0.2
Total organic carbon (%, db) 519 n.a. 64 +3 +GD
Total Kjeldahl Nitrogen (%, 10+4 16 7.3+£0.5 49%0.6
db)

C/N ratio 6 £1 3 7.1+0.8 14+1
Fat content — HEM (%, db) 0.9+0.3 n.a. n.a. 62
Air filled porosity (%) n.a. n.a. 774 74

wb: wet basis. db: dry basis; n.a.: not availabIEM: Hexane extractable material.
HS: Hair waste:sludge (1:2, w.w) and wood chip4,¥:v); SF: Soy fibre and wood chips
(1:1, viv).

Values are the average of independent experimedtgsastandard deviation.
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Table 2: Summary of extraction experiments for fembed soy fibre (SF) and fermented cow hair andgdyHS) (Extraction time: 1h)

% Activity recovery Extraction parameters
SF SF HS HS Solvent Extraction mode Ratio W:V
Mean  Stdeviation| Mean  Stdeviation | (S) (EM) (RA)

53 9 71 5 DW Agitated 1:1
54 10 66 3 TB Agitated 1:1
55 4 49 8 DW Static 1:1
55 9 52 4 TB Static 1:1
83 18 99 16 DW Agitated 1:2
70 6 93 19 TB Agitated 1:2
73 12 49 3 DW Static 1:2
65 8 50 6 TB Static 1:2
63 6 71 8 DW Recirculated 1:2
71 2 58 8 TB Recirculated 1:2
88 20 114 18 DW Agitated 1:3
85 3 72 9 TB Agitated 1:3
74 3 62 2 DW Static 1:3
78 22 44 6 TB Static 1:3
91 8 121 22 DW Agitated 1:4
86 3 99 23 TB Agitated 1:4
79 8 66 11 DW Static 1:4
77 7 72 3 TB Static 1:4
76 19 93 21 DW Recirculated 1:4
72 1 56 12 TB Recirculated 1:4

DW: Distilled water, TB: HCI — Tris buffer (pH = 80), EM: Extraction mode, S: Solvent type, RA:Ratf@xtraction w:v



Table 3: pH and conductivity of the extracts

SF (Fermented Soy Fibre)

HS (Fermented Hair + Sludg

Conductivity

Conductivity

S EM RA pH (mS/cm) S EM RA pH (mS/cm)
DW Agitated 1:1 8.9 6.9 DW Agitated 1:1 8.7 11.46
DW Agitated 1:2 8.9 4.7 DW Agitated 1:2 8.83 7.77
DW Agitated 1:3 8.9 3.2 DW Agitated 1:3 8.78 5.83
DW Agitated 1:4 9.0 2.9 DW Agitated 1:4 8.77 4.76
DW Static 1:1 8.5 2.4 DW  Static 1:1 8.79 10.16
DW Static 1:2 8.7 3.0 DW  Static 1:2 8.82 5.99
DW Static 1:3 8.7 3.5 DW  Static 1:3 8.81 4.34
DW Static 1:4 8.6 2.7 DW  Static 1:4 8.85 4.32
B Agitated 1:1 86+0.2 75 +05 TB Agitated1:1 8.69 12.04
B Agitated 1:2 85 +0.1 6.1 £0.7 TB Agitated 1:2 8.6 8.76
85 +
B Agitated 1:3 0.04 5.2 +0.2 TB Agitated 1:3 8.5 7.09
B Agitated 1:4 8.4 x0.04 47 +04 TB Agitated 1:4 8.51 6.67
B Static 1:1 8.58 12.55
B Static 1:2 8.54 8.35
B Static 1:3 8.37 5.83
B Static 1:4 8.31 5.09

DW (distilled water): pH: 7.81, Conductivity: 1.8%S/cm); TB (HCI — Tris buffer: pH: 8.1, Conductivi 2.48 (mS/cm)
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Table 4. Results of respirometric assays. Final &fifies are initial composting values.

Solid State Fermentation Composting
Initial AT 4 Final AT, Initial DRIy4 Final DRb4 Final AT, Final DRb4
Residue
(@O kg*DM) | (gO:kg™ DM) | (g O:kg'DM h?) | (g Okg*DM h™ | (g O kg™ DM) | (g Okg" DM h"
SF 326 + 98 185 + 48 5+2 3+1 146 + 27 2004
HS 113 +11 61+6 20+0.1 1.0+0.1 48 £ 4 10:60.05

AT 4. Accumulated @consumption after 4 days; DRIdynamic respirometric index based on 24 hoursatimum Q consumption.

Values are the average of independent experiments.
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Figure 3
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Figure 4
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