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Abstract 

Among next generation bio-fuels, bio-butanol produced by the Acetone-Butanol-

Ethanol (ABE) fermentation [1] can be obtained from renewable carbon sources 

such as agro-food wastes. This biorefinery approach will beneficiate of both the 

advanced fermentation technologies for butanol production and of the exploitation 

of resources different from food-feed crops. Maximization of the sugar yield and 

reduction of the operating costs of the biomass pretreatment/hydrolysis process are 

among the main aims of the current research. The present study proposes an 

attempt of integration between two enzymatic steps of biomass delignification and 

hydrolysis that may offer effective and costs saving alternative to the conventional 

mechanical/physical pretreatments and acid hydrolysis of biomass. Bubble column 

has been adopted as lab-scale reactor with pneumatic mixing to perform tests on 

laccase lignin degradation and sequential cellulose hydrolysis by commercial 

cellulase cocktail using apple pomace residues as substrate. 

 

Introduction 

The production of next-generation biofuels from biogenic residues and wastes by a 

combination of thermochemical and biochemical pathways is an option for the 

production of drop-in biofuels and alternative renewable fuels dedicated to the 

energy and transport areas. Production of bio-butanol from ABE fermentation [1] 

can be obtained using agro-food wastes as feedstock [2, 3]. Effective 

delignification and cellulose hydrolysis is a crucial issue in the field of biorefinery 

process development. It is strongly related to the maximization of sugar yields and 

concentration in the hydrolysate that should be obtained with energy and water 

saving strategies to favor efficient feedstock utilization and high bio-fuel yield in 

the fermentation step. Novel pretreatments for biomass delignification try to obtain 

reduction of lignin content that should promote cellulose hydrolysis by enhanced 

accessibility of cellulose by the hydrolytic enzymes (cellulases and 

hemicellulases). Among these diluted acid or basic hydrolysis [4], ultrasounds or 

microwaves assisted processes [5], green-solvents extraction [6] and enzymatic 
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delignification [7] have been recently studied. Main advantages are related to the 

use of environmental friendly solvents (e.g. deep eutectic solvents) and catalysts 

(e.g. enzymes) and low production of compounds (hydroxymethylfurfural) that 

inhibit microbial growth in the fermentation step and are largely produced by 

conventional pretreatments such as steam explosion. Drawbacks related to these 

novel pretreatments come out of the large use of water, the need of recycling 

solvents and enzymes and of reaching competitive sugar yields with respect to 

conventional pretreatments. Moreover, other issues are related to the development 

of the enzymatic hydrolysis of cellulose and include: handling and effective mixing 

of high solid content (up to 15%wt) slurries made by not spherical, swelling solids 

having widespread particle size distribution; ensuring efficient liquid-solid mass 

transfer; limiting energy consumption required for mixing; recycling the enzyme 

through effective confinement/ reuse strategies. The present contribution reports a 

first attempt to develop an integrated enzymatic delignification and hydrolysis 

process of agro-food wastes that address few of the above mentioned issues, in 

particular, water and energy saving through integration of two enzymatic 

pretreatment/hydrolysis processes and pneumatic mixing. 

 

Methods 

Materials 

Apple pomace (AP) samples were provided by the Instituto Tecnològico Agrario 

Castilla y Leòn in the framework of the research project “Waste2Fuels” [2]. The 

biomass was oven dried at 50 °C until a constant weight was achieved. Dry AP was 

sieved in the range 500-1000 µm, samples were collected and stored in sealed 

plastic bags at room temperature until used. Salts for liquid buffers and any other 

reagent were supplied by SigmaAldrich® (Merck KGaA, Darmstadt, Germany). 

Bioreactor 

The bioreactor (Fig. 1) was a cylindrical glass (Pirex®) column (0.4 m height, 

0.034 m ID) and was equipped with a water jacket connected to a thermostatic bath 

(Julabo Italia s.r.l.). Agitation of the suspension in the column was provided by the 

gas bubbles. Air flow rate was controlled with a rotameter in the range 0 - 120 

NL/h. The gas hold-up (εG) in the column was assessed according to Eq. (1): 

 

    
     

 
                                                                                                                             (1) 

 

where H0 and H are the height of the stagnant and mixed by a fixed gas flow rate 

liquid-solid suspension, respectively. The effects of the liquid temperature (28-

50°C) and biomass loading (0-15%wt) on gas hold-up were analysed. 
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A)  B)  
Figure 1. A) Scheme of the lab-scale apparatus; B) detail of the glass column with 

AP slurry during laccase catalyzed delignification. 

 

Delignification and cellulose hydrolysis in the bubble column 

Laccases (166U/mL) were kindly provided by Biopox s.r.l. (Napoli, Italy). Before 

pretreatment, AP samples were soaked in the 0.1 M Sodium citrate buffer (pH 5). 

The delignification tests were carried out for 24 h in the above mentioned buffer at 

28°C. Air flow rate and laccase concentration were set at 20 NL/h and 10U/g of 

raw dry biomass, respectively. The hydrolysis of cellulose in the biomass 

pretreated with laccase was accomplished using the commercial cocktail of 

hydrolytic enzymes CellicCTec2® (Novozymes, Denmark) in 0.1 M Sodium 

citrate buffer (pH 4.8) at 50 °C with 1 FPU/g cellulose. Samples were taken after 

72 h, inactivated at 95 °C for 5 min, then centrifuged and filtered (0.22 m) for the 

analysis of sugars content. The effect of the process integration mode was 

investigated. In particular, two operation modes were adopted: single batch of 

liquid buffer with sequential addition of the enzymes; sequential laccase and 

cellulase catalysed processes with both enzyme and buffer replacement. In both 

cases the temperature was increased from 28°C (delignification) to 50°C (cellulose 

hydrolysis). Moreover, air distribution mode (porous stone sparger vs 4mm ID 

tubing) and  biomass loading (5-10%wt) were also changed according to the 

observation on pneumatic mixing of the AP suspension.  At the end of reaction, the 

slurry was filtered and the liquid was analysed for reducing sugars and phenolic 

content 

Analytical methods  

The composition of AP before and after laccase pretreatment was determined two 

steps of acid hydrolysis [9]. Glucose, xylose and arabinose concentrations in the 

hydrolysed liquid samples were assessed by means of HPLC (Agilent 1260 Infinity 
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HPLC system) and refractive index detection using a Rezex RHM-Monosaccharide 

H+ 8 µm, 300 x 7.8 mm column (Phenomenex), and 5 mM of H2SO4 as mobile 

phase (0.6 mL/min). Sugars in the liquid after enzymatic hydrolysis were 

quantified by means of 3,5-dinitrosalicylic acid (DNS) method [10]. 

The liquid fractions after pretreatment of AP were analyzed to reveal the 

concentration of phenolic compounds via colorimetric assay using Folin-Denis 

reagent [11]. Total phenolic content was expressed as mg Gallic Acid Equivalents 

(GAE) per gram of pretreated CSS. 

 

Results 

Integrated enzymatic delignification and hydrolysis tests were performed according 

to the described procedure and results are reported in Table 1. The use of porous 

gas sparger for long lasting tests did not provide stable and vigorous mixing of the 

solids, thus the BL was limited at 5%wt. Gas supplementing the 4 mm ID tubing 

gave turbulent bubble regime that provided effective mixing of the AP suspension 

up to 10%wt. This allowed a larger sugar concentration with an almost similar 

sugar yield with respect to the case of 5%wt suspension with porous sparger. The 

concentration of phenolic compounds was not affected by both bubbling regime 

and BL. The integration strategies adopted showed that the same sugar 

concentration and yield were obtained with both a single liquid batch (no buffer 

replacement between laccase pretreatment and cellulase hydrolysis) and two 

sequential liquid batches (buffer replacement). 

 

Table 1. Sugars concentration and yield after pretreatment/hydrolysis of AP in 

bubble column reactor. 

 

Air supply 
Porous 

sparger 
4 mm tubing 

Buffer replacement N Y N Y 

Biomass loading 

(%wt) 

5 10 

Air flow rate (NL/h) 20 

Sugar concentration 

(g/L) 

14.2 14.2 30.4 29 

Sugar yield 

(% g/g_glucan) 

69.4 69.2 74.2 70.5 

Sugar yield 

(% g/g_raw biomass) 

28.4 28.3 30.4 28.9 

Phenolic compounds 

(mg/graw) 

3.51 2.5 3.5 2.7 

 

The gas hold up analysis was accomplished supplementing the gas through the 4 

mm ID tube. Figure 2 shows the results on gas holdup in the bubble column filled 
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with AP suspension at different air flow rates, biomass loading (BL) and 

temperatures. In the absence of solids, the gas hold-up slightly decreases by 

increasing temperature from 28 to 50°C, accordingly not significant temperature 

effects are reported in the literature [12]. The opposite temperature effect was 

observed in the presence of AP at BL between 5 and 15%wt. Moreover, gas hold 

up slightly decreased at increasing BL at 28°C, this effect is still less evident at 

50°C. Effect of solids reported in the literature is both increase and decrease of gas 

hold-up [13]. This phenomenon is related to the composition of the liquid phase. In 

this case AP tends to release soluble sugars in the liquid that may affect surface 

tension and consequently average bubble size. 

 

 
Figure 2. Gas hold-ups versus air flow rate at different temperatures and AP 

biomass loadings (BL). 

 

Conclusions 

The reported results showed that possible effective mixing of biomass suspension 

at high solid loading can be achieved with turbulent bubble regimes. Moreover, the 

attempt of integrating two enzymatic pretreatments (delignification and cellulose 

hydrolysis) has been successfully accomplished at lab scale. The main advantage of 

such strategy is the possibility to reduce water consumption if sequential addition 

of enzymes is accomplished or, alternatively, to recover phenolic compounds 

produced by the laccase catalysed delignification for further valorization of such 

by-products and replace the liquid buffer with the solution containing hydrolytic 

enzymes. Further experiments will be accomplished to optimize both the 

delignification and the hydrolysis enzymatic processes in the bubble column for 

sugar yields maximization. 
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