
1

1

2 Enzyme catalysis with artificial 
3 membranes towards process 
4 intensification in biorefinery- A review 
5

6 Rosalinda Mazzei1*, Abaynesh Yihdego Gebreyohannes2, Emmaouil Papaioannou3, 
7 Suzana P. Nunes 2, Ivo F.J. Vankelecom 4, Lidietta Giorno1 

8

9

10

11 1Institute on Membrane Technology, National Research Council, ITM-CNR, via P. 
12 Bucci, 17/C, I-87030 Rende (Cosenza), Italy.

13 2King Abdullah University of Science and Technology (KAUST), Biological and 
14 Environmental Science and Engineering Division (BESE), Advanced Membranes and 
15 Porous Materials Center (AMPM), 23955-6900 Thuwal, Saudi Arabia

16 3Engineering Department, Lancaster University, Lancaster, LA1 4YW, United 
17 Kingdom

18 4Membrane Technology Group, Division cMACS, Faculty of Bioscience Engineering, 
19 KU Leuven, Celestijnenlaan 200F, PO Box 2454, 3001 Leuven, Belgium

20

21

22

23

24

25

26 *: corresponding authors; Tel.: +39 0984 492076; fax: +39 0984 402103; 

27 e-mail addresse: r.mazzei@itm.cnr.it 

mailto:r.mazzei@itm.cnr.it


2

28 Abstract

29 In this review, for the first time, the conjugation of the major types of enzymes used in 

30 biorefineries and the membrane processes to develop different configurations of MBRs, 

31 was analyzed for the production of biofuels, phytotherapics, food ingredients, etc. In 

32 particular, the aim is to critically review all the works related to the application of MBR 

33 in biorefinery, highlighting the advantages and the main drawbacks which can interfere 

34 with the development of this system at industrial scale. Alternatives strategies to 

35 overcome main limits will be also described in the different application fields, such as 

36 the use of biofunctionalized magnetic nanoparticles associated with membrane 

37 processes for enzyme re-use and membrane cleaning or the membrane fouling control 

38 by the use of integrated membrane process associated with MBR. 

39

40 Keywords: membrane bioreactor, MBR, biorefinery, biocatalysis, enzymes in 
41 biorefinery
42
43
44

45 1 Introduction

46 Biorefineries are based on a wide range of technologies able to transform biomass into 

47 its simpler components (proteins, sugars, tryglycerides, etc), which can be further 

48 converted into biofuels and other chemicals. On the basis of the feedstock use, it is 

49 possible to classify biorefineries in different generations. In the first generation, the 

50 main feedstocks are starch- or sugar-based materials: sugarcane, corn, wheat, barley, 

51 sorghum, and sunflower. 

52 Although the high content of sugars permits high production of biofuels there is 

53 competition with food and feed industries for land use and exploitation (Singh et al., 
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54 2019). Second generation biorefinery are biofuels produced from non-food crops 

55 processing (forage, bagasse, solid waste, animal fat, wheat straw, rice straw, bagasse, 

56 cotton stalk, wheat bran, etc), and are mainly composed of lignocellulosic materials. 

57 Together with biofuel, the products could be also high added value compounds. 

58 Compared to the first generation, the second generation biorefineries is considered more 

59 eco-friendly, more cost-effective and more compatible with the societal development, 

60 since it does not exploit food resources. The third generation biorefinery concerns 

61 biofuels and biochemicals production from algal biomass (microalgae, cyanobacteria 

62 and macroalgae)(Enamala et al., 2018). The great advantages of this biomass are: 

63 independence of seasonal growth, high productivity, low CO2 emission (Aguilar et al., 

64 2018), no use of pesticides and herbicides in the cultivation (Ahamed & Vermette, 

65 2008) etc. However, there are some limitations, such as high cost for cultivation and 

66 harvesting, which compromises the development at industrial scale. Life cycle analysis 

67 (LCA) studies (Cai et al., 2018) have demonstrated that in the first generation 

68 biorefineries there is a reduction in greenhouse gas emission and fossil energy 

69 consumption, but as far as the industrial development is concerned the second 

70 generation biorefineries is more appropriate, because it is more eco-friendly, not in 

71 competition with food and cost effective. This is the reason why this review is mainly 

72 focused on second generation biorefineries.

73 The different steps required for the biorefinery are: harvesting, milling and crashing, 

74 transformation, separation and formulation. Membrane processes are used in many of 

75 the above mentioned steps. However, our review will focuse on transformation and 

76 separation promoted by biocatalyst and membrane separation in membrane bioreactors 

77 (MBR). MBRs in biorefineries can promote enzymes re-use, removal of enzyme 
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78 inhibitors, continuous operation with a subsequent increase in conversion and enzyme 

79 stability. The aim of this review is to show the potential of MBR in biorefinery, 

80 highlighting drawbacks which can limit its developmend on industrial scale, but also the 

81 innovative strategies, which seem very promising in controlling membrane fouling, 

82 enzyme re-use and stability, inhibition product removal and process integration. To 

83 reach this aim, a brief overview of MBR technology will be given, followed by the main 

84 applications of it in different sectors of biorefinery.

85

86 1.2. Integration of biocatalyst and membrane operations in MBR

87 A membrane bioreactor is a merged process, which combines a membrane operation 

88 and biocatalysis. In MBR, the membrane can have a catalytic function being the site 

89 where the biochemical reaction occurs (biocatalytic membrane reactor, BMR) or non-

90 biocatalytic function where it only perform the separation process (MBR) (Giorno & 

91 Drioli, 2000; Giorno et al., 2009). In the case of BMR, the membrane itself is catalytic 

92 with the biocatalyst being immobilized within the membrane pores. (Mazzei et al., 

93 2017b). On the basis of the membrane module location, external or internal to the 

94 reaction mixture, MBRs can be classified in side-stream or submerged configuration 

95 (Fig. 1), respectively. In both configurations, the biocatalyst can be free or immobilized, 

96 and the strategy to supply feed and withdraw product can be either continuous and/or 

97 intermittent. Several types of membranes and membrane processes can be combined 

98 with bioconversions (Table 1). Membranes made of organic polymers, inorganic 

99 materials, mixed matrix components, with hydrophilic or hydrophobic character can be 

100 used (Drioli & Giorno, 2020). Symmetric or asymmetric strucures, flat-sheet, spiral-

101 wound, tubular or capillary configuration are suitable in developing MBR. Separation 
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102 based on sieving mechanism (microfiltration MF, ultrafiltration UF) also combined with 

103 Donnan exclusion (nanofiltration (NF)), or solution-diffusion (forward osmosis (FO), 

104 pervaporation (PV)), partition coefficient (membrane based solvent extraction 

105 (MBSX)),  membrane emulsification (ME)), evaporation (membrane distillation (MD)) 

106 can be combined with the biocatalysis (Giorno & Drioli, 2009).

107 MF and UF using porous (0.1 – 10 µm) and mesoporous (2 -10 nm) membranes, 

108 respectively, are often used in combination with biocatalysis for continuous production 

109 of valuable compounds and/or treatment of streams. Continuous membrane fermentors 

110 or cell recycle membrane bioreactors are applied when the reaction involves bacteria 

111 that perform the bioconversion during the growing phase and/or large size substrates 

112 that would not be able to enter the porous matrix (Chang et al., 1994; Giorno et al., 

113 2002). In these cases, the membrane retains the biocatalyst and the large size substrate 

114 whilst it permeates the small size products. Examples of application of these systems 

115 include the production of carboxylic acids by fermentation of Lactobacillus bulgaricus 

116 (Choudhury & Swaminathan, 2006; Giorno et al., 2002). In cases where the 

117 bioconversion of large size substrate macromolecules is catalyzed by enzymes in order 

118 to retain it by MF or UF, it is necessary to enlarge its size, which is often obtained by 

119 immobilizing enzymes on nanoparticles (Chang, 2018). If the substrate is small enough 

120 to enter the membrane pores, then, the biocatalyst (bacteria in vegetative stage or 

121 enzymes) can be immobilized within porous matrices and the reaction occurs within the 

122 pore void volume (Giorno & Drioli, 2000; Giorno; et al., 2017). Examples of 

123 application of this configuration in biorefinery, include production of valuable 

124 compounds and energy vectors (Drioli & Giorno, 2009; Mazzei et al., 2013). The 

125 immobilization of enzyme in membranes demonstrated to increase enzyme stability 
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126 (Giorno & Drioli, 2000) without necessarily affecting the enzyme catalytic activity 

127 (Mazzei et al., 2012), supposed that the microenvironment is tuned to guarantee suitable 

128 enzyme macromolecular flexibility and rigidity, water activity (Vitola et al., 2017), 

129 substrate mass transport (Giorno et al., 2006). 

130 NF (using membranes with 0.5 – 2 nm) is usually combined with biocatalysis carried 

131 out by free enzymes and it is used to fractionate small molecular weights intermediates 

132 (Tay et al., 2018). However, some example of enzyme immobilized on NF membranes 

133 was also reported (Dizge et al., 2018). Applications include fractionation of 

134 oligosaccharides, peptides, amino acids, organic acids. 

135 MDSX is applied to carry out bioconversions using interfacial biocatalysts (such as 

136 lipases) immobilized within the membrane where the organic/water interface is also 

137 located (Giorno et al., 2007). Field of applications include production of active 

138 ingredients (Sakaki et al., 2001), processing of vegetable oils. 

139 MD and FO are mainly used for concentration of biocatalyst or molecules upstream the 

140 membrane (Goh et al., 2015; Holloway et al., 2015; Song & Liu, 2019). This is usually 

141 the case when waters coming from agro-food industries are present in diluted streams 

142 that need to be concentrated in order to reduce processing costs. PV is used in 

143 combination to bioconversions to separate alcohols from water-based mixtures (Fan et 

144 al., 2016). ME is a relatively novel membrane process able to formulate emulsions on a 

145 drop-by-drop mechanism through the membrane pores, which disperse at high 

146 throughput, a non-miscible phase into another, at low energy input.  ME was proven to 

147 be a powerful technique to assist bioconversion by separating reaction product (Mazzei 

148 et al., 2010) or by formulating biocatalysts distributed at the interface (Piacentini et al., 

149 2021).  
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150 2. Use of MBRs in biorefineries 

151 2.1 Cellulase and membrane processeses in biorefineries

152 The bioprocessing of agro-food residues, such as rice and wheat straws, sugar bagasse 

153 and corn stover with 30–50% of cellulose content, are under intense research and 

154 development, with promising results and high technological readiness levels (TRL). 

155 Cellulose enzymatic hydrolysis is considered one of the most costly steps in the 

156 bioconversion of lignocellulosic biomass (Malmali et al., 2015), which involves an 

157 interfacial heterogeneity of solid cellulose substrate and cellulase enzyme adsorption. 

158 Various studies confirmed that it is possible, via membrane technology, to retain the 

159 enzymes present in the system, while allowing the transfer of lower-molecular weight 

160 reaction products to pass through the membrane (Andrić et al., 2010a). 

161 Table 2 is a comprehensive summary of these studies, and major points are discussed in 

162 more details below. Most of the cases utilize membranes with molecular weight 10-50 

163 kDa cut-off i (Table 2). Usually, the reaction mixture of the substrate and enzyme is 

164 recirculated in the membrane reactor, whereas a stream with the products is withdrawn 

165 from the permeate side. Flat sheet membranes in a side-stream configuration are 

166 prevalently used. Only in few systems, a submerged membrane hollow fiber 

167 configurations, which can be more beneficial in terms of fouling control, are used. 

168 Major challenges that limits industrial scale MBRs for cellulose hydrolysis include low 

169 substrate concentration, enzyme microbial degradation, and membrane fouling. For 

170 example, the cellulose concentration (2-5w/v%) is considered low for industrial 

171 application as it leads to low glucose concentration in the permeate (Malmali et al., 

172 2015; Nguyenhuynh et al., 2017).

173
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174 2.1.1 Discontinuous MBR and product inhibition

175 During cellulose hydrolysis, although a 100% yield is expected due to enzyme 

176 specificity, most batch reactions could not achieve this, due to enzyme product-

177 inhibition. The inhibition of cellulolytic enzymes by glucose, cellobiose (Berlin et al., 

178 2007), which are produced during saccharification (Cantarella et al., 2014; Ximenes et 

179 al., 2011), released during lignocellulosic pretreatment, is a well-known problem. This 

180 is exacerbated by the high enzyme cost, imparted by its dischargment and replacement. 

181 The cellulase enzyme replacement contributes up to 20% of the total cost in case of 

182 bioethanol production and ~50% of the entire hydrolysis step, limiting both the 

183 technological and economic feasibility of the hydrolysis process. A detailed analysis of 

184 the mechanisms and kinetics of the product-inhibition of cellulolytic enzymes by 

185 glucose and cellobiose has confirmed that reactors should be designed with continuous 

186 or semi-continuous product removal. As a result, numerous studies have focused on the 

187 integration of membrane bioreactors (MBRs) in biorefineries for simultaneous 

188 hydrolysis and continuous/intermittent in-situ product removal (Gebreyohannes et al., 

189 2013; Mahboubi et al., 2017b; Nguyen et al., 2015). 

190 In this section we will discuss major research findings using intermittent/discontinuous 

191 processes. A four-fold increase in enzymatic hydrolysis of cotton cellulose with 

192 intermittent removal of the product cellobiose, by using a flat-sheet polyethersulfone 

193 membrane was achieved (Gavlighi et al., 2013). Authors achieved 19% degree of 

194 conversion after 3 days, for a reasonable feed concentration of 25 g/L.

195 The hydrolysis of microcrystalline pure cellulose powder was also evaluated in a 

196 tubular MBR configuration and compared with a flat-sheet MBR (Bélafi-Bakó et al., 

197 2006). 95% of the cellulase was retained by membrane as estimated by dry weight 
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198 measurements and only 6% of the initial enzyme activity has been observed in the 

199 permeate. Thus, the membrane sufficiently retained both the substrate and enzyme. 

200 Possibly, due to better mass transfer, the tubular membrane gave 10% higher average 

201 conversion than the flat-sheet membrane configuration. In another MBR (Liu et al., 

202 2011) configuration the cellulase from Aspergillus niger was free in solution and 

203 retained in the MBR by a polyethersulfone ultrafiltration membrane. Also in this system 

204 a complete retention of both cellulose and cellobiase was observed. 

205 In a recent study, a modified submerged MBR for enzymatic cellulose hydrolysis was 

206 developed (Nguyenhuynh et al., 2017).  In this work the intermittent product removal 

207 was used and in the mentioned conditions more effective UF performance with 

208 complete glucose permeation and enzyme retention up to 80% was obtained. 

209 Qi et al. (Qi et al., 2012) examined the application of combined UF and NF for 

210 recovering the cellulase and concentrating glucose, respectively, in an integrated 

211 approach. They found that the UF membranes permitted a cellulase retention of 74%, a 

212 conversion of 84.5% and a recovery of all the glucose in the permeate. 

213 Although UF based MBR was effective to retain the enzyme and limit enzyme product 

214 inhibition, the system was prone to membrane fouling. As a strategy to limit membrane 

215 fouling, Lim and Ghazali (2020) used an intermittent product removal during the 

216 continuous hydrolysis of microcystalline cellulose. The removal of the product from the 

217 bioreactor using UF membrane filtration was done under two different strategies. For 

218 Strategy 1, 50% of the reaction mixture was filtered after 4 h of hydrolysis reaction to 

219 remove the reducing sugar. The recycling of the enzyme and the filtration of the 

220 hydrolysate were carried out simultaneously. The hydrolysis reaction was continued and 
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221 the filtration was repeated at the 8th h. For Strategy 2, the fresh substrate and citrate 

222 buffer were added at a 24 h interval, while the filtration process started at the 24th h.

223 Compared to the batch productivity (63% of cellulose conversion after 72 h), the 

224 intermittent product removal gave a 10x times higher productivity, due to the limited 

225 enzyme-product inhibition. The more frequent product removal, together with the 

226 enzyme recycling, was sufficient to main a reasonable reactor productivity. Table 2 also 

227 shows that most of the systems utilized side-stream MBR configuration, which enforces 

228 pumping a slurry. Recently, there is a growing effort and success in the use of 

229 submerged MBR in order to resolve this issue.  A modified submerged MBR system 

230 with intermittent product removal developed recently for instance gave an effective UF 

231 performance with complete glucose permeation and up to 80% enzyme retention 

232 (Nguyenhuynh et al., 2017).

233 In another approach, the hydrolysis of α-cellulose was carried out in a submerged 

234 continuous MBR.  Since an MF membrane was used in the submerged system, a pre-

235 holding time was allowed in order to promote a better binding between enzyme and 

236 substrate (Malmali et al., 2015). The continuous hydrolysis with in-situ product removal 

237 gave an order of magnitude higher rate of glucose production relative to batch process, 

238 due to enzyme product-inhibition. On the other hand, the biocatalysis of carboxymethyl 

239 cellulose in an MBR equipped with MF and enzyme immobilized on magnetic 

240 nanoparticles led to a constant reaction rate over time, and 50% higher enzyme 

241 efficiency, due to in-situ product removal (Gebreyohannes et al., 2018). The use of 

242 biofunctionalized nanoparticles have the inherent issue of nanoparticle aggregation at 

243 high concentration. Hence, designing the system under reaction rate limited regime can 

244 prevent mass transfer resistance due to particle aggregation and the subsequent loss of 



11

245 biocatalytic efficiency. In addition to in-situ product removal, the use ofA  a cocktail of 

246 synergistically performing different cellulytic enzymes can be an effective strategy to 

247 reduce the extent of the enzyme-product inhibition (Gebreyohannes et al., 2018; Lozano 

248 et al., 2014). When the hydrolysis of carboxymethyl cellulose was run with a mixture of 

249 endoglucanase and β-glucosidase, in an MBR configuration higher monomer to 

250 oligomer ratio, was obtained due to absence of cellobiohydrolase and β-glucosidase 

251 inhibition by cellobiose and the and  glucose, respectively (Gebreyohannes et al., 2018). 

252 Not only the use of mixture of these enzymes but also an appropriate ratio of cellulase 

253 and cellobiase is highly imperative to achieve rapid cellobiose hydrolysis and prevented 

254 the cellulase inhibition (Lozano et al., 2014).

255

256 2.1.2 Continuously fed MBR, limitation to low MWCO membrane and operational 

257 conditions

258 As shown in Table 2, most MBRs for cellulose hydrolysis are operated with a separated 

259 bioreactor and pumping of the slurry across the membrane for ultimate 

260 retention/recycling of the unreacted substrate and enzyme, while allowing permeation of 

261 glucose. In order to retain the 60 kDa cellulase enzyme (Suurnäkki et al., 2000), the 

262 membrane molecular weight cut-off used in this application is often limited to about 10 

263 kDa (Giorno & Drioli, 2000; Tian et al., 2015). Andrić et al. (2010b) have previously 

264 indicated that an appropriate MBR design for continuous enzymatic hydrolysis with in-

265 situ product removal is crucial. However, a side-stream configuration is a limiting factor 

266 to successful large scale applications, since pumping a slurry imparts a significant 

267 operating cost (Roche et al., 2009; Stickel et al., 2009). Moreover, low MWCO 

268 membranes require high transmembrane pressure and leads to significant membrane 
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269 fouling (Lim & Ghazali, 2020; Lozano et al., 2014; Mahboubi et al., 2017a). While a 

270 continuously fed MBR could face severe membrane fouling, owing to the enzyme 

271 retention and simultaneous product removal, a continuously/intermittently fed system 

272 can have better productivity. 

273 For instance, a corn stover pre-treated by soaking in 15 wt% aqueous ammonia 

274 incubated with a cellulase loading of 60 FPU per initial cellulose was used to compare 

275 the performance difference among batch, continuously fed and intermittently fed MBR.  

276 Intermittent addition of 5 g/L cellulose every 8 h, gave a total glucose of 1.94 and 1.88 

277 times higher than batch reactor without MBR and continuously fed MBR, respectively.

278 Yet, the obtained product concentration in many of the studies is considerably low (0.2-

279 20 g/L,) (Gebreyohannes et al., 2018; Lim & Ghazali, 2020; Lozano et al., 2014; Zhang 

280 et al., 2011). Since the desired concentration for subsequent fermentation to ethanol, 

281 falls between 150 to 250  g/L glucose (Malmali et al., 2015), a significant energy is 

282 consumed in pre-concentration. Increasing the substrate concentration specially when 

283 using high MWCO membrane can be one strategy to achieve a higher  product 

284 concentration (Malmali et al., 2015).

285 In all these discussions, it was difficult to elucidate the contribution of the enzyme, as 

286 the type, amount and units of the enzymes used were different. 

287 Various strategies have been employed to alleviate the issue of membrane fouling. A 

288 good example could be application of electro-ultrafiltration (EUF) during the filtration 

289 of pre-hydrolyzed acid pre-treated wheat straw to mitigate the membrane fouling. EUF 

290 is a method, where a differential electric field is applied across the membrane to achieve 

291 electrostatic repulsion of membrane foulants (Hakimhashemi et al., 2012). The flux 
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292 when the system was fed with 2% w/v lignocellulosic hydrolyzate increased by a factor 

293 of 4.4 at room temperature, compared to that without electric field 

294 Moreover, intensification of the hydrolysis step with the fermentation process in a 

295 simultaneous saccharification and fermentation (SSF) seems to be the most promising 

296 strategy to increase overall productivity. The potential application of such hybridized 

297 system was recently shown by (Mahboubi et al., 2020).

298 The cellulose hydrolysis using MBR often requires low solid loading or low solid 

299 loading rate and continuous dilution in order to reduce the extent of membrane fouling, 

300 the enzyme product-inhibition and the difficulty of pumping a concentrated slurry. In 

301 order to resolve the issue of pumping slurry, a submerged MBR with a 10 kDa UF 

302 membrane was designed. Although the UF membrane was successful in retaining the 

303 enzyme (97%) and avoided pumping slurry, the cost for the pressurized reactor is 

304 considerable, while the membrane fouling was still severe (Zhang et al., 2011).

305 Alternatively, a submerged MBR integrating an MF membrane was employed (Malmali 

306 et al., 2015), which avoids pumping cellulose slurry. Owing to the use of MF, a high 

307 initial cellulose loading (100 and 150 g/L) was used, which are significantly higher than 

308 the cellulose loading observed in most MBRs (see Table 2). Higher substrate loading 

309 ensured higher glucose concentration; hence, the steady-state glucose concentration was 

310 10-15 g/L. These values are significantly higher than the concentration obtained in the 

311 various UF systems. One of this systems’ disadvantages is enzyme loss through the 

312 membrane. However, the extent of enzyme loss was limited by the introduction of pre-

313 holding time that provided sufficient time for the enzyme to attach onto the cellulose. 

314 As a result, compared to the very high initial enzyme loading (50 mg/g cellulose), the 

315 rate of enzyme addition during continuous operation was either 4 or 10 mg enzyme/g 
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316 cellulose injected. In addition, the use of higher cellulose loading ensured more enzyme 

317 retention. 

318

319 2.1.3 Biocatalytic membrane reactors in cellulose hydrolysis

320 Commercial cellulase enzyme is often a cocktail of cellulolytic enzymes that include 

321 endo/exo glucanase, cellobiohydrolase and β-glucosidase. However this mixture 

322 generally exhibits low β-glucosidase activity (Rosgaard et al., 2006). Therefore, the 

323 hydrolysis by endo-glucanase mainly favors the production of oligomers such as 

324 cellobiose and cellotriose. As a result, Gebreyohannes, Dharmjeet  (Gebreyohannes et 

325 al., 2018) for instance obtained 50-60% higher oligomer productivity than monomers 

326 when using an MF membrane system with immobilized enzyme. Over production of 

327 cellobiose on the one hand causes enzyme product inhibition, while on the other hand it 

328 may cause loss of significant amount of it to the permeate. In order to limit this 

329 problem, it is imperative to supplement the system with additional β-glucosidase 

330 (Andrić et al., 2010b). Especially co-immobilization of these enzymes in a biocatalytic 

331 membrane reactor (BMR) configuration is highly beneficial. Accordingly, both 

332 Gebreyohannes et al. (2018) and Song et al. (2016a) observed a significantly improved 

333 monomer productivity by co-immobilization of cellulase and β-glucosidase in a BMR (4 

334 times higher) and STR respectively. Enzyme immobilization is also a good strategy to 

335 shift from UF membrane based MBRs to MF based BMRs that will eventually ensure a 

336 higher volumetric reactor productivity. 

337 For instance, the natural tendency of enzyme to be adsorbed by cellulose, often a 

338 concern for enzyme efficiency loss, was taken as an advantage in order to retain the 

339 enzyme in 0.6 µ MF equipped submerged MBR for cellulose hydrolysis.While this 
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340 system requires significant pre-holding time in order to ensure sufficient adsorption, the 

341 loss of enzyme is still unavoidable

342 In this case, membranes with immobilized enzyme in BMR configuration can be 

343 beneficial. Although the issue of enzyme leakage can be resolved through confining the 

344 enzyme on to the membrane or carrier particle, BMRs are less often used (Andrić et al., 

345 2010a). However, since enzyme immobilization can contribute to the development of 

346 sustainable processes, it has substantial potential to be used in industrial lignocellulose-

347 to-ethanol conversion. (Chang et al., 2011; Rodrigues et al., 2017)

348 A very recent strategy of biocatalytic systems is to immobilize enzymes on 

349 superparamagnetic nanoparticles (NPSP). These particles afterwards are reversibly 

350 immobilized on a microporous membrane using an external magnetic field in a system 

351 named superparamagnetic biocatalytic membrane reactor (BMRSP) (Gebreyohannes et 

352 al., 2015; Gebreyohannes et al., 2017). The immobilization of the enzyme on the NPSP 

353 can improved stability, activity along with easy recovery using an external magnetic 

354 force. (Ladole et al., 2017; Lupoi & Smith, 2011; Song et al., 2016b; Xu et al., 2011) 

355 Due to the possibility of using MF membrane with immobilized enzyme, it was possible 

356 to achieve constant glucose productivity at high solid loading (2-10 wt% CMC), high 

357 solid loading rate (3-6 g/h) and negligible rate of fouling (0.008 bar/min) in a 

358 submerged system. This is an immense improvement of the lignocelluloisic hydrolysis, 

359 which is generally limited to UF membranes to retain the enzymes (Gebreyohannes et 

360 al., 2018). 

361 On the basis of the reported studies on enzymatic cellulose hydrolysis, enzyme stability, 

362 enzyme turnover, membrane fouling and product concentration still remain open 

363 challenges. The reactor design must be fully considered, particularly to limit the enzyme 
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364 cost, which contributes 25-30% operational cost (Guo et al., 2018). Side-stream The 

365 main MBR configuration, which combines free enzyme carrying out the hydrolysis in 

366 bulk and a membrane that removes the reaction products, is by far the most 

367 investigated. In this configuration, the enzyme compartimentalization promoted by 

368 membrane process, guarantees enzyme re-use and product inhibiton limitation, showing 

369 huge potential in operational cost reduction. Since MF can only retain enzymes 

370 compartmentalized to membrane or carrier particles, it is less interesting to employ it in 

371 a side-stream configuration (Malmali et al., 2015). Over all, use of membrane was 

372 effective in retaining the enzyme and preventing enzyme-product inhibition through 

373 intermittent/continuous product removal. Though dictated by the frequency of feeding 

374 and product withdrawal, this strategy also helps to mitigate membrane fouling. In terms 

375 configuration, a hybridization of hydrolysis with fermentation could be a way forward 

376 towards industrialization. While a submerged MF equipped MBR with immobilized 

377 enzyme could be an optimal strategy to increase MBRs volumetric productivity.

378

379 2.2. β-glucosidase and membrane process in biorefinery

380 β-glucosidase is a key enzyme in determining efficiency of cellulase for biomass 

381 hydrolysis, but recently it has also gained attention for its ability to hydrolyze glycosidic 

382 substrates from vegetal biomass to produce aglyconic compounds, which have 

383 important therapeutic properties (Mazzei et al., 2012; Mazzei et al., 2009; Ranieri et al., 

384 2018). The use of membrane bioreactors in the production of aglyconic compounds 

385 solved several problems: the continuous removal of the inhibiton product (glucose) 

386 from the reaction site, the extraction of the water unstable aglycones in organic solvents 

387 by multhiphasic MBR, (Mazzei et al., 2010)  and the enzyme reuse. On the basis of the 
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388 problem treated (e.g. glucose inhibition, aglycones extraction, kinetic study etc), β-

389 glucosidase was entrapped on polymeric membranes (Mazzei et al., 2012; Mazzei et al., 

390 2009) or covalently attached on ceramic membrane (Fig 2A) (Mazzei et al., 2012)(Fig 

391 2B)(Ranieri et al., 2018). By using both biocatalytic polymeric and ceramic membranes, 

392 it was possible to produce an intensified system, in which the production/extraction of 

393 the aglycone in a pure organic solvent was promoted (Fig. 2). In the mentioned system, 

394 the aglycone extraction process is obtained by recirculating a pure organic solvent, in 

395 which the compound is soluble, in the lumen of a tubular membrane. When the aqueous 

396 phase, coming from the biocatalytic membrane and containing the product, it reaches 

397 the membrane lumen, on the basis of the membrane emulsification process an unstable 

398 emulsion is produced, which permits the aglycone extraction from the aqueous to the 

399 organic phase (Mazzei et al., 2010)(Fig. 2 a and b). Due to membrane processes 

400 modularity, the intensified MBR/ME system with an MF/UF process (Conidi et al., 

401 2014) or with two steps of membrane emulsification (Piacentini et al., 2019) was easily 

402 integrated (Fig.3). In the first work, olive mill waste water (OMWW) pre-treated by 

403 MF/UF steps and containing the glycosidic substrate (oleuropein) was fed to the 

404 intensified process, obtaining the same degree of conversion when pure substrate was 

405 used (Fig. 3A). In the second system, in addition to the production/extraction of 

406 oleuropein aglycone, its encapsulation in hydrophilic polymeric (Fig. 3B) or 

407 hydrophobic solid lipid particles (Fig. 3C) was also promoted (Piacentini et al., 2019). 

408 Recently, a further improvement of the system in terms of conversion (93%) by using 

409 the enzyme free in solution and promoting aglycone extraction by ME process (Fig. 3D) 

410 was obtained (Mazzei et al., 2020). The role of the membrane, in this system, was to 

411 retain the enzyme and to wash out the glucose from the reaction mixture. This permitted 
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412 to re-use the biocatalyst for five consecutive reaction cycles, with no decay in 

413 conversion. In the two last mentioned systems, olive leaves as source of biomass to 

414 obtain the glycosidic substrate were used.

415

416 2.3. Xylanase and MBR in biorefineries

417 Xylan is the second most abundant renewable compound on earth and a sustainable 

418 technology which permits the recovery/fractionation of xylo-oligosaccharides (XOS) 

419 and monosaccharide from xylan is one of the current priorities in the research related to 

420 biorefineries. On the basis of the type and content of substituents within the xylan 

421 structure, the synergistic action of xylanase (in particular endo-1,4-β-xylanase and β-

422 xylosidase) and other debranching enzyme (α-L-arabinofuranosidases, α-

423 glucuronosidase, acetyl xylan esterases and ferulic acid esterases) is generally needed. 

424 However, due to the product inhibition on the xylanases enzymes a separation step to 

425 isolate the biocatalyst is necessary, particularly if a large scale and a continuous process 

426 is needed.

427 A lot of recent articles propose membrane bioreactor technology to overcome the limits 

428 given by product inhibition (Andrić et al., 2010a; Nabarlatz et al., 2007; Pinelo et al., 

429 2009; Sueb et al., 2017) and to simultaneously purify the product from the reaction 

430 mixture.  

431 However, it must be considered that the substrate tends to accumulate on the membrane 

432 surface as gel-like aggregates, influencing the fluid-dynamic conditions and enzyme 

433 kinetic properties.

434 In the work carried out by Sueb et al. (2017) the effect of fouling due to particle 

435 deposition was evaluated by different configuration of MBRs. The MBRs configuration 
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436 used were: a) reaction (endo-1,4-b-xylanase and β-xylosidase, free state) and filtration 

437 (1 kDa PES membrane) in the same system; b) xylanase (free state) reaction and 

438 filtration in a MBR and a further enzymatic reaction of the permeate by xylosidase in a 

439 STR; c) both enzymes present in a stirred tank reactor and a subsequent filtration 

440 process. Reaction with both enzymes followed by UF (configuration C) was the optimal 

441 configuration, which permitted at least 40% higher xylan hydrolysis than the cascade 

442 configuration.

443 In the work carried out by Acosta-Fernández et al. (2020), a membrane with higher 

444 nominal molecular weight cut-off (10 kDa) was used starting from xylan from coffee 

445 parchment. In the mentioned research the enzyme free in solution or immobilized on 

446 magnetic nanoparticles, in 2 STRs and in 2 MBRs, were compared. Results 

447 demonstrated that by using the MBRs configurations a continuous production of 

448 xylooligosaccharides, with the molecular weight distribution in the range of prebiotic 

449 sugars (X1−X20) was obtained. By optimizing the fluid-dynamic conditions a high 

450 conversion can be also achieved at high substrate concentration. Besides, the unchanged 

451 apparent Km demonstrated that the enzyme immobilization procedure did not alter the 

452 affinity of the enzyme for the substrate and it was even improved when membrane 

453 process was present, since it promoted a continuous removal of inhibition products from 

454 the reaction mixture. 

455 Biofunctionalized magnetic nanoparticles were also coupled to an organic-inorganic 

456 hybrid membrane (were magnetic nanoparticles were used as nanofillers) to develop a 

457 nano-inspired, magnetic-responsive enzyme membrane (micro) reactor (Gebreyohannes 

458 & Giorno, 2015). In this system xylanase and pectinase as model biocatalysts were used 
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459 to control membrane fouling. The system permitted 75% reduction in membrane 

460 filtration resistance through the membrane surface cleaning.

461 An integrated membrane process was also proposed by  González-Muñoz et al. (2008), 

462 in which liquors containing xylan-derived products from rice husk was firstly treated 

463 with diafiltration and then by MBR to obtain and purify low molecular weight arabino-

464 xylooligosaccharides (AXOS). Also in this study the various MBR configurations were 

465 studied.The best configuration in terms of productivity (93.3% recovery yield vs 75.8%) 

466 was the one in which the catalysis was carried out simultaneously with the separation 

467 process.

468

469 2.4. Pectinase and MBR in biorefineries

470 Pectin is a complex polymer of carbohydrates present in the cell wall of the main higher 

471 plants. In recent years, pectic biomass is considered as an important source of feedstock, 

472 because it contains a low lignin concentration and in some industrial process (e.g. juice 

473 filtration) is considered a waste material, which can be valorized through hydrolysis 

474 process. It can be also used as starting source to produce galacturonic acid, which is a 

475 raw material in food, pharmaceutical and cosmetic industry, due to its important 

476 properties or for pectin-derived oligosaccharides (POS). POS are an emerging class of 

477 prebiotic, but they can also have important therapeutic properties such as: ability to 

478 induce apoptosis in human colon cancer cells, anti-inflammatory and antiobesity 

479 properties, etc (Gómez et al., 2016).  On the basis of the different pectic biomass used, 

480 oligosaccharides with different structure can be obtained such as arabinogalacto-

481 oligosaccharides, arabinoxylooligosaccharides, galacto-oligosaccharides etc. Pectin 

482 hydrolysis can be carried out by both chemical and enzymatic methods, but as 
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483 frequently observed the enzymatic methodology offers several advantages such as 

484 reaction in mild conditions avoiding corrosion, selective hydrolysis and higher reaction 

485 yield. However the pectic enzymes generally suffer from product inhibition of the 

486 monomer (galaturonic acid). For this reason, a separation process after hydrolysis is 

487 highly desired. This is the reason why membrane processes are generally coupled with 

488 enzymatic hydrolysis for pectin in MBR systems, which permit the continuous POS 

489 production, enzyme re-use and conversion increase due to inhibition product 

490 removal(Gómez et al., 2016). MBR technology for pectin hydrolysis is currently used 

491 by both immobilized and non-immobilized enzyme, although the most used 

492 configuration is with free enzyme recirculated in the retantate side (Table 3) (Alkorta et 

493 al., 1995; Bélafi-Bakó et al., 2007; Rodriguez-Nogales et al., 2008; Rodríguez-Nogales 

494 et al., 2005).  In the last mentioned systems, both flat-sheet and hollow fiber membranes 

495 made of different materials were used. Two kind of reactors are used: sequential batch 

496 reactor and filtration (discontinuous) or simultaneous batch filtration process 

497 (continuous). In the first case, the reaction occurs in a first step after a certain incubation 

498 time without product separation. The membrane process is used in a second step to 

499 carry out the purification. To avoid the excessive production of monosaccharides, small 

500 amount of biocatalyst is used for this reason and the enzyme concentration to achieve 

501 the highest conversion is one of the most studied parameters (Mountzouris et al., 2002; 

502 Torras et al., 2008). The incubation time is another parameter frequently studied to 

503 control the MW of the products, but the non-specific enzyme cleavage does not permit 

504 to control it. As a result, batch reactors coupled with membrane processes are not 

505 suitable for further application for the production of POS, since the final product have a 

506 wide MW distribution (Moure et al., 2006). Strategies for final products separation are 
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507 based on the use of different membrane separation steps to obtain the different fractions 

508 of the product.  Córdova et al. (2017) used three different steps of nanofiltration for 

509 oligosaccharides purification after hydrolysis in order to obtain products of target 

510 properties grouped in the desired MW range. 

511 Nevertheless, important viscosity reduction of pectin solution in the MBR with free 

512 enzyme also without further purification by membrane processes is achieved, which is 

513 very useful in systems in which a viscous solution must be treated (e.g. filtration of fruit 

514 juice or olive mill waste water ) and pectin causes membrane fouling (Gebreyohannes et 

515 al., 2013). In the work carried out by Baldassarre et al. (2018), a discontinuous (used as 

516 pre-treatment) and a continuous membrane reactor with free enzyme were used. This 

517 permitted to increase the volumetric productivity up to five times, demonstrating a real 

518 advantage respect to the traditional batch reactor. In the continuous MBR the process 

519 was intensified, but the flow through the membrane was lower than discontinuous 

520 systems, since large molecules tend to deposit on the membrane surface enhancing 

521 transmembrane resistance. Nabarlatz et al. (2007) demonstrated that a high solute flux 

522 during oligosaccarides fractionation caused an increase of concentration polarization 

523 and an increased retention of low MW compounds. In particular a membrane selectivity 

524 decrease (a broader range of oligosaccharides passed through the membrane)  of about 

525 25 % was observed when the flux was increased from 5 to 55 L m-2h-1. 

526 Enzyme immobilization on membranes for POS production overcomes a lot of 

527 problems related to both enzyme re-use and stability, targeted production of tailored 

528 products, fast POS removal and hence limiting monomer production. Nevertheless, few 

529 studies are currently applied for pectin hydrolysis in which BMRs are used. This can be 

530 due to additional problems due to enzyme immobilization (steric hindrance, enzyme 
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531 aggregation) and/or enzyme deactivation due to chemical cleaning and disinfection of 

532 the biocatalytic membrane. Gebreyohannes et al. (2016) demonstrated that 

533 immobilizing the pectinase on magnetic nanoparticles, subsequently dispersed on the 

534 membrane surface by a magnetic field, permitted removal of the enzyme when 

535 necessary (e.g. membrane washing) and to distribute it avoiding steric hindrance 

536 improving enzyme kinetic performance.  The use of biofunctionalized particles coupled 

537 with membrane process is widely employed now (Donato et al., 2012; Vitola et al., 

538 2017; Vitola et al., 2019), since it permits to recover the catalyst at the end of the 

539 process, the possibility to clean the membrane with solvent without deactivating the 

540 enzyme and to keep unaltered the chemical-physical and morphological structure of the 

541 membrane, generally modified during chemical biofunctionalization.

542

543 2.5. Lipase and MBR in biorefineries

544 Membrane processes and in particular MBR are innovative systems for biodiesel 

545 production and can be used both in esterification, transesterification and biodiesel 

546 refining. The involvement of lipase in biorefineries is mainly in transesterification of 

547 tryalcylgricerides to produce fatty acid (m)ethyl esters (FA(M)EE). The enzymatic 

548 esterification process generally involves the presence of the lipase (free or immobilized) 

549 extracted from different microorganisms (Pseudomonas fluorescens, Rhizopus Oryzae, 

550 Candida rugosa and Pseudomonas cepacia etc.), an alcohol (ethanol or methanol) and a 

551 source of triglycerides, which could be vegetable oils, non-edible oils (e.g. Jatropha), 

552 waste cooking oil or animal greases, microalgal oil etc (Badenes et al., 2013). 

553 Compared to the chemical process, biological esterification is highly advantageous, 

554 since it promotes high conversion in mild operative conditions. Besides, in the 



24

555 enzymatic transesterification, no soaps are produced, which imply the absence of further 

556 washing steps, with the reduction of production costs and wastewater. The innovation of 

557 MBR in the enzymatic esterification processes is also due to the process intensification 

558 (reaction and separation in a single unit) which also significantly reduce the production 

559 steps and the system compactness with respect to the traditional methods. However, the 

560 enzyme cost is considered as one of the main limitation of MBR in general, which could 

561 be reduced by the enzyme immobilization (Fjerbaek et al., 2009), because it 

562 significantly increases enzyme stability and re-use. This is in fact the trend observed in 

563 recent literature related to MBR and transesterification process (Table 4); where the 

564 enzyme is almost always immobilized within polymeric membranes (mainly by 

565 covalent attachment).

566 Another important problem to overcome in MBR is the enzyme deactivation due to the 

567 interaction with methanol or ethanol. In particular, a molar ratio of methanol/oil higher 

568 than 1/2 causes irreversible enzyme denaturation (Su et al., 2015)(Su et al., 2020). 

569 Besides, the glycerol produced during the transesterification process, being more 

570 soluble in water, limits the interaction of the enzyme with the substrate, forming a film 

571 around the enzyme. This film does not permit the interaction with the hydrophobic 

572 substrate, with a consecutive conversion decrease. To overcome this process, different 

573 strategies were proposed, such as continuous addition of methanol, several methods for 

574 methanol supply (in oil or in water), selective removal or glycerol etc. (Belafi-Bako et 

575 al., 2002). Within the different strategies, the use of two-phase separated membrane 

576 reactors, widely applied in MBR with lipase, seems one of the most promising 

577 (Aghababaie et al., 2019).  In the work carried out by  Ko et al. (2012a), a two-phase 

578 MBR permitted a stepwise addition of methanol and a selective removal of glycerol, 
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579 thanks to a regenerated UF membrane, coupled with a stirred tank reactor (STR). In this 

580 case, the membrane role was to supply and remove methanol and glycerol respectively, 

581 but it also worked as a contactor between the hydrophilic and hydrophobic phase (Fig. 

582 4a). In the two-phase MBR developed by Aghababaie et al. (2019)(Fig. 4b) an 

583 additional role of the membrane is to retain the biocatalyst, which is in the oil phase. In 

584 both systems it was possible to reach a high conversion degree and stability.

585

586 3. Challenges and future perspective on the use of MBR in biorefinery

587 The main drawbacks which hindered the development of MBR in biorefinery industries 

588 are mainly the low enzyme stability and the membrane fouling. To address these issues, 

589 strategies also proposed in this review, must be taken into account, mainly related to the 

590 selection of membrane material, operative conditions optimization and reactor 

591 engineering design. In particular: 

592  the conjugation of biofunctionalized magnetic nanoparticle with membrane 

593 processes can introduce an innovative strategy to selectively remove the 

594 biocatalyst when fouling occurs. This will permit cyclic membrane cleaning 

595 with solvents or backflushig, which are generally damaging for the enzyme. 

596  The use of estremophiles enzyme, which can tolerate high temperature could 

597 alleviate cake-layer formation on the membrane, increasing the stability of the 

598 biocatalytic membrane.

599  The introduction of integrated membrane processes associated with MBR or 

600 cascade enzymatic reactions in separated MBRs could be also interesting 

601 strategies to pre-treat the stream before the enzymatic reaction, permitting 

602 membrane foulig and enzyme reaction to be checked in separated steps. 
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603  Another interesting approach is the possible use of microfiltration membranes 

604 with immobilized enzyme in a submerged configuration, which can ensure large 

605 volumetric productivity.

606

607 In order to fully apply the mentioned strategies in future applications, the integration 

608 between membrane science, genetic engineering, and chemical engineering is needed.

609

610 4. Conclusions

611 The use of MBRs in biorefineries for the first time was critically analyzed. 

612 Carbohydrate hydrolysis, biodiesel production, aglycones production, POS and 

613 galacturonic acid production and XOS production were described and critically 

614 reviewed.

615 In all the analysed sectors MBRs promote continuous reaction system, enzyme re-use 

616 and removal of inhibiting products, while increasing the system efficiency. To promote 

617 the development of MBRs on a larger scale some drawbacks (of this technology must 

618 be considered. Innovative strategies proposed in this review, can promote advances in 

619 membrane saving, membrane fouling control and enzyme stability improvement.

620
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submerged configuration. In the MBR the enzyme is free, while in the BMR the enzyme is immobilized.
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A

B

Fig. 2 Intensified membrane processes, in which MBR 

and membrane emulsification were coupled in a 

multhipashic system to promote production/extraction 

(in organic solvent) of aglycone. A: use of commercial 

polymeric membrane and physical enzyme 

immobilization, adapted from (Mazzei et al., 2012) with 

the permission of Copyright (2021) Elsevier; B: use of 

home-made ceramic membranes and covalent enzyme 

immobilization reprinted with permission from (Ranieri 

et al., 2018) with the permission of Copyright 

(2021).OA: oleuropein aglycone (product of oleuropein 

hydrolysis by β-glucosidase action), OMWW: olive 

mill waste water
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Fig. 3 Multhiphasic membrane bioreactor integrated with different membrane processes for the production of aglycone or formulated aglycone 

starting from different biomass. A) MBR integration with MF and UF process starting from olive mill waste (OMW). Reprinted with permission 

from (Conidi et al., 2014). Copyright (2021) Elsevier; B) MBR integration with two steps of membrane emulsification processes to produce solid 

lipid particles (SLP) containing oleuropein aglycone, starting from olive leaves. Reprinted with permission from (Piacentini et al., 2019). Copyright 

(2021) American Chemical Society; C) MBR integration with membrane emulsification processes to produce PVA particles containing oleuropein 

aglycone starting from olive leaves; Reprinted with permission from (Piacentini et al., 2019). Copyright (2021) American Chemical Society D) 

Integration of MBR with membrane emulsification process to produce aglycone from olive leaves reprinted from (Mazzei et al 2020)(CC-BY 4.0 

licence). OA: oleuropein aglycone (product of oleuropein hydrolysis by β-glucosidase action)
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 Fig. 4 Scheme of glycerol removal and methanol supply to two-phase MBR. A) system developed by Ko et al. (Ko et al., 2012b); B) system 

developed by Aghababaie et al. (Aghababaie et al., 2019).
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Table 1 Membranes and membrane reactors in combination with enzymes in biorefinery.

Type of 
membrane

Membrane 
process Role of membrane Biocatalyst form Type of Reactor Ref.

Free bacteria Cell-recycle Membrane Bio-
Reactor (MBR)

(Choudhury & Swaminathan, 2006; 
Giorno et al., 2002)

Enzyme immobilized 
on particles

Enzyme-loaded-particles 
recycle MBR

(Chang, 2018)Porous, 
hydrophilic MF

Retain /recycle 
biocatalyst 

(microorganism, 
enzyme).

Clarify stream Enzyme immobilized 
on membrane

Biocatalytic Membrane 
Reactor (BMR)

(Giorno & Drioli, 2000; Giorno & 
Drioli, 2009; Giorno; et al., 2017; 
Mazzei et al., 2017a; Mazzei et al., 

2013)

Free enzyme Enzyme-recycle MBR

(Giorno; et al., 2017) (Drioli & Giorno, 
2009; Mazzei et al., 2013) ( Vitola et al., 
2017)

Mesoporous, 
hydrophilic UF

Retain / recycle 
biocatalyst 

Remove inhibitors, 
products

Immobilized enzyme Enzyme-loaded BMR

(Giorno & Drioli, 2000; Giorno; et al., 
2017) (Drioli & Giorno, 2009; Mazzei 

et al., 2013) (Giorno et al., 2006) (Vitola 
et al., 2017)

Free enzyme, 
immobilized enzyme Enzyme-recycle MBR (Chon et al., 2012)

Microporous
, hydrophilic NF

Fractionate, separate 
small molecular weight 

molecules Immobilized enzyme Enzyme-loaded BMR (Dizge et al., 2018)

Porous, 
mesoporous, 
hydrophilic, 

MBSX
Assist/implement 

interfacial reactions in 
biphasic systems.

Immobilized enzyme Enzyme-loaded BMR
(Giorno et al., 2007; Sakaki et al., 2001)
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hydrophobic Extract molecules

Free bacteria Cell-recycle MBRPorous, 
hydrophobic MD Concentrate molecules

Free enzyme Enzyme-recycle MBR
(Goh et al., 2015)

Free bacteria Cell-recycle MBRDense, 
hydrophilic

Forward 
Osmosis 

(FO)
Concentrate molecules

Free enzyme Enzyme-recycle MBR

(Holloway et al., 2015; Song & Liu, 
2019)

Free bacteria Cell-recycle MBR
Free enzyme Enzyme-recycle MBRDense,

Hydrophilic
Pervaporati

on (PV)
Separate product, 

remove water
Free enzyme Enzyme-recycle MBR

(Fan et al., 2016)

Enzyme distribution at 
O/W or W/O interface 
on droplets/particles 

surface

Enzyme-loaded-particles 
recycle MBRPorous, 

hydrophilic, 
hydrophobic

Membrane 
Emulsificati

on (ME) Solvent extraction via 
high throughput 

droplets formation

Immobilized enzyme

Enzyme-loaded BMR

(Mazzei et al., 2010; Piacentini et al., 
2021)
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Table 2. Enzymatic hydrolysis of cellulose in MBRs.

Enzyme source Enzyme content Membrane Feed Conversion 
(%)/glucose 
mM

Feed 
concentration

Product 
concentration 

Ref.

Materiala Typeb MWCO 
(kDa)

Trichoderma 
reesei

n.d. polymeric HF
FS

n.d.
30

Microcryst. 
cellulose 
powder

48-53 2.5% (w/v) 3.7-6.5 g /h 
dm3 

(Bélafi-Bakó et
al., 2006)

Trichoderma 
reesei

n.d. PES FS 10 Oil palm empty 
fruit bunch

n.d. 20 g/L 2-4 g/L (Ghazali et al.,
2017)

Aspergillus 
niger

1.5 g/L PES FS 10 Sodium carboxy 
methyl
cellulose

40-90 1.5 g/L 1.2 g/L (Liu et al.,
2011)

Trichoderma 
reesei

n.d PES FS 10 Microcryst. 
cellulose

80 5-20 g/L 4.4-12.2 g/L (Lim &
Ghazali, 2020a)

Trichoderma 
reesei

1.36 g/L PES FS 10 Microcrystalline 
cellulose

80 10 g/L 5.48-6.45 
g/L

(Lim &
Ghazali, 2020b)

Cellic Ctec2 n.d. PES FS 0.3 μm Dilute-acid 
pretreated 
wheat
straw 

70-80% 14.0  g/L 14.65 ± 0.59 
g/L

(Mahboubi et 
al., 2020)

n.d. 3% w/w enzyme 
to substrate ratio

PES FS 10 Microcryst. 
cellulose

n.d. 10% w/v 7.6 g/L (Nguyenhuynh 
et al., 2017)

n.d. 0.7 g/l of α- 
amylase and 0.42 
g/l of 
amyloglucosidase

PDMS/PET/PI FS n.d. Broomcorn seed 
flour

n.d. 45 g/l 25.5 g/L (Farahi et al., 
2018)

n.d. 0.5 g/L PES FS 10 -cellulose𝛼 45 10 g/L 2-8 g/L (Abels et al.,
2013)

Trichoderma 
reesei

4 g/L ZrO2 FS 10 Olive mill solid 
residue

45 n.d. 2-11 g/L (Mameri et al.,
2000)

n.d. 20 FPU/g 
cellulose

PES FS 5
10

Steam exploded 
wheat straw

84.5 10% w/v 26.5-30.4 
g/L

(Qi et al., 2012)
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30
Trichoderma 
reesei

20 to 80mg/g 
substrate

PES FS 5 Waste paper 67.4 20-100 g/L 12-50 g/L (Rad et al.,
2017)

Trichoderma 
reesei

20 FPU/g 
substrate

PS HF 10 Steam-exploded 
rice straw

n.d. 125-185 g/L 15-35 g/L (Yang et al.,
2006)

Trichoderma 
longibrachiatum

20 FPU/g dry 
mass

PES FS -DF20 
- 10 

acid treated 
wheat straw

50.3 (%) 0.5-10% n.d. (Chen et al.,
2013)

Crude cellulase 
powder 

PS HF 30 CO2 laser 
treated corn 
Stover

- (Chen et al.,
2013)c

Trichoderma
reesei 

PC - /0.22 
µm

carboxy
methyl cellulose 
(CMC)

54 (%)
20 g/L 0.5-2 g/L (Nguyen et al.,

2015)

Novozyme 
cellulase 

317.24 mg 
proteins/mL

- - 10, 20 carboxy
methyl cellulose 
(CMC)

1- 2.5 g/L n.d. (Cantarella et 
2014)

Trichoderma 
reesei 

PS 10 Pretreatd corn 
stover 

 
(continuous)

15 g/L 10-30 g/L (Zhang et al.,
2011)

Trichoderma 
reesei

PVDF FS 0.2 µm Carboxymethyl 
cellulose

/0.9 0.5 wt% 90-160 
mg/L

(Gebreyohannes
et al., 2018)

Cellic CTec2 PES FS 0.62 µm α-cellulose /0.08-0.11 100-150 g/L 40-100 g/L (Malmali et al.,
2015)

Trichoderma 
reesei niger 

PES TUBULAR 10 microcrystalline 
cellulose 

/113 0.8 -2 w/v % 19.8 g/L (Lozano et al.,
2014)

a PES: polyethersulfone; PAN: polyacrylonitrile; PA: polyamide; PS: polysulfone; PC: polycarbonate. 
b FS, flat-sheet; HF, hollow fiber
n.d., no data available in most  cases, pH 4.8-5.0 and temperature 40-50oC

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/trichoderma-reesei
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/trichoderma-reesei
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/trichoderma-reesei
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/trichoderma-reesei
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1008
1009 Table 3 Use of MBR in pectin hydrolysis. 

Pectin source Enzyme Enzyme 
status

Product/work 
aim

Membrane cut-off 
(kDa)/pore size 
(µm)

Membrane 
material

Reference

Apple pomace Endopectidase, 
polygalacturonase

F fouling control 10 PS (Rodriguez-
Nogales et al., 

2008)
Sugar beet, black 
currant, red currant 

Polygalacturonase from 
Aspergillus niger 

F galacturonic 
acid/

45/ PES (Kiss et al., 2009)

Commercial pectin Polygalacturonase from 
Aspergillus niger

F galacturonic 
acid/ study of 

enzyme 
inhibition

30/ RC (Bélafi-Bakó et 
al., 2007)

Onion skin Viscozyme (mixture of 
enzymes)

F POS/ 10/ PS (Baldassarre et al., 
2018)

Lemon peels Pectinex Ultra SP-L, 
pectinases from 
Aspergillus aculeatus 
and Pectinase 62 L  

F POS/ 1/ RC (Gómez et al., 
2016)

Sugar beet Viscozyme
L,

F POS/ 10/ PS (Elst et al., 2018)

Citrus pectin Polygalacturonase from 
A.niger

IMM POS/ /0.05−0.1 titania (Szaniawski & 
Spencer, 1996)

Olive mill waste water pectinex 3XL IMM /pectin 
hydrolysis

/0.4 PE (Gebreyohannes et 
al., 2013)

Citrus fruit pectin polygalacturonase IMM /membrane 
fouling

/0.1 PVDF (Gebreyohannes et 
al., 2016)

1010 PS: polysulphone, PES: polyethersulphone, RC: regenerated cellulose, PE: polyethylene, PVDF: polyvinylidene fluoride, IMM: immobilized, F: free
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1011 Table 4 MBR systems for bioediesel production. 
Enzyme Enzyme

status 
/Immobilization

Membrane Membrane
(kDa)/pore 
size (µm)

TAG source Alcohol Conversion 
(%)

Stability 
(days)

Ref.

Lipase from 
Candida sp.
99–125

IMM/
adsorption

textile - salad oil and 
waste oil

MeOH in 
n-hexane

96 more than 
20

(Nie et al., 2006)

Lipase from 
Candida sp.
99–125

IMM/
covalent

textile - lard MeOH 85 7.5 (Lu et al., 2007)

Lipase from P. 
fluorescens

IMM/
adsorption

PES 300/ triolein MeOH 80 12 (Machsun et al., 
2010)

Lipase from P. 
fluorescens

IMM/
covalent

PVDF /0.45 soybean oil MeOH in 
n-hexane

95 7 (Kuo et al., 2013)

Lipase from P. 
cepacea

IMM/
covalent

PAN - soybean oil MeOH 90 10 (Li et al., 2019)

Lipase B form 
C. antarctica l 
(CalB)

IMM/ 
covalent 

RC 10, 25, 50/ soybean oil MeOH 97.5 - (Ko et al., 2012b)

Lipase from C. 
rugosa (Amano 
AY-30)

IMM/
covalent

PVDF /0.45 soybean oil MeOH 97 and 95, 7 (Kuo et al., 2013)

Lipase from 
Mucor miehei 

IMM/
covalent

PES /0.65 sunflower 
seeds oil

Bu-OH 100 missing 
data

(Handayani et al., 
2016)

Lipase from 
C.rugosa

F/- PAN 100/ Eruca sativa 
oil.

MeOH 100 3 (Aghababaie et al., 
2019)

Lipase B from 
C. antarctica

IMM/
covalent

PAN - soybean oil MeOH 80 12.5 (Li et al., 2019)

Lipase from T. 
lanuginosus

F/- PAN /0.2 Sunflower oil MeOH - - (Sokač et al. 2020

Lipase IMM PES /0.001 Karanja oil EtOH 88 - (Kumar 2021
1012 PES: polyethersulphone: PVDF: polyvinylidene fluoride, PAN: polyacrylonitrile, RC: regenerated cellulose, IMM: immobilized, F: free, MeOH: methanol 

1013 Highlights

1014
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1015 1) Enzymes combined with artificial membranes in biorefinery promote process intensification
1016 2) The use of MBRs in biorefinery permit enzymes re-use and increased stability 
1017 3) The use of MBRs promote removal of enzyme inhibitors and continuous operation 
1018 4) The use of MBR in biofuels, phytotherapics and food ingredients production was analyzed
1019
1020


