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Abstract

In this work, the lager beer clarification and stabilization process previously developed was further tested by replacing the 0.8-m ceramic single-tube membrane module with a novel ceramic hollow-fiber membrane module having the same pore size to offset the known ineffectiveness of back-flushing cleaning techniques in ceramic multi-channel monolithic modules. 

In total recycle crossflow microfiltration (CFMF) trials, the quasi-steady state permeation flux (Jss) tended to a limiting flux (J*), that was found to increased with the crossflow velocity (vS) in the range of 0.5-6.0 m s-1. The ideal hydraulic pump energy consumption per unit liter of permeate recovered was practically independent of the aforementioned operating variables and of the order of (66.5±0.5) W h L-1. Nevertheless, to obtain a quasi-state state permeation flux greater than the target permeation flux (i.e., 100 L m-2 h-1) for rough beer clarification via membrane processing in the absence of CO2 backpulsing, TMP had to be greater than 2 bar and vS to vary from 4 to 6 m s-1. Not only was the performance of the ceramic hollow-fiber membrane module at 10 °C, vS=2.5 m s-1, and TMP=2.4 bar with 2-min periods of CO2 back-flushing applied every 50-60 min superior to that of the polymeric hollow-fiber membrane process patented by Heineken and Norit Membrane Technology, but also the use of ceramic hollow-fiber membrane systems would extend the membrane life span up to ten years, this reducing the contribution of the annual membrane replacement to the overall operating costs of beer clarification.
 1.
Introduction

Despite its ancient tradition, the brewing industry has to perform within the concurrent constraints of product quality, process safety, economic viability, and limited environmental damage. In particular, the Beverage Industry Environmental Roundtable has scrutinized a series of strategies to minimize the environmental impact of brewing by selecting properly the packaging format and materials, distribution logistics, recycling rates, etc. in either Europe or North America (BIER, 2012). Also the environmental and safety concerns associated with filter-aid handling and spent filter sludge disposal makes the beer industry potentially eager to substitute the conventional diatomaceous earth (DE) filters with crossflow microfiltration (CFMF) systems. 
Since the year 2000, rough beer clarification may be carried out by resorting to three different membrane systems, namely those proposed by Norit Membrane Technology/Heineken Technical Service (Buttrick, 2007, 2010; Noordman et al., 2001), Alfa-Laval AB/Sartorius AG (Borremans and Modrok, 2003; Buttrick 2007), and Pall Food & Beverage/Westfalia Food Tech (Denniger and Gaub, 2004; Gaub, 2014; Höflinger and Graf, 2006; Buttrick, 2007, 2010). Whereas the Norit/Heineken or Pall Food & Beverage CFMF units consist of polyethersulfone (PES) hollow-fiber modules with pore size of 0.50 or 0.65 m, respectively; the Alfa-Laval/Sartorius CFMF units are made of PES flat-sheet cassettes with pore size of 0.60 m (Buttrick, 2007). It is still arguable whether the pre-centrifugation stage is effectively expedient to minimize membrane fouling by yeast cells and larger aggregates as recommended by the Pall and Alfa Laval processes (Buttrick, 2007, 2010). Regrettably, the average beer permeation flux through such membrane modules is about one fifth of that (250-500 L m-2 h-1) attained with DE filters (Buttrick, 2007;  Fillaudeau et al., 2006). 

Recently, a novel combined process consisting of sequential pre-centrifugation, PVPP stabilization, cartridge filtration and CFMF of pale lager has been regarded as technically and economically feasible, its overall operating costs and global warming potential being as low as one third of those associated with the DE-filtration and regenerable PVPP stabilization procedures presently used in the great majority of industrial breweries (Cimini and Moresi, 2015). In particular, the efficacy of such a combined clarification process mainly derived from the use of a ceramic single-tube membrane module with nominal pore size of 0.8 m, fed with pre-centrifuged and PVPP-stabilized rough pale lager at a crossflow velocity (vS) of 6 m s-1 under a transmembrane pressure difference (TMP) of 3-4 bar, temperature (T) of 10 °C, and periodic CO2 back-flushing. Such a process was tested on three different types of beer, that was produced in a laboratory- (Cimini and Moresi, 2014), a pilot- (Cimini et al., 2014), or an industrial- (Cimini and Moresi, 2015) scale plant, respectively. In the circumstances, it was possible to achieve an average permeation flux in the range of 250-385 L m-2 h-1, this falling within the operating limits of conventional DE-filters (Buttrick, 2007), as well as to reduce the permeate chill haze to less than 0.5 EBC unit, as recommended by the European Brewing Convention (2010), while keeping the main characteristics (i.e., pH, color, total phenolics, real extract, and alcohol content) of the commercial beer. 
The scaling-up of the aforementioned operating conditions and CO2 back-flushing program from a ceramic 6-mm single-tube membrane to any commercial multi-channel monolithic module would be a priori hindered, because it is practically impossible to guarantee the same CO2 backflushing flow rate across all the channels of the monolith, as shown by Doleček and Cakl (1998). Thus, the inner the channel of the monolith the lower the CO2 flow rate is, this resulting in permeation fluxes most likely by far lower than those achieved previously in a ceramic single-tube membrane.

To scale up the aforementioned process, it would be more advantageous to rely on hollow-fiber membrane modules, such as those used by the Norit and Pall processes (Buttrick, 2007), for several reasons: i) the high packing density, ii) the relatively low-power consumption, and iii) the capacity to withstand back-flushing procedures. Unfortunately, their membrane life span is as short as two years (Buttrick, 2010). In order to extend the membrane life span up to ten years, Hyflux Membrane Manufacturing (2010) has started manufacturing novel ceramic hollow-fiber membrane modules consisting of 40-1,800 tubular elements with inside and outside diameters of 3 and 4 mm, and length of 200 or 439 mm, all of them being aligned with the ends of the fiber bundle and sealed in resin to separate permeate and retentate streams. According to Smith (2013), the difference between hollow-fiber and tubular designs is the diameter of the membrane element. Moreover, hollow fibers generally have inside diameters of 0.04–3 mm compared with tubular elements with inside diameters of 5–25 mm.
The first aim of this work was to assess the effect of the main operating variables (TMP, vS) on the permeation flux of pre-centrifuged, PVPP-stabilized, and cartridge- filtered rough pale lager when using a ceramic hollow-fiber membrane module having the same nominal pore size (0.8 m) of the ceramic tubular one previously used (Cimini and Moresi, 2015). The second one was to carry out a few batch tests to validate the CFMF performance of the operating variables selected in combination with a CO2 back-flushing program and thus minimize the ideal hydraulic pump energy consumption per unit volume of beer permeate recovered. 

2.
Materials and Methods 

2.1
Raw Materials 

The rough pale lager used here was made of malted barley, maize grits and hop pellets, and was produced from the Italian brewery Birra Peroni Srl (Rome, Italy). It was withdrawn from the maturation tank and stored at 0.0±0.5 °C. Before CFMF testing, the rough lager samples were clarified using a laboratory centrifuge (Beckman mod. J2-21) at 6000 x g and about 4 °C for 10 min, and then diluted with de-ionized water as recommended by the brewmaster to approach the commercial real extract (i.e., 3.4±0.2 °P). 

2.2
Equipment

Beer clarification was carried out using the bench-top CFMF plant, previously described (Cimini and Moresi, 2014), its process flow sheet being shown in Fig. 1. It was equipped with an -Al2O3 hollow-fiber InoCep® membrane module type MM04 (Hyflux Ltd, Singapore; http://www.hyfluxmembranes.com/inocep-ceramic-hollow-fibre-membrane.html). Such a module was composed of 40 hollow-fibers having nominal pore size of 0.8 m (type M800). Each hollow fiber had inside (dHF) and outside diameters of 3 and 4 mm, and an overall length (LHF) of 200 mm. As claimed by the manufacturer, the effective membrane surface area (Am) of the module amounted to 0.04 m2, while the nominal water permeability (LW) was about 2,500 L m-2 h-1 bar-1 at 25 °C. Fig. 2a shows the front view of the membrane module used.  
Digital pressure transducers (Imsystem, Cagliari, Italy) and Bourdon manometers (OMET di Ceresa Srl, Pessano con Bornago, Milan, Italy) with a maximum pressure of 6 bar were attached at the feed inlet, and retentate and permeate outlets of the membrane module (MM). The process temperature was monitored by a digital temperature indicator (TI) and controlled by a thermostat (type LTD6, Grant Instrument Ltd., Cambridge, UK), this regulating automatically the flow rate of the cooling fluid (cf), consisting of a mixture of water and ethylene glycol, through a stainless-steel plate heat exchanger (E1) having an overall heat transfer surface area of 0.36 m2. The flowmeter FI01 (type E5-2800/H, ASA Srl, Sesto San Giovanni, Italy) was used to measure the feed volumetric flow rate (QF) in the range of (0.1 to 2.6) m3 h-1, while the rotameter FI02 (type E5-2600/H, ASA Srl, Sesto San Giovanni, Italy) allowed the permeate flow rate to be determined in the range (2 – 40) L h-1. The retentate flow rate was measured by the digital flowmeter transducer FI03 in the range of (0.1 to 2.6) m3 h-1. The permeate flow rate was also assessed by using two technical-grade scales depending on the CFMF test performed. In particular, K1 or K2 was the type PCE-TS 150 (PCE Italia Srl, Gragnano, Lucca, Italy) or Europe 4000 AR (Gibertini, Elettronica Srl, Novate, Milan, I), its accuracy and maximum capacity being ± (20.0 or 0.01) g and (150 or 4) kg, respectively. Both scales were interfaced to a personal computer (PC) via RS-232 serial ports. 

When the 25-L AISI 304 storage tank D1 had been charged with about 5 L of rough beer, the centrifugal pump G1 (type HMS, maximum volumetric flow rate of 4.2 m3 h-1, head of 40 m of water and power of 0.45 kW; Lowara, Montecchio Maggiore, Italy) was switched on. To assure simultaneous setting of QF and TMP, the manual ball valve (V7) was regulated while varying the frequency of the electric voltage applied to the asynchronous motor piloting G1 by means of a frequency inverter type Commander SK 0.75 k (Control Techniques, Powys, UK). All the other stainless steel ball valves shown in Fig. 1 allowed the feed to be charged (V8); the retentate to be discharged (V2); the permeate to be recycled back into D1 (V10), accumulated into D2 (V11 and V12), discharged (V9) or sampled via V13, as well as a series of other ancillary operations (such as valve, membrane module, or pump replacement) to be performed.

A 4-kg liquid CO2 bottle (CB) at an average pressure of 200 bar was used to ensure an inert atmosphere in both tanks D1 and D2, as well as in the permeate circuit, and minimize O2 pick-up. By means of a programmable logic controller-based process (PLC), it was possible to open or close automatically the electrovalves EV1 and EV2 and set the pressure in the permeate side of MM at a higher value than that in the retentate side for prefixed time intervals. As the permeation flux (Jv) was approaching the quasi-steady state flux (Jss), the difference in the subsequent Jv values tended to zero. When the absolute value of such differences was smaller than a prefixed empirical value of the order of 5%, the pressure in the retentate side was manually reduced to 1 bar; then, the programmable controller automatically closed EV2 and regulated EV1 to set the pressure difference between the permeate and retentate sides at + 3 bar for 2 min (Cimini and Moresi, 2014, 2015). In this way, different periodic CO2 backflushing cycles in the membrane module used were performed, the time duration between each backflushing cycle differing even during a single filtration trial.

2.3
Experimental procedure and operating conditions

The microfiltration process was carried out at 10 °C by varying TMP in the range of  0.5-4.5 bar.  Despite the industrial clarification process is generally carried out at 0-2 °C to remove not only all the visible suspended solids, but also the permanent and chill haze-forming aggregates (Bergin and Tuohy, 2013), in this work the use of pre-centrifuged, PVPP-stabilized, and cartridge-filtered beer prevented the membrane module from blinding, thus yielding a beer permeate with haze at 0 °C smaller than 0.6 EBC unit (Table 1).

During such tests it was possible to assess the volumetric permeate flux (Jv) as a function of filtration time (t). The resulting retentate and permeate were continuously recombined and re-circulated through the membrane module. The feed flow rate ranged from ~500 to 2,600 L h-1, this corresponding to a cross-flow velocity inside the membrane module (vS) in the range of about 0.5 to 2.5 m s-1. To increase vS up to 6 m  s-1, such a value being previously tested using a 0.8-m ceramic single-tube membrane module with an inside diameter (dT) of 6 mm, an outside diameter of 10 mm, and a length (LT) of 0.5 m (Cimini and Moresi, 2014, 2015), 36 out of 40 hollow-fibers were sealed by resorting to a silicone adhesive (Silastic® E-RTV Silicone Rubber Kit, Dow Corning Co., Midland, MI, USA), as shown in Fig. 2b. Removal of the cured product allowed a straightforward reuse of the whole membrane module. 
The bundle of 40 hollow-fibers ceramic tubes, as received from the manufacturer, resulted to be hold together by a more or less uniform film of glue, this covering irregularly the external surface of each tube. Thus, the nominal effective surface area of the membrane module (0.04 m2) was about the half of the geometrical one (=  dHF LHF = 0.075 m2). 
To check for the aforementioned nominal hydraulic permeability (LW) of the module used in this work as received, a series of hydraulic tests under constant crossflow velocity (i.e., 0.5 and 1.5 m s-1) and temperature (20 °C) was carried out by varying the transmembrane pressure difference (TMP) from 0.5 to 3.5 bar, while measuring the corresponding permeate mass flow rate (Qp). By fitting Qp against TMP via the least squares method, it was possible to estimate the following relationship:

Qp = W LW Am TMP = (25.2 ± 0.6) TMP 
(r2= 0.992; n= 17)

( 1)
where LW is the hydraulic permeability, commonly expressed in L m-2 s-1 bar-1; W the density of water (= 997.5 g L-1 at 20°C), and Am the nominal membrane surface area of the membrane module. In the circumstances, the effective hydraulic permeability of the module as received was estimated as equal to (2273 ± 51) L m-2 h-1 bar-1. Since such a value was quite near to the that claimed by the manufacturer, the permeation flux, as well as the intrinsic membrane resistance (Rm), were referred to such a nominal membrane surface area of 0.04 m2. 

As a result of the repeated cleaning of the membrane module type MM04, another series of hydraulic tests under constant vS (i.e. 0.5 and 2 m s-1) and temperature (20 °C), but different TMP values in the range of 0.5-2.5 bar, yielded the following empirical relationship:
Qp = (18.9 ± 0.6) TMP 

(r2= 0.976; n= 25) 
for nHF= 40 

( 2)
In the circumstances, the hydraulic permeability of the used module leveled to (1701 ± 54) L m-2 h-1 bar-1.

Before using the partitioned membrane module consisting of 4 hollow fibers (Fig. 2b), another series of hydraulic tests under constant vS (i.e., 2 and 6 m s-1) and temperature (20 °C), but different TMP values in the range of 1-4 bar, allowed the permeate mass flow rate (Qp) to be reconstructed as follows:

Qp = (3.34 ± 0.06) TMP 
(r2= 0.998; n= 6) 

for nHF= 4


( 3)
By assuming no difference in the hydraulic permeability of the whole and partitioned membrane modules, it was possible to estimate the effective membrane surface of the partitioned module (Amp) as follows:
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Since the four hollow-fibers selected were half-way between the external and central regions of the HF bundle (Fig. 2b), and probably not extensively covered by the adhesive used to fix the bundle of ceramic hollow fibers, Amp was just a little smaller than the geometrical surface area of the four hollow-fibers (0.0075 m2). 

To account for such a discrepancy between the effective and geometrical membrane surface areas for the whole and partitioned HF membrane modules used here, it is worth noting that the permeate flow rates (QP= Jv Am) in both modules are independent of the membrane surface areas used, while the instantaneous values of the permeation flux (Jv) reported below are to be reduced by a constant factor of (0.040/0.075=0.533) or (0.071/0.075=0.94) for the whole or partitioned HF membrane module, respectively, provided that the membrane surface areas are assumed as equal to the geometrical ones instead of the aforementioned nominal ones. 

A series of tests were carried out in the total recycle or batch mode by charging D1 with precentrifuged, PVPP stabilized, and 2.7-m cartridge-filtered rough beer, these pretreatments being carried out as reported previously (Cimini et al., 2014; Cimini and Moresi, 2015). 

In the total recycle mode, the manual valves V11 and V13 were opened, while V10 and V12 were closed. Thus, the permeate cumulated into a 0.25-L beaker positioned over the scale K2, to trace the permeate mass against time. From time to time, the permeate so collected was manually withdrawn into D1. Alternatively, the instantaneous permeate flow rate (QP) was directly measured via FI02, once the manual valve V11 had been closed and V10 opened. Thus, the volumetric permeation flux (Jv) was estimated as a function of the pressures applied to the input (PF) and output (PR) sections of the module, while the retentate flow rate (QR) was measured via FI03. Such tests were carried out using either the whole or partitioned hollow-fiber membrane module at 10.0±0.5 °C.
Any series of total recycle tests was started by setting the lager pressure at the inlet port of the membrane module (PF) and vS at about 1.5 bar and 0.5 m s-1, or 2.0 bar and 1.5 m s-1, when the whole (Fig. 2a) or partitioned (Fig. 2b) membrane module was respectively used. In all tests the pressure at the permeate port was kept at 1 bar. Generally, the instantaneous permeation flux declined and leveled to a practically constant value. As its corresponding coefficient of variation was smaller than 5% for as long as 15 min, the average value was registered as the apparent quasi-steady state permeation flux (Jss). Subsequently, the crossflow velocity was in sequence risen from 0.5 to 2.0 m s-1 (when using the whole membrane module) or from 1.5 to 6.0 m s-1 (when using the partitioned one), while keeping PF roughly constant. After that, PF was step-wisely increased from about 1.5 to 4.5 bar or from 2 to 5 bat, respectively. Moreover, at any step, vS was reset to 0.5 or 1.5 m s-1, respectively. Such tests were carried out at least three times using the whole and partitioned membrane modules. 
A few final batch validation tests were carried out using the aforementioned pre-centrifuged, PVPP-stabilized and cartridge-filtered rough pale lager samples. To this end, by closing the manual valves V10 and V13 and opening V11 and V12, the permeate started to be collected into D2, its instantaneous mass being measured by using the technical-grade scale (K1). All the permeate recovered in D2 at the end of any batch test was analyzed as reported below.
Such batch tests were performed using either the whole or partitioned hollow-fiber membrane module at 10.0±0.5 °C, PF = 3.5 or 5.1 bar, and vS = 2.5 or 6.0 m s-1, respectively. Also, the CO2 backflush program previously described (Cimini and Moresi, 2014, 2015) was applied. The overall CFMF performance was determined by calculating the average permeation flux (Jv,av) as follows:
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where tmax is the end time of the batch test. The function Jv(t) was numerically integrated using the Simpson’s rule with a constant time increment of 1 min.

Membrane cleaning was performed as reported previously (Cimini and Moresi, 2014). Whether the initial hydraulic permeability of the membrane module had not been restored, the cleaning procedure was repeated.  
2.4
Analytical Methods

The main characteristics (i.e., pH; density; viscosity; turbidity or haze, H, at 20 and/or 0 °C; color; total suspended solid, β-glucan, total phenol and ethanol contents; real and original extracts) of the beer or permeate samples were determined in compliance with the European Brewing Convention (2010). 
2.5 
Statistical analysis of data 

Hydraulic tests were repeated several times, while pale lager clarification tests using the hollow-fiber membrane module were at least duplicated to assess the error variance for the all the experimental campaign, as recommended by Montgomery (2005). Generally, the average coefficient of variation in the estimated permeation flux (Jv) within data population was of the order of 10%.

Finally, the main properties of centrifuged rough lager samples, as well as their corresponding permeates, were measured at least three times, and their means used for further analysis. 
3.1
Results and discussion 

3.1
Effect of TMP and vS  on permeation flux 

Table 1 shows the main characteristics of the pale lager used in this work, as collected from the brewery maturation tank (RB), and as PVPP-stabilized and diluted with water as recommended by the Peroni brewmaster (F).
To mark better the shear effect of vS and TMP,  the instantaneous permeation flux (Jv) during the total recycle tests was used to estimate the corresponding overall membrane resistance (RT), as derived from Darcy’s law:(
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where B is the permeate dynamic viscosity, and RT the overall membrane resistance.

In particular, the intrinsic membrane resistance [Rm=(1.62±0.05) x 1011 m-1) was estimated using Eq. (5) by accounting for the water viscosity at 10 °C ((1.31 mPa s) and the aforementioned hydraulic permeability of the used membrane module.

Fig. 3a shows the typical time course of RT when using the whole HF membrane module consisting of 40 hollow fibers. During each step of the total recycle test, RT tended to increase with time (t) to a quasi-steady state value (RTss). As vS was increased under constant PF, RT displayed a fast decrease and generally tended to a smaller RTss value. As PF was newly increased, vS was again set to 0.5 m s-1. The aforementioned RT trend was generally reproduced in all the subsequent steps, the ratio between the corresponding quasi-steady state overall membrane resistance (RTss) and intrinsic membrane one (Rm) being by far greater than unity. As shown in Table 2, the maximum Jss value, and thus the minimum RTss value, was associated to vS ( 2.5 m s-1 and was equal to 63±16 L m-2 h-1 at PF=3.58 bar, and TMP=2.47 bar. 

To explore the effect of vS up to 6 m s-1, it was necessary to resort to the partitioned module with nHF=4 (Fig. 2b). As shown in Fig. 3b, the higher the crossflow velocity the lower the contribution of the reversible fouling layer to the overall membrane resistance (RT) becomes. In fact, the maximum Jss value was associated to vS of 6 m s-1, and came to 173±7 L m-2 h-1 at PF=5.0 bar and TMP=3.56 bar (Table 2). 

By plotting the quasi-steady state permeation flux Jss against TMP under constant vS (Fig. 4), it was possible to observe a phenomenon similar to the concentration polarization, that is generally observed in the ultrafiltration processes since the membrane has a different permeability for the different components of the solution or suspension under testing (Cheryan, 1998). The formation of a concentrated layer at the membrane surface increases the overall membrane resistance and thus reduces the permeate flux through the membrane. As shown in Fig. 4, the limiting flux (J*) tended to increase with the crossflow velocity. Moreover, at low vS values, such as 0.5-1.0 m   s-1, J* was practically independent of TMP for TMP > 1 bar. At vS values of 1.5-2.5, 4 or 6 m s-1, the validity of the Darcy model extended up to TMP ( 1.5, 2, or 2.5 bar, respectively. The Jss dependence towards TMP and vS was empirically reconstructed by resorting to polynomial equations, as shown by the broken lines plotted in Fig. 4.

3.2
Effect of TMP and vS  on the ideal hydraulic pump energy consumption 

To assess the energy consumption associated to a generic response of the ceramic hollow-fiber microfiltration unit, it was estimated the ideal hydraulic pump power (NP) needed to compress the rough lager feed (QF) from a storage tank kept at atmospheric pressure (Patm) to the pressure (PF) registered by the gauge placed at the inlet port of the membrane module. To this end, the total dynamic head (HP) of the centrifugal pump had to account for the differences in pressure, liquid elevation and velocity between the source and destination, as well as for line (friction) losses and the pressure drop through the instrumentation and other items in the flow path of the liquid. By referring to the experimental rig used in this work, the static head difference was regarded as negligible,  the beer velocity head at the top level of the storage tank practically nil owing to the total recycle tests performed, while the pressure drop over the pipe fittings connecting the storage tank to the centrifugal pump and the latter to the membrane module was, by rule of thumb, assumed as three times the theoretical pressure drop across the membrane module itself. Thus, the ideal power absorbed by the beer was evaluated as follows:

NP 
= g B QF HP









( 6)

with

HP 
= ½ vs2/g + (PF- Patm + 3 Pteo)/(B g)





( 7)

QF
= QP + QR 










( 8)

QP 
= Jss Am 










( 9)

QR 
= a vS










(10)

and


a 
=  /4 (dHF)2 nHF









(11)
where QF, QP, and QR are the feed, permeate, and retentate volumetric flow rates, B is the beer density, g the acceleration of gravity, Am the effective membrane surface area, and a the overall cross section of the membrane module, while nHF and dHF are the hollow-fiber number and inside diameter, respectively. In particular, theoretical pressure drop (Pteo) due to friction along the bundle of hollow fibers of given length LHF was calculated in accordance with the Darcy equation:

Pteo = 2 f R (vS)2 LHF/dHF








(12)

with 
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and

Re = B vS dHF/










(16)

where Re is the Reynolds number in each hollow fiber,  the beer viscosity, and f the Fanning friction factor, its value for laminar or turbulent flow in smooth circular pipes being estimated as suggested by Toledo (2007).

As shown in Table 2, the theoretical pressure drop (Pteo) was 2-3 times smaller than the experimental one (Pexp), this being estimated as the difference between the pressures analogically measured by the manometers located on the opposite ends of the membrane module. Actually, Pteo did not account for the pressure loss due to several pipe line accessories, such as the section enlargement to connect the pipe to the inlet section of the membrane housing, the section restriction to feed the hollow-fiber bundle, the section enlargement as the retentate flows out of the hollow-fiber bundle and the final section restriction encountered by the retentate flowing out of the membrane module. For all tests, Table 2 lists the estimated values of QR, QP, QF, Re, f, Pteo, HP, and NP.


As shown in Fig. 5, the tests carried out in the whole and partitioned membrane modules gave rise to two distinct linear plots of NP against Jss whatever the cross-flow velocity and TMP applied. By using the least squares method, the following empirical relationships were obtained:



(2.67 ± 0.14) Jss 

(r2= 0.940)  
for nHF = 40

(17)

NP =



(0.47 ± 0.03) Jss 

(r2= 0.938)  
for nHF = 4


(18)

By accounting for the different membrane surface areas of such modules, it was possible to derive a specific pump power consumption yield per unit L of permeate collected of (66.9±3.5) W h L-1 for the whole module and of (66.2±3.6) W h L-1 for the partitioned module. Despite a certain scattering of data, their difference was statistically insignificant at the 95% confidence level, thus the quantity of dissipated energy (eP) equaled to (66.5±0.5) W h per each liter of permeate recovered. Of course, such a figure did not include the power transferred from the electric motor to the shaft of the centrifugal pump and from the blades to the lager to be clarified, this depending on their corresponding efficiencies.
To point out the contribution of the power dissipated along the length of the pipe the liquid is traveling through (N’P) to the ideal power adsorbed by rough beer, such a loss of power was estimated as follows:

NP’ = QF Pteo  










(19)
As shown in Table 3, the ratio between the power dissipated by the fluid friction (N’P) and the power (NP) needed to run the CFMF test ranged from 0.2 to 3.5% in the whole membrane module (nHF=40), and from 0.8 to 15.3% in the partitioned membrane one (nHF=4). The increase in such a ratio was essentially due to the higher crossflow velocities used in the partitioned membrane module. In all modules, the contribution of the loss of power due to fluid friction reduced by increasing the input beer pressure (PF), this resulting in a greater quasi-steady state permeation flux.

In the absence of CO2 backpulsing, not all combinations of the operating variables vS and TMP allowed a permeate flux greater than the target value (i.e., 100 L m-2 h-1) for an economically feasible rough beer clarification by CFMF (Buttrick, 2007, 2010; Fillaudeau et al., 2006; Noordman et al., 2001). As shown in Fig. 4, such a performance without backpulsing was achieved at TMP > 2 bar and vS of 4-6 m s-1.

3.3
Validation tests
The effectiveness of the CFMF operating conditions yielding the maximum values of the quasi-steady state permeation flux (Jss) when using the whole and partitioned membrane modules (Table 2) was further established using pre-centrifuged, PVPP-stabilized and 2.7-m pre-filtered rough pale lager, its main characteristics being listed in Table 1, in conjunction with the CO2 backwashing program previously set up (Cimini and Moresi, 2014). 

In contrast to previous tests carried out on a pure malt beer containing as much as 140-250 mg L-1 of -glucans (Cimini et al., 2014), no enzymatic depolymerization pretreatment was performed in this case, since the -glucan content of the rough pale lager used was quite limited (13±1 mg L-1), as shown in Table 1. Moreover, the 24-h PVPP-stabilization allowed the original total phenol content (152±5 mg L-1) to be reduced to 89±2 mg L-1. 
Fig. 6 shows the time course of the experimental permeation flux (Jv) when using the whole and partitioned membrane modules. Table 3 lists the main operating conditions (vs, PF, TMP, T, CO2 backflushing) used to micro-filter the aforementioned pretreated lager sample F (Table 1) together with the mean and standard deviation of the quasi-steady state (Jss) and average (Jv,av) permeation fluxes observed. Even in these tests, it was possible to substantiate the effect of vs on Jss as depicted in Fig. 4, its average value increasing from (81±8) to (165±15) L m-2 h-1 as vS was augmented from 2.5 to 6.0 m s-1, respectively. Thanks to the periodic CO2 back-flushing, the average permeation flux (Jv,av), as calculated using Eq. (4), was enhanced by a factor of 1.36 or 1.58, that is to (128±33) or (224±20) L m-2 h-1, in comparison to the corresponding Jss value, respectively.
Fig. 6b compares the performance of the ceramic partitioned hollow-fiber membrane module to that of the 0.8-m ceramic single tube one, as determined previously (Cimini and Moresi, 2015). For the latter, the average permeation flux (Jv,av) was as high as (377±8) L m-2 h-1 (Table 3).

To compare the above performances, the main parameters previously described were calculated using Eq.s (6)-(16), thus estimating the volumes of beer permeate collected (VP) after a prefixed time interval of 160 min. Owing to the different effective membrane surface areas of the membrane modules used, the beer volumes recovered ranged from (14±4) L for the whole HF module to (4.2±0.4) L for the partitioned HF one or to (9.5±0.2) L for the single tube one, while the corresponding ideal hydraulic pump energy consumption per unit liter of beer permeate recovered (eP) varied from (44±12) to (69±6) or (46±1) Wh L-1, respectively. Concurrently, the percentage contribution of power dissipated by fluid friction (N’P/NP) increased from 6 to 11 or 19%.

In the circumstances, the specific energy consumption (eP) of the whole ceramic hollow-fiber membrane module was not statistically different from that of the ceramic single-tube membrane module at the probability level of 0.05, even if the loss of power due to fluid friction in the HF system was about one third less than that in the tubular one.

By accounting for the fact that the scaling-up of the CFMF process from a ceramic single-tube to a multi-channel monolithic module (Pall Corporation, 2007) is hampered by the inefficiency of the CO2 back-flushing procedure, as revealed by Doleček and Cakl (1998), the greater performance in terms of the average permeation flux of the ceramic single-tube membrane module will unlikely recur when using ceramic multichannel monolithic modules. 

In spite of the above differences in VP and ep values, the characteristics of the beer permeate collected were practically constant, as shown in Table 1. In particular, the average haze at 20 or 0 °C was equal to (0.21±0.01) or (0.44±0.06) EBC unit, respectively. Thus, the permeated beer accomplished the European Brewery Convention specification (2010) for a clear, bright beer (<0.6 EBC unit)
As concerning the CFMF tests performed in the whole ceramic hollow-fiber membrane module (nHF=40), the operation accomplished at 10 °C, 2.5 m s-1 crossflow velocity and 2.4 bar transmembrane pressure difference with 2-min periods of back-flushing applied every 50-60 min to remove the reversible fouling resulted in an average permeation flux of 128±33 L h-1 m-2. Such a performance was therefore superior to that of the membrane process patented by Heineken and Norit Membrane Technology, its average permeation flux ranging from 80 to 100 L h-1 m-2 with a permeate turbidity close to 0.6 EBC unit at 0 °C, vS= 1.5-2 m s-1, and TMP up to 1.6 bar with 10-min periods of back-flushing applied every 120 min (Buttrick, 2007, 2010; Noordman et al., 2001).

4.
Conclusions

The lager beer clarification and stabilization process previously developed was further tested by replacing the 0.8-m ceramic single-tube membrane module with a novel ceramic hollow-fiber membrane module having the same pore size to offset the well known ineffectiveness of back-flushing cleaning techniques in ceramic multi-channel monolithic modules. 
In total recycle CFMF trials, that were used to simulate pale lager clarification in the continuous mode, the quasi-steady state permeation flux (Jss) tended to a limiting flux (J*) increasing with the cross-flow velocity (vS) for vS in the range of 0.5-6.0 m s-1. 
By relating the ideal hydraulic pump power (NP), needed to pilot the membrane module to the resulting quasi-steady state permeation flux, it was possible to estimate that the energy consumption was independent of the number of hollow fibers and practically equal to (66.5±0.5) W h per unit liter of permeate recovered. Yet, in the absence of CO2 backpulsing a quasi-state state permeation flux greater than the target one of 100 L m-2 h-1 was achieved on condition that TMP was greater than 2 bar and vS varied from 4 to 6 m s-1.

The effectiveness of the CFMF operating conditions yielding the maximum values of the quasi-steady state permeation flux (Jss) when using the whole or partitioned membrane module was further established in conjunction with the CO2 backwashing program previously set up. Not only was the performance of the ceramic hollow-fiber membrane module at 10 °C, vS=2.5 m s-1, and TMP=2.4 bar with 2-min periods of CO2 back-flushing applied every 50-60 min superior to that of the PES hollow-fiber membrane process patented by Heineken and Norit Membrane Technology, but also the replacement of the polymeric membrane systems with the ceramic ones tested here would have the advantage of extending the membrane life span from two to ten years. In this way, the contribution of the annual membrane replacement to the overall operating costs of beer clarification would be greatly reduced. 

Further work is needed to assess the effect of hollow-fiber porosity on the main characteristics of the beer permeate collected.
Nomenclature 

a 
Cross-sectional area of the hollow-fiber membrane module [m2]

A
Alcohol content of beer [% v/v]

Am 
Effective membrane surface area [m2]

Amp 
Effective membrane surface area of the partitioned module [m2]

BG 
β-glucan content of beer [mg L-1]

C 
Beer color [EBC unit]

CFMF 
Crossflow microfiltration

cSS

Concentration of suspended solids [g L-1]

DE 

Diatomaceous earth 

dHF 
Inside diameter of each ceramic hollow-fiber [m] 

dT 
Inside diameter of the ceramic single-tube membrane module [mm]

eP 
Specific energy consumption per unit liter of beer permeated [Wh L-1]

F 
PVPP-stabilized and diluted rough beer

f 
Fanning friction factor [dimensionless]

g 
Acceleration of gravity [=9.81 m s-2]

H 
Beer turbidity [EBC unit]
HP 
Total dynamic head of the feed centrifugal pump [m]

HF
Hollow fiber

J* 
Limiting permeation flux [L m-2 h-1]

Jss 
Quasi steady-state permeation flux [L m-2 h-1]

Jv 
Instantaneous volumetric permeation flux [L m-2 h-1] 

Jv,av 
Average volumetric permeation flux, as defined by Eq. (3) [L m-2 h-1] 

LHF
Length of each ceramic hollow-fiber [m] 

LT
Length of the ceramic single-tube membrane module [m]

LW 
Hydraulic permeability [L m-2 h-1 bar-1]

n

Number of observations [dimensionless]

nHF 
Number of open hollow-fibers [dimensionless]

NP 
Ideal hydraulic pump power [W]

N’P 
Ideal loss of  power due to fluid friction [W]

OE 
Beer original extract [°Plato] 
Patm 
Atmospheric pressure [Pa]

PF 
Pressure at the inlet port of the membrane module [Pa]

PES 
Polyethersulfone

PVPP 
Polyvinyl-polypyrrolidone

QF 
Feed volumetric flow rate [L h-1]

Qp 
Permeate mass flow rate [g s-1]

QP 
Permeate volumetric flow rate [L h-1]

QR 
Retentate volumetric flow rate [L h-1]

r2
Coefficient of determination

RB
Rough beer 
Re 
Reynolds number in each hollow fiber, as defined by Eq. (16) [dimensionless]

RE
Beer real extract [°Plato]

Rm 
Intrinsic membrane resistance [m-1] 

RT 
Overall membrane resistance [m-1] 

RTss
Quasi-steady state value of the overall membrane resistance [m-1]

T 
Process temperature [°C]

t 
Process time [min or h]

tmax
End time of any rough beer permeation test [min]

TMP
Transmembrane pressure difference [bar]
TP
Total phenolic content [mg L-1]

vS
Crossflow velocity [m s-1]

VP
Volume of beer permeate [L]

Greek Symbols

Pexp
Experimental pressure drop through the membrane module [bar] 

Pteo
Theoretical pressure drop due to friction in smooth circular pipes, as defined by Eq. (12) [bar] 

B
Dynamic viscosity of beer[Pa s]

W 
Dynamic viscosity of water [Pa s]

B 
Beer density [kg m-3] 

W 
Density of water [kg m-3]
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Table 1
Mean and standard deviation of the main characteristics (pH; density, B; viscosity, ; suspended solid content, cSS; turbidity at 20 °C, H20°C, and 0 °C, H0°C; total phenolic content, TP, color, C; β-glucans, G; real extract, RE; original extract, OE; alcohol content, A) of the rough pale lager as collected from the brewery maturation tank (RB), as PVPP-stabilized and diluted with water as recommended by the Birra Peroni brewmaster (F), and as permeated (P) during the batch validation CFMF tests carried out in this work (Table 3).

	Pale lager 
	pH
	B
	
	cSS
	H20°C 
	H0°C
	TP
	C
	BG
	RE
	OE
	A

	sample
	[-]
	[kg m-3]
	[mPa s]
	[g L-1]
	[EBC]
	[EBC]
	[mg L-1]
	[EBC]
	[mg L-1]
	[°Plato]
	[°Plato]
	[% v/v]

	RB 
	4.30±0.01
	1012±1
	1.43±0.01
	0.59±0.06
	12.2±0.7
	58.3±1.5
	152±5
	16.1±0.5
	13±1
	 5.2±0.04
	17.7±0.04
	6.75±0.02

	F
	4.30±0.01
	1008±1
	1.42±0.01
	0.31±0.02
	1.16±0.02
	1.77±0.08
	 89±2
	7.7±0.5
	9±2
	 3.9±0.04
	13.2±0.01
	5.00±0.02

	P
	4.20±0.01
	1007±1
	1.38±0.02
	0.28±0.04
	0.21±0.01
	0.44±0.06
	 88±1
	7.5±0.5
	9±2
	 3.5±0.03
	13.0±0.06
	5.03±0.02


Table 2
Main experimental and calculated parameters (pressure, PR, at the output section of the membrane module; experimental, Pexp, and theoretical, Pteo, pressure drops due to friction over the membrane module; transmembrane pressure difference, TMP; quasi-steady-state permeation flux, Jss; retentate, QR, permeate, QP, and feed, QF, volumetric flow rates; Reynolds number, Re; Fanning friction factor, f; ideal pump dynamic head, HP, and power, NP; power dissipated by beer friction, N’P) of the total recycle tests using the 0.8-m ceramic whole (nHF=40) and partitioned (nHF=4) hollow-fiber membrane modules under different beer crossflow velocities (vS) and input pressures (PF). 
	Parameter
	Value (nHF = 40)
	Unit

	vS
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	[m/s]

	PF
	1.55
	2.01
	2.51
	3.05
	3.495
	4.0
	1.51
	2.0
	2.5
	3.0
	3.52
	4.0
	[bar]

	PR
	1.51
	1.975
	2.49
	2.985
	3.46
	3.98
	1.46
	1.945
	2.45
	2.94
	3.45
	3.95
	[bar]

	Pexp
	0.04
	0.035
	0.02
	0.065
	0.035
	0.02
	0.05
	0.055
	0.05
	0.06
	0.07
	0.05
	[bar]

	TMP
	0.53
	0.9925
	1.5
	2.0175
	2.4775
	2.99
	0.49
	0.97
	1.48
	1.97
	2.49
	2.98
	[bar]

	Jss
	16.4±0.4
	16.2±0.4
	16.8±0.2
	16.4±0.1
	17.4±0.2
	19.7±0.4
	17.1±0.1
	15.5±0.3
	19.5±0.3
	19.6±0.5
	20.5±0.5
	26.1±0.9
	[L m-2 h-1]

	QR
	509
	509
	509
	509
	509
	509
	1018
	1018
	1018
	1018
	1018
	1018
	[L h-1]

	QP
	0.66
	0.65
	0.67
	0.65
	0.70
	0.79
	0.68
	0.62
	0.78
	0.78
	0.82
	1.04
	[L h-1]

	QF
	510
	510
	510
	510
	510
	510
	1019
	1019
	1019
	1019
	1019
	1019
	[L h-1]

	Re
	1065
	1065
	1065
	1065
	1065
	1065
	2130
	2130
	2130
	2130
	2130
	2130
	[-]

	f
	0.015
	0.015
	0.015
	0.015
	0.015
	0.015
	0.008
	0.008
	0.008
	0.008
	0.008
	0.008
	[-]

	Pteo
	0.005
	0.005
	0.005
	0.005
	0.005
	0.005
	0.010
	0.010
	0.010
	0.010
	0.010
	0.010
	[bar]

	HP
	5.7
	10.4
	15.4
	20.9
	25.4
	30.5
	5.5
	10.5
	15.5
	20.6
	25.8
	30.7
	[m]

	NP
	8.0
	14.5
	21.6
	29.3
	35.6
	42.7
	15.4
	29.3
	43.4
	57.6
	72.3
	85.9
	[W]

	N'P
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1
	0.3
	0.3
	0.3
	0.3
	0.3
	0.3
	[W]

	N'P/NP
	0.9
	0.5
	0.3
	0.2
	0.2
	0.2
	1.9
	1.0
	0.7
	0.5
	0.4
	0.3
	[%}


(Table 2 cont.) 
	Parameter
	Value (nHF = 40)
	Unit

	vS
	1.5
	1.5
	1.5
	1.5
	1.5
	1.5
	2.0
	2.0
	2.0
	2.0
	2.5
	2.5
	[m/s]

	PF 
	2.03
	2.51
	3.00
	3.51
	4.00
	4.50
	2.59
	3.01
	3.52
	3.99
	3.00
	3.58
	[bar]

	PR 
	1.94
	2.40
	2.88
	3.43
	3.87
	4.40
	2.45
	2.85
	3.36
	3.80
	2.78
	3.36
	[bar]

	Pexp 
	0.10
	0.11
	0.13
	0.07
	0.13
	0.10
	0.14
	0.16
	0.16
	0.19
	0.22
	0.22
	[bar]

	TMP 
	0.99
	1.46
	1.94
	2.47
	2.94
	3.45
	1.52
	1.93
	2.44
	2.90
	1.89
	2.47
	[bar]

	J*
	29±10
	40±15
	42±15
	43±10
	47±12
	56±8
	48±16
	54±20
	55±12
	61±10
	58±8
	63±16
	[L m-2 h-1]

	QR 
	1527
	1527
	1527
	1527
	1527
	1527
	2036
	2036
	2036
	2036
	2545
	2545
	[L h-1]

	QP 
	1.18
	1.61
	1.68
	1.73
	1.90
	2.24
	1.93
	2.17
	2.22
	2.42
	2.32
	2.53
	[L h-1]

	QF 
	1528
	1528
	1528
	1528
	1529
	1529
	2038
	2038
	2038
	2038
	2547
	2547
	[L h-1]

	Re
	3194
	3194
	3194
	3194
	3194
	3194
	4259
	4259
	4259
	4259
	5324
	5324
	[-]

	f
	0.011
	0.011
	0.011
	0.011
	0.011
	0.011
	0.010
	0.010
	0.010
	0.010
	0.010
	0.010
	[-]

	Pteo
	0.035
	0.035
	0.035
	0.035
	0.035
	0.035
	0.056
	0.056
	0.056
	0.056
	0.080
	0.080
	[bar]

	HP
	11.6
	16.4
	21.4
	26.5
	31.5
	36.6
	18.0
	22.2
	27.4
	32.2
	23.0
	28.9
	[m]

	NP 
	48.8
	69.0
	89.8
	111.3
	132.3
	153.6
	100.6
	124.4
	153.3
	180.1
	160.8
	201.9
	[W]

	N'P
	1.5
	1.5
	1.5
	1.5
	1.5
	1.5
	3.2
	3.2
	3.2
	3.2
	5.7
	5.7
	[W]

	N'P/NP
	3.0
	2.1
	1.6
	1.3
	1.1
	1.0
	3.1
	2.5
	2.1
	1.8
	3.5
	2.8
	[%}


(Table 2 cont.) 
	Parameter
	Value (nHF = 4)
	Unit

	vS
	1.5
	1.5
	1.5
	1.5
	2.0
	2.0
	2.0
	2.0
	2.5
	2.5
	2.5
	2.5
	4.0
	4.0
	4.0
	4.0
	6.0
	6.0
	6.0
	6.0
	6.0
	6.0
	[m/s]

	PF 
	2.00
	3.00
	4.00
	5.00
	2.00
	3.01
	4.00
	5.00
	2.00
	3.05
	4.05
	5.02
	2.20
	3.02
	4.03
	5.02
	2.02
	2.40
	3.03
	4.05
	4.43
	5.00
	[bar]

	PR 
	1.92
	2.93
	3.92
	4.9
	1.85
	2.89
	3.87
	4.88
	1.75
	2.80
	3.83
	4.84
	2.02
	2.58
	3.60
	4.60
	1.15
	1.45
	2.15
	3.15
	3.52
	4.12
	[bar]

	Pexp 
	0.08
	0.08
	0.08
	0.10
	0.15
	0.12
	0.13
	0.12
	0.25
	0.25
	0.22
	0.18
	0.18
	0.44
	0.43
	0.42
	0.87
	0.95
	0.88
	0.90
	0.91
	0.88
	[bar]

	TMP 
	0.96
	1.96
	2.96
	3.95
	0.93
	1.95
	2.94
	3.94
	0.88
	1.93
	2.94
	3.93
	1.11
	1.80
	2.82
	3.81
	0.59
	0.93
	1.59
	2.60
	2.98
	3.56
	[bar]

	Jss
	30±1
	46±2
	41±2
	49±4
	35±1
	45±2
	46±1
	53±1
	30±1
	57±1
	70±2
	76±1
	50±1
	96±2
	112±1
	129±1
	31±1
	80±1
	97±1
	127±1
	137±2
	173±7
	[L m-2 h-1]

	QR 
	153
	153
	153
	153
	204
	204
	204
	204
	254
	254
	254
	254
	407
	407
	407
	407
	611
	611
	611
	611
	611
	611
	[L h-1]

	QP 
	0.21
	0.33
	0.29
	0.35
	0.25
	0.32
	0.33
	0.38
	0.21
	0.40
	0.50
	0.54
	0.36
	0.68
	0.80
	0.92
	0.22
	0.57
	0.69
	0.90
	0.97
	1.23
	[L h-1]

	QF 
	153
	153
	153
	153
	204
	204
	204
	204
	255
	255
	255
	255
	407
	408
	408
	408
	611
	611
	612
	612
	612
	612
	[L h-1]

	Re
	3194
	3194
	3194
	3194
	4259
	4259
	4259
	4259
	5324
	5324
	5324
	5324
	8518
	8518
	8518
	8518
	12777
	12777
	12777
	12777
	12777
	12777
	[-]

	f
	0.011
	0.011
	0.011
	0.011
	0.010
	0.010
	0.010
	0.010
	0.010
	0.010
	0.010
	0.010
	0.008
	0.008
	0.008
	0.008
	0.007
	0.007
	0.007
	0.007
	0.007
	0.007
	[-]

	Pteo
	0.03
	0.03
	0.03
	0.03
	0.06
	0.06
	0.06
	0.06
	0.08
	0.08
	0.08
	0.08
	0.17
	0.17
	0.17
	0.17
	0.34
	0.34
	0.34
	0.34
	0.34
	0.34
	[bar]

	HP
	11.3
	21.4
	31.5
	41.6
	12.0
	22.2
	32.2
	42.3
	12.9
	23.5
	33.6
	43.4
	18.3
	26.5
	36.8
	46.8
	22.5
	26.3
	32.7
	37.0
	43.0
	46.9
	[m]

	NP 
	4.7
	9.0
	13.2
	17.5
	6.7
	12.4
	18.1
	23.7
	9.0
	16.4
	23.5
	30.4
	20.4
	29.7
	41.2
	52.4
	37.8
	44.2
	54.9
	62.1
	72.3
	78.8
	[W]

	N'P
	0.1
	0.1
	0.1
	0.1
	0.3
	0.3
	0.3
	0.3
	0.6
	0.6
	0.6
	0.6
	2.0
	2.0
	2.0
	2.0
	5.8
	5.8
	5.8
	5.8
	5.8
	5.8
	[W]

	N'P/NP
	3.1
	1.6
	1.1
	0.8
	4.7
	2.5
	1.7
	1.3
	6.3
	3.5
	2.4
	1.9
	9.7
	6.7
	4.8
	3.8
	15.3
	13.1
	10.5
	9.3
	8.0
	7.4
	[%}


Table 3
Mean results of the total recycle tests carried out using pre-centrifuged, PVPP-stabilized, cartridge-filtered lager samples and ceramic hollow-fiber or tubular membrane modules having different membrane surface areas (Am) under different crossflow velocities (vs), input feed pressures (PF) and transmembrane pressure differences (TMP), constant temperature (~10 °C), and periodic CO2 backflushing: mean and standard deviation of the quasi-steady state (Jss) and average (Jv,av) permeation fluxes together with the feed volumetric flow rate (QF), theoretical pressure drop (Pteo), ideal hydraulic pump power (NP), volume of permeate collected after a process time of 160 min (VP), energy consumed per unit liter of permeate recovered (eP), and percentage contribution of power dissipated by fluid friction (N’P/NP), as estimated via Eq.s (6)-(16) and (19).
	Membrane 
	nHF
	Am
	vs
	PF
	TMP
	Jss
	Jv,av
	QF
	Pteo
	NP
	VP
	eP
	N’P/NP
	References

	Module
	
	[cm2]
	[m s-1]
	[bar]
	[bar]
	[L m-2 h-1]
	[L m-2 h-1]
	[L h-1]
	[bar]
	[W]
	[L]
	[Wh L-1]
	[%]
	


	Hollow-fiber
	40
	400
	2.5
	3.5
	2.39
	72±1
	96
	2549
	0.17
	215
	10.2
	56.3
	5.6
	This work

	
	40
	400
	2.5
	3.5
	2.39
	85±15
	162
	2551
	0.17
	216
	17.3
	33.3
	5.6
	This work

	
	40
	400
	2.5
	3.5
	2.39
	86±4
	128
	2550
	0.17
	215
	13.6
	42.2
	5.6
	This work

	Average
	
	
	
	
	
	81±8
	128±33
	
	
	
	14±4
	44±12
	5.6±0.0
	

	Hollow-fiber
	4
	71
	6.0
	5.1
	3.68
	175±20
	239
	612
	0.72
	110
	4.5
	64.7
	11.2
	This work

	 
	4
	71
	6.0
	5.1
	3.68
	154±12
	210
	612
	0.72
	110
	4.0
	73.5
	11.2
	This work

	Average
	
	
	
	
	
	165±15
	224±20
	
	
	
	4.2±0.4
	69±6
	11.2±0.0
	

	Tubular
	1
	94
	6.0
	5.0
	3.75
	132±4
	382
	614
	1.80
	164
	9.6
	45.5
	18.8
	Cimini and Moresi (2015)

	
	1
	94
	6.0
	5.0
	3.75
	139±7
	371
	614
	1.80
	164
	9.3
	46.8
	18.8
	Cimini and Moresi (2015)

	Average
	
	
	
	
	
	135±5
	377±8
	
	
	
	9.5±0.2
	46.1±0.9
	18.8±0.0
	


FIGURE HEADINGS

Figure 1
Process flow sheet of the bench-top membrane plant used in this work. Equipment and ancillary fluid identification items: CB, liquid CO2 bottle; D, rough beer ad permeate storage tank; cfin, entering cooling fluid; cfout, exiting cooling fluid; E, plate heat exchanger; EV, electrovalve; FI, rotameter; G, centrifugal pump; K, balance; MM, ceramic hollow-fiber membrane module; PC, personal computer; PI, manometer; PLC, programmable logic controller for automatic opening or closing of the electrovalves used to perform periodic CO2 backflushing; SV, safety valve; TI, temperature indicator; V, manual ball valve. 
Figure 2
Front views of the 0.8-m ceramic hollow-fiber membrane module (Hyflux Membrane Manufacturing, 2010) used in this work and composed of 40 open channels (inside and outside diameters 3 and 4 mm), as such (a) and after sealing 36 out of 40 channels with a silicone adhesive plug (b).

Figure 3
Typical time course of the overall membrane resistance (RT) as resulting from a step by step increase in the beer input pressure (PF) and crossflow velocity (vS) when dealing with pre-centrifuged, stabilized and cartridge filtered rough lager samples and operating with the 0.8-m ceramic whole (a) or partitioned (b) hollow-fiber membrane module at 10 °C and at the different transmembrane pressure differences (TMP) shown in each plate and vS values in the range of 0.5-2.0 or 1.5-6.0 m s-1, respectively: (, 0.5 m s-1; (, 1.0 m   s-1; (,  1.5 m s-1; (,  2.0 m s-1; ,  2.5 m s-1; ,  4.0 m s-1; (, 6.0 m s-1. For all characteristics of lager samples see Table 1. The broken line shows the intrinsic membrane resistance (Rm) of the membrane module used. 

Figure 4
Effect of the transmembrane pressure difference (TMP) on the quasi-steady state permeation flux (Jss) when using the 0.8-m ceramic whole (closed, (, and ( symbols) or partitioned (open and * symbols) hollow-fiber membrane module at 10.0±0.5 °C and different vS values: , 0.5 m s-1; (, 1.0 m   s-1; (, , 1.5 m s-1; (, , 2.0 m s-1; , , 2.5 m s-1; (,  4.0 m s-1; (, 6.0 m s-1. The continuous line refers to the hydraulic permeability, this being calculated using Eq. (2) with the nominal membrane surface area of the whole HF membrane module, while the broken lines were plotted by means of empirical polynomial equations. The average coefficient of variation for Jss was <5%.
Figure 5
Relationship between the theoretical pump power need (NP) and quasi-steady state permeation flux (Jss) when using the 0.8-m ceramic whole (closed, (, and ( symbols) or partitioned (open and * symbols) hollow-fiber membrane module at 10 °C and different vS values: , 0.5 m s-1; (, 1.0 m   s-1; (, , 1.5 m s-1; (, , 2.0 m s-1; , , 2.5 m s-1; (,  4.0 m s-1; (, 6.0 m s-1. The continuous and broken lines were calculated using Eq. (17) and (18), respectively.

Figure 6
Time course of the permeation flux (Jv) of pre-centrifuged, PVPP-stabilized, and cartridge-filtered rough pale lager using the 0.8-m ceramic whole (a: (, () or partitioned (b: , () hollow-fiber membrane module or alternatively the 0.8-m ceramic tubular membrane module (b: (, ( (), as extracted from Cimini and Moresi (2015), under the CFMF conditions given in Table 3 and periodic CO2 back-flushing. For all characteristics of the final pale lager permeate sample see Table 1. The continuous or broken line referred to the average permeation flux, as calculated by using. Eq. (4). The average coefficient of variation for Jv was about 10%.

Figure 1

Process flow sheet of the bench-top membrane plant used in this work. Equipment and ancillary fluid identification items: CB, liquid CO2 bottle; D, rough beer ad permeate storage tank; cfin, entering cooling fluid; cfout, exiting cooling fluid; E, plate heat exchanger; EV, electrovalve; FI, rotameter; G, centrifugal pump; K, balance; MM, ceramic hollow-fiber membrane module; PC, personal computer; PI, manometer; PLC, programmable logic controller for automatic opening or closing of the electrovalves used to perform periodic CO2 backflushing; SV, safety valve; TI, temperature indicator; V, manual ball valve. 
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Figure 2

Front views of the 0.8-m ceramic hollow-fiber membrane module (Hyflux Membrane Manufacturing, 2010) used in this work and composed of 40 open channels (inside and outside diameters 3 and 4 mm), as such (a) and after sealing 36 out of 40 channels with a silicone adhesive plug (b).
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Figure 3
Typical time course of the overall membrane resistance (RT) as resulting from a step by step increase in the beer input pressure (PF) and crossflow velocity (vS) when dealing with pre-centrifuged, stabilized and cartridge filtered rough lager samples and operating with the 0.8-m ceramic whole (a) or partitioned (b) hollow-fiber membrane module at 10 °C and at the different transmembrane pressure differences (TMP) shown in each plate and vS values in the range of 0.5-2.0 or 1.5-6.0 m s-1, respectively: (, 0.5 m s-1; (, 1.0 m   s-1; (,  1.5 m s-1; (,  2.0 m s-1; ,  2.5 m s-1; ,  4.0 m s-1; (, 6.0 m s-1. For all characteristics of lager samples see Table 1. The broken line shows the intrinsic membrane resistance (Rm) of the ceramic hollow-fiber membrane modules used. 
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Figure 4
Effect of the transmembrane pressure difference (TMP) on the quasi-steady state permeation flux (Jss) when using the 0.8-m ceramic whole (closed, (, and ( symbols) or partitioned (open and * symbols) hollow-fiber membrane module at 10.0±0.5 °C and different vS values: , 0.5 m s-1; (, 1.0 m   s-1; (, , 1.5 m s-1; (, , 2.0 m s-1; , , 2.5 m s-1; (,  4.0 m s-1; (, 6.0 m s-1. The continuous line refers to the hydraulic permeability, this being calculated using Eq. (2) with the nominal membrane surface area of the whole HF membrane module, while the broken lines were plotted by means of empirical polynomial equations. The average coefficient of variation for Jss was <5%.
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Figure 5
Relationship between the theoretical pump power need (NP) and quasi-steady state permeation flux (Jss) when using the 0.8-m ceramic whole (closed, (, and ( symbols) or partitioned (open and * symbols) hollow-fiber membrane module at 10 °C and different vS values: , 0.5 m s-1; (, 1.0 m   s-1; (, , 1.5 m s-1; (, , 2.0 m s-1; , , 2.5 m s-1; (,  4.0 m s-1; (, 6.0 m s-1. The continuous and broken lines were calculated using Eq. (17) and (18), respectively.
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Figure 6
Time course of the permeation flux (Jv) of pre-centrifuged, PVPP-stabilized, and cartridge-filtered rough pale lager using the 0.8-m ceramic whole (a: (, () or partitioned (b: , () hollow-fiber membrane module or alternatively the 0.8-m ceramic tubular membrane module (b: (, ( (), as extracted from Cimini and Moresi (2015), under the CFMF conditions given in Table 3 and periodic CO2 back-flushing. For all characteristics of the final pale lager permeate sample see Table 1. The continuous or broken line referred to the average permeation flux, as calculated by using. Eq. (4). The average coefficient of variation for Jv was about 10%.
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