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Abstract: Optimal design and operation of enzymatic proegss a fundamental engineering problem to be dohigen
laboratory-scale kinetic data and enzyme charatiesi are available. The final decision is basedaooomparative
analysis of reactor performances by accountingdoious optimal/sub-optimal operating alternativea®zyme activity and
stability, materials and operation costs, purifimatsteps, and product value. Due to the high cexify of the
engineering problem, development of a library atily adaptable reactor models allows evaluatioprotcess scaling-up
alternatives, in terms of reactor type (well-mixed plug-flow), enzyme use (free-enzyme vs. imnipbd enzyme), or
operation mode (simple batch, batch with intermitteddition of enzyme following certain optimal jpi¢s, semi-batch
with uniform or optimal enzyme feeding policy, fikded or fluidized-bed continuous reactors withetioptimal feeding
policies). Analysis of process dynamics under waioperating conditions for fast, moderate fastslow deactivating
enzyme leads to choose the most suitable reactbroparation mode based on several performanceesdienzyme
specific consumption and stability, reactor produist, operating time, easy operability and contretc.). Two case
studies exemplify this comparative analysis, tlahie design of an industrial reactor for D-glucesgymatic oxidation
(using free pyranose oxidase), and the design oindustrial reactor for inulin enzymatic hydrolysissing free or
immobilized inulinase). Model-based simulationstiod enzymatic reactors suggest optimal operatidicips according
to the enzymes variable characteristics.
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1. Introduction Alternatively, the use of stable immobilized enzagn
on various supports (ceramics, alumina, silicatkss;, gels,
Enzymatic reactions, displaying a high selectiéind natural / synthetic polymers, etc.) is advantageoffering

specificity, compete with the chemical synthesiseims of an easy product separation with less enzyme loss$,aa
consumed energy and waste minimization, by using lobetter control of the process. Fixed-bed (FXBR) or
concentrations of catalyst and moderate reactidhidized-bed (FLBR) continuous reactors with time-
conditions. [1, 2] Industrial developments covewale optimal feeding policies are usually used for such
range of applications in the food, pharmaceuticaQurposes. [5, 8]

detergent, and textile industry, environmental eegring, In this context, the right choice of the enzymatic
biochemical synthesis, medical-tests, productionbinf- reactor and derivation of optimal operating pokcie
sensors, or bio-renewable sources of energy. [3, 4] continue to be subjects of current interest. Howettee

Current researches are focus on modifying enzynghoice of the enzymatic reactor constructive solutand
characteristics by using protein / genetic engingerand derivation of optimal operation policies based qoracess
on developing nano-structures used as carrier falter model is not an easy task due to various reasons: |
Such efforts lead to improve the enzyme stabilitd &s multiple objectives to be accounted for (produceldi
catalytic efficiency, trying to overcome the bicalgsts’ maximization, enzyme loss and waste minimization,
disadvantages, that is the high costs of produsiagple operating time and utilities minimization), in tipeesence
enzymes, their high sensitivity to operating caodis and of technological constraints; ii) process low regircibility
impurities, and their variable characteristics lagdto a due to the variability in raw-material and enzyme
difficult process control. characteristics; iii) enzyme high sensitivity toeoating

Enzymatic reactions can be conducted in tweonditions; iv) nonlinear process dynamics charatd
alternatives: free-enzyme or immobilized enzymesaiid by a small number of observed variables; v) limited

supports. validity of the process model, due to multiple s@s of
If the enzyme is cheap, and the product can bityeasuncertainty, requiring_frequent parameter up-dating
separated, or when enzyme deactivates rapidly, itnd The scope of this paper is to present a modelebase

immobilization does not report a significant ingeain rule to scale-up an enzymatic process of knowntkiseby
stability, the use of simple batch (BR), batch witlcomparing various alternatives, that is free-vanbilized
intermittent addition of enzyme (BRP), and semichat enzyme, under various constructive and operatianices:
reactors (SBR) can be a good choice for scalinghgp BR, BRP, SBR, FXBR, or FLBR.

process. [4 - 7]
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TABLE 1. Reduced kinetic model of the DG oxidation using POXx,
The examined case studies are those of the enzymd(ffom Peniophora gigantea) and of the H,0, decomposition using
oxidation of D-glucose (DG) to 2-keto-D-glucose (BP catalase (kinetic parameters for 25°C, pH=7; [11, 12] Notations:

; : P : DG= D-glucose;, DO= dissolved oxygen; kDG= 2-keto-D-
E)S/:jnr%|5§;rsatgol:sffr8§{gzze (POx), and the inulin enz'y‘maglucose; POxox= inactive form of enzyme POXx.

5 ch Reaction pathway:
. Process Characteristics
DG + Y0, 0 B - kDG +H 0,
water
2.1. D-glucose oxidation with POx ( )
YpoxPOX+ H 20, [0 FPH 355 . Poxox
D-glucose oxidation to kDG is a reaction of high (water )
interest for producing sugar-derivates, such asubtdse t
(Cetus process) [9], D-mannitol, D-sorbitol, ett0[- 12] H202 U ?;V?t:ﬁ* H20+0.50;
The current way of producing fructose is based an . —
.. . . . Rate parameters: Rate expressions:
enzymatic isomerisation of glucose in the presaricalts. - 0.0891 MM mL/ &
However, this process suffers of a large number ofHm=0- mvm Mour ='umCD—G
disadvantages: low equilibrium conversion (ca. 51960- | Kpg=63523mM KbG *Cpe
60°C), significant amounts of impurities (e.g. allemge Kpo=0.2613 mM cDo
aldose), high process temperature, difficult andtlgo ki = 9 282710° WCPOX
separation of fructose on large chromatographicirook, d== DO T*DO
poor stability of isomerase, raw-material (glucose) 0.36 _
purification to remove calcium ions from the prawo (1+6.95CEe "), mU/ sU fd = KdCPoxCH ,0,
starch hydrolysis. [4] Y,
) ' =1 U/mL mM; Yoy =1;
Even if costly, due to the subsequent kDG enzymmati POxX -t Tox e = kCCH 505
reduction to D-fructose (using recyclable NADPHhg t 1.964810 °1/s,
Cetus process was becoming attractive, by prezg,antink _ | for [Catalasek 1kU/ mL
several advantages: high conversion and selectiloty € 13398710 31/s
temperature, and absence of aldose in the finalymto D- 'f Catal ’1kU/ L
glucose oxidation using POx occurs under the fdhgw or[Catalasep m

optimal conditions [11]: 25-3€, pH= 6.5-7, [DG] = 200-
250 mM. The oxygen is supplied through both liquid
surface and bubbles-liquid interface (by using img-
sparging equipment). Separate experiments indicated . ) .
overall mass transport coefficient of & = 0.02-0.04 & To compare the efficiency of the two investigated
The overall reaction is presented in Table 1 togethith €nzymatic processes conducted in various reactors,
the kinetic model proposed by Treitz et al. [114. Finder Standard batch, batch with intermittent enzyme taufuli

the quick inactivation of POx by 9, catalase is added in Sémi-batch, or continuous operated reactors (fbeui-or

the reactor to quickly decompose,®4 (see reaction fuidized-bed)have been checked.

kinetics in Table 1, proposed by Maria & Cocuz J12] _Stand_ard ideal reactor models have been used to
rapidly simulate and compare the performance, as

followings:

3. Enzymatic Reactor Models

2.2. Inulin hydrolysis
Inulin is a natural polyfructan present in mangrs, E:s(e:j l;;?;err:ezgcrpoi" isothermal, homogeneous, perfectly
containing an = 20-70 molecules of D-fructose linked to a _ '

terminal glucose [13]. The inulin solubility in veatvaries dej /dt=rj (1)

with the temperature, from 60 g'lat 10C to 330 g L' at  (r: = specieg reaction rateC; = specieg concentration:;
90°C [14, 15], but its diluted solution properties ammilar J ) J

to those of the water. The optimal conditions af thulin £ = time).

enzymatic hydrolysis are the following [16]: 50°60
pH= 5, [S]o = 40-100 g t (S= inulin). The activity of
free-inulinase is high at 50-80 and pH=4-6, but it
decreases sharply at higher temperatures [17]. Hfen
several enzyme immobilization possibilities haveerbe
reported, they are still not very successful (igf-of SBR — free-enzyme, isothermal, homogeneous, perfectly

to5=7.2 hrs at 5T in calcium alginate, [185=1.1 Mixed semi-batch reactor [12]:
days at 58 on Amberlite-support, [19]. To quickly dcj /dt=(f/V)(cjjn—cj)+rj; dvV/dt=1(t), (2)
simulate the process, the reduced kinetic modé&latile 2 (V = liquid volume:f = enzyme solution feed flow rate,

has been adopted from literature [20], by conside@n gnstant or optimized: ‘in’ = inlet).
average fructose polymerisation degree in inulimof29.

BRP - free-enzyme, isothermal, homogeneous, perfectly
mixed batch reactor with intermittent addition afzgme
solution (see [7, 12] for determining the injectemlumes

of enzyme solution over the batch).
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FLBR — isothermal, perfectly mixed continuous fluidised N y;, time-interval (‘arcs’), calculated by division tifie

bed reactor, of constant volume, with immobilizedyme b ; ; ! :
) : X atch time in Ngjy equal parts. For the continuous
in spherical beads [21, 22]. The apparent reactie t) div equat p

' app results from solving the steady-state liquid-sélid FLBR and FXBR, dynamic operation was considered to
' account for the enzyme deactivation, while the féed

rate was diminished durindNg,, = 1000 equal time-
rj.app =Ks@s(Cj —Cjs) =77} j(Cjs), ©) !n.tgrvals to maintain constant the output conversio the
initial value, until 0.9f5 was reached.

S) mass transfer equation:

(kg = L-S mass transfer coefficient on liquid side; =

specific interfacial areaic; s = concentration at L-S 4. Comparison of Reactor Optimized

. . Performances

interface). The effectiveness factpy was calculated for

every reactionj with the relationships corresponding to  To compare the performances of various reactors in
Michaelis-Menten rate expression [23]. the case of the same studied enzymatic processatine
hproduction capacity and reaction / residence tihasge
been imposed, the simulated reactors being optmall
operated vs. a formulated optimization criterion.

For the D-glucose oxidation case, a 10000 t freetb
year production capacity and optimal reaction ctowis
TABLE 2. Reduced kinetic model for inulin enzymatic hydrolysis were adopted. For th_e_ BR and BRP, the optimum will
using a commercial inulinase from Aspergillus ficuum [20]. correspond to the minimum POx amount necessary to
Concentrations Cg, CE, Oy , Cg are in g/L, Cg in U/L- obtain a 99.90% conversion ovef = 7 h of operation,

liquid, rj in g/LMin. Notations: S= inulin (substrate); F=  under nominal conditions. For the SBR with a comista
feed flow rate, only the POx inlet concentrationsinbe
determined to meet the same requirements. For Bie S
with variable feed flow rate, the optimal solution
corresponds to the minimum inlet POx concentradiod to

FXBR - isothermal, continuous plug-flow reactor, wit
immobilized enzyme in spherical beads [21]. Theaappt
reaction rates results from solving the steadyestatS
mass transfer equation (3).

fructose; W= water; G= glucose; E= enzyme; My, Mg,
Mg arethe molecular weights.

Overall reaction: a suitable feeding policy oveMNg, time intervals,
S+(m-1)H,0 05 - (m-1)F +G ensuring a maximal DG-conversion that equals the
Rate expressions: Rate parameters: imposed value of 99.90% over 7 h of operation, unde
~_ Vm,j%s Ky = exp(23 ZZ—E) given initial conditions and menti_one(_j constraints.
I Km+Cs ’ 2= : T 7 The results are presented in Fig. 1 for the BRF-ex
i= SFEW.G g/(Uthin) case and in Fig. 2 for the SBR-opt case. It isbseove that
fe —kqce - 7630 the required enzyme amount in the SBR-opt casexJjRO
E~FdYE Km=exp( 27-4‘?)' gL 57 U m* ), to get the imposed 99.90% over the batch, is
Vms= K2CE ; much lower than those required by the BRP-exp djoera
VimE = A Vs kq = exp(lzs—ﬂ),llh ([POXJ,= 77 U mi"), for the same amount of injected
Myy T enzyme solution in the reactor. Such a result ["aémed
VW = AVmps ——; a= 1 by the adaptation of the feeding to the enzymetiledion
MF m/(m-1)-My / Mg characteristics, which is more difficult to be isatl in the
Vo= OV 1 ; exponentially decreasing pulse-like BRP. In botbesa the
mG mS m-1 me 29; (T = temperature, K). low concentration of DO reveals the control of precess

by the aeration rate, as long as the POx concemnirat the
Stationary and dynamic simulations are derived, bfgactor is maintained to an optimal value (ca. thil/see

using the mass balance differential equations fue t also [9]).

considered isothermal reactors. In the BR caseerzgme A comparison of free-enzyme operating alternatives

is initially loaded as a solution of volume not eeding for kDG production in batch or semi-batch reactess

10% of the initial volume\(,) of the reactor. For the BRP, presented in Fig. 3. Under optimal conditions, tibguired

two feeding policies have been considered: equeinves €nzyme amount to get the same conversion at the sam

of enzyme solution uniformly injected over the matc Production capacity is significantly different frorne
(BRP-uni; N = 20 injections of total volume Ov3); an reactor to another. The best results are obtainitd the

. SBR with an optimal feed flow rate of the enzymkigon.
exponential decrease of the added volumes of enzyme rq. ihe inulin hydrolysis case, a 5000 t fructogedr

solution over the batch (BRP-exp; 20 injectionst@al qqction capacity and optimal reaction conditiovere
volume 0.3,), determined by using the rule of Maria [7]'adopted. For the BR and BRP, the optimum will

The SBR was operated with a constant feed flow raE?orrespond to the minimum ENZ (inulinase) amount

(SBR-uni) of the enzyme solution of known concetitirg . ,
or with an optimum feeding policy (to be determins@R- necessary to obtain a 99.00% conversion dyer 13 h of

opt), i.e. a time step-wise variable feed flow rater ca. operation, under nominal conditions. For the SBRg t
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optimal solution corresponds to the minimum inlétZ=
concentration and to a suitable feeding policy étant or
optimal) over Ngj, time intervals, ensuring a maximal

inulin hydrolysis conversion that equals the immbsalue

of 99.00% over 13 h of operation, under given aiti
conditions. For the continuous FLBR and FXBR, ailsim
optimization problem
minimum concentration of enzyme on the solid suppod
the decreasing feeding policy of the
compensate the continuous enzyme deactivation

ensuring a quasi-constant exit conversion (99%) dor
residence time in the reactor of 13 hrs.

Injected POXx solution

T

H M0,

Injection number
Concentrations (mM)

Vinj/Vo

DG

is solved, by determining the

reactors th:

1200 T T T

1000

800

600

BR

red enzyme (MU)

g_ 400
| @

BRP-uni

200

BRP-exp

0

SBR-uni
SBR-opt

Figure 3. Free-enzyme operating alternatives fa&kipoduction.
Conditions for production of 10000 t fructose / ye25°C, pH=7;
[DG]= 1 M; [Catalase]= 1 kU/mL; 10% liquid volume inaxe; initial
volume = 75 my reaction time = 7 hrs; sparging using oxygen;disgul

DG conversion of 99.90%. BR= batch reactor; BRP=Urdtch reactor

with uniform addition of POx (20 injections); BRRps= batch reactor
with exponential decreasing addition of POx (2@dtipns); SBR-uni=
semi-batch reactor with constant fed POx solutiSBR-opt= semi-batch

reactor with optimal feedflowrate of POx soluti@® time-arcs) [12]

A comparison of free-enzyme operating alternatives

for fructose production in batch or semi-batch teecis

presented in Fig. 4.

) T T T T T T T
E 2 1
=
X 1 Injection No.= 20
o
a 0 . . \ , \ .
0 1 3 4 5 6 7
Time (h)

Figure 1. Addition policy of POx solution (up), akey species

concentration dynamics in the BRP-exp under nontoaditions (center,
down). An injected solution of [POx]= 77 U tivas found to ensure a
final Xpc= 99.90% over 7 h runtime, with an overall dilutioh10% [12]
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Figure 2. Optimal feeding policy of SBR-opt with @nd liquid volume
dynamics (up); [DO] and [DG] evolution under nominanditions

(center, down). A feeding with [POx]= 57 UMias found to ensure a

final Xxpc= 99.90% over 7 h runtime, with an overall dilutioh10% [12]
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Figure 4. Free- vs. immobilized enzyme operatigrahtives in batch,

semi-batch and continuous reactors for inulin hiysie. Operating
conditions for 5000 t fructose / year:°65 pH=>5; [S}= 100 g/L;

optimized enzyme conc.; 10% liquid volume increasenitial flow-rate
decrease; initial volume = 88.66 16 parallel FXBR); reaction time = 13
hrs; imposed inulin conversion of 99.00%; partitiemeter 1-2 mm; solid
fraction 0.47 (FXBR), and 0.3 (FLBR); FLBR = fluiid-bed Ig.-solid
continuous reactor; FXBR = fixed-bed lg.-solid donbus reactor (other
notations from Fig. 3); fast / slow refer to theyme deactivation rate.
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While the reactor performance (expressed in kg

hydrolysed inulin per hour) is practically the santlee

amount of consumed enzyme to get the same conmeasio

the same production capacity is very different frome
reactor to another. Because the enzyme is not negrigly

deactivating {g5= 36.5 hrs. at 5%; [16]), the best choice

of free-enzyme reaction is the BR, requiring onlg5LkU
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kg-inulin. This was not the case of kDG production, when

the rapidly deactivating POx

indicate the SBR-opt

REFERENCES

operation as being the best choice. Concerning the
continuous  operation, the FXBR is from far the besf. Moulijn, J.A., Makkee, M. and van Diepen, A., dbhical process

alternative. However, by checking the operatingisohs
for fast (tg5= 36.5 hrs) vs. moderate slovig(s =182.5

technology, Wiley, New York2001
2. Gavrilescu, M. and Chisti, YBiotechnology Advances, 23,2005 471-

hrs.) deactivating immobilized enzyme, it appednmatt 5 Wang, P.Appl Biochem Biotechnol., 152 2009 343-352.

FXBR is as more efficient (requiring less enzymeants)
as the enzyme is more stable.

In general, repeated simulations of various react@r

type and operating alternative efficiency can iatBcwhat
is the ‘threshold’ of the immobilized enzyme hafél
which make the use of FXBR more efficient thanuke of
BR / SBR operating mode.

5. Conclusions

Derivation of the most suitable enzymatic reatype
and operating alternative is a difficult task, remg steady
experimental efforts to get enough information dmwe
process kinetics and enzyme characteristics, lsotsieady

4. Liese, A., Seelbach, K. and Wandrey, C.
biotransformations, Wiley-VCH, Weinhejra006
Ghose, T.K., Fiechter, A. and Blakebrough, Ndg[; Advances in
lochemical engineering, Springer-Verlag, Berlimo). 1 (1971), vol. 2
(1972, vol. 4 1976, vol. 10 1978.

6. Atkinson, B. and Mavituna, F., Biochemical eragring and
biotechnology handbook, Macmillan Publ., New YatR83

7. Maria, G..Computers & Chemical Engineering, 31,2007, 1231-1241.
8. lllanes, A., Zlfiga, M.E., Contreras, S. and i®@re, A., Bioprocess
and Biosystems Engineering, 7,1992 199-204.

9. Leitner, C., Neuhauser, W., Volc, J., Kulbe, K.Nidetzky, B. and
Haltrich, D.,Biocatalysis and Biotransformation, 16,1998 365-382.

10. Freimund, S., Huwig, A., Giffhorn, F. and Kopp8.,Chem. Eur. J.,
4,1998 2442-2455.

12. Maria, G. and Cocuz, ARevista de Chimie, 62,2011, (in press).

13. Roberfroid, M., Inulin-type fructans - Funct@nfood ingredients,

(Edsndustrial

t CRC Press, Boca RatazQ05

14. Phelps, C.FBiochem. J., 95,1965 41-47.
15. Diaz, E.G., Catana, R., Ferreira, B.S., Ludiig,Fernandes, P. and

computational steps to simulate and compare optimahbral, J.M.S.Journal of Membrane Science, 273 2006 152—158.

operating alternatives in various reactors.
When the enzyme is fast deactivating,
operation mode with free-enzyme is the best altamaAs
the deactivation rate is smaller, various otheeraltives
become efficient. If the enzyme is cheap, and ttoslyct
can be easily separated, the BR is a suitable ehtithen
immobilization improves very much the enzyme stahil
then operation in continuous
effective, especially in the FXBR. It is also totice that
the global efficiency of a certain alternative bade base

not only on enzyme consumption to get an impos

conversion / selectivity, but also on other impleiagion

costs, such as: the required process control codibyle
implementation costs of the optimal operating police.

on-line measurements to on-line adjust the feegolgy);

fulfilment of technological and ecological constrsi

flexibile / multi-product reactors, easily adaptbto

market requirements.

16. Ricca, E., Calabro, V., Curcio, S. and lorio,, ®Giochemical

the SB ngineering Journal, 48 2009 81-86.

17. Ricca, E., Calabro, V., Curcio, S. and lorio, Gritical Reviews in
Biotechnology, 27,2007, 129-145.

18. Santos, A.M.P., Oliveira, M.G. and Maugeri,
Technology, 98 2007, 3142—-3148.

11. Treitz, G., Maria, G., Giffhorn, F. and HeinzEe, Jl. Biotechnology,
85,2001, 271-287.

19. Catana, R., Eloy, M., Rocha, J.R., Ferreir&.BCabral, J.M.S. and

Bioresource

reactors become veRgrnandes, PEood Chemistry, 101, 2007, 260—266.

20. Ricca, E., Calabro, V., Curcio, S. and lorio, B3ocess Biochemistry,

d 44,2009 466-470.

2]1. Moser, A., Bioprocess technology: Kinetics ardctors, Springer-
rlag, New York,1988

22. Deckwer, W.D., Becker, F.U., Ledakowicz, S. addgner-Doebler,

I., Environ. Sci. Technol., 38,2004 1858-1865.

23. Doran, P.M., Bioprocess engineering principlgisevier, Amsterdam,

1995

Received: 10 March 2011
Accepted: 20 May 2011

of

BUPT



