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and continuous process using sugarcane juice as a cheap and renewable carbon source for its microbial
conversion to glutamic acid. Provisions of continuous withdrawal of product and downstream separation
and recycle of microbial cells and unconverted carbon source allowed sustained production without pH
adjustment. Appropriate microfiltration and nano-filtration membrane modules did the separation job
efficiently. The model developed with extended Nernst-Planck approach captured the relevant transport
phenomena along with fermentation kinetics under substrate-product inhibitions. Performance of the
model is well reflected in low relative error (<0.05), high Willmott index (d >0.97) and high overall cor-
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Growth kinetics relation coefficient (R? >0.98). The modelled system produced glutamic acid with a productivity of 8.2 g/
Dynamic modelling (Lh) and yield of 0.95 g/g at a reasonably high flux of 75 L/(m? h) under a transmembrane pressure of only
Scale-up 14-15 bar. The final product was obtained at a concentration of 55 g/L and could easily be concentrated

further by an additional nanofiltration step.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Amino acids like L-glutamic acid (GA) are widely used for human and animal nutrition, as ingredients of pharmaceutical products,
cosmetics, agrochemicals and several other industrial derivatives. The demand for amino acids in the world market is in the magnitude of
106 tons/year [1]. Conventionally amino acids have been produced by protein hydrolysis, microbiological fermentation, chemical synthesis,
and enzymatic process. Efforts towards development of fermentative process for production of GA through isolation of L-glutamic acid-
producing bacteria [2-4] have been quite significant in the recent years. Immobilization method of whole microbial cells has also been tried
in calcium alginate or agar for continuous production of GA, but the product concentration remains low due to leakage of cells, inefficient
mass transfer and lack of general matrix for immobilizing different cells [5]. Reported investigations of GA production mostly concentrate
on using finished raw materials rather than a renewable or low cost waste material as carbon source [6]. In the back drop of prevailing low
price of sugar cane in the major sugar cane growing countries (India, Brazil), large scale use of sugar cane juice as a clean, renewable carbon
source for fermentative production of organic and amino acids holds the great promise of economic uplift of the millions of distressed
sugarcane growers [7]. Efficient separation of other impurities from the fermentation broth is essential during downstream purification
to produce monomer grade GA. Conventional purification schemes involve a number of downstream treatment steps like precipitation,
filtration, acidification, neutralization, carbon adsorption and crystallization [2]. However conventional batch fermentation suffers from
high labour cost due to frequent shutdown and start-up of batch process, low volumetric productivity and product-substrate inhibition.
Moreover, such production processes are not eco-friendly and product purity and productivity are often compromised. Instead of direct
production of acid, most of the investigated production schemes produce salt of the acid in pH-controlled regime necessitating further
treatments with acids and alkalis to regenerate acid.

GA is produced through aerobic process of fermentation using Corynebacterium or Brevibacterium strains collectively known
as Corynebacterium glutamicum [8]. Batch or fed-batch fermentation process is normally used for the commercial production of GA or
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Nomenclatures

Microbial kinetics and continuous fermentation

Ky cell death rate constant (h—1)

Kd gl cell death rate constant while using glucose substrate (h~1)

K fru cell death rate constant while using fructose substrate (h—1)

Ksica substrate inhibition constant for glutamic acid production (g/L)

Ksis substrate inhibition constant for sugar consumption (g/L)

Kpiga  product inhibition constant for glutamic acid production (g/L)

Kpis product inhibition constant for sugar consumption (g/L)

Kpix product inhibition constant for growth of biomass (g/L)

Ksica substrate limitation constant for glutamic acid production (g/L)

Ky s substrate limitation constant for sugar consumption (g/L)

Kqx substrate limitation constant for growth of biomass (g/L)

Kglux glucose limitation constant for growth of biomass (g/L)

Krux fructose limitation constant for growth of biomass (g/L)

K substrate inhibition constant (g/L)

Selus Sy Concentration of glucose and fructose (g/L)

P glutamic acid concentration (g/L)

Cpleed  cell bleeding ratio

Ve working volume of the fermenter (cm?3)

dcamax Maximum specific glutamic acid production rate (g/g h)

dcanet Maximum specific glutamic acid production rate in continuous process (g/g h)
gsmax ~ Mmaximum specific sugar utilization rate (g/g h)

R? correlation coefficient

So/S concentration of the sugars (g/L)

t fermentation time (h)

X biomass concentration (g/L)

Xgiu/Xiru  biomass concentration generated when glucose or fructose used as substrate (g/L)
Xt biomass concentration in fermenter after starting of membrane cell recycles (g/L)
S substrate concentration (g/L)

So initial substrate concentration (g/L)

Ster,ct substrate concentration in fermenter after continuous process (g/L)

Srec substrate concentration in membrane cell recycle stream during continuous process (g/L) (negligible)
Pcaferct Product concentration in fermenter after starting continuous process (g/L)
P product concentration in recycle stream of microfiltrate (g/L)

Yxs biomass yield on sugar consumption

Ysca glutamic acid yield on sugar consumption

IME the solvent flux in permeate stream of microfiltration (L/(m2h))

AP transmembrane pressure (kg/cm?)

Rm membrane resistance (m~1)

R¢ membrane fouling resistance (m~1)

R cake resistance (m~1)

Js uncharged solute flux (pore area basis) (mol/m?s)

Iy volumetric flux of uncharged solute (L/(m2h))

Greek symbols

o growth-associated constant in Luedeking-Piret model (g/g)

B net-specific growth rate (h~1)

I, net  Specific growth rate (h~1)

" maximum specific growth rate (h~1)

Hglu specific growth rate for only glucose (h~1)

fru specific growth rate for only fructose (h=1)

s specific growth rate for only sucrose (h~1)

Microfiltration and nanofiltration

Cw,i
Cw,iav
vai
Cs A
c
Dp,uc
D;
Dy
F

concentration of ion i (mol/m3) on membrane wall

average concentration of ion i (mol/m?) on membrane wall

concentration of ion i (mol/m?3) in permeate solution

bulk concentration of glutamate (mol/m3)

average concentration of uncharged solute concentration within pore (mol/m?3)
uncharged solute pore diffusion coefficient (m2/h)

hindered diffusivity of ion i (m?2/s)

bulk diffusivity of ion i (m?/s)

Faraday constant
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Fin flow rate through which fermentation broth is coming in to fermenter (cm3/s)
Fout flow rate through which fermentation broth is coming out from fermenter (cm3/s)
Frec flow rate through which cell has been recycled back to fermenter (cm3/s)
H hindrance factor for convection of ion i

Heuce uncharged solute hindrance factor for convection

Juc uncharged solute flux (pore area basis) (mol/m?s)

Jea solute flux of glutamate ion (mol/m?/s)

JvE the solvent flux in permeate stream of microfiltration (L/(m2h))
k Boltzmann constant, 1.38066 x 10-23 J/K

k mass transfer coefficient of glutamate ion (m/s)

Pe Peclet number (dimensionless)

Pcamf  glutamic acid concentration (g/L)

Tmp effective pore radius (nm)

Tsi solute radius of ion i (nm)

Rica rejection of glutamic acid (%)

R universal gas constant (J/mol/K)

Rm membrane resistance (m~1)

R¢ membrane fouling resistance (m~1)

Rc cake resistance (m~1)

T absolute temperature (K)

t fermentation time (h)

Vv radially averaged solution velocity (m/s)

Vpmy uncharged solute partial molar volume (m3/mol)

Ax membrane thickness (m)

X biomass concentration (g/L)

Xcm Electrical charged groups on the membrane surface (mol/m?3)

z valence of ion i

AP effective pressure difference, (kg/cm?)

n dynamic viscosity of the solution (kg/m/s)

(o} steric coefficient

Ai ratio of solute radius to pore radius of ion i

A Donnan potential difference (V)

25 electric potential

monosodium glutamate. Production of glutamic acid by C. glutamicum is product-inhibited [9]. The existing models of kinetic behavior of
biomass, substrate and product during GA production are mainly based on micro-kinetics- based mechanical approach or macroscopic-
holistic approach [9-11]. Monod equation incorporated such product inhibition in the model of Levenspiel [12] which was subsequently
used by Khan et al. [8]. However, most of such modeling studies have considered batch mode of production only.

In many studies, membranes have been used for separation of microbes from the fermentation broth. But in most of these cases, it has
been a single stage membrane separation with microfiltration membrane in hollow fibre modules [13,14] and without any provision of
recycling of unconverted carbon source and other media components. Thus a two stage membrane-integrated system has been considered
in this study, to ensure cell- recycle and product recovery with continuous fermentation resulting in high cell density, higher productivity
and yield. Emergence of tailor-made and novel membranes is gradually facilitating evolution of sustainable technologies for many chemical,
biochemical and biotechnological production processes [15]. Modelling and simulation study along with economic analysis are necessary
for raising scale-up confidence and ultimately transferring technology from laboratory to field. Kinetic modelling has been done in some of
the cases but transport of GA through nano-filtration membrane has not received adequate attention. A few studies have been conducted
on modelling of nanofiltration of amino acid through synthetic solution [16,17] but that too without considering the fermentation broth
or bacterial kinetics.GA is an amphoteric electrolyte and its ionization state can be controlled by controlling pH of the feed solution which
in turn plays significant role in mass transfer through the membrane. It is well established that an increase in the degree of ionization of
amino acids results in increase in rejection capacity of the polymeric membranes [18,19].

Mathematical model based on multi-stage continuous GA fermentation system integrated with packed bed cell recycle scheme for
high productivity was developed [20]. However, fouling prone hollow fibre membrane module was used in this model and the processing
cost was high because of use of glucose as carbon source. The mathematical model for the nanofiltration system was developed following
new linearized pattern by using experimentally determined model parameters such as concentration of electrically charged group on the
membrane surface. The important model parameters such as the concentration of electrically charged group on the membrane surface
(Xcm) has been determined by conducting streaming potential experiments on each membrane unlike the previously reported approaches.

Models for continuous production of GA in fouling-free membrane-integrated system from a cheap and renewal carbon source capturing
the both relevant kinetics and transport phenomenon especially during nanofiltration are practically absent in the literature. This modelling
and simulation study along with economic evaluation is carried out to pave the industrial scale up of a new green design for production of
GA.
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2. Theory and model development

Dynamic mathematical transport model based on Extended Nernst-Planck (ENP) and Henderson-Hasselbalch equation has been devel-
oped here for the transport of both un-dissociated and dissociated forms of GA through nanofiltration. In the transport of neutral solutes
(glucose, fructose, sucrose and un-dissociated glutamic acid), molecular diffusion and convection along with the steric phenomena play
major role in nanofiltration membranes. In case of transport of charged solute (glutamate ion), Donnan exclusion principle governs sep-
aration [21,22].The fouling behaviour of nanofiltration membranes can be predicted by combining ENP equation with concentration
polarization equation [23]. Analysis of microbial growth kinetics and production of GA have been done with the unstructured mod-
elling approach of Luedeking-Piret. The standard assumptions of nanofiltration modelling, such as negligible viscosity gradient uniform
membrane charge density and pore as cylindrical bundles within the membrane pores have been adopted.

2.1. Microbial kinetics equations during continuous fermentation

To identify growth kinetics of C. glutamicum (NCIM-2168) during fermentative production of GA from sugarcane juice, unstructured
model was developed with Luedeking-Piret approach considering substrate limitation and substrate-product inhibitions. Monod model
may be used for the substrate limitation whereas; substrate inhibition follows a non-competitive linear kinetic model (using Haldane
equation). The substrate and product inhibition constant is captured in the model using the term ‘K;’ and ‘K ca’. The Eq. (1) shows the
microbial growth rate during fermentation

dx

Se = (Hne — Ka)X (1)

where, u shows the specific growth rate and Ky indicates biomass decay constant and X is cell concentration in the fermenter. Considering
the substrate inhibition and following the Haldane’s approach the growth kinetics may be shown by Eq. (2),
MmaxS

s= —————— (2)
Ks+S+(5

where, K; represents the substrate inhibition constant and Ks indicates the substrate limitation constant. Cell growth kinetics could be
expressed in the presence of multiple substrates (viz. glucose, fructose), [24]:

dX S glu

== S LN ) ¢ B —
dt (I’Lmax,glu Kglu,X T Sglu d,glu) glu + (Mmax,fru Kfru,X T Sfru

Se.
I K fru )Xt 3)

Considering the conditions as shown in (Egs. (1)-(3) and actual composition of substrate used in this study (i.e., carbohydrate compo-
sition in sugarcane juice), the growth rate of C. glutamicum (NCIM- 2168) could be derived as:

dX
X — (tner — Ka)X @
where
Sglu St PG
= ( + g u ) e*(K ; )
Henet Helu S+Kgx+ (%) Hiru Kglu,X"'Sglu Kty x+Stru ( )
" i

This Eq. (4) incorporates the term of the non-competitive product inhibition, which is essential for the determination of the specific
growth rate of micro-organism [25]. In the fermentation broth the rate of substrate consumption may be expressed as:

dS SKSi 7( PGA )
—=q e RKps X (5)
de T (Kgs +S) (Ksis +9) e

K, s and K ¢ are substrate inhibition and limitation constants with respect to sugar consumption, and the maximum sugar utilization rate
was denoted by qs max-
The modified form of Luedeking-Piret model could be used for expression of product formation in the fermentation broth as follows:

dPGA _ dX

where o and [3 are growth and non-growth associated constants, respectively. Whereas, 3 may be expressed as,

SKs; P
oLCA e Fica) (7)
Kaca+S) (Ksica+5)

/3 = dgA max (

The overall equation for the product formation in the fermentation broth may be written as by combining Eqs. (6) and (7), as:

dPGA dX SK i,GA Pea
at - aa"‘ AdGA,max 2 (Rprca X (8)

(Kaca+S) (Ksica +5) ¢

The maximum specific GA production rate is denoted by qgamax Whereas Ki; a, K s indicate substrate inhibition and limitation constants
during the product formation.

After 20 h of microbial growth, continuous operation starts at the exponential growth phase of the microorganism. The overall cell
growth rate in the fermentation broth during steady-state considering the mass balance may be expressed as:

dXe [ ( FrecCpleed Fout
) ()
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Fout represents the flow rate of the fermentation broth out of the fermenter and Fe. represents the filtered fermentation broth recycle
rate to the fermenter. The cell bleeding ratio is denoted by Cyjeeq Which plays a significant role in achieving the steady state condition [26].
The effective volume of the fermenter is represented by V.

Similarly, substrate consumption rate in the fermentation broth during continuous fermentation could be expressed considering the
mass balance, substrate consumption, yield in terms of biomass and product formation with respect to substrate as [27]:

deer,ct Fin Fout FrecC Mnet qdGAnet
- () - () (55250 (20) - (50

Due to continuous removal of the product in the continuous fermentation process, the rate of substrate consumption is not subject to
non-competitive inhibition. Here, So indicates the substrate concentration in the fresh medium and St is the substrate concentration
at the end of the fermentation. The value of ‘Srec’ (substrate concentration in recycle stream) is almost negligible compared to Sger ¢ and
Srec because during cross flow microfiltration the residual substrate permeates through microfiltration membrane. Yxs and Yps are the
biomass yield and product yield on carbon source consumption respectively. Considering these conditions the product formation rate in
the fermentation broth may be expressed as:

% = |qoanetXpe (Hnett) — (%PGA,fer,ct)} (11)
f

The maximum specific product formation rate is denoted by qga net in the continuous process and Pga fer ¢ is the product concentration (g/L)

in the fermenter during continuous process. The term X; has been replaced by the Xge~(Fnetas cell death has been considered negligible

during continuous fermentation process. In addition to that K ca is not consider in the above Eq. (11) as product inhibition is minimum

as compared to the substrate inhibition K; due to continuous permeation of product through nanofiltration membrane.

2.2. Microfiltration

Mass transport through microfiltration membranes is largely dependent on the cake resistance at steady state condition [28]. The
solvent flux through microfiltration may be calculated as:

AP
Jm=—p——m——a (12)
Mp (Rm+Re+Rc)
whereas Jm, represents the solvent flux in the permeate stream, AP is the transmembrane pressure, Ry, is the membrane resistance, Ry
is the membrane fouling resistance occurs due to irreversible adsorption and pore plugging in membrane and R is the cake resistance
develops due to the formation of cake of biomass over the membrane surface.

2.3. Product purification by nanofiltration

The micro filtered fermentation broth contains uncharged solutes like sucrose and un-dissociated GA. In the final stage, nanofiltration is
done for further downstream purification of micro filtered fermentation broth to get the pure form of GA which is governed by convection,
diffusion and electrostatic charge repulsion mechanism [29].

Experiments were conducted in set flux method, in which the steady-state condition is ensured during continuous fermentation. In this
approach, fine tuning in the rates of microfiltration and nanofiltration is done by exercising control on operating pressure, feed flow and
recycle flow.

Under steady state condition, the changes in concentrations of product and substrate come to a halt and could be expressed as follows:

an,outPGA,nf = an,iPGA,mf - an,recPGA,nf,rec (13)

an,outss,nf = an,iss,mf - an,recss,nf,rec (14)

where Fy¢ and ‘Fyf oy’ represents the input and output flow rates from nanofiltration membrane module. Similarly, Sg i and S ¢ are the
sugar concentrations at the input and output of nanofiltration membrane modules. The recycle flow rate from nanofiltration module is
represented by Fyf rec. Ssnfrec aNd Pga nfrec are the carbon source and GA concentration in the recycle stream.

The fundamental transport equation to be used for uncharged solutes (GA) is the widely adopted modified hydrodynamic model which
includes hindered convection and diffusion within the pores and it is expressed as [30]:

dem <vpmchp,UC) dp

Jue = VCpuc = (HeucCVsor) — (Dp,uc) ax RT dx

(15)
where hindrance factor for uncharged solute during convection is Huc, Cm iS average concentration of uncharged solute concentration
within pore and Dp y is the coefficient of diffusion of product (GA) through membrane pores.

The solvent velocity (Vo) can be computed by the help Hagen-Poiseuille relationships, which is expressed as:

2
16)V = é;:;p ii where, AP is termed as effective pressure driving force and it is expressed as AP=(AP-Au). In that case, A is termed
pw

as osmotic pressure difference between feed and permeate side and it can be computed by the following expression:
(17) Aw = (Cf‘uc - Cp,uc) RTwhere, G, and Cp,yc are the concentration of GA in the feed and permeate side respectively.
The concentration gradient of uncharged solute can be derived by Eq. (15) and it can be expressed as

8MycDp,ucVpmv Cp,uc
H, uc™p, p 20 18
( eue RTrmp?2 c (18)

E _ Ve
dx ~ Dpuc
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Integration of the mass balance equation and performing algebraic manipulation after applying the suitable boundary conditions (BC 1: At
x=0, cm=Ps x Cryc; BC2: At x= AX, cm = Ps x Cp,uc) generates the equation:

Cf,uc |:HC,UC®S _ (87Iuch,uchI>S ):| exp (HCVUCvavRTl'mpzAX*ST]Dp,chpvaX)

RTrmp?2 Dp.ucRTrmp?2

Cp_uc _ mp p.uc mp (19)
Heyc®s — 8ucDpucV®s \ | _ 1+exp Heuc VpmyRTrmp? Ax—81Dp,ucVVpmy Ax
cucPs RTrmp2 Dp,ucRTrmp?
From the definition of solute rejection, Rejection is expressed by
C
p,uc

Riuyc=1- (20)

Cf,uc

To calculate the flux of anions like glutamate ions and to describe transport through nanofiltration membrane, the modified ENP
equation may be used. Transport of negatively charged ions like glutamate ions through flat sheet cross-flow nanofiltration membranes
may be expressed as the sum of the fluxes due to convection, diffusion and electro migration as follows:

dc Fzgac Dga d
(VHgaCw,ga) + <—DGA év)'(GA) + (— A VRVLFGA A c;ﬁxs)] (21)

Joa=V xCpca =

The pore inlet concentration of glutamate ions of membrane may be derived as follows:

dewgoa | [ VHeacwac —VGpaa \ | (FZGACW,GA) [ d¥s (22)
dx n DGA RT dx

%’f) through the membrane pores may be derived from Eqs. (21) and (22) :

Similarly, the electro migration gradient(

() - 108 W) ) G () )
RT \ dx (2cw,ea — Xcm)

The electro neutrality conditions within the pore and the permeate solutions are
ZGACW,GATZHCW,H = —Xcm (24)
26aCp.ca = —ZHCp H (25)

where Xy, is the electrical charged groups on the membrane surface and it can be computed by the following expression:

_ 2 ) zie§
Xem = rmpF\/ (26VDWI<BT2cf,1NA (exp (— KBT) - 1)) (26)

where,o'mc,£,e, Dw, Kg,eyand N, represents charge of the membrane, zeta potential of the membrane, electronic charge, dielectric constant
of water, Boltzmann constant, vacuum permittivity and Avogadro’s no respectively. Cf and T are concentration of the electrolytes and
temperature at the time of investigation.

By substitutions ofcy y,Cpu and % (d(;f(s ) into Eq. (22) yields below equation for finding the concentration gradient of negative ion:

VHy ; VHga 2 cw,caCp.caY CpcaV
dewga { (5 +Dc2) (Slvoa —Xemewn) } - ( Dn — | Dea ) (Cw.a —Xcm)

27
dx (2cw,ca — Xem) (27)

In the above equation, the numerator contain second order term whereas the denominator consists of first order terms only, so the

concentration gradient (dc‘é"—f“) will be effectively constant throughout the membrane pore. Under these circumstances, the concentration
profile can be estimated as follows:
VHy , VH 2 Cw,GAay Cp.caY CpcaV
ACwcA {(DT:“' DGGAA) (CW,GAaV - XCma,GAav)} - ( e ) - ( Bea ) (CWvGAav *Xcm) (28)
Ax (ZCW,GAaV - XCm)

Using the principle of Donnan equilibrium, the concentration of charged ions are computed which is expressed by neglecting the salvation
energy barrier as follows:

—z;FA
Cw,i = CgiPiexp <IRT¢S> (29)

By rearrangement of the above equation, the Donnan potential for the both positive and negative ions at the pore inlet is obtained by
the following expression:

o [yrr Cw,H _|(RT _Cwoa
A (X =0)= {( F ) " <¢PHCf,H)] - {( F ) " (‘PGACﬂGAﬂ -
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Table 1

Membranes characteristics used in this work according to manufacturer (Sepro Co., USA).
Characteristics Membrane

NF-1 NF-2 NF-3 NF-20

Membrane geometry Flat-sheet Flat-sheet Flat-sheet Flat-sheet
Membrane material Polyamide Polyamide Polyamide Polyamide
Membrane thickness (jpm) 165 165 165 165
Solute rejection (%) at 10 bar pressure with solute concentration 2 g/LMgSO4 (%) 99 97 98 98
NacCl (%) 90 50 60 35
Average molecular weight cut-off (Da) 150-300 150-300 150-300 150-300
pH Range 3-10 3-10 3-10 3-10
Maximum operating pressure (bar) 83 83 83 83
Maximum operating temperature (°C) 50 50 50 50
Membrane surface area used (m?) 0.01 0.01 0.01 0.01
Deionized water permeability (L/m~2h/bar) 8-10 25-28 11-13 9-11
Electrical charged group on the surface of NF membrane (mol/m?)* -1117 -124 -374 -12

a Determined experimentally in present study.

Acw,caand cw ca,, may be computed by the help of Eq. (30) and these are expressed as:

1
Bcwen =5 [/ a0n x @on x Coen) =/ (XBden x @on x G| (31)

1
Bcwcnn = 7 [Pem+ /(dn x @on x Go) — /(X +em x 9cn x Gy (32)

The following explicit expression for C, ga can be obtained by rearrangement concentration gradient Eq. (28):

[(Pega*Pen) x (XemCw,cay )| — [(Peca*Pen) x Py, | + [(2cw,cay — Xem) x Acwca]

Coca = s - ; (33)
ECAXcm) _ CHCW,GAav 4 PEGACW.GAay
( Hca Hy Hca
where, Peca and Pey are the Peclet number of respective ions.
Rejection is calculated by the following expression
Cp.6a
Rca=(1-22 (34)
1GA < CB,GA)

Similarly, volumetric flux can be computed by the following expression:

_( Joa
Jvol = (Cp,GA> (35)

The membrane wall concentration (¢, a) of the Glutamate ion can be measured by the ‘concentration polarization’ modulus which is
depend on cross flow velocity on the membrane surface and the operation time. So the equation may be described as a function time and
velocity:

cwca (tV) = [(1-Rica) Caca* (CacaRica x e(i%) )] (36)

The detailed computation procedure of the model has been discussed in Section 3.6.

3. Materials and methods
3.1. Microbes, standards and membranes

C. glutamicum (NCIM 2168) is a Gram positive GA producing bacterium was bought from National Collection of Industrial Microorganism
(NCIM), National Chemical Laboratory (Pune, India) in lyophilized condition. Standards of GA, sucrose, fructose and glucose were purchased
from Sigma-Aldrich, USA. The microfiltration (MF) of fermentation broth was done by poly vinylidene fluoride (PVDF) hydrophilic MF
membrane (Membrane solution, USA) having pore size 0.45 wm. Four different types of polyamide, flat-sheet NF membranes namely,
NF-1, NF-2, NF-3 and NF-20 were purchased from Sepro Co. (USA). The detailed characteristics and properties of the membranes have been
presented in Table 1.

3.2. Fermentation process

The pure sugarcane juice obtained from the local farmers was pre-filtered to remove suspended particles and used as fermentation
media. The composition of seed culture medium was: urea, 5 g/L; yeast extract, 4; K;HPOy4, 1g/L; MgS04-H;0, 0.5; FeSO4-7H,0, 0.02 g/L;
biotin (5 wg/L); thiamine HCI (80 pg/L) and aqueous medium was sugarcane juice containing 11.0% (w/v) fermentable sugar. The heat
sensitive chemicals like, urea, biotin and thiamine-HCl were cold sterilized by membrane filter (0.2 wm, PALL Life Sciences), whereas
rest of the medium was sterilized separately by autoclaving at 15 psi (121 °C) for 15 min. The composition of production medium was
same as the seed culture medium, but the urea and biotin concentration were 8 g/L and 1 p.g/L respectively and tween 60 was added
0.1 mL/L of fermentation medium [8]. For glutamate fermentation by biotin-auxotroph C. glutamicum, biotin regulation is very important
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for rapid growth of cells as well as GA production. The accumulation of GA is at maximum when the biotin concentration is suboptimal
for maximum growth. The excretion of GA is also very important for its biosynthesis which in turn depends on the chemical and physical
constituents of the cell membrane which is controlled by Tween 60 [31]. The pH of the production media, at the start and during the
progress of fermentation was maintained 6.5-7.0 by sterile ammonia water (16.8%). The ammonia water serves dual function, as a pH-
controlling agent and as nitrogen source, so it has great benefit over aqueous bases in maintaining the pH [31,32]. The temperature inside
the fermenter was maintained 30°C with water bath circulator (Polyscience, USA). Fermentation was started in the bioreactor of 30L
volume with 18 L fresh sterilized production media with 2 L (10%) seed culture of C. glutamicum (NCIM-2168), integrated with membrane
separation system. pH and dissolved oxygen concentration (DO) were monitored using pH meter (ORION, 4 STAR, THERMO, USA) and
DO meter (TOSHBRO, India). To maintain the desired DO concentration (5-7 mg/L), the sterile air was made to flow to the fermenter unit
through spurge tube at the rate of 0.1 vvm with the help of a compressor and 0.22 mm disc filter (Millipore) in addition to provision of
agitation at the rate of 250 rpm. The batch process continued up to 20-22 h and then continuous fermentation by adding fresh fermentation
media with 0.1 h~! dilution rate and subsequent downstream purification began with continuous cell separation and recycle by cross-flow
microfiltration membrane module attached to the fermenter. The microbial activity is maximised in the fermenter as substrate and product
inhibitions are minimised through regulated flow of carbon source to the fermenter and continuous withdrawal of product. The provisions
of continuous separation of cells and their recycle are resulting in fermentation under high microbial cell density. All these are eventually
culminating in high conversion of carbon source as reflected in high yield and productivity of the membrane-integrated fermenter.

3.3. Analytical determination

Samples were ultra-centrifuged (Sigma Instruments, USA) at 10,000 x g and supernatants were collected for the analysis of GA, sucrose,
fructose and glucose, whereas pellets were re-suspended with Milli-Q water for the measurement of cell growth by taking optical density
(ODggp ) through UV-VISIBLE spectrophotometer (Agilent Cary 60, USA). Concentration of carbohydrates and GA was measured using high
performance liquid chromatography (Agilent, 1200 series, USA) with their respective columns. The measurement of glucose, fructose
and sucrose was done with carbohydrate analysis column (Agilent Zorbax) at column temperature 30 °C with mobile phase acetonitrile:
water (Milli-Q) (75:25 ratio) at flow rate 1.4 mL/min with sample injection volume 10 L by refractive index detector (RID-G1362A).
The retention time (RT) of fructose, glucose and sucrose were 4.08 min, 5.32 min and 8.12 min respectively. MCI GEL CRS 10W column
(Mitsubishi Chemical Corporation, Japan) is used for the analysis of the GA with mobile phase 2 mM CuSO,4 at flow rate 1 mL/min at RT
16 min with Diode Array Detector (254 nm, DAD-G1315D). Flame Photometer (Labard, India) is used for the quantification of minerals like
Na*, K* and Ca2*. Purity of the nanofiltered sample was determined by peak purity software tool of HPLC (Agilent 1200 series).

3.4. Experimental setup

Schematic diagram of the experimental setup has been shown in the Fig. 1. The experimental set-up was facilitated with thermostatically
controlled vessel and instrumentations for monitoring flow, pH, temperature, dissolved oxygen and pressure. The experiments were
investigated in two stages (MF and NF) flat-sheet cross-flow membrane modules with effective surface area of 0.01 m? for each membrane.
The fermentation broth was made to pass through MF module by peristaltic pump (Entertech, India) followed by NF module by a high
pressure (max. 40 bar) diaphragm pump (HYDRA-CELL, USA). The flow rate and operating pressure were controlled by a rotameter, a bypass
valve and pressure indicator.

3.5. Determination of physico-chemical parameters

Regression analysis and curve fitting techniques were used for the determination of the physico-chemical parameters. To achieve the
‘best fit’ of the experimental data with the model predictions, least square approach was adopted. The model equations were solved in
Microsoft Developer Studio-97 by using FORTRAN programming language.

3.6. Microbial growth associated constants

Microbial growth associated constants like product inhibition constant (K,; x) and the substrate limitation constant (K x) were computed
by using modified Haldane equation Eq. (2) considering biomass cell concentration as the objective dependent variable and the substrate
and product concentration as the independent variable in the EXCEL plot (EXCEL 2010). Glucose limitation constant (Kg x), fructose
limitation constant (K, x) and the substrate inhibition constant (Ky;) have been computed by plotting the experimentally obtained results
of growth of microbial mass against time. Substrate-inhibition constant for sugar consumption (Kj;), product-inhibition constant for
sugar consumption (K;s), substrate limitation constant for sugar consumption (gsmax) were calculated using Eq. (5) in the EXCEL plot.
Here, substrate concentration is considered as objective dependent variable and the produced biomass concentration, as an independent
variable. The substrate inhibition constant for GA production (Ks;ga), product inhibition constant for GA production (Kp;ga), substrate
limitation constant for GA production (K ca), the maximum specific GA production rate (camax) and the growth-associated constant in
Luedeking-Piret model () were the constant related to product formation and computed by using Eq. (6) following the same procedure.

3.7. Calculation of the membrane resistances during MF

Three different types of resistances like membrane resistance (R ), cake resistance (R.) and fouling resistance (R¢) are encountered
during MF of fermentation broth. To calculate Ry, pure water flux (Jw) was computed experimentally through MF membrane, following
relation is used:

AP
CnxJw

Rm (37)
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where Ji, represent pure water flux and p represent the water viscosity. The following relation was used to compute the Rc:

Re = %aAP“

where m, A, « and n indicate bacterial biomass, membrane surface area, cake resistant coefficient and compressibility index respectively
[28]. Rs value was calculated by subtracting Ry, value with R, value. PVDF membrane was used during the microfiltration of microbial cells
present in fermentation broth. The membrane resistance (Rp,) was evaluated 6.4 x 101 m~1. In Eq. (38) the cake compressibility index (n)
was calculated 0.58 depends on the particle size and its shape. The set flux method used during the microfiltration and constant permeate
fluxes of 36 L/(m2h), 42 L/(m2h) and 49 L/(m2h) were maintained at three different cross-flow velocities of 0.53 m/s, 0.9 m/s and 1.25m/s

respectively at an operating pressure of 2.5 bar.

3.8. Computation of Peclet number

Peclet number may be computed by the following equation:

o)

H, i VAXx
Dy

Pe
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Table 2
Typical values of the used model parameters.
Parameter Symbol Unit
Pore radius of NF-1 membrane [ 0.53x10°° m
Pore radius of NF-2 membrane p 0.57 x 1079 m
Pore radius of NF-3 membrane Tp 0.55 x 10~9 m
Pore radius of NF-20 membrane o 0.54 x 10°° m
Solute radius of glutamate TsGA 0.36 x 1072 m
Solute radius of H* ion T'sH 0.025 x 10~° m
Bulk diffusivity of glutamate Dyca 0.74 x 1072 m?2/[s
Bulk diffusivity of H* ion Dy 9.4 %107 m?/s
Bulk feed concentration Ce 374 mol/m?
Solution Viscosity s 0.0015 kg/ms
Electrolyte conductivity Ks 2.2 S/m
Vacuum permittivity ey 8.854 x 107 C/V
Dielectric constant of water Dy, 78.5 at 25 C
Electronic charge e 1.6022 x 10-1° C
Avogadro’s no N, 6.022 x 10% per mol
Temperature of operation T 30 C
Boltzmann constant k 1.38066 x 1025 J/K
Faradays constant F 96,500 -
pKa value of glutamic acid (COOH-) pKacoon™ 2.10 -
pKa value of glutamic acid (NHs3) pKanps 9.47 -

3.9. Computation of hindered diffusivity (D;)

Hindered diffusivity (D;) may be computed by the multiplication of bulk diffusivity (D) and hindrance factor for diffusion (Hy) and
expressed by the following relation:

Di =Dy i x Hqi (40)
Hindrance factor for diffusion of ion i can be calculated by the following expression:
Hgi = (1.0 — 2.3+ 115422+ 0.224).) (41)
A represents the ratio of solute radius to pore radius and it is expressed as:

Ni = Tis/Tmp (42)

3.10. Computation of Hindrance factor for convection of ion i (H;)
It can be estimated by the following expression:
H; = (2 — $;)(1.0+0.054\; — 0.998\7+0.44)\}) (43)
where,

gi=(1-N) (44)

3.11. Computation of zeta potential of the membrane

& is the Zeta potential of the membrane which can be computed by the following Helmholtz-Smoluchowksi equation:

_ ASynKe

s - AP&‘VDW (45)

Here, Sp, s and K¢ are the streaming potential, solution viscosity and electrolyte conductivity respectively. The concentration of electrically
charged groups on the membrane surface of different nanofiltration membranes has been shown in a Table 1.

3.12. Computation of effective membrane thickness (Ax) and pore radius (tp)

Computation of Ax and rp was done during the validation of rejection and flux data by the model-predicted results with the experimental
one while separating the uncharged solutes like sucrose. Table 2 shows the typical values of model parameters.

3.13. Computation procedure

Proposed model was developed by the following steps as described below.



78 P. Pal et al. / Biochemical Engineering Journal 106 (2016) 68-86

Table 3

Values of kinetic parameters for growth model of C. glutamicum (NCIM-2168).
Kinetic parameters Unit Values
Biomass production model
Koix g/L 0.75
K g/L 105.6
Kgiux g/L 1.79
Kirux g/L 1.21
Kpix g/L 10.02
Sugar utilization model
{s,max g/gh 2.35
KsLs g/L 66
Kqs g/L 0.12
Ksica g/L 12
Glutamic acid production model
qGAmax g/g.h 1.62
Ksica g/L 111
Ksica g/L 112
Kpica g/L 72

a Computation of GA ions concentration (Eq. (29)) at the membrane surface is the first step for the calculation of model predictive values
of solute flux, volumetric flux and rejection.

b Acwgca and cw,ga,, Were computed using Egs. (31) and (32) and checking the guess value of Cpr using Eq. (33).

c The next step is to calculate permeate concentration of GA ions using Eq. (33).

d GA ions separation was then calculated using Eq. (34) where solute flux and volumetric flux were calculated using Egs. (21) and (35)
respectively.

e Membrane wall concentration of glutamate ion may be computed next by the help of Eq. (36) (concentration polarization modulus) with
help of calculated rejection and solvent flux data and it was changed by different cross flow velocity and with the tim This changed value
was then used as the membrane surface concentration of the respective solute for further calculation.

3.14. Analysis of error

By using standard statistical methods of calculation like root mean square, relative error (RE) and Willmott index (d), error analysis was

done.
\/ S, (P —0,)*/n
RE = (46)

o

where 0; = experimental values, O = mean of experimentally observed result, P; = model predicted value and n =number of sample points

S (P - 0p)

d=1- — 2 —
> (P =01 +10; - 0O1)

(47)

4. Results and discussion
4.1. Biomass growth during GA fermentation

Fermentation was started with carbon source as sugarcane juice contained 11.0% (w/v) fermentable sugar (sucrose, 97.7 g/L; glucose
7.2 g/L and fructose 5.35g/L) along with production medium (see section 3.2). It was observed during experimental investigation that
glucose and fructose got consumed within initial 4-5h of fermentation. The Kgj, x and K, x values were estimated to be 1.79g/L and
1.21 g/L respectively but these parameters did not exhibit any significant impact on the kinetics. Glucose and fructose had negligible effect
on the specific growth rate of bacteria compared to that of sucrose due to low initial concentration of glucose and fructose. Table 3 shows the
estimated values of kinetic parameters obtained by concentration profile of microbial growth. The substrate limitation constant (K x) for
C. glutamicum growth was calculated 0.75 g/L. The K; value for the biomass growth was estimated 105.6 g/L and thus negligible inhibition
would occur because the initial sugar concentration below Kj; value. The cell death coefficient (K4) in Eq. (2) shows the decrease in biomass
concentration at the end of the exponential phase as exhibited in Fig. 2. The value of K4 depends upon the initial concentration of total
sugar in the fermentation medium [27] and it has 0.02 h~! in present case.

4.2. Substrate consumption

After initial lag phase the substrate (sugar) concentration began to decrease along with gradual increase in product. The value of K
(substrate inhibition constant for sugar consumption) was calculated 66.4 g/L from the sugar consumption model. Such value of K;; s shows
that substrate inhibition had insignificant impact on the sugar consumption by the microorganism as also reported by Hofvendahl and
Hagerdal [33]. The carbon source (sugar) consumption was measured as maximum specific sugar uptake rate (gs max) Which was estimated
1.62 g/(g h). During substrate consumption with time Kj; s and K;; s were estimated 12 g/L and 0.12 g/L, respectively. As shown in the Fig. 2
the model values of substrate consumption corroborated well with the experimental observation.
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Fig. 2. Model predicted and experimentally obtained profile of growth of biomass concentration, glutamic acid production and sugar concentration at different time intervals.

4.3. Product formation during fermentation

During initial hours of the fermentation (8 h), the concentration of GA increased to a level of 25 g/L. Exponential growth phase of the
C. glutamicum (NCIM-2168) continues till 20-24 h and growth associated product generated after that non-growth associated product
formation occurs due to product inhibition. The substrate limitation constant K 4 and inhibition constant K; ga for GA production were
1.12g/L and 111 g/L, respectively as calculated from the model. During fermentation the pH of the broth drops 4.5 at the end of the
fermentation under non-neutralizing conditions. Due to low pK, value of GA (2.10) and according to Henderson-Hasselbalch equation
[34], at such pH of the fermentation broth. Maximum GA present in the broth is in an un-dissociated condition so product inhibition is
only due to K, ca which is calculated to be 72 g/L. The estimated gga max value was nearly same 1.62 g/(gh) Fig. 2 shows the correlation of
the model prediction with the experimental observations.

4.4. Simulation of the two stage membrane-integrated system during continuous fermentation

During continuous fermentation membrane-integrated system permeate flow rate from the MF module were maintained same with
the addition of fresh feed (i.e., dilution rates) by adjusting the by-pass valves in the flow line and also with the permeate flow rates from
the NF module. During continuous production of GA in the membrane-integrated system lag phase of the growth of the micro-organism (C.
glutamicum NCIM-2168) was barely seen because of use of well-established and pre-inoculated and nutrient-supplemented inoculum. The
microbes are in strongly active dividing stage in the exponential phase after 20 h of initial fermentation time. The introduction of fresh feed
as well as recycling of the cells during continuous fermentation, the product formation kinetics changed. The effect of different dilution
rates (0.1h=1,0.14h~' and 0.18 h~1) on experimental and model predicted biomass concentration profiles were shown in the Fig. 3 (a). The
volumetric flow rate inputs to microfiltration units were maintained 150 L/(m2h) (0.5 m/s), 250 L/(m2h) (0.9 m/s) and 350 L/(m2h)(1.2 m/s)
with respective dilution rates. It is quite obvious that microbial concentration profiles in all the experiments declined just after the starting
of microfiltration till steady state was not achieved. The concentration of microbial cell concentration decreased as the cross-flow velocity
as well as fresh feed dilutions were increased. The experimentally found value of pner was incorporated in the model to describe the initial
growth pattern of the C. glutamicum (NCIM-2168) just after the start of continuous fermentation. At higher cross-flow velocity during
microfiltration, specific growth rate, product formation and substrate consumption profile suffered due to fluctuation in microbial cell
concentration. By proper cell bleeding such fluctuation periods were smoothed out and et values was kept constant on 0.2, 0.35 and 0.45
with respective cross-flow velocity of 0.53 m/s, 0.88 m/s and 1.23 m/s to achieve the steady state condition.

The maximum specific GA production and sucrose utilization rates were changed to 1.62 g/gh and 2.35 g/gh, respectively with the
introduction of fresh feed into the system. The dilution rate was varied to 0.1 h~!,0.14h~! and 0.18 h~!. At the initial hours of continuous
fermentation, the strain present in the fermentation broth takes some lag phase which results into slowdown of specific rate of sucrose
consumption and GA production. Itis quite obvious thatincrease in the dilution rates the rate of sucrose consumption decreases. The Fig. 2(b)
and (c) shows the model predicted versus the experimental breakthrough curves for sucrose utilization and GA production respectively
at various dilution rates during continuous production. It was assumed that the nutrient present in the Fyfe. negligible so, the Fy¢; and
Fytour were contributed significantly on the production of GA. By adjusting the cell bleeding the specific growth rate was smoothed out
and similarly the fluctuation in sucrose utilization and GA production come to streamline at steady state. At dilution rate 0.1h~1,0.14h1,
0.18 h~! the yield were achieved 85%, 86%, 87% with respective productivities 6.6 g/L/h, 8.5 g/L/h and 9.3 g/L/h. The product concentration
at these different dilution rate during steady state conditions, were 66 g/L, 61 g/L and 54 g/L and respective cross-flow velocities 0.5 m/s,
0.9m/s and 1.3 m/s. Similar types of result of sugar consumption profile by incorporating dilution rates (D) directly in the model equation
has been found [35]. For the continuous operation the lowest dilution rate 0.1 h~! was selected due to highest sucrose to GA conversion
rate was achieved.
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Fig. 3. Experimentally verified model values during continuous fermentation of glutamic acid at different fresh feed dilution rate influenced by different cross-flow velocity
inside the fermenter, (a) biomass concentration profiles; (b) sugar consumption rates; (c¢) glutamic acid production profile.

4.5. Flux during nanofiltration under varying operating pressure: model Vs experimental values

Microfiltered fermentation broth containing 55 g/L GA was made to pass through the nanofiltration module. In Fig. 4 shows the flux
behaviour of nanofiltration membranes (NF-1, NF-2, NF-3 and NF-20) under varying operating pressures. The transmembrane pressure
was varied from 0 to 15 bars for all four membranes. The flux was varied linearly with applied pressure. The highest flux 220 L/(m2h) was
shown by NF-2 membrane whereas NF-1 shows the minimum 70 L/(m2h) at an operating transmembrane pressure of 15 bar and cross-flow
velocity 3.4 m/s. The model predicted values were found to be well in agreement with the experimental observations.
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Fig. 4. Model predicted and experimentally obtained profile on microfiltered fermentation broth flux at different transmembrane pressure during nanofiltration by four
different types of NF membranes.

Flux was affected due to fouling of membrane and membrane resistance which is internal properties of the membrane. In addition
to membrane resistance, membrane fouling resistance and cake layer resistance on the surface of the membrane are responsible for the
change in the permeate flux. Reduction of fouling and formation of cake on the membrane surface was made possible due to cross flow mode
of membrane modules which was generated high sweeping action over the membrane surface. However, due to solution hydrodynamics,
the cake layer and fouling resistance increases during long term of operation with time. The drop in flux does not warrant replacement of
the membrane. The cleaning of fouled membrane after filtration experiment may be done using deionized water, 0.01 M NaOH (pH 11) and
NaOCl (200 mg/L) to recover the flux performance. The product purification was done by second stage of membrane filtration by employing
NF-20 membrane in cross-flow membrane module. A permeate flux 75 L/(m2h) was achieved by maintaining cross-flow velocity at 3.4 m/s
and transmembrane pressure was maintained 15 bar.

4.6. Downstream glutamic acid purification through nanofiltration

Rejection or permeation behaviour of GA and sucrose may be explained Donnan exclusion principle which applied on nanofiltration
membranes. Fig. 5(a) and (b) shows the model and experimental values of rejection characteristic of GA and sucrose by four different
membranes. NF-20 membrane ensured high rejection of unconverted carbon source i.e., sucrose (95%) due to steric effect of the membrane
and permeated more than 85% GA ions because of low concentration electrically charged group present on the membrane surface. Thus,
unconverted carbon source and ions like Mg2*, Ca2*, K* and Na* were recycle back to the fermenter which make the process economical.
High negative surface charge density and low pore size of NF-1 membrane makes in high rejection of GA and sucrose in comparison to
other membranes. The transmembrane pressure beyond 15 bar hardly lead to further increase in rejection of undesirable solutes though
flux continued to increase as obvious in pressure driven filtration system. Size exclusion, solution diffusion and Donnan exclusion are the
mechanism responsible for the separation GA, sucrose and other components. In solution-diffusion mechanism the solute flux and solvent
fluxes remain uncoupled; hence increase in transmembrane pressure increases solvent flux without affecting solute rejection. Charged
based separating mechanism may be explained by Donnan exclusion mechanism. Model and experimental values were found to be in good
agreement to each other.

4.7. Cross flow rate: effect on flux and rejection

The cross flow velocity of microfiltered fermentation broth was varied from 200L/h to 700L/h over the surface of the nanofiltration
membrane while keeping the transmembrane pressure fixed at 15 bar. It was found that at higher cross flow velocity the flux was high
for all four different types of nanofiltration membranes. The highest flux 220L/(m2h) at cross flow velocity 1.25 m/s was produced by
NF-2 membrane whereas the lowest flux 70L/(m2h) was yielded by NF-1 membrane under same operating conditions. This is due to
NF-1 membrane was tightest in nature whereas NF-2 was loosest one among all four NF membranes. However, the highest rejection was
achieved in case of NF-1 membrane due to high concentration of electrically charged group on its surface whereas lowest was found in
case of NF-20 membrane. The Fig. 6(a) and (b) shows the flux and rejection trend by four different types of NF membranes with varying
cross flow velocities which clearly show that increase in cross flow velocity increases flux as well as rejection in all cases. The rejection of
GA increases from 82% to 97.5%; 28% to 42%; 71% to 83% and 11% to 15% in case of NF-1, NF-2, NF-3 and NF-20 as the cross flow velocity
was increased from 200L/h to 700L/h. As the sweeping action is enhanced by increasing the cross flow velocity due to solvent flux in
case of nanofiltration membrane, resulting higher retention of GA due to uncoupling nature of solute and solvent fluxes. The effect of
concentration polarization was also reduced due to cross flow velocity of feed by producing high sweeping action over the surface of the
membrane. Thus effect of fouling could also be significantly reduced at higher cross flow velocity.
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Table 4

Error analyses for model fitness using biomass concentration, substrate concentration, product concentration, fermentation broth flux and GA rejection data.
Figures Investigation nature Errors data

RE R2 dwill-index

Fig. 2 Biomass conc. vs time (batch) 0.09 0.98 0.96
Fig. 2 Substrate conc. vs time (batch) 0.10 0.98 0.96
Fig. 2 Product conc. vs time (batch) 0.08 0.99 0.97
Fig. 3a Biomass conc. vs time (continuous) 0.09 0.98 0.96
Fig. 3b Substrate conc. vs time (continuous) 0.11 0.97 0.95
Fig. 3c Product conc. vs time (continuous) 0.08 0.99 0.97
Fig. 4 Broth flux vs pressure (NF-1) 0.08 0.99 0.98
Fig. 5a GA rejection vs pressure (NF-1) 0.10 0.98 0.95
Fig. 5b Broth flux vs cross flow rate (NF-1) 0.08 0.99 0.98
Fig. 6b GA rejection vs cross flow rate (NF-1) 0.09 0.99 0.98

4.8. Model performance by error analysis

Model validation in terms of relative errors, regression coefficient and Willmott-d-index indicates that developed model is reasonably
successful. Table 4 shows that relative error is low (<0.05) whereas overall correlation coefficient (R? > 0.98) and Willmott-d-index (d > 0.97)
are quite high reflecting good performance of the model.

5. Economic evaluation of the membrane-integrated, fermentative production scheme

The membrane integrated production scheme offers economic advantages over the conventional schemes on quite a few counts like
cost of raw material and cost of downstream purification. Use of sugarcane juice as a cheap, easily available and renewal raw material
drastically cuts down cost of fermentative production where the pre-treatment steps such as liquefaction and saccharification are not
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redundant. Moreover, the proposed carbon source (sugarcane) is available at a relatively low price almost throughout the year in major
sugar cane growing big countries like India and Brazil. In India, sugarcane growers will be protected from distress sale of their produce.
An economic analysis for industrial production of 1550 t per annum of GA was done in this study to examine economic competitiveness of
the proposed new process assuming 300 working days in a year with production in 3 shifts (each of 8 h). Capital costs on civil investment,
storage tank, fermenter, pumps, membrane modules, stainless steel pipelines, power consumption, depreciation and insurances and the
operational cost involving raw materials, labours, membranes, maintenance and utility were computed. This new design reflected high
process intensification that can be operated with 35-40 persons at any instant of time. The pilot plant was scaled-up up to a level of 1550t
per year based on the standard scale up principles [36] as below.

Cost ofhighercapacity equipment = Cost oflabscaleequipment x

capacityoﬂﬂghcapacityequipment] n
capacityoflabscaleequipment

where, n represents the scale-up factor and differs for different equipment, n values were taken from the list mentioned by Ulrich [37].
The power consumption for agitators was calculated using following equation:

P = NppN3D3

where P represents power in W, Nj, represents power number, p is fluid density, N is rotational speed in rev/s and D is impeller diameter
in m. The agitator was assumed to be flat six-blade turbine and scale up by following equation:

-l n
()

where R represents scale-up ratio, Njand N»are agitator speed for reference and lab scale unit respectively and n is empirical constant. An
exchange rate of 62.0 INR/US$ was considered for the conversion of Indian cost data to US$. A payback period of 15 years and an interest
rate of 9% have been assumed.

GA production=1550ton/year=5160 kg/day =215 kg/h
1 m? membrane surface area is producing flux 75 L/h with 55 g/L GA concentration.
Each 0.15 m? membrane module surface area is producing GA=0.15 x 75 x 55 x 24 = 14.6 kg/day
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OVERALL INVESTMENT COSTINUS $ . -

Items Quantity or specification Cost ($)
®  Fermentation vessels 1,000L x 3 30,000
m  Holding tank (sugarcane juice) 1000 L 10,000
B Seed culture tank 250L 5000

®  Media preparation tank 500L x2 12000

®  High pressure pumps Max. 50 bar pressure 10,000
= Pipelines 300m 30,000
= Valves 1500 nos. 1,87,500
= Electrical connection - 1000

w»  Land lease and building - 55,000
= Civil work - 45,000
= Membrane modules 700 nos. 2.8x10°

OVERALL OPERATIONAL COST IN US S PER YEAR

Ttems Quantity/Year Cost value ($/Year)
B Sugar cane juice 1.6 x 106 kg 2.5%10°
B Yeast extracts 5.8x10%kg 1.8 x 106
= Urea and other nutrients 9.5x10%kg 1.4 x 108
= Electricity (total) 6.3 x 10° kWh 4.0x10*
m Membranes required 20 m? 5.9x103
= Labour (no.) 115 3.3x10°
= Operating cost - 2.5x10°
= Maintenance - 5.5x10°
' Administrative expenses - 4.5x 103
® Insurance and Depreciation - 1.5 x 108

Fig. 7. Capital iinvestment and operational cost involved for the production of glutamic acid of plant capacity: 1550 tonnes/year.

Number of membrane modules required in each filtration section (n)

__required output per day(kg)
~ Output per module per day(kg)

So, total ~700 membrane modules are required for MF and NF.
The annualized capital cost was calculated as:

(Total capital cost x Capital recovery factor)
Annual output rate(kg per year)

i(14+0)"

Capital recovery factor = [m

] =0.087

‘n’ and ‘i’ were considered to be is the project life of the plant and the rate of interest as per market statistics.

So, the annualized capital cost is evaluated as:

{661250 x 0.087

1550000 ] =0.04
The annualized operating cost ($/kg) was evaluated as:

_ Total annual cost(?) __ [6600000] —4.26
Output per year(kg) — [ 1550000 — ™

The estimated cost of capital items and recurring items comprises different components as have been shown in Fig. 7. More than 60% of
the annual operating cost is on the nutrient. As a standard practice, 24% of the fixed capital investment has been considered on insurance
and depreciation cost. Total annualized production cost is evaluated by adding annualized capital cost and annualized operational cost
which is found to be (0.04 +4.26)=4.3 $/kg of GA and is considerably lower than the existing market selling price of similar grade of GA
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(US $~9/kg for same purity). These selling prices ($ 9-10/kg) are observed on the websites of some glutamic acid manufacturers such
as Shaanxi Fuheng (FH) Biotechnology Co., Ltd.; Located in Hi-Tech Industrial District of Xi’an, Xi'an Lyphar Biotech Co., Ltd.; Xi’an City,
Shannxi Province, China, Xi’an Miracle Biotechnology Co., Ltd.; Shaanxi, China.

An economic advantage for production of GA through new membrane-integrated scheme is thus obvious though the reflected cost here
should be considered as preliminary estimate based on Indian market conditions. Despite the possibility of marginal variation of cost in
different conditions, savings on manpower, energy, raw materials, equipment are quite obvious in the new process due to its high degree of
process intensification. Modular design also provides scope for change in capacity utilization without affecting economy. Thus, the process
and the design that developed from this research are blessed with the environmental benefits such as the minimum generation of waste,
absence of harsh chemicals in the process, consumption of low energy compared to that required in a multi-step conventional process.

Economic analysis that has been presented here based on laboratory scale study is only to give an idea about the economic viability of
the proposed process. Though a much simplified production scheme, significantly reduced unit operations and possibility of involvement
of reduced capital, use of low cost renewable raw material as carbon source, possibility of continuous and direct production of GA with
high purity (by high selectivity of tailor-made membranes) and higher productivity vis-a-vis traditional processes are enough indications
of the economic viability of the proposed process, we attempted to present a simple, preliminary economic analysis to show that the new
process has potential of production with reasonable profit margin in a green process where the product is also expected to be of better
quality.

The price of $ 4.3/kg of glutamic acid has been arrived here considering the major cost factors as mentioned in the economic analysis
section. This price should be taken as an indicative price only and not as actual retail price.

6. Conclusion

The continuous fermentative production of glutamic acid in a membrane-integrated hybrid reactor system has been modeled con-
sidering microbial kinetics under substrate-product inhibitions and the transport phenomena during downstream separation through
nanofiltration membrane. The performance of the fully membrane-integrated hybrid process for direct production of glutamic acid could
be successfully predicted as evident in high average correlation coefficient value (R? >0.98) and high Willmott d-index value (>0.98). The
developed model coupled with preliminary economic evaluation for a green, fermentative process for production of glutamic acid from a
renewable carbon source in a continuous, simple, compact and eco-friendly production plant is expected to facilitate industrial scale up.
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