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ABSTRACT

Modeling and simulation of direct and continuous production of acetic acid in a two-stage membrane-
integrated hybrid reactor system was done. The total production and purification scheme involved
fermentation of a cheap, renewable carbon source (cheese whey) under non-neutralizing regime in a
membrane-integrated new reactor with provisions of downstream separation and recycle of microbial
cells and unconverted carbon source from product acetic acid by microfiltration and nano-filtration mem-
branes. The model attempts to capture the major governing parameters like dilution rate, cross flow rate,
recycling of materials, pH along with fermentation kinetics under substrate-product inhibitions and all
the associated transport phenomena of the components through micro and nanofiltration membranes.
The system produced 98.6% pure acetic acid at a flux of 75 L/(m? h) with yield of 0.98 g/g and productiv-
ity of 4.1 g/(Lh). Performance of the model is well reflected in low relative error (<0.05), high Willmott

Transport d-index (d>0.97) and high overall correlation coefficient (R? >0.98).
Bio separations © 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Industrial houses involved in chemical and biochemical production of commodities around the world are desperately seeking replace-
ment of their existing manufacturing schemes by green and economically attractive technologies for sustainable business. Emergence of
varieties of new membranes has greatly facilitated development of such sustainable technologies in chemical and biochemical production
processes. Direct production of acetic acid in membrane-integrated hybrid reactor system represents one such possible sustainable tech-
nology [1]. In transferring such a technology to production field, scale up confidence is absolutely essential and to this effect, modeling and
simulation studies along with economic analysis are necessary. Studies on these aspects are very scanty. Moreover, reported experimental
studies mostly concentrate on production of acetic acid using finished raw materials rather than a renewable or low cost waste material
as carbon source [2,3] and this results in higher production cost. Most of the investigated production schemes produce salts of the acid in
pH-controlled regime instead of direct production of the acid, thereby, necessitating further treatments with acids and alkalis to regen-
erate acetic acid. Such production schemes are thus never eco-friendly ones. Product purity and also productivity are often compromised
in such schemes. Membranes have been used for effective removal of microbes [4] from fermentation broth. But in majority of the cases,
it is a single stage membrane separation process using mostly microfiltration membranes in hollow fiber modules [4,5] for downstream
processing of fermentation broth. Recycling of unconverted carbon source and high purity of the product can’t be ensured in such a system.
Reported other modeling studies[6-9] in some cases considered pervaporation in acid separation and concentration and are often based
on batch production process using glucose as carbon source. Though kinetics have been covered in some of these studies, transport has
not received attention in modeling and these processes lead to production of salt of the acid instead of direct acid. Some modeling studies
used model acetate solution instead of real fermentation broth. Though attempts have been made in using membranes for cell separa-
tion and product purification, no complete membrane-integrated scheme for separation and recycling of microbial cells and unconverted
carbon source with simultaneous recovery of highly pure product has been considered in early modeling and simulation studies. To fill the
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Nomenclature

Ax porosity of the membrane

B cell bleeding ratio

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

Cwiav average concentration of any ion i (mol/m?) on membrane wall
Gpi concentration of any ion i (mol/m3) in permeate solution

CgAc bulk concentration of acetate (mol/m3)

(o bulk feed concentration of uncharged solute (mol/m3)

Cpnf uncharged solute permeate concentration (mol/m?3)

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

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

Dg; bulk diffusivity of ion i (m2/s)

F Faraday constant

Fr flow rate through which cell has been recycled back to fermenter (cm3/s)
Fo output flow rate of fermentation broth from fermenter (cm?3/s)
H; hindrance factor for convection of ion i

Huys uncharged solute hindrance factor for convection

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

Iy volumetric flux of uncharged solute (L/(m? h))

Jac solute flux of acetate (mol/m?/s)

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

kq cell death rate constant (h=1)

Kp; hindrance factor for diffusion of ion i

K; substrate inhibition constant for growth of biomass (g/L)

Kipct substrate inhibition constant for acetic acid production (g/L)
Ksact substrate limitation constant for acetic acid production (g/L)

Kit ac substrate inhibition constant for sugar consumption (g/L)

Kt ac substrate limitation constant for sugar consumption (g/L)

km Mass transfer coefficient of acetate ion (m/s)

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

Stetct Lactose concentration in fermenter during continuous production (g/L)
Stac Lactose concentration (g/L)

Stacct substrate concentration in fermenter during continuous production (g/L)

SR1ac substrate concentration in membrane cell recycle stream (g/L)

dactmax Maximum specific acetic acid production rate (g/gh)

Gactnet Maximum specific acetic acid production rate during continuous process (g/gh)
(Lacmax Maximum specific lactose utilization rate (g/gh) during substrate consumption

Pe; Peclet number (dimensionless)

Pact acetic acid concentration (g/L)

Ppctet  product concentration in fermenter during continuous process (g/L)
P product inhibition constant for growth of biomass (g/L)
Tmp effective pore radius (nm)

Tsi solute radius of ion i (nm)

RiAct rejection of acetic acid (%)

R universal gas constant (J/mol/K)

Rm membrane resistance (m~1)

Ry membrane fouling resistance (m~1)

R¢ cake resistance (m~1)

T absolute temperature (K)

t fermentation time (h)

Vv radially averaged solution velocity (m/s)

% working volume of the fermenter (cm?3)

Vs uncharged solute partial molar volume (m3/mol)

X membrane thickness (m)

X biomass concentration (g/L)

Xcm Effective charge membrane density (mol/m3)

Xet biomass concentration in fermenter during continuous production (g/L)
YaL product yield on sugar consumption

& biomass yield on sugar consumption

Z; valence of ion i

Apq applied pressure difference (kg/cm?)
APegs effective pressure difference, (kg/cm?)
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