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Abstract

Abstract

With growing worries about environmental safety, fast economic development, finite fossil
fuel reserves, and fluctuating oil prices, the interest in producing fuel and industrial chemicals
from renewable resources and biomass is expanding. The biomass feedstock is converted into

biofuels, and bio-based chemicals like lactic acid (LA), in a biorefinery.

LA has been widely utilized in the food, cosmetic, and pharmaceutical industries. LA is
manufactured either by biomass fermentation or chemical synthesis. The fermentation process
is attractive because of its advantages of using renewable carbohydrates and producing
optically pure LA. However, the primary challenge associated with bio-based lactic acid
production is the presence of impurities like glucose, fructose, salts, and other organic acids.

Membrane technology has been established for lactic acid purification from those impurities.

The optimization of lactic acid recovery from the grass silage model solution using the
nanofiltration membrane process was investigated. In addition, the effect of residual glucose
and fructose in this silage model solution was studied. Four commercial nanofiltrations (NF)
membranes (Alfa Laval, NF-Toray, NF 270, and SELRO MPF-36) were tested at different
operating conditions of temperature and pH. All experiments were conducted in a lab-scale
membrane unit. The performance of each membrane regarding the rejection of lactic acid,

Acetic acid, and sugars was measured.

Alfa Laval achieved the highest lactic acid recovery at room temperature and pH around 2,8.
Glucose and fructose have different impacts on the rejection of LA; this effect can be positive
or negative depending on the membrane material and Molecular weight cut-offt (MWCO). In
general, the presence of fructose in the model solution decreases the LA rejection, and in

contrast, glucose has a negative effect as it increases LA rejection.
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Zusammenfassung

Zusammenfassung

Angesichts der zunehmenden Sorge um die Umweltsicherheit, das rasante wirtschaftliche
Entwicklung, die endliche Reserven fossiler Brennstoffe und die schwankenden Olpreise
wiéchst das Interesse an der Herstellung von Kraftstoffen und Industriechemikalien aus
erneuerbaren Ressourcen und Biomasse. Der Biomasse-Rohstoff wird in einer Bioraffinerie in

Biokraftstoffe und biobasierte Chemikalien wie Milchsdure (LA) umgewandelt.

Milchsdure wird in der Lebensmittel-, Kosmetik- und Pharmaindustrie in groBem Umfang
eingesetzt. LA wird entweder durch Fermentation von Biomasse oder durch chemische
Synthese hergestellt. Das Fermentationsverfahren ist attraktiv, da es die Vorteile der
Verwendung erneuerbarer Kohlenhydrate und der Herstellung optisch reiner Milchsdure bietet.
Die groBite Herausforderung bei der biobasierten Milchsdureproduktion ist jedoch das
Vorhandensein von Verunreinigungen wie Glukose, Fruktose, Salzen und anderen organischen
Sduren. Fiir die Riickgewinnung der Milchsdure aus diesen Verunreinigungen hat sich die

Membrantechnologie etabliert.

Die Optimierung der Milchsduregewinnung aus der Grassilage-Modelllosung unter
Verwendung des Nanofiltrationsmembranverfahrens wurde untersucht. Dariiber hinaus wurde
die Auswirkung von Restglukose und -fruktose in dieser Silage-Modelllosung untersucht. Vier
kommerzielle Nonofiltrations (NF) -Membranen (Alfa Laval, NF-Toray, NF 270 und SELRO
MPF-36) wurden bei unterschiedlichen Betriebsbedingungen (Temperatur und pH-Wert)
getestet. Alle Versuche wurden in einer Membrananlage im Labormafstab durchgefiihrt. Die
Leistung der einzelnen Membranen in Bezug auf das Ausschlussrate von Milchséiure,

Essigsdure und Zuckern wurde gemessen.

Alfa Laval erreicht die hochste LA-Gewinnung bei Raumtemperatur und einem pH-Wert um
2,8. Glukose und Fruktose haben unterschiedliche Auswirkungen auf die Ausschussrate von
LA; dieser Effekt kann je nach Membranmaterial und MWCO (Molecular weight cut-off)
positiv oder negativ sein. Im Allgemeinen verringert das Vorhandensein von Fruktose in der
Modelllosung die LA-AbstoBung, wihrend Glukose einen negativen Effekt hat, da sie die LA-
AbstofBung erhoht.

vV
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Introduction Background and problem statement

1. Introduction

1.1. Background and problem statement

The last report issued by the World Meteorological Organization (WMO) to bring together the
latest climate change updates has revealed that greenhouse gases (GHG) emissions keep
increasing. The COVID-19 crisis provides only limited mitigation in global emissions. The
COz levels in the northern hemisphere exceeded 415 ppm in the first part of 2021, compared
to 410 ppm in 2020, setting a new high record. The report also emphasizes that some climate
system changes are irreversible, and many local, federal, and international strategies need to

be adopted to slow or stop the other changes (World Meteorological Organization. 2021)

The demand for energy and resources is rising exponentially due to population growth
(Bharathiraja et al. 2016). Between the years 2014 and 2035, an extra $40 trillion in
expenditures will be required to fulfill the world's expected energy demand; 70 % of this
amount will be spent on fossil fuels since fossil fuels account for the most significant proportion
of transportation and heating (Vertes et al. 2020). About 330 million tons of platform chemicals
are produced from fossil-based feedstocks (oil, coal, and gas). In the beginning, building blocks
predominate, which are then transformed into a massive of different fine and specialty

chemicals (Pachapur et al. 2016).

Over the past several decades, significant work has been done to create technology and
techniques for commercial-scale biofuel production (Vertés et al. 2020). Conventional
chemicals magnify worries about global warming, fossil fuel depletion, increasing
environmental contamination, and increased energy inputs. Bio-based chemical synthesis has
been based on using pure or simply fermentable substrates. The fermentation process is the
most significant way to make renewable compounds. It requires less pressure, temperature and
uses low-cost renewable resources like industrial waste, municipal trash, or treatment sludge

(Pachapur et al. 2016).

The biomass feedstock is converted into biofuels (bioethanol, biomethane, biodiesel) and bio-
based chemicals like LA. Numerous kinds of biomass, including lignocellulosic materials
(wood and straw), starch, sugars, algae, and other organic waste products, may be used in this
industrial process. It is a viable option for replacing "petroleum refineries" and reducing the

reliance on fossil fuels for many industrial (S.J. Sarma et al. 2016).
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Introduction Background and problem statement

LA is an important organic acid with hydroxyl and carboxylic acid groups, enabling it to engage
in unique and beneficial chemical reactions (Joglekar et al. 2006). Because LA has a chiral
structure, it has been widely utilized in the food, cosmetic, and Pharmaceutical industries
(Phanthumchinda et al. 2018). LA is also a monomer in manufacturing biodegradable Poly
Lactic Acid (PLA), which is utilized in medical applications. In addition, it looks and performs
similarly to the polyethylene used in plastic films. Hence, it is one of the best plastic substitutes
for those concerned about the environment (Krishna et al. 2019). The potential applications of

LA are summarized by (Bisaria 2014) and illustrated in Figure 1

Lactic acid
[+]
HiC
OH
OH
v v v v v
Pharmaceutical : ) o i ) ’ o )
industs Food industry Chemical industry Chemical feedstock Cosmetic industry
- parenteral/.V. - acidulant - descaling agents - propylene glycol B m(}isl:[lrizers_
solution - preservatives - pH regulators - acetaldehyde - skin-lightening
ialysi i - flavours - neutralizers - acrylic acid agents
= Gt el i - pH regulators —n " . A+ - pH regulators
- mineral preparations - improving microbial - chiral intermediates - propanaoic acrf:l - anti-acne agents
- tablettings quality - green solvents - 2, 3-pentanedione - humectants
- prostheses - mineral fortification - cleaning agents - ethyl lactate - anti-tartar agents
- surgical sutures - slow acid release - lactide
- conirolled drug agents - poly (lactic acid)
delivery systems - metal complexing
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Figure 1. The potential application of lactic acid adopted from (Bisaria 2014).

According to Grand View Research, the worldwide lactic acid market in 2020 was worth USD
2.7 billion and is projected to rise at an 8.0 percent compound annual growth rate (CAGR)

between 2021 and 2028. (Grand view Research. 2021)

L A may be manufactured via fermentation or chemical synthesis (Es et al. 2018). chemical
production leads to racemic mixtures of DL-lactic acid, which is unsuitable for Food,
Pharmaceutical, and medical industries; therefore, about 90 percent of lactic acid is

manufactured via fermentation (Alves de Oliveira et al. 2018b).
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Introduction Background and problem statement

The fermentation process includes two main processes (Krishna et al. 2019), upstream and
downstream processes. In upstream processing, refined starch and cellulose materials are
commonly used as raw materials for LA production. In contrast, Downstream processing
includes recovery and purification of LA in the fermentation broth. However, there are
considerable challenges associated with the biological synthesis of LA. The primary challenges
associated with the fermentation process include the cost of substrates, food competition,
strains, inhibition due to substrate or product, and waste formation (Alves de Oliveira et al.
2018b). LA production by cells lowers the pH of fermentation broths, requiring base titration
to maintain the proper operating PH value at 5.5-6.5. Acids are also used to control pH in
upstream and downstream processes. However, adding acid and base leads to high salt levels
in the fermentation broth. Also, using low-cost food waste and agricultural residues as
feedstock may increase contaminants such as organic acids, proteins, and inorganic substances,

making it challenging to separate microbial products.

The complex chemical nature of the fermentation broth and high concentration of contaminants
such as organic acids(such as amino acids), proteins(such as glycine), residual sugar
compounds, and inorganic substances complicate the downstream processing (Pleissner et al.

2017).

Several processes and technologies are utilized to recover LA, such as precipitation,
distillation, solvent extraction, adsorption, and membrane separation (Electro dialysis (ED),
reverse osmosis(RO), ultrafiltration(UF), nanofiltration(NF) ). However, there are still many
drawbacks related to the low selectivity of targeted acid, high cost, high energy consumption,
and high chemical waste. Membrane-based technology has received much interest among the
unit operations mentioned previously because of its environmental friendliness and ease of
scaling up. Furthermore, UF and NF could be coupled with Bioreactor in one unit, enabling
simultaneous production and purification, eliminating the need for additional separation units.

(Komesu et al. 2017).
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1.2. Previous studies of lactic acid recovery via the
Nanofiltration process

Numerous research has been published about lactic acid recovery from fermentation broth.
(Ecker et al. 2012) reported the purification of LA and Acetic acid (AA) from grass silage in a
pilot plane using six different NF Membranes. Besides the membrane material, the variation of

pH value and diafiltration approach was observed to optimize the process.

The results showed that decreasing pH plays a central role in decreasing LA rejection.
Meanwhile, no effect on the transport of AA through the membranes was recognized. A pH-
variation from 3.9 down to 2.5 reduced the retention of the LA significantly from 67% to 42%
for the membrane DL (Osmonics). A diafiltration rate up to D = 1.5 enhanced the transport of
LA into the permeate; however, more water (D > 1.5) decreased the efficiency of the separation
process and increased the amount of AA lost to the permeate. Although a reasonable
separation rate for the main components LA and AA from grass silage was achieved, high pure

products require further treatment.

Another study (Gonzalez et al. 2008) described NF. Spiral wound and tubular membrane
modules to purify lactic acid from clarified fermentation broths. Flow rate, the concentration
of feed, transmembrane pressure, and pH all impacted flux and rejection and the effectiveness
of the NF. Membranes were linked with the combined effects of both size and charge. After
analyzing the data, the electrostatic impact emerged as the major limiting factor in the lactic
acid recovery using NF. LA and inorganic salts in the fermentation broth were rejected at 35—
58 percent and 45-76 percent, respectively, under acidic conditions. Both pH and pressure
boosted the lactic acid rejection, but increasing pH slowed the flow. The feed flow rate, which
affects the concentration polarization, has little impact on the membrane's performance. The
results showed that the degree of membrane surface charge affected lactate retention. Lactate
rejection was higher for the DK2540C membrane at high pH levels despite the higher
molecular weight cut-off (MWCO) of the AFC80 membrane.

No studies related to the influence of residual sugar on the recovery of lactic acid were found.
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1.3. Aim of the work

This thesis aims to optimize the recovery of lactic acid from the grass silage model solution by
investigating the effect of residual Glucose and Fructose in the model solution. For this
purpose, four different NF membranes with different MWCO were tested, and two
experimental approaches were followed. The first approach aimed to determine the best
operation parameter with high LA concentration in permeate, through testing the membranes
with a diluted solution of lactic acid (LA with deionized water), under different temperatures

(25-40 °C) and pH values (2,6- 3,8 — 6).

The second approach was to test all the membranes at chosen operation parameter with varying
compositions of model solution and observe the transport behavior of LA through the
membranes. The collected data from this experimental work is the basis for further modeling

and simulation works that can describe this effect mathematically.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Grass silage Lignocellulosic

2.Grass silage

2.1. Lignocellulosic

The primary disadvantage of utilizing food materials in first-generation biorefineries is the
rivalry for arable land between food production for biorefinery and for human feed, which
eventually raises the commodity price of food materials (Dutta et al. 2016). Using
lignocellulosic biomass (LCB) from the agro-food sector, such as lignocellulosic residues or
specialized crops, instead of food resources, seems to be an excellent option for the second
generation biorefinery. LCB comprises three significant polymers: cellulose, hemicellulose,
and lignin, present in varying amounts and configurations depending on biomass (Bichot et al.

2018).

Some most essential chemicals from lignocellulosic biomass are summarized in Figure 2

Hv YN ¥

3

CH:CH,0H C4H1002 C4HS02 C6H1406
Ethanol 2.3-Butanediol Acetoin Sorbitol
5 Ag‘ ) WS p! ¢ ol b
C4HS02 C4H604 C4HG605 C3H303
Butvric acid Succinic acid Malic acid Glycerol

}q_b._%ﬁ ol }"

: "y
C2H402 C5H1205 C5HS03 C4HTNO4
Acetic acid Xylitol Levulinic acid Aspartic acid

Figure 2. Some chemical platforms can be derived from lignocellulosic biomass, adopted from (S.J.
Sarma et al. 2016).



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Grass silage

Lignocellulosic

LCB materials must be pretreated to utilize the unique properties of various components
(cellulose, hemicelluloses, and lignin). The objective of the pretreatment is to increase access
to cellulose components via enhancing the surface area, degrading lignin and hemicellulose
structures, reducing cellulose crystallinity, or breaking up p-hydroxycinnamic acid linkages
with other components. Cellulose degradation product is glucose, while hemicelluloses result

in different molecules: C6 hexoses (glucose, mannose, or galactose) and C5 pentoses (xylose

and arabinose) (Bichot et al. 2018).

Figure 3. Deconstruction of the
lignocellulose structure (Brandt et al.
2013).
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Numerous pretreatment and extraction techniques have been developed to valorize

lignocellulosic biomass (Figure 4), including physical, physicochemical, chemical, and

biological processes.
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Figure 4. Pretreatment methods available for lignocellulosic biomass (Garedew et al. 2020).
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2.2. Grass silage importance and production

Grassland and agriculture residues are high potential resources of LCB, especially in Europe.
Besides their high availability, they can be grown and harvested on non-arable land. Experts
estimate that accessible grassland biomass may reach 500,000-1,000,000 tons of dry matter in
Austria alone (Kromus et al. 2004). There were 938.000 hectares of grassland in the
Netherlands in 2012. Grass and other lignocellulosic biomass, like wood, provide 170 G tons
of green biomass to the world each year. However, only 6 G tons are collected and utilized,

mainly for food (62%) and energy production (Bichot et al. 2018).

In order to provide consistent and known quality feedstock for an anaerobic digestion plant,
grassland biomass is likely to be collected and stored as silage. Ensiled grass offers more
logistically efficient use of green biomass and ensures year-round availability of the raw

material (Franco et al. 2019).

According to (Finch et al. 2014), silage production, also known as ensilage, is the anaerobic
conversion of plant carbohydrates to lactic and other organic acids. It is critical to maintain an
anaerobic environment to avoid aerobic spoilage microorganisms, which include (molds,
yeasts, and aerobic bacteria) since many of these microorganisms can flourish at a low pH (4,0)
but need oxygen to develop. As a result, silo sealing is essential for establishing and sustaining
an anaerobic environment. During fermentation, bacteria and plant enzymes interact with the
carbohydrates and proteins in the crop to produce a fermentable product. Bacteria naturally
exist in the corp or could be inoculant additives to enhance the fermentation. The fermentation
process leads to a fast decrease in the silage's pH to about 4; this occurs due to the formation

of lactic acid and other organic acids.

Well-fermented silage is characterized by rapidly increasing lactic acid concentration and
stable pH value at about 4; silage of this kind will be light brown, have a strong smell, and taste
acidic. While poorly fermented silage is characterized by the formation of weaker acid called

butyric acid, higher pH value of around 5, it will have green olive color and a terrible odor.

In addition to the dry matter percentage and pH, the proportion of total nitrogen in the silage
as ammonia is one of the most helpful indicators of silage quality by analysis. The proportion
of nitrogen should be kept to a minimum (3-5 %) to have well-fermented silage; excessive

proportion ( 20-30 %) indicates poor fermentation and the dominance of butyric acid.
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Ensilage grass is used then as raw material in a green biorefinery to produce bio-based products

and energy. It starts by fractionating the biomass into liquid and solid phases. The organic juice

may be utilized to make amino acids and other platform chemicals like lactic acid, while the

solid waste can make fiber goods or biogas (Haag et al. 2016).

Finch et al. 2014 has also listed some factors that affect silage fermentation :

Type of corp

Three main characteristics of crops play an essential role in the ensiling process, the
proportion of fermentable carbohydrates, minerals, and moisture concentration. Crops
such as whole-crop corn and cereals with a high level of sugar and starch have a
remarkable ability to make good silage. In contrast, crops such as alfalfa, short leafy
grass, and legumes with a high level of structural carbohydrates (cellulose and
hemicellulose) are viewed as challenging to ensile. Crops with high mineral
concentrations ( phosphates, sulfates, nitrates, and chloride) have high buffering
capacity, contributing to the resistance to decrease the PH value; thus, high minerals
concentration harms the ensiling process. The crop's moisture content influences the
speed and extent of fermentation at ensiling. A drier crop is more favorable for ensiling,
while ensiling excessively moist crops increase the opportunity for clostridia and
enterobacteria to grow, resulting in high acid contents and yield losses. Apart from the
fermentation effects, excessively moist crops are likely to generate effluent, and those

kept overly dry are more susceptible to heating and rotting. (Muck und Kung 2007)

Fertilizer treatment

Late or excessive fertilizer treatments may result in a decrease in the proportion of sugar
in the grass and the presence of high amounts of ammonia in the final silage, both of

which are undesirable.
Weather

Whether that is dry and sunny is preferable for silage
Minimizing contamination

avoiding soil contamination by cutting the grass, advisable hight at 7.5-10 cm
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Wilting
in order to increase dry-matter levels wilting has become a regular procedure after

cutting the grass.

Harvesting

The grass is harvested through metered chop machines with a high output. Wilted grass
is typically cut to between 20 and 50 mm. Finely chopped material consolidates better
and allows faster achievement of full anaerobic conditions in the clamp. Additionally,

fine cutting leads to a faster release of sugars from grass for fermentation. sting

The use of silage additives

many silage additives have been applied to improve the conservation and the nutritive
value of grass silage. These additives Inhibit the development of aerobic
microorganisms, reduce the development of anaerobic organisms which are undesired,
Increase the availability of fermentable substrates for bacterial fermentation. Include
helpful bacteria to ensure fermentation is dominated and adjust the ensiling conditions
(Muck und Kung 2007). The most common additives are Acids and Their Salts (e.g.,
dilute hydrochloric and sulphuric acids), molasses, anhydrous ammonia, urea, a variety
of enzymes (Pectinases, cellobiase, amylases, and glucose oxidase), and Inoculants(

lactic acid-producing bacteria (LAB)).

Nowadays, inoculants have gained widespread acceptance, primarily since they are
entirely safe. It is possible to use two types of LAB: homofermentative, which produces
primarily lactic acid and a rapid drop in pH, thereby preserving sugar and protein levels
in the crop; and heterofermentative, which produces both lactic acid and acetic acid,

resulting in a slower fermentation but inhibiting yeasts and molds.

10
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2.3. Grass silage characteristics

The composition of grass silage changes significantly according to the art of corp and additives

used in the ensiling process.

The contents of Dry matter (DM), Neutral detergent fiber ( NDF), organic matter ( Lactic acid,

acetic acid...), crude protein (CP), and pH value are the main characteristics of grass silage.

(Franco et al. 2019) has evaluated the impact of silage characteristics on biorefinery efficiency

and found a high correlation between liquid yield and dry-matter concentration.

The green juice derived from grass silage contains, besides LA and AA, various organic and
inorganic components, including sugars, organic acids (acetic acid), and inorganic ions. Ca™?;

Mg*?; K*; SO47 or macromolecular compounds (proteins) (J. Ecker et al. 2012).

The chemical and physical characteristics of grass silage juice, which is utilized as feed in an

upper Austrian green biorefinery, are given in the Table

Table 2-1 The chemical and physical properties of the grass silage juice (Ecker et al. 2012)

LA, g/L 20.4
Acetic acid, g/L 3.31
AA (sum), g/LL 19.3
Arginine, g/L 1.91
Aspartic acid, g/LL 2.04
Leucine, g/L 1.84
Glucose, g/L 4.27
Fructose, g/L 6.53
Ca’", Mg**(sum) , g/L 1.09
Cl, g/L 1.01

S04+, g/l 0.23
Other salt components (Na*, K*, NH4"), g/ 4.2
Conductivity, mS/cm 23.1
pH, - 3.9
Density, Kg/L 1.12
Dry matter, g/L 102

11
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3.Lactic acid

3.1. Physical and Chemical Properties

Lactic acid is a three-carbon organic acid. One of the terminal carbon atoms is a part of an acid
or carboxyl group, the other terminal carbon atom is a part of methyl or a hydrocarbon group,
and the central carbon atom is a part of an alcohol group. The lactic acid in its pure form is a
white crystalline solid with a low melting point; carbon, hydrogen, and oxygen are present in
amounts of 40 %, 6.71 %, and 53.29 %, respectively. (Auras et al. 2010). In taste, LA is non-
volatile, odorless, and mildly acidic; it is soluble in water and water-miscible organic solvents
but not in organic solvents. LA has two optical isomers L(+)-lactic acid and D(-)-lactic acid.

(Kumar et al. 2019)

Figure 5. LA isomers , D(-)-lactic acid (left) , L(+)-lactic acid (right).

12
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Physical and Chemical properties

Some physical and chemical properties of lactic acid are shown in Table 3-1

Table 3-1 Physical and chemical properties of lactic acid (Kumar et al. 2019)

Properties

Value

Chemical formula
Functional groups
IUPAC name
Other names
Assay
Odour
Molecular weight (MW)
Isometric purity
Dissociation constant (pKa)

Colour

Normal boiling point, °C

Melting temperature, °C

Heat of combustion, AHc

Specific heat, Cp at 20 °C

Appearance
Specific gravity (20/20)

Flashpoint, °C

Solubility

C3H603 or CH3CHOHCOOH
Carbonyl group C=0 and the hydroxyl group —OH

2-hydroxy propanoic acid or 2- hydroxy propionic acid

Milk acid or Three carbon acid or Alpha hydroxy acid
(AHA)

88-92%
Odourless
90.08 g/mol
Minimum 95% L (+)
3.86
Colourless (at 15 °C and 1 atm)

122 at 14 mmHg

L:53
D: 53
D/L: 16.3

1361 kJ/mol
190 J/mol/°C
Yellow to colourless crystals (syrupy 50% liquid)
1.02-1.22
110

Soluble in water, furfural, slightly soluble in ether, and
insoluble in carbon disulfides and petroleum ether

13
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3.2. Lactic acid production

Lactic acid can be synthesized chemically or biologically. Chemical synthesis produces lactic
acid as a racemic mixture of the isomers L- and D-lactic acid. This method is primarily based
on the hydrolysis of lactate with strong acids. Other chemical methods to lactic acid synthesis
are possible but are neither technically nor commercially viable. Meanwhile, biotechnological
procedures have several benefits, including utilizing renewable natural biomasses as substrates.
Furthermore, biotechnological methods synthesize optically pure L-lactic acid or D-lactic acid,

depending on the strain used. (Rodrigues et al. 2017)
3.2.1. Biotechnological process

Renewable resources (wheat, maize, whey, molasses, starch, cellulose) are utilized as raw
materials. These resources are pretreated using the saccharification technique (hydrolysis) to
get fermentable carbohydrates from polysaccharides. This is followed by free cell fermentation,
which can be a batch-wise or continuous operation. Calcium hydroxide is added to the
fermentable carbohydrate in a neutralization step, resulting in calcium lactate formation. The
crude calcium lactate is purified and hydrolyzed through concentrated H2SO4 or HCI. Then, in
the esterification stage, methanol is added to LA to produce methyl lactate, which is then
purified via distillation and hydrolyzed once more with water to yield LA and methanol (Kumar

et al. 2019).

the main reactions involved in classical lactic acid fermentation and recovery are listed below
(Yang et al. 2013)

1- Neutralization

C¢H1206 + CA (OH ), (2CH3CHOHCOO )Ca*? + 2H,0 (1)

2- Hydrolysis by H2SO4

(CH3;CHOHCOO")Ca*? + HySOy4 2CH3CHOHCOOH + CaSOy4 )

3- Esterification
2CH3CHOHCOOH + CH3;0H 2CH3CHOHCOOH; + H,O 3)
14
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4- Hydrolysis by H,O

2CH3CHOHCOOH3 + H,O 2CH3CHOHCOOH + CH30H (4)
. Saccharification Fermentable
St (hydrolysis of carbohydrate) carbohydrate
Calcium sulphate l Calcium hvdroxid
1 salid w aleinm hydroxide
(CaS0d4, solid w %.SE) \ Ca(OH)?
Hydrolysis by Filtration of crude caleium lactate, Fermentation and
H2504 @ CH3CH0HCDO')Ca'2 neutralization
Lactic acid

o CH3CHOHCOOH; | _
Esterification » Hydrolysis by H20

L-(+) or D-(-) lactic acid
(pure)

[ Methanol (CH30H)

Figure 6. The conventional method for producing lactic acid, adopted from (Kumar et al. 2019).

The classical fermentation process still faces many challenging aspects regarding used raw
materials, pH control, and downstream processing. While refined materials such as glucose,
sucrose, and lactose may significantly decrease product purification costs and eliminate the
saccharification step, which requires enzymes or acids, it is not cost-effective due to the high
production costs (Krishna et al. 2019). Meanwhile, the usage of hydrolysates also includes
difficulties regarding the hydrolyzing conditions, the high cost of enzymatic hydrolysis, which
is more effective than acidic hydrolysis, and the complex composition of the resulted
fermentation broth, which cause complexity in the subsequent separation and purification
processes (Rodrigues et al. 2017). Utilizing CaCO3 or Ca(OH)2 to neutralize and regulate the
pH during batch fermentation creates a significant issue in solid waste treatment since a

considerable quantity of CaSQOys is generated and accumulates in the environment.

Numerous methods have been suggested to address these issues. In bacterial fermentation,

alternating alkalis such as NH4 OH, liquid NH3, and NaOH have replaced the traditional lime

15
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method. Continuous operation instead of batch fermentation can reduce lactic acid
accumulation and increase productivity. However, high lactic acid concentrations were not
obtained, a series of membrane cell recycle bioreactors was utilized to enhance LA

concentration (Yang et al. 2013).

Many research has been conducted to improve the productivity and viability of bioprocesses
on a broad scale using alternative methods. Such as the Co-culture method in which two or
more cell populations with varying degrees of interaction are grown together to generate a
particular product. Also, Continuous Stirred Tank Reactors (CSTR) have been extensively

utilized because of their high capacity and controlled production parameters (Es et al. 2018).

16
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3.2.1.1. Microorganisms

Various microorganisms may generate lactic acid, including bacteria, fungus, yeast, and
cyanobacteria. The strain selection process is critical, particularly in reducing nutritional needs,

secreting high optical purity lactic acid, and encouraging high yields and productivities.

e Bacteria
Traditional LA manufacturing has relied on LAB, and it remains the most likely option
for industrial (Bisaria 2014).
LAB is generally divided into four main categories: Lactic Acid Bacteria (LAB),
Escherichia coli, Corynebacterium glutamicum, and Bacillus strains, and into two types
based on the fermentation patterns: homofermentative or heterofermentative Bacteria.
Homofermentative: Bacteria in this category use the Embden—Meyerhof-Parnas
(EMP) glycolytic pathway to convert glucose to lactic acid. They do not ferment
pentoses and gluconates. They ferment 1 mol glucose to 2 mol lactic acid and provide
a net output of 2 mol ATP for every mole of glucose metabolized. Lactic acid is the
primary product of this fermentation
Heterofermentative: Bacteria in this group generate 50 % lactic acid, 50 % ethanol (or
acetic acid), and 50 % CO; from glucose. They use the phosphoketolase-dependent
route to convert 1 mole of glucose to 1 mol of lactic acid, 1 mol of ethanol (or acetic
acid), and 1 mol of CO;. One mol of ATP is produced for every mol of glucose. The
metabolic pathway of the bacteria in both types are shown in Figure 7
(Yang et al. 2013).
LAB has certain drawbacks, including the synthesis of L- and D-lactic acid, a poor yield
owing to by-product generation, and a high risk of bacteriophage infection lysis

(Rodrigues et al. 2017).

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

17



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfugbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Lactic acid

Lactic acid production

ATP

ADP

Glucose

ATP
ADP

Glucose-6-P _  ap-

.

Fructose-6-P

ATP
KADP
Fructose-1,6-P

YR

Glyceraldehyde-3-P == DHAP

2 NAD' )/" 4 ADP
2 NADH <[> 4 ATP

s 2 H,0
2 Pyruvate

2 NADH
¢
2 NAD®

2 Lactate

(a) Homofermentative metabolism

\(\<‘NADH

6-Phosphogluconate

NAD"
NADH CO.

Xylulose-5-P

/

Glyceraldehyde-3-P

MAD* 2 ADP
NADH 2 ATP
H.0
Pyruvate
NADH
A
MNAD*
Lactate

N

Acetyl-P
C NADH
MNAD*
Acetaldehyde
NADH
=
NAD*

Ethanol

(b) Heterofermentative metabolism

Figure 7. Metabolic pathways of lactic acid bacteria (Yang et al. 2013).

e Fungi

Fungi such as Rhizopus can create only optically pure I-lactic acid. It also secretes hydrolytic

enzymes capable of digesting raw materials such as starch-rich agricultural residues and

pentose sugars in plant biomass. As a result, Rhizopus eliminates the requirement for

hydrolysis, which is often needed in bacterial fermentation, and reduces inhibition caused

by glucose buildup, resulting in increased productivity, decreased reactor volume, and lower

capital expenditures (Yang et al. 2013).

The primary disadvantage of lactic acid generation by fungus is that the lactic yield is

lowered since carbon produces by-products other than lactic acid. The limits of lactic acid

generation by fungus include mass transfer restrictions, which result in a limited production

rate, and the need for intense aeration since it is an aerobic process (Krishna et al. 2019).
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e Yeasts

Lactic acid production is inefficient when wild-type yeast is used as a feed source.,
However, with the development of genetic engineering, yeasts genetically designed to
produce a large yield of lactic acid have been developed. The primary benefits of employing
yeast as a nutrition supply are their tolerance for low pH (1.5), limiting the regeneration of
precipitated calcium lactate, hence lowering the cost of neutralization using neutralizing
agents such as calcium carbonate. The most significant disadvantage of employing yeast as

a nutrition source is that it increases manufacturing expenses (Krishna et al. 2019).
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3.2.2. Downstream process

Downstream processing is a final and critical process for biotechnology-based product creation
since the concentrations of the target products are often slight. This reality indicates lengthy,
challenging, and energy-intensive procedures that may threaten the fundamental foundations
of biotechnology. According to some writers, downstream processing costs may account for
up to 50% of the total costs for specific product manufacturers. Many separation technologies
have been proposed and adapted for the recovery of LA. in the following, the essential

purification methods of LA from fermentation broth will be reviewed

3.2.2.1. Neutralization and Precipitation

Neutralization and precipitation is the classical process for recovering lactic acid and are
discussed in 3.2.1. many studies have reported the effect of replacing Calcium hydroxide with
other neutralization agents such as NH4OH, NaOH, and Mg(OH), to improve the purity of
LA. Magnesium lactate was discovered to have a much higher purity than calcium lactate and
ammonium lactate. The formed magnesium lactate reacts with trimethylamine to give a
complex (trimethylamine-LA, or R3N-LA); this complex is further thermally decomposed to
give LA a purity of 99 % (Meng et al. 2020).

e advantages: Easy operation (Ahmad et al. 2020)
Accessible in process intensification (Ahmad et al. 2020)

High yield (Alves de Oliveira et al. 2020)

e disadvantages: Many filtration steps (Alves de Oliveira et al. 2020)
Environmental problems (Alves de Oliveira et al. 2020)
A large amount of waste generation (Alves de Oliveira et al. 2020)
Massive wastewater generation (Ahmad et al. 2020)

Poor product purity (Ahmad et al. 2020)
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3.2.2.2. Ion exchange / Adsorption

In general, the separation of lactic acid using ion-exchange includes three stages, lactate ion
adsorption, elution, and lactate conversion into lactic acid, and requires several ion-exchange
operation processes. In the typical operating procedure (Figure 8), fermentation broths pass
filtration and enter a cation exchanger column, where acidification occurs. Sodium lactate is
converted to lactic acid through an exchange of sodium ions for hydrogen ions. When the pH
of the effluent rises, the resin becomes saturated with the sodium ion, and all undissociated
lactic acid passes through the column. Then undissociated lactic acid is absorbed in anion
exchange column and separated from fermentation broth. At this step, elution by liquid

adsorption occurs, and lactic acid is recovered through the eluent (Din et al. 2021).

. .
Filtration — !
p =4
+| Cation J
, Cal -
exchanger Eluent solution
................ ¥
Anion
Fermenter exchanger

Waste l

Lactic acid

Figure 8. Schematic diagram of the extractive ion-exchange lactic acid process adopted from (Din et
al. 2021).

e Advantages: High selectivity

Low energy consumption

Reduction of chemical utilization (Alves de Oliveira et al. 2020)
e Disadvantage: High cost

Generation of waste streams for resin regenerating

PH dependent (Alves de Oliveira et al. 2020)
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3.2.2.3. Reactive extraction

Reactive extraction is a kind of solvent extraction in which the LA acid (target molecule) forms
a complex with an extractant that has a higher affinity for an organic solvent (diluent) than for
the aqueous phase (fermentation broth). Extractant and LA acid create a compound through ion
pairing and hydrogen bonding. A further stage of back extraction is needed to recover the free
acid and renew the extractant. (Alves de Oliveira et al. 2020), The most effective extractant
used for LA extraction are Alamine 336 in methyl isobutyl ketone, Alamine 336 in decanol,
and a mixture of tripropylamine and trioctylamine in 1-octanol / n-heptane (Beschkov und

Yankov 2021)

Extraction unite Back extraction

r——e e

Lactic acid -amin

Membrane filtration complex

i 4

A

—— Pure lactic acid
Regenerated

amine + solvent

-

IT —
| —

S —

Fermenter Fegenerate recovery

Figure 9. Reactive extraction of lactic acid (Alves de Oliveira et al. 2020).

e Advantages:  Simple and high selectivity (Ahmad et al. 2020)
Economical and clean process (Ahmad et al. 2020)
End-product inhibition (Alves de Oliveira et al. 2020)
e Disadvantages: No high purity of the product
Need the stripping method to regain the solvents

Organic solvent toxicity toward microorganism
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3.2.2.4. Reactive distillation and Molecular

Distillation

Reactive distillation is an alternative to the traditional process, it involves chemical reaction
(Esterification) and distillation process in one unite. In the Esterification step, the LA in
fermentation broth reacts with lower alcohols (Methanol and Ethanol) to form esters, which
have a lower boiling point than LA. The relevant esters are obtained and subsequently
hydrolyzed to generate a mixture of LA and alcohol. LA is obtained at the bottom of the

distillation tower, while alcohol can be recovered at the top (Meng et al. 2020).

Buffer tank
Methanol

(—m_\—y

( J o I
Crude LA 4’(—}
LA

Estrification reactor

Destillation column

Figure 10. Reactive distillation processes for LA purification (Meng et al. 2020).

e Advantages: A high degree of purification
Fewer energy requirements

Single unit process for reaction and separation (Ahmad et al. 2020)

e Disadvantages: Complicated process
Still Energy-intensive process (Ahmad et al. 2020)

separation of the azeotropes of ester-alcohol (Meng et al. 2020)
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Molecular distillation is A novel liquid-liquid separation approach based on molecular mean
free path difference; it is carried out under a high vacuum and lower temperature. The process
occurs in the evaporation chamber under a vacuum; the light molecule evaporates on the
heating surface and then returns to the liquid phase on the condensation surface. At the same
time, the residue flows down the sidewall at the evaporator; the distance between evaporator
and condenser is less than the average molecular free path, which ensures high purity of light

molecule. (Lietal.2021)

Heating Condensation
surface surface
Heavy Light
component component

Figure 3. 1. Schematic for molecular distillation (Meng et al. 2020).

e Advantages: Fewerseparation steps
Reduces risk of thermal decomposition
High purity (Alves de Oliveira et al. 2020)
e Disadvantages: High vacuum conditions

Difficulties for scaling up (Alves de Oliveira et al. 2020)
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3.2.2.5. Electrodialysis

Electrodialysis (ED ) is utilized extensively with ultra and nanofiltration to recover organic
acids. Membranes are positioned in an alternating manner between the cathode and the
anode. A direct external current (electric field) transports the cation to the cathode and the
anion to the anode to accomplish separation. Two types of electrodialysis have shown high
efficacy in lactic acid separation: monopolar and bipolar electrodialysis membrane. First,
lactate is concentrated employing desalting in monopolar ED; then, in bipolar (ED), water is
electrolyzed into H" and OH' to turn lactate into high-purity LA and recover alkali for the

adjustment fermentation process pH (Li et al. 2021).
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Figure 11. Schematic diagram of bipolar membrane electrodialysis for lactic acid separation: (1) LA

fermentation broth, (2) Concentrated LA product, (3) Recovery of ammonia, A- Anion exchange
membrane, B- Bipolar membrane, LA: lactic acid. (Li et al. 2021)

Environmental-friendly (Alves de Oliveira et al. 2020)
The high degree of separation (Ahmad et al. 2020)

e Advantages:

The possibility of chemical recycling (Alves de Oliveira et al. 2020)

e Disadvantage: Fouling of the membrane

High operational cost

Pretreatment required (Ahmad et al. 2020)
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In addition to ED, other Membrane processes have been utilized to achieve high purity of
LA, such as micro and ultrafiltration as pretreatment stage to remove most contaminants. At
the same time, nanofiltration can efficiently retain most sugars, pigments, and divalent salt
ions. Since the nanofiltration was analyzed within the scope of this work, it will be discussed

in more detail in the following chapter.

Table 3-2 Most recent downstream studies for lactic acid recovery
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LA final
concentratio Yield LA final
Separation method LA Feedstock o purity Reference
n (%) o
o /L (Wt %)
ety Fermentation (Alves de Oliveira
Molecular distillation broth - 74,09 95,6 et al. 2018a)
Solvent extraction Fermentation
+ Molecular broth - 74 92.39 (Lietal. 2021)
Distillation o
. . Processed
Amberhtegsms IRA- Eicalyptus 21 99 i (Din et al. 2021)
wood
A”g;eglrls e OHOM Cheese whey 1437 1340 100 (Din et al. 2021)
[RAV67 and Pate pulp : 91 94.6  (Ahmad et al. 2021)
Three—si‘;iie;:tztclilbrane— Fermentation 250 96 95 (Alves de Oliveira
nieg broth etal. 2018a)
hybrid reactor system
Synthetic 34768 99,94 : A e ™
Reactive distillation E )
em;fgttﬁ“on i 89.7 90 (Li et al. 2021)
Simulated moving bed Fermentation
(SMB) chromatography broth - >903 99.9 (Yang et al. 2013)
(PVP) resins.
Precipitation Fem;fgttﬁ“on i 897 7149  (Ahmad et al. 2020)
Cross-flow Fermentation ) ) R5.6 (Alves de Oliveira
nanofiltration broth ’ et al. 2018b)
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4.Basics of membrane technology

The term "membrane" refers to a selective barrier that separates two homogenous phases.
Continuous steady-state membrane processes consist of three streams: feed, product
(permeate), and reject (retentate). The dashed line in the process boundary represents the

semipermeable barrier that enables some components to pass but not others (Singh 2015).

Feed (A+B)
Retentate (B)

B

L o L P

Membrane S
S

Permeate (A)

Figure 12.The basic principle of membrane processes adopted from (Cui et al. 2010)

4.1. Membrane classification

Membranes are classed according to various factors, including their type, structure, and
separation mechanism. Biological membranes are classified as living or nonliving, whereas
synthetic membranes are classified as organic (polymeric or liquid) or inorganic (ceramic or
metal). Membranes are classified into two types based on their structure or morphology:

symmetric (isotropic) and asymmetric (anisotropic) (Purkait und Singh 2018).

e Isotropic membranes: are uniform in chemical composition and physical
characteristics throughout the entire membrane. The symmetric membranes can be
either porous, in which the separation is primarily determined by the size of the
molecules and the distribution of pore sizes (Micro/Ultrafiltration ). Or it can be a dense

film in which the transport occurs by diffusion under the driving force of pressure,
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concentration, or electrical potential gradient. Or it can be an Electrically charged
membrane such as electrodialysis. The separation, in this case, is based on the
diffusivity and selectivity of the ions across the membrane (Baker 2012).

Anisotropic membranes: are made up of two layers that differ in polymer chain
arrangement and, in some instances, chemical composition across the membrane cross-

section (Xiao 2017)

Isotropic microporous Monporous dense Electrically charged
membrane membrana membrane
(W] <)
- )
J 4 QDS
Lo sle
DCg% <Ay
Anisotropic Membranes Supported liquid
membrane
Liguid-
filled
pores
Loeb-Sourirajan Thin-film composite C
anisotropic membrane anisotropic membrane F":"’flmer
matrix

Figure 13. Schematic diagrams of the isotropic and anisotropic Membranes (Baker. 2012)

Xiao. 2017 has classified the membrane based on its manufacturing material into :

polymeric membranes: Polymers are still the most widely utilized materials for
membrane manufacturing, accounting for over 90 % of commercial membranes.
Polysulfone (PSF), polyethersulfone (PES), cellulose acetate (CA), polyimide (PI),
polyvinyl alcohol (PVA), polyvinyl fluoride (PVDF), and polydimethylsiloxane are all
available for membrane production

Metallic membranes: Stainless steel, nickel (Ni), titanium (Ti), and their alloys have
been primarily employed to make porous membranes. However, their industrial

applications on a large scale are restricted owing to their expensive cost.

28



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Basics of membrane technology Membrane classification

e Ceramic membranes: such as alumina (Al203 ), zirconia (ZrO2), carbides, borides,
nitrides, and silicides

e composite materials: such as polymer and inorganic filler, also called mixed matrix
material (MMM)

e Liquid membrane involves a liquid that is immiscible with the source(feed) and
receiving (product) solutions that serve as a semipermeable barrier between these two

liquid and gas phases

according to the nature of the driving force, the membrane process can be classified into three

types (Purkait und Singh 2018)

e Pressure-Driven Processes: MF, UF, NF, and RO
e Concentration-Driven Processes: Gas separation(GS), Pervaporation (PV),
and Dialysis

e Electrically Driven Processes: Electrodialysis

F Membranes —l
Synthetic Biological
‘ anthropogenic ~ Lipid bilayers .
f Liquid —l Solid UK

Emulsion Supported

Organic —* Isotropic <— Inorganic
Folymers i Metals, ceramics

Anisotropic
Composite, mixed-matrix

Figure 14. General classification of membranes according to origin and materials (Melin und
Rautenbach. 2007)
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4.1.1. Pressure- Driven membrane process

Pressure-driven membrane processes are extensively employed in various sectors, including

chemistry, pharmaceuticals, biotechnology, desalination, food, and dairy. Pressure is used to

drive feed separation into permeate and retentate in this membrane process. These membranes

are often composed of polymers, ceramics, metals, or organometallic compounds. This process

is classified based on membrane pore size; therefore, separation happens in these processes

based on the size exclusion mechanism. The different membrane processes under this category

are microfiltration, ultrafiltration, nanofiltration, and reverse osmosis (Purkait und Singh 2018)

Microfiltration: in the MF membrane, the pore size varies from 100 nm to 10000 nm,
and the pressure needed for the separation is low and ranges from 10 kPa to 300 kPa.
MF can separate suspended particles, silt, algae, protozoa, and bacteria.
Ultrafiltration: the pore size varies from 1 to 100 nm, and the operating pressure
ranges from 200 to 1000 kPa; UF can effectively separate colloids, suspended solids,
and organic molecules of higher molecular weight. A pore-flow model can best describe
transport in UF and MF membranes. (Purkait und Singh 2018)

Nanofiltration: The pore size of NF membranes is generally between 0.5 and 2 nm,
which corresponds to a molecular weight cut-off (MWCO) of 300-500 Da. The
separation performance of NF membranes is dictated by the sieving (steric hindrance)
and /or Donnan (electrostatic) effects. (Xiao 2017)

Reverse osmosis: RO membranes are typically dense membranes with pores less than
I nm in diameter. Generally, they are a skin layer inside the polymer matrix. Membrane
material (polymer) is layered and web-like in structure. The solution—diffusion process

governs the transport of penetrants across the membrane. (Purkait und Singh 2018)

Pressure-driven membrane processes have two operating modes: dead-end and cross-flow

Dead-end: one feed stream enters the membrane module and runs vertically to the
membrane surface.
Cross-flow: one feed stream tangentially approaches the membrane surface, and two

streams exit the membrane module, one for retentate and one for permeate.
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The tangential flow in cross-flow mode assists shear away rejected species at the

membrane surface, restricting cake layer heights and sustaining the permeate flux. (Cui

et al. 2010)
Dead-end mode Cross-flow mode
Feed
i Feed Retentate
Cake

(]
R

I © IgaoRooon
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Permeate

!

Permeate

Figure 15. The schematic diagrams of the dead-end and cross-flow modes(Cui et al. 2010)

Table 4-1 Characteristics of Pressure-driven Membranes (Tewari 2015).

Process Membrane fype Membr.ane Operating Applications
and pore size material Pressure
Svmmetric Cellulose nitrate Separation of
o or acetate, PVDF, 10-500 kPa suspended solids,
MF microporous, .
PTFE, metal bacteria
0.1-10 pm ;
oxides
Asymmetric pzlo}}grs(l)l[l)ilolrelz’e Separation of
UF microporous, Nylon 6, PTFE, 0.1-0.5 Mpa macromo_lecules and
2—-100 nm . virus
PVC, acrylic
copolymer
Asymmetric . .
. Cellulosic acetate, Separation of
skin-type, . 0.5-2 Mpa . .
NF aromatic bivalent ions and
0.5-2.0 nm .
Polyamide macromolecules
Asymmetric Cellulosic acetate, Separation of
RO skin-type, aromatic 2—-10 Mpa monovalent salts
0.3-0.5 nm Polyamide and microsolutes
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4.2. Membrane modules

Membrane modules include flat-sheet, tubular, capillary, and hollow-fiber membranes. Flat-

sheet membranes are manufactured in plate-and-frame, rotating disk, spiral-wound, annular-

gap dynamic membrane modules, and pleated membrane cartridge designs. Tubular membrane

modules include tubular, capillary, and hollow-fiber membranes. As a result, membrane

modules are selected following the numerous treatment targets.

Plate-Frame Module

The flow channel is between the flat membrane plates, and the permeate is received
from the interior of the flat membrane plate. Flat membrane modules are of two types:
plate—frame and stack. The plate—frame has a low membrane layer density but can be
used for a feed with high suspended material concentration by adjusting the spacing
between spacers. In contrast, the stack configuration can achieve a high membrane layer

density by horizontally piling up membranes.

Feed solution

Feed solution

Permeate

Figure 16. Plate frame model ,stack type ( link ), Plate-frame-type (right) (Uragami 2017)

Spiral Module

A permeable flat-sheet membrane is spirally wound around a central core, comparable
to a cloth roll. The permeable membrane is sealed at its borders and gapped with a
spacer material that enables the filtered liquid to pass through. Liquid enters one end
and is filtered within the module using back pressure to force the clean liquid through

the membrane surface. (permeate) can be gathered at the module's opposite end. Poor
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cleaning options are disadvantageous. On the other hand, good material exchange

through feed spacers is advantageous.

Housing

Concentrate

“..---m ‘_\’-&Feed

e
iy

o Collection head
i

.&

Permeate

Membrane

Figure 17. Spiral module (Uragami 2017)

e Tubular Module:
Tube modules are often constructed using porous ceramic or stainless-steel tubular
membranes. The tube's interior diameter is more than 3—5 mm. Membranes with sizes
smaller than this are capillary or hollow-fiber membranes. The skin layer is cast on a
ceramic or stainless-steel support. Disadvantages are low packing density (<200 m? /
m?) and a large feed volume flow per membrane area. On the other hand, the possibility

of cleaning and low-pressure loss are advantages.

Housing

, Membrane
Concentrate
<
Feed —» Porous
i 1l support
J, pipe

Permeate

Figure 18. Tubular module (Uragami 2017)
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e Hollow-Fiber Module
This module is housed in a tubular housing with the membrane element enclosed on
one or both sides by a bundle of hollow fibers with an internal diameter smaller than 1
mm. Because the hollow fiber serves both as a separator and support, no material for
the flow is needed. As a result, the membrane's density and volume efficiency can be
increased. There are two kinds of operation strategies for hollow-fiber modules:
pressurized and immersion. Additionally, the former kind is classified as internal and
external pressurized. The feed is filtered from inside to outside the membrane in the
internal type, unlike the external type. Predominantly laminar flow is disadvantageous
if there is internal flow (poor mass transfer). On the other hand, a higher packing density

than a tube module is advantageous (Uragami 2017).

Permeate
Mambranes £
{"Holkow fibes”) | [

_hfl
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259 .f::]:‘

Fead :} Retentata

Figure 19. Hollow-fiber membrane (Chong und Fane. 2021)
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4.3. Membrane transport

Transport mechanisms of solute/solvent molecules through membranes are generally divided
into four types

1- Bulk flow through pores
2- Diffusion through pores
3- Restricted diffusion through pores

4- Solution-diffusion through dense membranes

(a) (b) © . @ o0,

Figure 20. Transport mechanisms in membranes. (Flow is downward.) (a) Bulk flow through pores;
(b) Diffusion through pores; (c) Restricted diffusion through pores; (d) Solution-diffusion through a
dense membrane (Ang und Mohammad 2015).

The efficiency and productivity of membrane separation procedures can be evaluated using
two fundamental parameters: Flux and Selectivity. The productivity is characterized by the
permeate flux (J), which reveals the rate of the mass flow through a membrane area

I IS I

m?2s m?2s

M is the total mass transferred over time ¢ through a membrane area A
J=k*xX 4.2)

X is the potential gradient per unit membrane thickness, where & is the proportionality
factor. In the case of concentration-driving force, Fick's law describes the relationship
between the flow of a material and a concentration gradient; the proportionality constant is
the diffusion coefficient. Ohm's law describes the relationship between an electrical current

and an electrical potential gradient, while Fourier's law describes the relationship between
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heat transfer and a temperature gradient. Proportionality, in a general sense, refers to a

membrane's resistance to the transport of a penentrant. (Xiao 2017)

Fick's law: J=D. AC (4.3)
Ohm's law: 1=AU/R (4.4)

Fourier's law: O=k\T 4.5)
Hagen—Poiseuille's law V'=ha Ap (4.6)

the efficiency of the membrane process is characterized by selectivity (S); selectivity is defined
as the ability of a membrane to differentiate between the components of a mixture, allowing

some to permeate through and rejecting the others

yi/y]

s /x; (4.7)

where ), X are the mole fraction in permeate and feed, respectively.

Besides selectivity, the Rejection coefficient, R, is a reliable indicator of the separating ability

of a membrane process

C .
R= 1—-24 (4.8)

CRr,i
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4.3.1. Concentration polarization

In pressure-driven liquid-phase processes, solutes and particles transfer to the membrane
surface with the solvent by convection; The accumulation of retained species close to the
membrane is known as concentration polarization, represented by the concentration gradient
adjacent to the membrane as depicted in Figure 4.9. The balance between convection toward
the membrane (J) and back-transport from the membrane to the bulk (C) determines the amount

of concentration polarization. Mechanisms that induce back-transport of solutes include:

¢ molecular (Brownian) diffusion
e shear-induced diffusion

e interaction-induced migration (due to electro-kinetic and surface forces)

Membrane

Figure 21. Solute concentration gradient, Adopted from (Chong und Fane 2021).

Diffusive back-transport is the most common back-transport mechanism represented by the
mass transfer coefficient, £ (=D/§). The well-known film model is obtained by a boundary-

layer mass balance where net convection = back-diffusion,
J-C—J-Cy=—D-dC/dy (4.9
which, after integration over the boundary layer (y =0 to § and C = Cy to Cp), gives for a

fully retained species (Cp = 0),
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J=klIn (Cw/Cp) (4.10)
J=kln (Cyw—-Cp/Cy - Cp) (C,>0)  (4.11)

Cv, Cw, and C, are the solute concentrations in bulk , at the membrane surface, and at the

permeate side. Eq (4.10 ) shows that flux is directly related to the mass transfer coefficient.

The surface concentration CW is exponentially related to the flux to mass transfer coefficient
ratio (J/k) for a given flux. Conversely, the ratio, C/Cp, known as the polarization modulus

M, is given by,
M=Cw/Cpr=¢€xp (J/k) (4.12)

M Increases with increasing J (higher flow of solutes to the membrane surface means
increasing C,,) and decreasing & (=D/6). The magnitude of M depends on the solute diffusivity.

Thus, for typical fluxes and low molecular compounds such as inorganic ions (salts), M is <
2,0 for large organic macromolecules such as humic acids; M is >5,0, and in the case of

proteins, M can be >10.

The increasing of CP module can increase solute transmission, osmotic pressure difference
(OPD), and fouling; it also reduces the separation capabilities of the membrane; the observed

retention is defined as,
Ra=(1- Cp/Cb) (4.13)

however, the membrane separates depending on its intrinsic retention ( Ri) and the

concentration on its surface C,, not Cp,

Ri=(1- C,/Cw) (4.14)

from Equations (4.11) and (4.14):

Ri
R.= Ri+(1—Ri) exp (J / k) (4.15)

As a result, the observed retention is lower than the intrinsic retention, and as the concentration
polarization increases (as J/k increases), the observed retention becomes lower, and solute

transmission increases; additionally, if flux is maintained, the fouling will occur, and it will
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create an "unstirred" layer adjacent to the membrane, known as cake-enhanced concentration

polarization (CECP) which causes the effective k£ value to decrease (Chong und Fane 2021).

4.3.2. Fouling

Due to the CP, some species deposit irreversibly on the membrane surface (not removed by
zero flux operation), known as fouling. The flux is expressed in the osmotic pressure model,

which relates to driving force and resistance.

7= TMP —Ami 416
~ n(Rm + RYf) (4.16)
Am; = mw, - 7p 4.17)

The fouling can also reduce the effective driving force because of CECP; The CECP leads to
hindered back-diffusion of retained solute, giving higher Cw values and higher iw. Generally,

fouling can be avoided by regulating concentration polarization through the flux to mass
transfer coefficient ratio ( J/k ) by restricting flux and/or providing good fluid management.

Module design and operation are critical in defining the value of (J/k) and achieving desirable

values, Hence controlling Cp and mitigating the fouling (Chong und Fane 2021).
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4.3.3. Transport regimes in Nanofiltration

NF membranes show a behavior between dense and microporous membranes; in addition, size

exclusion and electrostatic interaction are the two fundamental phenomena that govern the

solute rejection by NF (Ang und Mohammad 2015). Some of the commonly used transport

models, especially for uncharged solutes (glucose, fructose, and lactic acid ), will be discussed

in the following section

Spiegler Kedem modell

Spiegler Kedem model is an irreversible thermodynamic model, and it involves three
essential parameters: hydraulic permeability, solute permeability, and reflection
coefficient. The derivation of Spiegler and Kedem model expressed the volume and the

solute flux across the membrane as

Jv = Lp(Ap — oAm) (4.18)
js =R+ (1 - 0)egy (4.19)

The reflection coefficient represents the separation capability of the membrane.

Integrating Eq. (4.19) yields an expression of solute rejection:
__o(1-F) —1_ Cp

(1-0oF) Cr

where, F = exp (1 —Jy(1 —0)/F;) (4.21)

(4.20)

R is the actual rejection value that considers the concentration polarization factor, while
Cp and Cr are solute concentrations in permeate and feed, respectively. The water
permeability is evaluated by using Eq. (4.18), assuming the osmotic pressure difference
is zero. The logarithm average concentration Ciris used to determine r and Ps. (Agboola

et al. 2015)

models based on Nernst Planck equation

The most famous mathematical model for NF is the extended Nernst-Planck equation,
and it has been employed extensively for simulating NF membranes. In order to model
ion transport across the membrane, the Nernst—Planck equation incorporates the
contributions from diffusion, convection, and electrical migration.

The extended Nernst-Planck equation is given by:
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. d
Ji = —¢iDip (a#i) + Kiccilyv (4.22)

The electrochemical potential y; can be expressed as:

ti = RgTn a; + VP + z;Fy + constan ¢t (4.23)

Substituting Egs. (4.23) into (17) yields:

Vo + Kiccily (4.24)

. d
Ji = ¢iDip =

. ., dp ..
for low-pressure cases, the pressure effect is neglected. With = 0, and the activity
coefficient a; for the solute in the capillary is expressed as a; = cy;;. By substituting

dln a; = % into Eq (4.24) gives

. Dipd(eiyi)  ziciDip  dy o

=T T ax rr g T Kicalv (4.25)

By simplifying the integration of @, to ¢ (dln Yi) and neglecting it, the reduced
N .

equation of the Nernst-Planck equation will be :

. dc; zi¢iDip  dy
.Il - Lp dx RT F dx + KI,CC]]V (426)
l J \ J
I 1
diffusion Donnan potential ~ convection

The first term in Eq(4.26) represents the solute transport due to diffusion. The second
term describes the solute flux due to the Donnan potential. The last term represents
the solute flux contribution due to convection solute.

Many other models have been developed based on this equation, such as the Donnan-
Steric-Pore model (DSPM).

In DSPM, electrostatic and steric effects characterize the solute separation behavior

across the membrane. and the ionic partition coefficient of ion i is written as follow

ki = [ Steric exclusion ] X [ Electrostatic exclusion ( Donnan )]
Fz;
ki = pexp (—EAIIJD) (4.27)
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The DSPM is further developed to include dielectric effect (DE), the partition
coefficient of the DSPM-ED model can be written as follow (Agboola et al. 2015)

k; = @pexp (—%Al[lD) exp (— %) (4.28)

Model for uncharged solutes based on Nernst Planck equation
For uncharged solutes, only the diffusive and convective flows affect the transport of

solutes inside the membrane. Thus, the molar flux of solute can be expressed as :

. —ciDijp du;
Ji = Kicciu + (ﬁd—;) (4.28)

where u is the solvent velocity and Kj. is a hindrance factor, and it is given thus

Kie = (2 — ) (1.0 + 0.0541; — 0.98812 + 0.44123) (4.29)

where ¢; is the dimensionless steric partition coefficient of solute i and may be
expressed thus:

@i =(1-2)? (4.30)
A; is the dimensionless ratio of solute radius i(1;) to the effective pore radius (rp)

and it is given as follows:

A =0 4.31)

And Dy, is the pore diffusion coefficient of solute i and may be expressed thus
Dip = KiaDieo (4.32)
where K4 is the ionic hindrance factor for diffusion, K;3 maybe written as:
Kig = 1.0 — 2.304; + 1.1544% + 0..22423 (4.33)

the change in viscosity inside pores must be taken into account as it affects the pore

diffusion coefficient, D;, , The viscosity ratio is given by:

2
2 =10+18 (ri) —9 (3) (4.34)

Mo p ™
Uncharged solute chemical potential, [; , is defined as

Ui = Rngn a; + VSiP (4.35)
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substituting it in Eq. (4.28) yields:

. 1

Ji = Kicci(x)u = Dipci(x) x Iny; — Diy 0xci(x) — = ViDip i (x)0xP (4.36)
Because the concentration within the pore is so low, the activity coefficient term in
Eq. (4.36) is neglected; the pressure gradient in the pores can be calculated by
rearranging the Hagen—Poiseuille type relationship the assumption that the pressure

gradient is constant along the pore.

_ AP _ 8nu
d,P = A 12 (4.37)
where AP, is the effective pressure, and it is given as
AP, = AP — Amt (4.38)
substituting it in Eq (4.36)
ji = [Kic - (RT )Dlpv] cGu — Dlp dx (4.39)
The molar flux j; is also linked by the filtration condition:
Ji = Cipu (4.40)

Substituting Egs. (4.40) into (4.39), yields

% = HKiC — (RT )Dlpv] ¢ — C; Dip] (4.41)

integration the Eq.(4.41 (with the boundary conditions) can give the relationship for

the uncharged solute rejection as follow

— 1 _ (Kic—Bi) @i
Ri=1 1-[1-(Kic—PBi)]exp (Pei) (4.42)

where f; and P; are the dimensionless quantity and dimensionless modified Peclet

. —R:)r2
number. Where f; = - DipVi,  Pei = Wi BirpAPe

RTTZ =" ey (Agboola et al. 2015)
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Solute Partitioning Model.
The partition coefficient describes the relation between the solute concentration outside

and within the membrane pores. ¢ can be written as

¢ =2[,"" g(p)pdp (4.43)
where p is the dimensionless position in the pore (p =r/ rp) (with r the radial position
in the pore) and g(p) the radial distribution function
¢ will be defined by equilibrium thermodynamics and will therefore be reliant on the
affinity of the solute to the membrane. the radial concentration profile of the solute in

the membrane pore is assumed to be governed by Boltzmann equation

2610))

g(p) = exp (— K, T (4.44)

AG;(p)is the free-energy difference associated with the differences in solute
interactions in the water and membrane surface. After substitution of Eq (4.44) and
integration, eq (4.43) then becomes

¢ =1 —D%exp (-2 (4.45)
according to this Eq, the partitioning of a solute is dependent on the size exclusion
effects (expressed by the factor (1 — 1)?) and on solute-membrane affinity (expressed
by (AG))
(AG)) can be considered to quantify attractive or repulsive solute-membrane affinity
interactions, a negative value of (AG;) Indicates a high affinity between membrane and
solute. This will result in a lower rejection than was expected, based solely on size
exclusion. However, if AG; is positive (e.g., for a hydrophilic solute), there will be
resistance against the partitioning of the solute into the membrane phase, resulting in a
higher rejection than expected based on size exclusion
(Verliefde et al. 2009) has reported that Partitioning Model is more reliable than
traditional size-exclusion models in predicting the transport of hydrophobic solutes and
membranes due to high affinity between them, while traditional size-exclusion models

can well predict the transport of hydrophilic solutes
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Figure 22. Conceptual mechanistic illustration of the solute-membrane size and affinity-based

interactions (Verliefde et al. 2009)
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S.Methodology

S.1. Experimental setup

A lab-scale cross-flow filtration membrane unit ( OS-MC-01) from Osmota was used for the
experiments; the unit is shown in Figure 5.1. The experimental set used works on a batch mode.
A jacketed feed tank with a capacity of 2 Liters delivers the solution to a piston pump (CAT -
231), which pushes the solution through a rectangular membrane module with a 0,008 m? area.
The retentate gets recycled into the feed tank. At the same time, the permeate was collected in
becker and weighted with a digital balance. The equipment can be operated at a temperature

ranging from 5 to 70 °C and a pressure up to 64 bar.

Figure 23. Membrane filtration unit.
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Figure 24. Experimental setup diagram, P pressure gauge, T temperature sensor.

5.2. Membranes

In this study, four different membranes were used Alfa lava, NF-Toray, NF270, and SELRO

MPEF-36; the characterization of these membranes are listed in Table 5-1.

Table 5-1 Membranes characterization.

mwco ' P pH
Membrane Manufacturer Chemistry range range
(Da) range
(°C) (bar)
Polypiperazinamid

Alfa Laval ALFA LAVAL 300 5-60 15-40 1-12

Thin-film composite

Polypiperazinamid max max
NF-Toray Toray Thin-film composite 200 50 55 2-11
Polyamide m
NF270 FILM TEC . . 200 45 max4pmax 211
Thin-film composite
Polysulfone
SELRO Koch 1000 40-70 15-35  0-14
MPF-36 Thin-film composite
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5.3. Chemicals

Lactic acid CH3CH(OH)COOH natural > 85 %, Acetic acid CH3CO2H > 99.8 %, D-(+)-
Glucose CsHi1206 > 99.5 %, D-(—)-Fructose CcH1206 > 99 % from Sigma-Aldrich company.
Sodium chloride NaCl > 99.5 % from fluka, Sodium sulfate NaxSO4 > 99 % from Roth,
Magnesium chloride MgCly:6H,0O, Calcium chloride CaCl> from Reagenzein Merck,
Potassium hydroxide KOH, and Ammonium chloride NH4Cl were used to prepare the model

solutions. The concentration of chemicals is listed in Table 5-2.

Table 5-2 Solutes concentration in the model solution

Solute Concentration (g/L)
Lactic acid 25

Acetic acid 3,31
glucose 4,27
fructose 6,53
Na»SO04 0,23
MgClL.6H,0 1,2
NaCl 1,2

CaCl, 0,5

KOH 1
NH+OH 1
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The relevant characteristics of the organic solutes are listed in Table 5-3

Table 5-3 Principal characteristics of the investigated compounds.

Molecular Diffusion molecular
Solute Molecular formula weight coefficient at 25 °C LT
(g/ mol) (10°%-cm2-s-1) rs (nm)
Lacticacid ~ CH3;CHOHCOOH 90,08 9,96° 0,22°
ACGtiC acid CH3COOH 60,05 12’9c 0’190
Glucose CeH1206 180,1 6,73 0,3156°
Fructose CeH1206 180,1 6,80 0,3235%

? from (Lei Yao et al. 2018), ® from (Dey et al. 2012), © from (Weng et al. 2009)
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5.4. Experimental procedure

The new membrane was first compacted by filtering deionized water at 32 bar for 20 min; then,
the water permeability was measured. After that, the feed tank was filled with the solution to
start the experiment. The process continued until the collection of approximately (1400 g) of
permeate. Brix, conductivity, and pH in both permeate and retentate were measured during the
process at a specific interval time; the permeate weight was also registered simultaneously. At
the end of each experiment, the unit was cleansed 2-3 times with deionized water at the

operating pressure and temperature; then, the water permeability was measured.

The flux was calculated with equation (5.1), where AM stands for the mass difference in a
defined interval time (At), and A stands for the membrane area. The flux is often taken as a

measurement of productivity.

J= ;TMt - [ ] 5.1)

The rejection of each solute, R, was determined through equation (5.2), where Cpi and Cr;

represent the concentration of solute I of the permeate and retentate, respectively.

R= |- & (5.2)

This procedure was applied to all experiments carried out in the framework of this study. All
the experiments were performed at stable pressure (32 bar) and categorized into two parts; the
first part determines the optimal PH and temperature for LA separation. The experiments of

the first part and their associated operating conditions are listed in Table 5-4
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Table 5-4 Determining the optimal temperature and pH experiments

. . Concentration  Temperature Pressure
Experiment Solution _ 5 H
’ (eL”) ) P (bar)
LA 25 25 2.8 32
Determining the
optimal
Temperature LA 5 40 2.8 32
LA  NaOH
LA + NaOH 25 3,8 32
Determining the ¢ 25 35 ’
Optimal pH
LA + NaOH 25 7 25 6 32

The second part of the experiments was carried out to study the effect of residual sugar in the

solution model. The experiments of this part were performed under temperature 25 °C, pH 2,8,

and pressure 32 bar. The used model solutions in these experiments are detailed in Table 5-5.

Table 5-5 Experiments for studying the effect of sugars on LA separation

Concentration (g.L™)

Experiment Solution
Lacticacid  Aceticacid  Glucose  Fructose
| Glucose i ) 427 i
2 Fructose - - - 6,53
3 Glucose +Fructose - - 4,27 6,53
4 LA+ A&Ziﬁ;ﬂg * Salts 25 331 427 6,53
> (éﬁu;cﬁlévﬂ}figgls:;tsse) 25 3,31 - 6,53
6 (é{ﬁuﬁi(ﬁlAWjiLthGoI;[tjf:ui?(:;Z) 25 3,31 4,27 )
7 LA + AA + Salts )5 331 ) ]

(Solution without sugars)
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5.5. Analytical methods

5.5.1. Determination of pH and conductivity

The feed, permeate, and retentate's pH values were measured regularly using a WTW ADA

S7/IDS pH electrode.

5.5.2. Refractive index (nD) and sugar concentration

(°Brix) measurements

A.KRUSS Optronic Digital Refractometers (Model KRUSS 2007) was used to determine
glucose and fructose concentration in the feed, retentate, and permeate samples (figure 5.3).
The sugar concentration is measured in °Brix, and the refractive index nD was also determined.
Refractometry is a method for determining how light is refracted as it travels through a
particular material, an unknown molecule. The refractive index is determined by the amount
by which light is refracted. The refractive index may be used to determine the identity of an
unknown liquid chemical or to determine the purity of a liquid compound by comparing it to
published values. The closer the refractive index value is to the values reported in the literature,
the purer the sample. The refractive index is the ratio of light speed in the air to the light speed
in the medium under consideration (Dr. Scott Chalmers 1998) as in Eq (5.3).

v .
Np = alr/vliquid (5:3)

Figure 25. Digital Refractometer (A. KRUSS Optronic).

A calibration curve was drawn between known solute concentration and Brix to determine

glucose and fructose concentration in their single solution.

52



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Methodology Analvtical Methods

L2 r 12 ¢
br o 1t -
PRLAE: o ® 08 f -
z 06 f . = 06 | S y=0x
| R ., a > K R>=1
0,4 @ y=0,0757x + 0,086 04 L
i 2=0,9827 ’ o
0,2 ¢ 02 t
O 1 1 1 1 1 1 O ) ) ) ) ) ,
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Concentration g/L Concentration g/L

Figure 26. Calibration curve between Brix and concentration for glucose (left) and fructose (right)

5.5.3. Determination of organic solutes concentration

The concentration of LA, AA, fructose, and glucose in the retentate and permeate streams were
determined by high-performance liquid chromatography (HPLC). Shimadzu Prominence 20
HPLC UFLC System (Figure 5) equipped with an autosampler (SIL-20A) including
temperature control for the column (CTO-20AC), a refractive index (RI) detector (RID-10A),
Shodex sugar SH1011 column (8 X 300 mm). The column temperature was set to 50 °C. The
mobile phase was (5 mM) sulfuric acid at a flow rate of (0,6 mL.min™"). Each sample's injection
volume was (10 uL). All samples were diluted by two dilution factors of eight and two with
deionized water. Due to high lactic acid concentrations, a dilution factor of 1:8 was applied. In
comparison, acetic acid, glucose, and fructose were in trace amounts; thus, a factor of 1: was

applied for dilution.

Individual LA, AA, glucose, and fructose were identified by comparing retention times with
authentic standards. Their concentrations were determined by the standard external method.
For this purpose, standard solutions of LA, AA, glucose, and fructose, were prepared at four
concentrations to create calibration curves for the HPLC analysis. Calibration graphs were

produced for each component using peak areas versus analyte concentration.
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Figure 27. Shimadzu Prominence 20 HPLC UFLC System.
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Figure 28. HPLC result for the detection of lactic acid, acetic acid, glucose, and fructose
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6.Results and Discussion

6.1. The effect of operating conditions on the
membrane separation performance

In this section, the effect of operating parameters specifically, temperature and pH, on the
transport of LA through the membranes will be presented. The optimal pH and temperature
will be adopted for the following experimental approach depending on a compromise between

two main factors: the rejection of lactic acid and permeate flux.

6.1.1. The effect of temperature

The effect of temperature on the rejection of LA is illustrated in Figure 29. It shows that the
operating temperature alters the retention of LA in diverse commercial membranes differently.
The rejection of LA increased with increasing the temperature from 25 °C to 40 °C for three
membranes, Alfa Laval NF, NF-Toray, and SELRO MPF-36. At higher temperatures, the
solvent's viscosity decreased, leading to water passing more easily through the membrane,
resulting in lower solute concentration in the permeate and higher solute retention. While in
NF270, the rejection slightly decreased from 71 % at 25 °C to 64 % at 40 °C; this is attributed
to the expansion of the membrane pore radius as the temperature increases; also, the ability of
higher temperatures to alter the pores density of the NF270 membrane could increase the

permeate flux of LA according to (Dang et al. 2014).
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30 mT=25°C mT=40°C

Rejection (%)

NF-Alfa Laval  NF -Toray NF 270 SELRO MPF-
36

Figure 29. Rejection of lactic acid at 25 °C and 40 °C

It is worth mentioning that MPF-36 achieved the lowest rejection of LA at 25 °C, due to its
high MWCO compared to other membranes; however, the increase in temperature considerably

increased the rejection of LA

The effect of temperature on permeate flux is illustrated in Figure 30. All membranes showed
higher flux with increasing the temperature, which has been attributed to the decrease in water

viscosity from 0,89 to 0,652 (mPa.s) as the temperature increased from 25 °C to 40 °C

350 r m25°C  #40°C
= 300
=
B 250
5
2 200
o
S 150
£
2 100
(0]
o0
<
§ 50
=

0

NF- Alfalaval ~NF-Toray NF270 SELRO MPF-36

Figure 30. Permeate flux at 25 °C and 40 °C.
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As shown in Figure 31, no water flux reduction was observed during the experiments at both

operating temperatures, as the average water flux before and after filtration did not change

considerably.

The highest decrease in water flux at 25 °C was observed in NF-270 as the flux decreased

about 10 % after filtration. Meanwhile, at 40 °C, the reduction in pure water flux after

filtration was about 13% in SELRO MPF -36
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Figure 31. Average pure water flux before and after filtration at 25 °C and 40 °C.
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6.1.2. The effect of pH

The rejection of LA variation with pH is presented in Figure 32. It is observed that the rejection
increased with increasing the pH for all membranes. The reason for that is, when pH is low,
LA is undissociated, and the Donnan effect is neglected; the only mechanism of molecular
rejection is steric exclusion, which means that the molecules are retained only by their size. As
pH increase, the acid is deprotonated, and the membranes tend to have negative surface
charges. Thus, electrostatic repulsion between the membrane surface and dissociated acid

(negatively charged) is enhanced, which causes higher LA rejection.

pH=2,8 pH=3,8 pH=6,0

100 r
90 r
80
70
60
50 r
40
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10 |

Rejection %

NF-Alfa Laval NF -Toray NF 270 SELRO MPF-36

Figure 32. The rejection of LA as a function of pH.

The permeate flux variations with pH are illustrated in

Figure 33; the permeate decreases with high pH for all membranes. That is because of an
increase in the number of species due to acid dissociation and the formation of sodium lactate.
According to Tang et al. 2008, as the pH in the feed decreases, amino groups on the membrane
surface are changed into RH3N™ or RsHN", which causes an increase in the hydrophilicity of
the membrane and enlarged membrane pores. As pH gets higher electrostatic repulsion between
the negatively charged -COO" group on the membrane surface and OH - in the feed solution

causes shrinkage of the pores.
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Figure 33. Average permeate flux at different pH.

The average pure water flux before and after filtration did not indicate serious reduction.
However, (Nanda et al. 2010) studied the effect of pH on the membrane fouling and concluded
that fouling potential increases with increasing acidity of the feed solution. In acidic conditions,
a sticky foulant layer was formed on the membrane surface compared to a relatively loose

deposit for a feed solution with pH 7,5.
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Results and Discussion

depending on these results, the temperature of 25 °C and pH of 2,8 has been adopted for the

following experiment's approach
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6.2. Separation of sugar solutions

The rejection of a single glucose solution, a single Fructose solution, and a mixed solution
containing both fructose and glucose will be discussed in this section. It is essential to
understand the performance of membranes with the individual solutions and how the
performance changes with binary solution (glucose and fructose) and the matrix solution (LA,

AA, Salts, Fructose, Glucose).

The rejection data of individual solutions can be used furthermore to determine membrane
properties for fructose and glucose, such as hindrance factor for convection (K.), effective pore

radius (1p), and thickness-porosity ratio (4x/4k), for modeling purposes.

Glucose and fructose are neutral solutes in the aqueous solution; hence the separation
mechanism of both neutral molecules is mainly based on the size exclusion, and membrane

charge can be neglected.

Membrane performance in the separation of both glucose and fructose in their individual
solution is illustrated in Figure 35 and Figure 36. Membranes with low MWCO, Alfa Laval
(300 Da), NF-Toray (200 Da), and NF270 (200 Da) can reject almost 100 % of glucose and
fructose. However, SELRO MPF-36 did not achieve the highest rejection of glucose and
fructose, with a 50 % and 70 %, respectively, due to its relatively high MWCO (1000 Da).

0 1 1 1 I )

NF-Alfa Laval ~ NF-Toray NF 270 SELRO MPF-
36

B (o)) 0
S (=) (=]
T T T

Glucose rejection %

\*}
e}
T

Figure 35. Glucose rejection in individual solution.
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Figure 36. Fructose rejection in individual solution.

In the case of binary solution (glucose + fructose) shown in Figure 37, the rejection of glucose
was slightly decreased for low MWCO membranes, whereas the rejection of fructose did not
change for the same membranes. The main change was detected with the SELROMPF-36
membrane as the rejection of both glucose and fructose was dramatically decreased to 16,9 %
and 17,4 %, respectively. It may be explained that the presence of both fructose and glucose
increases the viscosity of the solution, which greater quantities of the solutes accumulation at
the membrane surface, thereby leading to severe concentration polarization. Thus, solute

diffusion through the membrane would be enhanced, resulting in decreased solutes retention.
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Figure 37. Separation performance of mixture solution (glucose +fructose)
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6.3. The effect of sugar on LA separation

Four solutions of different compounds were prepared. The standard solution with a
composition of (LA + AA + Salts + Glucose + Fructose), the solution without fructose, the
solution without glucose, and the solution without sugars were tested to study the effect of
sugar on the rejection of LA. In these trials, membranes with different MWCO and made of
different polymers substrates were used, as mentioned in Table 5-1. The performance of each
membrane regarding the rejection of LA, Sugar, and AA with these different solutions will be

discussed as follow.

6.3.1. Alfa Laval performance

The LA rejection and permeate flux variations versus different solutions are plotted in Figure
38. In the case of the model solution, the rejection of LA is about 58,6 %. However, the
rejection increased to 64 % in the absence of sugars from the feed solution, which indicates the
positive effect of sugar's presence on the LA separation. Here, the high osmotic pressure of
glucose and fructose combination reduces the net driving force available for water molecules'
convection and increases the solute flux; therefore, the LA concentration in permeate will be

higher.

The presence of glucose alone (solution without fructose, experiment 6 in Table 5-5)
decreased the rejection of LA slightly compared to the standard solution by about 57,9 %; here,
the osmosis effect decreased as the feed solution contains only glucose with a minor

concentration 4,27 g/L.

In the contract to glucose, the effect of fructose was considerable, as it reduced the rejection of
LA. This positive effect of fructose may be attributed to the higher efficiency in osmosis,

according to (Darwish et al. 2014).

63



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfugbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

Results and Discussion The effect of sugars on LA separation

=0—Flux
80 1 120
70 | T
< 60 | 1 115 ED
g ol <
K 40 o
i 1 105 =
ﬂ 30 §
20 <
1 100
10 |
0 1 1 1 95
Solution with Solution Solution Solution
Sugars without without without Sugars

Glucose Fructose

Figure 38. LA rejection and permeate flux as a function of solution composition (Alfa Laval).

The average permeate flux clearly explains the effect of sugar solutions' osmotic pressure. The
feed solution with both fructose and glucose has the highest osmotic pressure, reflected in the
decrease of the permeate flux. Higher osmotic pressure causes higher back diffusion of solvent,

and the flux increase with decreasing the osmosis effect, as is shown in Figure 38

Alfa Laval achieved high rejection of sugars, as it is shown in Figure 39, the varying of solution

composition did not affect the high rejection of sugars
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Figure 39. Sugar rejection as a function of solution composition (Alfa Laval)
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Results and Discussion The effect of sugars on LA separation

The effect of sugars on AA rejection in Alfa Laval is illustrated in Figure 40. due to the small
molecular weight of AA as mentioned in Table 5-3, compared to other organic solutes in model
solution, it is less sterically hindered during membrane permeation; hence AA is less rejected
than LA. The presence of fructose alone in feed solution (solution without glucose ) decreased
the rejection of AA greatly as negative rejection was observed about — 15 %, which indicates
high enrichment of AA in permeate side compared with the rejection side. Meanwhile, glucose
increased the rejection of AA to about 15%. The highest rejection was observed with feed

solution without sugars, about 33 %.
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Figure 40. AA rejection as a function of solution composition (Alfa Laval).
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Results and Discussion The effect of sugars on LA separation

6.3.2. NF-Toray performance

Figure 41 shows the rejection of LA in NF-Toray; from the plot, it is clear that the rejection
for all solutions containing sugars is very high; removing glucose or fructose from feed solution
did not change the transport behavior of LA. This may be due to the low MWCO of the
membrane and the high affinity between sugars and selective layer (poly piperazine amid) of
the membrane, which leads to the accumulation of sugar on the membrane surface and forming
a barrier preventing LA from flowing across the membrane. The lowest rejection was observed

when the feed solution did not contain glucose and fructose (solution without sugars)
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Figure 41. LA rejection and permeate flux as a function of solution composition (NF-Toray)

The permeate flux in NF-Toray for all solutions containing sugars is the lowest compared to
other employed membranes. The permeate fluxes were of the order, solution without sugars >
solution without fructose > solution without glucose > solution with sugars. Low flux implies

a high osmosis effect.

Figure 42 presents the sugar rejection as a function of the solution composition. NF-Toray can

effectively reject almost 100% of sugars.
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Figure 42.Sugar rejection as a function of solution composition (NF-Toray)

NF-Toray rejects acetic acid at the highest value when the feed solution contains glucose and
fructose. In contrast to other membranes, glucose alone (solution without fructose) decreases
the rejection to about 13 %, while the rejection is higher in the case of a solution containing

only fructose (solution without glucose), as shown in Figure 43
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Figure 43. AA rejection as a function of solution composition (NF-Toray).
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6.3.3. NF270 performance

Figure 44 shows the NF270 performance regarding LA rejection and the average permeate
flux for each solution. The rejection value for feed solution with glucose and fructose is 61%;
this value increases with removing glucose and fructose from the feed solution. This behavior
is because the osmosis effect is significantly reduced by removing the draw solutes (glucose
and fructose). The rejection decreased in the case of a solution containing only fructose
(solution without glucose); this happened most likely, due to the high osmosis effect of
fructose. Whereas the rejection increased considerably with the presence of glucose alone in
the feed solution, even higher than the standard solution, that can be explained by the previous
study of (Lei Yao et al. 2018), the study concluded that glucose has a higher affinity to the
Polyamide (the selective layer of NF270). Due to the small pore size of the membrane, glucose

could partly block the membrane's pores, leading to a higher rejection of LA.
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Figure 44. LA rejection and permeate flux as a function of solution composition (NF270)

High permeate flux was recognized with NF-270 compared to other employed membranes,
and the flux also decreased with the presence of sugars ( draw solutes ). The sequences of
average permeate flux of the solutions were solution without sugars > solution without fructose

> solution without glucose > solution with sugars.
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Figure 45 shows the rejection of sugar versus solution composition, NF270 reject glucose

and fructose by 100 %
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Figure 45. Sugar rejection as a function of solution composition (NF270)

The highest rejection of AA was achieved with NF270 membrane in the case of filtering feed
solution without sugars about 52 %. When feed solution containing only glucose (solution
without fructose) a rejection of 44 % was observed. In contrast, the presence of fructose alone

decreases the rejection greatly to a negative value of — 42 %, as shown in Figure 46.
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Figure 46. AA rejection as a function of solution composition (NF270).
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6.3.4. SELRO MPF-36 performance

The behavior of LA rejection as a function of solution composition is shown in Figure 47. The

rejection of LA has the lowest value compared to other membranes, and it is almost the same

for feed solutions with sugar and without sugar. Due to its high MWCO (1000 Da), the

membrane allows the sugar partially to pass through, which decreases the effect of osmotic

pressure, whereas the presence of fructose alone without glucose decrease the LA rejection.

However, the highest rejection was observed when the feed solution contained only glucose.
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Figure 47. LA rejection and permeate flux as a function of solution composition (SELRO MPF-36)

As shown in Figure 48, SELRO MPF-36 did not achieve high sugar rejection due to its high

MWCO, which is considered a drawback of this membrane, despite the low rejection of LA.
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Figure 48. LA rejection and permeate flux as a function of solution composition (SELRO MPF-36).

A negative rejection value of AA was observed for all solutions except solution without
fructose. This negative value increased considerably to about -37 % with the filtrating solution
containing fructose, which indicates that fructose has a positive effect on permeating AA
through the membrane, unlike the presence of glucose alone in the feed solution, as it raised

the rejection to a positive value of about 3,5%
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Figure 49. AA rejection as a function of solution composition (SELRO MPF-36).
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The effect of sugars on LA separation

6.3.5. Comparative assessment of the sugar effect on

LA rejection between employed membranes

Figure 50 present the LA rejection variation versus model solution composition. It is clear

that glucose and fructose differently impact the rejection of LA; this effect can be positive or

negative depending on the membrane material and MWCO, but in general, the presence of

fructose in the model solution decreases the LA rejection. In contrast, glucose has a negative

effect as it increases LA rejection.
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7.Summary and Conclusion

In this work, experiments were carried out to investigate the effect of operating parameters and
the effect of residual sugars in the feed solution on the separation of LA via NF. For this
purpose, four commercial membranes with different MWCO and different materials were

employed (Alfa Laval , NF-Toray, NF270, and SELRO MPF-36)

The operating parameter effect investigation was carried out with a single system ( Deionized
water + Lactic acid ) to determine the optimal temperature and pH for High LA yield on the
permeate side. The conclusions that can be drawn from these experiments are summarized

below:

e increasing the temperature from 25 to 40 °C increased the LA rejection for all
membranes except NF-270. an increase in the permeate flux associated with an increase
in temperature is mainly because of higher water transport but not LA

e Increasing the pH value of the feed solution causes higher rejection of LA due to the
dissociation of LA to Lactate as the pH increases. The membranes also tend to hold a
negative charge with increasing the pH, which causes electrostatic repulsion between

Lactate and membrane.

The investigation of the residual sugar effect was carried out with a complex system ( LA, AA,
salts, glucose, and fructose). The composition was changed by removing glucose once, then
removing fructose, and removing both from the model solution to determine how much the
sugar composition could affect the LA rejection. The concluding remarks are summarized

below.

A high increase in LA rejection was observed with the solution containing only glucose,
especially for NF-270 and SELRO MPF-36 membranes. In contrast, for NF-Toray and Alfa
Laval, the rejection slightly decreased about 5% and 1%, respectively, which denotes that
glucose contributes to impeding acid transport through the membrane. the presence of glucose
also enhanced a bit the rejection of AA; the highest rejection was observed with NF270 about
44%

the presence of fructose alone significantly improved the separation of LA; the rejection
decreased remarkably for all the membranes, except NF-Toray. At the same time, negative
rejection of AA was observed, which implies that fructose enhances the transport of both AA

and LA
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the absence of fructose and glucose did not improve the yield of LA, in the contract, the
rejection of LA increased for all membranes. The same rejection pattern of AA was observed

for all membranes except SELRO MPF-36

All the membranes achieved high rejection of sugars about 100%, except SELRO MPF-36 due
to its high MWCO

These observations strongly imply that molecular sieving is not necessarily the only
mechanism that controls the separation of LA. Other factors such as membranes morphology
specification, solution composition, solute—solute interaction, and solute-membrane affinity

can affect the separation of LA.
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