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Brackish water reverse osmosis (BWRO) and seawater reverse osmosis (SWRO) membranes were 

used in the 2-stage reverse osmosis (RO) unit to recover, pre-purify, and pre-concentrate lactic acid. Calcium 

lactate (CaLAC), sodium lactate (NaLAC), and ammonium lactate (NH4LAC) were used as model feed solutions. 

The operating pressure showed a pronounced effect on lactate passage through the first BWRO unit, and the 

Donnan exclusion effect and hydrogen bonding were responsible for cation rejection. Calcium ions were rejected 

at the BWRO unit because of low diffusion rate and charge interaction at the surface. However, monovalent ions 

formed hydrogen bonds with the carbonyl group of the membrane that allowed passage across the membrane. The 

second SWRO unit was for pre-concentrating lactic acid. A high lactate purity of 99.2% with a total recovery of 

50.5% was acquired from calcium lactate feed solution. Lower purity with higher lactate recovery was obtained 

when the feed solution was sodium lactate and ammonium lactate. Process and cost models for lactic acid recovery 

from fermentation broths at an annual capacity of 100,000 kg were developed as a research tool in evaluating an 

alternated process technology. The models were developed using SuperPro® Designer software by gathering the 

optimized data from the laboratory scale experiments. Sizing of unit operations, chemicals and utility 

consumptions, and estimation of capital and operating costs with the cost breakdown analysis were acquired from 

the simulation. Membrane based process design was proposed in this study. The processes mainly consisted of 

microfiltration for cell removal, a series of ultrafiltration for eliminating proteins, and the integrated reverse 

osmosis systems to recover, preconcentrate, and prepurify lactic acid. Among the 3 proposed process designs, in-

parallel membrane based process exhibited the highest lactic acid recovery yield while the purity remained 

sufficiently high in comparable to the commercial grade products. The number of unit operations was found to be 

responsible to high production cost both investment and operating costs. Omitting centrifugation and ultrafiltration 

at 30 kDa molecular weight cut-off with integrated brackish water reverse osmosis membrane in parallel units in 

the design could lower the operating cost by 23.33-31.29% for different fermentation broths entering the 

downstream processing units. 
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CHAPTER I  

INTRODUCTION 

 

1.1 Introduction 

According to lactic acid (LA) becoming an important monomer which is 

highly required for the production of biodegradable product in several applications. 

Lactic acid (LA) has been extensively used in food, cosmetic, and pharmaceutical 

industries due to its chiral structure containing both carboxyl and hydroxyl groups that 

can be converted into many useful chemicals. It was suggested that the recent 

increasing demand of lactic acid was due to the production of the biodegradable 

polylactic acid (PLA). From “Lactic Acid Market by Application (Biodegradable 

Polymer, Food, & Beverage, Personal Care & Pharmaceutical) & Polylactic Acid 

Market by Application (Packaging, Agriculture, Automobile, Electronics, Textile), & 

by Geography – Global Trends & Forecast to 2020”, the global PLA market is 

projected to reach USD 5.16 billion by 2020 with the growth at a CAGR of 20.9% 

during the forecast period. Europe is estimated as the largest market for PLA while 

Asia-Pacific is projected to be the rapid-growing market. It was suggested that 

government regulations and growing environmental concerns are the keys driven of 

PLA market. The expansion of PLA market thus drives the continual growth of lactic 

acid market to serve as the building block in PLA synthesis. From the report, the 

global lactic acid market is projected to reach USD 3.82 billion by 2020, growing at a 

CAGR of 18.6% during the forecast period. Therefore, the developments of lactic 

acid production and purification process are economically investment. Lactic acid 

(LA) can be produced via chemical synthesis or microbial fermentation. In chemical 

synthesis the petroleum feedstocks are converted to a racemic mixture of lactic acid 

under drastic conditions. However, it has limitation on petroleum supplied and 

environmental pollution. While fermentation process utilizes the renewable biomass 

and feedstocks under the mild conditions and high yield and productivity of lactic 

acid can be accomplished; thus, the process is considered green  (Castillo Martinez et 

al., 2013). In the lactic acid production acid via bacterial fermentation process, pH 

normally decreases upon lactic acid formation producing by lactic acid bacteria while 

the operating pH must be controlled at the range of 5.5-6.5 as the lactic acid bacterial 

growth preference (Vaidya et al., 2005). To maintain the pH for optimal growth of 

lactic acid bacteria in fermentation process, the addition of alkali, as the neutralizing 

agent, is importantly required. However, neutralization gives lactate salt at the end of 

fermentation. This generates 2 lactate species (free lactic acid and lactate salt) in the 

fermentation broth. At the end of the fermentation, lactate salts and free lactic acid 

must be recovered in the form of free acid in the downstream operation units.  
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To convert lactate salts resulting from neutralization process to be in the form 

of free lactic acid and salt ions, acidification process is required. This can be done by 

the addition of mineral acids such as sulfuric acid (H2SO4) and hydrochloric acid 

(HCl). Using different acid to acidify gives the different broth compositions (1) when 

using H2SO4, insoluble or partial soluble sulfate salts are obtained while (2) using 

HCl, the resulting chloride salts are highly soluble in water. In the present invention, 

H2SO4 is the preferred mineral acid.  Nonetheless, H2SO4 commonly causes insoluble 

sulfate salts that become a major impurity in the feed stream entering the downstream 

process after acidification process. It should be noted that lactic acid fermentation 

broth contains several components besides lactic acid product; therefore, the 

downstream recovery and purification of lactic acid after fermentation is of concern 

(Sikder et al., 2012). Therefore, In order to ease the downstream recovery of lactic 

acid, prior removal of sulfate salt is necessary (Datta and  Henry, 2006)  Referring to 

previous studies, there are different compounds to control pH such as calcium 

carbonate (CaCO3), calcium hydroxide Ca(OH)2, sodium hydroxide (NaOH) and 

ammonium hydroxide (NH4OH) (Hetényi et al., 2011; Nakano et al., 2012). Among 

three neutralizing agents, CaCO3 has the lowest solubility property and NH4OH has 

the highest solubility. Therefore NH4OH and NaOH are more suitable for bipolar 

membrane separation processes such as microfiltration (MF), electrodialysis (ED) and 

ion exchange since the precipitates are not formed rapidly after acidification by 

H2SO4 resulting in less precipitates at the membrane surface that eventually lower the 

competition in binding to the counter ions on the resin/membrane surface. On the 

other hand, CaCO3 and Ca(OH)2, which is commonly used to maintain the optimal pH 

in the fermentation broth, gives a large amount of calcium sulfate (gypsum) as a 

byproduct after acidification with H2SO4 in the solid stream. Thus, gypsum process 

(using CaCO3 and Ca(OH)2 for pH control) is well-suited for centrifugation technique 

(Qin et al., 2010). Not only the production of lactic acid by fermentation process has 

been developed continuously but the implementation of lactic acid recovery and 

purification process has been also studied widely. Lactic acid product required for 

biodegradable polymer grade must provide the sufficiently high purity. Many 

downstream processes have been developed to achieve the targeted product purity and 

recovery yield, either by a single unit operation or the combined units. In the recovery 

and purification of lactic acid from the fermentation broth, many major process steps 

are involved: e.g., primary recovery, product purification, and finishing processes. 

The first step in primary recovery units involves cell separation by centrifugation or 

microfiltration. There are general techniques to reduce impurities to get the desired 

purity of the final product with the possibly low loss.  
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Those techniques include centrifugation (Hu et al., 2017), distillation (Joglekar 

et al., 2006), extraction (Khunnonkwao et al., 2012), crystallization (Tait et al., 2009), 

evaporation (Petrides et al., 2002), adsorption (ion exchanger) including membrane 

filtration (microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), reverse 

osmosis (RO) and electrodialysis (ED) (Rodrigues et al., 2017).  

 Each technique provides different specific functions such as, operating 

conditions, specification, running cost, and definitely pros and cons in lactic acid 

production. Therefore, most of the downstream process designs involve many steps in 

order to achieve the targeted product specifications. Several downstream techniques 

have been studied and applied as a single unit or combine unit to acquire both 

technical and cost effectiveness. However, most techniques still have some limitation. 

Both distillation and ED have high energy consumption in a large-scale operation 

because of the low volatility of lactic acid and high electricity loading, respectively. 

When charged compounds such as amino acids and other organic acids are present, 

the separation efficiency of ED decreases as a result of membrane fouling. Moreover, 

ED fails to reject divalent ions such as calcium and magnesium; therefore, it is not 

suitable for recovering lactic acid from the conventional calcium base fermentation 

process where lactate salts are present in the form of calcium lactate and lactic acid 

(Khunnonkwao et al., 2012; Lee et al., 2006). Thus, it is good to separate the culture 

broth from the gypsum process (Kim et al., 2012). In extraction, the toxicity of 

solvent and product contamination is concerned (Wasewar et al., 2004). 

Crystallization maybe requires mixed solvent and other equipment to separate solid 

crystal from system (Tait et al., 2009). Using ion exchangers to recover lactic acid 

requires large amounts of chemicals, enzymes, and process water during the resin 

regeneration and washing steps. This eventually generates a large effluent loading in 

wastewater treatment. In addition, precautions should be taken in the pretreatment 

steps before feed enters the ion exchangers so as to avoid fouling and resin 

deterioration (Joglekar et al., 2006). Purified free lactic acid then enters the evaporator 

where water is removed, resulting in concentrated lactic acid as the finished product 

(Wojtyniak et al., 2016). As previously mentioned, process integration is necessary in 

order to achieve good recovery performance as well as cost effectiveness. Membrane 

separation provides the advantages of low energy consumption and low toxicity. 

Nevertheless, a single membrane unit cannot fulfill lactate recovery, purification, and 

concentration of lactic acid. The typical membrane filtration techniques suffer from 

fouling problem at membrane surface. Therefore, single unit is not sufficient to 

separate all kinds of contaminants in the product stream due to the individual pore 

size (Pal et al., 2009). Typically, NF is used prior to the product finishing step 

(evaporation in case of lactic acid recovery and purification). NF is applied for 

removal of trace ions and small, neutral molecules from free lactic acid solution 

(Ghaffar T., 2014). On the other hand, RO is generally applied for removal of water in 

previous literatures (Pal et al., 2009).  
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 From the mentioned problems and limitations of the recovery techniques, both 

conventional and alternated techniques are reviewed in order to develop the new 

approach that provides the simple and cost effective process. Among the several 

techniques, RO, one of membrane separation processes, is suitable for removing 

organic and inorganic compound from aqueous solution by the principles of 

molecular size and driven force (Senthilmurugan and  Gupta, 2006). RO successfully 

adopted to remove the ions from water in wastewater treatment such as ammonia 

nitrogen (NH4
+
), sulfate (SO4

2-
), sodium (Na

+
), chloride (Cl

-
), iron (Fe

3+
), including 

manganese (Mg
2+

) in several industrial applications (Huang et al., 2011) and widely 

applied in desalination also (Ding et al., 2015). This is because RO is developed for 

removing the low molecular weight organic and inorganic compounds in water feed 

solution since it can provide the specific pore size less than 0.001 µm and the 

molecular weight cut-offs (MWCOs) less than 100 Daltons. As a result, all impurities, 

such as aqueous salts, metal ions, and other small particles, are limited to pass through 

RO membrane. The impurities are still remained in the concentrate while the salt and 

water permeate through an RO membrane by solution-diffusion transport mechanism 

when the applied pressure is higher than the osmotic pressure (Shenvi et al., 2015). 

The applications of RO can be classified as in table 1.1. In separation of inorganic / 

organic compounds, it was reported that CaSO4 and Fe
2+

 were separated from the 

natural water using the composite RO membrane. In this study, it was found that both 

CaSO4 and Fe
3+

 are the insoluble salt. Not only causing the mineral impurities, they 

also reacted and Fe(OH)3 was formed. This strongly promoted membrane fouling. To 

minimize fouling of these 3 species, composite RO membrane was introduced with 

the fouling inhibitor sodium carboxymethylcellulose. This eventually improved RO 

performance resulted in effective separation process (Kavitskaya et al., 2000). More 

investigation on inorganic (ionic) reduction by RO was done using aqueous sulfate 

solution as the model solution. It was reported that higher than 99.55% sulfate is 

rejected (Bódalo et al., 2004). RO was also used to separate the aqueous solution 

containing both inorganic (NaCl, NaBr, and KBr) and organic compounds (phenol, 

2,4-dinitrophenol and pentachlorophenol). Both were successfully separated from the 

solution under the specific tested conditions (Senthilmurugan and  Gupta, 2006). RO 

has been continuously studied for organic salt separation. Ethanol, butanol, acetic 

acid, lactic acid, oxalic acid, and butyric acid were prepared in the aqueous mixture 

and tested. It was reported that all above mentioned compounds were rejected by RO. 

The % rejection of lactic acid was 99.2 (Diltz et al., 2007). RO was also applied to 

concentrate lactic acid. A tubular thin-film composite membrane was successfully 

developed for concentrating lactic acid from fermentation broth. It was found that the 

permeate flux was increased as a result of the increasing the driving force. While the 

permeate flux was decreased when the pH was higher than 5-6, resulting in the 

rejection percentage of lactic acid and residual sugars higher than 97% (Schlicher and  

Cheryan, 2007). 
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Table 1.1 Applications of reverse osmosis (RO) on lactic acid production. 
 
 

Membrane process Application Results 

(1) Reverse osmosis  (RO)    

(Diltz et al., 2007) 

Concentrating lactic acid 

from aqueous mixture  

99.2% rejection                              

of lactic acid from mixture   

 

(2) Combined ultrafiltration  (UF)  

with reverse osmosis (RO)  

(Yorgun et al., 2008) 

 

Concentrating lactic acid 

from the permeate stream 

collected from UF                          

 

Highest protein recovery                        

in UF stage  

Highest lactic acid recovery                            

in RO stage 

 

(3) Combined nanofiltration (NF) 

with reverse osmosis (RO) 

(Li et al., 2008) 

Concentrating lactic acid 

from the permeate stream 

collected from NF                           

Highest lactose retention                         

in NF stage (97%) 

Highest lactic acid recovery                      

in RO stage (nearly 100%)  

(2), (3) cheese whey production         

 

Among 3 membranes (UF, NF, and RO), previous studies revealed that RO 

could effectively be applied for lactic acid concentration from the fermentation broth 

(Orozco et al., 2014). With smaller pore sizes than the UF and NF membrane, thus the 

RO membrane provides high efficiency in the rejection of lactic acid. From the 

literatures, RO is one of the effective techniques well employed in water purification 

and waste water treatment. However, it was partially involved in lactic acid recovery 

process as the concentration unit where water was removed. To date, there is no report 

studying RO for lactic acid recovery and purification though many applications in salt 

removal have been studied by RO. The basic concept in lactic acid recovery and 

purification shares the common background with water purification where ions are 

removed from water. Therefore, in this work RO technique will be employed for 

lactic acid separation and purification. In this study, a 2-stage RO membrane-based 

process was developed for recovering, purifying, and concentrating free lactic acid 

from fermentation broth by applying the appropriate pressure higher than the osmotic 

pressure of the species of interest. From the principle of the RO process, solute 

transport occurs by diffusion through the membrane depending on molecular size and 

charge (Bellona et al., 2004). With smaller pore sizes than the NF membrane, the RO 

membrane provides high efficiency in the rejection of monovalent ions (Datta and  

Sablani, 2007). It was also reported that some trace organic compounds, such as 

neutral molecules smaller than the molecular weight cut-off of the membrane, leaked 

and passed through the membrane (Košutić and  Kunst, 2002). By applying an 

operating pressure sufficiently higher than the osmotic pressure of the molecules, such 

molecules can pass through the RO membrane. At the proper pH, free lactic acid was 

supposed to recover and purify from its salts and other trace ions at the first RO unit 

(free lactic acid passed across the first RO membrane to the permeate side whilst the 

cation salts remained in the retentate). The second RO unit was for pre-concentrating 

lactic acid solution.  
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Compared with the other techniques mentioned previously, RO filtration did 

not require chemicals, enzymes, and process water during the operation. The low 

volumetric rate of the exit stream from this 2-stage RO unit resulted in size reduction 

of the evaporator and lower capital and operating expenditures. To proficiently 

optimize the performance of RO technique for lactic acid separation and purification 

process, the fermentation broth must be prepared properly before entering the 

separation and purification process since it is definitely helpful to reduce the tasks in 

downstream process. Undesired particles remaining in lactate fermentation broth 

should be firstly removed. The compositions of the fermentation broth depend mainly 

on the upstream operation process including the microbes used in fermentation, the 

substrates and medium compositions including the pH control agent. Lactic acid in 

the fermentation broth is typically in the form of lactate salt due to pH control at the 

optimal condition for growth and lactic acid production during fermentation. 

Acidification is commonly required to recover lactic acid and precipitate some ions 

contained in the fermentation broth. Depending on the pH control agent and the 

acidifier, free lactic acid and salts of the pH control agent occur after acidification. 

The microbial cells and solid are removed by centrifugation leaving the aqueous 

stream containing free lactic acid and other soluble components. After insoluble solid 

removal unit, MF and UF units are required since the broth compositions still contain 

soluble proteins and other soluble organic matters in excess. This strongly affected the 

efficiency of RO separation unit. From above mentioned, the recovery process design 

mainly depends on the feed stream compositions left from the broth. Nonetheless, the 

production cost increases as many unit operations and steps involved in the recovery 

process. Ideally, the downstream lactic acid recovery process should provide simple 

operation, high process performance, high cost effectiveness, and low environmental 

impact. In addition, the integrated design should be able to accept a variety of lactic 

acid fermentation broths that might be obtained from different fermentation process. 

Therefore, simple process that can be adapted for all the different feed streams in 

commercial lactic acid plant is preferred. Among the unit operations mentioned 

above, membrane filtration process provides the beneficial outcomes in low energy 

requirement, low chemical consumptions, and low effluent generation; thus, being 

considered as the green process. The objective of this study was to provide the 

technical insights on the membrane based process technology as an alternative to 

recover lactic acid from the fermentation broths. It is attempted to develop the simple 

solid removal (both soluble and insoluble) and to adapt RO for lactic acid separation 

and purification via process optimization. This typical process design, at least 6 

process steps are required. Thus, the short chain downstream processing train is 

preferred. Since employing less stage would be economically beneficial for industrial 

scale. The possibility of downstream processing platforms will be investigated and 

compared in term of the efficiency and production cost.  
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Many process simulation tools have been continuously applied in chemical 

industries for developing and optimizing the design and operation of integrated 

process since 1960s. When a new process model is proposed, process simulators can 

generate the model that predicts the equipment sizing, process scheduling, and 

economic evaluation (Petrides et al., 2002). Thus, the simulation results are often used 

as one of the tools to guarantee the process feasibility at the initial stage of 

development. Intelligen's SuperPro® designer software (Version 9.5) was used as the 

simulation tool. Thus the goal of this study is to develop the novel membrane based 

process for lactic acid separation and purification that can achieve high purity of lactic 

acid in comparison to the commercial product. The proposed designs reflect the 

ability to compare the modified process with the base case design to help researchers 

in developing the process integration and intensification in lactic acid recovery 

technology. Thus, three major separation and purification processes, consisting of (1) 

lactic acid fermentation broth preparation process (2) solid removal process and (3) 

simultaneous lactic acid separation and purification process, will be optimized. The 

parameters affecting the efficiency will be also determined. The following process 

flow diagram describes the base case design for separating and purifying lactic acid 

from fermentation broth as figure 1.1. 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Base process flow diagram. 

 

 

1.2 Objectives 

 1.2.1 To apply reverse osmosis technique to simultaneously separate and purify 

lactic acid from the fermentation broth  

1.2.2 To optimize the solid removal section for separating insoluble matters from 

the fermentation broth for lactic acid recovery 

1.2.3 To propose the novel membrane based process for lactic acid recovery  

1.2.4 To evaluate the economic assessment for industrial scale. 
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1.3 Scope of Research 

The scope of this thesis is summarized in Figure 1.2. 

 

Lactic acid Separation and purification process 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 1.2 Scope of thesis. 

Lactate model solution Fermentation broth 

A. Batch processing mode  

a. Reverse osmosis (RO) 

 BWRO 

 SWRO 

 

B. Parameter 

a. Lactate Model Solution 

 NH4LAC 

 CaLAC 

 NaLAC 

 

b. Operating Conditions 

 Solution pH 

 Pressure 

 

A. Batch processing mode 

 a. Centrifugation 

b. Microfiltration (MF) 

c. Ultrafiltration (UF) 

d. Reverse osmosis (RO) 

 

B. Parameter 

a. Type of fermented broth 

 NH4LAC 

 CaLAC 

 NaLAC 

 

b. Membrane Size 

 MF 0.2 µm 

 UF 30, 5, and 1 kDa        

 RO 0.0001 µm 

o BWRO 

o SWRO 

 

C. Optimize lactic recovery process 

from fermentation broth  

a. Base Case Process 

b. Membrane based Process 

  

D. Process simulation                          

by  Superpro designer program  

a. Material Balance 

b. Energy Balance 

c. Economic Analysis 

 

RO calculation 
The performances of lactic acid and 

lactate separation by using RO               

 Permeate flux (g/m
2
h) 

 Retentate flux (g/m
2
h) 

 %  Lactate rejection 

 %  Lactate separation 

 %  Recovery 

 %  Overall recovery 

 %  Purity 

 

To propose the plausible RO for lactic 

acid separation from fermentation broth 

Novel and simple downstream 

operation in lactic acid separation          

and purification 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II 

THEORETICAL AND LITERATURE REVIEW 

 

This chapter contains the literature reviews of lactic acid production process 

(upstream) as well as lactic acid separation and purification process (downstream) 

used in the thesis.  

 

 
 

Firstly, the characteristics of lactic acid will be reviewed in the part of the 

background, the physical and chemical properties including lactic acid production 

(especially, fermentation process which uses to produce lactic acid as feed stream for 

separation and purification process). The ionization of lactic acid and the structures 

and chemical properties of lactate salts resulting from fermentation process are also 

described. In the part of separation and purification process, the advantages and 

disadvantage of lactic acid conventional separation and purification technique are 

mentioned the same as the results of conventional processes are referenced and 

compared. The potential techniques approached lactic acid separation and purification 

from fermentation broth via fermentation, consisting of centrifugation, microfiltration 

(MF), ultrafiltration (UF) and reverse osmosis (RO), will be introduced. The theory, 

characteristic and operation of four techniques mentioned above will be reviewed. 

The previous studies will be mentioned for experimental references. The mass transfer 

mechanisms in membrane separation process will be discussed. Parameters, used to 

determine the performance of lactic acid separation and purification process such as 

permeate flux and retentate flux, % rejection, % separation, % recovery, % overall 

recovery and % purity, will be performed. The problem occurred during membrane 

process, such as inorganic salt precipitation and concentration polarization, will be 

declared. Furthermore, the process simulation method by superpro designer program 

will be explained.    

 

Lactic acid 

Lactic acid 
separation              

and purification 

Lactic acid 
production 

Upstream process 

Downstream process 
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2.1 Lactic acid  

 2.1.1 Introduction 

In 1780, lactic acid (LA) was found by C.W. Scheele in sour milk. It was 

initially considered as a milk component. Then, Lavoisier named this milk component 

“acide lactique”. Later, Pasteur discovered the fact that it was not a milk component 

and it was in fact related to fermentation metabolite, which is generated by 

microorganisms. In 1839, Fremy studied the usefulness of carbohydrates such as 

sucrose, lactose, starch and dextrin to produce lactic acid by fermentation 

(Vijayakumar et al., 2008). In 1881, Fermi obtained lactic acid by a microbial process 

from fermentation resulting in its industrial production in United States (Castillo 

Martinez et al., 2013). Two major biotechnological processes for the production of 

lactic acid that are usually related are lactic acid fermentation and product recovery 

and purification. 

 

2.1.2 Physical and chemical properties  

Lactic acid (2-hydroxypropionic acid, CH3CHOHCOOH) is an organic acid 

(John et al., 2007). There are two optical isomers of lactic acid, which are L(+)-lactic 

acid and D(–)-lactic acid, providing three different structures, which are an optically 

pure L(+)-, optically pure D(–)-lactic acid or a racemic DL-lactic acid (Gupta et al., 

2007) as the stereoisomers (Figure 2.1). In particular, an optically pure L(–)-lactic 

acid is preferable by the food and pharmaceutical industries due to the fact it can be 

metabolized by the human body (Castillo Martinez et al., 2013). In contrast to D (–)-

lactic acid, it is a harmful to human metabolism, affecting acidosis and 

decalcification. Moreover, the chemical and cosmetic industry requires one of the 

pure isomers or a mixture of both, according to the application. The racemic DL-lactic 

acid is always produced by chemical synthesis from petrochemical resources while an 

optically pure L (+)- or D(–)-lactic acid can be obtained by the microbial fermentation 

of renewable resources.  

In addition, lactic acid is the most important hydroxycarboxylic acid due to it 

containing of both carboxylic (–COOH) and hydroxyl groups (–OH) (Varadarajan and  

Miller, 1999) that can be converted into different potentially useful chemicals. 

Generally, the conversions of lactic acid provide many beneficial chemical substances 

such as acrylic acid by dehydration, pyruvic acid by dehydrogenation, 1,2- 

propanediol by hydrogenation and lactate ester by esterification, including PLA Poly-

lactic acid by polymerization (Fan et al., 2009). 
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Figure 2.1 The stereoisomers of lactic acid. 

 

 

2.1.3 The production of lactic acid 

   LA can be alternatively produced by chemical synthesis or fermentation 

2.1.3.1 Chemical synthesis 

Chemical synthesis of lactic acid is mainly based on the hydrolysis of 

lactonitrile by strong acid.  The presence of lactonitrile is produced by the reaction 

between hydrogen cyanide and acetaldehyde and then hydrolyzed to lactic acid, either 

by concentrated hydrochloric acid (HCl) or sulfuric acid (H2SO4) as the following 

reactions (Narayanan et al., 2004). This process yield provides a racemic mixture of 

the 2 isomers (John et al., 2007)   

 

(1) Addition of Hydrogen Cyanide 

 

       CH3CHO            +                HCN                                       CH3CHOHCN 

(acetaldehyde)                 (hydrogen cyanide)                          (lactonitrile) 

 

 

 

(2) Hydrolysis by H2SO4 

 

  CH3CHOHCN    +        H2O    +      ½ (H2SO4)              CH3CHOHCOOH   +    ½ (NH4)2SO4 

   (lactonitrile)                                (sulfuric acid)               (lactic acid)          (ammonium salt) 
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2.1.3.2 Fermentation  

The fermentative production can directly lead to the structures of optically 

pure or the racemic lactic acid depending on the strain being used (Narayanan et 

al., 2004). Lactic acid fermentation is required in two major steps as mentioned 

below: 

 

(1) Fermentation and neutralization process 

 

    C6H12O6            +        Ca (OH)2                     Ca
2+

(2CH3CHOHCOO
-
)     +   2H2O 

(carbohydrate)        (calcium hydroxide)                            (calcium lactate) 

  

During the fermentation process, pH normally decreases upon lactic acid formation 

produced by lactic acid bacteria, while the operating pH must be controlled at a range 

of 5.5-6.5 as the lactic acid bacterial growth preference (Vaidya et al., 2005). To 

maintain the pH for the optimal growth of lactic acid bacteria in the fermentation 

process, the addition of alkali, as the neutralizing agent, is importantly required. 

However, neutralization by alkali gives lactate salt at the end of fermentation. 

Different neutralizing agents to control the pH, such as calcium carbonate (CaCO3), 

sodium hydroxide (NaOH) and ammonium hydroxide (NH4OH), are effectively used 

in lactic production (Hetényi et al., 2011). The following equations describe the 

different forms of lactate salts depending on the agents used at the end of fermentation 

(Nakano et al., 2012; Narayanan et al., 2004).  

 

CaCO3: 2CH
3
CHOHCOOH   +       CaCO

3            (CH
3
CHOHCOO)

2
Ca + H

2
O + CO

2
 

                lactic acid             calcium carbonate    calcium lactate 

 

 

 

NaOH: CH3CHOHCOOH     +       NaOH              (CH3CHOHCOO)Na + H2O  

                lactic acid             sodium hydroxide           sodium lactate 

 

 

 

NH4OH: CH3CHOHCOOH    +     NH4OH             (CH3CHOHCOO)NH4 + H2O  

                 lactic acid   ammonium hydroxide                 ammonium lactate 
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To convert lactate salts resulting from neutralization process to be in the form of free 

lactic acid and salt ions, acidification process is required. This can be done by the 

addition of mineral acids such as sulfuric acid (H2SO4) and hydrochloric acid (HCl). 

Using different acid to acidify gives different broth compositions: (1) when using 

sulfuric acid, insoluble or partial soluble sulfate salts are obtained; (2) using 

hydrochloric acid, the resulting chloride salts are highly soluble in water. In the 

present invention, H2SO4 is the preferred mineral acid. Nonetheless, H2SO4 

commonly causes insoluble sulfate salts that become a major impurity in the feed 

stream entering the downstream process after the acidification process. In order to 

ease the downstream recovery of lactic acid, prior removal of sulfate salt is necessary  

 

 

(2) Acidification process (Hydrolysis by H2SO4) 

 

2Ca
2+

(CH3CHOHCOO
-
)  +      H2SO4             2CH3CHOHCOOH    +     CaSO4 

     (calcium lactate)              (sulfuric acid)                          (lactic acid)      (calcium sulfate) 

 

 

During the acidification process, strong acid is required to convert lactate slats to be 

free lactic acid. H2SO4 is preferred due to the lower volatility and the lower solubility 

of sulfate in aqueous solution, which eases the solid removal. The acidification 

reactions with the resulting free lactic acid and sulfate salts are shown below:  

 

CaCO3: (CH3CHOHCOO)2Ca + H2SO4    2CH3CHOHCOOH + CaSO4 

NaOH:  2(CH3CHOHCOO)Na + H2SO4    2CH3CHOHCOOH + Na2SO4 

NH4OH: 2(CH3CHOHCOO) NH4 + H2SO4    2CH3CHOHCOOH + (NH4)2SO4 

 

NH4OH and NaOH are more suitable for the bipolar membrane separation processes, 

including microfiltration (MF), electrodialysis (ED), and ion exchange, since the 

precipitates are not formed rapidly after acidification by H2SO4.  This result in less 

precipitates at the membrane surface that eventually lower the competition in binding 

to the counter ions on the resin/membrane surface. On the other hand, CaCO3, which 

is commonly used to maintain the optimal pH in fermentation broth, gives a large 

amount of calcium sulfate (gypsum) as a byproduct after acidification with H2SO4 in 

the solid stream. Thus, the gypsum process (using CaCO3 for pH control) is well-

suited for the centrifugation technique (Qin et al., 2010). 
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2.1.4 Microorganisms for biotechnological production of lactic acid 

Several microorganisms, classified into bacteria, fungi, yeast, cyanobacteria, 

and algae, have achieved one or more improvements over others in the production of 

lactic acid. Especially, bacteria and fungi are frequently reported in lactic 

fermentation (Litchfield, 1996).  However, lactic acid fermentation by lactic acid 

bacteria (LAB) is preferred due to the limitation of fungal morphology.  

 

2.1.5 Raw materials for biotechnological production of lactic acid 

LAB requires some elements for growth, such as carbon and nitrogen sources, 

in the form of carbohydrates, amino acids, vitamins, and minerals (Hofvendahl and  

Hahn-Hagerdal, 2000). This is based on high lactic acid yields, optimum biomass 

production, negligible by product formation, fast fermentation rate, less pre-treatment, 

easy downstream processing and low cost.  

2.1.5.1 Carbon source 

A number of different renewable resources, such as sweet sorghum, corn, 

wheat, molasses, cassava and cellulose, have been used for the lactic acid 

fermentation to provide a pure sugar for fermenting lactic acid.  

2.1.5.2 Nitrogen source 

   Nitrogen is available in the form of amino acids, peptides and inorganic 

compounds that can be added to the culture media as peptone, yeast extract, urea or 

ammonium sulfate (Nancib et al., 2005). 

 2.1.5.3 Mineral and vitamin source 

   Mineral elements, such as Mg, Mn and Fe, are provided in the medium in 

the form of salts (MgSO4, MnSO4 and FeSO4) and vitamins present in yeast extract 

(Buyukkileci and  Harsa, 2004). 

 

2.1.6 The ionization of lactic acid 

Lactic acid dissociates in water resulted in ion lactate and H
+
. Hydronium ion 

(H3O
+
) was presented in the solution, which is from lactic acid ionization and water 

autoionizaion. The equilibrium equation describes the ionization of lactic acid as 

below: 

CH3CHOHCOOH (aq)                 H
+ 

(aq) + CH3CHOHCOO
–
(aq) 

            CH3CHOHCOOH (aq)   +   H2O (l)                    H3O
+ 

(aq) + CH3CHOHCOO
–
(aq) 
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The ionization of lactate salts occurred during the fermentation process show 

that both sodium lactate and ammonium lactate provide the behaviors of monovalent 

cations (Na
+ 

and NH4
+
) whereas calcium lactate provides the behavior of divalent 

cation (Ca
2+

) as the following equation.  

 

 

Ca(CH3CHOHCOO)2    (s)                        Ca
2+ 

           +      2CH3CHOHCOO
¯
    (aq)  

 

Na(CH3CHOHCOO)     (s)                              Na
+
            +        CH3CHOHCOO

¯
     (aq)  

 

NH4(CH3CHOHCOO)   (l)                              NH4
+
          +         CH3CHOHCOO

¯
    (aq) 

 

 

As the theory of ionization, it was referred that divalent cation has a lower 

solubility than monovalent cation due to the combination of steric hindrance and ionic 

interactions. Among three different lactate compounds can be implied that calcium 

lactate (CaLAC) has less solubility than sodium lactate (NaLAC) and ammonium 

lactate (NH4LAC) in the solution at the certain condition after the neutralization (Tu 

et al., 2011). Moreover, the reports on the characteristics of ion solubility indicated 

that organic compounds tend to increase in solubility at high pH due to it causes 

higher degree of ionization as the theory of acid-base equation as below: 

 

 

CH3CHOHCOOH (aq)                 H
+ 

(aq) + CH3CHOHCOO
–
(aq) 

 

pH   =     pKa            +      log 
[CH3CHOHCOO–]

[CH3CHOHCOOH ]
 

  

pH   =  - log  Ka        +      log 
[CH3CHOHCOO–]

[CH3CHOHCOOH ]
 

 

 

Where;   Ka (lactic acid)   = 1.4 x 10–4   ,      pKa (lactic acid)   = 3.86 
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2.1.7 The properties of compound relating the lactic acid fermentation 

  

Table 2.1 The properties of lactic acid and lactate. 
 

 

 

Chemical structure 

 

 
Lactic acid 

 

 
Lactate 

 

Formula 

 

C3H6O3 

 

C3H5O3 

Composition C (40%), H (6.71%), 

 O (53.29%) 

C (40.45%), H (5.66%),                                               

O (53.89%) 

Molecular weight  90.08 g/mol 89.08 g/mol 

Solubility in water  Miscible - 

Color in solution Colorless Colorless 

Density  (25°C) 1.15 g/ml - 

Particle Size 0.00075 µm - 

pH (0.1 N) 2.4 - 

Polar surface area 57.53 60.36 

 

   
 

Table 2.2 The properties of lactate compounds. 
 

 

 

Chemical structure 

 

 
Sodium lactate 

 

 
Calcium lactate 

 

 
Ammonium lactate 

 

Formula 

 

C3H5NaO3 

 

C6H10O6Ca.5H2O 
 

CH3CH(OH)CO2NH4 

Composition C (32.15%) 

H (4.5%) 

Na (20.52%) 

O (42.83%) 

C (16.44%) 

H (6.9%) 

Ca (18.28%) 

O (58.39%) 

C (33.64%) 

H (8.47%) 

N (13.08%) 

O (44.81%) 

Molecular weight 112.06 g/mol 308.29 g/mol 107.11 g/mol 

Solubility in water 15 g /100 ml 9 g / 100 ml 225 g/ 100ml 

Color in solution Colorless Colorless Colorless 

Density  (25°C) 1.33 g/ml - 1.054 g/ml 

Particle Size - ≈ 50 µm - 

pH 6 – 8 6 – 8 6 – 8 

Polar surface area 60.36 60.36 60.36 
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Table 2.3 The properties of neutralizing agents. 
 

 

 

Chemical structure 

 

 
Sodium 

hydroxide 

 
Calcium  

carbonate 

 
Ammonium 

hydroxide 

 

Formula 

 

NaOH 

 

CaCO3 

 

NH4OH 

Composition H (2.52%) 

Na (57.48%) 

O (40%) 

C (12%)  

Ca (40.04%) 

O (47.96%) 

H (14.38%) 

N (39.97%) 

O (45.65%) 

Molecular weight  40 100.08 35.05 

Solubility in water  109 g/100 ml 

(20 °C) 

0.0014 g/ 100 ml (25 

°C) 

Miscible 

Color in solution Colorless white Colorless 

Density  (25°C) 2.13 g/ml 2.71 g/ml 0.91 g/ml 

pH (0.1 N) 12.88  9.91 11.12 

Polar surface area 0.00 63.19 0.00 

 

 

Table 2.4 The properties of acidifying agent.  
 

 

 

Chemical structure 

 

 
Sulfuric acid 

 

Formula 

 

H2SO4 

Composition H (2.06%) 

O (65.25%) 

S (32.69%) 

Molecular weight  98.08 

Solubility in water  Miscible 

Color in solution Colorless 

Density  (25°C) 1.84 g/ml 

pH (0.1 N) 1.01 

Polar surface area 74.60 

 

 

http://www.chemicalize.org  

http://www.aqion.de/ 

 

 

 

 

http://www.aqion.de/
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2.2 Lactic acid separation and purification process  

Lactic acid requires higher grades in commerce. Thus, well-purified lactic acid 

should minimize the impurities in the fermentation medium in order to reduce the 

levels of impurities present during recovery/separation and the purification process 

(Vijayakumar et al., 2008). Due to lactic acid fermentation broth containing several 

impurities such as microbial cells, residual sugar, nutrients, ions, other organic acids 

and color (Joglekar et al., 2006). The pretreatment step is importantly required to 

remove undesired products in order to obtain more purity in the lactic acid before the 

following steps of lactic acid/lactate separation and purification from the fermentation 

broth.   

                     

2.2.1 Centrifugation 

2.2.1.1The theory of centrifugation  

 The centrifugal separation is the separation process for the heterogeneous 

mixtures of phases that differ from each other in density difference, particle size and 

shape under the effect of the Earth’s gravity. Centrifuges are classified by function or 

by structure. The types of centrifuges according to the function are solid-liquid 

separation and liquid-liquid separation. The types of centrifuges separated by the 

structure are tubular, disc-bowl and basket centrifuges (Berk, 2013). 

Applications for centrifugation include the sedimentation of microbial cells 

and viruses, as well as the separation of subcellular organelles, such as the isolation of 

macromolecules like DNA, RNA, proteins, or lipids. Biological substances, such as 

microorganism cells and precipitated forms of proteins, are easy to separate by 

centrifugation following the solid-liquid separation process. After applying the 

centrifugal force (g-force), the centrifuge tubes are spun. The centrifugal action 

creates an induced gravitational field in an outward direction relative to the axis of 

rotation and this drives the particles or precipitated matter towards the bottom of the 

tube. Thus, microbial cells and protein, which are heavy phase in liquid suspension, 

may fall to the bottom. The matter that falls to the bottom is called precipitation and 

the liquid above the solid is called supernatant. The principle of separation by 

centrifugation is shown in figure 2.2 and 2.3.     
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Figure 2.2 A basic principle of a centrifuge. 

 

 

 

The simplest form of separation by centrifugation is differential centrifugation. 

Particles of different densities or sizes in a suspension will sediment at different rates 

(v), with the largest, most dense particles sedimenting the fastest followed by the less 

dense, smaller particles. The sedimentation rates can be increased by using centrifugal 

force (F). A suspension of cells subjected to a series of increasing centrifugal force 

cycles will yield a series of pellets containing cells of a decreasing sedimentation rate.   

 

 
 

Figure 2.3 Illustration of the principle of Centrifugation. 
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 When a liquid suspension is rotated at a certain speed or revolutions per minute 

(RPM), the centrifugal force causes the particles to move radially away from the axis 

of rotation. The force on the particles is called Relative Centrifugal Force (RCF). For 

example, an RCF of 1000 x g refers that the centrifugal force applied is a thousand 

times stronger than gravity. The Relative Centrifugal Force (RCF) value depends on 

the rotation speed as well as the manner in which the centrifuge tubes are held by the 

rotor. The calculation on RCF as formula below   

 

 

𝑹𝑪𝑭 =
𝑟𝜔2

𝑔 
  =   

𝑟(2¶𝑛)2

𝑔 
 =

𝑟(2 ∗ 3.14 ∗ (𝑛/60))2

9.81
=  1.12 ∗ 10−3𝑟𝑛2 =  1.12 ∗ 10−3𝑟(𝑅𝑃𝑀)2  

 

Where: 

r    is distance from the axis of rotation (m) 

ω  is  angular velocity (radians/s) 

g   is  acceleration due to gravity (m/s
2
) 

n   is  rotation speed, RPM 

 

 

 The certain rotor speed achieved the separation of biological substances, is 

recommended as the common centrifuge classes and applications in table 2.5.     

 

Table 2.5 Centrifuge classes and applications. 

 

 Centrifuge classes 
 

Low speed 

 

High speed 
Ultra/micro-

ultra 

 

Maximum Speed  (rpm x 10
3
) 

 

10 

 

28 

 

100/150 

Maximum RCF (x10
3
) 7 100 800/900 

Pelleting applications    

Bacteria Yes Yes Yes 

Animal and plant cells Yes Yes Yes 

Nuclei Yes Yes Yes 

Precipitates Some Most Yes 

Membrane fractions Some some Yes 

Ribosomes / Polymers - - Yes 

Macromolecules - - Yes 

Viruses - Most Some 
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 2.2.1.2 The researches on centrifugation in lactic acid production 

 The summary of the different methods for cell harvesting (bacteria and fungi 

cell) in lactic acid production such as centrifugation, microfiltration and pellet 

precipitation, proved that the uses of cell recycling by centrifuge potentially provided 

the total amount of lactic acid concentration over than 100 g/l (Abdel-Rahman et al., 

2013). Therefore, centrifugation was continuously used in the process of cell 

harvesting/ removal in lactic acid production as the data provided in table 2.6. 

 

Table 2.6 Cell harvesting by centrifuge based on the strain and condition.  
 

 

Year 

 

Research 

By 

Strain   Operating condition 
 

Type 
Optical 

 

Rpm Temp 

(ºC) 

Time 

(min) 

 

2004 

 

Tong 

 

Lactobacillus rhamnosus  ATCC 10863 

 

L 

 

8,000 

 

4 

 

20 

2006 Altaf Lactobacillus amylophilus GV6 L 8,000 - 20 

Ding Lactobacillus casei LA-04-1 - 4,500 - 10 

Gao Lactobacillus rhamnosus NBRC 3863 - 5,500 - 40 

Wang Lactobacillus L 3,000 - 5 

2007 Altaf Lactobacillus amylophilus GV6 L 12,000 - 15 

Gao Lactobacillus rhamnosus NBRC 3863 L 5,500 - 40 

Resa Lactobacillus casei - 4,000 37 10 

Shen Lactobacillus bulgaricus BCRC 10696 - 6,000 - 20 

2008 Zhang Lactobacillus  coagulans L 4,000 - 10 

2009 Gao Saccharomyces cerevisiaeOC-2T T165R L 8,000 - 5 

Gao Saccharomyces cerevisiae OC-2T T165R L 5,000 - 5 

Maeda Lactobacillus acidophilus strain TS1 - 8,000 - 1 

Wee Lactobacillus sp. RKY2 - 13,000 - 20 

2010 Chai Ng Lactobacillus acidophilus BCRC 17002 

Lactobacillus casei subsp BCRC 12248 

- 

- 

3,000 - 10 

2011 Edward Lactobacillus plantarum - 10,000 - - 

Cagno Pediococcus pentosaceus SWE5 

Lactobacillus plantarum FP3 

- 

- 

10,000 4 10 

Gao Saccharomyces  cerevisiae OC-2T T165R L 10,000 - 3 
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Table 2.6 Cell harvesting by centrifuge based on the strain and condition (con). 

 

 

Year 

 

Research 

By 

Strain   Op    Operating condition 

 

Type 
Optical Rpm Temp 

(ºC) 

Time 

(min) 

 

2012 

 

Dey 

 

Lactobacillus delbruckii  NCIM-2025 

 

L 

 

12,000 

 

- 

 

15 

Oguntoyinbo Lactobacillus plantarum ULAG11 - 4,000 - 5 

 Sikder Lactobacillus plantarum NCIM 2912 L 12,000 4 15 

 Vukovic Lactobacillus rhamnosus ATCC 7469 L 4,500 - 20 

2013 Nguyen Lactobacillus  paracasei LA104  

Lactobacillus  coryniformis ATCC 

25600  

L 

D 

8,000  37 20 

Watanabe Lactobacillus rhamnosus M-23 L 5,000 4 10 

Wang Escherichia coli HBUT-D D 10,000 4 5 

Wouters Lactobacillus plantarum IMDO 788 

Lactobacillus sakei IMDO 1358 

- 

- 

16,000 4 20 

2014 Abdel-

Rahman 

Enterococcus mundtii QU 25 L 7,190 4 15 

Ashraf Lactobacillus casei 290 - 6,000 15 4 

Chookietwat

tana 

Lactobacillus Plantarum MSUL 903 - 10,000 - 10 

Komesu Lactobacillus plantarum - 5,000 25 15 

Kumar Lactobacillus delbrueckii subsp.     

bulgaricus DSMZ 20081 

D 5,000 - 8 

Nionelli Lactobacillus plantarum - 10,000 4 10 

Tosungnoen Lactobacillus Plantarum MSUL 702 - 10,000 15 20 

Sharma Lactobacillus plantarum NCDC 414 - 10,000 4 10 

 Ye Bacillus coagulans JI12 L 4,000 - 10 

Zhang Bacillus coagulans IPE22 - 10,000 - 10 

2015 Esteban-

Torres 

 

Lactobacillus plantarum - 8,000 4 15 
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2.2.2 Membrane based separation process 

 2.2.2.1 The theory of membrane based separation process 

 The principle of membrane-based separation processes is mainly based on 

selective permeability either by size exclusion or solute diffusion (Mohr et al., 1988). 

The solution is forced through a porous of filtration media (membrane). The particles 

that are larger than the porous surface of the membrane are retained. The objective of 

membrane filtration may be the removal of undesirable solid particles from a liquid 

product or, alternatively recovery of a solid product from a solid/ liquid mixture. 

Surface membrane filtration processes are classified into two categories: dead-end 

filtration and cross-flow filtration. With dead-end filtration, the direction of 

suspension flow is normal to the filter surface. The particles are stopped (come to a 

dead-end) on the filter surface and accumulate as a cake. The flux decreases rapidly 

due to the accumulation of particles on the filter layers (Figure 2.4). On the other 

hand, with cross-flow filtration, the direction of suspension flow is parallel to the 

filter surface. The retained particles are carried forward by the flowing suspension 

maintaining a high velocity of flow. It does not eliminate the particle boundary layer 

completely but it does lead to higher flow rates (Figure 2.5.) (Berk, 2013).   

 

 
 

Figure 2.4 The characteristics of dead-end filtration. 

 

 

 
 

Figure 2.5 The characteristics of cross-flow filtration. 

(Ref U. S. Department of Energy) 
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 Microfiltration (MF) and ultrafiltration (UF) are applied in filtration 

processes in which particle size is practically the sole criterion for permeation or 

rejection. In contrast, reverse osmosis (RO) membranes separate particles at a 

molecular level, and their selectivity is considered on the chemical nature of the 

particles. The driving force for material transport through the membrane in MF, UF 

and RO processes is a pressure difference. These processes are called pressure-driven 

membrane processes. The approximate ranges of separation and typical operation 

pressures for the pressure-driven membrane processes are given in figure 2.6 and 2.7. 

(Berk, 2013) 

 

 
 

Figure 2.6 The typical range of application of pressure-driven membrane 

separation process 

 

 

 

 

                     
 

Figure 2.7 Separation range of pressure-driven membrane processes 
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The driving force transportation through the membrane is the pressure drop across the 

membrane (Transmembrane pressure difference, TMPD). As figure 2.8, the pressure 

at the permeate side is practically uniform while the pressure at the retentate side 

relates the direction of the flow. 

 

 

         
 

  

 

           
 

 

Figure 2.8 Definition of the trans-membrane pressure drop (TMP). 

 

 

Trans-membrane pressure difference (TMPD) can be calculated by the following 

formula 

 

𝑻𝑴𝑷𝑫 =
𝑃1 + 𝑃2

2 
 − 𝑃3  

 

 

Where 

P1   is the pressure at the module inlet (bar) 

P2   is the pressure at retentate side (bar)  

P3   is the pressure at permeate side pressure, assumed uniform (bar) 
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2.2.2.2 Microfiltration (MF) and Ultrafiltration (UF) 

    2.2.2.2.1 The characteristic of MF and UF membrane process 

 The membranes used in these filtration processes are porous. Thus, the 

transport of permeate through the membrane follows the basic principles of flow 

through porous media (size exclusion). Thus, if the particle size is larger than the 

membrane pores size, it definitely cannot pass through the membrane. MF is 

practically used to separate the micron-sized particles, whereas UF is basically used to 

remove macromolecules such as proteins (Datta and  Sablani, 2007). Mass transfer 

through MF and UF membranes are described as being solvent transport, following 

Darcy’s Law and solute transport below (Berk, 2013): 
 

(1)  Solvent transport 

 

𝑱 = 𝐿𝑝𝛥𝑃𝑇𝑀      ;     𝐿𝑝 =   
𝜀𝑅2

8𝜇𝑧
                                                                                                                                                 

 

Where 

J    is permeate flux (𝑚 𝑠⁄ ) 

Lp is hydraulic permeability, 
(𝑚

𝑠𝑃𝑎⁄ ) 

ΔPTM   is transmembrane pressure difference (Pa) 

𝜀    is membrane porosity, dimensionless 

Z    is membrane thickness (m), R is radius (m) 

µ    is viscosity of the permeate (Pa s) 

 

The straight line A represents the theoretical behavior according to the equation.  The 

curve B depicts the typical behavior observed in reality. The decline in flux may be 

explained by concentration polarization, fouling membrane compaction. The curve C 

shows that increasing the flow-rate results in increasing the flux.  

 

(2) Solute transport 

 

The solute rejection (%R) and the sieving coefficient (S) of a membrane are defined 

as follows 

𝑹% = (1 − 𝑆) ∗ 100          ;   𝑺 =
𝐶𝑝𝑒𝑟𝑚

𝐶𝑟𝑒𝑡𝑛 
  

 

Where  

R%   is the rejection of solute  

Cperm is the concentration of the solute in the permeate, kg/m
3
     

Cretn  is the concentration of the solute in the retentate, kg/m
3 
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2.2.2.3 Reverse osmosis (RO) 

2.2.2.3.1 The characteristic of RO membrane process 

  Osmosis is the explanation of the spontaneous transfer of water from a dilute into 

a concentrated solution through a membrane, as shown in figure 2.9. In order to stop 

the osmotic transfer of water into a solution, a certain pressure, called osmotic 

pressure, must be exerted against the direction of the transfer. Application of a 

pressure stronger than the osmotic pressure causes water transfer in the opposite 

direction, transferring from the concentrated solution to the less concentrated medium, 

which is called reverse osmosis, as shown in figure 2.10 (Berk, 2013). 

 

 
 

Figure 2.9 Osmosis. 

 

 

An important fact about osmosis and osmotic pressure is that the osmotic pressure of 

pure water (pure solvent) is zero. Solutions have osmotic pressure but pure solvents 

do not have osmotic pressure. 

 
 

Figure 2.10 Osmosis and reverse osmosis. 
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The mechanism of separation by reverse osmosis membrane is not relative to just size 

exclusion but also solution diffusion affecting the solute transportation. In the 

solution-diffusion mechanism, solutes are diffused and then absorbed into the 

membrane structure; thus, the relative rates of the adsorption desorption and diffusion 

of the solution, including the electrostatic repulsion interaction between the solute 

charges and membrane surface charges, are the factors to control the separation by 

RO (Datta and  Sablani, 2007). The same as MF and UF, RO is operated under the 

pressure-driven process. However, the pressure applied must overcome the osmotic 

pressure (π) in order to the solution transfer. Osmotic pressure (π) is defined below as; 

𝝅 = 𝑖𝑀𝑅𝑡𝑇 

 

Where 

𝝅 is osmotic Pressure (atm) 

i   is dimensionless van’t Hoff factor       

M is molarity (molar concentration of the solution) 

Rt is gas constant 0.08205746 (L atmK
-1

 mol
-1

) 

T   is temperature (ºK) 

 

 

(1) Solvent transport 

 

 Mass transfer in RO membrane is described by the molar flow, mass flow or 

volumetric flow per unit time for 1 unit of area as follow; 

 

𝑱 = 𝑭𝒍𝒖𝒙 =
𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑟𝑎𝑡𝑒

𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑎𝑟𝑒𝑎
 

 

 

(2) Solute transport 

 

Total rejection of solute, the concentration ratio achieved by RO membrane is 

shown as follow; 

𝐶𝑟𝑒𝑡𝑛

𝐶𝑓𝑒𝑒𝑑
 =   

𝑄𝑓𝑒𝑒𝑑

𝑄𝑓𝑒𝑒𝑑 −  𝑄𝑤
  

 

Where 

Cfeed is concentration of the solute in the feed  

Cretn  is concentration in the retentate 

Qfeed is volumetric flow-rate of the feed 

QW   is volumetric flow-rate of the permeate (water) 
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Furthermore, the water permeability (m
3
.s

-1
.m

-2
.bar

-1
) will be determined. The 

water permeability quotation is described as follow; 

  

𝐿𝑝𝑜  =   
𝐽𝑤

𝛥𝑃
 

 

Where 

Lpo is water permeability (m3.s-1.m-2.bar-1) 

Jw    is the water flux (m/s) 

ΔP  is the pressure difference (bar). 

 

 

Referring to the principle of the solute transport in RO membranes is caused by the 

diffusion through a membrane pore upon sieve effect and charge effect (Tsuru et al., 

1991). Some evidence reported that certain trace organic compounds cannot be 

removed during the RO process completely due to the fact low molecular weight 

(MW) organic compounds, such as neutrals and acids, show a MW smaller than the 

molecular weight cut-offs (MWCOs) of the membranes tested. Thus, some of organic 

compounds can still be moved to RO permeates (Bellona et al., 2004). It is implied 

that the smallest membrane pore size will not always guarantee the highest solute 

rejection, especially for low MW non-charged organics. Two important mechanisms, 

indicating the salt or solute rejection in RO membrane filtration, are restricting solute 

diffusion across the membrane (charge effect) and chemically hindering the transport 

of solutes through pores (sieve effect) (Košutić and  Kunst, 2002). Many researchers 

also reported on the rejection of organic solutes by RO membranes, stating that it was 

influenced by feed pH, solute charge (associated with acid or base dissociation 

coefficient, pKa or pKb) and membrane surface charge (Bellona et al., 2004). The 

combinations of positively charged ions (cations) and negatively charge ions (anions) 

in the solution could be contacted with the strong negatively charged membrane 

resulting in the cation concentration in the membrane being greater than in the bulk 

solution. In contrast, the anions concentration in the membrane becomes less than in 

the bulk solution. A strong negatively charged membrane will produce a greater 

repulsive force than a weak negatively charged membrane. This electrical reaction is 

known as the Donnan potential, occuring at the boundary between the membrane and 

the feed solution (Bartels et al., 2005) as figure 2.11 demonstrates below: 
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Figure 2.11 Donnan potential reaction on negatively charged membrane                          

(Bartels et al., 2005). 

 

Feed of pH has been indicated as one of the most significant factors influencing the 

rejection of compounds in the membrane filtration process. This is because changes of 

feed pH directly relate to the amount of ion concentration in solution and the 

characteristic of ionization. Moreover, the pH of the solution and its isoelectric point 

(IEP) directly affects the membrane charge (González et al., 2008). Thus, the changes 

in pH can cause an effect to the separation of acids, including their behavior towards 

the membrane changing also. The pH effect on the amount of ion concentration was 

explained by the addition of acid or alkali by adjusting pH from the neutral pH of 

solution. Sodium hydroxide (NaOH), as an alkali, is basically used to adjust pH, 

which causes an increase in Na
+
 concentration with an increasing pH (Timmer et al., 

1993).  Therefore, the adding of acid (HCl) or alkali (NaOH) causes a dramatically 

large amount of ion in the solution by presenting higher molecules ions (Na
+
, H

+
 and 

OH). Then, the researcher concluded that at a pH with a low ion concentration, the 

permeate concentration or solute leakage was enhanced. Meanwhile at pH with a high 

ion concentration, the permeate concentration or solute leakage was reduced. This 

was due to the larger hydrated ions sizes, compared with the molecules, would reduce 

the diffusion rate, resulting in lower permeate concentrations (Liew et al., 1995). In 

addition, the pH factor also affects the hydration and absorption capacity of the 

solution on membrane. H
+
 ion is formed by the hydrogen-bonds with the carbonyl 

groups of the polyamide membrane, which can then help to promote the ionic 

passage. A pH lower than the pKa (pKa of lactic acid = 3.86) can improve the 

diffusion of compounds through the membrane due to the hydrogen bonds between 

protonated acid and membrane. In contrast, a pH higher than the pKa can increase the 

rejection rate of compounds (Morin Couallier et al., 2006). At pH values lower than 

pKa, lactic acid is presented in an undissociated form. On the other hand, lactic acid is 

completely dissociated at higher pH values affecting the rejection by charged 

membranes (Bartels et al., 2005). The amount of undissociated lactic acid and lactate 

anions can be calculated following the Henderson–Hasselbalch equation below: 

 

CH3CHOHCOOH (aq)                 H
+ 

(aq) + CH3CHOHCOO
–
(aq) 

pH   =     pKa            +      log 
[CH3CHOHCOO–]

[CH3CHOHCOOH ]
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Therefore, the adjustment of pH value, by adding alkali or acid, will be significantly 

related to the chemical compositions of total ions in solution. This is due to the total 

ion value being relatively based on a function of pH variances. Besides the pH factor, 

ionic strength of the solution is also reported to be one of key factors affecting salt 

removal by RO membrane (Oo and  Song, 2009). Salt rejection is significantly 

influenced by membrane charge and feed solution composition (feed ionic strength) 

contributing in the variation of ion passage through RO membrane following 

Donnan’s effect theory. Donnan potential is dependent on the rejection of anions 

while attracting the cations. The cation ion at the membrane surface shields the 

repulsive force of the membrane’s negative charge on the anions in the bulk solution. 

Thus, a solution with a higher concentration of divalent cation shows the weakest 

Donnan potential leading to an increase of salt rejection at the membrane (Bartels et 

al., 2005), as figure 2.12 demonstrates below: 

 
 

Figure 2.12 Donnan potential reaction on negatively charged membrane (-)                                                 

between monovalent cation (+) and divalent cation (++) (Bartels et al., 2005) 

 

The diameters of the hydrated ions, such as H
+
, Na

+
 and NH4

+
, result from the 

diffusion rate and permeate concentration. Among H
+
, Na

+
 and NH4

+
, monovalent 

cation of Na
+
 has the biggest ion size; therefore, it provides a lower rate of diffusion 

and a lower permeate concentration. In contrast, monovalent cation of H
+
 and NH4

+ 

ions could be formed the hydrogen-bonds with the carbonyl groups of the polyamide 

membrane promoting the ionic passage through RO membrane. In conclusion, the 

changes in molecules concentration, ion concentration (Liew et al., 1995) and ionic 

strength (ionic type) significantly cause an effect on the solutes permeability during 

the RO process at certain operating pressures; following the concept of ion 

transportation across a membrane by Donnan’s effect theory (Schäfer et al., 2004). 

Previous studies also confirmed that the permeate flux and the rejection of lactic 

acid/lactate by membrane resulted from the effects of skin shrinkage in concentrated 

solutions. Moreover, the sorption of lactic acid/lactate by the membrane is influenced 

by the conventional effects of charge and solute size, as well as osmotic differences 

between concentrate and permeate streams (Freger et al., 2000). In addition to factors 

of pH and ion strength, the operating conditions such as feed pressure and flow rate 

are also indicated to be the significant key indicators of solute rejection by RO 

membrane filtration. Further investigation on scale formation and membrane fouling 

are reported using the following criteria (Kim and  Hoek, 2005; Tilak G., 2010)  
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 (1) Inorganic salt precipitation – inorganic salts resulted from neutralization 

and acidification strongly affects RO process due to membrane fouling. This leads to 

flux decline from the scale blockage which limits the RO performance and membrane 

life span. The major factors including cross flow velocity, TMP, permeate recovery, 

concentration polarization, the presence of metal ion contaminants as well as the 

operating conditions (fluid flow rate, pH, and temperature) are responsible to scale 

formation; thus, significantly affect RO performance.  

 

 (2) Concentration polarization (Figure 2.13) is also one of the important 

factors influencing the performance of RO because it represents the accumulation of 

rejected solute at the membrane surface. It is directly governed by solute properties, 

membrane properties, and hydrodynamics. The adverse effects of concentration 

polarization are decreasing water flux, increasing solute flux, rejection of RO 

permeates, solute precipitation, diverted membrane properties, fouling and blocking at 

membrane surface, and shortened membrane lifespan. Concentration polarization is 

explained the accumulation of rejected solutes at the membrane surface that the solute 

concentration at the membrane wall is higher than the bulk feed solution. When water 

passes through the membrane, the flow of solute to the membrane surface is larger 

than the diffusion of the solute. As a result, the concentration of the solutes at the 

membrane wall increases.   

 

 
 

 

Figure 2.13 Concentration Polarization Concentration Profile. 
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At steady state, the local concentration does not change with time, Therefore the 

effects must be in equilibrium. Assuming Fick’s Law for the back-diffusion, the 

steady-state condition as follows (Berk, 2013). 

 

𝑱 ∙  𝑪  = − 𝐷
𝑑𝑐

𝑑𝑥
     =  

𝐽

𝐷
∫ 𝑑𝑥   =     ∫

𝑑𝐶

𝐶

𝐶𝐵

𝐶𝑊

𝛿

0

 

 

Integration 

 

𝑱  =  
𝐷

𝛿
   ln  

𝐶𝑊

𝐶𝐵
  =   𝐾𝐿   ln  

𝐶𝑊

𝐶𝐵
 

 

Where 

Cw   is concentration at the membrane interface, kg/m
3
 

CB    is concentration at fluid bulk, kg/m
3
 

J      is solvent flux, m/s 

D     is diffusivity of the protein in the solvent, m
2
/ s 

X     is distance from the membrane 

δ    is thickness of the boundary layer for diffusion.  

 

2.2.2.3.2 RO Membrane materials 

Commercial RO membranes often employed in bioprocess classified by 

the material used and properties the table 2.7.   

 

Table 2.7 RO membranes material used and properties. 
 

 

Properties 
Cellulose Acetate 

Membrane (CA) 

Aromatic Polyamide 

Membrane 

Polyamide thin film 

composites (TFC) 

Surface Layer (µm) 0.2-0.5  0.1-1.0  0.001-0.1  

Water permeability High Higher water flux                    

than CA membranes 

 

High 

 

Organic rejection 

 

Low 

Higher rejection of  water-

soluble organics and salt 

rejection than CA  

membrane 

 

Reject some low 

molecular weight 

organics than CA 

pH 4-8 4-11 2-11 

Operating Pressure 30 kg/cm
2
 15 kg/cm

2
 15 kg/cm

2
 

Temperature  

 

Maximum 35 ºC Maximum 35 ºC Maximum 45 ºC 

Membrane Fouling Low High High 

Cost Low High High 
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2.2.2.3.3 RO Membrane configurations 

Four main types of membrane configurations are usually adopted in the 

industry as provided in the table 2.8.   

 

Table 2.8 RO membrane configuration.  
 

1.Plate and Frame

 

 

Simplest configuration, 

consist of two end plates, 

the flat sheet membrane, 

and spacers 

 

 

 

 

3. Spiral Wound

 

 

Flows on one side of 

the membrane. 

Permeate is collected 

 on the other side 

2. Hollow Fiber

 

 

Membrane is on             

the inside of a tube,                   

and the feed solution is 

pumped through the tube 

 

 

 

 

4. Tubular 

 

 

 

Stainless steel tubes                         

in shell and tube 

construction 

 

 

 

 2.2.2.3.4 RO Membrane categories 

 Reverse osmosis membranes can be separated into three categories by 

referring to their applications and uses as detailed below: 

     (1) Tap water reverse osmosis membranes (TWRO); A few impurities 

or dissolved inorganic solids such as salts, fluoride, chloride, nitrate and sulfate are 

found in water. It contained about 200 - 500 ppm salt solution at an operating pressure 

of 3 – 6 bar. The quality of the filters and membranes used in the RO system is around 

92-98 % rejection. 

   (2) Brackish water reverse osmosis membranes (BWRO); It contains a 

higher salinity concentration levels than tap water but not as much as sea water. 

Brackish water commonly refers to the condition of where fresh water meets sea 

water. It was generally operated within a 500 – 30,000 ppm salt solution at an 

operating pressure of 2 – 17 bar. It rejects around 98 – 99 % of impurities or salts 

from salt solution. 
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  (3) Sea water reverse osmosis membranes (SWRO); This membrane 

type has a very high salinity of around 32,000 – 50,000 ppm at an operation pressure 

of 40 – 70 bar. SWRO is successfully used for water treatment in many industries 

with the result of a salt rejection percentage higher than 99%.  

 

2.2.2.3.5 RO Membrane selectivity 

   The selectivity of membrane can be predicted by many theories and 

knowledge as summarized below (Baker, 2004). 

  (1) Valences of ions; in general, Monovalent ions are retained less than 

divalent ions and multivalent ions 

  (2) Dissolved gasses; the dissolved gasses can easier pass through 

permeation side normally. 

  (3) Ionization; when the acid or base is in the ionized form, the 

rejection will be high but the rejection will be low in the nonionized form.    

  (4) Molecular weight; the greater molecular weight of neutral organic 

solutes will be more retained by RO membrane 

  (5) Negative rejection coefficient; it can happen when a solute 

concentration in the permeation side is higher than in the feed side.  

 

 

2.2.2.4 The researches on membrane based separation process  

The applications of MF, UF and RO for several industries provided as 

the table 2.9 and the applications of MF, UF and RO for lactic acid production 

provided as the table 2.10.  
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2.2.2.4.1 Applications of MF, UF and RO for several industries.  

Table 2.9 Applications of MF, UF and RO for several industries. 
 

Membrane  Application Results 

MF Separation of phosphorus 

from wastewater  

Phosphate removal was 99.7%                                   

 (PO4
3- , Zn2+, Ca2+, Mg2+ ) The % rejection was 99.7,1.24, 23.65 and 14.26 respectively                 

(Zhang et al., 2006) 

 

RO Separation of  nitrogen 

from domestic wastewater  

The separation efficiency was 95% for total nitrogen.                             

(Bilstad, 1995) 

 

RO Separation of CaSO4 and 

Fe3+  from natural water 

CaSO4 and Fe3+ were separated from the natural                      

(Kavitskaya et al., 2000) 

 

RO Purification of phosphoric 

acid solutions 

46.3% permeation and  99.3% of rejection of cationic impurities       

(González et al., 2002) 

 

RO Separation of sulfate 

content in aqueous 

solutions 

Sulfate concentrations were between 0.145-25.455 kg/m3    

Rejection was higher than 99.55% were obtained in all cases     

(Bódalo et al., 2004) 

 

RO Separation of inorganic 

and organic compounds 

Phenol, 2,4-dinitrophenol (DNP), pentachlorophenol (PCP), 

NaCl, NaBr and KBr were separated from aqueous solutions    

(Senthilmurugan and  Gupta, 2006) 

 

MF                

with RO        

Separation sodium  from 

tannery water 

82% reduction of sodium                                                     

(Bhattacharya et al., 2013) 

 

UF                  

with RO 

Separate of  ions from 

influent and effluent water 

The rejection of manganese, iron and ammoniacal nitrogen                                                

were 95.2%, 96.9% and 76.9% respectively                                      

(Huang et al., 2011) 

 

UF                   

with RO 

Separation of impurities 

from the metal finishing 

industry 

91.3 - 99.8% rejection of the contaminants such as                                                                    

metal elements, organic, and inorganic compounds                              

(Petrinic et al., 2015) 
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2.2.2.4.2 Applications of MF, UF and RO for lactic acid production.  

Table 2.10 Applications of MF, UF and RO for lactic acid production. 
 

Membrane  Application Results 

MF Separation of cell  from lactic 

acid fermentation broth 

The total amount of cell concentrations was 81.5g dry cell/l 

(Taniguchi et al., 1987) 

 

MF Separation of cell from lactic 

acid fermentation broth 

The total amount of lactic acid concentrations was  92-94 g/l 

(Oh et al., 2003) 

 

MF Cell recycling from lactic acid 

fermentation broth 

Yield, productivity and biomass were 4.23%, 315.64%                                                                             

and 8.88% higher than batch fermentation.                         

(Lu et al., 2012) 

 

UF Separation of cells and 

proteins for recycling                          

in lactic acid production 

 

36 g/Lh of productivity and  90 g/L of lactic acid 

concentration (Xavier et al., 1995) 

UF Separation of cells and 

proteins for recycling                          

in lactic acid production 

 

57 g/Lh of productivity and  92 g/L of lactic acid 

concentration (Kwon et al., 2001) 

UF Separation of cells and 

proteins for lactic acid 

fermentation broth 

 

100% protein retention by  UF (MWCO 25 kDa)       

(Torang et al., 1999) 

UF Separation of cells                                

and proteins                                      

from cheese whey production                                                

to produce lactic acid   

 

94.5% of the lactose conversion  

0.65 g. of lactic acid  per g. of lactose used    

(Julien and  Whitford, 2006) 

RO  Concentrating lactic acid                   97% rejection of lactic acid and residual sugars       

(Schlicher and  Cheryan, 2007) 

 

RO  Concentrating lactic acid 

from aqueous mixture  

 

99.2% rejection of lactic acid from mixture   

(Diltz et al., 2007)  

UF                      

with RO 

 

Concentrating lactic acid 

from the permeate stream                              

collected from UF                         

(cheese whey production  )   

                        

Highest protein recovery in UF stage                                                                                              

Highest lactic acid recovery in RO stage   

(Yorgun et al., 2008) 

NF                     

with  RO 

 

Concentrating lactic acid 

from the permeate stream                                           

collected from NF                             

(cheese whey production)                           

Highest lactose retention in NF stage (97%) 

Highest lactic acid recovery in RO stage (nearly 100%) 

(Li et al., 2008) 
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2.3 Process simulation 

Process simulation tools have been continuously applied in petrochemical 

industries for developing and optimizing the design and operation of integrated 

processes since 1960s. When a new process scale is required, process simulators can 

be used to model the required equipment size as well as to estimate the cost of 

equipment (Petrides et al., 2002). Various software tools were performed such as 

bioprocess simulator (BPS), Biopro Designer, Superpro designer, biotechnology 

design simulator (BDS) and batch process technology (BATCHES). The ability to 

handle the unit operation of both batch and continuous processes, including the 

specification of unit operation to bioprocessing are required as minimum functions for 

biochemical process simulation. SuperPro designer program (Figure 2.14 and 2.15), 

one of the most well-known process simulator software tools, was successfully used 

to demonstrate the role of simulation tools in the bioprocess design for balancing the 

material and energy with the function of process modeling, equipment sizing, 

scheduling, including economic evaluation (Julien and  Whitford, 2006). 

 

 
 

Figure 2.14 Superpro designer process simulation software. 

 

 
 

Figure 2.15 Accessing mode of process simulation. 
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2.3.1 Procedure 

The basic steps of process simulation by superpro designer are detailed as 

following:  

(1) Create a design simulation 

When the program is completely opened, the user can create a new 

flowsheet for starting a simulation    

(2) Specify mode of operation  

When the new design case is created, the basic mode process will be 

selected. There are two options: batch mode and continuous operation mode. 

(3) Set default physical units 

Defining the measurement units will be generally used for inputting data    

(4) Register components and mixtures 

If the data of components and mixtures are not available in databases, the 

user can register pure components and mixtures for the provided process 

(5) Add unit procedures 

The unit procedure represents the unit operation of equipment. Thus, 

adding the unit procedure is required for simulation. Unit operations available in unit 

procedures based on the filtration procedure are offered by superpro designer, as 

shown in table 2.11. 

(6) Add input and output streams 

Stream represents the transportation of material in unit procedures. Input 

stream refers to the material transfers into the unit while output stream transfers go 

out of the unit.   

(7) Specify operations 

After unit procedures and streams were added completely, the operation 

needed to be specified and detailed within each of the unit’s equipment.  The 

specification of unit operation can be selected from the list of unit operation available 

in unit procedures, as shown in table 2.11.  
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Table 2.11 Unit operation available in unit procedures.  
 

Filtration procedure Operation available 

Microfiltation (batch) Charge 

Clean-in-place (CIP) 

Concentrate  

Hold 

Steam-in-place (SIP) 

Transfer in 

Transfer out 

Ultrafiltration (batch) Charge 

Clean-in-place (CIP) 

Concentrate  

Hold 

Steam-in-place (SIP) 

Transfer in 

Transfer out 

Reverse osmosis (batch) Charge 

Clean-in-place (CIP) 

Concentrate  

Hold 

Steam-in-place (SIP) 

Transfer in 

Transfer out 

 

(8) Schedule process 

Scheduling is essential for the batch process consisting of the 4 steps 

mentioned below: 

(8.1) Specification of setup time  

 8.1.1 User specification; if the operating time is known; the user can 

input the duration time by using the “set by user” function.   

 8.1.2 Simulation calculated; if operating time is unknown, the process 

time can be calculated by selecting the “calculated based on” function. 

 8.1.3 Master-slave relationship; if operating time is unknown, the 

process time can be referred to by another process or a series of processes by 

choosing the “set by master-slave relationship” function 

(8.2) Scheduling relationship  

Four scheduling relationships are classified as below 

 8.2.1 Beginning of the batch relationship; if the duration time of each 

operation is known, the user can indicate a start time relative to the beginning of the 

batch for a certain operation in the unit procedure. 

8.2.2 Previous operations in the same procedure relationship; the start 

time will be scheduled according to the start or end of another operation in the same 

unit procedure 

8.2.3 Another operation in the same procedure relationship; the other 

operation will be selected and then the user can specify the start time based on the 

starting or ending time of another operation in the same procedure. 

8.2.4 Another operation in another procedure relationship; the start 

time of an operation is scheduled according to the start or end time of an operation in 

another procedure  
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(8.3) Process schedule information  

This step is to overview all the scheduling information for the process. It 

presents the data for an operation, such as the set up time of batch, the operating time 

of batch, or the running time of process including the data for a unit procedure, such 

as the number of batches/cycles.  

(8.4) Scheduling calculation 

Based on the process schedule information (start time, duration and 

number of cycles), the system computes the equipment cycle times and annual 

operating time.  

(8.5) Scheduling and equipment sizing 

Process scheduling decisions have an impact on the size of equipment. The 

balance between capital investment, plant capacity and flexibility of expansion will be 

simulated and designed for new facilities.  

(8.6) Accessing Gantt charts 

This is the final step of the schedule process. The Gantt charts are 

supposed to help in the scheduling of simulation. The Gantt charts can be generated 

by superpro designer programs after all operations are scheduled and run completely.  

(9) Specify labor requirement 

This step required the raw input data of labor (labor-hrs/hr or labor-

hrs/cycle) for estimating the economic evaluation of the process. 

(10) Perform cost analysis 

Component costs, stream costs, equipment costs, labor and utility costs 

will be specified after that the cost analysis is calculated and performed by the 

superpro designer program.       
 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER III 

MATERIALS AND METHODOLOGY 

 

 

3.1Simultaneous Reverse Osmosis (RO) membrane filtration unit     

3.1.1 Chemicals 

 Calcium lactate (CaLAC), sodium lactate (NaLAC), and ammonium lactate 

(NH4LAC) purchased from Sigma-Aldrich were used in this study as model solutions. 

These chemicals were dissolved directly in deionized water to the specified 

concentration (5 g/L lactic acid equivalent). This equivalent mass concentration of 

lactic acid resulted in different pH values of the solution, e.g., 4, 4, and 9 for CaLAC, 

NaLAC, and NH4LAC solutions, respectively. To obtain the specific tested pH at 4 

and 6, the pH of the model solution was adjusted by 5 M NaOH or 1 M H2SO4. The 

concentrations of the lactate species at equilibrium (both free lactic acid and its salts) 

were dependent on the pH. The following stoichiometry describes the presence of 

lactate species mimicking those that appear in the fermentation processes. 

 

When CaCO3 was used for pH control during the fermentation, both lactic acid and 

calcium lactate were present in the solution. 

 

2CH3CHOHCOOH + CaCO3 ⇌ (CH3CHOHCOO)2Ca + H2O + CO2 

 

 

When NaOH was used for pH control during the fermentation, both lactic acid and 

sodium lactate were present in the solution. 

 

CH3CHOHCOOH + NaOH ⇌ (CH3CHOHCOO)Na + H2O 

 

 

When NH4OH was used for pH control during the fermentation, both lactic acid and 

ammonium lactate were present in the solution. 

 

CH3CHOHCOOH + NH4OH ⇌ (CH3CHOHCOO)NH4 + H2O
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3.1.2 Fermentation broth preparation 

 Lactate fermentation broth was prepared from the cultivation of Bacillus 

coagulans BC-013 in a 5 L stirred fermentor. An active 24-h glucose–yeast extract–

peptone slant was used to prepare the bacterial suspension. The bacterial suspension 

(1% inoculum size) was inoculated in a preculture flask containing the preculture 

medium. The preculture medium contained (per liter) 10 g glucose, 15 g yeast extract, 

4 g NH4Cl, 0.5 g KH2PO4, 0.5 g K2HPO4, 5 g CaCO3, and 20 mL salt solution. The 

compositions of the salt solution consisted of (per 10 mL) 400 mg MgSO47H2O, 20 

mg MnSO45H2O, 20 mg FeSO47H2O, and 20 mg NaCl. The preculture flask was 

incubated at 50 C, 200 rpm for 3 h. After that, the preculture flask was transferred 

into the 5 L stirred fermenter containing 2.5 L sterile preculture medium at 10% 

inoculum size. The fermenter was operated at 50 C and agitated at 300 rpm with 1 

vvm air. After 3 h, 0.5 L of the fermentation medium containing (per liter) 720 g 

glucose was added into the fermenter. Aeration was then stopped. Three different 

bases, i.e., CaCO3, NaOH, and NH4OH, were used for pH control at 6. As a result, 3 

different lactate salts, i.e., CaLAC, NaLAC, and NH4LAC, were obtained in the 

fermentation. Fermentation was continued for 48 h until glucose depletion. Next, the 

fermentation broth was harvested. Cell biomass and soluble, neutral macromolecules 

such as proteins, sugars, etc. were removed from the fermentation broth by 

microfiltration and ultrafiltration. The cell-free broth obtained was later used in the 2-

stage RO unit.  

 

3.1.3 Designing and setting up the RO apparatus design 

An in-house RO unit was constructed by a local Thai company (Icrotech Co., 

Ltd.) for use in this study. The apparatus set-up is illustrated in Figure 3.1. 

 

 
 

Figure 3.1 Schematic diagram of the in-house RO unit for recovery and purification 

of lactic acid. 
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Two RO membrane filtration units were subsequently connected with auxiliary 

instruments, including boost pumps, pressure gauges, flowmeters for feed, 

concentrate, and permeate, valves, and storage vessels. Negatively charged brackish 

water RO (BWRO) elements (DOW FILMTEC
TM

 BW60-1812-75) were installed at 

the first RO unit for recovering lactate from the model solution while allowing some 

salts to pass through the membrane at a rejection percentage of 97–99% (Table 3.1). 

In the second RO unit, positively charged seawater RO (SWRO) elements (DOW 

FILMTEC
TM

 SW30-2521) were installed for pre-concentrating recovered lactate 

obtained from the first RO unit where water was expelled. The rejection percentage 

was higher than 99.4% (Table 3.1). As a result, lactate was passed through the BWRO 

unit to the permeate side and later entered the SWRO unit. Lactic acid was then 

concentrated in the following SWRO unit and remained in the retentate. 

 

Table 3.1 Characteristics of DOW FILMTEC
TM

 RO membrane elements.  
 

Product name DOW FILMTEC
TM

 

BW60 

DOW FILMTEC
TM

 

SW30 

Model BW60-1812-75 SW30-2521 

Membrane type Polyamide thin-film 

composite 

Polyamide thin-film 

composite 

Membrane surface area (m
2
) 0.77 1.20 

Membrane surface charge Negative Positive 

Dimension (mm  mm) 44.5  305 63.5  533 

Permeate flow rate (L/h) 12 45 

Average NaCl rejection (%) 97–99 99.4 

Maximum applied pressure (bar) 10 55 

Maximum applied temperature (C) 45 45 

pH range 2–11 2–11 

 

Batch operation was used in the first RO unit where the feed solution entered the unit 

and the permeate discharged from the first unit to enter the second RO unit later on. In 

the second RO unit, the retentate was recycled so that most of the remaining water in 

the retentate was discharged into the permeate. The maximum operating pressure for 

the BWRO and SWRO units was set at 6 and 15 bar, respectively, owing to the 

pressure limit of apparatus housing, pumps, and piping systems. 
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3.1.4 Determining the operating conditions 

 To utilize the principle of RO in the recovery of lactic acid, osmotic pressure 

was introduced as a key factor determining the process conditions. The operating 

pressure was adjusted over the osmotic pressure of lactic acid so that lactic acid could 

pass through the BWRO membrane to the permeate, with other fermentation 

impurities remaining in the retentate. Eq. (1) expresses osmotic pressure as a function 

of molarity and temperature. 

 

      𝜋 = 𝑖𝑀𝑅𝑇     (1) 

 

where  is the osmotic pressure (bar), i is the dimensionless van’t Hoff factor, M is 

the molar concentration of the solution/species of interest (in this case, lactic acid and 

its salts), R is the gas constant (0.082 Lbar/Kmol), and T is the temperature in K. 

From Eq. (1), the osmotic pressures of the 3 model solutions, e.g., CaLAC, NaLAC, 

and NH4LAC with 5 g/L lactate equivalent to be studied are 2.12 bar, 2.82 bar, and 

2.81 bar, respectively. The osmotic pressure of lactic acid solution at 5 g/L is 1.41 bar. 

The effects of pH and operating pressure on lactate separation efficiency at the 

BWRO unit were investigated. The lactate model solution (2 L) at 5 g/L LAC 

equivalent was adjusted to the tested pH values of 4 and 6 using either NaOH or 

H2SO4. The operating pressure was varied at 4 and 6 bar. Further increasing the 

lactate model solution to more than 5 g/L LAC equivalent resulted in higher osmotic 

pressure that exceeded the maximum pressure threshold in the BWRO apparatus (7 

bar) and consequently led to reduced mass flux and separation efficiency. Therefore, 

the tested concentration of the model solution was limited at 5 g/L LAC equivalent.  

The model solution (2 L) in the feed tank was fed into the first BWRO unit 

where free lactic acid was supposed to be separated from other impurity species, 

including Ca
2+

, Na
+
, NH4

+
, and SO4

2−
 (in case the model solution was adjusted to the 

desired pH by H2SO4). The operating temperature was set at 30 C. The apparatus was 

run until the collected volume of the permeate of 1.6 L was obtained. Samples (20 

mL) were periodically collected from both permeate and retentate for analyses of free 

lactic acid concentration and ion species.  

 The permeate that left the BWRO unit and collected in the SWRO feed tank 

(1.6 L) was passed through the SWRO unit where water separation occurred, which 

resulted in lactate concentration in the retentate. The operating temperature was also 

set at 30 C. The effects of pH and pressure on separation efficiency were determined. 

The tested pressure was set at 13 and 15 bar. At the first 5 min of operation, the 

retentate was recycled into the SWRO feed tank. After the recycling was stopped, the 

operation was continued until the permeate flux became zero. Samples (20 mL) were 

periodically collected for analyses of lactic acid and all the major remaining 

impurities. 
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3.1.5 Sample analyses 

 During the runs, samples from the permeate and retentate obtained in each RO 

unit were collected periodically for determining discharge volume, measuring pH, and 

analyzing substances that remained. For ion analyses, the collected samples were 

analyzed for concentrations of lactic acid and major impurity ions, including Ca
2+

, 

Na
+
, N (representing NH4

+
), SO4

2−
, Cl

−
, P, and Mg

2+
.  

L-lactate ion in the sample was analyzed with a glucose–lactate analyzer 

(YSI2700, Yellow Spring Instruments Inc.) within the detection range of 0–2.67 g/L. 

The sample size of 25 L was automatically injected into the reaction chamber where 

the enzymatic reaction occurred. The reading of L-lactate concentration was 

explained by the action of L-lactate oxidase immobilized at the membrane sensor. 

An atomic absorption spectrophotometer was used to determine the metal 

concentration, including Ca
2+

 and Na
+
, in the sample. The sample was prepared by 

dilution with 5% v/v HNO3 solution. An air flame of 13.60 L/min along with an 

acetylene flame of 2 L/min was used for metal atomization of the sample before 

reading the atomic absorption with the atomic absorption spectrophotometer 

(AA280FS, Varian Inc.). Aqueous standard solutions were prepared by dilution to 

appropriate concentrations (2, 4, 6, and 8 mg/L for Ca
2+

, and 5, 10, 20, and 30 mg/L 

for Na
+
). The concentration of Ca

2+
 and Na

+
 in the sample was calculated by 

comparing the spectra with the standard calibration curves. 

Nitrogen content was determined by the total Kjeldahl nitrogen technique. 

Nitrogen in the sample was first converted to NH3 by metal-catalyzed acid digestion. 

The resulting NH3 was separated from the sample by distillation. Released NH3 was 

captured in a diluted H2SO4 solution. The result represented organic nitrogen after 

digestion and distillation in the sample. The digestion reagent (catalyst) was prepared 

by mixing 134 g K2SO4 and 7.3 g CuSO4 in 134 mL concentrated H2SO4. After that, 

the volume was made up to 1 L. Digestion reagent (50 mL) was added into the 

sample, and digestion proceeded for 30 min (Buchi, K499). Later, 50 mL boric acid 

was added into the reaction mixture as the absorbent solution during NH3 distillation 

(Buchi, K375). Finally, NH3 was determined by titration with a standard solution 

(Buchi, K376).  

Chloride was analyzed by the potentiometric method. The solubilized chloride 

ion in the sample was measured by a chloride ion-selective electrode during titration 

(Orion 720A, Labx Inc.). The sample was mixed with concentrated HNO3 before 

dilution to the proper concentration. Titration was performed with a standard AgNO3 

solution as the reference.  
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Phosphorus was determined by the total phosphorus method using persulfate 

digestion. The sample (50 mL) was mixed with 11 N H2SO4 (1 mL). Next, dissolved 

and particulate phosphorus in the sample was digested with (NH4)2S2O8 (0.4 g) to 

convert phosphorus into orthophosphate (mixed and boiled to obtain a final volume of 

40 mL). The orthophosphate concentration was measured by a spectrophotometer 

(Nova Spec 2, Pharmacia Biotech Inc.) using a standard calibration curve. The 

calibration curve was prepared from a standard phosphorus solution (0.3–1.2 mg P/L). 

 Sulfate ion in the sample was determined by the turbidimetric method. Sulfate 

ion present in the sample was converted into a BaSO4 suspension under controlled 

conditions. The sample (80 mL) was mixed with 20 mL buffer solution containing 

(per liter) 30 g MgCl26H2O, 5 g CH3COONa3H2O, 1 g KNO3, and 20 mL acetic acid 

(99%). Then, BaCl2 was added into the reaction mixture to obtain BaSO4 precipitate. 

The turbidity was measured by a spectrophotometer (2100P, HACH). The 

concentration was determined using the calibration curve of the standard sulfate 

solution.  

 

3.1.6 Investigating the performance of the 2-stage RO unit  

 The performance of the 2-stage RO unit was evaluated using 6 criteria: mass 

flux of lactic acid, lactic acid separation, ion separation, lactic acid recovery, overall 

recovery, and purity. 

The mass flux of lactic acid (JLA) at the BWRO unit was calculated by the 

following equation. 

 

     𝐽𝐿𝐴 =
𝑚𝐿𝐴,𝐵𝑊𝑃

𝐴∙𝑡
      (2) 

 

where mLA,BWP is the lactic acid mass (g) passing through the membrane, A is 

effective membrane surface area (m
2
), and t is time (h). 

 

The efficiency of the BWRO unit to separate lactic acid from other ions can be 

explained by lactic acid separation (SLA) in percentage defined by Eq. (3). 

 

     𝑆𝐿𝐴 =
𝑚𝐿𝐴,𝐵𝑊𝑃

𝐹𝐿𝐴
∙ 100    (3) 

 

where mLA,BWP is the lactic acid mass (g) passing through the BWRO unit and FLA is 

the initial mass of lactic acid present in the feed solution (g).  
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 The ion (i) leakage at the BWRO unit can be described by the separation 

percentage (Si) as seen in Eq. (4). 

 

     𝑆𝑖 =
𝑚𝑖,𝐵𝑊𝑃

𝐹𝑖
∙ 100    (4) 

 

where mi,BWP is the mass of ion i (g) moving through the BWRO unit and Fi is the 

initial mass of the ion (g) present in the feed solution. 

 

 The efficiency of the SWRO unit to pre-concentrate lactic acid can be 

represented by lactic acid recovery in percentage (RLA) described by Eq. (5). 

 

     𝑅𝐿𝐴 =
𝐶𝐿𝐴,𝑆𝑊𝐹−𝐶𝐿𝐴,𝑆𝑊𝑃

𝐶𝐿𝐴,𝑆𝑊𝐹
∙ 100   (5) 

 

where CLA,SWF and CLA,SWP are lactic acid concentrations (g/L) present in the feed 

solution entering the SWRO unit and the permeate leaving the SWRO unit. 

 

 The overall recovery (Roverall) of lactic acid product obtained from the 2-stage 

RO unit can be described by Eq. (6). 

 

     𝑅𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝑆𝐿𝐴 ∙ 𝑅𝐿𝐴 ∙ 100   (6) 

 

where SLA and RLA were defined from Eqs. (3) and (5), respectively.  

 

 The purity of lactic acid product (PLA) obtained from the 2-stage RO unit can 

be described by the mass ratio of lactic acid and the total ions that remained in the 

retentate of the SWRO unit (Eq. (7)). 

 

     𝑃𝐿𝐴 =
𝑚𝐿𝐴,𝑆𝑊𝑅

𝑚𝑇,𝑆𝑊𝑅
∙ 100    (7) 

 

where mLA,SWR and mT, SWR represent the mass of lactic acid product and the total 

mass of ions that remained in the retentate leaving the SWRO unit. 
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3.2 Simultaneous lactic acid recovery process 

3.2.1 Fermentation broth preparation 

 Lactic acid fermentation broths obtained from the cultivation of Bacillus sp. at 

50 C, 300 rpm, pH 6.00 in the 5 L stirred fermentor were used as the feed solution in 

the downstream processing. The fermentation was conducted using different 

neutralizing agents including Ca(OH)2, NaOH, and NH4OH which in turn resulted in 

the different broth compositions at the end of the fermentation (Table 3.2). 

 

Table 3.2 Experimental data showing the feed compositions obtained from lactate 

fermentation by Bacillus sp. to be entered the downstream processing operation.  
 

Species/Ions present in g/L Fermentation broth 

CaLAC NaLAC NH4LAC 

Lactate 86.40 84.30 84.70 

Monovalent cation 

Na
+
 0.15 22.83 0.17 

NH4
+
 2.19 2.23 15.59 

K
+
 0.67 0.86 0.82 

Monovalent anion 

Cl
-
 2.35 2.74 2.52 

Divalent cation 

Ca
2+

 8.35 0.35 0.38 

Fe
2+

 0.02 0.01 0.01 

Mn
2+

 0.02 0.01 0.02 

Mg
2+

 0.07 0.07 0.08 

Divalent anion 

SO4
2-

 0.29 0.25 0.26 

Multivalent cation 

P
3+

 (representing PO4
3-

) 0.06 0.05 0.05 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

50 

 

 

3.2.2 Process description 

 The simplified lactic acid recovery process schemes are shown in Figure 3.2. 

The general process scheme included (1) cell biomass removal from the fermentation 

broth left the fermentation process in the primary recovery unit. Later, (2) the proteins 

remained in the cell-free broth was removed during the clarification step. After that 

(3) the reverse osmosis (RO) units were applied to separate lactic acid from its salts 

and to preconcentrate before transferring to the final purification and finishing 

processes.  

In the base process, cell biomass was removed by centrifugation (CF) and 

microfiltration (MF). Proteins were removed from the cell-free broth by a series of 

ultrafiltration (UF1, UF2, and UF3) installed with the different molecular weight cut-

off (MWCO) membranes (30 kDa, 5 kDa, and 1 kDa, respectively). Lactic acid was 

then separated from its salts and preconcentrated in a series of reverse osmosis (RO) 

membrane filtration where the brackish water RO (BWRO) membrane (Dow 

FilmTec
TM

, USA) and the sea water RO (SWRO) membrane (Dow FilmTec
TM

, USA) 

were installed in the RO1 and RO2 units, respectively (Figure 3.2 (A)).  

In the membrane based process, cell biomass was removed by MF. Later, the 

cell-free broth was clarified by UF1 and UF2 installed with 5 kDa MWCO and 1 kDa 

MWCO flat sheet membranes, respectively. Similar to those appeared in Figure 3.2 

(A), lactic acid was then separated and preconcentrated by the series of RO membrane 

filtration (Figure 3.2 (B)). The unit operations employed in the in-parellel membrane 

based process for cell biomass removal and broth clarification were similar to those in 

the membrane based process (Figure 3.2 (B) and 3.2 (C)). To improve the recovery of 

lactic acid from the clarified broth, 2 BWRO membrane units were connected in 

parallel. The permeates from both RO1 and RO2 were combined in the mixer (MX1) 

before entering the SWRO membrane unit (RO3) for preconcentration. The process 

simulator (SuperPro Designer
®
, Intelligen, Inc., USA) quantified the process 

characteristics, energy requirements, and equipment parameters of each major 

equipment for the specified operating scenarios. Volumes, compositions, and other 

physical characteristics of input and output streams for each unit were identified. The 

obtained information were set as the basis of utility consumptions and purchased 

equipment costs for each unit item. 
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(A) 

 
 

(B) 
 

 

 
 

 

(C) 

 
Figure 3.2 Simplified process flow diagrams displaying the major process equipment                 

in lactic acid recovery from the fermentation broth. (A) base process;                                     

(B) membrane based process; and (C) in-parallel membrane based process. 
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3.2.3 Operating conditions and experimental results in laboratory scale 

 Among the major unit equipment, BWRO membrane unit played the key role 

in separating lactic acid from other ions; thus, the overall process performance relied 

on the operation during this process step. It should be noted that the clarified broth 

after passing through the UF units was diluted to the low concentration of lactic acid 

at 5 g/L due to the limitation of the small-scale membrane apparatus. However, the 

dilution step was neglected in the simulation model. Table 3.3 shows the experimental 

results of ion rejection coefficient (RC) obtained from the BWRO membrane unit at 

the laboratory scale apparatus. The information in this table was input in the 

simulation model for calculating mass and energy balances. The equipment models 

and the key operating conditions employed in the laboratory scale experiments are 

summarized in table 3.4. 

 

Table 3.3 Experimental results showing ion rejection coefficient at the laboratory 

scale BWRO membrane unit apparatus. 
 

Rejection 

coefficient 

Fermentation broth 

CaLAC broth NaLAC broth NH4LAC broth 

Lactic acid 0.748 0.546 0.417 

Na
+
 0.657 0.685 0.750 

NH4
+
 0.666 0.641 0.469 

K
+
 0.673 0.768 0.891 

Cl
-
 0.770 0.733 0.557 

Ca
2+

 0.987 0.988 0.988 

Fe
2+

 0.855 0.852 0.750 

Mn
2+

 0.800 0.834 0.834 

Mg
2+

 0.979 0.977 0.981 

SO4
2-

 0.914 0.931 0.917 

P
3+

 0.968 0.972 0.971 
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

The results and discussions of all experiments are classified into 3 sections in 

this chapter.  Section 1 reports on the transfer mechanism of the water permeability 

through RO membrane after long running of lactic acid separation and purification 

processes. Section 2 demonstrates the potential results of RO membrane filtration for 

separating and concentrating free lactic acid from model solution and studies on the 

parameters affecting the RO separation unit through the characteristics and transfer 

mechanisms of three different lactate model solutions. Section 3 investigates on the 

simultaneous lactic acid recovery process through the characteristics and transfer 

mechanisms of fermentation broth and proposes the novel and simple downstream 

operation through mass balance and process efficiency based on process simulation. 

Each section, the experimental results and discussions were demonstrated separately 

and the conclusion is located at the end.  
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4.1 The water permeability rate on RO membrane filtration unit  

4.1.1 Water flow rate  

The water flow rate (l/m) on BWRO and SWRO unit at different testing 

pressure was provided in Appendix A. 

 

4.1.2 Water permeability 

The water permeability (m
3
.s

-1
.m

-2
.bar

-1
) is defined by the ratio of water flux 

(m/s) and the pressure difference (bar) (see Appendix B). The water permeability on 

BWRO and SWRO unit was calculated and then recorded as in table 4.1 and 4.2. This 

data represents the membrane performance changed during the previous experiment. 

It resulted in the evaluation of the membrane life time.  

 

Table 4.1 Water permeability on BWRO unit.  
 

Solution types water permeability  ( 10
-6

.m
3
.s

-1
.m

-2
.bar

-1
) 

 

1. DI water  

 

1.19 

2. Lactic acid                                               5  g/l 

3. Lactic acid                                             10  g/l 

4. Sodium lactate                                         5  g/l 

5. Ammonium lactate                                  5  g/l 

6. Calcium lactate                                        5  g/l 

7. Sodium lactate fermentation broth          5  g/l                   

8. Ammonium lactate fermentation broth   5  g/l  

9. Calcium lactate fermentation broth         5  g/l        

1.14 

1.12 

1.12 

1.08 

1.08 

1.03 

1.03 

1.01 

  

 

Table 4.2 Water permeability on SWRO unit. 
 

Solution types water permeability  ( 10
-7

.m
3
.s

-1
.m

-2
.bar

-1
) 

 

1. DI water  

 

7.78 

2. Lactic acid                                               5  g/l 

3. Lactic acid                                             10  g/l 

4. Sodium lactate                                         5  g/l 

5. Ammonium lactate                                  5  g/l 

6. Calcium lactate                                        5  g/l 

7. Sodium lactate fermentation broth          5  g/l                   

8. Ammonium lactate fermentation broth   5 g/l  

9. Calcium lactate fermentation broth         5 g/l        

7.41 

6.48 

6.48 

6.30 

6.30 

6.30 

6.30 

6.30 
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4.2 Simultaneous Reverse Osmosis (RO) membrane filtration unit     

4.2.1 Lactate separation at the BWRO unit 

 A feed solution of different lactate salts, including CaLAC, NaLAC, and 

NH4LAC, was prepared at an equivalent lactate concentration of 5 g/L. To obtain the 

specific tested pH at 4 and 6, NaOH and H2SO4 were added into the solution to adjust 

to the desired tested pH, which eventually resulted in changes in the molar 

concentration of chemical ions present in the model solutions as table 4.3.  
 

Table 4.3 Molar concentration of chemical species present in different lactate model 

solutions containing a lactic acid equivalent of 5 g/L at pH 4 and pH 6. 
 

Species (mol/L) pH 4 pH 6 

CaLAC NaLAC NH4LAC CaLAC NaLAC NH4LAC 

Total LAC
−
 

Free LA (cal) 

LAC
−

(cal) 

0.056 

0.024 

0.032 

0.056 

0.025 

0.031 

0.056 

0.018 

0.038 

0.056 

0.024 

0.032 

0.056 

0.025 

0.031 

0.056 

0.018 

0.038 

Ca
2+

 0.016 - - 0.016 - - 

Na
+
 - 0.031 - 0.050 0.086 - 

NH4
+
 - - 0.038 - - 0.038 

SO4
2−

 - - 0.015 - - 0.007 

H3O
+
 10

−4
 10

−4
 10

−4
 10

−6
 10

−6
 10

−6
 

OH
−
 10

−10
 10

−10
 10

−10
 10

−8
 10

−8
 10

−8
 

Total ions 0.0721 0.0821 0.1091 0.1220 0.1420 0.1010 

 

The obtained model solutions were then transferred into the feed tank to be 

pumped into the BWRO unit at different operating pressures (4 and 6 bar) where 

lactic acid presumably passed through whereas the other cations remained in the 

retentate. Figure 4.1 shows the lactate mass flux passing through the BWRO 

membrane. The lactate mass flux increased with increasing operating pressure. It 

appears that the pH strongly influenced lactate transport through the BWRO 

membrane for CaLAC and NaLAC. On the other hand, pH showed less effect on 

lactate transport when compared with the operating pressure for NH4LAC.  
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Figure 4.1 Lactate flux at the permeate of the BWRO unit operated at 30 C. CaLAC, 

NaLAC, and NH4LAC containing the initial lactate equivalent of 5 g/L at different pH 

values were passed through the BWRO unit at different operating pressures. 

 

 

 

The separation efficiency of the BWRO unit displayed as in Figure 4.2. It was 

observed that the operating pressure exhibited a strong effect on lactate separation in 

the BWRO unit. High lactate separation efficiency (% lactate passage) was obtained 

from all 3 model solutions at 6 bar regardless of changes in pH compared with the 

runs using an operating pressure of 4 bar. It was suggested that increasing the 

operating pressure from 4 to 6 bar improved lactate separation owing to the larger 

difference in operating pressure and the osmotic pressure of lactic acid generating a 

larger driving force across the membrane (see Appendix C), which eventually resulted 

in a higher diffusion rate (high lactate flux as seen in Figure 4.1). Operating pressures 

higher than the osmotic pressure of the solution resulted in an increasing mass flux 

throughout the membrane and thus the separation efficiency (Freger et al., 2000). It 

should be noted that the osmotic pressure of the solution was increased with 

increasing concentration of the feed solution (González et al., 2008). Therefore, 

operation at a certain pressure with varied feed concentrations resulted in a different 

permeate flux, and eventually lactate separation efficiency, in the 3 model solutions 

studied (see Appendix D).  
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(A) 

 
 

(B) 

 
 

 

Figure 4.2 Lactic acid separation at the BWRO unit operated at 30 C.                       

CaLAC, NaLAC, and NH4LAC with the initial lactate equivalent of 5 g/L were 

passed through the BWRO unit at different operating pressures (A: 4 bar; B: 6 bar) 
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From Figure 4.2, pH was found to be responsible for lactate separation in the BWRO 

unit. This was related to the amount of total ions present in the feed solution, which 

played a role in mass transport across the membrane (Table 4.3). Liew et al. claimed 

that as the ionic strength of the feed solution increased, the permeate flux decreased as 

a result of increases in osmotic pressure and viscosity (Liew et al., 1995). It was 

observed that the higher total ion concentration lowered the lactate flux (Figure 4.1 

and Figure 4.2). At the same operating pressure, higher permeate flux resulting in 

significantly higher lactate separation at the BWRO unit was achieved at a lower pH 

with a rapid diffusion rate (pH 4 compared with pH 6) in the case of CaLAC and 

NaLAC feed solutions, when the total ion concentration of the feed solution was 

lower (Table 4.3). On the other hand, in the case of NH4LAC, slightly increasing 

permeate flux and lactate separation were obtained at pH 6. This was presumably due 

to the slight change in total ion concentration, resulting in a similar ionic strength 

between the 2 pH values studied. The findings in this work confirmed that the pH and 

the total ion concentration of the feed solution played a role in controlling permeate 

flux, and thus separation efficiency, at the BWRO unit.  

 

4.2.2 Ion rejection by the BWRO membrane 

 As previously mentioned, the separation of lactate from other ions was 

expected at the BWRO unit. Nonetheless, not only lactate species but also calcium, 

sodium, and ammonium ions could pass through the BWRO membrane (Figure 4.2). 

Several interaction mechanisms of salt passage through the membrane have been 

investigated, including convection, diffusion, and charge repulsion. It was claimed 

that both membrane charge and feed ionic strength played a significant role in salt 

rejection (Bartels et al., 2005). When a typical feed solution interacted at the surface 

of the negatively charged membrane, the ion shift was generated at the boundary 

between the membrane and the solution, resulting in an electrical potential known as 

the Donnan exclusion effect (González et al., 2008). In the case of uncharged solutes 

such as undissociated lactic acid, solution transport mainly occurred through diffusion 

and convection. The larger the difference between the operating pressure and the 

osmotic pressure, the larger the percentage of undissociated lactic acid that passed 

through the BWRO membrane. When lactic acid species were present in the 

dissociated form at an operating pH higher than the pKa value (3.86), the Donnan 

exclusion effect governed the transport of ion species through the BWRO membrane 

(Dey et al., 2012). Thus, higher lactate rejection was observed in all 3 model solutions 

at pH 6 owing to a larger electric repulsive force by the negatively charged surface 

(Figure 4.2).  
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Considering the passage of Ca
2+

, Na
+
, NH4

+
, and H

+
 through the BWRO membrane, 

these cations typically bind at the membrane surface. The higher the pH, the more the 

dissociated lactate and the more the negatively charged membrane brings larger 

cations to the membrane surface (Freger et al., 2000). It was suggested that the larger 

ions had lower diffusion rates and thus were expected to have lower concentrations in 

the permeate. Size controlled ion diffusion, and the ability of ions to form hydrogen 

bonds with the carbonyl group of the polyamide membrane facilitated the passage of 

such ions (González et al., 2008; Liew et al., 1995). In addition, Tu et al. and Zaidi et 

al. confirmed that salt rejection by the BW30 membrane was dominated mostly by 

size exclusion (Tu et al., 2011; Zaidi et al., 2015). Thus, in our work, most of the Ca
2+

 

ions were retained whereas Na
+
 and NH4

+
 apparently passed through the BWRO 

membrane (see Appendix E). 

 

4.2.3 Water permeability and solute rejection at the SWRO unit 

 Lactate concentration was determined in the SWRO unit under different 

operating pressures. After passing through the BWRO unit, the model solution was 

passed through and recirculated in the SWRO unit for 5 min. The samples were 

collected for analyses of lactate in both the retentate and permeate. The performance 

of the SWRO unit in terms of lactate recovery and water permeation is in Table 4.4.  

 

Table 4.4 Effect of operating pressure on lactate recovery at the SWRO unit. 

Permeates from the BWRO unit passed through the SWRO unit at 30 C where water 

was expelled yielding concentrated lactic acid solution. 
 

Starting feed CaLAC NaLAC NH4LAC 

At 13 bar 

Lactate at permeate (g/L) 0.05 0.20 0.09 

Lactate at retentate (g/L) 6.45 9.68 7.97 

Lactate rejection (%) 98 95 99 

Cation rejection (%) 99 99 99 

Water flux (L/m
2
 h) 11.4 10.8 8.4 

At 15 bar 

Lactate at permeate (g/L) 0.07 0.22 0.11 

Lactate at retentate (g/L) 7.47 11.50 9.54 

Lactate rejection (%) 98 95 100 

Cation rejection (%) 99 99 90 

Water flux (L/m
2
 h) 13.2 12.0 10.8 
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Slightly increasing the pressure from 13 to 15 bar did not result in significant changes 

in SWRO performance. A slight increase in lactate concentration at the retentate with 

a higher water permeable flux was obtained at 15 bar. Although the operating pressure 

used in this study did not show a significant effect on lactate recovery owing to the 

limited applied pressure to the apparatus up to 15 bar, it is believed that with higher 

operating pressure, higher lactate rejection rate and water flux should have been 

obtained, resulting in increasing concentration of lactic acid product at the retentate 

(Oo and  Song, 2009). A typical RO operation involved the removal of inorganic and 

organic salts from the aqueous solution (Diltz et al., 2007). The SWRO membrane 

used in this work was the positively charged membrane containing free amine groups; 

therefore, high cation rejection was expected, especially at the lower pH (pH 4) when 

the feed solution was more protonated and lactic acid was present more in the 

undissociated form. Similar to observations in the BWRO unit, evidence of some 

NH4
+
 leaking out from the SWRO membrane could be explained by hydrogen 

bonding to the carbonyl group of the polyamide membrane facilitating the passage of 

NH4
+
 through the permeate although Ca

2+
 and Na

+
 ions were strongly rejected 

because of the repulsive force of the positively charged surface (González et al., 2008; 

Liew et al., 1995). Evidence of high rejection percentages of both cations (Ca
2+

, Na
+
, 

and NH4
+
) and lactate ions confirmed that the SWRO unit was successfully utilized to 

concentrate lactate at the retentate by expelling water through the membrane (Table 

4.4). 

 

4.2.4 Total mass balance and efficiency of lactate recovery at the 2-stage 

RO membrane filtration units 

 Figure 4.3 presents the total mass balance over the 2-stage RO units. The first 

BWRO unit was considered as the key operating unit where lactate ions were 

separated from the cations, and the second SWRO unit was for concentrating the 

product remaining in the retentate. From the 3 model solutions studied, it was found 

that more than 50% of lactic acid from the feed stream was recovered from the 2-

stage RO units (Table 4.5). Compared with the other 2 feed solutions, when the feed 

stream was CaLAC, a lactic acid purity of 99.2% was obtained. Nonetheless, the total 

recovery seemed to be slightly low (50.5%). It should also be noted that the highest 

lactic acid purity was obtained with the lowest recovery percentage.  
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(A) 

 
 

(B)

 
 

(C) 

 
 

 

Figure 4.3 Total mass balance over the 2-stage RO units. The model solution                    

(A: CaLAC; B: NaLAC; C: NH4LAC) was fed into the apparatus operated                

under optimized pH and pressure. 
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Table 4.5 overall recovery and purity of lactic acid from the 3 different model 

solutions after passing through the 2-stage RO units operated at optimized conditions. 
 

Feed solution CaLAC NaLAC NH4LAC 

Operating 

conditions 

pH 4, 6 bar at BWRO 

pH 4.6, 15 bar at SWRO 

pH 4, 6 bar at BWRO 

pH 4.5, 15 bar at SWRO 

pH 6, 6 bar at BWRO 

pH 5.9, 15 bar at SWRO 

Total lactic 

acid recovery 

 

50.5% 

 

66.4% 

 

70.3% 

Purity (Feed) 88.6% 87.4% 90.3% 

Purity (Final) 99.2% 89.9% 89.7% 

  

In addition, the efficiency of the 2-stage RO unit was tested with the actual 

lactic acid fermentation broth (see Appendix F). The fermentation broths, including 

CaLAC broth, NaLAC broth, and NH4LAC broth, primarily passed through the 

microfiltration and ultrafiltration units where cells and proteins were separated. The 

solutions were then diluted to obtain the equivalent concentration of lactic acid of 5 

g/L before entering the RO units operated at optimized conditions determined before 

allowing lactic acid recovery and purification. Table 4.6 presents the efficiency of the 

2-stage RO units constructed in this study on lactic acid separation and purification 

from the actual fermentation broths. Compared with the model solutions, the overall 

lactate recovery was similar whereas the purity was lower.  

 

Table 4.6 Performance of the 2-stage RO unit to recover and purify lactic acid from     

the fermentation broth. 
 

Feed solution CaLAC broth NaLAC broth NH4LAC broth 

Operating 

conditions 

pH 6, 6 bar at BWRO 

pH 5.39, 15 bar at SWRO 

pH 6, 6 bar at BWRO 

pH 5.81, 15 bar at SWRO 

pH 6, 6 bar at BWRO 

pH 5.96, 15 bar at SWRO 

Lactate passage 

at BWRO 

 

54.2% 

 

66.9% 

 

72.0% 

Lactate rejection 

at SWRO 

 

100% 

 

97.4% 

 

99.6% 

Total lactic acid 

recovery 

 

54.2% 

 

65.2% 

 

71.7% 

Purity (Feed) 65.1% 62.8% 64.5% 

Purity (Final) 86.1% 73.3% 74.7% 
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Various ions present in the actual fermentation broth were claimed to be responsible 

for the lower purity (Figure 4.4). The amount of total ions present in the feed 

fermentation broth was higher than that of the model solution; therefore, the Donnan 

exclusion effect was lowered, resulting in increasing ion passage across the BWRO 

membrane (Bartels et al., 2005). From the findings in this study, it can be presumably 

concluded that the membrane based process to recover and purify lactic acid from the 

fermentation broth has 2 major advantages. The first one is that no pretreatment is 

required for the cell-free fermentation broth before entering the 2-stage RO unit to 

recover, purify, and concentrate lactic acid. In general, pretreatment of the cell-free 

fermentation broth by acidification using H2SO4 is necessary for lactate recovery by 

the typical ion exchange resin based process. Furthermore, using the typical ion 

exchanger to separate lactic acid from the fermentation broth requires 3 main steps 

including feed stream loading (adsorption), washing (to remove unbound solution 

from the resins), and lactic acid elution by proper eluent (desorption) (Rodrigues et 

al., 2017). This resulted in the increasing consumption of chemicals, wastewater 

treatment, and eventually dilution of the fermentation broth after acidification. 

Secondly, without pretreatment of the cell-free fermentation broth and applying the 2-

stage RO unit for lactic acid recovery, the volume of cell-free fermentation broth 

remained unchanged. Therefore, the downstream equipment sizing can be smaller 

compared with the typical downstream process using ion exchange resins. Although 

the broth had to be diluted to 5 g/L before entering the 2-stage RO unit, the 

performance of this unit to recover, pre-purify, and pre-concentrate lactic acid was 

evident. This strongly indicated the beneficial outcome of this process, especially 

when we could operate without the pressure limit as experienced in this work with our 

in-house apparatus. 

 
Figure 4.4 Percentage of ion leakage into the permeate. The different cell-free lactate 

broth solutions, including CaLAC broth, NaLAC broth, and NH4LAC broth, entered 

the BWRO unit operated under the optimized conditions previously determined. 
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4.3 Simultaneous lactic acid recovery process  

 Based on the experimental data for the compositions of the fermentation 

broths, the operating conditions, and the performance of the proposed unit operations, 

lactic acid recovery yield and the product purity were estimated by the simulation 

model as concluded in Appendix G. Tables 4.7 and 4.8 give an overview of the key 

operational data in the base case process and the membrane based process (Figure 3.2 

(A) and 3.2 (B)) for different feed compositions (CaLAC broth, NaLAC broth, and 

NH4LAC broth). The batchwise operation was carried out at 30 C and pH 6. By 

assuming the annual production of 100,000 kg lactic acid, the model predicted the 

overall process data, the number of each unit required and its sizing. More details on 

the simulated mass balance for each process flow diagram are presented in Appendix 

H (Tables H.1-H.3). 
 

Table 4.7 Simulated operational data for lactic acid recovery by the base case process 

at the annual capacity of 100,000 kg. 
 

Feed stream CaLAC broth NaLAC broth NH4LAC broth 

Overall process data 

Batch capacity (kg/batch) 75.87 50.56 63.21 

Number of batch runs 1,318 1,978 1,582 

Annual operating time (h) 7,917 7,919 7,918 

Batch time (h) 15.42 11.42 13.42 

Cycle turnaround time (h) 6 4 5 

Number of unit 

Centrifuge 4 4 4 

MF 2 2 2 

UF 6 6 6 

RO 4 4 4 

Equipment sizing 

Centrifuge (L/h) 94.91 90.37 96.20 

MF (m
2
) 36.09 36.09 36.09 

UF (m
2
) 36.09 36.09 36.09 

RO (m
2
) 3.71 3.17 3.71 
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Table 4.8 Simulated operational data for lactic acid recovery by the membrane based 

process at the annual capacity of 100,000 kg. 
 

Feed stream CaLAC broth NaLAC broth NH4LAC broth 

Overall process data 

Batch throughput (kg/batch) 75.82 50.56 63.17 

Number of batches per year 1,319 1,978 1,583 

Annual operating time (h) 7,918 7,916 7,919 

Recipe batch time (h) 10.08 8.08 9.08 

Recipe cycle time (h) 6 4 5 

Number of unit 

MF 2 2 2 

UF 4 4 4 

RO 4 4 4 

Equipment sizing 

MF (m
2
) 36.0 36.0 36.0 

UF (m
2
) 36.0 36.0 36.0 

RO (m
2
) 3.70 3.70 3.70 

 

4.3.1 Process analysis 

 In the base case operation, cell and insoluble materials remained in the 

fermentation broth were removed in the primary recovery section by centrifuge and 

microfiltration while only microfiltration was used in the membrane based process for 

removing cell biomass and insoluble materials. From the experimental data, it was 

found that both cell biomass and insoluble materials were completely removed from 

the fermentation broth resulting in the cell-free broth to be further clarified by UF. 

This resulted in the clarified cell-free broth without the presence of cell biomass and 

soluble proteins carried over to the unit operations afterward. The simulated data 

show that the unit operations including 1 unit of MF and 2 units of UF installed with 

the 5 kDa and 1 kDa MWCO membranes in the primary recovery section of the 

membrane based process effectively removed cell mass, insoluble materials, and 

proteins at the acceptable ranges similarly to those obtained from the experimental 

data (Phanthumchinda et al., 2017). From simulated data representing the mass 

balance of ions/species remained in the feed stream, less lactate loss was obtained in 

the membrane based process (See Appendix H, Tables H.1-H.3). Li et al. (2006) 

reported that most of the proteins could be separated by the UF membranes with both 

MWCO of 5 kDa and 20 kDa (Julien and  Whitford, 2006). From the findings 

mentioned above, it was confirmed that centrifugation and ultrafiltration installed 

with the 30 kDa MWCO membrane shown in the base case process flow diagram 

could be omitted. This lowered the capital cost and subsequently the operating cost in 

the membrane based process since no centrifuge was required and the number of UF 

units were reduced by 2 units (Tables 4.7 and 4.8). 
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The stream left the primary recovery section entered the recovery section 

where lactic acid was separated and preconcentrated in the BWRO and SWRO 

membrane units. Figure 4.5 compares the simulated results on lactic acid recovery 

from lactate fermentation broths (CaLAC broth, NaLAC broth, and NH4LAC broth) 

in the base case, membrane based, and in-parallel membrane based processes. It was 

found that lactic acid left the SWRO membrane unit at the high concentration (~1,000 

g/L) in regardless of the recovery process and the feed stream (Figure 4.5 (A)). 

Changing the feed streams resulted in the different lactic acid product purity left the 

final SWRO membrane unit while the different recovery process did not show the 

strong effect on the product purity (Figure 4.5 (B)). Nevertheless, the recovery 

process strongly impacted the overall lactic acid product recovery (Figure 4.5 (C)). A 

higher lactate loss was observed in the base case process while the overall recovery 

yield was further improved with the membrane based and in-parallel membrane based 

processes, respectively. In general, the unit operations involved in the downstream 

product recovery are responsible for the loss of lactic acid product. Lactic acid loss 

was observed since cell removal and clarification step. Minimizing the unit 

installation in this section could help prevent such loss. As a consequence, lower 

lactic acid loss was obtained in the membrane based process compared with that in the 

base case process (Tables H.1-H.3 and Figure 4.5 (C)). 
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(B) 
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Figure 4.5 Simulated data on lactic acid recovery from the fermentation broths by 3 

different downstream processing operations. (A) Lactic acid conc. left SWRO (g/L); 

(B) Lactic acid purity left SWRO (%); and (C) Overall lactic acid recovery (%). 
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In this study, major lactic acid loss occurred at the BWRO membrane unit 

(RO1) (Figure 4.5). To prevent the product loss, another BWRO membrane unit was 

installed (RO2) where lactic acid was further recovered from the retentate stream left 

RO1 (Figure 4.5 (C)). The permeate streams from both RO1 and RO2 in the in-

parallel membrane based process were then mixed and passed across the SWRO 

membrane unit (RO3) where lactic acid with sufficiently high purity was 

preconcentrated. It should be noted that from all 3 recovery processes proposed in this 

study, the highest lactic acid purity with the lowest recovery was obtained for the 

CaLAC feed stream. When the feed stream was NaLAC broth or NH4LAC broth, the 

high lactic acid recovery was obtained with the lower product purity. 

Compared with the commercial grade lactic acid avaible, i.e., FCC88 with 

87.5-88.5% purity, FCC80 with 79.5-80.5% purity, and FCC50 with 49.5-50.5% 

purity, the process flow diagrams proposed in this study provided the simulated lactic 

acid product at a higher purity than the commercially available products (Figure 4.5 

(B)) (Gonzalez et al., 2007). Table 4.9 shows the performance of the designed process 

flow diagrams to recover lactic acid in this study in comparison with the previous 

literatures. The typical lactic acid downstream recovery processes mainly include 

centrifugation, filtration, extraction, and distillation. Simple operation, low capital 

expenditure (CAPEX) and operating expenditure (OPEX), and reduced product 

contamination are always considered as the keys controlling the process performance. 

To achieve high product purity, many downstream units are installed to remove the 

impurities while this eventually ends up with low product recovery due to loss in 

between the unit operations (Joglekar et al., 2006; Pal et al., 2009). Compared with 

extraction and ion exchanger which involve the consumption of solvents and 

adsorbents, it was observed that the membrane based processes proposed in this study 

not only gave a high final product concentration with the high purity comparable to 

the commercially available product (FCC80), membrane operation was known to be 

simple with low chemical consumption (Li et al., 2008).  
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Table 4.9 Comparison of previous lactic acid recovery processes with the simulated 

data obtained in this study. 
 

 

 

DSP units 

Lactic acid product  

 

References 

Final 

conc. 

(g/L) 

Recovery              

at the final unit 

(%) 

Purity                

at the final unit 

(%) 

Overall 

recovery 

(%) 

MF1, NF2, and ED3 - - 85.6 - (Sikder et al., 

2012) 

Centrifugation, Filtration, 

Extraction, and Evaporation 

400-500 - 98.0 - (Hu et al., 

2017) 

ED - 69.5 - 69.5 (Wang et al., 

2013) 

Centrifugation, NF, and ED - 73.4 - 58.2 (Kim et al., 

2016) 

MF, NF, ED, IEX4, and 

Distillation 

930 - 99.8 38.2 (Neu et al., 

2016) 

Evaporation - 71.5 55.3 71.5 (Komesu et 

al., 2014) 

Centrifugation, Filtration, 

Extraction, and Distillation 

- - 91.3 62.2 (Chen et al., 

2012) 

Extraction - 84.3 - 84.3 (Yan et al., 

2016) 

Base case 1,135 100.0 97.8 38.7 This work 

CaLAC broth 

Membrane based 1,124 100.0 97.9 45.8 This work 

CaLAC broth 

In-parallel membrane based 1,177 100.0 97.4 67.9 This work 

CaLAC broth 

 
1Microfiltration 
2Nanofiltration 
3Electrodialysis 
4Ion Exchanger 
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4.3.2 Economic evaluation 

 Cost model integrated the data developed in lactic acid recovery process 

simulation model using the information from material and energy balances to describe 

the economic impact of the membrane based process in comparison to the base case 

process and those previously reported in the literatures. By assuming the batchwise 

operation with the annual capacity of 100,000 kg lactic acid product, a basis of 330 

days per year (7920 h) operating time was used in the model. The detailed operation 

durations and scheduling to visualize the process were present in the Gantt chart (See 

Appendix I, Figure I.1-I.3). The purchased costs for the major equipment and the 

operating costs including utilities and labor were estimated from the default values 

from SuperPro Designer
®
. The raw material costs were obtained from the quotations 

from suppliers. Considering the financial investment, the project lifetime was 

estimated for 15 years with the construction period of 30 months and the startup 

period of 4 months at the inflation rate of 4%. The total fixed investment costs were 

estimated in Table 4.10. It was observed that the membrane based processes required 

lower investment cost than the base case process. It was suggested that without 

installation of centrifuges and UFs (at MWCO of 30 kDa) in the membrane based 

processes (both membrane based and in-parallel membrane based), the direct fixed 

capital cost was reduced by approximately 70%. 

The annual operating cost was estimated for the specific downstream recovery 

processes with 3 different broths (Figure 4.6). It was clearly seen that the lower the 

process downstream units involved in the recovery process, the more the reduction of 

the operating cost was acquired. The base case process required the highest operating 

cost per unit kg of lactic acid produced in all feed streams studied (CaLAC broth, 

NaLAC broth, and NH4LAC broth). The installation of centrifuge and UF with 30 

kDa MWCO membrane was responsible for the high operating cost. The cost 

breakdown (See Appendix J) could further explain this finding from the higher cost 

spending on consumables and utilities in comparison with the spending in the 

membrane based and in-parallel membrane based processes (Figure 4.7). The results 

in Figure 4.6 suggested that with BWRO membrane process integration in the in-

parallel membrane based process, further operating cost reduction could be obtained 

in all feed streams studied. The reduction was by 23.33%, 31.29%, and 27.10% in 

comparison to those required in the base case process for CaLAC broth, NaLAC 

broth, and NH4LAC broth, respectively. 
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Table 4.10 Fixed investment costs for the proposed downstream processing for lactic 

acid recovery from fermentation broths. 
 

Fixed capital estimate summary Cost (USD) 

Base case Membrane 

based 

In-parallel 

membrane 

based 

1. Total Plant Direct Cost (TPDC)    

a. Equipment purchase cost 2,640,000 733,000 780,000 

b. Installation 1,316,000 362,000 384,000 

c. Process piping 924,000 256,000 273,000 

d. Instrumentation 1,056,000 22,000 312,000 

e. Insulation 79,000 73,000 23,000 

f. Electrical 264,000 13,000 78,000 

g. Buildings 1,188,000 330,000 351,000 

h. Yard improvement 396,000 110,000 117,000 

i. Auxiliary facilities 1,056,000 293,000 312,000 

TPDC 8,919,000 2,472,000 2,630,000 

2. Total Plant Indirect Cost (TPIC)    

a. Engineering 2,230,000 618,000 658,000 

b. Construction 3,122,000 685,000 921,000 

TPIC 5,352,000 1,483,000 1,587,000 

3. Total Plant Cost (TPC = TPDC + TPIC) 14,271,000 3,955,000 4,209,000 

4. Contractor’s Fee & Contigency (CFC)    

a. Contractor’s fee 714,000 198,000 210,000 

b. Contigency 1,427,000 395,000 421,000 

CFC 2,141,000 593,000 631,000 

5. Direct Fixed Capital Cost  

(DFC = TPC + CFC) 

16,411,000 4,548,000 4,840,000 
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Figure 4.6 Annual operating cost for lactic acid recovery                                                        

by 3 different downstream processing operations. 

 

 

 
 

Figure 4.7 Operating cost breakdown for lactic acid recovery                                                  

from fermentation broths by different downstream processings 
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 Table 4.11 shows the unit cost of lactic acid production per kilogram by the 

conventional lactic acid recovery processes. The conventional recovery process 

usually involved acidification, solid removal, neutralization, precipitation, filtration, 

extraction, adsorption, distillation, and evaporation. The analysis suggested that the 

number of unit operations and process steps in the downstream process to provide the 

high purity of lactic acid production usually led to the high recovery cost. High 

consumption of chemicals was also responsible for the high recovery cost. For 

instance, a large amount of H2SO4 for acidification of CaLAC broth not only 

increased the materials/chemicals cost, it also led to an increasing effluent loading due 

to the formation of gypsum and wastewater during the operation (Pal et al., 2009) 

(Qin et al., 2010). In some separation unit such as distillation, the feed solution with 

high inorganic contents is prohibited; thus, the pretreatment unit prior distillation is 

required. This results in the additional consumption of chemicals and utilities (Chen et 

al., 2012). Energy conservation is mandatory in any operational process. The 

operation with the phase change such as distillation, evaporation, and crystallization is 

considered as the energy intensive process (high steam consumption, high cooling 

rate, and etc.). On the other hand, the membrane integrated process was suggested to 

be an economical route. The membrane separation process relies on the mechanical 

pressure driven force that does not involve in phase change. The membrane separation 

generally occurs at room temperature; thus, being considered as the energy saving 

process (Pal et al., 2009; White et al., 2002). To date, the dead-end filtration and 

centrifugation are partially replaced by MF because of the economical impact (Berk, 

2013). It was reported that the energy consumption in RO membrane process was as 

low as 9-20 kWh/m
3
 with the high energy saving spiral wound module (Wang et al., 

2013). As a result, the proposed processes in this study based on membrane separation 

could provide the low unit cost of lactic acid compared with those in the previous 

literatures and the commercial sale price (1.0-1.8 USD/kg) (Zacharof and  Lovitt, 

2013).  Therefore, it can be summarized from the simulated data that the proposed 

membrane based processes provide the new insight in lactic acid downstream 

recovery process. The process scenarios not only give the sufficiently high product 

yield and purity, but they are also considered as the economical and environmental 

friendly routes due to its cost effectiveness, low chemical consumption, low product 

contamination, low waste generation, and low energy consumption. 
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Table 4.11 Economic analysis of the conventional lactic acid downstream recovery 

processes in comparison with the case scenarios proposed in this study. 
 

Downstream processes Cost 

(USD/kg lactic acid) 

References 

1. Reactive extraction, re-extraction, 

esterification, and reactive distillation 

1.59 (Posada et al., 

2012) 

2. Addition of lime, precipitation, dissolution in 

methanol, acidification to separate calcium 

sulfate, esterification, and hydrolysis by 

reactive distillation 

1.40 

3. Addition of ammonium hydroxide, 

microfiltration, monopolar electrodialysis, 

bipolar electrodialysis, esterification, and 

hydrolysis by reactive distillation 

1.74 

4. Reactive extraction 0.92 

5. Base case process 1.07  

This work 6. Membrane based process 0.80 

7. In-parallel membrane based process 0.78 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER V 

CONCLUSIONS AND RECCOMMENDATIONS 

 

5.1 Conclusions 

The in-house 2-stage RO unit constructed in this study was used to recover 

and purify lactic acid. The acceptable amount of free lactic acid recovered with 

sufficiently high purity was obtained under optimized operating conditions. This unit 

was applicable to different fermentation broth solutions, including calcium lactate, 

sodium lactate, and ammonium lactate. Although the operating pressure was set at a 

higher value than the lactate osmotic pressure, lactate rejection was still observed at 

the BWRO unit where most of the lactate was expected to pass through the membrane 

while other ions remained in the retentate. It was found that the total ion concentration 

of the feed solution and the operating pH both played a crucial role in controlling ion 

leakage across the membrane, thereby controlling both lactate recovery and purity of 

this RO membrane system. From the results obtained in this study, it is suggested that 

by coupling this 2-stage RO unit with the upstream fermentation and primary cell and 

protein separation (microfiltration and ultrafiltration) units, the simple design of 

continuous fermentation and lactic acid recovery to achieve high productivity in long-

term operations is feasible. In addition, the membrane based integrated processes 

were proposed for the downstream recovery of lactic acid from fermentation broths. 

The process economic was evaluated using the technical data previously optimized in 

the laboratory scale. It was found that the membrane based processes were suitable for 

recovering lactic acid from different fermentation broths; i.e. CaLAC, NaLAC, and 

NH4LAC. Therefore, we can consider the proposed process schemes as the universal 

design. The membrane based processes mainly consisted of MF for cell removal, a 

series of UF for eliminating proteins, and the integrated RO systems to recover and 

preconcentrate lactic acid. The membrane based processes showed the advantageous 

outcomes in terms of sufficiently high product purity and recovery yield as well as the 

low production cost in comparison to the commercially available products. The 

simulation data suggested that by eliminating centrifugation and integration of the RO 

membrane unit, the improved recovery yield was acquired. This subsequently lowered 

the production cost both investment and operating costs. 
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5.2 Recommendations 

Although low lactic acid recovery was observed in the base case and the 

membrane bases processes, this could be improved by the additional BWRO 

membrane unit to recover product loss (see Figure 5.1 and Figure 5.3). It is believed 

that the recovery can be further improved with stream recycle or unit integration at the 

BWRO membrane units. In addition, further purification to remove the monovalent 

ions from the lactic acid product left SWRO membrane unit can be simply conducted 

by installation of nanofiltration unit after the BWRO membrane unit (see Figure 5.2 

and Figure 5.3). 

 

 

 
 

Figure 5.1 Additional BWRO membrane unit to recover product loss 
 

 

  

 

 
Figure 5.2 Installation of nanofiltration unit after the BWRO membrane unit 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

78 

 

 

 
 

 
Figure 5.3 Additional BWRO membrane unit and installation of nanofiltration unit 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES 

 

Abdel-Rahman, M. A., Tashiro, Y. and Sonomoto, K. (2013). Recent advances in 

lactic acid production by microbial fermentation processes. Biotechnol 

Advance, 31(6), 877-902. 

Baker, R. (2004). Membrane Technology And Applications (Vol. 6). 

Bartels, C., Franks, R., Rybar, S., Schierach, M. and Wilf, M. (2005). The effect of 

feed ionic strength on salt passage through reverse osmosis membranes. 

Desalination, 184(1), 185-195. 

Bellona, C., Drewes, J. E., Xu, P. and Amy, G. (2004). Factors affecting the rejection 

of organic solutes during NF/RO treatment--a literature review. Water 

Research, 38(12), 2795-2809. 

Berk, Z. (2013). Chapter 10 - Membrane Processes Food Process Engineering and 

Technology (Second Edition) (pp. 259-285). San Diego: Academic Press. 

Bhattacharya, P., Roy, A., Sarkar, S., Ghosh, S., Majumdar, S., Chakraborty, S., et al. 

(2013). Combination technology of ceramic microfiltration and reverse 

osmosis for tannery wastewater recovery. Water Resources and Industry, 

3(Supplement C), 48-62. 

Bilstad, T. (1995). Nitrogen separation from domestic wastewater by reverse osmosis. 

Journal of Membrane Science, 102(Supplement C), 93-102. 

Bódalo, A., Gómez, J.-L., Gómez, E., León, G. and Tejera, M. (2004). Reduction of 

sulphate content in aqueous solutions by reverse osmosis using cellulose 

acetate membranes. Desalination, 162(Supplement C), 55-60. 

Buyukkileci, A. O. and Harsa, S. (2004). Batch production of L(+) lactic acid from 

whey by Lactobacillus casei (NRRL B‐441) (Vol. 79). 

Castillo Martinez, F. A., Balciunas, E. M., Salgado, J. M., Domínguez González, J. 

M., Converti, A. and Oliveira, R. P. d. S. (2013). Lactic acid properties, 

applications and production: A review. Trends in Food Science & Technology, 

30(1), 70-83. 

Chen, L., Zeng, A., Dong, H., Li, Q. and Niu, C. (2012). A novel process for recovery 

and refining of L-lactic acid from fermentation broth. Bioresource 

Technology, 112, 280-284. 

Datta and Henry. (2006). Lactic acid: recent advances in products, processes and 

technologies - a review. Journal of Chemical Technology and Biotechnology, 

81(7), 1119-1129. 

Datta and Sablani, S. (2007). Handbook of Food and Bioprocess Modeling 

Techniques. 

Dey, P., Linnanen, L. and Pal, P. (2012). Separation of lactic acid from fermentation 

broth by cross flow nanofiltration: Membrane characterization and transport 

modelling. Desalination, 288(Supplement C), 47-57. 

Diltz, R. A., Marolla, T. V., Henley, M. V. and Li, L. (2007). Reverse osmosis 

processing of organic model compounds and fermentation broths. Bioresource 

Technology, 98(3), 686-695. 

Ding, S., Yang, Y., Huang, H., Liu, H. and Hou, L. A. (2015). Effects of feed solution 

chemistry on low pressure reverse osmosis filtration of cesium and strontium. 

Journal of Hazardous Materials, 294, 27-34. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

80 

 

 

Fan, Y. X., Zhou, C. H. and Zhu, X. H. (2009). Selective Catalysis of Lactic Acid to 

Produce Commodity Chemicals. Catalysis Reviews-Science and Engineering, 

51(3), 293-324. 

Freger, V., Arnot, T. C. and Howell, J. A. (2000). Separation of concentrated 

organic/inorganic salt mixtures by nanofiltration. Journal of Membrane 

Science, 178(1-2), 185-193. 

Ghaffar T., I. M., Anwar Z., Aqil T., Zulifqar Z., Tariq A., Kamran M., Ehsan N., 

Mehmood S., Radiat J. (2014). Recent trends in lactic acid biotechnology: A 

brief review on production to purification. Journal of Radiation Research and 

Applied Sciences, 7, 222-229. 

González, Alvarez, S., Riera, F. A. and Álvarez, R. (2008). Lactic acid recovery from 

whey ultrafiltrate fermentation broths and artificial solutions by nanofiltration. 

Desalination, 228(1), 84-96. 

González, Navarro, R., Saucedo, I., Avila, M., Revilla, J. and Bouchard, C. (2002). 

Purification of phosphoric acid solutions by reverse osmosis and 

nanofiltration. Desalination, 147(1), 315-320. 

Gonzalez, M. I., Alvarez, S., Riera, F. and Alvarez, R. (2007). Economic evaluation 

of an integrated process for lactic acid production from ultrafiltered whey. 

Journal of Food Engineering, 80(2), 553-561. 

Gupta, B., Revagade, N. and Hilborn, J. (2007). Poly(lactic acid) fiber: An overview. 

Progress in Polymer Science, 32(4), 455-482. 

Hetényi, K., Németh, Á. and Sevella, B. (2011). Role of pH-regulation in lactic acid 

fermentation: Second steps in a process improvement. Chemical Engineering 

and Processing: Process Intensification, 50(3), 293-299. 

Hofvendahl, K. and Hahn-Hagerdal, B. (2000). Factors affecting the fermentative 

lactic acid production from renewable resources(1). Enzyme and Microbial 

Technology, 26(2-4), 87-107. 

Hu, Y., Kwan, T. H., Daoud, W. A. and Lin, C. S. K. (2017). Continuous ultrasonic-

mediated solvent extraction of lactic acid from fermentation broths. Journal of 

Cleaner Production, 145(Supplement C), 142-150. 

Huang, X.-F., Ling, J., Xu, J.-C., Feng, Y. and Li, G.-M. (2011). Advanced treatment 

of wastewater from an iron and steel enterprise by a constructed 

wetland/ultrafiltration/reverse osmosis process. Desalination, 269(1), 41-49. 

Joglekar, H. G., Rahman, I., Babu, S., Kulkarni, B. D. and Joshi, A. (2006). 

Comparative assessment of downstream processing options for lactic acid. 

Separation and Purification Technology, 52(1), 1-17. 

John, R. P., Nampoothiri, K. M. and Pandey, A. (2007). Fermentative production of 

lactic acid from biomass: an overview on process developments and future 

perspectives. Applied Microbiology and Biotechnology, 74(3), 524-534. 

Julien, C. and Whitford, W. (2006). Bioreactor Monitoring, Modeling, and Simulation 

(Vol. 5). 

Kavitskaya, A. A., Knyazkova, T. V. and Maynarovich, A. A. (2000). Reverse 

osmosis of concentrated calcium sulphate solutions in the presence of iron 

(III) ions using composite membranes. Desalination, 132(1), 281-286. 

Khunnonkwao, P., Boontawan, P., Haltrich, D., Maischberger, T. and Boontawan, A. 

(2012). Purification of l-(+)-lactic acid from pre-treated fermentation broth 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

81 

 

 

using vapor permeation-assisted esterification. Process Biochemistry, 47(12), 

1948-1956. 

Kim and Hoek, E. M. V. (2005). Modeling concentration polarization in reverse 

osmosis processes. Desalination, 186(1), 111-128. 

Kim, Na, J.-G., Shim, H. J. and Chang, Y. K. (2012). Modeling of ammonium lactate 

recovery and impurity removal from simulated fermentation broth by 

nanofiltration. Journal of Membrane Science, 396(Supplement C), 110-118. 

Kim, Na, J. G., Lee, M. K., Ryu, H., Chang, Y. K., Triolo, J. M., et al. (2016). More 

value from food waste: Lactic acid and biogas recovery. Journal of Water 

Research, 96, 208-216. 

Komesu, A., Martins, P. F., Lunelli, B. H., Oliveira, J., Maciel Filho, R. and Wolf 

Maciel, M. R. (2014). Evaluation of lactic acid purification from fermentation 

broth by hybrid short path evaporation using factorial experimental design. 

Separation and Purification Technology, 136(Supplement C), 233-240. 

Košutić, K. and Kunst, B. (2002). Removal of organics from aqueous solutions by 

commercial RO and NF membranes of characterized porosities. Desalination, 

142(1), 47-56. 

Kwon, S., Yoo, I.-K., Gi Lee, W., Chang, H. and Keun Chang, Y. (2001). High‐rate 

continuous production of lactic acid by Lactobacillus rhamnosus in a two‐
stage membrane cell‐recycle bioreactor (Vol. 73). 

Lee, E., Hyeon Kang, S., Han Kim, H. and Keun Chang, Y. (2006). Recovery of lactic 

acid from fermentation broth by the two-stage process of nanofiltration and 

water-splitting electrodialysis (Vol. 11). 

Li, Y., Shahbazi, A., Williams, K. and Wan, C. (2008). Separate and Concentrate 

Lactic Acid Using Combination of Nanofiltration and Reverse Osmosis 

Membranes (Vol. 147). 

Liew, M. K. H., Tanaka, S. and Morita, M. (1995). Separation and purification of 

lactic acid: Fundamental studies on the reverse osmosis down-stream process. 

Desalination, 101(3), 269-277. 

Litchfield, J. H. (1996). Microbiological Production of Lactic Acid. In S. L. 

Neidleman & A. I. Laskin (Eds.), Advances in Applied Microbiology (Vol. 42, 

pp. 45-95): Academic Press. 

Lu, Z., Wei, M. and Yu, L. (2012). Enhancement of pilot scale production of l(+)-

lactic acid by fermentation coupled with separation using membrane 

bioreactor. Process Biochemistry, 47(3), 410-415. 

Mohr, C. M., Leeper, S. A., Engelau, D. E. and Charboneau, B. L. (1988). Membrane 

Applications and Research in Food Processing. 

Morin Couallier, E., Salgado Ruiz, B., Lameloise, M.-L. and Decloux, M. (2006). 

Usefulness of reverse osmosis in the treatment of condensates arising from the 

concentration of distillery vinasses. Desalination, 196(1), 306-317. 

Nakano, S., Ugwu, C. U. and Tokiwa, Y. (2012). Efficient production of D-(-)-lactic 

acid from broken rice by Lactobacillus delbrueckii using Ca(OH)2 as a 

neutralizing agent. Bioresource Technology, 104, 791-794. 

Nancib, A., Nancib, N., Meziane-Cherif, D., Boubendir, A., Fick, M. and Boudrant, J. 

(2005). Joint effect of nitrogen sources and B vitamin supplementation of date 

juice on lactic acid production by Lactobacillus casei subsp. rhamnosus. 

Bioresource Technology, 96(1), 63-67. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

82 

 

 

Narayanan, N., Roychoudhury, P. and Srivastava, A. (2004). L(+)-Lactic acid 

fermentation and its product polymerization (Vol. 7). 

Neu, A. K., Pleissner, D., Mehlmann, K., Schneider, R., Puerta-Quintero, G. I. and 

Venus, J. (2016). Fermentative utilization of coffee mucilage using Bacillus 

coagulans and investigation of down-stream processing of fermentation broth 

for optically pure l(+)-lactic acid production. Bioresource Technology, 211, 

398-405. 

Oh, H., Wee, Y. J., Yun, J. S. and Ryu, H. W. (2003). Lactic acid production through 

cell-recycle repeated-batch bioreactor. Applied Biochemistry and 

Biotechnology, 105 -108, 603-613. 

Oo, M. H. and Song, L. (2009). Effect of pH and ionic strength on boron removal by 

RO membranes. Desalination, 246(1), 605-612. 

Orozco, G. F., Valadez, A., Maldonado, J., Zuluaga, F., E. Figueroa-Oyosa, L. and M. 

Alzate-Gaviria, L. (2014). Lactic Acid Yield Using Different Bacterial Strains, 

Its Purification, and Polymerization through Ring-Opening Reactions (Vol. 

2014). 

Pal, P., Sikder, J., Roy, S. and Giorno, L. (2009). Process intensification in lactic acid 

production: A review of membrane based processes. Chemical Engineering 

and Processing: Process Intensification, 48(11), 1549-1559. 

Petrides, D., Koulouris, A. and T Lagonikos, P. (2002). The role of process simulation 

in pharmaceutical process development and product commercialization (Vol. 

22). 

Petrinic, I., Korenak, J., Povodnik, D. and Hélix-Nielsen, C. (2015). A feasibility 

study of ultrafiltration/reverse osmosis (UF/RO)-based wastewater treatment 

and reuse in the metal finishing industry. Journal of Cleaner Production, 

101(Supplement C), 292-300. 

Phanthumchinda, N., Rampai, T., Prasirtsak, B., Thitiprasert, S., Tanasupawat, S., 

Assabumrungrat, S., et al. (2017). Alternative reverse osmosis to purify lactic 

acid from a fermentation broth: Chemical Industry & Chemical Engineering 

Quarterly. 

Posada, J. A., Cardona, C. A. and Gonzalez, R. (2012). Analysis of the production 

process of optically pure D-lactic acid from raw glycerol using engineered 

Escherichia coli strains. Applied Biochemistry and Biotechnology, 166(3), 

680-699. 

Qin, J., Wang, X., Zheng, Z., Ma, C., Tang, H. and Xu, P. (2010). Production of l-

lactic acid by a thermophilic Bacillus mutant using sodium hydroxide as 

neutralizing agent. Bioresource Technology, 101(19), 7570-7576. 

Rodrigues, C., Vandenberghe, L. P. S., Woiciechowski, A. L., de Oliveira, J., Letti, L. 

A. J. and Soccol, C. R. (2017). 24 - Production and Application of Lactic Acid 

Current Developments in Biotechnology and Bioengineering (pp. 543-556): 

Elsevier. 

Schäfer, A. I., Pihlajamäki, A., Fane, A. G., Waite, T. D. and Nyström, M. (2004). 

Natural organic matter removal by nanofiltration: effects of solution chemistry 

on retention of low molar mass acids versus bulk organic matter. Journal of 

Membrane Science, 242(1), 73-85. 

Schlicher, L. and Cheryan, M. (2007). Reverse osmosis of lactic acid fermentation 

broths (Vol. 49). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

83 

 

 

Senthilmurugan, S. and Gupta, S. K. (2006). Separation of inorganic and organic 

compounds by using a radial flow hollow-fiber reverse osmosis module. 

Desalination, 196(1), 221-236. 

Shenvi, S. S., Isloor, A. M. and Ismail, A. F. (2015). A review on RO membrane 

technology: Developments and challenges. Desalination, 368(Supplement C), 

10-26. 

Sikder, J., Chakraborty, S., Pal, P., Drioli, E. and Bhattacharjee, C. (2012). 

Purification of lactic acid from microfiltrate fermentation broth by cross-flow 

nanofiltration. Biochemical Engineering Journal, 69(Supplement C), 130-137. 

Tait, S., Clarke, W. P., Keller, J. and Batstone, D. J. (2009). Removal of sulfate from 

high-strength wastewater by crystallisation. Water Research, 43(3), 762-772. 

Taniguchi, M., Kotani, N. and Kobayashi, T. (1987). High-concentration cultivation 

of lactic acid bacteria in fermentor with cross-flow filtration. Journal of 

Fermentation Technology, 65(2), 179-184. 

Tilak G., B. D., Colleen G., Richard H., . (2010). Sustainable Water for the Future: 

Water Recycling versus Desalination. In C. E. Isabel & I. S. Andrea (Eds.), 

Sustainability Science and Engineering (Vol. Volume 2, pp. iii): Elsevier. 

Timmer, J. M. K., van der Horst, H. C. and Robbertsen, T. (1993). Transport of lactic 

acid through reverse osmosis and nanofiltration membranes. Journal of 

Membrane Science, 85(2), 205-216. 

Torang, A., Jonsson, A. S. and Zacchi, G. (1999). Separation of cells and proteins 

from fermentation broth in a shear-enhanced cross-flow ultrafiltration module 

as the first step in the refinement of lactic acid. Applied Biochemistry and 

Biotechnology, 76(2), 143-157. 

Tsuru, T., Urairi, M., Nakao, S.-i. and Kimura, S. (1991). Reverse-Osmosis of Single 

and Mixed Electrolytes With Charged Membranes—Experiment and Analysis 

(Vol. 24). 

Tu, K. L., Nghiem, L. D. and Chivas, A. R. (2011). Coupling effects of feed solution 

pH and ionic strength on the rejection of boron by NF/RO membranes. 

Chemical Engineering Journal, 168(2), 700-706. 

Vaidya, A. N., Pandey, R. A., Mudliar, S., Kumar, M. S., Chakrabarti, T. and Devotta, 

S. (2005). Production and recovery of lactic acid for polylactide - An 

overview. Critical Reviews in Environmental Science and Technology, 35(5), 

429-467. 

Varadarajan, S. and Miller, D. J. (1999). Catalytic Upgrading of Fermentation-

Derived Organic Acids. Biotechnology Progress, 15(5), 845-854. 

Vijayakumar, J., Thangavelu, V. and Rajendran, A. (2008). Recent Trends in the 

Production, Purification and Application of Lactic Acid (Vol. 22). 

Wang, X., Wang, Y., Zhang, X., Feng, H. and Xu, T. (2013). In-situ combination of 

fermentation and electrodialysis with bipolar membranes for the production of 

lactic acid: continuous operation. Bioresource Technology, 147, 442-448. 

Wasewar, K., A. Yawalkar, A., Moulijn, J. A. and Pangarkar, V. (2004). 

Fermentation of Glucose to Lactic Acid Coupled with Reactive Extraction: A 

Review (Vol. 43). 

White, D., Ditgens, B. and Laufenberg, G. (2002). Concentration of metabolites and 

other organic salts by batch reverse osmosis. Journal of Food Engineering, 

53(2), 185-192. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

84 

 

 

Wojtyniak, B., Kołodziejczyk, J. and Szaniawska, D. (2016). Production of lactic acid 

by ultrafiltration of fermented whey obtained in bioreactor equipped with 

ZOSS membrane. Chemical Engineering Journal, 305(Supplement C), 28-36. 

Xavier, A. M., Goncalves, L. M., Moreira, J. L. and Carrondo, M. J. (1995). 

Operational patterns affecting lactic acid production in ultrafiltration cell 

recycle bioreactor. Biotechnology and Bioengineering, 45(4), 320-327. 

Yan, L., Sun, Y.-Q. and Xiu, Z.-L. (2016). Sugaring-out extraction coupled with 

fermentation of lactic acid. Separation and Purification Technology, 

161(Supplement C), 152-158. 

Yorgun, M. S., Balcioglu, I. A. and Saygin, O. (2008). Performance comparison of 

ultrafiltration, nanofiltration and reverse osmosis on whey treatment. 

Desalination, 229(1), 204-216. 

Zacharof, M.-P. and Lovitt, R. B. (2013). Complex Effluent Streams as a Potential 

Source of Volatile Fatty Acids (Vol. 4). 

Zaidi, S. M. J., Fadhillah, F., Khan, Z. and Ismail, A. F. (2015). Salt and water 

transport in reverse osmosis thin film composite seawater desalination 

membranes. Desalination, 368(Supplement C), 202-213. 

Zhang, J., Sun, Y., Chang, Q., Liu, X. and Meng, G. (2006). Improvement of 

crossflow microfiltration performances for treatment of phosphorus-containing 

wastewater. Desalination, 194(1), 182-191. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

86 

 

 

APPENDIX A:  WATER FLOW RATE 

 BWRO membrane module 

The data of water flow rate (l/m) in this section was manually measured and 

reported in liter per minute unit. 

 

Table A.1 Water flow rate (l/m) at BWRO membrane 
 

Testing Pressure 

(bar) 

Flow rate (l/m) 

Permeate Retentate 

1 1.32 0.06 

2 0.78 0.09 

3 0.22 0.14 

4 0 0.21 

5 

6 

0 

0 

0.26 

0.33 

 

 

 

 
 

 

Figure A.1 Water flow rate (l/m) for BWRO membrane at different pressure (bar). 
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 SWRO membrane module  

The data of water flow rate (l/m) in this section was recorded from the flow 

meter which is installed in RO unit. The monitored flow rate was reported in liter per 

minute unit. 

 

Table A.2 Water flow rate (l/m) at SWRO membrane 
 

Testing Pressure 

(bar) 

Flow rate (l/m) 

Permeate Retentate 

5 1.75 5.45 

6 2.22 5.30 

7 2.51 5.24 

8 2.70 5.25 

9 2.95 5.04 

10 3.26 4.95 

11 3.64 4.76 

12 3.96 4.56 

13 4.33 4.40 

14 4.68 3.65 

15 5.04 1.20 

16 5.12 0 

 

 

 
 

Figure A.2 Water flow rate (l/m) for SWRO membrane at different pressure (bar). 
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APPENDIX B:  WATER PERMEABILITIES 

The water permeability must be measured in order to determine BWRO and 

SWRO membrane performance changed during the previous experiment. The water 

permeability (m
3
.s

-1
.m

-2
.bar

-1
) is defined by the ratio of water flux (m/s) and the 

pressure difference (bar). 

 

BWRO membrane module 

 

              
   Figure B.1 Water flux rate for BWRO         Figure B.2 Water flux rate for BWRO  

                                                                    (Lactic acid 5 g/l) 

  

 

 

    
   Figure B.3 Water flux rate for BWRO        Figure B.4 Water flux rate for BWRO   

                     (Lactic acid 10 g/l)                                   (Sodium lactate 5 g/l)             
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  Figure B.5 Water flux rate for BWRO         Figure B.6 Water flux rate for BWRO 

              (Ammonium lactate 5 g/l)                             (Calcium lactate 5 g/l)      

 

 

 

   
  Figure B.7 Water flux rate for BWRO       Figure B.8 Water flux rate for BWRO        

           (NaLAC Broth 5 g/l )                                       (NH4LAC Broth 5 g/l) 

 

 

 

 
Figure B.9 Water flux rate for BWRO 

(CaLAC Broth 5 g/l) 
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SWRO membrane module 
 

 

                 
  Figure B.10 Water flux rate for SWRO      Figure B.11 Water flux rate for SWRO  

                                                                 (Lactic acid 5 g/l) 

 

 

     
 Figure B.12 Water flux rate for SWRO       Figure B.13 Water flux rate for SWRO   

               (Lactic acid 10 g/l)                                         (Sodium lactate 5 g/l)     

 

         

 

    
 Figure B.14 Water flux rate for SWRO        Figure B.15 Water flux rate for SWRO 

               (Ammonium lactate 5 g/l)                            (Calcium lactate 5 g/l)  
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  Figure B.16 Water flux rate for SWRO      Figure B.17 Water flux rate for SWRO        

                (NaLAC Broth 5 g/l )                             (NH4LAC Broth 5 g/l) 

 

 

 

 
  Figure B.18 Water flux rate for SWRO 

(CaLAC Broth 5 g/l) 
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APPENDIX C:  GRAPHICAL PROPERTIES ON BWRO 

MEMBRANE 

Experimental materials were tested as the model feed solution for separation 

lactic acid consisting of lactic acid, ammonium lactate (NH4LAC), calcium lactate 

(CaLAC) and sodium lactate (NaLAC). The graphical properties of three materials 

when applying operating pressure higher than osmotic pressure during the experiment 

were presented in Figure C.1. 

 

 

 
 

 

 

  Figure C Graphical properties.  
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APPENDIX D:  RAW DATA OF LACTATE SEPARATION                                    

OF LACTATE MODEL SOLUTION AT BWRO MEMBRANE 

UNIT 

 

Table D.1 Lactate separation of lactate model solution at BWRO membrane 
 

 

Operating 

condition 

Retentate Permeate 

LA 

(g/l) 

LA 

(g) 

% 

rejection 

LA 

(g/l) 

LA 

(g) 

% 

separation 

1. CaLAC  

pH  4  ,  4 bar 6.88 8.99 89.9 1.31 1.01 10 

pH  4  ,  4 bar 6.79 8.88 88.8 1.43 1.12 11 

pH  4  ,  6 bar 6.41 4.94 49.4 3.16 5.06 51 

pH  4  ,  6 bar 6.32 4.86 48.6 3.21 5.14 51 

pH  6  ,  4 bar 5.48 9.96 99.6 0.15 0.04 0.4 

pH  6  ,  4 bar 5.51 9.94 99.4 0.25 0.06 0.6 

pH  6  ,  6 bar 13.6 5.89 58.9 2.57 4.11 41 

pH  6  ,  6 bar 14.1 7.71 77.1 2.68 2.29 43 

2. NaLAC   

pH  4  ,  4 bar 7.24 8.66 86.6 1.6 1.34 13 

pH  4  ,  4 bar 7.62 8.66 86.6 1.58 1.34 13 

pH  4  ,  6 bar 6.55 3.15 31.5 4.28 6.85 69 

pH  4  ,  6 bar 6.52 3.1 31.0 4.31 6.9 69 

pH  6  ,  4 bar 5.15 9.89 98.9 0.35 0.11 1 

pH  6  ,  4 bar 5.26 9.89 98.9 0.38 0.11 1 

pH  6  ,  6 bar 9.6 4.24 42.4 3.6 5.76 58 

pH  6  ,  6 bar 9.69 4.38 43.8 3.51 5.62 56 

3. NH4LAC  

pH  4  ,  4 bar 4.98 9.21 92.1 1.42 0.79 8 

pH  4  ,  4 bar 4.88 9.09 90.9 1.39 0.91 9 

pH  4  ,  6 bar 3.51 3.56 35.6 4.59 6.44 65 

pH  4  ,  6 bar 3.69 3.39 33.9 4.63 6.61 66 

pH  6  ,  4 bar 4.31 9.32 93.2 2.11 0.68 7 

pH  6  ,  4 bar 4.37 9.21 92.1 2.18 0.79 8 

pH  6  ,  6 bar 4.76 2.99 29.9 4.62 7.01 70 

pH  6  ,  6 bar 4.54 2.91 29.1 4.68 7.09 71 
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APPENDIX E:  RAW DATA OF IONS SEPARATION                                       

OF LACTATE MODEL SOLUTION AT BWRO MEMBRANE 

UNIT 

 

Table E.1 Ions separation of lactate model solution at BWRO membrane 
 

 

Operating 

condition 

Ca
2+

 Na
+
 NH4

+
 

Mass 

(g) 

% 

rejection 

Mass 

(g) 

% 

rejection 

Mass 

(g) 

% 

rejection 

pH  4  ,  4 bar 0.01 1 0.04 3 0.05 5 

pH  4  ,  4 bar 0.01 1 0.09 6 0.05 5 

pH  4  ,  6 bar 0.03 3 0.71 49 0.64 60 

pH  4  ,  6 bar 0.04 3 0.67 47 0.64 60 

pH  6  ,  4 bar 0.01 1 0.05 1 0.09 9 

pH  6  ,  4 bar 0.01 1 0.05 1 0.09 9 

pH  6  ,  6 bar 0.02 2 1.4 36 0.79 75 

pH  6  ,  6 bar 0.02 2 1.55 39 0.79 75 
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APPENDIX F:  RAW DATA OF LACTIC ACID AND IONS 

SEPARATION OF FERMENTATION BROTH (5 g/L) AT BWRO 

MEMBRANE UNIT 

Table F.1 Lactic acid and ions separation of fermentation at BWRO membrane 
 

 

Ion 

CaLAC NaLAC NH4LAC 

Mass 

(g) 

% 

Separation 

Mass (g) % 

Separation 

Mass 

(g) 

% 

Separation 

LA 5.42 54.2 6.69 66.9 7.20 72.0 

Cl
-
 0.16 46.8 0.27 57.0 0.37 61.7 

SO4 0.03 30.6 0.02 20.7 0.02 24.9 

NH4
+
 1.28 62.7 0.39 65.4 1.12 69.6 

P 0.01 3.8 0.01 8.4 0.01 5.0 

K
+
 0.05 63.1 0.08 48.8 0.04 32.6 

Mg
2+

 0.01 8.9 0.01 8.6 0.01 2.3 

Mn
2+

 0.01 15.2 0.01 18.0 0.01 16.5 

Fe
2+

 0.01 31.2 0.01 37.8 0.01 41.3 

Na
+
 0.02 57.6 2.58 57.7 0.02 55.2 

Ca
2+

 0.16 5.9 0.01 3.6 0.01 4.9 
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APPENDIX G:  GRAPHICAL ABSTRACT FOR RECOVERY 

PROCESS 

 

 

 

 
 

 

Figure G Graphical Abstract  
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APPENDIX H: SIMULATED MASS BALANCED 

Table H.1 Calculated flowrates and compositions of ions/species of the intermediate 

and output streams for the based case process to recovery and preconcentrate lactic 

acid from (A) CaLAC broth; (B) NaLAC broth; and (C) NH4LAC broth. 
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(C)  
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Table H.2 Calculated flowrates and compositions of ions/species of the intermediate 

and output streams for the membrane based process to recovery and preconcentrate 

lactic acid from (A) CaLAC broth; (B) NaLAC broth; and (C) NH4LAC broth. 
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(B) 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 

 

 

(C)  

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

101 

 

 

Table H.3 Calculated flowrates and compositions of ions/species of the intermediate 

and output streams for the in-parallel membrane based process to recovery and 

preconcentrate lactic acid from (A) CaLAC broth; (B) NaLAC broth; and (C) 

NH4LAC broth. 
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APPENDIX I:  RECIPE GRANT CHART 
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(C) 

 
 

Figure I.1 Recipe Gantt chart for the base case process with different feed streams. 

(A) CaLAC broth; (B) NaLAC broth; and (C) NH4LAC broth. 
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(C) 

 
 

Figure I.2 Recipe Gantt chart for the membrane based process with different             

feed streams. (A) CaLAC broth; (B) NaLAC broth; and (C) NH4LAC broth. 
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(C) 

 
 

Figure I.3 Recipe Gantt chart for the in-parallel membrane based process with 

different feed streams. (A) CaLAC broth; (B) NaLAC broth; and (C) NH4LAC broth. 
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APPENDIX J:  COST BREAKDROWN 

Table J.1 Cost breakdown for CaLAC broth; (A) based case; (B) Membrane based; 

and (C) In-parallel membrane. 
 

 

(A) 

 
 

 

(B)  
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Table J.2 Cost breakdown for NaLAC broth; (A) based case; (B) Membrane based; 

and (C) In-parallel membrane. 
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Table J.3 Cost breakdown for NH4LAC broth; (A) based case; (B) Membrane based; 

and (C) In-parallel membrane. 
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