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This study focuses on oxidation reaction of lactose selectively to galarose, which is lower 

sugar. Boric acid was used in the reaction as catalyst for lactose and protective group for 

galarose, and ultrasound was used to intensify the reaction. The first aim was to study 

parameter changes to make the reaction as efficient as possible. The second objective was 

to find more general applications for such oxidation process. 

The literature part gives background for protective groups, ultrasound processes and use 

of carbohydrates. The experimental part presents the experiments on the reaction. The 

reactor, experiment conditions and analysis method for HPLC are described. The main 

experimental results are presented in conversion of lactose and yield and selectivity of 

galarose. The discussion part highlights important results, show possible applications and 

gives recommendations for further studies on the subject. 

The increases in temperature and boric acid concentration gave positive results in the 

experiments. The use of ultrasound was also found out to be beneficial for the reaction, 

especially as it enable use of milder conditions like reduction of H2O2 concentration while 

giving good results. The best intensified results gave galarose at 95 % selectivity. Based 

on the experimental results the reaction works well already in 10 min processing with the 

sonication, and it should be developed further. Some possible applications for the process 

were given.  
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Tämä työ keskittyy tutkimaan laktoosin selektiivistä hapetusreaktiota galaroosiksi, joka 

on alempi sokeri. Boorihappo toimi katalyyttinä laktoosille ja suojaryhmänä galaroosille, 

ja ultraääntä käytettiin reaktion tehostamisessa. Ensimmäinen tavoite oli tutkia reaktion 

parametreja sen saamiseksi mahdollisimman tehokkaaksi. Toinen tavoite oli löytää 

yleisempiä sovelluskohteita kyseiselle hapetusprosessille. 

Työn kirjallisuusosa taustoittaa suojaryhmien, ultraääniprosessien sekä hiilihydraattien 

käyttöä. Kokeellinen osa esittelee reaktiolle tehdyt kokeet. Käytetty reaktori, 

koeolosuhteet ja analyysimenetelmä nestekromatografialla on kuvailtuna. Tulokset on 

esitetty laktoosin konversiona ja galaroosin saantona sekä selektiivisyytenä. Työn 

keskusteluosa tuo esiin tärkeimmät koetulokset, sekä esittää sovelluskohteita ja 

suosituksia lisätutkimuksille. 

Lämpötilan ja boorihapon konsentraation nostolla oli kokeissa positiivisia vaikutuksia. 

Ultraäänen käyttö havaittiin reaktiossa hyödylliseksi, sillä se erityisesti mahdollisti 

hyvien koetulosten saamisen miedommissa koeolosuhteissa, kuten vetyperoksidin 

konsentraatiota laskemalla. Paras ultraäänellä tehostettu tulos tuotti galaroosia 95 % 

selektiivisyydellä. Kokeellisten tulosten perusteella reaktio toimii jo 10 minuutin 

prosessoinnissa ultraäänen vaikutuksessa, ja sitä tulisi kehittää eteenpäin. Muutamia 

sovelluskohteita on esitelty. 
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LITERATURE REVIEW 

1. Introduction 

The initial setting of the thesis was to study conversion of fast oxidation reactions from a 

batch reactor to 3D-printed microreactors and the expected process intensification. The 

aim was to find a reaction that was in a homogenous liquid phase and the oxidation would 

be done in presence of hydrogen peroxide H2O2. The reaction should be sufficiently fast 

(around 2 minute reaction time), so that it could be reasonably converted into a 

microreactor with maximum of 30 s residence time. The analytics to the products would 

be done with high performance liquid chromatography (HPLC). 

The literature research in the start of the project didn’t however provide any reaction that 

would had been fast enough to be suitably used in a microreactor. The most promising 

reaction that was found was presented in article by van den Berg et al. (1995). In it, lactose 

and other aldohexose di- and monosaccharides are selectively oxidised to the next lower 

aldopentoses. The experiments presented in the article all last more than 10 minutes, so 

the reaction didn’t meet the requirements that were looked for the microreactor 

experiments. As the presented reaction otherwise fulfilled the primary requirements, the 

focus of the thesis was shifted to study reaction’s intensification by ultrasound instead of 

microreactor.  

The reaction of lactose to galarose happens in water phase in presence of added H2O2. 

Boric acid is added to the solution to act in dual purpose of catalyst and protective group. 

The reaction is started by raising the pH level to 10 or higher with NaOH and in the end 

quenched by lowering the pH to 5 with HCl. During the reaction borate obtained from 

boric acid attaches itself to lactose’s glucose moiety and helps it to open up from the ring 

structure. In the next step oxidants (hydrogen peroxide and hydroxyl radicals) in the 

solution cleave of C1 from glucose, resulting in arabinose moiety, but the attached borate 

prevents any further degradation. According to the results when optimal conditions are 

found, lactose is converted to galarose with good yield. The reaction works in similar way 

for other disaccharides and monosaccharides. The structure of the sugars is important for 

the reaction, as the hydroxyl groups in hexoses C2 and C3 need to be in threo 

configuration. (van den Berg, et al., 1995) 
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Boric acid and resulting tetrahydroxyborate have important role of protective group (PG) 

in the reaction. The protective groups are used in multistep synthesis to shield more 

reactive functionalities in complex molecules for preventing undesired reactions. 

Different types of functional groups require different types of PGs, so no universal PG 

exists. 

Ultrasound (US) is being used to intensify chemical reactions. When US is introduced to 

a liquid, it results in compression and pulling apart of liquid molecules, creating voids 

that are filled by gas and vapour molecules in the solution. These microbubbles grow and 

collapse (cavitation), introducing both physical and chemical effects to the solution. The 

physical effects affect the mixing of solution. As chemical effects, the collapse of the 

bubble causes local hot spots to form, where both temperature and pressure are 

extensively high and radical species are formed. The radicals in turn enable new radical 

reactions with other molecules. The use of US can remarkably increase reaction rates, 

improve selectivity and improve mixing. Despite many added benefits, it is not yet widely 

established technology in industry and requires still development to be scaled up for 

industrial applications. 

There is lot of research on separate aspects of the thesis, like protective groups or 

sonochemistry. The aim here is to bridge those different aspects and to see if they together 

have synergistic effects in improvement of the reaction. Interest lies in seeing if the borate 

PGs are capable of protecting sugar molecules from intense effects of hot spots and 

radicals. It is also interesting to see if addition of US markedly improves oxidative 

degradation of lactose in presence of H2O2, and if its use allows reduction of used 

chemicals without sacrificing efficiency.  

Ultimately the aim of the research here is to advance use of carbohydrates (sugars) in 

industrial applications to provide both new and existing organic chemicals. Unlike 

hydrocarbons that have been the basis of chemicals on 20th century, carbohydrates can be 

obtained from nearly every part of the globe. Also, unlike fossil hydrocarbons, 

carbohydrates are carbon-neutral source of energy and chemicals, which makes them 

important in the urgent fight against global warming. As carbohydrates are the most 

abundant organic material, they can be obtained from various sources. They also have 

some established uses, namely in food and forest-based products’ industries. 

Carbohydrates are also present in by-products of these industries, such as lactose from 
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cheese production or hemicelluloses from agricultural residues and chemical pulping. 

When use of carbohydrates efficiently are enabled to chemical industry, it will open up 

new business opportunities and make our societies more sustainable. 

The thesis was done over period of summer 2017 to autumn 2018 in three separate 

segments. The experiments were done in the laboratories of Lappeenranta University of 

Technology. All the people providing assistance for the work were staff of LUT School 

of Engineering Science. 

2. Protective groups 

2.1. General description of protective groups 

The use of protective or protecting groups (PG) in organic chemistry can be compared to 

use of masking tape when painting a wall. When painting near special parts such as 

electrical sockets it is more efficient to cover the socket and remove the tape afterwards 

than trying to paint carefully around the area. The same applies to organic synthesis and 

the multiple functional groups within molecules, where the most reactive group(s) is 

covered by addition of protective group to allow access to other functional groups within 

the molecule. (Ashenhurst, 2015a) 

Protective groups can be used when the reactant contains a functional group that is not 

compatible with needed reaction conditions (Solomons & Fryhle, 2008). The PG is 

introduced to the molecule to make targeted functional group inert and then later removed 

to restore the functional group (Carey & Sundberg, 2007).  

There is no universal protective group that would suit all the situations (Carey & 

Sundberg, 2007). For this reason the PG is chosen based on the functional group that is 

protected and also the reaction conditions. The number of PGs that can be chosen depends 

of the functional group, for example alcohols have more available protective groups than 

ketones (Hoffmann, 2009).  

The protective groups have been utilised for long time, for example in carbohydrate 

synthesis (Pétursson, 1997). For this reason, in known applications their use is also highly 

developed (Carey & Sundberg, 2007). They are especially important in syntheses 

consisting of multiple steps. 
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Oftentimes the use of protective groups is however not optimal solution. Their use adds 

steps in to synthesis in both addition of PG and in removal (deprotection) (Carey & 

Sundberg, 2007). Sometimes reliance on the protective groups might also prevent from 

seeing other alternative routes for synthesis without their use.  

Protective groups that can be added and removed independently in different steps are 

called orthogonal. The PGs that can be removed in the same step are called convergent. 

The use of protecting groups normally requires different steps for introduction of the 

protective group into target molecule’s functional group and step for removing it after 

other steps requiring protection have been completed (Hoffmann, 2009). 

In their book, Solomons and Fryhle (2008) present example with conversion of 3-bromo-

1-Propanol to 1,4-Pentanediol. In the process the alkyl halide would be first transformed 

into Grignard reagent. If the hydroxyl group would be left unprotected, this would cause 

problems as Grignard reagent would react with the molecule’s hydroxyl group forming 

unwanted products. So, first the hydroxyl group is protected by addition of a chloro(1,1-

dimethylethyl)dimethylsilane. This forms tert-butyldimethysilyl (TBDMS) ether that 

keeps the initial hydroxyl group protected. After that magnesium can be added and the 

Grignard reaction is conducted with acetaldehyde. Finally Fluoride ions are used to cleave 

the silyl group off and the wanted 1,4-Pentanediol is obtained. The reaction is presented 

in Figure 1. 
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2.2. Selection of protective groups 

As addition of protective groups adds to the number of steps in the overall synthesis, it is 

worth to plan how to combine some of the steps. This can be done by either introducing 

the PG already as part of the reagent (functional group is said to be in its latent form as it 

is already protected) or to use protective group that can protect multiple functional groups 

(Hoffmann, 2009). 

  

Figure 1  The sequence of Grignard reaction of 3-bromo-1-Propanol to 1,4-Pentanediol 

using a chloro(1,1-dimethylethyl)dimethylsilane as protective group for the 

original hydroxyl group (Solomons & Fryhle, 2008). 



6 

 

For the selection of the protective group, following things must be taken into account: 

1. What is the nature of the protected functional group? 

2. In what kind of reaction conditions the protective group must remain stable 

3. In what kind of conditions the protective group can be still removed without 

causing harm to product or intermediate molecule? (Carey & Sundberg, 2007) 

It is also worth to consider when to add the protective group during the synthesis. The 

earlier the protective group is added, more steps it will need to be able to go through 

remaining unchanged (Hoffmann, 2009). In some instances it is however expected that 

the protective groups undergo changes during the synthesis, for example to have them be 

more easily removable in later stage (Pétursson, 1997). 

The protective groups can be classified into long-term, intermediate-term and short term 

groups. The challenge for the long-term groups is that they will need to carry through 

many steps in different reaction conditions whilst being stable, but in the end be 

removable in mild conditions in order not to harm the product. The intermediate groups 

and short-term groups should be chosen so that they are able to protect the functional 

groups through needed steps, but their removal should not interfere with possible 

remaining long-term groups. If possible the use of short-term groups should be avoided, 

as they quickly add steps to the overall synthesis. (Hoffmann, 2009) 

The planning of use of the protective groups should be done in the latter stages of the 

synthesis planning, as it requires clear knowledge of the functional groups, intended 

transformations and reaction conditions. The planning is started from long-term groups, 

so that those would be still viable even if there are some later changes to the synthesis 

routes. If there are multiple long-term groups, it would be good to have them convergent, 

so that number of reaction steps is reduced. Next the use of intermediate groups is 

planned, and they should be orthogonal to long-term ones. Lastly, if use of short-term 

groups can’t be avoided with alternative methods, such as changing the order of the 

reaction steps, those are planned last. (Hoffmann, 2009) 

As mentioned earlier, there are no universal PGs, and so every functional group must be 

dealt separately when planning the use of protective groups. The common functional 

groups that are protected are hydroxyl, amino, carbonyl and carboxylic acid groups, 

presented in Figure 2. (Carey & Sundberg, 2007) The focus here will be on hydroxyl 
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protecting groups, as that is the relevant functional group in the experimental part. The 

hydroxyl groups can be protected as acetal, ether, silyl ether or ester, which are presented 

in Figure 3 (Carey & Sundberg, 2007). 

 

 

Figure 2  Common functional groups to be protected with protective groups. 

 

 

 

Silyl ether groups are practical way of protecting hydroxyl groups. They are stable in 

many conditions and can be removed easily with addition of fluoride ions. The fluoride 

will cleave the silyl group off from the protected group and lets the hydroxyl group be 

restored. The most common choice from silyl ethers is trimethylsilyl (TMS). If more 

stability for the PG is needed, then bulkier silyl ether groups are used, such as t-

butyldimethylsilyl (TBDMS) or tris-isopropylsilyl (TIPS). (Carey & Sundberg, 2007; 

Ashenhurst, 2015b) TMS, TBDMS and TIPS are shown in Figure 4. 

Figure 3  Protective groups for hydroxyl functional group. 
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Figure 4  Silyl ether protective groups for hydroxyl functional group (Carey & Sundberg, 

2007).  

When using an acetal to protect a hydroxide, the choice on the exact acetal should be 

made considering what conditions the product molecule can tolerate when the PG is 

removed. Some of the acetals are: tetrahydropyranol ether (THP), 2-methoxy-2-propyl 

ether (MOP), 2-methoxyethoxymethyl (MEM) and 2-trimethylsilylethoxymethyl (SEM). 

The methods of removal differ from hydrolysis (THP, MOP), non-aqueous conditions 

(MEM) to removal by fluoride (SEM). (Carey & Sundberg, 2007) THP, MOP, MEM and 

SEM are presented in Figure 5. 

As protective groups, ethers are stable and easy to add, but their removal requires 

sometimes harsh conditions that won’t be suitable for the product (Ashenhurst, 2015b). 

There are however some ethers that are useful as the deprotection can be done in milder 

conditions. Triphenylmethyl ether can be removed using hot acetic acid and it is useful 

protecting group in carbohydrate chemistry. Benzyl ether group is possible PG if acidic 

conditions cannot be tolerated, as it is possible to be cleaved in multiple other methods, 

such as with hydrogenolysis. (Carey & Sundberg, 2007) Triphenylmethyl and benzyl are 

presented in Figure 6. 

Figure 5 Acetal protective groups for hydroxyl functional group (Carey & Sundberg, 

2007). 
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Esters as protective groups have advantages of being stable in acidic conditions and 

offering protection also from oxidation reactions. Esters as PGs are acetate, benzoate and 

pivalate. Removal for ester groups is done with base-catalysed hydrolysis. (Carey & 

Sundberg, 2007) The three esters are presented in Figure 7. 

 

Diols, having two hydroxyl groups, are special case for protecting groups. If the hydroxyl 

groups are close to each other, such as in 1,2- or 1,3-diols, the formed protective group 

tends to be cyclic acetal. Aldehydes and ketones can be used to form these PGs, which is 

demonstrated in Figure 8. As carbohydrates also contain multiple hydroxyl groups close 

to each other, cyclic acetals are useful as their protective groups. The acetal PG is resistant 

to basic and nucleophilic reagents but can be removed in acidic conditions. (Carey & 

Sundberg, 2007) 

Figure 7  Esther protective groups for hydroxyl functional group (Carey & Sundberg, 

2007). 

Figure 6 Ether protective groups for hydroxyl functional group (Carey & Sundberg, 

2007). 
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2.3. Critiques and alternatives 

As use of protective groups add to the total amounts of the steps, thus making the 

synthesis more complicated and more expensive. For this reason, their use has attracted 

some criticism too, and it should be explored during the planning of the synthesis if there 

are alternative routes to arrive to wanted product.  

In his book, Hoffman (2009) implies that use of protective groups in some instances 

would mean that a synthesis would not be completely developed, and for example with 

alternating order of steps need for some PGs could be eliminated. The books also notes 

the mindset of some people that using protective is unavoidable and being able to 

synthesis chemicals without them would be exceptional.  

Baran et al. (2007) present in their study ways to produce some complex marine natural 

products, such as hapalindole, without using protective groups. Their focus was on 

utilizing natural reactivity of the functional groups and they report on succeeding to 

produce this way products with ten steps or less when conventional synthesis could take 

even 20 steps. The authors state that reason for commonness of PGs is that those allow to 

deal with problems with functional groups on individual basis. Though ideally the use of 

PGs should be smooth and not interfere with yield, in reality they add complexity and can 

decrease effectiveness of synthesis. They also state that possible elimination of use of 

PGs should also make optimization of the syntheses easier. In the end of their discussion 

the authors how ever give that in some instances using PGs will be still more efficient 

along with other benefits such as certainty of reactions behaviour, and in some cases the 

use of PGs will still be unavoidable. 

Figure 8  Protection of a 1,2-diol with ketone. In case of an aldehyde, R4 would be a 

hydrogen. (Carey & Sundberg, 2007)  
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In his online article, Barros (2016) presents two studies where use of protective groups is 

avoided in production of amides and peptides. They describe that conventionally the 

peptide synthesis requires using PGs for amine and carboxyl groups. The first research 

group had managed to obtain amides that could be applied to pharmaceuticals with 

treating the amino acids with commercially available borate ester B(OCH2CF3)3 and then 

filtering them through ion exchange resin (Lainigan, et al., 2016). The second research 

group on the other hand had used light and organic catalyst to convert aldehydes into 

amides (Papadopoulos & Kokotos, 2016). These results highlight that one should not just 

go by default with conventional route with PGs, but to also consider more innovative 

alternatives. 

The previous critiques are more focused on production of fine chemicals with more 

complex production processes. The use of protective group in this study does not 

complicate the process and its use is essential for the reaction to work properly, so the use 

is justified. Overall this is also preliminary study if PGs can be applied to bulk chemical 

production. 

2.4. Boron acids as protective group 

The potential use of boron acids and other boron compounds has been target of research 

and academic publications already for multiple decades. The boron acids consist of boric 

acid B(OH)3, boronic acids RB(OH)2 and borinic acids R’R’’BOH (Carey & Sundberg, 

2007). In some publications boron compounds have been used as protective groups, 

especially for diol compounds, and in some instances their role has been a critical catalyst 

instead of a PG. The appeal of using boron compounds as PGs has been in their ease of 

addition and detachment, cheap cost, availability and their relative eco-friendliness 

(Bjørsvik, et al., 2001; Duggan & Tyndall, 2002). 

Fréchet et al. (1978) studied the use of polystryrylboronic acid, a boronic acid as 

functional group in polymer matrix, as protective group for cis-diols. The polymer was 

successfully use to create acylated glycosides in one-pot synthesis, that was selective, 

efficient, reaction could be carried out in mild conditions and the polymer could be reused 

without need for regeneration. The researchers also present method of preparing the resin 

from polystyrene and trimethylborate. The acylation in the presence of the protecting 

group could be done to different kinds of cyclic polyol glycosides, containing from one 
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to three cis-diols as either 1,2- or 1,3-diol groupings. The resin is insoluble to the organic 

solvents, and it is regenerated in the deprotection step. Having slight excess of resin 

compared to monosaccharides helped to make all the sugar react.  

Also Belogi et al. (2000) had studied use of polystyrylboronic acid as protective group. 

They had used the resin in organic pyridine phase to use glycosylation reaction to 

combine two monosaccharides to a disaccharide. For cleavage of the target molecule from 

the PG, the researchers had used mixture of water and acetone. The researchers noted that 

in the partial loading of the polymer with reagents, the yield was significantly low as the 

resin immobilises part of the reagents making them unavailable for the glycosylation 

reaction.  

Furneuax et al. (2000) used boric acid as protective group in synthesising penta-O-acetyl-

β-D-glucofuranose from glucose. The use of boric acid protecting group changed the 

product from mainly pyranose form when reacted without BA to mainly furanose from 

when BA was used. Other sugar monomers were also studied. The method was found to 

be efficient and inexpensive. 

Bjørsvik et al. (2001) studied use of boric acid and other borates in N-alkylation of 

compounds containing 1,2-diol groups and amino groups. The present that without 

suitable protection, such molecules tend to produce by-products with similar 

characteristics that make then difficult to separate. The use of borate PG would protect 

the diol-groups, thus directing the alkylation reaction always to amino-group, thus 

making significant improvement to alkylation process. Water was used as solvent in their 

experiments. The adjustment of pH to optimal levels was important. The study done on 

simpler compounds was also applied to production X-ray contrast agents containing 

similar functional groups, such as iohexol or iopentol. According to the authors the 

method should be scalable for industrial use, though this was not demonstrated clearly. 

Duggan & Tyndall (2002) had compiled a review on use of boron acids as protective 

groups and catalysts in organic synthesis. They summarise chemistry of boron acids and 

their qualities, for example the structures the boron acid esters form and differences 

between borates (from boric acid) and boronates (from boronic acid). The authors also 

summarise different ways to form boronate esters in organic phase, and how to cleave 

them in different methods. They also note that some precipitates of the boronate ester 
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might not be the most stable form, so when they are dissolved and crystallised again, they 

can take other forms. Many of the application highlighted by the authors utilise 

phenylboronic acid (PBA) and other boronic acids, but boric acid has some uses 

referenced too. The examples are also divided between having PG just protecting 

hydroxyl from reaction, to examples where PG helps to activate further reactions, and 

solid phase synthesis, where protective boron acid is in polymer structure. The molecules 

that are protected with boron acid PGs in the review vary between open chain polyols and 

sugars in a ring form. The uses have been for acetylation, glycosylation or protecting 

hydroxyl groups from oxidation. Based on their review on boron acids as PG, they predict 

important role for them in synthesis development following their study. The latter half of 

the review is more focused on catalysis in reactions involving other groups than hydroxyl, 

so it is left out here. 

Boron acids have also had some interest in preparation of amides from amines and 

carboxylic acids. In this application the boron acids work as catalysts instead of protective 

groups, but there are still some similarities to the methods. The research is also more 

recent than with PG application’s. 

Mylavarapu et al. (2007) used boric acid catalysed synthesis to obtain carboxamides that 

could be used as intermediates for different active pharmaceutical ingredients. The 

methods was applicable to wide range of different carboxylic acids and amines. The 

process proved to be able to reduce by-products and impurities and to give good yield and 

purity of the products. The reactions were carried out in organic solvent, mostly in 

Toluene.  

The research group led by Tom Sheppard had published some articles on using 

commercially available borate ester Tris(2,2,2-trifluoroethyl) borate to obtain amides 

from amines and amino acids without use of conventional protective groups (Lainigan, et 

al., 2016; Sabatini, et al., 2017). The borate ester acts as coupling reagent and allows 

direct amidation, and it allows single step reaction of amine and amino acid in organic 

solvent (Lainigan, et al., 2016). The process was also possible to be scaled up to gram 

scale with even improved yields for some amides (Lainigan, et al., 2016). The method 

works also for coupling carboxylic acids with amines (Sabatini, et al., 2017). The 

separation after the reaction can be easily done with introduction of ion exchange resins, 

Amberlite IRA-743 among them, to collect unreacted amines, acids and borate when the 
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mixture is filtered, to leave solely the products in the solution (Sabatini, et al., 2017). The 

method was tested successfully for some active pharmaceutical ingredients, and the 

benchmarking of the new method to earlier ones provided good results in terms of process 

mass intensity (Sabatini, et al., 2017). The authors have also presented also the reaction 

method as catalytic cycle, along with information on reaction kinetics (Sabatini, et al., 

2017). The authors expect this novel method to have applications on many different fields 

(Sabatini, et al., 2017).  

In the reference article’s reaction, boric acid has dual role both as catalyst and as 

protective group (van den Berg, et al., 1995). The borate catalyses the first oxidation step 

from lactose to galarose, after which it acts as PG for galarose. In case of over oxidation, 

the borate is not capable of protecting the intermediates, so degradation goes all the way 

to galactose, which is protected again. In the article the authors also presented the 

variations of borate esters that can be formed with the sugar polyols, and also the order 

of the stabilities of the borate esters. Due to configuration of the sugar ring, for lactose 

the borate catalyses the opening of glucose ring, but for galarose it facilitates closing of 

the arabinose ring, due to the stable ester in can form. 

3. Ultrasound assisted reactions 

3.1. Description 

Ultrasound consist of the soundwaves that exceed human hearing limit at 16 kHz 

(Adewuyi, 2001). It can be divided into three categories according to its frequency; 20 – 

100 kHz, 100 – 1000 kHz and 1 – 10 MHz (Wu, et al., 2013; Bhangu & Ashokkumar, 

2017). Depending of the source, the categories can be named slightly differently. 

According to Wu et al. (2013) the naming from lowest to highest goes power ultrasound, 

high frequency ultrasound and diagnostic ultrasound. Bhangu & Ashokkumar (2017) use 

low, intermediate and high frequency instead, and those terms will be used in this work 

too. The low and intermediate frequencies together are referred in some sources as power 

ultrasound (Sillanpää, et al., 2011). On that range sonochemistry takes place and the US 

causes acoustic cavitation, which then results in localised extreme temperatures and 

pressures that drive forwards chemical reaction (Bhangu & Ashokkumar, 2017). For this 

reason, that range is used in sonochemistry and industrial applications (Sillanpää, et al., 

2011). The high frequency ultrasound is applied to imagining of cracks and flaws in 
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solids, medical applications, in sonar systems and by animals in their navigation and 

communication due to its non-destructive nature (Wu, et al., 2013; Sillanpää, et al., 2011). 

According to Sillanpää et at. (2011) US can be transmitted through elastic mediums such 

as gas or sludge. However main medium for the sonochemistry are liquids (Kentish & 

Ashokkumar, 2011).   

3.2. Cavitation and bubble collapse 

When applied, ultrasound will send sound waves across the medium from the source of 

the US. The waves will cause cycles of molecules in the fluid to move around in phases 

of being locally pushed together (compression) and pulled apart from each other 

(rarefaction) (Wu, et al., 2013; Bhangu & Ashokkumar, 2017). As liquids are 

incompressible, when enough energy is applied to the system, the liquid molecules will 

be torn apart from each other as the force pulling them apart will exceed the molecular 

forces holding them together (Sillanpää, et al., 2011; Kentish & Ashokkumar, 2011). This 

will in turn cause small bubbles if gas and/or vapour to start to form within the liquid as 

means to relieve the stress in the medium (Sillanpää, et al., 2011; Kentish & Ashokkumar, 

2011).  In pure liquids the tensile strength (the combined molecular forces binding 

molecules together) that needs to be overcome is high (Bhangu & Ashokkumar, 2017; 

Wu, et al., 2013). But most common liquids contain already nanobubbles of gas and other 

impurities, so the pressure that is needed to start to form the bubbles is lower (Bhangu & 

Ashokkumar, 2017; Wu, et al., 2013). In tap water this is already possible in the 

equivalent of atmospheric pressure (Wu, et al., 2013). The impurities, such as bubbles 

and other, will act as the starting nucleus for the bubble formation (Kentish & 

Ashokkumar, 2011). The acoustic waves can also free small bubbles of air and other gases 

trapped into container walls during the rarefaction phases in the wave (Bhangu & 

Ashokkumar, 2017). 

Once the bubble is formed in the liquid, it will start to also to respond to the ultrasound 

waves. When the liquid is experiencing negative pressure wave during rarefaction phase, 

the liquid molecules are pulled apart and it leaves space for the bubble to grow (Bhangu 

& Ashokkumar, 2017). During this time vaporised molecules from the liquid pass through 

the liquid-bubble interface into the bubble, increasing its mass (Bhangu & Ashokkumar, 

2017). This is aided as the internal pressure of the bubble is lower when liquid around it 

is experiencing negative pressure (Bhangu & Ashokkumar, 2017). The phenomena of 
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mass transfer into and out from the bubble is referred as rectified diffusion (Bhangu & 

Ashokkumar, 2017; Kentish & Ashokkumar, 2011; Wu, et al., 2013). When the liquid 

then experiences positive pressure and compression, the size of the bubble is reduced, and 

it shrinks in size as pressure within bubble increases and gas diffuses back to liquid 

(Bhangu & Ashokkumar, 2017). The growth of the bubbles can happen either by rectified 

diffusion or by smaller bubbles coalescing together to form larger bubbles (Bhangu & 

Ashokkumar, 2017; Kentish & Ashokkumar, 2011). 

Rectified diffusion consists of two effects called area effect and shell effect, which are 

visualised in Figure 9. The area effect consists of intake and outtake of vapour molecules 

during the rarefaction and compression cycles. As the bubble volume drops sharply 

during the compression, there is less surface area available for mass transport from bubble 

to surrounding liquid, and part of the mass diffused into bubble in the previous expansion 

will remain in the bubble, giving it net growth between the cycles. The shell effect refers 

to the liquid with increased concentration of gas and vapour in the liquid around the 

bubble. As the volume of the bubble oscillates, so does also volume of the shell around it 

and the concentration of gas in it. When size of the bubble is reduced, the shell around it 

grows and leads to smaller concentration of gas in the shell and thus there is diffusion of 

gas from bubble to shell with the lower concentration. The concentration gradient 

however becomes lower when the shell size increases, thus slowing the diffusion out of 

the bubble. When the bubble expands, it decreases the volume of the shell and increases 

the concentration of gas molecules, leading to diffusion into the bubble with lower gas 

concentration. In the shell effect the change in the shell size and concentration work 

together during bubble expansion and work against each other during decrease, giving 

further explanation to net growth of the bubble. (Bhangu & Ashokkumar, 2017) 

Figure 9  Visualisation of the area effect and the shell effect in bubble growth in rectified 

diffusion (Bhangu & Ashokkumar, 2017). 
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The growth and eventual collapse after reaching of the critical size can happen either in 

stable (repetitive transient cavitation) cavitation or unstable (transient) cavitation 

(Kentish & Ashokkumar, 2011; Wu, et al., 2013). Of these the latter has higher interest 

for chemical applications, as it creates more drastic conditions (Wu, et al., 2013). 

Formally cavitation means creation of the bubbles within the liquid, but in literature 

regarding US it also is used to refer to the process of bubble nucleation, growth and 

collapse (Kentish & Ashokkumar, 2011).  

In the stable cavitation, the bubble growth happens slowly through oscillation of the size 

that is well in phase with the acoustic ultrasound waves. This happens in lower intensity 

US. (Wu, et al., 2013) The oscillation can last through hundreds of growth cycles, and the 

bubble can grow from around five µm to 30-fold size before collapse back to small size 

happens (Kentish & Ashokkumar, 2011).  

The unstable cavitation occurs in higher ultrasound intensities. The bubble will grow 

rapidly within microseconds to up to hundreds of folds before it collapses violently during 

a compression cycle. (Wu, et al., 2013) When transient cavitation happens near solid 

surfaces, it is likely that the collapse of the bubble will happen asymmetrically, causing 

also physical effects (Kentish & Ashokkumar, 2011). Bubbles collapsing from unstable 

cavitation will split into smaller daughter bubbles, which can continue collapsing and will 

also act as nuclei for the new bubbles (Bhangu & Ashokkumar, 2017; Kentish & 

Ashokkumar, 2011). 

When bubble is growing in rectified diffusion, it will reach a critical resonance size. Its 

growth starts to oscillate on in the same frequency as the ultrasound causing the 

cavitation. The bubble will then grow to its maximum size in one acoustic cycle. (Bhangu 

& Ashokkumar, 2017) Once a bubble is not able to absorb any further energy that is 

diffused from the soundwaves, it will collapse during a compression. The liquid will rush 

into bubble volume, causing it to contract rapidly into small volume, causing significant 

local increase in temperature (to region of 5000 K) and pressure (over 500 atm). (Wu, et 

al., 2013) The collapsed bubble with the drastic conditions is called a hot spot, surrounded 

by interfacial area with elevated temperature (in 2000 K) in ambient pressure, which is 

then encompassed in the bulk solution with overall ambient conditions (Sillanpää, et al., 

2011; Wu, et al., 2013). There are some different values presented for the temperatures 

and pressures (1000 atm is most common) existing within the hot spots and interfacial 
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area, but overall the scale of the temperature and pressure are agreed upon in different 

sources (Bhangu & Ashokkumar, 2017). The event of bubble collapse lasts only for about 

one microsecond, during which the temperature in the hot spot will peak at maximum 

before being instantly cooled down. As the heating and cooling happens in such short 

time (around 1 µs), it is nearly adiabatic. (Bhangu & Ashokkumar, 2017) The 

development of bubble area along with temperature and pressure within bubble are 

demonstrated in Figure 10. 

 

 

3.3. Chemical and physical effects 

As sonochemistry is not yet matured field of science, there are multiple theories on how 

the reactivity under sonication takes place: hot spot theory, electrical theory, plasma 

discharge theory and supercritical theory. Of these, the hot spot theory is the most widely 

used. (Adewuyi, 2001; Sillanpää, et al., 2011; Wu, et al., 2013)  

The three regions (the hot spot, the interfacial region around it and the bulk region) related 

to the hot spots will have slightly different chemical reaction occurring in them. Within 

the hot spot zone, the radical conditions provide activation energy for formation of free 

radicals, excited states for other molecules and pyrolysis reactions. The radicals formed 

in the hot spot can react together to form new molecules, or transfer to other regions to 

Figure 10  Development of bubble area (straight line), temperature (dotted line) and 

pressured (dashed line) during bubble collapse in general terms (Bhangu & 

Ashokkumar, 2017).  
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cause secondary radical reactions, such as act as oxidants in the bulk solution. Presence 

of water vapour enables formation of OH• (hydroxyl) and H• radical, and presence of 

oxygen produces O•. The formed radicals can then recombine to form H2 or H2O2 among 

other products. The reactions happen in a gas phase, which is the remainder of the 

collapsed bubble. In the interface region around the hot spot bubble, radical reactions 

continue to occur along with pyrolysis and combustion reactions in aqueous phase. When 

there are high concentrations of solute molecules within the interface the pyrolysis 

reactions are more common, where as in low concentrations the reactions with free 

radicals are dominating. Majority of degradative reactions occur in this zone, for example 

when US is applied to remediation of environmental pollutants. In the bulk region of the 

solution, there are no more primary sonochemical reactions. The reactions here occur 

between the substrates in bulk solution and either intermediates created in the hot spot or 

in the interface or radicals that have not reacted yet (secondary radical reactions). 

(Adewuyi, 2001) In the secondary reactions, OH• can react to oxidise organic molecules 

whereas H• acts to reduce metal ions into nanoparticles. Some of these secondary radical 

products can further react with other molecules that are present. If air bubbles are present, 

that will cause nitrogen to form nitric acid, which will lead to decrease of pH in the 

reaction solution during sonication. (Kentish & Ashokkumar, 2011) 

Along with chemical changes to the molecules, there is also light emission called 

sonoluminescence that is caused by the hot spots. The emission of light is believed to be 

resulted from extreme temperature within the hot spot. (Kentish & Ashokkumar, 2011; 

Bhangu & Ashokkumar, 2017) Other theories claim that plasma created in the bubble 

centre as result of the bubble collapse would be responsible for the light emission. There 

are factors affecting the intensity of sonoluminescence in ultrasound reactions, such as 

the liquid medium, amount of dissolved gasses, hydrostatic pressure, acoustic pressure 

amplitude and acoustic frequency. (Bhangu & Ashokkumar, 2017) 

The violent implosions of cavitation bubbles don’t cause just chemical effects in the 

solution that is being sonicated. In the physical phenomena there are microstreaming, 

microstreamers, microjets, shockwaves and increases in agitation and turbulence (Wu, et 

al., 2013; Bhangu & Ashokkumar, 2017). When a bubble collapses asymmetrically, it 

will create a microjet when a spike of liquid rushes through the bubble and shoots to the 

other side at velocity of even 100 m/s (Wu, et al., 2013; Bhangu & Ashokkumar, 2017). 



20 

 

The formation of a microjet requires presence of a solid surface within few millimetres 

of the bubble, and its impact on the surface will cause some erosion in the solid (Kentish 

& Ashokkumar, 2011; Wu, et al., 2013). It is depending of the application whether this is 

positive (increasing catalyst surface) or negative (corrosion of equipment) aspect. 

Shockwaves are in turn created when the bubble is collapsing symmetrically (Wu, et al., 

2013; Bhangu & Ashokkumar, 2017). The bubble walls stay intact as the bubble first 

contracts during the compression and then rebounds back, sending a pressure shock from 

the surface into rest of the solution (Wu, et al., 2013). Microstreaming refers to small 

oscillatory movement caused by US waves to fluid molecules, making them shift around 

their mean position (Wu, et al., 2013). Microstreamers in turn mean bubbles travelling in 

ribbon like formations in the solution (Wu, et al., 2013). When the soundwave is reflected 

back to the solution from the interfaces, a standing wave is generated when the returning 

wave meets the new waves generated by US transducer. The pressure starts to fluctuate 

from maximum to minimum at the wave antinode, causing the smaller bubble to travel to 

antinodes in ribbons and also coalescing together. The larger bubbles will remain in the 

nodes of the wave, where the pressure will remain more or less constant. (Kentish & 

Ashokkumar, 2011). The physical phenomena cause by US increases also mass transfer 

over different phase interfaces, which usually are more resistant to the diffusion (Kentish 

& Ashokkumar, 2011; Wu, et al., 2013). Microjetting and microstreaming are visualised 

in Figure 11. 

 

  

Figure 11  General visualisation of microjetting (Bhangu & Ashokkumar, 2017) and 

microstreaming (Kentish & Ashokkumar, 2011). 
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3.4. Operating parameters 

Different parameters affect how effective the sonication will be. Sometimes different 

parameters induce contrary effects, so a balance must be looked for to reach optimal 

results. 

In low frequencies, the collapse of the bubble will be more violent than on high ones, 

producing higher temperatures within hot spots, leading to more radicals per bubble 

implosion. However, when frequency is higher, it leads to generation of larger amount of 

bubbles, though smaller in size. In really high frequencies the cavitation will start to 

decrease again. (Adewuyi, 2001) 

Having high external pressure will limit the amount of bubbles that will be generated. It 

will however make the implosions more violent, as the pressure is higher. For this reason, 

use of excess pressure can be justified in some applications. (Kentish & Ashokkumar, 

2011; Wu, et al., 2013) It should be kept in mind that higher pressure requires also higher 

operational costs (Gogate & Patil, 2016). 

Higher temperature facilitates transfer of vapour into cavitation bubbles. Even though 

having higher temperature helps more bubbles form, the increased vapour within bubbles 

cushions the collapse, making the sonication less effective. For this reason, it is generally 

the best to keep the reaction solution at ambient level. (Kentish & Ashokkumar, 2011; 

Wu, et al., 2013; Gogate & Patil, 2016) Changes is the temperature affect also liquid’s 

physicochemical properties, so overall effect of temperature is complex one (Gogate & 

Patil, 2016). 

Saturating the solution with inert gas can help in having more violent collapses for 

individual bubbles, as they transfer less heat and thus the temperature during collapse will 

be higher (Kentish & Ashokkumar, 2011; Gogate & Patil, 2016). Overall presence of 

soluble gasses within the liquid will also increase the amount of nuclei for the cavitation 

bubbles. The drawback will be that more gas can diffuse into the bubble before the 

collapse, thus cushioning the collapse and decreasing its efficiency. (Wu, et al., 2013; 

Gogate & Patil, 2016) Choice of gas used for saturation is important, and the gas should 

have high specific heat ratio so that as little heat is transferred away from the bubbles 

during implosion as possible (Gogate & Patil, 2016). 
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The characteristic of the liquid as the medium in the solution matter too. When the liquid 

has high vapour pressure, low viscosity and surface tension, the bubbles start to form 

easier. Again, the contrary characteristics cause the implosions to be more violent and 

can be thus preferential. (Adewuyi, 2001; Wu, et al., 2013; Gogate & Patil, 2016). 

When power of the ultrasound is increased, even smaller bubbles in the solution start to 

cavitate and grow. As this increases active bubble volume in the solution, it also increases 

the reaction rate. (Lee, 2016) There is critical level of power, after which increases start 

to decrease the reaction rate. The power is also connected to the ultrasound amplitude, 

with increasing the amplitude also increasing the power that is dissipated. Higher 

amplitude and power causes also more violent bubble collapse. (Adewuyi, 2001) The 

intensity is defined as power from the ultrasound divided by the surface area of the US 

transducer (Wu, et al., 2013; Gogate & Patil, 2016). As intensity is connected to power it 

also has optimal level and it is recommended to be dissipated on same intensity 

throughout the volume (Gogate & Patil, 2016). 

Longer sonication time gives generally better cavitational yields, but after some point the 

gains start to be marginal. As the sonication causes also degassing of the liquid, the 

cavitation will decrease in time. For some specific applications like enzymatic reactions 

the extensive processing time under US can be harmful. (Gogate & Patil, 2016) 

3.5. Sonochemical reactors 

The geometry of the reactor is important for having as good cavitation activity distribution 

in the reactor as possible. Having a multiple transducers in the reactor helps to produce 

uniform distribution. Multiple transducers allow also better control of hydrodynamic 

conditions and mixing and enable use of multiple frequencies. The increase in diameter 

of transducer and the depth or height of transducer immersed in the liquid help to increase 

the cavitational activity. Both have optimal settings however. Having transducers facing 

each other is also beneficial in reactor, as it gives more control over intensity of cavitation 

based on standing waves. (Gogate & Patil, 2016) 

Use of ultrasound will always cause some heating of the solution and reactor when it is 

being used. The temperature doesn’t usually increase radically, but regardless it is 

dangerous to ignore when designing process utilising US. For this reason, the cooling of 

the system should be also planned carefully. (Kentish & Ashokkumar, 2011) 
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Common reactor configurations in laboratory scale are ultrasound horn and ultrasound 

batch with single transducer (Wu, et al., 2013; Gogate & Patil, 2016). However such 

configurations are not possible for efficient scale up, as they can’t efficiently treat large 

volumes, as the most cavitation occurs near the US source (Wu, et al., 2013). Novel 

reactor types include flow cell-type reactors with transducers placed on the sides, parallel 

plate reactors where the plates irradiate same or different frequencies and tubular reactors 

with transducers in either both ends or one end having a reflector instead (Gogate & Patil, 

2016). 

The ultrasound horn is a basic configuration for laboratories. It the horn is often a metal 

cylinder that is immersed into the liquid, either horizontally or vertically. They operate 

typically in fixed frequency and varying power dissipation that can be controlled by 

changes to the amplitude. The horn causes high cavitational activity near the horn surface, 

but this decreases with the distance, and it is possible that there are dead zones especially 

when used with larger volumes. Disadvantage with the horn is that as the cavitation 

happens near the horn surface. This can cause erosion in the surface and contamination 

of the processed liquid, which prevents its use from certain processes. Usually US horns 

are used for batch reactions, but they are also possible to be applied for continuous 

configurations too. (Gogate & Patil, 2016) 

The ultrasonic bath is flexible type of reactor. The volume and the number of transducers 

can be varied. If multiple transducers are used their positioning can be also changed, to 

try to obtain uniform cavitational activity in the reactor. The bath can be operated either 

continuously or as a batch. The direct and indirect irridation are also possible based on 

the application requirements. In direct mode (for wastewater treatment) the transducers 

are within the treated liquid, where as in indirect mode (for enzymatic reactions) the liquid 

is within a reactor that is then immersed into coupling fluid, generally water, which is 

being sonicated. In the latter case the coupling fluid restricts some operating conditions, 

namely temperature, as it can’t exceed its boiling point. (Gogate & Patil, 2016) 

As possible industrial use will require larger scale continuous reactors, flow cell 

configuration offers more potential choice for that. The flow cell reactors have varying 

geometries (rectangular or hexagonal tube) with multiple transducers attached to sides. 

The dimensions and the length can be adjusted according to the application, and modular 

units are possible. Having multiple transducers gives more uniform cavitational field, and 
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lower power dissipation per transducer can be used, reducing the energy losses. The 

cavitational zone is also moved away from the surfaces to the centre, reducing localised 

cavitation and surface erosion. Multiple transducers allow also use of multiple 

frequencies, offering possibility to have physical and chemical effects present. The 

configuration allows US to be combined with ultraviolet light irradiation in the same 

reactor for synergistic effects. Even though most research is still done on lab scale, some 

experiments have been reported with flow cell reactor of larger volumes (72 – 250 l). 

(Gogate & Patil, 2016) When compared to US horn and ultrasonic bath, the flow cell type 

tends to be significantly more efficient (Gogate & Pandit, 2004). 

Dion (2009) presented in his article novel innovative type of sonochemical reactor. It has 

cylindrical shape with the 12 transducers placed evenly around the side of the reactor. 

When operated it will create large confined acoustic cavitation zone in the middle of the 

reactor. As the cavitation happens off the transducer surface, the configuration is not 

suffering from erosion and contamination like other reactor types. This allows its 

application to pharmaceuticals and food processing too. The paper presents a pilot scale 

reactor of 5 kW power and 1 l volume capacity and larger reactor of 50 kW that is already 

capable of industrial use. The reactors were tested on multiple applications such as paper 

mill sludge treatment, ageing (oxidation) of un-matured whiskey and brandy and 

production of copper nanoparticles, with generally successful results. The reactor should 

be cost efficient to operate and applicable to multiple industries and processes. (Dion, 

2009) 

It is necessary to understand the cavitation phenomena properly before it can be scaled 

up to have similar cavitation fields in larger applications. The scale up ratios obtained 

from laboratory test are likely to give too large scale up ratios. In the scale up the main 

issue is how to design efficient enough reactors. The final cavitation activity in the reactor 

is affected by reactors configurations; locations and numbers of ultrasound transducers, 

surface area of irradiative element and the dimensions of the reactor, along with 

operational parameters; power density, height of liquid medium, bulk temperature, 

acoustic intensity and static pressure in the liquid. (Wu, et al., 2013) 
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3.6. Combination of ultrasound with other intensification methods 

When applied on its own to especially degradation of pollutants, ultrasound is not really 

efficient process as it consumes lots of energy. This is partly due to energy needing to be 

converted from electrical form to first to mechanical form as vibrations and from it to 

cavitational energy.  It can’t be also guaranteed that all the cavitational energy would lead 

to chemical and physical effects that are looked for. For purposes of degradation of 

pollutants hybrid reactions of US combined with some other advanced oxidation process 

(AOP), such as ultraviolet irradiation or Fenton process, the resulting process has always 

been more energy efficient. (Wu, et al., 2013) 

Use of ultrasound can be combined effectively with either microwave or ultraviolet (UV) 

light irradiation or hydrodynamic cavitation. In many applications this leads to better 

energy and cost efficiency due to synergistic effects of similarity of controlling 

mechanism of reactions. The drawback in combining process intensification methods is 

that it further complicates process control with added process parameters and the scaling 

up of the process. For this reason following examples are still given on mostly laboratory 

scale. (Gogate & Patil, 2016) 

When ultrasound and microwave irradiation are combined, the synergistic effect results 

of the complementing removal of heat and mass transfer barriers for the reactions. The 

former is due to microwaves and latter due the acoustic cavitation. When combined for 

the process chemistry, the hybrid method can reduce the process time generally 2 – 10-

fold compared to individual intensification. The problem with the hybrid reactor comes 

into material selection of the US transducer and the microwaves, as metal in presence of 

microwaves can leads electric arc. This can be overcome either by sequential operation 

or having transducers made out of Teflon, though latter will reduce sonication efficiency. 

In laboratory scale ultrasound and microwaves have been combined successfully in 

biofuel production and in selective recovery of high value compounds. (Gogate & Patil, 

2016) 

Use of UV light with ultrasound can happen either in combined or sequential process. 

The combination produces increased amount of hydroxyl radicals and hydrogen peroxide, 

which is beneficial in oxidation reactions. If photocatalysis is also involved, the presence 

of US aids in preventing catalyst deactivation by keeping the surface clean. The UV & 



26 

 

US hybrid have found successful application in microbial disinfection of surfaces, and 

also pilot scale application in degradation of phenol. (Gogate & Patil, 2016) 

Combination of hydrodynamic and acoustic cavitation in a process can also bring 

synergistic profit to reaction. Presence of US makes hydrodynamic collapses more 

violent, and in turn the addition of hydrodynamic cavitation to the process makes it more 

energy efficient than just having only US. This hybrid has been successfully tested in 

wastewater treatment and transesterification of rapeseed oil into biodiesel. (Gogate & 

Patil, 2016) 

Jolhe et al. (2015) and (2017) were able to successfully combine use of microreactor in 

ultrasonic bath for production of peracetic and performic acid. The synergistic effect was 

clear in both cases, as the combination had faster reaction and higher yield and selectivity 

compared to use of just single intensification method. The use beneficial effect of 

ultrasound was attributed to in-situ generation of H2O2 and improvements to heat and 

mass transfer rates in the acoustic cavitation. (Jolhe, et al., 2015; Jolhe, et al., 2017) 

3.7. Applications of ultrasound 

Ultrasound can be applied to various uses. However, most of the uses and studies have 

still been just on the laboratory scale. Pilot scale or industrial applications are noted 

separately. (Gogate & Patil, 2016) 

The perceived benefits for use of US in chemical synthesis are reduced processing time, 

increase in reaction yield, use of milder conditions for synthesis, reduced induction period 

in the beginning of the reaction, switching of the reaction pathway that increase selectivity 

and aiding in the effective use of catalysts. In homogenous reactions cavitation provided 

by US helps to intensify radical reactions leaving ionic reactions unaffected. In 

heterogeneous reactions also ionic reactions can be affected by physical effects of 

cavitation. When US is applied to two immiscible liquids, it will form very fine 

emulsions. This leads to intensified processing when the surface area available for the 

two phases is increase, allowing more reactions to happen. When solids catalysts are used, 

the physical cavitation effects prevent fouling of the surfaces and enhance overall catalyst 

surface area available for reactions. In aqueous systems, in the organic reactions US is 

aiding the reactions by accelerating single electron transfer, which is required initial step 

for some reactions. (Gogate & Patil, 2016) 
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Ultrasound in biochemical engineering and biotechnology has various uses. When used 

for cell disruption to obtain intracellular enzymes, it gives much better yields with lower 

energy requirements compared to conventional mechanical approaches. US can be also 

employed to microbial disinfection, either on its own or combined with chemical 

methods. When US is use as pre-treatment of biological oxidation, it improves 

biodegradability by splitting molecules into compounds with smaller molecular weight, 

which are in turn easier for the microorganisms to digest. US can also aid biological 

wastewater treatment by helping in treatment of the produced sludge, and also reduce the 

amount produced of sludge in the process in first place if introduced to activated sludge 

clarifier. (Gogate & Patil, 2016) 

Overall US has applications in wastewater treatment. It can efficiently degrade even 

otherwise difficult compounds by combination of localised effects of high concentrations 

of oxidising species, high temperatures and pressures, and formation of supercritical 

water. Degradation of organic compounds can be optimised by adjustment of operating 

parameters and gas feed into reactor. In wastewater treatment ultrasound has had larger 

scale applications too, though the large volume to be treated can be still problematic. 

(Gogate & Patil, 2016) As mentioned before, use of hybrid processes in water treatment 

will lead to more energy efficient processes (Wu, et al., 2013). 

Crystallisation is one of the applications where US is applied already successfully as it 

helps both with crystal properties and process controllability. US helps to control size 

distribution and the morphology of the formed crystals. It can also replace separate 

seeding and provide nuclei in challenging crystallisation processes. The low frequency 

US should be applied in crystallisation, as the effects from higher frequencies can have 

harmful effects. US has been successfully applied in commercial pharmaceutical 

production. It is recommended to use modular flow cell reactors, where number of 

modules is added to the reactor based on required retention times. (Gogate & Patil, 2016) 

In extraction for valuable natural products, use of ultrasound provides help with mass 

transfer resistances. The physical effects of acoustic cavitation, such as microjets, break 

surfaces of solid particles and reduce their size, thus allowing the solvent better access 

inside to the aimed ingredients. The intensification provides increased products recovery, 

reduced processing time and lower energy consumption. (Gogate & Patil, 2016) 
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In food industries ultrasound has varied uses. Its uses are divided to low intensity (with 

frequencies over 1 MHz) applications that are used for detecting flaws in quality 

assurance and to high intensity (10 – 100 kHz) applications for processing. Low intensity 

uses have been more traditional and there it is important that the US is not causing 

cavitation to the medium. High intensity applications have started to gain more interest 

in applications such as changes into composition of the food products (agglomeration, 

deagglomeration, crystallisation, emulsification and extraction), to enhance freezing and 

thawing and in inactivation of enzymes and microbes. Ultrasound processing can bring 

wanted changes to alimentary products’ texture, colour and yield. Practical example of 

the possible use of US in pasteurisation of milk, juices and liquid food products. 

(Bermúdez-Aguirre, et al., 2011)   

3.8. Development 

As ultrasound has not year established itself in industrial use, there are multiple aspects 

that need to be developed before it can reach its full potential. All this requires not just 

chemical engineers for scale up, but also expertise of chemists, material scientists and 

other experts. (Wu, et al., 2013; Bhangu & Ashokkumar, 2017) According to Gogate and 

Patil (2016) the problems that have prevented ultrasound’s use in industry so far have 

been low rates of processing, uneven distribution of cavitation in reactors, material 

problems for more demanding applications such as higher power dissipation and low 

energy transfer efficiency of the processes. They also point out lack of connection 

between theoretical information and experimental results as hindrance for scale up and 

operation of sonochemical reactors.  

To be properly able to develop sonochemical reactor for industrial use, different sources 

present following things would need further studying: 

 Validating design equations over range of operating parameters (Gogate & Pandit, 

2004). 

 Quantifying amount of radicals created in bubble implosion and also how many 

of them take part in reactions after collapse (Gogate & Pandit, 2004). 

 Estimating sizes of cavities that lead to cavitation bubbles (Gogate & Pandit, 

2004). 
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 Being able to measure different grades of violence caused by bubble collapse 

(Gogate & Pandit, 2004). 

 Combining effects of maximum bubble size and pressure generated in its collapse 

(Gogate & Pandit, 2004). 

 Development of reactor design to obtain as uniform cavitation field in the reactor 

as possible (Wu, et al., 2013; Gogate & Patil, 2016). 

 Use of theoretical simulations to optimise reactor design and to understand effects 

of operating parameters and reactor geometries (Gogate & Patil, 2016). 

 Experiments on different operation scales to understand important phenomena 

such as bubble collapse intensity so that well-defined scale up strategies can be 

created (Wu, et al., 2013; Gogate & Patil, 2016) 

 Development of transducers that are capable of higher power capacity and capable 

of withstanding eroding effects of US (Gogate & Patil, 2016). 

 Use hydrodynamic cavitation, microwaves and UV for synergistic effects in the 

reactor design and to design continuous hybrid reactors with simultaneous 

application (Gogate & Patil, 2016). 

 Development of user friendly computer codes and software to enable trial- and 

error-type of testing of the operating parameters (Gogate & Patil, 2016). 

 Studying effects of salts, suspended solids and gases present in the reaction 

solution and how they affect the intensification (Gogate & Patil, 2016).  

 

4. Carbohydrates in industrial use 

4.1. Carbohydrate sources 

Carbohydrates are group of polyols, that also contain either aldehyde or ketone group. 

They also form generally ring structures, having the oxygen from the aldehyde or ketone 

take part of the ring. In nature carbohydrates are found from plants and animals, where 

they have varying sizes and functions, ranging from energy source and storage 

compounds to structural functions for the organisms. (Alén, 2009) The carbohydrates are 

the most abundant organic material in nature with share of two thirds of the renewable 

biomass (Lichtenthaler, 2002). 

Carbohydrates are classified into three subgroups based on their size: mono-, oligo-, 

polysaccharides. Monosaccharides are individual carbohydrate units that can’t be further 
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hydrolysed to smaller carbohydrates. Monosaccharides are referred as monomers when 

they constitute larger carbohydrates. Oligosaccharides contain 2 – 9 monomer units that 

are linked to each other, and water has been cleaved off when they glycosidic bond is 

formed in the hydrolysis. Oligosaccharides can be also split to their monomer units in 

acid hydrolysis. Polysaccharides are compounds containing from tens to thousands of 

monomer units that can be either from one monomer or multiple different ones. Different 

forms of polysaccharides can be either soluble or insoluble to water. (Alén, 2009) 

Sugar is looser term related to carbohydrates that are soluble to water, but not into many 

organic solvents. Sugars have sweet taste, and for this reason they are commonly used in 

food industry. They can be either solid grains or syrups. Systematic names of the sugars 

are often long, so they also commonly have better known trivial names too. (Alén, 2009) 

Besides being the most common carbohydrate in nature, monosaccharide glucose is also 

the most common organic compound. On its own it can be found in grapes, other fruits, 

berries and in honey. It can be found as part of polysaccharides such as cellulose and 

starch, and oligosaccharides such as lactose, maltose or saccharose. In industrial use 

pyranose cellulose is prepared from starch, either from potatoes or corn depending which 

is the more abundant source available. The starch is hydrolysed and glucose is obtained 

from subsequent separation and crystallisation steps. (Alén, 2009) 

Arabinose can be found in various plants. D-form can be found from Aloe-genus plants 

whereas the L-form is present in conifer trees’ hemicellulose and plant-based rubbers. 

(Alén, 2009) The D-form can be also prepared by cleaving C1 from glucose (van den 

Berg, et al., 1995; Alén, 2009). 

Monosaccharide galactose is present in many larger sugars in nature, for example in many 

conifer trees’ hemicelluloses. For industry, it is however easier to obtain it from 

hydrolysis of lactose. (Alén, 2009) 

Unlike previous monosaccharides that are aldoses, fructose is ketose as it has carbonyl 

group in C2 and thus forms furanose rings. It can be found as monomer in honey, fruits 

and vegetables. Industrially it is however produced from inversion of saccharose where 

disaccharide is split into monomers. In the process the glucose in the solution is also 

isomerised to give fructose too. (Alén, 2009)   
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Disaccharide lactose’s name refers to its common occurrence in milk of humans and 

animals. Along with milk it can be also found in small quantities in some fruits. Lactose 

is constituted of galactose and glucose. Lactose for industrial use is obtained as by-

product of cheese production, when fat and casein have been separated of whey, it is then 

oversaturated and crystallised. Crystallisation temperature has effect on whether lactose 

will be monohydrate or not. Monohydrates can be also desiccated if necessary. (Alén, 

2009) As lactose is by-product of dairy industry, there is potential for its production 

growth as excess whey that is not used in lactose production has to be treated as waste 

(Abbadi, et al., 1997). 

Saccharose (or sucrose) is disaccharide made of glucose and fructose moieties. It is the 

common table sugar and it is the most easily available low molecular weight 

carbohydrate. In nature it can be found in various places. For the industry it is produced 

from sugar cane and sugar beet, with respective global shares of three quarters and one 

quarter. The process involves hot water extraction of sugar from the plant, purification of 

the solution and crystallisation of solid grains. (Alén, 2009; Peters, et al., 2010) 

Galarose or 3-O-β-D-Galactopyranosyl-D-arabinose is a rare sugar, consisting of 

galactose and arabinose moieties. The trivial name for it is presented in the source article, 

which presents its synthesis from lactose, and most references to the sugar by the trivial 

name are reference to that article (van den Berg, et al., 1995). Literature doesn’t offer 

natural sources for the sugar, but different suppliers are synthesising it, mostly for 

analytical purposes. 

Starch is a polysaccharide that is made out of glucose polymer chains of varying degrees. 

It is a mixture of straight chain amylose, where monomers are linked to each other with 

1,4-alpha glycosidic bonds, and branched amylopectin where branching from straight 1,4-

chain is by 1,6-alpha glycosidic bonds between monomers. It can be found in many plants 

where it is used as energy storage as its main function. Industrially starch is prepared from 

staple foods such as rice, wheat, corn/maize and potatoes. (Alén, 2009) 

Cellulose is the most common polymer in nature. It is made of thousands of glucose 

monomers in 1,4-beta glycosidic bonds to each other in straight chain. These chains then 

form together larger units (micelles, microfibrils, fibrils, lamellas and eventually fibres). 

Cellulose form the support structure from plant cells in trees and some other developed 
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plants. Trees provide the industry with the source of cellulose, and most of it also used is 

used in pulp and papermaking, though it has also smaller applications for derivatised 

cellulose exist. (Alén, 2009) 

Along with cellulose trees and plants contain also mixtures of different polysaccharides 

commonly referred as hemicellulose. Hemicelluloses are heterogeneous, having multiple 

different monomers in their structure, based on the source of hemicellulose (different trees 

and plants have different constitution in their hemicelluloses). Hemicelluloses are 

branched and amorphous in their structure. Different monomers present in the L-

arabinose, D-xylose, D-galactose, D-glucose and D-mannose and in acid hydrolysis the 

hemicellulose can be reduced to these monomer units. Hemicelluloses are commonly 

obtained as by-products in chemical pulping. (Alén, 2009) 

4.2. Application to industry 

Carbohydrates are expected to be valuable source for building block chemicals as the 

attempt to veer off from the petrochemicals continues (Arts, et al., 1997; Lichtenthaler, 

2002). The interest of replacing petrochemical hydrocarbons with carbohydrates lies 

primarily in use in fine chemicals, but ultimately also in production of bulk chemicals too 

(Arts, et al., 1997).  

Sugar have multiple uses without further processing in different kinds of applications. 

The most common one is in the food products due to their sweet taste. Many sugars from 

monosaccharides to polysaccharides can be also used in the fermentation. Beyond 

alimentary uses, lactose is being used in pharmaceuticals as a filler, sweetener and binder 

(Abbadi, et al., 1997; Alén, 2009). Lactose is also used as carbon source for the mould in 

penicillin production (Alén, 2009). Glucose is being used in medical applications in 

nutrient solution that can be injected into veins during treatment (Alén, 2009).  

To be able to broaden the scope in which carbohydrates can be used in chemical industry, 

they need to be first converted into building block chemicals. These intermediates for 

other products should contain multiple functional groups to give them then potential to 

be transformed into new types of molecules and molecule families. Molecules that have 

only single functional group in them have limited array of possible products, whereas 

molecules with multiple and variable groups have more flexibility. (Werpy, et al., 2004) 
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Werpy et al. (2004) studied number of biochemicals to screen down most promising 

value-added chemicals that can be then used as building block in chemical industry. As 

part of screening they required the chemical to be C1-C6 monomers and obtainable from 

lignocellulosic or starch sources. In the final screening they obtained 12 sugar derived 

molecules, which are mostly acids or alcohols derived from sugars. Many of these 

building block molecules are produced from sugars in biological pathway such as 

fermentation, and then those can be chemically converted to wanted final product 

molecules. As the sugars contain lots of oxygen to start with, the need for oxidation 

reactions to react the building block chemicals is low and on the other hand hydrogenation 

or dehydration might be required. The building blocks presented in turn can be used for 

various chemicals to produce different material and products. The report highlights 

products that had been in industrial use at time of publishing. (Werpy, et al., 2004) 

Some examples from the aforementioned report of building block molecules that are 

produced from sugars in chemical pathway are 3-hydroxybutyrolactone (3-HBL), sorbitol 

and arabinitol, shown in Figure 12. 3-HBL could be produced from starch with oxidative 

degradation with H2O2, though the process faces technical barriers. The building block 

could be used as pharmaceutical compound intermediate or further converted to different 

furans or lactones. Sorbitol and arabinitol are prepared chemically with hydrogenation of 

glucose and arabinose respectively with established processes. Both sorbitol and 

arabinitol can then be converted to other small molecules that have current industrial use, 

and have also potential to be used in copolymerisation with other glycols. (Werpy, et al., 

2004) This could be also one area where the reaction studied in this work could be applied, 

when lactose would be first transformed to galarose, then the compound would be 

hydrolysed to its monomers, the resulting arabinose then hydrogenated to arabinitol and 

further processed to other chemicals and polymers. 
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Peters et al. (2010) propose three pathways for making use of saccharose in production 

of intermediate and final organic chemical products that are; degradation of sucrose 

framework, derivatisation while maintaining sucrose skeleton and rearrangements in 

functional groups that still maintain the carbohydrate structure. The first pathway usually 

would start with hydrolysis of sucrose to glucose and fructose and then further 

degradation of those compounds with catalysts and high temperatures and pressures. 

Possible products can be 5-hydroxymethylfurfural (from fructose) and its further 

derivatives, polyethylene via ethanol and different polyols. (Peters, et al., 2010) The 

polymer applications has been already used in Brazil by DOW and Braskem 

(PlasticsToday, 2011). In the second pathway the hydroxyl groups of saccharose are 

reacted to produce new functional groups into the structure. Products that can be had this 

way would be sucrose esters that would be used in food industry, polyurethanes or 

sucralose (sweetener). (Peters, et al., 2010) The latter has been commercialised and is 

known with E-code E995 along with its brand name Splenda (SteadyHealth.com, 2015). 

The third way means making structural changes like inversion to monomers or enzymatic 

rearrangement, while maintaining the carbohydrate form in the final product. Other 

sugars that can be obtained this way are disaccharides isomaltulose and trehalulose, and 

polysaccharides inulin, levan, neoamylose and dextran. Overall the applications outside 

food industry face challenge by petrochemical products. The sugar based chemicals will 

still need to be economically and quality-wise either as good or better to be commercially 

viable. (Peters, et al., 2010) 

Martel et al (2010) had looked into valorisation bran and straw of wheat through isolation 

of D-xylose and L-arabinose from hemicellulose. As volume of production in the area of 

European Union is already significant, this could have marked potential as source of new 

bio-based chemical products. They note that with C5-sugars it would be possible to 

produce alkyl polypentoside surfactant in milder temperature conditions than more 

Figure 12  Building block molecules that can be obtained from sugars (Werpy, et al., 

2004).  
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conventional alkyl polyglucoside variant, while using agricultural by-products instead of 

actual agricultural product. According to authors these C5-based surfactants could be 

used in dishwashing and laundry detergents among other cleaning products, and would 

be environmentally friendly as they are biodegradable. The authors also present various 

possible building block chemicals that can be obtained from the pentoses. They give 

special emphasis to production of furfural, as the chemical has already considerable 

production and can be used in production of both fine and bulk chemicals. Furfural can 

be synthesised from pentoses in six reaction steps. Beneficial aspect of furfural is that its 

processing can use similar installations as hydrocarbons and also the products from it can 

be used to replace chemicals from fossil sources. Bulk applications of furfural derivates 

can be in wood impregnation where as in fine chemical it can be used for fragrances. 

(Martel, et al., 2010) 

Arts et al. (1997) present isomeration of lactose to lactulose as one industrial use by then 

Solvay-Duphar B.V. It is likely that the reaction presented by van den Berg et al. (1995) 

could be utilised in this process, as the company is credited in the acknowledgements of 

the article. After selective conversion of lactose to galarose, hydroxyl methyl would be 

added to C1 of arabinose moiety to give lactulose. Lactulose is disaccharide consisting of 

galactose and fructose and has uses in medication, for example in treatment of 

constipation (National Center of Biological Information, 2018).  

 

EXPERIMENTAL 

5. Conventional batch reactor experiments 

5.1. Experiment setup  

In the experimental part the reaction of lactose to galarose presented by van den Berg et 

al. (1995) was studied closer. The reaction is presented in Figure 13. The opening of 

glucose chain keeps occurring naturally. Presence of borate however catalyses it, as it is 

then able to attach itself to the hydroxyl groups of C2 and C3. In the next step the 

oxidation reaction cleaves of formic acid molecule from glucose moiety and borate then 

directs the remaining arabinose moiety to close again. Finally in lower pH borate is 

detached. 
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The article describes the method how the experiments were undertaken and how the pre-

treatment and the analysis for the samples was done, but the reactor itself is not described. 

There were some modifications done to the experimental setup presented in the article. 

For easier management of the experiments, the volume of the reaction solution was scaled 

to 200 ml. The concentrations of all reagents were also increased to have faster reaction 

rate if possible, though their molar ratios between lactose, BA and H2O2 were kept the 

same as in the example of the article. The experiment is also set to last for 10 minutes, 

instead of consuming some specific amount of NaOH as it was in the article’s setup. Also, 

NaOH was added to the reactor only in the start of the reaction for simplicity and the pH 

was decreasing during the reaction, unlike in the article where it was maintained on 

certain level with later addition of NaOH. 

Figure 13  The reaction sequence from lactose to galarose (van den Berg, et al., 1995). 
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The reactor system used for the experiments is presented in Figure 14 and Figure 15 for 

the measurement hardware and software, and for the batch reactor itself, respectively. A 

glass bowl for the water bath was placed on a Heidolph MR2002 hotplate and magnetic 

stirrer, and a glass thermometer was placed into the water bath so that its temperature 

could be also followed. A 250 ml three-necked flask was fixed to suitable height in the 

water bath. Magnetic stirrers were placed both into the water bath and into the reactor 

flask. The probe for temperature and pH measurement was inserted to the right side neck 

with a silicone adapter. The jacketed condenser with water cooling was put to the left side 

neck. The distillation head and the extra flask were added after some experiments proved 

to be too volatile and either boiled over or even burst out of the original reactor setting 

without those parts. The central neck of the flask was closed with a stopcock, unless 

reagents were added to the reactor through the central neck with funnel. The probe was 

connected to Consort C3010 multiparameter analyser that in turn was connected to a 

laptop where the measurement data from temperature and pH were recorded in software 

DIS1.  

 

 

Figure 14  The analyser unit for the measurement probe and the computer software used 

to record the measurement during the experiments. 
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The procedure for the experiments was following: After the reactor was assembled from 

the glassware and the other parts, water was added to the reactor and stirring was turned 

on. Then, lactose, boric acid and H2O2 were measured on mass-basis and added to the 

reactor in turns. During lactose addition the pH and temperature measurements were 

started. When the initial reagents were added to the reactor, hotplate was turned on to heat 

the water bath. The heating was gradually decreased when the temperature was getting 

near to the required initial temperature. Just before starting the experiment 20 ml of the 

solution was taken as reference sample of the initial condition of the solution. When the 

Figure 15  The setup of the batch reactor for the experiments: the hotplate (1), the water 

bath (2), the magnetic stirrer, the second within the reactor (3), the thermometer 

(4), the reactor flask (5), the temperature and pH probe (6), the silicone adapter 

for the probe (7), the stopcock (8), the condenser (9), the distillation heads (10) 

and the extra flask (11). 
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temperature was correct, the 6M NaOH solution was added to the reactor to raise solution 

pH to suitable level. This started the reaction. 10 minutes of time was taken with the timer 

for each experiment. For some earlier experiments there was a 20 ml sample that was 

taken at 5 min of the reaction time, but this was dropped for later experiment sets. At 10 

minutes mark, the reaction was quenched by adding 12 M HCl to the reactor to decrease 

the pH to 5. Once that was done the final 20 ml sample was taken from the reactor. The 

changes caused to the solution volume by taking different samples and addition of NaOH 

and HCl solutions were accounted in later calculations for supposed solution 

concentrations. 

5.2. Materials used 

Following chemicals were used for the experiments itself: The lactose used was technical 

grade and it had been purchased from Valio. The origin of boric acid was not available. 

In some of the first experiments the 30 % H2O2 solution had been purchased from Sigma-

Aldrich and latter solution was 35 % solution was purchased from Fisher Scientific. The 

NaOH was in solid pellets that were dissolved in water and the HCl was 37 % solution. 

Both had been purchased from VWR Chemicals. The ultrapure water for the experiments 

was produced with Elga PURELAB Flex 3 purifying unit.  

The standards for HPLC analysis for lactose were prepared from the same lactose used 

for the experiments. The galarose samples were prepared from analytical-grade galarose 

purchased from Carbosynth Limited. The buffer solutions for the probe calibration to pH 

4 and pH 7 had been purchased from VWR. 

Chemicals used for the pre-treatment: Activated carbon powder Norit SAE 2 (unknown 

provider) was used for pre-treatment to the samples from experiment sets L and N. 

Amberlite IRA-743 boron exchange resin was used in all pre-treatments, was purchased 

from Sigma-Aldrich. 

5.3. Conventional experiments taken 

The conventional experiments were done first between 04/07/2017 – 24/07/2017 and 

continued between 08/02/2018 – 22/02/2018. The first set of experiments (H) planned is 

presented in Table I. 
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Table I  Experiment series H. The first set of experiments planned before any 

experiments had been undertaken. The volume of water in each experiment was 

200 ml. Mixing during heating was 500 rpm and during the reaction 250 rpm. 

Samples would be taken before the start of the reaction, at 5 min and after 

quenching the reaction. BA = boric acid. 

experiment lactose, mmol BA, mmol H2O2, mmol initial T, °C initial pH 

1H 74 0 370 40 11 

2H 74 74 370 40 11 

3H 74 74 370 55 11 

4H 74 74 370 55 12 

5H 111 111 555 55 12 

The initial reaction temperature was too high for temperature control, so experiments 

were cancelled after experiments 1H and 2H. Also, there were significant inconsistencies 

in the first experiment procedures, so the results could not be consistent with what was 

planned for the experiments. A second set of experiments (L) were planned, presented in 

Table II. 

Table II  Experiment series L. The volume of water in each experiment was 200 ml. * 

Experiment 7L was exception where 500 ml flask was used for reactor and 

water volume was 324 ml. Mixing during heating was 500 rpm and during the 

reaction 250 rpm. Samples would be taken before the start of the reaction, at 5 

min and after quenching the reaction. BA = boric acid. 

experiment lactose, mmol BA, mmol H2O2, mmol initial T, °C initial pH 

1L 74 0 370 25 11 

2L 74 74 370 25 11 

3L 74 74 370 40 11 

4L 74 74 370 40 12 

5L 111 111 555 40 12 

6L 74 74 370 25 12 

7L* 179.82 179.82 899.1 25 12 

The two first experiments in the series were started in wrong temperatures, so they had to 

be retaken. After that there were no problems in the consistency of the experiments 
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anymore. In some experiments controlling the reaction was still problem when the 

solution either boiled over or burst more violently (this didn’t cause harm to any person 

due to taken safety measures, just the interruption of the experiments). After solution in 

4L flashed out of the reactor, experiment 5L was cancelled as it had even more volatile 

conditions. Experiments 6L and 7L with lower initial temperatures were added to the 

series, but latter proved incontrollable too. To see if the planned conditions could be 

managed better in smaller solution volume, third experiment set (N) was planned, 

presented in Table III. 

Table III  Experiment series N. The third set of experiments planned after some 

experiments in L series boiled over. Volume of the solution was reduced while 

the concentrations were maintained the same, for expected easier control of the 

reaction. The volume of water in each experiment was 160 ml. Mixing 250 rpm 

through the experiment. Samples would be taken before the start of the 

reaction, at 5 min and after quenching the reaction. 

experiment lactose, mmol BA, mmol H2O2, mmol initial T, °C initial pH 

1N 59.2 0 296 25 11 

2N 59.2 59.2 296 25 11 

3N 59.2 59.2 296 40 11 

4N 59.2 59.2 296 25 12 

5N 88.8 88.8 444 25 11 

6N 59.2 59.2 296 40 12 

7N 88.8 88.8 444 40 11 

8N 88.8 88.8 444 25 12 

The experiments 1N – 5N stayed in general well under control. In 3N the solution 

managed to boil over slightly in the beginning, but it was not too disruptive to prevent 

carrying the experiment to the end. In the experiments 6N – 8N where two of either 

increased initial temperature, increased initial pH or increased initial concentration were 

combined, reactions were too volatile that they could not be controlled through the 

experiment. The experiment series D was launched for further investigation of initial 

temperature and BA concentration effects. The experiments are presented in Table IV. 
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Table IV  Experiment series D. The fourth set of experiments planned to test effects of 

temperature and boric acid concentration. The volume of water in each 

experiment was 160 ml. Mixing 250 rpm through the experiment. Samples 

would be taken before the start of the reaction and after quenching the reaction. 

* In the experiment 3D lactose was added after H2O2 unlike in other 

experiments. ** In experiment 10D the temperature inside the reactor was also 

measured constantly with a glass thermometer. BA = boric acid 

experiment lactose, mmol BA, mmol H2O2, mmol initial T, °C initial pH 

2D 59.2 59.2 296 25 11 

3D* 59.2 59.2 296 25 11 

4D 59.2 177.6 296 25 11 

5D 59.2 296 296 25 11 

6D 59.2 118.4 296 25 11 

7D 59.2 59.2 296 30 11 

8D 59.2 59.2 296 35 11 

9D 59.2 59.2 296 25 11 

10D** 59.2 59.2 296 25 11 

 

5.4. Sample pre-treatment 

The complete samples of single experiment set were treated at the same time once all the 

experiments had been completed. For the experiment sets L and N, the samples were first 

neutralised to pH 7 with diluted NaOH. After that the samples were diluted to 20-fold. 

Next, 6 g (9 g for samples with higher concentrations) of Amberlite IRA-743 was added 

to the sample to remove the boric acid and borate. The sample and the resin were stirred 

with magnetic stirrer for 20 minutes. The sample was filtered to remove the resin. 1 g of 

activated carbon powder was added to the filtrate for removing formic acid. The activated 

carbon and the sample were left overnight and then filtered with 0.45 µm membrane 

before the HPLC analysis. As part of the mandatory pre-treatment for the HPLC analysis, 

the samples, along with any standards, were filtered through a 0.45 µm membrane filter, 

to ensure that there we no solids present anymore before injection. 



43 

 

For removal of boron from the Amberlite IRA-743 resin, regeneration with acid (HCl or 

H2SO4) and base (NaOH) was done, and the efficiency of the resin was not suffering from 

the regeneration cycles (Darwish, et al., 2015). The guidelines were taken from resin 

information document by Rohm & Haas Company  (Rohm & Haas Company, 2003). The 

required amounts of HCl and NaOH solutions, depending on volume of the resin that had 

to be regenerated, were prepared from the 37 % HCl solution and from the 6 M NaOH 

solution. The resin was placed to beaker where water and required amount of HCl were 

added. A magnetic mixer was added and the resin was stirred for one hour. The HCl 

solution was then filtered, the resin returned to the beaker and the HCl treatment was 

repeated, just to ensure that all resin particles will get regenerated. After HCl solution the 

resin was rinsed in a filter with water. The resin was then treated two times with NaOH 

same way as with HCl. After NaOH treatment the resin was rinsed again with water and 

left to dry. The dried resin was then collected to separate container to make distinction 

between unused and regenerated resins. 

The pre-treatment for samples of experiment series D was done in slightly different order 

to ensure that the samples injected to HPLC are neutral as demanded by the column. So, 

for them it was started with sample dilution by factor of 20, followed by treatment with 

ion exchange resin. For this experiment set all the samples were treated with previously 

regenerated resin. When the resin was filtered, the remaining volume of the sample was 

measured, before it was neutralised to pH 7, so that the resulting dilution could be 

accounted for and the results analysis samples could be compared between each other. 

No activated carbon was used this time, as previous results indicated it affecting the sugar 

composition in the samples. After the actual pre-treatment the samples were filtered 

before injected to HPLC.  

5.5. HPLC analysis 

HPLC was used as the main analysis method in the study to study concentrations of 

lactose and galarose in the samples. The unit used for the samples consisted from stand, 

degasser, column compartment and UV-detector by Hewlett Packard and quaternary 

pump, sample injector and RID-detector by Agilent, with Agilent’s Online software used 

to run the HPLC. The column was Shodex SP0810 sugar column (8.0 mm inner diameter 

and 300 mm length) with mandatory Shodex SP-G guard column for sugars (6.0 mm x 

50 mm).  
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The parameters for the method were following: 

- Flowrate   0.4 ml/min 

- Injection volume   10 µl 

- UV wavelength  280 nm 

- Column temperature 80 °C 

- Run time per sample 40 min (60 min in the first analysis) 

- Eluent  deionised water 

In many cases the analysis sequence was left to run overnight. Injections of pure water or 

injections of sugar standards were placed into analysis sequence after every three to four 

sample injections to verify that species from previous samples were not overlapping to 

other samples’ chromatograms. The peaks were integrated manually in the operating 

software once the chromatograms were obtained. 

6. Intensified ultrasound reactor experiments  

6.1. Experiment setup and materials 

The oxidation reaction of lactose to galarose was studied with addition of ultrasound. The 

reagents used for the ultrasound experiments were the same as the ones described in 

Chapter 5.2.  

The ultrasound probe in the experiments was Hielscher UIP 250 ultrasonicator with 

ultrasound horn placed into the reaction solution. The device has rated voltage of 230 V 

and rated frequency 50/60 Hz. It produces sonication with 24 kHz frequency and 250 W 

power. The amplitude options were 20 %, 40 %, 60 %, 80 % and 100 %.   

The ultrasound experiments were done in a 600 ml beaker. The beaker was placed in the 

water bath on hotplate and magnetic stirrer was used to stir the reaction solution. 

Temperature in the bath was measured with a glass thermometer and the probe measured 

temperature and pH in the reaction solution. The sonication was turned on 30 s after 

addition of NaOH is done and turned off 30 s before the quenching. This results in 9 min 

of sonication during an experiments. Other the experiment methods were the same as 

presented in Chapter 5.1. The experimental setup is presented in Figure 16. 
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6.2. Ultrasound experiments taken 

In the ultrasound experiments after the conventional ones the overall effect of sonication 

was tested, along with possibility to reduce amount of H2O2 used without reducing the 

effectiveness of the process and if ultrasound could be used for more drastic experiment 

conditions. The experiment series US is presented in Table V. 

  

Figure 16  The setup of the batch reactor for the ultrasound experiments. The ultrasound 

horn is place in the middle of the reactor beaker and at height where the 

magnetic stirrer had enough space to rotate under it but so that the head was 

still as much in the solution as possible. 
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Table V  Experiment series US. The set of experiments planned to test effects of 

sonication and concentration of H2O2. The sonication was done with 250 W 

power, 20 % amplitude and 24 kHz frequency. Samples would be taken before 

the start of the reaction and after quenching the reaction. 

exp mixing, 

rpm 

water, 

ml 

lactose, 

mmol 

BA, 

mmol 

H2O2, 

mmol 

initial 

T, °C 

initial 

pH 

2US 500 160 59.2 59.2 296 25 11 

3US 500 160 59.2 59.2 296 30 11 

4US 500 170 59.2 59.2 177.6 30 11 

5US 500 180 59.2 59.2 59.2 30 11 

6US 250 160 88.8 88.8 444 30 11 

7US 250 160 59.2 59.2 296 30 12 

After the experiment series US was successfully done, no further experiments were 

planned.  

6.3. Sample pre-treatment and analyses 

The pre-treatment for US samples was done the same way as for the samples of 

experiment set D: 20-fold dilution, boron removal with regenerated resin and 

neutralisation to pH 7. The HPLC analyses were done also in the similar way as described 

in Chapter 5.5. 

7. Results 

7.1. Results from the conventional experiments 

List of experiments that were properly conducted, their success and following treatment 

is presented in Table VI. 
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Table VI  List of conventional experiments, with information on the analysis done for the 

resulting samples. The reference conditions were for initial temperature 25 °C, 

pH 11, lactose concentration in 72 mmol/L for L series and 59.2 mmol/L for N 

& D series and relative concentrations corresponding that for lactose:BA:H2O2 

were 1:1:5. The changes to reference conditions presented in the 2nd column. 

The reaction behaviour during experiment is in the 3rd column. Other 

comments about the experiment in the last column. BA = boric acid 

Exp Changes form given 

reference conditions 

Reaction control 

during the exp. 

Analysis Comments 

1L no BA full control No No reactivity observed, 

not analysed 

2L reference full control HPLC  

3L T = 40 °C slight spilling but 

got under control 

HPLC  

4L T = 40 °C, pH 12 uncontrolled No No proper possibility to 

take a sample 

6L pH 12 full control HPLC  

7L pH 12, concentrations 

1.5:1.5:7.5 

uncontrolled No No proper possibility to 

take a sample 

1N no BA full control No No reactivity observed, 

not analysed 

2N reference full control HPLC  

3N T = 40 °C slight spilling but 

got under control 

HPLC  

4N pH 12 full control HPLC  

5N concentrations 

1.5:1.5:7.5 

full control HPLC  

6N T = 40 °C, pH 12 uncontrolled No No proper possibility to 

take a sample 

7N T = 40 °C, 

concentrations 

1.5:1.5:7.5 

uncontrolled No No proper possibility to 

take a sample 

8N pH 12, concentrations 

1.5:1.5:7.5 

uncontrolled No No proper possibility to 

take a sample 

2D reference full control HPLC  
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3D reference full control HPLC Lactose added last 

4D 3 x BA full control HPLC  

5D 5 x BA full control HPLC  

6D 2 x BA full control HPLC  

7D T = 30 °C full control HPLC  

8D T = 35 °C full control HPLC  

9D reference full control HPLC  

10D T = 22.4 °C full control HPLC 25 °C measured with 

glass thermometer 

 

7.1.1. Temperature and pH measurements 

The measurements with the probe and the Consort analyser unit produced data points for 

every three or four seconds. This data could be then plotted and aspects of the experiments 

could be seen from the data plots. Example from the development is presented in Figure 

17. 

 

  

Figure 17 The plotted temperature and pH data from experiment 7D. The different 

colours on the curves represent the different phases of the experiment. The blue 

and grey plot are for the pH and yellow and brown for temperature. The sharp 

increase in the pH curve indicates the addition of NaOH, the start of the 

reaction in the experiment and the sharp decrease in the end quenching of the 

reaction. 
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As can be seen from the Figure 17, the preparations take the most time in the experiments. 

This is mostly due to heating that has to be done carefully in order to not exceed the initial 

temperature set for the experiment. In the graphs during the reaction the pH curve usually 

is stable for a while, has then a sharp decline and then stabilises to a plateau. Usually the 

temperature is peaking around same time with the pH decline. The graphs from other 

experiments, framed for the reaction part, can be seen in Appendix I. The most important 

aspects of the experiments and resulting calculated values are present in Table VII for 

temperature and in for Table VIII pH.  
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Table VII The development of temperature in the conventional experiments. * These 

experiments had uncontrollable reactions, so the data is from the time that it 

could be collected. 

Experiment Initial 

temperature, 

°C 

Highest 

temperature, 

°C 

Temperature 

increase, K 

(°C) 

Time at the 

highest 

temperature, min 

1L 25 30.3 5.3 11.77 

2L 25 47.5 21.8 9.12 

3L 40 74.2 34.2 4.51 

4L* 40 64.1 24.1 1.93 

6L 25 71.5 46.5 10.23 

7L* 25 53.5 28.1 2.38 

1N 25 29 4 10.71 

2N 25 35.4 10.4 8.72 

3N 40 70 30 3.72 

4N 25 70.6 45.6 7 

5N 25 64.5 39.5 5.47 

6N* 40 67 27 1.12 

7N* 40 71.9 31.9 1.83 

8N* 25 63.2 38.2 3.91 

2D 25 37.6 12.6 10.05 

3D 25 46.4 21.4 9.98 

4D 25 35.2 10.2 7.07 

5D 25 38.1 13.1 5.53 

6D 25 39.7 14.7 8.57 

7D 30 51.7 21.7 5.68 

8D 35 69 34 3.45 

9D 25 35.6 10.6 10.35 

10D 22.4 30 7.6 10.67 



51 

 

Table VIII  The development of pH in the conventional experiments. * These 

experiments had uncontrollable reactions, so the pH before quenching in their 

case means last recorded pH value. 

Experiment pH at the start 

of reaction 

pH before 

quenching 

pH difference change in proton 

concentration, 

mol/L 

1L 11.07 11.10 0.03 -5.7E-13 

2L 11.02 9.14 -1.83 6.3E-10 

3L 11.02 8.57 -2.45 2.7E-09 

4L* 11.85 10.26 -1.59 5.3E-11 

6L 12.00 9.63 -2.44 2.8E-10 

7L* 11.46 10.47 -0.99 3.0E-11 

1N 11.01 10.97 -0.25 7.8E-12 

2N 11.06 10.00 -1.57 3.1E-10 

3N 10.98 8.75 -2.24 1.8E-09 

4N 12.34 9.36 -2.97 4.4E-10 

5N 11.04 8.46 -2.59 3.5E-09 

6N* 11.90 10.48 -1.42 3.2E-11 

7N* 11.20 9.28 -1.92 5.2E-10 

8N* 12.22 9.77 -2.45 1.7E-10 

2D 11.11 9.72 -1.40 1.9E-10 

3D 11.21 9.57 -1.65 2.6E-10 

4D 11.12 9.58 -1.53 2.5E-10 

5D 11.16 9.84 -1.32 1.4E-10 

6D 10.94 9.63 -1.31 2.2E-10 

7D 11.05 9.02 -2.03 9.5E-10 

8D 11.07 8.78 -2.29 1.7E-09 

9D 10.98 9.77 -1.21 1.6E-10 

10D 11.03 10.84 -0.19 5.0E-12 
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7.1.2. Notable events during the experiments 

According to experiments 1L and 1N lack of reactivity, the presence of BA is essential 

for the reaction to even start properly. In both experiments higher temperatures in 

quenching were measured than what was the highest temperature during the reaction (that 

is presented in Table VII). The temperatures of the reference experiments (2L, 2N, 2D, 

3D and 9D) seemed to be peaking either really close to the end of the reaction, or when 

reaction was ended with quenching. Examples of such reactions are presented in Figures 

18 A and B. 

 

 

 

 

 

 

 

When one of the reaction conditions was increased (initial temperature, pH or reagent 

concentrations), the activity in the reactor seemed to visibly increase. The experiments 

that had 40 °C temperature in the start (3L and 3N) had more volatile reactions. The heat 

formation was quick and peaked early in the reaction. In both cases there was slight spill 

out of the reactor, after which the solution calmed down and the experiment could be 

carried until the end. Reactions with smaller temperature increases (7D and 8D) stayed 

under control with no issues. Both the reactions with initial pH (6L and 4N), the 

experiment with 50 % increased concentrations of reagents (5N) and experiments with 

increased BA concentrations (4D, 5D and 6D) stayed under control with no spilling. The 

experiments where either temperature, pH or concentration increases (4L, 7L, 6N, 7N and 

8N) were combined resulted in uncontrollable reactions or the experiments had to be 

terminated before proper ending.  

  

Figures 18 A & B Experiment 2N reaction in the early stage and in the late stage. 
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7.1.3. Results from HPLC analysis 

The chromatograms that were obtained from the HPLC analysis were not optimal for few 

reasons. The peaks are fairly broad for different compounds, so they overlap each other 

in every chromatogram. As the different types of sugars have similar composition and 

three dimensional structures, they elute out of the column really close to each other, 

adding to the overlap. 

Even though the chromatograms had overlaps, in most of the cases the peaks for lactose 

and galarose were defined well enough so that the area could be limited and then 

integrated. The peak areas were converted to concentration using the calibration curves 

created to the HPLC method. From the changes in concentrations between the sample 

before the reaction (“0 min sample”) and the sample taken after the reaction (“10 min 

sample”), the conversion, the yield and the selectivity of each reaction in the experiment 

is calculated. 

Example from the chromatograms can be seen in Figure 19 for the 0 min sample from 

experiment 7D and in Figure 20 for the 10 min sample. The other chromatograms will be 

found in Appendix II. 

 

Figure 19 The example HPLC chromatogram for 0 min sample of experiment 7D, with 

30 °C initial temperature. The highest peak is for lactose, and the rest are for 

by-products that have formed during the preparations for the reaction. The 

lactose peak area 8,54E5 area units corresponds to concentration of 4032 mg/L. 
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The results for concentration measurements from the analyses for the D-series can be 

found in Table IX.  

Table IX Measured lactose concentration from 0 min and 10 min samples, measured 

galarose concentration from 10 min sample and calculated conversion for 

lactose, yield for galarose and selectivity for galarose from series D 

experiments. The concentrations were initially measured in mg/L, but for 

proper comparison the values were then converted to mmol/L. 

Exp 0 min  

lactose, 

mmol/L 

10 min  

lactose, 

mmol/L 

10 min 

galarose, 

mmol/L 

lactose 

conversion 

galarose 

yield 

galarose 

selectivity 

2D 12.66 1.31 5.43 90 % 43 % 48 % 

3D 12.53 1.13 5.50 91 % 44 % 48 % 

4D 10.09 0.00 4.65 100 % 46 % 46 % 

5D 8.38 2.61 3.24 69 % 30 % 56 % 

6D 9.81 1.30 5.71 87 % 58 % 65 % 

7D 11.78 1.32 6.94 89 % 59 % 66 % 

8D 12.34 0.91 6.35 93 % 51 % 56 % 

9D 9.73 1.70 6.00 83 % 62 % 71 % 

10D 11.99 4.76 4.97 60 % 41 % 69 % 

Figure 20  The example HPLC chromatogram for 10 min sample of experiment 7D, with 

30 °C initial temperature. The second peak at 22 min is for lactose, the third 

and the highest at 24 min is for galarose and the rest are for by-products. The 

lactose peak area 9,54E4 area units corresponds to concentration of 450 mg/L. 

The corresponding values for galarose are 4,39E5 and 2167 mg/L. 
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7.2. Results from the ultrasound experiments 

The ultrasound experiments are presented similar way in Table X as the previous 

conventional experiments. All the reactions were successful enough that the samples 

could be taken and pre-treated in a similar way, and all the experiments were analysed. 

Table X List of ultrasound experiments that were done. The reference conditions (same 

for ultrasound as for conventional experiments) are for initial temperature 25 

°C, pH 11, lactose concentration in 59.2 mmol/L and relative concentrations 

corresponding that for lactose:BA:H2O2 were 1:1:5. The changes to reference 

conditions presented in the 2nd column. BA = boric acid 

Exp Conditions Reaction control comments 

2US reference full control 

3US 30 °C full control 

4US 30 °C & 1:3 lactose:H2O2 full control 

5US 30 °C & 1:1 lactose:H2O2 full control 

6US 30 °C & concentrations 1.5:1.5:7.5 US & mixing momentarily halted to 

prevent spilling. 

7US pH 12 & 30 °C  US switched off momentarily by itself 

 

7.2.1. Temperature and pH measurements 

The temperature and pH data was collected from US experiments in a similar way as from 

the conventional experiments. The plotting of the data can be seen in Figure 21. 
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As can be seen from Figure 17 and Figure 21, the profiles for the data plots are similar. 

During the ultrasound reaction the temperature profile grows almost linearly, where as in 

conventional experiments it had more exponential development.  The peak temperature 

is also higher, because of the heating effect of sonication. The other data plots, framed 

for the reaction part, can be found from Appendix I. Temperature and pH in US 

experiments are presented in Table XI and Table XII respectively. 

Table XI The development of temperature in the ultrasound experiments.  

Experiment Initial 

temperature, 

°C 

Highest 

temperature, 

°C 

Temperature 

increase, K 

(°C) 

Time at the highest 

temperature, min 

2US 25 56.2 31.2 9.7 

3US 30 58 28 6.5 

4US 30 49 19 9.83 

5US 30 41.5 11.5 10.7 

6US 30 86.9 56.9 4.93 

7US 30 88.3 58.3 7.18 

 

Figure 21 The plotted temperature and pH data from experiment 3US. The different 

colours on the curves represent the different phases of the experiment. The blue 

and grey plot is for the pH and yellow and brown for temperature. The sharp 

increase in the pH curve indicates the addition of NaOH and the start of the 

reaction in the experiment and the sharp decrease in the end quenching of the 

reaction. 
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Table XII The development of pH in the ultrasound experiments. 

Experiment pH at the start 

of reaction 

pH before 

quenching 

pH difference change in proton 

concentration, 

mol/L 

2US 11.17 9.41 -1.76 3.8E-10 

3US 10.94 9.02 -1.93 9.5E-10 

4US 11.09 9.82 -1.27 1.4E-10 

5US 11.32 10.60 -0.72 2.0E-11 

6US 11.11 8.45 -2.66 3.5E-09 

7US 12.10 9.93 -2.17 1.2E-10 

 

7.2.2. Notable events during the experiments 

The experiments 2US - 5US stayed in control with no particular events. Experiments 6US 

and 7US with more extreme conditions would had spilled over without momentary stop 

of mixing and sonication, but the experiments could be finished still. A typical reaction 

solution from the sonicated experiments (3US) is presented in Figure 22. 

 

 

Figure 22 Experiment 3US during the reaction. 
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7.2.3. Results from HPLC analysis 

Examples of US experiments chromatograms are presented in Figure 23 and Figure 24 

for 3US 0 min and 10 min samples respectively, with others presented in Appendix II  

 

Figure 23 The example chromatogram for 0 min sample of experiment 3US, with 30 °C 

initial temperature and sonication. The highest peak is for lactose, and the rest 

are for by-products that have formed during the preparations for the reaction. 

The lactose peak area 1,02E6 area units corresponds to concentration of 4808 

mg/L. 
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For the ultrasound experiments the amount of by-products that are visible in the 

chromatogram seems to be a bit smaller than for the conventional experiments’ results. 

Exception to this is 7US, which had in the 10 min sample’s chromatogram mostly just 

by-products. The results of the concentration measurements from analysis of US-series is 

presented in Table XIII.  

Figure 24 The example chromatogram for 10 min sample of experiment 7US, with 30 °C 

initial temperature and sonication. The second peak at 22 min is for lactose, the 

third and the highest at 24 min is for galarose and the rest are for by-products. 

The lactose peak area 2,18E5 area units corresponds to concentration of 1029 

mg/L. The corresponding values for galarose are 4,81E5 and 2378 mg/L. 
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Table XIII Measured lactose concentration from 0 min and 10 min samples, measured 

galarose concentration from 10 min sample and calculated conversion for 

lactose, yield for galarose and selectivity for galarose from series US 

experiments. The concentrations were initially measured in mg/L, but for 

proper comparison the values were then converted to mmol/L. 

 

DISCUSSION 

8. Discussion on experimental results 

8.1. Limits of controllability 

All the experiments are presented in Figure 25 based on initial temperature, actual initial 

pH and initial reagent concentrations factors (1 for reference concentrations and 1.5 for 

increased concentrations for lactose, BA and H2O2). The concentration increases of BA 

or decreases of H2O2 are not separately notified, as those didn’t affect reaction 

controllability.  

 

 

 

 

 

Exp 0 min  

lactose, 

mmol/L 

10 min  

lactose, 

mmol/L 

10 min 

galarose, 

mmol/L 

lactose 

conversion 

galarose 

yield 

galarose 

selectivity 

2US 12.55 1.89 6.94 85 % 55 % 65 % 

3US 14.03 3.01 7.62 78 % 54 % 69 % 

4US 13.05 3.55 7.12 73 % 55 % 75 % 

5US 13.58 7.00 6.22 51 % 46 % 95 % 

6US 16.13 0.64 7.19 96 % 45 % 46 % 

7US 12.32 3.70 1.83 67 % 15 % 21 % 
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From Figure 25 it can be seen that individually high pH, moderately increased 

temperature or increased concentration of the reagents do not cause reaction control 

problems. As most of the experiments have happened in the reference concentrations of 

the reagents, the plot from control limits can be simplified to two dimensions as shown 

in Figure 26. 

 

  

Figure 25 Different experiments based on controllability of the reaction. On Z-axis 

(concentration), 1 stands for reference concentration and 1.5 for 50 % 

increased concentrations. Other reference conditions are temperature 25 ° and 

pH 11. The blue + represent experiments in series L, N and D that stayed fully 

under control. The black * are experiments 3L and 3N that had slight slipping 

but could still be carried through. The red * are 4L, 7L, 6N, 7N and 8N that 

burst out of the reactor so that the experiment could not be finished. The green 

o are ultrasound experiments that stayed in control. The purple o are 6US and 

7US that would had spilled unless action was taken to prevent it.  
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8.2. Effect of the pre-treatment 

When the samples from the L- and N-series were analysed, the chromatograms contained 

surprising large peaks at 26 min that didn’t indicate either lactose (22 min) or galarose 

(23.5 – 24 min). This peak was seen also in 0 min samples, which ought to have peaks 

just for lactose. Lactose and galarose could be identified from the chromatograms, but 

additional disruption was that galarose could be identified from 0 min samples. It should 

not have been found in there in any significant amounts, small trace amounts could have 

been credible if there had been reactivity of the oxidation cleavage during the heating of 

solution, before the actual reaction was started. Overall the concentrations of both lactose 

and galarose in all the samples were much lower, with average 80 % of concentration 

difference of what was measured in the 0 min samples and what was calculated to be the 

expected lactose concentration based on the weighting of reagents and dilution of samples 

during the pre-treatment. All this made it evident that the pre-treatment method used was 

corrupting the samples. 

For the pre-treatment of D-series samples the activated carbon was left out as it was 

suspected to be major cause for the unexpected results. Besides binding formic acid it 

also adsorbed sugars. As activated carbon was left out for experiments 2D, 3D and 4D 

and using regenerated boron exchange resin, no large peaks at 26 min were visible in any 

Figure 26 Control limits from experiments in T-pH axis. The blue + present experiments 

that have been successfully under control, and the green line presents border 

under which all the experiments are known to stay under control. The black * 

present experiments that had spills or would had but could be finished. The 

red * presents experiments that had failed in such conditions. Between the red 

and green line some spills are to be expected in the experiments, and beyond 

the red line it can be expected that reactions can become uncontrollable.  
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chromatograms. The 0 min samples had just peaks for lactose, resembling to those of 

lactose standards, with some really small peaks that could be justifiably there from the 

activity during the heating period of the experiments. 

The effect of resin was then tested in subsequent HPLC analysis for samples of 

experiments 5D – 10D. Samples of 5D, 6D and 9D were treated new resin and 7D, 8D 

and 10D with regenerated resin. The samples with regenerated resin had chromatograms 

with expected types of peaks for lactose, galarose and some by-products. The samples 

which were treated with new resin had peaks for lactose and galarose in normal 

proportions, but in every chromatogram there was also major peak at 26 min again. For 0 

min samples it was not as big as in 10 min samples, but regardless its existence is not 

justified by the reaction. In the following analysis the samples from 5D, 6D and 9D were 

treated with regenerated resin and this time the chromatograms were absent of the 26 min 

peak that was seen earlier. The difference is presented in Figure 27 with overlaid 

chromatograms of 0 min samples from experiment 5D, with one sample treated with new 

Amberlite IRA-743 resin and one with regenerated resin. The difference caused by the 

resins was not studied further. 

 

Figure 27 0 min samples from experiment 5D. The blue curve represents sample treated 

with new resin. Along with lactose peak at 22 min it has unexplained peak at 

26 min. The purple curve represents same sample from same experiment but 

treated with regenerated resin, having only normal peak for lactose and some 

minor by-products that can be caused from the heating of the solution. 
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8.3. Repeatability of the experiments and effect of sample storage 

To be able to estimate the repeatability of the experiment procedures, the experiments 

with reference conditions were done multiple times in the experiment series D. 2D and 

9D had the standard reference conditions, whereas 3D had lactose added to the solution 

later unlike in the other experiments. 

The results for 2D and 3D from the HPLC analysis were almost identical, with maximum 

1 % differences for lactose conversation or galarose yield and selectivity. For 9D the 

results were however better, with clearly higher values for conversion, yield and 

selectivity with obtained from similar experiment conditions. This is however caused by 

lower level of lactose concentration that measured for lactose in 9D 0 min sample when 

it had been analysed again after treatment with regenerated resin. In the initial analysis of 

9D 0 min sample, when it was treated with new resin, concentration of lactose was 12.53 

mmol/L, but when it later was analysed again after regenerated resin pre-treatment the 

measured concentration was 9.73 mmol/L. This drives conversion lower and in turn yield 

and selectivity higher. The drop in concentration is caused from the longer storage of the 

experiment sample for the second analysis, during which lactose has apparently degraded 

already. If the higher concentration measured earlier would be used instead, 9D would 

have lactose conversion of 86 %, galarose yield of 48 % and selectivity of 55 %. These 

would be higher than for 2D and 3D, but not as dramatically as now. In the temperature 

and pH measurement data from the experiments, the results are fairly similar, with similar 

profiles of temperature and pH development. The most significant difference is that in 3D 

the temperature increase is clearly higher than in the other two. The pH decrease is also 

higher, but the difference there is smaller.  

The samples from experiment 2D were also analysed for second time to see how 

replicable the results are, and how the storing of the samples affects them. The lactose 

concentration for 0 min sample was 11.57 mmol/L, which is 9 % smaller than for the first 

time. The concentrations for lactose and galarose in 10 min sample were 1.89 mmol/L 

and 7.18 mmol/L. These translate to 84 % conversion, 62 % yield and 74 % selectivity 

for galarose, which are clearly better than in the original results. As the concentration of 

lactose has decreased for 0 min sample, and concentration of galarose has increased for 

10 min sample, it would suggest that there is some reactions still occurring in the samples 

during storing even after quenching. 
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The samples from reference condition experiments 2L and 2N were also analysed again 

along with the analysis for samples of the D-series. Overall the lactose concentration in 

the 0 min samples was clearly lower than for the recent experiments, highlighting that old 

samples haven’t remained reliable and degradation occurs when samples are stored in 

room temperature. 

Improvements to the sample storing are discussed in the Chapter 8.8. As the results from 

experiments 2D (first analysis) and 3D seem to be most reliable, those are used as 

reference for remaining results. 

8.4. Effect of temperature, pH and initial concentration 

The effects of the initial temperature, initial pH and initial reagent concentrations to the 

reaction were first to be studied. The effects had been mostly studied in L- and N-

experiment series, but sadly there is no reliable HPLC analysis results available from 

those experiments, as the initial analysis samples had been corrupted in the pre-treatment 

and later on the samples taken from the experiments had deteriorated during the storage 

period. There are however the temperature and pH measurements that can be used to 

make some observations. Further studying of the effect of temperature was done in 

experiment series D. From those experiments both HPLC analysis, temperature and pH 

measurement data are available. 

From the results of experiments 2D, 7D and 8D can be seen that increasing initial 

temperature has positive effects. It is notable however that reaction starting from 30 °C 

had better yield and selectivity of galarose than one with 35 °C. The conversion with 

higher temperature was higher, but that seems to have gone into formation of by-products 

instead. The experiment 10D also shows some effect of temperature, as the initial 

temperature measured with the probe was 22.4 °C when 25 °C was measured with a glass 

thermometer. Starting from the low temperature, the yield in the reaction was lower, but 

also less by-products had formed, thus better selectivity. The results are shown in Figures 

28 A & B for the yield and selectivity as function of temperature. As there are just few 

data points and linear trend would not fit well, no trendline has been tried to set for the 

results. 
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When the temperature in the start of the reaction is higher, the reaction produces more 

heat and the peak of the temperature is faster. In the experiment series D it seems that 5 

°C increase in the initial temperature will increase the peak temperature roughly 10 °C 

and the peak temperature is reached about 40 % faster. Higher initial temperature will 

also cause higher drop in pH during the reaction. When experiments 3L and 3N are also 

taken into account with 40 °C initial temperatures, the results for temperature increase 

and pH drop seem to be on same scale as for 8D with 35 °C. This could mean that there 

is an optimal temperature for initiation of the reaction. The results from the source article 

however indicate that increase of temperature for even higher initial temperatures would 

be still beneficial (van den Berg, et al., 1995). 

The results in the source article also show that increase to pH and to initial concentrations 

bring some benefit for yield and selectivity of galarose (van den Berg, et al., 1995). Sadly 

there is not reliable results from the HPLC analysis for the experiments where this had 

been studied, so this can’t be supported or challenged outright.  

8.5. Effect of boric acid concentration 

As borate acts as both catalyst and protective group, the effect from its concentration 

increase was tested also in experiment series D. According to the results of van den Berg 

et al. (1995), increase in the yield and selectivity would improve, but the reaction rate 

would slow down. For this reason the change in the concentration was not yet tested in 

earlier experiment series as fast reactions were in the focus then. 

The HPLC measurements gave varying results for experiments 4D (3-fold increase in BA 

concentration), 5D (5-fold) and 6D (2-fold). The best results were obtained with 2-fold 

Figures 28 A & B The development of galarose yield (A) and selectivity (B) as a 

function of temperature in experiments 2D, 7D, 8D and 10D. The 

experiments had initial pH and concentrations according to reference 

conditions. 
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increase of the boric acid, where the results were almost the same as with experiment 7D, 

with galarose yield 58 % and selectivity 65 %. With 5-fold increase in BA concentration 

both lactose conversion and galarose yield had significant decreases, but the selectivity 

was better than for reference experiments. The results are also presented in Figures 29 A 

& B, and like earlier no trendline is fitted due to low amount of data points.

 

 

When it comes to temperature and pH measurements, more BA is present, faster the 

temperature peak in the reaction is reached. With reference amount (2D) this is 10.05 

min, for 2-fold (6D) 8.57 min, for 3-fold (4D) 7.07 min and for 5-fold.  

The increased concentration of BA seems to be beneficial for the reaction, but there would 

be optimal value for it, especially if fast reaction is wanted to be maintained. This is 

important parameter of the reaction to be studied more so that it can be optimally 

implemented for the process when it is developed. 

8.6. General effect of ultrasound 

As both lactose and galarose can be identified from the series US samples, it proves that 

the borate protective group is resilient enough to protect the lactose in its open form in 

the intensified reaction. This is thanks to borate guiding the open arabinose moiety of the 

newly formed galarose to close. In their closed form the sugars are much less vulnerable 

to oxidation than in their open form. 

When the 2US is compared to 2D (reference conditions), the benefit of ultrasound is clear. 

The conversion stays roughly the same but yield of galarose increases from 43 % to 55 

% and selectivity from 48 % to 65 %. In 2US the peak temperature is 18.6 °C higher than 

Figures 29 A & B The development of galarose yield (A) and selectivity (B) as a 

function of ratio of boric acid to lactose in experiments 2D, 4D, 5D 

and 6D. The experiments had initial pH, temperature and lactose 

concentrations according to reference conditions. 
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in 2D. The trials with solution containing all the other reagents except NaOH indicated 

that the heating effect would be 0.8 °C/min, which in 9 min sonication means 7.2 min. So 

the effect of sonication on the temperature increase through extra reactivity would be still 

11.4 °C. The drop in pH is also increased, and when it is converted to increase in proton 

concentration, it is double in 2US.  

In 3US the initial temperature was 30 °C like in 7D. The results are similar to 7D with 

small decrease in yield but small increase in selectivity. Lactose conversion is however 

more than 10 % lower for sonicated experiment, resulting in the higher selectivity. Both 

the adjusted temperature increase and pH drop are almost the same as in 7D.  

Interestingly 7D and 2US had similar results even if the conditions were different, with 

higher initial temperature in former and sonication in latter. If conventional heating 

increase and sonication give similar results individually, preference would be down to 

which method is less energy intensive. 

The results from 2US and 3US for galarose yield and selectivity are shown in Figures 30 

A & B. Trendlines are left out again for lack of data points.  

 

Figures 30 A & B The development of galarose yield (A) and selectivity (B) as a 

function of temperature in ultrasound experiments 2US and 3US. The 

experiments had initial pH and concentrations according to reference 

conditions 

In the experiments 6US and 7US with more drastic experiment conditions both the yield 

and selectivity were worse than in 2US. This combined with control issues in these 

experiments point that sonication brings more benefit when it is used in milder conditions. 
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8.7. Effect of H2O2 concentration combined with ultrasound 

Sonication was also tested as replacement to high concentrations of H2O2. In the source 

article decrease of the concentration had been tested, resulting in slower reaction but with 

no major changes to yield or selectivity of galarose (van den Berg, et al., 1995).  

In 4US the concentrations of lactose, BA and H2O2 were in ratio of 1:1:3. In the HPLC 

analysis the conversion of lactose seemed to be slightly lower than for the other successful 

experiments, while yield of galarose was one the similar level (55 %), which increased 

selectivity of galarose to 75 %. This means that with decreased amount of reagents better 

results was obtained, when less by-products are produced. 

In 5US H2O2 was further reduced to ratio 1:1:1. Lactose conversion was 51 %, meaning 

that most of the lactose didn’t have time to react in the experiment. Yield of galarose was 

also slightly lower with 46 % yield, which in turn resulted in 95 % selectivity of galarose. 

This also meant that the chromatogram of 5US 10 min sample had clear peaks of lactose 

and galarose, still overlapping each other preventing knowing exact concentrations, and 

very little other by-products.  

The results for yield and selectivity for experiments 3US, 4US and 5US are presented in 

Figures 31 A & B. For yield the linear equation is y = 0.021x + 0.4525 with goodness of 

fit in 72 % and for selectivity y = -0.064x + 0.9878 and goodness of 91 %.  

 

Figures 31 A & B The development of galarose yield (A) and selectivity (B) as a 

function H2O2:lactose ratio in ultrasound experiments 3US, 4US and 

5US. The ultrasound experiments had initial pH and lactose according 

to reference conditions with initial temperature in 30 °C. 

Similar to previous Chapter, these results show that sonication is valuable aid for the 

reaction in the mild conditions. The significance of results from experiment 5US should 
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be highlighted. Low conversion means that reaction has not had enough time to go into 

completion. The high selectivity in turn implies that almost all of the lactose could be 

converted to only galarose when reaction would have enough time to be completed. Such 

conditions should be the basis for future experiments. Once the required reaction time for 

the completed high selectivity reaction is found, further studies should aim to reduce the 

necessary processing time while maintaining the high selectivity. 

8.8. Improvements to experiments  

Degradation of the samples during the storing proved to be major problem for the overall 

accuracy of the study. Therefore, samples should be analysed immediately after 

experiment is finished. For precautions samples could be stored in freezer. As sugars are 

commonly used as cryopreservatives for example for food, they should be able to sustain 

freezing and thawing without causing change to the solution composition. 

Larger reactor volume (500 ml) could have been useful for the experiments for preventing 

the solution from spilling over, but the probe constrained the experiments to use 250 ml 

flask so that the probe could reach the solution surface properly.  

For giving better understanding of the reaction, the experiments should have been planned 

using the design of experiments (DOE) method. Now the different parameters were 

altered and evaluated individually, but with DOE there is better possibility to understand 

the interrelation of the parameter changes and the effect to the reaction. For this kind of 

studies it is proposed that LUT Chemistry would acquire suitable software, such as 

MODDE (Mettler Toledo). The programme has also free trial period that could be utilised 

for DOE planning if the licence is not obtained. As this was first study for the application 

of sonication to the reaction of lactose to galarose, the time and amount of experiments 

were limited and for that reason different parameters were tested individually. 

Van den Berg et al. (1995) had kept the pH level in their experiments constant with 

addition of NaOH during the reaction to maintain the high pH. In the experiments it was 

visible that the reactions were more active in the higher pH level, and the temperature 

peak coincided with the steepest pH drop. It would be likely that better conversion and 

yield could be obtained if the pH is maintained high with constant feed of NaOH. For this 

reason one amendment is using continuous reactor. This way the operating of the 
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experiment would be more consistent than in a semi-batch experiment where NaOH 

would be added to the batch reactor during the reaction. 

For the HPLC analysis improvements are needed to obtain better resolution for galarose 

and lactose. The expertise from sugar producing industries could be useful for developing 

better analysis method. This might need also investments for new and better suited sugar 

column for HPLC.  

It would be also useful to analyse formic acid from the experiment samples as supportive 

analysis method, as it is known to be produced in the reaction. In optimal condition the 

concentration of formic acid in the 10 min samples would be the same as of galarose. The 

analysis can be done with either HPLC (different method) or with gas chromatography 

(GC). Overall GC would be faster analysis method. The method development and 

analysis sample preparation should be done with care, so that there won’t be errors in the 

supportive method that would give confusing results for the research.  

9. Applicability of the results 

9.1. Regeneration process for boric acid 

For easy application of the selective carbohydrate oxidation process, it would be 

important to design also regeneration cycle for boric acid. This could both decrease the 

consumption of reagents and decrease the amount of waste that the reaction produces, 

making it economically more viable. 

Boric acid is produced industrially from reactions between boron containing minerals 

(borax, colemanite and ulexite) and acidic solutions, such as sulphuric acid. The BA 

process starts with cascaded reactor system, followed by filtrations to remove gypsum 

(CaSO4·2H2O) and inert solids, crystallisations and drying. The mother liquor is 

recirculated back into reactor phase. (Kurskay & Bulutcu, 2011) 

As sulphuric acid can be used also in regeneration of the Amberlite IRA-743 resin, simple 

recovery for BA used in the oxidation process could be possible (Rohm & Haas Company, 

2003). After sulphuric acid addition to remove the boric acid from the resin, the solution 

would be placed into crystallisation and then filtration to recover the boric acid crystals 

to be used for the oxidation process again. However, if there would be impurities present 

when the oxidation reaction is part of larger process, which would prevent direct 
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crystallisation and filtration recovery, precipitation route would be more useful. It was 

found that calcium hydroxide can efficiently precipitate boron compounds by forming 

different calcium borates (Remy, et al., 2005). If sulphuric acid is present then gypsum is 

also precipitated (Remy, et al., 2005). The salts would then be solubilised again in acidic 

solution, with gypsum made to precipitate first and filtered out, followed by 

crystallisation of BA. 

As the exact recirculation of BA in the process is out of the scope of this study, it won’t 

be presented in more detail. The later studies should however focus also on the exact 

design of the boron recirculation, as it is important part of the process. The use of ion 

exchange resin for boron removal from the product solution should also be evaluated. For 

larger scale its regeneration could become expensive for the amounts of BA that need to 

be removed (Remy, et al., 2005). Overall, there are many studies for boron removal from 

aqueous solutions since 2000, so finding process alternatives should be possible. In their 

review Wolska and Bryjak (2013) presented novel methods, such as hybrid methods of 

membranes and fine sorption bodies, like polymer enhanced ultrafiltration or adsorption 

membrane filtration.  

9.2. Application of the process to different industries 

Using ultrasound assisted selective oxidation of sugar with using boric acid as dynamic 

protective group should have applications in future. It does not produce any product to be 

used as is, but it could be applied to be part of processes where it would produce 

intermediates from natural by-products to be used as intermediates for products with 

added value. 

In Chapter 4.2 the food and agricultural waste were presented as one potential source of 

raw material for carbohydrates. In their study Kumar et al. (2015) presented an 

environmentally friendly way to hydrolyse potato starch to glucose using carbon-based 

solid acid catalyst that could be used multiple times without loss of efficiency in the 

regeneration cycles. In the following study the experiment was converted to use 

microwave irradiation as source of heating, reducing the reaction time considerably with 

tolerable sacrifice on the glucose yield (Kumar, et al., 2016). The process was also tested 

on potato peels, which are common and valueless waste, with promising results (Kumar, 

et al., 2016). As according to the source article, same process studied here could be used 
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to convert glucose to arabinose, process to obtain arabinose from potato peels could be 

designed (van den Berg, et al., 1995). A block chart for such process is presented in Figure 

32. The arabinose could be then used to obtain building block chemicals and further 

converted to valuable chemical products. As on average 600 million kilograms of potato 

are cultivated in Finland alone, there could be lots of potential for further value that can 

be had from food waste (Luonnonvarakeskus, 2018). If the process can be miniaturised 

properly, the conversion of raw waste material could be decentralised to locations 

producing lots of food waste, specifically potato peels or other waste containing starch, 

and then the obtained sugar is either used as it is on food applications or transported to 

centralised biorefinery for further processing. As discussed in Chapter 4.2, arabinose 

could be then converted to arabinitol and from there polymerised, to produce polyester 

(Werpy, et al., 2004). 

 

Depending of species, wood constitutes from 25 – 35 % of hemicelluloses (Kellomäki, 

2009). As the volumes in the forest industry are high, there could be potential uses for the 

studied reaction and process if it can be added to integrated biorefinery. Before the wood 

goes to chemical pulping, hemicellulose can be extracted to be used as intermediate for 

other products (KnowPap, 2009). Especially softwoods contain hemicelluloses that 

constitute mainly of C6-sugars, like galactoglucomannans (Kellomäki, 2009; Alén, 

2009). These hemicelluloses could be first hydrolysed to monomers and subsequently 

converted to C5-sugars with the studied reaction, before being used to produce more 

valuable chemicals and polymers in the biorefinery. 

Figure 32 Block chart for production process of lactose from potato peels and other 

similar food wastes containing starch. (van den Berg, et al., 1995; Kumar, et 

al., 2015; Kumar, et al., 2016) 
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Other fields of applications should be explored for the oxidation process. As 

carbohydrates are abundant natural compounds, there is potential for various wastes and 

by-product fractions that could be used to produce valuable products and intermediate 

chemicals. The process can also give new possibilities for biorefineries, producing new 

employment and entrepreneurship opportunities, especially if the process can be also 

operated on small scale effectively, this way enabling use of small and decentralised 

biorefineries producing intermediate chemicals for larger centralised plants to refine them 

to final products. 

10. Future research 

This study was not comprehensive on the subject, but it presents directions where further 

research on the topics could be taken. Even if the results obtained from this study had 

inaccuracies, they show that it is worth to study the subject more, as US as intensification 

method produced improved results and the applications could help to replace chemicals 

obtained from fossil sources to ones that can be obtained from renewables and waste. 

Repeating the main experiments would be already worthwhile to confirm or correct the 

results obtained in this study. More care should be used with the samples, and if possible, 

alternative analysis methods should be looked for the HPLC method that was used in this 

study. Also implementing design of experiments method on the key parameters would 

give more information of their effect on the reaction and their interrelations.  

The studying of sonicated reaction should be continued. As 5US had significant 

selectivity at 95 %, it should be taken as basis of the upcoming new experiments. As the 

low conversion of lactose in the experiments suggest, in those conditions the reaction 

does not get completed. The experiment time should be prolonged so that the needed time 

for the complete reaction can be verified. When that is found, further experiments should 

aim to reduce the reaction time if possible while maintaining the selectivity. The 

ultrasound parameters as the sonication power and frequency should be also 

experimented on for this reaction, as in this study those were always constant. 

As US horn is generally not the optimal sonicator configuration, other reactor types 

should be also studied. As Jolhe et al. (2015) & (2017) had successfully combined use of 

US and microreactors, which could be interesting possibility also for this study. If the 

process can be converted to combined continuous microreactor process in US bath or 
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other configuration, that could have potential on making continuous experiments 

efficient, easy to operate and reduce amounts of reagents consumed.  

It is also important that process is tested with other sugars. As glucose is the most common 

organic compound and the resulting arabinose from the selective oxidation is more easily 

used for common building block chemicals, it would be useful that the reaction would be 

efficient with glucose too. This would enable more various raw materials to be applied 

for the process in the long run, like starch from potato peels like presented in Chapter 9.2. 

However in the source article the results for glucose to arabinose conversion are clearly 

worse than what it was for from lactose to galarose (van den Berg, et al., 1995). Also the 

article states that the mechanism of glucose conversion is different when it comes to 

excess concentration of the borate in the solution (van den Berg, et al., 1995). For this 

reason further studies are required, so that the process can eventually applied to more 

various places and increased benefit. 

As important part of the process development, the regeneration cycle of boric acid from 

the ion exchange resin should be also studied more. It would be important to know if the 

boric acid can be sufficiently efficiently crystallised from the acidic wash regeneration 

solution of ion exchange resin, or if there is need to use the precipitation by calcium 

hydroxide and other necessary steps. The first studies need to be in laboratory scale but 

once it has been confirmed to work, it too should be implemented as part of the overall 

process when the experiments are taken to pilot scale. 

11. Conclusions 

Purpose of this Master’s thesis was to study oxidation reaction of lactose to galarose, 

which is made selective by use of boric acid as dynamic protective group and catalyst, 

and use of ultrasound for reaction intensification. The study consists of literature research 

and experimental part with conventional and intensified reaction experiments and their 

analysis. All the results are drawn together in the discussion part of the thesis.  

In the literature part, the most important concepts behind the process were discussed. For 

protective groups, their general mechanism and the common protective groups for 

hydroxyl groups were presented. The use of boron compounds in other instances as 

protective groups were discussed. In ultrasound, the mechanisms were discussed, along 

with the chemical and physical effects sonication processes have. Past and current 
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applications in chemical and other industries were shown with technology’s future 

development objectives. For carbohydrates, most common and relevant ones for the study 

were presented briefly. Some examples of their use for chemicals were also discussed. 

The objective of the literature part was to support the discussion and development ideas 

after the presentation of experimental results. 

In the experimental part the experiments and results for the selective oxidation reaction 

of lactose to next lower aldose galarose, in conventional setting and with added ultrasound 

intensification, are presented. The principles of the reaction, reactor used, experiments 

undertaken, sample pre-treatment and sample analysis are presented. The results from 

HPLC analysis for sugars are presented separately for conventional and ultrasound 

experiments. 

The discussion part of the study presents the findings on the experimental results for 

different reaction parameters. Improvements to the experiments, applications of the 

process and future research paths are discussed. 

The reaction was already working sufficiently with the used reference condition in 

conventional experiments, producing galarose with 43 % yield and 48 % selectivity, 

though there is room for improvements. Increasing temperature had beneficial effect for 

yield and selectivity, as did increasing boric acid concentration, but both seemed to have 

local optimal conditions as further increases started to give worse results.  

The results proved also that protective group is resilient enough to protect the sugars when 

sonication was applied. Ultrasound itself proved to be beneficial for the reaction results, 

especially by enabling good results with lower H2O2 concentrations. The experiment 5US 

had 95 % selectivity for galarose in equal lactose and H2O2 concentration. In that 

experiment lactose conversion remained around 50 % meaning that reaction in those 

conditions didn’t have enough time. Because of the good results the conditions of 5US 

should be the basis for the further experiments. Overall the mild reaction conditions 

proved to be better for the reaction, both for reaction control and for the results obtained 

from the analysis.  

The resin that was used for boric acid removal from the analysis samples proved to act 

differently if it was new or regenerated. The samples should be pre-treated and analysed 
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as soon as the experiment are done to decrease sample degradation, and should be frozen 

for longer time storing if possible. 

Based on the study it is recommended to continue researching the studied reaction. The 

aim is to convert it to a process capable of selectively oxidising sugars. It was shown that 

such process could then have potential in producing useful intermediates for further 

processing from biomass waste and by-products. This could help in moving industry from 

fossil raw materials to renewable ones. Further studies should gain more insight on the 

reaction and process parameters, convert the process to continuous one, design properly 

working regeneration for boric acid and search for more potential applications for the 

studied oxidation process.  
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Appendix I Temperature and pH data from experiments 

In the figures presented here, the brown colour represents temperature on left Y-axis and 

blue represents pH on right Y-axis. The figures are drawn to start from the NaOH addition 

to the solution, and contain also the reaction and subsequent quenching. 

L-Series 

In experiment 6L the measurements had been accidentally switched of in the beginning 

of the reaction, so no proper plot of the data is available for that experiment. 

 

A1 Figure 1 Experiment 1L, with initial temperature 25 °C, pH 11 and lactose:BA:H2O2 

concentrations in ratio of 1:0:5. 

 

A1 Figure 2 Experiment 2L, in reference conditions (initial temperature 25 °C, pH 11 

and lactose:BA:H2O2 concentrations in ratio of 1:1:5). 
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A1 Figure 3 Experiment 3L, with initial temperature at 40 °C.  

 

A1 Figure 4 Experiment 4L, with initial temperature at 40 °C and pH 12. The reaction 

didn’t stay in control, and the experiment had to be ended before its proper 

time. The blue curve represents pH and the green temperature. 

 

A1 Figure 5 Experiment 7L, with initial pH at 12 and the reagent concentrations 50 % 

higher. The reaction didn’t stay in control, and the experiment had to be 

ended before its proper time. 
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N-series 

 

A1 Figure 6 Experiment 1N, with initial temperature 25 °C, pH 11 and lactose:BA:H2O2 

concentrations in ratio of 1:0:5. 

 

A1 Figure 7 Experiment 2N, in reference conditions (initial temperature 25 °C, pH 11 

and lactose:BA:H2O2 concentrations in ratio of 1:1:5). 

 

A1 Figure 8 Experiment 3N, with initial temperature at 40 °C. 
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A1 Figure 9 Experiment 4N, with initial pH 12. 

 

A1 Figure 10 Experiment 5N, with initial concentrations 50 % higher compared to 

reference. 

 

A1 Figure 11 Experiment 6N, with initial temperature 40 °C and pH 12. The reaction 

didn’t stay in control, and the experiment had to be ended before its proper 

time. 
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A1 Figure 12 Experiment 7N, with initial temperature 40 °C and initial concentrations 50 

% higher compared to reference. The reaction didn’t stay in control, and the 

experiment had to be ended before its proper time. 

 

A1 Figure 13 Experiment 8N, with initial pH 12 and initial concentrations 50 % higher 

compared to reference. The reaction didn’t stay in control, and the 

experiment had to be ended before its proper time. 

D-Series 

 

A1 Figure 14 Experiment 2D, in reference conditions (initial temperature 25 °C, pH 11 

and lactose:BA:H2O2 concentrations in ratio of 1:1:5). 
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A1 Figure 15 Experiment 3D, in reference conditions, with lactose added later during 

warming up. 

 

A1 Figure 16 Experiment 4D, with reagent concentrations 1:3:5. 

 

A1 Figure 17 Experiment 5D, with reagent concentrations 1:5:5. 
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A1 Figure 18 Experiment 6D, with reagent concentrations 1:2:5. 

 

A1 Figure 19 Experiment 7D, with initial temperature at 30 °C. 

 

A1 Figure 20 Experiment 8D, with initial temperature at 35 °C. 
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A1 Figure 21 Experiment 9D, in reference conditions. 

 

A1 Figure 22 Experiments 10D, initial temperature 22.4 °C (corresponding reading from 

glass thermometer was 25 °C). 

US-Series 

 

A1 Figure 23 Experiment 2US, with reference conditions and sonication at 250 W & 24 

kHz with 20 % amplitude. 
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A1 Figure 24 Experiment 3US, with initial temperature at 30 °C and sonication at 250 W 

& 24 kHz with 20 % amplitude. 

 

 

A1 Figure 25 Experiment 4US, with initial temperature at 30 °C and the reagent 

concentrations 1:1:3. Sonication was at 250 W & 24 kHz with 20 % 

amplitude. 

 

A1 Figure 26 Experiment 5US, with initial temperature at 30 °C and the reagent 

concentrations 1:1:1. Sonication was at 250 W & 24 kHz with 20 % 

amplitude. 
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A1 Figure 27 Experiment 6US, with initial temperature at 30 °C and the reagent 

concentrations increased 50 %. Sonication was at 250 W & 24 kHz with 20 

% amplitude. 

 

A1 Figure 28 Experiment 7US, with initial temperature at 30 °C and the initial pH at 12. 

Sonication was at 250 W & 24 kHz with 20 % amplitude. 
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Appendix II HPLC chromatograms  

D-series 

 

A1 Figure 29  
A2 Figure 1 Experiment 2D, sample 0 min. The experiment had reference conditions (25 

°C, pH 11). Lactose at 22 min peak with measured concentration 4335 

mg/L. 

A2 Figure 2 Experiment 2D, sample 10 min. The experiment had reference conditions 

(25 °C, pH 11). Lactose at 22 min peak with measured concentration 450 

mg/L. Galarose at 23.6 min peak with measured concentration 1697 mg/L. 

A2 Figure 3 Experiment 3D, sample 0 min. The experiment had reference conditions (25 

°C, pH 11) but lactose was added after H2O2 to minimise the possible 

reactions before the experiment starts. Lactose at 22 min peak with 

measured concentration 4289 mg/L 
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A2 Figure 5 Experiment 4D, sample 0 min. The experiment had the boric acid 

concentration increased to three-fold. Lactose at 22 min peak with measured 

concentration 3452 mg/L. 

 

A2 Figure 6 Experiment 4D, sample 10 min. The experiment had the boric acid 

concentration increased to three-fold. Galarose at 23.6 min peak with 

measured concentration 1452 mg/L. 

A2 Figure 4 Experiment 3D, sample 10 min. The experiment had reference conditions 

(25 °C, pH 11). Lactose at 22 min peak with measured concentration 386 

mg/L. Galarose at 23.6 min peak with measured concentration 1719 mg/L. 
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A2 Figure 7 Experiment 5D, sample 0 min. The experiment had the boric acid 

concentration increased to five-fold. Lactose at 22 min peak with measured 

concentration 2868 mg/L.  

  

A2 Figure 8 Experiment 5D, sample 10 min. The experiment had the boric acid 

concentration increased to five-fold. Lactose at 22 min peak with measured 

concentration 289 mg/L. Galarose at 24 min peak with measured 

concentration 1012 mg/L. 
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A2 Figure 9 Experiment 6D, sample 0 min. The experiment had the boric acid 

concentration increased to two-fold. Lactose at 22 min peak with measured 

concentration 3357 mg/L. 

 

A2 Figure 10 Experiment 6D, sample 10 min. The experiment had the boric acid 

concentration increased to two-fold. Lactose at 22 min peak with measured 

concentration 446 mg/L. Galarose at 24 min peak with measured 

concentration 1782 mg/L. 
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A2 Figure 11 Experiment 7D, sample 0 min. The experiment had initial the initial 

temperature increased to 30 °C. Lactose at 22 min peak with measured 

concentration 4032 mg/L. 

 

A2 Figure 12 Experiment 7D, sample 10 min. The experiment had initial the initial 

temperature increased to 30 °C. Lactose at 22 min peak with measured 

concentration 450 mg/L. Galarose at 24 min peak with measured 

concentration 2167 mg/L. 

 

A2 Figure 13 Experiment 8D, sample 0 min. The experiment had initial the initial 

temperature increased to 35 °C. Lactose at 22 min peak with measured 

concentration 4224 mg/L. 
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A2 Figure 14 Experiment 8D, sample 10 min. The experiment had initial the initial 

temperature increased to 35 °C. Lactose at 22 min peak with measured 

concentration 312 mg/L. Galarose at 24 min peak with measured 

concentration 1983 mg/L. 

 

A2 Figure 15 Experiment 9D, sample 0 min. The experiment had reference conditions (25 

°C, pH 11). Lactose at 22 min peak with measured concentration 3331 mg/L. 
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A2 Figure 16 Experiment 9D, sample 10 min. The experiment had reference conditions 

(25 °C, pH 11). Lactose at 22 min peak with measured concentration 581 

mg/L. Galarose at 24 min peak with measured concentration 1874 mg/L. 

 

A2 Figure 17 Experiment 10D, sample 0 min. The experiment had reference conditions 

(25 °C, pH 11), but the initial temperature was taken according to glass 

thermometer inserted to reactor flask, so initial temperature according to 

probe was 22.4 °C. Lactose at 22 min peak with measured concentration 

4104 mg/L 
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A2 Figure 18 Experiment 10D, sample 10 min. The experiment had reference conditions 

(25 °C, pH 11), but the initial temperature was taken according to glass 

thermometer inserted to reactor flask, so initial temperature according to 

probe was 22.4 °C. Lactose at 22 min peak with measured concentration 

1628 mg/L. Galarose at 24 min peak with measured concentration 1551 

mg/L. 

US-series 

 

A2 Figure 19 Experiment 2US, sample 0 min. The experiment had initial T and pH of 25 

°C & 11. 250 W & 24 kHz ultrasound was applied at 20 % amplitude. 

Lactose at 22 min peak with measured concentration 4294 mg/L. 
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A2 Figure 20 Experiment 2US, sample 10 min. The experiment had initial T and pH of 

25 °C & 11. 250 W & 24 kHz ultrasound was applied at 20 % amplitude. . 

Lactose at 22 min peak with measured concentration 649 mg/L. Galarose at 

24 min peak with measured concentration 2166 mg/L. 

 

A2 Figure 21 Experiment 3US, sample 0 min. The experiment had initial temperature of 

30 °C. 250 W & 24 kHz ultrasound was applied at 20 % amplitude. 

Lactose at 22 min peak with measured concentration 4808 mg/L. 
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A2 Figure 22 Experiment 3US, sample 10 min. The experiment had initial temperature of 

30 °C. 250 W & 24 kHz ultrasound was applied at 20 % amplitude. Lactose 

at 22 min peak with measured concentration 1029 mg/L. Galarose at 24 min 

peak with measured concentration 2378 mg/L. 

 

A2 Figure 23 Experiment 4US, sample 0 min. The experiment had initial temperature of 

30 °C and ratio of lactose:H2O2 is decreased to 1:3. 250 W & 24 kHz 

ultrasound was applied at 20 % amplitude. Lactose at 22 min peak with 

measured concentration 4466 mg/L 
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A2 Figure 24 Experiment 4US, sample 10 min. The experiment had initial temperature of 

30 °C and ratio of lactose:H2O2 is decreased to 1:3. 250 W & 24 kHz 

ultrasound was applied at 20 % amplitude. Lactose at 22 min peak with 

measured concentration 1215 mg/L. Galarose at 24 min peak with measured 

concentration 2223 mg/L. 

 

A2 Figure 25 Experiment 5US, sample 0 min. The experiment had initial temperature of 

30 °C and ratio of lactose:H2O2 is decreased to 1:1. 250 W & 24 kHz 

ultrasound was applied at 20 % amplitude. Lactose at 22 min peak with 

measured concentration 4647 mg/L. 
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A2 Figure 26 Experiment 5US, sample 10 min. The experiment had initial temperature of 

30 °C and ratio of lactose:H2O2 is decreased to 1:1. 250 W & 24 kHz 

ultrasound was applied at 20 % amplitude. Lactose at 22 min peak with 

measured concentration 2396 mg/L. Galarose at 24 min peak with measured 

concentration 1944 mg/L. 

 

A2 Figure 27 Experiment 6US, sample 0 min. The experiment had initial T 30 °C and 

increased reagent concentrations. 250 W & 24 kHz ultrasound was applied 

at 20 % amplitude. Lactose at 22 min peak with measured concentration 

5520 mg/L. 
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A2 Figure 28 Experiment 6US, sample 10 min. The experiment had initial T 30 °C and   

increased reagent concentrations. 250 W & 24 kHz ultrasound was applied 

at 20 % amplitude. Lactose at 22 min peak with measured concentration 218 

mg/L. Galarose at 24 min peak with measured concentration 2245 mg/L. 

 

A2 Figure 29 Experiment 7US, sample 0 min. The experiment had initial T 30 °C and pH 

12. 250 W & 24 kHz ultrasound was applied at 20 % amplitude. Lactose at 

22 min peak with measured concentration 4219 mg/L. 
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A2 Figure 30 Experiment 7US, sample 10 min. The experiment had initial T 30 °C and 

pH 12. 250 W & 24 kHz ultrasound was applied at 20 % amplitude. Galarose 

at 24 min peak with measured concentration 571 mg/L. Lactose was not 

identified in the chromatogram. 
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Mots-Clés: glucides, oxydation, groupes protecteurs, ultrason, bioraffinage 

Cette étude se focalise sur la réaction d’oxydation du lactose de manière sélective au sucre 

inférieur galarose. L'acide borique a été utilisé dans la réaction en tant que catalyseur pour 

le lactose et groupe protecteur pour le galarose, et des ultrasons ont été utilisés pour 

intensifier la réaction. Le premier objectif était d'étudier les modifications de paramètres 

afin de rendre la réaction aussi efficace que possible. Le deuxième objectif était de trouver 

des applications plus générales pour ce procédé d'oxydation. 

La revue de littérature fournit des informations de base sur les groupes de protection, les 

processus à ultrasons et l’utilisation des glucides. La partie expérimentale présente les 

expériences sur la réaction. Le réacteur, les conditions expérimentales et la méthode 

d'analyse pour HPLC sont décrits. Les principaux résultats expérimentaux sont présentés 

en conversion de lactose et en rendement et sélectivité de galarose. La partie discussion 

met en évidence des résultats importants, montre les applications possibles et donne des 

recommandations pour des études ultérieures sur le sujet. 

L'augmentation de la température et de la concentration en acide borique a donné des 

résultats positifs dans les expériences. L’utilisation des ultrasons s’est également révélée 

bénéfique pour la réaction, en particulier parce qu’elle permettait d’utiliser des conditions 

plus douces, telles que la réduction de la concentration en H2O2, tout en donnant de bons 

résultats. Les meilleurs résultats intensifiés donnaient du galarose à une sélectivité de 

95%. Sur la base des résultats expérimentaux, la réaction fonctionne déjà bien en 10 

minutes de traitement avec l’ultrasons et doit être développée plus avant. Certaines 

applications possibles du processus ont été données. 


