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RESUME

Avec l'objectif du gouvernement canadien d’atteindre la neutralité carbone d’ici 2050 et
dans un contexte ou les préoccupations concernant 1’épuisement des combustibles fossiles
sont croissantes, il est devenu essentiel de développer des matériaux alternatifs provenant de

ressources renouvelables.

Les eaux usées des fermes laitieres représentent une source potentielle de matiere premiere
durable pour la fabrication de matériaux biosourcés. En 2023, la production fromagere du
Canada a atteint 540kt: 1kt de fromage génere 9kt de perméat de lactosérum, un sous-
produit peu valorisé, qui est généralement rejeté ou séché pour I'alimentation animale. Le
perméat de lactosérum contient 4.4 a 5% de lactose en masse. Par hydrolyse, le lactose se
scinde en glucose et galactose, qui peuvent alors étre convertis en produits verts, a valeur

ajoutée tels que 'acide lactique (LA) ou le 5-hydroxyméthylfurfural (HMF).

Le LA figure parmi la liste des molécules clés pour l'avenir en raison de sa large gamme
d’applications, que cela soit dans le secteur pharmaceutique, des cosmétiques ou encore dans
celui du bioplastique. C’est le monomere de départ pour la production d’acide polylactique
(PLA), un polymere biodégradable représentant 19% du marché des bioplastiques. Les
fabricants industriels produisent du LA par fermentation de sucres, mais ce processus présente
des défis tels qu'un long temps de réaction (2 a 4d) et de multiples étapes de séparation et
de purification. La conversion hétérogene du lactose et du perméat de lactosérum de fromage
en LA pourrait simplifier la synthese tout en réduisant les cotits de fabrication. Cependant,

un tel processus est rarement mentionné dans la littérature.

Dans le cadre de cette recherche doctorale, nous avons congu un catalyseur acide solide com-
posé d’erbium (0.15g g™ Er) sur un support de 7-Al,O3, capable de convertir complétement
le lactose a 170 °C en moins de 30 min, avec un rendement en acide lactique atteignant 23 %.
Nous avons tout d’abord émis I’hypothése qu'un catalyseur bimétallique a base d’étain et
d’erbium augmenterait le rendement en LA, mais la caractérisation du catalyseur par SEM-
EDS et BET, a révélé que I'étain se trouvait principalement a la surface du support, tandis
que 'erbium se trouvait au coeur de la structure, couvert par I'étain. L’erbium était plus
sélectif que I’étain pour le LA : le catalyseur monométallique ErsO3/7-Al;O3 a donc donné
le rendement le plus élevé. Sur la base de ces résultats, nous avons développé un modele
permettant de prédire le rendement en acide lactique en fonction du temps de réaction, de

la température et de la charge métallique.

Ensuite, nous avons évalué I'impact de plusieurs parametres sur les performances de la réac-
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tion : les résultats indiquent que le rendement en LA ne varie pas en fonction de 'agitation du
milieu réactionnel, de la pression, ou du gaz atmosphérique, que ce soit de l'air, de I’hélium,
du Ny ou du Hy. Lorsque la température et le temps de réaction ont tous deux étés aug-
mentés, le rendement en acide lactique a étonnamment atteint un quasi-équilibre pour toutes
les conditions testées. En partant de I'hypothese que le catalyseur EryO3/v-Al,O3 réagirait
de la méme maniere que le lactose, nous avons supposé que le rendement du perméat de
lactosérum serait équivalent a celui du lactose. Cependant, celui-ci était inférieur au lactose
de 7%, potentiellement en raison de la présence de cendres dans le perméat. Les réactions
complémentaires du catalyseur usagé avec le lactose ont révélé que 6 % de I'erbium s’est lix-
ivié dans la phase aqueuse apres la premiere réaction, mais seulement 0.8 % apres le deuxiéme
test.

Ce travail doctoral contribue a ’avancement de la recherche sur la valorisation du perméat de
lactosérum en fournissant des outils utiles pour développer des procédés efficaces sur le plan
économique, qui permettront de convertir le lactose résiduel en acide lactique. Les travaux
futurs devraient inclure une analyse technico-économique et des recherches supplémentaires
sur la conception des catalyseurs afin de permettre une synergie entre plusieurs phases actives,
d’éviter leur lixiviation et de réduire la barriere énergétique d’activation de l'isomerisation

du glucose vers le fructose.
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ABSTRACT

With rising concerns regarding fossil fuel depletion, and the Canadian objective of reaching
net zero emissions by 2050, it became necessary to look for alternative materials that would

originate from renewable resources.

In this context, wastewater from dairy farms represents a potential source of sustainable feed
for bioderived materials. In 2023, Canada produced up to 540kt of cheese: 1kt of cheese
generates 9kt of cheese whey permeate, a by-product which is poorly valorized and usually
discarded or dried for animal feed. Whey permeate contains 4.4 to 5% of lactose by mass.
Through hydrolysis, lactose splits to glucose and galactose, which can convert to green added

value products such as lactic acid (LA) or 5-hydroxymethylfurfural (HMF).

LA is listed among the building block molecules for the future due to its large range of appli-
cation in pharmaceuticals, cosmetics, and the bioplastic industry. It’s the starting monomer
for the production of polylactic acid (PLA), a biodegradable polymer which represents 19 %
of the bioplastic market. Industrial manufacturers produce LA through the fermentation of
sugars however this process presents challenges such as long reaction time (2 to 4d) and mul-
tiple separation and purification steps. The heterogeneous conversion of lactose and cheese
whey permeate to LA, could simplify the synthesis, while decreasing manufacturing cost, but

such process is seldom reported in the literature.

Through this doctoral research, we designed a solid acidic catalyst made of Er (0.15gg™! Er)
supported on v-Al,O3 that could completely convert lactose at 170 °C, within 30 min, and
with an LA yield of 23 %. We first hypothesized that a bimetallic catalyst of tin and erbium
would increase LA yields, but the characterization of the catalyst, through SEM-EDS and
BET revealed that tin was mainly at the surface of the support, while erbium was in the core
hindered by tin species. Erbium was more selective than tin to LA: the monometallic catalyst
of ErsO3/7-Al;03 thus achieved the highest yield. Based on these results, we developed a
model that could predict LA yield as a function of reaction time, temperature and metal

loading.

In a subsequent study, we assessed the impact of different parameters on the reaction perfor-
mance: the results indicate that LA yield was invariant with respect to mixing and pressure,
with either air, He, Ny, or Hy. When the temperature and reaction time both increased, LA
yield surprisingly reached a quasi-equilibrium for all the tested conditions. Assuming that
the catalyst EryO3/7-Al,O3 would react in the same way as with lactose, we hypothesized

that the yield of LA from whey permeate would be equivalent to the one of lactose. However,
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it was lower than lactose by 7 %, potentially owing to the presence of ashes. Complimentary
reactions of spent catalyst with lactose revealed that 6 % of erbium leached into the aqueous

phase, after the first reaction, but only 0.8 % after the second test.

Finally, we developed a kinetic model to identify which step of the synthesis presented the
main activation energy barrier to the conversion of lactose to LA. It appeared that glucose
isomerization to fructose had the highest activation energy, and therefore limited LA yield.
Galactose produced more LA than glucose, and with fructose, LA yield reached 28 % at
150°C, within 5 minutes. The kinetic model, we developed could predict lactose, glucose,

galactose, fructose, LA, HMF and humins as a function of temperature and time, with an

R? = 0.99.

This doctoral work contributes to the advancement of the research on whey permeate valoriza-
tion by providing useful tools, to develop cost-effective processes that will convert residual
lactose to LA. Future work should include a technico-economical analysis and further inves-
tigations on catalyst design to promote active phases synergy, avoid leaching, and lower the

activation energy barrier of glucose to fructose isomerization.
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CHAPTER 1 INTRODUCTION

1.1 Background and motivations

For 2030, Canada aspires to reduce its greenhouse gas emissions by 40 % compared to the
level in 2005, with a final objective of reaching carbon neutrality by 2050 [7]. Thus, finding
alternative sources to fossil-fuels motivated the research on waste valorization and bio-based
materials. The Canadian Dairy Information Centre registered a production of 540 kt of cheese
in 2023 [8]. Fach kg of cheese produced, generates 9 to 10L of whey, a byproduct with a
high biochemical oxygen demand, and therefore, harmful for the environment if discarded
without treatment in water sources [9]. The ultra-filtration process separates whey proteins
from the lactose fraction, and produces whey permeate with mainly water, up to 5% lactose,
and some proteins and lipids [10]. The explored value chains for whey valorization include
conversion to biofuels, animal feed or drying to recover the lactose content. However, these
processes involve extra manufacturing costs, hindering their expansion in small and medium

size dairy industries [9-11].

Lactose is a disaccharide, with twelve carbon atoms, which can convert to lactic acid (LA),
one of the potential building blocks for the future, listed by the US Department of Energy
in 2010 [12]. LA has a wide range of applications: in cosmetics, due to its antimicrobial and
rejuvenating properties, in pharmaceuticals as a supplement for dermatological drugs, and
most importantly in the polymer market, for the manufacturing of the polylactic acid (PLA)
biodegradable plastic [13-15]. PLA is the most abundant polymer in the bioplastic market,
with a production poised to reach 4.5 billion USD by 2030 [16]. PLA is a successful candi-
date as a substitute for traditional plastic due to its versatility: PLA potential applications
encompass biodegradable packaging such as films and food containers, textiles for clothing

and fabrics or medical items with sutures and drug delivery systems [17].

Lactose conversion to LA starts with the hydrolysis of lactose to glucose and galactose.
Glucose isomerizes to fructose, which either dehydrates to 5-hydroxymethylfurfural (HMF),
another platform molecule known as a precursor for biofuel applications or, it converts to C3
intermediates (glyceraldehyde and dihydroxyacetone) through a retro aldol condensation, to
finally yield LA.

Current industrial processes rely on enzymatic fermentation to produce LA from corn derived
glucose. Luongo and al. performed the reaction of whey with an anaerobic digestate from a

treatment plant to produce LA: it resulted in a productivity of 0.37gg~!, with a residence



time of 2 days [18]. Several challenges as enzymes sensitivity to pH and temperature, mi-
crobial contamination, costly separation and purification steps, and long reaction time (2 to
4 days) are the bottlenecks of the process. For 1t of LA manufactured, it’s 1t of gypsum
generated to assure the media buffering and avoid acid inhibition. It results in separations
cost accounting for half of the price of LA production [19,20]. Therefore, researchers are

exploring alternative routes with chemocatalysis.

Heterogeneous catalysis offers an interesting pathway due to a facilitated catalyst recovering
compared to homogeneous catalysis. There’s a lack in the literature regarding lactose and
whey permeate heterogeneous conversion to LA in water. For the few reports who mention it,
the reaction solvent is usually methanol, yielding methyl lactate with low productivities (up
to 19 %) [21-23]. For those in aqueous media, the process involves heavy catalyst preparation,
as dealumination with nitric acid and multiple washing steps, or reaction temperatures up to
325°C [6,24]. Moreover, brown particles formation, called humins and catalyst deactivation

decrease the profitability of the reaction.

The design of novel catalytic systems to enhance LA yields, while operating at low energy-
intensive conditions is a prerequisite for industrial scale valorization of whey permeate with
solid catalysts. This work was part of a collaboration with Novalait, a research organization
gathering producers and transformers from dairy industry, CRIBIQ, the consortium in re-
search and innovation for industrial bio processes in Quebec and Patience Enterprises Group,
specialized in wasted natural gas to green fuels. The project was subdivided in two research
subjects: one student operating the reaction in gas phase while I was operating in liquid

phase.

The idea was to come up with a proof of concept and pursue investigations on conditions that
will optimize LA yield. I set out to design solid catalysts, simple to prepare and efficient for
lactose hydrolysis, and its subsequent conversion to LA. Different conditions (temperature,
pressure, agitation) were tested to assess the impact on LA yields from lactose, and industrial
whey permeate. At the same time, I conducted kinetic studies to identify the critical barriers
in the synthesis route and to give insights on energy requirements for galactose conversion
to LA. This research will provide new tools to researchers in catalyst synthesis and reactor

design, for the valorization of whey permeate.



1.2 Problem statement and research objectives

1.2.1 Research question

How to develop a one pot process which generates LA through the heterogeneous catalysis

of residual lactose from cheese whey permeate?

1.2.2 Objectives

The main objective is to develop a one pot process to valorize cheese whey permeate,
through the heterogeneous conversion of its lactose content to LA. In order to fulfill the

principal objective, we divided the problem into 3 sub-objectives:

1. To identify a solid acidic catalyst that converts lactose completely and is
selective towards LA production. Chapter 3 describes the outcomes of this research

objective and the resulting article was accepted in Catalysis Today (IF= 5.3).

Hypothesis: Sn promotes the isomerization of glucose to fructose in Sn-Er/y-AlyOs

while erbium directs the selectivity to LA production

2. To assess the effect of mixing, temperature and pressure on LA yield for
different scale reactors and compare results from lactose with the ones from
whey permeate. Chapter 4 describes the outcomes of this research objective and the
resulting article was submitted to Industrial & Engineering Chemistry Research (IF=
3.9).

Hypothesis: LA yield increases with improved mass transfer, temperature, pressure

and time, and Er catalyst exhibits the same performance for lactose and cheese whey

permeate.

3. To develop a kinetic model, which predicts products concentration and de-
rive activation energy for each step of the heterogeneous synthesis of LA
from lactose. Chapter 5 describes the outcomes of this research objective and the

resulting article was submitted to Chemical Engineering Journal (IF= 13.2).

Hypothesis:

o Lactose hydrolysis and subsequent conversion to LA and HMF follows a pseudo

homogeneous first-order approach (equations 5.2 to 5.8) [25].

o The reverse reaction of fructose to glucose is non-negligible (equations 5.3 and
5.4) [26]. Lactose hydrolysis, fructose and galactose conversion to LA and HMF,

glucose, galactose conversion, and degradation routes are all irreversible reactions.



o Humins are either solids or soluble oligomers. Here, we explore the kinetics of the
formation of solid humins, whose concentration corresponds to the carbon content
of species deposited on the catalyst surface [27]. The model assumes that they
originate from HMF, fructose, and galactose [28-31].

« LA, HMF, and solid humins are the main products of dissacharides and monosac-

charides conversion. All other by-products are negligible.



1.3 Thesis structure and contributions

This thesis contributes to the research on the valorization of residual lactose as followed:

1. Chapter 1: the first chapter introduces the challenges related to whey permeate val-
orization and gives an overview of the research undertaken in this work to respond to
these problems. It also presents the main objective, specific objectives, and related

hypothesis.

2. Chapter 2: it covers the literature review on the subject, with the origin, composition,

and usage of lactose, whey permeate and LA.

3. Chapter 3: it describes the one pot synthesis process to hydrolyze lactose and convert
it to LA with monometallic and bimetallic catalysts, supported on 7-Al;O3. Results
reveal that erbium is more effective than tin for lactose hydrolysis, while it selectively
converts it to LA. An optimized amount of 0.15gg™! Er produces up to 23% yield
of LA at 170°C, and a short reaction time of 30 min. The catalyst characterization
reveals the presence of a SnOy layer for tin based catalysts, which may decrease LA,
due to mild Brgnsted acidity: Sn-OH bonds from water reacting with Sn on the surface
induce a low Bregnsted acidity, which decreases the overall Lewis acidity of the catalyst
compared to v-AlyO3 This research article also contributed to building a model, which
predicts LA concentration with time, temperature and metal ratio. This article was

accepted in Catalysis Today journal.

4. Chapter 4: this chapter focuses on the effect of operations conditions on LA yield for
multi-scale volume reactors, from 10 to 100 mL. Results reveal that LA yield reaches
a quasi-equilibrium with time, independently of mixing, pressure, gas atmosphere and
temperature, from 150 to 190°C. The yield is limited by the formation of humins
and LA degradation. The reaction with whey permeate reveal a slower hydrolysis,
most probably due to cheese whey permeate ash content. However, this research gives
valuable insights to researchers as the process generates all together 29% of value
added products (14 % of lactic acid and 15 % of HMF). The outcome of this research

was submitted to Industrial €& Engineering Chemistry Research journal.

5. Chapter 5: this chapter adresses the kinetics of the reaction and dives into the critical
energy barriers responsible of the previously mentioned quasi-equilibrium state for LA
production. While glucose to fructose isomerization remains the critical activation

energy barrier, the tested catalytic system promotes humins formation, for increased



reaction temperature. A model based on aforementioned, predicts all the products
concentration (lactose, glucose, galactose, LA, and HMF) with an R? = 0.99. The

results of this study, are submitted to Chemical Engineering Journal.

6. Chapter 6: An overview of the main results of this doctoral project, with an emphasis

on its contributions, limitations and future research.
7. Annexe A: Supplementary information related to the chapter 3

8. Annexe B: Supplementary information related to the chapter 5



CHAPTER 2 LITERATURE REVIEW

2.1 Lactic acid

2.1.1 Structure, applications and production forecast

In 1780, C.W. Scheele discovered in acid milk, the 2-Hydroxy-propanoic acid, commonly
known as lactic acid. It is an hydroxiacid with 3 carbons, with two chiral forms: the L(+)-
lactic acid, serves as a metabolic intermediate in biological processes, while plants, bacteria
and specific algae produce the D(-)-lactic acid [1]. LA is involved in the production of
food acidulant, mosturizers, and formulations for oral hygiene. It is also a precursor for the
synthesis of monomers such as, propylene glycol or acrylic polymers [13,32]. Despite its wide

range of applications, the most interesting product of LA transformation is into its polymer,
the PLA.

PLA is a biodegradable plastic whose production accounted for 19 % of the bioplastic market
in 2020 [16]. While LA can polymerize to dimers and trimers when concentrated, the synthesis
to commercial PLA involves two condensations steps in which LA first turns to lactide,
its cyclic dimer, then converts to PLA through a ring-opening polymerization [32]. The
market value of LA is poised to reach 2.8 billions by 2028, with an annual growth rate of
12.4% [33,34]. It was listed among the potential building blocks for the future, by the US
Department of Energy in 2010, which makes its production from residual biomass of high
interest [12].

o
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Figure 2.1 LA enantiomers: (A) LA L(+), (B) LA D(-), reproduced from Janovové and al. [1]

2.1.2 LA acid synthesis

Currently, leaders of LA production, such as Corbion Purac (Netherlands), Henan Jindan
(China), and NatureWorks LLC (joint venture between Cargill(USA) and PTT Global Chem-
ical (Thailand), rely on fermentation techniques to convert carbohydrates to LA [35]. Another

alternative consists in producing LA synthetically: HCN reacts with acetaldehyde and a base



catalyst to produce lactonitrile, followed by a distillation. Then, HCl or H,SO4 hydrolyses
lactonitrile to LA. However, as the process depended on costly petroleum raw materials,

Natureworks LLC modified its synthesis process to switch to fermentation [36,37].

For producing large volumes of LA, food grade sugars, also known as first-generation feed-
stocks are preferred, as they avoid the risk of having contaminants and simplifies the process.
However, their use contradicts sustainable development goals, as world’s food needs have pri-
ority over these resources. Therefore, research efforts focus on second-generation feedstocks,
i.e. biodegradable waste from organic matter, as corn residue, cassava bagasse, orange peel

or even municipal waste.

We can separate them in 4 categories: food waste, lignocellulosic waste, starchy materials,
and dairy waste [17]. Morales and al. achieved up to 83% of LA yield, when reacting
Lactobacillus delbrueckii microorganism with biopulp made of food residues from restaurants
and canteens, municipal and supermarket organic waste. However, the process required a pre-
treatment to release biodegradable organics, a reaction time of 14h to reach LA maximum
yield, and pH control with sodium hydroxide: low pH negatively affects the hydrolysis rate by

causing intracellular acidification of LA bacteria and inhibiting microbial activity (LAB) [38].

When reacting delignified, cellulose pulps with the same microbial strain, Karnaouri and al,
reported a yield of 0.57gg™! of LA, after 72h of fermentation and a pretreatment of 2h at
160°C [39]. This discrepancy, with the same strain suggests that cellulose gets less easily
converted to LA than the monosaccharides of the previous example with biopulp, i.e. glucose

and xylose.

The conversion of potato sillage to LA was also investigated, with immobilized Lactobacillus
paracaset on sugar beet pulp, brewers’ spent grain and sunflower seed hull. The best yield was
with sugar beet pulp support, with LA reaching 97 % after 54 h. Researchers also mentioned
the performance of up to 5 repeated batch of the immobilized strain, with yields ranging from
0.96 to 0.99 g g~ [40]. Results demonstrate that starchy substrates represent great candidates

for LA production, however they are food resources, which raises ethical considerations.

Luongo et al. reacted cheese whey with mixed cultures and achieved a maximum LA yield
of 0.37gg! in two days, without pH control. Dairy industry generates substantial amounts
of waste as a result of a steady increase in demand for milk products. However, dairy waste
composition is a hindrance to its valorization: proteins like casein resist to enzymatic degrada-
tion while lactose decomposition products can cause a partial inhibition of the transformation

process [41].

Overall, fermentation processes suffer from several challenges such as multiple purification



steps, pretreatment, and costly separation: downstream separation represents 20-50 % of the
total cost [38]. While starchy substrates display high yield of LA, they compete with food’s

need, which is unethical.

The development of new systems that will efficiently convert lignocellulosic waste and require
minor to zero pretreatment, will have a leveraging effect on the industrial valorization of
dairy waste. Therefore, researchers are exploring chemocatalysis, with homogeneous and

heterogeneous catalysts, as potential alternative to fermentation for LA production.

2.2 Cheese whey permeate: composition, applications and conversion to LA

The manufacturing of cheese generates cheese whey, a green-yellowish liquid byproduct,
formed through the removal of milk casein. Depending on factors such as breed, seasonal
cycles or feed, whey generated is either qualified as sweet or acid: sweet whey has a pH in
the range of 6 to 7, while acid whey has a pH between 4.5 to 5.8. They also differ in their
composition in proteins, fat, lactose and minerals. Sweet whey exhibits the highest content
of proteins and up to 52 gL~ of lactose, and acid whey, contains more minerals, with up to
46 gLt of lactose [9,41].

Cheese whey permeate (CWP) is the liquid remaining after the separation of proteins from
cheese whey, through ultrafiltration [42]. The disposal of CWP without treatment causes a
negative environmental impact, as it possesses a high biological and chemical oxygen demand
(BOD and COD) due to its lactose content, in the range of 30 to 50 gL~ and 60 to 80 gL™*
respectively. Typically, 70 % of sweet whey turns into whey protein and pure lactose while
acid whey gets wasted and can either be sent to water treatment facilities or to farmers for
spreading it on fields and animal feed [43]. Therefore, research efforts have been directed to

finding new solutions to valorize CWP, that are cost-effective and environmentally friendly.

The baking sector holds 18 % of the total products with permeate in 2021 [44]. As an alter-
native to sucrose, whey permeate can reduce up to 22 % of total sugars and 70 % of sodium
content in baked goods [42]. Other applications include ethanol and hydrogen production.
Domingues and al. investigated the conversion of CWP to ethanol with Saccharomyces cere-
visiae at 30°C: the yield reached 0.43 kgof ethanol per kg of lactose, after 30 h.

Ethanol manufacturing from CWP is challenging due to an uneconomical low concentration
(between 2 to 20kgm™3), compared to other sources such as sugarcane or lignocellulosic
biomass [41]. Yang and al. assessed the continuous production of biohydrogen and biogas
from cheese whey permeate, with mixed strains of Lactobacillus and Clostridia, at an hy-

draulic retention time of 24 h: the system, was very sensitive to pH fluctuations, with biogas
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ranging from 3 to 5Ld™! in 4d, and decreasing until 1L d™! over 22d. The highest H, yield
was 2mmol g~ of COD after 6d, then it decreased to lower than 0.5 mmolg~! of COD over
24d(Yang and al., Figure 5 [45]).

Vasala and al. studied the conversion of CWP to LA with various strains and supplementa-
tion: results without pretreatments show that, with L. casei, after 48h, LA could produce
more than 20gL~! with a lactose content of 50 gL™!, which corresponds to an LA yield of
40 % [46]. Similarly, Delmoitié and al. fermented CWP with Lactobacillus delbrueckii, at
45°C, and a controled pH of 6.5. They obtained up to 27gL ' h™! of LA and an LA yield of
70 % [47]. While fermentation of CWP to LA exhibits high yields, they require supplemen-
tation through yeast extract to support strains growth, pH control, and long residence time.

A process that could achieve similar yields, through chemocatalysis is therefore desired.

LA production from the chemocatalysis conversion of cheese whey permeate is nearly absent
of the literature: the majority of the reports mention lactose fermentation to LA. However,
reviewing studies about disaccharides such as cellulose and sucrose to LA, give good insights
on the potential catalytic systems that would be efficient with lactose. Similarly to lactose,
cellulose is made of pairs of glucose, attached together while lactose is made of one unit of
galactose and one of fructose. Both possess 1,4-glycosidic bonds. They are more stable than

the 1,2-glycosidic bonds of sucrose, requiring more energy to break, and therefore, to produce
LA.

The subsequent sections present an overview of the main reports for the homogeneous and

heterogeneous catalysis of raw biomass and disaccharides to LA.

2.2.1 Disaccharides to LA: homogeneous catalysis

Multiple studies addressed the conversion of glucose to LA but few mention raw biomass as
a feed. Kong et al. reported the hydrothermal conversion of maize straw, rice husk, wheat

bran, and microcrystalline cellulose to LA with transition metal ions.

Althought the maximum LA yield from microcrystalline cellulose was 7%, the presence of
Ni(II) increased the yield by 4 %, compared to a non-catalytic process: at 300 °C, subcritical
water tends to ionize and acts as a Bronsted acid catalyst while the metallic ions exhibit
Lewis acidity [48]. Bicker and al. performed the conversion of sucrose to LA in subcritical
water, with ZnSOy4 at 300°C and 25 MPa.

Selectivity with dihydroxyacetone (3 carbon molecule) was 55 % (Figures 8-10 in their article).
In the case of fructose, the presence of Lewis acidic Zn (II) slightly impacted the degradation
rate but it catalyzed the selectivity towards LA and HMF [49].
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Yan and al. investigated the hydrothermal conversion of glucose, cellulose and starch to LA
with calcium and sodium hydroxide. Calcium hydroxide presented the best performances
for LA production: calcium ions being divalent, with a radius larger than sodium ions, they
tend to form complexes with oxygen and promote trioses production, leading to LA. LA yield
from cellulose reached 19 % at 300 % within 90s. At 350°C LA degraded when increasing
reaction time [50]. Some studies also explored the conversion of cellulose at temperatures
lower than 200°C: Wang and al. reacted cellulose with lead (II) ions at 190°C. LA yield
reached 68 % after 4h. Lead ions not only catalyzed the isomerization of glucose to fructose

but also increased the selectivity to LA.

The report mention the autocatalytic role of LA, which shortened the reaction time to hy-
drolyze cellulose, when added to the system [51]. Other studies with YCl;, YbCl; and ErCls
revealed that the Lewis acidity of the catalyst collaborates with the Brgnsted acidity to pro-
duce LA selectively. The former favors the conversion of monosaccharides to LA while the

latter promotes the hydrolysis of polysaccharides [15,52].
With rice straw made of 43 % of cellulose, LA yield reached 66 %, at 240 °C, and after 90 min,

without any pretreatment [15]. The reaction of raw sugarcane bagasse with ErCly achieved
an LA yield of 95% at 200°C and 90 min, while YbCl; reached a yield of 92% at 220°C,
after 15 min [52]. Hydrated lanthanides (III) ions tend to have a high affinity toward oxygen
functional groups and can form a lanthanide-sugar complex that promote cellulose scission

in coordination with the hydroxonium ions released by the autoprotolysis of water [53].

2.2.2 Disaccharides to LA: heterogeneous catalysis

Heterogenous catalysts have the advantage of simplifying the separation steps of a process,
while being recyclable. Metal oxides exhibit both Brgnsted and Lewis acidity sites. As
previously mentioned, the former promote disaccharides hydrolysis, while the latter directs
the selectivity of hexoses to LA. Through Lewis acidity properties, active metallic ions can
coordinate with the carbonyl group of glucose, promoting its isomerization to fructose. Lewis

acidity also promote retro aldol reactions and benzilic rearrangement for LA production [54].

The catalytic conversion of zirconium oxides with cellulose achieved up to 21 % of LA, at
200°C, within 6h. The synergetic association between acid and bases sites of the catalyst
promoted the retro aldol conversion of fructose to C3 intermediates (glyceraldehyde and
dihydroxyacetone), and their subsequent conversion to LA [55]. The proposed mechanism
involved a coordination of the carbonyl group of fructose with zirconium as a Lewis acidic

site and the adsorption of the hydroxide group on the oxygen site of ZrOs,.
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Marianou et al investigated the performance of tungstosilicic acid (TSA) on a SiOy—AlyO3
support. It appeared that the TSA/SiOy—AlyO3 with the highest Lewis to Bronsted acidity
ratio converted 61 % of the cellulose and directed the selectivity towards LA: LA yield of
24 %, at 175°C, after 24 h [56]. Li and al. investigated the conversion of cellulose to LA with
Er,O3 supported on 7-Al;O3: alumina make an excellent support, with a high surface area,
multiple Lewis acidic sites, and an open porosity [57]. Cellulose conversion was complete in
3h, at 240°C, and under 2 MPa of Ny, for an erbium loading of 14 %. LA yield reached 46 %
in the same conditions, with 0.2 g of cellulose. When cellulose amount increased, LA yield

decreased, potentially due to a reduced depolymerization of the substrate.

Another study with erbium supported on dealuminated (-zeolite, reported an LA yield of
58 % from cellulose, within 30 min at 240 °C [58]. However, the catalyst preparation involved
harsch conditions: a dealumination with nitric acid at 100 °C during 6 h and multiple washing
with deionized water. Similarly to erbium, tin also exhibits good performances when con-
verting sugars to LA: Holm and al. reported up to 64 % of methyl lactate yield from sucrose
reaction in methanol with Sn/B-zeolite, at 160 °C, and over 20 h [59]. Dong and al. achieved
an LA yield of 53% in 2h, at 190°C from sucrose, with a bimetallic zinc and tin catalyst,
supported on f-zeolite: the incorporation of Zn in the Sn//-zeolite framework increased both
Lewis acid and base sites, while decreasing fructose dehydration rate to HMF through the
base sites [24].

These results are valuable insights for identifying solid catalysts, that would selectively con-
vert sugars, and in the scope of this project, lactose to LA, at mild conditions. For this
purpose, erbium and tin appear to be good candidates as they exhibit high yield for reduced

reaction time (<3h), when starting from cellulose.

2.2.3 Lactose heterogeneous conversion to polymer grade LA

Lactose is a disaccharide made of one glucose linked to a galactose unit and a melting point
ranging from 200 to 250°C, depending of it’s structural form (« or p-lactose) [60]. At
the equilibrium of the two forms, the total solubility is about 180gL™!, at 20°C [61]. Tts
hydrolysis is of great interest as it generates two monosaccharides, which are feedstocks for
multiple applications as sweetening syrups in dairy products and, in the framework of this

project, for LA production [2,60].

The mechanism of heterogeneous lactose conversion to LA is yet to uncover. However, start-
ing the synthesis from monosaccharides is well documented: glucose isomerizes to fructose,
which converts to C3 intermediates (glyceraldehyde, dihydroxyacetone, and pyruvaldehyde)
through a retro aldol condensation. Finally, pyruvaldehyde isomerizes to LA [2,49, 62-64].
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For the few reports mentioning lactose as a feedstock, methanol is the solvent, for half of
the reports, as it reduces the deposition of carbon species on the catalyst surface. However,
LA yields range from 17 to 19%, with a reaction time of up to 12h [21-23]. One study
from Dong and al. reported a yield of 35% in an aqueous media. However the synthesis
requires harsh conditions with a dealumination with nitric acid, of 20 h and multiple washing
steps [24]. Quintero and al. achieved 23 % of LA, within 2h, at 325°C [65].

The reports points out that research on the heterogeneous conversion of lactose to LA, lacks of
solutions that are easy-to-scale and would efficiently convert lactose, while reducing reaction

time and energy requirements.

2.3 State of the art and forecast

A query in Web of Science (WoS) databae generated 154 articles, with the following algo-
rithm: ALL=((("lactic acid" OR "2-hydroxypropanoic acid" OR lactate®) AND (glucose OR
fructose OR galactose OR cellulose OR xylose OR lactose OR biomass OR whey permeate)
AND (catalyst*) AND (fermentation OR enzyme* OR microorganism*))NOT (Patient OR
human* OR mammal®* OR metabol*)). The NOT exclusion parameter was necessary to
exclude articles related to metabolic LA production, through the terms "Patient’, "human",
and "mammal". I also excluded research related to sensors through the terms "Sensor*'
and "biosensor'. As some studies still mentioned metabolites with the terms "glucose" and
lactate", the query was furtber refined to exclude the additional term "metabol*", which
gave the final set of 154 articles. Based on the result I generated a bibliographic map with
VOSviewer(Figure 2.2). Most of the research on LA synthesis from residual waste focuses on
fermentation through engineered micro organisms and enzymes (Figure 2.2, top). The red
cluster shows that efforts are made to understand which parameters impact the carbohydrates
catalytic conversion of polysaccharides such as cellulose and hemicellulose. The cluster
confirms the need of developed cost effective processes to valorize lignocellulosic feedstocks.

From 2016 to 2020, we observed a shift from LA being produced by lactate dehydrogenase

to studies directed to the development of industrial production, through the
of more complex sugars, such as (Figure 2.2, bottom). As preciously
mentioned, there’s a need for new systems that would reduce production , while

relying on sustainable (Figure 2.2, top).
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CHAPTER 3 ARTICLE 1 - UNRAVELING ONE POT LACTOSE
CONVERSION TO LACTIC ACID AND HMF OVER Sn-Er/v-Al,03

The state of the art regarding lactic acid production from biowaste, reveals that the majority
of the research focuses on long fermentation processes, which rely on costly pretreatment,
and multiple separation/purification steps. While starchy substrates exhibits high yields,
they also compete with food needs which contradicts sustainable development goals. In this
chapter, with an heterogeneous catalyst, we propose to convert lactose, a substrate present
in cheese by-product, to value added green products: lactic acid and HMF. Multiple studies
discussed the conversion of monosaccharides to LA but lactose was seldom reported as feed-
stock in aqueous media. Here, we identified potential metallic acid sites for converting lactose
to LA and HMF, and we synthesized novel mono and bimetallic catalysts of erbium and tin,
supported on 7-Al,O3. We compared the reaction performances between the synthesized
catalysts and all were characterized (XRF, XRD and XPS, BET and SEM-EDS), to analyze
the effect of catalyst composition and structure on lactose conversion and product’s yield
distribution. Then, we reacted the best-performing catalyst with the reaction intermediates,
to provide a preliminary mechanism of the multiples steps involved. Finally, we built a model

which predicts lactic acid production as a function of metal loading, temperature and time.
Maoline D. Houndedoke, Francesco Fabiani, Daria C. Boffito and Gregory S. Patience
Submitted in : Catalysis Today, 115658, July 4, 2025

Abstract

Residual whey permeate from cheese making contains 5 % lactose, and so is a potential feed-
stock for platform chemicals like lactic acid (LA), and hydroxymethylfurfural (HMF). Lactose
hydrolyzes to glucose, and galactose monosaccharides as the first step followed by isomeriza-
tion to fructose. Fructose either dehydrates to yield HMF or converts to C3 intermediates
(glyceraldehyde, dihydroxyacetone) through a retro-aldol condensation. Those intermediates
dehydrate to form «, S-unsaturated species, which convert to pyruvaldehyde (PVA) through
keto-enol tautomerization. Adding one molecule of water leads to the formation of a diol,
which tautomerizes to form LA. Heterogeneous catalysts come as a potential economic al-
ternative to enzymes and homogeneous catalysts, with lower capital requirements (smaller
reactors), and fewer separation steps. Here, an erbium catalyst (0.15gg™" Er) on a 7-AlyO3
support we synthesized, converted all the lactose at 170 °C, and lactic acid reached a max-
imum yield of 23% after 30 min, at 70 rpm. XRF, XRD and XPS confirmed that metallic



16

active sites (Sn and Er) successfully incorporated the v-AlyOj in their oxide form. SEM-EDS
and BET revealed that Sn is mainly at the surface of the support, while Er is embedded in
the core, below Al, and O. Monometallic Er catalyst was more active than bimetallic Sn-Er
catalyst, due to a hindering of Er species by Sn oxide at the surface. Experimental data
matched with a model, which captures the reaction dependency on time, temperature, and
metal loading, to form lactic acid. This study highlights the role of tin, erbium and operation

parameters in the complex mechanism of lactose to lactic acid, and hydroxymethylfurfural.

Keywords: Lactose, Lactic acid, Hydroxymethylfurfural, Alumina, Heterogeneous catalysis

3.1 Introduction

In 2020, 88 % of chemicals, and derived materials were fossil based [66]. With rising con-
cerns about COy emissions, and depletion of fossil fuels, bio-based materials, from waste
valorization, comes as a potential source of raw materials. In 2023, Canada produced 540 kt
of cheese [8], and nearly 5 Mt of cheese whey (CW), a by-product of cheese manufacturing.
Dairy processors recover the proteins from the CW, leaving whey permeate. The lactose
from the whey becomes a low value animal feed or a feedstock for biomethanization. When
lactose demand is high, the economics of drying the whey permeate are favourable. But,

producers lose money when the demand is low.

Galactose, and glucose are the two monosaccharides of lactose, and are a source of high value-
added green products. One of them is lactic acid (LA), a platform molecule with applications
in the food industry, pharmaceutical, and chemical industries. It is also a monomer for poly-
lactic acid, a biodegradable polymer [67]. The mechanism of glucose to LA requires first the
isomerization of glucose to fructose. Through a retro aldol condensation, fructose converts
to C3 intermediates (glyceraldehyde, dihydroxyacetone). While dehydrating, both inter-
mediates form 2-hydroxypropenal, which tautomerizes to pyruvaldehyde. It subsequently
isomerizes to lactic acid. [2,22,49,62-64].

Another green product of interest is 5-hydroxymethylfurfural (HMF), a bio-based intermedi-
ate for high quality biofuel (e,g levulinic acid, 2,5-dimethylfuran, 2,5-diformylfuran) [68, 69].
HMEF derives from C5, and C6 sugars, such as xylose, glucose, and fructose [70]. Glucose iso-
merizes to fructose, followed by its dehydration to HMF [71,72]. Fermentation processes, and
homogeneous catalysis are currently the primary route to convert lactose to LA, and HMF

but they require large reactors, long residence times, and costly distillation trains [73,74].

Heterogenous catalysts are recyclable, and involve lower capital, higher space time yield, and

potentially lower separation costs [75,76]. Solid acid catalysts such as zeolites, mesoporous
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silica, alumina, functionalized carbons, and metal oxides have both Brgnsted, and Lewis
acidity sites. The former is essential to hydrolyze biomass disaccharides, and their subsequent
dehydration to HMF. The latter promotes the selectivity of hexoses to lactic acid [73,77].
Sun et al. [78] reported up to 58 % yield of lactic acid from glucose, with Sn as a Lewis acid
active phase, and up to 67 % from xylose. Marianou et al. [54] boosted the yield of HMF,
reaching 27 % with Sn/~v-AlyO3 at 100 % glucose conversion. Xiao et al. achieved 72 % yield
of LA with erbium supported on dealuminated ZSM-5 catalyst, at 200°C, and 2 MPa [4].
However, constraints such as high temperature, and pressure, catalyst deactivation, and low

reaction yield due to side products impede commercialization of the process.

Table 3.1 Highest yields for the heterogeneous catalysis of lactose to lactic acid or methyl
lactate (MLA) in different studies

Catalyst Steps Conditions X (%) Ye (%)

Dealumination with HNO; 190°C, 21, cat./lac.: 0.7

Zn-Sn-Beta zeolite [24] (20h at 80°C), washing, i water. product: LA >99 35
drying, calcination (6h, 550°C) P '
Homogeneous precipitation, o )

~+-NiOOH [21,22) mixing (2h at 100°C), i??necth;ii (;if)(/iléft EI‘; L 100 17
washing and drying ’ '
Mixed-matrix membranes,

MR mixing (2h at 25°C), 220°C, 6h, cat./lac.: 0.33,

Mg-MOF-74 [23] centrifugation and calcination in methanol, product: MLA “ 19
(250°C in Ny, 6h)
Wet impregnation,

. mixing (0.5h at 90°C), 325°C, 2h,

Sn-5i0, [65] drying and calcination in water, product: LA 100 23
(500°C, 4h)
Wet impregnation at 25°C R )

Ery5/Al,03 No dealumination nor washing, 170°C, 0.5h, cat./lac.: 0.8, 100 23

drying and calcination (550°C, 4 h) in water, product: LA

Lactose is seldom mentioned as a primary feedstock for specialty chemicals while other sac-
charide systems - hexose, pentose, triose (glycerol, dihydroxyacetone) sucrose, cellulose, and
maltose- are more frequently mentioned in the open literature [3,56]. For the articles who
mention it, the solvent in most cases is methanol to minimize forming of carbon species,
which is somewhat toxic [79,80]. In these studies, the product of interest has been methyl
lactate. However, the reaction require up to 12h [21-23]. Dong et al. [24] reacted lactose
with water as a solvent but the article doesn’t mention any details about the mechanism of
the reaction and the catalyst synthesis took 20 h, with multiple washing steps, and a dealu-

minatin step. Quintero et al. achieved a 23 % yield of LA in gas phase, for a reaction time
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of 2h at high temperature (325°C) (Table 3.1).

Here, we identify a catalyst, and composition, to selectively react lactose to lactic acid di-
rectly. Based on an experimental design in a batch reactor (hydrothermal autoclave), we
developed a mathematical expression to capture the relationship between the main factors
(temperature, time, catalyst, loading, composition) and LA yield. The open literature has
yet to identify a commercial heterogeneous catalyst system with high yield to lactic acid.
Together with testing lactose, we reacted Eris/Al,O3 with the potential intermediates of
the reaction (glucose, galactose, and fructose) to propose a mechanism for lactose to LA

heterogeneous catalysis.

3.2 Experimental

3.2.1 Catalyst preparation

To synthesize the bimetallic catalysts, we mixed 7-Al,O3 (Puralox SCCa-5/200, Sasol Chem-
icals USA) with the metal precursors following incipient wet impregnation [73,81]. Distilled
water dissolved the ErCls (99 %, Sigma Aldrich), and SnCly (99 %, Sigma Aldrich). The
solution impregnated 2 g of AlyO3 support, drop by drop at room temperature to obtain the
catalysts denoted as Sn,,Er, /Al;O3, where m is the tin content (m= 0%, 10 %, 15%), and
n is the erbium content (n=0%, 10 %, 15%). The impregnated powder dried in an oven at
60 °C overnight, followed by calcination at 550 °C for 4h at a ramp of 5°Cmin~! (Table 3.1,

final row).

3.2.2 Characterization of the catalysts

An Autosorb 1 BET, from Quantachrome Instruments, measured the porosity of the powders
by Ny physisorption. The catalysts degassed at 250 °C during 12-24 h, prior to the measure-
ment. The Brunauer-Emmett-Teller equation (BET) derived the specific surface area of the
samples, and the Barret-Joyner-Halenda method (BJH), the pore size distribution [82]. An
X-ray fluorescence spectrophotometer (Malvern PANalytical Epsilon 4, with a silicon drift
detector at 135eV) confirmed the metal loading for each catalyst [83]. X-ray diffraction
(XRD) characterized the crystalline structure of the support [84] and, the Sn,,Er,/Al,O3
catalysts, with a Bruker D8 Advance Plus at a 26 range of 5 to 90°. Scanning Electron
Microscopy (SEM) revealed the morphology of the samples, with a JEOL JSM-7600F SEM
(resolution of 1nm at 15kV) coupled with EDX to map the surface element composition of
the powders. Gold sputtering coated the samples, prior to the analysis. A Thermo Scientific
ESCALAB 250Xi analyzer measured the X-ray spectroscopy (XPS) of the catalysts, with an
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Al Ka monochromatic source at 218.8 W (14.7kV, and 14.9mA). The pass energy applied
to the survey spectra was 150eV, with a step size of 1eV. A LECO CS744 CHN quantified
the carbon on the catalyst surface (Table A.2).

3.2.3 Catalytic activity

A 25 mL stainless-steel hydrothermal autoclave reactor assessed the catalytic activity of the
synthesized catalysts. We prepared a 10 mL lactose (>98 %, Sigma Aldrich) solution with
0.05 gg~! concentration to mimic the concentrations in cheese whey [9], and we filled the
reactor together with 0.4 g of the synthesized catalyst. After sealing the vessel, we placed it
in an oven, operating at 190°C for 1h to 5h to assess the effect of reaction time on lactose

conversion, and product yield (Figure 3.1).

We selected the catalyst that produced the most LA, and evaluated the impact of temperature
(150°C to 190°C) on lactic acid yield, and lactose conversion for an agitated autoclave placed
in an oil bath. An ice bath quenched the reaction. The liquid product separated from the solid
catalyst through a Biichner funnel, and a 0.22 pm polytetrafluoroethylene membrane filtered
the solution prior to the analysis with high performance liquid chromatography (UHPLC
3000, equipped with UV, and RI detectors). For the agitated reaction, a 10 mL distilled water
washed the spent catalyst to recover all the reacted product. These samples are denoted as
wash. An Aminex HPX-87H column eluted lactose, glucose, lactic acid, formic acid, and
HMF, while an Hi-Plex Ca, eluted galactose, and fructose for product quantification through
comparison with standard calibration curves. The mobile phase was a 0.05 N HySO, solution,
at 0.6 mLmin~!. The column temperature set point was 60 °C, and the RI detector operated
at 40°C. The RI detected sugars (lactose glucose, galactose, and fructose) while, the UV
detected lactic acid, and formic acid at 210 nm, and HMF at 285nm [85-87]. One mole of
glucose or galactose produces 2mol of lactic acid, 1 mol of HMF or 6 mol of formic acid. We

calculated product yield, and conversion based on (3.1), and (3.2):

nC n
Y, = P) (P) 3.1
P (nC’r % ny (3.1)
X — (ni,lactose - nf,lactose)
T lactose (32)

where nC,, is the number of carbon atoms in the product, nC; is the number of carbon

atoms in the reactant (for lactose, nC,=12), n, is the number of moles of the product, n,,
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Figure 3.1 Impact of reaction time on Snjo/7-Al,O3 (A), Ery5/7-AlbO3 (B), and SnygEry5/7-
Al,O3 (C) on lactic acid, formic acid, HMF, fructose, glucose, and galactose yields. Reaction
conditions: Lactose 5%, 190°C, 1 to 5h.

the number of moles of the reactant, 7;jactose is the initial number of moles of lactose, and

Nf lactose 18 the final number of moles of lactose.



21

3.3 Results and discussion

3.3.1 Catalysts Characterization

XRF confirmed that tin and erbium impregnated the y-Al,O3 support in their oxide form
(Table 3.2). The results suggest that tin volatilizes during calcination.

Table 3.2 Metal loading of various v-Al;O3 catalysts analyzed by XRF

Metal loading (in % mass)

Catalyst
SnO, Er,Os3

Snyo/AlO3 5 0
Sny5/Al O3 8 0
SnjgEryg/Al,O3 5 10
SnygEry5/Al,O3 4 13
Eryo/AlO; 0 11
Ery5/AlOy 0 15

XRD patterns (Figure 3.2) confirmed the 7-AlyO3 phase of the monometallic, and bimetallic
catalysts [88] (PDF 00-001-1303). The supports impregnated with tin exhibited crystalline
peaks specific to SnOy [89] (PDF-04-007-3489). For powders with erbium, the patterns did
not present any Er,Os, which indicates that erbium is amorphous or well dispersed on the

alumina support [4].

The surface area of y-Al,O3 support is 200 m? g~! with an average pore volume of 0.53 cm?3 g1,
and pore diameter of 8.7nm (Table 3.3). For monometallic catalysts, the surface area de-
creases by 50m?g~! when incorporating erbium species, while a decrease of 30m?g~! is
observed when incorporating tin. The same behaviour occurs for the bimetallic catalyst
while impregnating erbium to a fixed 0.10gg™! tin catalyst (40 m?g~! decrease). These
significant reductions indicate a possible blockage of the pores by the introduction of erbium,
and tin metallic sites [57]. The higher decrease in surface area, and pore volume with erbium
(0.1 cm®g~! compared to 0.05cm?®g~! with tin), suggests that Er mainly incorporated in
the pores, while tin species deposited on the surface of the support. All catalysts exhibited
type IV isotherm with H1 hysteresis loop (Figure 3.3), which is indicative of uniform distri-
bution of narrowed range mesopores [82,90]. It is coherent with previously reported 7-Al,O3

nitrogen isotherms curves [73].
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Figure 3.2 XRD patterns of monometallic, and bimetallic 7-Al,O3 impregnated, and air
calcined during 4h, at 550 °C.

To further investigate metal disposition on alumina surface, SEM-EDS analysis identified Al,
O, Sn, and Er in red, blue, green, and pink respectively for the SnjgEri5/7-AlsO3 catalyst
(Figure 3.4).

Based on the brilliance of the pictures, Al, and O remained on the surface while Sn appears
as embedded inside the matrix, with some clustered particles on the support surface. The
distribution of Er is more homogenous than Sn, and most likely in the core, below Al, and
O. These results are consistent with XRD, which didn’t detect erbium species due to their

dispersion.

XPS identified the surface valence state of the samples. The survey spectra of Snjg/Al,O3
detected Sn, Al, and O at the surface of the catalyst. In the case of bimetallic SnjgErg/AlyO3,
and SnjgEry5/AlO3 catalysts, the aforementioned elements were present in addition to Er
(Table 3.4). The atomic concentrations of Er, and Sn compared to alumina are quite constant

for all the catalysts, which confirms that the distribution was invariant. The binding energy
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Table 3.3 Physical properties of synthesized v-Al,O3 catalysts

Catalyst Sger (m?g™ ) Vb (em®g™!) dpyu (nm)
Al;O3 200 0.53 8.7
Snlo/A1203 170 0.48 8.7
Erlg/A1203 150 0.43 8.7
SnloErlo/A1203 160 0.42 8.7
SnlOEr15/A1203 160 0.43 8.7
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Figure 3.3 Nitrogen adsorption-desorption isotherms of (a) v-AlyOs, (b) Snjg/v-AlxOs, (c)
Erlo/’Y—AIQOzJ,, (d) SnloErlo/’}/—AIQ()g, and (e) SnloErlg,/’Y—AlQOg.

Figure 3.4 SEM-EDX images of SnjgEri5/7-Als03, (A) x700 magnification, and 10 pum scale,
(B) x2500 magnification, and 25 pm scale.

of Er 4d remains in the range of [168.8-169.9], and is similar to the one of ErCls. It suggests

that erbium species are trivalent [57]. The binding energy of Sn 3d is characteristic of
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tetrahedrally coordinated Sn species in the form of SnO, [91], which is in agreement with
XRD results. The quantified Er content is lower than the one in the bulk catalyst, attesting

that Er,O3 partly incorporated the pores of the support [57].

Table 3.4 XPS results from survey spectra with mass content of impregnated ~v-Al,O3

Catalyst Binding energy (eV) Sn (%) Er (%) Atomic ratio
Ols Al2p Sn3d Er4d O/Al Sn/Al Er/Al
ErCl;.6H,O 531 0 0 169 0 48 0 0 0
Snyo/AlO3 530.2 739 486.1 0 16 0 1.76  0.09 0
SnjpErg/Al,O3 532 75.1 4874 169.8 12 2 1.85  0.09 0.03
SnyoEry5/AlbOs  530.5  73.7  486.1 168.8 11 1 1.79  0.07  0.03

3.3.2 Catalytic performance
Impact of metal loading

To assess the contribution of metal loading, tin, and erbium on yield we tested a 5% lactose
aqueous solution at 190 °C, during 2h [24]. In all cases, lactose conversion was 100 %. In the
absence of catalyst, HMF reached a 14 % yield. Lactic acid, and formic acid yields were 3 %,
and 1%, respectively (Figure 3.5). With pure v-Al,O3, HMF yield decreased slightly to 12 %,
and lactic acid yield increased to 7%, with 2 % formic acid. Due to its Lewis acidity, alumina
forms negatively charged hydroxides, when dispersed in water, that enhance the amount
of H' protons released by the autoprotolysis of hydrothermal water. These hydrogen ions
facilitate the hydrolysis of lactose to glucose, and galactose, and their subsequent conversion
to lactic acid, and formic acid [92-94]. By adding Snjg to the support, lactic acid, and formic
acid reached respectively, 9%, and 4% for the Snjg/v-AlyO3 catalyst. Tin impregnation
promote the isomerization of glucose to fructose, and its subsequent reaction to lactic acid.
This correlates with the yield decrease of glucose, and galactose, with Snjg/v-Al,O3 compared
to 1-Al,O3 (Figure 3.6), and the complete conversion of fructose as it was detected within
1h of reaction, but not after 2h (Figure 3.1).

HMEF decrease agree with the studies reported by Marianou and al. [54] on the effect of Lewis
acidity on glucose conversion. Increasing the Lewis acidity of a catalyst promote both the
dehydration reaction to HMF, and the retro-aldol reaction to LA. Here, the decrease in HMF
with the Sn catalysts may account for the formation of SnO, during the catalyst synthesis.

Sn-OH bonds from water reacting with Sn on the surface induce a low Brgnsted acidity,
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Figure 3.5 Catalytic impact of monometallic Sn,,/v-Al;O3, and Er, /y-Al,O3, compared to
bimetallic Sn,,Er,, /v-Al;O3 on lactic acid, formic acid, and HMF yield. Reaction conditions:
Lactose 5%, 190°C, 2h. n=2, error bars represent standard deviation.

decreasing the overall Lewis acidity of the catalyst compared to v-Al,O3. With the Eryo/7-
ALy O3 catalyst, HMF yield decreased to 9%, as opposed to the support. Xiao and al. [4],
observed that Er might replace hydrogen on Al-OH surface bonds, which decreases Brgnsted
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acidity in the media, reducing the dehydration rates to produce HMF, and promoting lactic
acid. Increasing Er content to 15 % increased lactic acid (17 %) while HMF yield remain
constant (9%). For Sny5/v-AlO3 catalyst, HMF decreased to 2%, while LA decreased
slightly. SEM images show an agglomeration of Sn particles (Figure A.1), which resulted on
a decreased active phase surface area. While both Lewis, and Brgnsted acidity contribute to
HMEF production, the results show a higher performance of induced Er Lewis acidity compared
to the mild Brgnsted acidity originated from the SnOs layer on v-AlyO3 in the present
catalytic system. Formic acid reached a maximum of 4 % yield with the monometallic 15 %
erbium catalyst. This rise is coincident with the increase in HMF yield, as formic acid forms
when HMF rehydrates in water. [95,96]. Swift and al. showed that the rate of production
of HMF is equal to its rate of degradation to formic acid. Increasing the erbium content of
the catalyst induces a rise in HMF production, which translates as well into an increase in

formic acid yield [97].

¥ 15%Er10%Sn/Al,0,
] 10%Er10%Sn/AL,0,
EE; 15%ETALO,
[ JGalactose D LOUEALO
[ ]Glucose OETAL s
[ I Fructose
| 10%Sn/AlLO,
‘ No catalyst
. . . .
0 5 10 15 20 25
Yield (%)

Figure 3.6 Catalytic impact of monometallic Sn,, /7-Al;O3, and Er, /y-Al;O3, compared to
bimetallic Sn,,Er, /7-Al;O3 on fructose, glucose, and galactose yield. Reaction conditions:
Lactose 5%, 190°C, 2h.

We repeated the reaction with bimetallic catalysts, fixed at a mass fraction of 10 to 15% of
tin, and erbium (Figure 3.5,3.6). Increasing erbium content increases lactic acid yield, with
SnjoEr5/7-Al,O3 catalyst producing the most lactic acid (14 %) among bimetallic catalysts.
Formic acid increases with fructose decrease (Figure 3.1), which is in agreement with Guo et
al., who reported that formic acid production could also result from direct fructose conversion
[98,99]. HMF decrease with SnjoEr;5/7-AlyO3 may be due to its further degradation into
humins. As for fructose, Ery5/7-Aly,O3 catalyst, exhibited traces of fructose (1%). This may

indicate that erbium species catalyze as well glucose, and galactose to fructose isomerization.

As the surface area of erbium oxide and tin oxide is much lower than +-Al,O3, we hypothesize

that their activity is low. Considering the elevated cost of Er, dispersing it on a support
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minimizes loading. To compare the mentioned oxides with v-Al,O3 catalysts, we tested
lactose with tin oxide, erbium oxide and a mix of them at 190°C, and 2h. We kept the
same metal loading as the supported catalysts, respectively Snjo/v-AlyO3, Erys/7-AlyOs3,
and SnjgFEr5/7-Al,O3 for the mix. The yields increase in the following order: Tin oxide <
Erbium oxide < Tin oxide + Erbium oxide (Table A.1). Santos et al. demonstrated that tin
oxide is less active because it has low water tolerant Lewis acid sites. It makes SnO5 prone to
poisoning by water [100]. Xiao et al. reacted erbium oxide with a mix of glucose and xylose,
and reported that LA increased with higher erbium loading, with 15 % being the highest [4].

Overall, alumina monometallic catalysts activity was higher than bimetallic ones. As ob-
served previously, the presence of a SnO, layer at the surface may hinder the catalyst activity,

by inducing low Brgnsted acidity.

Impact of reaction time

To assess the impact of reaction time on the catalyst performance, we selected SnjgErys/~-
Al;O3 as the highest activity for lactic acid production, among bimetallic catalysts. We
compared it to the monometallic Snjg/v-AlyO3, and Erj5/v-Al,O3 catalysts as references.
The bimetallic catalyst has a similar trend with Er;5/7-Al,O3. This confirms that Er activity
leads the reaction, with a maximum yield in lactic acid at 2 h, and no lactose detected in the
liquid products. With the Snjo/7-Al,O3 catalyst, lactic acid reached its maximum (13 %)
after 3h. For all catalysts, HMF yield is the highest at 2h (Figure 3.1). For Snjo/7-AlyOs3,
fructose maximum is at 1h, with a 5% yield. Lactic acid yield decreases at 4h, which may
due to side reactions, as humins form in the presence of Lewis acidic catalysts [56,75,101], and
coking [102] that obstruct the catalyst active sites, and hinder subsequent conversion. Formic
acid is undetected after 1 h, when glucose, and galactose are the highest for all the catalysts.
However, we detect it after 2h when fructose decreases, and HMF appear, which suggests
that formic acid may originate from either or both. When increasing reaction time from
4h to Hh, lactic acid yield remains quite stable, which may be attributed to the complete
deactivation of the catalyst. It appeared that the optimal reaction time was 2h with Er

catalysts.

Impact of agitation

Er5/v-AlyO3 reacted with lactose at 150, 170, and 190°C, from 0.5 to 2h (Figure 3.7). The
behavior is similar for both 150, and 170°C reactions: when increasing temperature, and
time, lactic acid production increases with its maximum yield reached at 170°C for 23 %
of LA, including washed sample. At 190°C, LA yield remained quite stable at 19 % from
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30 min to 1 h. While, with a non-agitated vessel, LA reached its highest yield of 17 % after 2 h.
Stirring increased lactic acid production, due to an increased mass transfer inside the vessel.
The higher heat transfer provided by the oil bath, as opposed to hot air, also contributed to

reduce the reaction residence time from 2h to 30 min.

T=190°C

T=170°C

t(h)

T=150°C

21 24

Yield (%)

Figure 3.7 Impact of agitation on lactic acid yield, and lactose conversion, with Ery5/7-AlyOs.
Reaction conditions: Lactose 5 %. n=2, error bars represent standard deviation, 70 rpm.

Impact of reaction feedstock

We selected Erys/v-AlyOg, as it produced the highest yield in lactic acid to investigate the
reaction scheme with the intermediates. The catalyst reacted with glucose, galactose, and
fructose as feedstock, the key supposed transitional products of the reaction. Glucose, galac-
tose, and fructose as a feedstock produced lactic acid, HMF, and formic acid. Lactic acid
production follows this order: glucose, and fructose respectively yielded 23 % and 21 %. The
yield decreases slightly with galactose 20 % (Figure 3.8). This is in accordance with Jeong
and al., who reported that glucose conversion to lactic acid is faster than galactose one [93].
Regarding HMF, its production increases with galactose (8 %), and glucose (7 %) as feedstock
compared to fructose (5%). It suggests that glucose, and galactose may degrade directly to
HMF, prior to the isomerization to fructose. Based on the previous results, we propose the
following mechanism (Figure 3.9): first, lactose hydrolyzes to glucose, and galactose, which
both isomerize to fructose or degrade to HMF. Fructose may dehydrate to HMF, directly
convert to formic acid or produce C3 intermediates (glyceraldehyde, and dihydroxyacetone)
through a retro-aldolization. A subsequent dehydration converts the mentioned intermedi-

ates to pyruvaldehyde, which yields lactic acid through an intramolecular Cannizaro reaction
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in presence of hydroxide ions. Then, HMF, and lactic acid may degrade to form formic acid,

and humins.
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Figure 3.8 Impact of feedstock on lactic acid, formic acid, HMF, and fructose yields with
Ery5/7-AloO3. Reaction conditions: Sugar 2.5%, 170°C, 0.5h. n=2, error bars represent

standard deviation, 70 rpm. Wash samples (clear colours) displayed for a product yield >
1%.

Modelling

To identify how each of the factors (temperature, time, Er and Sn concentration, and mass
of catalyst) contributes to the yield, we developed a non-linear regression model [103] based
on a first order series reaction (A (lactose) — B (lactic acid) — C (degradation products))

in a batch reactor:

k1Cxo
Cp = 1Ca (exp kit — exp kat) (3.3)
ko — kq
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Figure 3.9 Possible reaction pathway for lactose conversion (based on the results of this study,
and the reaction mechanisms proposed in ref [2-5]

The regression model has the essential features of this equation but the values of k; and ks in
the model are not representative of a first order rate constant rather they indicate the order

of magnitude contributions:

Yia =k X (e‘let — e"””) (3.4)
where o1
—Fa; 71 1 (Er/Sn)™

b= 0130 (~5" [ 7~ gg5] ) o (3:5)
—Fay [1 1 (Er/Sn)*!

ko =24 == —| ) — .
S ( R [T 463D e (3.6)
t=1ty—1 (3.7)

The variable ¢ represents the time adjusted to take into account heating up of the reactor
from the point we first start heating, ¢y, and the value “1” is the best fit parameter suggesting
it takes about 1 h to reach conditions in which the reaction begins. We have referenced one
of our articles that had adopted this approach to modelling concentration [103]. The ratio
of Er/Sn indicates that Er contributes to the reaction rate while Sn is in fact detrimental.
Unexpectedly, more catalyst also appears to accelerate the decomposition of the lactic acid as
it has a negative exponent. Finally, the pseudo-“activation” energy terms (Ea; and Fasy) is
much greater for the series reaction ks (95000) than k; (23000) and this limits the yield. The

model accounts for 90 % of the variance in the data, which is surprisingly good considering
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the data set consists of 84 independent measurements spanning a wider variable space of
mass, temperature, time, and concentration (Figure 3.10). A power-law fails when one of the
factors is set to zero, i.e. when we only have one active metal. To account for this deficiency,
we add one to its value and so the exponent of 1, will equal 1 and thus will not contribute

to the calculated yield.

Sn = sn(%) + 1 (3.8)
Er=er(%)+1 (3.9)

16

12

Y, a (%), Predicted

Y a (%), Experimental

Figure 3.10 Predicted yield of lactic acid compared to experimental yield (R? = 0.89).

The model confirms that increasing the reaction time, induces a rapid decrease of LA yield
compared to lactose consumption, which agrees with our data, as we observe LA decrease,
starting at 2 h of reaction time Figure 3.1. However, the results show that the initial reaction

time is much more lower than expected.

3.4 Conclusion

Tin, and erbium supported on y-Al,O3 are both active to convert wasted lactose to lactic acid,
and HMF. Erbium favours lactose hydrolysis, and is more selective towards lactic acid than
Sn in the present system. The SnO, layer on the support, induced a mild Brgnsted acidity,
which had the effect of decreasing LA yield. Snjp/7-Al;O3, and SnjgEr5/7-Al,O5 catalysts
achieve a 100 % conversion of lactose at 190 °C in 2 h, while we observe a complete conversion
at 170°C, with Er;5/v-AlyO3 catalyst in an agitated media within 30 min, likely due to an
improved heat transfer, and mixing inside the vessel. Lactic acid reaches its maximum with
Erys catalyst, for a yield of 23 %, while HMF yielded the highest without catalyst at 190 °C.

Galactose conversion rate to LA is slower compared to Glucose, and Fructose one, which both
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yielded 25 % of LA at 170°C, within 30 min. We fitted 84 experiments from the catalysts
screening design to a non linear model, which describes the impact of time, temperature
and metal ratio on LA yields. It confirms the higher energy requirement towards lactic acid
formation compared to lactose consumption and its dependency on reaction time. To further

evaluate the activity of Er catalyst, an analysis of the reaction kinetics is essential.
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CHAPTER 4 ARTICLE 2 - ERBIUM CATALYZES LACTOSE AND WHEY
PERMEATE TO LACTIC ACID AND HMF

In chapter 3, we demonstrated that 0.15gg~! of erbium oxide, supported on v-Al,O3 con-
verted all the lactose within 30 min at 170°C. In this article, we first investigated the pres-
ence of internal and external mass transfer limitations that could hinder LA yields. Then,
we assessed the effect of process parameters such as temperature, time, and pressure for
multi-volume reactors, ranging from 25 to 250 mL. The reaction between fresh lactose and
the spent catalyst revealed that, although the catalyst was still active, erbium leaching led to
a decrease in LA yield. Finally, for different reactor’s scale and time, we provided new data
on the catalyst’s efficiency in valorising industrial whey permeate, regarding the conversion

of its lactose content, lactic acid, and HMF yield.
Maoline D. Houndedoke, Daniel Nickson, Michel Pouliot and Gregory S. Patience

Submitted in : Industrial & Engineering Chemistry Research, January 9, 2026

Abstract

Making 1kt of cheese, produces 9kt of cheese whey permeate, a waste with 5% lactose,
which is either discarded or dried for animal feed. One pathway to add value to this waste,
is to convert it to lactic acid (LA), a monomer for polylactic acid, the largest bioplastic
produced in the world. Lactose hydrolyses to glucose and galactose. While Brgnsted acidity
enhances lactose hydrolysis, Lewis acidity favors to lactic acid. For the first time, we tested
both industrial whey permeate and purified lactose as feedstocks for LA over a heterogeneous
catalyst-EryO3/Al,03 . LA Yield from whey permeate reached 14 %, while the maximum
yield with purified lactose was 22 %. LA yield was invariant with respect to mixing speed
while increasing temperature accelerates the time it takes to reach quasi-equilibrium. Yield
was also independent of pressure with either air, He, Ny, or Hy in the vapour space above
the liquid phase in autoclave. LA yield over spent catalyst with fresh lactose was only 11 %,
which indicates that the catalyst deactivates. Based on XRF analyses, the Er,O3 mass frac-
tion dropped from 15 % to 5%, with 6.4 % leaching into the aqueous phase after the first step
but only 0.8 % after the second test.

Keywords: Scale up, Whey permeate, Lactic acid, Heterogeneous catalysis, Batch
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4.1 Introduction

Lactic acid (LA) is a promising commodity as a feedstock to produce polylactic acid (PLA),
a biodegradable polymer [17,32], with applications in food packaging, textiles, medication
dispensing system, and cosmetics. In 2020, it represented 19 % of the bioplastic market,
and is projected to reach 4.5 billion USD by 2030 [16], which makes it the most produced
biodegradable plastic. Anaerobic fermentation is the primary synthesis route for industrial
LA [104]. Microorganisms such as lactobacillus plantarum strain, and lactobacillus paracasei,

L of lactic acid from sugar cane molasses, and 1gg~! from a mix of

produce up to 0.9gg~
potato stillage waste, and sugar beet molasses [17]. A compelling feedstock for LA production
is lactose derived from dairy waste streams. Lactose accounts for 5 % of cheese whey permeate
(CWP), a byproduct of cheese making. In 2020, cheese production in Canada reached 540 kt,

which is equivalent to almost 5 Mt of CWP [8].

The reaction pathway from lactose to LA includes lactose hydrolysis to galactose and glucose,
isomerization to fructose, followed by triose formation (dihydroxyacetone, and glyceralde-
hyde), through retro aldol condensation, or fructose dehydration to 5-hydromethylfurfural
(HMF), another green platform chemical [22,55,105]. Saavedra and al, tested various streams
of carbon sources to produce LA, including lactose, galactose, sucrose, maltose, and cane mo-
lasses [106]. Yields ranged in the following order: lactose<galactose, maltose<sucrose<sugar
cane. Brinques et al achieved a yield of more than 1 gg~! of LA, starting from cheese whey as
feedstock, with lactobacillus plantarum, after 48 h of reaction [107]. Although fermentation
processes achieve high yields, they operate with yeast extract and dilute substrates, which
results in feeble volumetric productivity [32,107]. The process also requires reaction times

up to 4 days, and nutrient supplement or bacteria growth [36,64, 108].

An alternative is to produce LA with chemocatalysis. Wislicenus first discovered the process
in 1863 [109]. Hydrogen cyanide reacts to acetaldehyde with a base catalyst to produce lac-
tonitrile. After distillation, HCI or H,SO,4 hydrolyses it to LA. However, the process depends
on expensive petroleum material. Consequently, manufacturers of LA, such as Natureworks
LLC(USA), and Musahino chemicals (Japan), shifted LA production to fermentation [36,37].
Few articles address the chemical conversion of lactose to lactic acid, through heterogeneous
catalysis [24,65].

We previously converted lactose to LA, in 30 min, at 170°C, with a solid catalyst made of
Er impregnated on 7-Al,O3 [6]. Here we investigated the relationship between reactor scale,
agitation, temperature, time, and fresh vs spent catalyst on lactose conversion and LA yield.

We report for the first time the heterogeneous catalysis of whey permeate to LA. CWP yield
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was 6 % lower compared to pure lactose, potentially due to CWP ash content.

4.2 Experimental methodology

4.2.1 Catalyst synthesis

We combined 2 g of Al,O3 (Puralox SCCa-5/200, Sasol Chemicals USA) with 0.62 g of 99 %
ErCls - 6H,0O (Sigma Aldrich) in 1g of water at room temperature [6]. The powder dried in
an oven overnight at 60°C then calcined for 4h at 550°C, with a ramp of 5°Cmin~!. This
treatment oxidized the Er while driving off most of the Cl so that the catalyst retained a
mass fraction of 0.15gg~! EryO3. We adopted the following nomenclature to represent the
catalyst: Ery5/Al,O3.

4.2.2 Batch experiments

Stainless steel autoclaves (SS304L) with volumes of 50mL (Rsp) and 250 mL (Rgs) (Fig-
ure 4.1), were charged with 20 mL. and 100 mL of a 5% lactose solution with 0.8 g and 4 g of
Ery5/Al,O5. After sealing the reactors, an electric mantle heated the solution from ambient
temperature to the set-point (150-190°C). After the autoclave reached the set-point, it was
held at that temperature for 30 min to 2h. Complementary experiments were completed at
170°C in which we examined the solution after it reached the set-point and at 5 min, 10 min,
20 min, 30 min, 45 min, and 1h. The results were compared to previously reported data in
a 25mL batch autoclave (Rgs filled with 10mL of lactose) [6]. To evaluate the effect of
pressure, we blanketed Rosg with No, He, or Hy, at 0.2 MPa, 2MPa, and 2.5 MPa. He has
a higher thermal conductivity than Ny, and Hy can act as a reducing agent of coke precur-
sors [31,58,110]. Spray-dried cheese whey permeate (Agropur) reacted with Er;5/Al,O3 in
water in the Ros and Rgsy autoclaves. To assess time influence on conversion and yield, we

varied the reaction time from 0-3h, at 170°C.

In all the experiments, we plunged the autoclave into an ice bath to quench the reaction as
soon as possible. A Biuchner funnel separated the liquid product from the spent catalyst.
Distilled water washed the catalyst, and a 0.22 pm polytetrafluoroethylene membrane filtered
the samples prior to high performance liquid chromatography (HPLC) analyses.

4.2.3 Products quantification

An HPLC (UHPLC 3000, with UV, and RI detectors) quantified reaction products, based on

calibration curves for lactose, lactic acid, and HMF. The liquid product eluted in a Aminex
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Figure 4.1 Multi scale lab reactors. From left to right: 250mL (Ras50), 3% 25 mL (Rgs), and
2% 50mL (Rs).

HPX-87H column, with 0.05 N HySO,4 as solvent. Conversion and carbon yield are defined

with equations 4.1, 4.2, and 4.3, where n represents moles:

X — (ni,lactose - nf,lactose)

N lactose (4 1)
3 nA
Yia=[— 4.2
tA ( 12) 8 (nlactose > ( )
6 NHMF >
Y; =[—) x 4.3
HIME < 12 ) ( Nyactose ( )

4.2.4 Characterization and statistical analysis

X-Ray fluorescence (XRF) from Malvern PANalytical (Epsilon 4) equipped with a silicon drift
detector at 135 eV, measured the bulk element composition of spent catalyst [83]. An Horiba
LA-950 particle size analyzer, measured the mean size of Ery5/Al,O3 [111] and a Keyence
microscope captured imaging of the particles with their diameter, at 500x magnification.
An analysis of variance evaluated significant differences for reactions supplemented with
Ny [112] with Statistica (Version 14.0.1.25, TIBCO Software). Analyses were performed
by selecting a confidence level of 95 % on Statistica. X-ray spectroscopy (XPS) of the spent
catalyst, with a Thermo Scientific ESCALAB 250Xi analyzer identified the elements chemical
state and quantified them, with an Al Ka monochromatic source at 218.8 W (14.7kV, and
14.9mA). The pass energy applied to the survey spectra was 150 eV, with a step size of 1eV.
A JEOL JSM-7600F scanning electron microscope revealed the morphology of the spent
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catalyst (resolution of 1nm at 15kV) and the surface element composition through EDX.

4.3 Results and discussion

4.3.1 Internal and external mass transfer limitations

The first parameter we tested was rotational speed for different reactor volumes, as we hy-
pothesized that stirring would enhance lactose diffusion to catalyst surface, and consequently
within its pores [113]. Therefore, in case of external mass transfer limitations, lactose conver-
sion would increase with rotation speed, and consequently LA yield. Preliminary confirmed
that external mass transfer limitation was negligible, as agitation speed slightly affected LA
yield: for all conditions, the yield only varied from 20-<23 % although the magnetic stirrer
reached 2000 rpm in Rgsp but only 200 rpm in Rgs, and Rso (Figure 4.3). Mears numbers

confirmed the absence of external mass transfer [114,115] (w) :

T'i,lactose X Pp X Rp < 0.15

w =
kcoi, lactose n (44)
With:
o — NSh X Dm
’ 2R, (4.5)
Ngp = 2+ 0.55N3 NE» (4.6)
Ny, — px N x D?
p (4.7)
Ny = ——
D, (4.8)

with, 7; j4ct0se the initial rate of lactose conversion, p,, and R, the catalyst’s particle density
furnished by the manufacturer (850kg m~2), and its mean radius of 82 um (Figure 4.2). The
mass transfer coefficient is k., with Dy, (2.3 x 1072 m?s™!) the diffusion coefficient of lactose
in water based on Wilke-Chang correlation [116]. As water is the main component of the
liquid feed (> 95 %), its viscosity at 150 °C was considered for the calculation: 181 pPas at



38

150°C [117]. Ngy, represents the Sherwood number, Ng,, the Reynolds number, Ng. as the
Schmidt number, and n, the reaction order, considered as 1. The fluid velocity is N (s7!), D
is the diameter of the stirrer (m) and p, water density (1000 kg m™3). The kinematic density
of water is v (m?s™!) with v = u/p. Ng, increases by a factor of 5, from 10-100 mL, and

consequently Mears number decreases by a factor of 5 as well (Table 4.1).

In all cases, the Mears number confirmed the absence of external mass transfer resistance
at 150°C, as it was lower than 0.15. To evaluate internal mass transfer, we calculated the
Weisz-Prater modulus (¢) [64,114,118] with:

2
T'i,lactose X Pp X Rp

= <1 4.9
¢ Deﬂ"ci,lactose ( )
D= 22X % o p,, (4.10)

T

Do represents the effective diffusion coefficient;

¢p is the particle porosity (0.37, calculated as the ratio of the pore volume, and total
volume [6,119]);

oc is the constriction factor, which is function of the ratio between the maximum, and
minimum pore areas, and accounts for changes in the cross sectional area of diffusion

pathway; and,

7 refers to the tortuosity (o./7=0.123) [120].

Internal mass transfer is not limiting the reaction, as ¢ was 0.2 for Ros and 0.1 for Rsy and
Raso.

Table 4.1 Mears parameters for multiscale lactose conversion

Volume k. r;, lactose
ol Nsn m?s! mols kg Mears number
10 108 3x107% 2x1073 1x107*
20 152 4 x 1073 1x 1073 7x107°

100 507 1 x 1072 1x1073 2x107°
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Figure 4.2 Particle size distribution of Ery5/~-AlyO3 (right), and microscope imaging. x500
magnification (left).

25
Rys
o @)
O R
@20 %% [0 Mas0 0
< 50
3

S

15

1 0 ] ] ] ] ]

0 500 1000 1500 2000

rom

Figure 4.3 Lactic acid yield as a function of reactor volume, and magnetic stirrer rotational
speed. Reaction conditions: Lactose 5%, Ery5/v-AloOs, 170°C, heating time of 1h, 0 to
2000 rpm.

4.3.2 Temperature

Lactose reacted at 150°C, 170°C, and 190°C with Ery5/7-Al,O3, from 30min—2h. We

compared previously reported data in Rgs [6] with Rsg, and Raso.

While the autoclave heats, lactose reacts (Figure 4.5). So, selecting a time zero is somewhat
arbitrary: For Rgsg, it takes 63min to reach 150°C and another 10min to reach 190°C.

To account for the reaction during the heating period, we considered the time to reach the
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target temperature and the reaction time as heating time (Figure 4.4). At 190°C the yield is
initially high as the lactose reacts during the transient heating and then drops as lactic acid
began to degrade. This trend is repeated at 170°C. From 2 h of reaction time (corresponding

to 2.3h of heating time), LA yield is essentially independent of volume or temperature.
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Figure 4.4 Lactic acid yield as a function of reactor volume, temperature, and heating time.
Reaction conditions: Lactose 5%, Erys5/v-AlyO3, 70 rpm for Ros [6], 140 rpm for Rso, and 700
rpm for Rasg. The colour represents autoclave volume, while the symbol type corresponds to
temperature. It took 30 min to heat Ros (black symbols) from ambient to the set-point. The
time on the y-axis includes the heating time and the time at the set temperature.

Here, we are the first to report that as reaction time increases, LA sourced from lactose,
reaches a quasi-equilibrium independent of conditions. Bicker et al. reacted dihydroxy-
acetone, fructose, and glucose over ZnSo, in a continuous reactor at subcritical conditions
(200-360°C and 25 MPa) [49]. At residence times above 100s, conversion was essentially
100 % for each of the substrates. Selectivity with glucose as a feedstock was 24 % while it
reached 28 % with fructose (hexoses) and 55 % for the dihydroxyacetone (3 carbon molecule)
(Figures 8-10 in their article). For each reaction, the exit concentration of the lactic acid
was close to 50 % of the inlet substrate concentration. Lactic acid yield from fructose over
erbium was equivalent to lactose (25 % versus 23 %), which is similar to the results of Bicker

et al. but at very different conditions [6,49].

Wang et al. converted glucose, fructose, mannose, and sucrose to ethyl lactate in ethanol.

The conversion involves a retro-aldol condensation of fructose to trioses (glyceraldehyde, and
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dihydroxyacetone), followed by their dehydration to methylglyoxal, and acetalization to yield
ethyl lactate (EL) [114,121]. As the retro-aldol reaction is endothermic, increasing tempera-
ture thermodynamically benefited EL production, which confirms the observed behaviour in
this study.

4.3.3 Time

A complementary study evaluated the impact of volume and time on LA yield at 170°C.
The Rso and Rgsp curves in Figure 4.5 overlap sooner than Ros. After 1h of heating, Ros
reached a yield of 23 %, while it was only 17 % in the Rasg.
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Figure 4.5 Lactic acid yield in function of reactor volume, and time. Reaction conditions:
Lactose 5%, Eri5/~-AlsO3, 170°C, 70 rpm for Rys [6], 140 rpm for Rsg, and 700 rpm for
Ras0. Error bars represent standard deviation with n = 2. The vertical, coloured-dashed line
represents the time it took the autoclave to reach the set-point temperature.

This trend highlights the differences in the heating rates of the reactors: An electric mantle
heated Rsy and Rasg autoclaves, an oil bath heated the Rasvessel: Ro; heated at 6°min~*
while Rosp heated at 3°min~! (Figure 4.6). Theses values match the heating rate range in
the literature for subcritical water processes, from 2 to 7°min~! [122,123]. Consequently,
the initial time of reaction for R1 (to g,,) started after 29 min of heating, while ty g,,,, was
after 59min. This is the first report of heating time effect on the multiscale conversion
of lactose, with a heterogeneous catalyst. An analogous process of brewer’s spent grain

conversion to glucose, xylose, and arabinose by Alonso et al., confirmed that heating time



42

was a critical factor. Laboratory scale experiments with a heating time of 16 min yielded a
higher arabinose content than at the pilot scale, with a heating time of 5 min. However, both
were compared at 22min, not accounting for the time delay induced by the heating time,
which explains the discrepancies in their results [123]. The difference becomes insignificant
after 1.5h (Figure 4.5).
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Figure 4.6 Heating curves for Ro5 and Ras9. The target temperature was 170 °C. Reaction
conditions: Lactose 5 %, Erj5/7-AlsO3, 70 rpm for Rgs, and 700 rpm for Rasp.

4.3.4 Pressure

The influence of pressure on lactose conversion, LA, and HMF yield was assessed inside Rosq
(Figure 4.7) at 3 levels: ambient, 2MPa, and 2.5 MPa. We also tested 0.2 MPa to assess
the impact of Hy on LA yield since Hy can act as a reducing agent of carbonaceous solid
precursors [124,125]. LA reached a maximum yield of 22 % at 2.5 MPa with No. With He,
and Hy, LA yield was essentially constant from 0.2 MPa to 2.5 MPa. Lactose conversion and
HMF yield are also quite constant for both He and Ns, ranging from 95 % to 98 %, and 9%
to 10 %. With Hy, HMF reached 11 %, while lactose conversion was 95 %.

An analysis of variance (ANOVA) assessed if the yields were sensitive to pressure in the
presence of No. The p-value>0.05, which suggests that LA yield is insensitive to Py,. Mon-
teiro et al. performed the hydrothermal treatment of sugarcane bagasse at 2.5 MPa and
10 MPa. Their study aligns with our results as they observed that pressure was insignificant

for oligosaccharides release [126].
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Figure 4.7 Influence of nitrogen, and helium on lactose conversion, lactic acid, and HMF
yield. Reaction conditions: Lactose 5%, Ery5/7-Al;O3, 170°C, Raso at 700 rpm. Error bars
represent standard deviation with n = 2.

4.3.5 Coked catalyst activity

As previous experimentation showed that LA yield increased with temperature and time
until reaching an equilibrium at a complete conversion of lactose, we hypothesized that
Eri5/7-AloO3 was still active. To test this assumption, spent catalyst reacted with fresh
lactose (Figure 4.8). Surprisingly, the lactose conversion reached 95% with a LA yield of
11% and 13% HMF yield. When comparing to fresh catalyst, lactic acid yield decreases
8% (absolute) but HMF increases 3%. While used catalyst still hydrolyses lactose, the
consecutive conversion of monosaccharides is challenging as the yield to glucose reached
22 %.

We compared the XRF analysis of the fresh catalyst with the spent one. Er leached during
the reaction, as it decreased from 15 % to 5%. The analysis of the liquid product confirmed

the presence of Er in the sample (Table 4.2).
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Figure 4.8 Used catalyst activity for lactose, and whey permeate conversion to lactic acid,
HMF, and glucose. Reaction conditions: Lactose 5%, 30 min. Ery5/7-Al,O3, 170°C, Rjg
at 140 rpm. Experiment with fresh catalyst repeated twice. Error bars represent standard
deviation with n = 2.

Table 4.2 XRF analysis of fresh and spent catalyst

EI‘QOg (%)
Sample Fresh catalyst Used catalyst
Powder 15 5
Liquid sample 6 0.7
Liquid sample (wash) 0.4 0.1

Er can replace hydrogen on Al-OH surface bonds, decreasing Brgnsted acidity. With Er
leaching, the reverse effect may increase Bronsted acidity, which favors lactose hydrolysis
and fructose dehydration to HMF [4,56]. Interestingly, only 0.8 % of the erbium leached into
the liquid sample compared to 6.4 % with fresh catalyst. Amorphous carbon deposited on the
catalyst surface may encapsulate Er, which decreases leaching [127]. Er is strongly oxophilic
and may bind preferentially with oxygenated compounds of the reaction products than the
catalyst [128,129].

An XPS analysis of the spent catalyst characterized the chemical state of C, Al and O at the
surface of the catalyst (Table 4.3).
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Table 4.3 XPS Analysis of spent catalyst

Element Chemical state Peak binding energy (eV) Atomic %

C C-C, C=C 284.8 17.8
C C-0 286.3 8.3
C C=0 287.6 3.8
C 0-C=0 289.1 2.5
C T to 291.5 0.6
Al Al; O3 74.9 16.8
O Al;Os3 531.05 11.2
0] C=0 532.5 7.9
O C-0, C-0-C 533.1 9.4
O 0*-C=0 534.2 2.8
O Al-OH 531.9 18.9

C-C and C=C bonds represented 54 % of the carbon quantified by XPS. The analysis also
confirmed the presence of surface AIOH. SEM revealed that the formed carbon exists mainly

in the form of aggregates, not bound to the support (Figure 4.9).

Al K series O K series

Figure 4.9 SEM-EDX of the spent catalyst. x250 magnification.

4.3.6 Towards whey permeate conversion

Wet tested industrial whey permeate with the three autoclaves and varying reaction time
from 0-3h. The LA yield was highest in Rgs at 11 %, while the HMF yield was 10 %, and the
whey permeate conversion was 71 % (Figure 4.10A). Subsequent testing consisted in varying
reaction time in Ros. Conversion, LA, and HMF yield increased with time up to 1.5h, with
respective percentages of 93 %, 14 %, and 15%. Longer reaction time (3h) increased whey

permeate conversion to 99 %, while LA, and HMF yield remained constant (Figure 4.10B).
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This is the first record of heterogeneous conversion of whey permeate to LA, with a solid
catalyst, which represents a proof of concept. These results agree with Turner et al., who
performed the fermentation of lactose, and whey permeate to LA with a yeast engineered S.
cerevisiae. With lactose, LA yield reached 0.58 g g~! in 143 h, while they obtained 0.358 gg~!

with whey permeate in 110h [130]. CWP furnished by Agropur contains 6.5 % of ash [131],
which may decrease lactose hydrolysis.

(%) 100 \ (A)
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80 |
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Figure 4.10 Influence of reaction volume (A), and time (B) on whey permeate conversion,
lactic acid, and HMF yield. Reaction conditions: whey permeate 4.4 %, Ery5/v-Aly O3, 170°C,

70 rpm for Ras [6], 140 rpm for Rsg, and 700 rpm for Rosp. The results in B are the main
mean values of two tests, at 170°C, and 30 min.

4.4 Conclusion

Here, we are the first to report the impact of mixing, temperature, time, and pressure on het-
erogeneous lactose conversion to LA, in multiscale-reactors. For the tested reaction volumes,

LA yield was independent of agitation speed, and it reached an equilibrium when increasing
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temperature, and heating time. Similarly to mixing, ANOVA results confirmed that yield
was independent of pressure, and gas composition(Hs, Ny or He). Lactose reaction with
spent catalyst suggests that carbon deposited on spent Er;s/v-AloO3 may encapsulate Er,
which explains the lower leaching effect at the consecutive second use of the catalyst. XPS
revealed that the carbon chemical state is mainly C-C and C=C type bonds, while SEM-EDX
indicate that it forms aggregates, not bound to the support of the catalyst. Testing of whey
permeate resulted in a maximum yield of 14 % LA, and 15% of HMF. These results gives
valuable insights for dairy whey permeate valorization to lactic acid. Future research should
focus on enhancing the strength of Er links to the support, and adequate carbon treatment

to conserve the properties of the catalyst.
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CHAPTER 5 ARTICLE 3 - UNVEILING THE KINETICS OF LACTOSE
CATALYZED TO LACTIC ACID OVER Er/v-Al;03

The chapter 4 revealed the presence of a quasi-equilibrium: LA yield ranged between 20 and
23 %, as the temperature and heating time increased. In this chapter, we examined each step
of the process through its kinetics: we derived the rate constant and the activation energy
for lactose hydrolysis, glucose isomerization to fructose, and the subsequent conversion of
each monosaccharide to LA, HMF and humins. Then, we built a model, that predicts the
concentration of each substrate with an R? =0.99 and fits to experimental data combining
4 feeds: lactose, glucose, galactose, and fructose. These results aim to provide guidance
to researchers for optimizing the heterogeneous process of lactose to lactic acid and reactor

scaling.
Maoline D. Houndedoke, Marius Escoffier, Daria C. Boffito and Gregory S. Patience

Submitted in: Chemical Engineering Journal, March 11, 2026

Abstract

Whey permeate is an undesired by-product from making cheese that is disposed of or dried
and sold as animal feed. Lactose is its primary constituent (4.4-5% by mass) and reacts
to high valued platform chemicals like galactose, lactic acid (LA), 5-hydroxymethylfurfural
(HMF) but humins form in the liquid phase that compromise selectivity and productivity.
Here we report a kinetic model that predicts product selectivity (lactose, glucose, galactose,
fructose, LA, HMF and humins) as a function of temperature and time. The reaction path-
way starts with lactose hydrolysis to glucose and galactose. Glucose isomerizes to fructose
while the galactose converts to LA and HMF. Fructose is in equilibrium with glucose and
also produces LA and HMF most likely through C3-intermediates (glyceraldehyde, dihydrox-
yacetone (DHA), and pyruvaldehyde (PVA)) adsorbed on the surface. When we fed the
glyceraldehyde, it produced LA and HMF, but the DHA and PVA were absent from the
HPLC peaks when fructose was the feedstock. Galactose produces more LA than glucose,
while glucose isomerization and minimizing humins remain critical steps for the process. LA

yield from fructose reaches 28 % at 150°C, in 5min over an erbium on vy-alumina catalyst.

Keywords: kinetics, lactose, lactic acid, heterogeneous catalysis, whey permeate, carbon

waste
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5.1 Introduction

Lactic acid (LA) is a feedstock for large volume commodities in in cosmetics, medicine, and
especially, bioplastics, with biodegradable polylactic acid plastic [67]. Industrial biomass, like
lactose from the cheese making process, is a potential feedstock to replace fossil fuels: LA yield
from a 5 % solution of lactose over erbium catalyst reaches 23 % at 170 °C [6]. While multiple
articles mention the kinetics of monosaccharides to value added products [132-136], there’s
a lack in the literature regarding kinetics of lactose to LA. The challenges are mainly due to
the multiple steps of consecutive and parallel reactions in the process, and the formation of
humins during sugars’ degradation. The mechanism towards LA, with dissacharides implies
hydrolysis to hexoses (glucose, fructose, xylose etc.) and their subsequent conversion to C3-
intermediates (glyceraldehyde, dihydroxyacetone (DHA) and pyruvaldehyde (PVA) [2,64,70,
72,77,78,137].

Bicker et al. studied the kinetics of pyruvaldehyde, fructose and glucose degradation in
supercritical water (300°C) with Zn salts [49]. They reported a similar activation energy for
glucose and fructose, while pyruvaldehyde was 4 orders of magnitude lower. However, the
study neglects the kinetics of forming humins or the series reaction of PVA to LA. Lourvanij
et al. reacted glucose with acidic Y-Zeolite from 110°C to 160 °C: there was a step change in
how much carbon formed at 130°C [71]. All the glucose converted at 160 °C, within 8 h. The
hydrolysis kinetics’ of cellobiose were slower than for either sucrose, maltose between 50 °C
and 80°C over acidic solid catalysts (amberlite, mixed oxides and functionalized niobium
solids) [138]. The maximum conversion was 20 % after 50h, at 80°C. Similarly to lactose,
the 1,4-glycosidic bonds of cellobiose are more stable than the 1,2-glycosidic bonds of sucrose,

requiring more energy to split and therefore higher reaction temperatures.

Swesi et al. reported the conversion of more than 50 % of cellulose, within 6h, at 190°C,
without catalyst [139]. With ZrW as a solid Lewis acidic catalyst, the main product was
LA within 5h, while 5-(hydroxymethyl)furfural (HMF) and glucose predominated without
catalyst. The pseudo-first-order kinetic constant for cellulose with ZrW was twice as high
compared to no catalyst. Lindsay et al. investigated the kinetics of lactose conversion to
glucose and galactose, with sulphuric acid, zirconium phosphate, and acidic resin Amberlyst
70, at 160°C [43]. Among 12 lactose models catalyzed by HsSOy, the simplest and most
accurate appeared to be the one with acid-catalyzed lactose conversion, coupled with thermal
hydrolysis. Acid-catalyzed degradation of glucose and galactose were neglected as it had no

impact on the model predictions. The model lacks any mention to by-products.

Here we are the first to propose a model characterizing the kinetics of lactose hydrolysis,
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isomerization, retro-aldol condensation, hydrolysis, dehydration, and hydration to LA over a
heterogeneous catalyst. The model accounts solid humins. Supplementary reactions starting
from glucose, galactose, and fructose further refined the model. We conducted all the experi-
ments in a stirred batch autoclave, with 0.15g g™ of Er solid catalyst on y-Al,O3. The most

critical challenge in the process is to isomerize glucose to fructose.

5.2 Materials and methods

5.2.1 Materials

Lactose (>98 %), glucose(>99.5 %), fructose(>99 %), galactose(>99 %), HMF(>99 %), lactic
acid(DL,85 %), and erbium (III) chloride hexahydrate (99.9 %) were purchased from Sigma
Aldrich. In all the experiments, distilled water was the solvent. Puralox SCCa-5/200 7-Al,O3
was the catalyst support (Sasol Chemicals, USA).

5.2.2 Catalyst synthesis and characterization

ErCl; - 6H20 (0.62 g) dissolved in 1 mL of water at room temperature. We added the solution
dropwise to 2g of 7-Al;O3, which then dried overnight at 60°C. It then calcined at 550 °C,
with a heating ramp of 5°min~!. The catalyst was identified as Er;5/Al,O3, as it contains
a mass fraction of 0.15gg™! EryO3. A LECO CS744 carbon and sulfur analyzer quantified
the carbonaceous species responsible of the browning for the spent catalyst [140]. Each
sample was analyzed twice and we associated the quantified mass of carbon to solid humins

production.

5.2.3 Experimental methodology and product quantification

We conducted all the experiments in a 25 mL batch autoclave [6]. An oil bath, mounted on
a hot plate, heated the sealed reactor from ambient to the set temperature (130, 150, 170,
and 190°C). A 0.4g sample of the catalyst reacted with 0.5g of lactose or 0.25g of either
glucose, galactose or fructose dissolved in 10 mL of distilled water. Reaction time ranged
from Omin (time at which the reactor reaches the set temperature) to 1h, for a total of 90
experiments. An ice bath quickly quenched the reaction, and we filtered the products with a
Biichner funnel. We washed the spent catalyst with 10 mL of distilled water and it dried in
an oven overnight to quantify carbon content. We further filtered the liquid product with a
0.22 um polytetrafluoroethylene membrane before HPLC analysis. Humins yield is the ratio

of the mass of carbon on the catalyst to the number of moles of lactose (Nactose) divided by
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12, where the mass of carbon is product of the mass fraction of carbon (z¢) and mass of

Yhumins - (1> X (I'C x mcatalyst)
12 NMiactose (5 . 1)

CatalySt (mcatalyst ) :

5.2.4 Kinetic modelling

We based the simplified kinetic modelling of lactose to lactic acid and HMF on the following

assumptions:

1. Lactose hydrolysis and subsequent conversion to LA and HMF follows a pseudo ho-
mogeneous first-order approach (equations 5.2 to 5.8) [25]. Only thermal and acid

catalyzed hydrolysis of lactose are considered [43].

2. The reverse reaction of fructose to glucose is non-negligible (equations 5.3 and 5.4)
[26]. Lactose hydrolysis, fructose and galactose conversion to LA and HMF, glucose,

galactose conversion, and degradation routes are all irreversible reactions.

3. Humins are either solids or soluble oligomers. Here, we explore the kinetics of the
formation of solid humins, whose concentration corresponds to the carbon content of
species deposited on the catalyst surface [27]. The model assumes that they originate
from HMF, fructose, and galactose [28-31].

4. LA, HMF, and solid humins are the main products of dissacharides and monosaccha-

rides conversion. All other by-products are negligible.

Following a first order kinetic approach, mass balance relates to the reactions rate as:



dClactose
dt
dCarue

dt
dCFruc

dt
dCGal

dt
dCra

dt
dCramr

dt
dCHumins

dt

= _kl : Clactose

— kl ' C’lactose -
= ko - Caluc
= kl : CLactose -

= 2ky - Crrue + 2k6 - Ccal — Kgec—r.a - CLa

(k2 + kdec—gluc) : CGluc + k3 : CYFlruc
- (k3 + k4 + k5 + kdec—fruc) ' C(Fruc

(kﬁ + k7 + kdec—gal) . CGal

= ks - Crruc + k7 - Caal — kdec—rnir - Cumr

= 6kdec—gal ' C(Gal + 6kdec—HMF : C’HMF + 6kdec—fruc : C’Fruc

52

(5.2)
(5.3)
(5.4)
(5.5)
(5.6)
(5.7)

(5.8)

Kdec—glucs Kdec—gals Kdec—r.As Kdee—mmr corresponds to the degradation kinetic rates of glucose,
galactose, LA, and HMF to humins; and, ki, ko, ks, k4, k5, ke, k7 are the kinetic constants of

lactose hydrolysis (thermal and acid catalyzed), glucose to fructose isomerization, reverse

isomerization of fructose to glucose, reaction 4, reaction 5, reaction 6, and reaction 7 respec-

tively.
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Figure 5.1 Lactose to LA, HMF, and humins reaction scheme.

Computation of reactions rate constants was as followed:

1. Lactose hydrolysis rate based on equations:

T \Po
= CLactose,i X €Xp [_k’ X (t + t() % (443) )]

dCLactose

dt
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—-F 1

With:

k lactose hydrolysis rate constant;

t reaction time once the reactor reached the target T
to time to heat the reactor to the target T

T reaction T

Bo T impact factor on ty. If 5 is negative, with T" above 170 °C, the effect of initializa-

tion time on lactose consumption decreases;
ko pre-exponential Arrhenius factor;

Ea activation energy;

Experimental data of lactose conversion fitted to the model, through the regression
wizard of Sigma Plot 12.5.; with reactions at 110, 130, 150, and 190 °C.

2. The ODE15s solver in MATLAB R2025b integrated the subsequent differential equa-
tions, and we optimized the model with the nonlinear least-squares tool, to minimize
errors between the experimental data and predicted values [141,142]. We implemented
the modified Arrhenius plot and experimental time as defined in equations 5.9 and 5.10
to account for the reactors heating time. The solver derived the kinetic rate constants
and associated activation energy for each reaction step. A bootstrap loop of 1000 it-
erations [143] measured the incertitude on rates, for a CI of 95% and a total of 475
experimental data points. In the loop, the model generates a noise based on the stan-
dard deviation of residuals from the original data multiplied by a randomized number.
Then, the noise is multiplied by the mean of current observations to account for the
magnitude of experimental data. The nonlinear least-squares tool integrates the new
set of pseudo data points to display the effect on the rates and activation energies, and
construct the CI.

5.3 Results and discussion

5.3.1 Lactose conversion

Lactose reacted with Ery5/v-AlsO3 at 110, 130, 150, 170, and 190°C, from 0 min (time at

which the reactor reaches the target temperature) to 60 min (Figure 5.2).
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Figure 5.2 Lactose conversion with time, from 110 to 190°C. Reaction conditions: Lactose
0.14 mmol, 0.4 g of Ery5/7-Al,O3, n=2, error bars represent standard deviation, 70 rpm.

At 110°C, lactose is essentially inactive: the highest conversion was 11 % after 1h. Increasing
temperature accelerates lactose conversion [19]. At 130 °C and 150 °C, conversion ranges from
3% to 44% and 17% to 96 % respectively. Lactose completely converts at 170°C within
30min as previously reported [6]. Thus, we selected 130, 150, and 170 as the reference
temperatures to conduct kinetics studies of lactose conversion to LA and HMF. To evaluate

the catalyst effect on the kinetics, we performed blank experiments at 170°C (Figure 5.3).

Lactose conversion at Omin, goes from 7% without catalyst to 52% with Ery5/7-Al,O3
(Figure 5.3A): the H' ions provided by the autoprotolysis of water combined to the catalyst
Lewis acidity increases lactose hydrolysis by an initial factor of 7 [139]. Similarly to what was
observed with HyPtClg and cellulose conversion, ErCls on «-Al,O3 could shift the dissociation

equilibrium of water and therefore increase the release of protons in the media [92,93,144].

The difference between the two conditions decreases with time, with lactose reaching more
than 90 % conversion after 45 min in both cases. The presence of Ery5/7-Al,O3 clearly cat-
alyzes the production of lactic acid, reaching 23 % compared to a maximum yield of 1% for
blank experiments (Figure 5.3B). In the case of HMF, yields are similar in both situations
(Figure 5.3C), which suggests that the autoprotolysis of water mainly catalyzes HMF and lac-
tose degradation, while erbium catalyzes lactic acid production. A high initial concentration

of substrate leads to reduced energy consumption and reactor scale.

Therefore, we did complementary reactions to investigate the impact of varying lactose con-
centration on the reaction efficiency. A 20 mL solution of 0.025 to 1gg™! of lactose reacted
with 0.8 g of Ery5/7-Al,O3 (Figure 5.4A) at 170°C. The time axis includes the time to heat
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the reactor and the reaction time. Lactose solutions of 2.5% and 5% both had a similar
degree of conversion with time, which suggests the reaction is first order. However, at 10 %
conversion was lower, which may be due to deactivation due to humins. In all cases, lactose
conversion was complete within 2h. The yield of lactic acid was quite stable when increasing
lactose concentration: it ranged from 18 to 21 %, which may suggest the presence of an equi-
librium (Figure 5.4B). For HMF yield, it decreased when increasing lactose concentration to
0.1gg~!, which is similar to what Liu and al. reported when reacting a 10 % maltose solution
with nobium phosphate [145] (Figure 5.4C).

We also assessed the impact of catalyst loading, from 0.2 to 0.8 g in 10 mL of a fixed 5 % lactose
solution (Figure B.1). All the samples resulted in a complete conversion of lactose at 170 °C
and 30min. LA yield was the highest for a catalyst loading of 0.4 g, while HMF decreased
with increased loading. Surprisingly, solid humins yield was the lowest for 0.8 g of catalyst:
Brgnsted acidity catalyzes oligomers conversion to insoluble humins. A higher loading of

Ery5/7-AlyO3 may increase Lewis acidity and therefore decrease humins formation [27].
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Figure 5.4 Time trajectory of lactose conversion, lactic acid, and HMF yield for different
concentrations (0.025, 0.05 and 0.1gg™!). Reaction conditions: Lactose, 0.14 (2.5%), 0.28
(5%) and 0.56 mmol (10 %), 0.8 g of Ery5/v-Al,03, 20mL, 170°C, n=2, error bars represent
standard deviation, 140 rpm.
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5.3.2 Monosaccharides conversion

To identify the impact of lactose intermediates on conversion, glucose, galactose, and fructose
reacted at 130, 150, and 190 °C in water (Figure 5.5). At 130 °C, fructose exhibits the highest
conversion with a maximum of 89 % reached at 1 h. These are in accordance with Wang et al.:
they tested fructose with acid catalysts, such as glucose/p-toluenesulfonic acid (Glu-TsOH),
Amberlyst-15, and H-beta zeolites in DMSO and water. With Glu-TsOH, the conversion
reached 100 % at 130 °C with DMSO, while the maximum was only 67 % in water, within 1.5h
[146]. This may suggest that Ery5/7-AlyOj3 is less prone to water poisoning than Glu-TsOH
for fructose conversion [100]. For galactose, up to 75 % reacted within 1h, compared to 63 %
with glucose. It may indicate that galactose degradation requires a lower activation energy
than for glucose one [99,147]. Similarly, Catrinck et al. reported that glucose conversion
at 135°C ranges from 5 to 35 % with phosphate catalysts modified by titanium, aluminium,
nobium, and zirconium for a reaction time of 200 min [148,149]. Comparing these results
to this study confirm that Erj5/7-Al,O3 is a good candidate for glucose conversion. The
conversion gap decreases for increased temperatures: at 150°C and 45 min, the conversion

was higher than 90 % for all the monomers.
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Figure 5.5 Lactose conversion with time, at 130, 150, and 170°C. Reaction conditions:
Glucose, galactose, and fructose 0.14 mmol, 0.4 g of Ery5/~v-AlyO3, n=2, error bars represent
standard deviation, 70 rpm.
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5.3.3 Lactic acid production

We assessed feedstock contribution on lactic acid yield: fructose shows the highest yield at
130°C, with a yield of 26 % (Figure 5.6). While galactose and glucose exhibit a LA yield of 18
and 15 % respectively, lactose one is the lowest with a yield of 4 %. At this temperature, the
corresponding conversion of lactose does not exceed 44 %, which may explain this discrepancy.
These results also confirm that LA originate from glucose and galactose produced by lactose
hydrolysis, and the subsequent isomerization of glucose to fructose. Results from fructose
and glucose are similar to the ones reported by De clippel et al. with bifunctional carbon-
silica catalysts in methanol. They obtained respectively 32 and 17 % of methyl lactate from
fructose and glucose, although under harsher conditions (155°C, 20h) [137]. The yield
difference between glucose and fructose is due to the isomerization of glucose to fructose
which is a critical step for producing LA, and requires high temperatures [56,63]. At 150°C,
LA from fructose reaches 28 % within 5 min, then starts degrading. It is in agreement with the
thermogravimetry analysis of LA performed by Komesu and al., which indicates more than
70 % loss at 200°C ( [150], Figure 2a). Meanwhile, for the same conditions, LA from glucose
and galactose reached a maximum of 21 % and 22 % respectively, and lactose, 16 %. Holm
et al. reported an equilibrium, between glyceraldehyde (GLY) and dihydroxyacetone which
may hinder LA production. GLY originates from the retro-aldol cleavage of fructose and was
detected via HPLC but not DHA [151]. A further increase of temperature to 170 celsius,
displaced the quasi-equilibrium to higher yields at reduced reaction time, but also degraded
LA faster. These results highlight the competition between monosaccharides being produced

and converted to LA, and LA degradation at high temperatures (Figure 5.6 C).

5.3.4 Humins and HMF production

From 130 to 170°C, humins appear to be the highest with hexoses (fructose, galactose, and
glucose) compared to lactose (Figure 5.7). Humins from fructose and galactose exhibited
similar yields with a maximum of 22 and 26 % at 130 and 170 °C respectively from fructose,
and 26 % at 150 °C from galactose. These results suggest that humins don’t originate from the
direct degradation of lactose but instead from the consecutive degradation of its hydrolysis

product. It was reported that humins form through soluble oligomers produced by hexoses
and HMF [27,28].

We also plotted HMF' against time, for 130, 150, and 170°C. Flannely and al. reported a
higher initial yield of HMF with fructose and glucose at 150°C, than with galactose with

2.5g¢ ! of HySO4 [99]. In this catalytic system, galactose gave the highest yield when
reacting with Ery5/7-Al;O3: 8 and 10 % of HMF yield for 130°C and 150 °C respectively.
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Figure 5.6 Lactic acid production with lactose, glucose, galactose, or fructose as feedstock, at
130 (A), 150(B), and 170°C(C). Reaction conditions: Lactose, glucose, galactose, or fructose

0.14 mmol, 0.4 g of Ery5/v-Al;O3, n=2, error bars represent standard deviation, 70 rpm.
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Figure 5.7 Humins production with lactose, glucose, galactose, or fructose as feedstock, at
130 (A), 150(B), and 170°C(C). Reaction conditions: Lactose, glucose, galactose, or fructose
0.14mmol, 0.4 g of Ery5/7-Al;O3, n=2, error bars represent standard deviation, 70 rpm.
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Figure 5.8 HMF production with lactose, glucose, galactose, or fructose as feedstock, at 130
(A), 150(B), and 170°C(C). Reaction conditions: Lactose, glucose, galactose, or fructose
0.14mmol, 0.4 g of Ery5/7-AlsO3, n=2, error bars represent standard deviation, 70 rpm.
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5.3.5 Kinetic analysis

The modelized lactose hydrolysis fits for a first order reaction as reported by Lindsay et
al., when converting lactose to a syrup of glucose and galactose with Amberlyst 70 and
zirconium phosphate at 150°C. Our data shows a linear correlation, with an R? of 0.99 for
predicted values compared to experimental ones (Figure 5.9). This confirms the hypothesis
that lactose hydrolysis is the predominant reaction in this system. The resulting activation
energy of 126 kJ mol ™' is in agreement with the one reported, which was 135.5kJ mol ™" [43].
to was equal to 0.07h, and §y to —1.8: for temperatures higher than 190 °C, the heating time
is nearly not affecting the reaction time, while for up to 170 °C, the delayed time corresponds
to an additional 4 min. The model estimates well lactose initial concentration: the simulated
value was 0.13mol L™!, while the experimental value was 0.14molL~!. The measured kg,

which corresponds to the pre-exponential Arrhenius factor, was equal to 12h~!.

0.14 110 °C

0.12 R®=0.99 . 4%
0.10 130°C QO 0&
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Lactosegyp (mol/L)

Figure 5.9 Predicted values of lactose conversion in function of experimental data, at 130,
150, 170, and 190°C. Reaction conditions: Lactose, 0.14 mmol, 0.4 g of Ery5/7-Als03, n=2,
error bars represent standard deviation, 70 rpm.

In order to assess the kinetic parameters of consecutive reactions leading to lactic acid, we
modeled each step on MATLAB R2025b, based on equations 5.2-5.8, and compared these
values to previously reported ones (Table 5.1). While galactose to LA, is absent of the
literature, values for HMF to humins agree well with Ramli et al. and Chen et al. [25,152].
For lactose hydrolysis, parameters from Sigma Plot simulation amd MATLAB are of the

same order of magnitude, although Fa calculated by Sigma Plot is lower: the data set
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included additional data at 110°C and 190°C compared to MATLAB one. Results confirm
that the most challenging part of the reaction is glucose to fructose isomerization, and its
reverse reaction as they exhibit a high activation energy requirement of 175kJmol™". This
step is key to further conversion to LA and the results confirm, that there’s a limitation in
LA production due to this equilibrium. Fructose and galactose conversion to LA competes
with their degradation to humins with similar activation energies and order of magnitude
for ky. Therefore, decreasing reaction selectivity to solid humins is another critical challenge
to favor LA formation. For this purpose, Niobium phosphate (PNb) catalyst appears to be
a good candidate as it limits humins formation, with a high activation energy requirement,
while promoting HMF production [133]. Here, LA degradation requires the lowest activation
energy, which agrees with reported TGA results [150]. Regarding fructose to lactic acid
kinetics, experimental Fa is analogous to PVA conversion one, which indicate that the retro-
aldol condensation with Erj5/7-Al,O3 is not a rate limiting step. Fructose and galactose
conversion to HMF exhibit lower Fa than the ones reported with homogeneous catalysts,
respectively HCI and HySO4. The discrepancy between reported Fa for glucose degradation
and our study could originate from a difference in reaction matrix: Zhao et al. operated at
higher temperatures than the ones studied here, while Lindsay et al. measured the kinetics
with an homogeneous catalyst [43,135]. However, our Fa value is in agreement with Kumar et
al., when reacting glucose with ionic liquid [153]. Regarding galactose to humins, Ringgani
et al. and Martina et al. included HMF production, however, solid humins and other
by-products were not quantified, which explains the difference observed compared to this
study [30, 154].

A pareto plot confirms the accuracy of the model, as predicted values match with experimen-
tal data for all species, independently of the feedstock, with a global R? of 0.99 (Figure 5.10,
B.2, B.3, and B.4). The predicted ¢y, was equal to 0.5h, and 5y to 3.4: this disparity with
the previous results obtained in Sigma Plot for lactose hydrolysis (Figure 5.9), sheds lights
on the effect of intermediates and by-products on the kinetic parameters. The optimized

model shows that up to 170 °C, the delayed time correspond to an additional 30 min.

5.4 Conclusion

The pseudo-homogeneous first order model characterizes the kinetics of lactose conversion
to lactic acid with a solid acidic catalyst: Glucose to fructose isomerization was the critical
energy barrier, with 175kJ mol ™', while humins formation from galactose, fructose and HMF
was only 62, 52, and 62kJmol ™. A parity plot demonstrated that the model fit the data over

the full range of temperature from 130 °C to 170°C, for 7 species—lactose, glucose, galactose,
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Figure 5.10 Parito plot of predicted concentrations in function of experimental data, from
lactose, glucose, galactose, and fructose set. Reaction conditions: Lactose, glucose, galactose
or fructose, 0.14mmol, 0.4 g of Ery5/7-AlyO3, 70 rpm.

fructose, lactic acid, HMF, and humins—with 4 feedstocks. While galactose is more prone
to convert to LA than glucose, yield was highest for fructose reaching 28 % within 5 min
at 150°C. These results confirm the need to develop novel technologies to overcome the
isomerization barrier of glucose to fructose. Shan et al., for example, reported that Al-loaded
lignin could reach up to 58.5% yield of fructose from glucose in ethanol, at 140°C. The
corresponding activation energy was 65kJ mol ™', which makes it a good potential material
for further functionalized catalysts, to maximize LA yields [158]. PNb is another promising

option, due to its strong protonic acidity and its water-tolerant properties [138].
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Table 5.1 Reported kinetic parameters for chemical hydrolysis of lactose and its intermediates
to lactic acid. (ffructose intermediate,f [IL-SO3H][C1])

This study Literature
k. Reaction koo 95%CI Ea Ea Reaction conditions
h™' kJmol ™! kJmol ™!
1  Lactose hydrolysis 14 [130-133] 136 120-160°C, H2SO, [43]
‘ ‘ 86 125-145°C, PNb [133]
2 Glucose — Fructose 21 [166-187] 106 125-145°C, ZrPO [134]
3 Fructose — Glucose 24 [165-186] 66 80-120°C, TEA [155]
Fructose to DHA: 80 o
4 Fructose — Lactic acid 3 [53-55]  DHA to PVA: 68 éi?gi?g-zg(’)li te [156]
PVA to LA: 67
‘ 25 125-145°C, PNb [133]
5  Fructose - HMF 2 [100-107] 196" 74-147°C, HCI [97]
6  Galactose — Lactic acid 3 [66-69] - -
‘ § 125 150-190°C, H,SO, [154]
7 Galactose - HMF 2 [65—69] 140 140-200°C, H,S0, [157]
. . . 51-Arrhenius Heating rate:
8  Lactic acid — Degradation 0.7 10 48 Kissinger 10K min—! [150]
55 140-200°C, CrCly [152]
. 120-200°C,
9 HMF — Humins 0.7 [55-69] Egg Fe/HY zeolite [25]
125-145°C, PNb [133]
69 145-175°C,
. NiSO,.6H,0F [153]
10 Glucose — Degradation 7 [75-80] 182 180-240°C, Ru/Ac [135]
200-300°C, ZnSO, [49]
193 140-200°C, H,SO, [157]
11 Galactose — Humins 0.9 [59-65] 131 15071900C’ H,80, [154
150 112-153°C,
H,O/MIBK [30]
12 Fructose — Humins 1 [49-54] [ 140-200°C, CrCl, [152]

134

125-145°C, PNb [133]
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CHAPTER 6 CONCLUSION

6.1 Summary of Works

Cheese whey permeate is an abundant resource, that is unfortunately poorly valorized. Its
lactose content makes it suitable as a raw material for biobase green products such as lactic
acid, the monomer for the polylactic acid bioplastic. Through this doctoral project, we
bridged the gap of knowledge by demonstrating that it was possible to convert cheese whey
permeate to lactic acid with an heterogeneous catalyst, as opposed to traditional fermentation

techniques.

We first identified solid catalyst that could potentially completely convert lactose, while being
selective to lactic acid production. We selected tin and erbium based on their Lewis acidic
property and their performance in converting monosaccharides and cellulose to LA. Erbium
contributed both to lactose hydrolysis and lactic acid production, while being more selective
than tin. We reported a maximum LA yield of 23 % from lactose, with Er5 catalyst, at
170°C within a relatively fast time of 30 min. Based on this experimentation, we fitted 84
experiments from the catalysts screening design to a non linear model, which predicts the

impact of reaction time, temperature and metal ratio on LA yield.

Then, we tested different configurations to assess the impact of mixing, temperature, time,
and pressure on the reaction efficiency in multiscale vessels. Our results indicated that lactic
acid production was invariant regarding agitation speed, pressure, and gas composition, while
it reached an equilibrium when increasing temperature, and heating time. The XRF analysis
of the spent catalyst and the liquid product revealed that erbium leached from the support.
Therefore, the successive run of spent catalyst with fresh lactose yielded about the half of
LA with fresh catalyst. Then, we compared lactose results to cheese whey permeate: LA
yield with CWP reached 14 % LA, and 15 % of HMF. The discrepancy for LA yield between

lactose yield and CWP may originate from the presence of ashes in the former.

To investigate on the previously mentioned quasi-equilibrium, we studied the kinetic mod-
elling of lactose to lactic acid. The experimental fitted with a pseudo pseudo-homogeneous
first order model. Results indicate that glucose to fructose isomerization was the critical acti-
vation energy barrier, while humins formation were facilitated, with a low Fa. A parity plot
demonstrated that the model fitted with 475 data points from 130°C to 170 °C, for all prod-
ucts and 4 feedstocks—lactose, glucose, galactose and fructose, with an R? = 0.99. These

results provided reference kinetic parameters for the heterogeneous conversion of lactose to
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LA.

6.2 Limitations and future research

We demonstrated that erbium could effectively catalyze lactose to LA. However, the syner-
gistic effect of tin and erbium was hindered by the layer of SnO, clusters covering erbium
species. Another approach would be to synthesize the catalyst via a non-hydrolytic sol-gel
(NHSG) methodology. Eran and al. reported the synthesis of iron supported on SASOL

alumina catalysts (catalox and dispal), with potassium and copper as promoters [159].

The NHSG method preserved the shape of the support, while K and Cu were distributed
evenly. This catalyst preparation could favor the dispersion of tin and erbium in this catalytic
system, and therefore, promote the combined conversion of lactose to lactic acid, with tin

enhancing the isomerization of glucose to fructose and erbium the selectivity to lactic acid.

LA yield from whey permeate reached 14 %, compared to up to 22 % with lactose. Further
research should focus on the design of catalytic systems that would perform efficiently in
presence of the minerals contained in CWP. Kohler and al. reported up to 68 % of LA from
glucose, with an Sn-fzeolite and CaSO, salts, at 200°C. The report mentioned that sulfate
ions increased Brgnted while calcium contributed to the Lewis acidity. Complementary reac-
tions with other minerals such as MgSO,4 and CaCOj exhibited LA yields of 64 % and 58 %
respectively [160]. Erbium leaching is an additional limitation, as it reduces the ability of

the catalyst to be recycled.

The kinetic study revealed that the main limitation was the activation energy barrier for the
isomerization of glucose to fructose. Solid catalysts that effectively overcome this barrier are
compelling candidates for lactose valorization to LA. Shan and al. reported that Al-loaded
lignin reached 58.5 % yield of fructose from glucose in ethanol, at 140°C. The corresponding
activation energy was 65kJmol ™!, which makes it a good potential material for further
functionalized materials [158]. Another promising option is nobium phosphate, which features

a strong protonic acidity with water-tolerant properties [138].

Kinetic results provided in this study could contribute to the simulation of the process on
Aspen HYSYS, and thus, the scale-up of the reactors. Softwares like COMSOL Multi-
physics, will help merging information about kinetics and heat and mass transfer areas. A
technico-economic analysis can then establish the profitability of the process based on the

aforementioned information.
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Figure A.1 SEM-EDX images of Sny5/7-AlsO3, x500 magnification and 100 pm scale
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Table A.1 Product yield of non-supported metal oxides

Metal OXide YLA YFA YHMF YGLUCOSE YGALACTOSE YFRUCTOSE
(%) (%) (%) (%) (%) (%)
SnO, 1 0 9 35 36 0
EryO3 7 1 11 27 30 10
Sn04:Ery,O4- 1:1.5 16 2 12 15 18 0

Table A.2 Product yield of non-supported metal oxides

T(°C) t(h) Ycarson

150 0.5 12
150 1 17.3
170 0.5 33.3
170 1 35

190 0.5 38.5
190 1 o8
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Figure B.1 Impact of catalyst loading on LA and HMF yields. Reaction conditions: Lactose,
0.14mmol, 0.2g , 0.4g or 0.8 g of Eri5/7-Al,O3, 170°C, n=2, error bars represent standard
deviation, 140 rpm.
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Figure B.2 Product concentration as a function of time with various feedstocks (lactose at the
top, fructose at the bottom). Open symbols are experimental data, while lines corresponds
to model predictions. Reaction conditions: Inlet concentration 0.14 mmol, 0.4 g of Ery5/~-
Al O3, 130°C, 70 rpm.
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Figure B.3 Product concentration as a function of time with various feedstocks (lactose at the
top, fructose at the bottom). Open symbols are experimental data, while lines corresponds
to model predictions. Reaction conditions: Inlet concentration 0.14 mmol, 0.4 g of Ery5/~-
Al; O3, 150°C, 70 rpm.
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Figure B.4 Product concentration as a function of time with various feedstocks (lactose at the
top, fructose at the bottom). Open symbols are experimental data, while lines corresponds
to model predictions. All the lactose reacted within 20 min and so the graph only extends to
20 min. Reaction conditions: Inlet concentration 0.14 mmol, 0.4 g of Ery5/7-Al,O3, 170°C,

70 rpm.
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