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Chemical reaction engineering of
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Unlike many accomplished fields, human nutrition lacks the support of
engineering science. Here, the aspects of food processing in the gastro-
intestinal (Gl) tract are reviewed, highlighting the experimental chemical
reaction engineering (CRE) approach to digestion studies in particular. As a
first look at human nutrition in terms of conservation laws, the differential
forms of mass and energy balances are presented, emphasizing the chemical
and biochemical reaction rates of generation and consumption and the heats
associated with these reactions, respectively. These rates and the heats should be
very meaningful for understanding the dynamics of nutrition within the body,
though they remain unknown. Without solving the differential equations, global
integrations of the mass balances within each organ, up to the organ boundary,
can create control volumes for gaining new insights, such as the transient
multicomponent nature of the stomach “reactor” emptying. Global integration
within the human body to the boundaries of the entire Gl tract, from the mouth to
anus, finds the GI tract to be a "pipe outside the body.” This has revealed
interesting aspects, highlighting the human body as a “molecular machine.” It
is envisaged that the terms outlined here ought to be established in the future to
improve human nutrition.
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Background—nutritional phenomena have strong
links to chemical reaction engineering

Nutrition of the human body is supported normally by digesting foods and absorbing
nutrients (Parker, 2001; Lanham-New et al, 2019; Aguilera, 2018; Snoeck and Van
Rompaey, 2021; Halton and Hu, 2004; Westerterp-Plantenga, 2008). These are
biochemical reactions coupled with passive and active separations in the “reactors” in
the human gastro-intestinal tract. This is realized through eating, digestion, absorption, and
fermentation in the gastro-intestinal (GI) tract (Aguilera, 2018; Yoo and Chen, 2006). They
are multicomponent and often multiphasic (Bornhorst et al., 2016). Connecting the GI tract
activities with what is going on inside the body fluids is expected to be a powerful means to
understand human nutrition (Nadia et al., 2021a; Qin et al., 2020; Qin et al., 2022).

Scientific food design today starts with quantitative information on the molecular
composition of the raw materials. Some materials are identified for their anticipated roles in
supporting human health. Foods are processed ex vivo to increase shelf-life and to produce
better consumer acceptance. Many processes, including cooking, create interesting
microstructures. The functions of these microstructures must be expressed through in
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Schematic diagram showing the engineering aspects of the digestive processes (conceptualized by the author).

vivo processing in the human body. The oral processing in the “oral
reactor” generates much of the pleasure. The perceptive fulfillment,
including fullness, is reflected throughout the GI tract. Upon
absorption into the body fluids, the molecules from digestion are
expressed and used to support human life. This may be called a
molecule-to-molecule approach.

There is, however, a gap in recognizing the usefulness of
engineering in nutrition. This was mainly because engineering
education typically lacks a curriculum that involves health
sciences. Engineers, if interested in nutrition and health, would
have to find a way to bridge the gap through self-learning, for
instance. The author postulated that creating a near-real bionic
in vitro digestion tract, a human model in particular, would create a
path into the field of nutrition. Learning while building one, the
learning becomes real. An in vitro system can be assessed wherever
and whenever, facilitating sampling during digestion.

Over the past 2 decades, assembling artificial organs (the reactors)
for near-real simulations has provided insightful observations into
anatomy and physiology. One understands quantitatively the
contribution from each small “bit” of an anatomical structure by
comparing the overall performances when the bit is there or not there.
One can choose to have that bit or not in the in vitro device and then
measure the digestion rate, for instance. One example is the definitive
effect of internal wrinkles on the digestion rate in an in vitro rat
stomach system (Chen et al.,, 2013; Chen et al., 2016).

The author conceptualized the idea of “engineering of
physiological phenomena” in the early 2000s. Figure 1 shows the
details of the author’s lectures over the past 15 years. The organs that
make up the GI tract are amazing soft-elastic chemical reactors.

Important anatomical details cannot be ignored, such as the
pylorus and the “valve” where the ileum joints into the cecum, that
is, the ileocecal sphincter. The cecum, in chemical engineering,
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would be a “buffer tank” This connects the upper stream
operation in the ileum and the downstream operation in the
ascending colon. Distinguished professor Jose Aguilera has drawn
up unit operations known to chemical engineers to interpret the GI
tract (Aguilera, 2018).

For industrial training purposes, the author has intuitively
divided food processing into above-the-neck and below-the-neck
processes to emphasize the nature of the activities that target
different objectives. Production-oriented companies tend to work
more toward satisfying the above-the-neck demands, such as
appearance, taste, and flavor. In recent times, there has been a
significant surge in consumer concern regarding below-the-neck
issues relating to nutrition and health. Considering both above-
and below-the-neck aspects makes a better food business today.

Correspondingly, in vitro (reactor) devices simulating digestion,
absorption, and fermentation have been developed. The bionic
aspects of in vitro devices have been enhanced considerably in
more recent works (Chen et al, 2016; Bellmann et al, 2016;
Wright et al., 2016; Barros et al,, 2016; Wang et al., 2019; Peng
et al,, 2021; Wang et al., 2022; Shang et al,, 2022; Ye et al., 2022).

Fermentation processes in the human colon reactor have been
studied less due to the difficulty in setting up a representative culture
(plus scientific feces) that can lead to a meaningful interpretation. A
bionic in vitro colon-like reactor has only become available very
recently (Hernalsteens et al., 2021).

Magnetic resonance imaging (MRI) has been used to observe
quantitatively the behavior of an in vitro gastric simulator (to check
the validity) as well as in vivo human stomach (protein digestion,
protein gel digestion, emptying, and pH changes) (Deng et al., 2022;
Deng et al., 2023; Deng et al., 2020). Measurements in vivo may give
firsthand information about the real organ of concern and are likely
to assist in the manufacture of more realistic in vitro systems.
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FIGURE 2

(A) Schematic diagram showing the control volumes in relation

to human body; (B) Schematic diagram showing the global integration
result of the mass balance over the entire human body (U is urine and F
is fasces); (C) Schematic diagram showing the global integration
result of the mass balance over the human body but up to the
boundary of the Gl tract. Oxygen and Carbon Dioxide are marked here
as they are the most important; the idea expressed here does not
exclude other gases that come in and out of the body.

Fluid mechanics inside the human stomach have been simulated
using computational fluid dynamics (CFD) to reveal the nature of the
mixing inside this unconventional engineering device (Ferrua and
Singh, 2010; Xue et al., 2012; Alokaily et al., 2019; Li and Jin, 2020; Li
et al,, 2021). Simulations on pure fluid flow inside the small intestine
have been carried out with increased vigor, including studies on the
coupled mechanics involving intestinal walls (Qin et al., 2020; Buist
et al,, 2004; Lin et al., 2006; Zhang et al., 2022; Zha et al., 2021). Antral
pulsation is of great importance in digestion; however, the biochemical
reactions in the stomach that weaken the strength of the solids must
also be very important and have not been incorporated.

Nutrition is no doubt most influential over our health. However,
it is rare to discuss nutrition matters as transient multicomponent
and multiphasic phenomena, especially from an engineering science
viewpoint. Here, the principles of chemical reaction engineering
manifested through the conservation of mass, energy, and
momentum, coupled with reaction kinetics, are described to
begin to look at human nutrition. In addition, without going into
complex numerical schemes for solving the equations, some
interesting observations can be made. The control engineering
aspects are also described briefly to highlight what ought to be
looked at in the near future.
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Chemical reaction engineering of
nutritional phenomena——what we do
not know yet

Figure 2A illustrates a fundamental chemical engineering system
for the human body, where a network of circulations exists with
various organ boundaries. In the structure of the system, an
elemental control volume can be invoked, representing any point
within the body (within any organ). The basic Newtonian approach
is expected to write down mass, energy, and momentum balances
differentially in Cartesian coordinates, Ax Ay A z. This approach is a
convention in engineering science (Cussler, 1984; Bird et al., 2002;
Finlayson, 2012; Incropera et al., 2007).

The mass conservation equations for the molecular species
describe their generation and consumption in the control volume
and their transfer into and out of it through diffusion and
convection. In terms of energy balance, it accounts for the heat
associated with these reactions, as well as energy transport within
and out of the system. Chemical energies and the works done are
mentioned in nutrition texts, but these are typically not expressed in
reaction kinetics; that is, they do not have a unit that contains time.
These energies may be broadly “encapsulated” within the generation
and consumption reactions mentioned here. Work done to support
movements in the body, like momentarily expanding or shrinking,
pulsating, and cognitive processes like thinking, all consume certain
species and are associated with the changes in the species, as well as
the gains or losses due to transport processes for a location. These
activities may be reflected in thermal energy conservation.

The elemental control volume in Figure 2A can be placed in any
organ or between organs where a set of reactions may happen.

The momentum conservation within the human body may
cover actions of body fluid flows, organ contraction, and
expansion. The changes in species type and concentration, which
affect the physical fluid properties like viscosity, in particular, are
important matters to consider.

The conservation equations can be written in differential forms
aiming to evaluate the local rate of change, that is, the concentration
of species (kg.m™), thermal energy (J.m™), and velocities (m.s™),
respectively. It is called the Eulerian approach. When following a
species, or a mixture of species such as food, into the digestion tract
and following what happens along the tract, the formulation can be
made into a Lagrange expression. Both the Eulerian and Lagrange
approaches can be employed to solve the same problem.

The molecular species and thermal energy balances may be
written as follows:

aCi N . . .
X'FV' V¢ =V. V(DiCi) tIgi-Tei1= 1,2,3... L (1)

T Sy .
PuCrig s +7- V(p,CsT) =V -V (kuT) + ;(h_,,,,-rg,i = heifei). (2)

In view of nutrition, the above two equations are the most
important. The momentum equation for fluids is essentially the
well-known Navier-Stokes equation, which can be found in basic
fluid mechanics texts.

Equation 1 governs the mass conservation for species i, where ¢;
is the concentration of species i (kg.m™?). Equation 2 represents
energy conservation with contributions from the heat associated
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with the changes in the species in addition to the transport. The
energy equation shows that the local temperature inside the human
body is not necessarily constant. For simplicity, the incompressible
fluid assumption is taken, so the pressure effect on thermal energy
balance is neglected. k is the local heat conductivity (W.m ".K™") of
the matrix of the body domain, which is a function of composition
and temperature. p is the local density (kg.m™), which is also a
function of chemical composition. m denotes the structural matrix,
and f denotes the fluid. C is the specific heat capacity (J.kg".K™).

It is interesting to note that the approach described above yields
equations like those commonly found in combustion science, where
multispecies and multiphasic transportation coupled with chemical
reactions are prevalent (Glassman, 1977; Williams, 1985).

The metabolism reactions are represented by 7,; and 7;
(kg.m.s™"), where the subscript g represents species generation
and ¢ represents species consumption. These may encapsulate the
mechanisms of interactions among or between species, potentially
resulting from multi-step reactions. Elementary reaction steps may
be written down for exploration purposes, but no one seems to have
attempted this so far. It is known that, for instance, protein, fat, and
although
mechanisms are involved. The rate constants governing these

glucose are interactive, complex inter-exchange
processes are not known at this time.

D; is the diffusion coefficient of species i in the body matrix
(m.s™?) (Cussler, 1984), while h represents the heat of reaction per
unit mass (J.kg™'). Additionally, ¥ denotes the velocity tensor (the
real velocities carry the units of m.s™"), and the integer I represents
the maximum number of significant species involved in the process
that determines the change of each ¢;, which cannot be ignored.

The velocity must be resolved with the momentum balance. A
porous media approach may be considered when considering an
organ. This approach necessitates a distinct treatment of the pressure
effect and the media permeability effect on fluid flow compared to the
conventional Navier-Stokes equation (Nield and Bejan, 1992).

Physiologically, work can occur throughout the body. This is
accomplished by consuming the species of concern, ending with
certain thermal effects (some may be too small to be noticed). The
literature has extensively discussed the energy values of the nutritional
components, such as proteins, fats, and carbohydrates (Lanham-New
et al., 2019). These values, however, have not touched upon the rate
phenomena, nor have they covered the issues of the spatial distribution
in the body. Equations must account for the fact that most people have
three meals a day at three (normally predictable) times, and some
people additionally have coffee, tea, or other beverages that may have
calories. These temporal behaviors cannot be overlooked.

Numerous ways to resolve partial differential equations of a
similar nature have been achieved over many decades (Finlayson,
2012; Chapra and Canale, 2015). However, the emphasis here is not
on solving them.

Integration of the conservation
equations of mass and energy—what
one may see

One can qualitatively and symbolically integrate the differential
balances up to each organ boundary or the body boundary to gain
some new insights into human nutrition.
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Example 1: Stomach

Integration of mass conservation to the boundary of a stomach
can be carried out as an example. The domain under investigation is
the entire inner stomach. One observes the rates of mass flowing into
the stomach, including foods, drinks, physiological secretions such
as acid and enzymatic solutions responding to the intakes
(considering the control engineering aspect), and the mass
exiting from the pylorus. The mixing inside the stomach creates
fascinating details illustrated numerically. However, previous studies
generally do not account for realistic time-dependent influxes and
outfluxes of a multicomponent nature.

In experimental studies, a food sample is fed into the stomach in
one go (or over perhaps a fraction of time compared to the whole
gastric emptying). The emptying process, starting from stomach
retention being 100%, is described using a model like the following
(Peng et al., 2021; Nadia et al., 2021b):

y=2 (), )

where y(t) is the gastric retention ratio at time  (min), and t,,, (min)
is the time required when half of the food sample is emptied. 8 is a
constant that reflects the shape of the emptying curve. This is
insufficient to describe the species-specific behavior, which is
likely intermittent, that is, dependent upon food intake and the
reactions occurring in the stomach. To provide a more suitable
description, one needs to consider the flow of each species, including
the reaction products.

The muscular mechanics of the intestinal tract have been
preliminarily investigated with bioelectricity recording and
mathematical modeling at the University of Auckland. The
spatially distributed mechanical driving forces generated in the
stomach motivate what is going out by creating a pressure head
that overcomes the resistance of the pylorus (with a small opening
of approximately 1-2 mm usually). This soft-elastic reactor
behavior is fundamentally different from those in the rigid
stirred tank reactors. A general principle of emptying must
follow fluid mechanics (Nield and Bejan, 1992; White, 1974;
Cengel and Cimbala, 2014).

The pylorus has the capacity to act like a sieve (Bornhorst et al.,
2016; Wang et al., 2022). Larger particles encounter difficulty exiting
the stomach. This sieve-like behavior adds another complexity to the
emptying process. This behavior has not been reflected in
existing models.

For the thermal aspect of the stomach, it is interesting to observe
the temperature change due to the ingestion of hot drinks (Yang
et al., 2023) or cold treats like ice cream. Indeed, all fluid properties,
such as viscosity and dissolution, are sensitive to temperature
variations. In addition, the reactions taking place in the stomach,
whether acid-induced hydrolysis or enzymatic processes, may
contribute significantly to the heat balance and have not been
evaluated quantitatively.

Example 2: Whole body and that without the
Gl tract

If one integrates the mass conservation (1) from the inside of
the body to the body boundary, as shown in Figure 2B, one would
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think that there are two major outlets for our comfort: urine (U)
and feces (F), that is, a human has liquid- and solid-discharging
capacities. Other mass changes, such as sweating and exhaling/
inhaling, etc., are also important and seem to operate at
molecular scales.

Consider integrating mass conservation (1) over the whole body
except the GI tract (refer to Figure 2C). The GI tract is assumed to be
“separated” by “an interface” from the remaining body. The other
boundary is the body boundary.

It may come as a surprise that there is only one major outlet for
mass discharge from the body, which is urination (U). The GI tract
is now taken “out of the body,” a tubular reactor with its own input
(say food) and output (the fecal discharge). The remaining body is
a “molecular machine” in that sense, with the molecules from the
digestive tract entering the body and participating in many
reactions and transport processes that the body needs. The
discharges are expected to occur in molecular form, too,
whether in liquid or in gas.

One point to note is that the insoluble residues of modern
medicines (including some nanoparticles) could go through
important organs like the liver and pancreas, potentially causing
fouling and blockages in conduits. Over-processed foods, not yet
established with definitive mechanisms (Lane et al., 2024), may
present a similar threat to our health. One may suspect that
materials contained inside our body that are difficult to degrade
into molecules should be considered hazardous.

If the supply of amino acids from the digestion process exceeds
the demand for muscle growth, it may lead to surplus amino acids
(Bender, 2012) being excreted in urine. Due to the less limiting
condition for fat increase in men (Jequier, 2002), the excessive
amounts of carbohydrates and fatty acids taken up from the GI
tract are undesirable.

If one integrates the energy Equation 2 over the entire body, one
concern about the mass inputs would only be that taken into the
mouth (hot or cold edibles), breathing stuff and waste discharged as
urine and feces, and some as sweat, etc. Some heat is dissipated into
the environment by conduction, convection, radiation, breathing,
urination, sweating, etc. Notably, the healthy human body
temperature is approximately 36°C-37°C, while the comfortable
environmental temperature is usually some 10°C-15°C lower.
Most people experience maintaining a mild heat loss condition as
a pleasant sensation, which is interesting.

There is little knowledge about the rates of reactions and the
heats of reactions in the manner shown in Equations 1, 2 for
nutrition. There is little doubt that, once established, these will be
so useful. The conservation laws are a powerful framework that can
lead to a quantitative understanding of human nutrition (Crovetti
et al., 1997; Tappy, 1996; Hui et al., 2017).

Control engineering aspects that are
unique for chemical reaction
engineering in human nutrition

Many biological aspects need to be addressed in addition to a
“pure” conservation analysis. The nerve system plays a key role, an
aspect well related to process control in chemical engineering
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(Romagnoli and Palazoglu, 2020; Kibble and Halsey, 2009;
Thompson, 2019).

(1) Hormones play a significant role in regulating various bodily
functions, and the interplay between the nervous and
endocrine systems is essential for maintaining homeostasis.
This may be viewed as the catalytic effects as investigated in
chemical reaction engineering (Aris, 1989; Bailey and Ollis,
1986; Cooper and Jeffreys, 1971; Levenspiel, 1999).

(2) Feedback loops play a crucial role in maintaining balance
within the human body. These loops allow the body to
continuously adjust and regulate its physiological
processes. One notable example is the role of the nervous
system in receiving signals from various receptors, processing
information, and sending commands to effectors to regulate
physiological processes. The activities in the GI tract are
sensed by relevant receptors that are connected to the
central nervous system. It is known that any problematics
in the “GI tract axis (intestinal axis)” profoundly affect the
“nerve axis (the brain axis),” given their central location and
roles in the human body.

(3) The immune system is another vital component that interacts
with the nervous and endocrine systems (hormonal effects,
too) to protect the body from various threats, including
infections and injuries. These immune responses may
suitably be formulated using the rate constants depicted in
the conservation laws such as Equations 1, 2.

(4) The body strives to maintain a stable internal environment
through homeostasis and adaptation, similar to a thermo-
static system. The time responses from the human body also
vary with varying levels of physical activity, reflecting its
dynamic nature.

Concluding remarks

This chemical reaction engineering approach to human
nutrition draws attention to reaction kinetics within the body,
considering the generation and consumption of specific molecules
while noting the spatial and temporal effects. This approach
offers new possibilities for understanding human nutrition.
Human nutrition is dynamic! Viewing the human body as a
molecular machine highlights the need for caution in
nanotechnological applications in nutrition and health. This
may partially explain the adverse effects of overly processed
foods, which could create hard-to-biodegrade clusters that
interfere with the healthy operations of the organs and their
interconnected conduits. The insights discussed here are
expected to apply to understanding the processes affecting
animal nutrition as well.
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