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Humic substances are natural substances that are continuously formed from the decay of plant residues. These materials
have a very diverse range of properties, making them versatile. According to many new studies, these humic substances
also exhibit antioxidant propensities. The aim of this paper was to shed light on whether humic substances really have

antioxidant properties.
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1. Introduction

The majority of the population of Hungary suffers from
one of the diseases associated with free radicals, e.g. dis-
eases of civilization, obesity, cardiovascular disease, ma-
lignant neoplasms, etc. Although it is well-known that
our consumption of vegetables and fruit lags far behind
those of the other Member States of the European Union,
it has been scientifically proven that essential fresh vita-
mins and provitamins as well as minerals are fundamental
not only for the smooth functioning of the body but also
for their antioxidant components. Furthermore, they can
play a key role in terms of disease prevention. Berries
have become a major player in a number of related re-
search papers as they are also essential in the prevention
as well as aftercare of cancer and cardiovascular disease.
What other options are available and what other sub-
stances may still have high antioxidant contents? Based
on the aforementioned points, it is also important and
justified to study the antioxidant properties of new com-
pounds such as humic substances and determine which
of their components play a crucial role in the develop-
ment of their antioxidant effect, both qualitatively and
quantitatively. The aim of this research is to compare the
antioxidant properties of humic acids with already well-
known natural antioxidants. Firstly, different humic acid
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fractions were prepared. The expected results should help
to more accurately interpret the complex behavior of hu-
mic acids, thereby helping to expand their range of ap-
plications. Therefore, if the results are convincing, this
could open up new fields with regard to the application of
humic acids in the food and cosmetics industries [1].

2. Humic substances

Humic substances are a group of naturally occurring
macromolecules found throughout nature, that is, in soil,
air, water, carbon deposits and peat. Chemically ill-
defined humic substances are natural organic colloids
comprised of decomposition products of plant-derived
biomass as the result of a process called humification.
Their conversion into stabilized humic material is one of
the most complex and least understood biogeochemical
processes of the carbon cycle. Most natural humic acids
(HA) are found in older peat, lignite and juvenile lignite.
In Hungary, the HA content of the so-called leonardite, a
famous source of HA, is close to 70% in its natural form.
(A near-surface deposit of leonardite is located in Dudar,
where this geological formation can be mined).

In the humification process, dead plant matter that en-
ters the soil is broken down by enzymes found in soil bac-
teria and fungi, so simple compounds like sugar and am-
monia are formed from carbohydrates, fats, proteins and
lignin, which on the one hand serve as a source of food
for the soil microbes but on the other hand as a source in
the formation of humic substances. As a result of biotic
and abiotic (condensation and polymerization) processes,
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the decomposition products form high-molecular-weight
humus compounds, the presence of which is characteris-
tic of the soil [2].

On the basis of differences in solubility, humic sub-
stances can be divided into several groups such as the
main fractions humin, HA, and fulvic acids (FA), as well
as the alcohol soluble himatomelanic acids (HY). They
are a mixture of similarly behaving, yellow-brown-black,
acidic, high-molecular, natural organic substances that
are operationally defined. Humic substances themselves
contain too many kinds of molecules that can be sepa-
rated by changing the solubility conditions. Even though
these molecules behave similarly, each fraction has differ-
ent properties and their molecular structure is not uniform
[2]. The nomenclature of fractions that can be separated
according to their solubility is suggested in the guidelines
of the International Humic Substances Society (IHSS):

e Humin - a black fraction of humic substances that
is insoluble in water at any pH.

* Humic acids - the fraction of humic substances that
is insoluble in water under acidic conditions (pH
< 2) but soluble in water at higher pH values. They
can be extracted by various alkaline solutions be-
fore being precipitated by a strong acid and are dark
brown or black in color.

* Fulvic acids - the fraction of humic substances that
is soluble in water at all pH values. Fulvic acids are
light yellow or yellowish brown in color.

* Himatomelanic acids - the fraction of humic sub-
stances that is soluble in an alcohol.

3. Antioxidants

The most important physiological role of antioxidants
is to neutralize the free radicals that are continuously
formed in the Szent-Gyorgyi-Krebs cycle and counteract
the free radicals with different oxidizing forces that en-
ter the body. An antioxidant is a substance that inhibits
oxidation, more broadly speaking, retards or hinders oxi-
dation. They are chemically reducing agents, i.e. electron
donors. These materials are usually organic compounds
but include metals and organometallic complexes. Many
different types of antioxidants exist, which usually work
together and do not neutralize free radicals on their own.
Although our body itself is able to produce some antiox-
idants, sometimes it is necessary for us to ingest these
substances from external sources. Together, these antiox-
idants already form a very strong line of defence in our
body, e.g. vitamin C, Vitamin A, flavonoids, glutathione,
resveratrol, unsaturated fatty acids, etc. [3,4]

4. Methods for measuring the antioxidant
capacity

The antioxidant capacity is the combined free radical
scavenging effect of all antioxidant compounds in the

system studied. Since the need for its accurate numer-
ical determination is growing, a number of analytical
procedures and measurement systems have been de-
veloped. Given that methodologies are constantly be-
ing modified and refined, nowadays, the number of ap-
plied methods exceeds one hundred. In the literature,
the majority of studies use several methods to deter-
mine the antioxidant capacity [5]. The most common
methods of measuring the antioxidant capacity can be
divided into two main groups: electron transition-based
ones (Ferric iron Reducing Antioxidant Power, Total
Polyphenol Content, Copper ion Reducing Antioxidant
Capacity, Trolox Equivalent Antioxidant Capacity, and
2,2-Diphenyl-1-picrylhydrazyl (DPPH)) as well as those
based on hydrogen atom transfer (Oxygen Radical Ab-
sorptance Capacity, total peroxyl radical-trapping po-
tential, chemiluminescence-based methods, and photo-
chemiluminescence measurements just to mention the
most commonly used methods).

Although these two types of measurements determine
the antioxidant capacity, the results obtained do not nec-
essarily have to be correlated with each other, since the
reducing power of a sample is not necessarily related to
its ability to scavenge for the reaction of test compounds.

Electron transfer reactions involve colour changes,
from which the antioxidant capacity can be deduced. The
essence of these methods is to create a free radical as the
result of a reaction. To this free radical, the antioxidant
is added at various dilutions leading to a colour change,
which is monitored by a spectrophotometer and then the
antioxidant capacity of the test substance is calculated
from the results obtained.

Methods involving hydrogen atom transfer are based
on the kinetics of the reaction. Tests measure how effec-
tive a sample is against a given free radical, namely its
free radical scavenging capacity [5].

5. Antioxidant effect of humic substances

The question may arise as to why humic substances
would exhibit an antioxidant effect. Humic acids
are chemically very complex mixtures of composite
molecules, that is, natural polymers formed during
the varying degrees of polymerization of basic build-
ing blocks. According to their chemical structure, they
are polyhydroxy carboxylic acids with quinone and
semiquinone groups. In some respects, they are similar
to flavonoids and phenols, in which the so-called flavone
skeleton is polysubstituted by hydroxy groups. However,
they also have a quinoid structure that is known to be re-
sponsible for antioxidant properties. These properties of
HA have already been demonstrated in a number of scien-
tific publications by both classical analytical methods (re-
dox titrations) and instrumental analytical measurements
(Electron Spin Resonance) [6].

The general structure of HA and the formulae of some
well-known antioxidants are presented in Fig. 1 From
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Figure 1: Model structure of HA and identical moieties of known antioxidants [2]

their structure, it is clear that HA are comprised of a num-
ber of groups such as already well-known antioxidants, so
will exhibit exceptionally high antioxidant capacities [7].

6. Results

6.1 Measurement of total phenolic content

All measurements of total phenolic content were made
according to the method developed by Shetty et al.
[8]. During these measurements, only high-quality (a.r.)
chemicals were used. The fractions of humic substances
were extracted by ourselves from samples of leonardite
retrieved from Dudar. Rather than indirectly measuring
the antioxidant property of the sample, the method mea-
sures its total phenolic content, from which its antioxi-
dant capacity can be deduced. The method consisted of
diluting 1 ml of the sample in 5 ml of distilled water and
1 ml of 95% ethanol in a test tube before adding 0.5 ml of
50% Folin-Ciocalteu (FC) reagent (half of distilled water
in half FC reagents) to each sample. After being stirred
for 5 minutes, 1 ml of 5% NayCO3 was added to the re-
action mixture and allowed to stand for 1 hour before the
absorbance values of the samples were measured at 725
nm. These absorbance values were then converted into
pg gallic acid equivalents in order to compare the mea-
sured values with each other and with other data from the
literature.

Whilst measuring the total phenolic content of the
samples, a series of dilutions was made from our sam-
ples of known mass, for which the total phenolic content
was measured. A series of dilutions had to be produced in
order to measure an absorbance value of approximately
one for each sample. This was necessary to be able to

compare the samples because the three different fractions
yielded one absorbance value at different concentrations
once the reaction was complete. Furthermore, since the
samples are coloured (brownish - dark brown), the mea-
sured absorbance values had to be calibrated in light of
the background of the samples. Therefore, the samples
were diluted to the concentration present in the reaction
volume. After measuring the series of samples, their to-
tal phenolic content was calculated from the calibration
curve, which can be seen in Fig. 2, and the results ob-
tained are shown in Table 1.

The results show that different initial concentrations
of the various samples are required to achieve a similar
absorbance. In the humic acid samples, since the major-
ity of the phenol groups are in this fraction, the lowest ini-
tial concentration is required to achieve an absorbance of
approximately one. Himatomelanic acid has an average
number of phenol groups while FA is comprised of the

Gallic acid calibration curve
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Figure 2: Calibration curve of gallic acid
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Table 1: The measured and corrected absorbance of the samples and the gallic acid equivalent (GAE) values

Corrected
concentration
[mg/ml]

Abs

Sample
measured

corrected

GAE [mg/ml]
from the
calibration curve

Abs GAE [mg/e]

HY 0.59
FA 1.18 0.999
HA 0.35 1.024
IHSS FA 0.684 -
IHSS HA 0.212 -

1.027

0.953
0.948 0.102
1.024 0.11
1 0.107
1 0.107

0.103 174.5
86.8
310.3
156.8

506.1

Table 2: The ICS50 readings of the different samples
Name of the

sample centration
HY 1.5 mg/ml

FA 2 mg/ml
HA 3.25 mg/ml

Original con- 1C50 [ug/ml]

200
300
460

fewest. The results suggest that the studied humic frac-
tions are likely to exhibit an antioxidant effect.

6.2 DPPH method

Measurement of the antioxidant capacity based on sta-
ble DPPH radical scavenging is one of the first methods.
The reaction proceeds as follows: the dark purple radical
formed in the reaction mixture loses its colour when it
reacts with antioxidants.

This method is widely used because the radical-
forming molecule DPPH is commercially available, sta-
ble as well as not particularly reactive nor aggressive,
which is beneficial in the reactions that take place as tak-
ing measurements is simple. On the other hand, a stable
radical that is not found in the living organism is used in-
stead of a radical formed during the normal metabolism
in the cell. Using this method, it is not possible to esti-
mate how effective the sample is as an antioxidant with
regard to biological radicals [8].

During the measurements, 6 ml of a DPPH working
solution (0.1 mg/ml) was added to one ml of the sample,
vortexed and stored in the dark for 30 minutes until the
colour reaction began. After 30 minutes, the absorbances
were measured at 517 nm. From the measured values that
had previously been corrected, the percentage of inhibi-
tion (Inhibition%, Inhib.%) and the value corresponding
to 50% inhibition (IC50 value) were calculated. While
the measurements were taken, in the same way as when
the total phenolic content was measured, a series of dilu-
tions was made from a sample of known concentration.
From the measured absorbances, after background cor-
rection the percentages of inhibition of the samples were
calculated and plotted as a function of the concentration
in order to determine the IC50 values of the samples (Fig.
3).

From the data, it can be concluded that the materi-
als prepared and tested exhibit antioxidant properties be-
cause they inhibit the decomposition of the DPPH radical.
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Figure 3: Percentage of inhibition of himatomelanic acid
(top), humic acid (middle), and FA (bottom) as functions
of the concentration to determine the IC50 values

Their IC50 values (Table 2) are promising and compara-
ble with other data in the literature [9].

7. Conclusions

Although the results revealed that the samples made from
domestic raw materials exhibit antioxidant properties,
further studies are needed to gain a complete picture
of the antioxidant capacity of these substances. Further-
more, in the future, it is our intention to confirm the re-
sults collected so far with in-vitro and in-vivo experi-
ments.
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The transmission of Severe Acute Respiratory Syndrome Coronavirus-2 in a community can be monitored by a
wastewater-based epidemiological approach due to fecal shedding. Although sewage surveillance has gained a con-
siderable amount of attention over the last 16 months, an indirect issue within the topic is whether traditional wastewater
treatment technologies are sufficiently efficient to eliminate the genetic material of SARS-CoV-2. Samples were taken
from the Wastewater Treatment Plant in Nagykanizsa before the virus was concentrated, nucleic acid extracted and
SARS-CoV-2 detected by RT-gPCR (Quantitative reverse transcription PCR). The influent and primary treated samples
tested positive, while after the secondary treatment, all the results were negative. Consequently, the activated sludge
process proved to be efficient in terms of the removal of SARS-CoV-2.

Keywords: warning system, COVID-19, wastewater-based epidemiology

1. Introduction

During the transmission of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) since the start of
the COVID-19 pandemic, wastewater-based epidemiol-
ogy (WBE) has gained a considerable amount of atten-
tion as a surveillance system. Numerous research groups
and health authorities are currently engaged in sewage
monitoring worldwide. Apart from viruses, various com-
pounds can be monitored, e.g. pharmaceuticals or illicit
drugs, to indirectly monitor the behavior or habits of a
defined population [1]. Furthermore, the approach allows
anonymous, area-based monitoring in a community that
is cost-, labor- and time-efficient compared to human na-
sopharyngeal swab test campaigns [2]. Moreover, fecal
shedding can occur earlier than the onset of symptoms
[3,4], should any be expressed. While the ratio and role
of asymptomatic and mild-symptomatic cases is debat-
able [5, 6], the WBE approach estimates the SARS-CoV-
2 RNA concentration of the total community that is inde-
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pendent of patients’ perception of well-being. Although
WBE has its own limitations, sewage monitoring and hu-
man test campaigns can also support national and mu-
nicipal decision-making. Considering the successful de-
tection of SARS-CoV-2 from wastewater and during the
consecutive steps of wastewater treatment, a considerable
amount of aerosol formation has been observed. More-
over, since droplets are regarded as the most important
transmission route of SARS-CoV-2, the working condi-
tions at wastewater treatment plants (WWTP) should be
addressed in terms of safety. According to the WHO [7],
no special care is required other than the usual safety pro-
tocols at such plants since SARS-CoV-2 particles present
in untreated and treated wastewater have been proven to
be non-infectious. Another side interest within this topic
is whether the sewage treatment technology is sufficiently
effective to eliminate the SARS-CoV-2 virus particles de-
tected in the influent to ensure the WWTP effluents are
SARS-CoV-2-free, even if their infectivity has already
been ruled out. The aim of this work is to assess the
presence and concentration of SARS-CoV-2 RNA in un-
treated and treated wastewater samples.
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Table 1: SARS-CoV-2 RNA detection from wastewater in-
fluent and effluent samples at Nagykanizsa WWTP.

Sample type Date Cq value (E-gene)
Influent 30/09/2020 +(35.69)
Influent 14/10/2020 +(33.88)
Influent 09/11/2020 +(32.39)
Influent 10/11/2020 +(33.70)
Influent 11/11/2020 +(34.27)
Influent 18/11/2020 +(36.67)
Influent 25/11/2020 +(37.03+0.11)
Effluent 25/11/2020 -
Influent 02/12/2020 +(33.7040.50)
Effluent 02/12/2020 -

2. Materials and Methods

Sampling was conducted by Délzalai Viz és Csatornamii
Zrt. at Nagykanizsa WWTP during the morning peak
time. From May until December 2020, samples of influ-
ent and occasionally effluent as well were taken at var-
ious sampling frequencies. While in December, on three
consecutive days, in addition to influent and effluent sam-
pling points, primary and secondary treated samples were
also checked. The pairs of influent and effluent samples
were processed in duplicates, while to assess the efficacy
of the WWTP, three repetitions were used over three con-
secutive days. 1 L grab samples were taken and placed
in sterile bottles, transported to our laboratory at 4 °C
and immediately processed. The virus was concentrated
and nucleic acid extracted according to Meleg et al. [8]
with minor modifications. Concentrates were stored and
transported at —80 °C to the National Virology Labora-
tory, University of Pécs for specific SARS-COV-2 detec-
tion by the quantitative reverse transcription polymerase
chain reaction (RT-qPCR) technique, targeting the E and
RdRp genes. Modular SARS-CoV-2 E-gene and Modu-
lar SARS-CoV-2 RdRp-gene detection kits (Roche, Ger-
many) on the MyGo Pro real-time PCR instrument were
employed. Quantification cycle values (Cq values) were
used to compare the SARS-CoV-2 RNA concentration of
the above-mentioned samples.

3. Results and Discussion

Sewage samples tested negative during the summer
months of 2020 (data not shown), which is plausible con-
sidering the insignificant number of open cases nation-
wide [9] and the temperature of the sewage as one of the
most important environmental factors [10]. At the end of
September, as the second wave progressed, the concen-
tration of SARS-CoV-2 RNA increased above the detec-
tion limit of the methods in the influent samples, while
all effluent samples tested negative. During the autumn
of 2020 - although the first positive result was registered,
followed by fluctuating quantification cycles - all the re-
sults from influent samples (Table 1) were positive, while

Table 2: SARS-CoV-2 RNA concentration at different
stages of wastewater treatment at the Nagykanizsa WWTP
(due to the rules of PCR amplification, higher quantifica-
tion cycle values are linked to lower SARS-CoV-2 RNA
concentrations)

Sample type Date Cq value (E gene)
08/12/2020 +(28.89)
Influent 09/12/2020 +(34.06)
10/12/2020 +(31.04)
08/12/2020 +(40.04)
Primary treated 09/12/2020 +(35.43)
10/12/2020 +(37.13)
08/12/2020 -
Secondary treated  09/12/2020 -
10/12/2020 -
08/12/2020 -
Effluent 09/12/2020 -
10/12/2020 -

their effluent sample pairs all tested negative without ex-
ception. From this information alone, it can be concluded
that the commonly used, complex wastewater treatment
technology itself is sufficiently efficient to decrease the
SARS-CoV-2 RNA load from wastewater without any ad-
ditional steps, e.g. UV light treatment or surplus chemi-
cals. Our results concerning the influent-effluent pairs are
in good agreement with earlier findings by Haramoto et
al. [11]

By progressing one step further, samples were tested
after primary and secondary treatment at the Nagykanizsa
WWTP (Table 2). Over three consecutive days - while
the influent samples tested positive, although the primary
treated wastewater exhibited a slightly lower concentra-
tion of SARS-CoV-2 RNA - the results were still posi-
tive (manifesting in higher quantification cycles). From
this reduction, it can be seen that the majority of the
SARS-CoV-2 particles are not attached to the solid par-
ticles sedimented in this step. However, the duration of
SARS-CoV-2 particles in wastewater is also an important
factor [10] that can be partially responsible for the loss
in RNA load compared to the raw influent. After the ac-
tivated sludge process, the estimated duration of SARS-
CoV-2 particles was longer than 8 hours and all samples
tested negative. This loss of signal is reasonable consid-
ering the lengthy nature of the secondary treatment, the
microbial activity together with the limited resistance of
these viral particles to external agents [12] as well as the
extreme sensitivity of the RNA. As in the case of the ear-
lier tested influent-effluent pairs, all treated effluent sam-
ples yielded negative results. Over the last year, numerous
other research groups have tested various WWTPs with
partially different technological setups [11,13-16] to that
employed at Nagykanizsa WWTP. A general consensus
has been reached in all these experiments regarding the
negative results of all the effluent material flow (treated
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effluent water and sludge line). Even though some studies
yielded positive results for some of the secondary treated
effluents [11,13] or secondary sludges [16], in these cases
all the treated materials exiting the WWTP produced neg-
ative results without exception.

4. Conclusion

According to our findings, which are in good agreement
with other published research on this topic, the com-
mon treatment of wastewater is capable of decreasing
the SARS-CoV-2 RNA concentration below the complex
detection limit of the multi-step measurement process.
WWTPs are capable of minimizing the presence of coro-
navirus nucleic acid without having to add further steps
to the traditional technology. All in all, the SARS-CoV-2
viral particles are particularly stable in aquatic environ-
ments, so the treated wastewater discharge and risks re-
lated to its reuse have not proved to be considerable.
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Ensuring food security for the world’s growing population is a significant challenge for scientists. Efforts are constantly
being made to solve this problem, including the use of expensive molecular engineering techniques, which are not always
successful. A cost-effective and environmentally friendly biotechnological alternative would be the use of plant growth-
promoting rhizobacteria, demonstrated by numerous studies to play many beneficial roles in improving plant traits, e.g.

enhanced yields.

Keywords: plant growth-promoting rhizobacteria (PGPR), yield, environmentally friendly, low-cost

1. Introduction

Cereals like bread wheat (Triticum aestivum), maize (Zea
mays) and rice (Oryza sativa) are fundamental and es-
sential grain crops for both human and animal consump-
tion. According to the Statista statistics site, in 2020-
2021, maize production exceeded 1.12 billion metric
tons, wheat 775.8 million metric tons and rice about 505
million metric tons [1]. Since the world’s population is
constantly growing, the need to increase cereal produc-
tion is continuous. However, the increasing occurrence of
biotic and abiotic stress factors in the environment con-
stitutes a severe global threat to improving cereal yields
[2, 3]. To alleviate the detrimental effects of yield loss,
expensive genetic engineering techniques for crop im-
provement have been developed. The use of plant growth-
promoting rhizobacteria (PGPR) could represent a low-
cost and environmentally friendly alternative biotechno-
logical option. These kinds of soil bacteria, first described
by Kloepper and Schroth in 1978 [4], were isolated from
the immediate vicinity of plants, that is, from the rhizo-
sphere. Later, several beneficial effects of PGPR in stim-
ulating plant growth were described [5—7].

Nowadays, the PGPR biotechnology is more and
more frequently used in the management of biotic and
abiotic stress factors for a wide range of crop species in

*Correspondence: gyongyi.szekely@ubbcluj.ro

order to reduce their damaging effects, which ultimately
can cause important yield losses [6,7]. Understanding the
mechanisms at the basis of the PGPR technology in alle-
viating biotic and abiotic stress-induced damage in crops
could be essential to reduce subsequent crop yield losses.
Exploiting the positive effects of plant-microbe interac-
tions might provide multiple multi-pronged solutions to
the global food crisis, reduce the amount of irrigation pro-
vided by fresh water as well as solve environmental stress
concerns and maintain soil health.

2. The most common effects of PGPRs on
plants

Over the last decade, versatile positive properties of PG-
PRs have been intensely documented. Dozens of arti-
cles highlight the importance of these rhizobacteria in
the process of alleviating damage brought about by abi-
otic stress. A large number of different PGPR species,
e.g. Pseudomonas alcaligenes, P. mendocina, Bacillus
polymyxa, B. pumilus and Mycobacterium phlei, have
been described to play a positive role in stimulating
growth in various plant species as well as in the pro-
cess of improving their tolerance of high temperatures
and the salinity of many crops [6, 7]. Shrivastava and
Kumar (2015) indicated that certain PGPR species can
produce antioxidants, therefore, can be useful for reduc-
ing oxidative stress-induced damage to plants [6]. In-
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Figure 1: The impact of biotic and abiotic stress on crop resistance in the absence (panel A) and presence (panel B) of PGPR.

oculation with PGPRs improved seed germination and
seedling growth, increased the concentrations of chloro-
phylls, antioxidant enzymes, proline, malondialdehyde
and flavonoids as well as reduced the Na™ content in
different crops [8, 9]. Recently, a couple of authors doc-
umented a set of plant growth-promoting traits, namely
the ability to solubilize phosphate as well as produce
indole-3-acetic acid (IAA) and 1-aminocyclopropane-1-
carboxylic acid (ACC) deaminase of different PGPR
species [7, 10, 11]. Furthermore, several physiological
traits such as leaf chlorophyll content, stomatal conduc-
tance, leaf relative water content and membrane leakage
adversely affected by cold stress were mitigated by PGPR
[12].

In addition, certain PGPR species are important fac-
tors in relieving not only abiotic but also biotic stress-
induced damage. Plants are commonly attacked by aphids
and fungi, which cause substantial yield losses in crops
and especially affect the production of cereal grains glob-
ally [3, 13, 14]. Naeem et al. (2018) showed the pos-
itive effect of Bacillus spp. and Pseudomonas spp. in
terms of enhancing the productivity of wheat attacked
by aphid populations [3]. Fungi represented by the genus
Fusarium infest cereals worldwide, moreover, F. gramin-
earum is responsible for cereal head blight and maize
ear rot in North and South America, Europe as well as
Asia [14, 15]. To reduce the considerable amount of de-
struction caused by F. graminearum, several authors pro-
pose the use of an effective, economical and environmen-
tally friendly biotechnological tool. They demonstrate
that different PGPR species have antagonistic effects on
FE. graminearum and possess the ability to promote wheat

Drought
Salt

High temperature
Heavy metals

growth under adverse biotic and abiotic stress conditions
as well [16,17]. Fig. 1 illustrates the impact of biotic and
abiotic stress on crop resistance in the absence and pres-
ence of PGPR.

Finally, PGPR species can also function as impor-
tant components of biofertilizers and biopesticides since
they can improve the nutrient content and quality of soil
through the mechanisms of nitrogen fixation and phosph
ate solubilization. As biopesticides, these rhizobacteria
protect the plants as a result of their ability to synthesize
antibiotics [18, 19]. Efforts to implement such environ-
mentally friendly technologies are increasing annually
and could be part of the solution to the ever-increasing
demand for food to feed the growing global population .

3. PGPR mediates
crop yields

increases in cereal-

Biotic and abiotic stress factors usually cause a series of
negative effects on crop yield, quantity and quality. Under
adverse environmental conditions and exposed to multi-
farious pathogen attacks from viruses, bacteria, fungi, in-
sects, etc., plants respond defensively, implying changes
in several physiological and nutritional parameters, hor-
monal imbalances and important yield losses [7, 10, 18].
Globally, wheat, maize and rice are essential staple foods
for billions of people. Annually, these cereals are grown
on hundreds of millions of hectares of land and are con-
sumed by several billion people in hundreds of coun-
tries. As a result of population growth, production must
continuously be enhanced. Predictions state that by the
year 2050, consumers will need 60% more wheat com-
pared to the present production rate [20]. This must be
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Table 1: Beneficial effects of some PGPR species on wheat, maize and rice yields
PGPR species Effect on yield Cereal species  Reference
Azospirillum sp. Enhanced grain yield; wheat [12]
Bacillus sp. Enhanced straw yield;
Bacillus megaterium Increased uptake of macro nutrients (N, P, K, Ca, Mg and
Paenibacillus polymyxa S);
Raoultella terrigena Increased uptake of micro nutrients (Fe, Mn, Zn and Cu).
Bacillus sp. Enhanced grain yield; wheat [3]
Pseudomonas spp. Enhanced straw yield;
Enhanced number of grains per spike;
Enhanced number of productive tillers.
Alcaligenes faecalis Enhanced grain yield; wheat [21]
Bacillus aryabhattai Enhanced plant growth-promoting traits (shoot and root
Pseudomonas corrugat a lengths, fresh and dry weights).
Pseudomonas arsenicoxydans
Pseudomonas brassicacearum
Pseudomonas azotoformans
Bacillus pumilus Enhanced grain yield; maize [22]
Bacillus safensis Phosphate solubilization (except for L. sphaericus);
Lysinibacillus sphaericus Nitrogen fixation.
Paenibacillus alvei
Cupriavidus necator Enhanced aerial biomass; maize [23]
Pseudomonas fluorescens Increase in N and P use efficienc ies.
Azospirillum brasilense Enhanced grain yield; rice [24]
Azotobacter chroococcum Enhanced IAA production;
Pseudomonas aeruginosa Enhanced phosphate solubilization.
Pseudomonas fluorescens
Pseudomonas putida
Bacillus sp. Enhanced grain yield; rice [26]

Bacillus thuringiensis
Pseudomonas mosselii

Enhanced root and shoot biomasses;
Enhanced production of IAA , siderophores and ACC

deaminase as well as the ability to solubilize phosphate .

achieved without expanding the area of arable land and by
using eco-friendly and low-cost biotechnological strate-
gies. One of these strategies is the use of PGPR to en-
hance crop productivity. Table 1 presents the impact and
efficacy of different PGPR species in enhancing wheat,
maize and rice yields [3,12,21-25].

4. Conclusions

The use of plant growth-promoting rhizobacteria to im-
prove cereal yields represents a prosperous, environmen-
tally friendly and economical strategy. PGPR are useful
tools to reduce the effects of biotic and abiotic stress on
plants, therefore, could contribute towards optimal plant
growth and development as well as enhance their yields.
Finally, PGPR could represent a resource to ease the
emerging global food crisis.
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One of the research directions of renewable energy sources is the production of biohydrogen from the dark fermentation of
organic matter. During this fermentation process, since hydrogen is produced along with a complex mixture of other gases
and vapors, hydrogen gas requires further purification. One relatively easy solution to this problem might be the utilization
of gas separation membrane modules given their low energy consumption, simple operation and ease of upscaling. In
this work, hollow fiber (HF) membranes based on polyetherimide (PEI) were developed and tested. HF membranes were
spun from a polymer solution of PEI using the wet phase inversion process into a water bath using a pilot-scale spinning
device. Gas transport measurements showed that membranes exhibited permeances of between 9.3 and 19.2 GPU with
CO2/H2 selectivities within the range of 3.3 — 5.6. Morphology studies showed regular shapes resembling hollow fibers
with outer diameters within the range of 250 — 320 microns, depending on various parameters of the spinning process. The
best performing membranes were selected and a morphological analysis carried out. Selected fibers were incorporated
into two types of membrane modules. One type was a laboratory-scale membrane mini-module used for preliminary
tests, while the other membrane module was designed for the treatment of larger amounts of biohydrogen. Two types
of laboratory-scale membrane separation units were constructed. For laboratory use, the low-pressure unit proved more
accurate regulation to match the fermenters performance with the separation unit in comparison with the high-pressure

one.

Keywords: polymer membranes, gas separation, hollow fibers, membrane module

1. Introduction

The motivation of this research is the need to reduce
the ecological footprint of society by developing green
technologies enabling carbon sequestration, sustainable
production of valuable chemicals and environmentally-
friendly energy production. This task is to be completed
by the development of a novel, circular-loop gas separa-
tion membrane bioreactor system.

Microalgae grown in a photobioreactor capture
refused-COs from the fermentative reactor, which simply
ferments these microalgae. During the process, a mixture
of hydrogen and CO is produced. The hydrogen can be
separated and utilized for energy production. In addition,
some valuable chemicals are produced. The newly devel-
oped system is known as a Gas Separation Membrane
Bioreactor (GS-MBR) [1].

A key component of the GS-MBR is a membrane unit,
which forms technological solutions for the separation of

Recieved: 17 December 2021; Revised: 3 January 2022; Accepted: 4
January 2022
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Hy and CO, from the fermentation product. The basic
elements in the membrane unit are membrane modules
that utilize hollow fiber (HF) membranes.

2. Experimental

2.1 Materials

PEI (ULTEM™ 1000 Resin grade) was purchased from
SABIC. The chemical structure of a repeated unit of UL-
TEM™ 1000 Resin and the details regarding its prepara-
tion have previously been presented [2].

2.2 Development of HF membranes

Hollow fiber membranes were prepared with the strategic
cooperation of the company MemBrain s.r.o. located in
the Czech Republic. The procedure was described in our
previous paper [2]. The spinline used for fabrication of
the membranes is shown in Fig. 1.

2.3 Development of HF membrane modules

The HC1 HF membrane mini-module was prepared by
fixing 10 — 20 fibers into the Swagelok tube fitting using
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Figure I: The spinline used for the fabrication of HF membranes

3M of the epoxy resin DP100. The same resin was used
to create the dead end of the fibers. The whole assembly
was inserted into the 12-mm-wide tube using the corre-
sponding Swagelok tube fittings as presented in Fig. 2.
The module was equipped with 6-mm-wide connectors.

P2-type HF membrane modules were constructed in a
similar manner to those reported in [2], that is, from an
arranged bundle of 250 A5-7 fibers (membrane area: 844
cm?) inserted into a PVC pipe. A schematic diagram of
the P2-type HF membrane module and a photograph of it
are presented in Fig. 3.

Figure 2: HC1 HF membrane mini-module

2.4 Determining the gas transport properties
of the HF membrane

Laboratory modules containing 10 — 20 fibers of about
20 cm in length were prepared. One end of the fibers
was sealed by an epoxy resin. The outer surface of the
fibers was exposed to a mixture of gases which perme-
ate into their hollow centers. Gas permeation experiments
were carried out using a mixture of CO3 and Hy (1 : 1
volume ratio) at 2.0 and 4.2 bars (Ap was 1.0 and 3.2
bars, respectively) to determine the separation properties
of the asymmetric PEI HF membrane. Its composition,
pressures and flow rates were managed by the Poseidon

permeate

housing

O-ring sealing i NS
|
Fe | b

fibers sealed
with epoxy resin  hollow fibers

Figure 3: Schematic diagram of a cross-section of the P2-
type HF membrane module

Pemeats

Convergence Inspector
Poseidon GP

Figure 4: Testing of gas tranport properties of prepared
HF membranes
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Table 1: Process parameters with regard to the production of asymmetric PEI membranes

Sample Polymer dope dose  Bore liquid dose ~ Towing speed m/min ~ Airgapcm OD um ID um
ml/min ml/min
A5-1 4.2 2.1 12 2 417 248
AS5-2 4.2 2.1 9.7 5 405 234
A5-3 4.2 2.6 12 5 410 265
A5-7 6 2.6 12 2 420 239
B3-1 0.75 0.625 12 2.5 289 186
B3-2 0.75 0.625 15 6 270 190
B3-3 0.75 0.45 12 6 290 185
B3-7 0.9 0.45 12 2.5 320 171

Convergence Inspector Gas Permeation (Convergence In-
dustry B.V.). The permeate flow rate was measured by a
bubble flowmeter and the composition of the permeate
stream analyzed by a Prima BT Bench Top mass spec-
trometer (Thermo Fisher Scientific). Six laboratory mod-
ules were tested in series, where the retentate from the
first module was used as a feed for the second module
and so on (Fig. 4). Although this setting minimizes gas
consumption and saves time, the correct mass balance on
each module should be calculated. More information with
regard to this can be found in [3].

The permeance P; for CO2 and Hy as well as the
CO2/H> mixed gas selectivity o} ; were evaluated from
measured data. The permeance P; is defined as the volu-
metric flow rate per unit driving force per unit area:

Qp -y
(pp-xi—pp-yi)- A
where @ p denotes the flow rate of the permeate, y; stands
for the mole fraction of gas ¢ in the permeate, p represents
the absolute pressure in the feed or permeate and A is the
membrane area.

P

(D

2.5 Development of the membrane separa-
tion unit

The membrane apparatus was built using fittings from
SUPERLOK; tubing 6 mm in diameter and Parker 201LG
solenoid valves manufactured by Parker, 250 kPa BD
Sensors pressure sensors and a BP300-1-S back pressure
regulator by Pressure Tech; a KK15 A 035/62 compressor
by Diirr Technik: oil-free, max. performance = 25 1/min,
8 bar, max. pressure = 12 bar; a Rocker 410 oil-free vac-
uum pump; a control unit based on an Arduino Uno mi-
crocomputer and software developed by the authors.

3. Results and discussion

3.1 Preparation of HF membranes

The preparation of HF membranes was carried out using
4 spinnerets simultaneously, resulting in a higher towing
speed (15 m/min) which corresponds to the production of
3600 m of HF membrane per hour. There were two series

(denoted as A5 and B3) of fibers prepared using various
spinning process parameters. The significant difference
between the A5 and B3 series are the dimensions of the
nozzles. For the A5 series, the outer outlet diameter (OD)
of the larger nozzle was used (0.512 mm), whereas for
the B3 series, the outer OD of the nozzle was 0.330 mm.
The process parameters with regard to the production of
the asymmetric PEI membranes are listed in Table 1. As
can be seen, all the membranes with a dosing of polymer
dope of 0.75 ml/min apparently had a smaller outer outlet
diameter (OD) than the fibers with a flow rate of polymer
dope of 0.9 ml/min. It can also be observed that at higher
towing speeds, the ODs of HF membranes were lower
(with the exception of membranes B3-6).

3.2 Characterization of gas transport across
HF membranes

Each sample of membrane was measured in three mem-
brane modules by simultaneously connecting six mod-
ules to a Poseidon Group system (i.e. two samples of
membrane were tested simultaneously). The average val-
ues were recorded and presented in Table 2. The results
showed that all the membranes exhibited permeances
within the range of 9.3 —19.2 GPU and H,/CO,, selectivi-
ties within the range of 3.3 —5.6. It is well known that gas
separation in polymers can be described by a solution-
diffusion model [4] which states that the permeability co-
efficient is the product of the diffusion and solubility co-

Table 2: Gas transport properties of the prepared HF mem-
branes for the Ho/CO> mixture measured at a pressure of
8 bars.

Sample CO; permeance (GPU)  H2/CO3 selectivity

A5-1 11.5 4.4
A5-2 10.3 4

A5-3 17.5 5.3
AS-7 19.2 5.6
B3-1 9.5 4.4
B3-2 9.3 4

B3-3 10.3 5.3
B3-7 20.3 4.5
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Figure 5: Optical microscopy image (a); SEM micro-
graphs (b-c) and AFM micrograph (d) of the cross-section
and surface of the prepared HF membranes.

efficients. In our case, Hy permeates faster than CO5 and
since the diffusion coefficient of Hy is significantly larger
than that of COs [5], it can be concluded that the separa-
tion is based on differences in diffusivities. This is typical
for glassy polymers, including the PEI applied in this pa-
per.

The best membrane from the A5 series was used to
fabricate the P2 membrane module containing 250 fibers.
From the whole B3 series, the two best membranes,
namely B3-3 and B3-7, were selected to be incorporated
into the membrane mini-modules.

3.3 Morphology of HF membranes

The resulting hollow fiber membranes (Fig. 5) had a reg-
ular round shape with a sponge-like structure containing
typical relatively small finger-like pores (<30 pum). As
determined using an optical microscope, the outer and
inner diameters of the hollow fibers were 313 = 9 pum
and 290 + 5 pm, respectively. The separation layer was
on the outer surface for all the fibers. Atomic Force Mi-
croscopy (AFM) of the surfaces of the fibers revealed a
relatively smooth surface consisting of a protective coat-
ing of PDMS with no defects.

3.4 Hollow fiber membrane modules

HC1 mini-modules

Once the best membranes from the B3 series had been
chosen (B3-3 and B3-6), the requirements of the project
coordinator with regard to modules for membrane biore-
actors were established. According to the requirements,
three HC1 modules were manufactured with assistance

from MemBrain s.r.o. Their single gas transport prop-
erties were measured and are summarized in Table 3.
The first two modules (HC1_1 and HC1_2) contained
the same B3-7 HF membrane, the only difference be-
tween them was the number of fibers they consisted of
and thus their membrane areas. HC1_1 consisted of 10
fibers with a corresponding membrane area of 19.7 cm?,
while HC1_2 consisted of 20 fibers with a correspond-
ing membrane area of 39.3 cm?. Hydrogen permeation
flow rates were 28.2 (for HC1_1) and 53.0 ml/min (for
HC1_2) at a feed pressure of 4.2 bars (abs) and achieving
ideal Ho/COs selectivities of 4.4 and 3.7, respectively.
The permeate was released at atmospheric pressure. The
slightly lower selectivity of the second module can be at-
tributed to the variation in the membrane properties, mi-
nuscule leakage within the module or a combination of
both.

The HC2 mini-module consisted of 23 fibers of B3-
3 membrane, corresponding to a membrane area of 41.9
cm?. As can be seen in Table 3, the permeate fluxes of the
membrane modules were more than two times lower and
only yielded negligibly higher selectivities. The modules
were handed over to a Korean participant in the afore-
mentioned project for further testing on real biogas.

The same modules were also tested for the Hy/CO»
mixture to demonstrate their ability to concentrate the hy-
drogen. From Table 4, it can be seen that the modules
were able to concentrate hydrogen from an initial per-
cent concentration of 57 % to 88 % in the case of the
HCI_1 module at a membrane stage cut of 96 % and
from 57 % to 77 % in the case of the HC2 module at a
membrane stage cut of 88 %. The membrane stage cut is
defined as the ratio of the permeate flow rate to the feed
flow rate. Generally, by increasing the membrane stage
cut, the concentration of the more permeating penetrant
is also higher. On the other hand, the hydrogen recovery
is lower because most of the hydrogen from the feed is
transferred into the low-concentration permeate.

P2-type module

Thicker HF membranes with an average OD of 420 ym
were incorporated into a quarter-scale membrane mod-
ule. From the number of fibers the module consisted of,
that is, 250, and their active length, namely 25.6 cm,
the total membrane area of the module was calculated to
be 844 cm?. The membrane module was tested against
the gas transport properties of various single gases. The
measured values are presented in Table 5. According to
the measurements, the permeances more than doubled
compared to the same membrane measured in a small-
scale laboratory module. Furthermore, different values
of Ho/CO- selectivities were calculated, the selectivity
dropped from 5.6 to almost 3.0 to be exact. This perhaps
indicates the presence of some microdefect on one of the
fibers or a minuscule leakage between the feed and per-
meate. Nevertheless, the separation performance was suf-
ficient to demonstrate the concept of biohydrogen purifi-
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Table 3: Characterization of HC1 and HC2 mini-modules - gas transport properties were measured for single gases at pressure
differentials of 1.0 and 3.2 bars as well as at a temperature of 25 °C

Gas  Number Fiber Fiber Ap  Permeate flow Membrane Permeance  H2/CO2

of fibers diameter (cm) length (cm) (bar) rate (ml/min)  area (cm?) (GPU) selectivity

Module HC1_1

CO2 10 0.0313 20 1 1.96 19.7 22.1 4.41
10 0.0313 20 3.2 6.45 19.7 22.8 4.37
H2 10 0.0313 20 1 8.65 19.7 97.7
10 0.0313 20 3.2 28.2 19.7 99.6

Module HC1_2

CO- 20 0.0313 20 1 3.92 39.3 22.1 4.46
20 0.0313 20 3.2 14.3 39.3 25.2 3.71
Hs 20 0.0313 20 1 17.5 39.3 98.9
20 0.0313 20 3.2 53 39.3 93.6
Module HC2
CO- 23 0.029 20 1 1.65 41.9 8.7 4.5
23 0.029 20 3.2 5.54 41.9 9.2 4.3
H» 23 0.029 20 1 7.43 41.9 39.4
23 0.029 20 3.2 23.8 41.9 39.4

Table 4: Gas transport properties of the HC1 and HC2 membrane mini-modules for the CO2/H2 mixture measured at a feed
pressure of 3.6 bars (abs)

Module Parameter Composition [%]

Feed Retentate Permeate
HCI1_1 H2 Permeance (GPU) - 57 54 88
COg2 Permeance (GPU) - 43 46 12
Membrane stage cut 0.96 - - -
CO2/Hz Selectivity 4.2 - - -

HC1_2 H2 Permeance (GPU) - 41 40 63
COg2 Permeance (GPU) - 59 60 37
Membrane stage cut 0.94 - - -

CO2/H2 Selectivity 4.3 - - -

HC2 H2 Permeance (GPU) - 57 38 77
COg2 Permeance (GPU) - 43 62 23
Membrane stage cut 0.88

CO2/H2 Selectivity 5.7 - - -

cation. timization of the fermentation system and the integration
of the gas separation unit into the GS-MBR.

3.5 Development of the membrane gas sepa-
ration unit

Using the membrane modules, this project included the
construction of a membrane gas separation unit, the op-
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Table 5: Gas separation properties of the P2 membrane
module measured for single gases at 25 °C (number of
fibers = 250, average OD = 420 microns, membrane area

= 844 cm?)
Gas Ap Permeate Permeance = H2/CO2
(bar) flow rate (GPU) selectivity
(ml/min)
CO, 2 356 46.2 2.92
5.6 949 44 2.99
Hs 1.2 625 135.3 -
1012 131.5 -
(02 0.65 28 11.2 -
1.1 46 10.9 -

High-pressure membrane unit utilizing a laboratory
air compressor

The model membrane unit consisted of a P2 HF mem-
brane module, a laboratory air compressor, three pressure
sensors, a pressure regulator valve, two solenoid valves,
a back pressure regulator, fittings and an Arduino control
unit. A schematic diagram and photograph of the unit are
presented in Fig. 6. Both bioreactors were simulated by
pressure vessels with inlets. The control unit senses the
pressures in both pressure vessels (bioreactors) and at the
feed of the membrane module. To achieve a high degree
of efficiency, it is necessary to match the fermentation
performance of both bioreactors to the performance of
the membrane gas separation unit.

An attempt was made to control the compressor us-
ing pulses, namely the compressor was switched on when
the fermented amount of biogas in the main bioreactor
reached the specified limit. Since the power of the com-
pressor considerably exceeded the performance of both
fermenters and the membrane unit, it was necessary to
control the flow of the compressed gas mixture into the
membrane module by means of a back pressure regula-
tor, which transferred the excess amount of compressed
gas into the bypass. In order to maintain the pressure in
the loop at close to atmospheric pressure, an expansion
vessel was connected to it.

The compressor was controlled by pulses once again
— an Arduino microcontroller opened the solenoid valves
when the amount of biogas in the main bioreactor ex-
ceeded the set limit. The regulating valve in the retentate
stream of the membrane module regulates its stage cut.
When the pressure in the main bioreactor decreased un-
der the set limit, the Arduino microcontroller closed the
solenoid valves. This type of control guaranteed that the
feed pressure in the membrane module was sufficiently
high to maintain the required separation efficiency. The
pressure was kept by back-pressure regulator. The flow
rate of the gas mixture that was simultaneously fed into
the membrane module varied from O to 3 1/min, which is

given by the pulse width or duty cycle.

It should be noted that the mixture of hydrogen and
carbon dioxide is reactive under certain conditions [6]. It
probably cannot be ruled out that the pressures and tem-
peratures in the compressor together with the presence
of metal alloys will not trigger any undesired hydrogena-
tion. The compressor must therefore be an internal ATEX
version. The problem can be managed as shown in [7],
where the same gas mixture was pressurized up to 380
bars.

Low-pressure membrane unit utilizing a vacuum
pump

The second model membrane unit generates the driving
force at the membrane by the suction force supplied by
a vacuum pump. The unit again consists of the P2 HF
membrane module, a laboratory vacuum pump, two pres-
sure sensors, two solenoid valves, a peristaltic pump, fit-
tings and an Arduino microcontroller. A schematic dia-
gram and photograph of the unit is presented in Fig. 7.
When the pressure of the biogas in the main bioreac-
tor exceeded the set limit, the Arduino microcontroller
opened both solenoid valves and started the peristaltic
pump. The flow rate produced by this pump regulated the
membrane stage cut. The permeate flux was considerably
lower as the pressure differential was smaller than in the
first unit. However, regulation in laboratory-scale exper-
iments more accurately matched the performance of the
fermenter with that of the gas separation unit. The amount
of gas mixture fed into the membrane module can vary
from 0 to 0.5 I/min, which is given by the pulse width or
duty cycle as presented in the first set-up.

4, Conclusion

A series of 8 batches of HF membranes was prepared.
Each batch had different spinning process parameters.
The morphology and gas transport properties were char-
acterized to select the 2 best HF membranes which were
incorporated into 2 types of membrane modules. The first
module was designed for laboratory tests and had a small
membrane area and low permeate flow rate. The other
module consisting of 250 hollow fibers was constructed
for larger flow rates and scale. All membrane modules
were tested for single- as well as mixed-gas transport
properties and exhibited good levels of performance.

The design and development of a membrane separa-
tion unit is a very complex task. Firstly, membranes in
the form of hollow fibers based on PEI were prepared.
Then modules from each batch were built and character-
ized according to gas transport. The most efficient mod-
ule achieved a separation factor for Ho/CO- in excess of
5. Three modules of this type were fabricated as well as
tested using a model mixture and may hopefully be ap-
propriate for real-life gas separation [8], which is going
to be carried out by our partners.
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Figure 6: Schematic diagram (a) and photograph (b) of the high-pressure membrane unit for the integrated GS-MBR system:
1 - pressure vessel, 2 - pressure sensor, 3 - P2 membrane module, 4 - laboratory air compressor, 5 - expansion vessel, 6-7 -
two solenoid valves, 8 - back pressure regulator, 9 - regulating valve with a flow meter, 10 - Arduino microcontroller.
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Figure 7: Schematic diagram (a) and photograph (b) of the low-pressure laboratory-scale membrane unit: 1 - pressure vessel,
2 - pressure sensor, 3 - P2 membrane module, 4 - laboratory vacuum pump, 5 - expansion vessel, 6-7 - two solenoid valves, 8
- peristaltic pump, 9 - pressure vessel — retentate recipient, 10 - Arduino control unit.
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Two types of laboratory membrane separation units
were constructed using the larger P2 HF membrane mod-
ule. The high-pressure unit utilizes a compressor to pres-
surize the gas mixture into the feed of the module, while
the low-pressure unit utilizes a vacuum pump to main-
tain a low pressure in the permeate of the membrane
module. To ensure the separation efficiency remains high,
pulse regulation was utilized. For laboratory use the low-
pressure unit proved more accurate regulation to match
the fermenters performance with the separation unit.
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Enantioselective production of (S)-2-phenyl-1-propanol is important as in order to be applied in industry, a high degree of
optical purity is required. Besides organocatalysts and metal complexes, biocatalysts can be used for its synthesis in their
isolated form or as whole-cell biocatalysts, both of which have various advantages and disadvantages. In this research,
Saccharomyces cerevisiae, as a whole-cell biocatalyst, and recombinant horse-liver alcohol dehydrogenase (ADH), as
an isolated enzyme, were investigated in terms of their activity, kinetics and enantioselectivity. In the case of yeast, the
rate of cofactor regeneration was twice that of substrate conversion, moreover, the biocatalyst Saccharomyces cerevisiae
can be characterised by substrate-limited kinetics and low enantioselectivity. In contrast, the isolated enzyme recombi-
nant horse-liver ADH exhibited biphasic kinetics and cofactor regeneration was the rate-limiting step. The outstanding
enantioselectivity of recombinant horse-liver ADH renders it a promising catalyst for the purpose of this synthesis.

Keywords: alcohol dehydrogenase, whole-cell biocatalyst, Saccharomyces cerevisiae

1. Introduction

2-phenyl-1-propanol is a fragrance ingredient that pro-
duces the Lila-hyacinth odour commonly used in cosmet-
ics, fine fragrances and household cleaners [1]. Besides,
it is the basis of some non-steroidal anti-inflammatory
drugs and the precursor of other fragrances [2]. These
fields of use require a high degree of optical purity since
the enantiomers of the compound, by and large, bring
about different biological effects [3].

Asymmetric syntheses are preferentially obtained us-
ing enzymes, given the capability of most to catalyse or-
ganic reactions with high enantioselectivity under mild
conditions [4, 5]. Besides isolated enzymes, whole cells
are also being applied more and more often as biocat-
alysts, given the disparate attributes of both. Whole-
cell biocatalysts ensure the optimal environment for the
enzyme, thereby providing a quite stable system. Fur-
thermore, they contain cofactors and are able to bring
about cofactor regeneration without the necessary ad-
dition of any other compounds [6]. However, the pres-
ence of a variety of enzymes may lead to side reac-
tions. Also, isozymes with different enantiomeric pref-
erences may lower the overall enantiomeric excess into
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the bargain [7]. Unlike whole-cell biocatalysts, isolated
enzymes improve the level of control over the process in
the absence of side reactions, thereby enhancing its re-
producibility. In addition, inhibition is less likely to oc-
cur because of the greater degree of tolerance concerning
the concentrations of both the substrate and product. On
the other hand, the provision of a cofactor and its regen-
erating system significantly increases costs. In order to
choose the optimal catalyst for a given synthesis, a de-
tailed comparison of their advantages and disadvantages,
e.g. attainable yield, productivity, product purity, required
downstream processes and costs, should be made [8].

In this research, two types of alcohol dehydrogenases
(ADH) were investigated with regard to the conversion
of racemic 2-phenylpropionaldehyde to (S)-2-phenyl-1-
propanol. For the catalysis, the cofactor nicotinamide
adenine dinucleotide (NADH) is required by the enzyme
which has to be regenerated in order to ensure continuous
product formation. Ethanol was applied as an auxiliary
substrate for the regeneration which was catalysed by the
ADH. The reaction schemes are presented in Fig. 1. Be-
cause of the low solubility of the substrate and the product
in aqueous media, a two-phase system was applied.

Saccharomyces cerevisiae was applied in dried form
(instant baker’s dry yeast) as a whole-cell biocatalyst.
Over recent decades, both wild and genetically modified
strains of yeast have been gaining more and more atten-
tion as biocatalysts in the production of fine chemicals
[7]. Although (S)-alcohol is generally the predominant
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Figure 1: Reaction scheme

enantiomer in the reduction of racemic carboxylic acid
compounds by applying yeast [6], this is dependent on the
given substrate [9]. Our second catalyst was recombinant
horse-liver ADH expressed in E. coli. Isolated recombi-
nant horse-liver ADH is frequently applied for asymmet-
ric syntheses [10-12], moreover, its variant expressed in
bacteria can be a cheaper and more accessible alternative.

The aim of this research was to characterise the afore-
mentioned biocatalyst in terms of activity, kinetics and
enantioselectivity, thereby enabling their critical compar-
ison. In addition, mass transfer through the organic-water
interphase was also investigated in order to characterise
the relationship between the rates of each step.

2. Experimental Methods
2.1 Applied chemicals

All chemicals were commercially available and used
without further purification. Diisopropyl ether (puriss),
ethyl alcohol (a.r.), dodecane (a.r.), trifluoroacetic an-
hydride (98%), racemic 2-phenylpropionaldehyde (98%)
and S-(2)-phenyl-1-propanol (97%) were purchased from
Sigma-Aldrich. Recombinant horse-liver alcohol dehy-
drogenase (expressed in E. coli) as well as lyophilised
powder (1.5 U/mg) and [-nicotinamide adenine dinu-
cleotide (sodium salt, 98%) were obtained from Sigma-
Aldrich and Thermo Fisher Scientific, respectively.
K,HPO,, KH,PO, and Na,CO; were purchased from
VWR, while instant baker’s dry yeast was purchased
from a local store.

2.2 Activity measurements

A spectrophotometric method was used to determine the
catalytic activity characteristic of cofactor regeneration.
Given that the maximum adsorption of NADH is at 340
nm while that of NAD™ is negligible at this wavelength,
conversion of the cofactor can be followed by the change
in the wavelength of adsorption. In the case of isolated
ADH, 10 pL of enzyme solution (10 mg/mL), 600 uL
of NAD™ solution (4 mg/mL) and 1240 pL of buffer so-
lution were mixed in a quartz cuvette. The reaction was
initiated by the addition of 150 uL cc. of ethyl alcohol
and the change in absorbance was measured at 340 nm
by a Shimadzu UV-1800 ultraviolet-visible spectropho-
tometer. In the case of the whole-cell biocatalyst, 10 uL.

of an instant yeast suspension (10 mg/mL) was applied
instead of an enzyme solution. The catalytic activity was
calculated based on the following equation:

VA o %‘/cuvetteh (1)
B ed Vvenzyme

where VA denotes the volume activity [U/cm3], 4 d T rep-
resents the gradient of the line (by plotting absorbance
vs. time), Viuvette Stands for the volume of the mix-
ture [cm3], € refers to the molar extinction coefficient of
NADH at 340 nm [6.22 cm?/umol], d is the width of the
cuvette [1 cm], Venzyme denotes the volume of the en-
zyme solution [cm?®] and h represents dilution.

The catalytic activity characteristic of the conversion
of 2-phenylpropionaldehyde cannot be measured by a
spectrophotometer since the reaction mixture consists of
two phases. Therefore, the catalytic activity characteris-
tic of the whole process (substrate conversion, cofactor
regeneration and mass transfer through the organic-water
interface) was calculated from the results gained by mea-
suring the kinetics, as described in Sec. 2.4.

2.3 Mass-transfer rate

Since experimental conditions applied by conversion
measurements are unsuitable for determining the mass-
transfer rate through organic-water interface, a simpli-
fied system was applied for this purpose [13]. 13.4 mg
of 2-phenylpropionaldehyde and 18.5 mg of dodecane,
which served as an internal standard for gas chromatog-
raphy (GC) analysis, were dissolved in 10 mL of diiso-
propyl ether. A Schott glass bottle was filled with 6 L of
distilled water and the organic solution carefully poured
onto the surface of the water phase. During the following
27 hours, samples were taken from the organic phase and
analysed by GC. (The parameters of chromatographic
analysis were the same as described in Sec. 2.4).

The ratio of aldehyde to dodecane was plotted as a
function of time and a kinetic model was fitted to the mea-
sured data in accordance with the following equation:

J =d(co — acy) )

where J denotes mass transfer through the interface
[mol/(min cm?)], d represents the mass transfer coeffi-
cient [cm/min], cg stands for the initial substrate concen-
tration in the organic phase [mol/cm3], ¢, refers to the
substrate concentration in the water phase [mol/cm?®] and
a is the ratio of the activity coefficients. The difference
between the measured and calculated data was minimized
by the Excel Solver plug-in. Although the water phase
was gently mixed by a magnetic stirrer, the water—organic
interface was stationary. Therefore, its surface can be re-
garded as a constant. The mass transfer rate can be calcu-
lated by dividing the mass transfer (J) by the interfacial
area.
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Table 1: Heating program

Ramp rate Temperature Hold time
[°C/min] [°C] [min]
70 25
1 110
20 180 2

2.4 Kinetics

In all the experiments, 7 cm® of organic solvent and 7
cm? of phosphate buffer (75 mM, pH 8.0) were used. The
molar ratio of 2-phenylpropionaldehyde to ethyl alcohol
was set at 3.7, based on data from the literature [14]. In
the case of isolated ADH, 60 uL of NADH solution (7.5
mg/mL, freshly made with a buffer solution) was added to
the reaction media. (The optimal amount of cofactor was
determined during preliminary measurements, however,
this data is not shown.) In the case of instant baker’s dry
yeast, since the cell contained a sufficient amount of co-
factor, no further addition of NADH was necessary. The
reactions were initiated by adding the catalyst — 300 mg
of instant baker’s dry yeast or 500 L of enzyme solution
(10 mg/mL, freshly made with a buffer solution). The re-
action mixtures were shaken in a thermostatic incubator
(IKA KS 4000 i control) at 200 rpm and 30 °C. To inves-
tigate the product formation, samples were taken from the
organic phase and analysed by an HP 5890 gas chromato-
graph (140 °C isothermal). The GC was equipped with a
DB-FFAP column (1 gm x 30 m x 0.53 mm, Agilent
Technologies) and a flame ionisation detector.

2.5 Enantioselectivity

While measuring the enantioselectivity, the content of
the reaction mixture and operational parameters were the
same as described in Sec. 2.3. Before GC analysis, pre-
liminary derivatization was required. 1 mL of trifluo-
roacetic anhydride and 1 mL of diisopropyl ether were
added to 500 pL of the sample while heating the mix-
ture under reflux at 70 °C for 30 mins. Once the reaction
mixture had been cooled to room temperature, it was neu-
tralized with 4 mL of Na,CO5 (20%) and a sample from
the organic phase analysed by a Shimadzu GC-2014 gas
chromatograph equipped with a LIPODEX E capillary
column (0.2 pm x 25 m x 0.25 mm, Macherey-Nagel)
and a flame ionisation detector.

Table 1 contains the parameters of the applied heat-
ing program. The peaks were deconvoluted by OriginPro
software to fit the Gaussian curves. To identify the peaks
of the enantiomers, derivatization and analysis was per-
formed using pure S-(2)-phenyl-1-propanol. The reten-
tion time of the derivative of the product was 52.5 mins.

3. Results and Evaluation

3.1 Kinetics

By plotting the amount of product as a function of time,
a line can be fitted to the initial linear phase of the graph
and its gradient is the initial rate of reaction as a result
of the given substrate concentration. A kinetic curve re-
sults from repeating the method with different initial sub-
strate concentrations, yielding information about the de-
pendence of the reaction rate on it.

In the case of whole-cell biocatalysts, the prod-
uct formation can be described by the single-substrate
Michaelis-Menten model as the amount of cofactor can
be considered to be constant due to its fast regeneration
(see Sec. 2.3).

In the region of lower substrate concentrations, first-
order kinetics was observed as expected (Fig. 2). How-
ever, at 0.267 M, the curve peaked followed by a rela-
tively steady decrease instead of phase saturation. As a
result, it can be concluded that higher amounts of sub-
strate limit enzymatic conversion, therefore, 0.267 M is
the optimal initial concentration to maximise the reaction
rate.

In contrast to yeast cells, by applying recombinant
ADH, the reaction rate of cofactor regeneration may limit
product formation (see Section 3.2), therefore, cannot
be neglected. Since two reactions involved multiple sub-
strates catalysed simultaneously by the same enzyme, the
kinetics did not follow the Michaelis-Menten model. Al-
ternatively, a biphasic model was applied which divides
the curve into two phases: at low substrate concentra-
tions, the enzyme’s affinity is relatively high while the
turnover number is low. On the contrary, a low affinity
and high turnover number is characteristic of the region
of high substrate concentration (Fig. 3).

Biphasic kinetics can be modelled by the following
equation [15]:

Vinasxt [S] + C Lins [S]
Ky + [S]
where Vi,.x1 as well as Ky describe the first high
affinity—low-turnover phase and C'L;,; — equal to the ra-
tio Vinaxe @ Ko — denotes the second low-affinity—high-

turnover phase.
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Figure 2: Kinetics of the whole-cell biocatalyst
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Figure 4: Kinetics of the isolated enzyme

Apart from one exception (at 0.22 M), since model
data calculated using Eq. 3 fitted well to the measured
data (Fig. 4), biphasic kinetics is presumably a suitable
model to describe the kinetics of an isolated enzyme.
Having been minimized by the Excel Solver plug-in, the
model parameters were the following:

Vinax1 = 7.523;
CLine = 3.458;
Ky = 0.464.

According to Manevski [15], biphasic kinetics may
imply the presence of multiple substrate binding sites.
However, the applied methods were unsuitable for further
investigating the underlying mechanisms of the reactions
taking place.

3.2 Activity

The activity of the catalysts was measured during both
cofactor regeneration and the process as a whole (Table
2). One Unit (U) stands for the amount of catalyst nec-
essary to produce 1 pmol of product in 1 minute under
the measurement parameters. (Substrate conversion could
not be investigated separately as previously mentioned in
Sec. 2.2). Although normally the catalytic activity should
be measured in the saturation phase of the kinetics, none
of the kinetic curves enabled this. Therefore, measure-
ments were made at a substrate concentration of 0.27 M,
which is the substrate concentration at which the kinetic

Table 2: Activity of the catalysts

recombinant
ADH [U/mg]

yeast cell
[U/mg]

cofactor

. 0.19
regeneration

0.05

complete reaction
(0.27 M)

complete reaction
(1.08 M)

0.02 0.7

1.64

curve of the yeast-cell catalyst is at its maximum. In the
case of the isolated enzyme, the activity was measured at
the same concentration as that of yeast in order to com-
pare the two catalysts. This was also determined at the
highest measured point of the kinetic curve, namely at
1.08 M.

Based on the results, cofactor regeneration is one
scale faster when applying a whole-cell biocatalyst in-
stead of an isolated enzyme. Although the same enzyme
catalyses both substrate conversion and cofactor regen-
eration when isolated ADH is used, yeast cells contain
several enzymes that are capable of participating in re-
generation reactions which can occur more rapidly as a
result.

On the other hand, the overall reaction rate using the
same substrate concentration was 35 times higher when
recombinant ADH was used and further increases in sub-
strate concentration resulted in even higher reaction rates.

3.3 Mass transfer through the organic—water
interface

In order to determine the rate-limiting step of the whole
process, the mass transfer rate through an organic—water
interface was investigated. Owing to simplifications of
the measurement and the imprecise nature of model fit-
ting, the calculated mass transfer rate may be some-
what inaccurate. Nevertheless, the goal was to estimate
its order of magnitude rather than determining its precise
value.

Based on the kinetic model fitted to the measured
data (Fig. 5), the mass transfer rate was calculated to be
1.33 - 1075 mol/min. By comparing this value with the

‘8 0.5 v X measured data
©
E’ 0.4 x ® calculated data
g X wX
<]
3 0.2
S
2z 0.1
]
2 00
0 10 20 30
t[h]

Figure 5: Mass transfer process
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Table 3: Enantiomeric excess (ee) and degree of conversion from studies on the production of (S)-2-phenyl-1-propanol

Substrate Product,

Catalyst Solvent conc. degree of conversion ee () Ref.
buffer, 41 mM, 25 % (2 h) 91 %
-li . i 14
horse-liver ADH 0.24 U/mL isopropyl ether 165 mM 82 mM. 50 % (24 h) 88 % [14]
(63 % viv)
. buffer pH= 7.5,
horse-liver ADH 0.01 mg/mL CH,CN (10 % /) 0.5 mM 0.36 mM, 72 % (5h) 78 % [12]
recombinant buffer pH= 8.0,
horse-liver ADH, 0.5 U/mL diisopropyl ether 267 mM 45 mM, 17 % (1 h) 100 %  this work
exp. in E. coli (1:1 v/v)
CtXR D51A
. 4 /L 41 mM, 41 % (2h 95 %
mutant E. coli, gopw buffer pH= 7.5 100 mM m 6 (2h) o 2]
whole-cell 40 gcpw/L 70 mM, 70 % (2 h) 45 %
. buffer pH= 8.0, 267 mM 74 mM, 28 % (1 h) 24 %
S cerevisiae, Bgcow/l  dii leth this work
whole-cell gopw Py sasmM SSmMU16% (L) 36%

reaction rates of both catalysts, it could be established
that the mass transfer rate is two or three times faster
than those of product formation or cofactor regeneration.
Therefore, the rate-limiting step of the whole process is
cofactor regeneration and substrate conversion when an
isolated enzyme and whole-cell biocatalyst is applied, re-
spectively.

3.4 Enantioselectivity

The enantioselectivity of the whole-cell biocatalyst was
measured at three different initial substrate concentra-
tions: at the maximum of the kinetic curve (0.267 M) as
well as at two higher values (0.345 M and 0.746 M) to ex-
amine whether increasing the substrate concentration is
beneficial as far as achieving optical purity is concerned.
The enantiomeric ratio was calculated from the ratio of
the peak areas at 0.5, 1.0 and 1.5 hours (Fig. 6).
Changes in the enantiomeric ratio as the reaction pro-
gressed were insignificant, moreover, the difference in the
reaction time between 0.345 M and 0.746 M was negligi-
ble. At 0.267 M, the final result was 0.62, while the best
result, that is, 0.68, was achieved at 0.746 M. As a result,

0.7
5 b1
X
3 A A A0,267M
£ o6 A %X 0,345 M
(%]
00,746 M
0.5
0.0 0.5 1.0 1.5 2.0
t[h]
Figure 6: The enantioselectivity of the whole-
cellbiocatalyst

it could be established that to achieve an optimal reac-
tion rate and enantioselectivity, different initial substrate
concentrations are required.

In the case of the isolated enzyme, the enantioselec-
tivity was measured at the same substrate concentrations
as when the whole-cell biocatalyst was applied. However,
since only one peak corresponding to the (.S)-enantiomer
of the derivative was detected, further analysis was un-
necessary and the enantioselectivity regarded as 100%.

As in terms of consumption optical purity is a key
concern, the results of this work were compared with
some data from the literature (Table 3). In the case of
whole-cell biocatalysts, the results of Rapp et al. [16]
are more favourable than ours. However, since both stud-
ies suggest that the maximum degree of conversion and
enantiomeric excess cannot be achieved simultaneously,
a compromise must be made. In the case of the isolated
enzyme, the degree of conversion in this study is promis-
ing if the reaction time is also taken into account. As for
the enantiomeric excess, our result is clearly outstanding,
therefore, recombinant horse-liver ADH provides a satis-
factory alternative for catalysing the production of (S)-2-
phenyl-1-propanol.

4. Conclusion

In this work, the conversion of racemic 2-
phenylpropionaldehyde into (S)-2-phenyl-1-propanol
was investigated by applying a whole-cell biocatalyst
(Saccharomyces cerevisiae) and an isolated enzyme
(recombinant horse-liver ADH expressed in E. coli).
Significant differences were observed between the cat-
alysts in terms of all the considered parameters. Firstly,
the whole-cell biocatalyst exhibited substrate-limited
kinetics, while the isolated enzyme could be described
by biphasic kinetics. The yeast cell contained a sufficient
amount of cofactor for the reaction, moreover, its regen-
eration was twice as fast as in the case of the isolated
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enzyme. Therefore, the whole-cell biocatalyst is more
beneficial from this point of view. On the other hand,
the enzymatic activity of the whole process was at least
35 times higher when recombinant horse-liver ADH was
applied and could be further enhanced by increasing
the initial substrate concentration. Most importantly,
the isolated enzyme catalysed the conversion with 100
% enantioselectivity, which is also clearly outstanding
compared to data from the literature. In conclusion,
although recombinant horse-liver ADH is more expen-
sive, it is definitely a more efficient catalyst than yeast
as a whole-cell biocatalyst. Therefore, recombinant
horse-liver ADH is a promising biocatalyst with regard
to the synthesis of (S)-2-phenyl-1-propanol.
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The amount of plastic waste generated in developing nations like Nigeria is increasing day by day, which is non-
biodegradable and causes environmental pollution. Among the plastics used, low-density polyethylene is abundant. These
plastics can be removed from the environment and recycled into useful products. In this study, low-density polyethylene
plastic waste was utilized in the manufacture of floor tiles to curb its generation. The tiles were produced by mixing fine
sand with molten plastic waste in different proportions. The physical and mechanical properties of the floor tiles such as
water absorption, density, tensile and compressive tests, modulus of elasticity as well as impact strength and friction tests
were investigated. The water absorption ranged from 0.02 — 0.38 %(m/m), while the density varied between 998.5 and
1289 kg/m3. The tensile strength and modulus of elasticity fell within the range of 0.050 to 0.232 MPa and 0.924 to 2.806
MPa, respectively. This result proved the applicability of recycled plastic waste in the formulation of floor tiles.

Keywords: plastic waste, floor tiles, low-density polyethylene, pollution, properties

1. Introduction

Plastic waste is now a global problem and one that
must be addressed in order to solve worldwide problems
concerning resources and energy. Plastics are a generic
group of synthetic or natural materials consisting of high-
molecular-weight chains composed predominantly if not
entirely of carbon. They are classified into two categories,
namely thermoplastics and thermosetting plastics, more-
over, are found in different forms, e.g. as bags, furniture,
cups, basins, drinking and food containers, etc. [1].

The increasing consumption of plastic products in
various fields generates a significant amount of waste
products, equating to more than 12% of municipal solid
waste. Since plastics are non-biodegradable, that is, can-
not easily reenter the natural carbon cycle, the life cycle
of plastic materials ends at solid waste disposal facilities
and in water bodies. However, the full extent of plastic
pollution goes far beyond macroplastic litter. Microplas-
tics can contain additives, which have the potential to
leach into the surrounding environment, resulting in tox-
icity to organisms, including carcinogenesis and disrup-
tion of the endocrine system in humans [2].

There are several methods for disposing of municipal
and industrial plastic waste such as landfill, incineration,
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true material recycling and chemical recovery. Treating
plastic waste suitably is crucial to waste management and
important in terms of energetic, environmental, economic
and political viewpoints. Some plastics can safely be re-
cycled, while others cannot so litter the environment [3].

A large and increasing amount of household plas-
tic waste is being produced. The composition of waste
varies from country to country, since it is affected by
socioeconomic characteristics, consumption patterns and
waste management programmes. Nevertheless, generally
speaking, the proportion of plastics concerning the com-
position of waste is high. The largest component of plas-
tic waste is polyethylene, followed by polypropylene,
polyethylene terephthalate and polystyrene [4].

Polyethylene is the most common plastic and can
be classified into several different categories based
mainly on its density and branching. Important grades pf
polyethylene are high-density polyethylene (HDPE), lin-
ear low-density polyethylene (LLDPE) and low-density
polyethylene (LDPE). Plastic is recycled worldwide since
it reduces environmental impacts associated with the im-
proper disposal of plastic waste. Therefore, this study fo-
cused on the production of floor tiles by mixing sand and
plastic waste in different proportions. The characteriza-
tion of the tiles will provide some insight into the suitabil-
ity of applying sand-plastic composites in building con-
structions.
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(b) Fine sand

Figure I: Formulation samples

2. Materials and Methods

2.1 Sample collection and preparation

The plastic waste was collected from the University of
Uyo Water Company landfill site in Uyo, South-South
Nigeria. The LDPE plastic waste was washed with water
to remove dust and other impurities. The washed sample
was sun dried for 48 h and shredded into smaller pieces
(Fig. 1a). A clay-free sample of fine sand (Fig. 1b) was
obtained from Ifiayoung stream in Uyo, sun dried for 24
h, then oven dried at 105 °C for 4 h before being sieved
through a 125 ym mesh.

2.2 Formulation and Production of Floor Tiles

35 g of plastic waste was continuously introduced into a
fabricated melting pot made of stainless steel and heated
to a temperature of 160 °C , whilst being stirred continu-
ously to ensure homogeneous melting. 105 g of fine sand
was then added to the melted plastic waste before being
well mixed. The mixture was transferred into a stainless-
steel mould with the dimensions of 10.0 x 10.0 x 1.5
cm coated with a lubricating oil to facilitate demoulding.
The mixture in the mould was compressed by applying

Figure 2: Samples of Floor Tiles

a force before being cooled in a water bath for 5 mins.
The resulting tile was then removed from the mould. The
production process was repeated by varying the propor-
tions of plastic waste and fine sand. The samples of tiles
produced using different formulations are shown in Fig.
2.

2.3 Characterization of Floor Tiles

Water absorption

Water absorption tests were carried out in accordance
with the ASTM-C373 standard test method. Each sample
was oven dried at 110 °C to constant weight (1/,,) before
being immersed in distilled water at room temperature
(25°C) for 24 h. The samples were removed from the
distilled water, cleaned with a cotton fabric and weighed
(Wy). The amount of water absorbed (W,,) by each sam-
ple was calculated using

Wt - Wo)

%W, = ( x 100 (1)

o

Density

The density of each sample was calculated using

f 1
Density — mass of sample )
sample volume

Impact strength

Impact strength was measured using a JBS-300N model
Charpy impact testing machine and determined according
to the ASTM D6110-18 standard test method. A standard
sample was prepared with the dimensions 1 x 8 cm while
maintaining the original thickness before being placed on
the plate of the impact testing machine, wherein the jack
handle was carefully released to allow the load to strike
the sample of the ceiling board. The energy of the impact
was recorded and the impact strength calculated by
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Absorbed Energy

Impact Strength =
P & Cross-sectional Area

3)

Tensile strength

This was determined using the Mohan Brothers Ten-
sile testing machine CAP, SO0KGF ISO9001 model. The
samples were prepared for this test according to the
ASTM C1185 standard test method (Type II). Each sam-
ple was carefully placed in the tensile testing machine and
clamped at both ends. The machine was turned on and the
load at which each sample fractured recorded. The tensile
strength was calculated by

Maximum Load

Tensile Strength =
& Original Cross-sectional Area

4)

Young’s Modulus of Elasticity

Young’s Modulus of Elasticity (Y") is a measure of stress
per unit strain and was calculated using

stress

Y = (5)

strain

Friction Test

A friction test was conducted using the Cussons friction
test device graduated from 0 — 90° and was performed
based on the ASTM D1037-94 standard test method. The
sample was placed on an inclined plane of the piece of
equipment and the angle at which the specimen slid freely
down the surface was recorded. The coefficient of friction
was calculated by:

Coefficient of Friction = tan 6 (6)

where 6 denotes the angle of repose.

Compressive Strength

A compressive strength test was carried out using a
universal testing machine and performed based on the
ASTM D790 standard test method. The specimens with
dimensions of 20 by 20 mm were prepared and tested on a
support span of 130 mm in length as per the standard test
method. The load at which each sample was compressed
as a result of the force applied on it by the machine was
recorded. The compressive strength was calculated using

Maximum Load

)

Compressive Strength =
P g Cross-sectional Area

Table 1: Composition and Physical Properties of Floor
Tiles

Sample  Composition (%(m/m)) Water Density
LDPE  Fine Sand  Absorption  (kg/m®)
(%(m/m))

A 25 75 0.38 1289.6

B 35 65 0.04 1269.5

C 50 50 0.02 1168.2

D 65 35 0.24 1015.6

E 75 25 0.3 998.5

3. Results and Discussion

3.1 Physical Properties of Floor Tiles

The physical properties of floor tiles are presented in Ta-
ble 1. Water absorption is the ability of a bisque tile to
absorb water or moisture. The calculated water absorp-
tion of the floor tiles was between 0.02 and 0.38%(m/m).
The lowest water absorption (0.02%(m/m)) was obtained
in Batch C with a composition of 50%(m/m) LDPE and
50%(m/m) fine sand. The amount of water absorbed
closely resembled that of ceramic tiles of 0.03%(m/m).
Generally, tiles with a high level of water absorption have
a low resistance to chloride and sulphate as well as to wa-
ter penetration [5].

The density of the tiles ranged from 998.5 kg/m? to
1289.6 kg/m3 as is shown in Table 1. The lowest density,
calculated in Batch E, was due to the large quantity of
LDPE in the formulation. The density decreased as the
proportion of LDPE increased. A rise in the density re-
sulted in an increase in the compressive strength and a
decrease in water absorption by the tile [6].

3.2 Mechanical properties of the formulated
tiles

The mechanical properties of the batches are shown in
Table 2. The tensile strength of the floor tiles was between
0.050 and 0.232 MPa. The tensile strength of a material
is a measure of the force required to pull a material to
the point where it breaks. Batches A and E exhibited the
lowest and highest tensile strengths, respectively, possi-
bly due to the amount of LDPE used as a binding agent
in their formulations.

The Young’s modulus of elasticity with regard to the
batches of tiles ranged from 0.924 to 2.810 MPa as de-
picted in Table 2. The Young’s modulus of elasticity is a
measure of the stiffness of an elastic material and it is an
important parameter in evaluating the deformation of ma-
terials subjected to a working load. The lowest Young’s
modulus of elasticity that was calculated in Batch A may
result in a lower stiffness compared to that of Batch E that
yielded the highest.

The compressive strength of the tiles presented in Ta-
ble 2 was between 91.7 and 133.0 MPa. Batches D and B
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Table 2: Mechanical properties of Floor Tiles

Sample Tensile Young’s modulus Compressive ~ Impact strength ~ Coefficient
strength (MPa)  of elasticity (MPa)  strength (MPa) (kJ/m?) of friction
A 0.05 0.924 116.7 1912 0.6
B 0.067 0.975 91.7 1883 0.53
C 0.083 2.666 118 1955 0.51
D 0.082 2.653 133 2346 0.58
E 0.232 2.806 115 1933 0.58
exhibited the highest and lowest compressive strengths, REFERENCES

that is, 133.0 MPa and 91.7 MPa, respectively. This im-
plies that the impact strength of Batch D to compressive
loading will be greater than that of Batch B.

Impact strength is the resistance of a material to frac-
ture by being hit, expressed in terms of the amount of
energy absorbed before the fracture. The impact strength
of the batches ranged from 819.05 to 1720 KJ/m?. Since
Batches D and B exhibited the highest and lowest impact
strengths, respectively, Batch B will easily be fractured.

Table 2 shows that the coefficient of friction of the
floor tiles is between 0.51 and 0.60. However, given that
these values are similar, all the floor tiles responded sim-
ilarly to sliding freely over the same surface. The coeffi-
cient of friction depends on the surface finish of the floor
tiles and the values obtained are in good agreement with
the acceptable value of 0.5 outlined by the ASTM stan-
dard test method [7].

4. Conclusion

Floor tiles were successfully developed from plastic
waste and fine sand. Although the physical and mechani-
cal properties of Batch D yielded the best results, this re-
cycled plastic waste can be used to produce some indus-
trial products like floor tiles which are resistant to highly
corrosive environments like offshore platforms.
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Most xenobiotics are biodegradable, persistent or recalcitrant in nature. Morpholine, a typical xenobiotic, was initially
regarded as recalcitrant, however, later proved to be biodegradable by bacterial species like Mycobacterium and Pseu-
domonas in particular. However, establishing the metabolic pathways involved for the successful biodegradation of mor-
pholine is challenging because of its extreme level of water solubility that affects various analytical procedures. In addition,
to date, no suitable analytical methods have been reported to directly estimate morpholine and its degradable products
or intermediates. Nevertheless, methods, especially optical density, gas chromatography and mass spectrophotometric
analysis, could indirectly estimate the degradation product(s) of morpholine formed as a result of its biotransformation. In
the present study, the degradation pathway of morpholine was ascertained by selected bacterial isolates by measuring
their capacity to degrade morpholine. Based on this analysis of culture filtrates, it was determined that the novel isolate
is the genus Halobacillus blutaparonensis which follows the diglycolic acid route from the metabolic degradation pathway
of morpholine to induce one of two branches of the morpholine biodegradation pathway. In the presence of concentration
of morpholine, out of two branches of morpholine degradation one branch is induced, while the other branch is inhibited.
Whatever the branches with regard to the degradation pathway of morpholine exhibited by bacteria are, ammonia is the

final end product of degradation which might be biochemically utilized by the isolate.

Keywords: morpholine, xenobiotic, recalcitrant, glycolic acid route, ammonia

1. Introduction

Environmental pollution has become a global problem.
Due to the indiscriminate and frequent release of xeno-
biotics as a result of different anthropogenic activities,
each and every day our environment becomes increas-
ingly devastated by the pollutants. Morpholine (1-Oxa-
4-azacyclohexane) is one such heterocyclic xenobiotic
organic chemical with different versatile applications in
various processes in the rubber, paper, iron, textile, per-
sonal care, pharmaceutical and agricultural industries
amongst others. As a consequence of its vast operational
usage, a significant amount of this chemical is released
into the environment through the differential process of
discharging at both micro- and macro-concentrations.
Therefore, it is necessary to mention that anthropogenic
environmental pollutants, even at low concentrations, of-
ten produce deleterious effects on organisms, which are
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difficult to predict because measurable effects are ex-
pressed only after prolonged exposure.

In the environment, the majority of exposure to mor-
pholine originates from water and leads to the forma-
tion of the carcinogen N-nitrosomorpholine (NMOR) by
the process of natural nitrosation [1] (Fig. 1). Further-
more, it is pertinent to mention that this process of ni-
trosation may occur in biological systems when directly
consumed, ingested, inhaled and applied to the skin. In
addition, NMOR is known as a mediator of various de-
bilitating cancers associated with organs like the diges-
tive tract, respiratory tract, kidneys and liver, which is
eventually biomagnified through different trophic levels
of biota by its application or the intake of polluted wa-
ter leading to this carcinogen entering the food chain. In

MN,O; + HLO

+

NG~ + NO S

L1

e N "
O MN.MNO + H
N’

N-nitrosomorpholine

Figure 1: Formation of NMOR

o NH + O ™Y
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this regard, it would be best to provide a solution for
its efficient discharge or effective removal by different
physical and chemical processes. Recently, photocataly-
sis using catalysts irradiated by ultraviolet or visible light
has been applied for the mineralization of toxic organic
dyes in water and carbon dioxide [2,3]. However, a cost-
effective, environmentally-friendly biological tool pow-
ered by microbes has been widely used as an ancient core
concept for the purpose of conserving the natural environ-
ment and resources to curb the negative impacts on biotic
components. Therefore, a sustainable solution driven by
microbes must be explored to elucidate the degradation
pathway and measure how potent microbes are for the
purposes of decontaminating a wide range of pollutants
and their mitigation.

In general, most pollutants are organic and may be
biodegradable (transformed by biological mechanisms
which might lead to mineralization), persistent (fail to
undergo bioremediation in the environment or under a
specific set of experimental conditions) or recalcitrant
(inherently resistant to biodegradation) in nature. Bio-
genic or naturally occurring compounds are biodegrad-
able while man-made (anthropogenic) compounds may
be biodegradable, persistent or recalcitrant. In terms of
xenobiotics that are man-made, the microbial commu-
nities present in the environment may not have evolved
suitable mechanisms for their degradation. Many possi-
ble mechanisms exist which differ from one xenobiotic
to another. One common mechanism is the binding of en-
zymes analogous to their natural substrates which con-
tain xenobiotic functional groups, assuming these do not
greatly alter or change the active site which catalyzes a
reaction with the xenobiotic. The success of this enzy-
matic reaction (as a biodegradation mechanism) also de-
pends on other factors such as the ability of the xeno-
biotic as an inducer or inhibitor and the nature of the
product/intermediate formed. Specific to morpholine, the
metabolic degradation pathway has been very difficult to
establish because of the aforementioned technical limita-
tion.

1.1 Sustainable remediation of morpholine
and its degradation pathway

Although morpholine was previously thought to be re-
calcitrant, several microbes have proven to metaboli-
cally degrade it. The majority of studies showed that the
species Mycobacterium and Pseudomonas are the two po-
tential bacterial isolates that utilize morpholine as their
sole source of carbon and nitrogen, thereby undergo-
ing degradation [4-7]. A few studies have been carried
out to understand the biodegradation of morpholine and
its regulation [8—10]. Later a hypothetical pathway was
proposed for the complete mineralization of morpholine
that could proceed via 2-(2-aminoethoxy)acetate to pro-
duce its diglycolate salt and/or ethanolamine [5, 11, 12].
These two different routes of degradation are called the
ethanolamine/monoethanolamine pathway (Pathway 1)

)
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Figure 2: (a) Hypothetical pathway of morpholine degra-
dation where X = 2-(2-aminoethoxy)acetaldehyde, Y =
2(2-aminoethoxy)acetate and a, b, ¢ indicate the position
of carbon atoms in the ring. (b) Postulation of the morpho-
line degradation pathway after 'H-NMR and ion spectro-
scopic analyses where 1 = 2-(2-aminoethoxy)acetate, 2 =
diglycolic acid and 3 = glycolic acid.

and diglycolic acid/glycolate pathway (Pathway 2), re-
spectively (Fig. 2a). The illustrated degradation pathway
might start with the cleavage of the C-N bond, leading to
the formation of an intermediary amino acid which is fol-
lowed by deamination and oxidation of this amino acid to
form a diacid [11,12].

The degradation of morpholine via the ethanolamine
or glycolate pathways has been described in the presence
of Mycobacterium chelonae and M. aurum MOI [8, 9]
(Fig. 2a). The degradation of morpholine is likely to be-
gin with the breakage of a bond between a heteroatom
and an adjacent carbon atom by the enzyme morpho-
line monooxygenase, which is responsible for the ring
cleavage. Morpholine monooxygenase is an important
enzyme in the degradation of morpholine as it cat-
alyzes the biotransformation of morpholine to form 2-
(2-aminoethoxy)acetic acid and contains a catalytic sub-
unit of cytochrome Pas [1, 10]. Morpholine could serve
as a substrate for flavin-containing monooxygenases or
cytochromes P450 which is associated with oxygen con-
sumption [13]. Further inhibitory effects of metyrapone
on the degradation of the Mycobacterium strain RP1 have
been attributed to the involvement of cytochromes P450
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in the biodegradation of morpholine [5]. Depending on
the concentration of morpholine in the culture medium,
one pathway could be expressed while the other might be
inhibited [11]. Recently, a new approach was applied in
which the culture filtrate was analyzed by "H-NMR spec-
troscopy and ion spectroscopy to identify the metabolic
intermediates of morpholine degradation by M. aurum
MoOI [11,12] (Fig. 2). Although many different species
of Mycobacterium have been shown to degrade morpho-
line via this shared group of degradation reactions, little
information is known about the enzymes involved (Fig.
2b). Furthermore, the byproducts of the microbial pro-
cesses can be indicative of a successful bioremediation
process. Consequently, since only hypothetical pathways
have been proposed, limited interpretations of various ex-
perimental designs can be made to establish the degrada-
tion pathway that follows the route of degradation path-
way that follows the route of Pathway 1 and /or Pathway
2 via the shared formation of 2-(2- aminoethoxy)acetate.

2. Materials and methods

2.1 Environmental samples

The sample used in the present degradation study was
collected from natural sources (soil) in and around Dur-
gapur Steel Plant, West Bengal, India. The site is located
in Durgapur at a latitude of 51°50°43.8” north and a lon-
gitude of 8°16’35.8” west in the state of West Bengal,
India. Soil samples consisted of blackish fine-to-medium
sub-angular gravel in the upper surface, including fine
sand and a high content of iron flecks. Samples were col-
lected in a clean, sterile plastic container before being
transferred to the laboratory and stored at room tempera-
ture until used for further analysis.

2.2 Chemicals and reagents

All chemicals and reagents were of analytical grade and
used as received without any further purification. Even
though Milli-Q water (Elix Essential 3 Water Purification
System with a conductance of 0.12 Siemens) was used to
prepare an aqueous solution of reagents, autoclaved dou-
ble distilled water was used because of the microbial cul-
tures.

2.3 Screening, characterization and se-
quence accession of the morpholine-
degrading isolate

For the initial isolation and cultivation of bacteria, ten-
fold serial diluted samples were spread onto nutrient agar
plates, which were prepared according to the manufac-
turer’s instructions. The specific colonies obtained were
subcultured further to isolate the pure bacterial strain.
The selected pure bacterial isolate was identified based
on morphological, biochemical and molecular character-
ization. Morphological characterization was achieved by

visually observing colonies in terms of their appearance,
shape, color, arrangement, optical nature, margin, texture
and elevation. However, the biochemical tests were per-
formed as per standard methods [14]. Furthermore, the
pure colony was then identified by 16S rRNA gene se-
quence analysis.

In order to verify the phylogenetic affiliation of
the selected isolate, a single colony was collected for
the purpose of DNA isolation (InstaGene™ Matrix
Genomic DNA isolation kit (Bio-Rad Catalog # 732-
6030) as per the kit instructions and procedures) and
subjected to Polymeric Chain Reaction (PCR) analy-
sis using primers targeting two 16S rRNA genes [27F
(5’-AGAGTTTGATCMTGGCTCAG-3’) and 1492R (5°-
TACGGYTACCTTGTTACGACTT-3’-). A PCR reaction
(20 pL) was performed containing 8 puL of Taqg DNA
Polymerase Master Mix, 1 pL of both 10 uM stock
27F/1492R primers, 9 uL of double distilled water and
1 pL of a DNA template. The PCR (MJ Research PTC-
200 Peltier Thermal Cycler; Bio-Rad PTC-200) reaction
was conducted using specified conditions from the liter-
ature [15]. DNA was denatured at 94°C for 5 mins, fol-
lowed by 35 cycles of amplification, each consisting of
the following components: 94°C for 45 secs (denatura-
tion), 55°C for 60 secs (annealing), 72°C for 60 secs,
(extension) followed by 72°C for 10 mins (final exten-
sion).

The PCR product was sequenced by Yaazh Xenomics,
Chennai, Tamil Nadu, India. The 16S rRNA gene was
sequenced using the National Center for Biotechnol-
ogy Information’s Basic Local Alignment Search Tool
(BLAST). The phylogenetic analysis of the sequence us-
ing the closely related sequence of BLAST results was
performed by multiple sequence alignment. The program
MUSCLE 3.7 was used for multiple sequence align-
ments [16]. The resulting aligned sequences were fil-
tered using the program Gblocks 0.91b, which eliminates
poorly aligned positions and divergent regions, that is, re-
moves alignment noise [17]. Finally, the program PhyML
3.0 aLRT was used for phylogenetic analysis and HK'Y85
as a substitution model.

The nucleotide sequence of the isolated bacterium
was included in NCBI's GenBank and assigned an acces-
sion number consisting of 2 letters and 6 numbers [18].

2.4 Cultivation and acclimatization of the iso-
late: Microbial adaptation against mor-
pholine

Bacterial inocula were prepared by aseptically transfer-
ring the selected identified pure colonies to 10 mL of
an enriched media called Knapp Buffer. Alternatively,
a mineral salt solution (MSS) comprised of 100 mg of
KH,;PO4, 100 mg of KoHPO,4, 4 mg of MgS0O,4.7H,0
and 0.2 mg of FeCl; was used as previously described
by the author supplemented with 0.1% v/v morpholine
as previously described by the author [19]. Cultures were
incubated at 37°C as well as 150 rpm for 1 — 2 weeks and
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Table 1: GC parameters for the estimation of the monoethanolamine concentration

Parameters

Specificity

Column and its configuration

Oven/Column temperature

Rtx-35 30 mm x 0.32 mm X 1 um
Initial temp.: 60 °C

Hold: 1 min

Ramp rate: 30 °C/min

Final temp.: 240 °C maintained for 3 mins
Linear velocity: 37.6 cm/sec (for nitrogen)

Injection port

Temp.: 200 °C

Split Ratio: 30:1
Injection Volume: 1 pL.

Carrier gases (mobile phase)

Column gas flow rate: 2 mL/min

Purge gas flow rate: 1 mL/min
Hydrogen gas flow rate: 40 mL/min
Zero air flow rate: 400 mL/min
Nitrogen gas flow rate: 15 mL/min

Stationary phase

60% Dimethylpolysiloxane

and 35% Diphenyl polysiloxane

Detector Flame ionization detector at 300 °C
Analysis time 10 mins

Software GC Solution

Workstation Windows 8

their absorbance at 600 nm was taken regularly as a mea-
sure of growth. Based on their growth, when an optical
density of 0.5 was reached (data not shown), the culture
was diluted to 1 : 100 before being further spread onto
MSS-agar plates (treated with 2% agar + 0.1% morpho-
line) to confirm the acclimatization of the isolate against
morpholine stress. Furthermore, the growing culture was
centrifuged at 6500 rpm for 10 mins and the pellet was re-
suspended in the MSS medium while gradually increas-
ing the concentration of morpholine to 0.2% which was
referred to as a seeded acclimatized bacterial inoculum.
For each increased acclimatization study, the tested bac-
teria were grown in an MSS broth supplemented with an
increased concentration of morpholine and a respective
MSS-agar plate with the same concentration of morpho-
line to confirm the said acclimatization.

The acclimatized inoculum was later grown in the
presence of an intermediate degradation product of mor-
pholine to explore whether this particular isolate follows
Pathway 1 or 2. This was further validated by performing
in-vitro chemical and analytical assay(s) with the avail-
ability of intermediate product of morpholine degradation
in the culture filtrate. Lastly, estimation of the ammonia-
cal nitrogen (measure of the amount of ammonia) in the
culture filtrate revealed the complete degradation of mor-
pholine by this isolate following the concerned pathway.

2.5 Growth on different hypothetical degrada-
tion intermediate compounds

The growth of the isolate on various substrates (degrada-
tion intermediate compounds) was investigated by adding
the corresponding compounds (0.15%) to the MSS. The
pH of the media was adjusted to 7 and growth carried

out at 37°C as well as 150 rpm for 48 hours. At regu-
lar time intervals, the absorbance was measured in terms
of optical density to establish whether these degradation
products might have been formed to facilitate the growth
of the isolated bacteria.

2.6 Chemical tests of intermediate(s) in the
degradation pathway

Chemical tests on degradation products, mainly mo-
noethanolamine (primary amine) and morpholine (sec-
ondary amine), were carried out by the standard Simon
test - 1 (Rimini test) and Simon test - 2 (modified Rim-
ini test) on the culture filtrate to determine the presence
of primary and secondary amines [20]. The amine under-
goes a nucleophilic addition reaction with nitroprusside
ions in the presence of acetaldehyde or a ketone to yield
the characteristic color of primary amines (blue) or sec-
ondary amines (violet).

2.7 Gas Chromatography (GC) studies of
degradation intermediate(s)

A GC system (Shimadzu GC-2010) equipped with a stan-
dard oven for temperature ramping, split condition, in-
jection ports, a flame ionization detector and a Rtx-35
amine column (30 mm x 0.32 mm X lum film thick-
ness) in the presence of nitrogen as a carrier gas by the
direct injection method was used for the analysis of mo-
noethanolamine (MEA). The analytical parameters for
the analysis of MEA are summarized in Table 1, as per
the method (by modifying the column and its parameters)
reported in the literature [21].

Hungarian Journal of Industry and Chemistry



BACTERIAL ASSISTED BIODEGRADATION PATHWAY OF MORPHOLINE 37

Table 2: MS operating parameters for intermediate(s)

Parameter Specificity

Ionization electrospray ionization
Needle voltage = 4.5 kV

Interface tem- 350 °C

perature

Temperature of 200 °C

heating block

Sheath/Drying 15 L/min

gas flow rate

Nebulizer gas 1.5 L/min

flow rate

Acquisition 2 mins

time

Acquisition Positive/Negative

mode Scan m/z 50 — 200
Scan speed = 52 units/sec
Sampling acquisition time =
1.56 Hz (640 msec)

Detector Electron multiplier

Software Lab Solutions

Workstation Windows 7

A standard solution of 0.125 to 0.5% v/v MEA (corre-
sponding to ppm and prepared in methanol) was injected
along with the processed culture supernatant (1:10, fil-
trate volume of 1 and 9 volumes of methanol), as per the
method described above. GC of the test samples was run
against blank media using positive controls to quantify or
estimate the presence of MEA in the culture filtrate by
analyzing the Area Under the Curve (AUC) calculated by
the machine.

2.8 Mass spectrometry studies of degrada-
tion intermediate(s)

The mass spectrometry (MS) system of an integrated
Liquid Chromatography-Mass Spectrometry instrument
(Shimadzu LCMS-2020) equipped with an inlet inter-
face, ion source, mass analyzer and detector was used
to analyze the degradation products of morpholine. The
analytical parameters for ascertain the morpholine degra-
dation products are summarized in Table 2.

The sample for injection was prepared without using
a solvent, as per the method reported in the literature [12].
The culture sample (5 mL) was centrifuged at 10,000 rpm
for 10 mins before the supernatant was filtered through a
nylon filter with a pore size of 0.22 um (Axiva Sichem
Biotech, India) to remove any bacterial cells. 1 mL of
neat filtrate was injected directly into the MS instrument.

2.9 Estimation of the ammonia concentration

The presence of ammonia in the culture supernatant was
estimated by the standard Nessler’s method [22], which
involves coupling of ammonium to the Nessler’s reagent

Bacterial Culture Supernatant

!
?—w—w-

Standard NH4-N+(1-5ppm)

Absorbance @425nm

Figure 3: Estimation of the ammoniacal nitrogen concen-
tration by Nessler’s method

to produce a yellow color under strongly alkaline con-
ditions (Fig. 3). The resulting yellow color was formed
in proportion to the ammonium (NHJ) concentration
and was measured at a wavelength of 405 nm using an
Elisa reader (ELx50/8MS BioTek India) against a reagent
blank. The ammonia level in terms of ammoniacal ni-
trogen was expressed in mg/L (ppm). A standard solu-
tion of 10 ppm of NH,; —N was prepared by dissolving
4.773 mg of ammonium chloride in 125 ml of double-
distilled water and further diluted to make solutions of
1 — 5 ppm NH —N. A calibration curve was plotted and
is presented in the results section.

3. Results and discussion
3.1 Morphological, biochemical and molecu-
lar identification

Morphologically, the isolate was found to be white in
color with a dull opaque appearance, rod-shaped, have
a smooth texture and grow as a convex elevation colony.
Standard staining reported it to be a Gram-negative bac-
terium with high motility which also showed signs of
growth on a selective medium, namely HiCrome UTI
Agar M1353.

The primary sequence of the 16S rRNA from the
present bacterial isolate was determined. The program
PhyML 3.0 aLRT for phylogenetic analysis and HKY85
as a substitution model on the 16S rRNA gene sequences
determined the phylogenetic position of said isolate to be
a species closely related to the genus Halobacillus bluta-
paronensis with a sequence representative of E. coli (Fig.
4).

Nucleotide sequence accession was assigned by Gen-
Bank, NCBI and an accession number of KC345029 was

Halobacillus_sp._KC345029.1

100 Halobacillus_sp_EU868845.1
Y4 Halophilic_bacterium_EU124359.1
i | Halobacillus_sp_KT597079.1
Halobacillus_blutaparonensis_KF933653.1
Halobacillus_blutaparonensis

Figure 4: Molecular phylogeny of the 16S rRNA gene
sequence and sequences from identified bacteria in the
database. The sequence of E. coli served as the outgroup
for rooting the tree.
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Figure 5: Growth of the isolate in the presence of interme-
diates of morpholine degradation

1100000
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5000 ppm
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2500 ppm

AUC

[ouegRiy

1250 ppn

L3 14 LS 16 L7 LS 19 20 2.1 22
Retention time (min.)

Figure 6: GC (Rtx-35)- flame ionization detector chro-
matogram of MEA

assigned to this bacterial isolate of genus Halobacillus
blutaparonensis.

3.2 Growth on intermediates

The isolate grew in the presence of morpholine and
the intermediate, namely aminoethoxy ethanol (reduced
product of aminoethoxy acetate) by consuming it as a
source of carbon and nitrogen. However, no growth was
recorded in the presence of ethanolamine in the cul-
ture media shown in Fig. 5. The count of bacterial cells
was adjusted to 1x10% cells/mL (1 unit of absorbance =
5x10% cells) by varying the incubation periods up to 48
hours.

3.3 Chemical assay of intermediate(s)

Based on Simon tests - 1 and 2 [20], the presence of MEA
and morpholine in the culture filtrate is shown in Table 3.

3.4 GC studies of MEA in the culture super-
natant

GC of the culture supernatant was run at different con-
centrations (ppm) of a standard MEA solution. Table 4
and Fig. 6 indicate a retention time of MEA equal to 2.2

mins which was absent in the diluted culture supernatant.
GC analysis revealed that no MEA was present in the cul-
ture supernatant suggesting that bacteria might prefer the
diglycolic route (Pathway 2) of morpholine degradation
which was later confirmed by MS analysis.

3.5 MS studies of the culture filtrate

MS was run directly with a neat culture filtrate. Each sam-
ple was analyzed separately in both the positive and neg-
ative ion modes (Table 5 and Fig. 7).

It was observed that the m/z peak of the neat cul-
ture filtrate (Fig. 7) indicates the presence of 2-(2-
aminoethoxy)acetate (C4H9NO;, molecular weight =
119.119 and m/z = 120 as [M+H]*) and an anion of
diglycolic acid (C4HgOs, molecular weight = 134.09
and m/z = 133 as [M-H]") which supports the fact
that this particular isolate prefers the degradation path-
way of diglycolic acid (Pathway 2), similar to a strain
of mycobacterium reported earlier by conducting elec-
trospray ionization mass spectrometry on the culture fil-
trate [12].

Further MS analysis supports the GC findings that
MEA is not present in the culture filtrate because it might
have an inhibitory effect on the bacteria. Therefore, the
said bacterial isolate prefers the diglycolic acid route of
the metabolic pathway given the fact that in the presence
of morpholine, one of the two branches of morpholine
biodegradation was induced while the other was inhib-
ited. The illustrated degradation pathway might start with
the cleavage of C-N bond, leading to the formation of
an intermediary amino acid followed by deamination and
oxidation of this amino acid to form a diacid as is shown
in Fig. 2b.

3.6 Ammonia release: As the end product of
morpholine degradation

Morpholine can be degraded by bacteria which releases
ammonia. Whichever degradation pathway of morpho-
line is followed, ammonia is produced as an end product.

The concentration of ammoniacal nitrogen produced
by the isolate was calculated (Table 6 and Fig. 8) by the
regression equation of a standard curve (y = 0.137x with
r2 = 0.98) and found to be present at a concentration
of 5.2 ppm based on Nessler’s quantification. The ini-
tial morpholine concentration in the culture supernatant
(before degradation) was reported to be 2000 ppm. The
molar ratio with regard to the conversion of morpholine
into ammonia was found to be 1 : 0.014. Furthermore, it
was shown that the final pH of the media throughout the
experiment did not change, supporting the fact that a low
concentration of ammonia was released as an end product
of morpholine degradation.
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Table 3: Simon tests for the presence of the primary amine MEA and secondary amine morpholine in the culture supernatant

Sample

Test

Feature

Remark

Morpholine

MEA

Culture media

Culture
Supernatant
(Filtrate)

Simon 1

Simon 2

Simon 1

Simon 2

Simon 1

Simon 2

Characteristic
blue color of
the secondary
amine

Characteristic
violet color of
the primary
amine

No characteris-
tic blue color

No characteris-
tic violet color

No characteris-
tic blue color

No characteris-
tic violet color

Result

Morpholine
positive

MEA
positive

Morpholine
negative

MEA
negative

Morpholine
negative

MEA
negative
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Table 4: GC analysis of the diluted culture filtrate

Vial Retention time AUC Interpretation
(mins) (Compound)

Methanol 1.331 378534920.9 Methanol

5000 ppm MEA 1.333 366649701.7 Methanol
2.218 2748948.5 MEA

2500 ppm MEA 1.331 374551161.2 Methanol
2.216 2397300.9 MEA

1250 ppm MEA 1.331 378803557.4 Methanol
2211 1149593.1 MEA

Culture Supernatant (1:10)  1.334 310947764.4 Methanol
2.331 92353.6 No/Negligible MEA

Table 5: Expected intermediate according to the MS analysis of the culture filtrate.

Sample m/z m/z Remark
P Positive mode Negative mode
+
Neat Culture 120 [M+H] .
2,2 Aminoethoxy acetate
filtrate
133 (M-H]

Anion of diglycolic acid

Line#1 R.Time:0.833(Scan#:51)
MassPeaks: 24

RawMode:Averaged 0. 667-0.967(41-59) BasePeak: 120 10(20044)
BG Mode:Averaged 0.000-0.633(1-39) Segment 1 - Event 1

120
1102 120
[M+H]+
2-(2-aminoethoxy)acetate
90-
—

80

Positive mode

12010

100-

70
64
50
40-;
30

10610

13690

20-;
10-

103,00

13805
14405
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T
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o
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o

o

a

N8 10
4 1251
-
g-—wm
a

[

n

a

-

o

A

o

11605

112,00

T T
105 110
m/z
Line# 2 R.Tlrne:O.QSG(Scar»# 60)
MassPeaks:31
RawMode: Averaged 0. 683-0 . 983(42-60) BasePeak 115 00(3087)
BG Mode: Averaged 0.017-0.650(2-40) Segment 1 - Event

120+
110

115,00

133 Negative mode
100 [M-H]-

20 Anion of diglycolic acid
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70
60—
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=
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Figure 7: Electrospray ionization - MS spectra recorded under positive and negative ionization of the neat culture filtrate.
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Table 6: Estimation of ammoniacal nitrogen concentration by Nessler’s reagent

Well 10 ppm Milli-Q Cult}lre 50% Na-K  Nessler’s Net absorbance
Stock NH4-N+ (uL) water (uL)  media (pul) Tartrate (L)  reagent (uL)  at 405 nm
1 ppm 25 225 — 5 5 0.091
2 ppm 50 200 — 5 5 0.284
3 ppm 75 175 — 5 5 0.353
4 ppm 100 150 — 5 5 0.552
5 ppm 125 125 — 5 5 0.725
Culture 250 — 5 5 0.725
supernatant
oo tio of morpholine to ammonia brought about an inhibitory
s | * effect on the growth of bacteria by increasing the pH of
- the medium and making it more alkaline. The molar ra-
g o] tio of morpholine to ammonia was found to be different
2. il for different strains of bacteria as viz., namely 1 : 0.5 for
2 © Mycobacterium sp. HES [6], 1 : 0.89 for Mycobacterium
< Zz sp. [7] and 1 : 0.82 for Mycobacterium sp. MO1 [9].
i ’ 5. Conclusions
0 1 2 3 4 5 3 . . . . X
NHLN (ppm) The large scale industrial applications of morpholine and

Figure 8: Standard curve of ammoniacal nitrogen concen-
tration by Nessler’s reagent

4. Discussion

Based on the results summarized, it has been reported that
the isolate prefers to undergo the diglycolic acid route of
degradation instead of the ethanolamine pathway, which
might be an inhibitory effect on bacterial growth. The il-
lustrated degradation pathway starts with cleavage of the
C-N bond, leading to the formation of an intermediary
amino acid which is followed by deamination and oxi-
dation to form the diacid (Fig. 9). This diacid, namely
diglycolate, later participates in intermediate metabolism
and is converted indirectly into TCA by the Krebs cycle,
which is beyond the scope of the present article.

Moreover, the presence of degradation intermediate
compounds in culture filtrate also favors this finding
with the conclusion that the diglycolic acid route of
biodegradation might be a common degradation mech-
anism, which is also shown by other strains of bacteria,
proceeding via 2-(2-aminoethoxy)acetate. The said inves-
tigation to reveal the degradation pathway of morpholine
is supported by similar findings published by other au-
thors [5, 10-12].

Furthermore, whatever the degradation pathway ex-
hibited by the bacterial isolate, the end product, that is,
ammonia, will be biochemically produced and used. Our
studies confirm the presence of ammonia as an end prod-
uct in a molar conversion ratio of morpholine to ammonia
of 1 : 0.014. Due to the low concentration of ammonia
produced, the pH of the culture medium did not change
throughout the experiment. However, a higher molar ra-

its known carcinogenic effect thus have an environmental
interest for its biodegradation and exploring the degrada-
tive pathway so that unrevertable damage to the natural
environment and biota can be minimized. Along with
the Mycobacterium and Pseudomonas sp. another po-
tential isolate namely Halobacillus blutaparonensis has
been investigated for its ability to removal of morpho-
line by adopting the diglycolate degradation pathway.
Hence, sustainable remediation practice by utilizing ef-
fective microbes should be applied to bring the environ-
mental cleanup or facilitate the existing system of effluent
treatment mechanism incorporation with biological ap-
proaches to minimize the impact of xenobiotic pollutants
in the anthropocentric epoch.
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ENZYME REACTION ENGINEERING AS A TOOL TO INVESTIGATE THE
POTENTIAL APPLICATION OF ENZYME REACTION SYSTEMS

NEVENA MILEIC !, IVANA CEVID!, MEHMET MERVAN CAKAR', MARTINA SUDAR!, AND

ZVJEZDANA FINDRIK BLAZEVIG *!

'Faculty of Chemical Engineering and Technology, University of Zagreb, Marulicev trg 19, Zagreb,

HR-10000, CROATIA

It is widely recognized and accepted that although biocatalysis is an exquisite tool to synthesize natural and unnatural
compounds under mild process conditions, much can be done to better understand these processes as well as detect
resulting bottlenecks and help to resolve them. This is the precise purpose of enzyme reaction engineering, a scientific
discipline that focuses on investigating enzyme reactions with the goal of facilitating their implementation on an industrial
scale. Even though reaction schemes of enzyme reactions often seem simple, in practice, the interdependence of different
variables is unknown, very complex and may prevent further applications. Therefore, in this work, important aspects of
the implementation of enzyme reactions are discussed using simple and complex examples, along with principles of
mathematical modelling that provide explanations for why some reactions do not proceed as planned.

Keywords: enzyme kinetics, modelling, reaction optimisation

1. Setting up the reaction conditions for an
enzyme reaction

In each reaction system, first a proper buffer must be se-
lected and the pH dependence of the enzyme activity de-
termined in order to identify the optimal working condi-
tions [1]. Although the impact of temperature on enzyme
activity is also important, it should be remembered that
the temperature at which the enzyme exhibits the high-
est level of activity is not necessarily that at which the
enzyme stability is optimal. At higher temperatures, the
enzyme activity is often increased but at the cost of pro-
gressive and irreversible denaturation due to poor thermal
stability [2,3]. When multiple enzymes are present in the
reaction system and are supposed to operate in the same
reactor, as is the case in cascade reactions, the optimal
conditions can seldom be chosen for all of them. Usually,
a compromise must be reached whereby the selection of
the reaction conditions depends on the enzyme activity
required to catalyse the reaction [4, 5]. After selecting
the buffer, temperature and pH for the studied reaction
system, it must be analysed in detail, starting from the
reaction scheme. Even though the reaction scheme usu-
ally clearly depicts the reaction, it should be noted that

Recieved: 4 April 2022; Revised: 10 April 2022; Accepted: 11 April
2022
*Correspondence: zfindrik@fkit.hr

issues beyond the reaction scheme of the enzymatic reac-
tion need to be discussed and analysed.

In many cases, unwanted but insignificant side reac-
tions may take place that sometimes also have a detri-
mental effect on the outcome of the reaction. Although
this may not be so important on the laboratory scale as
far as screening for enzyme activities is concerned, given
that the concentrations applied on that scale fall within
the range of a few mM, it must be noted that the rate of
chemical reactions increases as the concentration of re-
actants increases, e.g. first- and second-order reactions.
Therefore, further analyses to determine the effect of in-
creasing the scale of the reaction by hundreds of mM are
required. The same applies to the chemical stability of
compounds present in the reactor. In this case, engineer-
ing methodology is priceless for the purpose of exploring
the possibility of slowly feeding the reactive compound
into the reactor. Alternatively, if an intermediate is reac-
tive, the reaction rate in the reactor may be tuned to en-
sure its concentration is always minimal. For example,
in the case of epoxides that are substrates of halohydrin
dehalogenases [6], it is known that their stability is poor
[7,8]. As aresult, in these reactions, a prochiral substrate
is often used to start the reaction [9, 10]. The same is true
in this case whereby an epoxide intermediate is formed
in situ and immediately spent in the subsequent reaction
with the same or a different enzyme such as the one pre-
sented in Scheme 1.

Additionally, since both epoxides and their corre-
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Scheme 1: Synthesis of (R)-y-chloro-/3-hydroxybutyronitrile from an achiral substrate
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Scheme 2: Synthesis of L-homoserine in a cascade reaction

sponding nucleophiles can inhibit the catalytic activity of
an enzyme [11], the selection of their concentrations in
the reactor is crucial in facilitating a successful reaction
[12]. Clearly, these are very complex reaction systems
and the suitable set up of a reactor as well as reaction
conditions determined by the model-aided approach can
be vital [13].

Multi-step reactions cannot always be performed si-
multaneously in one pot due to complex relationships be-
tween the process variables [14, 18]. In a study of an in-
novative reaction scheme for the preparation of the ator-
vastatin side-chain precursor, it was found that the two
reaction steps consisting of aldol addition and the oxi-
dation of the corresponding product amino lactol could
not be performed simultaneously [14]. This was mostly
due to the fact that acetaldehyde as the substrate in the
first reaction step interferes with the oxidoreduction and
coenzyme regeneration by acting as a substrate for the
oxidoreductase or as an inhibitor as well as deactivator
of both oxidoreductase and NADH oxidase. It is impor-
tant to determine if all the reaction steps are compatible
with each other before deciding how to develop the reac-
tion. Although this might suggest a significant amount of
experimental work, this can be considerably reduced by
evaluating the enzyme kinetics [13,19,20].

Forming the reaction model enables a vast variable
space to be explored in silico. Apart from that, combin-
ing the kinetic model with mass balances in different re-
actors enables different types of reactors to be explored

in each system. This was found to be crucial with regard
to improving the process metrics in the synthesis of L-
homoserine [21], a system governed by the unfavourable
equilibrium of the transaminase-catalysed reaction and
aided by the pyruvate recycling system catalysed by al-
dolase (Scheme 2).

The application of model-based optimization tech-
niques led to a doubling of the product concentration (up
to 80 gL~ ') and an 18% increase in the volumetric pro-
ductivity (up to 3.2 gL~'h~!) in comparison with a pre-
viously published work [22]. In this system, it was crucial
that both reactions were carried out simultaneously to im-
prove the position of the equilibrium. Formaldehyde was
gradually added to the system by using a pump due to its
reactivity and inhibiting effect on enzyme activity. Addi-
tionally, pyruvate and L-alanine were added sequentially
once the pyruvate had been consumed in several doses,
which, according to calculations, was found to work in
silico experiments (Fig. 1 A-B) and subsequently proved
experimentally (Fig. 1 C-D).

2. Side reactions and their effect on the re-
action scheme.

When studying a complex reaction system, possible side
reactions must be taken into account. These can be caused
by the instability of reactants, products or intermediates;
by chemical reactions between the compounds present
in the reaction mixture; as well as by the side reactions
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Figure 1: Cascade synthesis of L-homoserine [20] in a fed-batch bioreactor by gradually adding formaldehyde via a pump
as well as sequentially adding pyruvate and L-alanine incrementally once the pyruvate had been consumed. (A) (black line
— L-alanine, dashed line — pyruvate, dotted line — formaldehyde), (B) (grey line — L-homoserine, grey dashed line — aldol
intermediate). In silico experiments, (C) experimental validation (black triangles — L-alanine, white squares — pyruvate, blue
diamonds — formaldehyde), and (D) experimental validation (red circles — L-homoserine, grey stars — aldol intermediate).
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Scheme 3: Synthesis of the aldol product (35,4R)-6-[(benzyloxycarbonyl)amino]-5,6-dideoxyhex-2-ulose in a cascade reac-
tion
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caused by the catalytic enzymes due to their low purity or
ability to catalyse more than one reaction [8,23,24]. Re-
actions are often carried out with a crude enzyme extract
or whole cells in order to reduce the costs of synthesising
the protein by avoiding the necessity for purification. Al-
though such systems often offer an additional advantage
in terms of enhancing the operational stability of the de-
sired enzyme within the protein mixture or cell compart-
ment, other enzymes in these systems can also catalyse
undesirable enzymatic reactions [23].

All of these aforementioned reactions can lower
the concentration of the target product as well as
decrease the reaction yield, moreover, in some cases,
even prevent the formation of the target product. One
example of such an event is the oxidation of an al-
cohol to form an aldehyde catalysed by horse liver
alcohol dehydrogenase that reacts further by oxidiz-
ing the aldehyde to form the corresponding acid as a
side product. In the cascade synthesis of (3S,4R)-6-
[(benzyloxycarbonyl)amino]-5,6-dideoxyhex-2-ulose
(Scheme 3), N-Cbz-3-aminopropanoic acid was the
dominant main product following our first attempt, with
only 2% of the target product being formed [25, 26].
Considering the complexity of the system, reaction
engineering methodology was applied to determine
the reason behind this. A statistical model implied the
occurrence of this side reaction [25] which was later
confirmed by kinetic studies [26].

Not only did the aforementioned studies reveal the
reasons for the poor yield but also determined how to
improve it to between 79 and 92%, respectively. In
many cases, although commercial compounds that con-
tain small quantities of certain additives are purchased
for research purposes, these additives can also frequently
act as enzyme inhibitors, such as in the case of 4-
methoxyphenol as a stabilizer of acrylonitrile that was
used as a substrate in one of the reactions studied by us
[27]. In fact, this was one of the crucial reasons why it
was not possible to obtain significant amounts of product
in any reactor.

3. Investigation of the kinetics of the
enzyme-catalysed reaction

To formally identify the system, the effect of all the com-
pounds present in the reaction mixture on the enzyme
activity / reaction rate can be evaluated. During these
measurements, the effects of all the compounds on the
enzyme activity can be measured and, in many cases,
substrate, intermediate and product inhibition can be de-
tected, which subsequently help with regard to decision-
making and selection of the reactor mode to be used for
the reaction. Some examples of reactor designs that can
be applied, according to the properties of the studied re-
action and desired outcome, are given in Fig. 2. In theory,
it is known that the fed-batch bioreactor is a favourable
choice for reactions subjected to substrate inhibition to
increase the concentration of the obtained product [31].

(A)

91 CLo /<]
\

i

(B)

q,C10 /Q
/

©

Figure 2: Schemes of different reactors applied in bio-
catalysis: (A) batch reactor, (B) fed-batch bioreactor, (C)
continuous stirred tank reactor

For product-inhibited reactions, a continuous stirred tank
reactor operating at the maximum concentration of the
product is not recommended and, therefore, the resultant
enzyme activity is unsatisfactory [32,33]. In practice, re-
actions are rarely inhibited by a single compound, more-
over, in many cases, several important inhibitions and/or
side reactions take place. Therefore, the reactor mode
cannot be easily set by viewing the results of the effect
of substrates on the reaction rate. In these cases, kinetic
models help simulate different scenarios and enable the
best choice for the studied reaction system to be made
[13].

The simulations of a relatively simple double-
substrate reaction in which the kinetics can be described
by double Michaelis-Menten kinetics with both substrate
and product inhibition are presented in Fig. 3. The impact
of reaction conditions on substrate conversion and volu-
metric productivity in the batch reactor is presented in
Figs. 3A and 3B, while 3C and 3D show the same for the
continuous stirred tank reactor (CSTR). Substrate conver-
sion is governed by the enzyme concentration as well as
the reaction time and residence time in the batch reactor
and CSTR, respectively. The main difference that can be
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Figure 3: Model simulations demonstrating the impact of the reaction conditions on the conversion and volumetric productiv-

ity in the batch and continuous stirred tank reactors

observed is in terms of volumetric productivity, which ex-
plains why continuous processes are currently in the spot-
light. In this simulation, the maximum volumetric pro-
ductivity of the CSTR is fourfold greater than that of the
batch reactor. Nevertheless, it must be noted that the op-
erational stability of the enzyme is important and that the
enzyme activity was assumed to be constant. In practice,
since the enzyme activity inevitably drops over time and,
therefore, enzymes must be stabilized by a form of im-
mobilization, ensuring the continuous process functions
is not a straightforward task.

The first step to investigate enzyme kinetics is to find
an appropriate method that will result in the rapid collec-
tion of enzyme kinetic data. This can be done by applying
a spectrophotometric enzyme assay and microtiter plate
reader, however, should these methods be unavailable,
this can also be achieved in a traditional manner by deter-
mining the initial reaction rates from HPLC or GC data
with regard to the concentrations of substrates and prod-
ucts [13]. Given that data collection must be accurate
and reliable, analytics is the foundation of the research.
Data must be reproducible and trustworthy to be used for
modelling. An example of kinetic data is presented in Fig.

4 where the grey line denotes the experiment where the
enzyme concentration was too high. Furthermore, even
though the linear dependence of absorbance over time is
obvious in the initial part of the curve, the error of such
measurements can be high and depends on the individ-
ual measuring. On the other hand, the black line clearly

1:2
1.0 1
0.8 (n--—------
0.6
0.4 4
0.2
0.0

Absorbance [-]

0 20 40 60 80 100 120 140 160
7[s]

Figure 4: The impact of enzyme concentration on the
quality of the experimental data
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Figure 5: Estimation of kinetic parameters for a two-substrate reaction by applying linear (A and B) and nonlinear regression

(C and D) analyses

represents linear data with a relatively small gradient, in-
dicating that the measurements were made properly and
the dependence is undoubtedly linear within that range.
A series of such experiments performed at different con-
centrations of substrates, products and intermediates is
required to obtain one set of experimental data to be sub-
sequently used for the estimation of kinetic parameters.

Based on the kinetic data, the kinetic parameters
can be estimated by using nonlinear regression analysis,
which is far better than the still commonly used linear
regression analysis [34]. This can be illustrated by the
example presented in Fig. 5 whereby a double-substrate
reaction was considered and the kinetic data concern-
ing the dependence of the specific enzyme activity on
the concentration of the reactants measured. By measur-
ing the initial reaction rate (conversion less than 10%),
the effect of product inhibition or enzyme deactivation
could be minimized [35]. This example will be used to
illustrate the differences between the values of the esti-
mated kinetic parameters when various methods of es-
timation are applied. In the first case, linear regression
analysis was applied by using a Lineweaver-Burk plot
(Figs. 5A-5B). The data show discrepancies and, in the
case of 5B, two points needed to be removed from the
analysis as they were outliers. The estimated kinetic pa-
rameters are presented in Table 1. In the second case,
the kinetic parameters were estimated by using single-

substrate Michaelis-Menten kinetics, which in all like-
lihood is frequently used in practice. The estimated ki-
netic parameters presented in Table 1 are very different
from the ones obtained following linear regression analy-
sis. Furthermore, since the maximum reaction rates dif-
fer for each substrate, the measurements in all proba-
bility were not made in the area of substrate saturation.
Michaelis constants estimated by using double-substrate
Michaelis-Menten kinetics strongly resemble the values
estimated by using single-substrate Michaelis-Menten ki-
netics. However, when the maximum reaction rates are
compared, a significant discrepancy between them can
still be observed. Estimating the maximum reaction rate
by using double-substrate Michaelis-Menten kinetics is
the optimum solution offering a unique value of V,,, and
taking into consideration the case when the non-varying
substrate was not saturated. Therefore, in the case when
both substrates are saturated, single-substrate Michaelis-
Menten kinetics and nonlinear regression analysis offer a
suitable solution to estimate the kinetic parameters.

4. Investigation of the operational stability
of the enzyme

Enzyme activity inevitably decreases in the reactor over
time, which means that the operational stability reduces
as well [28-30]. This also needs to be quantified from the
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Nonlinear regression analysis —
single-substrate kinetics

Linear regression analysis

Nonlinear regression analysis —
double-substrate kinetics

Parameter 1 1 Kyl Viae Vincica
r Vm  Vmec " Kmte "7 (Kt + 1) (Kmz + c2)
Vin [U/mg] 0.743 (3.539) 1.448 (2.119) 4.177
K1 [mmol/dm?®] 2.56 8.2 9.09
Koz [mmol/dm?] 46.366 7.726 9.191

Table 1: Comparison between different methods to estimate the values of kinetic parameters in an enzymatic reaction

experimental data [29] and incorporated into the kinetic
model. In many cases, the enzyme activity can be fol-
lowed by an independent enzyme assay. In other cases,
it can be estimated by using the kinetic model and other
experiments. The operational stability of enzymes is an
important topic not only in terms of research but also
with regard to their applications. Understanding and de-
scribing quantitatively as well as qualitatively how en-
zyme function and structure change during conversion in
a bioreactor is of crucial importance [28,36].

In their work, Borner et al. investigated the mecha-
nistic reasons for the poor operational stability of amine
transaminases along with the influence of quaternary
structure, cofactors and substrates. Through their kinetic
and thermodynamic experiments, they were able to iden-
tify the structural domain that appears to confer stability.
The study revealed that the enzyme is significantly more
stable when at rest than in its operational state, moreover,
its operational stability was lower and experiments sug-
gested a mechanism that brought about substrate-induced
deactivation [28]. In many reports to date, it has been
stated that the presence of substrates and their concen-
trations can have both positive [37] and negative [30] ef-
fects on enzyme stability. In a study by Cesnik et al. [30],
formaldehyde as a substrate was found to have a nega-
tive effect on enzyme activity during experiments (Fig.
6A). Subsequently, it was found that this could be cor-
related with the operational stability of the enzyme (Fig.
6B). Considering the reactivity of formaldehyde and the
size of this molecule, chemical damage to the protein
may occur in its presence, as reported in other studies.
In a study involving the dehalogenation of 1,3-dichloro-
2-propanol (1,3-DCP) catalysed by halohydrin dehaloge-
nases (HHDHs), it was found that the substrate 1,3-DCP
causes enzyme deactivation during incubation, moreover,
as observed in the previously described case, the substrate
concentration has a significant effect on enzyme activity
(unpublished data, Fig. 6C). Experiments conducted in
batch reactors corroborated that the operational stability
decay rate constant can be directly correlated to the sub-
strate concentration (unpublished data, Fig. 6D). These
are not the only examples of this behaviour. In a study
by Vasi¢-Racki et al., it was also shown that glycolalde-
hyde caused operational stability decay in the reactor, the
rate of which was dependent on its concentration [38].
In all of these cases, the quantification of the operational

stability decay rate constant and the modelling approach
improved the outcome of the reaction and increased pro-
cess metrics values.

Another example of the effect of a substrate on en-
zyme activity can be demonstrated by different oxidases.
In one study, the operational stability of D-amino acid ox-
idase was investigated in the presence and absence of aer-
ation [40]. The enzyme operational stability decay rate of
D-amino acid oxidase from porcine kidneys was reduced
by increasing the oxygen concentration in the reaction so-
Iution and the enzyme activity decreased more rapidly.
Similar conclusions were drawn in a later study on glu-
cose oxidase [40]. This can be related to the oxidation of
protein residues in the presence of oxygen and requires
some sort of quantification to enable development of the
reaction by focusing on resolving bottlenecks.

If operational stability is considered in a very simple
reaction with only a basic Michaelis-Menten model, its
effect during dynamic simulations can be observed (Fig.
7A). When the enzyme activity reduces in the batch re-
actor, the shape of the curve changes slightly. To the un-
trained eye, this can also resemble the result of reaching
equilibrium or product inhibition. Therefore, if the kinet-
ics of the reaction are completely unknown, it is very dif-
ficult to draw the right conclusion. The situation is quite
different if the continuous stirred tank reactor is used,
since this reactor ideally works at a stationary state and,
therefore, no changes in enzyme activity nor in stationary
concentrations of reactants and products occur. Hence,
enzyme operational stability decay in CSTRs results in
the stationary state being lost and the clearly visible shape
of the curve caused by the reduction in enzyme activity
(Fig. 7B). A third type of reactor often applied in bio-
catalysis due to substrate inhibition are fed-batch biore-
actors. Although enzyme operational stability decay can
be observed from the shape of the curve (Fig. 7C), here,
like in the case of the batch reactor, it is more difficult to
clearly define the reason for this trend. The answer that is
suggested here concerns quantification of enzyme activ-
ity during the reaction.

5. Choosing the best enzyme variant for
the reaction

Techniques for genetically modifying enzymes have ad-
vanced greatly over recent years and can be applied to
produce industrially suitable catalysts more quickly and

50 pp. 45-55 (2022)



52

MiL&1E, CEVID, CAKAR, SUDAR AND FINDRIK BLAZEVIC

100 T
- | (A)
= 50
2 *
2 60 * 4
2
3
% 40
3
3 20
R
0 .
0 5 10 15 20 25
7 [h]
10L--o L (C) o
& @
2 | ]
g 0.8 o )
£ 06
3 4 .
v °
2 04
=
35 ®
2 2 e ° °
0.0 d d
0 100 200 1300 1400

f [min]

0.030

(B)

0.025
0.020
0.015 e b

k, [min™']
®

0.010 8

0.005

0.000 +®
0 500 1000 1500 2000

[mM]

CE'nrmadehydc

0.08

0.06

0.04 1

k, [min™']

0.02 1

0.00

0 100 200 300 400 500 600 700
mM]

€1 3-dichloro-2-propanol |

Figure 6: (A)The influence of the initial concentration of formaldehyde on the enzyme activity of FSAD6Q during incubation;
(B) Dependence of the operational stability decay rate constants of FSAD6Q on the initial concentration of formaldehyde; (C)
The influence of the initial concentration of 1,3-DCP on the enzyme activity of HHDH during incubation; (D) Dependence of
the operational stability decay rate constants of HHDH on the initial concentration of 1,3-DCP

250 250

-7 1000
(A) 2 B) ©
200 -... - 200 .: 800
*
5 150 5150 Fi S 600
£ EN 4 &
5 G 000000000000000000000000 100 .‘. o 400 ...c:l.""“.
°® ® 000°° ge®
50 1 A° so0fd S 200 Covttiley
-. 000®
0 0 - 0
0 50 100 150 200 250 300 0 1000 2000 3000 4000 5000 6000 0 100 200 300 400 500
¢ [min] ¢ [min] f [min]

Figure 7: The effect of operational stability decay on model curves in different types of reactors: (A) batch reactor, (B)

continuous stirred tank reactor, (C) fed-batch bioreactor

Parameter ~ Unit Enzyme 1 Enzyme 2 Enzyme 3
Vin U/mg 3.424+0.05 1.74+£0.11 0.74+0.03
Kn mM 102.24 £ 4.01 67.52 £7.22 36.33 £ 8.82
K; mM 67994 £38.81 183.19+29.25 377.28 - 68.70

Table 2: Estimated kinetic parameters for the three enzyme variants

cost-effectively. However, in order for new biocatalysts
to be worthy of industrial large-scale production, reli-
able and comprehensive methods for the initial kinetic
characterization of possible enzyme variants are neces-
sary. In search of an optimal enzyme variant, the en-

zyme with the highest activity (highest V,,, value) or high-
est affinity for the substrate (lowest K, value) is often
sought [41]. This is only valid when Michaelis-Menten
kinetics are applied, however, in practice, the situation is
rarely that simple. For example, this is not so in the case
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Figure 8: Comparison between the three enzyme variants which exhibit substrate inhibition at different levels

of Michaelis-Menten kinetics with substrate inhibition,
when the substrate concentration used during screening is
critical. Given that screening seems to only be conducted
at one concentration, accurate data of enzyme activity is
not provided, considering that the shape of the Michaelis-
Menten curve is unknown. Since variants of the same en-
zyme differ with regard to the estimated values of their
kinetic constants, combinations of the relevant kinetic pa-
rameters (V,,, K,,, K;) were obtained for each variant
(Table 2). Although it may be assumed that the enzyme
with the minimum Michaelis constant and highest activ-
ity is most suitable, in practice, this enzyme may exhibit
a higher level of substrate inhibition as a result. Three en-
zyme variants were Kinetically characterized and the de-
pendence of their specific enzyme activities on the sub-
strate concentration is presented in Fig. 8, while the ki-
netic parameters are shown in Table 2. The best applied
variant was found to be Enzyme 1, written in bold, in
Table 2 because the level of substrate inhibition it is sub-
jected to is by far the least pronounced. In practice, this

means a broader substrate concentration area in which the

highest enzyme activities can be obtained in the reactor

(Fig. 8A) and enhanced stability of the reactor’s operat-

ing conditions. Simulations presented in Fig. 8 also show
that when screening the enzyme variants, it is important
to not only evaluate their activities but also estimate all
their kinetic parameters.

In further stages of process development, the appli-
cation of reaction engineering to identify process bottle-
necks is required to exploit the full potential of novel en-
zymes. To develop novel green routes in biocatalysis and
scale them up, it is crucial to adopt a multidisciplinary

approach by combining the fields of chemistry, biology
and chemical engineering.

6. Conclusions

Enzyme reaction engineering can provide explanations
for and give answers to different phenomena that occur
in bioreactors. This is of particular importance when it
comes to multienzyme systems which are very important
in terms of sustainable development and green synthesis.
Many obstacles to their development must be overcome,

for example, adjusting enzyme activities, choosing suit-
able enzyme variants, selecting the best reactor and deter-
mining the optimal reaction conditions while considering
the side reactions that may occur. Therefore, a combined
effort and multidisciplinary approach are required to pre-

pare complex enzyme reaction systems for industrial ap-
plications.
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Given the increasing complexity of agricultural systems within the broader context of the bio-based circular economy,
simplified and unified plant models are needed that represent the primary biomass production by solar-driven carbon-
dioxide sequestration. Utilizing experiences from process systems engineering, which was originally inspired by chemical
engineering, a suitable plant model is proposed. The structure of the model is generated from the process net of the
underlying state and transition elements. Two special-state elements are introduced for the short-term storage of the
supplied biomass to be distributed and of the uptake of nutrient-containing water, necessary for evapotranspiration and
photosynthesis. The transition-oriented description of functionalities follows the essential causalities and balances of
natural self-control. Implementation of the model is illustrated by a simple example.

Keywords: plant model, reduced complexity, stoichiometric processes, process network, supply/demand lo-

gistics, natural self-control

1. Introduction

The bio-based circular economy is crucial to secure the
supply of food and materials for mankind given the
burden of depleting non-renewable resources and finite
reservoirs. The replacement of open process systems with
circular ones needs conscious engineering planning and
operations while systemically overviewing the underly-
ing processes. Multisectoral process networks require the
coupling of sub-models from various disciplines on dif-
ferent scales. In the bio-based circular economy, the pho-
tosynthetic biosystems (plants) represent biomass pro-
duction from solar energy, i.e. from the only external,
unlimited energy resource for our planet. Accordingly,
the model-based analysis, planning and operation of cul-
tivated and natural plants plays an important role.
Recently, motivated also by the increasingly inte-
grated engineering of natural and man-made systems, in-
tensive bidirectional learning has commenced between
the computational modeling of natural and man-made
processes whereby:
* the principles of more sustainable and resilient natu-
ral ecosystems can be applied in the design and con-
trol of man-made systems on the one hand, while

Recieved: 26 May 2022; Revised: 7 June 2022; Accepted: 7 June 2022
Correspondence: varga.monika@uni-mate.hu

e the experiences of industrial systems designed by
engineers can be taken into account with regard to
the model-based analysis, planning and operation of
agricultural cultivation on the other.

Although systems of chemical process engineering
played a unique role in this knowledge transfer because
the underlying multidisciplinary processes were complex
enough to represent various features, they were not too
complex for the application of formerly applied com-
putational tools. The lessons learnt from chemical pro-
cess systems are still clearly important in terms of the
rapidly developing model-supported problem-solving of
complex agri-food and agro-environmental process sys-
tems. This paper shows how chemical process engineer-
ing can be used to develop plant (crop) models of limited
complexity.

First, some available plant models will be overviewed
in brief. Two different approaches are available, namely
(1) empirical (statistical) models to calculate various spe-
cific sources of biomass production and (ii) the mecha-
nistic (biophysical) models that describe the underlying
physical, chemical and biological processes, representing
causalities and balances. This overview focuses on the
mechanistic crop models.

Physiological models are important to further our
understanding of metabolism, growth and how plants
respond to environmental conditions, e.g. climate
change [1]. The detailed dynamic modeling of physio-
logical processes is not a novel endeavor, in fact it was
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already applied at the end of the previous century [2-5].
However, because of the increasing complexity of Water-
Energy-Food-Ecosystems Nexus [6—8], besides detailed
biophysical models, the systemic coupling of these bio-
physical models from various disciplines is also neces-
sary, which also requires flexible models to couple eco-
nomic considerations [9].

Regarding the level of detail, the improved under-
standing of physiological characteristics and the expected
response to environmental changes require mechanistic
models at both the cellular and organ level [10]. How-
ever, their practical applicability, considering the avail-
able data and knowledge, also requires the development
of advanced coupling models.

Various complex crop models are available. In a re-
cent paper, eight kinds of crop models are classified and
compared [11], the most important of which are as fol-
lows:

Agricultural Production Systems sIMulator (APSIM)
is an actively evolving tool for the modeling and simu-
lation of a wide range of agricultural systems, includ-
ing plants, animals and soil, which also takes into con-
sideration management actions and climatic effects [12].
The crop-related parts contain the detailed biophysical
description concerning the phenology, biomass accumu-
lation and distribution of newly synthesized biomass as
well as the uptake of water and components by taking
into account the related limitations and dependencies on
environmental conditions.

STICS is a detailed biophysical modeling tool that
considers water, carbon as well as thermal and radia-
tion energy balances for many (ca. 20) different crops
([13, 14]). It also clearly represents the phenological
stages and the most important biophysical processes, e.g.
light interception, transpiration, uptake of water and nu-
trients, etc.

Cropping Systems Simulation Model [15] is also a
frequently used simulation model that takes into con-
sideration the soil water budget, soil-plant nitrogen bud-
get, crop-canopy and root growth, dry matter produc-
tion, yield, residue production and decomposition as well
as several management options, e.g. cultivar selection,
crop rotation, irrigation, fertilization, tillage operations,
residue management, etc.

Recently, the rediscovery of advantages regarding the
coupling of tree and crop systems by combining their
models has also come to the fore. Both APSIM and
STICS follow this direction. A few validated tree mod-
els are available that are integrated in APSIM to be used
in combination with plants [12]. On the other hand, a
STICS crop model is embedded in the Hi-sAFe agro-
forestry tool [16].

2. Challenges and objective

Plant models for well-defined important crops and trees
are available. These detailed, specific models require a

considerable set of parameters to be identified, more-
over, the increasing design space of the bio-based circular
economy needs simplified, approximate, unified, flexible,
extensible and connectible plant models.

The objective of this paper is to introduce the con-
ceptual framework and experimental implementation of
a unified plant model of reduced complexity. To develop
the model, the following chemical process engineering-
based principles were applied:

 generalized unit operations;

* specific stoichiometric composition of pseudo-
components and other entities;

* stoichiometric conservation processes based on the
model-specific conservation laws, e.g. conservation
of atoms in chemistry; and

* demand-supply chain-like representation of material
flows driven by the underlying push or pull logistics.

3. Materials and methods

3.1 Data and calculation formulae for a typical
example of a plant to be modelled

As an illustrative example of a man-made and operational
plant ecosystem, a cultivated field of maize was modeled,
where 9600 individual plants were cultivated over an area
of 1600 m?. The maize-related specific data were derived
from the literature [17-19].

Within the contours of the outlined system, this cul-
tivated field was associated with the connected layers of
soil and the compartment of air. The environmental con-
ditions were taken into consideration in accordance with
the data from the respective meteorological database.

The initial data of the plants refer to the stage fol-
lowing the sowing of the seeds when the initial biomass
of the plants is contained within the seeds and sprouting
has not yet occurred. The initial conditions of the seed
biomass (based on estimations by experts) and its com-
ponents [20,21] are the following:

Biomass = 0.0003 kg/plant

C = 0.03747 kmol/kg

H = 0.06999 kmol/kg

O = 0.02846 kmol/kg

N = 0.00154 kmol/kg

P = 0.00011 kmol/kg

X = 0 kmol/kg

H,0 = 0.118 kmol/kg

0O, = 0.00066 kmol/kg

Germination is an event-driven process that occurs af-
ter the time-driven sowing. Sowing, which is a manage-
ment process, is modelled by putting the seeds into down-
flow material storage. Afterwards, in the event of the ap-
propriate environmental (meteorological and hydrologi-
cal) conditions, the seeds germinate resulting in the re-
lease of these stored materials in accordance with the fol-
lowing parameters (based on estimations by experts):

Seed biomass = 0.0001 kg/pc

Hungarian Journal of Industry and Chemistry



DEVELOPING PLANT MODELS OF REDUCED COMPLEXITY 59

Seed rate = 6.579 x 10~ 7 kg/h
Proportion of leaves = 0.853

Proportion of roots = 0.147

Surface area ratio of leaves = 6.667 m2/kg
Surface area ratio of roots = 3.003 m?/kg

In our example model, the germination period is from
April 20th until May 9th.

After the leaves and roots appear, resulting from the
event-driven process of germination, the life processes of
plants, that is, photosynthesis, growth, respiration, evap-
otranspiration and uptake, start.

The rate of photosynthesis is calculated by the follow-
ing simplified equations [19]:

Num Rad Ft Et
P

ABiomassDry = DT (D
where
ABiomassDry = biomass produced, kg,
Num = number of plants, pc.
Rad = radiation, W/m.J2
F = proportion of radiation absorbed by the plants
E; = radiation-use efficiency,

kgdry matter/w absorbed radiation
p = density, number of plants/m?, where

Ft = 1 — e kLAl )
f N
LAL, — ceavesSurf Num 3)
Aact
Aact = LAIratio LandSurf (4)
Num
= @)
Aact

LandSurf = surface area of land, m?2

LA, = 1 m? area of leaf / m? area of land

ki = 0.8 - light extinction coefficient [19]

E¢ = 0.01409 kg/M]J, radiation-use efficiency [19]

The process of evapotranspiration is calculated from
the reference evapotranspiration (ET,, mm/day), deter-
mined from meteorological data according to the well-
known Penman-Monteith combination equation [22].
Based on this equation, the evaporation from the land and
plants during a time step are calculated separately based
on the following equations:

ETna = Ke ETy LandSurf DT (6)
ETptanis = Kep, ETy Surf Num DT @)

where
ETy = reference evapotranspiration,
recalculated from ET( / kmol/h
ET}.ng = land-related evapotranspiration, kmol
ETplan: = plant-related evapotranspiration, kmol
LandSurf = surface area of the land, m?2

Surf = surface area of the leaves, m>

Num = number of plants, pc

K. = 1 m~2, soil-related part of the dual crop
coefficient [22]

K =1 m™2, basal plant-related part of the dual crop
coefficient [22]

DT = the time step in hours, distinguished for the
changing actual daylight or night period

Growth is calculated after germination and is inter-
preted as the distribution of the photosynthetic biomass
between the parts of the plants. Before the time- or event-
driven appearance of the product, the following ratios are
applied in line with estimations by experts:

Proportion of leaves = 0.853,

Proportion of roots = 0.147.

Afterwards:

Proportion of leaves = 0.637,

Proportion of products = 0.253,

Proportion of roots = 0.110.

Respiration is calculated for the individual parts of the
plants. For all the parts, two kinds of respiration is sim-
ulated: one as a given proportion of the biomass synthe-
sized and the other as a given proportion of the already
existing biomass. The applied equations are the follow-
ing:

Rleaves =K DMleaves +C Mleaves Num DT (8)
Ryrod = K DMproq + C Mprog Num DT (9)
Rroot = K DM,g0ts + C Mygots Num DT (10)

where

Rieaves = respired biomass of leaves, kg

Rproq = respired biomass of product, kg

Rio0t = respired biomass of roots, kg

DM¢aves = synthesized biomass of leaves, kg

DMj04 = synthesized biomass of product, kg

DM;01s = synthesized biomass of roots, kg

Mieaves = €xisting biomass of leaves, kg

M,,04 = existing biomass of product, kg

Moot = existing biomass of roots, kg

K = the constant of 0.1 h—! [22]

C = the constant of 0.0001 h—! [22]

Num = number of plants, pc.

DT = the time step in hours, distinguished for the
changing actual daylight or night period

The uptake of water, nitrogen and phosphorus (or of
other optional elements) is calculated as the minimum
amount:

 required for evapotranspiration and photosynthesis
together and
e available in the soil.
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3.2 Non-conventional methodology of Pro-
grammable Process Structures

Programmable Process Structures (PPS, [23-26]) have
developed from its antecedent, that is, Direct Computer
Mapping [27]. PPS offers automatic generation of easily
extensible, connectible and combined dynamic balance-
and rule-based models for the analysis, planning and op-
eration of complex process systems, even beyond indus-
tries that apply CIM (Chemical Integrated Manufactur-
ing). These models consist of unified state and transition
elements, transition-oriented representations of structures
as well as locally programmable functional prototypes.

The main sources of inspiration behind PPS are: 1)
the general functional definition of process systems in
Kalman’s State Space Model [28]; 2) the structural rep-
resentation of General Net Theory [29]; 3) the concept of
communicating autonomous programs in terms of Agent-
Based Modeling [30].

Accordingly, PPS models are derived from two gen-
eral (state and transition) "meta-agents," namely the
structure of the generated state and transition elements
form a net structure, moreover, the locally programmed
state and transition prototypes represent the distributed
functionalities in terms of Kalman’s model. In addition,
PPS can consciously make a distinction between model-
specific conservation laws based on additive measures
and signals.

In fact, PPS models can be generated from two gen-
eral meta-prototypes and from the corresponding descrip-
tion of the process net. The local program containing
prototype elements (that are responsible for the case-
specific calculations), are also derived from the same
meta-prototypes. The simulation can be executed accord-
ing to the connections between the actual state and tran-
sition elements, accompanied by the data transfer be-
tween the actual elements and their calculated prototypes.
This architecture and its Al programming language-based
(SWI-Prolog to be exact) implementation strongly sup-
port the integration of various field- and task-specific
models.

4. Results and discussion

4.1 Chemical process engineering-inspired
principles and hypotheses of plant mod-

els

Natural and cultivated plants, including crops, vegetables,
herbs, grasses and bushes, trees, etc. in a broader context,
cover a wide variety of biological species embedded in
a naturally occurring and partly human-controlled pro-
cess system. Since many different species exist, at first
glance this resembles the early stages of chemical en-
gineering when individual technologies were interpreted
as a system of various case-specific reactors, separators,
etc. The essential invariant elements were later general-
ized according to the concept of unit operations. Simi-
larly, the unified, essential features of agricultural models

can be formulated as “biological engineering unit opera-
tions” within the complex system of the connected agro-
technological, ecological and environmental systems.

Considering the need for unified and simplified bi-
ological, ecological and environmental engineering pro-
cess units, these systems must be represented by the nec-
essary and sufficient types as well as numbers of state and
transition elements calculated by a limited set of gener-
ally usable program prototypes.

The coherent and connectible set of the underlying
“first principles’-based mechanistic (physical, chemical
and biological) models must be based on causally correct,
model-specific conservation laws-based material and en-
ergy balances. Considering the numerous biochemical
compounds and biological objects, that is, organs, etc.,
synthesized from these compounds, the various typical
biological units can be characterized by their specific sto-
ichiometric composition that facilitates the representation
of balances in accordance with the conservation of atoms
and in line with chemical principles.

Besides the conservation-based balances, the causally
determined (driving force-based) transformations and
transportations are the second pillar of process engineer-
ing models. In this regard, plant-like biological process
units represent a special case because the major driving
force is solar radiation originating from beyond the con-
tours of the system. This feature determines the unique
position of plants in the bio-based circular carbon econ-
omy.

In fact, solar radiation-driven photosynthesis pro-
duces a stoichiometric composition of biomass that sup-
plies biomass in the various state elements of plants
through downflow transporting short-term storage. More-
over, the forces of solar radiation-driven evapotranspi-
ration result in the uptake of water and dissolved nutri-
ents through upflow transporting short-term storage that
supplies the additional resources required for photosyn-
thesis as well as removes the by-products of the energy-
producing respiration.

Accordingly, the essential self-control of plant life is
organized by the solar radiation-driven push logistics of
downflow as well as by the solar radiation-driven pull
logistics of upflow. The daily and seasonal changes in
plant behavior are determined by the temporally changing
environmental functionalities, while human intervention
can be taken into consideration by the respective manage-
rial events.

The hypotheses for the simplified and unified plant
model can be summarized as follows:

* The state elements are described by the specific
biomass (or mass); the stoichiometric amounts of C,
H, O, N, P and optional X atoms; as well as those
originating from H,O, O, and CO,.

e The transition elements, e.g. photosynthesis,
growth, respiration, evapotranspiration, uptake,
etc., determine the functionalities resulting in stoi-
chiometric changes in the aforementioned sources
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of biomass, mass, atoms and components in the
respective state elements.

* The life processes of plants as self-controlled liv-
ing systems can be characterized by (i) the supply
logistics of the photosynthesis-driven utilization of
CO, from air and H,O, N, P, etc. (from top soil) to
produce O, which is emitted into the atmosphere in
addition to stoichiometric pools of C, H, O, N and P
that is incorporated into downflow material storage,
as well as by (ii) the demand logistics of the solar
energy-driven evapotranspiration-controlled uptake
of H,O, N and P from the soil and the emission of
CO, and H»>O into the air.

4.2 Structure of the investigated process sys-
tem

The process net structure of the simplified plant model,
embedded in its natural environment and extended with
human managerial interventions, is illustrated in Fig. 1.
In the net model, the dots and bars represent the state and
transition elements, respectively. The state and transition
elements of the simplified plant model are the following:

Plant-related model elements:
* State elements:

— roots (responsible for the water uptake, trans-
portation of dissolved nutrients and long-term
biomass storage that is also capable of gener-
ating useful products);

— leaves (including stems which are responsible
for solar radiation-driven photosynthesis and
evapotranspiration);

— products (which facilitate the storage of
biomass for reproduction that also generates
useful products);

— downflow of material (short-term storage of
photosynthesized biomass to be distributed
amongst the roots, leaves and products);

— upflow of material (short-term storage of up-
taken water and nutrients as well as of respired
components to be distributed between evapo-
transpiration and photosynthesis).

* Transition elements:

— photosynthesis: utilizes solar radiation to syn-
thesize biomass from atmospheric carbon
dioxide, uptaken water and dissolved compo-
nents, e.g. nitrogen, phosphorus, etc.;

— growth: distributes the photosynthesized
biomass between the parts of the plant ac-
cording to the phenological phase-specific
stoichiometry;

— respiration: creates energy to synthesize tis-
sues from already synthesized biomass and in
part maintain existing plant biomass;

— evapotranspiration: which is determined by the
atmospheric conditions, i.e. level of solar en-
ergy, generates the driving force for the uptake

of water and dissolved nutrients from the soil
as well as releases the CO, and H,O produced
by respiration;

— uptake: supplies the necessary water and dis-
solved nutrients from the soil.

Soil-related model elements:

* State elements:

— residue (only in the topsoil): contains organic
residues, e.g. from leaf littering or the plough-
ing of roots;

— humus (only in the topsoil): transformed or-
ganic biomass in the soil;

— solution containing water and dissolved com-
ponents;

— inorganic solid phase.

* Transition elements:

— transform (only in the topsoil): describes the
production of humus and dissolved nutrients
from the residues;

— air_land (only in the topsoil): calculates the
levels of precipitation and nitrogen fixation
from the atmosphere into the soil as well as
those of evaporation and CO, emission from
the soil into the atmosphere;

— miner_deminer: determines the degrees of
mineralization and demineralization of dis-
solved components in the soil;

— seepage: calculates the vertical downflow of
water and dissolved components between the
layers of soil.

Human interventions in terms of cultivation:

» Typical state elements: manure, seeds, harvested
products, etc.

» Typical time- and/or event-driven transition ele-
ments: manuring, sowing, harvesting, ploughing,
etc.

Other environmental state elements: the atmosphere

(air), solar radiation-related meteorology, ground layer
below the soil that absorbs water and nutrients.

4.3 Solar radiation-driven “natural supply lo-
gistics” of plant biomass generation

The essential functionalities of the investigated process
system can be represented as solar energy-driven as
well as predominantly self-regulated, natural supply-and-
demand logistics. Moreover, the respective supply-and-
demand processes are causally connected that establish
a natural (basically cooperative) feedback between each
other.

Solar radiation facilitates the synthesis of biomass,
the latter is calculated according to Egs. 1-5. The related
subprocesses of the plant model are denoted in green lines
in Fig. 1.

The synthesis of biomass is driven by solar radiation
but limited by the available amounts of water, nitrogen
and phosphorus with regard to the upflow material to be
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Figure 1: Process network of the simplified plant model

stored. The rate of photosynthesis also depends on the
surface area of the leaves and stem. Controlled by these
conditions and limitations, the synthesis sequestrates the
calculated amount of the practically unlimited supply of
atmospheric CO; in the biomass. Simultaneously, pho-
tosynthesis emits O, into the atmosphere as a result of
the oxidation of uptaken water, while the associated hy-
drogen is incorporated into the synthesized biomass. The
photosynthesized biomass supplies the downflow of ma-
terial to be stored according to the plant-specific atomic
stoichiometry. In the case of the studied maize, the sto-
ichiometry of the synthesized dry matter was as fol-
lows [20,21]:

[C, H, O, N, P, X] =[0.037, 0.062, 0.029, 0.00087,
4.8 x 1072, 0]

The dry matter is supplied by an additional amount of
H,O0, according to the average water content of the plant
(in our case 0.682).

The synthesized biomass is divided between the
leaves, roots and product state elements of the plant, ac-
cording to the plant-specific ratios that also depend on the
phenological condition of the model. Furthermore, differ-
ent stoichiometries can be used by the various parts of the
plant.

In addition to the increase in the amount of synthe-
sized biomass, a given proportion of that which is stored
in the short term is utilized to meet the energy demand
supplied by respiration for the synthesis of plant biomass
according to Egs. 8-10.

4.4 Solar energy-driven “natural demand lo-
gistics” of water and nutrient uptake

Considering the “natural demand logistics,” the solar en-
ergy facilitates the uptake of water and dissolved nutri-
ents from the soil as well as of H,O and CO,, the by-
products of respiration. The respective evapotranspiration
is calculated according to the Penman-Monteith combi-
nation equation [22] as well by Egs. 6-7. The related sub-
processes of the plant model are denoted in red lines in
Fig. 1.

Depending on the meteorological conditions, the H,O
and CO; content of the uptaken material to be stored is
emitted into the atmosphere by the process of evapotran-
spiration. Simultaneously, the by-products of respiration,
namely H,O and CO,, accumulate here, moreover, the
necessary amounts of H,O as well as of dissolved nitro-
gen and phosphorus are utilized for photosynthesis from
this store. In the knowledge of the resultant actual condi-
tions with regard to the uptaken material to be stored, the
uptake is controlled by demand-determined pull actions
according to the concentration bounds and uptake rules
as follows:

Lower and upper bounds for H,O as well as N and P
atoms are known. The rule that is applied is the following:

if Actual < Lower, then

Demand = min((Upper-Actual), Available),

otherwise Demand = 0, where

Actual = actual amount of uptaken material

to be stored,
Lower = lower bound,
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Upper = upper bound,
Demand = quantity to be uptaken,
Available = available amount in the topsoil.

4.5 Generation and simulation of the PPS
model

The files describing the respective model are found in the
“Plant” directory of a Mendeley database [31].

The process network of the example model is defined
in the text file named Plant_N.pl. The initial conditions
(mass, biomass, components, etc.) and parameters (coef-
ficients of equations, bounds, etc.) are described in the
text file entitled Plant_D.pl, which was derived using an
appropriately configured MS Excel spreadsheet. Starting
from these case-specific files and the general definition of
state and transition meta-prototypes, the general-purpose
kernel program generates the editable graphical model
Plant_G.graphml.

In parallel, by utilizing the meta-prototypes-based
templates, modeling experts have to prepare the local
programs for the respective elements of the prototypes.
The locally executable programs of the prototypes are de-
scribed in the file entitled Plant_G_prot.graphml.

In the knowledge of the prototype elements, the sec-
ond generating algorithm of the PPS kernel prepares the
dynamic databases of the simulation, namely

* Plant_Exp.pl containing the declaration of the Pro-
log clauses describing the local programs; and
¢ Plant_Use.pl containing the declaration of the Pro-
log facts describing the case-specific elements of the
model along with their initial values and parameters.
The actually selected simulation results are saved in the
file named Plant_Out.csv, while the data can be visual-
ized using a case-specific MS Excel spreadsheet.

Some examples of the simulated results are illustrated
in Figs. 2-5.

Fig. 2 shows the change in the total amount of
biomass produced over one hectare during consecutive
half days in the simulation. Time = 0 indicates when the
land was sowed. Biomass begins to be produced follow-
ing germination and stops at the end of the vegetation
period. Fluctuations in biomass production indicate that
its rate is higher during the daytime compared to at night-
time.

In Fig. 3, water that evaporated from the plant (blue)
and from the land (red) are illustrated. Evaporation from
the land follows the weather conditions much more
closely and dominates during the early stages of the
growing season, particularly when the leaves develop.
Similarly to the production of biomass, evaporation rates
are also higher in this simulation during the daytime.

In Fig. 4, the biomass of the parts of one plant (leaves,
stem, roots, products) can be seen. The leaves, stem and
roots begin to develop at the point of germination, while
products appear later on. Although the leaves, stem and
products are removed at harvest time, the roots are trans-
formed into residues as a result of ploughing. Of course,

0 60 120

180 240 300

360 420
Time, half day
photosynthesized biomass

Figure 2: Total amount of photosynthesized biomass per
hectare
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Figure 3: Dynamic changes in the evaporation rate of H,O
from plants and the surface of the land
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Figure 4: Biomass of plant parts throughout the growing
season

the stepwise increase in biomass is insignificant in this
integrated illustration.

Fig. 5 shows the sequestrated CO, over one hectare
during consecutive half days of the simulation. The neg-
ative values refer to the reduction in its concentration in
the surrounding atmosphere.

5. Conclusion

Although detailed plant models for well-defined impor-
tant crops are available that require hundreds of parame-
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ters to be identified, the increasing complexity of agricul-
tural systems within the broader context of the bio-based
circular carbon economy requires simplified and unified
plant models, which can describe the primary production
of biomass. The suggested conceptual framework and
its experimental implementation show how the chemical
process engineering principles of process units, stoichio-
metric conservational processes, process networks, driv-
ing force-controlled functionalities and supply/demand
processes can result in a reduced, unified plant model.

The structure of the model can be generated from
the process net of the underlying state and transition ele-
ments. The model contains two special state elements for
the short-term storage of the synthesized biomass to be
distributed amongst the state elements of the plant as well
as for the short-term storage of the uptaken aqueous nutri-
ents required for evapotranspiration and photosynthesis.
These two forms of logistical storage used represent the
roles of phloem and xylem in detailed biophysical mod-
els.

The transition-related dynamic models follow the es-
sential causalities and balances of natural self-control.
Solar radiation-driven photosynthesis produces a stoi-
chiometric composition of biomass that, as a result of the
downflow of products to be stored in the short term, in-
creases the biomass in the various plant elements. More-
over, solar radiation-driven evapotranspiration forces wa-
ter and dissolved nutrients to be uptaken through the up-
flow of products to be stored in the short term, which
increases the amount of water and the additional re-
sources for photosynthesis required, as well as removes
the by-products of energy-producing respiration. The nat-
ural self-control of plant life is organized by the solar
radiation-driven push logistics of downflow as well as by
the solar radiation-driven pull logistics of upflow.

The suggested stoichiometric approach underlines the
increasing importance of elemental analysis with regard
to agriculture-related raw materials and products.

The experimental PPS implementation of a simple ex-
ample model illustrates the possible application of the re-
duced plant model prepared according to the suggested
principles inspired by process systems engineering.
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