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Board
Message

Dear Esteemed Readers,

It is with immense pride and excitement that we welcome you to the
first issue of volume 3 of our society's technical journal. Building on
the foundation laid in our inaugural issue, this edition signifies our
unwavering commitment to fostering innovation, sharing
knowledge, and strengthening connections within our professional
community.

As our field continues to evolve, so too does the scope of ideas and
challenges we face. This journal remains dedicated to providing a
platform where groundbreaking research, practical insights, and
diverse perspectives converge. It is our hope that these
contributions spark dialogue, inspire action, and drive meaningful
progress.

In this issue, you will find an enriched selection of articles that delve
deeper into the complexities of our discipline. Each piece reflects
the dedication and expertise of our contributors, as well as the
collective vision of our society to lead and inspire. | encourage you
to explore the content thoughtfully and consider how these insights
might shape your work and broaden your understanding.

The success of this endeavor would not be possible without the
support and collaboration of our authors, reviewers, and editorial
team. Their hard work and passion have once again made this
journal a testament to the vibrancy and depth of our community.

As we move forward, let us continue to celebrate the spirit of
curiosity, innovation, and excellence that unites us. Thank you for
your ongoing engagement and support. Together, we are shaping
the future of our field.

Warm regards,
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Letter From
The Editor

Dear Colleagues,

Welcome to the first issue of Volume 3 of the Journal of Chemicals
Research and Innovation Society. As we embark on another year of
scientific exploration and knowledge sharing, we are excited to
continue our mission of fostering groundbreaking research and
collaboration in the chemical sciences.

Building on the foundation laid in our previous volumes, this issue
presents a diverse collection of studies that showcase innovative
methodologies, novel discoveries, and practical advancements
across various fields of chemistry. Each contribution reflects the
dedication and expertise of our research community, and we are
proud to provide a platform for such impactful work.

| extend my deepest gratitude to our authors, reviewers, and
editorial team for their unwavering commitment to excellence. Your
contributions ensure that this journal remains a trusted source of
scientific progress and a hub for meaningful discourse.

As we move forward, | encourage you to actively engage with the
journal, whether through submitting your research, participating in
discussions, or sharing insights with your peers. Together, we can
continue to drive innovation and push the boundaries of chemical
research.

Thank you for your continued support, and | look forward to the
discoveries and advancements that lie ahead.

Best regards,

Shakeel Ahmed, Ph.D.,
Editor-in-Chief
Journal of Chemicals Research and Innovation Society
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1. Abstarct

Mpro have reported compounds with
inhibitory activity in the micromolar to
nanomolar range. Several investigational

Background/Objective: Since the
emergence of SARS-CoV-2, there has been
heightened global attention on viral

infections and the urgent need for novel
antiviral therapies. This study focuses on
recent advancements in the development of
novel protease inhibitors that target a
critical stage of the viral life cycle.
Methods: PubMed and Google Scholar

search engines were used in August 2025

to identify relevant studies published
between 2020 and 2025. Results: Various in
silico, in vitro, and in vivo studies were
selected to identify novel viral protease
inhibitors. Many studies on SARS-CoV-2

molecules have been shown to potently
suppress viral replication. Inhibitors
directed at both catalytic (active) and
allosteric (non-competitive) sites have also
been explored, enabling the discovery of
structurally diverse compounds with the
potential for broad-spectrum antiviral
activity. Conclusions: Mpro and PLpro have
emerged as the most extensively studied
viral proteases, reflecting a focus driven by
the urgency of the pandemic. Several
compounds have demonstrated promising
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inhibitory activities. While other viral
proteases remain less explored, they
represent valuable targets for further
investigation and optimization of antiviral
therapy. The compound libraries generated
through these efforts may serve as a
critical foundation for developing the next
generation of antivirals.
Keywords: SARS-CoV-2;
protease; Protease inhibitors.

MPro; Main

2. Introduction

Viruses are intracellular parasites that
depend on host cells for reproduction. Once
inside, they remove their capsids, transcribe
and translate their RNA, replicate their
genomes, assemble new virions, and release
them. Viral proteases, which are enzymes
encoded by the virus, cleave specific
peptide bonds in viral or host proteins, a
process essential for viral maturation.
These proteases employ serine, cysteine,
and aspartic acid residues for catalysis. [1-
2] Recent viral research, especially during
the SARS-CoV-2 pandemic, has highlighted
viral proteases as promising targets for the
development of antiviral drugs.
SARS-CoV-2 proteases

SARS-CoV-2 uses several proteases in its
replication cycle, including the main
protease (Mpro or 3CLpro), papain-like
protease (PLpro), and host enzyme
TMPRSS2.

Mpro is a cysteine protease functioning as a
homodimer, each protomer containing three
domains. Domains | and Il form [-barrels
resembling trypsin-like serine proteases,
whereas Domain Il has five a-helices linked
by a loop. The N-terminal “finger” helps
form the substrate-binding cleft between
Domains | and Il, where the catalytic dyad
(His41 and Cys145) is located. [3] Its active
site has five sub-pockets (S1-S5), with
substrate selectivity mainly determined by

the P1, P2, and P71’ residues. Although Mpro
contains 12 cysteines, only Cys85, Cys145,
and Cys156 are solvent-exposed, and
Cys300 serves as an allosteric site. [4]
PLpro consists of four subdomains: an N-
terminal ubiquitin-like domain, a thumb
domain, a finger domain, and a palm
domain. The Finger domain features a zinc
ribbon motif formed by four conserved
cysteines (C189, C192, C224, and C226). Its
catalytic triad (C111, H272, and D286) drives
proteolysis. The BL2 loop can shift to a
closed conformation, thereby reducing
inhibitor access to the active site. [5]
Transmembrane Serine Protease 2
(TMPRSS2) is a human serine protease
crucial for SARS-CoV-2 entry. It activates
the viral spike (S) protein by cleaving it at
the S1/S2 site (RRAR685) and other
positions, such as Arg815/Ser816 (S2") and
the T1/T2 regions, enabling membrane
fusion. X-ray studies (1.95 A resolution)
revealed a catalytic triad — Ser441, His296,
and Asp345—responsible for proteolytic
activity. Structural and computational
analyses have highlighted additional
substrate-binding sites (S2-S4) and key
residues, such as Asp435, Lys342, and
Gln438, which define substrate recognition
and specificity. [6]

PLpro consists of four subdomains: an N-
terminal ubiquitin-like domain, a thumb
domain, a finger domain, and a palm
domain. The Finger domain features a zinc
ribbon motif formed by four conserved
cysteines (C189, C192, C224, and C226). Its
catalytic triad (C111, H272, and D286) drives
proteolysis. The BL2 loop can shift to a
closed conformation, thereby reducing
inhibitor access to the active site. [5]
Transmembrane Serine Protease 2
(TMPRSS2) is a human serine protease
crucial for SARS-CoV-2 entry. It activates
the viral spike (S) protein by cleaving it at
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the S1/S2 site (RRAR685) and other
positions, such as Arg815/Ser816 (S2’) and
the TI1/T2 regions, enabling membrane
fusion. X-ray studies (1.95 A resolution)
revealed a catalytic triad —Ser441, His296,
and Asp345 —responsible for proteolytic
activity. Structural and computational
analyses have highlighted additional
substrate-binding sites (S2-S4) and key
residues, such as Asp435, Lys342, and
Gln438, which define substrate recognition
and specificity. [6]

This review compiles research from 2020 to
2025, focusing on characterizing viral
proteases to support the design and
discovery of novel viral protease inhibitors.
This section focuses on SARS-CoV2
Mpro/3CLpro inhibitors. The second part
will target SARS-CoV2 proteases and
include DENV, HCV, Norovirus, HIV-1, ZIKV,
and HSV-1.

We used Google Scholar and PubMed
search engines to identify as many papers
as possible related to viral protease
inhibition from 2020 to 2025. Articles were
searched in August 2025. Figure 1
illustrates the PRISMA flow diagram. Elicit
Al for scientific research was used as a tool
to assist in collecting data and revising the
extracted data. We screened sources to
meet these criteria: (Inclusion & Exclusion
criteria)

a.Novel Viral Protease Inhibitors: Does this
study report the discovery or identification
of novel viral protease inhibitors?
b.Optimization studies and reviews were
excluded.

c.Protease Inhibition Mechanism: Does this
study demonstrate antiviral activity
specifically through the protease-
inhibitionmechanism?

d.Study Design: Is this study an original

research article?

e.Publication Timeframe: Was study
published between January 2020 and
August 20257

f.Novel vs. Established Inhibitors: Does this
study focus on novel inhibitors or
established inhibitors with novel
modifications (rather than solely on
previously known inhibitors  without
modifications)?

g.Antiviral Application: Does this study
investigate protease inhibitors for anti-viral
applications (rather than non-viral
applications)?

h.Studies evaluating previously known
molecules were excluded .

3. Results and Discussion

SARS-CoV2 proteases

Mpro/3CLpro inhibitors:

Extensive virtual screening, molecular
docking, molecular dynamics (MD)
simulations, and high-throughput
biochemical assays have identified both
natural products and FDA-approved drugs
with potential inhibitory effects against
SARS-CoV-2 Mpro, an enzyme crucial for
viral polyprotein processing.

228 studies identified
thraugh database screening

v

226 studies after duplicate | g

2 Duplicated
rermaval

v

226 studies assessed for

99 articles

eligibility exduded

v

127 studies included in the

review

Figure 1. Review PRISMA.
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Screening of 1200 FDA-approved
compounds using FlipGFP-3CLpro and
FRET-based 3CLpro assays in 293T,
VeroE6/TMPRSS2, and human intestinal
organoids (HIOs) identified three potent
inhibitors:

e Auranofin (ICsq = 2.6 pM)

e Endoxifen (ICso = 2.6-13.1 uM)

e Pimozide (ICso = 2.6-13.1 uM)

These compounds inhibited replication of
both SARS-CoV-2 and human norovirus
(HuNoV), showing strong repurposing
potential. Among them, endoxifen and
pimozide were the most effective, with
endoxifen showing possible multi-target
activity, including inhibition of PLpro and
viral entry factors. The study suggests
further research is needed to clarify
mechanisms and drug-host interactions
due to assay discrepancies. [7]

Structure-based screening of 3987 FDA-
approved drugs identified six inhibitors of
SARS-CoV-2 Mpro, with ICso values ranging

from 215 to 755 pupM: Boceprevir,

Ombitasvir, Paritapreuvir, Tipranavir,

Ivermectin, and Micafungin. Binding

interactions include:

e Cysl145: Boceprevir, Tipranavir,
lvermectin

e Cys145 & His41: Paritaprevir

e Glu166: Ombitasvir, Micafungin
Among these, ivermectin emerged as the
most promising candidate, fully inhibiting
3CLpro (ICso = 21.53 yM) and requiring the
homodimeric form of the enzyme for
activity —a distinct functional feature. [8]

Natural compound inhibitors from
Ashwagandha, Structure-based virtual
screening, and 100 ns MD simulations
revealed four withanolides —Withanoside II,
IV, V, and Sitoindoside IX—with strong
binding affinities (-62.5 to -87.0 kcal/mol).
Withanoside V was the most potent,

interactions with the
catalytic dyad His41-Cys145 and
surrounding residues (Met49, Leul4l,
Phe140, Met165, Leul67, and Prol68). Its
selectivity and strong binding suggest its
potential as a clinically developable
antiviral agent against SARS-CoV-2. [9]

showing stable

Docking and MD simulations of 50 natural
coumarins against SARS-CoV-2, SARS-CoV,
and MERS-CoV Mpro structures identified
glycycoumarin as the best hit (binding
energy, - 11.89 kcal/mol; free energy, -
60.31 kJ/mol). Hydrogen bonds were formed
with His41, Cys145, Ser144, GIn189, Asn142,
His164, and Glu166. It is predicted to have
good absorption and plasma distribution;
however, possible interactions with
CYP450-metabolized drugs require further
study. [10]

Virtual screening of natural compounds
revealed that peonidin-3-0-glucoside and
quercetin-3-0-a-L-arabinopyranoside are
potent inhibitors with a strong affinity for
Glu166, a residue critical for substrate
binding. These compounds demonstrated
higher dynamic stability than the control
inhibitor, N3, indicating their promising
antiviral potential. [11]

Biochemical high-throughput screening and
Fluorescent HTS identified 13 inhibitors
(ICs0 = 0.2-23 uM) targeting Mpro’s cysteine
catalytic dyad:

Table 1. IC50 values of inhibitors of SARS-CoV-2
Mpro hits.

Compound IC50 (uM)
Thimerosal 0.6£0.1
Phenylmercuric acetate 0.4 £0.06
Bronopol 44+06
Tannic acid 21+0.2
Hematoporphyrin 39+0.6
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3,4-Didesmethyl-5-deshydroxy-3'- 10.6+13
ethoxyscleroin

2,3,4-Trihydroxy-4'- 90+15
ethoxybenzophenone

Chloranil 41+08
Plumbagin 17.1£9
Vanitiolide 46+006
Evans blue 0.2+0.06
Chicago Sky Blue 7716
Protoporphyrin IX 23+24

Competitive inhibition analysis confirmed
that Evans blue, tannic acid, and
phenylmercuric acetate act by binding near
the Cys145 catalytic residue. [12]

Docking and MD simulations of 20 neem
seed compounds against multiple viral
targets found:

‘Desacetylgedunin — active against Mpro
and ACE?2

-Azadiradione — binds to the spike protein
‘Azadirachtin H — inhibits RNA-dependent
RNA polymerase (RdRp)

These compounds demonstrated
comparable binding energies to lopinavir
and remdesivir, indicating multi-target
antiviral potential. [13]

Acanthus montanus phytochemicals
natural compounds — Kaempferol,
Quercetin, Naringin, Rutin, Progesterone,
and Stigmasterol—showed strong binding
with key residues in viral or host enzymes.
‘Naringin: hydrogen bonds with Ala348,
Glu398, Asn394, Gly395, Asn397
‘Rutin: multiple H-bonds including Asn394,
Gly395, Tyr515, Argb514
‘Quercetin: H-bonds with Phe390, Asn394,
Asp382

-Stigmasterol & Progesterone: mainly
hydrophobic interactions
These interactions suggest moderate

inhibitory potential through non-covalent
stabilization. [14]

Salvianolic acid A and curcumin exhibited
strong docking scores (-9.7 and -9.2
kcal/mol, respectively) with a high affinity
for Glu166 and Cys145. Salvianolic acid A
exhibited a dominant electrostatic binding
energy (-65.5 Kkcal/mol) and stronger
activity than that of lopinavir. [15] Rutin,
identified through blind docking on PDB
6Y84, had a binding energy of-9.55
kcal/mol with H-bonds to His41, Leul4l,
Glu166, GIn192, and m-sulfur interaction
with Cys145, outperforming ritonavir in
terms of docking affinity. [16]

Natural compounds such as Withanoside V,
Glycycoumarin, Rutin, Salvianolic acid A,
and Desacetylgedunin, alongside FDA-
approved molecules such as endoxifen,
pimozide, and ivermectin, show strong
potential to inhibit SARS-CoV-2 Mpro
through stable interactions with the
catalytic dyad (His41-Cys145) and key
residues (Glu166, Gln189, and Met165). [7-
16] These findings support further in vitro,
crystallographic, and animal model
validation to assess the therapeutic viability
of these compounds against COVID-19 and
related coronaviruses.

Extensive structure-based virtual screening
(SBVS) and molecular dynamics (MD)
simulations have been widely employed to
identify potent and selective Mpro
inhibitors. Collectively, these studies
consistently target the catalytic dyad
His41-Cys145 and the S1/S2 binding
pockets, with a strong focus on optimizing
binding affinity, stability, and
pharmacokinetics.

Virtual screening of 1,000 protease-like
molecules led to the identification of two
[1,2,4]-triazolopyrimidin-7-one derivatives ,
ZINC000621278586 and
ZINC000621285995, which strongly
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interacted with His41 and Cys45 and
displayed stable binding energies (-129.3
and -116.5 kJ/mol, respectively).
ZINC000621278586 is superior owing to its
low toxicity and non-inhibition of
cytochrome P450 enzymes [17]. Screening
of the Specs compound library identified
four novel scaffolds exhibiting micromolar
ICso values: AG-690/13507628 (2.806 uM),
AG-690/13507724  (2.961 uM),  AG-
690/13507757 (1919 uM), and AG-
690/13508164 (16.905 uM, low cytotoxicity;
m-im stacking with His41 and hydrogen
bonding with Thr25 and Asnl142 were key
for activity) [18].

A large-scale fragment-guided screening of
235 million compounds yielded noncovalent
inhibitors with nanomolar affinities and
broad-spectrum antiviral activities.
Compound 19 (ICsq = 0.077 pM) emerged as
the most potent, exhibiting nanomolar
activity, favorable pharmacokinetics, and
human protease selectivity [19].

Natural Product-Derived and Polyphenolic
Inhibitors from Siparuna glycycarpa, the
aporphine alkaloid bulbocapnine, inhibited
3CLpro, PLpro, and Spike proteins and
demonstrated strong  stability and
favorable ADMET properties [20]. Six
polyphenols from Broussonetia papyrifera,
notably kazinol F, showed high binding
affinity (-56.23 kcal/mol) and stable
interactions with His41 and Cysl145,
supported by hydrogen, m-o, and van der
Waals contacts [21].

High-throughput screening of
quinazolinone derivatives identified
compound 9b (ICso = 10 pM) that interacts
with His41, Cysl145, and Glu166; however,
limited absorption and drug-likeness
suggested the need for optimization [22].

A deep learning-based covalent/

noncovalent classifier screened ~39,000
compounds and identified six covalent
scaffolds that bind Cys145; compound 13
showed optimal reactivity (ICso = 4.9 yM)
and selectivity for coronavirus proteases
[23].

Further machine learning and docking on
5903 ZINC compounds discovered
multitarget inhibitors (Spike, 3CLpro,
Nucleocapsid); ZINCO03873365 displayed
the highest affinities (-19.7 to -15.1
kcal/mol) [24].

Fragment-based and advanced Al approach
screening of 360 compounds identified
compound 13, with nanomolar activity (30-
50 nM) against Omicron and 229E strains,
showing synergistic antiviral effects and
strong binding at His41, Met165, and
Asnl142 [25]. Compound A also exhibited
low binding energy and robust interactions
with Cys145 and Glu166 [26].

An advanced Q-learning-based fragment
design (ADQN-FBDD) approach was used to
generate compound #46, which formed
covalent bonds with Cys145 and hydrogen
bonds with Gly143 and Glu166. Optimized
analogs 46-14-1, 46-14-2, and 46-14-3 were
proposed to enhance polarity and flexibility
[271.

Natural screenings identified withacoagulin
H from Withania (ICso = 6.82 nM) [28] and
ZINC19286315 (-6.2 kcal/mol) as stable
binders [29]. Pharmacophore modeling
produced compounds 21-22 with
micromolar activity, hydrogen bonding to
His163 and Asn142, and moderate intestinal
absorption. [30]. Screening of the ASINEX
library yielded compound 23 (ICso = 2.8 uM),
which was enhanced by CFs; and acetamide
substitutions [31].

STL522228, identified via screening of
FDA-approved and natural libraries,
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displayed potent Mpro inhibition (ICso = 2.5
uM, Kd = 31.2 nM), superior antiviral activity
to remdesivir, and strong binding at His41,
Gln189, and Glul66 [32]. Compound 25
covalently binds to Cys145 and shows
metabolic stability but low solubility [33].

The dual-target inhibitor VK13 potently
inhibited both cathepsin L (Ki = 0.55 nM)
and 3CLpro (Ki = 2.6 nM) through specific
interactions with Glu166, His163, and
Gln189 [34]. SIMR-2418 binds
noncovalently and covalently to Cys145 and
His41 (ICso = 8.9 uM) [35].

High-throughput screening identified
azanitrile 28 and pyridyl ester 29 with sub-
100 nM affinities for Cys145 acylation [36].
Covalent inhibitors, such as compound 30,
achieved potency comparable to that of
GC376, confirming that alkynylamide
warheads and heterocyclic rings enhance
activity [37].

Nonpeptide, Phytochemical, and DrugBank
Hits, Ensemble docking pinpointed
compound 31 (ICso = 0.69 uM) with favorable
binding (-48.01 kcal/mol) via Gly143,
Ser144, and Cys145 contacts [38].
Phytochemicals, including ursolic acid,
carvacrol, and oleanolic acid, exhibited
moderate binding (-4 to -6 kcal/mol)
through hydrogen bonds and hydrophobic

interactions [39]. Usnic acid exhibited
stable inhibition (-8.6 kcal/mol) Vvia
hydrogen and -1 interactions with His41
and Glu166 [40], respectively.

DrugBank screening revealed thiophene
sulfonamide inhibitors (3-[(4-chloroanilino)
sulfonyl] thiophene-2-carboxylic acid) and
(N-(2-thienylmethyl)-2,5-

thiophenedisulfonamide) with  stronger
Mpro binding and safety profiles than
lopinavir or ritonavir [41].

The largest computational study (606
million molecules) identified 12 small-
molecule inhibitors adhering to Lipinski and
Veber criteria; compound 38 in figure.l
showed the highest ligand efficiency,
surpassing the co-crystallized inhibitor N3
[42].

Figure 1.

Subsequent ligand- and structure-based
screening of commercial libraries produced
optimized compounds 42 and 43 (figure.2,
which demonstrated strong specificity for
SARS-CoV-2 (ICso = 40 uM, ECsp = 1-2 pM)
and robust hydrogen bonding with residues
C145, S144, and H163 [43].

Extensive fragment-based virtual screening
of 191,678 fragments and subsequent
fragment linking, docking (Glide), ADMET
filttering, MM-GBSA energy calculations,
and MD simulations yielded 15 SARS-CoV-2
Mpro inhibitors with binding energies
ranging from —70.00 to -80.97 kcal/mol.

10
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Compounds 44 and 45 in figure.2 formed
stable complexes via hydrogen bonds with
G143, S144, C145, E166, Q189, and T190 and
were identified as potent candidates [44].

Extensive fragment-based virtual screening
of 191,678 fragments and subsequent
fragment linking, docking (Glide), ADMET
filtering, MM-GBSA energy -calculations,
and MD simulations yielded fifteen SARS-
CoV-2 Mpro inhibitors with binding energies
from -70.00 to -80.97 kcal/mol.
Compounds 44 and 45 in figure.2 formed
stable complexes via hydrogen bonds with
G143, S144, C145, E166, Q189, and T190,
and were identified as potent candidates
[44].
Figure 2

Virtual screening of over 3.5 million
Enamine and Specs compounds identified
two molecules, 46 and 47, with 47.11% and
37.67% inhibition at 100 uM, and MM/GBSA
values of -66.07 and -78.32 kcal/mol,
respectively. Compound 47 in figure.3
exhibited superior binding free energy and
lower toxicity (LDso = 2000 mg/kg), while 46
formed m-m stacking with His41 and
hydrogen bonds with Gln189, Gln192,
Thr190, and Arg188 [45].

High-throughput screening of 1280
pharmacologically active compounds
revealed 65 inhibitors, with the top 20
showing submicromolar inhibition. Ebselen
(ECso = 27 nM), PD 404,182, ZPCK, and
aporphine alkaloids demonstrated strong
inhibition through covalent or hydrogen
bonding with Cys145 and Q189 residues.

Ebselen was most potent, forming a
selenosulfide bond with thiol residues [46].
Further screening confirmed Ebselen as a
covalent inhibitor (ICso = 0.67 uM), forming
bonds with Cys145 and van der Waals
contacts with T24-T25, demonstrating
excellent safety (LDso > 4600 mg/kg) [47].

Structure-guided design yielded spirocyclic
inhibitors  targeting SARS-CoV-2 and
MERS-CoV 3CLpro active sites via H-
bonding with His41, Glu166, and Gln189.
Compound 10b (ICso = 0.24 + 0.01 uM, Safety
Index =1250) was most active but exhibited
partial non-selectivity due to Cathepsin L
inhibition [48].

Pharmacophore modeling and screening of
213.5 million compounds identified 5 hits
with binding free energies between -11.65
and -7.90 kcal/mol. Compound 50 in
figure.3 displayed superior affinity through
van der Waals and H-bond interactions with
His41, Cys145, Met165, and Glu166, though
optimization is required to enhance ADMET
and potency [49].

Heterocyclic derivatives analyzed Vvia
docking, DFT, and MD simulations showed
C4 and C5 as potent binders (-8.6 and -8.0
kcal/mol). 55 formed H-bonds with Glu166
and His44, while 56 interacted with Cys145,
Met49, and Met165 [50].

Among 38 flavonoids, three glycosylated
types — Quercetin-3-0O-rhamnoside,
Myricetin 3-rutinoside, and Rutin—were
predicted inhibitors (-9.7 to -9.2 kcal/mol).
Rutin was most stable, binding via H-bonds
with Thr26, His41, and Glul66, though
bioavailability was limited by glycosylation
[51].

A 10-million-compound screen from the
Topscience database identified compound
34 (ICs50 =6.12 uM) and 36 (ICso = 4.47 pM) as
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potent Mpro inhibitors. Both form strong H-
bonds with Gln189 and Thr190 and m-m
interactions with His41. Toxicological
profiling is still required [52].

In silico docking showed glabridin, catechin,
and fisetin inhibited Mpro (-8.25 to -8.1
kcal/mol). Glabridin exhibited highest
affinity via H-bonds with Glu166, Arg188,
and Gly143 [53].

A deep learning model (Mprol-GEN)
generated novel inhibitors gen_1502 and
gen_3854 with AG < -45 kcal/mol. Both
formed strong H-bonds with catalytic
residues (Cys145, Glul66, and His163),
showing promising target specificity [54].

DFT and docking identified a rhenium
tricarbonyl complex 34 (ICs, = 7.5 uM) with
selective Mpro inhibition; amine-
functionalized analogs exhibited higher
activity due to favorable charge
interactions within the active site [55].

Dihydroindeno[1,2-b]pyrrol-4(1H)-one
derivative 5f demonstrated -7.28 kcal/mol
binding energy, forming multiple H-bonds
and hydrophobic contacts within the active
site [56].

Virtual screening of 688 naphthoquinoids
identified 64 (Mpro ICso = 0.41 uM) and 65
(PLpro ICso = 1.9 uM) in figure.4. 64 acted as
a reversible, selective Mpro inhibitor via
polar and hydrophobic interactions at S1-
S2 subsites [57].

Figure 3

Repositioning norovirus inhibitors led to
(NIP-22c) (ICso = 165.7 nM), which retained
potency against Mpro variants, including

E166V mutants. It formed multiple
hydrophobic and H-bond interactions with
Glu166, His163, and Cysl145 but showed
rapid hepatic metabolism [58].

Affinity-based DNA-encoded library
screening vielded three peptide-like
covalent inhibitors (ICs, = 30-140 nM).
Optimization produced MP1 (ICso = 24 nM,
ECso = 2.3 uM), binding covalently to Cys145
and H-bonding with His163 and Glul166.
Despite potency, poor metabolic stability
and P-gp efflux were noted [59].

Pyrazolo[3,4-d]pyrimidin-4(5H)-one
derivatives exhibited -7.5 to -8.2 kcal/mol
affinities. Compound 8 inhibited Omicron
Mpro (P132H) via H-bonds with Glu166,
Asnl142, and Cys145 [60].

Screening 149 polyphenols revealed 31 dual
Mpro/PLpro inhibitors, with Taxifolin (Mpro)
and Morin (PLpro) showing strongest
affinities. Their hydroxyl and carbonyl
groups at C3, C5, and C7 positions formed
multiple H-bonds, defining key SAR
features [61].

Isatin derivative screening (79 scaffolds, 15
million analogs) identified four hits (-8.6 to
-8.4 kcal/mol) with good ADMET profiles,
binding to His41, Cys145, and Glu166 at the
Mpro catalytic dyad [62].

Consensus screening of 4.3 million ZINC
compounds yielded a 2-thiobenzimidazole
analog 26 (ICso = 14.9 pM), interacting with
Gly143, Ser144, and His41 within S1’ and
oxyanion subpockets [63].

Daturataturin A and Daturametelin J from
Datura spp. exhibited strong binding (-8.6
kcal/mol) and H-bonding with Asnl142,
Ser144, His163, and Glu166, though poor
solubility and potential cardiotoxicity were
noted [64].
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Acyloxymethyl ketone-based compound 74
(ICs0 = 230 nM) selectively inhibited Mpro by
forming a reversible complex with His164
and Cys145, showing efficacy against Beta,
Delta, and Omicron variants and synergy
with remdesivir [65].

Repositioned SARS-CoV-1 inhibitors YH-53
and 75 showed full viral inhibition at 25 pM,
with 75 in figure.5 forming covalent and H-
bond interactions with Cys145, His163, and
Glu166. Despite strong in vitro potency (ICs
= 5 pM), bioavailability was limited by
hepatic metabolism [66].

b o. N
0
d I @
M b N/Ei"w
0 0
75

Figure 4

Cyanidin-3,5-di-O-glucoside (76), obtained
from Punica granatum extract, bound to the
catalytic residues Cys145 and His41
through  hydrogen bonds, exhibiting
inhibitory potential [67].

Ligand-based pharmacophore modeling and
MD  simulations identified (S,R)-(+)-
fenoterol as a stable Mpro inhibitor, forming
H-bonds with Gly143, Glu166, and Gln189
(AG = -55.55 kcal/mol) [68].

Pharmit-based screening of 60.2 million
molecules led to the identification of
compound M3, which formed H-bonds with
Thr25, Gly143, Ser144, and Cys145, showing
favorable pharmacokinetics and low
predicted toxicity [69].

Selenium-containing benzisoselenazolone 1i
inhibited Mpro with an ICsq of 87.64 nM via

covalent bonding to Cys145. Despite their
potency, non-specific cysteine reactivity
and solubility issues have been noted [70].

FRET-based screening identified compound
le (ICso = 25 + 3 pM) among six scaffolds
that interacted with residues 141-145,
His41, and Glu166. The triterpene backbone
enhances hydrophobic stability [71].

Octahydroisochromene derivative 1e (ICso =
95 puM) binds to the S2 pocket of 3CLpro
through hydrophobic interactions, aligning
imidazole and aldehyde groups to the active
subpockets [72].

Finally, quantitative high-throughput
screening (qHTS) of 10,755 compounds
identified Walrycin B as the most potent
inhibitor (ICs5o = 0.26 pM), which binds to
S1/S1” near Cysl145 and effectively blocks
SARS-CoV-2 replication [73].

3. Results and Discussion

Extensive high-throughput  screening,
structure-based virtual screening, and
molecular dynamics studies have identified
a diverse range of SARS-CoV-2 main
protease (Mpro/3CLpro) inhibitors,
including FDA-approved drugs, synthetic
scaffolds, and natural products. Most active
compounds  consistently target the
catalytic dyad His41-Cys145 and adjacent
residues, such as Glu166, GIln189, Met165,
and Thr190, confirming these as critical
pharmacophore regions.

Repurposed drugs such as ivermectin,
endoxifen, pimozide, boceprevir, and
auranofin have demonstrated measurable
inhibitory activity, while Ebselen and GC376
have repeatedly served as benchmark
covalent inhibitors. Natural metabolites,
including Withanoside V, Glycycoumarin,
Rutin, Salvianolic acid A, and
Desacetylgedunin, exhibited high binding
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affinities and stable conformations,
supporting their potential as safe antiviral
scaffolds.

Advanced Al-driven and fragment-based
discovery approaches have further yielded
nanomolar-range noncovalent inhibitors
with improved pharmacokinetics and
selectivity. Collectively, these findings
highlight Mpro as a robust antiviral target
and provide a broad chemical foundation for
future optimization, in vitro validation, and
translational development of COVID-19
therapeutics.
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Abstract

Microbial communities have a great role in
an organic agricultural system due to their
involvement in soil mineral cycles and
solubilization processes. From the Quba
Date organic farm at Madinah,Saudi Arabia,
21 isolated fungi from the soil and plants
were identified based on colony morphology
and microscopic investigation. One
promising fungal species was molecularly
identified as Aspergillus fumigatiaffinis
MKSA3. Some fungal species, namely,
Aspergillus niger, A. fumigatiaffinis, and
Trichoderma longibrachiatum, showedgreat
potentiality in urease production detected
by pink color observation after cultivation
on Christensen’s Urea Agar. The ability of
selected fungal species to produce
siderophores "iron-chelating compounds"
was evaluated by chrome azurol S (CAS)
agar plate assay. Only Two species,
A.fumigatiaffinis and Penicillium oxalicum
showed positive siderophores detected by
an orange color zone around the colonies in
the CAS plate assay. Six selected
fungalspecies were tested as solubilizers
for Zinc oxide,results showed that
A.fumigatiaffinis recorded the highest
efficiency of 216% followed by A. flavus
(178%). In addition, the solubilization of
Tricalcium phosphate was assayed and the
highest solubilization index recorded in A.
fumigatiaffinis reached 3.4 after 7 days of
incubation followedby A. ustus andA. niger.

The solubilization efficiency of A.
fumigatiaffinis could be attributed to their
great ability for acid production which
reached 3.05 after 6 days of incubation. The
application of A.fumigatiaffinis in
agriculture as an eco-friendly biofertilizer
requires further investigations into the
impact of this promising species on plant
growth, productivity, and safety.

Keywords: Fungi- Quba - Siderophores-
Urease- Solubilization

1. Introduction

Various crops associated with
microorganisms in the cultivated soil were
known for improving soil properties'.
Microorganisms also positively affect plant

growth® and induce plant defense
mechanisms®.  Several plant growth-
promoting fungi (PGPF) are applied

commercially to reduce the usage of
agrochemicals®. Soil microorganisms,
bacteria, and fungi are essential for
enhancing soil health throughseveral
mechanisms. Fungi play a part in improving
soil structure by forming hyphalnetworks
that hold soil particles together and
increase aggregatestability. This
aggregation enhances aeration, water
retention, and nutrient availability while
promoting plant development. Additionally,
there are symbiotic relationships between
plant roots and fungi. A mycorrhizal
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connection is a kind of relationship that
encourages the exchange of nutrients,
particularly nitrogen and phosphorus. These
interactions strengthen plants' tolerance to
stressorslike  disease and  drought.
Researchindicates that the functionality
and biodiversity of soil can be enhanced by
a diversity of fungal communities, hence
increasing ecosystem services®.

Several mechanisms are adopted by PGPF
for improving plant growth, such as
Siderophores biosynthesis®, phytohormones
production’ or induction in plants®, and
increasing the bioavailability of insoluble
nutrients due to mobilization®. Successful
fungal species isolated from various
cultivated soils were recorded as
siderophore producers, such as Aspergillus
and Penicillium™, urease producers',
Phosphate  solubilizers’?, and  Zinc
solubilizers'™. This study aimedto survey the
fungal diversity in the Quba organic farm
and test its physiological properties to
select promising candidates for application
in eco-friendly agriculture in the future.

MATERIALS AND METHODS

Study Site and Sample Collection

Three samples from rhizosphere soils, two
from running irrigation water, and five palm
plantleaves, were collected from the Quba
date farm.lt is situated near the Quba
region at Madinah KSA, 24.4496°N,
39.6273° E. Soil sampleswere collected in
March 2024, after removing organic litter,
using clean, dry, and sterile polythene bags
along with a sterile soil core of 10 cm
diameter and 10 cm depth'.

Figure 1. Location of sample collection

Isolation of Fungi

The samples were collected in sterile bags
and bottles and immediately transferred to
the laboratory for fungal isolation. The
isolation medium used was Czapek's yeast
autolysate CYA™ supplemented with
chloramphenicol and rose bengal to
suppress bacterial growth. Dilutionplate
techniques '® briefly, ten grams from each
samplewere suspended in 90 ml sterile
water and stirred at room temperature for
15 min, then separately subjected to serial
dilutionup to the 3 dilutionand used as
primary inoculum for fungal isolation, in
which each plant received 1ml from each
dilution. Inoculated plates were in triplicate
and kept in an incubator at 28+2°C for 7
days for consistent fungal count and colony
color. The filamentous fungal colonies came
into view, were counted, and then purified
on Potato Dextrose Agar (PDA), incubated
at 28+2°C, to ensure colony purity. The
purified colonies were subjected to
identification.
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Identification of Fungallsolates

The pure culture of the isolated fungi was
identified based on morphological
characteristics with appropriate keys as
follows: genus Aspergillus'’, for the general
taxonomy of soil fungi'®, Emericella’, and
Penicillium®. The complete genomicDNA
was extracted from mycelia using the DNA
Isolation Kit (Quick-DNAT™v Fungal/Bacterial
Miniprep Kit) for molecular identification of
one promising fungal isolate. The rDNA-ITS
region was amplified by applying the
universal fungal primers ITS1 and ITS2,2.
Purified rDNAs were amplified, sequenced,
and identified using BLAST programs at the
NCBI database. The phylogenetic tree
analysis has been performed using
Molecular Evolutionary Genetics analysis
(MEGA) software.

Fungal Urease Assay Test

Twenty-one fungal isolates were evaluated
to produce urease through cultivation on
Christensen’s Urea Agar®®. The medium
contains Peptone 1 g, Sodium chloride 5 g,
Dextrose 1 g, Potassium phosphate,
monobasic 2 g, and Urea 20 g, sterilized by
filtration and added to the medium after
autoclaving. Phenol red 0.012 g, and Agar 15
g.

Detection of
Production

Fungal Siderophore

The capability of selected fungal species
for siderophore excretion (iron-binding
compounds) was detected by a solid
medium 2%, It is a universal assay for the
recognition and determination of
siderophores. To prepare the Iron (Il
solution, dissolve 1 mM FeCl;-6H,0 in 10 mM
HCLl. For the 10 MM9 salts,mix 3 g of
KH,PO,,

0.5 g of NaCl, and 10 g of NH4Clin 1 L of
water,and autoclave to sterilize. For the Fe-

CAS-HDTMA solution, dissolve 605 mg of
CAS in 500 mL of water in a glass bottle

1L while stirring, then 100 mL of the Iron (I11)
solution was added. After that, 729 mg of
HDTMA was slowly incorporated in 400 mL
of water, and stirred till dissolved.
autoclave, and cooledto 50°C. To prepare
CAS agar plates,in a 2 L flask,dissolve 6 g
of NaOH in 750 mL of water,then add
30.24g of PIPES (free acid) and 100 mL of
the 10 MM9 salts, followed by 15 g of Bacto
agar.After autoclaving this mixture, cool it
to 50°C. Next, whilestirring, add 30 mL of
10% casaminoacids, 10 mL of 20% glucose,
1 mL of 1 M MgCl,, 1 mL of 100 mM CaCl,, 1
mL of 1% nicotinic acid, and 1 mL of 1T M
MgS0O,7H,0 to the cooled solution.
Carefully add 100 mL of the Fe-CAS-
HDTMA solution along the flask'swall to
avoidbubbles. Pour approximately 20 mL of
the blue agar into sterile Petri dishes and
allow the agar to solidify overnight at room
temperature, then inoculate in the plate
center with a 0.5 cm disc of tested fungal
culture. The CAS reactionrate was
detectedby measuring the change of CAS
blue agar color intensity. The control
platesof CAS-agar were uninoculated and
incubated under the same conditions of
CAS, and no color change results were
recorded after long incubation periods (10-
15 days).

Fungal Zinc Solubilization Assay

The main indicator of fungal Zinc Oxide
solubilizing ability was the diameter of the
agar's solubilization area (clear halo). The
used medium was composed of. 10.0 g
Dextrose, 1.0 g Ammonium sulfate, 0.2 g
Potassium chloride, 0.1 g Dipotassium
hydrogenphosphate, 0.2 g Magnesium
sulfate,1.0 g Zinc oxide, 15.0 g agar, and
1000 mLdistilled water®*. The six fungal
species tested were inoculated on these
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media for 144h and incubated at 28 ° C. Zinc
Solubilization  Efficiency  (ZSE) was
computed following this equation®®.
ZSE = Diameter of solubilization halo zone /
Diameter of colony *100

Fungal species were cultivated in a broth
medium containing the same previous
ingredients except agar. pH measurements
were made at intervals of 2, 4, and 6 days, in
triplicate, pH measurement using an
electrode (Milwaukee MW150 MAX).

Fungal Phosphate Solubilization Assay

Six isolated fungal species were screened
for their potential to solubilize Tricalcium
Phosphate(TCP) as insoluble inorganic
phosphate sources on medium. A clear halo
zone around the fungal colonyis an indicator
of phosphate-solubilizing capacity.
Pikovskaya (PVK) medium contained:
glucose, 10 g; Ca3(P04)2, 5 g; (NH4)2S04,
0.5 g; NaCl, 0.2 g; MgS04.7H20, 0.1 g; KCl,
0.2 g; yeast extract,0.5 g; MnS04.H20,
0.002 g; and FeS04.7H20, 0.002 g. °5.
Sterilized PVK medium was poured into
sterilized 90mm Petri dishes, allowing them
to solidify. In the center of each plate, 5 mm
discs of tested fungal species were
inoculated with three replicates and then
incubated at 28°C. The colony diameterand
clear zone distancearound each colony
were measured after 3, 5, and 7 days. The
Phosphate Solubilization Index (PSIl) was
recorded on each measurement day and
calculated ?'.

PSI = Colony diameter + Halo zone diameter
/ Colony diameter

RESULTS

Fungal diversity and abundance at Quba
farm

Isolated fungi shown inTable 1 were 21
species (60250 CFU) belonging to 11 genera
from the various sources under
investigation: soil, water, and plant leaves.

from Quba farm soil the abundance of the
genus Aspergillus was represented by
several speciesthe highest frequency was
A. niger, followed by Trichoderma
longibrachiatum, while A. fumigatiaffinis
was rare as shown in Table 1. Molecular
identification of A. fumigatiaffinis based on
the 18S rDNA gene sequences, it's clear
that MKSAS3 fungal strain isolated from soil
had 100% identities to the A. fumigatiaffinis
sequence stored in the GenBank database.
A phylogenetic tree utilizing the Neighbor-
joining  methodin MEGAX displayed
cleargrouping and a high degreeof
homology for A. fumigatiaffinis MKSA3
with related available species data in the
NCBI database (Fig. 2). The gene sequence
was deposited in GenBank under accession
number PQ433223.

Table 1. Total count and distribution of fungal
generacollected from Quba farm.

Isclation Total | Number | Number | Identified species Frequency
SOUrCE count of of class
genera | species

Sail 50000 5 12 Aspergillus niger H
Afavus H
A terveus M
Aochraceus L
A useus M
A, fumigatiaffinis R
Trichoderma M
longibrachiatmm M
Trichoderma sp. L
Fusarium H
GRYSPOFI L
Penicillium oxalician M
P.chrysogernum
Emericella nidulans

Water 10000 4 7 Fusarium sp. M
Alwernaria Aiternata H
Cladosporium sp. H
Penicillium oxalicum L

Plant 250 1 2 Aspergillus niger H

phyllosphere Afavus H

H= high M= moderate L= low R= rare
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MKSA3

Aspergillus fumigatiaffinis (OL711802.1)
Aspergillus fumigatus (MHB877944.1)
Aspergillus nishimurae (HE974451.2)
Aspergillus oerlinghausenensis (OL711833.1)
Aspergillus tsunodae (MH876531.1)

Aspergillus waksmanii (OL711830.1)
Aspergillus shendaweii (MH876529.1)

| Aspergillus spathulatus (OL711747.1)
Aspergillus fumigatiaffinis (MW791917.1)

Aspergillus coreanus (OL711756.1)
Aspergillus spinosus (OL711746.1)
Neosartorya sp. (OQ607388.1)
Aspergillus botucatensis (OL711810.1)
Aspergillus fumigatus (MF780713.1)
Aspergillus fumigatus (KF417566.1)
Aspergillus fumigatiaffinis (HE578059.1)

Neosartorya fischeri (JF922037.1)
Aspergillus fischeri (MN121342.1)
— Aspergillus lentulus (OL711801.1)
Aspergillus multiplicatus (OL711750.1)
Aspergillus denticulatus (MH878413.1)
— Aspergillus neoglaber (OL711786.1)
_[ Aspergillus neoglaber (MH869853.1)
Aspergillus sp. (OL711813.1)
— Aspergillus fumigatus (AJ438345.1)
_[ Aspergillus fumisynnematus (OL711792.1)

Aspergillus pernambucoensis (OL711797.1)
— Neosartorya fischeri (AB363750.1)
_[ Aspergillus lentulus (XR 004500616.1)
Aspergillus viridinutans (OL711821.1)

Figure 2. Phylogenetic relationship between
Aspergillus isolate MKSA3 and the matching
Aspergillus species(including the corresponding
species from NCBI, signaled with GenBank
accession number at the tip of each branch).

Physiological characterization of fungal
species

The physiological assay of isolated fungi
shown in Table 2 represents the activity of
urease-producing fungi. A. fumigatiaffinis
MKSA3 showed a pink color at
Christensen’s Urea Agar after 4 days of
incubation at 28° C. In addition, T.

longibrachiatum showed a similar pink color
due to the activity of fungal ureases that
liberate ammonia from the urea. The CAS
assay, a colorimetric assay to measure the
Fe- chelating function of siderophores
followed in this study to screen isolated
fungal species. Results showed that only
two species, A. fumigatiaffinis MKSA3 and
P. oxalicum produce siderophores based on
a change of blue color to orange around the
colony.

Table 2. Screening abilityof fungal speciesisolated
from Quba farm to produce urease and siderophore.

Fungal species Urease activity Siderophore Production
Aspergillus niger 4

A, _fimiigariaffinis R e +
A flavus ++

A tevrens ++
" Aochracens

Trichodernia R and

Tomgibrachiatm

Trichoderma sp. i

Penicillivm oxalicrn ++ +
F clvysogemun

Enericella nidulans b

Alrernaria alternara

Fusarium oxysporum +

Cladosporiwm sp.

Potentiality of Fungal Zinc and Phosphate
Solubilization

Fungal species from Quba farm soil namely,
A. ustus, A. niger. A. fumigatiaffinis MKSAS,
and P. oxalicum. solubilized and
transformed insoluble zinc oxide
compounds (ZnO) into a soluble form. The
comparison between six fungal species in
zinc solubilization efficiency (ZSE) showed
that A. fumigatiaffinis MKSA3 recorded an
efficiency of 216% followed by A. flavus
(178%) as shown in Fig (3). The promising
strain A. fumigatiaffinis MKSA3 showed
efficiency for solubilizing insoluble zinc
compounds, producing clearing zone
diameters that reached up to 60 mm after
six days ofincubation (Fig. 4). The
solubilization efficiency of testedspecies
combined with its acid production
ability.The result observedwas that the
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fungal speciesthat showed the greatest
zone of solubilization in solid medium,
similar zinc oxide solubilization in liquid
medium was also observed. The pH of the
broth medium inoculated by A.
fumigatiaffinis MKSAS3 has decreased from
7.0 to 3.05 as mentioned in Table 3.

250 200 150 1] 50 o
2Zinc Solubilization Efficiency(ZSE %)

®lddh m9Gh @ash

Figure 3. Efficiency of different fungalspecies on
Zinc oxide solubilization after 48h.
(A) 96h (B) and 144h (C).

Figure 4. Efficiency of A. fumigatiaffinis MKSA3
(PQ433223) on Zinc oxide solubilization after 48h.
(A) 96h (B) and 144h (C).

Table 3. pH changesin the liquid medium.

Fungal species 2% day pH | 4"daypH | 6% day pH
Aspergillus niger 58 4.6 4

A. fumigatiaffinis 5.1 4.2 3.05
Aflavus 4.9 4 38

A ustus 6 57 5.1
Trichoderma 6.2 59 53
longibrachiatum

Emericella nidulans 58 4.7 4.2

B 3
LS
L5
1
0.5
o
Austus Afurnigatioffins A, flavs Aspepiius miger

Emericelio mdwlans

Figure 5. Efficiency of different fungalspecies on
TCP solubilization after3, 5, and 7 days.

Fungal speies

Widay WS5days W7 days

The screened fungi were competent to
solubilize TCP on PVK solid medium by
forming clear halozone differing according
to the degree of solubilization. As shown in
Fig. 5 the highest PSI was A. fumigatiaffinis
MKSA3 reached 3.4 after 7 days of
incubation followed by A. ustus and A.
niger, while Emericella nidulans was weak
phosphate solubilizers as clear in Fig.6.

Figure 6. Solubilization of TCP indicated by halo
zone around coloniesof two fungal species (A,
Emericella nidulans and B, A. fumigatiaffinis
MKSA3) on solid PVK medium after 7 days of
incubation.

DISCUSSION

The core goal of the present study was to
study mycobiotaon an organic farm near the
Quba region in Madinah, Saudi Arabia. The
survey of fungal species was determined to
test their potential in the solubilization of
minerals. A total of 21 species have been
recorded, and the genus Aspergillus was
the richestby showing a spectrum of 7
species; it comes next by Penicillium and
Fusarium. These results agree with some
mycobiota detected in regionssuch as the
Sabkha and desert areasin Saudi Arabia®
2 However, the previous studies identified
fungal diversity, but soil microbial diversity
in the Madinah region was not sufficiently
covered. In addition, the physiological
characterization of isolated fungalspecies
to select a promisingcandidate(s) that could
be used in biomineralization. From the
rhizosphere soil of Quba farm, one
promising strain was identified as A.
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fumigatiaffinis MKSAS; its gene
sequencewas deposited in GenBank under
accession numberPQ433223. This strain
has not been recordedbefore in Saudi

Arabian soil mycobiota. Siderophore
production by fungi is a known method for
increasing the availability of Iron for plants
30 Several fungal species were previously
recorded to produce siderophores, such as
A. niger®. Trichoderma harzianum®, and
Penicillium sp.?®. In thisstudy, only two
species, A. fumigatiaffinis MKSA3 and P.
oxalicum,out of twenty- one species,
produce siderophores. This observation
agrees with other investigators®*®*,

Urease production by fungi is another
mechanism to enhance plant growth.
Examples of fungal species previously
recorded as urease producers are
Chaetomium globosum, Aspergillus
fumigatus, and A. nidulans *. Results for
the current survey indicated that most of
the tested fungalisolates showed a change
in Christensen’s Urea Agarto a pink color
after 4 days of incubation due to the
liberation of ammonia. The solubilization of
minerals like Phosphate and Zinc is a
common mechanism adoptedby fungi to
increase plant growth through the
increased availability of some insoluble
minerals®®.

Surveys of zinc-solubilizing fungi in Saudi
Arabia were not fully studied, especially in
the Madina region.Fungal species from
Quba farm soil namely, A. ustus, A. niger.

A. fumigatiaffinis MKSA3, and P. oxalicum.
showed great efficiency in zinc solubilizing.

Similar results were recorded in an
entomopathogenic fungus,
Metarhiziumpingshaense®’. The highest zinc
solubilization efficiency was
detected by the width of the clearing zone
diameters around the colony as observed in
A. fumigatiaffinis MKSA3 and A. flavus.

Phosphate solubilization makes it
accessible to plants, improving the growth
and productivity of wide types of crops 8°°.
This study revealedthat the
highestphosphate solubilization produced
by A. fumigatiaffinis MKSA3 reached 3.4 SI
after 7 days of incubation followed by A.
ustus and A. niger, while Emericella
nidulans was weak phosphate solubilizers.
Some investigators found similar results *°.
The activity of A.fumigatiaffinis MKSAS3 as
a phosphate solubilizer could be attributed
to high acid production. The acidity
increased and wasdetected by a decreaseof
broth mediumpH to 3.05 after 7 days of
incubation, results matching the other
investigator's findings®*'.

CONCLUSION

According to the results obtainedin the
present study, it was a promising new
recorded fungal species identified as A.
fumigatiaffinis strain MKSAS3, that showed
great potential to solubilize minerals such
as urea, zinc and phosphate in addition to
siderophore production. This species can be
used as biofertilizers after completing other
studies such as plant pots experiments and
safety assay.
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Abstract

Oil-based sludge deposits formed within
refinery and gas-processing systems
present persistent challenges to asset
integrity and operational reliability due to
their heterogeneous composition and
complex multiphase nature. Accurate
identification and quantification of the
crystalline inorganic constituents are
critical for understanding corrosion, scaling,
and  fouling mechanisms. However,
conventional X-ray diffraction (XRD)
analysis is frequently compromised by
residual hydrocarbons, elevated amorphous
background signals, and limited availability
of crystalline material.

In this study, a solvent-assisted sample
preparation protocol is developed and
validated to enable reliable quantitative
crystallographic analysis of oil-based
sludge deposits using high-resolution XRD
coupled with full-pattern Rietveld
refinement. The methodology selectively
concentrates the crystalline fraction,
significantly reducing hydrocarbon-related
background interference and minimizing
preferred orientation effects. The approach
is applied to sludge samples collected from
a refinery natural gas line and
demonstrates robust phase identification
and quantification using as littleas ~0.5 g

of crystalline material.

The identified phase assemblage comprises
iron oxides, iron oxyhydroxides, iron
sulfides, carbonates, and minor silicate
phases, reflecting the combined influence
of oxidative corrosion, sulfide-induced
degradation, water chemistry- controlled
scaling, and external particulate ingress.
These results demonstrate that effective
sample preparation, rather than sample
mass, is the primary factor governing XRD
data quality and quantitative reliability.

The proposed solvent-assisted
methodology offers a reproducible,
industry-relevant framework for deposit
characterization and provides actionable
insights to support mitigation strategies
and asset integrity management in refinery
and gas-processing operations.

Keywords: Oil-based sludge; quantitative
XRD; Rietveld refinement; refinery deposits;
corrosion diagnostics; phase analysis.

Acknowledgment

The accumulation of oil-based sludge
remains a significant operational challenge
in refinery and gas-processing facilities,
where deposits adversely affect process
efficiency, restrict fluid flow, and promote
localized corrosion that may ultimately

JCRIS - Volume 3, Issue 1, March 2026

27


mailto:mona.dossary.2@aramco.com

result in unplanned shutdowns. These
deposits are inherently heterogeneous,
comprising viscous hydrocarbon matrices
that encapsulate fine inorganic
constituents such as corrosion products,
scale-forming minerals, catalyst residues,
and externally introduced particulates. The
stability, adhesion, and removability of such
deposits are strongly influenced by the
identity, abundance, and distribution of
their crystalline phases. Conventional bulk
chemical and elemental analyses provide
useful averaged compositional information
but offer limited insight into crystalline
phase assemblages and phase-specific
abundances, which are essential for
understanding deposit formation
mechanisms and predicting mitigation
behavior. X-ray powder diffraction (XRD),
combined with quantitative phase analysis
using Rietveld refinement, provides direct
crystallographic information that is critical
for mechanistic interpretation of industrial
deposits. In oil-based sludge systems,
however, XRD analysis is often
compromised by dominant amorphous
backgrounds arising  from residual
hydrocarbons, limited crystalline material,
and preferred orientation effects, all of
which reduce phase detectability and
quantitative reliability.

Recent studies have demonstrated that, for
hydrocarbon-rich industrial deposits, the
reliability of crystallographic
characterization is governed primarily by
the effectiveness of sample preparation
rather than by instrumental resolution alone
[1-5].

Selective removal of the organic matrix is
therefore essential to isolate the crystalline
inorganic fraction and enable meaningful
diffraction analysis. Building on advances in
quantitative crystallography applied to
refinery and gas-processing deposits [1-10],

the present work introduces a solvent-
assisted sample preparation methodology
specifically designed to enhance crystalline
phase recovery while minimizing analytical
artifacts.

The proposed methodology is evaluated
using sludge deposits collected from a
refinery natural gas line, with particular
emphasis on analytical performance under
material-limited conditions commonly
encountered during field investigations [1].
By enabling reliable phase identification
and quantitative analysis from small
quantities of crystalline material, this study
extends the practical applicability of
quantitative XRD for diagnosing fouling,
scaling, and corrosion phenomena in
hydrocarbon-processing environments.

Objectives

The objectives of this study are to:
1.Develop and establish a reproducible
solvent-assisted protocol for isolating
crystalline inorganic phases from oil-
based sludge deposits.
2.Generate high-quality @XRD data
characterized by low background
intensity and controlled preferred
orientation effects.
3.Perform robust phase identification and
quantitative phase analysis using full-
pattern Rietveld refinement.
4.Demonstrate analytical reliability when
applied to limited quantities of
crystalline material (approximately 0.5
8).
a.Translate crystallographic findings
into actionable insights relevant to
corrosion, scaling, and fouling
control in refinery and gas-
processing systems.

Experimental Work

A.Deposit Sampling
Oil-based sludge deposits were collected
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from affected sections of a refinery natural
gas line during scheduled maintenance
activities (Figure 1). The recovered
materials exhibited pronounced
heterogeneity, consisting of a semi-solid
hydrocarbon matrix containing finely
dispersed inorganic particulates derived
from corrosion reactions, interactions with
aqueous phases, and upstream solids
ingress.

Figure 1. Schematic representation of oil-based
sludge deposits collected from refinery natural gas
line equipment, illustrating the heterogeneous
association between hydrocarbons and entrapped
inorganic particulates

B. Solvent-Assisted Sample Preparation
To isolate the crystalline inorganic fraction,
sludge samples were treated with
dichloromethane to selectively dissolve the
hydrocarbon matrix. The mixtures were
mechanically agitated to promote efficient
extraction, followed by filtration to
separate solvent-soluble organic
components from the insoluble residue
(Figure 2). Detailed procedural
considerations are described by Sitepu et
al. [1] and the references therein.

Figure 2. Schematic workflow of the solvent-
assisted sample preparation procedure, highlighting

selective hydrocarbon dissolution by
dichloromethane and recovery of the crystalline
inorganic residue for XRD analysis.

The recovered solid fraction (Figure 3) was
dried under controlled conditions and
gently ground using an agate mortar and
pestle to produce a fine, homogeneous
powder suitable for diffraction analysis.

Figure 3. Dichloromethane-insoluble crystalline
fraction isolated from oil-based sludge deposits,
representing the target material for qualitative and
quantitative XRD investigation.

Powder mounting was performed using
side-drifting and back-loading techniques
to minimize preferred orientation effects
and to ensure representative sampling of
crystallite orientations [10-12].

C. X-Ray Diffraction Data Collection and
Analysis

XRD measurements were conducted using a
Rigaku ULTIMA-IV diffractometer equipped
with Cu Ka radiation. Diffraction data were
collected over a 26 range of 4-75° using
step-scan acquisition parameters optimized
for multiphase materials. Phase
identification was carried out wusing
HighScore Plus software in conjunction
with the ICDD PDF-4+ database.

Quantitative phase analysis was performed
using full-pattern Rietveld refinement [1,10-
15]. The refinement strategy incorporated
background modeling, appropriate peak-
shape functions, and corrections for
preferred orientation based on established
crystallographic methodologies [1-3,10-15].
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Results and Discussion

A. Analysis of Crystalline Fractions from
Bulk Samples (>1.0 g)

X-ray diffraction patterns obtained from
bulk crystalline residues exceeding 1.0 g
exhibited sharp, well-resolved reflections
accompanied by a consistently low
background signal. This confirms the
effective removal of residual hydrocarbons
during solvent-assisted sample preparation
and indicates that the recovered material
was well suited for crystallographic
analysis. The identified crystalline phases
include siderite (FeCOs), magnetite (Fes0,),

goethite [FeO(OH)], calcite (CaCOs;),
dolomite [CaMg(COs),], quartz (SiO,), and
calcium chloride hydroxide hydrate

[CaCl,-Ca(0OH),H,0], as shown in Figure 4.
The high quality of the diffraction data
enabled unambiguous phase identification
and reliable quantitative refinement.
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Figure 4. X-ray diffraction pattern of bulk crystalline
deposits (>1.0 g), showing iron corrosion products,
carbonate scale phases, silicates, and chloride-
bearing compounds identified through phase
matching with the ICDD PDF-4+ database.

The coexistence of iron carbonates, oxides,
and oxyhydroxides reflects the operation of
multiple, overlapping deposit formation
mechanisms within the refinery natural gas
system. The presence of siderite is
indicative of CO,-related corrosion under
reducing conditions, whereas magnetite
and goethite suggest subsequent oxidation
processes driven by oxygen ingress or

fluctuations in redox potential. Carbonate
phases such as calcite and dolomite point
to water chemistry-controlled scaling
processes, while chloride-bearing hydrated
phases indicate localized chloride
enrichment that can enhance corrosivity.
The detection of quartz further suggests
contributions from externally introduced
particulates or upstream process
contamination.

Such complex multiphase assemblages are
consistent with observations reported in
recent quantitative crystallographic studies
of refinery and gas-processing deposits [3-

5,7-9]. Importantly, these results
demonstrate that the refined solvent-
assisted preparation protocol enables

effective phase discrimination in chemically
and  structurally complex industrial
materials, directly supporting Objectives 1-
3 of this study.

B. Analysis of Crystalline Fractions from
Limited Samples (~0.5 g)

A key objective of this work was to assess
the robustness of the proposed
methodology under material-limited
conditions typical of field investigations.
Despite a reduced crystalline sample mass
of approximately 0.5 g, the prepared
residues produced diffraction patterns of
sufficient quality for confident phase
identification and quantitative analysis. As
shown in Figure 5 and summarized in Table
1, the deposits were dominated by iron
oxides and oxyhydroxides, accounting for
approximately 82 wt%, followed by iron
sulfide phases (~17 wt%) and minor
quantities of quartz.
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Figure 5. XRD pattern and corresponding Rietveld
refinement of approximately 0.5 g of crystalline
residue, demonstrating reliable phase identification
and quantitative analysis under limited sample mass
conditions.

Table 1. Quantitative phase analysis results (wt%)
obtained from Rietveld refinement.

wt%
Iron oxides and oxyhydroxides (total) 81.84

Detected Compound

— Goethite 56.45
— Magnetite 14.64
— Lepidocrocite 10.75
Iron sulfides (total) 16.53
— Pyrite 15.28
— Pyrrhotite 1.25
Quartz 1.63
Total 100.00

Rietveld Quantitative Phase Analysis Results

) l l
0 . — —_—

Geothite Magnetite Lepifocrocite  pyrite pyrhotite Quartz

XRD Identified Phases

Figure 6. Relationship between phases identified by
XRD (horizontal axis) and their corresponding
quantitative phase abundances (wt%; see Table 1),
shown on the left vertical axis.

The predominance of iron oxide and
oxyhydroxide phases indicates sustained
oxidative corrosion processes within the

system. In contrast, the presence of iron
sulfides —specifically pyrite and pyrrhotite
—points to sulfide-driven  corrosion
pathways associated with reduced sulfur
species. These phases may also reflect the
influence of microbiologically influenced
corrosion (MIC), particularly under stagnant
or low-flow conditions. The observed phase
assemblage is consistent with integrated

corrosion studies that combine
crystallographic, chemical, and
microbiological evidence in refinery

environments [5,6].

Critically, these findings confirm that the
quality of sample preparation, rather than
absolute sample mass, is the primary factor
controlling the success of XRD-based
phase characterization in oil-based sludge
systems. This directly fulfills Objective 4
and demonstrates that reliable quantitative
crystallography can be achieved even under
the practical constraints of outage-related
or field-limited sampling.

C. Engineering and Operational
Implications

The ability to quantitatively distinguish
between oxide-, carbonate-, and sulfide-
dominated deposits has direct and practical
implications for refinery and gas-plant
operations. Oxide-rich deposits may require
oxidative or chelation-based cleaning
strategies, whereas carbonate scaling is
more effectively mitigated through water
chemistry control or scale inhibition
programs. In contrast, sulfide-bearing
deposits often necessitate targeted biocide
application and enhanced monitoring for
MIC.

By enabling rapid, evidence-based
identification of deposit composition, the
proposed methodology supports informed
decision-making during maintenance
planning, failure investigations, and
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corrosion mitigation initiatives. This directly
aligns with Objective 5 and reinforces the
value of quantitative crystallography as a

diagnostic tool for improving asset
integrity, operational reliability, and
lifecycle management in hydrocarbon-

processing facilities.
Limitations and Future Work

The present methodology is limited to
characterization of the crystalline inorganic
fraction; amorphous phases and organic
components are not directly quantified.
Future studies should integrate XRD with
complementary analytical techniques such
as XRF, SEM-EDS, and thermal analysis to
achieve a more comprehensive
characterization of sludge deposits.
Additionally, extension of this approach to
time-resolved or condition-dependent
studies may provide further insight into
deposit formation and evolution under
varying operational environments.

Conclusions

A solvent-assisted XRD methodology
combined with full-pattern Rietveld
refinement has been successfully
established for the reliable characterization
of crystalline phases in oil-based refinery
and gas plant sludge deposits. The
approach effectively overcomes analytical
challenges associated with hydrocarbon-
rich matrices and enables accurate phase
identification and quantification even when
only limited crystalline material is available.
This methodology represents a practical
and reproducible diagnostic tool for
elucidating deposit formation mechanisms
and supports informed decision-making for
mitigation strategies and asset integrity
management in refinery and gas-processing
systems.
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Abstract

Laboratory scale true boiling point (TBP)
distillation is a technique which is central to
the understanding of the compositions,
properties and behavior of a crude oil. These
characteristics are vital when determining
the oil’'s market value, how to refine the
crude in question in order to ascertain the
value of the refined products and other
derived products, such as in the case of
crude to chemicals. The determination of a
crude oil’s TBP distribution is carried out
according to the method ASTM D2892. This
test method covers the procedure for the
distillation of stabilized crude petroleum to
a final cut temperature of 400 °C
Atmospheric Equivalent Temperature (AET).
It employs a fractionating column having an
efficiency of 15 theoretical plates operated
at a reflux ratio of 5:1. It also provides an
estimate of the yields of fractions of various
boiling ranges and is therefore valuable in
technical discussions of a commercial
nature. The conventional parameters
recommended by ASTM D2892 may not be
adequate in addressing any changes in
business needs, for example optimization in
yield of desired products derived from
crude oil. The objective of this investigation
is to reduce the time taken for a TBP
distillation of a particular oil, while
obtaining an understanding of how this will
affect the overall separation quality and

properties of the resultant distillation
fractions. For this purpose, the study
assesses the effect of variations in the
reflux ratio, a key parameter in distillation,
on factors such as the fraction yield, TBP
distribution and degree of fraction overlap.
Key findings show that, as expected, the
decrease in reflux ratio results in lower
quality fractions with increased overlap.
However, reducing the reflux ratio
significantly reduces the time taken to
carry out a distillation, thereby increasing
laboratory throughput. At the same time, it
is shown that performing distillations with
lower reflux ratio does not significantly
affect the key properties (e.g. specific
gravity, total sulfur viscosity etc.) of the
resultant fractions. In short, the information
gained from this study will help in
increasing laboratory throughput with time
sensitive crude oil assay studies.

KEYWORDS: Crude Economics, Reflux
Ratio, Yield Optimization, True Boiling Point
Distillation, Laboratory Throughput, Crude
Oil Assay, Refinery Products

1.INTRODUCTION

Crude oil, as a source of affordable energy,
is essential in maintaining the pace of
modernization in both developing and
developed economies in the decades to
come."” Different fractions originating
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from crude oil, separated according to
boiling point, are used for a variety of fuels
and chemicals. The detailed
characterization of crude oil provides an
opportunity to select the appropriate
fraction(s) for the required products with
specific qualities. However, as the
composition of a crude oil mixture is so
complex®'®, for routine purposes, detailed
characterization is discouraged. This is
mainly due to the significant amount of time
consuming and expensive techniques'’ %
(for example, chromatography and mass
spectrometry) which must be employed. For
practical purposes, crude oil assays are
performed to gain an insight into the most
efficient way for refiners to process and
refine oils in a way that will maximize the
profit margins.?®?° Crude oil assays have
been carried out historically as long as
refining has been performed. Crude assays
can provide valuable information regarding
the oil’'s value on the world market and to
ascertain the yields of the resultant refined
products and ultimately, other derivative
products, such as chemicals derived from
crude. These crude oil assays are based
primarily around laboratory scale true
boiling point (TBP) distillation.*®3* The
determination of a crude oil's TBP
distribution is generally carried out
according to the standard method ASTM
D2892. This test method covers the
procedure for the distillation of stabilized
crude oil, (crude that has had the associated
light gases removed so as to be stable at
atmospheric  pressure) to a final
temperature of 205 °C. It employs a
fractionating column having an efficiency
of 14 to 18 theoretical plates operated at a
reflux ratio of 5:1. The method provides
information regarding the vyields of
fractions of various boiling ranges obtained
from the crude and is therefore valuable in

technical discussions of a commercial
nature.

Generally, crude oil assays are composed of
three main areas. Firstly, as has already
been described above, crude oil
fractionation by distillation. Secondly,
detailed analysis of each of the resultant
fraction, and lastly, processing and
interpretation of the data produced to yield
a final report. Of these three areas, it is the
quality of the distillation process which will
have the most significant effect on the
quality of the final assay report data
produced. The standard test method ASTM
D2892, which is generally used to
fractionate crude oils during a crude oil
assay, possesses certain constraints. These
constraints exist mainly in terms of three
important parameters, viz (1) distillation
rate; the rate at which distillate is collected
into the final product receiver, (2) reflux
ratio; the ratio of the times of the open and
closed positions of the reflux divider and (3)
the preheating rate; the rate at which the
feed sample is heated prior to distillation
commencement. These three parameters
represent a tradeoff between product
fraction quality and distillation time. Indeed,
the ASTM method states that “This test
method offers a compromise between
efficiency and time in order to facilitate the
comparison of distillation data between
laboratories.” However, the parameters
from ASTM D2892 may not be adequate in
addressing ongoing changes in business
needs; for example, oil appraisals for
research purposes such as oil upgrading or
crude to chemicals evaluations. As touched
upon earlier, the main issue at hand is that
of the quality of the distillation fraction
obtained by the laboratory distillation
procedure. That is, the extent to which the
obtained fractions overlap with one
another, causing some material which is
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intended to be present in the lighter
fraction to be present in the heavier
fraction, and vice versa. The extent to which
fraction overlap may be tolerated depends
on the intended use of the desired fraction.
In some instances, rapid distillations,
yielding fractions of lower quality which
overlap to a relatively large extent may be
acceptable if time is a constraint. In short,
the fractionation of crude oil by distillation
on a shorter timescale, at the expense of
fraction quality, will depend largely on the
intended use of the collected fractions. If a
full detailed assay is required, then this
reduction in quality may not be appropriate.
However, if fractions are required for, say,
research investigations or pilot plant trials
when developing new refinery processes,
then this trade off of fraction quality for
time may be acceptable.

With this in mind, the study presented here
aims to extend the scope of the standard
method by varying the reflux ratio of the
distillation. In doing so, we will attempt to
reduce the time taken for a TBP distillation
of a particular oil. The extended scope will
potentially provide an increase in laboratory
throughput and help with time sensitive
crude oil fractionation studies. The present
work covers a series of distillations of a
crude oil of API 33°. The study assesses the
effect of variations in the distillation reflux
ratio on the resultant fraction quality and
extent to which the fractions overlap.

2. EXPERIMENTAL

2.1. Atmospheric Pressure Distillation of
Crude Oil (ASTM D2892).

A weighed sample of 6 L of the stabilized
crude was distilled to a maximum
temperature of 205 °C. The sample was
distilled into four discreet fractions,
including the distillation residue, to

predetermined cut points. These cut points
correspond to 100 °C, 185 °C and 205 °C, in
addition to the residue, consisting of all
material with a boiling point > 205 °C. The
distillation was repeated a number of times
under varying distillation conditions. To
calculate the distillation vyields of the
obtained cuts, the mass and density of the
initial crude sample and subsequent
straight run fractions and residue were
measured and recorded. For the present
study, the distillation rate, reflux ratio and
sample preheating rate, as mandated by the
standard method ASTM D2892 are 15
mL/min, 5:1 and 2.5 °C/min respectively. The
setup of the distillation apparatus is
illustrated in Figure 1. The parameter
investigated in this study is reflux ratio,
which has been varied as described in
section 3 below.

To Condenser \

Reflux
Divider= ==~

Fractionation Column _
15 Theoretical Plates

Figure 1. Schematic diagram of the distillation
apparatus setup, based on method ASTM D2892. A
more detailed view of the reflux divider setup can be
seen below in Figure 2
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The distillation fractions were evaluated for
quality and extent of fraction overlap by
measuring the density, specific gravity and
APl and comparing the results when the
standard distillation parameters were
varied. The density and API of each fraction
was determined according to ASTM D4052.
In this method, approximately 2 mL of
sample is introduced into an oscillating
sample tube and the change in the
oscillation frequency as a result of the
change in the mass of the tube is used
along with calibration data to determine the
density of the sample. From the density, the
specific gravity is determined according to
the following functions

d
G= 0.999 (1)

“API = (B2

e ) 131.5 (2)

2.3. Distillation of Petroleum Products at
Atmospheric Pressure (ASTM D86).

The distillation fractions were evaluated for
quality and extent of fraction overlap by
determining their boiling point distributions
using atmospheric distillation. Specifically,
the initial boiling point (IBP) and final
boiling point (FBP) of each fraction
generated were determined by ASTM D86.
A 100 mL sample was distilled and
observations of the vapor temperature and
recovered volumes of condensate were
made. A plot was constructed of the
temperature vs. the recovered volume to
yield a boiling point distribution curve of the
sample under analysis. The volume of the
residue and the losses were also
considered.

2.4. Determination of Total Sulfur Content
by Energy Dispersive X-Ray Fluorescence
Spectrometry (ASTM D4294).

Distillation fractions were evaluated for

total sulfur content. Briefly, a sample of
distillate is placed in the beam emitted from
an X-ray tube. The resultant excited
characteristic X radiation is measured, and
the accumulated count is compared with
counts from previously prepared calibration
samples to obtain the total sulfur
concentration in weight percent.

2.5. Determination of Kinematic Viscosity
by Stabinger Viscometer at 100 °F (ASTM
D7042).

The test specimen was introduced into the
measuring cells, which are held at 100 °F.
The measuring cells consist of a pair of
rotating concentric cylinders and an
oscillating U-tube. The dynamic viscosity is
determined from the equilibrium rotational
speed of the inner cylinder under the
influence of the shear stress of the test
specimen and an eddy current brake in
conjunction with adjustment data. The
density is determined by the oscillation
frequency of the U-tube in conjunction with
adjustment data. The kinematic viscosity is
calculated by dividing the dynamic viscosity
by the density.

2.6. Determination of Refractive Index of
Hydrocarbon Liquids (ASTM D1218)

The refractive index, that is, the ratio of the
velocity of light (of specified wavelength) in
air to its velocity in the test sample, is
measured for each distillation fraction,
using a high-resolution automatic digital
type refractometer with the prism
temperature maintained at 20°C.

2.7. Determination of Individual
Components by High-Resolution Gas
Chromatography (ASTM D6730).

The individual components of the samples
under characterization are separated by
gas chromatography. These components
are then identified, quantified and grouped
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into hydrocarbon types to yield the total
percentage of paraffins, i-paraffins, olefins,
naphthens and aromatics within each
distillation fraction under review.

3. RESULTS AND DISCUSSION

The reflux ratio is defined as the ratio
between the amount of material that is
returned back to the distillation column and
the amount of material that is transferred
to the receiver (distillate). However, in this
study, we will instead refer to the reflux
ratio in term of time. That is, the time
duration in which the reflux valve is closed,
allowing the material to return back to the
distillation column, compared with the
amount of time in which the reflux valve is
open, allowing the material to be removed
and collected to the receiver. This is the
notation used in the method ASTM D2892,
where it assumed that when the reflux valve
is open, there is total takeoff. However, in
practice, when the reflux valve is open, a
small portion of the distillate is returned
back to the column. For this reason, the
valve timing is evaluated and adjusted
accordingly to give the required reflux ratio.
Here, for simplicity, valve open and closed
times are nominal. A schematic of the reflux
setup is given in Figure 2.

4
To Condemier

Reflux Valve

Lsgusd Retumned 1o
Colume

Figure 2. Schematic diagram of the reflux divider
valve setup (while opening the valve allows the
collection of distillate fractions and closing the valve
allows the distillation of crude oil in the column).

An efficient distillation process allows the
collection of clear-cut fractionations that
are essential for either crude oil assay
activities or for petrochemical related
processes. The fraction quality is greatly
influenced by the number of theoretical
plates of the system, which is in turn
affected by a number of distillation
parameters, such as sample preheating
rate, distillation rate (the rate, in mL/min at
which distillate is removed from the head of
the distillation column) and distillation
reflux ratio, outlined earlier. Of these
contributing parameters, reflux ratio was
found to be the one parameter which
contributed to the resultant fraction quality
more predominantly, as well as a major
determining factor in the time taken to
complete a full distillation. Moreover,
following fractionation, the quality of the
separation is evaluated by determining the
boiling point distribution (using method
ASTM D86) and the density of each
produced fraction. These analyses allow the
fraction quality to be determined and
evaluated against the varying distillation
parameters in general and specifically in
this investigation, against reflux ratio.

The quality of a distillation fraction (or cut),
that is the degree of overlap, is defined by
the amount of the heavier fraction which is
present in the lighter fraction and the
amount of the lighter fraction which is
present in the heavier fraction. This degree
of overlap may be determined by
considering the boiling point distribution,
determined by atmospheric distillation
(method ASTM D86), of each of the two
fractions in question. If comparison is made
between the temperatures at which 95 %,
and 5 %,, are recovered, for the two
adjacent fractions respectively, the overlap
may be quantified as follows:

AT = 5%, T (heavy fraction) — 95 %,,,T (light fraction) 3)
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Where DT is the degree of overlap, 5 % T is
the temperature at which 5 % of the total
volume is recovered by D86 and 95 %, T is
the temperature at which 95 % of the total
volume is recovered by D86. If DT>0, the
separation is considered a gap. Conversely,
if DT<0, the separation is considered to be
an overlap. In this work, we will consider the
magnitude of the degree of overlap. That is,
irrespective of the sign.

In this work, fraction 1 has a boiling range of
the initial boiling point (IBP) of the whole
crude to 100 °C. Fraction 2 has a boiling
range of 100 °C to 205 °C and fraction 3 has
a boiling range of 205 °C to the final boiling
point of the whole crude (FBP). The below
table (Table 1) and plot (Figure 3) show the
overlap (as an absolute magnitude)
between fractions 1 and 2 for each of the
distillation conditions. These overlaps were
determined using the methodology outlined
above.

Table 1. Degree of overlap (determined by ASTM D86)
between distillation fractions 1 and 2. In this table, the

magnitude of the overlap is expressed, irrespective of
sign

Reflux Ratio (Closed:Open) 1:200 1:10 5:1 10:1
[Overlap [ (°C) 17.7 14.7 50 11.2
Distillation Time (mins) 35 45 68 154

20
18
16
14

Overlap {°C)

1:200 1:10 5:1 10:1

Reflux Conditions (Ratio)

Figure 3. Reflux Condition (Ratio) vs. Degree of
overlap (magnitude)

It is clear from Table 1 and Figure 3 that the
degree of overlap decreases as the reflux
ratio increases, or as the proportion of time
for which the reflux valve is closed
increases. This is to be expected as, when

the reflux valve is closed, material is
returned back to the column and there is
more opportunity for gas liquid interaction
within the column, thereby increasing the
number of theoretical plates within the

separation system and consequently
increasing the prospect of component
separation.

However, as the reflux ratio is decreased to
10:1, the degree of overlap is seen to
increase. This is contrary to what would be
expected when closing the reflux valve for
extended periods of time. In such scenarios,
it would be reasonable to expect that, as
increased proportions of material are being
returned back to the column, resulting in
increased vapor-liquid interaction within the
column, the number of theoretical plates of
the system would increase, thereby giving
more efficient component separation and
consequently reducing the overlap further.
However, this is not observed here. This
observed phenomenon may potentially be
explained by considering the setup of the
instrument controls as explained below.

When the reflux valve is closed for extended
periods of time, the sample in the distillation
flask continues to be heated by the flask
heater. This continued input of energy
causes material to continue to be
transferred to the packed column. Without
removal of the distillate product from the
head of the column, the column is likely to
become overloaded. This overloading may
result in column flooding, which in turn
results in a reduction in column separation
efficiency and subsequently increased
fraction overlap. This phenomenon is further
intensified by the fact that the distillation
system is attempting to maintain a constant
distillation rate. That is, the rate at which
distillate product is collected in the product
receiver. With the reflux valve being closed
for extended periods of time, the distillation
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rate drops and the instrument system
compensates for this drop by increasing the
flask  temperature, thereby  further
enhancing the phenomenon described
above.

3.1. Distillation Time.

When we consider the time taken to distill
the oil to 205 °C for each of the reflux ratio
conditions studies, we can observe that
indeed, the distillation time increases with
increasing reflux ratio (closed:open). As the
proportion of time that the reflux valve is
closed increases, the distillation time is
increased. This is illustrated in Figure 4
below. With the decrease in reflux ratio
(closed:open) distillation time decreases
due to the rapid removal of distillate from
the column head.

180

e e
o B o=
2 8 & 8

Distillation Time (mins)
o
o
o

|

o 2 o &

1:200 1:10 5:1 10:1

Reflux Conditions (Ratio)

Figure 4. Reflux Ratio (closed:open) vs. Distillation
Time

w=emtime (5:1)  eletime (1:10) time (1:200)

20
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Distillation Time (hours)

oMo

100 20

Volume of Crude Oil Distilled (L)

Figure 5. Predicted time for the distillation of larger
volumes of crude oil at different reflux ratios

As mentioned above, this study assumes
multiple distillations of 6 litre batches of
crude oil at various system conditions. In
many cases, larger quantities of distillate,

at predefined cut temperatures are
required. For example, 100 litres of a
fraction with a boiling range from 185 °C to
565 °C. In this case, considering the volume
constraints of the apparatus (6 litres) many
batch runs will be required. These larger
quantities may be needed for research
purposes such as pilot plant trials to
evaluate a new refinery catalyst. In such
cases, where time might be a constraint, it
may be expedient to decrease the reflux
ratio, thereby expediting the overall
distillation, even at the expense of the
fraction quality. Figure 5 above illustrates
how the reflux ratio affects the time taken
to distill larger volumes of crude oil by 6
litre batches. This may be attractive to
researchers and refinery process
developers.

3.2. Assessment of Fraction Properties.

The degree of fraction overlap and the time
taken to complete a distillation are clearly
related to the reflux ratio of the system.
However, we aim to assess whether the
general quality of the resultant fractions
may be maintained, in terms of key
parameters such as sulfur content and
APl/density, even when collected at
increased reflux ratios. The following series
of tables and figures show the key
properties (specific gravity, kinematic
viscosity, total sulfur content and refractive
index).

3.2.1. Effect on Specific Gravity

From Table 2 and Figure 6, we can observe
that the total variation (that is the
difference between the maximum and the
minimum values) recorded for the specific
gravity of fractions collected at the various
reflux ratio conditions, is approximately
2.6% and 0.3% relative to the average
value, for the fractions IBP - 100°C and
100°C - 185°C respectively. However, the
difference between the measured values
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for a reflux ratio of 5:1, that is the ratio
recommended in method ASTM 2892, and
the reflux ratio optimized for rapid
distillation (1:200) is lower in comparison to
the total variation.

Table 2. Specific gravities of the considered
fractions collected at the specified reflux ratio
conditions

Degree of

riﬁ:: o overlsp pirzm“;’ir IBP - 100°C 100°C - 185°C
(Magnitude)
1:200 17.7 Specific Gravity 0.6787 0.7521
1:10 14.7 Specific Gravity 0.6872 07518
51 59 Specific Gravity 0.6729 0.7544
10:1 11.2 Specifuc Gm\'it}l’ 0.6697 0.7538

11500 1:10 5:1 101 1:200 1110 51 10:1

Reflux conditions (Ratio)

Figure 6. Plots of specific gravities of the fractions
IBP to 100°C (left) and 100°C to 185 °C (right),
collected at the specified reflux ratio conditions

3.2.2. Effect on Viscosity.

Similar phenomena observed for the effect
of reflux ratio on specific gravity are
observed when considering viscosity (Table
3 and Figure 7). In this case, the total
variation is 10.6% and 1.4% relative to the
average value, for the fractions IBP - 100°C
and 100°C - 185°C respectively. As
observed for specific gravity above, the
difference between the measured values
for a reflux ratio of 5:1, that is the ratio
recommended in method ASTM 2892, and
the reflux ratio optimized for rapid
distillation (1:200) is again lower in
comparison to the total variation.

Table 3. Viscosities of the considered fractions
collected at the specified reflux ratio conditions

Reflux Degree of
Conditio overlap Fraction Parameter IBP - 100°C 100°C - 185°C
n (Magnitude)
1:200 17.7 Viscosity (cSt @ 100°F) 0.4166 0.6505
1:10 14.7 WViscosity (¢St @ 100°F) 0.4842 0.6411
5:1 59 Viscosity (c5t @ 100°F) 0.4012 0.6322
10:1 11.2 Viscosity (cSt @ 100°F) 01,4974 0.6509

1:200 110 511 11 1200 1:10 sl 11

Reflux conditions (Ratio) Reflux conditions (Ratio)

Figure 7. Plot of viscosities of the fractions IBP to
100°C (left) and 100°C to 185 °C (right), collected at
the specified reflux ratio conditions

3.2.3. Effect on Total Sulfur Content.

Results observed for total sulfur content
mirror the results obtained for specific
gravity and viscosity above. These results
are illustrated in Table 4 and Figure 8
below. The total variation is 29.5% and
4.5% standard deviation relative to the
average value, for the fractions IBP - 100°C
and 100°C - 185°C respectively. As
observed for the other parameters above,
the difference between the measured
values for a reflux ratio of 5:1, that is the
ratio recommended in method ASTM 2892,
and the reflux ratio optimized for rapid
distillation (1:200) is again lower in
comparison to the total variation.

Table 4. Total sulfur content of the considered
fractions collected at various reflux ratio conditions

Reflux Degree of )
S e overlap Fraction Parameter IBP - 100°C 100°C - 185°C
Condition 5
(Magnitude)
1:200 17.7 Total Sulfur (wi%) 0.0283 0.0783
1:10 14.7 Total Sulfur (wi%4) 0.013 0.1046
51 59 Total Sulfur (wi%4) 0.0247 0.0769
10:1 11.2 Total Sulfur (wi%a) 0.0225 0.082
0.05
004 0.09 N

5 003 5 008
E 0.02 v\. E 007
0.01 0.06
0.00 0.05

1:300 1:10 511 1x1 1: 200 110 521 1l

Reflux conditions (Ratio) Reflux conditions (Ratio)

Figure 8. Plot of total sulfur of the fractions IBP to
100°C (left) and 100°C to 185 °C (right), collected at
the specified reflux ratio conditions

Until now, it is not well understood the
reasoning behind this observed
phenomenon. Further study may reveal its
cause. Due to constraints in time and
resources, it is not reasonable to repeat the
distillation process many times and our
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study did not cover many repetitions of the
distillations

3.2.4. Effect on Refractive Index.

In addition to specific gravity, viscosity and
sulfur, the refractive index of the fractions
with boiling ranges IBP - 100°C and 100°C -
185°C were measured at the various reflux
ratios. These results are illustrated in Table
5 and Figure 9.

Table 5. Refractive Index of the considered fractions
collected at various reflux ratio conditions

Reflux Degree of Fraction
e overlap IBP - 100°C 1P C - 185°C
Condition ] Parameter
(Magnitude)
1:200 177 Refractive Index 1.38220 0.0783
1:10 14.7 Refractive Index 1.39279 0.1046
5:1 5.9 Refractive Index 1.38117 0.0769
10:1 11.2 Refractive Index 1.38625 0.0820
141 14
14 1424
= : ?: N _ 1423
].. : = . w

136 1421

135 142
11200 1:10 511 11 1200 1:10 5:1 101

Reflux conditions [Ratio) Reflux conditions (Ratio)

Figure 9. Plot of Refractive Indices of the fractions
IBP to 100°C (left) and 100°C to 185 °C (right),
collected at the specified reflux ratio conditions
Here, the total variation in refractive index
is 0.8% and 0.06% relative to the average
value, for the fractions IBP - 100°C and
100°C - 185°C respectively. Comparable to
the phenomena observed for the other
parameters, in the case of refractive index,
the difference between the measured
values for a reflux ratio of 5:1, that is the
ratio recommended in method ASTM 2892,
and the reflux ratio optimized for rapid
distillation (1:200) is again observed to be
lower in comparison to the total variation.

3.2.5. Effect on Hydrocarbon Types.

As well as the evaluation of the
fundamental properties of the fractions at
various distillation conditions, the
hydrocarbon types were also considered.
That is the percentage of paraffins, i-
paraffins, olefins, naphthenes and
aromatics (PIONA). As the distillation

products are straight run cuts, no olefins
were present. Figures 10 and 11 illustrate
the percentage of each of these
hydrocarbon types present in fractions
corresponding to IBP-100°C and 100°C-
185°C respectively, at the various
distillation conditions studies. It is evident
from these plots that, in the case of the
light fraction (IBP-100°C), as the reflux ratio
is varied from 5:1 to 1:10, the proportion of
paraffins increases, with a corresponding

decrease in i-paraffins, aromatics and
naphthenes. A similar phenomenon is
observed when considering the

hydrocarbon types present in fractions
corresponding to 100°C-185°C at the
various distillation conditions. In both cases,
this increase in the proportion of paraffins,
(with a corresponding decrease in i-
paraffins, aromatics and naphthenes) as the
reflux ratio changes from 5:1 to 1:10, with
the variation in distillation conditions may
be attributed to heavier paraffins, which
would normally be present in the heavier
fraction (100°C-185°C) breaking through
into the lighter fraction (IBP-100°C) due to
increased fraction overlap caused by
reduced selectivity of the fractionation
process at lower reflux ratios.

IBP-100°C

1:10

Reflux Ratio (closed:open)

® Faraffine  Wi-Paraffine W MNaphthenes W Aromatics

Figure 10. Graph of the proportion (%) of each
hydrocarbon type in the IBP to 100°C fraction at
different distillation conditions.

As mentioned, the case of the heavier
fraction (100°C-185°C) is similar to the
lighter fraction (IBP-100°C), where the
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proportion of aromatics and napthenes
reduces with the change from a reflux ratio
of 5:1 to 1:10. However, in this case, rather
than the proportion of i-paraffins reducing
and the proportion of paraffins increasing
accordingly, the proportion of i-paraffins
remains relatively constant across the
various distillation conditions, with the
proportion of aromatics and naphthenes
reducing accordingly. This phenomenon
may be attributed to the fact that, at higher
temperatures, fractions tend to be more
paraffinic. This would suggest that, at a
reflux ratio of 1:10, there is more propensity
for paraffinic hydrocarbon types to break
through from the 185°C+ (residue) to the
100°C-185°C fraction.

100°C-185°C

14.32 il 17.94 17.48
112

17.89

Reflux Ratio {closed:open)

W Paraffine  Wi-Paraffins  mMNaphthenas  ® Aromatics

Figure 11. Graph of the proportion (%) of each
hydrocarbon type in the 100°C to 185°C fraction at
different distillation conditions.

4. CONCLUSIONS

Distillation of crude oil is often a
compromise between time and fraction
quality. That is, the degree of overlap
between adjacent distillation fractions.
There may be scenarios where it may be
more desirable to sacrifice fraction quality
in favor of time. For example, where large
volumes of a particular fraction are required
for further work, perhaps for pilot plant
trials, where multiple batch distillations
must be performed in order to acquire the
necessary volumes. In such cases the reflux
ratio may be increased to reduce the time

taken to collect the fraction volumes
required. Additionally, in some cases, it may
be desirable to expedite the distillation
process when carrying out a crude oil assay.
Especially when data is required in a short
timescale such as when urgent operational
decisions need to be made. For example,
refinery feed cargo offloading and
assessment, scenarios where process and
control systems are involved or when
critical decisions need to be made with
regards to crude blending. It is clear that
reducing the distillation time by reducing
the reflux ratio vyields lower quality
distillation products. However, in these
cases it will certainly be expedient to
perform a rapid assay distillation and, if
necessary, correct or smooth any produced
distillation curve and assay data using
commercially available crude assay
management tools. Indeed, comparison and
evaluation studies to assess the correlation,
precision and bias between assays involving
rapid distillations described here, coupled
with data modeling and smoothing and
assays involving traditional 15/5 distillation
(detailed in ASTM D2892) is proposed as
our next phase in this line of study.

The relationship between fraction
properties such as specific gravity, viscosity
& total sulfur content and reflux ratio is
small, practically constant when we
account for the error across the entire
procedure. This small variation may well be
attributed simply to statistical variation
inherent in the overall process, from
distillation to analytical measurements.
This observation indicates that reflux ratio
may be altered without significantly
influence on the physical and chemical
properties of the distillation fractions.

The observed variation in the relative
proportions of hydrocarbon types with
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different reflux ratios is rationalized by
considering the variation in hydrocarbon
types with crude oil boiling point
distribution and the difference in overlap
for different reflux ratios.
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Abstract

Accurate characterization of limestone
requires clear differentiation between bulk
chemical composition and true
mineralogical constitution. In this study, a
representative limestone sample was
investigated using X-ray fluorescence (XRF)
spectroscopy and powder X-ray diffraction
(XRD) coupled with Rietveld refinement.
XRF analysis provided rapid multi-element
guantification, confirming a calcium-rich
carbonate composition with subordinate
magnesium and silica. However, elemental
data alone cannot unambiguously
determine phase identity, cation
distribution, or silica polymorphism, as
stoichiometric oxide or carbonate
assignments rely on implicit and potentially
non-unique assumptions regarding mineral
hosts.

Quantitative phase analysis by XRD-
Rietveld refinement resolved these
limitations through direct identification and
structural modeling of crystalline phases.
The limestone was found to consist
predominantly of calcite (86.3 wt%),
accompanied by dolomite (12.6 wt%) and
minor quartz (1.1 wt%). No evidence of
crystalline magnesite or alternative silica
polymorphs was detected within
instrumental detection limits. Refinement
reliability indicators (Rp, Rwe, ¢%)

demonstrated excellent model agreement
and reproducibility.

The findings highlight the complementary
yet fundamentally distinct roles of XRF and
XRD in carbonate characterization. While
XRF provides robust bulk chemical
information, quantitative mineralogical
resolution in carbonate systems can only be
reliably achieved through XRD coupled with
Rietveld refinement. This integrated
analytical approach is therefore essential
for accurate phase discrimination in
limestone materials relevant to industrial
and geochemical applications.

1. Introduction

Limestone is a fundamental geological and
industrial material widely utilized in cement
production, construction, metallurgy,
environmental remediation, and as a
principal component of carbonate
hydrocarbon reservoirs. Its engineering
performance, reactivity, mechanical
strength, and reservoir properties are
governed not solely by bulk chemical

composition, but more critically by
mineralogical constitution, phase
proportions, and crystal  chemistry.

Accurate discrimination among calcite,
dolomite, and accessory silicate phases is
therefore essential for reliable scientific
interpretation and industrial decision-
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making.

X-ray fluorescence (XRF) spectroscopy is
extensively employed for limestone
characterization due to its rapid analysis,
high precision, and excellent reproducibility
in quantifying major and trace elements
[1,2]. XRF measures characteristic
fluorescence energies and intensities,
enabling robust determination of elemental
abundances. However, the technique is
intrinsically insensitive to crystallographic
structure. Consequently, elemental data are
commonly converted into stoichiometric
oxides or carbonates (e.g., CaCO;, MgCOs,,
Si0;) based on idealized chemical
assumptions. While analytically convenient,
such conversions are mineralogically non-
unique and may obscure the true
distribution of elements among crystalline
phases.

Powder X-ray diffraction (XRD), in contrast,
directly probes long-range atomic order by
measuring the positions and intensities of

Bragg reflections. When coupled with
Rietveld refinement, full-pattern
quantitative phase analysis becomes

possible through simultaneous refinement
of structural and microstructural
parameters [3,4]. This methodology is
widely recognized as the benchmark
approach for quantitative mineralogical
analysis of multiphase materials, including
carbonate systems [5,6]. Unlike XRF, XRD-
Rietveld refinement resolves phase identity,
distinguishes polymorphs, and quantifies
mineral abundances without reliance on
implicit stoichiometric assumptions.

The complementary roles of XRF and XRD in
modern analytical workflows are illustrated
schematically in Figure 1. Conceptually, XRF
addresses the question: Which elements are
present, and in what concentrations? In
contrast, XRD answers: Which crystalline
phases are present, and in what

proportions? These techniques therefore
provide distinct but synergistic information
and cannot be used interchangeably.

I F Sample T—N

o
L

&-®

Spectral Modeling
Element Analysis

Rietveld Modeling
Phase Analysis

1. Technical Description

2. Analyte Analysis

Figure 1. Conceptual integration of XRF and XRD in
the modern X-ray laboratory [14], illustrating the
complementary relationship between elemental
analysis (XRF) and crystallographic phase
quantification (XRD-Rietveld).

This distinction is particularly critical in
carbonate systems relevant to petroleum
geology and reservoir engineering, where
porosity evolution, mechanical behavior,
diagenetic pathways, and geochemical
reactivity depend sensitively on mineral
assemblages. Elemental data alone cannot
establish whether calcium is hosted
exclusively in calcite or partitioned into
dolomite, whether magnesium forms an
independent magnesite phase or s
structurally incorporated within dolomite,
or whether silica occurs as quartz, another
polymorph, or an amorphous component.
Resolution of such questions requires
crystallographic phase identification and

Photograph of the

Figure 2.
limestone sample analyzed in this study, illustrating

representative
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a polymineralic carbonate material requiring
integrated chemical and structural characterization.

2. OBJECTIVE

The objective of this study is to
demonstrate, using a representative
limestone sample (Figure 2), that definitive
mineralogical characterization of carbonate
systems requires XRD coupled with
Rietveld refinement (Figure 1) [7-22], while
XRF provides essential but non-diagnostic
bulk chemical context [1-2,14-22]. By
directly comparing elemental composition
with quantitative phase analysis results, the
study aims to clarify the fundamentally
different analytical questions addressed by
each technique and to establish the
necessity of integrated chemical and
crystallographic methodologies for
accurate limestone characterization in
geological, industrial, and petroleum-
related applications.

3. Experimental Work

3.1 X-ray Fluorescence (XRF) Analysis

The bulk chemical composition of the
limestone sample was determined by X-ray
fluorescence (XRF) spectroscopy following
standard preparation procedures
appropriate for carbonate materials [1-2,14-
22]. The sample was oven-dried to remove
moisture, finely ground to a homogeneous
powder, and thoroughly mixed to minimize
particle-size and matrix effects prior to
analysis [1-2,14-22]. Such preparation is
essential to ensure analytical precision and

reproducibility in multi-element
quantification.
The XRF instrument measured

characteristic fluorescence emissions over
a broad energy range, enabling
simultaneous determination of major and
minor elemental constituents [1-2,14-22].
Quantification was performed using a
fundamental-parameters-based calibration

approach to correct for matrix absorption
and enhancement effects. Elemental
concentrations were reported in
conventional stoichiometric form as oxides
or carbonates (e.g., CaCO;, MgCO0Os, SiO,),
consistent with standard limestone
reporting practices [1-2].

However, this reporting format inherently
assumes unique mineral hosts for each
element. For instance, magnesium
expressed as MgCOs implicitly suggests the
presence of magnesite, while silicon
reported as SiO, does not differentiate
among quartz, alternative silica
polymorphs, or amorphous silica phases
[14]. As discussed in the Introduction, such
conversions are chemically convenient but
mineralogically non-unique [1,2,5,7].

Accordingly, the XRF results were
interpreted strictly as accurate
representations of bulk elemental

composition. They were used to provide
compositional context and internal
consistency checks for subsequent
diffraction-based phase analysis, rather
than as definitive indicators of crystalline
phase identity.

3.2 X-ray Diffraction (XRD) and
Rietveld Refinement

Powder X-ray diffraction (XRD) data were
collected using a laboratory diffractometer
equipped with Cu Ka radiation [14-22]. The
limestone sample was finely ground to
reduce preferred orientation effects and
scanned over a 28 range sufficient to
capture all diagnostically significant Bragg
reflections associated with carbonate and
silicate phases. Instrumental parameters
were selected to ensure adequate angular
resolution and counting statistics for
reliable quantitative analysis [14].
Quantitative phase analysis was performed
using the Rietveld refinement method, in
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which a calculated diffraction pattern
derived from crystallographic structure
models is iteratively fitted to the observed
pattern by least-squares minimization
[3,4,14]. Structural models for calcite,
dolomite, and quartz were obtained from
established crystallographic databases and
refined simultaneously to account for
multiphase contributions.

Refinable parameters included scale
factors (for phase quantification),
background coefficients, unit-cell
parameters, and peak-shape/profile
parameters. The refinement procedure
allows direct assignment of elements to
specific crystal structures, thereby
resolving ambiguities inherent in
stoichiometric interpretations derived from
bulk chemical data [3,4,14]. Unlike XRF-
based compound estimation, XRD-Rietveld
analysis determines mineral identity and
relative abundance based on
crystallographic evidence [3-13].
Refinement quality and model reliability
were evaluated using standard agreement
indices, including the profile residual (Rp),
weighted profile residual (Rwp), and
goodness-of-fit indicator (c?), in accordance
with established refinement protocols [3-
15]. These statistical parameters provide
objective measures of agreement between
observed and calculated diffraction
patterns and ensure robustness, internal
consistency, and reproducibility of the
quantitative phase model.

4. Results and Discussion

4.1 Elemental Composition by XRF
Analysis

X-ray fluorescence (XRF) analysis provided
quantitative bulk elemental composition of
the investigated limestone. As established
in Sections 1-3, XRF delivers precise multi-
element data but does not provide

crystallographic information. The
instrument software converted elemental
concentrations into conventional
stoichiometric oxides or carbonates based
on fundamental-parameters calibration.
The results are summarized in Table 1.

The data clearly indicate a calcium-
dominant carbonate material with
subordinate magnesium and minor siliceous
and aluminosilicate components. However,
these compound assignments are strictly
stoichiometric representations derived from
elemental abundances and do not
constitute mineral phase identification.
Consequently, XRF alone cannot determine
the crystallographic distribution of calcium,
the structural host of magnesium, or the
polymorphic state of silica.

Figures 3(a) and 3(b) illustrate the
elemental concentrations and their
corresponding stoichiometric reporting
formats, respectively, as generated by the
WDXRF software. These results provide
essential chemical context but remain
mineralogically non-diagnostic.

Table 1. Elemental composition of the limestone

determined by XRF with corresponding
stoichiometric assignments.

Element 22?1:?:23?-.:: g‘?tll;l:)entrat|on
Mg MgCO; 2.91
Al Al,O, 039
Si Sio, 116
P P20s 0.01
S SO, 0.01
K K20 0.06
Ca CaCO, 95.16
Ti TiO, 0.02
Mn MnO 0.01
Fe FeCO, 0.20
[sr____|sro l0.06
Zr ZrO, 0.01
15 Cl 0.00
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Figure 3(a). Relationship between XRF-detected
elements and their concentration (wt%) obtained
using the Malvern-PANalytical advanced high-
resolution WDXRF instrument software.

XRF Stochiometric Concentrations (wt%)

100
80
60
52
s 40
20
G - - i » " —
6009269292670
% P o % - = % N
= &) e
Figure 3(b). Relationship between XRE-
stoichiometric chemical formulas and their

concentration (wt%) obtained using the Malvern-
PANalytical advanced high-resolution WDXRF
instrument software.

4.2 Phase Identification and
Quantification by XRD-Rietveld
Refinement

To resolve the mineralogical ambiguities
inherent in the XRF interpretation, powder
X-ray diffraction coupled with full-pattern
Rietveld refinement was employed. In
contrast to elemental analysis, XRD directly
probes long-range atomic order and
enables unambiguous identification of
crystalline phases.

The refinement produced excellent
agreement between observed and
calculated diffraction profiles (Figure 4),
confirming the adequacy of the selected
structural models. Three crystalline phases

were identified without ambiguity: calcite
(CaCO0s), dolomite [CaMg(CO0s),], and quartz
(Si0,). No additional carbonate phases,
silica polymorphs, or accessory crystalline
minerals were required to account for the
observed diffraction intensities.

Refinement reliability indicators
demonstrate the robustness of the model:
Rr=6.8%, Rwp=8.9%, and c?=1.42. These
values fall within accepted limits for
multiphase carbonate systems and confirm
statistical validity and reproducibility of the
quantitative phase model.

Table 2. Quantitative phase composition determined
by XRD-Rietveld refinement.

Mineral Chemical Weight Fraction
Phase Formula (wt%)

Calcite |lcaco, |86.3 |
\Dolomite J|CaI'u’lg(C(‘.‘o3)2 ”12.6 ‘
Quartz |sio, 1.1 |
Total | 100 |

XRD-Rietveld Phase Analysis (wt%)

80
60 -
e
540 T
20 §
0 [ ] B

CaCO,  CaMg(CO;), Si0,

Figure 4. Relationship between XRD-identified
phases and their phase compositions (wt%) obtained
from Rietveld refinement.

4.3 Distribution of Calcium Between
Carbonate Phases

XRF assigns calcium to CaCO; under the
implicit assumption that calcite is the sole
calcium-bearing phase. The XRD-Rietveld
results clearly demonstrate that this
assumption is not valid for the investigated
sample.

Although calcite is dominant (86.3 wt%), a
significant proportion of calcium is
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structurally incorporated within dolomite
(12.6 wt%). Thus, calcium is partitioned
between two carbonate phases. This cation
distribution cannot be resolved through
elemental analysis alone and illustrates a
fundamental limitation of stoichiometric
interpretation based solely on XRF data.

4.4 Validation and Structural Nature of
Silica

The XRF-derived SiO, content (1.16 wt%)
closely corresponds to the quartz content
quantified by XRD (1.1 wt%). This agreement
confirms internal consistency between
chemical and crystallographic data.
However, the validity of the SiO,
assignment is meaningful only because
XRD establishes the mineralogical form of
silicon.

The diffraction pattern exhibits reflections
exclusively attributable to a-quartz, with no
evidence of cristobalite or other silica
polymorphs. Furthermore, the absence of a
broad diffuse scattering background
indicates that amorphous silica is negligible
or below the instrumental detection limit.
These observations demonstrate that silica
occurs solely as crystalline quartz. Such
polymorphic discrimination is uniquely
accessible through diffraction-based
analysis and cannot be achieved using
elemental techniques.

100
80 _ _
m XRF Stochiometric
60 Concentrations (wt%)
aw; 40 m Phase Composition (wt%)
20
0 - — —

CaCO, CaMg(CO;), SiO, MgCoO,

Figure 5. Correlation between XRD-identified
phases and their phase compositions (wt%) obtained
from Rietveld refinement with the stoichiometric

chemical formulas and their concentration (wt%)
obtained using the Malvern-PANalytical advanced
high-resolution WDXRF instrument software.

4.5 Magnesium Host Phase and
Absence of Magnesite

XRF reports magnesium as MgCOs;,
implicitly suggesting the presence of
magnesite. However, the XRD-Rietveld
analysis detected no reflections
corresponding to magnesite. Instead,
magnesium is entirely incorporated within
the dolomite structure, occupying ordered
cation layers alternating with calcium.

The absence of a discrete magnesite phase
confirms that the MgCOs; assignment
derived from XRF is mineralogically non-
unique and potentially misleading. This
finding reinforces the necessity of
crystallographic verification when
interpreting magnesium-bearing carbonate
systems.

Conclusions

This study demonstrates that XRF and XRD
address fundamentally different analytical
questions in limestone characterization.
XRF provides accurate and reproducible
bulk elemental composition, whereas XRD
coupled with Rietveld refinement delivers
definitive mineral phase identification and
quantification.

The principal conclusions are:

Calcium is partitioned between calcite and
dolomite and is not exclusively hosted by
calcite, contrary to assumptions inherent in
XRF-based stoichiometric reporting.

-Silicon occurs solely as crystalline a-
quartz; no cristobalite or amorphous silica
was detected within instrumental limits.
‘Magnesium does not form a discrete

magnesite phase but is structurally
incorporated within dolomite.
‘Stoichiometric oxide and carbonate

assignments derived from XRF must be
interpreted cautiously and validated by
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crystallographic methods.

Overall, the results confirm that
quantitative mineralogical resolution in
carbonate systems can only be achieved
through XRD-Rietveld refinement, with XRF
serving as essential complementary
chemical support. The integrated analytical
framework presented here provides a
robust, reproducible, and industry-relevant
methodology for limestone characterization
applicable to industrial processing,
carbonate reservoir evaluation, and
petroleum-related geochemical
investigations.
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Abstract

Saudi Aramco operates the world’s largest
seawater treatment plant and transports
millions of barrels of treated seawater
every day for reservoir injection and
pressure maintenance. Microbial activities
in transportation pipelines are controlled
through weekly injection of biocide
products such as glutaraldehyde- or THPS-
based biocides. To determine the treatment
effectiveness and optimize the treatment
program, samples are collected from
various downstream locations for
monitoring biocide residual concentrations,
distribution, and microbial counts. However,
sample collection, delivery, and analysis for
biocide residual monitoring is a huge
challenge for this large seawater injection
system, especially for remote injection
wells.

In this paper we will present the design,
construction, and validation of an online
analyzer for automatic detection and
quantification of THPS-based biocides. The
analyzer is based on the permanganate-
THPS reaction and absorption
measurement of permanganate solution at
525 nm for THPS detection and
quantification. The analyzer was validated
in the extensive laboratory acceptance
tests with commercial biocide products. The
dynamic detection range of the online THPS
Analyzer is approximately 80-2000 ppmv of

biocide formulation (or 20-800 ppmv of
THPS) with measurement variation less
than 10% and measurement accuracy within
+20% of the actual biocide concentration.
The THPS Analyzer can automatically
switch between non-slug mode and slug
mode measurement depending on the
measured biocide concentration and the
pre-set comparator parameters.

Introduction

Saudi Aramco operates the world’s largest
seawater treatment plant and
transportation pipeline network. Millions of
barrels of the treated seawater are injected
into oil reservoirs every day for pressure
maintenance. The treatment plant sources
the seawater from Arabian Gulf at
Qurayyah with an average total dissolved
solids (TDS) 57,700 mg/L and sulfate 4,280
mg/L, much higher than the typical
seawater (TDS 35,000 mg/L and sulfate
2,650 mg/L) [1]. Introduction of large
quantity of sulfate into oil reservoir
promotes the proliferation of sulfate-
reducing bacteria and archaea (SRB and
SRA). Sulfate-reducing microorganisms are
considered one of the most damaging
microbes in oil and gas industry, causing
microbiologically influenced corrosion (MIC)
in the metal infrastructures, fouling and
plugging of injection wells, formation
damage, and reservoir souring [2-5]. To
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minimize or control the negative impact of
seawater injection, the seawater was
treated in the treatment plant with various
physical and chemical processes (e.g.,
disinfectant, nitrogen, oxygen scavenger,
flocculant, coagulant, filtrations) to Kkill
living organisms in the seawater, remove
solids, small particles, and dissolved
oxygen. Finally, the organic biocides are
injected into the transportation pipelines
for microbial control in the treated
seawater [6-7].
Tetrakis(hydroxymethyl)phosphonium
sulfate (THPS) and glutaraldehyde are the
most common active ingredients in the
formulations of the organic biocides widely
used in oil and gas industry including Saudi
Aramco [8-13].

The performance of biocides depends on
concentration and contact time with
microorganisms. Therefore, it is essential to
monitor biocide residual concentration and
distribution  closely  throughout the
transportation network to ensure adequate
microbial control. Saudi Aramco seawater
transportation pipeline network consists of
thousands of kilometers of pipelines with
various diameters, pressures, and flow
rates. To monitor the treatment
effectiveness and optimize the treatment
program of biocides, the samples are
collected from various downstream
locations of the pipeline network to monitor
the biocide residual concentration and
microbial counts. Traditionally, the biocide
residual concentration was determined
using commercial tests kits such as Solvay
THPS Kit and HACH Glutaraldehyde Test
Kit [14-15]. However, sample collection,
delivery, and analysis for biocide residual
monitoring is a huge challenge for this large
seawater injection system, especially for
remote injection wells. More than often, the

samples collected at the estimated biocide
arrival time at the downstream locations
showed no biocide residuals, one of the
reasons being the difficulty to accurately
estimate the biocide travel time due to the
complexity of the pipeline network
(diameters, branches, etc.) and flow
fluctuation. An online analyzer that detects
THPS biocide automatically will provide a
real time  monitoring of  residual
concentration at downstream locations of a
large pipeline network, eliminating the
needs and challenges for manual sampling
and analysis.

The permanganate-THPS reaction was
validated to be feasible to be developed
into an online analyzer for real-time
monitoring of THPS-based biocides [8,16].
In this paper we will demonstrate the
design, construction, and validation of an
online analyzer for automatic detection and
quantification of THPS-based biocides with
appropriate detection range and
measurement accuracy.

Materials and Methods
Bis[tetrakis(hydroxymethyl)phosphonium]
sulfate (THPS) solution (70-75% in H,0)
(Cat. No. 15175), potassium permanganate
(2 mM) (Cat. No. 160322), and hydrochloric
acid solution (1.0 M) (Cat. No. H9892) were
purchased from Sigma-Aldrich. The biocide
products (BT4535 and RO-IM-B276) used in
the experiments are supplied by Saudi
Aramco vendors. BT4535 contains 30-60%
THPS, and RO-IM-B276 contains 10-30%
THPS and 10-30% glutaraldehyde (GLUT)
according to the product’s Material Safety
Data Sheet (MSDS). Milli-Q water was from
Milli-Q 1Q 7005 Pure & Ultrapure Water
Purification System (Merck Corporation).

Detection Principle
The detection method of THPS-based
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biocides is based on absorption
measurement of potassium permanganate
(KMnQ,) solution (pH 5.0) at 525 nm [8].
THPS reacts with potassium permanganate,
and decolorizes the purple permanganate
solution as a function of the THPS
concentration. The color change s
measured by optical absorption at the
maximum wavelength 525 nm. The
correlation of absorption of permanganate
solution and THPS concentrations fits into
the following equation:

i |
a+ bX

Where, Y is the peak height of absorption
signal; X is the concentration of THPS
biocide (ppm); The calibration factors a and
b are determined using a 2-point calibration
procedure (Figure 1).
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a y=
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0 200 400 600 800 1000 1200 1400
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Figure 1: Correlation of permanganate absorption
and THPS concentration based on 2-point
calibration.

The method was validated for pure THPS
and THPS-containing biocide product in
fresh water and Arabian Gulf Seawater
(AGS) using lab-based absorption
measurement equipment, and further
validated in a mock-up system equipped
with dedicated flow-through system with
reaction chamber and the absorption
spectrometer [8].

Design of the THPS Analyzer

The validated detection principle
(permanganate-THPS reaction) was used in
the design of online analyzer for detection
and measurement of THPS-based biocides.
The analyzer design is based on the
principle of a Flow Injection Analysis (FIA)
system (Figure 2). A peristaltic pump draws
either seawater (SW) sample or calibration
fluid (known concentration of THPS-based
biocide formulation) through a 3-way valve.
The reagent (permanganate solution) is
injected via a 6-way valve to the stream of
SW or calibration fluid, and flow to the
reaction coil for thorough mixing and
reaction. The reaction mixture flows
through a de-bubbler to remove any
bubbles from the chemical reactions and/or
de-pressurized SW sample, and then
through the absorbance flow cell (Z-cell) for
absorption measurement of permanganate
at 525 nm. The optical configuration for the
Z-cellis illustrated in Figure 3.

Reagent

Seawater z
—
i
).' \\ —_—
sEbblor Detecior Waste

Cal Valve Peritaltic Locp injector Mixireg D
g p it

Figure 2: Schematic of the THPS Analyzer flow
system.

Di _l;hroic e
mirror Zeell PN

______ — ol 0,/
]
! Yy,

LED 525 nm

Figure 3. Optical detection of the THPS Analyzer,
showing the Z-cell configuration for absorption
measurement.

A quick experiment was conducted to
confirm the relationship of absorption of
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permanganate reagent and various THPS
concentrations using the system described
above. The research grade 70-75% THPS
solution was prepared at 0 to 750 ppmv in
the filtered Qurayyah AGS. 1.2 mM of
acidified permanganate solution
(KMnO4HCL, pH 5.0) was prepared in
demineralized water. Using experiment
conditions summarized in Table 1, the
experiment confirmed the detection of
THPS based on permanganate reaction with
dynamic detection range 0-800 ppmv or
better (Figure 4).

Table 1. Reaction conditions for absorption
measurement.
Parameter Value
Reaction temperature 40°C
Sample flow rate 150 pl/min
Injection volume (reagent) 50 pl
Reagent KMnO, solution (1.2 mM) in 0.1M HCI
Length of reaction coil im
Measurement cycle 12 min
Measurement time & min
Absorbance measurement 525 nm
2500000
2000000
E 1500000
20
[0
=
4
[1:]
& 1000000
s \'\
0
0 200 400 600 800 1000
THPS concentration (ppm)
Figure 4. Measurements of various THPS

concentrations based on
permanganate reagent.

Construction of the THPS Analyzer

absorption of

The THPS Analyzer is constructed with
back-to-back mounted cabinets (Figure 5).
The front cabinet houses the wet part of the
system, containing the processing fluids,
flow cell, reaction coils and heater, de-
bubbler, valves, and pump (Figure 6). The

back cabinet encloses the electronic parts
of the equipment, including the control
printed circuit boards (PCBs), the optical
interfaces, the vacuum pump for the de-
bubbler and the power supply (Figure 7).

The liquid flow and reaction in the THPS
Analyzer are briefly described. During
calibration cycle or sample measurement
cycle, the peristaltic pump
calibration solution (known concentration of
THPS-based biocide formulation) or SW
sample (or any other water sample),
respectively, via a 3-way valve to 6-way
valve (Figure 8). The micropump injects 50
ul of reagent (1.0~1.2 mM KMnO, solution,
pH 5.0) into the stream of calibration
solution or SW sample. The -calibration
solution or THPS-containing SW sample
and the reagent are mixed thoroughly and
react at 40°C when they move through the
reaction coil (1 meter) (Figure 9). The mixed
reaction fluid passes the de-bubbler (100 pl
capacity, -0.99 barg vacuum pump) for
removing bubbles in the SW stream or from
the reaction of THPS and Potassium
Permanganate. The de-gassed reaction
fluid then flows through the Z-cell to the
waste container. While flowing through the
Z-cell, the
permanganate is measured at 525 nm. The

draws

absorption maximum of
net absorption peak signals at 0 ppmv (1%
point) and another known concentration (2™
point) of THPS biocide are used to calculate
the calibration factors a and b, and
calibration equation (Figure 1). For unknown
samples, the net absorption peak signals
are used to determine the concentration of
THPS-based biocide using
equation.

calibration
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Figure 7. The THPS Analyzer with back door opened,
showing electronic parts.
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Figure 8. Schematic drawing of the THPS Analyzer’s

liquid flow system, showing flow direction of reagent,
sample, and calibration solution.

0 i - BN

Figure 9. Schematic view of permanganate injected
into the stream of the calibration solution or SW
sample, before (left) and after (right) knitted reaction
coil.

The procedure for 2-point calibration is
briefly described as following. The THPS
Analyzer is connected to the SW sample,
and the SW stream flows through the
analyzer continuously. At the calibration
cycle, the reagent (permanganate solution)
is injected into the SW stream (containing O
ppmv biocide), passes reaction coil for
thorough mixing and reaction of THPS and
permanganate. The mixed solution passes
z:}%x;:\:'li-;ﬁdT:oF;?sAnyéﬁér with front door opened, the de-bubbler and then Z-cell, where the
absorption of the permanganate is
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measured at 525 nm. The net absorption
signals (peak height, PH) are calculated by
subtracting the average baseline (BL)
signals. The factor a is then determined.

1

a= —
PH,

Next, a SW sample containing known
concentration of THPS-based biocide
formulation is prepared, e.g., a 625 ppmv
biocide sample. The analyzer carries out the
same measurement process, and obtains an
absorption PH signal of permanganate. The
factor b is now determined.
1 —a

b= PHegzs

625

Laboratory Acceptance Tests

The constructed THPS Analyzer has
undergone extensive laboratory acceptance
tests to check hardware and software
functionalities, and determine the dynamic
range, measurement repeatability (Relative
Standard Deviation, RSD) and accuracy
using commercial biocide products. The
predefined criteria for passing the
acceptance tests are <10% variation (RSD)
for measurement repeatability and within
+20% for measurement accuracy when
compared to the calculated value (Table 2).

Table 2. Predefined criteria for passing the
acceptance tests of the THPS Analyzer.

Criteria THPS Analyzer

20— 800 ppm THPS
as product 80-2000 ppm product

Repeatability (RSD) | peak height | <10%

*20% @ 20 ppm

+20% @ 400 ppm

+20% @ 800 ppm

+20% @ 100 ppm

+20% @ 1000 ppm

+20% @ 2000 ppm

as active

Detection range

as active

Accuracy (%)

as product

Two biocide products (BT4535 and RO-IM-
B276) were used for both calibration curve
and acceptance tests. The neat biocide

products are considered as 100% or
1,000,000 ppmv, and a series of dilutions
was prepared in Qurayyah seawater (QSW)
for calibration curves, dynamic detection
range, 2-point calibrations, and acceptance
tests at low, medium and high
concentrations (Table 3). The
concentrations of active ingredient THPS in
Table 3 were estimated based on the
average of active concentration range.
THPS-based product BT4535 was diluted
to 44-2222 ppmv of biocide product (20-
1000 ppmv THPS active), and RO-IM-B276
diluted to 80-4000 ppmv of biocide product
(16-800 ppmv  THPS active). The
concentration of the prepared biocide
samples based on the product dilution is
designated as calculated concentration.
The low-medium-high concentrations for
the acceptance tests are in the range of 90
to 2000 ppmv of biocide products (20-800
ppmv of THPS active), which cover the
concentration range in the biocide injection
practices. The measurement conditions in
the acceptance tests were described in
Table 1.

Table 3. Preparation of biocide products for various
tests.

BT4535 product ppmv | THPS ppmv | RO-IM-B276 | product ppmv | THPS ppmv
44 20 20 16
] TR M - —
detection o b detection LY £E0
e 1111 500 e 2,000 400
2222 1000 4,000 800
2-point Cal. | 556 250 2-point Cal. | 625 125
Low 89 40 Low 100 20
Medium 889 400 Medium 1,000 200
| High 1778 800 High 2,000 400

Measurement repeatability

To determine the peak-to-peak
measurement variation/repeatability of the
THPS Analyzer, two batches of KMnO,HCI
reagent were prepared. Each batch was
prepared using 10 ml of 2 mM KMnO,
solution (Sigma Cat. No. 160322), 6.67 ml
ultrapure water, and 3.34 ml 1 M HCI
solution. 200 ppmv THPS was prepared as
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calibration solution from 70% THPS
solution in water (Sigma Cat. No. 15175). In
order to obtain 200 ppmv THPS, 70% THPS
solution was first diluted 100 times in
ultrapure water and then further diluted 35
times in Qurayyah seawater. 200 ppmv
THPS was used for 2-point calibration
procedure to determine the factors a and b
(Table 4). Both batches of permanganate
reagent were used in two series of 6 blank
seawater injections to determine the peak-
to-peak measurement variation. The results
indicated that the peak-to-peak variation
(RSD) is less than 10%, and the measured
THPS concentration of blank seawater is
around O ppmv. (Table 5).

Table 4. Calibration measurement; Calibration
solution: 200 ppmv THPS in seawater.

Peak value (blank) | Peak value (200 ppmv THPS) | Factora = Factorb

Batch 1 663598 177006 1.51E-06 = 2.07E-08

Batch 2 665012 171163 1.50E-06 & 2.17E-08

Table 5. Measurement peak-to-peak variation for
seawater blanks with 2 batches of KMnO, reagent.
Calibration curve and measurement
accuracy

BT4535 biocide

The calibration curve and dynamic
detection range for the THPS-based biocide
BT4535 was shown in Figure 10. The
detection range of the THPS Analyzer is at
least 0-2222 ppmv of biocide BT4535,
which is approximately 0-1000 ppmv of
THPS (assuming the average THPS
concentration in the formulation is 45%).
The measurement repeatability (RSD) of
absorption peak height is between 1.2-4.7%
among the triplicate measurements at the
concentration up to 444 ppmv BT4535
(Table 6), meeting the smaller than 10%
criterion (Table 2). At higher concentration
(1111 and 2222 ppmv), the measurement
variation is more than 10%.

A 2-point (O ppmv and 556 ppmv)

calibration procedure was used to
determine the factor a and b, and the
calibration fitting equation for biocide
BT4535 (Figure 11). Three freshly prepared
BT4535 solutions at low, medium, and high
concentrations (89, 889, and 1778 ppmv)
were measured in triplicate using THPS
Analyzer to determine the measurement
repeatability and accuracy (Table 7). The
measurement repeatability (RSD) for the
absorption peak height is between 3.7-6.6%
among the triplicate measurements, which
meets the <10% criterion (Table 2). The
measurement accuracy (relative error) of
the calculated vs. measured values at low,
medium, and high concentrations of
BT4535 are within *14%. This also meets
within  #20% criterion (Table 2). In
conclusion, the measurement of biocide
BT4535 passed the predefined criteria for
the acceptance tests.

Calibration curve, BT4535, n=3

Peak height
o

&
L]
500 1000 1500 2000

BT4535 concentration (ppm)

Figure 10. Calibration curve and dynamic detection
range for BT4535 biocide (n=3).

Table 6. Measurement repeatability (RSD) of
BT4535 biocide.

Calculated Peak height (PH)
ppmv, BT4535 | Mean,n=3 Stdev RSD (%)

0 729.0 8.7 1.2%

44 538.0 10.6 2.0%
111 352.7 12.2 3.5%
444 136.3 6.4 4.7%
1111 59.3 9.1 15.3%
2222 30.3 12.7 41.7%
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Figure 11. 2-point calibration and fitting equation for
BT4535 biocide (n=3).

Table 7. Measurement repeatability (RSD) and
accuracy of BT4535.

Validation w/ 2- Peak height (PH) | BT53Sppmv | Accuracy (%)
| point calibration | paan n=3 | Stdev | RSD[%) | Calculated | Measured = Calc. vs measured |

Low 3723 | 138 | 37% | 8 | 1016 | 14.2%
Medium 78.0 30 | 3R 289 £80.8 -0.9%
High 400 | 26 | 66% | 1778 | 18171 | 2.2%

RO-IM-B276 biocide

The calibration curve and dynamic
detection range for the THPS-based biocide
RO-IM-B276 was shown in Figure 12. The
detection range of the THPS Analyzer is at
least 0-4000 ppmv of biocide RO-IM-B276,
which is approximately 0-800 ppmv of
THPS (assuming the average THPS
concentration in the formulation is 20%).
The measurement repeatability (RSD) of
absorption peak height is between 0.5-7.6%
among the triplicate measurements at the
concentration range of 0-4000 ppmv RO-
IM-B276 (Table 8), meeting the smaller than
10% criterion (Table 2).

Calibration curve, RO-IM-B276, n=3
800
700 ®
600 1§
500

400

Peak height

100 .

&
L

o 500 1000 1500 2000 2500 3000 3500 A000
RO-IM-B276 concentration {ppm)

Figure 12. Calibration curve and dynamic detection
range for RO-IM-B276 biocide (n=3).

Table 8. Measurement repeatability (RSD) of RO-IM-
B276 biocide.

Calculated Peak height (PH)
ppmv, RO-IM-
B276 mean,n=3 Stdev RSD (%)
0 718.0 3.6 0.5%
80 596.3 10.3 1.7%
200 457.0 10.5 2.3%
800 225.7 45 2.0%
2000 116.3 2.5 2.2%
4000 60.0 4.6 7.6%
A 2-point (0O ppmv and 625 ppmv)
calibration procedure was wused to

determine the factor a and b, and the
calibration fitting equation for biocide RO-
IM-B276 (Figure 13). Three freshly prepared
RO-IM-B276 solutions at low, medium, and
high concentrations (100, 1000, and 2000
ppmv) were measured in triplicate using
THPS  Analyzer to determine the
measurement repeatability and accuracy
(Table 9). The measurement repeatability
(RSD) for the absorption peak height is
between 0.8-4.3% among the triplicate
measurements, which meets the <10%
criterion (Table 2). The measurement
accuracy (relative error) of the calculated
vs. measured values at low, medium, and
high concentrations of RO-IM-B276 are
within *1.0%. This also meets within £20%
criterion (Table 2). In conclusion, the
measurement of biocide RO-IM-B276
passed the predefined criteria for the
acceptance tests.

It is noted that biocide RO-IM-B276 also
contains 10-30% GLUT. The results
indicated that the presence of GLUT has no
effect on the accurate measurement of
THPS-based biocide.

00
2-point calibration and fitting equation
o CALD, 0 ppm -
Y- —
" ¥ Lo, 100 ppm v 1 )
B = 13812%10-7 +38737% 100 % X
2
5w N
1+ .
N .
\-‘H Mot 1000 porn
ALY B35 -
- 28 M T 1000
T Hgh2000pem
o —i
0 100 150 200
RO-IM-B276 [ppin) |

Figure 13. 2-point calibration and fitting equation for
RO-IM-B276 biocide (n=3).
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Table 9. Measurement repeatability (RSD) and
accuracy of RO-IM-B276.

Validation w/ 2- Peak height (PH) RO-IM-B276 ppmv Accuracy (%)
point calibration = mean,n=3 | Stdev  RSD (%) Calculated d | Cale.vs i
Low 566.0 4.4 0.8% 100 99.5 -0.47%

di 190.3 2.1 1.1% 1000 999.7 -0.03%
High 108.7 47 | 43% | 2000 2019.1 0.95%

Biocide slug simulation

Biocide batch treatment is most common in
oil and gas industry for various reasons. If
applied properly, it can be more cost-
effective and achieve the same goal as the
continuous treatment for microbial control.
In typical batch treatment, 250-1500 ppmv
of biocide is injected into the target water
system at a pre-determined frequency
(weekly being the most common) and for a
pre-determined period of time (1-4 hours
being the most common) [17]. In some oil
companies, two biocides with different
chemistries are used, alternating on weekly
basis, for the purpose to avoid or delay the
development of bacterial resistance or
selection against the biocides.

Under the batch treatment, when the water
system contains no THPS biocide slug, the
analyzer is programmed to conduct the
measurement cycles at longer intervals to
save the reagents; however, when the
analyzer detects the arrival of the biocide
slug, it shall automatically switch to slug
detection mode in order to measure THPS
biocide residuals as many times as possible
before the biocide slug passes the analyzer.

The logic for deciding between slug and
non-slug mode was implemented in the
control software by means of a comparator
function on the calculated concentration of
THPS biocide in ppmv. After each
measurement the log output was compared
to the comparator function and one of the
decisions was made by the software as the
following:

e System in non-slug mode - system stays

in non-slug mode

e System in non-slug mode - system goes
to slug mode
e System in slug mode - system stays in
slug mode
e System in slug mode - system goes to
non-slug mode
THPS biocide slug simulation was
performed as part of acceptance tests. The
comparator function was set at 80 ppmv *
20% (i.e., + 16 ppmv) of BT4535 biocide.
While running the analyzer with blank
seawater, a sample of BT4535 biocide was
added to the blank seawater, aiming at an
approximate product concentration of > 80
ppmv. Following the measurement of the
spiked seawater, the sample supply was
reverted to blank seawater and the next
measurement was performed. During these
alternations of biocide addition and
removal, it is expected that the control
software will switch between slug and non-
slug mode automatically based on the
measured biocide concentration compared
to the pre-set comparator function 80 + 16
ppmv. Table 10 showed the results of
biocide (BT4535 ) slug simulation
experiment. The results indicated that the
software made the correct decision,
switching the analyzer between slug and
non-slug measurement mode based on the
comparison of the set comparator function
and the measured concertation of BT4535
biocide.

Table 10. Slug and non-slug measurements of
BT4535 biocide.

Sample Detected BT4535 (ppmv) | Status/Change observed
SW/blank <64 non-slug

Added BT4535 =96 non-slug -> slug
Remained on BT4535 >96 slug
SW/blank <64 slug -> non-slug
Added BT4535 > 64 non-slug -> slug
Remained on BT4535 > 96 slug
SW/blank <64 slug -> non-slug
Added BT4535 > 96 non-slug -» slug
Remained on BT4535 > 96 slug
SW/blank > 64 slug

SW/blank <64 slug -» non-slug
Added BT4535 <64 non-slug

Added BT4535 >96
Added BT4535 <64 slug -> non-slug
SW/blank < b4 non-slug

non-slug -> slug
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Conclusions of acceptance tests

The laboratory acceptance tests aim to

check hardware and software
functionalities, determine the dynamic
measurement range, measurement

repeatability (RSD) and accuracy using
commercial biocide products. The
predefined criteria for the acceptance tests
are <10% measurement variation (RSD) and
+20% for measurement accuracy when
compared to the calculated value (Table 2).

e Table 11 summarizes the outcomes of
acceptance tests using 2 THPS-based
commercial biocide products. The
measurement of THPS-based BT4535
and RO-IM-B276 passed the predefined
criteria for detection concentration
range, measurement repeatability, and
accuracy. The acceptance tests also
concluded that the comparator logic
performed as expected, i.e., the
software switched from non-slug mode
to slug mode and vice versa upon
crossing the threshold of 80 ppmv *
20% biocide concentration.

Table 11. Summary of the laboratory acceptance
tests of the THPS Analyzer.

Detection range | Repeatability Accuracy (%)
Biocide Criteria (ppmv) (RsD)
80-2000 <10% +20%
Calibration curve 0-2222 1.2-41.7% -
BT4535 Pass
Validation at L/M/H* 89/889/1778 3.7-6.6% -0.9~14.2%

RO-IM- | Calibration curve 0-4000 0.5-7.6% -

B276 Validation at L/M/H 100/1000/2000 0.8-4.3% -0.03~1.0%
*L/M/H: low-medium-high concentration of biocide product

Acceptance

Ic. d
calc. vs measure fects

Pass

Conclusions

This paper described the design,
construction, and validation of an online
analyzer for automatic detection and
quantification of THPS-based biocides. The
analyzer is based on the absorption
measurement of potassium permanganate
solution (pH 5.0) at the maximum
wavelength 525 nm for THPS detection and
quantification. The THPS Analyzer has

undergone extensive laboratory acceptance
tests with the predefined criteria (dynamic
detection range, measurement repeatability
and accuracy) using commercial biocide
products. The analyzer showed the dynamic
detection range of 80-2000 ppmv of biocide
formulation (or 20-800 ppmv of THPS). The
measurement repeatability is less than 10%
variation in terms of relative standard
deviation (RSD), and the measurement
accuracy is within ¥20% of the actual
biocide concentration. In addition, the THPS
Analyzer can automatically switch between
non-slug mode and slug mode
measurement depending on the measured
biocide concentration and the pre-set
comparator parameters. The THPS Analyzer
is currently under the field demonstration
with aims to determine the analyzer's
robustness in a real seawater system,
identify technical issues, solutions, and
improvement areas to be incorporated into
the industrial version of THPS Analyzer.
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