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ABOUT NSChE

“To be the Center of excellence for the Chemical Engineering Profession
in Africa and the Prime Mover of Industrialization in Nigeria”

“To organize the Nigerian Society of Chemical Engineers into a virile professional body capable of
promoting the relevance and versatility of the profession, achieving better training and updating of
Chemical Engineers through its activities. Fostering of relationships with the academia, research
institutes, industries, other professional bodies and government will be the basis for stimulating
accelerated industrialization of the country and improving the quality of life of the Nigerian people”.

EDITORIAL ADVISERS EDITORIAL
Engr. Bayo Olarewaju-Alo, FAEng, FNSE, FNSChE (National President) CO-ORDINATORS

Engr. (Dr.) Innocent Akuvue, FNSE, FNSChE (Deputy National President)

Engr. Anthony Ogheneovo, ENSE, NSChE (Executive Secretary) States’ Chapter EXCO
Students’ Chapter EXCO

EDITORIAL TEAM

Engr. Donatus Uweh (Editor-in- Chief)
Engr. Ben Akaakar (Assistant Editor)
Dr. Mrs. Edith Alagbe (Assistant Editor)

All correspondence to:
The Editor-in-Chief
NSChE National Secretariat: Infinite Grace House. Plot 4, Oyetubo Street, (4th Floor)
Off Obafemi Awolowo Way, Ikeja, Lagos. Tel: 09035764128, 08023911323
Email: nsche_headquarters@yahoo.com, nationalhgtrs@nsche.org, nscheoffice@gmail.com
Website: www.nsche.org

The views and opinions expressed in this Magazine do not necessarily reflect those of NSChE.
“Nigerian Chemical and Engineering Industry” Magazine is produced three times a
year by SENDINA LIMITED for Nigerian Society of Chemical Engineers.

Producer’s Office: Sendina Limited: Plot 22b, Kola Olosan Street, Ofada (Via Mowe), Ogun State,
Nigeria. Tel: +234(0)7060545011, 09065913181, 09055181454 Email: sendina7x@gmail.com

NIGERIAN CHEMICAL & ENGINEERING INDUSTRY MAGAZINE | Mar. - Jun. 2025 | Vol. 7 No. 3 Edition | 3



PRODUCTS FROM
WASTE, WATERB

"“"USINGtMEMBRANE

PROFESSIONAL SOFT SKILLS B 4TH INDUSTRIAL
EER = BN FOR ENGINEERS REVOLUTION

i
Engr. Bayo Engr. Anthony Engr. Olanrewaju
Olarewaju-Alo Ogheneovo Bamidele

NSChE Vision, Mission, Editorial Team 03
From The Editorial Suite 05
NSChE Events in Photos 11

4 | NIGERIAN CHEMICAL & ENGINEERING INDUSTRY MAGAZINE | Mar. - Jun. 2025 | Vol. 7 No. 3 Edition



FROM THE

Edzz‘orm/
SUITE 4

ur offerings in the “Nigerian

Chemical & Engineering
Industry” magazine are worth being
read. The magazine is a repertoire of |
information able to impart valuable
knowledge through its articles and
news on current affairs, particularly
those that pertain to Nigerian Society
of Chemical Engineers (NSChE) and
other relevant professional bodies.
We start by informing our teeming
readers that Engr. Bayo Olarewaju-
Alo, FAEng, FNSE, FNSChE took
over from Engr. Anthony Ogbuigwe,
FAEng, FNSE, ENSChE as the National President of
NSChE from January 1, 2025. It is a call to duty. As an
accomplished professional who spent many years of
his working career in Shell Petroleum Development
Company (SPDC) till retirement, the entire NSChE
membership is hopeful of his capability to take the
Society to higher heights. The Editorial Team wishes
him a successful tenure. His brief profile is presented
in this edition.

The NSChE Executive Secretary, Engr. Anthony
Ogheneovo, FNSE, FNSChE presents valuable
insights on soft skills that can enhance the
performance of engineers in a world that has not
only engineers but diverse professionals in other
areas of human endeavour. A number of these
soft skills are explained such as those which have
to do with communication, integrity, teamwork,
sensitivity to cultural diversity, business and financial
acumen, among others. Training and application of
the numerous soft skills, shared in his article, can
be the game changer for some engineers in their
organizations.

A number of activities took place in the period under
review. Some of these directly concerned NSChE

while others were related entities. Memorable
pictures cover all of them namely:
i. Career Talk in a secondary school &

Commissioning of Water Treatment Plant by
NSChE

ii. Launching of Engr. Anthony Olufemi Shobo
Foundation for Chemical Engineering Education
andResearch. Thisisaverysignificantdevelopment
in favour of the upcoming generation.

Engr. Donatus Uweh, FNSChE
(Editor-in-Chief) The
discussed in the treatise is very

EDITORIAL

iii. Investiture of new Fellows
by Nigerian Academy of
Engineering

iv. IfeChemEngr@55 event by
the Department of Chemical
Engineering, Obafemi
Awolowo University, Ile-Ife,
Osun State, Nigeria.

In this edition, a PhD scholar,
Engr. Obinna Hillary Anike
of the University of Pardubice,
Czech  Republic,  presents
a treatise on “Removal of
Pharmaceutical Products from
Wastewater using Membrane

Separation Technology’.
innovative method
significant in today’s environmental-conscious
world. Pharmaceutical active compounds in
wastewater pose serious health risks because they
defy conventional methods of water treatment. In
his research, Engr. Obinna Hillary Anike concludes
that Membrane Separation Technology provides
a sustainable approach to purifying wastewater
contaminated with pharmaceutical active micro-
pollutants. He infers that a particle type of membrane
separation technology which is cost-effective and
energy-efficient is Nano-Filtration. More details are
available in this edition.

Another article of relevance in modern engineering
and business world is the one by Engr. Olanrewaju
Adebayo Bamidele, MNSE, MNSChE, MIChemE,
C.Eng (CEO, Olanab Consulting Ltd.). His topic is
“Adopting Industry 4.0 in the Process Industry:
Challenges, Strategies and Opportunities” He
views the world as advancing to the 4th Industrial
Revolution and shares knowledge on what it takes
for businesses, particularly process industries, to
triumph in the new era. You will come across some
expressions now common in technical vocabulary
such as “Digital Twins”, “Big Data Analytics”,
among others. Read the details in this edition.

The publication of this edition was enhanced through
various contributors to its success. Article subscribers
and advertising companies are well acknowledge. We
value your contributions and partnership.

Relax and enjoy your reading!

Engr. Donatus Uweh, FNSChE
Editor-in-Chief
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ON THE SADDLE

ENGR. BAYO OLAREWAJU-ALO, FAEng FNSE, FNSChE

PROFESSIONAL CAREER
Engr. Bayo  Olarewaju-Alo

obtained a B.Sc. in Chemical
Engineering from the University
of Ife (Now Obafemi Awolowo
University) in 1977. He joined
the Shell Petroleum Development
Company Limited in 1978 asa trainee
facility engineer and retired in 2011
as the General Manager Corporate
Engineering. His 34 years career saw
him worked in Shell Nigeria, Shell
UK, and Shell Netherlands. He was
the Pioneer Manager, Associated
Gas Gathering Projects.

He was Chief Engineer and
later Engineering Manager, and
Development Manager in the
Eastern Division based in Port-
Harcourt. In 1998, he was appointed
the Production Services Manager
and Deputy General Manager,
Eastern Division. Thereafter, he was
appointed Major Projects Manager,
Western Division to oversee the
redevelopment of Forcados Yokri
Oil and Gas projects. His last
appointment was the position
of General Manager Corporate
Engineering in charge of Nigeria
and Gabon in 2008, until he retired
in 2011.

RETIREMENT

After retirement, he went into
Consultancy as a Partner and
Principal Consultant with the firm of
AVODAN Project and Engineering
Services Limited. Key responsibilities
include leading Project Assurance
Reviews, Hazop, Pre-Start Ups and
Process Safety Audits of Oil & Gas
Facilities.

::
Engr. Bayo Olarewaju-Alo
(National President, Nigerian Society of Chemical Engineers)

AFFILIATIONS

Engr. Olarewaju-Alo was the Chairman NCDMB/NSChE
collaboration on Domestication of Barite and Chairman of NCDMB
sponsored Joint Industry Audit of Barite Processing Facilities. He
provided Consultancy support to the USA Department of Energy as
Subject Matter Expert on Green House Gases (GHG) abatement in
support of Guyana Government Gas to Power Project.

Engr. Olarewaju-Alo is COREN registered and member of Society
of Petroleum Engineers (SPE), Project Management Institute (PMI),
Fellow of Nigerian Society of Chemical Engineers (FNSCHE),
Fellow of Nigerian Society of Engineers (FNSE), Fellow of Nigerian
Academy of Engineering (FAEng).

Engr. Bayo Olarewaju-Alo’s headship as the National President of
Nigerian Society of Chemical Engineers took effect from January 1,
2025.
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SOFT SKILLS FOR PRESENT-DAY ENGINEER

INTRODUCTION
Soft skills are vital to the success of
present-day engineers. Training
and development in soft skills by
engineers have become a necessity
to deliver enhanced value in today’s
dynamic, technology-driven and
collaborative work environment. In
what follows, we provide explanations
about the numerous soft skills.

1. COMMUNICATION SKILLS

Clear written and verbal communication is vital
when explaining complex ideas to non-technical
stakeholders or working in cross-functional teams.
This includes technical reporting, presentation, and
digital communication (email, video calls, etc.).

2. TEAMWORK AND
COLLABORATION

Modern engineering projects are rarely solo efforts.
Engineers must work effectively within diverse, often
multidisciplinary teams This includes adaptability in
remote or hybrid work environments.

3. PROBLEM-SOLVING &
CRITICAL THINKING

Engineers are regarded as natural problem-solvers,
but today’s challenges require innovative and strategic
thinking, often beyond pure technical knowledge.

4. ADAPTABILITY &
FLEXIBILITY

Technology and industry needs evolve
rapidly. Engineers must embrace
change, learn new tools, and pivot
quickly in uncertain or evolving
situations.

Engr. Anthony
Ogheneovo, rnschE, FNse

(Executive Secretary, NSChE)

5. EMOTIONAL
INTELLIGENCE (EQ)

Understanding and managing one’s own emotions —
and responding appropriately to others — is critical
in leadership, conflict resolution, and team morale.

6. LEADERSHIP & INFLUENCE

Even junior engineers are expected to take initiative,
manage tasks, mentor peers, or lead small teams.
Leadership today involves influence without
authority, especially in flat organizational structures.

7. TIME MANAGEMENT &
PRIORITIZATION

Balancing multiple deadlines, managing project
timelines, and optimizing productivity are core to
staying competitive and effective.

8. ETHICAL JUDGMENT &
INTEGRITY

With increasing focus on sustainability, safety, and
data privacy, engineers must
uphold strong ethical standards in
design, execution, and reporting.

“Soft skills are
/i

vital to...success”

9. CREATIVITY &
INNOVATION

New problems demand fresh
solutions. The ability to think
creatively is a key differentiator in
research, product development,
and optimization.
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10. NETWORKING &

RELATIONSHIP BUILDING
Building a strong professional network can lead
to new opportunities, collaborations, and career
growth. This includes both in-person and digital
networking.

11. CULTURAL AWARENESS &
DIVERSITY SENSITIVITY

Global engineering teams require sensitivity to
cultural differences, inclusion, and effective cross-
border communication.

12. LIFELONG LEARNING MINDSET
Engineers must commit to continuous learning —
not only technically, but in business, sustainability,
and interpersonal development.

13. PROJECT MANAGEMENT

Engineers should have understanding on how to
plan, execute, monitor, and close projects effectively.
Familiarity with tools like Gantt charts, Agile
methods, or software like MS Project, Trello, or Jira
is increasingly expected.

14. DECISION-MAKING UNDER
PRESSURE

Engineers are often faced with time-sensitive or
high-impact decisions. The ability to evaluate trade-
offs and make sound choices quickly is critical.

15. NEGOTIATION SKILLS

These are useful in vendor discussions, design
reviews, project planning, and stakeholder
engagement. Engineers must sometimes advocate
for their ideas, defend technical approaches, or find
common ground in group decisions.

16. BUSINESS & FINANCIAL
ACUMEN

Understanding the economic impact of engineering
decisions  (cost-benefit analysis, Return on
Investment, budgeting) enhances an engineer’s
value to an organization. Engineers who “speak the
language of business” can influence at higher levels.

17. CUSTOMER-CENTRIC MINDSET
Engineers in product development or service roles
must understand and prioritize the needs and pain
points of the end user or client.
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18. DIGITAL
LITERACY & TECH

ADAPTABILITY
While not strictly “soft,” the ease
of adopting new digital tools (e.g.,
data visualization, simulation
platforms, Artificial Intelligence-
based tools) is a key workplace
differentiator.

19. CONFLICT
RESOLUTION

Disagreements are inevitable in
complex projects. Engineers must
manage and resolve conflicts
calmly and constructively.

20. ATTENTION TO
DETAIL

Precision matters in engineering,
but attention to detail also
improves documentation quality,
testing, and communication
clarity.

21. PRESENTATION &
PUBLIC SPEAKING

Engineers  should  develop
themselves to the level they can
communicate complex technical
ideas clearly and confidently in
public forums, client meetings,
or internal reviews.

22. MENTORSHIP &
COACHING

Experienced engineers are often
expected to guide junior team
members, share knowledge, and
support skill development in
others.

23. RESILIENCE
& STRESS
MANAGEMENT

Long hours of work, demanding
deadlines, and technical

challenges are part of engineering. The ability to stay balanced and
resilient is essential.

24. STRATEGIC THINKING

Engineers increasingly participate in shaping the long-term vision of
products, systems, or organizations — not just executing instructions.

25. SUSTAINABILITY AWARENESS

Understanding environmental impact, circular economy concepts, and
regulatory expectations is becoming core to engineering practice.

REFERENCES

ABET Accreditation Criteria - ABET.org

“Engineering Leadership” by James M. Kouzes & Barry Z. Posner
WEEF Report (2020)

MIT School of Engineering & Career Advising

McKinsey & Company - “Defining the Skills Citizens Will Need in the
Future World of Work”

IEEE - Soft Skills in Engineering Practice

7. Engineering UK & The Royal Academy of Engineering
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CAREER TALK PRESENTATION IN EXCEL COLLEGE,

JIGBO, LAGOS onN mAY 29, 2025
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! LF'L e *" A Cross-Section of the Students of EXCEL COLLEGE =

= & ! A =_ at the Career Presentation by Engr. Tony Ogheneovo

¥
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» — 1 o L H i 3 { The Principal & Vice Principal, EXCEL COLLEGE, NSChE
S T AN Executive Secretary and his Crew from NSChE HQ

COMMISSIONING OF WATER
TREATMENT PLANT IN OKEAFA
JUNIOR SECONDARY SCHOOL
JAKANDE ESTATE, ISOLO,
LAGOS ON JUNE 4, 2025

Commissioning of the Water Treatment Plant donated to
Okeafa Junior Secondary School by NSChE A 4
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LAUNCHING OF ENGR. ANTHONY OLUFEMI SHOBO FOUNDATION FOR CHEMICAL
ENGINEERING EDUCATION & RESEARCH AND PUBLIC LECTURE IN LAGOS
ON JUNE 21, 2025

The public lecture, on the topic: “The Role of Engineers in the Face of Global Energy

and Economic Challenges for Sustainable Development”, was presented by Engr.
(Dr.) Innocent Akuvue, FNSE, FNSChE, Deputy National President of NSChE

The Members of the Launching Committee with Engr. Anthony Shobo, Deputy National President of NSChE, Engr. (Dr.) Innocent
Akuvue, FNSE, ENSChE, Prof. A. E Ogunye, FAEng, Engr. Hyacinth Enuha, FNSChE and Prof. Rahamon A. Bello, FAEng

Engr. Anthony Shobo’s Son, Mr. Olugbenga Shobo making a ello, FAEng presenting an Award fo the

speech during the launch of Engr. Anthony Olufemi Shobo Deputy National President of Nigerian Society of Chemical
Foundation for Chemical Engineering Education and Research Engineers, Egr. (Dr.) Innocent Akuvue at the event

Prof. Rahamon A. Bello, FAEng presenting an award to Engr. Hyacinth Enuha, FNSChE, who represented the Chief Launcher, Engr.
Chief Joseph J. Akpieyi, FAEng
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LAUNCHING OF ENGR. ANTHONY OLUFEMI SHOBO FOUNDATION...

o 2 : ' L . ® ﬂ »

Engr. Anthony Olufemi Shobo & Family with Prof. Ayo Ogunye
(Chairman of the event, 3rd from right at front row), & Engr.
Hyacinth Enuha (4th from right) & Engr. (Dr.) Innocent
Akuvue, Keynote Speaker

|3

Engr. Anthony Olufemi Shobo making his
speech during the launch of the Foundation

The Members of the Launching Committee including
the Chairman, Launching Committee, Prof. Sam
Adefila, Dr. John Erinne, Dr. Edith Alagbe, Engr.
Anthony Ogheneovo (Executive Secretary of NSChE),
Engr. Olusegun Sodeinde (Chairman, Lagos/Ogun
Chapter of NSChE), Engr. Babajide Soyode, Engr.
Abiba Badmus and Prof. K.EK Oyedeko

DEPARTMENT OF CHEMICAL ENGINEERING, OBAFEMI AWOLOWO UNIVERSITY
55TH ANNIVERSARY, LAUNCH OF ANNIVERSARY BOOK & ENDOWMENT FUND
CONDUCTED IN DESIGN STUDIO AUDITORIUM, OAU, ILE-IFE ON JUNE 28, 2025

The Anniversary Keynote Address, on the topic: “Re-Building the Broken Wall and Reviving National
Capabilities for Economic Development”, was delivered by Prof. Banji Oyelaran-Oyeyinka, Snr. Special Advisor
to the President, African Development Bank

L - R: Profs. Rahamon Bello, Ayo Ogunye, Bolaji Aluko & Funso Akeredolu at IfeChemEng@55 event
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DEPARTMENT OF CHEMICAL ENGINEERING...

| . '| | 4 H
L - R: Keynote Speaker, Prof. Banji Oyelaran-Oyeyinka, Convener — Dr. Femi Bajomo, Chairman - Prof. Tony Adegbulugbe, Book
Reviewer - Prof. Bolaji Aluko, OAU VC - Prof. Simeon Bamire, OAU Dean, Tech - Prof. L.asisi Umonu

NIGERIAN ACADEMY OF ENGINEERING FELLOWSHIP
INVESTITITURE IN LAGOS
ON JUNE 26, 2025

The newly elected Fellow of Nigerian Academy of Engineering (NAEng), Engr. Saidu
NEWLY ELECTED Mohammed (Past President of NSChE), being congratulated by NSChE’s 6th President

& NAEng’s 7th President, Prof. Ayo F. Ogunye, FAEng
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PHARMACEUTICAL WASTE

REMOVAL OF PHARMACEUTICAL PRODUCTS
FROM WASTEWATER USING MEMBRANE

SEPARATION TECHNOLOGY

ABSTRACT

The presence of pharmaceutically active compounds in aquatic environments poses
a significant threat to ecosystems and public health, largely due to their persistence,
bioactivity, and resistance to conventional wastewater treatment methods. The
continued discharge of these compounds into water bodies can lead to harmful
effects on aquatic life, the emergence of antimicrobial-resistant pathogens, and
other environmental concerns. Despite the severity of the issue, limited research has
been conducted in low- and middle-income countries compared to the extensive
studies undertaken in more developed regions. This article explores membrane
separation technology (MST), including microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO) as promising solutions for removing
pharmaceuticals from wastewater. Among these, nanofiltration strikes the best
balance between removal efficiency (60-99%), energy demand, and operational
cost. The paper reviews the key mechanisms behind pharmaceutical removal,

Engr. Obinna Hillary Anike,
University Of Pardubice, Czech Republic (PhD
in view)

compares MST to other advanced treatment technologies, and addresses challenges such as membrane fouling and
the management of concentrated waste. It also outlines future research directions, including the development of

fouling-resistant membranes, integration with hybrid systems, and the use of energy-efficient designs.
Keywords: Removal, Pharmaceuticals, Membrane Separation Technology, Nanofiltration

1.0 INTRODUCTION

harmaceuticals are the active compounds

contained in our medicines that have therapeutic
effects and enhance human life expectancy. They
are considered a boon to mankind due to their
essential role in healthcare, serving as life-saving
treatments, particularly during health crises.
Today, the use of pharmaceuticals extends beyond
therapeutic purposes in various sectors, including
animal husbandry, beekeeping, aquaculture, ethanol
production, horticulture, antifouling paints, food
preservation, and even domestic applications (Anike
et al 2024).
However, abuse, misuse, overuse and untreated
discharge of these pharmaceuticals from industries
andothersourceshaveledtoincreasingconcentrations
of this pharmaceutical active ingredient in our surface
and groundwater. These pharmaceuticals enter
water sources through various pathways, including
municipal wastewater, household waste, livestock
waste, unpermitted dumping, and non-regulated
human sewage discharge, as shown in Fig. 1. Due
to their persistent presence in water bodies, many

of these compounds are now classified as emerging
pollutants and endocrine disruptors. Even at trace
concentrations, they pose environmental and health
risks, such as the development of antibiotic-resistant
bacteria, endocrine disruption in aquatic organisms,
and potential human health risks through drinking
water contamination (Kanama et al., 2018) (Soylak
& Jagirani, 2021).

Studies have shown that about 32% of drinking water
sources and points of consumption are contaminated
within households in Nigeria. Although there is
no data on the exact amount of pharmaceuticals
in drinking water, available data suggests
concentrations of up to 129 ugL-1 of pharmaceuticals
were found in River water. This escalating presence
of pharmaceutical products in drinking water has
emerged as a significant environmental and public
health concern, necessitating advanced treatment
strategies to mitigate their potentially adverse
effects (Wang et al., 2022). However, pharmaceutical
wastewaterischaracterized byacomplexcomposition,
encompassing high concentrations of organic matter,
microbial toxicity, elevated salt levels, and resistance

16 | NIGERIAN CHEMICAL & ENGINEERING INDUSTRY MAGAZINE | Mar. - Jun. 2025 | Vol. 7 No. 3 Edition



PHARMACEUTICAL WASTE

to biodegradation, rendering
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removal (Guo et al., 2017).
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and implementation of
more advanced treatment
technologies (Patel et al,

Fig. 1: Pathways of pharmaceuticals into the environment [Anike et. al., 2024]

2020). Among the various

treatment options available are advanced oxidation
processes, adsorption processes, electrochemical
treatment and membrane separation technology
whichhasgained considerableattentionasapromising
approach for the removal of pharmaceutical products
from wastewater (Ikehata et al., 2006).

Membrane separation technology (MST) offers a
versatile and effective means of separating pollutants
from wastewater based on their physical and
chemical properties. Membrane separation processes
are recognised for their compactness, high efficiency,
and ease of operation, making them suitable for
treating various types of wastewater (Mushtaq et al.,
2021). This article aims to evaluate the effectiveness
of MST as an eco-friendly and scalable approach
for pharmaceutical removal from wastewater. By
analysing advancements in membrane technology,
integration of hybrid systems, and real-world
applications in diverse wastewater streams, this
study seeks to highlight MST’s role in addressing
the pressing issue of pharmaceutical pollution while
paving the way for sustainable water management
solutions.

2.0 PHARMACEUTICAL
CONTAMINANTS IN WATER

Pharmaceuticals were first detected in the
environment in the 1970s, and since then, numerous
studies have measured their presence in aquatic
systems. This pharmaceutical pollution has emerged
as a critical environmental challenge with adverse
implications for water quality, aquatic ecosystems,
and human health. The widespread wuse of

pharmaceuticals—including antibiotics, hormones,
and analgesics—hasled to their continuous discharge
into wastewater systems through domestic effluents,
hospital waste, agricultural runoff, and industrial
processes. Research indicates that pharmaceutical
contamination in water continues torise, asillustrated
in Fig. 2. Most of these studies have been conducted
in Europe and North America, with significantly
fewer investigations in Africa, South America, and
the Middle East. However, research in Africa has
reported high detection rates of pharmaceuticals
(60-100%), often at concentrations exceeding those
found in Western countries (Ogunbanwo et al., 2022)

The pharmaceutical industry is one of the primary
contributors to pharmaceutical pollution, as it
is a highly water-dependent sector. It generates
wastewater containing various contaminants,
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Fig. 2: Increase of pharmaceuticals in the environment over time
[Gonzdlez et. al. 2021]
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Deaths From Drug-Resisitant
Infections Set To Skyrocket

Predicted mortality from antimicrobial-resistant
infections (AMR) versus today’s common causes of deaths

N 2020 N 2050
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Diabetes -1.5|V|
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Road traffic "“’{
accidents - 1.2M '?/u of
"\,,._. A ol %

-

v.  Emerging Pollutants:
Many pharmaceuticals
are classified as emerging
pollutants, with limited
ecotoxicological data and
regulatory control, despite
their  potential adverse
effects on biota, including
humans (Aragdo et al,
2020).

vi. Genetic Alterations:
Pharmaceutical
contaminants have the
potential to cause genetic

Measles |130,000 & o § modifications, which may
= affect future generations
Tetanus 60,000 and increase susceptibility
to diseases (Jena et al.,

Fig. 3: Predicted death rate from Anti-Microbial Resistant 2019).
disease [McCarthy, 2015] vii. Disruption of
including antiviral drugs, anti-inflammatory drugs, Wastewater Treatment
hormones, cytotoxic compounds, solvents, excipients, Processes: Antibiotic residues from
and metabolites (Strade et al., 2020). Additionally, pharmaceutical waste can interfere with

agricultural and domestic pharmaceutical use also

plays a significant role in this growing pollution

crisis. The increasing levels of pharmaceuticals in the

environment pose several risks (Aragao et al., 2020;

Jena et al., 2019; Milovac, 2022;), including:

i. Harm to Wildlife: Pharmaceuticals in water
bodies can disrupt wildlife health, interfering
with hormone and immune systems (Milovac,
2022; Jena et al., 2019). Molecular size and
lipophilicity are key factors influencing their
uptake and distribution in organisms (Arnold et

al., 2014).
ii. Threats to  Ecosystems: Highly toxic
pharmaceutical compounds may persist

in the environment due to their limited
biodegradability, posing long-term risks to
natural ecosystems (Periyannan et al., 2022).

iii. Antimicrobial Resistance (AMR): The presence
of antibiotics in wastewater can disrupt
effluent treatment processes and accelerate
the development of antimicrobial resistance, a
growing global health threat (Periyannan et al.,
2022).

iv. Human Health Risks: The consumption of water
contaminated with pharmaceutical residues
raises concerns over potential health implications
for humans (Milovac, 2022).

biological treatment processes, reducing the
effectiveness of wastewater treatment systems
(Periyannan et al., 2022).

Theinefficiency of conventional wastewater treatment
plants in effectively removing pharmaceutical
contaminants exacerbates this challenge and
creates an environment conducive to antimicrobial
resistance gene proliferation. A study conducted
by the UN environmental programme published
by Statista projects that by 2050, approximately 8
million people could die annually from antimicrobial
resistance-related diseases, as illustrated in Fig.
3. This underscores the urgent need for advanced
treatment technologies capable of removing up to
99% of pharmaceutical active compounds (PhACs)
from wastewater, particularly from pharmaceutical
effluent discharge, to mitigate their environmental
and public health impacts.

3.0 ADVANCED SEPARATION
TECHNOLOGY

The rapid expansion of the pharmaceutical
industry has led to a significant increase in
pharmaceutical contaminants in  wastewater,
posing serious environmental and health concerns.
Pharmaceuticals such as antibiotics, hormones,
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and cytotoxic compounds
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due to their complex
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treatment methods. As a
result, advanced separation
technologies have gained
considerable attention for
their ability to effectively
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remove  pharmaceutical
residues from wastewater.
These technologies include

membrane separation
processes, advanced
oxidation processes

(AOPs), adsorption techniques, electrochemical
methods, and hybrid treatment systems.

3.1 AN OVERVIEW OF MEMBRANE
SEPARATION TECHNOLOGY

The increasing prevalence of  emerging
contaminants—such as pharmaceuticals, heavy
metals, and microplastics—in water bodies has
heightened the need for advanced wastewater
treatment technologies. Traditional treatment
plants are often insufficient in removing these
micropollutants, leading to their accumulation
in the environment and associated health risks.
In contrast, membrane separation technologies,
including microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO),
offer superior removal efficiencies by targeting
contaminants at molecular and ionic levels (Figure
4). Membrane separation stands out due to its high
contaminant rejection capacity, minimal chemical
usage, and potential for resource recovery. When
integrated with other processes such as activated
carbon adsorption or advanced oxidation processes
(AOPs), membrane systems can further enhance
pharmaceutical removaland effluent quality. Asnoted
by Al-Shammari and Shahalam (2006), membrane
filtration is increasingly favored, particularly in
water-scarce regions, due to industrial growth, rising
agricultural demands, and the push for high-quality
water. Moreover, membrane systems offer reduced
energy consumption and scalable configurations.

Microfiltration (MF) is effective for removing
suspended solids, bacteria, and other particulate

— — —

Fig. 4: Pressure-driven membrane separation processes

matter sizedbetween0.1and 10 um. Often constructed
from polymeric materials like polyvinylidene
fluoride, polypropylene, or polysulfone, MF
membranes are commonly applied as pretreatment
to minimize fouling in subsequent filtration stages
(Arola et al., 2019).

Ultrafiltration (UF), with pore sizes between 0.01
and 0.1 um, retains viruses, proteins, and colloids.
Typically made from materials like polysulfone
and cellulose acetate, UF improves water quality by
eliminating macromolecular organic matter. It is also
used as a polishing or intermediate treatment step
before NF or RO.

Nanofiltration (NF) operates with pores ranging from
0.001 to 0.01 pm and selectively removes divalent
ions, organic molecules, and micropollutants such as
pharmaceuticals and pesticides. These membranes—
often thin-film composites—offer a balance between
contaminant rejection and energy efficiency.
Reverse Osmosis (RO), with the smallest pore
size among pressure-driven membranes, can
remove nearly all dissolved solutes, including salts,
microorganisms, and pharmaceuticals. Commonly
used in desalination and high-purity applications,
RO membranes are also made from thin-film
composite polyamide layers (Mulyati et al., 2018).

3.2 BROAD APPLICATIONS OF
MEMBRANE SEPARATION
TECHNOLOGY

Despite these benefits, membrane systems face
challenges such as biofouling, scaling, and high
capital and operational costs. These issues, including
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Fig. 5: Selected application for pharmaceutical removal

microbial colonisation, can be mitigated through
pre-disinfection and optimised system design (Idais
et al, 2021). In addition to standalone filtration,
membrane technologies supportarange ofhybrid and
specialised applications for pharmaceutical removal
as shown in Figure 5. Membrane bioreactors (MBRs)
combine biological degradation with membrane
filtration to retain solids and microorganisms while
delivering high-quality effluent. In this process,
microorganisms in a bioreactor degrade dissolved
organic materials and pharmaceutical compounds.
The membrane then acts as a physical barrier that
retains suspended solids and microorganisms while
allowing clean water to permeate. This integration
improves effluent quality and makes MBRs
particularly effective for pharmaceutical wastewater
treatment.

Enzymatic membranes use immobilised enzymes
to catalytically degrade pharmaceutical compounds
into smaller, less harmful products before filtration.

byproducts. Meanwhile, NF and RO

membranes are frequently deployed

in advanced polishing steps due to

their exceptional removal efficiencies
for pharmaceuticals and other micropollutants.
Nanofiltration (NF) and Reverse Osmosis (RO)
represent advanced pressure-driven membrane
technologies that remove contaminants based on
molecular size and charge. Nanofiltration membranes
are designed to retain larger antibiotic molecules and
some dissolved salts, while allowing water molecules
to pass through. Reverse Osmosis membranes,
with their tighter pore structures, remove nearly all
dissolved substances, including salts, antibiotics, and
organic pollutants. These technologies are widely
used in pharmaceutical wastewater polishing due to
their high rejection rates.

3.3 COMPARISON TO OTHER
TREATMENT METHODS

Eniola et al. (2021), in a comprehensive review

of conventional and advanced water treatment

technologies for pharmaceuticals, compared several

The processes utilize enzymes

immobilised on or near
the membrane surface to
catalyse the breakdown of Nanofiltration (NF) 60-99% Moderate | Moderate Membrane fouling
pharmaceutical compounds | oo L (RO) | 95-99.9% Hich Hich High pressure and
. . e & & energy consumption
into simpler, less harmful
. . . Ineffective fi
products.  During  this | Ultrafiltration (UF) | <50% Low Low small molecules
rocess, the enzyme interacts -
P . . v . Adsorption (Activated Varies (20-90%) Low Low to ﬁuélrl(t)e(lilifl?;
with specific pharmaceutical Carbon, etc.) o Moderate ydrophilic.
. pharmaceuticals
substrates, converting them " ot ik of to
. . 'vance X1dation . . 1SK 0T toX1C
into deSlred pI'OdLICtS. The Processes (AOPs) 70-99% ngh ngh by_products
membrane then filters the Ineffective for
permeate, allowing only the Biological Treatment | 20-80% Low Low recalcitrant
X pharmaceuticals
smaller reaction products
. . . 00 00 .
to pass through while larger Hybrid systems Varies (66-99.9%) | Moderate | High

or unreacted molecules are

Table 1: Comparison of treatment efficiency for pharmaceutical removal.
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“ITo mitigate environmental impacts, concentrate
management strategies...must be implemented.”

methods based on removal efficiency, energy
demand, operational cost, and key limitations, as
summarised in Table 1. Among these methods,
nanofiltration (NF) emerges as the most balanced and
promising approach. With a high removal efficiency
ranging from 60% to 99%, NF effectively removes a
wide range of pharmaceutical contaminants while
maintaining moderate energy and operational costs.
Although membrane fouling remains a challenge,
advances in membrane materials and pretreatment
techniques are continually improving its reliability
and longevity.

While reverse osmosis (RO) offers slightly higher
removal efficiency (95-99.9%), it demands
significantly higher energy input and operational
costs, making it less suitable for large-scale or
cost-sensitive applications. On the other hand,
ultrafiltration (UF) and biological treatments,
despite being energy-efficient and low-cost, are
ineffective against smaller or more persistent
pharmaceutical compounds. Adsorption methods
such as activated carbon perform variably (20-90%)
and are mainly effective for hydrophobic substances,
while advanced oxidation processes (AOPs), though
efficient (70-99%), carry the risk of toxic by-product
formation and require high energy input. Although
hybrid systems provide flexible and eflicient
solutions, nanofiltration stands out as the optimal
single-process option due to its high selectivity,
efficiency, and cost-effectiveness. Therefore, NF is
highly recommended as a frontline technology in
pharmaceutical wastewater treatment, particularly
when combined with other complementary processes
for enhanced performance and sustainability.

4.0 CHALLENGES AND FUTURE
PROSPECTS OF MEMBRANE
SEPARATION TECHNOLOGY
FOR PHARMACEUTICAL
REMOVAL

MEmbrane separation technology presents a
promising approach for pharmaceutical removal
from wastewater; however, several challenges
hinder its widespread application. A key issue is
membrane fouling, as discussed in the section above
(which occurs due to the deposition of organic
matter, inorganic salts, and microorganisms on the
membrane surface. This leads to reduced efficiency

and increased operational costs. Addressing fouling
requires the development of fouling-resistant
membranes and effective pretreatment strategies to
maintain long-term membrane performance.
Another major concern is the disposal of
membrane concentrates, which retain high levels of
pharmaceutical residues and other contaminants.
To mitigate environmental impacts, concentrate
management strategies—such asadvanced oxidation,
adsorption, and incineration—must be implemented.
Additionally, high energy consumption, particularly
in processes like reverse osmosis, poses limitations
to large-scale adoption. Solutions include the
development of energy-efficient membranes and the
integration of renewable energy sources to reduce
environmental footprints.

Looking ahead, advancements

technology focus on:

i. Developing novel membranes with improved
permeability, selectivity, and fouling resistance.

ii. Creating hybrid systems that combine membrane
processes with other treatment technologies for
enhanced performance.

iii. Designing advanced modules with better
hydrodynamics and reduced fouling.

iv. Applying nanotechnology to enhance membrane
functionality.

v. Promoting cost-effective, decentralised treatment
solutions.

in membrane

Successful implementation requires a comprehensive
understanding of membrane behavior,
wastewater characteristics, and compliance with
environmental  regulations.  Despite  existing
challenges, the increasing demand for clean water
and environmental protection continues to drive
innovation in membrane separation technology.
Ongoing advancements in materials and system
design are making membrane processes more
efficient, sustainable, and economically viable for
pharmaceutical wastewater treatment (Zhou and
Smith, 2002).

5.0 CONCLUSION

Pharmaceutical active compounds pose serious
risks to both environmental and human health,
yet conventional wastewater treatment plants
(WWTPs) are not equipped to effectively remove
them. Membrane Separation Technology provides
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“Pharmaceutical active compounds pose serious risks to
both environmental and human health...”

a sustainable approach to tackling this challenge,
with nanofiltration emerging as a cost-effective and
efficient solution for removing these contaminants
from water systems. Governments in underdeveloped
countries like Nigeria should invest in research to
detect and quantify these pollutants in water bodies
and promote the adoption of membrane technologies
for their effective elimination to ensure clean water
at source and consumption points.
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INDUSTRY 4.0

ADOPTING INDUSTRY 4.0 IN THE PROCESS INDUSTRY:
CHALLENGES, STRATEGIES & OPPORTUNITIES

1.0 INTRODUCTION
he  process  industry  —
encompassing sectors like
chemicals, cement, detergents,

fertilizers, iron & steel, oil & gas,
pharmaceuticals, foods and beverages,
mining, and water treatment —
forms the backbone of modern
industrial economies. Unlike discrete
manufacturing, where individual
products are assembled, the process
industry deals with continuous or
batch production involving physical

and chemical transformations.

As the world advances into the fourth industrial
revolution (Industry 4.0), the process industry faces
a unique set of opportunities and challenges. By
leveraging smart technologies, companies canachieve
higher efficiencies, better product quality, improved
safety, and sustainable operations. However, adoption
requires strategic planning, significant investment as
well as cultural transformation.

2.0 UNDERSTANDING THE
PROCESS INDUSTRY CONTEXT

The process industry encompasses sectors where
production is based on formulas, chemical reactions,

Engr. Olanrewaju, Adebayo

Bamidele, vMNschE, MNSE, MIChemE,
C.Eng (CEO, Olanab Consulting Ltd)

or physical transformations, rather
than assembling discrete parts.
Process industrial sectors provide
essential materials and goods in the
global economy. Understanding the
unique characteristics of the process
industry is crucial to effectively
adopting Industry 4.0 technologies.
Unlike  discrete  manufacturing
(where items like cars or electronics
are assembled), the process industry
operates under different conditions,
complexities, and constraints.

3.0 KEY CHARACTERISTICS OF

THE PROCESS INDUSTRY

The process industry (depicted in Fig. 1) operates
under distinct principles and operational
frameworks that differentiate it from other sectors
like discrete manufacturing. Understanding these
key characteristics is crucial for designing, managing,

“The process industry...
forms the backbone
of modern industrial

economies.”

Fig. 1: Typical representation of a process industry
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Key Characteristic

Continuous or Batch Production

Description

Continuous Production

INDUSTRY 4.0

Details

Products are produced without interruption (e.g.,
petrochemicals, oil refining), aiming for 24/7 efficiency.

Batch Production

Specific quantities are produced in controlled batches (e.g.,
pharmaceuticals, specialty chemicals, food production),
with slight variations that need tight control.

Highly Automated Operations

Process Automation

The process industry relies on Distributed Control
Systems (DCS), Programmable Logic Controllers
(PLC), and SCADA systems for automation.

Automation ensures stability, repeatability, and
optimization with minimal manual intervention.

Complex Process Dynamics

Interdependent Variables

Multiple variables (e.g., temperature, pressure, flow rates,
chemical compositions) are interdependent and nonlinear.

Balancing these variables is essential for process
efficiency, product quality, and safety.

Long Asset Lifecycles

Equipment Longevity

Equipment and plants are designed to operate
for 20, 30, or even 50 years.

Modernization (retrofits, upgrades) needs careful
planning to maintain continuity and reliability.

Stringent Safety and
Environmental Standards

Hazardous Materials

Handling toxic, flammable, or corrosive materials
requires strict safety protocols.

Compliance

Compliance with regulations (e.g., OSHA, EPA, FDA, ISO, GMP)
is mandatory, and environmental responsibility is critical.

Energy and Resource Intensive

High Energy Consumption

Process industries are major consumers of energy
(thermal, electrical) and raw materials.

Energy efficiency improvements lead to lower
operational costs and environmental benefits.

High Capital Investment

Initial Capital Requirement

Building and maintaining plants involves significant capital expenditure.

ROI Cycle

Long Return on Investment (ROI) cycles require
careful planning and robust risk management.

Quality and Yield Sensitivity

Yield and Quality Control

Margins depend on maximizing yield and maintaining consistent quality.

Deviations in process parameters can lead to significant
product losses or regulatory non-compliance.

Highly Regulated and Record Keeping Extensive records of production conditions, materials,
Documentation-Driven maintenance activities, and incidents must be maintained.
Traceability Traceability is critical, especially in sectors like

pharmaceuticals and food processing.

Challenging Operational
Environments

Extreme Conditions

Equipment must withstand high pressures, corrosive
chemicals, high temperatures, and abrasive materials.

Robust design and maintenance practices are necessary
for equipment longevity and reliability.

Downtime is Extremely Costly

High Cost of Downtime

Unplanned downtime leads to financial losses,
disrupted supply chains, and safety risks.

Predictive maintenance and process optimization are
prioritized to minimize unplanned shutdowns.

Table 1: Characteristics of the Process Industry

and upgrading process industry operations,
especially when considering digital transformation
initiatives under Industry 4.0. Table 1 outlines some
fundamental characteristics of the process industry
in details.

4.0 WHY CONTEXT MATTERS FOR
INDUSTRY 4.0 ADOPTION

The process industry’s distinct characteristics impact

how Industry 4.0 technologies must be selected,

implemented, and scaled:

i. Downtime Aversion: Continuous processes mean
upgrades must be implemented without major

disruptions. Solutions often need to be phased in
carefully.

ii. Data-Rich, Yet Siloed Environments: Process
plants generate vast amounts of operational data,
but often the data resides in disparate systems that
don’t communicate easily.

iii. Need for Extreme Reliability: Technologies must
deliver proven reliability under harsh operational
conditions before they are trusted on a large scale.

iv. Safety-Critical Operations: New technologies
must enhance — not compromise — plant safety.

v. Integration with Legacy Systems: Plants must
integrate Industry 4.0 technologies with existing
(often decades-old) systems to avoid costly overhauls.
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Internet of Things

a®po

Connectivity

Eulal

Data

Artificial
Intelligence

Human-machine interactiom

Cloud
computing

@

() =

Robotics

ili. Digital Twins: A digital replica
of physical assets, processes, or
systemsthatupdatesdynamically
using real-world data used in
simulating plant operations
for process optimization and
troubleshooting, predictive
analysis of system behavior
under different scenarios and
training operators using virtual
simulations. It enhances better
decision-making, improved
risk management, reduced
downtime.

Fig. 2: Core technologies of Industry 4.0

5.0 CORE TECHNOLOGIES FOR
INDUSTRY 4.0 IN THE PROCESS

INDUSTRY

The adoption of Industry 4.0 in the process industry
is fundamentally driven by a range of advanced
technologies that collectively enable smarter, more
autonomous, and more efficient operations. Each
technology plays a specific role in transforming
traditional processes into intelligent, optimized
systems.

These technologies are outlined in Fig. 2.

i. Industrial Internet of Things (IIoT): A network
of connected devices, sensors, and instruments
collecting and sharing real-time operational data
which help to improve process transparency,
quicker issue detection, and more precise control,
used for monitoring critical parameters like
temperature, pressure, vibration, and chemical
composition, enabling real-time visibility into
production processes and facilitating condition-
based and predictive maintenance.

ii. AdvancedProcess Control (APC)and Artificial
Intelligence (AI): APC wuses sophisticated
algorithms beyond traditional PID controllers
to optimize multi-variable processes. Al applies
machine learning and data-driven models
for predictions and decision-making, used in
optimizing process variables for maximum
throughput, quality, and energy efficiency,
detecting anomalies, predicting failures, and
recommending corrective actions, resulting
in higher yield, lower energy usage, reduced
operator intervention.

Vi.

vii.

iv. Big Data Analytics: Techniques
to extract insights from

extremely large and complex data sets generated
by process operations, used in identifying
hidden patterns and correlations across process
variables, improving product quality and
reducing waste and predictive maintenance and
production forecasting. It enables enhanced
operational insights, better strategic planning,
improved resource utilization.

Cloud and Edge Computing: Cloud computing
provides centralized processing and storage; edge
computing processes data closer to the source to
enable faster decision-making used in cloud-
based analytics, reporting, and centralized asset
management, and for real-time process control
and local autonomy respectively. It enhances
scalability, faster response times, and lower
bandwidth costs.

Cybersecurity Solutions: Measures and
technologies designed to protect digital
infrastructure from cyber threats. Applied in
protecting DCS, SCADA, IIoT networks, and
corporate systems, ensuring data integrity,
confidentiality, —and availability, thereby
enhancing business continuity, regulatory
compliance, and protection of intellectual
property.

Augmented Reality (AR) and Virtual Reality
(VR): AR overlays digital information onto the
physical world; VR creates immersive digital
environments, applied in remote maintenance
support and equipment visualization, operator
training simulations, enhancing inspection and
troubleshooting tools. It facilitates reduced travel
costs, faster maintenance, improved worker
training and safety.

26 | NIGERIAN CHEMICAL & ENGINEERING INDUSTRY MAGAZINE | Mar. - Jun. 2025 | Vol. 7 No. 3 Edition



Benefit TABLE 2 Key Aspects

Enhanced Operational Efficiency Real-time Monitoring

and Optimization

Details

IIoT sensors and advanced analytics enable real-
time tracking and dynamic process optimization,
reducing variability and inefficiencies.

Reduced Waste and Downtime

Predictive maintenance minimizes equipment
failures and downtime; process analytics lower
raw material losses and energy waste.

Improved Product Quality Data-Driven Quality Control
and Consistency

Continuous guality monitoring allows faster deviation
detection and corrective actions before defects occur.

Batch-to-Batch Consistency

Advanced process control and digital twins standardize
operations for highly consistent batch production.

Greater Asset Reliability Predictive Maintenance
and Longevity

Machine learning models and sensor data predict failures
early, lowering maintenance costs and extending asset life.

Condition-Based Monitoring

Maintenance is based on actual asset condition rather than
rigid schedules, optimizing resource use and reliability.

Energy Efficiency and Sustainability

Optimized Energy Consumption

Smart energy management systems optimize real-time energy
use, reducing operational costs and carbon footprint.

Sustainable Operations

Better waste, water, and emissions management helps
industries meet sustainability goals and regulations.

Improved Safety and Remote Monitoring and Automation | Reduces the need for human presence in hazardous
Risk Management areas, minimizing exposure to dangerous conditions.
Advanced Safety Systems Real-time hazard detection and automated emergency
responses improve overall plant safety.
Cost Reduction Lower Maintenance and Predictive and condition-based maintenance

Downtime Costs

avoids costly breakdowns and outages.

Process Optimization Savings

Reducing raw material use, energy consumption,
and rework directly cuts production costs.

Inventory Optimization

Real-time supply chain integration minimizes
excess inventory and working capital needs.

Agility and Flexibility

Faster Response to Market Changes | Flexible production schedules allow quick adaptation

to demand changes or new product introductions.

Process Customization

Smart plants can switch between products or batches
with minimal downtime for personalized production.

Enhanced Decision-Making Data-Driven Insights

Big data analytics, Al, and digital twins offer
predictive insights and real-time decision support.

Operator Empowerment

Augmented reality (AR) and intuitive interfaces enhance
operator understanding and troubleshooting.

Better Regulatory Compliance Automated Reporting
and Traceability

Digital records simplify compliance relpqrting for
health, safety, and environmental regulations.

Supply Chain Transparency

Blockchain and IIoT solutions enable end-to-end
tracking of materials and production steps.

Competitive Advantage and New Business Models
Innovation Enablement

Companies can shift to service models like “product-
as-a-service” (e.g., selling uptime/performance).

Continuous Innovation

Real-time data and simulation tools speed up R&D
cycles, product improvements, and innovations.

Table 2: Key benefits of Industry 4.0

viii. Autonomous Robots and Drones: Intelligent

iX.

machines capable of performing tasks with
minimal human intervention, applied in robotic
inspection of pipelines, tanks, and hazardous
areas, manufacturing drones for aerial
inspections of remote or large-scale sites and
automated materials handling and warehouse
management. It supports increased safety,
improved inspection coverage, and operational
cost reduction.

Additive Manufacturing (3D Printing):
Layer-by-layer construction of components
from digital designs for manufacturing custom
parts for equipment repair or prototyping, and
reducing downtime by producing spare parts
on-site. It enables faster parts availability, cost-
effective customization.

x. Blockchain for Traceability and Compliance:
A secure, transparent, and tamper-proof ledger
system for recording transactions, for ensuring
material traceability and quality assurance,
and improving supply chain transparency
and compliance reporting. It enhances trust,
improves regulatory compliance, and improves
supply chain visibility.

6.0 BENEFITS OF INDUSTRY 4.0

FOR THE PROCESS INDUSTRY

The adoption of Industry 4.0 technologies in the
process industry offers transformative benefits,
redefininghow plants operate, maintain,and optimize
production. By leveraging data, automation, and
digital intelligence, companies can achieve superior
performance, greater resilience, and new levels of
competitiveness as further described in Table 2.
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Challenge Issue

Integration with
Legacy Systems

Most plants operate decades-
old equipment not designed
for digital connectivity.

Impact Risk

Integrating modern solutions (like
IToT sensors, Al analytics) with old
systems is complex and costly.

Failed integration can disrupt
operations, cause downtime,
and negate benefits.

High Capital Investment
Requirements

Digital system implementations

require substantial upfront capital. | especially for companies with thin

High costs deter investment, Projects may be delayed,
underfunded, or only
margins or high competition. partially completed.

Data Management
and Quality Issues

Plants generate massive,
siloed, and inconsistent data.

Poor data quality hinders
effective analytics, Al modeling,
and decision-making.

Inaccurate or fragmented data
leads to failed digital initiatives.

Cybersecurity Risks Increased connectivity broadens

exposure to cyber threats.

Cyberattacks on control systems
can disrupt production, cause
harm, or risk worker safety.

Strong cybersecurity is critical
but adds complexity and cost.

Cultural Resistance
to Change

Employees may resist adopting
new tools or changing workflows.

Organizational inertia slows or
derails digital transformation.

Without strong leadership and
change management, initiatives
may fail to gain traction.

Skills and Workforce Gaps | Digital transformation
needs new skills like data

science, Al, cybersecurity.

Existing workforce may lack these
skills; competition for talent is high.

Skill gaps can delay projects,
increase errors, and reduce ROI.

Complexity of Process Process operations are highly

Solutions must be customized,

Generic solutions often fail;

Compliance Challenges govern data, process

changes, and validation.

Industry Operations variable and complex. resilient, and require custom solutions are costly
significant engineering. and time-consuming.
Regulatory and Strict industry regulations New technologies require Regulatory delays can add hidden

validation, documentation, and
compliance, slowing deployments.

costs and extend project timelines.

Uncertain ROI and
Business Case Difficulties

Benefits of Industry 4.0 are
often long-term or intangible.

Hard-to-quantify returns cause
decision-makers to hesitate.

Conservative investment
approaches risk falling
behind competitors.

Vendor Fragmentation and
Technology Overload

Industry 4.0 market has
hundreds of vendors
offering niche solutions.

Choosing the right stack is confusing,
risking incompatible architectures.

Overcomplicated selections can
lead to integration nightmares
and underperformance.

Table 3: Challenges in adopting Industry 4.0

"..adopting Industry 4.0...requires more
than just investing in new tools.”

7.0 CHALLENGES IN ADOPTING
INDUSTRY 4.0 IN THE PROCESS
INDUSTRY

While Industry 4.0 offers transformative
opportunities for the process industry, its
implementation is not without serious hurdles. The
sector’s unique characteristics—complex processes,
legacy infrastructure, and regulatory demands—
make digital transformation particularly challenging.
Table 3 states some key challenges organizations face
in adopting industry 4.0 in the process industry.

8.0 STRATEGIES FOR SUCCESSFUL

ADOPTION
Successfully adopting Industry 4.0 technologies
in the process industry requires more than just
investing in new tools. It demands a holistic strategy
that combines technology, people, and processes into
a unified transformation journey.
The following are some key strategies for ensuring a
smooth and impactful transition:

i. Start Small with Pilot Projects: Focus on high-
impact use cases like predictive maintenance or
energy optimization.

ii. Build a Clear Digital Roadmap: Define
objectives, assess current capabilities, and chart
a phased digitalization journey.

iii. Invest in Workforce Development: Provide
training in digital skills and promote a culture of
continuous learning.

iv. Prioritize Cybersecurity: Implement robust
cybersecurity frameworks from the outset.

v. Leverage Partnerships: Collaborate with
technology providers, startups, and research
institutions.

vi. Adopt Open Standards and Platforms: Ensure
interoperability and avoid vendor lock-in by
using open architecture systems.

vii. Emphasize Change Management: Engage
stakeholders at all levels, clearly communicating
benefits and addressing concerns.

9.0 REAL-WORLD EXAMPLES

Across the process industry — including sectors like
chemicals, oil & gas, pharmaceuticals, and foods &
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Company  What They Did Technologies Used Outcomes
BASF Integrated IIoT sensors across - IToT sensors - Significant reduction in unplanned
production equipment to monitor - Predictive analytics downtime
real-time performance data. - Cloud-based asset - Extended lifespan of critical assets
management platforms - Improved plant-wide operational
efficiency and cost savings
Shell Developed digital twins of offshore - Digital twins - Reduced inspection times by 40%
platforms to simulate and optimize - Big data analytics - Improved safety through remote
performance under different conditions. - Advanced process modeling monitoring
- Saved millions in maintenance
and operation costs
Pfizer Implemented continuous manufacturing - Continuous manufacturing - Improved product consistency
supported by real-time monitoring platforms - Faster production cycles (reduced time-
and Al-driven quality control. - Machine learning for quality to-market)
prediction - Enhanced compliance with
- Advanced process analytics regulatory standards
Cargill Deployed IIoT sensors and AI models - IIoT (smart sensors) - 20% energy savings
to optimize moisture control and energy - Al-driven predictive models - Improved product quality and
usage in animal feed production. - Real-time process control systems | consistency
- Reduced waste and carbon footprint
Dow Built an integrated data environment - Centralized data platforms (cloud + | - Improved yield and throughput
Chemical combining real-time operational data, edge computing) - Faster identification of process
lab results, and business metrics. - Al for process optimization anomalies
- Predictive analytics - Better alignment between
production and business strategies

Table 4: Real-World examples of Industry 4.0 technologies

beverages —leading companies are using Industry 4.0
technologies to drive real operational improvements.
Table 4 shows some notable real-world examples that
illustrate how digital transformation is reshaping the

landscape:

10.0 THE FUTURE OF INDUSTRY 4.0
Industry 4.0 has already started to transform the way

Trend

H}g)erautomation
and Autonomous
Operations

What’s Coming

Integration of AI, machine
learning, robotics, and process
mining to automate entire
end-to-end workflows.

the process industry operates — but what lies ahead
promises even more dramatic change. The future of
Industry 4.0 will be defined by deeper intelligence,
greater autonomy, and seamless human-machine

collaboration, leading to smarter, more resilient, and

Table 5.

Impact

- Self-optimizing plants adjusting in real time
without human tervention

- Minimal manual monitoring with AT agents
coordinating maintenance, production, and
lolgistics

- Reduced operational costs and

increased consistency

more sustainable industrial ecosystems as shown in

Example Vision

Fully autonomous chemical
lants that run for months with
ittle human input, adapting to

demand and maintenance needs.

Next-Generation

Digital twins evolve into

- Accurate virtual replicas of plants, including

Engineers simulate months of

4.0 investments.

Digital Twins dynamic, Al-enhanced people, equipment, and supply chains reactor performance in seconds
simulations predicting - Rapid innovation through virtual testing with ultra-realistic digital twins
future states and supporting - Enﬁanced safety and risk management before physical changes.
real-time decisions.

Industrial Al AT shifts from pilots - Intelligent recommendations for operational Al copilots assist operators in

at Scale to enterprise-wide decisions real time, suggesting optimal
deployment, becoming more - Al-driven optimization of energy, emissions, settings based on predictive
explainable, trustworthy, and raw materials analysis and historical data.
and self-improving. - Smarter collaboration between humans and Al

5G and Edge 5G and edge computing - Real-time monitoring and control with Remote operations centers

Computing enable ultra-fast, low-latency | millisecond responsiveness manage fleets of plants worldwide

Revolution data transmission and - Support for mobile robots, drones, and remote | with virtually zero lag.
processing at the source. operations

- Increased resilience against network
failures and cyber threats

Sustainability- Sustainability and carbon - Smart manufacturing minimizing emissions, Carbon-neutral factories monitored by

Driven reduction become primary waste, and energy use real-time ESG dashboards accessible

Innovation drivers of Industry - Al optimization of water, energy, and material | to customers and regulators.

flows )
- Transparent carbon tracking enabled
by blockchain and smart sensors

Human-Centric
Smart Factories

Technology advances shift
humans to higher-value

tasks like decision-making,
creativity, and supervision.

- Cobots working alongside humans
- Immersive training with AR and VR
- Safer, more ergonomic, rewarding workplaces

Technicians use AR glasses
overlaying live instructions and
diagnostics, keeping hands free.

Convergence of
IT, OT, and ET

Full convergence of
Information, Operational,
and Environmental
Technology systems.

- Unified platforms managing eﬂiciencY{,
C}I/\ll)ersecurlj[y, sustainability, and compliance

- New hybrid roles combining IT, engineering,
and environmental science skills

One integrated control center
manages plant operations,
cybersecurity, and environmental
impact reporting in real time.

Table 5: Key trends shaping the future of Industry 4.0
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“The rise of Industry 4.0 marks a transformative
chapter for the process industry, fundamentally
redefining how businesses design, operate, and

sustain their production systems.”

11.0 CONCLUSION

The rise of Industry 4.0 marks a transformative
chapter for the process industry, fundamentally
redefining how businesses design, operate, and
sustain their production systems.

Fueled by advanced technologies like IIoT, AI, big
data analytics, digital twins, and cyber-physical
systems, this new industrial era is manifesting the
unlocking of unprecedented levels of efficiency,
agility, and resilience by companies.

It is worth noting that adopting Industry 4.0 is not
just a matter of integrating new tools — it demands a
holistic shift in organizational mindset, culture, and
strategic focus.

Successful implementation requires clear vision,
strategic planning, investment in human capital,
and a strong commitment to cybersecurity and
sustainability. Real-world examples from industry
leaders like BASF, Shell, Pfizer, and Cargill show that
the tangible benefits — from predictive maintenance
and quality improvement to faster time-to-market
and reduced environmental impact — are well within
reach for those who innovate boldly.

However, the progressive shift is not without
challenges. Legacy infrastructure, skill gaps,
cybersecurity threats, and integration complexities
are real hurdles that demand thoughtful, phased
strategies and continuous adaptation. Organizations
must embrace the principle of “think big, start
small, and scale fast” — piloting initiatives, learning
quickly, and scaling successful models across their
operations.

Looking ahead, the future of Industry 4.0 points
towards hyper-automation, next-generation
digital twins, industrial AI at scale, real-time edge
computing, and sustainability-driven operations.
The convergence of information, operational, and
environmental technologies will reshape factories
into smart, autonomous, and human-centric
ecosystems — creating new opportunities for
innovation, safety, and environmental stewardship.

In conclusion, Industry 4.0 is not a destination,
but an ongoing journey — one that rewards vision,
adaptability, and a relentless focus on value creation.
Those who embark on this journey of digital
transformation thoughtfully and decisively will not
only achieve operational excellence but also position
themselves as leaders in a rapidly evolving global
marketplace.
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