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I A ION

III 11 1111 I I «Ill! I d dic t d to the memory of my
woqb y Akanbi Olulaja Olafadehan, who

f h rd work, honesty and discipline in me,
\I I 1111 III ul rn und rstand at a tender age that education

III "lily hI,' Y one can bequeath to one's children. He
v I III t rnal call to glory on March 08, 2006. May his

I 1111 oul .ontlnue to rest in the bosom of our Lord Jesus
hrl t, Am n
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I1 (11.111, lIor,
III putv Vi Chancellor (Management Services),
I' III Ily Vi Chancellor (Academics and Research),
I' !,lIty Vi Chancellor (Development Services),
I "11.11 i nd Secretary to Council, .

III .u ,
IIIIVI I .lty Librarian,

I IIIVII I, ollege of Medicine,
III I It III of ngineering,
, 'Ill! I 1)1.111 of Faculties,

, "" 11I of the University of Lagos Senate,
III d 01 [ epartments,
111111I I rlnclpal Officers of the University,
111111I rdships Spiritual and Temporal,
1 11111I yal Majesties and Highnesses,
Ill' hnquished Academic and Professional Colleagues,
Ill' llIlguished Non-teaching Colleagues (Administrative and
I1 ( tuucal),
lilt reat Akokites, past and present,
M('rnbers of the Press (Print and Electronic Media),
I .unlly nd Friends,
Ill' llnqu] h d Guests,
III III 1111'h d Ladies and Gentlemen.

I I I /\MHI r

11I I /11 11ph [) ure for me to stand before you today with a
I I 1111I III 1111111ntrnent and fulfilment in life to deliver the 71h

I" ,"11''''' It 1 It 11( from the Department of Chemical and
I 111111111111I 111I1l! ring and the 111h Inaugural lecture in the
It) 111/101'1 It Idr'lnic session. I give the Omnipotent, the

(111111, 1 Ill, 1111Alpha and Omega, all the glory, honour and
1 IIlI.ill HI will> 111.1I II is day reality in my life. Coincidentally,

toddy Id () III Ill', my 22nd wedding anniversary with my
111.lfllillOIl W()ld .tr insufficient for me to express my
PI f llll I "ppll (Idll n 10 our amiable 121h Vice Chancellor,
I r f. luw uoyln I. gundipe, FAS, for acceding to my
r qu I 10 pr ' nl this in ugural lecture today. I also thank
my c d mic f lher and mentor, Emeritus Professor Alfred



Akpoveta Susu, NNOM, FAE, FAS, for the encouragementand support.

.Mr. Vice Chancellor, Sir, permit me to recount a brief history
of what influenced my choice of Chemical Engineering as a
chosen course of study in the University of Lagos, Lagos,
Nigeria (the University of First Choice and the Nation's pride)
and my choice of Modelling and Simulation of Chemical
Reaction Systems as an area of specialisation. I loathe the
popular saying "what will be will be". I strongly believe all and
sundry has a part to play in achieving destiny. To realise this,
it is imperative for the individual to identify his or her genius
and exploit it completely. I do subscribe completely to the
submission of many that the Providence has imbibed a
unique genius in each person, which makes every person
special in his/her right. There is always an innate strength or
talent that brings out the best in each individual, and the
challenge is to know and access that genius. So, when you
see a child showing dexterity in a vocation, be it kicking the
ball around skilfully like the renowned football stars of The
Great King Pele of Brazil, Lionel Messi of
Argentina/Barcelona and Cristiano Ronaldo of
PortugallJuventus, or another singing in the choir
melodiously, it is a sign of the genius in that child screaming
for recognition and accessibility. Identify the genius in you,
access and leverage it and you would be astonished at the
tremendous things you would achieve. At times, it takes
others assisting one to identify this genius, as it was my case.
My teacher in Primary 2 (my sincerest and unreserved
apology to her for not remembering her name as I was only 6
years, 1 or 2 months old then) at Ibadan Municipal
Government Primary School, Molete, Ibadan saw the traits of
possessing excellent analytical skills in me when she would
give some arithmetic tasks (sums, subtractions, divisions and
multiplications) and ask who would give the answer mentally
without putting down any calculation and I would answer
correctly within a twinkle of an eye. I also remember vividly
wh n she would tell me that the molecular formula of water is
~i~ , ittl did I know she was introducing me to Chemistry at

t lid r '19 : the subject later became my best subject in
( (Ild ry hool, She then encouraged me to pursue a

I 11 t Wllllld 111111mathem~tical co,ncepts .~ndpri~:~
I 11x I ssed to higher c asses I

I 1 III Il" I, I~.h i that taughdt ~e theenTa~~ dp~~~~e~e~
t acher foun In m .III 1'11111011Y . he/she must strive111It veryone has a genius

I I II I I t hit the pinnacle of his/her careerI I 111' ccess 0 . . .. er
I ,:',,,h ,I< full ingenuity. The lar~er POIn:~~~~'!one~y

/ I 11ek l~tO your genius If yo~, !~:n~hemistry, with
I11 111111t In secon.dary sC.ho Mathematics and the

I III pi Iformances In PhYSICS,th h my Additional
II I J 111111.11Mathematics. EBve~ °hughada self-adage

h Mr Amos anmo,
I1 III ")1 ;h~t?A~~itio~al Mathematics cr .ates adAditiO,~~

I 111 nted for I knew then that pp le
I" I, II1 '. I was un~~~'em solver. Probably that made me

IIII 111<tile, was a ~ dditi I Mathematics in secondary
III I1II 1)(' t student In A moria nd to be

I 1111111, with no additional hprobl~m a~re~~e~n~ed Level
I1I I I1dlll ~ after th~ aut n~er ~aduate days. The name I
Mdllll manes, Blakey, In my u g h as I desired to be an
1111e11rish to be call.ed! In a.s :~~h of the engineering

, 1I!l1l r, the qu.estlon wa\ do I chose Chemical
plul ion? ~Ithout muc a bled on a textbook titled
I nqln cring as I rnadvertentl.y stu.m when I was in form five
1I1I1ndlJcli.on to Cher:ni~al En~~nu~:~n~hose 'tripod hinges on
uul II dlt~ed that ..'t IS, ~ thematics and physical sciences

III \I Ill.lIICS, Addltlon~ a h f subjects are still much
tI li,y le', and Chemistry, t e our .

I I, 111110my areas of research interest tIll date.

. 't f Lagos I did111 V I ( h.incellor Sir, early at the Un.'vers~Y9oJ'udgem~ntof
d . nce and englneennI 11' '11111 • Dun expene 0 V 0 Adeniyi.
h . I processes from r. . .1111111Ily I of c rerruca . ts i modelling and

t k search interes sin.11, III pll' d III . to a ere. f d ry useful to my
I ti This was oun ve(111111'"1,I unu Ion. d t . dependent research

IIIHlllqlolcill.ill nd pos~gra u~heesi~at UNILAG under the
w )f I' My Iill( 11lor of SCience . mathematical

P f R A Bello was InLJIHIVI 101101 ro . . '. I r n of bioengineering
mod 11111<]• 11'. computedr ~'mu ~~~ the research resulted

roc . I ut r In my aca erruc car, . 0) The
in two publi Ii d articles (Olafadehan et a\2eOv~~ ~~if~r the
simulation work could not have been ac I
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efforts and assistance of Prof A F
almost 12 mini-computers fc . . Ogunye, who provided
available for most of us work. or .use, and made his office
Th . Ing In re ated topi M M
\.l eSIS, un~er the supervision of Or. Mrs cs.. y . Sc.

at how so'io waste could be n d ( .) T. O. AjaYI, looked
a small community as show U.' ISF~ to generate electricity for

. ' n In Igures 1 and 2 ithanalysis of the process (01 f d h ,WI exergy
aI., 2012). ,a a e an, 1994; Olafadehan et

Stack gas

Stack gas

High pressure

Boiler

Residue
Superheater

Ash

L Electric generatorow pressure

F:
Igure 1. Energy-recovery systems with steam turbine-generator.

Compressed gas

Solid

waste Electricity

Ambient air
Exhaust

Figure 2. Ene rgy-recovery systems with gas
gan rotor. compressor-gas turbine-
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"I I11 I 1111• l works to look at combined heat
11 ) Y II m . not even realising then that the

lid 'If III /Jl plunged into an energy crisis. My Ph.D.
I I11 1111111I 111 indefatigable, erudite scholar of both

I I1II Ii \11rn.illonal repute. the first Professor Emeritus
1111111 I I1CJin erinq, UNILAG and a cornucopia of

I III IlIll', Professor Alfred Akpoveta Susu, was in
111I 11I .unulation of multicomponent adsorption and

1"I I1 1/ )US media (Olafadehan, 2000). Eventually, the
I1I IIItI d in seven publications after graduation.

my independent research works at both
and postgraduate levels were on

III 1111111.111I modelling and computer simulation of some
• " 1 I1 d chemical and biochemical processes, I had to

/I '111111more knowledge in this rather difficult academic
I. 111111to enable me execute significant research works and
'.II/IP le effectively with my counterparts nationally and
1IIIb,llly. The worth of my contributions in this area has paved

W rys for me to be Editorial Board Members as well as a
I I viewer in reputable peer-reviewed international and
n.uionat journals. In recognition of my contributions in
modellinp and simulation, I was included in "Who is Who in
() ience and Engineering" in the Year 2006. It is therefore
with delight that I stand before this august gathering as a
I rofessor in the Department of Chemical and Petroleum
I ngineering to discharge my obligation to the University and
present an inaugural lecture entitled: MODELLING AND
SIMULATION: THE UNDER-TAPPED GOLDEN
RESOURCE AND IMPLICATIONS FOR PROCESS
INDUSTRIES.

Mr. Vice Chancellor, Sir, in this inaugural lecture, I will
present the following: the components of mathematical
modelling and computer simulation, my modest contributions
to knowledge in environmental, renewable energy, and
adsorption studies, and in modelling and simulation of
investigated chemical and biochemical processes,
conclusions and recommendations, and finally my expression
of appreciation.
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1. INTRODUCTION

A ~hem!cal. process, which is the centre of chemical
e"'glneenng.' Involves a series of operations/activities for the
transformatlo~ of r~w materials (input feedstock) into finished
p:oducts of .Inestlmable value, as depicted in the block
diagram. of Figure 3, using available sources of energy most
economically.

Mass/energy

Raw
material(s)

PROCESS (series of Finished
operations/activities) I---~ Product(s)

Mass/energy

Figure 3. A chemical process.

In Chemical Engineering, a real chemical process can be
repre~ented by some equations or perhaps solely by
experimental data, thereby establishing relationships amongst
process. vanabl~s. A chemical plant is an arrangement of
p:o~es~lng units (reactors, heat exchangers, pumps
?Istlllatlon columns,. absorbers, evaporators, tanks, etc.)
~ntegrated systematically and rationally. This is a major
Indu~try, and a ~ast number of commercial products are
o?taln~d by chemical synthesis. Tetraoxosulphate (VI) acid
trioxcnitrate (V) acid, trioxophosphate (V) acid, ammonia:
ethylene, propylene, chlorine, urea, benzene, methanol,
ethanol, ~nd .eth~lene glycol are examples of chemicals
produced In Niqeria, These, in turn, are used in the large-
scale manufacture of fibres, paints, detergents plastics
rubber, f~rtilizer.s.' insecticides, and so en. The' chemica'l
engineer I~ familiar ~ith chemical processes, reactor design
and operation. That ISwhy a chemical engineer is sometimes
refe.rred to as a process engineer. The role of a chemical
engineer can be defined with its purpose to develop design
construct, opt!mise. and man any process and ~ake th~
proces~ lucrative wlt.hout violating environmental balance (or
regulations). Modelling and simulation are the tools assisting

6

11II1I tI ',ign options and thus define the optimal
11 '1111IlUy, there is a demand for chemical
\" I,,"I Iy ectors of the industry, including the
111111I ,',\I1g industries, chemicals, polymers, fuels,

I1 I11I \( I utlcals and paper, as well as other sectors
\ I IIUIIIC materials and devices, consumer products,

11I I111.11extraction, biomedical implants, and power
I1 III reason that companies in such a diverse
I IIhi II i s value chemical engineers so highly is the

L If ling from a vaguely defined problem statement
I ulomer need or a set of experimental results,

I I \ Ilqlncers can develop an understanding of the
I1 lilt IlIld rlying physical science relevant to the problem
I \I1\' understanding to create a plan of action and set

lilt 1I I ccifications, which if implemented, will lead t~ a
I "llumongous financial outcome". Then, the question

wily are engineers, with n.o ex~e~ti~n to. chemical
I I111I I' nd some experts in allied diSCiplines, Interested

111\111;n tical modelling and simulation of (chemical)
,I ? What benefits result from using this approach

I I Ill. n just making engineering/scientific d~cisions
III VI Iy? This inaugural lecture seeks to provide the

I11WI I(s) to these questions.

DEFINITION OF PERTINENT TERMS

V I \' Chancellor, Sir, the following terms are used in this
I 1'1Ir11lecture and are briefly explained here for the large

I I11IH • to understand.

'I" t pcration: The different chemical, physical, or
I1 lit H 11(..11processes of Figure 3 can be broken down Into ~

f separate and distinct steps referred to as Unit

n .

I\d )\ptlon: In this inaugural lecture, the adsorption process
I 11WI et from two perspectives: separation (mass trans.fer
I I" I III 11) and kinetic perspectives. As a separatlo~
I 1I111qU', dsorption belongs to a more general cla~s of Unit
"I" I 111111,which is sometimes .calle~ perc~la~lon. A
I 111,1,\1)11process is any process In which a ftuid IS passed

7



through a bed of material which
the fluid, as illustrated in Figure 4~an alter the concentration of

Reservoir _)-- -/

Fiberglass
Woo.

Waste Water
Sample

i=:=1=--Adsorptton Column

Activated Carbon Granules

Product Receiver

Figure 4. Fixed bed adsorption column.

Adsorption is a process that oc
solute (called adsorbate) a curls when a gas or liquid or

. ccumu ates on th rfsolid or more rarely a Ii uid e su ace of a
or atomic film (adsorbaie) (a~sorbent),. for~ing a molecular
Hence, adsorption process'e:n separation IS accomplished.
of three phases: the fluid Phas:~h be regarded as consisting
adsorbent phase. It is a ,e adsorbed phase, and the
in Figure 5. surface phenomenon, as illustrated

3rd Layer
/"

04- isl Layet

O SURFACE r
- Adsorbate Molecule (N2)

Figure 5. Different layers of adsorbate on the adsorbent surte
ce.
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I I dlllllll I r dsorption starts with laboratory
I I I1 I1 1111 I I kthrough curve. The fluid to be
11 III I1 I, cl down through the packed bed at a

I I I, 10 adsorb components from the fluid, as
I1 I 1111111 1 he concentrations of the solute in the

1111 I11 111 olid adsorbent phase change with time
11 III lilt fixed bed as adsorption proceeds. At first,

II1 (1I .ually activated carbon) is fresh with all its
1I ' Essentially, none of the material(s) to be

I I • P s from the column. As time passes, some of
1'1 1 lI1 ites are used up, and the outlet concentration

with time. At time, tb' the outlet concentration

Cb' which is called the breakthrough point,

shown in Figure 6 for a typical breakthrough
11/

c,'
•j,
8
Cl
0
U
•....•
§
~
8
~

c,

breakthrough concentra tion

exhaustion concentration

T I Iv1E r,

figure 6. Breakthrough concentration profile.

Usually, it takes relatively long time before the effluent
concentration rises sharply and then levels off. After the
breakthrough point is reached, the outlet concentration crises
very rapidly up to point, Cd' which is the end of the
breakthrough curve where the bed is adjudged ineffective.
This implies that all the adsorption sites had been occupied.
The breakthrough concentration represents the maximum that

9



can be discarded and is often taken as O.Ol~ Cb/CO ~O.05.
The Cd/CO value is taken as the point where outlet

concentration, Cd' is approximately equal to the inlet

concentration.c.: The breakthrough (or allowable)
concentration is determined by the process specifications.
For example, if a pollutant is being removed, the
breakthrough concentration, Cb' will be the government
regulation for what the treatment plant can discharge to the
environment without causing harmful effects to human being
and watercourses,. Such a process was exhaustively
investigated experimentally and mathematically by
Olafadehan and Aribike (2000) and Aribike and Olafadehan
(2008) respectively for the treatment of wastewater effluent
from a paint industry in Ikeja, Lagos, Nigeria (to mention but a
few now). However, for a commercial product, where the
column is removing colour and odour, the breakthrough
concentration is determined by the specification for product
quality. For example, Olafadehan and Susu (2005) modelled,
analysed and improved the process of deodorisation of
kerosene. The contribution has significantly reduced the cost
of producing aviation fuel. To be clear, the breakthrough
concentration is not some fundamental number but depends
on how the process is to be operated. The exhaustion
concentration also depends on other miscellaneous process
considerations. For example, if there 'were not enough
workers on a night shift, the column might have to be
removed in time for regeneration by the day shift workers so
that it can be ready in time the next day as the trail column.
Note that the column could still adsorb some more material.
However, little benefit accrues by running it for a longer time.
One pays for labour, for electricity, for plant costs, etc. When
the benefits are not worth the costs, the column is considered
exhausted.

Isotherms: The results of adsorption experiments are most
commonly presented in the form of adsorption isotherm .
These are functions that relate the amount of adsorbate on
the adsorbent to its pressure (if gas) or concentration (if

10

. the adsorption isotherm
11111t.int ten:'per.alure, I.e

l
:d nase q kg adsorbate

• •• tjlUllj 11 I ..onc ntratlon In the so Ip,. h (as or
1 IIlI I'll III 1111 I d orbent (SOlid,)'3to ftlh~dtin th~i~~~~~t a:~s;rption

k I dsorbate m UI. I t
. t tems were used to corre a e

till till dlfferen sys
" III I d It in our works.

t . Of all the unit operations in .a typical
Im"",lo[l1 C ors. f the most important Items of

I pro, ss, one 0 t This is where
I III I1I I the chemical re~~~r ;"aterial) to a product

I IIIII/t.han~e of a feeds~~~ (Of any chemical process.
\11( It IS the very h and sizes.
I I I 'ctors come in all cotours, s apes, d for

I 11V ry in ~he ~ethod i~fn~P:~~:~~ a~r~:::r~sf~r oil
III III r actlot'ls, the g es for iron making; the crafty

11 1111 monster blast furnac treatment' the amazing
, II 'Iudge ponds for se~age aints a~d fibres; the

III 11 ,11 n tanks for plastlc~, i vat~ for producing

11 \I:;I'P~rt;r~~u~:a:~c~c~~ I~:pirin, penicillln, and birt~
III , d so on, Summarily, the main types 0
I I1 dlllCJ ' an. . the industry today include (1) tank
,,\I I I •\ tors In use In . batch reactor and continuous

I "., (( b tc~ re(g~i~~m~~d (2) tube reactor (Le. plug
1 I. 11 r ~c or 'ctor and fluidised bed reactor,
I '" tor, fixed bed rea t ) A common heterogeneous

I I' f~o:~~~~~~~~d t~e:u~a~~fio~type investig~ted pi~;~~
·111111lII,U . th cked (or fixed) bed reac or,

I Ill' W rks IS e pa I'd catalytic form), shown in Figure
I11 "Iy of the gas-sO I

\\
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Figure 7. Schematic diagram of the catalytic packed bed tubular reactor.

In t~is reactor, the reacting fluid flows through a bed of
~elatlvel~ large catalyst particles (as sites for reactions) held
In a stationary position (an inert support), e.g. the fixed bed
reactor used for the oxidation of S02 with V20S particles for
eventual manufacture of H2S04, which is a main process in
t~e . m~nufac~ure of detergents (the sulphonation plant).
S.lmllar In design and concept with the PBR is the packed bed
?IOrea~~o:, PBBR, in which packings are used as supports for
Immobllt.slng the active biological material (enzyme) that is
f8sponslble for the enzymatic process. The dynamics of
PBBR .~as investigated by Olafadehan (1989), under the
supervision of Prof. R. A. Bel/o; and Olafadehan et al. (2009;
2010). T~e. mathematical model derived then is stil/ being
~sed for Sl~tlar w~rks. in the literature (e.g. Silva et al., 2019
In Rea~tlon kinetics, Mechanisms and Catalysis
httPS:II?01.0rg/10.1007/S11144_019_01657_y). Nowadays,
t~e bloreactors are finding increaSing use in th
biotechnology industry for reasons of (i) enabling the enzyme
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1111\I upport and be used as many times as
11,1(11)improving the economics of the pr~ce~s.

I 11 1I11111111111iation of microorganisms has been finding
1111"".,.,111,q 1/ Illc.ltion where the products are not adversely

II1 luun blllsation.

III "' 11 oncepts in Reactor Modelling a~d Desig~:
I ,1111'·main phenomena that need to be Included In

I I11 lid I 1IIIIgand design are:
r I ,'. transfer, as a result of a change in
"l/lllntr tion;
11 .It tl ansfer, as a result of a change in temperature
(I" I 11rgy flow);

11111ntum transfer, due to velocity change; and
I' " tion equation.

lour can be used for analytical reasoning in
I1 111.llle,I forms. So, a chemical reactor engineer or
I /11I would have to maintain a careful. b~lance between
I Ill. d r asoning expressed in quantitative terms and

IlIlclllHlin ering reasoning, gained by experience.

I' I l hls is a representation of real object or system of
I11I I', for purposes of visualising its .appearan~e or
11I .11111it behaviour, i.e. it is a virtual version of :eallty. In

11 Ill, r.itur , such definition as "an image ~f reality from .a
1111111.11vi wpoint" can be found. More precisely, a model IS

Illpltli d representation of those aspects of an actual
, I 11I ' " th t are being investigated (Kafaro~ and Kuznetsov,
I Ill) 111re are different types of model: Visual models (that
1111111I1 form and appearance such as graphical sketches,
11111"ItI rolid works); physical or iconic models (such. as

1 dlllypl '" mock-ups, miniature structures); mathematl~al
111I11I11,llinal models (that use algebraic and/or. differ.entlal
1'1tlllIlI' to represent systems for computer slmu.latlon.s);

11c1I mplric I models that establish fun~tional relationships
I lW, I II variables as established by direct measurement

I" 1111111I. charts or tables). Scientific models are often used
1Ill' I 1111'lruction of scientific theories.

13



rom a practical point of view, the following three points are
important to have in mind while developing a model and
analysing the relationship between the model and the reality:
(i) A model always has a certain deviation from the real

process whose deviation must not be greater than 5%
to achieve a 95% confidence level.

(ii) Model definition and a mathematical tool are
dependent on the chemistry and physics of the
problem being explored;

(iii) Reliability of the model is dependent on the technical
know-how of the Engineers who work on th
development of the model. The level of knowledg
implies their skills (including intuition, mathematical
prowess, and mastery of numerical techniques),
experience and vision of the reality.

A perfect model does not exist, but having one that is clos
enough to mimic the reality can be a lot of assistance and
problem solution. For a model to be acceptable, it should b
able to duplicate (replicate) the real system with minimum or
acceptable error. Therefore, once a model has been put
together, its predictive efficiency against experimental or real
plant result (data) must be validated. Models are used for e

variety of applications, such as the study of the dynami
behaviour, process design, model-based control,
optimisation, controllability study, operator training and
prediction. These models are usually based on physic I
fundamentals, conservation laws, and additional equation
such as Newton's laws, and constitutive relations. In th
development of a model, valid assumptions must be us d,
and all physical/chemical/biological factors affecting th
process must be considered. Otherwise, process/plant failun
may result, just as poor designs may lead to bridge collap
structures collapse and even infrastructure collapse, and th
damage could be colossal with human and material loss
Hazards that may be experienced in chemical plants inclu I
explosion during mixing operations, fire hazards rHl
explosion of a chemical plant, as experienced in the Bhor I
gas tragedy on the night of December 2-3, 1984 at the unlou
Carbide India Limited (UCIL) pesticide plant in Bhopal, Indl
Highly toxic substance, methyl isocyanate (MIC) gas, m 1<1
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round the small towns located near the
nds of people.

I 11 I> viewed from different perspectives:
Ih. 1(.1, art, or profession of a person who m?dels

1 1I11 llch as the fashion designer who uses his/her
, 1\ luipment and experience;

\I I tr atment of volume or the process .of
1111 IIHJ the sculptured form with s~me. (plastic)

'I I I I uch as clay before the ~ast~r-plece,
III I chnique of rendering the IllUSion of volume on
I) url ce by shading; .
III r presentation, often mathematical, of a

mOCOE~G, concept or operation of the system, often
"l I 11\ nted by a computer program; ~nd .

I () includes imitation, psych.ologl~a.1 therapy In
II\« II 1 particular behaviou~ IS .ellclted by the

1\1 IV.lIIOn of similar behaViour In others. or .a
1"1 qu in psychotherapy in which .the patient IS

d to model his/her behaViour after the
"' 11\1 H
I' , Ipl t' .

\I II III ut modelling so often goes into the di~ec~ion of
III ,Ihl m tical expressions. However,. thiS. IS not.w"~'"11, I' , Ithough most models in ~ngl~e~nng are

111 m delling, I am talking about In this Inaug~ral
t gory 4 (complex qualitative mathematical"'''11'" I III (cl ti f

••••••••'tlIOII) It is the mathematical representa Ion 0 .a
y I IT) using the fundamental laws of baSIC

I w of onservation of mass, energy, momen.tum,
••tllllIlllIHill III orn cases, with the transport rate .eq~atlon~t

I I t equilibrium and chemical kinetics
11 ,I, ' . t to

" 'Intuitive power to create and mnova e
I I uuation with minimum loss of accuracy.

lilt I', 11 P rimental results i~ mandatory to transl~te
I1 \I" I It I ,I P rspectives. It ISone of the ever-growing

I IlIployed by engineers to meet the c~allen~es
I, 11 I. competition amongst process Industries

It I 11 i to protect available markets. The a?ve~t
I d Ilt.ll computers has made its appllcation In

I I" nn very interesting and rewardmg.
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Moreover, the use of mathematical models makes the running
of costly, time- and effort-consuming experiments
unnecessary, though experimental results are required to
validate the proposed model before it becomes acceptable to
Engineers for improving the initial design of process
equipment, and rationally scaling up the process. Engineers
are then concerned with the enhancement of the operation of
the plant once it is installed. Tangible benefits arise from
improved plant performance, such as largest production,
greatest profit, minimum operating cost, improved yields of
valuable products (or reduced yields of contaminants),
reduced energy consumption, and longer times between
shutdowns. Here is a list of the most important activities of
chemical engineering, which are somewhat impossibl
without mathematical modelling: process design; proces
development; reduction of time and costs in all stages of th
process life cycle; an increase of process efficiency;
calculations of operation benefits; process troubleshooting;
and equipment sizing. Furthermore, modelling giv"
allowance for a better and deeper understanding of 111
process and its operation; as well as support for the solution
adopted during the process; it helps in decision making durinr]
the process development and exploitation; ensures an ea y
technologicat handling of the process; increases the quality 01
process management; reveals abilities to handle cornpl \
problems; improves process monitoring; and it predi t-:
product qualities. Continuous process optirnisation,
contribution to reducing pollution; improving the safety of tilt
plants; marketing new products faster; reducing w ',11
emission while the process is being developed; improving tilt
quality of the products; education of engineers; and ensurinq
a high quality of training of the operators are other activitu
impossible without modelling.

Simulation may imply different things amongst peopk,
depending on the field of expertise. To the Mechanu.tl
Engineers, simulation is one of the major techniqu ~ 1,1
investigate a lot of product's properties such as rnechanu I
performance, heat transfer properties etc. Equally, vir III I
prototyping belongs to the field of simulation. Even for 111
researchers in robotics, most of the robots are first t ',1,tI

,11 11<n software and then apply to ~he physical
1\ II ( .11Engineers may think of simulatlo~ a~ so~e

1111111imulation, with some intewated .clrcul~st~~S~
11\11uv n software to test the dasiqn lo.glc an .

II1 phy ical production. The I~dustnal Englne~~:
I1 I Ih. performance and beha~lour of the s~rv d

I1 111 discrete-event simulation or. agent- ase
11 1:1 rs who concentrate on theor.etl~~I.wo~kS ~se

\1 (I' probabilistic) simulation (vanabllltl~s In tl~e
) to test model performance or venfy certaln

ll\1 1 • • th d The world footba
UIII\ or statistical me 0 s'. . b football

I t Iy FIFA considers SImulatIon Y a .
I "'1)·' itt d n hIm/her

11Ih. fi Id of play as a fake foul ?O~.~I e ~ "
1 I I sues a yellow card at firs! sunulation and a

I I I ( . Y other foul
I I qiven for a second one or an
I d 1111 .waros.

\ lIor Sir in the context of this ina~gural

I:IlIII·.~'t~~nim'plies' a tr~n~ition f~O~: ~;~~:~/~~~~~~~
I1 I Inod I to a descnptl.on 0 ters Process

1,11'111,11III hId on sets of Input parame.. .
11lit III 11( mDthematic~1 mOd~ls as apr~~:~sforb:~:~~~~

\1III I' ting detectIon 0 a . t
I '\ ul wh ther the process is existing in reality or no .

I 1111111.111n is there to increase the leve~of knowffl~?get
.' h' d by usmq an e icien

, IIIe I rI. 11I10C ss. ThIS.'S ac leve matical model to
I11 11\\1111rici I translation of the mathec uently it

I d executable codes. onseq ,
I I .Iltl )11\un an lnati f the process in

"J'VllhlU \ d t 11\d study and examma Ion 0 , d t
,1\ \ v·r h nging ,process ~arame~e~ss\~~~t~n i~

11lld, I t.lI1d its behaviour. To e
l
precis 'thods to the

I 111,1Ill' t way to test mode s or me, ,
11 III I 11\ unpl mentation. In other v:rords, ~Cl: t~~ ~:~~

11'I W. Y 10 investig~te the peT~~:~a otherwise
11\ IIIIIIIII.I\ions of the, blgh~9y~~~~chnical r:sources or
I , I1 IIIOIl Y or requue I Therefore

I1 11111"I Ihl to i,nvestigate. or ~~~g~~chniqUes i~
H 111,1' lmulation are impo iof f system

lid " i nce because the descnp Ion 0 , f
I Y \ P rimentation might not be feaSible or



1. inaccessible inputs and outputs;
2. experiments may be very dangerous;
3. cost of experiments might be too prohibitive;
4. time constants of the system may not be compatibl

with human dimensions; and
5. experimental behaviour might be obscured by

disturbances.

Modelling and computer simulation (M&CS) pervades virtually
all areas of human endeavours, without realisation. It stem
from the fields of science through engineering to busines
analytics and other areas of life. M&CS refers to using
models (physical, mathematical, or otherwise logic I
representation of a system, entity, phenomenon, or proces )
as a basis for simulation (methods of implementing a model)
over time; to develop data as a basis for managerial or
technical decision making. It facilitates understanding of n
system's behaviour without actually testing the system in th
real world. For instance, to determine which type of spou r
would improve traction the most while designing a race car, ,
computer simulation of the car could be used to estimate th
effect of different spoiler shapes on the coefficient of friction In
a turn. Useful insights about different decisions in the design
could be gleaned without actually building the car. Besid
simulation can support experimentation that occurs totally III

software, or in hardware-in-the-Ioop environments wh n
simulation represents systems or generates data needed 10
meet experiment objectives. Furthermore, simulation can bl
used to train people in a virtual environment that would
otherwise be difficult or expensive to produce. To ensure th.tt
the results of the simulation are applicable to the real world,
the engineering manager must understand the assumption ,
conceptualizations, and implementation constraints of HII
emerging field. Results of actual experiments must t>
considered to make models better. Summarily, the objecuv
of numerical modelling and simulation of any system I III
obtain a virtual realisation of the system that perfectly or
almost perfectly describes what happens in real life. M&
of chemical processes is the only straw with which I, Ilk
every other engineer, have to make the bricks. It I I

powerful aid in designing new products and system, II
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. d in designing developing and
11111 « xisting. designs, an M&CS allo~s the study of a

I II1 I pi ductlo~ proces~e). performance under transient
(Ill • chemical reac or0 erations and quantitatively

IIIIt III uch as ~t.art-uPdr~iability This is illustrated in
I I pi cess sta~lltty a~ Alabi (2009) for methanogenic

III (I Olafade ~n a.n ter under different operational
I 1\ ,\11 anaerobic dlges d'ff' It to testbe extremely I ICU

I1 1111111I that can. y powerful approach to
I III III \It. lly. M&CS IS a ver'll be highlighted in this

III I1 1 CI~~~:X:hs:~:~, e~~i:elering company is working
I 1111 I, • • project such as a

11 Ill< r dibly intricate and expensive . ' chemical
, tellite or submanne,

\11 IIcopter, s~ d simulation is massively
,/pl~nt, modelltng f an allows the company to cut

III III us,. It s~~e~e~~:'the solution can be tested in
11 011 osts, and . 0 would be impossible. M&CS

I 1IIlII where physical testl~g I d efficiently. It provides
I I ,11world problems sale ~ anWhich is easily verified,

Itlip 11t nt method of ana YSIS,

11111111\11, ted and understood.

ONTRIBUTIONS TO KNOWLEDGE

I carch and Development Studies on Local Raw

Materials

Sir Extensive Research and
I VII Chancellor, '0 I d fOsherywastes

do local agncultura an I
I IU\I11I nt stu les on 0 d out to provide

11\111 ,11 pollutants) h~ve ~e~~e~~;~\e processes for the
I I I11I I d I for th~ desl~n c~rtain raw materials. T~e
1111111 I( I,ll production 0 Id add value to the economy
\I 11111 f these wastes wou f 11 and medium scale
1 11111 \I a potential avenue or sma"I II1 ' th reby creating employment.

. tl of Activated
III duction and Characte~lsa Ion

, Ibon for Adsorption Studies

\ I like many other developing noatio~s, activated
, , met by importation In eno~mous

\1 quircments are cost since commercial activated
1I very high
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carbon is very expensive. However, vast quantities of low-
cost lignocellulosic materials are generated annually as
waste. These are precursors for the preparation of activated
carbon to meet local demands and possibly for exportation.

•. The thrust of our studies (Olafadehan et al., 2012; 2018a;
2019a) was to create wealth from waste via converting these
materials into a value-added product and resource for other
industries. Amidst these materials, waste materials from
agricultural by-products such as coconut shell, sawdust,
bones of animals (cow and goats), and shells of crustaceans
are economical and eco-friendly. This is due to their
exceptional chemical composition, abundance, renewability,
minimal cost of conversion as well as their efficiency in the
treatment of industrial wastewater. Other raw materials that
can be used for commercial production of activated carbon
include wood, refinery residuals, peat, coal (bituminous, sub
bituminous, and lignite), coke, pitches, carbon blacks and
nutshells. Many high carbon materials considered wastes
that can also be used for producing activated carbon include:
used bamboo, which can be found around many building
construction sites in substantial quantity at almost no cost; old
and worn-out automobile tyres (literature on its use as
precursor for the production of activated carbon is vast).
Others are sawdust and wood shavings (many sawmill
around the Lagos metropolis produce enormous quantity of
particulate wood with no further utilisation but incineration);
bagasse (enormous quantity of sugar cane fibre residue from
sugar manufacturing industries) is produced in Nigeria with no
real use except to be used as fuel; rice hulls and husk (from
rice production and other grains); animal horns and bon
(from meat production industries) which can be used for
production of a special type of activated carbon of rneso- and
macro-pores called bone char, which is used in large quantity
for sugar refining and to adsorb metals as well as organic
chemicals from aqueous systems; palm kernel shell, whit It
can be found in large quantities in palm oil producinq
communities. However, the palm kernel shell has found W I

in local foundries and blacksmith shops as an alternativ to
charcoal, hence, it has economic value and does not COI1H
cheap. Other vastly available raw materials are hard sh 11,
cobs, pits, pods and capsules of nuts. Also, fruits and se ds,
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I 11III or not including walnut, chestnut, acorn, hazel-
11

1
1"( live, pe~ch, peanut, almond, hickory, p~can etc.

hit f edstocks for activated carbon production.

11111'h 11was used in our study (Olafa.dehan et al.,
11)I roduce powder and granular activated carbon

Id 1111t quation (1):

1111111111 400-600"C.I-3" > Carbon + Ash + Volatile gases (1)

I III ()llut shell was obtained in en.orm?us quantity as a ~y-
11I of copra processing, which IS the method or

It 11I1I oconut oil; discarded shells of the consumed
II whit fleshy coconut meat (the endosperm) and from

I 1111111;ous uses of coconuts. The char pr?duced was
I \I d using 20% by weight zinc (11) chloride (ZnCb),

11 I cl by heating in the absence of air to produce ZnCI2-
111111'11 11 carbon (ZCSC). The flowsheet for the
IIIPlll nt of activated carbon from coconut shell was

11 111)1. f dehan et al. (2012a).

the effectiveness of the activated carbon
1111, ur . d f th

11 Ii I cl 1)(1sd on its application In our stu y or e
11111lit )f brewery wastewater effluent. (O.lafadehan et aid

I ,) III chemical test methods of Iodine numb~r an
11 I'll I lu number were carried out to characterise the

I I 1 I: d (.lrbon. For liquid-phase adsorption, ot.her prod.u~t
1I I I111"lion methods employed in our study Inclu~ed. Yo

11, 11content, specific surface area, and bulk density.

11w IIl1ut (Tetracarpidium conop~or~m) shell is a high~y
II1\I ou and fibrous material with little .or no economiC

uIII It bundance and low cost make I! a go.od scurce
I1IIIt It I lion of activated carbon. Its disposal IS not only
I" 1I .11' causes environmental problems. Hence, the
1\1 III ClI har from walnut shells adds value to the walnut
w " t(). It also helps to re.duce the cost. of waste
tI III I provides a potentially cheap a~ternatlve to the

I I III (.1rbonaceous adsorbents (Yevich and Logan,
1111111work of Olafadehan et al. (2018a), carbon was
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produced from walnut shell according to Equation (2) for th
carbonization process.

Walnut shell 600"C.2" + WSC + CO
2

This was followed by surface modifications of the walnut sh 11
carbon (WSC) via chemical activation usinq
tetraoxophosphate (V) acid (H3P04) to obtain acid-treat cf
walnut shell carbon (AWSC), according to Equation (3):

WSC 750°C. HJPO,. Srn;n +AWSC + CO
2

Subsequently, the WSC and AWSC were independently
impregnated on the prepared chitosan (as discussed ill
Section 3.1.2) to obtain walnut shell carbon impregnated 011

chitosan (WSCC) and acid-treated walnut shell carbon
impregnated on chitosan (AWSCC). The aim was to
investigate the respective removal efficiencies of Zn (/I) ion
in aqueous solutions using the prepared adsorbent
Succinct characterisation of the different comoosta
biosorbents prepared was carried out (Olafadehan et <112018a).

In furtherance of our contributions in the quest for low-eo: t
and eCO-friendly commercial adsorbents for industri."
applications, Olafadehan et al. (2019a) prepared char from
animal (cow) bone (a waste) from our abattoirs, (referred to
as animal bone carbon, ABC) through carbonization procc •
according to Equation (4):

. Animal bone 700"C.311 +ABC + CO
2

The produced char was chemically activated using H3
acid and ZnCI2, to obtain acid-treated animal bone carbon
(MBC) and ZnCl2-treated animal bone carbon (ZABC)
respectively, according to Equations (5) and (6):

ABC
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(2)

II 1,1" >ZABC + C02 (6)

(3)

ducts were surface modified by'''''''1''"11 I tll se pro ( dl ssed,"~II"lj' I1"; 0', chitosan obtai~ed fromdshri~Pal ~~n~s~~rbon
I I) t oduce acid-treate arurn

I 11 o. pr MBCC) and ZnCl2-treated animal
IItU'" "HI! I cl on hitosan ( . (ZABCC) respectively.

I I III 111'[regnated on chltosa~ . . f the
I I 1I1111111l.ltionon the characterls~d,odn ~~o~~=,e~O~k of

I 1/1 I adsorbents were provi e I
111I114I/'(2019a).

I III 11IV characterisation stu~ie~ ~:~Ie(~~~)da~~tr~~
I III onut shell .(RCS),.raw wa n~ ~t'mate analys~s, as

I 1111111(RAB) via proximate an u I
11.dill abte 1.

Ultimate and proximate analyses ~f the raw
I1 d (Olafadehan et al., 2012a; 2018a, 2019a).

Ulllmate analysis (%) Proximate analysis (%)

Moisture Ash Volatile FixedH N S 0

content content matter carbon

47.10 12.78 0.62 72.90 13.701.90 0.15 0.05

47.95 11.60 1.40 70.50 16.505.90 0.25 0.00

48.30 5.50 0.40 75.40 1.501.72 0.20 0.10

for the preparation111111nltimate analyses, ~he p~~c~rs~rin our studies had
III dllll' nt adsorbents

l
rnves I,g:u~ contents Thus, they

tow 11111. 9 n and v~ry o::t~IPissues involving oxides of
11,I I ontribute to envrronrn h t hemical smog formation

I 11"lid ulphur such as p 0 ~'~eIY The lignocellulosic
I I It I I,tin phenomenon ~~s~~~ IRAB was obtained as %
Ill'" . lion of the RCS, R .. f r coconut shell walnut

1/111,I' I hemicellulose and lignin 0 0 d 30 50) '(41 40
' . (33 00, 36.5 an . , .,

111I1c1,1I1Ifnalbone were 3'920 and 14.90) respectively.
"" 111117.60) and (45.90, : I bone used in this study

11\I III nin content of ih~:~'~~terials with a low content
I lIlt is useful to no e. a f the producticn of
1I11111i re good candidates or
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microporous activated carbon (Daud and AIi 2004' G
et al., 1994). ' ,ergovtl

Similarly, the prepared char and th .
characterised and the results are pre:e~~!I~~~e~a~f~b2~n w I1

Table 2. Proximate analyse d .properties of the r s an physicochernic 11
~ (Olafadehan et al.; 2~~~~~~~~:~; a2~~~~~ activated carbon

fdsorbents Proximate analysis, %
- .
~hysicochemical propertic

Moisture Ash Volatile Fixed Surface Bulk pH

content content matter carbon arealm2g.1 densitylg

~

ml,:'

5.14 6.20 9.88 15.45 650 0.65 9.0

WSC 6.72 6.50 10.56 17.08
.

620 -0.30 9.0

ABC 22.50 6.65 7.76 62.42 300

ZCSC ••
;.J08 8.0

5.00 6.05 9.80 12.05 728 . 0.90 9.1

ZWSC 6.00 2.05 8.76 16.90 !X!~ ..
I 0.40 i'o.8.5

1 .'. 3-:: 21.20 8.24 7.74 13.10 j '0' 1.1907 8.1
~·V~r.I"v .) . 5.10 1.49 9.28 16.54 634

loo ,

0.50 7.6
.\.. '.L. •• 17.55 6.00 7.76 12.20 387.40 1.088 8.33

:FVI~)omplementing results from Fourier-Transform Infrar d
\ are presented only for ABC and MBC' F'and 9. In Igur 11

."':
.1oJ~

:1~:~~,.,~,
'N.j..-~
.,.; ) ~rw-. ~ ....•~... ~.•

t,

• r"w •

Figure 8. FTlR spectra of animal bone carbon (ABC)
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/10 of acid-treated animal bone carbon (MBC)

III I\!( lion Microscope (SEM) and Electron-dispersive
III I I1or copy (EDX) analyses were reported in

I I, 11I I nl. (2012a; 2018a; 2019a). The absorption
I II1 't ndard biosorbents from Sigma-Aldrich in

I I IId the experimentally prepared ones (in our
I I Ihlll ) In the range of 4000 to 400 cm:' (indicating the

1I111tlon: I groups) were in excellent agreement.

( 110111(;Ilor, Sir, the import of producing activated
111111\(.Irbonaceous materials (agricultural, plant and

It (Ion )) is that a lot of income can be generated
uv It d cnrbon production, with the price of activated

, I 11 IlII USD450.00-USD2,000/ton, depending on its
III I1 I h annual global activated carbon market size
I I1 lit dill USD 4.72 billion in 2018 with an expected

I I 11.1 ompound annual growth rate of 17.5% from
11 I (published by Global View Research in May

lilt pI< Juction of activated carbon locally, which can
1I 1,\1 w stewater, will not only reduce the cost of

1 I1wnt r by local industries but also increase the
1111 I ( product (GDP) of our nation .
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3.1.2 Optimisation Studies for Production of Chitin and
Chitosan from Nigerian Crustaceans Shells Wastes and
Their Characterisations

The effective and efficient utilisation of materials and wa
materials is one of the world's greatest responsibilities 11
terms of sustainable development and environment d
protection. Every year, the industrial processing plants of fit 11
and the fish markets produce enormous crustaceans (shrimp.
crab, prawns, lobster, crayfish and krill) shells. Aftl I
processing, the discarded fishery wastes constitute .Ill
environmental hazard. These are invaluable sources 01
chitin, which can be further processed into chltos.m
However, there is a dearth of detailed information on tl1
extraction and characterisation of chitin and chitosan that ,.111
be obtained from crustaceans of Nigeria origin. Crustae nil
shell wastes are available in abundance along the river b 111
and coastal lines. In our works (Olafadehan et aI., 201 B.I.
2019a; 2019b; Amoo et al., 2019), shrimp and UNILA I

lagoon snail and crab shell wastes were independ nllv
utilised to produce chitin and chitosan. These added-valru
products possess physiological and biological properties 11111
could be exploited in several major research areas. Th I

include pulp and paper, textiles, medical, .cosm 1I ,
biotechnology, agriculture and food industries. Other pos 11I
areas of application are chemical production, separation, .11111
environmental sanitation (Gerente et al., 2007). For III
production of chitin and chitosan from the shell W'I' I1 •
Olafadehan et al. (2019b) and Amoo et al. (2019) determhu d
the optimum conditions of the process variables for I1\I
extraction processes using the statistical strategy of f 101 tI
design of the Box-Behnken design of experiments 1I, 11I
response surface methodology. The effect of four pr (I

variables: HCI molar concentration, Xl' demineralisation tillil

X2, NaOH molar concentration.Yj .ano deproteini .111111

time, X4, on the yield of chitin was studied. Equally, 1I1I

effects of three process variables: NaOH concentration, \ I

deacetylation temperature, X6, and deacetylation tim , \' ,
on the yield of extracted chitosan and degree of deac tyldl till

. sti ated We obtained robust,
I 111(1).nn were inve g dratic models for predicting
11I • lllctly concave qua. d the degree of
1III11yl lds of chitin and chitosan an .

Mllt'HIVI tllIlI (f OA) of chitosan. The models are for.
IIltll ( I amnicofa): ...,...,

I /XH2 + 6.9408X
I

+ 0.9496X 2 + 4.2-,-,8X 3

H3X
4

-0.7708X~ -0.0223X; -0.5896X:

v -0 0379X X -0.32X\X3 -0.2225X\X4
; 4' \ 2

"X m11 I ' ();\1 4

1 \ It) 17 -I 0.3658Xs +0.4364X6 +0.0131X7

11 ()()' r; -0.0026X~ -0.00004867 X;

2.0063Xs +1.0932X6 +0.2354X7

\ v 0.0073X~ -O.0004X; +0.0057 XSX6
I II 11 (9)

11 (lOO. v X 7 - O.0008X 6X 7

dif based on the yieldI d 1111\111xtraction con I Ions M HCI
1l1%) w re obtained to be Xl = 3.25

. I' tion time X = 2.39 M\ /1 ,r 1'\ demlnera rsa ,3

r = 2 h deproteinisation time. The
Id

4
(5.98 g or 13.29%) was obtained at

onditions of X, = 50% w/w NaOH
d X =I ',0' deacetylation temperature,. an :

. . The modelled optimisatlon
111111d \11lylntlon tl;~A of chitosan produced from

tlHlltll'll\ 11 1111I1\I 11IOhst . X-
r _ 5001 w/w NaOH solution, 6 - .

I I1 W r 5 - 10 •

nd X = 187 mm
\ \1 1 lyl,llIon temperature, a 7

I I11I I1\I , with the corresponding predicted DDA of
1\ d I It \\0111I 1.,2019b).

(8)
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Pink shrimp (Penaeus notialis):

(YJpred =- 20.3650+0.2985X5 +0.4349X6 +0.OU~PX7

-0.0050X; -0.0031X~ -0.0001X; +0.023X5X6 (11)

(DDA)pred =4l.4627 +0.4623X5 +0.5794X6 +0.0371X7
-O.0044X; -0.0037 X~ +0.0035X5X6 -0.0004X5X7
-0.0004X6X7 (12)

The respective modelled optimisation conditions for the
maximum yields of chitin and chitosan and for the highest
DDA of chitosan from shrimp (Penaeus notialis) shell wastes
were obtained as: XI = 3.25 M HCI solution, X2 = 19.03 h

demineralisation time, X3 = 2.43 M NaOH solution, and X4 =
2.03 h deproteinisation time), (X5 = 50% w/w NaOH solution,

X6 = 87.9°C deacetylation temperature, and X7 = 145.26 min

deacetylation time) and (X5 = 50% w/w NaOH solution, X6 =
97.2°C deacetylation temperature, and X7 = 90 mins
deacetylation time) (Amoo et al., 2019).

In Equations (7)-(12), only the process variables with
significant effects at 95% confidence levels were revealed
while those with insignificant effects have been eliminated.
Moreover, in both cases of extraction of chitin and chitosan
from crab and shrimp, excellent agreements were achieved
between the experimental responses (extraction yields of
chitin and chitosan, and DDA of extracted chitosan) and their
predicted values with % error < ± 5 in all cases. These
optimised conditions were subsequently used for the
extraction of chitin and eventual production of chitosan by
partial deacetylation of chitin under strong alkaline solution of
NaOH, as shown in Figure 10, and the chemical reaction
involved shown in Figure 11.
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Figure 11. Conversion of chitin to chitcsan by chemical deacetylation.

. t' t dies were carried out on
Comprehensive charactensa Ion s ~ . t and ultimate

d h't' nd chitosan via proxima e
the prepare c. I In a f I frared (FTIR), X-ray Diffraction
analyses, Founer-Trans orm ~ (SEM) and Electron-
(XRD) Scanning Electron Microscope E tt-, (EDX) Brunauer- mme
Dispersive X-ray Spectroscopy '. (TEM)
Teller (BET), and Transmission Electron MI~r~COpy 2019).
analyses (Olafadehan et a\.; 2018a, 2019a, moo,
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The a~sorption bands of the respective standard chitosan
from SI.gma-Aldrich in Germany, renowned for commercial
produ.ctlon of chitosan around the globe, and the
~xpenmentally prepared chitosan in our works were in
excel!ent ~greement. Typical results obtained in our studies
are gIven In Tables 3-5.

Table 3. Characteristics absorption bands in
spectra of standard and experimentally
chitosan from snail shell.

the FTIR
prepared

Standard wavelength 3438 1661 1418 1026 896 752(cm")
Experimental 3348.25 1657.70 1388.77 1028.31 885.07 750.06wavelenoth (cm")
% error +2.61 +0.20 +2.06 +0.23 +1.22 +0.26

Ta?le 4. C.omparison of the experimental FTIR bands of
chitosan Isolated from shrimp waste shells and th
standard from Sigma Afdrich. e

Parameters I Functional group and
vibrating modes

Refined
(decolourised)

Wavelength
(cm")

Raw (non-
decolourised)
Wavelength

(cm")

Standard %
(cm") error

IJ (NH2) associated with primary amines and
IJ (OH)associated with pyranose ring
IJ.,(CH2 in CH20H croup

3458 3419·3768 3428 ::0.88

2927 2925 2923 ±0.14IJ C-H) in pyranose rino 2359·2891 2358 2880 ±0.38IJ COin NHCOCH3 Qroup (amide I band)
IJ NH2) in NHCOCH3 Group (amide 11 band)

1643 1630·1785 1667·1623 +1.44
1550 1548 Not detccted
1428 1441 1422 ±0.42OsCH3) in NHCOCH3 oroup

o~C--H) in pyranose ring
1383 1382 1380 +0.22
1320 1311 1322 +0.15Complex vibrations of NHCOgroup (amide III

band)
IJs(C O-C) (olycosidic linkage)

1260 Not detected 1262 ±0.16

1143 Not detected 1155 +1.04IJ.,(C 0 C) (clycosidic linkaae)
IJjC 0) in secondary OH orouo

1073 1086 1077 ±0.37
1069 1029 1074 I ±0.47D(C 0) in primary OH croup 1030 742·951 1031 +0.10Pyranose rinQ skeletal vibrations 885 888 897 ±1.34o (NH) out of plane 660 Not detected 664 ±0.60o (OH) out of plane 614 Not detected 616 ±0.32
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Table 5. Comparison of the experimental FT-IR bands of
chitosan isolated from crab waste shells and the
standard from Sigma Aldrich.

Parameters I Functional group and Refined Raw (non- Standard %
vibrating modes (decolourised) decolourised) (cm·1) error

Wavelength (cm") Wavelength (cm")

IJ (NH2) associated with primary 3418·3780 3458·3775 3422 ±0.12
amines and IJ (OH)associated with
pyranose ring
IJ.,(CH2) in CH20H Qroup 2928·3204 2929 2923 ±0.17
IJ C-H) in pyranose rino 2865 2356·2890 2879 ±0.49
IJ (C=O) in NHCOCH3 group 1622 1639 1655·1627 ±0.31
(amide I band)
IJ (NH2) in NHCOCH3 group (amide 1515 Not detected Not -
11 band) detected
0(CH2) in CH20HQroup 1422 1457 1422 0
OsCH3) in NHCOCH3 Qroup 1384 1425 1382 +0.14
o C-H) in pyranose rino 1310 1384 1322 +0.91
Complex vibrations of NHCOgroup 1255 1247 1257 ±0.16
(amide III band)
IJs(C--O-C) (clvcostcic linkaqe) 1114 1120 1077 ±3.44
IJ.,(C-O-C) (olvcosidlc linkace) 1090 1052 1073 +1.58
IJ (C-O) in secondary OH qroup 1033 1010 1030 +0.29
IJ C-O) in primary OH qroup 1025 945 1029 ±0.39
Pyranose ring skeletal vibrations 890 876 897 ±0.78

o (NH) out of plane 660 654 662 ±0.30

o (OH) out of plane 601 Not detected 605 ±0.66

Mr. Vice Chancellor, Sir, our proposed models in Equations
(7)-(12) are useful for optimising local production of chitosan
from the investigated crustaceans of Nigerian origin.
Moreover, the characterisation tests confirmed the local
production of chitosan from the snail, shrimp and crab shell
wastes since % errors < ± 5 in all cases (Tables 3-5). The
implication and application of these works are in the direct
use of the current drive to produce chitosan from the
underutilised crustacean shells to ameliorate health hazard.
Moreover, it provides alternatives to the heavy reliance on
imported chitosan. Chitosan finds extensive use as an agent
for sanitising the environment. It is also used in surgical
medicine due to its enhanced healing properties (Muzzarelli
and Peter, 1997). Pharmaceutically, it is used in cholesterol
control, tumour inhibition, artificial skin, contact lens,
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controlled drug release, and plaque inhibition in the dental
field (Akbuga and Bergisadi, 1996; Ko et al., 2003). In
agriculture, chitosan is used to improve the yield of rice and
orchid production (Kim, 2010). It is a significant ingredient in

~eight loss products or fat reducers in food industries (ilium,
1998; Seo et al., 1988; Teixeira et al., 1990). Other areas of
chitosan applications are in seed coating (Hirano et al., 2001);
leaf coating, hydroponic fertilizer (Ren et al., 2001); food
preservatives (Rhoades and Roller, 2000; Omara et al.,
2019); and biodegradable packaging (Srinivasa et al., 2002).

Ironically, our country is not currently amongst the key market
players in chitosan production and supplies as profiled by
Allied Market Research (2018), which are Advanced
Biopolymers AS (Norway), Heppe Medical Chitosan GmbH
(Germany), GTC BioCorporation (China), Primex ehf
(Ireland), Kitozyme S.A. (Belgium), Novamatrix (Norway),
Agratech International Inc. (USA), Golden-Shell
Pharmaceutical Co. Ltd. (China), Qingdao Yunzhou
Biochemistry Co. Ltd. (China) and Panvo Organics Pvt Ltd.
(India). Hence, it is high time we repositioned ourselves as a
major player in the value chain of chitosan as the only known
key player in the country, the National Institute of
Oceanography and Marine Research, Victoria Island, Lagos,
is no longer producing chitin for local uses. Japan accounted
for the highest market share in the Asia-Pacific chitosan
market: she generated a revenue of $499 million in the year
2015 and is expected to reach $956 million by the end of
2022, growing at a compound annual growth rate (CAGR) of
9.1 %. Hence, local production of chitosan (as revealed in our
studies) can be a source of forex earning as the annual
chitosan market size was valued at $5.71 billion in 2018 and
is anticipated to expand at a CAGR of 20.8% from 2019 to
2025 (as published by Grand View Research in June 2019).
The Nigeria-chitosan. product can compete favourably for
export in the African and world markets thus opening a
window for improved foreign exchange earnings. It is only
when we export that our foreign exchange earnings can
improve the strength of the naira against stronger currencies
like pounds, dollars and euro, and save us from the present
foreign exchange imbalance.
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3.1.3 Development of Composite Biosorbents

Mr Vice Chancellor, Sir, in furtherance of the works carried
out in Subsections (3.1.1) and (3.1.2), we recorded hu~e
successes in the development of a di~ersity ,of composite
biosorbents by impregnating the respective act~vated car?on
on the prepared chitosan for, adsorption. studies.
Comprehensive characterisation studies were carried o.ut on
the composite biosorbents via proximate and ultlm~te
anal ses, Fourier-Transform Infrared (FT,IR), .Scannlng
Elecrron Microscope (SEM) and Electron-dispersive X-ra~
Spectroscopy (EDX) analyses (Olafadehan et al., 2018a,
2019a, Amoo, 2019).

3.1.4 Improvement of Rheologi.cal Properties of Drilling
Fluid Using Locally Based Matenals

For some countries that are endowed with fossil fuel deposit,
for example Nigeria, energy supply depends on the extent of
exploration and exploitation of oil and gas reser:es = other
natural resources. Also, in the case of Niqeria, th~se
resources are the mainstay of the economy. For exploration,
drilling is often used to confirm the presence of most n~tural
resources below the earth crust. It is the process of makl~g a
hole in the earth's surface to create access to. the ,~eslred

One of the important materials used In dnlllng forresource. , . Th' fluid
oil and gas prospecting is the drilling flul~/mud. IS UI
comes in two types: water-based mud ~nd oil-based m~d. In
Nigeria, companies involved in the desiqn and production of
drilling fluid for the oil and gas sector have .over ~he years
imported the material, adjusted ,its properties with some
additives to suit the formation requirements for the.ar~a to be
drilled. This has been a major challe~ge to the 1~~lgenous

ies Owinq to the high cost of Imported drillinq mud,companle . . . d t
the indigenous companies have been incapacitate 0
compete favourably with their foreign count~rpart~., Thus,
research into the area of designing and producl~g d.nlllng mud
locally or finding suitable local substitutes IS timely ~nd

Efforts to produce drilling fluid uSing strictlynecessary. . d t I
indi enous materials have yielded partial success u~ 0 0,:",
gel ;trength of the drilling fluid produced as well as high fluid



loss. These made the produced drilling fluid quite unsuitable
for drilling processes. The gel strength of drilling fluid is a
very important property that determines if the drilling fluid can
adequately suspend the cuttings and transport them to the
surface while supporting the stability of the formation. In our
work (O/atunde et al., 2012), considering the fact that
bentonite clay is the base material for all water-based drilling
fluids, we developed four water-based drilling fluids locally:
spud (or bentonite water suspension) mud, three separate
mixtures of spud mud with 1g, 2g and 3g guar gum, three
separate mixtures of spud mud with 1 g, 2 g and 3 g
polyanionic cellulose (PAC), and three separate mixtures of
spud mud with 32 g, 64 g and 96 g gum Arabic separately.
The aim is to determine the compatibility of bentonite with
other materials. The rheological property of each of the
formulated drilling muds was determined at 1200F, as
presented in Table 6 for typical analyses.

Table 6. Rheologica/ properties of the developed drilling
muds at 120°F.

Property Spud mud Mix of spud Mix of spud Mix of spud mud
mud with 1 9 mud with 1 9 with 32 9 gum

~uar~um PAC ArabicViscosJty at different a itation ~eed cp)
600 rpm 5.0 47.0 64.0 84.0300 rpm 3.0 38.0 34.0 59.0200 rpm 2.0 34.0 26.0 49.0100 rpm 1.0 30.0 16.0 36.06 rpm - 22.0 4.0 9.03 rpm - 21.0 3.0 8.0Gel strength (lb/lOO ft2

At 10s - 24.0 5.0 10.0At 10 min 1.0 35.0 9.0 15.0At 30 min 1.0 45.0 20.0 20.0Average viscosity 2.5 23.5 32.0 42.0(cp) 2.0 9.0 30.0 25.0Plastic viscosity (cp) 1.0 29.0 4.0 34.0Yieldyoint (lb/l00ft2)

It can be seen that the spud mud had the least rheological
properties at 120°F amongst the formulated drilling muds.
Moreover, the developed drilling fluid combinations were hot-
rolled using hot air rolling oven and ageing cells for 16 h at
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150°F to study temperature stability of the drilling fluid
additives. The results are presented in Table 7.

Table 7. Rheological properties of the developed drilling
muds after hot-rolling at 150°F.

322.7

Constituent Spud mud Mix of spud
mud with 1 9
guar cum

Mix of spud
mud with 1
QPAC

Mix of spud
mud with 32 9
cum Arabic

10.510.5
322.7

B t 't Ippm 10.5 10.5~~e m.7
Water/ppm 322.7
Guar gum/ppm - 1~O
PAC/ppm - _
Gum Arabic/ppm - 16
Aging period/h 16 150
Temperaturei"F 150

1.0
1.0
16

150
16

150
Viscosity at different ~itation speed at 1500F (cp)
600 rpm 17.0 52.0
300 rpm 11.0 44.0

9 0 39.0200 rpm .
60 31.0

100 rpm 2'0 16.0
6 rpm 2'0 15.03 rpm .

53.0
34.0
26.0
17.0
5.0
4.0

26.0
17.0
15.0
10.0
5.0
5.0

Gel strencth IIb/l00 ft21
4.0
8.0

20.0

15.0
16.0
22.0

6.0
10.0
20.0

9.0At 10 s
At 10 min
At 30 min

11.0
20.0
13.08.5

6.0
5.0

26.0
8.0

36.0

26.5
19.0
15.0

Average viscosity (cp)
Plastic viscosity (cp)
Yield point (Ib/l 00ft2)

9.0
8.0

Filtration at 100 psi
17.0API fluid loss (ml s)

pH value

Filter cake 1/32"

26.5
9.5
2.0

47.0
8.0
5.0

11.0
9.0
1.0

8.0
1.0

d d . oved
~~e~~i-'r~~~~he~~~~,:r::~~:'~~~~h~O\~~i~~lupr~~rti~P~~~h~
designed muds increased considerably on ~o~-ro Ing 0; bic
at 150°F except for the mix of spud mud ~Ith gum r~ .
Hence g'um Arabic is unstable with heat but It can behus~ ~s

tabilizer as well as a viscosifier to improv~ .t e ? e-
a, s. nd solids-suspension capabilities of drilling fluids.
c earunq a . t the spud mudThis implies that with increase In temper~ ure, d .tt~

. d ith guar gum and mix of spud mu WI
~:C O~~~~d p~~or~1 better as a drilling fluid than the mix of
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spud mud with gum Arabic since the deeper the drilling J •

operation is carried out beneath the earth crust, the higlier the
temperature (and pressure). The API fluid loss test carried
oot on the formulated drilling muds revealed that the PAC
could be used to control fluid loss to the formation as well as
to improve the viscosity of the drilling fluid. The quar gum
was found not to be a good drilling fluid at high pressures
since the more the filter cake, the higher the fluid loss. It is
thus recommended to the companies involved in the design"
and production of drilling fluid for the oil and gas sector that in
a mud system, guar gum should not be used in any way as a
fluid loss agent at high pressures but as a viscosifier.
However, the guar gum showed the highest gel strength and
the most improved rheological properties. The pH 'of the
filtrate obtained from the fluid loss test on the formulated
drilling muds was found to be slightly basic. Hence, the use
of these muds during drilling operation would be able to
neutralise slightly acidic gases that are evolved from the
formation (without damage to the environment). In other
words, in any drilling operation, these muds can be used for
surface drilling of depths not far enough where the emission
of acidic gases is possible. Also, our findings revealed that
indigenous water-based drilling fluid can be formulated since
Nigeria is replete with so many varied raw materials that can
be used for a variety of purposes with a view to improving the
economic situation of the country and also to encouraging
indigenous technological development with improved local
content input in the oil and gas industry. The additives used
in our study are readily available in commercial quantity in
Nigeria, however, there is need to encourage the cultivation
of guar gum tree as well as the processing of the crude gum
Arabic for local use as well as to improve its export value.

3.1.5 Production and Characterisation of Metakaolin for
Zeolite Synthesis

Kaolin is a versatile industrial mineral with numerous
technological applications and it is abundantly available in
Nigeria. Nigeria is blessed with 3 billion metric tons of high-
quality kaolin clay, with almost every state having at least one
known viable deposit of kaolin (Onwualu and Ibrahim, 2010).
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Presently, there are few kaolin processing plants in Nigeria.
They are located in Katsina, Edo and Plateau States. The
largest user of kaolin in Nigeria is the paper industry, where it
is utilised as a filler and coating agent; kaolin also finds
extensive use in the pharmaceuticals and wastewater
treatment. There is a growing interest in the use of kaolin (as
a combined source of silica and alumina) for zeolite
synthesis. However, there has not been any major (or
reported) work in the literature on the use and proper
characterisation of Okpella kaolin deposits in Etsako East,
Edo State, Nigeria, (hitherto referred to as Nigeria Okpella
kaolin, NOK), to synthesise zeolite. In our work, we
investigated the suitability of Nigeria Okpella kaolin and
metakaolin for the synthesis of zeolite (Okolie et al., 2016).
Refined kaolin of <14 urn particle size and an estimated
kaolinite content of 90.23 % were obtained. The optimal
calcination parameters were obtained as 750°C and an
exposure time of 15 minutes. The conversion of the kaolinite
to metakaolinite was confirmed through XRD and TGAlDTA
and BET analyses of the raw and thermally treated kaolin
samples. These are depicted in Figures 12-15. The
respective BET surface areas of NOK and thermally treated
metakaolin were within the published acceptable range of
(14.5773±0.0894) m2/g, (11.7811±0.1245) m2/g and
(11.8714±0.1197) m2/g.



(b)

(c)
Figure 12. (a) EOS; (b) SEM analysis, and (c) SEM micrograph of raw
NOK.
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Figure 13. XRD pattern of (a) raw NOK. (b) refined NOK and (c) raw and
refined NOK at 2 theta degree where the ordinate and abscissa represent

intensity and 28 (0C).
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Figure 14. XRD pattern of metakaolin at (a) 750°C for 15 minutes (MK750)
(b) 6500C for 60 minutes (MK650). where the ordinate and abscissa

represent intensity and 28 (OC).
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Figure 15: TGIDTG of (a) raw NOK, (b) thermally treated NOK at 6500C for
60 minutes, (c) thermally treated NOK at 7500C for 15 minutes.

The results obtained for kaolin and metakaolin showed that
NOK is a good precursor for zeolite synthesis with minimal
impurity. It needs to be stressed here that kaolin is a material
that shows chemical and physical resemblance to Portland
cement. Metakaolin can react easily with alkaline liquids to
form a gelatinous paste that binds the loose coarse
aggregates, fine aggregates, and other unreacted materials
together to form concrete. So, the metakaolin produced from
Nigeria Okpella kaolin, when mixed with lime, CaO (hydraulic
or non-hydraulic) can be used as pozzolans in concrete
making to yield concrete of higher strength and durability as
well as higher fire resistance when compared to Ordinary
Portland Cement (OPC) concrete. Hence, the latter can be
conveniently replaced by metakaolin and lime as pozzolan as
a binder in concrete manufacturing. This will go a long way to
save our environment from excessive carbon (IV) oxide and
other poisonous gas emissions. It is high time in our country
to follow the line of industrialised nations (like Germany,
Japan, the United Kingdom and the United States of America)
on the reduction of the use of Portland cement or on the use
of alternative to Portland cement as done in some developing
countries like Malaysia, Singapore and Brazil to mention but a
few. Summarily, our work has filled the gap in the exploitation
of NOK deposits, giving detailed structure and characteristics
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of this mineral, as shown in Figures 12-15, so that non-
traditional uses may be found for the NOK. The analytical
verification of the suitability of NOK for zeolite synthesis is of
value to the industrial aspirations of Nigeria to facilitate or
enhance the realisation of its vision in the nearest future.

3.2 Applications of Adsorption Processes to
Environmental Studies

Mr. Vice Chancellor, Sir, environmental pollution is a global
menace and as such many stringent government laws are
enacted at states and federal levels to make it mandatory for
industries to treat and reduce the amount of water pollutants
being discharged into the environment in order to sustain eco-
friendly society. Water pollution is one of the major problems
faced globally due to the random release of domestic and
urban wastewaters, agricultural wastes and industrial
effluents into watercourses. The current problems in water
and wastewater treatment stem from the increasing pollution
of waters by organic compounds that are difficult to
decompose biologically because they resist the self-
purification capabilities of the rivers as well as decomposition
in conventional wastewater treatment plants. Consequently,
conventional mechanical-biological purification no longer
suffices and must be supplemented by an additional stage of
processing. Among the physical-chemical processes that
have proved useful for this, adsorption onto activated carbon
is especially important because it is the dissolved, difficult-to-
decompose organic substances in particular that are
selectively removed by activated carbon (Olafadehan and
Aribike, 2000).

In our investigative study, adsorption process was
successfully applied in the treatment of wastewater effluent
from a paint industry in Ikeja, Lagos, Nigeria, using
commercially available granular activated carbon (GAC) of
multiple particle sizes 1-2 mm and >2 mm. The schematic
diagram of the experimental set up for this purpose is already
shown in Figure 4. Details of the configurations of the glass
column used as fixed bed, experimental procedures carried out
at a temperature of 28°C and solution pH of 8.0, gravimetric
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determination of the chemical oxygen demand (COD) of the
effluent from the bed, and the batch adsorption equilibrium
studies were reported in Olafadehan and Aribike (2000). Our
.(;esults showed that carbon loads of between 8.44 g/L and
108.48 g/L, which were respectively equivalent to organic
removal of 2.23-4.47 mg by 1 g of activated carbon lent
credence to the effectiveness of GAC as adsorbent in the
removal of organic contaminants in wastewater effluent from a
paint industry in Lagos, Nigeria. The experimental equilibrium
data determined for this system was accurately correlated by
the Freundlich isotherm. Breakthrough times of between 40
and 160 minutes were obtained for the continuous adsorption of
organic pollutants on GAC in a fixed bed adsorption column.
Our findings imply that the maximum concentration of these
pollutants that can be discharged into the enVironment,
especially watercourses, without causing harmful effects to the
aquatic life would be achieved at these times.

Brewing industries are one of the major industrial users of
water. These industries have one of the wastewaters that is
difficult to treat satisfactorily. The high organic content of
brewery effluent classifies it as a very high-strength waste in
terms of chemical oxygen demand (COD), ranging from 1000
mg/L to 4000 mg/L and biochemical oxygen demand (BOO)
of up to 1500 mg/L. In order to meet government regulations
and to practise environmentally-friendly manufacturing, the
treatment of brewery wastewater effluent is a costly task for
the brewer. The untreated effluent discharge from these
industries is coloured and highly intoxicating due to the
presence of alcohol and can be toxic to aquatic life in
receiving waters. Hence, it is necessary to treat brewery
wastewater effluent before being discharged into
watercourses. Olafadehan et al. (2012a) proffered resounding
environmental solution to the wastewater effluent from a
brewery around Iganmu area of Lagos, Nigeria, using the
activated carbon produced from coconut shell, enunciated in
Subsection (3.1.1). The kinetics of the adsorption of organic
pollutants in brewery wastewater effluent was also
established in the work. Equally, the influence of various
production parameters and optimum conditions for the
production of activated carbon from coconut shell by chemical
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activation were investigated. From a batc~ ads~rption
ex eriment, the nature of equilibrium that existed I~ the
br~werywastewater-activated carbon system was est'::'ilshe~
using powdered activated carbon prepared by c ermca
activation method from coconut shell. Our. results revea~ed
that COD removal of 98% would be achieved for car on
dosage of 15 mg carbon/100mL of bre,-:,ery wastewater
solution This would be of immense benefit not only to the
manufa~turing industry in terms of minimisi~g the cost of
COD treatment, but also to minimise the Impact ~n !he
environment. For the design of a treatment plant for t~IS kind
of wastewater, we gave information on the experimental
adsorption equilibrium data suitable and applicable for
correlating the batch adsorption data of the brew~ry
wastewater solution, as q" =2.1845c~.5I78, with the regression
coefficient being 0.9868 and mean absolute deviation (MAD)
of ± 1.6%.

One of the main impacts of water pollution is the ~norm~us
amount of heavy metals in efflue~ts released b~ Indu~tr~es
like electroplating, plastic and paint rnanufacturinq, ml~lng
and metallurgical operations, pulp a.nd paper. Prod~c~lon,
petrochemical and battery rnanufacturinq Industries. ese
are summarised in Table 8 for eight common heavy metals.

Table 8. Sources of the eight most common heavy metals
(Nasir, 2010).

As Cd Cr Cu Pb Hg Ni ZnNo Source
1 Mining and ore ...J ...J ...J ...J ...J

processing

" ...J ...J ...J ...J2 Metallurgy ...J ...J ...J

3 Chemical industry -.j ---: ...J ...J -.j -.j ...J

-.j ,4 Alloys
-.j5 Paint ...J ...J ...J

6 Glass -.j ...J ...J

7 Pulp and Paper ...J ...J -.j -.j -.j

Mills
-.j -.j8 Leather -.j ...J
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9 Textiles ,f ~ ,f -.::r ,f ,f ,f
10 Fertilizers v v v v v v v -:r
11 Petroleum ,f ,f v v ,f v ,f

Refining
12 Coal-burning ,f ,f v ,f ,f v v

The groups of transition and post-transition elements are
referred to as heavy metals. They have atomic weights
between 63.5 and 200.6 and a specific gravity> 5.0 (Barakat,
2011). These include cadmium, chromium, copper,
manganese, nickel, mercury, lead and zinc and the metalloids
arsenic and selenium. These metals are toxic and non-
biodegradable and can cause environmental pollution.
Hence, they have been classified as priority pollutants by the
United States Environmental Protection Agency (USEPA) and
have been grouped under dangerous substances by the
Commission of European Communities (CEC). At higher
concentration, they are poisonous and pose a major threat to
the aquatic ecosystem due to their toxic nature (Crini, 2005).
Also, due to their high solubility in the aquatic environment,
heavy metals can be absorbed by living organisms thus
creating a means to enter the food chain via bioaccumulation.
Once they enter the food chain, a large concentration of
heavy metals may accumulate in the human body. If the
metals are ingested beyond the permissible concentration,
they can cause serious health disorders (Babel and
Kurniawan, 2004). This can lead to a reduction in growth and
development, cancer, organ, nervous system and irreversible
brain damages, and in extreme cases, death. Exposure to
some metals, such as mercury and lead, may also cause the
development of autoimmunity, in which a person's immune
system attacks its cells. This can lead to joint diseases such
a.s rheumatoid arthritis, and diseases of the kidneys,
Circulatory system, nervous system, and damaging of the fetal
brain. So, be wary of consuming untreated borehole water or
untreated water from any other well as one may be
consuming heavy metals present in such waters ignorantly.
Hence, the removal of these heavy metals from
water/wastewater is essential for protecting the environment
and human health. However, trace concentrations of some of
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these heavy metals, like zinc and copper, in the human body
are important for the physiological functions of living tissue
and regulation of many biochemical processes. For exa~ple,
World Health Organisation recommended the maximum
acceptable concentration of zinc and copper in drinking water
to be 5.0 mg/L (Hawari et al., 2009) and 1.5 mg/L (Rao, 1992;
Farouq and Yousef, 2015) respectively.

Olafadehan et al. (2018a), Adeleke (2018) and Njoku (2018)
investigated the removal of Zn (11) and. Cu (11) ions ~n
industrial wastewater (from an electroplating company In
Minna, Niger State) using the derived composite biosorbents
from walnut and snail shells, and from animal bone and
shrimp shells respectively. The effects of opera~i~~al
parameters (such as solution pH, adsorbent dosage, Initial
metal ion concentration, agitation time, agitation speed and
temperature) on the respective Zn (11) and C~ (11) ions
removal from an industrial wastewater were obtained. The
increasing order of Zn (11) ions removal efficiency was
obtained as WSC<AWSC<WSCC<AWSCC while for the Cu
(11) ions, the increasing order of removal efficienc~ was
obtained as ABC<AABC<ABCC<AABCC. Thus, It was
concluded that acid-treated carbon (whether from walnut shell
or animal bone) impregnated on chitosan was a potential
alternative and tremendously-efficient low-cost biosorbent for
the remediation of heavy metals of Zn (11) and Cu (11) ions
contamination in wastewater. For the cases of Zn (11) and Cu
(11) adsorption, the Langmuir isotherm fitt~d the adsor~t~on
data excellently for the derived composite blosorbents, gl~lng
an indication of monolayer coverage on the derived
composite biosorbent. The kinetic modelling of Zn (11) and Cu
(11) ions adsorption showed that the pseudo s~cond~order
kinetic model gave the best fit amongst the investigated
kinetic models. In addition, the thermodynamic parameters
indicated that the adsorption of Zn (11) and Cu (11) ions on the
.derived composite biosorbents was exothermic, anderqonic,
favourable, non-spontaneous with changes in enthalpY,!1H ,
negative, entropy, ~S, nearly zero (though negative), and
Gibbs free energy, !1G, positive, for all the prepared
adsorbents.
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Other environmental studies investigated by us included the
remediation of contaminated groundwater. Naturally,
groundwater is clean but it can be polluted or contaminated
as a result of human activities and/or of natural conditions
thereby making it unsuitable for use. Groundwater is the
source of about 75% of Nigerian's drinking water (as public
water services are somewhat moribund), excluding water for
power plant cooling. Historically, the natural filtering resulting
from water working its way through the subsurface was
believed to provide sufficient protection from contamination to
allow untreated groundwater to be delivered to customers.
The dramatic epidemic incidents in the 1970s made us realise
that our groundwater was contaminated with hazardous
substances from hundreds of thousands of leaking
underground storage tanks, industrial waste pits, home septic
systems, municipal and industrial landfills, accidental
chemical spills, careless use of solvents, illegal midnight sow
dumping and widespread use of agricultural chemical
(Gibat, 1991). Using contaminated groundwater causes
hazards to public health through poisoning or spreading of
diseases and the practice of groundwater remediation has
been developed to address these issues.

The greatest threat to groundwater posed by modern landfills
is leachate. Leachate consists of water and water-soluble
compounds in the refuse that accumulate as water moves
through the landfill. This water may be from rainfall or from
the waste. Leachate may migrate from the landfill, percolate
through solids into the aquifers thereby contaminating soil
and groundwater. This presents a risk to human and
environmental health. Pollutants and contaminants can be
removed from groundwater through the process of
remediation thereby making it safe for use. In our work,
Salami et al. (2013), we discussed details of recent advances
and various remediation techniques for removing
contaminants from groundwater. We identified possible
contaminants in groundwater to include heavy metals (such
as cadmium, chromium copper, iron, nickel, lead, uranium,
zinc, arsenic, selenium, mercury) as well as nitrate,
phosphate, sulphate. Other contaminants identified are
nitrogen, chloride, vinyl chloride and phenol. Remediation of
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groundwater contaminants can be achieved by biological,
chemical or physical treatment or a combination of .these
treatment methods. Among these. remediation techniques,
the biological method is economical, least harmf.ul, uses
naturally occurring organisms and preservesthe envlro.nme~t
in a more natural state. Conversely, thephy~ical technique IS
costly depends on the geology of the aquifer and takes a
long time to remove the contaminants. . Most adva~ced
countries like the United States of Amen~a u~e sanitary
landfills in which liners with a minimum barrier thickness are
used to prevent percolation of I~achate t~ groundwater. In
Nigeria (Lagos inclusive), no sanitary I~ndflllsare present b~t
dumpsites, the remediation of contaminated groun?water IS
not only important but urgent for the generalwell-being of the
populace and environmental integrity ofour water reso.urces.
The data needed to validate the models and t? pred~ct the
future contaminant concentration are not available. In the
country. The data, if avail~ble, will help to fashion out
applicable remediation strategies.

3.3 Solid Waste Management andControl

Human beings cease to generate waste only when we
become a disposable waste. Was:e ma~age~ent and control
in developing countries, Nigeria I~cluslve, IS thus of grave
concern. Hence, the subject of solid waste manager:nen.tand
control is both timely and significant. Theoverall ?~Je.ctlveof
solid waste management and control is to .ml~lml.se.the
adverse environmental effects caused by th~ indiSCriminate
disposal of solid waste. Grievous ~ffects?f Improper .wa~te
management and control include air pollutl~n, contamination
of drinking water supplies, the spread of diseases, and bad
aesthetics of the environment.

In one of our works in solid waste management and control,
we Olafadehan and Salami (2011), proffered. ste~s ~or
eff~ctive solid waste management and cont~ol In .Nlge~la,
identifying amongst other c~nstrai~t~, ~echnlca~, fln.anclal,
social and economic constraints mitigating against It, a.nd
suggestions were given for the way forward. ~ummanly,
without adequately trained personnel, solid waste
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management and control cannot be sustained; very limited
funds are provided to the solid waste management sector by
the governments, and the levels of services required for the
~rotection of public health and the environment are not
attained; insufficient funds for sustainable development of
solid waste management and control owing to our weak
economic bases, the weak industry base for recycling
activities is a common constraint for the improvement of solid
waste management in Nigeria: Nigeria loses W400 billion
yearly to paper product importation (Punch Newspaper
Report, 2010) owing to non-inculcation of the habit of
recycling of waste paper by Nigerians. Equally,
recommendations on the achievement of proactive solid
waste management and control in Nigeria, as a way of
environmental sustainability, were succinctly discussed in this
work.

Since the composition of solid waste must be known
especially by local authorities for decision making and
planning as well as prevention of environmental degradation,
we, Salami et al. (2011), carried out the characterisation of
solid wastes within Lagos State as a case study. Table 9
shows the Lagos State solid waste components and
percentage.

Table 9. Lagos State solid waste component and
percentage

Component Organic matter Plastics Paper Glass Silts Ashes Total

Tonnage 5580 1350 900 360 630 180 9000

Percentage 62 15 10 4 7 2 100

Source: Lagos State Waste Management Authonty (LA WMA)

It can be seen that Lagos State solid waste comprises mostly
62% organic matter and 15% plastic, and a little of ashes
which account for 2%. The moisture content of the waste
was calculated to be 18.04%, which falls within the range of
10-35% expected of an industrial city like Lagos. The density
of the solid waste was found to be 145.964 kg/m3. The
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chemical formula of the solid waste with sulphur and without
sulphur was found to be C597.24H872260496.02NIS.12S and

C39.soHs7.689P32.80S2N respectively. The volume of oxygen
required to completely oxidise 100 kg of sulphur-free solid
waste was determined to be 460 m3/100 kg solid waste. The
anaerobic digestion of solid wastes produces gases mostly
methane and carbon (IV) oxide, which are known to cause
global warming and ozone layer depletion. With t~e chemical
formula of solid waste without sulphur, the theoretical volume
of methane gas that would be expected from anaerobic
digestion of the solid waste was estimated to ~e 33 m3/100 kg
of solid waste, which can be used for domestic purposes. All
the parameters identified in our work, Salami et al. (2011), are
useful for planning, economic analysis, design and
subsequent management and operation of a disposal system,
plant optimisation and emission monitoring of Lagos Sta~e
solid wastes, in particular, and in the country generally. This
would help to control environmental degradation.

3.4 Energy Studies

Mr. Vice Chancellor, Sir, energy studies carried out included
the design of a Combined Heat and Power (CHP) plant,
production of biodiesel using waste cooking oils and castor
seed oil, and catalytic steam reforming of methanol,
concentrated crude ethanol and glycerol for hydrogen
production.

3.4.1 Design of a CHP Plant

Human being's current lifestyle is unsustainable; energy
usage is on the increase with every technol~lcal
advancement. There is, therefore, the need to enhance
energy generation and one good source is biom~ss, regarded
as waste. Moreover, sustainable development IS one of the
most significant issues facing society today. For new
technologies to be sustainable, there is the need to save
resources and avoid waste or better still use the waste from
one component of the biogeochemical cycle as raw materials
for another component: this causes ecological systems to
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operate in a closed-loop with minimal interaction from and to
the environment.

Globally, energy is required to maintain a good standard of
'iving. Over the past hundred years, the world has been
mainly dependent upon (i) the basic fossil fuels: coal, oil and
natural gas; (ii) electricity generated by hydro- or nuclear
means; (iii) wood and related low-grade fuels; and (iv) solar
energy. Wood was the major energy source some hundred
years ago, then coal became dominant until the early 1960s
when oil became the major world energy source. The
prospect of an oil famine and other world problems are of
increasing concern to industrialised and developing nations.
Coal and nuclear energy for electricity generation pose
inherent environmental problems, which· will become
increasingly severe with time. Moreover, the nuclear
contribution faces potential difficulties because of the
apprehension of most countries toward the development of a
nuclear plant.

Proposed alternative energy supplies suitable for heating and
electricity generation being carried out worldwide include
solar, wind, wave, biomass and tidal power. The use of
combustible mass has been utilised in developed countries in
Combined Heat and Power (CHP) plants to augment
electricity generation. Figure 16 shows countries where CHP
plants contribute to their total national electricity generation.
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Figure 16. CHP share of total electricity generation in fourteen countries.

(Source: lEA data and analysis; data merged from years 2001, 2005,
2006).

The concept that the abundant heat currently lost in the
incineration of solid waste can be recovered and used for
other purposes rather than being wasted to the atm~sphere,
is not yet fully explored in Nigeria. Hence, the design of a
feasible Combined Heat and Power plant was proposed for a
small community in the work of Olafadehan et al. (2012b}. Of
the many alternatives solid-waste disposal meth,ods avalla,ble
(which include hog feedi~g, open dun:ps, sanitary I,andfllls,
incineration, ocean dumping, cornpostinq, land-farming and
deep-well injection), incineration of solid waste was
recommended due to its potential ability to recover the heat
released during solid waste incineration and other valuable
by-products that can either be reused, recycled or marketed,
among other advantages. As shown in Figur~ 1, the heat
energy released during the incineration of solid waste was
used to produce steam in a boiler, which in turn powered a
turbine for the eventual generation of electricity. The two
processes involved in the generation of electricity for in-plant

53



use or a small community like housing complex, university or
other institutions via a steam turbine-generator combination
(Figure 1) and a gas compressor-gas turbine-generator
<,figure 2) were considered in the work of Olafadehan et al.
(2012b).

The analysis of the amount of energy produced from the solid
waste energy-conversion system using an incinerator-boiler-
steam turbine-electric generator combination with a capacity
of 4.5 tons/day solid waste was presented in our work. The
net electric power for a small community was found to be'
148.24 kW with an overall efficiency of about 21% having
taken cognisance of the process power needs and
unaccounted process heat losses. Moreover, exergy analysis
of the proposed CHP plant was carried out whereby the
respective energy and exergy efficiencies of 83.2% and
62.1 % were obtained.

Mr. Vice Chancellor, Sir, this work is one of the possibilities of
opening new frontiers on numerous alternative sources of
electricity. It is, therefore, of great relevance to a small
community for power generation thereby reducing heavy
reliance on the national grid for heating and power supply. It
C2n also augment electricity on the national grid and help to
improve the epileptic power supply in our nation. In
particular, it can provide affordable electricity for small
communities as well as rural regions which are embedded in
undulating terrains and long distances from the grid
infrastructure and thus limit them access to electricity supply.
Many unemployed will seize this opportunity to key into jobs
that are electricity-driven without having to incur extra cost in
running generating sets. The advantages of using a well-
designed CHP plant include the following:

1. The dual system for generating electric power and
heat makes possible overall energy utilisation
efficiencies above 70%, as contrasted with about 35%
for the generation of electricity alone.
A well-designed CHP plant results in correspondingly
reduced emissions of pollution and combustion
products.

2.
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The delivery of fuel oil to many locations by truck ~s
reduced. This saves cost, minimises traffic
congestion and the carnage on our roads occasioned
by heavy-duty vehicles. .
It displaces the firing elsewhere of other, less efficient
and dirtier plant.
It has a higher efficiency hence it results in energy
cost savings.
Its maintenance and operating costs are minimal.
Reliability of services is improved. .
Fire hazards associated with the storage, handling,
and combustion of fuel are eliminated hence,
insurance rate may be decreased.

Summarily, we should imbibe the habit of collecting solid
waste, incinerate it, generate electricity and filter out the
smoke to make it so clean, cleaner than the air around us so
that the chimney at the incineration plant emit~ very clea~ air.
By this process, 90% of the solid waste disappears In a
couple of hours and the remaining 10% turns. to ash. The
ash, just like the smoke, is toxic. It ca.n be shl~ped. to a far-
away island where all of it is dumped Into special water that
does not touch the ocean water and there the ash stays
underwater forever, hidden from everyone. This process is so
clean that the integrity of the environment is not threatened,
and the solid waste can disappear in 24 hours instead of 500
years! If every country could handle ~er trash and mine the
same way Singapore does, then we will have a much cleaner
world, a world where the trash/waste does not exist for more
than a day.

3.

4.

5.

6.
7.
8.

3.4.2Impact Analysis of Emissions during Biodiesel
Production

Biodiesel, a generic term for alkyl esters of fatty acids, is a
renewable biomass energy source. It is produced through
transesterification process in which triglycerides of edible or
non-edible plant oils (such as palm oil, sunflower oil, jatropha
oil castor oil etc.) react with alcohol, in the presence of an
acidiC or alkaline catalyst to produce biodiesel with.g~yce:ol.as
a by-product. As an energy source, biodiesel exhibits Similar
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performance as petroleum diesel. However, when used in a
diesel engine, non-environmentally and non-friendly
emissions from biodiesel are less compared to emissions
from petroleum diesel. Hence, producing quality biodiesel
with favourable environmental implications is of great
importance to achieve sustainable energy management since
the world economy depends on sustainable energy
generation. In our work, Ayoola et al. (2016), we investigated
the impact analyses of emissions on both man and
environment during biodiesel production and washing water
obtained in the alkaline catalysed transesterification of waste
groundnut oil (WGO), waste soya bean oil (WSO) and crude
palm kernel oil (CPKO) using SIMAPRO 7.33 software. The
impact analyses were achieved by considering the life cycle
assessment (LCA) during biodiesel production and the
washing water obtained. Triglyceride compositions of WGO,
WSO and CPKO are shown in Table 10 while the properties
of the biodiesel produced from the transesterification of these
oils are shown in Table 11.

Table 10. Triglyceride composition of WGO, WSO and
CPKO.

Fatty acid Trizlvccridc comoosition, wt %
WGO WSO CPKO

Linoleic acid, C1sH3202 0.42 34.86 -
Oleic acid, C"H)402 90.21 39.14 9.29
Lauric acid, CI2H,402 - 10.30 42.58
Myristic acid. CI4H2sO, - - 10.64
Palmitic acid, CI6H120, - - 28.34

Table 11. Properties of biodiesel produced.
Property ASTM method WGO biodiescl WSO biodiesel CPKO biodicsel
Density @ 25°C (g/crrr') ASTM D4052 0.8903 0.8820 0.8760
Pour point rC) ASTM D97 -9 -6 -6
Flash point ("C) ASTMD93 180 204 208
Water content (%) - 0.005 0.006 0.004
Viscosity@ 40·C (mm'ls) ASTM D445 4.30-4.70 4.55-4.85 4.70-5.00
Cetane number 49.4-5 J.O 50.6-52.8 51.7-53.2

The results of the emissions to the environment during
biodiesel production and the washing water are presented in
Table 12.
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Table 12. Substances, in mg/L, obtained during biodiesel
production and washing water analyses.

WGO biod,esel WSO CPKO WGO wso CPKO
Substance biodiesel biodiesel washing washing washing

water water water

0.016 0.015 0.011 O.OISO 0.009
Aluminium (;'=396.1 nm) 0.021

0.039 0.042 0.014
Arsenic (;'=193.1 nm) 0.003 0.001 0.002

0.011 0.007 0.009
Beryllium (;'=234.9 nm) 0.051 0.010 0.031 0.026 0.025
Cadmium (;'=226.6 nm) 0.031 0.160 0.550 0.660
Calcium SOO 530 430
Carbonate (~g/l.) 1.710 0.990 1.460
Chloride 0.004 0.003 0.003 0.002 0.001
Chromium (;'=357.9 nm) 0.007

0.004 0.003 0.002
Cobalt (;'=240.1 nm) 11 3 23 15 17
Copper (;'=324.1 nm) 7 0.610 0.150 0.660
Hydroxide (~g/\.)

0.013 0.014 0.020 0.006 0.010 0.004
Lead (;'=263.6 nm) (~g/l.) 0.026 0.036 0.009 0.007 0.005
Nickel (;'=232.0 nm) (~g/\.) 0.056 0.046 0.420 0.520
Nitrate (~g/\.) 0.026 0.270 0.190
Phosphate (~g/\.) 0.065 0.100 0.640
Sulphate (~g/\.)

0.076 0.042 0.013 0.141 0.093 0.136
Zinc (;'=213.9 nm) (~g/\.) 210 207 207
Water turbidity r(~TU) 307 307 307
Colour of water PCLJl

The characterisation results of the emissions during .biodiesel
production, and from washing water ~er~ presented .InAyoola
et al. (2016) in which seven rnidpoint .categones were
considered for characterising the non-envlronment~lIy and
non-friendly substances that ~ere id~ntified as. carclnog.e~s,
non-carcinogens, respiratory Inorganl~s.'. aq~atlc ecotoxicity,
terrestrial ecotoxicity, terrestrial aCidification and global
warming. Global warming, as a phenomenon, res~lts from
the release of greenhouse gases (GHGs) Int? the
atmosphere. The GHGs resilience permanence In th,e
atmosphere leads to the entrapment of heat on the earth s
surface. The most significant examples of greenhouse gases

CH H 0 CO N02 and fluorinated compounds. Tableare 4, 2, 2, . t .,
13 presents the seven midpoint cateqories for charac ensmq
emissions during biodiesel production.
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Table 13. General characterisation of emissions during
biodiesel production.

,.,Parameters WGO WSO CPKOCarcinogens 5.69x 10-6 3.55x 10-6 3.21x10-6Non-carcinogens 8.13x 10-5 5.74x 10-5 5.06x 10-6Respiratory inorganics 7.25x 10-8 9.92x 10-8 4.94x 10-8Aquatic ecotoxicity 2.59x 10-1 3.12x 10-1 2.66x 10-1Terrestrial ecotoxicity 1.55x 10-1 1.24X10-1 5.38x 10-2Terrestrial acidification 2.32x 10-6 3.04x 10-6 1.75X 10-6Global warming 1.18x 10-6 1.32X10-6 1.54x 10-6

For ex.ample, considering carcinogens (arsenic, cadmium and
chromlu~),. during WGO-biodiesel, WSO-biodiesel and
CP~O-blodlesel productions, the amounts of non-
envIronmentally and non-friendly substances released were
5.69x 10-6 kg (100%), 3.55x IQ-6 kg (62.4%), and 3.21x IQ-6
kg (56.4°(0) r~spectively. Using the single score based on the
se~en. mldpoln.t categories, it is evident in Table 13 that the
errussions dUring WGO and WSO diesels production had
pronounced effect on terrestrial ecotoxicity while the
pronou~ced effect of the emission during CPKO-biodiesel
pro~uctlon was aquatic ecotoxicity. The impacts of the non-
envIronmentally and non-friendly substances released were
assessed by grouping them into three categories: damage to
huma~ health, damage to ecosystem quality and damage to
the c1Jn:at~. Our resu/~s showed that the emissions during
WGO-blodlesel production had the most pronounced impact
on human health with 2.94x IQ-IOkg (100%) emissions, WSO-

biodiesel released 2.40x IQ-IOkg (81.6%) non-
environmentally friendly substances while CPKO-biodiesel
released 1.85xIQ-IOkg (62.9%) emissions. On damage to
ecosy~tem quality, emissions of non-environmentally and
n?n~fnend/y substances during WGO-biodiese/, WSO-
biodiesal and CPKO-biodiesel production were obtained as
1.25xl0-

3
kg (100%), 9.95xl0-4kg (79.7%) and 4.39xl0-4

kg (35.1 %). re~pectively, revealing that during the production
of ~GO-blodlese/, the most severe threat to ecosystem
quaIJty was obtained. The results of damage to climate
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change showed that the errussions during WSO-biodiesel
production contributed the most with 1.54x 10-6 kg C02
(100%), followed by the processes of WGO-biodiesel and
CPKO-biodiesel production with 1.32x 10-6 kg C02 (85.7%)

and 1.18xIQ-6kg C02 (76.6%) respectively. Single score
result of our study showed the increasing order of damage on
the three factors considered. This was in the order of health
< climate < ecosystem quality, Le. human health experienced
the least damage, followed by climate change and then
ecosystem quality during the biodiesels production.

In conclusion, our findings showed that the order of
preference of usage of the three kinds of biodiesel for diesel
engine was CPKO, WSO and WGO since the higher the
degree of saturation of the carbon bonds of the feedstock, the
better the performance of the biodiesel as diesel engine oil
and the less the release of non-environmentally and non-
friendly substances into the environment. This is because
most of the carbon atoms in CPKO are saturated while the
carbon atoms in WGO and WSO are mostly unsaturated.
These findings will aid in the decision-making process by
incorporating green design objectives into engineering-related
projects and thus provide opportunities for environmental
improvement since over 3 million tonnes of spent cooking oils
are produced in Nigeria annually, which constitute an
environmental menace. This amount could have been turned
into supplemental bioelectricity for the good of the people.
Governments, consultants, academicians and industries can
use LCA to help identify environmental impacts associated
with 'cradle-to-grave' activities of biodiesel and even the
processes involved.

3.4.3 Process Design and Simulation of Mixed Flow
Reactor for Lye Catalysed Transesterification Reaction
for Biodiesel Production

In the nearest future, the economic consequences of
inadequate energy in the world could be severe as a result of
the predominant dependence on fossil fuels. Moreover,
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ecosystem and life quality degradation associated with the
use of fossil fuels have become a lingering global challenge.
These have prompted world leaders, organisations, industries
and educational institutions to look for alternative or
cor:npl~me.nt~ry energy sources that are sustainable, among
which IS biodiesel. A lye-catalysed esterification reaction is a
sodium methoxide-fatty acid chemical interaction for the
synthesis of environmentally benign fuel known as biodiesel
The biodie~el proces~ is, however, fraught with its high cost
of produc~lon (lbrahirn, .. 2015; Canakci and Van Gerpen,
2~0~). This has thus militated largely against industrial-scale
blodl~sel producti.on and wide acceptance as a complete
substitute for fossil fuel. Exploration of methods that reduce
the production cost of biodiesel should, therefore, be the
trend of current research. Olafadehan et al. (20 18b) carried
out the ~esign of a process for the lye-catalysed synthesis of
castor oil-based biodiesel in mixed flow reactor (MFR) at the
r~te of 1 kmollh castor oil feed. The process layout, shown in
Figure 17, was used to evaluate the process financial
fe~~ibility at mild operating conditions. Thus, a cost-effective
mini-reactor for the process was designed. Castor oil is a
readi.IY available and inedible oil extracted from rapidly
growing ~~sto~ plant. Similar reports on the design of a
transest~nflcatlon process for biodiesel production using
castor 011 to the best of our knowledge are either unavailable
or in closed literature.

k~:tl l;=: ~'i:::' ••rl~'_J r.c.: ~_'t:'
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Figure 17. Process flow diagram of the biodiesel production process in
HYprotech SYStems (HYSYS).
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The main operations' units include mixers, heaters,
continuous stirred tank reactor (CSTR) (for
transesterification), methanol recovery unit (a distillation
column), coolers, pumps, valves, liquid extraction column (for.
biodiesel purification), distillation column (for removal of
glycerol from water) and storage tank. Using ASPEN HYSYS
9.0, the simulation was carried out with a 6:1 molar ratio of
methanol to castor oil, 1% sodium hydroxide (lye catalyst)
based on the mass of oil, at 60°C and 1 atm pressure. The
designed plant produced 1.107 m3/h biodiesel and 0.08 m3/h
glycerol as a by-product. Equally, the process proved to be
technically feasible at the simulated operating conditions with
99.97% biodiesel conversion and 99.7% purity (which can be
blended with petroleum diesel or biodiesel from other
sources). Also, methanol recovery of 99.71 % was obtained.
Glycerol was obtained as a by-product with a purity of
89.09%, which can be used for hydrogen (an energy carrier)
production, as discussed in our works in Subsection (3.4.4).
The HYSYS process modelling tool generated heat and
material balance data for the process as well as the sizing of
the CSTR and other equipment. The data obtained were
used in the cost estimation of biodiesel production. On a
commerciallindustrial scale, the total production cost of
biodiesel was obtained as $9,502,813.40 per annum
(equivalent to W3,421 ,012,824 p.a. at the prevailing exchange
rate of $1 to W360). In this regard, it is better for our economy
to grow by maintaining and sustaining a stable and low
exchange rate! The single greatest contributor to this
monetary value was the cost of the castor oil feedstock, which
accounted for 84.2% of the total estimated production cost.
This is, however, on a humongous side, thereby, impairing
the financial feasibility of the biodiesel production from castor
oil. Mr. Vice Chancellor, Sir, this should not be a
discouragement to UNILAG. The University can venture into
biodiesel production on a small scale to run some of our fossil
fuel generators on oil-based diesel and power our
automobiles in a way that supports environmental and human
health. For example, some institutions in India have
conducted, with huge successes, a series of trials on
automobiles using biodiesel. Similarly, at the University of
lIorin, Kwara State, Nigeria, jatropha seed oil biodiesel was
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used successfully to test run a fossil diesel generator for a
few hours (Belewu, 2011). Mr. Vice Chancellor Sir, this is a
challenge to us (UNILAG). The Department of Chemical and
~etroleum Engineering is in a position to drive this feat. The
Department is strategically positioned to access jatropha and
castor seeds feedstocks.

3.4.4 Mechanistic Kinetic Models for Catalytic Steam
Reforming of Methanol, Crude Ethanol and Glycerol for
Hydrogen Production

The. combustion of non-renewable energy resources, such as
fossil fuels, constitutes the supply of most of the current
energy needs. The gradual depletion of the fossil fuels
reserve~ and efforts to combat pollution and GHG emissions
have stimulated our .interests in investigating a promising
route f?r a~ alternat~ve source of energy (i.e. hydrogen)
production via catalytic reforming of methanol, ethanol and
glyce~ol (a by-product in biodiesel production) since a new
eco-fnendly reserv~ir of hydrogen is needed if a global cycle
of clean and sustainable production of energy is envisaged.
Furth~rmore, since methanol, ethanol and glycerol do not
contal~ heteroat?ms (such as nitrogen and sulphur that can
forr:n dlfferen~ OXides in the presence of oxygen) and metals,
the~r ~espectlve uses as sources of energy do not result in
eml~slons of greenhouse gases (GHG) especiatly NOx, SOx,
partlcu~ate matters and other toxic chemicals (hydrocarbons)
to the Indoo~ and outd?or atmosphere, when compared with
the combustion of fossil fuels. Methanol is potentially a good
sour~e of hyd.r?gen for mobile fuel cells since it is a liquid at
ambient conditions. It has high hydrogen to carbon ratio.

Ethanol can be produced renewably from several biomass
~ource~, including energy plants, waste materials from agro-
Indu~t:les or. forestry residue materials, organic fraction of
municipal solid w.aste, etc. As a result, it can be a hydrogen
s?u~c.e for countnes that lack fossil fuel resources but have a
Slg~lflcant agricultural economy. Ethanol provides an
e.nvl:~nmentally responsible energy source that can
Significantly reduce GHG emissions. The process of bio-
ethanol conversion to hydrogen has the significant advantage
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of being nearly C02 neutral since the C02 produced is
consumed for biomass growth. It thus offers a nearly closed
carbon loop. Moreover, ethanol is economically,
environmentally and strategically attractive as an energy
source since its complete combustion to produce power
yields little or no CO. Unlike hydrocarbons, ethanol is easier
to reform and is also free of sulphur, which is a catalyst
poison in the reforming of hydrocarbons. Also, unlike
methanol, which is produced from hydrocarbons and has
relatively high toxicity, ethanol is completely biomass-based
and has low toxicity and as such it provides less risk to the
population. Besides, by using crude ethanol, the other
organic compounds present in the fermentation broth could
equally be reformed to produce additional hydrogen.
Moreover, steam reforming of crude ethanol eliminates the
large amount of energy wasted during distillation to remove
water from fermentation broth to produce dry or pure ethanol,
and thus the process is cost-effective.

The transesterification of oils produces fatty acid methyl
esters (biodiesel) and a 10% by weight glycerol as a by-
product. Although glycerol is used as a sweetening agent, in
medicine and cosmetics, the world demand for glycerol is
limited. As such, a novel way of utilising glycerol to keep up
with an increase in biodiesel production is to convert it to
other products such as hydrogen for the production of energy.
Hydrogen is predicted to be a major source of energy in the
future. It is an important raw material in the chemical and
petrochemical industries, for instance, in the manufacture of
NH3, and the refinery re-processing and conversion
processes. It is a clean fuel that emits no C02 when burned
or used in H2-02 fuel cells, it can be stored as a liquid or gas,
and has been described as a long-term replacement for
natural gas. Globally, efforts are geared toward
commercialisation of the use of fuel cells. An example is the
proton exchange membrane (PEM) fuel cell. This
commercialisation can be used for the generation of electric
power for both electric vehicles and distributed electric power
plants (Creveling, 1992). This is due to the high-energy
efficiency of the fuel cell, which is about 85% (Whitaker,
1994). With an equally strong interest in the use of hydrogen
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as fuel, PEM fuel cells are the most certain to meet future
ultra-Iow NOx, SOx. CO, CH4 and CO2 emission targets
(Creveling, 1992).

"Consequently, kinetic studies investigated by us included (i)
steam reforming of methanol (SRM) over a Cu/ZnO/AI

2
0

3(10/5/85 wt. %) catalyst in a fixed bed reactor over the
temperature range of 433-573 K at atmospheric pressure and
molar methanol to steam ratio of 1:1.4 (Olafadehan et al.,
2009b). The main reactions that occur on this type of catalyst
are reforming (SRM), water-gas shift reaction (WGSR) and
methanol decomposition (MD):

(13)

(14)

(15)

(ii) kinetics of steam reforming of concentrated crude ethanol
on a Ni-based commercial catalyst at atmosphere pressure in
the temperature range of 673-863 K, and at different catalyst
weight to the crude ethanol molar flow rate ratio (in the range
0.9645-9.6451 kg catalyst h/kg mol crude ethanol) in a
stainless steel packed bed tubular microreactor (Olafadehan
et al., 2015). Based on our investigation, the molecular
formula of the concentrated crude ethanol mixture was found
to be C2.17H6.1401.35.Thus, the stoichiometric equation for the
reforming of concentrated crude ethanol was written as:

(16)

as against the conventional reforming of pure ethanol:

(17)

(iii) kinetics of steam reforming of glycerol (C3Ha03) (a by-
product of biodiesel Production) on Ru/Alumina catalyst
(Peter et al., 2018). The general chemical reaction for steam
reforming of alcohol and bio-oils is represented thus:
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CH 0 +(211-k)HP-+I1C01+(211+~-k f2
• m t mechanistic kinetic models were

In the three cas,es, ibl Langmuir-Hinshelwood-Hougen-
postulated and p aus: e . ns were developed based on
Watson reaction rate expressio t. of hydrogen The

. liar adsorp Ion .
atomic and m~ ecu Id r and Mead simplex method
optimisation routines of Ne e sed to estimate kinetic

b Marquardt were u . II
and Leven. erg- . models by fitting exceedingly we
parameters Inherent In the r and methanol, ethanol
the experimental rat~s ?fdreaecn~~~tIYwith simulated results,
and glycero~ con.verslon 11~ep d 19 for steam reforming ofas shown In Figures an .
methanol and crude ethanol respectively.

(18)

'.2 ===~~~--Ir-::=_ T&433 K, 50-0.002, t"'0.3, F_279.64
•. ~ r..,453 K, SO.,0.0067, t-0.3731, F-337.56

- TC4I73K, 50-0.0062, t-O.S~5. F-952.23 .• •..
- T••493 K, 50.,0.0089, t-0.5618. F-728.55 ::;;.- _ __ •• _

T.,r.13 K SO"0.0088, t=0.1818, F-,390.83 ::;;...-•. " .,.-.=-. T-;" K:SO-O.OO' a. t-0..,.4. F-'2.4.51 ;/' , , / ..0

- T=553 K. 50""0.0107, t::l:O.1776, F"'1335.38 • "/,.... q.. __
L.::-=-:.!T~=57~'~K.~SO::£'0~.00:!!.9~.•• "",0.9~43~a. :..::F'9=6'=.'/'~ z-: ... '" ,.,... ..
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/"/'" -
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~ ••• /' 0'" ....-......•... .,;"" .."..,.,.
••. ". •• 0.""..,.; , --cr' _•..... , -
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- - ..
02

O~ ~:-~_~_~A~~.==~~.~~~,~O~" ~ __~
o W/FMo (kg cat/(mol 5)]

. . ntal and predicted methanol convers~onFigure 18. Companson o~expenme t levels during steam reformmgagainst contact time at different tempera ure _

!Z O'AI 0 (10:5:85) catalyst (SIM=1.4, Pr -1 atm).of methanol on Cu n /, 2 3

,
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I erent temperature levels,

The preferred models satisfied ' ,and thermodynamic tests Th physicochemical, statistical
heats of adsorption and ent e computed activated energies
literature values The d ;~iYd changes agreed well with th~
information provided ' e al e kin,etic and thermodynamic

t
' In our studies of th

reac Ions are important in " , ese reformingSIZing or scaling-up the reactor,

3.5 Mathematical Model!"
Selected Biochemical Pr mg and Simulation ofocesses

Mr. Vice Chancellor S' , ,Biochemical Enginee'rin~r, my contributions in the area of
cellulose and lactose (C a~e ~n )the studies of hydrolyses of
a~d lactase respectively,12ki~~ti~s ~rthe enz~mes, cellulase
Oils (palm o,iI and sunflower oil) and enzymatic h~drolysis of
an anaerobic digester Th I methanoqenic phase of

f
. e emphases w '

o resources that are at di ere In the utilisation
bi , our ISposal in N' .

ioenqineerinq processes 'I iderati Igena for then cons: eration.

3.5.1 Enzymatic Hydrolysis of Cellulose

For better and ease of des'up the hydrolysis reactor In as well as for rationally scaling-
I eeper understanding of the basic

66

_0000

I rocesses of the enzymatic hydrolysis of cellulose is
n cessary. Cellulose is an inso\l&ble and structural glucan
polymer with a highly ordered crystalline structure and its
hydrolysis is promoted by the synergistic action of several
cellulase components. Its enzymatic degradation kinetics is .
yet to be fully understood. This presents the most difficult
problem in the hydrolysis of cellulose. Olafadehan (2004)
developed an improved, feasible, reliable and comprehensive
mechanistic kinetic model for the enzymatic hydrolysis of
cellulose. Considering cellulose crystallinity and nature and
the composition of the cellulolytiC enzyme system, a two-step
hydrolysis of cellulose was proposed: the first step is the
conversion of the insoluble cellulose into cellobiose through
the synergistic action of ~-1 ,4-glucanase (cellobiohydrolase)"
CBH, and endo-(3-1,4-glucanase, ex, at the surface of the
solid cellulose, and the second step is the hydrolysis of the
dimer cellobiose to glucose by ~_glucosidase, Ep' in the

aqueOUSphase according to the reaction:

Cellulose Cx +CBH t cellobiose Efl t glucose (19)
Moreover, the scheme of the enzymatic hydrolysis of
insoluble cellulose was considered as involving two major
phases, A and B. Phase A represented the solid phase
reaction, which involved the decomposition of cellulose to
cellobiose. This included adsorption of the enzyme leading to
the formation of the ES complex:

E + S ;::~============?==== ES

(20)

Inactivation of the ES complex by non-competitive product

inhibition:

ES + Cb ;:,,====':::,..= ESCb
(21 )
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k 5

ES + G ~,,=====~ ESG (22)

k6
The effective portion of the ES complex is given as:

CESE=cES -CESCb -cESG (23)

The transformation of the cellulose into a less digestible form
is given as:

(24)

and hydrolysis of the effective portion of the ES complex into
cellobiose:

ESE~E+Cb (25)

Phase B represents the aqueous phase reaction, which
involves the decomposition of cellobiose to glucose. It
includes the formation of EpCb complex and hydrolysis:

L + Cb -===== ~ EaCb
t::~ ". p

--~~ Ep+G (26)

and competitive product inhibition by glucose:

k12
E~ + G -===== = EpG

"
(27)

From the mechanisms above, the summary of the
generalised rate expressions for enzymatic hydrolysis of
insoluble cellulose, taking cognisance of the presence of
products (cellobiose and glucose) at the outset of hydrolysis
and reuse of the spent cellulose as a substrate, can be found
in Olafadehan (2004). However, the respective overall rates
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S d of production of the
of degradatio~ of cellu)lo~e, d'g:ose, G, are presented in
product (redUCing sugar, ,an
Equations (28)-(30) respectively:

dcs =O.9k
8
<PJl-( cso-cs Jnl\cE;oCS (l-kGcG)x

dt l~cso J so
exp[- kCb(C p -cG)1

(28)

(29)

dc kllCEPO(Cp -CG) (30)
G __ ~~~~---

dt K.(l+ ;, }(Cp-CG)

e uations (28)-(30) were numerically
The develop~d m?del q, modified third-order semi-implicit
simulated usinq Mlchelsen~. d with step size adjustment
Runge-Kutta met~od co~ tl~: improved kinetic model was
strategy. The ~fflcacy 0 t I the experimental data, as

h to predict accura e y d I .
sown .' 0 and 21 for the progress of hy ro ysis
presented In Figures 2 11 'modified cellulose over a wide
of pure, impure a~d struc

l
tura ~Tons and hydrolysis times

range of expenmenta con I I

(Olafadehan, 2004).
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Moreover, the improved kinetic model was used in estimating
not only the changes in the concentrations of glucose and
cellobiose, but also changes in other parameters including the
extent of soluble protein adsorption, the extent of unadsorbed
soluble protein, and the digestibility of spent cellulose
(Olafadehan, 2004). Equally, an optimal cellulase complex
with increased cellobiase activity was designed (Olafadehan,
2005) to minimise inhibition by cellobiose and thus maximise
glucose formation during the enzymatic hydrolysis of
insoluble cellulose, since glucose, and not cellobiose, is the
preferred final product for most practical applications and is
also a milder reaction inhibitor. The proposed model and the
numerical solution presented in our works (Olafadehan, 2004;
2005) are most useful for a deeper understanding of
biological reactor performance, ease of design, simulation
and optimisation studies through the use of less complex
kinetic equations that describe the hydrolysis reaction of
insoluble cellulose.

3.5.2 Enzymatic Hydrolysis of Lactose

Lactose was discovered in milk in 1619 by Fabriccio
Bartoletti, and identified as a sugar in 1780 by Carl Wilhelm
Scheele (Linko, 1982). Lactose is a disaccharide that occurs
naturally in both human and cow's milk. When milk is
consumed, lactose breaks down in the small intestine under
the influence of ~-galactosidase (lactase) into two different
monosaccharides: galactose and glucose. However, in adult
human (or even starting from ages 5-7 and above), there is a
reduction of the lactase present in the bowel leading to
lactose intolerance, that is, the body is incapable of digesting
lactose. Lactose intolerance affects millions of people
worldwide. If the deficiency of lactase is very high, lactose
escapes into the large intestine where it provides food for
bacteria to thrive on. The fermentation of lactose by bacteria
produces water, carbon (IV) oxide, lactic acid, methane,
hydrogen gas and several other acids. This causes
fermentative diarrhoea in the human victim who thereby
experiences diarrhoea, flatulence, cramps, and general
impairment of digestion. Several undesirable physical
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properties are also implanted in dairy products due to the
limited solubility of lactose in these products. Even though it
exists as a true solution in milk, lactose easily precipitates out

-Uf these products giving them a gritty texture. Non-utilisation
and disposal problem of whey, a by-product of cheese
manufacture, is another lactose-caused problem. Souring of
milk on brief exposure to ambient air is due to the conversion
of lactose to lactic acid by bacterial action.

There are several solutions and methods of alleviating the
problems of lactose presence in milk. These include the
addition of enzyme and enzyme-substitutes to milk;
fermentation of milk and milk products; and total abstinence
from milk and milk by-product and/or a switch to goat milk in
preference to cow milk. The enzymatic hydrolysis of lactose
is an important biotechnological process in the food industry
since it provides a good route of circumventing the limitations
of the enumerated solutions. During the processing of milk or
milk products for human consumption, lactose in the milk is
usually hydrolysed by the action of l3-galactosidase (lactase)
into two simple sugars. These simple sugars are sweeter and
more soluble than the product and thus make milk sweet so
the overall requirement of sweeteners during the process is
reduced. This makes the enzymatic hydrolysis of lactose
more profitable in a diary plant.

In our studies (Olafadehan, 1989, Olafadehan et aI., 2009a;
2010), we developed a feasible and comprehensive
mathematical. model for lactose-lactase hydrolysis in a fixed
bed, as presented in Equation (31), and the necessary
numerical solution methods using Runge-Kutta-Gill and
orthogonal collocation for the plug and dispersion flow models
respectively.

acs =-D a2cs + U acs _D.[a2
Cs +2. acs )+(-r )at L a::2 f az I ar2 r ar s

(31)

The design and analyses of such system were carried out to
identify the flow system in a fixed bed. The l3-galactosidase of
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K/uyveromyces fragi/is was immobilised on spherical chitosoan
beads using glutaraldehyde in an isothermal pac~ed bed at 43 C,
with a water recirculation jacket and a heating .water .bath.
Different reaction rates of zero, first, Mic~~elis-Mente~ v.:lt~?Ut
lnhlbition Michaelis-Menten with competitive product inhibition
~inetics 'were used, taking cognisa~ce of ma.ss. ~ransf~r '
resistances for the first time in such studies. The reliability of th~
model simulations was tested using experimental.data, .wher~ It
was revealed that dispersion flow model and ~sl~g. ~Ichaelis-
Menten kinetics with competitive product Inhlb~tlon were.
appropriate to interpret the experimental results and simulate the
process of lactose-lactase hydrolysis in a fixed bed (Olafadehan
et aI., 2010). Moreover, the results ofthis study ca~ be use~ ~s a
design tool to predict the effects of varying. operatln.g conditions
(initial substrate concentration, superficial veloclty/substrate
input flow rate) on reactor performance, which c~n b~ taken up
for application by the interested organisations and
manufacturing outfits.

3.5.3 Kinetics of Enzymatic Hydrolysis of Oils

Mr. Vice Chancellor, Sir, the m~st im~ortant amongst ~he
applications and significance of lipase In the o.leo-cheml~al
industry is its use for the pr~duction of fatty acids from oils
according to the chemical reaction:

CH20H

I
CHOH
I

CHpH
Propane-l~2.3-triol

(glycerol)

RCOOCH . RCOOH
I - I

3H 0 -==='==- R'COOH +R'COOCH + z "'"
I I
R'COOCH: R"COOH

Triglycerides Fatty acid
(oil/fit)

Although the fatty acids processing technolog~ has been an
established industry for over a century, there eXists a dearth of
kinetic data on this process in the literat~re. Olafadehan ~t al.
(2008b) developed a detailed, feasible and generalised
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mathematical model for the enzymatic hydrolysis of palm oil
and sunflower oil in a mechanically stirred bioreactor at any
enzyme concentration (whether low or high). The model
predicted interfacial saturation at high-enzyme concentration
for both palm oil and sunflower oil. It was used to determine,
under different operating conditions, the enzyme
concentration at which the interface between the oil and
aqueous phase containing the enzyme would be saturated,
that is, the critical enzyme concentration. Moreover, excellent
agreements were achieved between the simulated results
and experimental data for the hydrolyses of palm oil and
sunflower oil by lipase in a stirred bioreactor. It was also
shown that the quasi-steady-state approximation for the
intermediates was applicable under the operating conditions
used in this study. The sensitivity of the model predictions to
the values of the kinetic parameters was also investigated.
This study provided a technical survey to generate the
necessary chemical kinetics and process data for the
production of fatty acids. Equally, these data elucidated the
process dynamics that form the basis for further studies in the
development of an indigenous fatty acids processing
technology as the enzymatic hydrolysis of oils by lipase for
the production of high value-added products and heat-
sensitive fatty acids is an energy-saving method due to mild
reaction conditions with enzymes. It also reduces the
financial constraints encountered in the process and the
construction of the process equipment. Moreover, in
enzymatic fat splitting, few unwanted by-products are formed
with minimum thermal degradation. The products are clear
and a relatively concentrated propane-1,2,3-triol solution is
obtained. This makes the enzymatic process much cleaner
and more energy-efficient than the conventional thermal fat
splitting alternative, which requires operation at elevated
temperature and pressure.

3.5.4 Modelling and Simulation of Methanogenic Phase
of an Anaerobic Digester

Anaerobic treatment processes are rather complex
microbiological processes, performed by specific groups of
bacteria that function only in the absence of air. Such
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often used to dispose of wastes while
Processes are II d bl as). f I fuel (methane commonly ea e log .
~~~::a:1n ~~:p~ are usually ide~tified in anaerobi~ diges~o~
as follows: hydrolysis of the complex or~anlc. m~ er,

ld . hase (with the production of volatile acids): a~d
aCI oqeruc p. hase (where the methanogenic bacteria
methanogenlc P . CO and
convert the volatile acids into the tinal ~rodu~ts.' h 2 t
CH) Amongst the volatile acids, ethanolc acid I~.t e m~~h

. 4... recursor of methanogenesls, WI.
significant ~ considered as the rate-controlling step m
~~~h~~~~e~~!~Pts In our study (Olafadehan and Ala~i,
2009) a biologicai dynamic model for t~e meth~lnoge~~

s~ of an anaerobic digester with and wltho~t wa gr?
f:~or was developed for the substrate and microorganisms
concentration, and presented thus:

1
dcs =~[(cs)o-cs1+J1cx \
dt a Y ~without wall growth factor (32)

dcx = ~[(c'y)o-cx1+ Cx~-Kd~
dt a

dcs =~[(cs)o-cs1+J1[cx+(A/V)cx..1 r
dt a Y ~ (33)

dcx = ~[(cx)o-cx1+ J1[cx+(A/V)cx..1-KdCx~
dt (j

with wall growth factor, where K,v (=Acxw IV) is the ~all-
rowth factor and is defined as the mass of microorganisms

~n the digester wall divided by t~e digester.~ol~m:t~~iity:h~
factor was introduced to explal~ t~~ rest ua.. . .
di esters performing in otherwise mhibitory conditions, cx •. IS

g . the wall (assumed
the microorganism concentration on

t) d A/V the ratio of wetted surface area, A, to
constan , an . T rowth
volume of the digester. The microorganism spec. IC g

rate, u, is given by:
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(34)

The dissociation of ethanoic acid is given by:

CH3COOH~'====-""'~CH3COO- + W

(HS) k~ (S-)
(35)

with acetic

K = kA
A k':'

A

microorganisms was found to be:

acid dissociation (or equilibrium) constant,

Hence, the derived specific growth rate of

f-l = . ,llrx

1 + KstKA + CH' + CrCH' (36)

CH,Cr K/{KA+CH')

The use of an inhibition function' h
microorganisms mass bala . In t ~ substrate and
feasible model that predict~C~~lul:e e~sen!lal t~ devel~p a

~~~~nh~ou~haen~~~~~pro~esses due t~I~~~~~~~nI~f ~~~I~~~a~

ethanoic aC.idto the 'c~n~li~~o~~~~:t~~e~~~:~~~~s df;:~te~f
was numerically solved with t H '
using the s " r" ou P restriction (4::;pH::;10)
ste -size ~mHmp icit Runge-Kutta method combined with
stu~y Sho~~~st~:;t i~trategy. The sim~lated results of this
sudden chan . was extremely Imperative to avoid
to allow the ges In the fee? (substrate) concentration in order

process stabilise and metab r th
concentration present with' ouss e substrate
coupled with the prev~ntion In a reasona?le respon.se time,
instability' . 0: ~rocess failure and bioreactorowmq to inhibitory '.
concentrations at low pH values' I u~onlsed substrate
enhance bioreactor instability and t~:/Iea~a~~e~ (ir'IPH<7)
the process. However at high H e

l
al ure of

, p va ues, the
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microorganisms showed a shorter response time, which
uggested that reactor recovery would be more difficult and

long recovery times needed. Moreover, good process
response was obtained by a gradual increase (ramp forcing)
of the feed substrate concentration instead of a step increase.
The presence of microorganism growth on the digester walls
led to an improvement of the response of the reactor toward
inhibition (Le. less inhibitory conditions were observed). This
implied robust stability of an anaerobic digester under drastic
changes of its operational conditions. This study was
necessitated for reason of this process becoming more
popular in the water treatment industry as the anaerobic
process has considerable advantages over aerobic
processes. Some of the advantages include low sludge
production, tolerance of start/stop operation, production of a
useful fuel (methane, commonly called biogas) and relatively
high throughput. The dynamic model presented herein allows
the study of anaerobic digester performance under transient
conditions, such as start-up operations, and quantitatively
measures process stability under different operational
conditions.

3.6 Modelling and Simulation of Selected Chemical
Processes and Adsorption Kinetics

Fixed bed adsorption column, as depicted in Figure 4, is
widely used for purifying liquid mixtures, especially industrial
waste effluents. Hence, in our works, a detailed, feasible and
comprehensive mathematical model was developed to
describe the processes of monocomponent and
multicomponent adsorption on different porous media in fixed-
bed adsorption column (Olafadehan, 2000; Olafadehan and
Susu, 2001a, 2001b). The model took into cognisance many
of the factors neglected in the literature. These include
effects of axial diffusion in the fluid and the external film and
internal diffusion resistances of the particles. The resulting
model was good for all manners of non-linear reaction rate
expressions and all general non-linear adsorption isotherm
relationships. The resulting model equations are hyperbolic
and parabolic partial differential equations for the macro-
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(fluid) and micro-systems respectively, as presented in
Equations (37) and (38):

Fluid phase:

Pore-fluid phase:

E p a ( 2 ex, J ex 11 (aq• J(ax. J-2 - r D ;-- + fr; =E --' + L --' __J (38)
r ar P ar P at j_1 aX

j
at

In our studies, these equations were expressed for each of
the components (pollutants) in a multi-component adsorption
system.

3.6.1 Phenolic compounds adsorption without reaction
in Fixed Bed

For the treatment of wastewater effluent from a paint industry
in Ikeja, Lagos, Nigeria (explained in Section 3.2), the system
under consideration was a multicomponent one as it involved
removal of phenolic compounds from the wastewater.
However, the complex multicomponent adsorption system
wa~ rationalised into a single system, which was simpler and
easier to handle mathematically than the multicomponent
system. The former is a pseudo monocomponent adsorption
system in which the phenolic compounds have been lumped
into one single component. In the experimental work of
Olafadehan and Aribike (2000), the concentrations of the
pollutants were lumped together as chemical oxygen demand
(COD). This decision was hinged on the fact that the
industrial wastewater employed in the experiment was found
to contain mainly phenols. Hence, the developed models,
Equations (37) and (38), were applied in conjunction with the
already obtained adsorption isotherm in Olafadehan and
Aribike (2000) to predict the lumped concentration of phenolic
compounds removed from industrial wastewater in a fixed
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bed of activated carbon adsorbent (Aribike and Olafade~an,
2008). This was achieved by solving the m~del equatlon~
using the orthogonal collocation method ~nd thlr~-ord~r serru-
implicit Runge-Kutta method combined With a gnd refl~ement
strategy. The simulated complete breakthrough profiles .for
phenolic compounds in pseudo single component adsorptl~n
system using particle sizes of 1-2 mm and >.2 mm v:ere In
excellent agreement with the pilot plant profiles s~udle~ by
Olafadehan and Aribike (2000). The effects of particle sizes
on breakthrough curves for the samples collected. at three
different effluent points revealed that a strong Influence
occurred at early breakthrough times. These were observed
to be highest for particle size> 2mm for all the three .sam~les
of wastewater effluents and lowest for 1-2 mm particle size.
Therefore, the particle sizes used in the column affected
breakthrough times. Breakthrough times of 40, 25 and 1~O
minutes were predicted for phenolic compo.unds. In
wastewater samples I, 11 and III respectively for particle sizes
of 1-2 mm. In the case of particle sizes greater than 2 mm,
breakthrough times of 90, 90 and 160 minutes wer~ o.bta~ned
for samples I, 11 and Ill, respectively. There were Indications
that it would take the carbon bed between 1 and 3 hours to
get saturated for the cases considered. Also, the rel~tion
between the solid phase and bulk liquid phase concentrations
for phenolic compounds in the three wastewater samples
revealed the formation of a primary monomolecular layer on
the adsorption surface. Typical breakthrough concentration
profiles obtained in our studies are shown in Figure 22.
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Figure 22. Predicted versus experimental breakthrough profiles for phenolic
compounds in sample I.

3.6.2 Binary adsorption of aromatics and sulphur
compounds without reaction in fixed bed

We, Olafadehan and Susu (2005), presented the simulation
of the binary adsorption, without reaction, of aromatics and
sulphur compounds onto a fixed bed of porocel clay for
kerosene deodorisation, together with comparative analyses
of linear, Freundlich and Langmuir isotherms using the
developed models given in Equations (37) and (38).
Excellent agreement was obtained between the simulated
results and pilot plant data for the breakthrough profiles for
the non-linear adsorption isotherms of Freundlich and
Langmuir. However, no agreement was obtained for the
linear isotherm. Also, competitive multicomponent adsorption
occurred on the adsorbent surface in which sulphur
compounds are selectively adsorbed onto porocel clay
relative to the aromatics compounds. In this regard, our
simulated results revealed the formation of multiple
adsorption layers upon the primary monomolecular layer on
the adsorbent surface as illustrated in Figure 5. An
experimental breakthrough time of 8 h was also predicted for
both aromatics and sulphur compounds using the non-linear
Freundlich and Langmuir isotherms. The implication and
application of this study are in the current drive of using
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deodorised kerosene in the aerosol and aviation industries as
aromatics and sulphur compounds impart odour to kerosene.

3.6.3 Ternary adsorption without reaction in fixed bed

The adsorption of a single component from an aqueous
solution onto an adsorbent has been modelled successfully.
Conversely, relatively little model development has been
done for almost real multicomponent systems. Olafadehan
and Susu (2004a) presented a computational procedure for
solving the set of stiff hyperbolic and parabolic partial
differential equations (37) and (38) describing the
simultaneous adsorption of a ternary system in a column
packed with adsorbent particles using non-linear adsorption
isotherms of Fritz and Schluender. We adopted orthogonal
collocation method combined with Michelsen's modified third-
order semi-implicit Runge-Kutta method with step-size
adjustment strategy for the numerical solution of the resulting
coupled ordinary differential equations modelling the
simultaneous adsorption of butanol-2, tert-amylalcohol (2-
methylbutan-z-ol) and phenol on activated carbon as the
adsorbent in fixed beds of 0.41 and 0.82 m length. Excellent
agreement was achieved between the simulated results of
our study and the previously published experimental data of
Balzli (1977). Typical results are shown in Figure 23 for a
0.41-m adsorber.
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Figure 23. Breakthrough curves for simultaneous adsorption of butanol-2
t-amyl alcohol and phenol in a 0.41 m bed. '

From Figure 23, it can be seen that phenol appeared in the
effluent only after a very long time. This is due to its very
strong adsorpyon affinity, and thus replaced the non-key
~omponents (I.e. butanol-2 and t-amylalcohol), which were
first adsor~ed onto the activated carbon in the bed: they
appeared In the effluent as a concentration peak. Thus,
phenol was the most selectively adsorbed component on the
activated carbon. It was equally observed that the
breakthrough curves were delayed by 1.5, 2.0 and 5.5 hours
for butanol-2, t-amylalcohol and phenol respectively in a 0.82-
m adsorber compared with the results in a 0.41-m adsorber.
Hence, t~e bed length affected the breakthrough times and
even heights of the peak as the peak heights for these
components increase on doubling the bed length since the
longer the be~, the larger the total amount of the non-key
components displaced. Moreover, as peaks increased, the
breakthrough times increased, and the separation between
the wavefronts increased in the longer beds. Our results
revealed a simple type of multiple layer formation that is
adsorption on solid surfaces took place with the for~ation of
secondary, tertiary and finally multiple layers upon the
monomolecular layer. So physical adsorption must have
occurred on the chemisorbed species with chemisorption
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being completed at lower concentrations. The
comprehensive model developed herein is most useful in the
design and analysis of fixed-bed activated carbon adsorbers
treating multicomponent aqueous wastes. Moreover, it can
be readily extended to multicolumn and/or unsteady state
process operation.

3.6.4 Binary and ternary adsorption with reaction

15

Many investigators have worked successfully on binary and
multicomponent adsorption, without reaction, onto porous
media in a fixed bed. These included some of our numerous
works that were enumerated above. However, none of these
models considered the adsorption-reaction process. In our
studies (Olafadehan and Susu, 2004b; 2004c), adsorption-
reaction of the dehydrogenation of cyclohexane to benzene
and hydrogen on Pt-Re/AI203 catalyst in an inert (argon and
helium) and active diluent (hydrogen) using pulse
microcatalytic and continuous flow reactors were investigated.
The catalytic dehydrogenation of cyclohexane (C6H12) to
benzene (C6H6) is an important reforming reaction in the
petroleum refining and petrochemical operations. The
scheme of this consecutive reaction through the intermediate
cyclohexene (C6HlO)is presented in Figure 24 thus:

step 3step 2

Figure 24. Consecutive reactions during the caialytic dehydrogenation of
cyclohexane to benzene.

Olafadehan and Susu (2004b; 2004c) proposed reaction
mechanisms for the reforming reaction based on unadsorbed
and adsorbed hydrogen on the catalyst surface.
Subsequently, mechanistic reaction rate equations were
developed by assuming any of the elementary reaction steps
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(outline~ .in Fig~re 24) was rate-determining. All the
mechanistic reaction kinetic models were tried in the Nelder-
~ea~ ~od.ified simplex method (a search algorithm). Also,
discrimination among the rival rate expressions was based on
the positive values of the rate and adsorption equilibrium
constants, the goodness of fit and on the increase and
decrease of the kinetic rate and adsorption equilibrium
constan!s of the reaction with increase in temperature. Thus,
we obtained the surface reaction of adsorbed cyclohexane to
adsorbed cycloh.exene (step 2) as the rate-determining step
for the catalytic dehydrogenation of cyclohexane with
unadsorbed hydrogen on the catalyst surface (a binary
system with reaction) as:

(-r.) = k.dKAcA -CBC~2/K)
J 1+KAcA+(KB/Ks2)cBc~! +KBcB

(39)

cyclohexene (step 2) was indeed the rate-determining step for
the catalytic dehydrogenation of cyclohexane to benzene with
dissociative adsorption of hydrogen atom on Pt-Re/A1203
catalyst in inert and active carrier gases using pulse and
continuous flow techniques. Therefore, hydrogen adsorption
is somewhat significant for the dehydrogenation of
cyclohexane to benzene. Hence, it cannot be ignored. The
activation and equilibrium adsorption energies were found to
be higher for the case of dehydrogenation of cyclohexane
with adsorbed hydrogen than with unadsorbed hydrogen as a
result of autonomous cleaning of the catalyst surface by the
hydrogen adsorbed. The adsorption-reaction processes
studied here are of utmost significance to industrial processes
where kinetics is Langmuir-Hinshelwood-Hougen-Watson so
all mass transfer resistances that have been considered exist
for such system hence the presentation here goes far beyond
cyclohexane dehydrogenation on Pt-Re/Alumina catalyst. For
the specific case discussed, the advantages of this
adsorption-reaction method are as follows:
(i) In a situation where one does not know mass transfer

resistance is negligible, this method allows
determination of kinetic parameters, which are needed
in the design of catalytic reformer for the catalytic
dehydrogenation of cyclohexane on a bimetallic
catalyst of Pt-Re/AI203.

(ii) Even in the specific case of cyclohexane
dehydrogenation, the process engineer is able to
move away from first-order kinetics (that was the
usual norm for such kinetics in the literature) and thus
obtained the true parameters for Langmuir-
Hinshelwood-Hougen-Watson rate expressions.

However, for the case where hydrogen was adsorbed on the
catalyst surface (a ternary system with reaction), we obtained:

(40)

where A, 0, B, and S denote cyclohexane, cyclohexene,
benzene and a.vacant catalyst site respectively. The reaction
~ate expresslo.ns, Equations (39) and (40), were
Indep~ndently Incorporated into the developed model
equation (38) a~d solved together with the fluid phase mass
balance, Equation (37), using orthogonal collocation and
Mich~lsen's .third-order semi-implicit Runge-Kutta method
com~lned with step-size adjustment strategy. Numerical
solutions for the ternary adsorption-reaction scheme were
compared with the binary adsorption-reaction case where
hydrogen adsorption was ignored. Our results revealed the
surface reaction of adsorbed cyclohexane to adsorbed

In conclusion, the adsorption-reaction process is feasible in
porous media. Although mathematically complex, the
process can be treated with the methods developed in our
work.
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3.6.5 Mechanistic Kinetic
Hydrodesulphurization Processes

Models for

-Hydrodesulphurization (HDS) is probably the most important
hydrotreating process in petroleum refining industry to
produce clean fuels devoid of heteroatom impurities such as
sulphides, disulphides, polysulphides, thiophene,
benzothiophene, mercaptans, and quinoline. However, the
kinetic modelling of such process is lagging far behind, yet an
exhaustive understanding of the kinetics of these sulphur-
containing compounds will pave way for the design of
improved hydrotreatment plant. Olafadehan and Oghenekaro
(2008), and Olafadehan and Okinedo (2009) provided
succinct information on the mechanistic kinetic models for
hydrogenolysis of thiophene and benzothiophene on a
commercial hydrodesulphurization Co-Mo/y-Alumina catalyst
respectively. The following consecutive reaction schemes
adopted for the hydrogenolysis of thiophene, C4H4S, into
hydrogen sulphide (H2S), butene (C4Ha), and butane (C4H1o)
are given thus:

(41 )

(42)

The hydrogenolysis of thiophene (T) into butene (8) and
hydrogen sulphide (S), and the hydrogenation of butene into
butane (A) were considered to take place on different kinds of
active sites a and T respectively. Since no 1,3-butadiene and
tetrahydrothiophene were detected in the effluent stream of
the experimental work of Van Parijs and Froment (1986), it
'was inferred that they must be highly reactive intermediates.
-Therefore, for the kinetic analysis in our studies, thiophene
and n-butane were chosen as the independent reaction
components, and mechanistic kinetic models were
developed. Amongst the rival models, the best fit of the
experimental conversion/rate against space-time data with
positive rate and equilibrium constants showed that the
surface reaction between adsorbed thiophene and adsorbed
hydrogen on (J sites in the hydrogenolysis, and the surface
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reaction between adsorbed butene and adsorbed hydrogen
on t sites in the hydrogenation, when hydrogen was adsorbed
molecularly, are the rate-determining steps.

The triangular reaction scheme for the hydrogenolysis of
benzothiophene (CaH6S) to ethylbenzene (C6HsC2Hs) and
hydrogen sulphide (H2S) is given in Figure 25.

o
~o
~hYdrObe'lzothiOPhene, CsHsS

I + H2 rD,o-

C2Hs
S ~-B'o-

Benzothiophene (B) ~ o
Ethylbenzene

Figure 25. Reaction scheme for hydrogenolysis of benzothiophene on Co-
MoIAI203 catalyst.

Hence, the reactions occurring during the
hydrogenolysis/hydrogenation are given below, from which
mechanistic kinetic models were formulated.

CgH6S+2H2 r•. CI) C6HsCH=CH2+H2S

C6HsCH=CH2+H2~ C6HsC2HS

CgH6S+H2~ CsHsS

CgHsS+2H2 'O.CI) C6HsC2Hs+H2S
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Amongst the rival models, the best fit of the experimental
conversion against space-time data with positive rate and

-equilibrium constant revealed that the surface reaction
between adsorbed benzothiophene and adsorbed hydrogen
on IT sites in the direct hydrogenolysis of benzothiophene to
ethylbenzene, the surface reaction between adsorbed
benzothiophene and adsorbed hydrogen on 1" sites in the
hydrogenation of benzothiophene to dihydrobenzothiophene,
and the surface reaction between adsorbed
dihydrobenzothiophene and adsorbed hydrogen on (J site in
the hydrogenolysis of dihydrobenzothiophene to
ethyl benzene when hydrogen was adsorbed atomically, are
the rate-determining steps.

In both cases of the hydrogenolysis of thiophene and
benzothiophene on Co-Mo/Ab03 catalyst, the forward and
backward activation energies, and the enthalpies of
adsorption with corresponding pre-exponential/frequency
factors were evaluated using the least-squares technique via
the application of the Arrhenius law and plots, and Van't Hoff
law and plots respectively. Our kinetics findings on this
largest scale chemical processes as carried out in industry
today will pave way for the design of hydrotreatment plant
whereby sulphur compounds can be removed. This is the call
in various countries, including Nigeria, for an acceptable level
of sulphur in petroleum fractions in a bid to minimise its
effects as a primary source of air pollution. The presence of
sulphur in many forms in petroleum fractions poses both
technical and environmental risks to man and nature.
Refining of the sulphur compounds, in particular, decreases
the contributions to acid rain production upon fuel
combustion. It is also valuable in preventing catalyst
poisoning both in the refinement process and in automobiles.

3.6.6 Mechanistic kinetic Models of n-Heptane
Reforming

As mentioned earlier, catalytic reforming is a vital process in
petroleum refining. It is needed for the enhancement of
octane number in gasoline production and also for the
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production of aromatics for the petrochemical industry. !he
aromatization of n-heptane is an important reforming reaction,
especially on supported platinum catalysts. Olafadehan et. al.
(2008a) comprehensively studied the kinetics of th~ reforming
of n-heptane on a platinum/alumina catalyst In a pulse
microcatalytic reactor at a total pressure of 391.8 kPa over a
relatively wide temperature range of ~20-500°C (S.usu and
Adenusi, 1997). The main reactions In the reforml.ng of .~-
heptane are (i) cracking; (ii) deep fragmentation; ~III)
isomerization; (iv) dehydrocyclization; (v) dehydrogenation
(aromatization); and (vi) dem.ethylatio~. However, the
mechanism of the overall reforming reaction of n-heptane (N)
on PtlAI203 catalyst involves a four-step sequence consisting
of n-heptane cracking; its isomerization to iso-heptane (I) and
dehydrocyclization to methylcyclohexane (C);
dehydrogenation of methylcyclohexane to toluene (T); and
subsequent hydromethylation of toluene to benzene (8) ~nd
methane (M). The reaction paths for n-heptane reforming
over PtlAI203 catalyst are shown thus:

dehydrogenation hydrogenation
1 • C --':-," -_. T --"/"r-.5-+· B + M

rJ,S c.s
(37)

The dehydrogenation and hydrog~nation. steps. o~cur on
platinum sites, represented by S while the Isomerization step
occurs on the acidic alumina sites, represented by IT. The
cracking is believed to occur by the free radical theory, which
is a subject for further study by the Inauoural ~ect~rer. The
dehydrogenation, hydrogenation and Isomerlz~tlon steps
involve adsorption, surface reaction and desorption. Thu.s,
we developed 29 reaction rate equations of the Lanqrnuir-
Hinshelwood-Hougen-Watson type based on molecular and
atomic adsorption of hydrogen. Param~ter estimate.s f~r the
n-heptane reforming reactions were obtained by ~pphcatlon of
the Nelder-Mead simplex optimisation technique to the
predicted and observed conversion/production r~tes o.f th.e
reaction components. Discrimination amongst rival kinetic
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models. was base~ ~pon physicochemical criteria, analysis of
the residuals, statistical and thermodynamic tests. The rate-
determining step was found to be the surface reaction of
a?sor~e~ iso-heptane to adsorbed methylcyclohexane with
dls~oclatlve adsorption of hydrogen on the catalyst surface
dunng dehydrocyclization of iso-heptane to
methylcyclohexane.

3.6.7 Simultaneous
Studies

Reaction-Deactivation Kinetic

The. de~~tivatio~ of industrial catalysts adversely affects the
profitability of Industrial catalytic plants, as the catalytic
process may represent a major cost component of the plant.
For ex~mple, a catalytic reformer processing 100,000 bpd
crude oil may cost about $1 billion, and the platinum catalyst
cost may be about $278 million (Somorjai and Davis 1982)
at today's ~rice of between $27,263.83 and $28,067.60 pe~
kg ?f platinum. (New York Times of August 23, 2019).
Obviously, multiple regenerations and reuse of these
catalysts are mandatory for profitable refinery operations.
How long the catalyst lasts depends on how well the
regeneration operations are carried out. It is therefore not
surprising that the study of the deactivation of industrial
catalysts is a fertile area in catalytic research. In our study
(S.~su . et aI., 2005), the efficiency of reforming catalyst
utilisation was explored using the deactivation data collected
in a CSTR at a total pressure of 101.325 kPa and W/ F
values .up to 0.33. g. mm/ern" from the multiple regenerations
of platinum-containing catalysts. The deactivation models
comb~ned the kinetic equation with the coking equation; both
equations were derived from mechanistic models. The
reactive systems investigated were the reforming and coking
of n-octane and methylcyclopentane on the monometallic
PtlA12.03 and the bimetallic Pt-Re/A1203 catalysts. The
coupling of the two models resulted in a dynamic expression,
and the parameter estimates were carried out without
decoupling the main reaction from the coking reaction. The
mo?el formulation afforded the estimation of the level of
residual activity by the incorporation of a factor f, ,
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representing incomplete deactivation. The residual activity, f,
was found be practically unity for n-octane and
methylcyclopentane conversion, indicative of high utilisation
efficiency of the PtlAI203 and Pt-Re/Ah03 catalysts for the two
hydrocarbon reactants, regardless of the larqe difference in
the coking abilities of the hydrocarbon species. For both
reactants, these were ascribed to the existence of a
predominant coke type, whose magnitude is ~ thousand-told
higher than the deleterious coke types. This predominant
coke type is oxidisable coke, which is removable by an
oxygen-containing gas. This coke is non-toxic to the
reforming reactions, as regeneration restores the cataly~t
activity. As far as the industrial life of the c~t~lyst IS
concerned, it was revealed in our study that the effiCiency of
catalyst utilisation would be high for as long as. ~xidisable
coke predominates on the catalyst surface. In addition to .the
conclusion of efficiency utilisation of the catalysts studied,
other major conclusions derivable from this work are:

(i) The predictions of experimental deactivation data for
n-octane conversion on PtlAh03 catalyst and
methylcyclopentane conversion on PtlAh03 and Pt-
Re/Ah03 catalysts were found to be excellent for
coupled non-separable mechanistic models of the
kinetic and coking reactions.
In both reaction cases reported, the predicted rate
constants for the forward reaction were about five
times higher than those for the reverse reaction.

(ii)

3.6.8 Modelling Hydrocarbons Pyrolysis

Hydrocarbons pyrolysis reactions ar~ d~scribed. by sev~ral
elementary reactions involving reactive intermediates which
may be atoms or radicals. The kinetic equations d~ri~ed for
elementary reactions are normally complex and difficult to
solve. The Steady-State Approximation (SSA) was therefore
postulated to simplify complex equations. The SSA assumes
that the concentrations of the reactive intermediates (radicals)
are constant during the course of the reaction, and as such
the rates of change of their concentrations are zero. The use
of SSA converts the stiff ODEs associated with radical
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species to non-linear algebraic equations to forestall the
complex mathematics often encountered in the numerical
irltegration of such equations. In this way, very useful and
plausible solutions of the models could be obtained. Thus in
our work (Aribike et al., 2006), the application of the SSA in
the n:odelli~g of n-hexane and n-heptane pyrolysis reactions
was Inv.es.tlgated, where two hundred and fifty four (254)
mec~anlstlc mod~ls were proposed. The experimental set-up
consisted essentially of an annular stainless steel reactor an
electric furnace (St~nton Redcroft, U.K.), three gas
chromatographs, a spilt flow valve and liquid nitrogen cold
trap. A brief description, materials and experimental methods-= in the study were given in our work, (Aribike et al., 2006)
while the detailed description was given in Aribike (1986).
The ~roposed reaction mechanism comprised mainly radical
reactions. Some molecular reactions were equally included in
the mechanistic model, since excluding them would result in
erroneous results (Benson, 1976). These were then
translated = two sets of stiff ordinary differential equations
(ODEs) usrnq a 'chemical compiler' code. The two sets of
c~u~led no~-linear ODEs were solved numerically using a
stiff integration program based on the Adaptive Semi-Implicit
Runge-Kutta (ASIRK) algorithm of Prokopakis and Seider
(1981). Alternatively, SSA was applied to convert ODEs
repre~enting . radical species to non-linear algebraic
e~uatlons, whl~~ were subsequently solved simultaneously
With th~ remaining ODEs representing molecular species.
The major product distributions of n-hexane and n-heptane
p~rolysis predicted by ASIRK showed excellent agreement
With the expenmental data, while those simulated by SSA and
Newton-Raphson algorithm showed significant deviation from
experimental data. Thus, the ASIRK technique is well suited
for.solving kinetic models of hydrocarbons pyrolysis reactions
~h"e SSA ~nd Newton-Raphson algorithm were inadequate
In t~e chemical reaction kinetics of hydrocarbon pyrolysis, i.e.
radicals never really attain a steady state in the reactor in
practice.

3.6.9 Kinetics of Smog Photochemistry

Photochemical smog is an atmospheric condition, which
produces severe eye irritation and poor visibility, to mention
but a few of its adverse effects. Three ingredients are
needed for its formation: energy from a light source
(ultraviolet), hydrocarbons and nitrogen oxides.
Hydrocarbons and nitrogen oxides are produced through the
burning of fossil fuels, most notably automobiles. There are
two types of photochemical smog: oxidising smog due to a
high concentration of an oxidizing agent (ozone); and..
reducing smog due to a high concentration of S02. A
generalised scheme for the formation of photochemical smog
was presented in Olafadehan (2002), where for the first time,
a reduced reaction mechanism .{with minimal loss of accuracy
for predicting ozone -forrnation in photochemical smog
systems) was applied to the modelling of the chemistry of
photochemical smog in the troposphere. The resulting
simplified mechanism contained nine key reactions and 11
species (N02, NO, 03, CO, CO2, O2, singlet oxygen (0),
charged form of singlet oxygen (OD), HN03, HO; and OH)
Olafadehan (2002) showed that the simplified reduced
mechanism gave excellent predictions for the stable pollutant
species and radical species when compared to the
measurement made for smog chamber experiments from
Commonwealth Scientific and Industrial Research
Organisation (CSIRO) outdoor smog chambers. Hence, the
proposed simplified version of the Generalised Reaction
Scheme can be used for predicting accurately ozone
formation in photochemical smog systems. However, the
current simplified reduced mechanism can be modified to
include specific hydrocarbon species that will include
selective reactivities that control radical production. So,
further refinements of computationally efficient and rigorous
mechanisms for photochemical smog modelling are being
pursued by the Inaugural Lecturer.
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3.6.10 Modelling of Cryogens Spills on Water Surfaces

I.D recent years, demand for natural and petroleum gases both
as fuel and petrochemical feedstock has been on the
increase. Cryogenic liquid mixtures such as LNG, LPG and
NGL are extracted from natural gas at a very low-temperature
condition. It is thus of utmost importance to understand and
quantify the physical processes taking place during the
extraction process. Thus far, no model has been developed
to describe completely the behaviour of LNG on water in real
situations. For the first time, we, Dosunmu et al. (2004),
developed a detailed and feasible mathematical model for
simultaneous spreading and vaporisation of cryogens on
water surfaces using continuity and the general Navier-
Stokes equations in cylindrical coordinates(r, z, e),
applicable in real situations. The model accounted for
gravity-inertia spread regime that predominates during the
spreading process, maximum conditions at the leading edge,
and neglected the compositional effect of the cryogenic liquid.
Using LNG as the test liquid in our study and solving the
resulting model equations with the method of characteristics
literature values of the dimension less maximum radial extent
of 1.23 and dimension less duration of the entire spill process
of 0.8 were accurately predicted. Since no significant
variance existed between our model results and those of
Conrado and Vesovic (2000), which considered the dynamic
change in composition of LNG during vaporisation process to
compute the thermodynamic and transport properties of LNG
both in liquid and vapour phases, we concluded that the rate
of vaporisation of LNG was not influenced by its composition
in both liquid and vapour phases during spills on water
surfaces. Moreover, useful information were provided in our
study for the assessment and management of the explosive
risk associated with the spillage of cryogens on water
surfaces in the natural gas industry.
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3.6.11 Compositional Hydrodynamic Modelling of
Gas/Gas Condensate in Gas Pipeline

Natural gas must be found, produced, gathered, processed
and transported for it to be available at the burner, be it in a
home or the factory. Quite often, the collected natural gas
has to be transported over a long distance in pipelines of
various sizes. These pipelines cross undulating terrain with
varying temperature profiles. When such pipelines operate in
a single-phase-gas flow regime, design calculations are
readily available. However, gas condensation in pipelines
commonly occurs owing to the multicomponent nature of the
transmitted natural gas and its associated phase behaviour,
as well as the inevitable temperature and pressure variations
that occur along the pipeline. Condensate subjects the gas
pipeline to two-phase transportation. Therefore, Olafadehan
and Fayanjuola (2010) presented the development and
numerical solution of a non-isothermal one-dimensional
steady-state compositional two-phase flow model to describe
the problem of gas condensation' and its resulting
hydrodynamics in horizontal natural gas pipelines. Our
simulated results demonstrated the appropriateness of such a
model and its versatile characteristics in describing this rather
complex problem. It was shown in our study that a critical
point existed in pipelines where the maximum amount of
liquid occurred; and we thus predicted the quantity and
distribution of condensate in the pipeline, in addition to other
commonly sought engineering design variables, which were
unknown a priori. The model presented in this study can
serve as a predictive and design tool for use in both the
design and operation stages in gas pipeline design. The
model is also useful in the prediction of flow patterns, liquid
hold-up and pressure loss for two-phase flow in pipelines,
which are important in designing gas-liquid transportation
systems. It also assists to validate the functionality of
measuring devices, which have been installed on the well-
head.

95



3.6.12 Refinery ProductslWaste Optimisation using a
Synthesised Pinch Technique

point favoured movement of product curve away from the
waste curve. Thus, a new model that allows refinery designer
to predict and minimise waste from a refinery process and
maximise products production was developed.Mr. Vice Chancellor, Sir, owing to high costs of refinery

operati.on~ and ~ncreasing/fluctuating price of crude oil per
barrel In I~ternatlo~al markets, the marginal profit of refinery
operators IS sometimes challenged. Hence, there is a need
to optimise. the desir~d products yield without retrofitting the
plants. This was achievable using the application presented
In our study (Abhulimen et al., 2012), which was based on the
concepts of pinch, as demonstrated for optimising heat
recovery in an operating refinery heat exchanger network.
Therefore, an optimal waste minimisation exchange network
was designed for the control of effluent, thermal and gaseous
wastes generated from the process plant. The model used
the concept of pinch technique, which was based on a
weighted design superstructure that set design products
Produ~tion targets at 25%, 50% and 75% against an
operating benchmark status, to optimise the product/waste
produ~tion fro.m a Crude Distillation Unit (CDU) of an existing
operating refinery. Since it is practically impossible to
demonstrate the concepts for the whole refinery operations,
the Crude Distillation Unit (CDU) was selected based on data
obtained from an operating refinery unit as a pilot case. The
c?n~ept.s discussed here applied the pinch technique to
distinguish between refinery products (desired products, such
as kerosene (HKK), gasoline (PMS), diesel (AGO)) and
wastes (unwanted products, heavy oil, residual crude, and
heavy crude). The Linear Programming (LP) model that
resulted from the analysis of these waste systems and the
~o~posite plots were generated for thermal, gaseous and
liquid effluent waste streams. The dynamics of waste
recovery systems was investigated in relation to the
movement of the pinch position as the process conditions
we~e modified or changed based on design targets of 25%,
50.Yo and 75% of the products production scheme. The pinch
point was loc~ted ~~d the high and low waste generating
systems were Identified and quantified. The analysis of the
composite plots and the solution of the LP model showed that
~ d~sign target that minimised the production of gaseous and
liquid wastes was obtained when the deviation of the pinch
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3.6.13 Modelling and Simulation of Multicomponent
Distillation Column for Acetone Chloroform-Methanol
System

Mr. Vice Chancellor, Sir, we, Olafadehan et al. (2013),
developed a steady-state mathematical model to describe the
operation type of multicomponent distillation process by use
of a plate-to-plate method involving Murphree plate efficiency
and a condition of plate matching at the vapour composition
on the feed plate. This approach contrasted the e 's method
proposed by Lyster and Holland (1959) where plate matching
implied that the liquid composition on the feed plate obtained
by calculation steps for both enriching and stripping sections
of the column must be equal for all components. The
developed model equations were applied to a ternary system
of acetone-chloroform-methanol in a ten-stage distillation
column. An algorithm for solving the operation type of this
ternary distillation problem was presented. The corresponding
numerical solutions were obtained in MATLAB environment
using condenser's boundary condition as an initial guess.
The simulated results of the variations of temperature, activity
coefficient and mole fractions of acetone, chloroform and
methanol in the liquid, with the number of theoretical stages in
the 10-stage distillation column, conformed to the trends in
the literature. The convergence behaviour of the method
employed in this work showed that convergence was
achieved within seven-ten iterations.

3.6.14 Grid Design and Numerical Modelling of
Multiphase Flow in Complex Reservoirs using
Orthogonal Collocation Schemes

Mr. Vice Chancellor, Sir, we, Olafadehan et al. (2018c),
developed a new advanced gridding technique and numerical
model to simulate reservoir flow performance and pressure
profiles in complex reservoir using collocation grid points in a
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triangular coordinate system to capture accurately the effects
of geometrically complex features such as geological
discontinuities and boundary irregularities. These include
faults, pinch outs and inclined beddings. Others are well-
related phenomena such as multilateral wells of general
orientation. The orthogonal collocation method was used for
simulating multi phase reservoir flow equations in triangular
curvilinear coordinates [~(r ),~(e),~(z)] in a normalised

domain as derived from Cartesian coordinates(x, y, z]. The
approach was to accommodate irregular boundaries in the
general three-dimensional deviated wells as well as complex
reservoir geometry for the multi phase flow of hydrocarbon in
natural reservoir formations. Based on the field data obtained
from multinational oil and gas operator in Nigeria, the
proposed model was used to predict saturation, production
and petroleum productivity with time and distance in a
MATLAB environment. The simulated plots revealed that
pressure profile was parabolic at the centre of the reservoir
with unusual characteristics at coordinates S:Cr) =0.4257 ,
thereby reflecting the impact of geological features in the
pressure and production flow performance hence complex
geological features may be located at the centre of the
reservoir. The main advantage of the developed innovative
grid point methodology is that it uses orthogonal collocation in
triangular grid coordinates such that points signatures
represent important collocation nodes that track pressures
profiles and reservoir production performance and link them
with the profiles generated in other grid points. Therefore, a
user can simulate accurate pressure and production profiles
even if the geometry of the reservoir is irregular, unstructured
and undefined because only grid points are required. In
addition, our technique can allow users to infer the reservoir
geometry and location of geological features that may have a
significant impact on the production performance and
pressure profile of the reservoir.
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3.6.15 Modelling and Simulation of an Industrial FCCU-
Riser Reactor for Catalytic Cracking of Heavy Oil

The fluid catalytic cracking unit, FCCU, as shown in Figure
26 is the heart of a modern refinery.,

Figure 26. FCCU of KRPC.

Nearly every major fuels refinery, including the Old and New
Port-Harcourt Refining and Petrochemical Company
(PHRPC), Kaduna Refining and Petrochemi.cal Company
(KRPC), and Warri Refining and PetrochemIcal <?ompany
(WRPC), all in Nigeria, has an F~C~. The FCC~ I~ one of
the most significant and sophisticated contributions to
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p~troleum refining technology. Its capacity is usually one-
third of atmospheric crude distillation capacity. Generally,
~CC~ contributes the highest volume (35 vol %) to the
gasoline pool through the catalytic conversion of heavy oil
feedstock in the riser reactor. The balance of 30, 20 and 15
vol % is contributed by the Reformer, Alkylation and
Isomerization respectively. Consequently, oil refineries use
fluid catalytic cracking to correct the imbalance between the
m~~ket demand for gasoline and the excess of heavy, high
boiling range products resulting from the distillation of crude
oil. Typically, the FCCU is an arrangement of important item
of equipment of riser reactor-disengager-regenerator, as
shown in Figure 27 for modelling and simulation purposes.

Liquid products

while in the regenerator reactor, air is used to burn off the
spent coke for catalyst regeneration. The riser reactor is
probably the most focussed item of equipment in an FCCU.
Its modelling is very complicated for reasons of many
complex reactions occurring in it, coupled with mass and heat
transfer resistances between the gas and solid phases, and
catalyst deactivation kinetics. Since all cracking reactions
and fuel formation occur in the riser reactor, its mathematical
model is a valuable tool for design modifications and/or
operational changes that give higher yields and selectivity
from the process. We, Olafadehan et al. (2018d; 2019c;
2019d; 20 1ge), developed one-dimensional adiabatic
mathematical model for the riser reactor of industrial fluid
catalytic cracking units, FCCUs, of KRPC in Nigeria (using
five-lump kinetics of heavy oil conversion), China National
Petroleum Corporation (using six-lump kinetics of vacuum
gas oil conversion) and Khartoum Refinery Company in
Sudan (using seven-lump kinetics of vacuum residue
conversion), taking cognisance of diffusion resistances. The
mechanisms of the catalytic cracking of heavy oil considered
in our works are presented in Figures 28-30.

Spent air Spent
catalyst

/",---"'i z
Riser
Reactor

'T-T--r z=O

?;,(O) Vaporised HO, Tg(O)

DSRegenerated
catalyst r.: r:

Heavy oil (liquid)
FHO• THO

Air

.Figure 27. Block diagram of the reactor-regeneration section of a typical
FCCU: OS represents dispersion steam, P represents steam +spent
catalyst+cracked products from the riser reactor.

Figure 28. Five-lump model of heavy oil catalytic cracking in the riser
reactor of FCCU-KRPC .

Almost all the endothermic catalytic cracking of the heavy oil
and coke deposition on the catalyst occur in the riser reactor,
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VGO
(lump 1)

Figu~e 2~'/ciXC-lump.model.of vacuum gas oil cala(ytic cracking /11 11, 11
reac or ° U-Chma Netionet Petroleum Corpore.- lion.

Figure 30. Seven-lump model of vacuum resiaue» c t I .
the riser reactor of Residue Fluid Catalytic CraCk-in; ~~;c(~~~~~f I';
Khartoum Refinery Company (KRC). I P

Mr.. Vic~ Chancellor, Sir, further works ~re ongoing In III
application of our developed models to Ind i an Oil Corpor 11111
and the New Port-~arcourt Refining a. nd Petroch mh I
Company. For modelling and simulation studies, the gig'lI1l1c
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'Cl' figure 26 was simplified to the one shown in Figure
I wit h the control-relevant dynamics of the riser reactor-
I , It r section of the Refineries' FCCUs investigated
cl .rlbed by modelling the plant as four subsystems.
III lit matical model of the riser-type FCCU contained
'1llIowing components, taking cognisance of diffusion

I I Ill. : model for the vaporizer subsystem, kinetic model
I c.It lytic cracking of heavy oil, catalyst deactivation
I I hydrodynamic model of the riser reactor, continuity
I 111111of components in the riser reactor, force balance,

till energy balance. Excellent agreements were
•••Iilft\fr.lcl etween these Refineries' FCCU plant data and our

Ic tJ results for instantaneous vaporisation of feedstock
v r ge (or mean) absolute deviation (MD) being <
11 11cases investigated. Also, optimal yields of the

d products needed to meet market demands and
111111I profit were achieved. Interestingly, it was revealed
III tudies that most of the cracking reactions occurred
III the inlet of the riser reactor, with 90% of the final

n occurring in the first Srn, 95% and 97% of the
n occurring in the one-third and a half of the riser

le 1/ r spectively. With the other two-thirds and half of the
I I. I tor accounting for only 5% and 3% of the conversion
" • I v Iy, it could be inferred that these parts of the riser

le 11W re redundant, having given head-room for cracking
Irlll to occur and for transportation of the cracked
hili out of the riser reactor. The import of these studies

III I 111re is no need to build a tall riser reactor for catalytic
~IIII of heavy oil. Hence, the cost of operation of the
I1 I reduced in terms of material of construction cost

I1l1lyhalf of the column height is needed to achieve the
11 d onversion. Furthermore, Olafadehan et al. (2018d,

I h, 2019d, and 201ge) investigated the effects of some
variables on the Refineries' FCCU risers. The

Iy provided detailed information on catalyst
11I 'I ment and losses minimisation. Normally, for
II Iti II applications, the main goal of FCCU-riser reactor

I IIII Ii ns is to predict, for a particular set of operating
11tit ( ns, the mass fraction of each component (gasoline,
I . I1 G, dry gas, and so on) at the riser reactor outlet, so
I Ih. et of input parameters may be changed, aiming to
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increase (or maximise) the conversion of a specific product.
The procedure can be conducted with just a few model
experimental validation tests in the unity. Then, with the

-. experimentally validated model, precise numerical results are
expected to be obtained for any other operating and
geometric conditions, for similar feedstock. Therefore, many
other tests could then be accurately simulated with a
computer code, allowing fast, simple, and low-cost
adjustment (or maximisation) of unit production, following
market fluctuations. Conclusively, the models presented in
our works and the numerical results obtained demonstrated
that they are very useful for the design of new units and for
optimum system control and optimisation of operating
conditions of FCCU riser reactors, combining accuracy with
low computational time to obtain real-time solutions when
simulating actual FCCU riser reactor operation.

CONCLUSION

Chemical engineers, as well as other Engineers and
Scientists, work in a very diverse set of industries and many
of these industries rely on modelling and simulation (M&S) of
their operations. M&S is one of the ever-growing range of
tools that can be used to meet the challenges of fierce
competition among process industries, and the strong need to
protect the available market, human wellbeing and the
environment. The advent of fast computers has made its
application in process engineering very interesting and
rewarding. Process modelling and simulation is like a torch in
the hands of a chemical engineer guiding him to the best
engineering solution. Modelling and simulation of a process
is giving us a message: there is almost no discipline that
cannot afford to tap into the untapped or under-tapped golden
potential of modelling and simulation. It is the inevitable part
of chemical engineering in particular and engineering in
general, for process design, research and development,
production planning, optimisation, training and education to
decision-making, which makes it one of the most important
disciplines of engineering. The use of models makes the
running of costly, effort- and time-consuming experiments
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unnecessary. Thus, modelling saves costs and compensates
for time and effort used in developing and simulating models.
However, the art and practice of modelling and simulation
cannot be learned overnight: the mathematical/computational
intuition and sound judgement necessary to apply theory to
practice will come only from practical experience. In
conclusion, the value of a good model is often priceless!

RECOMMENDATIONS

Mr. Vice Chancellor, Sir, in the light of the foregoing
discourse, I do hereby proffer the following recommendations:
1. Judging from the promising results of our studies,
Nigeria should harness agricultural, plant and fishery wastes
to produce efficient and high-quality adsorbents (especially
activated carbon and chitosan) for remediation of industrial
wastewater and groundwater. This would reduce reliance on
biosorbents importation, save millions of dollars in foreign
exchange and thus provide significant economic succour in
form of job opportunities, and create wealth from waste. In
addition, it will sanitise the environment, resolve some health
challenges resulting from consumption of water contaminated
with heavy metals, and preserve the scarce fresh water
bodies.

2. Government agencies, at both states and federal
levels, should ensure strict compliance of environmental
regulations by industries, otherwise, their licenses of
operations should be revoked.

3. Nigeria, with a population of almost 200 million
people, has a total energy production capacity of about five
Gigawatts, which is quite below the estimated energy demand
of 100 GW required for national transformation. She cannot
continue to rely on fossil fuel energy resources to drive her
economic wellbeing. Immediate action on implementing
bioenergy alternatives to improve the ailing energy sector and
to reduce its carbon footprint should be vigorously pursued:
countries like Brazil and the USA currently utilising cellulosic
substrates to produce bio-ethanol and butanol; Iceland,
Norway and Singapore generate 100% of their electricity from

105



renewable resources. Moreover, the Nigeria government
s~ou!d encourage as many players as possible to operate in
tfie field of renewable electricity as much improvement has
not been recorded in the generation and distribution by
GENCOs and DISCOs respectively.

4. In spite of our economic downturn, insecurity
challenges and. other social vices plaguing the land, we
should never give up on our dear country, Nigeria, as the
country is endowed with numerous natural and human
resources and our collective geniuses can be used to turn
things around positively if properly accessed. With no
person.al .aqenoa playing a part, soon we will be good as any
Industrrallsed and developed nation in the world. There is
always light at the end of the tunnel! Surely, we will get there.
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