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ABSTRACT

The successes recorded at the laboratory for the synthesis of zeolite Y arbl <)
Kankara kaolin sourced from Katsigtate, Nigeria as starting material necessitated the need
for upscale of the production process. This thesis focused on the development of three pilot
size production units and characterizing the products obtained from those units. Pilot size
reactors fo dealumination and production of zeolite Y and ZSMere developed and test

run. Manual means of design was adopted; the materials of construction were carefully
selected for the fabrication stage. The process of producing zeolite from kaolin involve,
kaolin beneficiation, calcination, dealumination, zeolite recipe preparation and
crystallization. The capacity of the pilot size dealuminator, zeolite Y and-Z3®hctors

were 2.5 kg, 2 kg and 4 kg per run respectivéhe reaction temperature and time tioe
production of zeolite Y were 100°C and 7 hours respectively. Low temperature production
of ZSM-5 was achieved at 95°C for a period of 5 days. The physicochemical properties of
the raw material, intermediate products (beneficiated kaolin, metakadisilexa), and final
products (zeolite Y and ZSM) were characterized using Fourier Transformation Infrared
(FTIR), X-ray Diffraction (XRD), Xray Fluorescence (XRF), Thermogravimetry Analysis
(TGA), Scanning Electron Microscope (SEM), Transmission Eeaciicroscope (TEM),
Selected Area Electron Diffraction (SAED), Energy Dispertiveyx Spectrometer (EDS),

and BrunaueEmmettTeller (BET) methods.

Dealumination reactor efficiency of 88%, 94%, 97% and 98% in terms of solid product
quality was obtaineffom interior surface without coating, silicone caulk coating, ceramic
tiles lining and glass lining respectively. The product obtained from the dealumination

reaction was majorly alum and silicBhe silicato-alumina ratio of the zeolite Y produced

Vi



was 308 and the crystals were well formed having a specific surface area, average pore size
and pore volume of 3214g, 34 A and 0.270668 ciiy respectively. The crystals of ZSM

5 produced were good as revealed by SEM, with high specific surface area of/g11 m
average pore size and pore volume of 24 A and 0.24819@ cespectively. The silicto-
alumina ratio of the produced ZSMzeolite was 77. The quality of zeolite Y and ZSM
produced using the developed pilot size reactors were comparable teyththesized in the
laboratory. From the performance test on hydrocracking reaction carried out in a fixed bed
reactor, Pt/HZSM-5 performed better than PtHzzolite Y. Maximum conversion of-n
hexadecane was 98% at reaction temperature of 265 °C forZBWHS, while 94 %
conversion was obtained for Ptizaolite Y at reaction temperature of 315 °C. The prepared
catalysts showed high selectivity for gasoline fraction than diesel and lighter fraction
products. Cracking was more favored than isomerizatioingithe hydrocracking reaction.

The pilot size production units designed had proven to produce good zeolite Y arfl ZSM
from Kankara kaolin which were active in terms of catalytic performance of the zeolite based

formulated catalysts.
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CHAPTER ONE
INT RODUCTION
1.1  Background

Industrialization remains a major factor in measuringdaneelopment of a natidsecause it
reduces the volume of importati@md strengthens the economy of thation. Chemical
transformation of raw materials to products is one of the key indugtoaésss aimedt
meeting the evelising needsof the global teeming populatioGatalysts play a central role

in mostof the chemicatransformatiorprocessand ontributes immensely to the reduction

in process thermanergyrequirementprocess simplification, reduced processing time and
most often reduction in materials requirement, thereby increasing ouigtity and quality;
whichtranslaesto higher profiability. Scale up has been usually explained as how to design
a pilot or industrial reactor able to replicateough a standard methodolothe resuls
obtained in the laborator§acaling up of reactors is a fundamental stefhe realization and

optimizationof industrial plants.

Nigeria, with a huge amount of oil reserves estimaddzk about 3 7.2 billion barrels and the
13th wordproducer of petroleum, with four refineries acrosstgon and a total processing
capacity of 450,000 barreter day consumes approximately 1600 tonnes of zealitdyst

per day. The catalysts are imported annually &@€;,000 tonnes, at a cost of about 5 billion
naira (Babalola 2015) Nigeria has a good potential to develop zeolite folatal use.
Nigerian petroleum refining sector has been hit in recent times by high operating costs. This
cost is partly attributed to the cost of imported catalfigstthe catalytic cracking, reforming

as wel |l as the al kyl ati on un costindex, Concertad n i

mi

.



efforts are currently egoing forthe production oan effective, inexpensive and ecologically
safe catalyst that can be synthesized from local raw materials. The primary goal in the

petroleum refining is efficient conversion of ceudil into highquality fuel components.

Zeolites are crystalline aluminosilicatesaterials containing pores and channels of
molecular dimensions. They form the most important group of crystalline inorganic
microporous solids withmany industrial appliations such asadsorption, separation and
particularly in catalysis. Zeolite catalysts provide vastly superior combinations of strong acid
catalytic sites, uniformity of pore structure, and stability, all of which provide improved
selectivity, yield, duraitity and cost over noizeolite alternativé Ahmed, 2011) Theglobal
market for heavier fuels is decreasing while that for middle distillate is increasing at a rapid
rate (Ajayi, 2012). Catalytic cracking of gas oil fraction occurs over many types afatsate
which include acidified clay, silica, alumina, apeblites. Relatively high yieldf desirable
products are obtained with zeolites. Aside beinglasecatalyst in the catdic cracking,
zeolites are useduring filtration of drinking water, gas purification of industrial effluents
and emissions, drying of gases and liquids, extraction of metals from complex solutions.
ZSM-5 zeolite are the preferred catalysts fos ¢@ liquid (GTL) processs Productionof
zeolite catalysts iNigeriais hampered largely due to lack of proven technical khow in

the zeolite technology (EYakub, 2011; Srikanth, 2011; Boseal, 2007). Faujasites class

of zeolite (zeolite X and zeolite Y) are known for remarkable staht rigid structure with

the large void spacén hydrocracking, hydrocarbon molecules and hydrogen gas pass over
the zeolite catalyst, which converts higimeolecularweight petroleum fractions to lower

molecularweight fuels. The Isocracking process ©Ghevron also uses hydrocracking



catalysts, some containing zeolite to increase the cracking function of thedardtiain

catalysts (Sherman, 1999).

In general terrg locally sourced raw materials is advantageous in the reduction of operating
budgetwht h | eads t o | mpaompetitveness fiortsi have beerr geddesl ¢
towards cost effective production of zeolites from local raw materials and waste materials
such as local clay, coal fly ash, fly ash from waste papers etc. (Wajimag, 2006;
Adamczyk and Bialecka, 2005; Fukei al, 2003; Morencet al, 2002).Geographically,
kaolin is found in several parts of Nigeria. Nigeria is one of those countries in Africa that has
a wide variety of different natural resources ranging from precioussnedalous stones for
industrial applications such as barites, gypsum, kaolin and marble. Statistically, the level of
exploitation of these minerals is very low in relation to the extent of deposit found in the
country. One of the objectives of the naational policy on solid minerals is to ensure the
orderly development of the mineral resources of the couwtny nigeria.gov.ng/201-20-
29-11-05-46/). There are tremendous opportunitiesifimestment in the solid mineral sector

of the Nigeria economy. An estimated reserve of three billion tonnes of good kaolinitic clay
has been identifieth many localities in Nigeriagbout 800 million tons of proven deposits
have been quantified (RMRDC, 20). Currently, higher quality zeolite Y is produced either

by incorporation method from high purity chemicals or patented Engelhard method from

kaolin and high purity chemicals (Ahmed, 2014).

Detail kinetic studies had been carried in respect to deadtimm of Kankara kaolin
(Aderemi, 2000 and 2001%ome useful products had been produced from Kankara kaolin
which include alums (Aderenat al., 2006; EdomwonyOtu and Aderemi, 20Q9alumina

(Aderemi and Hameed, 2011; Ahmed and Bawa, 2012) and Faugsitites (Attaet al.,


http://www.nigeria.gov.ng/2012-10-29-11-05-46/
http://www.nigeria.gov.ng/2012-10-29-11-05-46/

2007) which was a mixture of zeolite X and zeolite Y, as well as having much impurities
Single phase Zeolite Y with large pore was synthesiaadpartial dealumination route
(Ajayi, 2012), but the stability of the synthesizedolite was a challenge, as well as
associated impurities which were inherent in the kablovel dealumination methqéjayi,

et. at, 2010)was employed to completetplit the metakaolin prepared from Kankara kaolin

to obtain silica and alum which wewsed for &boratorysyntheses of zeolité (Salahudeen,
2015)and ZSM5 zeolite(Yunusa, 2015)From that innovative approadi zeolite Y and
ZSM-5 synthesisgood quality single phase zeolites were obtained with minimal associated

impurities.

The PTDF Chair in Department of Chemical Engineering, Ahmadu Bello UniveZsitia
in 2014 conceivethe ideal of establishing a pilot plant for the production of zeolite Y and
ZSM-5 from Kankara kaolinwhich requires various unitBevelopment of ot size units
for the production of aluminum hydroxid&lakakana, 2015and sodium silicaté¢Yusuf,
2015)were achievedBut other major pilot size units which include dealuminator, zeolite Y

and ZSMS5 reactors, were yet to be develop.

1.2 Research Problem Statment

Nigeria asa major produceof crude oil in the worldthe total dependence of Nigeria on
imported Zeolite Y catalyst used for refining of petroleum is not a sustainable
economic/technological strate¢@alahudeen, 2019)igerian kaolin deposit wastmated

to be over 3 billion metric tons (Edomwor@iu, et al. 2013). The need to harness this
abundant mineral for Zeolite &nd ZSM5 catalysts production which caarve as substitute

for the imported ones cannot be over emphasi#drts to improvethe purity of Zeolite Y
catalystsvia partial dealumination method of metakaofielded only little progress due to
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the inherent impurities in kaoli(Ajayi, 2012. Novel zeolites synthesis methodsich
involve a complete split of metakaolin into alumdasilicagave an improved zeolite Y and

ZSM-5 in termsof purity (Yunusa, 2015; Salahudeen, 2015).

Despite the great successes recorded in the synthggisafjualityzeolite Y and ZSMb in
the laboratory usingankarakaolin as raw materiatp the bst of my knowledgeno pilot

plant exists for such novel production process
1.3 Research Aimand Objectives

The aim of this work is to delop pilot size production units for zeolites production from

Kankara kaolin

The specificobjectives of this research woake to
I.  design, fabricate anést runa 2.5 kg per batctiealumination unjt

ii.  design, fabricate and test run reactorszeolites Y (2 kg/batch)and ZSM 5(4
kg/batch)production;

iii.  characterize theaw material, intermediatand finalproducs using FTIR, XRD,
XRF, SEM, TEM,TGA, EDS, SAED, and BET,

iv. formulate zeolitdbasedcatalyss;

v. conduct performance tesfor the formulated catalyst on nrhexadecane
hydrocracking reactian

1.4 Research Scope

The scope of the research igot@duce zeoliteY and ZSM-5 from the designed pilot plant

units, using Kankara kaolin as starting materdal well as to carry out physichemical



characterizatioron the assynthesized products, preparation of zeolite based catalydts

performance & onthepreparedzeolite catalyst

1.5 Research Justification
i.  The abundant kaolin deposit Nigeriawould bebetterutilized economically.
ii.  Indigenous knowledgen zeoliteproduction from kaolin woulthe enhanced
lii.  Employment opportunities woulake generated
iv.  Conservation of foreign exchange earnings thereby enhanmamgmic growth
v. Zeolite catalyst from indigenous souscr conversion of petrochemicals into

valuable chemicals would be developed.



CHAPTER TWO

LITERATURE REVIEW

2.1 Background

Design is a creative activity, and as such can be one of the most rewarding and satisfying
activities undertaken by an engineer, which invsitree synthesis and putting togetloér
ideas to achieve a desired purpose. Design principles help in the ug s€axperimental
achievement in the laboratory level to pilot scale and as well as commerciaRe=attos,
irrespective of their sizare mostly the headf a manufacturing process whiatvolves

chemical transformatio(Sinnott, 1999).

2.2 Pilot Plant

A pilot plant allows investigation of a product and process on an intermediate scale before
large amounts are committed to fatale production. It is not possible to design a large
complex processing plant from laboratory data alone with any defyseiecess. Scalap of

a process can also be viewed as a procedure for applying the same process to different output
volumes Pilot plant reduces the risk associated with the construction of large process plants.
As such, it serves as a bridge betwedotatory process and full scale operations. Some of

the challenges associated with full scale operations that are hidden at the laboratory level are
exposedt the pilot plant stagén addition, fplot plants are used to train personnel for a {ull

scale pant, as technical knoWwow isbeinggained during the process of running the pilot
plant which will be very helpful during full scalg operationsThe design of a commercial

plant can be unsuitable if the available experience is not extensive enougtetos the

information from laboratory tests. The pilot plant must be understood not as -apaHle



laboratory equipment but as a small scale simulation of the future industrial operations.
Results of the laboratory studies will be used to choose tlisé sndable process and will

lead to the selection of the equipment for each stage of the flow sheet

2.2.1Pilot plant objectives

As a result of experience with a pilot plant, the decision to proceed with the full scale plant
project will be based on agren process, and on a more reliable economic estimate. This,
however, is not the only purpose of a pilot plant. #sidf aprocess can be carried out in

the pilot plant while the industrial plant is working. In this way, it is possible to determine
the most suitable economic operating conditions. In a case such as this where both plants
work simultaneously, the objective of the pilot plant is to find the best conditions of
operation. On the other hand, when the pilot plant is built as an intermedgadstaveen

the laboratory studies and the industrial plant, its main objective is to confirm the design
characteristics of the full scale plant. Another important objective of a pilot plant is personnel
training. In this case, personnel will be trainedordy for operation of the different types of
equipment, but also for control of the procé€Smnott, 1999) Thetraining will help get the

full scale plant in operation, reducing the time needed to reach its design capacity, and
avoiding damage to some of the equipment as a result of improper operation. The objectives
of a pilot plant, therefore, can differ depemglon the specific circumstances of each project,

and the decision for its construction can include one or several of the following objectives:

1. To optimize the operating parameters of the process,
2. To study the effects of recirculating process streams andccumulation of
impurities over long periods,

3. To obtain process information necessary to specify and design the full scale plant,
8



4. To test process control systems and procedures,

5. To test materials of construction,

6. To optimize the design of the equipment

7. To obtain sufficient information to prepare detailed and reliable estimates of capital
and operating costs and to prepare a reliable economic evaluation of the project,

8. To gain operating experience atrdin the personnel that will operate the full scale

plant,
2.2.2 Prerequisite for pilot dant

A pilot plant requires a substantial investment and often long term operation is needed to
achieve the desired objectives. Thus a thorough analysis must be carried out before a decision
is made @ build a pilotplant. issuesuch as expenses and length of the project must be
weighed against the expected advantages to be gained in fulfilling the objectives of a pilot
plant. A pilot plant is usually not considered until the project is sufficiently advanced and
well defined to the extent that there is reasonable assurance that the overall project is feasible
Developed processfrom pilot plant to full scale industry can either be operated as batch or
continuous process Continuous processes are designed to ap@rahours a day, 7 days a
week, throughouthe yearHowever,some down time will be allowed for maintenance and,

for some processeasich ascatalyst regeneration. The plant attainment; that is, the percentage
of the available hours a year that the pht operates, will usually be 90 to 9%innott,

1999).1t is calculated using Equation 2.1
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Batch processes are desighedperate intermittently. Sonoe all of the process unitseing
frequently shut down and started @haracteristics of both batch and continuous processes

are presented in Table 2.1.

Table 21: Comparison between continuousgnd batch processeéSinnott, 1999)

Continuous Process Batch process

Production rate greater than 5 X k@/h Production rate less than 5 xX®Kg/h
Single product A range of products or produ

specifications

No severe fouling Severe fouling
Provenprocesses design Uncertain design
Established market New product

2.3Reactor Design

In the design of an industrial scale reactor for a new process, or an old one that employs a
new catalyst, it is common practice to carry out both bench and pilot gtladies before
finalizing the design of the commercial scale reactor. The bench scale studies yield the best
information abouthe intrinsic chemical kinetiand the associated rate expression. The pilot
scale studies can provide a test of the applidgloli the correlations and an indication of
potential limitations that physical processes may place on conversion Citesical
engineers have traditionally approached kinetics studies with the goal of describing the
behavior of reacting systems in termofs macroscopically observable quantities such as

temperature, pressure, composition, and Reynolds number (Hill, 1977). A general direct
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method of measuring the rate of a reaction does not exist. One can only determine the amount
of one or more product ageactant species present at a certain time in the system under

observation.

There are several potential sources of the experimental data that are essential for proper

reactor design.

1. Bench scale experimentsThe reactors used in these experiments are usually designed to
operate at constant temperature, under conditions that minimize heat and mass transfer
limitations on reaction rates. This facilitates an accurate evaluation of the intrinsic chemical

effects.

2. Pilot plant studies The reactors used in these studies are significantly larger than those
in bench scale laboratory experiments. One uses essentially the reverse of the design
procedures developéd come up witlthe reaction rate from the pilptant data. It may be
difficult to separate the intrinsic chemical effects from any heat and mass transfer effects in

the analysis of data of this type.

3. Operating datafrom commercial scale reactorsif one's company has access to actual
operating dat@n another commercial installation of the same type as that contemplated, it
provides the closest approximation to the conditions likely to be encountered in industrial
practice. Such access may result from licensing arrangements or from previous egperienc
within the company. In such systems physical limitations on rates of heat and mass transfer

may disguise the true kinetics to a significant degree.
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2.3.1 Batch reactor

Thebatch reactor, as its name implipgpceses reactants in discrete batéh.r eactants are
loaded into thereactor and allowed to react; the resultipgpducts are then removed.
Composition of material within theactor changes over tinatch reactors are widely used

in the chemical industry for producing materials that aeeded in limited quantity,
particularly in those cases where the processing cost represents only a small fraction of the
total value of the product. The starting point for the development of the basic design equation
for a wellstirred batch reactor israaterial balance involving one of the species p@ditng

in the chemical reaction.évenspiel 1999;Missenet al., 1999).

2.3.2 Continuous-flow, stirred tank r eactors CSTR)

The design of the continuous flowtirred tank reactor (CSTR) incorporatasth constant

flow of material through the reactor andmplete mixing within itThese reactors are used
primarily for carrying out liquid phase reactions in the organic chemicals industry,
particularly for systems that are characterized by relatively sbaction rates (Hill, 1977).

The most important feature of the CSTR is its mixamgracteristicsAt steadystate, the
composition of material iboth uniform throughout the reactand invariant over timélhe
idealized model of reactor performance sumes that the reactor contents are perfectly
mixed so that the system properties are uniform throughout. The effluent composition and
temperature are thus identical with those of the reactor corftesenspiel 1999;Missen

et al, 1999).
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2.3.3 Tubular r eactors

Tubular reactorsaare normally used in the chemical industry for extremely laogde
processes, the simplest model of the behavior of tubular reactors is the plug flow model. The
essential features of this idealized model require tleae the no longitudinal mixing of fluid
elements as they move through the reactor and that all fluid elements take the same length of
time to move from the reactor inlet to the outlet. Each plug of fluid is assumed to be uniform
in temperature, compositioand pressure, which is equivalent to assuming that radial mixing

is infinitely rapid. However, there may well be variations in composition, temperature,
pressure, and fluid velocity as one moves in the longitudinal direction. With respect to these
variations, however, the model requires that mass trangaatiffusion or turbulent mixing
processes be negligible and that the plugs of magetamiot interact with one another except

for transmission of the hydrodynamic forcegigg rise to the fluid motn (Nauman, 2002;

Hill, 1977).

2.4 Material Selection

Many factors have to be considered when selecting engigeenaterials.The most
economical material that satisfies both process and mechanical requiresneuls be
selected; this will be theaterial that gives the lowest cost over the workiegof the plant,
allowing for maintenance and replaceméther factors, such as prodecntamination and
process safety, must also be consideféegimportant characteristics to be considered when
selecting a material otonstruction for process equipment arecimanical properties
(strengthtensile strengthStiffness, dughnesshardnesswvear resistangdatigue resistance
creep resistangg effect of high and low temperatures on the mechanicapgrties
corrosion resistangepecial properties (thermal conductiviéectrical resistangcenagnetic
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propertie$, welding, casting; \&ailability in standard sizeglates, sections, tubesid ost
(Sinnott, 1999)The corrosion rate depends the terperature and concentration of the
corrosive fluid. An increase in temperature usually results in an increased rate of corrosion;
though not always. The rate will depend on other factors that are affected by temperature,

such as oxygen solubility.

Carbon ad low alloy steels will oxidize rapidly at high temperatures and tisaiis imited

to temperatures below 580, Chromium is the most effective alloying element to give
resistance to oxidation, formiragtenacious oxide film. Chromium alloys shouldspecified

for equipment subject ttemperatures above 500°C in oxidizing atmosphd?ést plant

tests, and laboratory corrosion tests under simulated plant conditiondhelallin the
selection of suitable materials if actual plant experience is ndablaThe relative cost of
equipment made from different materials will depend on the cdstbofcation, as well as

the basic cost of the material. a given situation, it may prove more economical to install a
cheaper material with high corrosionate and replace it frequently; rather than select a more
resistant butoo expensive material. This strategy would only be considered for relatively
simpleequipment with low fabrication costs, and where premature failure would not cause a
serious hazardwith some processes, the prevention of the contamination of a process
stream, or groduct, by certain metals, or the products of corrosion, overrides any other

considerationsvhen selecting suitable materi@i&/alas, 199Q)

The stainless steels are theshfrequently used corrosion resistant materials iclleenical
industry To impart corrosion resistance, theamium content must be above 12 &ad the
higher the chromium content, the more resistant is the alloy to corrosioridizing

conditions. Nickel is added to improve the corrosion resistance in-aadizing
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environmentsA wide range of stainless steels is available, with compositions tailored to give
theproperties required for specific applications. They can be divided into three bresescla

according to their microstructu(8innott, 1999; Perry and Green, 1997)

1. Ferritic: 1320 % Cr, < 0.1 %, with no nickel

2. Austenitic: 1820 % Cr, > 7 Ui

3. Martensitic: 1210 % Cr, 0.2 t0 0.4 % C, up to 28k

The unform structure of austemitmakes it desirabler corrosion resistance, and it is these
grades that are widely used in the chemicdlustry. Type 304 (theoscalled 18/8 stainless
steels) the most generally used stainless steshtains the minimum Cr and Ni that give a
stableaustenitic structure. The carboontent is low enough for heat treatment not to be
normally needed with thin sections fwevent weld decayType 316 in this alloy,
molybdenum is added to improve the corrosion resistanucing conditions, such as i
dilute sulphuric acid, and, in particular, to solutia@@taining chloridesThe austenitic
stainless steels have greater strength than the plain carbon steels, paratwgéiated

temperature§Sinnott, 1999).

Plastics are being increasingly usasl corrosiofresistant materials for chemical plant
construction. They can be divided into two broad clasBeermoplastic material@vhich
soften with inceasing temperature, eplyvinyl chloride (PVC) and polyethyleneand
Thermosetting materialsvhich have a rigid, cradinked structureg.g.the polyester and
epoxy resink The biggest use of plastics is for pipifipe mechanical strength and operating
temperature of plastics are low compaweth that of metals. The mechanical strength, and

other properties, can be modifiegt the addition of fillers and plasticizeRlastics carbe
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considered to complement metals as corresgsstant materials of constructiffuye and
Ayo, 2007, Sinnott, 1999)Table 2.2 shows some common polymers andesof their

associated properties such as tensile strength, elastic modulus and density.

Table 2.2 Mechanical properties of polymers(Sinnott, 1999)

Materials Tensile strength Elastic modulus Density

(N/mm?) (KN/mm?) (kg/m3)
PVC 55 3.5 1400
Polyethylenglow density) 12 0.2 900
Polypropylene 35 15 900
PTFE 21 1.0 2100
GRP polyester 100 7.0 1500
GRP epoxy 250 14.0 1800

GRP: Glass fibereinforced plastics

Polytetrafluroethylene (PTFEfnown under the trade names Teflon and Fluon, is resistant
to all chemicals, excepholten alkalies and fluorine, and can be used at temperatures up to
250°C. It is a relativelyveak material, but its mechanical strength can be improved by the
addition of fillers (glasand carbon fibers). It is expensive and diffi¢a fabricate. PTFE is
used extensively fogaskets angland packingAs a coating, it is used to confer Rstick

properties teurfaces, such as filter plates. It can also be used as a liner for vessels.

Ceramics are compounds of noretallic elementand include the following materialsed
for chemical plantGlass, the bwsilicate glasses (hard glass), stoneware,-@sbtant

bricks and tiles, refractory materials, cements and conctass, ljnings, also known as glass

16



enamel, have been used steel and iron vessefer many yearsHigh-quality bricks and
tiles are used for lining vessels, ditches and to cover flatsslinings are usually backed
with a corrosiorresistant membrane of rubber or plastic, pldeslund the titles, and special

acid-resistant cements are used for the joints.

2.5 Catalyst Formulation

Most often a catalyst formulation consists of a multitude of components, each of which
performs an essential task in the creation of a commercially viable catalyst. The task of
developng a suitable catalyst for commercial applications involves many considerations,
ranging from obvious factors like catalyst activity and selectivity to variables like the catalyst
shape and the composition of the binder used in a pelletizing proces® Ziillustrates

some important requirements toconsider when developing a catalyst for industrial
applications. The art of catalyst formulation involves reconciling conflicting demands that
may be imposed by such requirements. The keystone of thesaaamaterial that has high
intrinsic activity and selectivity for promoting the reaction of interest. This material may be
used in bulk form or, more commonly, it will be supported on a carrier material that may or
may not have catalytic activity of its ow The activity per unit volume is of practical
significance because process economics are often strongly dependent on the cost of packed
reactor space. Consequently, the catalyst should have a high specific surface area, and it
should have a pore structusuch that reactants can gain easy access to the inner surfaces of

the catalyst pellet.
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Figure 2.1: Requirements for industrial c atalyst (Hill, 1977)

2.5.1 Commercial atalyst

The lifetime of a catalyst is another factor that plays a key role in determining process
economics. This lifetime is the period during which the catalyst produces the desired product
in yields in excess of or equal to a designated value. The life odlgstanay terminatdue

to several reasons such @asacceptable changes in actvind/or selectivity physical
attrition, or because of unacceptable changes in mechanical properties arising from thermal
cycling or other factors in the process environm&asistance to poisoning and fouling as

well as to other catalyst deactivation processes is an attribute to be preferred in commercial
catalysts. Mechanical and geometric properties also play a strong role in determining if a
given formulation will give ise to a commercially viable catalyst. The finished catalyst must
also be mechanically robust to avoid attrition during handling and loading and to avoid
crushing during operation.
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2.5.2 Huid catalytic cracking (FCC) catalysts

The need to upgrade lesswalble petroleum products into gasoline h@sn recognized since
around 1910 Catalysts arethe heart of FCC units are the catalysts themselves. The
development of active andtable FCC catalysts went parallel with the FCC design
developmentlt was known that for cracking of €C bonds, the acid catalysts are needed
(Hudeg 2011).Modern FCC catalysts are fine powders with a bulk density of 0.80 to 0.96
g/cn?® and having a particle size distribution ranging from 10 to 150 ym and an average
particle sizeob 0 t o (H@6c 2@11) A schematic diagram & modernFCCU is

shown in Figure 2.2.
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Figure 2.2: A schematic flow diagram of aFCCU in petroleum refineries
(https://en.wikipedia.org/wiki/Fluid_catalytic_cracking)

The design and operation of an FCC unit is largely dependent upon the chemical and physical

properties of the catalyst. The desirable properties of an FCC catalyst are:
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I.  Good stability to high tempetiare and to steam
ii.  High activity
iii.  Large pore sizes
Iv.  Good resistance to attrition

v. Low coke production

The major components of the compounded catalyst used in the FCC unit is shown in Figure
2.3.As of 2006, FCC uniwvere in operation at 400 petroleum refineries worldwide and about
onethird of the crude oil refined in those refineries is processed in anuRE @ produce

high-octane gasoline and fuel oils (James, 2006; David,)2006

FCC Catalyst Components

Binder

Clay

Pores

Pseudo crystalline
Matrix Aluminas

Figure 2.3: A typical compostion of FCC catalyst(Hudec, 2011)

Generally, the philosophy of the F&fatalyst preparation is: to have weak aoéhters in
macroporougpart of catalyst particles tmsure precrackng of the great molecules oésidue
to smaller molecules which could enter to the mesopores with stronger aerdidyct of

cracking in mesopores could finally enter the zeolite micropores to crackstreagest
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zeolite acid centers into the smaller molecules, mainly gasolingofiaas illustrated in

Figure 2.4.

Macropores
Mesopores
. Zeolite pores
Resid Gasoil Gasoline

Figure 2.4 The role of different pore sizesin cracking of residues moleculeso
gasoline(Ajayi, 2012)

2.6 Zeolite
Zeolites are aluminosilicateasompoundswhich are crystalline and possess uniform pores,
channels and cavity. The basic elements in the structure of zeolite are aluminium, silicon and
oxygen, in its frameworks it has cations and water within the pores. The structure formula
for zeolite is basedn the crystallographic unit cell, the smallest unit of structure, represented

as 0; oa Y& &060

whereM is an alkali or alkaline earth cation, i& the number of water molecslper unit

cell, x and y are the total number of tetrahedra per unit cell, and the ratio y/x usually has
values of 1 to 5. In case of high silica zeolite, y/x can be ranging from 10 {@&kKumet

al., 1991) The International Zeolite Association (IZA) database shows that the number of

structural types of unique microporous frameworks has been growing rapidly, from 27 in

1970, to 38 in 1978, to 64 in 1988, to 98 in 198&d to 133 in 2001. In 200%is number

has reached 17&ejkaet al, 2010;Xu et al, 2007 Flanigen 2001Dyer, 1988 and & at
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2015 the number of IZA structures has increased to 2256t(al, 2015).It has been reported

that over 20 elements may be introduced into zeolite frameworks, and taking into account the
diversity of zeolite compositions, the number of unique zeolites might be enormous. These
porous materials have also been extensively usenidetergent industry and in a variety of
adsorption and separation processes such as the drying, the removal fadr@CGand the
desulfurization for natural gas, and the separation of xylene isomers, of alkenes, g of O
from air. In the past hal€entury, molecular sieves have played increasingly important roles
as catalysts in the petroleum refinipgtrochemicaland other chemical industriéSejkaet

al., 2010.

Mesoporous materials have the advantages of ordered mesoporous channels ofit size
50 nm, as well as very large specific surfaces and pore volumes. However, since the channels
in these materials are surrounded by amorphous walls, mesoporous materials have less

thermal and hydrothermal stability than do microporous molecular sieves.

2.6.1 Natural zeolite

Natural zeolites were first discovered in cavities and vugs of basalts in 1756. During the 19th
century, the microporous properties of natural zeolites and their usefulness in adsorption and
ion exclange were gradually recognizédu et al, 2007 Oliver, 2000. The first natural
microporousaluminosilicatesi.e., natural zeolite, was discovered more than 200 years ago,
and after longerm practical applications, the intrinsic properties of natural zeolites such as
reversible watendsorption capacity were fully recognizdsly the end of the 19th century,
during exploitation of iorexchange capacity of some soils, it was found that natural zeolites
exhibited similar properties: some cations in natural zeolites could {&xahranged bgther

metal cations. Meanwhile, natural chabazite could adsorb water, methanol, ethanol, and
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formic acid vapor, but could hardly adsorb acetone, diethyl ether, or benzene. Soon
afterwards, scientists began to realize the importance of such featurese dinelse materials
as adsorbents and desiccants. Later, natural zeolites were also used widely in the field of

separation and purification of air (&t al, 2007 Cheethanet al.,1999.

Over 40 types of natural zeolites have been found, but fewer thaint!3®m hae had their
structures solvedwww.chemistryexplained.com/V&/Zeolite.html,march2216) Natural
zeolites are widely used in the fields of drying and separation of gases and liquids, softening
of hard water, treatment of sewage, and meliorati@oits. Some well selected or modified

natural zeolites are also used as catalysts or supports of catalysts in industry.

2.6.2 Synthetic zolite

However, it was not until the 1940s that a series of zeolites with low Si/Al ratios were
hydrothermally synth&zed through mimicking of the geothermal formation of natural
zeolites. The successful synthesis of zeolites laid the foundation for rapid development of

zeolite industry in the 20th and 21st centuries €Kal, 2007 Guisnetet al., 2003.

Naturalzeolites could not meet the huge demands in industry, it becomeseah negessity

to use synthetizeolites besides the natural ones. Synthetic zeolite came on board in 1940s
(Xu el. al, 2007)when a series of zeolites with low Si/Al ratios were hydeomally
synthesized through mimicking of the geothermal formation of natural zeolites. The
successful synthesis of zeolites laid the foundation for rapid development of zeolite industry

in the 20th and 21st centuries.

The application of lowemperature ydrothermal techniques facilitated the extensive

industrial production of zeolites. By the end of 1954, zeolites A and X began to be produced
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industrially. Following this, a number of companies in the United States, sudndes

Mobil, and Exxon, imitaté the formation of natural zeolites and produced a series of
synthesized zeolites with an intermediate Si/Al ratio (Si/Al 5)2 including NaY,
mordenite, zeolite L, erionite, chabazite, clinoptilolite, and so on. These zeolites were widely
applied in thefields of gas purification and separation, catalytic processes of petroleum

refining and petrochemistry, and ion exchange.

Since the 1960s, zeolites have been widely used as catalysts and catalyst supports in
petroleum refining. At present, zeolites hawecome the most important adsorbents and
catalysts in the petroleum industiyhe period from 1954 to the early 1980s is the golden
age for the development of zeolites. Zeolites with low, medium, and high Si/Al ratios were
extensively explored, and thisegtly facilitated the applications of zeolites and stimulated
industrial progresaonnieret al, 1993) In order to increase the thermal stability and acidity

of zeolites, Breck et al., (2007) synthesized zeolite Y (Si/Al=1.5~3.0), which played an

extrermely important role in the cdigis of hydrocarbon conversig¢Xu et al, 2007).

In the past 25 years, the emergence of zeolites with low (Si/Al=1.0~1.5), medium
(Si/Al=2.0~5.0), and high Si/Al ratios (Si/AlI=10~100), as well as gsiliea zeolites,
facilitated the study of both the structure and property of molecular sieves and porous
compounds, and promoted their applicatioBecause of their excellent i@xchange
capacities, zeolites A and X can be used as auxiliary agents in the detergemy,imaust

radioactive waste treatment and storage, and in the treatment of industrial liquid wastes.
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2.6.3 Global zeolite poduction and gpplications

Research has shown the trend of zeolite demand and the review generated from zeolite market
in a global scle, which is represdged in a bar chat in Figure 2.Zeolite continues to
experience a favorable market even into the near future. The three major key areas where
zeolite is needed in terms of the application are in detergent builder, adsorbeatadysls

as shown in Figure 2.6Figure 2.7 enumerates othesectorswhere zeolite is of great

importance.

Global Zeolite Market, 2014 - 2020 (Kilo Tons) (USD Million)

VYolume (Tons)
Revenue (USD Millions)

2014 2015 2016 2017 2018 2019 2020

&= Volume -#—Revenue

Figure 2.5 Global zeolite market chat(Zion research analysis, 2015)
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Figure 2.6. Zeolite major consumption by application(Zion research analysis, 2015)
Zeolites are used in wide range of commercial and domestic applicAtiajus.applications
include; usage as adsorbertatalysts for petroleum refining and petrochemical processes,
andion exchangers in water purificatidiCejka et al, 2010). They arenajorly used as
detergent builder and auxiliary agentsthe soap and detergent industry. Figure 2.6, gives
an estimate of major areas where zeolite is uSethe key sectorhiat employ the use of

zeolite areshown in Figue 2.7.

Zeolite Y and ZSMb5 are two of the most important zedditessedasFCCU catalyst In fact,
ZSM-5 is regarded as good octane booster. The application of zeolites has its largest

econonic impact in the FCC processéd¢itkamp 1999).
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Agriculture

+* Desodoration
+ Carrier for agrochemicals
+ Bio fuels (Blogas)

Environmental
protection

= Water decontamination

+ Heavy metal adsorption

Construction

+ Concrele additive
= Watar softening

Secondary
Si, Al atoms building units Unit call 3D structure

Petrochemistry

* Heterogeneous Catalysis
* Adsorbents (Purification)
+ Desiccant (Gas, Liquid)

Medicine f Hygiene

* Pharmaceuticals
» Cosmelic products
* Detergents

Gas treatment
+ Drying of gases
+ Air decomposition
= Solvent recovery

Figure 2.7: Some common applicatios of zeolite (Weitkamp 1999)

26.4Zeolite Y

Zeolites Y based catalysts valuable in many important catalytic applications involving
hydrocarbon conversion since their initial commercial introduction in 1959 (Baerlether
al., 2007) The most important use of zeolite Y is as a cracking catdtyschemical formula

for NaY is Na(AlO2)7(Si0y)17:32H0. Zeolite Y exhibits the FAU (faujasite) structure.
Zeolite Y has a void volume fraction of 0.48, with a Si/Al ratio > 1.5. ltrttadly decomposes

at 793°C Zeolite Y has superseded zeolite X in this use because it is both more active and
more stable at high temperatures due to the higher Si/Al ratio. It is also used in the
hydrocracking units as a platinum/palladium support toemee aromatic content of
reformulated refinery products (Bhatia, 1990he faujasite structure is similar to the LTA
structurehowever, thesodalite cage is linked with doubleridg resulting in a super cage
with 12 ring poreopeningas shown in Figure 2.& has 3dimensional channel system and
can be imagined as stackifayers of sodalite cages similar to the arrangement of carbon

atoms in diamon@Dyer, 1988)
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Figure 2.8 Zeolite structure type FAU (Chandrasekhar, 1999)

2.65ZSM-5

ZSM-5, which means Zeolite Sieve of Molecular@sity (or Zeolite Socony Mobil 5),
structure type MFIi mordenite framework inverted an aluminosilicate zeolite mineral
belonging to the pentasil family of zeolites. Its chemical formulax$(BIO 2)m (SiO2)9em]

.16H0. (0 < m< 27).At the beginning of the 1960s, scientists at Mobil Corporation started
to use organic amines and quaternary alkylammonium cations as templates in the
hydrothermal synthesis of higdilica zeolites, and this is neidered a milestone in the
progress of zeolite synthesis. In 1972, Argauer and Landelt synthesized the first important
member of the pentasil family, ZSB| using PANCI or PuNOH as the template at 120 °C
(Kordatos,et. al, 2008) whereas in 1973, Chsynthesized ZSM.1 using Bu4Np as the
template. In 1974, Rosinski and Rubin prepared ZSMusing EfNp as the template,
followed by the syntheses of ZSRL and ZSM34 in 1977 and 1978; later on, Wadlinger

and Kerr synthesized higdilica zeolite beta (BEA(Xu et al., 2007)The 1Gring channel

systenmgives ZSM>5 a unique shape selectivity properdg shown in Figure 2.&hich allow
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it to be widely used igatalysis and sorption, it is an important source of catalyst in petroleum
refining andpetrochemial industry and they are even better utilized than zeoli(@iry et

al., 2007)

Figure 2.9 Zeolite structure type MFI ((e.g. ZSM5) and their porous network
(http://chemeducator.org/sbibs/s0004003/spapers/430114wv.htm

ZSM-5 pore size is of a dimension 0:6466 nm. The nature of its pore structure is unique
and is excellent in shape selectivity, while the ability to develop internal acidity makes it an
interesting material for catalytic reactionsThe possibility of synthesizing ZS!8 at
temperatures between 90 to 100 °C and atmospheric pressure has also beenAepamted

the several templates used for the synthesis of -BSkhe most common is tefapyl
ammonium bromide (TPABIK(Kordatos.et. al, 2008).ZSM-5 is a zeolite with a high silica

and low aluminium contenthe reaction and catalysis chemistry of the Z5M due to this
acidity. The ZSM5 zeolite catalyst is used in the petroleum industnhfairocarbon inter

conversion

2.7Kaolin

Kaolin commonly called china clay consistainly of kaolinite mineral and hake empirical

formula of AbSi:Os(OH)s. The major components are silica and alumina, with associated
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impurities such as quartz, mica, feldspar, illite, kyanite, montmorrillonite and haematite
(Aroke et al, 2013; Mgbemenat al, 2013; Vaculikoveet al, 2011).Kaolin is also a
dioctahedral 1:1 layered clay mineral, whose structure is a tetrahedraslsédigiaalternating

with an octahedral alumina sheet. Tkheets are arranged so that the tips of the silica
tetrahedrons and the adjacent layers of the octahedral sheet form a common layeet(Aroke

al., 2013). The kaolinite group include kaolinite, neerand dickite, It is made up of
pseudohexagonal flexible sheets of triclinic crystals with a diameter f 8.2 ¢ m, wi t h

density of 2.12.6 g/cni (Christophetet al,, 2002).
2.7.1 Kaolin purification

Kaolin is usually mined in it impure formAccordingly, theaccompanying minerals here
termed inherent impurities impair the primary characteristidsaofin and affect its utility

for various end applications (Saikit, al, 2003).Deposits of kaolirare usually associated
with various impurites like quartz, anatase, rutile, pyrite, sideffiéddspar, etc, depending
on the origin and depositional environment (Grimshaw, 19Whprovement on the
properties of kaolin by chemical methods is difficult, becausthehigh passivity of this
materiad (Belver et al.,2002).The processes of kaolin upgradimglude sieving, magnetic
separation (Asmatulu, 2008houmkov,et al, 1987), selective flocculation (Farhount,
1989), application of ultrasour&omskaja,et al, 1971), leaching with various anécals

like oxalic acid and other organic acifigeglio et al, 1996; Ambikadevi and Lalithambika,
2000) Combination of various methods of beneficiation are applied for kaolin treatment,
namely; wetmethod (i.e. soaking and sieving), deflocculating, tleramd acid treatment.
Additionally, mostby-products resulting from use of chemical method of purification, as

highlighted before, mighpossess challenges during separation procedure.
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2.7.2 Thermal treatment of kaolin

Upon heating kaolin starts to lose water at approximatel$04C, and the dehydration
approaches completeness at about 525°C (Christagihalr, 2002). The water vapoin
Equation(2.2) carries away about 13.96% of the mass of the stoichionkainiite during
dehydroxylation, which occurs primarily on the phase bound&rymechanism of
dehydroxylation includes a transport of Ogtoups to the phase boundary, then the reaction
of the groups on the boundary and, finally, tramspf the productto the edge ahe crystal.

6 &Y' 00  450-600°C  § gY'Q ¢00 §

The rate of dehydroxylation is determined by the slowest process. It was rethedltdds
process is diffsion of the water molecules between layers of the kaolinite stru¢tamk
etal,1992; Hor vit h,etald968);In kdoknitkes theahydnokyl ions are
strongly bonded to the aluminosilicate framework structuré can only be ehinated at
temperatures above5@ °C. During the dehydroxylation processnsiderable atomic
rearrangement occur&(anizoet al, 2000; Madanket al,1990 and Alkaret al.,2005).The
conditions of kaolin calcinations strongly influence the reactivity of the sobt&ned; the
best conditions for ohtning very reactive metakaolinave been discussed by different
authorswho repated values between 600 and 8C00fBelver et al, 2002).Since the
transformation temperature rangesfi 600 to 900C, various authors ka declaredhat the
temperature of calcinations affects the rate of dealumination and phase of zeolite formed
(Chandrasekhar, 1996; Chandrasekhar and Pramada, 1999;eFemlg 2009) The
relationship between calcinations temperatures and solubditiastive SiQ andAl20s is

presented in Figure 20.
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Figure 2.1Q Relationship between calcinatios temperatures andactivity of SiO2 and
Al203 (Ajayi, 2012)

2.7.3 Acid leaching of metakaolin

The acid activation of métaolin has been report@dvarious article¢Caballercet al.,2007;
Colinaetal,2 002, Ader e mi ,etal Q002 Hulbétteantiuff, 1970). Khese
reports showed that nai®olin is more react® and is easily attacked by acid and alkaline
causing partiaflestruction of the metakaolin structure whidependenbn the concentration
of the acid orlkaline andhe reaction timeThe unlocking of the alumina component in the
metakaolinvia acid means is referred to as dealumination. Silica which is inerosbacid

is one of the products of the dealumination process. The reaction of dealumination is

represented in Equatid@.3).
0dYQ JdOYO — 0a’Yo ¢'YQO d00 C®
2.7.4 Application of kaolin

Kaolin is widely used in the paper industry for its high whiteness and low ahrisgaso

used in the other industriéke construction, ceramics, rubber and porcelain manufacturing
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(Vaculikovaet al, 2011). As food additivan toothpaste, as a light diffusing material in
white incandescent light bulbs and cosmetics (Mgbene¢rad, 2013). Kaolin is used in
paint production to extend titanium dioxide and modify gloss levels, for-s@niorcement
properties in rubber (Krishanet al, 2012; Songfang et al., 2011; Ma and Bruckard, 2010).

Summary of the estimated usageaolin is shown in Figure 2.11

Foundry sand, mortar, cement and Miscellaneous
miscellaneous refractories, 16.7% ceramic, 0.5%

-~ Fine china and
dinnerware,
1.9%

" Floor and
wall tile,
3.2%

Pottery,
0.9%
Roofing
granules,
2.5%

Sanitaryware,
5.9%

Electrical
porcelain, 0.5%

Firebrick, blocks and
shapes, 0.9%

Brick, common and face, 8.2%

Figure 2.11: Different application areasof kaolin (http://eicl.in/fabout/wiki/kaolin/ )

2.7.5 Occurrence of kaolin in Nigeria

According to Sheik (1999), the Nigerian clay deposits are basically of two tyjres
basemendlerived or residual clay and the sedimentary or detrital clay. Most Nigerian detrital
clay depositsvere probably laid down agdimentary mud in the ancient marine and blackish
waterenvironment. This is most likely the reason for the high content of inherent impurities,
found insome Nigerian kaolinite clayBigure 2.12 shows kaolin and other mineral deposits

found across the &tion.
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Figure 2.12: Nigeria map showing some mineral depositAhmed, 2012)
2.8 Material Characterization

Materials are fben identified through variougechniquesnamely, chemical composition
analysis using Energy Dispersive -¥ay Flourescence(EDXRF), mineral structure
identification using Xray Diffraction(XRD), surface bond typielentification using~ourier
Transform Infrared Spectroscopy (FTIR), shape structure, particle size and morphology

usng Scanning Electron Microscof$sEM) and BraonerEmmettTeller (BET) surface

areameasurement.
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2.81 Energy dispersive xray fluorescence

XRF spectroscopy is an analytical technique that exposes a solid samplerayasource.
The X-rays from the source have the appropriate excitation ernleagyauses elements in
the sampléo emit characteristic Xays. A qualitative elemental analysis is possible from the
characteristicenergy, or wavelength, of the fluorescentays emitted. A quantitative
elemental analysis ipossible by counting theumber (intensity) of xays at a given
wavelength(Verma, 2007)Three electron shells are generally involved in emissions of x
rays during XRF analysis smplesas represented in Figu?el3 TheK, L, and M shells.
Multiple-intensity peaks are generdtérom the K, L, or M shelklectrons in a typical
emission pattern, also called an emission spectrum, for a given el@iherfocus of XRF
analysis is directed on theray emissions from the K and L shells becahsy are the most
energetic lines. K ties are typically used for elements with atomic numfvera 11 to 46
(sodium to palladium), and L lines are used for elements above atomic num(sédvet].
M-shell emissions are measurable only for metals with an atomic number greatgv than

(lanthanum)Ajayi, 2012)

Ejected K-shell electron g

Incident radiation

L-shell electron
fills vacancy

Shells

KB x-ray emitted
Kgx-ray Emitted

M-shell electron
fills vacancy

Figure 2.13 XRF analysis procesgKovo, 2011)
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2.82 X-ray powder diffraction

X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for phase
identification of a crystalline materiaX-ray diffractionis now a common technique for the
study of crystal structures and atomic spaciKgay diffraction is based on constructive
interference of monochromatic-pays and &rystalline sample. These-bays are generated

by a cathode ray tube, filtered to predumonochromatic radiation, collimated to
concentrate, and directed toward the sample.ifitegaction of the incident rays with the
sample produces constructive interference (amtiffeacted ray) when conditions satisfy
Bragg's Law ( n @zrelktds theiavelendth of eleCtromagnetic aadiation to
the diffraction angle and the lattice spacing ierystalline sample. These diffractedrXys

are then detected, processed and countes Byanni ng t he sampl e t hr
angles, all posble diffraction directions of the latticghould be attained due to the random
orientation of the powdered material. Conversion of difraction peaks to ¢pacings
allows identification of the mineral because each mineral heet af unique €pacings.
Typically, this is achieved by comparison ekpacings with standanegference patterns

(Weller, 1994)

X-ray diffractometers consist of three basic elemefnsX-ray tube sampleholder, and an

X-ray detector. Xrays are generated in a cathode ray twpbeating a filament to produce

electrons, accelerating the electrons toward a target by applying a voltage, and bombarding

the target material with electrons. When electrons have sufficient energy to dislodge inner
shellelectrons of the target materiaharacteristic Xay spectra are produced. These spectra
consistof sever al component s, the most common b

KU1 an&UKURhas a slightly shorter wavelengt
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specific wavelengtharecharacteristic of the target material (Cu, Fe, Mo, Cr). Filtering, by

foils or crystalmonochrometers, is required to produce monochromatiayX needed for

di ffractiKaJ2. ak@lasrud ficiently close in wavel
of the two is used. Coppés the most common target material for singigstal diffraction,

with CuK U r a d i1.84118A oThese=¢ays are collimated and directed onto the sample.

As the sample and detectoe rotated, the intensity of the reflectedaxs is recorded. When

the geometry of the incide-rays impinging the sample satisfies the Bragg Equation,
constructive interference occurs ang@ak in intensity occurs. A detector records and
processes this -Xay signal and converts tlsggnal to a counrate which is then output to a

device such as a printer or computer monitdre geometry of an Xay diffractometer is

such that the sample rotates in the path ottllenated xr ay beam at an angl
X-ray detector is mounted on an arm tdlect thediffracted Xrays and rotates at an angle

of 2d. The i nstrument rotate thedsanple is taranedragomionmetet h e

(Ajayi, 2012;Clearfieldet al, 2008; Duane and Robert, 1997)
2.8.3 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscoigymost useful for identifying chemicals that are
either organic or inorganic. It can b#lized to quantitate some components of an unknown
mixture. It can be applied to the analysissolids, liquids,and gass. The term Fourier
Transform Infrared Spectroscopy (FTIR) referati@airly recent development in the manner
in which the data is collected and converted fromra@rference pattern to a spectrum.
Today's FTIR instruments are computerized whitdkesthem faster and more sensitive
than the older dispersive instruments. FTIR is perhaps thepowstrful tool for identifying

types of chemical bonds (functional groups). The wavelengtHigbt absorbed is

37



characteristic of the chemical bond as barseen in this annotated spectr@winterpreting
the infrared absorption spectrum, the chemical bonds in a molecule datebmined. FTIR
spectra of pure compounds are generally so unique that they are Imelegular
"fingerprint". Because the strgtih of the absorption is proportional to tbencentration,

FTIR can be used for some quantitative analya¢syi, 2012)

2.84 Braunner-Emmett-Teller (BET) surface area neasurement

The gas adsorption method is used for measuring the amountadgabed on the surface

of apowder sample as a function of the pressure of the adsorbate gas, and is used to determine
the specific surface area of a powder sampiihen the gas is physically adsorbed by the
powder sample, Equatiq@.4) holds when P/gis inthe range of 0.05 to 0.30 for pressure P

of the adsorbate gas in equilibrium for the volume ofaglsorbed, W

o
Y c8&

C‘ll (2]

where, P= Partial vapor pressure of adsorbate gas in equilibrium, (KBa3 Saturated
pressure of adsorbate g&s = Volume of gas adsorbed at equilibrium, M = Volume of
gas adsorbed in a monolayer,; f@= Dimensionless constant related to the enthalpy of

adsorption and condensationtbe adsorbate ggRouqueroket al, 1999)

The specific surface area, S, is determined fromthe volume of gas adsorbed in a

monolayeron the samplas shown in Equation (2.5)

c®
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S = Specific surface area,%y; N = Avogadro constant = Effective crosssectional area of

oneadsorbate molecule,3rm = massof the test powder, (Everelt, 2006)
2.85 Scanning electron rnicroscope

The scanning electron microscope (SEM) is a type of electron microscope that images the
sample surface by scanning it with a higiergy beam of electrons in a raster scan pattern.
Theelectrons interact with the atoms that make up the sample producing signals that contain
information about the sample's surface topography, composition and other properties such as
electrical conductivity.There are basically two types of interactiogtvieen theelectron

beam and the samples. These are called elastic and inelastic interaction as dhgune

2.14 The typeof signals produced by a SEM include secondary electrons;duattered
electrong(BSE), characteristic Xays, light €athodduminescence), specimen current and
transmittedelectrons. Secondary electron detectors are common in all SEMs, but it is rare
that a singlanachine would have detectors for all possible signals. The signals result from
interactions of thelectron beam wht atoms at or near the surface of the sample. In the most
common or standardetection mode, secondary electron imaging or SEI, the SEM can
produce very highiesolutionimages of a sample surface, revealing details about less than 1
to 5 nm in size. Due tthe verynarrow electron beam, SEM micrographs have a large depth

of field yielding a characteristihreedimensional appearance, useful for understanding the

surface structure of a samgj(@oldsteinet al,, 1981)
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Figure 2.14 Interaction of incident rays with sample (Goldstein, 1981)

When the primary electron beam interacts with the sample, the electrons lose energy by

repeatedandom scattering and absorption within a tearditoggoed volume of the specimen

known as théenteraction volume, which extdns

the surface. Thsize of the interaction volume depends on the electron's landing energy, the

atomic number of thepecimen and the specimen's density. The energy exchange between

from

ess

t han

100

the electron beam and teampe results in the reflection of higdnergy electrons by elastic

scattering, emissiomf secondaryelectrons by inelastic scattering and the emission of

electromagnetic radiation, eachvdfich can be detected by specialized detectors. Electronic

amplifiersof various types are usedamplify the signals which are displayed as variations

in brightness on a cathode ray tube. Téster scanning of the CRT displaysigichronized

with that of the beam on the specimen inrtieroscope, and the resulting imageherefore

a distribution map of the intensity of the sigbaing emitted from the scanned area of the

specimen. The image is captured and displayed oangputer monitor and saved to a

computer's hard disc. Magnification in a SEM can be controlleda range of up to 6 orders

of magnitude from about 10 to 500,000 times.
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CHAPTER THREE

MATERIALS, EQUIPMENT AND METHODOLOGY

3.1 Introduction

The materits used during the researehe stated in this chapte@ll the equipment used
during the production process and characterization as well as the methods emplais are

documented in this chapter.

3.2 Materials and Apparatus

3.21 Materials

The materiad used during this researicitiude:

1. Kankara kaolirfjK atsina, Nigeria) The location is shown in Figure 3ahd the deposit

site is shown in Plate |I.

2. Distilled and deionized water

3. Concentrated sulfuric acid (Lobal Chemie, 98%)

4. Sodium hydroxide pellets (Lobal Chemi e,

5. Amorphous silica (Prepared from Kankara kaolin)

6. Sodium silicate solution (Prepariedm Kankara kaolin)

7. Aluminum hydroxide (Prepardtbm Kankara kaolin)

8. Activated alumina (SigmaAldrich)

9. Barium chloride (Chemlight)
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10. Silica sol (prepad from Kankara kaolin)
11. Lanthanum chloride (Fisher Chemicals)
12. Ammonium chloride (Fisher Chemicals)

13. Tetrapropylammonium bromide (TPABr) (Sigiklrich)

NIGER REPUBLIC

Location of raw
materials

35 70

k'ilom.etres . 5

[
KADUN

Figure 3.1: Location of Kankara kaolin in Katsina State,Nigeria (www.maps
steetview.con
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Kankara
kaolin

Plate I: Site of Kankara kaolin (a) Collapse pit (b)active pit (c) heaps of mined
Kankara kaolin (d) atmospheric drying of Kankara kaolin
3.22 Apparatus
1. Measuringylinders, 1000 ml (Superior, \@ermany)
2. Polypropylene bottles, 25000 ml (China)
3. Spatula
4. Tong
5. Wash bottles and brushes (plastic types)
6. Petri dishes

7. Tyler mesh sieve (Mesh size 200)

8. Ceramic Buckner funnglGraopiex, England)
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9. Ceramic crucibles (500 ml and 1000 ml)

10. Air tight desiccato(Technico, England)

11. Ceramic mortar and pestle

12. Filter papers (Whatman,541)

13. Full range pH paper (BDH;14)

14.Plastic funnel¢Techmel, USA)

3.3Equipment

1. Electricfurnace. (Nabertherm; 301400°C)

3. Electric over (NYC i 101; 30- 400°C,andNabertherm; 30 650°C)

4. Weighing balances (Weda, T18i @Q00kg, Metler Toledo; AB204; 6210q)

5. High vacuum pump (Edwards, E2M5)

8. High torque stirrer (Trieb, 743660 rpm)

9. Heavy duty laboratory high shear mixer (Silverson, L2R)

10. Hot plate with magnetic stirrer (AMTAST, MS300)

11. Water Deionizer (LABoN, 5R2)

12. Water distiller (Lasany, LPH)

13. Ball milling machindOverveld, 12254

14. Ultrasonicatoi(Heatingi ultrasonic, 35D
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3.4Design Stage

Manual design method was largely emplbye this work, alongside Micro$t Excelwas
used for computaan and plotting of graphsAutoCAD was use for the engineering
drawings.A The dealumination and zeolite reaction units were the units designed in this

work.
3.4.1. Dealumination wnit
The dealumination unit comprises of:

i.  Dealumination reactor (dealuminator)
ii.  Metakaolin slurry mixing tank, and

iii.  Acid holding tank
34.11 Dealuminator

Batch reactor model was chosenttoe design of the dealuminator due to the following

reasons:

A Easy and simple instrumentation is possi

pilot-size reactor is expected to handle 2.5 kg of metakaolin pdr.batc

A Desired conversion and kinetic data can

batch reactor. Hence aiding optimization of operating conditions.

A Because the initial slurry is a pseudo pl
(by Geldart classification, a type C or cohesive patrticles), efficient agitation, a condition
required for effective mass and energy transfer during the dealumination reaction can be

easily achieved via batch reaction.
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A Cost of f abr iuremertformstrdmeatatibneand agsnstier is redecgd

with a batch reactor.

The capacity of the dealumination unit is to handle the dealuminati®® &f metakaolin
per batch (basig: Average alurma content from Xay fluorescence (XRF) analysis = 40%
Equation (3.1) shows the reaction during dealumination, as acid reacts with alumina content

of the metakaolin.
0 aY'0 gO"YD —> 0 a"YO 00 YQO o

Metakaolin Sulphuric acid Alum Silica
Detail calculatiorfor thedealuminatodesignand the dealumination reaction time were done
from the basics angresented in Appendices and B respectivelyEquation (3.2) which was
adopted from the work of Adereret al, (2001) was used as the kinetic model.

8

i poPQ O O oR]
Where 1 = rate of dealumination; T = reaction temperatude; = acid initial
concentrationp = concentration of alumina
The material balance for the components involved in the dealumination reaction were
accounted for and presented in Appendix since the dealumination reaction was an
endothermic reaction, theealuminatomwas properly laggetb avoid much heat loss to the
surrounding from the internally generated heat of hydration. The insulation thickness was

calculated by using Equations (3.3 t&)3detail céculation is shown in Appendix D

N — - - o
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Wheregd = ener gy f | Lo=wheigheof theucglinderri=tiriternal radius of
reactor; #. outer radius of reactorz:rinternal radius of reactor casing; outer radius of
reactor casingks= thermal conductivity of materialise for the reactork,= thermal
conductivity of materialise as insulatoke= thermal conductivity of materialsed as reactor
casingY4D4 Al DAOABEBEBAOAT AA

During dealumination process, due to associated hdgtdotion the average temperature

of reacting system was assumed to be 120°C (393 K)

a o6nvYy
0

fh o8

Where: & = Total mass of the reacting system 0
O 0 QO QI WHAGD) O QYO=dime.

Y'YD'YQa R @1 @A | TOs tiee@hitial temperature of the reacting system during
dealumination.Ts is the final temperature of the reagjisystem just before quenchings

the time for thalealumination reaction

c“ &"Y

s A | ~1
I I‘l— I Ir I I-I—
Q Q Q

3.4.1.2Metakaolindurry tank

The meékaolin slurry tank comprised of the vessel an@lectricamotor in which the stirrer

was attached. The design calculation and specification of the mixing tank as well as the power
rating of the motor are presented in Appendix E. Some of the basisdbguaded are given

in Equations (3.pand(3.7). For power requirement the relationship between Power number,

Reynolds number and Froude number was establish@&iramott, 1999)
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Equation (36) then becomes
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3.3.13 Acid Holding Tank

Based on the amount of the acideded fothe dealuminatiorthe specification of the acid

holding tank was made and shown in Appendix E.

3.4.2 Sizing of 2olite reactor

Thedetailed calculations ahaterialbalancesenergy consideration and sizing of the zeolite
reactos for the production of zeolite Y and ZSMare presented in Appendices F and G
respectively. The basis of design for the dealumination reactor was 2.5 kg of
metakaolin/batch, while for zeolite Y and ZSbreactors were 2 and 4kg of products per
batch respectivelyFrom the basis of each reactor the volume and subsequently other
dimensions were euated.

3.4.3 Engineering drawings

AutoCAD 2016, was used for the drawings of all the three pilot size units involve in the
zeolite production from Kankara kaolifhepilot size dealumination ungomprises of three
components namely, the reactor refdrte as dealuminatpmetakaolin slurry mixing tank

and acid holding tank. Therthographic view and the complete-ggtof the unit is shown in

Figure 3.2.
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Heat distribution was one of the major factors to be considered during zeolite production.
Figures 3.3 and 3.5 shows the orthographic and complete views of zeebietss which

employs internahdnd external heatingethod respectively.
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Figure 3.2: Orthographic view and completedealumination unit

e

AN
\
\

AHMADU BELLO UNIVERSITY, ZARIA
CHPIC AL ENGINTIBOVS WEPARTHINY
DESCRIFTION:
Abemraen Rl
| e
o,
nnnnn
o
Erwr. =
oot | s a3 aoss

Figure 3.3 Zeolite reactor drawings (internal heating)
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Figure 3.4: Zeolite reactor drawing (external heating)
3.5Material Selection for Fabrication

After the completion of the design, the next critical step was to carefully select the materials
for construction, considering the factstttize reactions were either highly acidic in the case

of dealumination process and highly basic in the case of zeolite production.
3.5.1Dealumination unit

Glass is an ideal material for storing many g/pé chemicals, including most acids and
bases. Reason being that glass is a material that is inert to many chemicals and is nonporous,
which means it will not absorb absorb chemicals nor contaminate the chemicals. The major
drawback for the usage of glasshe fact that it breaks easily and make sharp, dangerous
shards when broken. Polyethylene Isoagood material also for acid storagéhe material
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selected for the pilot size acid holding tank was polyethylene which would be housed
externally with stainles steel (Type 304Yhe casingvould withstand corrosion of acid at
ambient temperature in cagksplashing ofcid during operation. The stainless steel casing
of 2mm thickness would serve, since much pressure-bpildasnot expected in the acid
holding tank.The casing would also prevent accidental puncturing of the polyethylene, being

a plastic materidby a sharp object within the pilot plant.

The metakaolin slurry tanklo not contain corrosive materialBhe best material to be use

was stainlessteel considering durability and avoiding rust. During fabrication plastic
containermade ofpolypropylenewas used for the metakaolin pilot size component of the
dealumination unit. The stand of the electric motor for the stirrer was made of stainless steel

(type 304).

The best material for the fabrication of the dealumination reaaleal(minator was
stanless steel type 316, which could withstand the corrosive nature of the concentrated
sulfuric acid to be uskeduring the dealumination reaction at temperature between 120

1 4 0. eo@sidering cost, the material selechas stainless steel materiatype 304 being a

close alternativeStainless steel has higesistanceability to acidic corrosive mediumat

mild temperatureBut the internal padf the dealuminator waated with suitable matersal

such as silicon caulk, ceramic tales and glass litlh@wasinert totheacidic environment

within the reactorGlass woolfiber, a very good heat insulatavas selecteds lagging
material tominimize heat loss from thdealuminatotto the surrounding environmerithe
external part of the temperature and pressure gauges were made of stainless steel materials,
which was mounted at the cover of the reactor to provide mgador the reaction

temperature and pressure of the system respectivelythidkeess of thetsel sheets used
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for the dealuminator was 3mm for easy working and minimize cost, since the system and
process would not involve much pressure buiid Considering safety of the system

pressure relief valve provision was made at the top part of thentieator.

The piping system, valves and connection accessories were basically made of Polyvinyl

chloride (PVC) and stainless steel materials.

3.5.2Zeolite Y and ZSM-5 reactors

Similar configurations were used for the production of zeolite Y and -BSMhe
fundamental difference was in the outpatratio of the silica to alumaarecipes also varies.

The same reactor was not used for gmeduction of the two products, so &s avoid
contamination, hence the internal part was madecha way that it ga® room for flexibility

of replacing the internal part based on the type of zeolites to be prodineedontents for
zeolite Y productiorwashighly alkaline as such polypropylengaterialwas chosems the
fabricationmaterial for the reactor which could withstand a temperature above 100°C being
the reaction temperature. Considering internal heating, the heating elsasdmted with

Teflon material to avoid direct contact of theating element with theontentsTeflon could
withstand the temperature employed as well as the basic corrosive environment. For the
external heating theeatingelementwas made of stainless steel matewhich would not
havedirect contact with the reaction mixture, herggng was not rquired The reaction

being endothermic, glass wool was used as the insulating material to minimize heat loss to
the environment. Stainless steel, type 304 was chosen as the material for the fabrication of
the zeolites reactors external part. The tempexgitop wire was also lined with Teflon tape,

especially the part that made contact with the reaction contents.
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The piping system, valves and connection accessories were basically made of Polyvinyl

chloride (PVC) and stainless steel materials.
3.6 Pilot Siz Process Units Fabrication
3.6.1 Deallmination reactor

The external part of the drimination reactor (dealuminatatyring fabricationshownin

Plate 1l,the rough surfaceluring the wielding process was polished and the reactor lagged
properly. Gauges were placed at the cover of the reactor for monitoring of the process. The
internal part of the reactor (dealuminator) was shown before and after coating with ceramic

tiles in Plate Ill.

Plate Il : Fabrication process ofdealuminator external part (A) initiation stage (B)
polished surface (C)with lagging
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Platelll : Fabrication process of dealuminator ilernal part (A) before lining (B) after
lining with ceramic tiles

3.6.2 Zolitesreactors

The distinguish factor of the two zeolites reactors configuration is basically on the heating

means and the position of the heating element.
3.6.2.1Internal means of heating configuration

The heating elememtas made in such a way that it was inserted inside the reacting medium.
The stepwise process of it fabrication was not captured but the cdegaéup is shown in

Plate 1V.

Plate IV: Complete setup of zeolite reactor involving intenal heating
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3.6.22 External means of heating configuration

The materia of fabricationwerebasically stainless steel, type 304 with thickness of 3mm.
PlateVA shows the internal part of é¢hhollow stainless steel vessel dhd position of the

heating element was neatly bore as shown in Plate VB. The heating element made of stainless
steel material was placed at the base on the reactor and the container holder was made slightly
above the heating element as shown in PlateaW€VD respectively. The heating element

was positioned at the base to ensure good heat distribution within the reactor.

Plate V: Internal configuration of the zeolitesreactor (A) hollow vessel (B) showing
position of the heating element (C) heating element inserted (Byntainer holder
positioned

The cover of the reactor was accurately produced from a stainless steel sheet and the hole
bored on, as shown in Plate VI A andmspectively. The bored holould serve as a means

through whichthe temperature prop wire will pass througtwould alsoserve as an access
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for adjusting thepolypropylenecontainer in e internal part of the reactor. Several

componergwere wielded together using stainless steel electrodes as shown in Plate VI D.

Plate VI: Reactor cover under fabrication (A) the cut circular sheet (B) reactor cover
sheet with a hole bore on it (Dassembledeactor cover

Some of thdinal process of the fabricating the zeolite reactor involved filing of rough
edges and insulating the reactor as shown in Plate VII A and B respectively. The stainless
steel reactoe was fixed after the insulation process and the final oatltakreactor is as

shown in Plate VIl C, and Plate VII D showed the interior zeolites reactor outlook.

Plate VII: Final stage of zeolite reactor fabrication (A)iling process (B)insulated
external reactor part (C) external part (D) interior part
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3.7 Zeolite Production Process from Kaolin

3.7.1 Kaolin beneficiation

The starting material was kaolin clay sourced from the deposit at Kankaratd@atsina
state,Nigeria whi ch is | ocated at | ati tld'd.&aolinle55"' 5
purification plant setip by thePetroleum Technological Development FURTDF) Chair,
Department of Chemical Engineering, ABU, Zaria was used for the beneficiation process
The purification plant employedhe wet beneficiation method. The aim of the wet
beneficiation methoavasto purify the kaolin clay from soluble impurities such as soluble
salts of group 1 and 2 elements, of the qulid table. Impurities which wergenser than

kaolin such as quartz weeseparated at different pamturing the purification process. The
purification process invoheethe crushing of the kaolin clay and transferring it to the
blunging tank. Water was added and the slurry was blunged by vigorous stitiler
homogeneity wa achievedHeavier quartz settled at the bottom of the blunging tank while
kaolin and fine quartz slurry passed through a sieve by opening the outlet beside the blunging
tank into sedimentation tank 1, some fine quartz wer@éwipy the sieve while thkaolin

slurry passed through the sieve. Some of the fine quartz settled at the base of sedimentation
tank 1(T1), while the kaolin slurry flowed to kaolin clay slurry collection tank as overflow.

The slurry was transported to a hydro cyclone with the dfedppump for further separation.

The underflow of the hydro cyclone flowed to the recycling tank while the overflow flowed

to the sedimentation tank(Z2), where the purified kaolin settled at the base of the tank while

the overflow of the tank is a clekyer of water which goes to the sink. Finally, the purified
kaolin clay was collected at the bottom outlet of sedimentation tank 2. The purified kaolin

clay was thickened using a casted slab, after which it was dried atmospherically followed by
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oven dryng at 100°C for 12 h. The dried pueatl kaolin clay was ball milled’he picture for

the purification uniis shown inandPlateVIII.

T1

Plate VIII : Pilot unit for kaolin purification

3.7.2 Calcination of beneficiatedkaolin

The fine ballmilled beneficiated kaolin was thermally activated calcination. The
condition of calcination was 750°C for 2 hours in the exposed element electric furnace.
Ceramicsaggarsvere used to hold the beneficiated kaolin for the calcination process, inside
the furnace. The control panel attached to the furnace was used to program the heating
operation. The chemical equation which represents the calcinatbmessr is shown in

Equation (3.8

0 XYRXOL — 0o W 'Y ¢0O0 oy

The thermal process conv&kaolin to metakaolina reactive and amorphous phase of

kaolin.
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3.7.3 Dealumination of metakaolin

The metakaolin was separated into silica and alum (which contains alumina) by using
concentrated (98 wt%) sulphuric acid in tbevelopeddealumination unit. The acidic
condition for the reaction was 60 wt%. The sulphuric acid was the excess reactant. The
eqguation of the reaction is shown in Equati(8r®).

ow XYy oo —— 0a'Y ¢YD 00U o080
For a typical batch, 2.5 kg metakaolin was mixed with 4658afravater in the metakaolin
slurry mixing tank using the stirrer. The slurry was emptied into the dealumination reactor
by opening the valve. 4027énof sulphuric acid 98 wt% was also channeled into the
dealumination reactor. The unlocking of the alumina from metakaolin began intehetha
two reactants came in contact with each other. The heat of hydration generated was sufficient
to drive the endothermic dealumination reaction. The temperature and pressure gauges were
mounted on the reactor cover to monitor the temperature asdupeeas the reach
progressedMore so, a presse relief valve was mountezs a safety measure. At the end of
the reaction, 16814 chof water was added via the metakaolin slurry tank to quench the
reaction and reduce the acidic content of the prodittined. The produsbbtained were
alum and silica. The silica was thoroughly washed, because of the excess acid used. The
washed silica was sent to the sodium silicate unihefpilot plant, where it serveats the
major starting material for the production of sodium silicate, a recipe for zeolite synthesis.

While the alum was sent to the aluminum hydroxide production unit.

The internal part of the dealuminator was lined with silica curl, ceramic tiles)as®l With

these different configurations several dealumination runs were conducted. The silica product
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obtained from the dealumination runs were analyzed and the efficiency of the different
configurations were evaluated. More so, the quality of the ghoducts was determineth

the chemical composition analysis (XRF).
3.7.4 Aluminum hydroxide production

The two reactants for this unit are liquid single alum and sodium hydr@adigersof alum

from the alum tank was simultaneously fed into the CSTR re&toelopedy Nakakana
(2015), with 10liters of 50 wt% sodium hydroxide solution to produce aluminium hydroxide
and sodium sulphate as-pyoduct. The production process was a seatch process. The
reaction was carried out at room temperature with continuous stirring and the pH of the
solution in the reactor wadoselymonitored. The reaction was terminated when the psl wa
between 7 and 8. Equation 18) expresses the chemicalaotion of the formation of

aluminium hydroxide.
00" @O O—> o0 ol wY oP T

The precipitatecaluminum hydroxide formed was washed thoroughly until the clear
liquid part was free of sulphate. Filter bags were used for the filtration and the cake was
dried at 110°C for 12 hours. The driediminumhydroxide was ball milled to obtained

fine particles of thaluminum hydroxide, which was then calcined in the furnace at 400°C

for 2 hours Aluminum hydroxide uripicture is showrin PlatelX.

60



Plate I X: Aluminum hydroxide production unit

3.7.5 Sodium silicate poduction

The sodium silicate production urfdeveloped by Yusuf (2015)yas used to produce the
sodium silicate needed for zeolite production. The unit was operated in two different
concentration level depending on the targeted zeolite, either zeolite Y c5Z@8blite. But

the principle of reaatin was the same. The equation for the reaction iscagsim Equation

(3.11). Plate llishows the picture of the sodium silicate unit used.

O &0 00 ™NQ 00 — &0 VIR OO o p

3.7.5.1Sodium silicate for zeolite Y production

Silica produced from the dealumination unit served as the bed in the fixed bed reactor. The
amount of silica required wds13 kg. Amount of sodium hydroxide needed w&S50 kg,

which wasdissolved in 19iters of water in the sodium hydroxide chamber of the unit.

61



Detailed calculation of the amount of reactantsed is presented in Appendix Bimp was

used to transport the sodium hydroxide solution from the holding chamber into the fixed bed
reactor whes the two reactants were in contact for the reaction to take plaegilot size

unit for sodium silicate production is shown in PlateTKe leaching process lasted for 3
hours at 100°C with continuous circulation of the reacting mixture. After théioeabe
solution was filtered with the help of filter bags. The residue was washed while the filtrate

was concentrated to the required amount needed for Zeolite Y production.

Plate X: Sodium silicate production unit

3.7.5.2. Sodium silicate productidar ZSM5 synthesis

2.86 kg of silica obtained from the dealumination unit was used as the bed in the fixed bed

reactor part of the sodium silicate unit.2@ kg of sodium hydroxide was dissolved in 10
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liters of water in the sodium hydroxide chamber @ tmit. Detail calculation of the amount

of reactantaused is presented in Appendix B pump was used to transport the sodium
hydroxide solution from the holding chamber into the fixed bed reactor where the two
reactants were in contact for the reactmteke place. The leaching process lasted for 1 hour
at 90°C with continuous circulation of the reacting mixture. After the reaction the solution
was filtered with the help of filter bags. The residue was washed while the filtrate was diluted

with 2857 litersof deionized water.
3.7.6 Silica sol peparation

To prepare 2iters of concentrated silica sol for ZS®I zeolite production, Gters d 1 M
H.SOQy was titrated with 20iters dilute sodium silicate as prepared in 3.4.5.1. The reaction
temperature was 50°C, with stirring as the reaction progressed the equatlmréarction
is represented in Equation (3)1At the end point, a cloudy viscous gel was formed with pH

value grater than 7, whiclvascool to room temperature.

Oui&YN OV — oY 0™ 00 oP ¢
The gel was washed repeatedly with hetatézed water to free the €-Si framework from
NaSOQs being the byproduct of the hydrolysis. Bagsolution was added to the filtrate after
washing to confirm the total removal of $Ofrom the silica sol solution. The test was
repeated until no white precipitate was formed on addition of the.BaG¢ essence of

washing the gel was to remove the trappedS@a in the pores of the gel network. The

obtained gel was concentrated thit@rs via evaporation technique.
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3.7.7 Gel preparation for zeolite Y production

3.7.7.1Seed gel

0.060 kg sodium hydroxide was dissolvedr245 kg deionized wate!Q.025 galuminum
hydroxide was added and stirred until dissol@880 kg of the prepared sodium silicate
solution was added to the resulting solution and stirred for 20 minutes. The regeiltans

stored in air tight container and allowed to age at room temperature for 24 hours.

3.7.7.2Feed gel

5 g sodium hydroxide was dissolved in 4.585 kg deionized water, 0.441 kg aluminum
hydroxide was added and stirred until dissolved. 4.988 kg oprigared sodium silicate
solution was added to the resulting solution and stirred with adigar turbine mixer until

the gel appears somewhat smooth.

3.7.7.30verall gel

579 g of the aged seed gel was added to the feed gel and mixed vigorousdguttieg
overall gel was transferred into the zeolite Y rector and capped very well, which was allowed

to age at room temperature for 24 hours.

3.7.8 Crystallization of zeolite Y

After the ageing period of loarthe reaction temperature of the reactor was set at 100°C
and the reaction time was @urs therafter, asettled solid crystal was observed at the base
of the reactor with thick liquid layer above After the crystallization, the resulting zeolite

Y crystal was filtered and washed with deionized water until the pH was less than 9. The

resulting NaY (sodium base zeolite Y) was dried at 1%0fQ@2 hours blodk diagram of the
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zeolite Y production process is shownFigure 3.5 The process was repeatsgleral runs

to ascertain the product yield.

Deionized water Sodium hyvdroxide Deionized water Sodium hydroxide
Silica source =
b Mixing and
Alumina source | -* i s
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aging for 24hr.

Overall gel

\

Crystallization at 100° C, 7hrs.

A
Filtration and washing
A4

Drying at 110° C

v

Zeolite Y
Figure 3.5 Flow diagram for the synthesis of zeolite Y from the reagents prepared

3.7.9 ZSM-5 production

0.280 kg of sodium hydroxide was dissolved inliter of de-ionized water,0.012 kg of
alumina wasdded and the minte was stirred until dissolveld was labelled solution 1 (5
0.068litersof 96 wt% of SOy and0.160kg of Tetrapropyammonium bromide (TPABT),
and stirred until dissolvedhesolution was labelled solution 24SSolutiors 1 and2 were
mixed simultaneously analdded to liter of silica soland the mixture shaken vigorously.

The resultant mixture was transferred into the zeolite reabier reaction temperature and
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time were 95°C and 5 daysespectively After the reaction, théquid part was carefully
decantecnd the white solid crystals was wadlseveral times until the pH walsout 8 The
solid product was dried in an oven at 100°C for d@rk the dried sample was calcined at
500°C for 2 hoursto decompose the organic @ template to form sodium form of ZSM

5. The production process was repeated to evaluates the yield of the product.

3.7.10Protonation of zeolites

3.7.10.1Protonation of sodium form of zeolite Y

The protonation was done at the laboratory sdaeM solution of NHCI was prepared and
exchanged witlsodium form of zeolite¢y (Na-Zeolite Y) at 80°C using 10 ml solution to 1

g solid ratio and stirring the solution for 20 mias(Gaoet al, 2012; Duet al, 2013). After

the exchange reaction the slurryasvsuction filtered using vacuum pump and washed
thoroughly with distilled water and dried &@QFC for 6 hoursThe resulting product was the
NHas-zeoliteY. The NH:i-zeoliteY was calcined at 650°C in air for ®iwsto form Hzeolite

Y.

3.7.10.2Protonation of sodium form of ZSM

1 g to 10 ml of sodium form of ZSM and 1.0 ml was usédHsSQs were used for the ion
exchange respectivel{the mixture was stirred for 20 minutes at room temperature. The
resultant mixture was filtered using a vacupomp. The residue was thoroughly washed
with ddonized water to remowvef sodium sulphate that might had form on the surface of the
zeolite. The residue was then dried in the oven at 100°C foour3 lhe dried NH-ZSM-5

was then calcined at 500°C foh2ursto obtain HZSM-5.
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3.7.11 Thermal stabilizati on of zolite Y

TheproducedH-zeoliteY was thermally stabilized by impregnation of rare earth metal (La).
The reaction was carried out using wet impregnatiaotien to make zeolite RE Y. 0.04
solution of LaC4.7H.O was prepared and mixed with the protonated zedtiteqoliteY) at

80°C using 12.5 ml solution to 1 g solid ratialastirring the solution for 1dur (Gaoet al,

2012; Duet al, 2013). After the reaction the product watered using a vacuum pump,
washed thoroughly with distilled water. The wet cake of the zeolite was hydrothermally

calcined at 650°C in air for 2 h.
3.8 Physicochemical Characterization

Kankarakaolin, beneficiated kaolin, metakaolin, silica, zeolites Y, Z5&hd zeolite bsed

catalyst were characterized using FTIR, XRD, XRF, SEM, TEM, EDS and SAED.
3.81 Fourier transform infrared s pectroscopy(FTIR)

Perkin EImefFTIR Spectrometewas usd for the FTIR analysisin a typical analysis 0.07¢g
wafer of the sample consisting of 1% of the sample and 99% KBr window was used. The
mixture was pressed under pressioreroduce a thin film wafer. The wafer was inserted in
the sample holder of the FTIEguipment, then, FTIR spectra of the sampdes recorded

from 400 to 4000 crh Prior to the sample analysis background spectrum of air at ambient

condition was ran.
3.82. X-ray diffraction (XRD)

The amount of sample used was 2g of each sample for the XRD angigEispdterns

wer e r ecor desgahgledfb5°aavs BsmgBoukedAdavanced Bdiffractometer
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operated at continuous scanning, scanning speed of 5°/min, generator setting&arih m

40 kV, and CuKU node materi al
3.8.3 X-ray fluorescence (XRF)

The chemical compositions of the materials used were determined using XRF machine;

Minipal 4, Pananalytical Xay fluorescence analyzer
3.84 Scanning electron nicroscope(SEM)

SEM analysis was carried out usidgiss Emissbn Scanning Electron Microscopk a

typical run a very small amount the samplavas picked with a tweezer and placed on the
sample stab. The sample wesated with acetor® wash off impurity and ensuparticles
dispersion. The stab containing the treated sample was placed in the sputter coater for
surfacepolishing with goldfilm. After the sample preparation and sputtering the sample
stab was placed in the analysis chamber of the SEM equipthernvacium wason. The
magnification and voltage were set and the focus of the microscope was manipulated until

a sharp clear image was obtained and picture captured.
3.85 Transmissionelectron microscope(TEM)

Samples were prepared by dropating one drop agpecimen solution onto a holey carbon
coated nickel grid. This was then dried under a Xenon lamp for about 10 minutes, where
after the sample coated grids were analyzed under the micro3ecapsmission electron
micrographs were collected using an FEI fa@cG2 20 fieldemission gun (FEG) TEM,
operated in bright field mode at an accelerating voltage of 200 kV. Energy disperaive x
spectra were collected using an EDAX liquid nitrogen cooled Lithium doped Silicon

detector
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3.8.6 Thermo gravimetric analysis (TGA)

Thermo gravimetricanalyse were carried out using Perkimer thermo gravimetric

analyzer TGA4000T he met hod used was ther mal scanni
rate of 10eC/min and cooling at 20eC/ from
at flow rate of 20 ml/min. In a typical run X030 mg sample was placed in the platinum
crucible,then placed in the TGA furnace. The equipment was conditioned for about 30

minutesbefore the thermal scan was commenced.

3.8.7 Brunauer-Emmett-Teller (BET)

BET Nitrogen adsorption, surface area analysis was carried out MBangtristar II.

Outgassing was carried out at 300°C for 4trsand N absorption/desorption at 77.350K.

3.9 Catalyst Performance Test

Protonated Zeolite Y and ZSMs produced fronmthe Kankara kaolin were used for
hexadecanéydrociacking reaction after platinum was anchoiiedthe zeolitesincipient
wetness impregnatiomethodwas used to anchor the platinum to the produced zethte.
impregnatedcatalysts were subsequently dried at room temperafuier to reactiorthe
catalysts received an oxidative pretreatmen®5°C followed by a reduction at 225°C.
Calcination was conducted under flowing air (121 mil/min) while applying a heating rate of
0.3°C/min. Catalysts were calcined at 350°C foio8rsunder air before cooling to 225°C
under nitrogen prior to the starttbie reduction at 225°C overnight under flowing hydrogen
(220 ml/min). Thereaftethe reactor was pressurized andadd RrC16 flow commenced. A
fixed bed reactor was used for theaction,was directly connected to an online gas

chromatograph (GCpr productsanalysesproducts distribution is shown in Appendix K.
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Figure 3.6: Process diagram of hydrocracking reaction
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The setup of the hydrocracking reaction used is presented in Plate XI A. The hydrocracking

reaction products were channeled into the GC MS as shown in Plate XI B.

Plate XI: (A) Hydrocracking reaction setup (B) GC MS machine
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CHAPTER FOUR
RESULTS AND DISCUSSION
4.1 Dealumination Reaction Time

From the kinetic model used, values were generated based on the desired coanersion
presented in Table 4.Jandthe data were used to fit intafférent equationmodek in
Microsoft Excel. The rean time was evaluated based on the area under the graph
presented in Table 4.Zhe polynomial model of order 6 had the best fit as seen from the
highest R value of 0.9962 which had reaction time of about 42 nitnsas observed that

thelowertheR? value the higher the reaction timesich showed the less suitable the model.

Table 4.1: Values generated from the kinetic model for dealuminator

& .. -
0 36.06832 0.027725
0.1 40.07591 0.024953
0.2 45.0854 0.02218
0.3 51.52617 0.019408
0.4 60.11386 0.016635
0.5 72.13663 0.013863
0.6 90.17079 0.01109
0.7 120.2277 0.008318
0.8 180.3416 0.005545
0.9 360.6832 0.002773
0.95 721.3663 0.001386
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Table 4.2 Estimation of reaction time using graphical method of different equation

models
Model R? Model equation Area t (Mins)
Polynomial 0.8123 y=1258.3%-748.17x + 103.04 119.1621 46.4732
model 0.9224 y=3270.4% - 3434.3% + 956.26% + 2.4297 117.553 45.8457
0.9678 y=8764.1% - 13348% + 6395.5% - 896.62x + 51.066 109.4487 42.6850
0.9876 y = 24649% - 49602% + 34930% - 9825.1X + 960.37x 110.3788 43.0477
+ 30.104
0.9962 y = 70184R - 176077% + 165775% - 715658 + 107.1274 41.7797
13850% - 883.07x + 37.995
Average 43.97
Exponential 0.8655 y=24.81187°8x 123.6009 48.2043
Model
Linear model 0.5471 y=475.38x 73.91 144.3007 56.2773

4.2 Summary of Design Parametersand Fabricated Equipment

The summary of the degi parameters for the dealumination unit and zeodigetorare

presented in dble 4.3. Dealumination unit diagram,-B view ard picture are shown in

Figures 4.14.2andPlate IVrespectively.

Table 4.3: Summary of design parametes for fabrication

Unit Equipment Volume Height Diameter Power rating
(cm) (cm) (cm) (W)
Dealumination  Acid holding tank 5,000 29.42 14.71 -
Metakaolin slurry tank 20,000 38.55 25.70 -
Dealumination reacto 30,000 53.46 26.73 -
Motor for stirrer - - - 66 W
Zeolite Zeolite reactor 20,000 47.70 23.35 -
Heating element - - - 2 kW

Thedevelopedilot size dealuminationnit is shown in Plate XlI
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Plate XlII: Pilot size dealumination unit

Plate XlIl and XIV Show the zeolite reactor involving internal and external heating

respectively.

Inserted heating
element -

Plate XIIl : Zeolite reactor with internal heating
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Temperature
control panel

Inserted
temperature prop
wire

Plate X1 V: Zeolite reactor with external heating
4.3 PhysicochemicalCharacterization of Starting Material

Kaolin clay was the starting material which was sourced from Kankara town, Katsina State,
Nigeria. The characterization done to ascertain the nature of the raw materials aredliscuss

in thefollowing subsections
4.31 Fourier transformed infrared (FTIR) analysis of Kankarakaolin

The FTIR spectrum of thmw Kankaraaolin, depicted ifrigure 4.1 showed peaks at 3690
3449, 1032, 923 and 78812, which agree with the characteristics peaks of kaolinite (Saikia
etal., 2003;Ekosse, 210). The bands 8690 and 3446m* were attributed to OHvibration

and the bands of the stretching OH groups coordinated to the octahedral cations. Well
crystallinekaolin exhibits two peaks at 3669 and 3@%&*, which werenoticeable inthe

raw kaolin usedn this work (Russell and Fraset,994). The StO stretching bands were

observed at 42 and 100&m?, while bands at6cm* wasassigned to both $)-Si and
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free silica or quartz material. On the other hand, the barlar®691 cm™ were attributed
to both SiO-Al bending or Al octahedral and-8i outof-plane bendingespectively. Th

band noticeable at 4G8n™* wasassigned to SD-Si in plane bending (Belvet al.,2002).
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Figure 4.1 FTIR spectrum of Kankara kaolin
4.32 X-ray diffraction (XRD) analysis of Kankara kaolin

From theXRD pattern shown in Figure 4.the sharp peaks of the patt@rarean indication

that the Kankar&aolin was crystalline as also evident by the high intensity counts. The
crystalline nature observed was because the mineral was formed by nature and also confirmed
the deposit being a primary source of kaolin. The observable thastic peaks of kaatite
atBraggbés angle of 12. 4, 19. 9, 20. 4, 24. 9
confirmed that the raw material was kaolinite with other associated impurities such as quartz,
the crystalline form of silica (26.7°), mica (17.4°) (Chen, 197jayiet al, 2010; Pandat

al., 2010).

Kaolinite AlLSi>Os(OH)s, muscovite KA}(SisAl)O10(OH,F), and Quartz SiQ were the

minerals present in the kaolin, the identification of this minerals agree with literature
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(Mohiuddinet al, 2016; EdSherbinyet al, 2015;Pandaet al, 201Q Lenardaet al, 2007
Pinheiroet al, 2005. The high <crystalline peak at Br a

presence of potash rich feldspar.
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Figure 4.2 XRD pattern of raw Kankara kaolin

4.3.3 X-ray fluorescence (XRF) aalysis of Kankara kaolin

The chemical composition of the raw kaolim mass fraction expressed in per cent
presented in Table 4.Fhemolarsilica to alumina ratio when calculated was greater than 2,
the expectednolarsilica to alumina ratio of pure kaolin. The high vabfe2.5 as the silica

to alumina ratiacould be attributed to large amount of quartoeasged with the raw kaolin.

The observation also confirmed the inherent impure nature of kaolin being a natural mineral

deposit.
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Table 4.4 Chemical composition of raw Kankara kaolin

SiO, Al20s3 NaO/K:0 FexOs CaO MgO TiO2 0]0)

55.94 36.76 3.48 1.10 0.86 0.44 0.13 1.29

OO: Other oxide

4.34 SEMand TEM analysis of Kankara kaolin

The SEM analysis showed clearly thkatelet structure of kaolinite clay reported in the
literature which portrays booklets morpholo@bo-El-Enein,et al, 2013; Bergaya2013
Haget al, 2009. The booklet morphology became clearer as the magnification increased
The closely packed flaky particleerestacked together in agglonages, as depicted Rlate

XV, as the magnificatiomcreasedrom 1,000 to 50,000 i.e. (a) to (d) the plites nature

of the kaolin was vividly observed\oticeable small aggregaparticles found in between

the silicaalumina plates, under higher magnificatiargreindicative ofinherent impurities

Plate XV: SEM image of raw Kankara kaolin at different magnifications
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Plate XVIshowsthe TEM images of the raw Kankara kaolirddterentmagnificationsThe
imagesshowedoverlapping of the clay particleBut thedefiniteshape of a unit clay particle
could be barely seaas the magnification increasad observed iRlate XM (a) to (c) It has
been reported that natural kaolins are often associated withdafgct structurefMa and
Eggleton, 1999) Tetrahedral andhexagonal morphology could be obvious despite

overlapping of some of the particles.

Plate XVI: TEM image of raw Kankara kaolin at different magnifications
4.4 Characterization Beneficiated Kaolin and Metakaolin
4.4.1 Fourier transformed infrared (FTIR) a nalysis

The FTIR spectrum of thew Kankargaolin, depicted ifrigure 4.3 showed peaks at 389

3667 1073, 921 and 798m%, which agree with the characteristics peaks of kaolasitalso
observed in theeneficiateckaolin. The bands at 36%hd 344&m* were attributed to OH
vibration andthe bands of the stretching OH groups coordinated to the octahedral cations
which was largely observed in the beneficiated kaolin than the metakaolin sample, owing to
the fact hat during the calcination of beneficiated kaolin the OH group givesn off, as
shown in Figure 4.3The SiO stretching bands were observed atgland 108 cnt, while

bands at 798 wasassigned to both $D-Si and free silica or quartz material. @e other
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hand, the bands 54nd699cm? were attributed to both $D-Al bending or Al octahedral
and SiO outof-plane bendingespectivly. Those band noticeable at 4@ wasassigned

to S§-O-Si in plane bending
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Beneficiated kaolin = sseeeess Metakaolin

Figure 4.3 FTIR spectra of beneficiated and metakaolin
4.4.2 X-ray diffraction (XRD) a nalysis

Figure 4.4presentgshe XRD patters of the beneficiated kaoliand metakaolinit could be

seen from the XRD pattern that theape s  a ts arigjlesaof 1¢.85, 19.89, 20.38, 24.88,
34.94, 35.95, 36.06, 38.35, 45.24, 54.88 and 62.37° responsible for the kaolinite mineral were
more prominent after beneficiatioh.was alsoobserved thathe peak at 26%responsible

for quartzwas still observed even after beneficiation. But the peak at@hbotes the
presence of feldspar rich in potasinastically reducedio a very low intensity counts. This

observation affirmed the solubility of éhpotash compound in water. The result was in
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agreement with the XRF analysis, which shows decrease in the amoup® ciftér the
beneficiation proces®eduction in mica peak after beneficiation was also evident. Most of
the kaolin peaks in the benefitgd sample were found to collapse when it was converted to
metakaolin as expectethese observations were similar to those reported for metakaolins by
other researchers (Elimbet al, 2011 Belver et al, 2002 Akolekar et al, 1997) The
crystalline peak thgpersistin the metakaolin sample was that of quaRast works have
shown that crystalline silica is inert to calcination treatment even at 1050°C (Edomwonyi

Otu, et al, 2013)
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Beneficiated kaolin —— Metakaolin

Figure 4.4 XRD patterns of beneficiated and metakaolin

4.4.3 X-ray fluorescence (XRF) aalysis

The chemical composition of beneficiated kaolin and kaeibn is presented in Table 4.5

The silica to alumina ratio of beneficiated kaolin and metakaolin were 2.3 and 2.2
respectively, as calculated from the chemical composition of the samples. The value obtained
were lower than that obtained for the raw kaolin, the closer the valugh®@yre the kaolin.
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The decrease in the ratio shows that the pilot plant wet beneficiation means of kaolin
purification was effectivelt was observed that the alumina content increases steadily with
beneficiation, which suggests that, the goal of the fo@agon process which is aimed at
decreasinghe ratio ofsilica toalumina was achieved his also implies that the materials
removed during the beneficiation process are high in silica content, basically,
montmorillonite, mica and quartz as reporgdimed, 1986), and free silica which is known

to be present in clays.

Table 4.5 Chemical composition ofraw kaolin, beneficiated and metakaolin

Oxides Raw kaolin Beneficiated kaolin Metakaolin
SiIO 55.94 54.96 55.20
Al203 36.76 40.27 42.05
NaxO/K20 3.48 1.02 0.98
FeOs 1.10 0.85 0.78
CaO 0.86 0.53 041
MgO 0.44 0.28 0.19
TiO2 0.13 0.14 0.13
00 1.29 1.95 0.26

OOQO: Other oxides

The CaO, MgO, KO, FeOs, TiO- contents are observed to reduce significantly from the raw
kaolin to the beneficiatekbolin suggesting the elimination of some of their soluble salts and

insoluble coarse mineral particulates.
4.4.4 SEM and TEM of metakaolin

Metakaolin is essentially adhly reactive disordered structure of anhydrous alursiticate
obtained from the calcination of kaolinite cldy was observedfrom Plate XV, that the
booklet morphology that was earlier obvious in the SEMde of the raw ankiaolin had
been lost.The nature of collapse of the metakaolin was seen clearly as theficepn

increased from Plate XVII (a) to (dye observed disorderly arrangement makes metakaolin
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to be an amorphous materigven though the metakaolin SEM image still gEssed soe
relatively low platéet morphology, the morphology of the metakaolin was kikg The
lump-like morphology could be attributed to the highly amorphous nature of the material as
a result of the crumbling of the kaolinite structure as was already iddnby the analysis

of the XRD results. The relatively low platelet morphology observed in the material could be
as a result of the crystalline silica contained in the clay even after the metakaolinization as
the XRD results have earlier showhhe particé structure portrayed a hollow anhedral
morphology showing irregular particle shapes. The irregularity of the particles could be as a
result of the structural crumbling of the initial kaolinite structure experienced during the
metakaolinization process a&s alreadyonfirmedby the XRD and the SEM analyset

the same material (metakaoliflhe TEM image of metakaolin did not show any definite
shape as shown in Figure 4.8. No clear observable shape of the materiahagriliieation
increased from (a)ot (c) of Plate XVIII, this support the norms that metakaolin is an

amorphous material.
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Plate XVIII : TEM imagesof metakaolin
4 5 Dealumination Process

The two dealumination produotbtained wersailica, being the solid produeind alumthe

liquid product.Plate XIX, shows the alm obtained after the reaction betweaeatakaolin

and acid in the dealumination reactor. The paof the figure showed coloratian the alum
produced from dealuminatothis was as result of the leaching of the iron content of the
stainless steel used at high temperature of the reaéfi@n.lining of the interior part of the
reactor with material thas inert to concentrated acid at high temperature the alum obtained

was void of such coloration as can be seen in partFBadéX|X.

The silica obtained from the dealumination after thorough washing was dried, the white
floppy powderobtained is ashown in Plate X. The silica was further characterized for its
physicochemical properties. The leaching effect of the interior part of the reactor had no

observable effect on the silica as observed with the alum.
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Plate XI X: Alum obtained after dealumination (A) with leaching (B) without leaching
of reactor internal surface

Plate XX: Silica produced from Kankara kaolin after dealumination reaction
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4. 51 Fourier transformed infrared (FTIR) a nalysisof slica

The FTIR spectrum of theilica producedrom the pilot plant of the dealuminatiamit is
presented in Figure 4.9 he spectrum possessbdndsat wavelegths of 44, 806 1102

1649 and 3452mt. The band noticeable at 4zm* was assigned to SD-Si in plane
bending (Belveet al.,2002) The band at 806m*, was due to the symmetric bending of O

Sii O (EFNaggar, 2013). The band at 2lén-! was attributed to cluster ofiand G ions

on the surface of BO vibration. The band at 48 cm* was attributed to bending ofi i

H bonds. The band at around52 cm! was attributed to theéOH stretching (Leeet al,
2013).The curve in the spectrum appeared smooth which indicated that the sample is void
of associated impurities. The purity of the silica is of importance espewiadly it comes to
zeolite synthesis which is sensitive to the presence of impurities. Since the silica is one of the

major ingredient for the preparation of the recipe for zeolite production.
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Figure 4.5 FTIR spectrum of silica prepared from Kankara kaolin
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4.5.2 X-ray diffraction (XRD) a nalysis ofsilica

It could be observed that the XRD pattevhthe silica shown irFigure 4.6appeared
amorphous but it consisted of famystallinepeaks.The prominent of this crystalline ale
occurs at Bz26#&cgvigah smdicatedghle presente of crystalline silica known as
guartz.As it could be observed the silica peak was the most prominent of all the peaks,
implying that the material was gteminantly silicaSome of the impurities observed were
compounds of iron and calcium known as hematite and aragonite respettarsg.it could

be deduced that thglica obtained via dealumination of kaolin contains some impurities

though in minimal cocentration.
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Figure 4.6. XRD pattern of silica prepared from Kankara kaolin
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4.5.3 X-ray fluorescence (XRF) aalysis ofsilica

From the chemical composition reveal by the XRF analysis of the shitegned, presented

in Table 4.6t could be seen that the purity level of the silica was about 97 % w/w. And the
alumina content was below detection, this observation shows the ektbetefficiency of

the pilot scale metakaolin dealumination ufiihe complete splitting of the two major
constituents of kaolin was greatly achievétle combined composition of Ma and KO

was 1.2 % which was lower than the partially dealuminatimgage by previous researchers
which lead to a low quality of zeolite produced, and the major challenge was the presence of
potassium ion in higher quantity to the value obtained in this work. Only single dealumination
was employed rathehan the doublelealumination reported (Salahudeen, 2015pktain

high quality silica

Table 46: Chemical composition of silica prepared from Kankara kaolin

SiO, Al20s3 NaO/K:0O FeOs CaO MgO TiO2 0]0)

96.50 ND 1.20 0.23 0.18 ND ND 1.89

ND: Not Detected OO0: OtherOxides

4.54 SEM and TEM of silica prepared from Kankara kaolin

Plate XXIshowedthe SEM images of the prepared silica scannddfatentmagnifications.

It could be observed from the highest magnification that the material possessed booklet
structurecontaining sheets of silica. The lower magnifications revealettttahedral shape

of the particles. Therefore, the morphology of the silica was tetrahedral euhedral morphology.
The distorted shape of the silica was evident of its amorphous naturey asvalaled by the

TEM images shown iRlate XXII.
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Plate XXI: SEM imagesof silica prepared from Kankara kaolin

Plate XXI1: TEM images of silica prepared from Kankara kaolin
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4.6 Dealumination Reactor Efficiency
4.6.1 FTIR spectra of thesolid reaction product

The vibrational spectran Figure 4.7 show no much significant changes in the functional
groups present in all the solid dealumination product obtained, kraswagilica. The
vibrations at 472m’* are related to the deformationode of SiO. The bands at 8087,
were due to the symmetric bending o8B0 (El-Naggar, 2013). At 124 cmt bands were
observed which could be attributed to cluster df 8hd & ions on thesurface ofSi-O
vibration. The bands at 16521 were as a result of bending of®H bonds.Finally, the

bands around 3B were attributed to theOH stretching (Leet al, 2013).
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Figure 4.7. FTIR spectra of various silica producedfrom dealumination reaction
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4.6.2 XRD patterns of the solid reaction product

The silica products obtained were void of residual kaolinite as prominent peaks for the
mineral at 12.4, 20.4, 24.8 and 34.9° were ahsenseen from Bure 4.8 The peaks of
guartz which is silica mineral was identified. The high pe&6#2° was due to the presence

of crystalline silicawhile the other lower peaks shows that the silica was largely amorphous.
More so, he presence of broad peaks intlaéi XRD patterns connotes the amorphous nature
of the silica.The impurity phase observes from the XRD pattern was aragandaicium
based mineralDespite the different configuration of the interior part of the dealumination

reactor, similar XRD pattas were obtained.
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Figure 4.8 XRD patterns of various silica producs from dealumination reaction

4.6.3 Solid product quality

The dealumination process at the laboratory level of 94% was better than the pilot scale of

86% when the dealumination reactor was made up of stainless steel, Type 304 and coated

91



with silicone caulk, based on the quality of the product obtained. The reasgntiwsi not

all the energy of hydration generated during the reaction was used to drive the dealumination
process, because part of the energy carried out leaching of iron content of the stainless steel
via the corrosive nature of the reaction medium. Was visible, as the liquid product was
greenish instead of being milky, the color observed suggested the presenggf Beat

when the lining of the interior surface was properly done to prevent the corrosive mixture to
have contact with the stainledsa surface of the reactor better results were obtained. Lining
with ceramic tiles and glass gave higher results than the laborafmegireent, as shown in

Figure 4.9
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Figure 4.9: Product quality of different materials used in the reactor interior

4.6.4 Evaluation of reactor dficiency

The trend of the reactor efficiency is much similar to the product quality of the dealumination

reaction as showpreviouslyin Figure4.9. And the same explanation holds, but the increase
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in the efficiency of both cenaic tiles and glass lining of 96 and 98% respectias\yshown

in Figure 4.0, was due to the effective utilization of the heat generated to drive the reaction,
being an endothermic in nature. Despite their efficiency were high and satisfactory but the
glass lining was more durable as the tiles usuallydélivith time.
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Figure 4.1Q Reactor efficiency with respect to different materials at the interior part
of the reactor
4.7 Physicochemical Characterizationof Aluminum Hydroxide
4.7.1 FTIT spectrum of aluminum hydroxide produced from Kankara kaolin

The FTIR spectrum of the aluminum hydroxide produced at thesgiédéis shown in Figure

4.11 The banddetween 570 and 800 chveredue to the symmetric bendgjrof O Al i O
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(El-Naggar, 2013), as wedls the band at 1649 dmTheband 344&m* wasattributed to

OH- vibration andhe kands of the stretching OH graup
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Figure 4.11 FTIR spectrum of aluminum hydroxide prepared from Kankara kaolin
4.7.2 XRD pattern of aluminum hydroxide produced from Kankara kaolin

The XRD pattern obtained from the XRD analysis of the aluminum hydroxide produced at
the pilot unit, shows it was amorphous as evident by the broad peaks and lowyictansis
observed in Figure 4.1Zhe peaks at 28, 38, 49 and &fere the characteristic peaks for the
boehmite phase of aluminium hydrdgi(Du et al, 2009; Leeet al, 2009).The amorphous
nature of the aluminum hydroxide produced was highly desired, because it would be reactive

when sed subsequently for zeolite recipe preparation.
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Figure 4.12: XRD pattern of aluminum hydroxide prepared from Kankara kaolin
4.7.3 SEM and TEM imagesof aluminum hydroxide produced from Kankara kaolin

It could be observed fromRlate XXIIl the micrograph of thaluminumhydroxide atower
magnificationsshowed aggregated lumps. Each lump represented a macrostructure which
consisted of agglomerated particles with irregular particle shdpesefore, it ould be
deduced from the images that théuminum hydroxide possessed a lumpy anhedral
morphology, this further showed the amorphous nature @fitiminumhydroxide produced

as already shown by the XRD resatlthigher magnificationhte particles seem fmossess a
definite shape, although the shape was not clearly defined. The structural morphology was a
flake-like euhedral morphologyt could be observed that the structural images revealed by
the TEM were blurreds shown irPlate XXIV, this showed theraorphous nature of the
material as already identified by the XRD and SEM results of the same sample. The actual

crystal shape of the material could not be revealed even at the highest magnification.
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Plate XXIV: TEM images of aluminum hydroxide at different magnifications
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4 .80ther Intermediate Products

Some of the intermediatesclude dilute and concentrated sodium silicate as well as silica
sol. For zeolite Y production, the sodium silicate pilot unit was used to produce dilute sodium
silicate which was concentesl and presented in PlatXV . Silica sol was prepared from
dilute solution ofsodium silicate via acidification techniqudlate XXV, shows the freshly
prepared silica sol which was concentrated and dispersed witksaitieator for ZSMb

zeolite production.

Plate XXV : Concentrated sodum silicate prepared from Kankara kaolin

Plate XXVI: Silica sol (A) Freshly prepared (B) Dspersed concentrated silica sol
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4.9 Zeolite Reactor Development

4.9.1 Heating nethod

The initial zeolite reactors for both the production of zeolitend ZSM5 zeolites involved
internal heating source, based on that the heating element was lined with Teflon and the
volume of recipe needed was much for a test run. Since the material preparation was tasking,
it was wise to begin the production procespswise not at full capacity of the pilot plant.

The internal means of heating could not afford such kind of flexibly as the heating element
height was almost the height of the reactant contents to ensure good heat distribution during
the zeolite crystalliation phase which was the most vital step in the zeolite production
process. Despite good zeolite was produced with the reactor with irteatalg, shown in

Plate XXVII (A), the challenges enumerated informed the choice of considering an
alternative ractor configuration which could handle a step wise progression of production
to full capacity of the reactor and the cost of Teflon lined heating elef@icbpe with the

earlier challenge another zeolite configuration wasipetn which the heating eteent was

not in direct contact with the reaction content. A wdtath kind of heating means was
fabricated(Plate XXVII B), and the heating element was made of stainless steel, which was
position below the holder of the vessel where the reaction takas fjlae entire reactor was

a closed vessel to maximize the steam produced for effective heating. With such content the

volume of reactants could be varied.
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Plate XXVII : Zeolite reactor (A) internal (B) external heating

More so, the heatinglement was not exposed to corrosive environment and the need for
coating the surface with Teflon was overcome. The only components that was in direct
contact with reaction mixture was the temperagrop as shown in PlaxexXVIll which was
connected to #rcontrol system to maintain the reaction temperature. This configuration was
flexible in terms of the type of zeolite to be produced. The only component to be change is
the vessel holding the reaction mixture. Good quality zeolite was produced with this

configuration.

Temperature

sensor wire
Polypropylene

container

Plate XXVIII : Internal configuration of zeolite reactor (external heating

4.9.1.1 FTIR spectra of produced zeolite

It could be observefifom Figure 413, that the FTIR spectra of samples were sintdagach

other, i.e. the laboratory synthesized zeolite Y and those produced from the pilotigplant
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internal and external means loéating.The zeolites possessed IR tramittance bands at
wavelengtharound 48, 571, 600, 769, 1000, 1658 and 3466'. Prior studies reported that
the characteristic FTIR bands for zeolitic lattice are in the wavelength rangel a2060cm

1 (Modi et al, 2012) Particularly the characteristic FTIR bands feolite Y are locate
around 1000, 76and 715 crt (Zharg et al, 2008). The band at 4&8n* was attributed to
Sii O tetrahdral deformation. The band at 5¢in* was attributed to $0i Al octahedral
stretching. The band &71 cm® was attributed to $0i Al in-plane bending. The band at
776 cnmt was attributed to $O7 Al out-of-plane bending. The broad band stretching between
950 and 1020 cm' was attributed to AIOH vibration and SiO tetrahedral stretching
vibration (in plane). Tk band at 1662m* was attributed to vibration of water molecule.
The band at&6cm was attributed to CH bond stretching vibration (Percivetial, 1974;

Kloproggeet al, 1999; Steudedt al,2009; Benincaset al, 2001; 2009; Padt al, 2013).
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Figure 4.13: FTIR spectraof zeolite Y producedvia different heating means
compared with reference
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4.9.1.2 XRD pattern of produced zeolite

Thezeol i te Y peakasglefofmbont®, 1& 12,189 ag®, 24, 27,
(Ginteret al, 1992; Robson, 2001; Treacy and Higgins, 2001) could be observedhnethe

XRD patterngpresented in Figure 4.1#owever, the intensity of the characteristic peak of

zo|l i te Y at Br wasgromnentamal)theesamples, bait.the Sharpness of the

peak varied among the sample¥he nature of the peak gives information about the
crystallinity of the zeolite. The height of
similar with the pilot plantzeolite Y with external heating, having the highest. The pilot plant
production was comparable to the laboratory synthesis, which was a step in the right
direction. The XRD intensity of theharacteristic peak of a mineral indicates the extent of
crystdlinity and the concentration of the crystalline content of the material (Bebau,

2002; Pakt al, 2013).

Y: Zeolite Y

Intensity (a.u.)

5 15 25 35 45 55 65 75
Bragg's angle’)

——Lab Pure Chemicals —— Internal Heating

External Heating

Figure 4.14 XRD patterns of zeolite Y producedvia different heating means
compared with reference
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4.9.2 Productsyield

The amount of zeolite was quargd gravimetrically to ascertain the efficiency of the
developed zeolite production proceBle yield for bottzeolite Y and ZSIMb wereanalyzed
Theyield of zeolite Y production was evaluated based on the amount of product obtained
against expected amount of product in gravimetric terms. Increase in yieldseaseax, as
shown in Figure 4.15as the production process was repeated. The observedsmavas
attributed to mastering of the process as well as minimizing loss of materials, since the

process from start to finish was enormous.
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Figure 4.15 Yield of zeoliteY produced from developedpilot size reactor
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The first production of ZSM yieldwas small compared to that of zeolite Y, this was
attributed to the lower concentration of silica sol used. But when the silica sol concentration

was perfected higher ZS#l yield was obt@ed as presented in Figure 4.16
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Figure 4.16 Yield of ZSM-5 zeoite produced from developedpilot size reactor

4.9.3 Zeolites process development

Themajor peaks for zeolite dominate tKBD pattern shown in Figure 4.1@ut the intensity
of run 3, was so high that the peaks for Runs 1 and 2 were suppress and cbeldeaty
seen, as such individual XRD patterns for all the three separate produci®wene
presented in Figures B, 4.19and 4.2 for the first, second and third production

respectively.
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Figure 4.17: Pilot scale production of eolites Y from Kankara kaolin
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Figure 4.18 XRD pattern for zeolite Y produced at Run 1
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Figure 4.19: XRD pattern for zeolite Y produced at Run 2
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Figure 4.20: XRD pattern for zeolite Y produced at Run 3
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The three different zeolite Y XRD pattern affirm the reproducibility of zeolite Y from
established pilot plant procesall the important peaks of zeolite Were present and the

dominance of the peak atl6.Br agg 6 s an g | dlthevthree zeohte Ydsamples | n  a

Productiordevelopment process f@6EM-5 was investigated'hefirst run did notcrystallize

well because of the concentration of silica satesi earlier. But the second and third runs

were goodthe characteristic peak of ZSM at Br aggdés angle of 7.9,
° (Treacy and Higgins, 2001) were presantobserved in Figure 4.2As in the case of

zeolite Y, the reproducibilitpf ZSM-5 was dually ascertained.
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Figure 4.21 ZSM-5 reproducibility (a) Runs 1 & 2 (b) Run 3
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4.9.4 Products Quality

For zeolite Y the crystallized zeolite was observed to herinlayers, the top and bottom.

The two separates layer were washed, dried and analyzed separately. The FTIR spectra and
the XRD pdterns are shown in Figures 4.22 and 4&ectivelyThe FTIR spectra were

similar, while in the XRD pattern for the bottom layer of the zeolite Y, a prominent peak at
Braggos angle of 28. 04 wamnnotebtiseepreseace .of T h e
hypersthene (Mg, Febi-Os (Chan, 1977). Off white coloratiowas observed with the

bottom layer product, in contrast to the whitish crystal of the top layer, the presenéé of Fe
might be responsibility for the observed color. The top layer was used for further analysis

and application.
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Figure 422 FTIR of top and bottom layer of zeolite Y producal from pilot unit
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Figure 423: XRD patterns of top and bottom layer of zeolite Y produced from pilot
unit

It was observeftom Figure 424, that template reducede wellformed ZSM5 crystal peak,
especially the peaks @t9and8.9° which are among the major peaks ttoe identification

of ZSM-5 sample. The template being the frame work in which the zeolite is formed was the
only component giving off during the calcination of the dried ZSkkolite. The calcination
temperature was 500°C, which does not have any negative effect on the nitystdliSM-

5 zeolite produced.
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Figure 4.24: XRD patterns for calcined and uncalcined ZSM5 (Run 3)
4.95 Laboratory and pilot plant comparison

The laboratory synthesis of zeolite Y and ZSvwere compared with the same products
obtained at the pilgtlant, to ascertain the areas that needed improvement. The FTIR spectra

and the XRD patterns weoarefully studied

It wasobserved that the FTIR spectra of samples were similar to eachTdteétTIR spectra

of thesodium basedeolite possessed liRansmittance bands at wavelength of arou®] 4
571, 600, 769, 1000, 1658 and 34%6. Prior studies reported that the characteristic FTIR
bands for zeolitic lattice are in the wavelength range of 4800 cm' (Modi et al, 2012)
and the bands in thesenge of wavelength indicate the crystallinity of the material (®hen
al., 2014). Particularly the characteristic FTIR bands émlize Y are located around 1000,

769 and 715 crt (Zharg et al, 2008). The band at 46cmt was attributed to $0
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