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APPLICATION OF LOW-TEMPERATURE THERMAL ARC PLASMA REACTOR

FOR PETROLEUM INDUSTRY WASTEWATER SLUDGE TREATMENT
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13 Department of Chemical Engineering, Kaduna Polytechnic, Kaduna, Nigeria
2 Department of Chemical Engineering, University of Abuja, Nigeria
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ABSTRACT

A large quantity of wastewater sludge is generated yearly. Traditional disposal methods are short of
providing the much needed benign treatment. Thermal plasma is a promising treatment technique to
address this problem. A 20 cm® capacity laboratory-scale thermal-arc plasma reactor was developed
using a 4.5 kW TIG welding torch and was used to treat wastewater sludge. The design was based on a
DC transferred-arc torch with argon gas as plasma forming gas. The reactor was tested with
wastewater sludge from the petroleum industry. The plasma arc temperature was in the range of 356 —
1694 °C at an arc current of 100 — 190 A. Two products, flue gas and a vitreous slag were obtained. A
mass reduction of 36.87 — 91.40% of the sludge was achieved at an arc current 150 — 190 A, which
correspond to a plasma temperature range of 539 — 1603 °C. The mass reduction increased with
treatment duration from 2 — 8 min. The mass reduction also increased with increasing arc current
from 150 — 190 A at an interval of 20 A. Reduction in total organic carbon (TOC) was between 74.03 —
75.83%. The metal elements in the wastewater sludge were enriched after the plasma treatment. The
composition of the flue gas is H,, CO, O,, CO,, CH4 and C, hydrocarbons. CO is the major component
accounting for over 74%. The concentration of greenhouse gases (CH, and CO, combined) is less than
unity. The system was able to gasify the organics in the wastewater sludge to combustible gases and
vitrified the inorganics into a slag.

Keyword: Thermal plasma, wastewater sludge, plasma temperature, mass reduction, TOC, carbon

conversion

1. INTRODUCTION

Thermal arc plasma technology has become a prominent
waste treatment technique for a wide variety of waste
because of the shortcomings of traditional waste
disposal methods (Ali et al., 2016). The plasma arc
treatment technology has been identified as a potentially
effective tool for producing less harmful by-products
which can be used in building and road construction
(Kourti et al., 2011; Tu et al., 2008). The innovative
plasma technique involves subjecting waste material to
high-temperature arc plasma such that the organics and
the volatile species are gasified while the inorganics and
non-volatiles are chemically bonded in a vitreous
matrix, thereby making them resistant to leaching of
heavy metals (Agon, 2015). Thermal arc plasma
provides a suitable treatment technique for special waste
disposal requirements. Advantages of thermal arc
plasma treatment technique over conventional
incineration include high-temperature regime, high
waste volume reduction, low gas throughput, process
flexibility in either oxidizing or a reducing environment,
and can effectively treat a wide variety of waste types
(Heberlein, 2002).

ISSN: 0794-6759

There is an increase in the documented research, in the
last two decades, concerning the destruction of
hazardous wastes using thermal arc plasma technique.
The growing interest of academic research in such an
area cannot be unrelated to the ability of the technique to
reduce waste volume by over 80% and produce benign
byproducts (Ali et al., 2016; Heberlein and Murphy,
2008). The plasma gasification of the organic portion of
sludge has attracted interest as a source of energy and
spawned process developments for the treatment of
sludge from different sources (Bien et al., 2013; Celary
and Sobik-Szottysek, 2014; Cubas et al., 2014; Kim and
Park, 2004; Leal-Quir6s and Villafafie, 2007; Li et al.,
2007; Li et al., 2012; Li et al., 2015a; Li et al., 2015b;
Mohai and Szépvolgyi, 2005; Mountouris et al., 2008;
Ramachandran and Kikukawa, 2002; Shie et al., 2014;
Sobiecka and Szymanski, 2014). Factors like treatment
efficiency, plasma gas flow-rate, the treatment period of
a batch operation, feed flowrate of continuous operation
and inter-electrode separation were the subject of
investigation.
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Feasibility studies involving design and fabrication of
thermal arc plasma reactors for hazardous waste
destruction are also documented in the literature. In the
USA a laboratory-scale thermal arc plasma reactor
consisting of a highly instrumented furnace equipped
with a 75 kW transferred arc plasma torch, was
developed and used to study the physical and chemical
behaviour of metal-spiked waste (nickel and chromium)
in a high-temperature plasma regime (Cortez et al.,
1996). In Thailand, a 20 kW laboratory-scale,
atmospheric-air DC plasma reactor was designed and
fabricated using a non-transferred plasma torch and its
performance was evaluated using electronic waste
(Tippayawong and Khongkrapan, 2009). A research
team in Brazil developed a small-scale, continuous-flow
plasma reactor consisting of a torch with graphite
electrodes and an integrated nebulization furnace. The
reactor was used to eliminate carbon-tetrachloride from
liquid waste (Cubas et al., 2005). In the Durgapur city
of West Bengal, a 20 kg/hr plasma reactor for the
treatment of waste plastic was developed, and its
performance on the pyrolysis of waste plastic and
energy generation was studied (Pun¢ochaf et al., 2012).
Other similar studies involving the design and
evaluation of thermal plasma reactor for hazardous
waste destruction were reported (Barcza, 1986;
Khongkrapan et al., 2013; Szatatkiewicz et al., 2012,
2013; Tang et al., 2003; Townsend and Oehmig, 2014;
Zhao et al., 2001).

It is obvious from the above discussion that waste
treatment using thermal plasma technology has gained
ground, and laboratory/pilot scale plasma reactors have
been developed and their performances for the
destruction of hazardous waste were studied. However,
to the knowledge of the authors, any attempt to develop
a thermal arc plasma reactor that treats wastewater
sludge from the petroleum industry it not available. The
wastewater sludge from the petroleum industry is unique
in its composition due to the presence of hydrocarbons,
phenols and dissolved minerals (Diya’uddeen et al.,
2011). Thus, the present investigation was geared
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towards bridging this gap. In this study, a 20 cm?
capacity laboratory-scale thermal-arc plasma reactor was
developed and used to treat wastewater sludge from the
petroleum industry.

2. MATERIALS AND METHOD

2.1. Thermal Plasma Reactor

The thermal plasma process system consists of a DC
power source, a transferred arc plasma torch, a reaction
chamber and a gas cooling and cleaning system. The
process flow diagram of the system is shown in Fig.1.
The equipment power rating and reactor capacity were
based on a commercially available torch and 20 cm® of
sludge respectively. The DC power source is a TIG
(master weld, model: TP-2000) used commercially for
arc welding, it supplies a voltage of 63 V and a variable
current of 5 — 200 A to the plasma torch.

The transferred arc plasma torch was a @ 2.4 mm
tungsten rod (98% purity) inserted into the centre of a
nozzle ejector. The torch was connected to the negative
terminal of the DC power source. The nozzle ejector had
an orifice opening through which argon gas (the plasma
forming gas) flows. The torch was supported vertically
at 10 cm distance above the anode electrode. The anode
was a tungsten rod of @ 10 mm and 35 mm length,
placed concentrically at the centre of the reaction
chamber. The reactor furnace was an aluminium block
with a sculptured conical shaped chamber at the inner
side and a cooling water jacket surrounding the
chamber. The block had a dimension of 99 mm by 95
mm rectangular bottom and a height of 116 mm. The
conically shaped chamber had a dimension of @ 42 mm
top, @ 13 mm base and 20 mm depth. The furnace had a
flue gas outlet and a glass window for temperature
measurement. The gas cooling and cleaning system
consisting of a cooling coil and particle gas filter were
connected to the gas outlet. Photographs of the
equipment components and the reactor setup are shown
in Plate I. Specifications for TIG master weld and
reactor system are shown in Tables 1 and 2 respectively
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Fig. 1: Process flow diagram of the setup for plasma treatment of sludge
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Plate I: Photographs of the equipme

Table 1: TIG master weld specifications

Specification Input rating Output rating
Model TP — 2000

Efficiency (%) 80

Power (kW) 4.7

Voltage (V) 220/230/240 63

Current (A) 31 5-200

2.2. Plasma Treatment of the Wastewater Sludge

A current of 100 A and argon flow-rate of 10 L/min
were supplied to ignite and generate the arc plasma. The
supplied current was increased gradually using a control

-,,(a) The torch  (b) reactor furnace;(-c) assembled chamber (d) complete setup

nt components and the reactor setup

currents of 150, 170 and 190 A respectively. At each of
the operating current 20 cm® of the sludge was treated
for 2, 4, 6, 8 and 10 min respectively. The flue gas, after
passing through the cooling coil and the particle dust
filter, was collected in a Teflon gas bag and analyzed in
an offline residual gas analyzer (model: MKS Cirrus 2).
The reactor was allowed to cool to room temperature.
The slag collected, weighed and analyzed using TOC
analyzer (Model SSM-5000A) and AAS machine
(model: Perkin Elmer, PinAAcle 900T).

Table 2: Reactor parts and specifications

nob while the plasma temperature was measured at
intervals using an infrared thermometer (temperature
range of 200 — 2200 °C). The same procedure was
repeated with argon flow-rate of 5 L/min and 15 L/min.
The result of temperature measurement is presented in
Fig. 2. Samples of wet wastewater sludge were treated
batch-wise in the thermal arc plasma generated at arc

Reactor furnace: rectangular aluminium block
Dimension: 99 mm by 95 mm bottom, 116 mm height
Reaction chamber: conical shape

Dimension: @ 42 mm top, @ 13 mm base and 20 mm depth
Reactor inner volume: 20 cm®

Cathode: long tungsten rod (98% purity)

Dimension: @ 2.5 mm and length 150 mm

ISSN: 0794-6759
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Anode: tungsten rod (98% purity)
Dimension: @ 10 mm and length 35 mm

3. RESULT AND DISCUSSION

3.1. Plasma Arc Temperature Profile

The thermal arc plasma ignited at an arc current of 100
A, bellow 100 A only vibration was observed. At an
argon gas flow-rate of 15 L/min, when the plasma arc
current was increased from 100 — 190 A, the plasma arc
temperature increased from 356 — 1694 °C. This increase
in temperature was not uniform all through. Between
100 — 140 A, the increase in temperature was gradual,
from 372 — 627 °C respectively. However, from 140 —
190 A, the plasma arc temperature increased from 627 —
1694 °C. This trend of increased plasma arc temperature

1800

1600 i
—

1400 15 L/min
——10 L/min

1200

——5 L/min

1000
800
600
400
200

0

Plasma arc temperature (°C)

100

with increased plasma arc current was equally observed
with argon gas flow-rate of 10 and 5 L/min as depicted
in Fig 2. The plasma temperature also increased when
the argon gas flow-rate increased from 5 — 15 L/min.

Kim et al. (2003) reported a temperature of range of
1520 — 1570 K in a steam plasma used for the treatment
of polychlorinated biphenyls (PCBs). Similarly, Tang
and Huang (2005) observed an increased in temperature
from 1073 — 1773 K in a high-frequency (HF) plasma
reactor used for pyrolysis of waste tyre powder. In both
the two literature results, an increased in the plasma
temperature with increased arc current were reported.

150 200

Plasma arc current (A)

Fig. 2: Effect of plasma arc current and gas flow-rate on plasma temperature

3.2. Mass and Volume Reduction

The mass reduction achieved through the thermal
plasma treatment of wastewater sludge from the
petroleum industry was in the range of 36.87 — 91.40%.
The obtained mass reduction was achieved at a relatively
high plasma arc current (150 — 190 A). At 150 — 190 A,
the plasma temperature ranges between 539 — 1603 °C.
The high-temperature plasma environment decomposed
the bulk of the sludge (the organic fraction) leaving
behind small fraction (the inorganic) as a byproduct.
There is a general increase in the mass reduction of the
wastewater sludge with an increase in the plasma
treatment duration as shown in Fig 3. At a plasma arc
current of 190 A, the mass reduction increased from
44.78 — 91.40% when the plasma treatment duration

ISSN: 0794-6759

increased from 2 — 10 min. Likewise, at 170 and 150 A,
the mass reduction increased with increased plasma
treatment duration.

The increase in the mass reduction is associated with the
elevated temperature in the thermal plasma regime
coupled with the limited amount of oxygen in the
reaction chamber. The hydrocarbons in the wastewater
sludge were gasified in the reducing environment by the
elevated temperature plasma, into flue gases. Thereby,
leaving the inorganics and heavy metals in the vitreous
slag. The mass reduction was most significant between
the 2" and the 8" min, suggesting that the hydrocarbons
were mostly gasified within the first 8 min of treatment.
Similarly, mass reduction increased with increasing arc
current from 150 — 190 A at an interval of 20 A. At
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constant applied voltage, the current is proportional to
the power. Thus, higher arc current leads to a higher
power, which yielded more decomposition of the
hydrocarbons.

100
90
80
70
60
50
40
30
20
10

0
0 2 4 6 8

Treatment time (min)

190A
170A
——150A

Mass reduction (%)

10 12

Fig. 3: Effect of treatment duration and arc current on mass reduction of sludge

3.3. Total Organic Carbon and Metal
Composition

The measurement of the total organic carbon (TOC) in
both the wastewater sludge and the product slag was
conducted via the Total Organic Carbon-Solid Sample
Module (TOC-SSM) machine (Model: SSM-5000A)
(Ali et al., 2017). Glucose was used as a standard for
total carbon (TC) measurement while sodium carbonate
was used as a standard for inorganic carbon (IC)
measurement. Finally, TOC was calculated as the
difference between the results of the measurements of

TC and IC. The effectiveness of the thermal plasma
reactor in treating the wastewater sludge was evaluated
by determining the percentage carbon conversion using
Equation 1. Carbon conversions of 74.03%, 75.83% and
75.86% were achieved with 150, 170 and 190 A
respectively as shown in Table 3. These high carbon
conversions are evidence of effective gasification of the
hydrocarbon in the wastewater sludge by the thermal
plasma. A similar result was reported by Li et al.
(2015a) where a 100% carbon conversion of
hydrocarbons was obtained when stormwater sludge was
treated in an integrated thermal plasma system.

TOC of product slag
TOC of sludge

M)

Carbon conversion(%) = [1 — ] x 100

Table 3: Carbon conversion achieved in the treated wastewater sludge

Plasma arc current TOC of sludge (%)

TOC of product slag (%)

Carbon conversion (%)

150 54.48 14.15
170 54.48 13.17
190 54.48 13.15

74.03
75.83
75.86

ISSN: 0794-6759
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The metal concentrations in both the raw wastewater
sludge and the product slag were determined via acid
digestion according to US EPA method 3050 B as
reported by Ali et al. (2019), the results are shown in
Table 4. The metal elements in the wastewater sludge in
major quantities were Al, K and Fe. Three other metal
elements, Na, Mg and Zn were in small quantities while
Cr, Mn, Ag and Hg were in trace quantities. After the
thermal plasma treatment, the concentrations of the
metals elements, except K, were significantly increased.
The presence of large quantities of hydrocarbons in the
wastewater sludge suppressed the concentration of the
inorganics. After the gasification of the hydrocarbons,
the inorganics became paramount in the products. The
reduced concentration in the case of K could be as a
result of vapourization of the metal because of its low
melting point when compared with the other metals
present.

3.4. Flue Gas Analysis

The composition of the flue gas obtained from the
plasma treatment of wastewater sludge from the
petroleum industry is shown in Table 5. The gas consists
of H,, CO, O,, CO,, CH, and C, hydrocarbons. The CO
is the major component accounting for over 74%. At
high temperature and in the presence of moisture (H,0)
hydrocarbon was converted to CO through water-gas
reaction as shown in Equation 2. The concentration of
oxygen in the flue gas is between 15 — 19%. There was
the possibility of air getting into the reactor since it was
not airtight. Concentrations of greenhouse gases (CO,
and CH, combined) was very low, less than 1%. Even
though there may be oxygen in the system, CO, was not
stable at a temperature above 1400 °C and any quantity
formed at the beginning of the process, when the
temperature was lower than 1400 °C, may be converted
to CO through Boudouard reaction shown in Equation 3.

C+ H,0 < CO +H, (2)
C+C0, & 2C0 (3)

Table 4: Metal concentrations in the wastewater sludge and the product slag

Concentration (ppm)

Metals Wastewater sludge Product slag
Na 21 34.4467
Mg 15.09 27.9125
Al 95.83 193.047
K 183.667 75.2154
Cr 1.6197 2.05181
Mn 0.1372 0.3487
Fe 327 620.989
Zn 12.4 25.5033
Ag 0.4630 0

Hg 1.3908 0.34387

Table 5: Composition of the flue gas

Component Concentration (mol %)

1" run 2" run
H, 0.0051 0.0023
N, 1.1729 1.3976
CH, 0.5083 0.5125
Cco 78.1940 74.5410
C,' 0.0195 0.0140
0; 15.6388 18.6352
Ar 1.9549 1.8635
CoO, 0.0782 0.1398
NO, 0 0.0056
SO, 0.0043 0
4. CONCLUSION

A laboratory-scale thermal arc plasma reactor was
developed to treat 20 cm® of wastewater sludge from the
petroleum industry. The reactor was used to treat
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petroleum waste-water sludge. Temperature profile
inside the plasma reactor increased with an increasing
arc current and also with an increasing argon gas
flowrate. A mass reduction of between 36.87 — 91.10%
was achieved at a plasma temperature of 539 — 1603 °C.
The mass reduction increased with an increase in the
duration of treatment. The mass reduction also increased
with an increase in plasma arc current from 150 — 190
A. A TOC reduction of 74.03%, 75.83% and 75.86%
was obtained at an arc current of 150, 170 and 190 A
respectively. The concentration of metals in the
wastewater sludge increased after the plasma treatment.
CO is the major component in the flue gas, accounting
for over 74%. The concentration of greenhouse gases
(CH,4 and CO, combined) was less than 1. The thermal
plasma reactor gasifies the wastewater sludge from the
petroleum industry into flue gases with slag as a
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byproduct. The CO richen flue gas can be enriched with
hydrogen to produce syngas.

5. RECOMMENDATION
Further research should look into the effect of cathode
diameter on plasma temperature.
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ABSTRACT
The use of chemicals for the synthesis of photocatalyts poses threat to the environment. In this study,
an active photocatalyst, Dalbejiya Dongoyaro (Azadirachta indica)-based zinc oxide (ZnO) was
biosynthesized from zinc acetate dihydrate using sol gel and precipitation methods. The synthesized
samples were characterized using Fourier Transfer InfraRed (FTIR), X-Ray Diffractometry (XRD),
Brunauer Emmet Teller (BET), Energy Dispersive X-ray Spectroscopy (EDS) and Scanning Electron
Microscopy (SEM) characterization techniques. The XRD and SEM analysis of the green synthesized
and non-green synthesized ZnO demonstrated the formation of hexagonal wurtzite crystalline
structure and agglomerated morphology. EDX analysis demonstrated the existence of Zn and O as the
major constituents of the as-synthesized nanoparticles with traces of carbon which could be attributed
to the carbon tape of the sample holder. The BET analysis displayed that the surface area of the ZnO
nanoparticles increased from 23.75 to 97.08 cm®/g after the green synthesis. Based on the surface
area values, it can be derived that neem leaf extract enhanced the surface area of the green
synthesized sample. Green synthesis is a promising route for the synthesis of photocatalyst

nanoparticle which is environmentally friendly and sustainable method.

Keywords: Zinc oxide, Neem leaf extract, Photocatalyt, Degradation, Bio-synthesis

1.0 INTRODUCTION

Photocatalysis is a photoinduced reaction which is
accelerated in the presence of a catalyst (Akpan & Hameed,
2009), and the catalyst should be small enough (probably in
nano-range) to exert the requisite properties to function
effectively. On the other hand, nanotechnology could be
defined as the manipulation of matter through certain
physical and/or chemical processes to produce materials
that have specific properties which can be used in
particular applications. Nanoparticles are particles that
have at least one dimension less than 100 nm in size
(Jeevanandam et al., 2018). Ahmed et al. (2016) defined
“Nanomaterials” as those particles whose size lies in the
dimension area of 1-100 nm. Nanomaterials are found to
show enhanced properties based on morphology, size and
distribution.

Nanotechnology is no doubt emerging as a vital area of
study with its incredible applications in the areas of
science, engineering, medicine, catalysis, pharmacy,
electrochemistry, sensors, biomedicines, food technology,
cosmetics, textile industry, optics, electronics, space
industry, mechanics, energy science and optical devices.
Nano-photocatalyts have equally gained much attention
due to its structural and optical characteristics in the
degradation of pollutants.
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Zinc oxide and silver Nano-Particles (NPs) have attracted
much interest in the research community among metal and
metal oxide NPs, owing to their outstanding properties in
terms of use in different areas such as antimicrobial, optical
and catalytic properties (Espitia et al., 2016; Khan et al.,
2016). ZnO NPs have shown different physical and
chemical properties depending on the morphology. ZnO
NPs have been synthesized by different methods such as
sol-gel method, electrophoretic deposition, laser ablation,
hydrothermal methods, electrochemical depositions, co-
precipitation, ultrasound, chemical vapor deposition,
thermal  decomposition, combustion method and
microwave-assisted combustion method (Ahmed et al.,
2016). These physical and chemical methods have major
shortcomings such as chemical poisoning and low surface
area of the synthesized material. Therefore, any method
that is environmentally friendly and that could result to
improvement in the surface area of the synthesized ZnO
NPs is urgently needed. However, in recent findings, ZnO
NPs have also been synthesized by biological method using
biological agents as reducing agents (Madhumitha et al.,
2016 & Ahmed et al., 2016). ZnO NPs are non-toxic, semi-
conducting materials having good photocatalytic behavior
and high transparency. In addition, ZnO NPs produced
from biological method have shown remarkable
photocatalytic degradation of many dye pollutants like
methylene blue, reactive dyes, direct dyes, disperse dyes,
methyl orange, basic dyes, azo dyes, rhodamine blue
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amongst others (Ghaly et al., 2014). Worthy of note is that
ZnO NPs have gained special attention due to
environmental concerns and it ability to degrade leading
water pollutants particularly those in industrial effluents
(Bhuyan et al., 2015).

Ahmed et al. (2015) in a meta-analysis reported the use of
plant extract in the green synthesis of photocatalysts. These
extracts include those of Ziziphora tenuior (Sadeghi &
Gholamhoseinpoor, 2015), Abutilon indicum (Ashokkumar
et al., 2013), Solanum tricobatum (Logeswari et al., 2013),
Erythrina indica (Rathi Sre et al., 2015), Ocimum
tenuiflorum (Logeswari et al., 2013), Spirogyra varians
(Salari et al., 2014), Melia dubia (Ashokkumar et al.,
2013), leaf extract of Acalypha indica with high
antibacterial activities (Krishnaraj et al., 2010). Also,
extracts of Sesuvium portulacastrum with nanoparticle size
ranging from 5 to 20 nm (Nabikhan et al., 2010) have been
identified as a source for the synthesis of nanoparticles as
an alternative to the conventional methods. Azadirachta
indica (Neem) leaf extract have been studied by Ahmed et
al. (2016) and reported that the extract plays an important
role in synthesis of ZnO NPs functioning as capping and
stabilizing agent. They also noted that different capping
agents can be used to stabilize ZnO particles imparting
different properties, like size and morphology. They further
reported that different surfactants have been employed in
the synthesis of ZnO NPs, but the challenge with these
surfactants is that they are difficult to degrade and are
environmentally hazardous. Hence; the need to introduce
green capping agents in the synthesis of ZnO NPs becomes
imperative. Again it is important to bear in mind that
synthesis of NPs is entirely dependent on biochemicals
present in the precursor materials such as alkaloids, and
others. Actually, the biochemicals present in the neem leaf
extract can be a viable alternative.

The ‘green’ environment friendly methods being talked
about in chemical and chemistry technologies are
becoming increasingly popular and are much needed now
because of the worldwide problems associated with
environmental health (Thuesombat et al., 2014; Ahmed et
al., 2016).

In the last ten years or more, researchers have showed
interest in biological method to synthesize metal and metal
oxide nanoparticles and the development of this
biologically stimulated technique is growing as an
important branch in the field of nanotechnology and
nanoscience (Sharif et al., 2017). This so-called green
synthesis of nanoparticles is gaining importance and has
recently been suggested as potential alternative to physical
and chemical methods because it is eco- friendly, non-toxic
and safe reagents during the green-synthesis process while
the use of Dalbejiya (Neem) leaf extract offers a biological
method for the controlled and precise synthesis of several
metallic nanoparticles with well-defined various shapes and
sizes.
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The bio-reduction of zinc ions into respective nanoparticles
mediated by Dalbejiya leaf extract is chemically complex
but environmentally benign. The role of neem leaf extract
as reducing and mediating agent in the biosynthesis of ZnO
nanostructures makes it indispensable in green technology
(Bhuyan et al., 2015). On a general note, plant-extract-
based and sodium hydroxide (NaOH)-enhanced simple
precipitation processes are the most commonly used
procedure in the synthesis of ZnO nanoparticles with
NaOH as pH adjuster for the reaction mixture
(Vishnukumar et al., 2018).

The wide variability of metabolites present in the Dalbejiya
leaf extract have reducing properties or antioxidants that
help in the immediate reduction of the zinc ions into
nanostructured ZnO photocatalyst. Flavones, ketones,
organic acids, amides and aldehydes are the main
phytochemicals present in the Dalbejiya leaf extract which
acts as bio-reductant out of which flavones, organic acids
and quinones are water soluble phytochemicals that are
actually responsible for the direct reduction of zinc ions
into their respective nanostructures (Prathna et al., 2010;
Bhuyan et al., 2015). Previous studies have further
demonstrated that mild heating, followed by subsequent
incubation of three types of benzoquinones (namely,
cyperoquinone, dietchequinone and remirin) present in
neem (mesophyte) leaf extract end up in the activation of
quinones which results in particle size reduction (Bhuyan et
al., 2015). Green synthesis is employed in this research
because it is cheap, eco-friendly, and highly efficient
method since it does not use toxic precursor as compared
with the physical and chemical synthesis approach. This
study seeks to synthesize ZnO nanoparticles with an
increased surface area through green synthesis.

2.0 MATERIALS AND METHODS

2.1 Materials

Chemical and reagents such as the precursor [Zinc acetate
dihydrate [Zn(CH3COO),]-2H,0], and sodium hydroxide
(NaOH) were of analytical grade as supplied by Panlac
Chemicals Nigeria Limited and were used directly without
further purification.

Fresh leaves of Dalbejiya (Azadirachta indica) were
randomly collected from different locations in Gidan
Kwano, Bosso Local Government Area, Minna, Niger Sate,
Nigeria. The collected leaves were gently washed with tap
water and subsequently with de-ionized water, cut into
pieces, sun-dried for seven days afterward grinded using
plastic mortar and pestle. The resulting powder was stored
in an air tight container for subsequent uses.

2.2 Method

Preparation of Dalbejiya Leaves Extract

Thirty gram (30 g) of the powder leaves was weighed into
a beaker containing 300 ml de-ionized water. The mixture
was placed for 15 min at 60 °C on a heating mantle. The
extract which was allowed to cool at ambient temperature
was filtered using Whatman No.1 filter paper. The obtained
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extract (filtrate) was poured into a bottle and stored in a
refrigerator at a temperature of 4 °C for further use. The
method of Singh et al. (2019) was adopted.

Non-Green Zinc  Oxide
Nanoparticles

Zinc oxide nanoparticles was synthesized by slightly
modifying the method of Bhuyan et al. (2015). One molar
(1 M) of aqueous sodium hydroxide (NaOH) was prepared
by adding 40 g of the crystals in 1000 ml of de-ionized
water. To synthesize the non-green ZnO nanoparticles, 20 g
of the Zinc acetate [Zn(CH3;CO0),]-2H,0] was added to 60
ml of de-ionized water in a beaker and stirred at 50 rpm for
60 min. The mixture then was divided into three equal
volumes and with controlled drops of aqueous NaOH into
each beaker, pH values of 8, 10 and 12 were measured
using a pH meter. 20 ml of de-ionized water was
subsequently added to each of the 3 beakers, stirred
rigorously and allowed to settle for 30 min and then
decanted after which the same volume of water was
repeatedly added twice and decanted. The gel obtained
were properly dried in an oven over night at 150 °C and
then calcined at 350 °C for 2 h using muffle furnace.

Green Synthesis of Dalbejiya Based Zinc Oxide (ZnO)
Nanoparticles

Zinc oxide nanoparticles were bio-synthesized following
the method of Bhuyan et al. (2015). In the green synthesis
of the Dalbejiya based ZnO nanoparticles, 20 g of Zinc
acetate was added to 60 ml of de-ionized water in a beaker
followed by 30 ml of the Dalbejiya (Azadirachta indica)
extract and stirred for 60 min at a rotation speed of 50 rpm.
The mixture then was divided into three equal volumes and
was adjusted to pH 8, 10 and 12 as described in the non-
green synthesis. Twenty (20) ml of de-ionized water was
subsequently added to each beaker, stirred rigorously and
allowed to settle for 30 min. The surfactant was decanted
after which the same volume of water was repeatedly
added twice and decanted. The gel obtained were properly
dried in an oven over night at 150 °C, calcined at 350 °C
for 2 h in a muffle furnace, cooled and stored for use.

Synthesis  of (ZnO)

Characterization of the Green (G) Synthesized and
Non-Green (N) Synthesized ZnO Photocatalysts

The morphology, elemental composition, crystallography,
Surface area and adsorption bands of the green and non-
green synthesized Zn0O nanoparticles were
comprehensively examined using SEM, EDS, XRD, FT-IR
and BET characterization techniques.

Measurement  conditions for surface electron
microscopy (SEM) and energy dispersive Xx-ray
spectroscopy (EDXS)

About 0.05 mg of the synthesized green and non-green
ZnO nanoparticle was sprinkled in a sample holder covered
with carbon adhesive tape which was sputter-coated with
gold-palladium (Au:Pd; 60:40) using Quorum T150T for 5
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min to the commencement of analysis. The sputter coated
samples were characterized using Zeiss Auriga SEM. The
secondary electron mode was activated for imaging and a
homogeneous region on the sample was identified. The
microscope was operated at 5 KeV for imaging with
electron high tension (EHT) of 20 KeV detectors for EDS.
The illumination angle was adjusted to 150° and the
elemental composition of the sample was determined.

Measurement conditions for x-ray diffraction (XRD)

Approximately 1 g each of the green and non-green
synthesized ZnO was crushed into powder and then
dispersed into a rectangular aluminum sample holder with
the aid of a well cleaned spatula. The sample holder
containing the sample was clipped into the XRD
instrument. Bruker AXS Advance diffractometer with 260
range of 5 - 75°, a step size of 0.028°, and operating at 45
KV and 40 mA was used to collect the XRD data.
Monochromatic copper (Cu) Kol radiation with a
wavelength of 0.154 nm was used as the X-ray source.

Experimental conditions for Brunner-Emmett-Teller
(BET)

The analysis for the surface area, pore volume and pore
size distribution of the samples was determined by
Brunauer-Emmett-Teller technique using a NOVA 4200e
surface area and pore analyzer instrument. Around 100 mg
each of green and non-green ZnO photocatalysts powder
was weighed and degassed by flowing N, at 90 °C for 1 h
and then held at 350 °C for 2 h. As the temperature is
increased, water vapour was adsorbed from the surface and
pores of the sample. The sample was then cooled down and
weighed again. The instrument uses physical adsorption
and capillary condensation of N, principles to obtain
information about the surface area and porosity of ZnO
nanoparticles.

3.0 RESULTS AND DISCUSSION

3.1 Scanning Electron Microscopy (SEM) Analysis

SEM was employed to analyze the structure of
nanoparticles that were synthesized. The SEM images in
Figure 1 (a—b) show the changes in morphology of ZnO
NPs. The photocatalysts formed are fairly spherical in
shape and agglomerated tiny rods. However, the
agglomeration was less for the green synthesized sample as
compared with the non-green synthesized photocatalyst.
Similar result was also obtained by Ungula and Dejene
(2016).

3.2 Energy Dispersive X-ray Spectroscopy (EDXS)
Analysis

EDX analysis (Table 1, Figures 2 and 3) was carried out to
determine the elemental composition and stereochemistry
of the synthesized zinc oxide nanoparticles. The EDS
spectra in Figure 2 and Figure 3 indicate that the
synthesized samples are composed of zinc and oxygen, and
the route has pure ZnO phases. Theoretically, expected
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stoichiometric mass percent of Zn and O are 80.3% and
19.7% (Bari et al. 2009). The green synthesized sample
showed a closer theoretical value of Zn and O as shown in
Table 1. This high purity of the ZnO NPs was further
confirmed by XRD spectra. However, some traces of
carbon element were found in the sample, which could be
attributed to the carbon tape of the sample holder. Similar
result was also reported by Gnhanasangeetha and
Thambwani (2013).

h

EHT = 5.00 kv
WD = 48mm

Signal A = InLens
Mag= 5000KX

Date :31 Jan 2019
Time :14:18:20

Table 1: Elemental Composition of the modified (G)
and unmodified (N) ZnO samples

Photocatalyst Zn 0 Total (%)
G-ZnO 88.19 11.81 100
N-ZnO 91.57 8.43 100

G = Green synthesized, N = Non-green synthesized

EHT = 5.00kV
WD = 48mm

Signal A = InLens
Mag= 100.00 KX

Date :31 Jan 2018 ZE1SS]
Time 114:17:28

Figure 1: SEM images of (A) Green Synthesized

ZnO and (B) Non — Green Synthesized ZnO
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Figure 2: EDX Spectrum of Green synthesized ZnO
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Figure 3: EDX Spectrum of the non-green synthesized ZnO

3.3 X-Ray Diffraction (XRD) Analysis
XRD analysis (Figure 4) was performed to investigate
the crystal structure of the synthesized photo catalysts.
The XRD patterns of the samples were recorded in the
diffraction angle range 5° to 80°. The diffraction peaks
at the characteristic planes (100),(002),(101),(10
2),(110),(103),(112) and (20 1) can be directly
indexed to a hexagonal wurtzite crystalline structure of
ZnO (Otal et al., 2011). This Wurtzite crystalline
structure also matched well with the Joint Committee on
Powder Diffraction Studies Standards (JCPDS standard
Card No.: 01-036-1451).

35000 -
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No other peak was detected, indicating a high phase
purity of the samples. The sharp and strong diffraction
peaks in the XRD patterns of the zinc oxide
nanoparticles synthesized confirm the high crystalline
nature of the samples. Figure 4 also shows that the peak
intensity increases for the green synthesized ZnO
sample, which indicates an increased crystallinity of the
modified sample compared to the non-green synthesized
ZnO. Similar result was also obtained by Xing et al.
(2017).
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Figure 4: XRD patterns of the green synthesized (G-ZnO) and non-green synthesized (N-ZnO) ZnO samples
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3.4. BET Surface Area Analysis
The BET surface area values of the synthesized ZnO
nanoparticles are shown in Table 2. The result reveals

Table 2: The BET specific surface area, pore volume
and pore size of photocatalysts

that the BET surface area of 97.08 m?/g was obtained for Photocatalyst BET Surface Pore Pore
the green synthesized (G-ZnO) sample, an increase of Area (m?g)  Volume Size
four-folds compared to the value of 23.75 m%/g for the (cm®g) (nm)
non-green synthesized (N-ZnO) sample. Based on the
surface area values, it can be adduced that neem leaf N-ZnO 23.75 0.01431 2.138
extract enhanced the surface area of the modified G-Zn0 97.08 0.04949 2105
sample.
3.5 Fourier Transform Infrared (FT-IR) Analysis
FT-IR spectra for the green and non-green synthesized ZnO samples are presented in Figure 5.
3.00E+02 -
2.50E+02 -
] .
€ 2.00E+02 - N-Zn0O
=
E 1.50e+02 |
c
m
= 1.00E+02 -
® -0
5.00E+01 - E
-] = 3
0.00E+00 - — . b ; |
0.00E+00 1.00E+03 2.00E+03 3.00E+03 4.00E+03 5.00E+03

Wavenumbers (em™)
Figure 5: FT-IR spectra of the green synthesized (G-ZnQ) and non-green synthesized (N-ZnO) nanoparticles

The peaks at 459 and 400 cm™ identified the bending
vibration of Zn-O in the green synthesized and non-
green synthesized samples respectively. In addition, the
result clearly indicates that —OH stretching around 3042
cm? and —CH stretching around 2340 cm™ are
responsible for strong capping on the green synthesized
Zn0 nanoparticles. This result matches with the reported
result of biosynthesis of ZnO nanoparticles using
Acalypha indica leaf extract (Gnanasangeetha and
Thambwani, 2013).

4.0 CONCLUSION

Zinc oxide nanoparticles have been successfully
synthesized via green route, an eco-friendly and
inexpensive method for the bio-synthesis of ZnO using
aqueous leaf extracts of Dalbejiya (Azadirachta indica).
The extracts act as reducing and stabilizing agents for
the synthesis of ZnO nanoparticlesThe sharp and strong
diffraction peaks in the XRD patterns of the zinc oxide
nanoparticles confirm the high crystalline nature of the
samples which is a desired property of the material. The
EDS result revealed a successful synthesis of ZnO NPs
and FT-IR spectra indicates the presence of —OH and —
CH stretching which are responsible for strong capping
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on the green synthesized ZnO NPs. Green-synthesis
chemistry of ZnO has fourfold improvement judging by
its surface area (97.08 cm?g) in relation to the non-
green-synthesized ZnO (23.75 cm?/g). From the results
obtained, the ZnO nanoparticle is hereby proposed to be
applied in the degradation of organic pollutants in
wastewater, especially industrial effluents. This
therefore, can be gainfully employed in environmental
remediation.
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ABSTRACT

MIL-53(Fe)/Cow bone char composite, prepared via the sol-gel method was used for the removal of
chromium from real tannery effluent having an initial concentration of 40mg/l. The characteristics of
MIL-53(Fe)/Cow bone char were studied using X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), thermo gravimetric analysis (TGA) Boehm titration and scanning electron
microscopy (SEM-EDX). Adsorption capacity of MIL-53(Fe)/Cow bone char composite for chromium
was 19.61 mg/g with a removal efficiency of 87.8% at an optimal bed height of 2.4cm (2.0g) for MIL-
53(Fe)/Cow bone char composite, time of 2 minutes and pH,.=5.4.The kinetic studies showed that the
adsorption data were well fitted to the pseudo second-order model with high correlation coefficient
R?=0.9911. Furthermore, the adsorption isotherm equilibrium studies confirmed that the Langmuir
model best described the adsorption process of chromium onto MIL-53(Fe)/Cow bone char
composite. Analysis of data with Dubinin—Radushkevich and Temkin isotherms showed that

adsorption of chromium onto MIL-53(Fe)/Cow bone char composite is physical in nature.

1. INTRODUCTION

Wastewater discharge from industrial sectors such as
agriculture, textile, tanneries, pulp and paper contribute
largely to environmental pollution when untreated. It
may contain heavy metals like cadmium and chromium
that are toxic, mutagenic, carcinogenic and cause
hormonal disorder to human life.

Tannery waste is generated in huge amount during the
tanning process by leather industries all over the world
(Mohammed et al., 2017). The used and non-useable
hides and skins along with the excess chemicals and
water used in the process constitute solid and liquid
wastes in the tannery (Mohammed et al., 2017), which
when untreated affect streams, groundwater, land and
sewers in which they are discharged. Important
pollutants associated with the tanning industry include
chlorides, tannins, chromium, sulphate, sulphides and
increasing use of synthetic chemicals such as pesticides,
dyes and finishing agents.

Several adsorbents have been investigated including
zeolite, cow bone, activated carbon, banana peel,
sugarcane bagasse, rice husk, palm kernel shell, coconut
shell etc. Modern technology employs the use of
composites that have extraordinary combination of
properties (Araoye, 2015). One of the materials used are
the metal organic framework (MOFs) with carbon-based
materials.
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Recently, metal of organic framework materials (MOFs)
with high porosity and high surface area have gained
application in adsorption, membrane separation, sensing,
catalysis and proton conduction, owing to their water
stable structure (Wang et al., 2016). They have
adjustable surface properties, and have more abundant
and controllable porous structures compared to
conventional porous materials such as zeolite, silica and
activated carbon (Jiao et al., 2017).

Cow bones used in this research constitutes a waste of
natural resources especially in developing countries.
Cow bones which are obtainable from slaughtered cows
in abattoirs are readily available in Nigeria and are
usually burnt or sold to feed mill for the production of
animal feeds. Cow bone char consists mainly of 57-80%
tricalcium phosphate,6-10% calcium carbonate and 7—
10% carbon (Fawell, 2006).

The use of MIL-53(Fe)/cow bone char composite for the
removal of chromium in tannery wastewater through the
process of adsorption has not been harnessed and thus,
will be used in this present study.

2. MATERIALS AND METHODS

2.1 Materials and Instruments

All chemical reagents, namely: Iron (lll) chloride
hexahydrate (FeCl;.6H,0), Terephthalic acid (H,BDC)
N,N’-Dimethylformamide (DMF, 99.8%), Ethylene
glycol and Sodium hydroxide were of analytical grade
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(>98%). Cattle bones were collected at Zango abattoir,
Zaria, Nigeria. Deionized water was obtained from the
PTDF Laboratory, Department of Chemical Engineering
Ahmadu Bello University, Zaria. Tannery wastewater
was collected from the Nigerian Institute of Leather and
Science Technology (NILEST), Zaria, Nigeria.

2.2 Synthesis of MIL-53(Fe)

MIL-53(Fe) powder was prepared via a modified
previously reported method (Dan et al., 2017; Oladipo,
2018). A mixture of lron (IIl) chloride hexahydrate
(FeCl3.6H,0) (1.35g), 1,4-benzenedicarboxylic acid
(H,BDC) (0.83g), and N,N’-Dimethylformamide (DMF)
(112 ml) were mixed and stirred at room temperature
using a magnetic stirrer until it became clear, then the
reaction mixture was transferred into a 100ml Teflon-
lined stainless steel autoclave and heated at 180°C for
10h. After the heat treatment, the autoclave was allowed
to cool to room temperature and the resultant suspension
was filtered and the orange MIL-53(Fe) powder residue
was washed with 200ml deionized water and allowed to
dry at 150°C in the oven for 24 hours in order to remove
the DMF in the pores. The resulting sample was stored
at room temperature in a covered glass container until
the time of study. The functional groups, surface
morphology, crystal structure and surface area were
determined using FTIR spectrophotometer, SEM, XRD
and BET respectively for the as-prepared MIL-53(Fe).

2.3 Preparation of bone char

Cow bone char was prepared via a previously reported
method (Patel et al., 2015). Cattle bones collected at
Zango abattoir, Zaria, Nigeria were parboiled with
NaOH, washed thoroughly with water several times and
dried at 100 °C for lhour. The dried bones were
carbonized at a temperature of 500 °C for a residence
time of 1hour resulting into bone char. The bone char
was further ground to powder using a ceramic mortar
and pestle followed by sieving to a particle size of 75
pum with an electric sieve shaker.

2.4 Synthesis  of char

composite

The composite was prepared via a previously reported
method (Oladipo, 2018). 4.2 g of the as-prepared MIL-
53(Fe) was suspended into 100 ml ethylene glycol in a
flask and stirred for 1hour. And then, 3.2 g of cow bone
powder was added to the above suspension, followed by
continuous stirring with heating for 190 mins at 100 °C
for solvent evaporation. The resulting solid was washed
severally with 160ml deionized water and 40 ml ethanol
and decanted with a suction pump and sinter glass. It

MIL-53(Fe)/Cow bone
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was further dried in the oven at 80 °C for 5hours and
finally calcined at 500 °C for 1h and cooled, sieved and
stored in desiccator.

2.5 Treatment of tannery wastewater by fixed-bed
system

The dynamic sorption studies were carried out in a
plastic column of 1.2 cm in diameter and 7.5 cm in
length. Different masses of 0.5 g, 1.25 g and 2.0 g of
composite was packed into the column, achieving a bed
height of 0.6 cm, 1.5 cm and 2.4 cm respectively. The
tannery wastewater with an initial concentration of 40
mg/l was allowed to pass over the adsorbent bed at
different times of 2 mins to 16 mins. The initial and final
chromium concentration in the effluent samples was
determined by atomic absorption  spectroscopy
(SHIMADZU, Model-AA6800 AAS).The amount of
heavy metal adsorbed (q;) at any given time (t) and at
equilibrium (qge) can be expressed as Equations (1) and
(2) respectively (Chowdhury et al., 2013; Agoyi et al.,
2015).

C:o _Ct
m
C,-C,
m

0t

@

Qe =
)
While the percentage of heavy metal adsorbed is
expressed as equation 3:
C,—-C

% =100 —° "t

° @)
Where:
Cy is the initial chromium concentration (mg/I)
C. is the chromium concentration at time t (mg/l)
Ce is the molar equilibrium concentration of the solute
remaining after adsorption (mg/l)
M is the mass of the adsorbent (g)
V is the volume of solution used (1)

2.6 Column desorption of MIL-53(Fe)/cow bone
char composite and regeneration studies
Desorption studies were performed with MIL-
53(Fe)/cow bone char composite that was saturated with
tannery wastewater of pre-determined chromium
concentrations. The flow rate was adjusted to 5 ml/min
at a bed height of 2.4 cm. After the column had reached
exhaustion, the exhausted MIL-53(Fe)/cow bone char
composite was regenerated using 0.05 M NaOH. After
elution, the bed was washed with distilled water until the
pH stabilised close to neutral (7.0). Three cycles of
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sorption-desorption-regeneration were carried out to
evaluate the MIL-53(Fe)/cow bone char composite
capacity. The chromium removal percentage was
determined in each cycle.
3. RESULTS AND DISCUSSION
3.1 Physicochemical characteristics of
wastewater
From Table 1, the total suspended solids concentration
in the sample tannery wastewater was 5920 mg/I. Hence
tannery industrial waste cannot be discharged into the
environment.  Similarly, total dissolved solid
concentration was 7160 mg/l indicating that the tannery
wastewater contain soluble solids as well as floating
solids. The result of Table 1 shows a COD and BOD
concentration of 1600 mg/l and 170mg/l respectively.
This is due to the use of inorganic chemicals. The pH of
wastewater is the strength of acidity or alkalinity of the
wastewater, which is the measure of hydrogen ion
concentration in the wastewater (Oke et al., 2006).

tannery

Table 1: Physicochemical Parameters of Tannery

Wastewater
S/n Parameter Unit Result
1 pH - 6.8
Dissolved Oxygen mg/I 210
(DO)
3 Biological Oxygen mg/l 170
Demand
4 Total Dissolved mg/l 7160
Solids
5 Total Suspended mg/I 5920
Solids
6 Chemical Oxygen mg/I 1600
Demand
7 Total Chromium mg/l 40
Concentration
8 Electrical pmhos/cm 190
Conductance
9 Color Hazen Unit 1200

3.2 Characterization of samples

Fig. 1 presents the XRD pattern of the synthesized MIL-
53(Fe), the diffraction lines appeared at 20 of 8.9 (101),
11.2, 145, 17.5 (002), 23.5 (302), were identical to
those reported for standard MIL-53(Fe) (Araya et al.,
2017; Oladipo, 2018) and no other lines were observed
indicating that the pure crystalline phase of MIL-53(Fe)
was synthesized. The XRD pattern of bone char is
consistent with the standard crystalline hydroxyapatite
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and distinct diffraction peaks were observed at the 20 of
26.3°, 28.2°, 32.1°, 37.9°, 43.2°, 47.8°, 49.4°, 50.4° and
62° which is agrees with the JCPDS card no: 82-1943.
The XRD pattern of the MIL-53 (Fe)/char exhibits the
coexistence of both MIL-53 (Fe) and bone char phases,
no any impurity peaks detected, and thus indicated the
high purity of the composite. While the characteristic
diffraction peaks of MIL-53(Fe) reduced in intensity in
the composite with no shift, the retained bone char peaks
became more crystalline in nature in the composite and
the structure of MIL-53(Fe) remain unchanged after the
deposition of CBC (Hu et al., 2017).

MIL-53 (Fe)

MIL-53 (Fe)/char

Intensity (a.u.)

MIL-53 (Fe)

Simulated of MIL-53 (Fe)

||.|"./. '| It

10 20 30 40 50 60 70

Scattering angle 26 (deg)

Fig. 1: XRD patterns for samples
The morphology and spectra of elemental analysis of
cow bone char, MIL-53(Fe) and MIL-53(Fe)/cow bone
char composite are reported in Fig.2. The micrograph
for cow bone char clearly shows that the sample had
undergone significant structural changes due to the
thermal

(2) Bone char

Intensity (a.u.)

intensity (a.u.)
Intensity (a.u.)

w0 B W B ]
Energy (KoV) Enorgy (KoV) 00 40 w0

Enorgy (KoV)

Fig. 2: SEM-EDX images for samples
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treatment at 500 °C which indicates that the thermal
treatment creates more pores on the surface and
increases the surface area (Mendoza-Castillo et al.,
2014). Cow bhone char exhibits a distinct morphology
from the MIL-53 (Fe). As seen, the cow bone char is
characterized by a highly dense continuous fibrous-like
structure with crunchy textural surface and its chemical
composition includes the presence of carbon, oxygen,
phosphorus, and calcium, which are the main
components of hydroxyapatite (Mendoza-Castillo et al.,
2014) with minor traces of sodium, iron and magnesium.
These results are consistent with the results of X-ray
diffraction (see Fig. 1).

In contrast, the MIL-53 (Fe) morphology is
homogeneous and characterized by well-defined smooth
surface and pronounced polyhedron-like crystalline
structure and its chemical composition include the
presence of Iron (Fe), carbon and oxygen as depicted on
the physicochemical characteristic for the sample in
Table 2 as reported by Oladipo et al. 2017).

The surface of the MIL-53(Fe)/cow bone char is
relatively smooth with heterogeneous meso and micro-
pores and thick cuticle-like edges because of hetero-
junctions of the pores of cow bone char onto the MIL-
53(Fe) structure and the thermal treatment of the
composite, which increased the porosity of the structure.
Its chemical composition includes the presence of
carbon, oxygen, phosphorus, calcium from the
hydroxyapatite structure of cow bone char and Iron with
minor traces of sodium, iron and magnesium.

The FTIR spectra are shown in Figs. 3, 4 & 5
respectively. For the MIL-53(Fe), a broad vibration at
around 3480 cm’was attributed to the stretching
vibrations of the O—H of water molecules adsorbed on
the surface. The asymmetric (y,sC-O) and symmetric (ys
C-0) stretching of carboxyl group could be described by
the appearance of sharp vibrations at 1525 cm™ and 1380
cm®  respectively indicating the presence  of
dicarboxylate linkers within the framework (Oladipo,
2018). The carbonyl groups (C=0) of the carboxylate
ligand (COO) were visible at 1696 cm™, whereas a very
sharp peak at 750 and 696 cm™ corresponds to the Csp*
H (C=C-H) bending vibrations, which belong to the
benzene rings of carboxylates. The characteristic
coordination bonds between Fe** cations and -OOC-
C¢H4-COO- carboxylate anions were observed at a very
low wave number of 545 cm™ which implies the
existence of a Fe-oxo-bond present in the MIL-53(Fe)
structure that exists between the carboxylic group of
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terephthalic acid linker and the inorganic iron(l11) metal
(zZhang et al., 2016; Oladipo, 2018). The MIL-53(Fe)
spectrum clearly exhibited the characteristic absorption
peaks and thus confirms the formation of MIL-53(Fe)
structure (Oladipo, 2018).

For the cow bone char, the C-O stretching vibrations at
1453 with a shoulder at 1421 cm™ has been assigned to
CO3% group indicating that CO,” is present (Patel et al.,
2015). The bands at 1041 and 962 cm™ has been
assigned to the P-O stretching vibrations of PO,* group.
The bands at 600, 561 and 475 cm™ corresponds to PO,>
bending vibrations (Patel et al., 2015).

The intensity of the characteristic absorption peaks of
MIL-53 (Fe) were decreased, the peak at 1380 cm™
become narrower and the Fe-O band was widened at
545cm™ (Oladipo, 2018). The bands at 1026 and 963
cm™ is seen to also appear which is assigned to the P-O
stretching vibrations of PO,> group from the
hydroxyapatite structure of the bone char. The broad
vibration from the MIL-53(Fe) is seen to disappear in
the spectra of the composite as a result of sintering at
500 °C and thus, becoming broader.

10

2031;95.489
0 e e

AT - 37‘35%83 218
! ez 715 ﬁf‘” e N\

{PI \
‘ swnfsm e f ||

/ 847, 7474

143 see‘a‘ woe |
825 8 2

1ahe 2 167 !
“to1s,es08s

1800, 51,081

1%97

90

T i

80

8

Transmittance

50

50

‘ 750, 43 883

40

‘)"353 31078

30

LA O L B ) A O L O B O B S B
0 3500 3000 2500 2000 1500 1000

Wavenumber (cm-1)

Fig. 3: FTIR for MIL-53(Fe)

=
=

_10p.

1099,

. N “‘\""‘wﬂf"f“u'i?‘-m.lmuww-“ ,f'\‘.,r:\i-:iﬁ,??\‘; il ;m ’HMW i

j o0 s

)aaa,aem
“"W am
TJ 996

1:%3 73

14 1, 995 9t

£33

Transmittance,

2.9

L 983

|

{1041, 87578
3

299 .

UL P B A LI L B I e B B s R |
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm-1)

Fig. 4: FTIR for Cow bone char

19



DOI: 10.51975/VEWJ4581

Journal of the Nigerian Society of Chemical Engineers, 36(1), 2021

100
8
"a.

i o az‘; sl
| / \

© | :-a[s.sz:is—l”
guﬁ’ \ #sa 75 741‘\
E ] \
S !

) I

& |

|j102e: 0792

T T T T T T T T T T T T T T T T T T T T T
4000 2500 3000 2500 2000 1500 1000
Wavenumber (cm-1)

Fig. 5: FTIR for MIL-53(Fe)/Cow bone char
composite

The thermal stability of MIL-53(Fe), cow bone char and
MIL-53(Fe)/cow bone char composite was studied by
means of TG analysis using the TG 209 F1 Libra
machine at a heating rate of 10 °C/min with nitrogen gas
as shown in Figures 6, 7 and 8 respectively.
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Fig. 6: DTA/TGA curves for MIL-53(Fe)
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For MIL-53(Fe), the DTA/ TG profile shown in Fig.6
exhibits an endothermic peak between~90 °C to 110 °C
with a minimal weight loss up to 180 mg which is as a
result of evaporation of moisture from the surface of the
MIL-53(Fe). The weight loss became constant from 160
mg in the temperature range of 120 °C to 280 °C which
was due to free DMF occupation inside the pores. The
loss was continued at the exothermic peak between 280
°C to 480 °C which can be attributed to the degradation
of the organic ligand, H,BDC. A low rate of
decomposition was observed between 520 °C to 680 °C
followed by a sharp decrease in weight due to complete
decomposition of MIL-53(Fe).

Thermal analysis was used to investigate the high
temperature behavior of cow bone char shown in Fig.7.
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Fig. 7: DTA/TGA curves for cow bone char

The endothermic loss at 50 °C to 150 °C corresponds to
the removal of absorbed moisture. The exothermic
losses at 150 °C to 550 °C are attributed to the
degradation of the organic substances, fats and collagen.
The endothermic loss at 600 °C to 700 °C corresponds to
the decomposition into calcium oxide from calcium
carbonate. This result is consistent with those obtained
by Patela et al. (2015).

Thermal analysis was used to investigate the high
temperature behavior of MIL-53(Fe)/cow bone char
composite as shown in Fig. 8
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The first endothermic peak between 50 °C to 90 °C is
attributed to the evaporation of moisture from the
surface of the composite as seen in the individual
thermal characteristics of MIL-53(Fe) and cow bone
char. The second weight loss peak occurred at above 200
°C which was as a result of decomposition of MIL-
53(Fe) to amorphous Fe,Os, the degradation of the
organic ligand as seen in MIL-53(Fe) and also the
degradation of the organic substances in the cow bone.

3.3 Analysis of samples

Table 2 shows the results for ultimate and proximate
analysis of all samples as well as specific surface area
and pore parameters of the samples. The prepared cow
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bone char has a high surface area of 108.2 m?
g ‘compared to that of MIL-53(Fe) with 69.5 m’g’,
while the composite recorded 125.6 m? g%, In terms of
pore size, the synthesized MIL-53(Fe) has a higher value
of 13.9 nm compared to that of cow bone char of 8.94
nm which explains the network structure of MIL-53(Fe)
as highly flexible and opens up its pores to guest host
(breathing effect), though having a small surface area
compared to other metals (Janiak and Jana, 2010;
Oladipo, 2018). And on introduction of cow bone char
to the composite structure, there was a reduction in the
pore size to 11.2 nm. The results obtained confirm that
the composite have mesoporous structures suitable for
the entrapment of the reactive species, chromium and
subsequent enhancement of the adsorption process
reactive species (Oladipo, 2018).

The elemental analysis indicates the presence of P,0s
higher in cow bone char than in the MIL-53(Fe)/cow
bone char composite having 38.66% and 22.78%
respectively with an absence in MIL-53(Fe) structure.
This result is depicted on the SEM-EDX analysis of the
samples. The percentage content of Iron (Fe) is seen to
be higher in MIL-53(Fe) with 8.16% and MIL-
53(Fe)/bone char composite with 8.23% compared to

bone char having 0.07% of Fe.
Table 2: Properties of Samples
Property Cowbon | MIL- | MIL-
e char 53(Fe | 53(Fe)/C
) har
Total surface area (m’ 108.2 69.5 125.6
g
Pore size (nm) 8.94 13.9 11.2
Total pore volume 0.589 0.789 0.981
(cm’g™)
Micropore volume 0.237 0.396 0.325
(cm’g™)
Density (g cm ) 0.69 0.89 1.12
Carbon content (%) 13 15.3 22.4
pHpzc (zero point 6.7 4.5 5.4
charge)
P,0s (%) 38.66 22.78
N, (%) 0.89 0.32
Fe (%) 0.07 8.16 8.23
Ca (%) 26.55 11.89
Mg (%) 0.67 0.23
SO, (%) 0.89 0.23
S(%) 0.38 0.004
Cation exchange 75 4.56 6.56
capacity (meq g %)
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3.4 Adsorption column studies

3.4.1  Effect of time of collection

The contact time was determined for different flow rates
of 5 ml/min and 15ml/min as shown in Fig. 9 & 10. The
percentage removal of chromium increased up to 4
minutes having a maximum removal at 87.9% and
80.94% respectively following a reduction up to 14
minutes and there after no further changes was observed.
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Fig. 9: Chromium removal with time (5ml/min)
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Fig.10: Chromium removal with time (15ml/min)

3.4.2 Effect of flow rate on breakthrough curve

The breakthrough curve in Figure 11 showed that at
lower flow rate of 5ml/min, the surface of the composite
was readily available for adsorption and more molecules
were adsorbed as there was sufficient contact time with
chromium molecules. Thus, having a higher adsorption
percentage as well as a shallow adsorption zone and
breakthrough and exhaustion were not quickly reached.
While at higher flow rate, there was an increase in rate
of mass transfer, shorter contact time and a steeper
curve with relatively early breakthrough and exhaustion
time which resulted in less adsorption uptake was
observed. The observations drawn is in agreement with
those reported by (Ghribi and Chlendi, 2011;
Chowdhury et al., 2013; 2015; Dutta and Basu, 2014).
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Fig.11: Breakthrough curve for chromium removal

3.4.2 Effect of bed height on chromium adsorption
Figure 12 shows the effect of bed height on chromium
adsorption obtained for three different bed depths of 0.6
cm, 1.5 ¢cm and 2.4 cm at 5 ml/min with an inlet
concentration of 40 mg/l. A higher uptake was observed
at a higher bed height of 2.4cm, as more adsorbate was
passed down the bed, the adsorbent bed became
saturated at which there was a reduction in the
individual bed efficiency to about 58%. This observation
is in agreement with those reported by (Ghribi and
Chlendi, 2011; Chowdhury et al., 2013; 2015).
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Fig.12: Bed height effect on adsorption of chromium

3.4.4 Equilibrium adsorption isotherm study

Table 3 and 4, the determination of coefficients (R?) of
the linear form of Langmuir model turned out to be
satisfactory having an R? 0.9893 and 0.9933
respectively at a bed height of 2.4 cm.

Also, the maximum monolayer adsorption capacity of
19.61 mg/g was found at this same bed height of 2.4 cm
compared to other bed heights which indicate uniform
monolayer coverage. R values determined were found to
be in the range 0<R <1 which explains that the
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chromium ions is favorably adsorbed and the values of
the equilibrium constant K, were lower than unity which
quantitatively reflects the strong affinity between the
chromium ions and the MIL-53(Fe)/cow bone char
composite.

Kr was determined to be 13.5515 mg/g, 6.63461 mg/g
and 4.8759 mg/g which explains the random distribution
of cow bone char between the crystallites of MIL-53(Fe)
which may introduce heterogeneity onto the surface
(Ghanizadeh et al., 2012) and a favorable sorption
capacity.

From the Temkin plot, the heat of adsorption of
chromium ions onto the composite was seen to be higher
at 0.6 cm and reduced at 1.5 cm with a slight increase at
2.4 cm for both flow rates indicating an exothermic
process. Also, the b values are lower than 80 kJ/mol
which indicates that the adsorption of chromium ions
onto MIL-53(Fe)/cow bone char composite is a physical
adsorption process and consistent with FTIR analysis.

The mean energy of adsorption for chromium onto MIL-
53(Fe)/cow bone char composite were all below 8
kJ/mol with R? values all at 0.9 and demonstrates that
the adsorption of chromium onto MIL-53(Fe)/cow bone
char is physisorption and plays an important role.

Table 3: Isotherm parameters for chromium
adsorption onto MIL-53(Fe)/CBC composite

Isotherm Adsorption Adsorption Adsorption
Parameters, Parameters, Parameters,
0.6cm, 1.5cm, 2.4cm,
5ml/min 5ml/min 5ml/min

Langmuir Qm=4.2753mg | Q,=8.326mg/g | Qn=19.61mg/g
g K(=0.170L/mg | K =0.368L/mg
K. =0.087L/m R.=0.12807 R.=0.06361
g R?=0.9850 R?=0.9893
R =0.22273
R?=0.9579

Freundlich Kr=13.5515 Ke=6.63461 Ke=4.8759mg/g
1/n=1.20 1/n=0.62 1/n=0.35
n=0.830 n=1.596 n=2.824
R?=0.9696 R?=0.9735 R?=0.9608

Temkin A:=49.9198L/ | Ar=75.8987L/g | Ar=174.354L/g
g br=275.601 br=246.206
br=196.586 B=8.9897J/mol | B=10.063J/mol
B=12.603J/mo | R%*=0.9896 R?=0.978
| R?=0.9942

Dubinin- $=0.00004 $=0.00001 $=0.000002

Radushkevic | Qn=5.5384mg | Qnm=10.4093mg | Qn=14.0202mg

h lg lg /g E=500J/mol
E=111.8)/mol | E=223.6J/mol R?=0.8019
R?=0.9056 R?=0.8805
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3.4.5 Kinetics of adsorption

Three kinetic models were employed to describe the
sorption rates for chromium and obtained results are
presented in Table 5.

Table 4: Isotherm parameters for chromium
adsorption onto MIL-53(Fe)/CBC composite

Isotherm Adsorption Adsorption Adsorption
Parameters, Parameters, Parameters,
0.6cm, 15ml/min 1.5cm, 2.4cm,

15ml/min 15ml/min

Langmuir | Qn»=3.88048mg/g Qm=6.21891 Qm=17.67mg/g
K. =0.074L/mg mg/g K. =0.259L/mg
R.=0.25306 K(=0.116L/m | R =0.08792
R?=0.9767 g R?=0.9933

R.=0.17683
R?=0.9811

Freundlic Kr=17.374mglg Ke=9.053mg/ | Kr=6.857mg/g

h 1/n=1.37 g 1/n=0.46
n=0.726 1/n=0.88 n=2.183
R?=0.9829 n=1.135 R?*=0.9818

R?*=0.9782

Temkin Ar=47.7674L/g A:=58.1506L | Ar=110.757L/g
br=182.55 9 br=201.691
B=13.572J/mol br=226.345 B=12.284J/mol
R?=0.9969 B=10.946J/m | R?=0.9910

ol R%=0.9937

Dubinin- 3=0.00006 (3=0.00002 (3=0.000005

Radushke | Qn=4.8105mg/g Qm=7.87505 Qm=12.59mg/g

vich E=91.2871J/mol mg/g E=316.228)/mo
R?=0.9446 E=158.114)/ | | R?=0.9011

mol
R?=0.9133

The equilibrium adsorption of chromium onto MIL-
53(Fe)/cow bone char composite could be best described
with the pseudo-second order kinetic model judging by
the R? values depicted in Table 5.

Table 5: Kinetic model parameters for chromium
adsorption onto MIL- 53(Fe)/CBC composite.

Model Kinetic parameters
Lagergren Pseudo First- | k; (min)=0.2096
order 0; (mg/g)=14.047

R?=0.963

k, (gmgmin™) =0.04304
gz (mg/g)=12.3762
R°=0.9911

Pseudo second-order

kag(mggmin? =3,0312
Ci(mg/g)=26.353
R°=0.9503

Intraparticle diffusion

CONCLUSIONS

In the present work, MIL-53(Fe)/Cow bone charcoal
composite, was successfully prepared via the sol-gel
method and was tested for the removal of chromium
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from real tannery effluent. The adsorption process was
found to be efficient below the pH,, of 5.4. The kinetic
studies showed that the adsorption data were fitted well
to the pseudo second-order model with high correlation
coefficient R?=0.9911. The adsorption isotherm
equilibrium studies confirmed that the Langmuir model
best described the adsorption process of chromium onto
MIL-53(Fe)/Cow bone char composite. Adsorption
capacity of MIL-53(Fe)/Cow bone char composite for
chromium was 19.61mg/g with a removal efficiency of
87.8% at an optimal bed height of 2.4cm (2.0g) for
MIL-53(Fe)/Cow bone char composite. A result from
analysis of data with Dubinin—-Radushkevich and
Temkin isotherms showed that adsorption of chromium
onto MIL-53(Fe)/Cow bone char composite is physical
in nature.
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ABSTRACT
This study investigated the optimisation of microwave pretreatment of orange and plantain peels for
polygalacturonase (PG) production, by Aspergillus awamori CICC 2040, using response surface
methodology. The microwave pretreatment factors interacted were particle size (PS) (<0.4250,
0.4250<PS<0.8025, and 0.8025<PS<1.1800 mm), microwave power (240, 480 and 720 W) and time
(2.50, 6.25, and 10.00 min.). These factors were interacted to determine combinations for maximum
polygalacturonase activity (MPA). Pretreated orange and plantain peel powders were inoculated with
10° spores/mL Aspergillus awamori CICC 2040, incubated at 28°C for 5 days, and crude
polygalacturonase was extracted and its activity determined. Same microwave pretreatment
combination, 0.8025<PS<1.1800 mm, 720 W and 10.00 min, gave MPA for orange and plantain
peels. The MPA from orange and plantain peels was 26.21 and 26.72 U/mL, respectively. F and p
values obtained for orange peel powder were 35.42 and 0.00, respectively while those obtained for
plantain peel powder were 5.71 and 0.006, respectively. R? and R? (adjusted) of 96.96 and 94.22%,
respectively were obtained for PG activity produced using orange peel powder while 90.71 and
79.04% were recorded for PG activity produced using plantain peel powder. Optimised microwave
pretreatment conditions of orange and plantain peels for MPA from Aspergillus awamori CICC 2040

were established.
Keywords: Aspergillus awamori,
Pretreatment,

Fruit peel,

INTRODUCTION

Polygalacturonase (PG) (E.C. 3.2.1.15) is a pectinase
involved in the degradation of polygalacturonan in
plant’s cell walls through the hydrolytic breakdown of
glycosidic bonds that bind galacturonic acid moieties
(Heerd et al, 2012). Polygalacturonase is used in food,
paper and pulp, animal feed, waste management, and
pharmaceutical industries (Tapre and Jain, 2014) and
represents 10% of estimated commercialised enzymes
(Anuradha et al, 2014). Polygalacturonase has been
produced via solid-state fermentation and submerged
fermentation processes (Khatri et al, 2015).

In recent times, there has been considerable interest in
the use of food wastes and agricultural residues as
substrates for the production of bio-products, both from
economic and environmental viewpoints. The utilisation
of agricultural residues is increasing due to the high cost
of traditional feedstocks (Wadhwa et al, 2015). The
environmental concern of un-utilized wastes stems from
the generation of hazardous materials that are released to
nature as a result of their degradation. This results in
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Microwave, Optimisation, Polygalacturonase,
environmental pollution, which has both short and long
term effects (Obi et al, 2016). Different pectin-rich
agricultural by-products have been used as substrates for
PG production (Ptichkina et al, 2008; Anuradha et al,
2010; Anuradha et al, 2014) and among these, orange
and plantain peels have enjoyed high preference due to
their wide availability (Li et al, 2015; Castillo-Isreal et
al, 2015).

The utilisation of agricultural residues and fruit
processing wastes as substrates for microorganisms for
subsequent elaboration of bio-products are limited due
to high concentration of lignin, cellulose, and
hemicelluloses, which are physical barriers that limit
microbial and enzymatic hydrolysis of biomasses (Yu et
al, 2015). Specifically, lignin is known to adsorb
enzyme thereby reducing its degradation efficiency (Ju
et al, 2013). Cellulose has been considered a factor that
limits accessibility of microorganisms to agricultural
residues. The severity of this occurrence is dependent on
residue’s surface area, crystalline, and amorphous ratio
of cellulose as well as its degree of polymerisation (El-
shishtawy et al, 2015). Previous studies demonstrated
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that the bio-conversion rate of residues is dependent on
properties of cellulose (Li et al, 2015; Yang et al, 2017;
Lai et al, 2017).

Properties of enzymes e.g. cellulase and xylanase
produced from pretreated agricultural by-products are
well documented (Rahnama et al, 2013; Salihu et al,
2015). Increased PG activity was reported for alkaline-
pretreated highly ligno-cellulosic materials (wheat straw
and palm leaves) using Trichoderma reesei under SSF
(El-Shishtawi et al, 2015). The findings of Li et al
(2015) showed that the microwave pretreatment of
orange peel before the production of exo-pectinase, by
Aspergillus japonicus under submerged fermentation,
resulted in a significant increase in the activity of the
enzyme. However, information on the properties of PG
produced from Aspergillus species using pretreated
pectin-rich agricultural by-products under solid-state
fermentation is sparse. Furthermore, there is paucity of
information on the optimisation of microwave
pretreatment operation conditions of agricultural
residues for improved PG production. Hence, the
objective of this study was to optimise microwave
pretreatment conditions of orange and plantain peels for
maximum PG activity from Aspergillus awamori CICC
2040 using response surface methodology.

MATERIALS AND METHODS

Materials

Peels of orange (Citrus sinensis L. Osbeck) and plantain
(Musa paradisiaca Linn.) were obtained from small-
scale food processing factories in Ibadan, Nigeria.
Fungal strain, Aspergillus awamori CICC (China Centre
of Industrial Culture Collection) 2040 was obtained
from China National Research Institute of Food and
Fermentation, Beijing, China. All reagents used were of
analytical grade.

Methods

Production of orange and plantain peel powders

The orange and plantain peels were blanched (80 °C for
3 min), rinsed, and dried in a hot air oven (NL9023A,
Genlab Ltd, Cheshire, England) at 60 °C for 48 h. The
dried peels were milled into powders and sieved into 3
different particle sizes with the aid of 0.4250, 0.8025,
and 1.1800 mm sieves (United States Pharmacopoeia
Standard Sieves). The powders were packaged in
polyethylene containers (ZipLock, China) and stored at -
20 °C for subsequent analyses (Adedeji and Ezekiel,
2019).
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Microwave pretreatment of orange and plantain peel
powders

The microwave pre-treatment was carried out based on
the procedure reported by Inan et al (2016). Substrate
flour (5% wi/v) was added to distilled water in a
container and the mixture was treated in a laboratory
microwave oven (NX-802, Nexus, Beijing, China, with
25 L capacity, 800 W power output and frequency of
2450MHz) at varying power level for different pre-
treatment time. Thereafter, the residue was oven-dried
(NL9023A, Genlab Ltd, Cheshire, England) at 60 °C to
a final moisture content of 10 %.

Experimental design for microwave pretreatment of
orange and plantain peels

Face centered central composite design under the
response surface methodology (RSM) was used for the

evaluation of three independent variables. Factors
interacted were particle size, PS (<0.4250,
0.4250<PS<0.8025, 0.8025<PS<1.1800 mm),

microwave power (240, 480, and 720 W) and
pretreatment time (2.50, 6.25, and 10.00 min). The
factors were interacted to determine combination for
maximum polygalacturonase activity.

Culturing of microorganism

The fungal strain was maintained on malt extract agar
(MEA) at 28°C for 6 days. Inoculums for the
experiments were prepared from heavily sporulated
MEA slants.

Solid state production of polygalacturonase

Solid state fermentation procedure described by Dey et
al (2014) was adopted. Orange peel powder (OPP) and
plantain peel powder (PPP) were mixed with Czapek-
dox medium (2.5 g/L NaNOs, 1 g/L KH,PO,4, 0.5 g/L
KCI and 0.5 g/L MgS0,.2H,0) at pH 4.0 in ratio 1:2
(w/v) in a 250 mL Erlenmeyer flask and autoclaved
(121°C, 15 psi) for 15 min. Subsequently, the substrate
was inoculated with 10° spores/mL of the culture and
incubated in an incubator (CLN115, Pol Eko Aparatura,
Poland) at 28°C for 5 days. After this, fermented mass
was suspended in distilled water to form a 50 g/L
suspension. The suspension was placed in an incubator
(CLN115, Pol Eko Aparatura, Poland) at 30 °C for 1 h
and centrifuged (K24IR, Centurion Scientific Ltd, UK)
at 2200 x g for 10 min. The supernatant was separated
using Whatman No. 1 filter and PG assay conducted.
Enzyme was stored at -20°C until required.
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ANALYSES

Determination of polygalacturonase activity

Activity of PG was determined based on the procedure
outlined by Dey et al (2014). A 0.5 mL each of PG and
0.5% polygalacturonic acid was prepared in acetate
buffer (pH 5.0) and the mixture incubated in a water
bath (NL420S, Genlab Ltd, Cheshire, England) at 50 °C
for 10 min. Thereafter, a 3 mL of freshly prepared 3, 5
di-nitro salicylic acid solution was added and the
mixture heated at 90 °C for 15 min. The mixture was
rapidly cooled and absorbance read at 575 nm with the
aid of UV/VIS spectrophotometer (Jenway 6850, Cole-
Parmer, Staffordshire, UK). One unit of PG activity was
calculated as the amount of enzyme required to release 1
pmol of D-galacturonic acid per minute of reaction
(umol/min). A blank was prepared by mixing buffer,
DNS and distilled water, and subjected to similar
treatment as the enzyme solution. Polygalacturonase
activity was expressed in unit of activity per mL
(U/mL).

Statistical analyses
Experiments were conducted in triplicates and means of
measured values were used to generate the response (PG
activity). A linear equation was fitted to the data by
multiple regression procedure (Equation 1)
Y =ao+ Xy X + Xy auXi? + X T @ XX
(1)
Where Y represents predicted response, PG activity
(U/mL), Xy, X5, Xs....... Xn are independent variables,
ap is a constant, and ai, aii and aij are linear, squared
and interaction effects, respectively. Multiple regression
model was evaluated with the aid of analysis of variance
and quality of fit was tested by determining the
coefficient of determination (R®). These were achieved
using the Minitab software, version 16.2.1 (Stat-Ease
Inc., USA).

RESULTS AND DISCUSSION

Optimisation of microwave pretreatment condition
of orange and plantain peels for polygalacturonase
production

Table 1 shows the PG activity produced from
Aspergillus awamori CICC 2040 using microwave
(MW) pretreated orange and plantain  peels.
Polygalacturonase activity ranged from 6.97 (Run 3) to
26.21 U/mL (Run 8) and 10.22 (Run 13) to 26.72 U/mL
(Run 8) on OPP and PPP, respectively. Results obtained
showed that MW pretreatment variables: substrate
particle size, MW power and pretreatment time had
significant (p < 0.05) effect on PG activity. For OPP and
PPP, maximum PG activity of 26.21 and 26.72 U/mL,
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respectively were obtained at Run 8, which
corresponded to a substrate particle size of
0.8025<PS<1.18 mm, MW power of 720 W and
pretreatment time of 10 min. The similarity observed
may be due to the high efficiency of microwave
pretreatment, which probably resulted in substrates with
similar properties. Microwave treatment has been
described as a technology with a high degree of heating
efficiency and uniformity (Nomanbhay et al, 2013).
Predicted PG activity of 24.70 and 26.03 U/mL for OPP
and PPP, respectively showed that both the experimental
and predicted values were highly correlated. The lowest
PG activity of 6.97 U/mL was recorded for OPP with
<0.425 mm particle size pretreated at 720 W for 2.5 min
(Run 3). However, Run 13 which corresponded to PG
activity produced from PPP with particle size of
0.8025<PS<1.18 mm, 480W MW power and
pretreatment time of 2.5 min gave the lowest value of
10.22 U/mL.

Analysis of variance (Table 2) showed the adequacy of
the models in the characterisation of the independent
variables. F and p values obtained for OPP were 35.42
and 0.00, respectively while those obtained for PPP
were 5.71 and 0.006, respectively. These values implied
that the models were significant (p<0.05). R? and R’
(adjusted) of 96.96 and 94.22%, respectively were
obtained for PG activity produced from OPP while
90.71 and 79.04% were respectively recorded for PG
activity produced form PPP. This suggested that 96.96%
and 90.71% of the variation in the predicted and
experimental data of PG obtained from pretreated OPP
and PPP, respectively were covered by the models. For
PG activity produced from OPP, X, (MW power), Xj
(pretreatment  time), Xz> (pretreatment time X
pretreatment time), and X,X3; (MW power x
pretreatment time) were significant (p < 0.05) in the
model. The quadratic equation after deleting the terms
that were not significant (p>0.05) is presented in
Equation 2.

Y = 25.89 — 0.069X, — 3.83X; + 0.17X3 +
0.004X,X; (2)
The following terms were significant (p < 0.05) in the
regression model for PG activity produced from MW-
pretreated PPP: X, (particle size), X, (MW power), X,
(particle size x particle size), XX, (particle size x MW
power) and X;X; (particle size x pretreatment time). The
residual terms in the model are shown in Equation 3.

Y =5.71 — 75.93X, — 0.08X, + 28.60X? +

0.03X;X, + 1.85X;X; (3)
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Effect of microwave pretreatment conditions of
orange and plantain peels on polygalacturonase
activity

The activity of PG as influenced by the synergistic effect
of substrate particle size and MW power on OPP and
PPP are presented in Figure 1a and b, respectively. The
PG activity obtained from both OPP and PPP increased
with increasing MW power and substrate particle size.
For both peels, maximum PG activity was obtained at
the highest boundary of MW power and substrate
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particle size. Li et al (2015) reported 11.8% increase in
exo-pectinase activity from Aspergillus japonicus using
OPP pre-treated at high MW power of 630 W and
substrate particle size of 0.850 mm. According to
Woldesenbet et al (2012), microwave radiation at high
power level results in accelerated rupturing of
substrates, due to high thermal energy dissipation, which
makes polysaccharides to be more susceptible to
microbial proliferation.
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Table 1. Activity of polygalacturonaze produced by dspergillus awaman on microwave-pretreated orange and plantain

Peel:
P activity (I/mlL)
Indspendent variablas From orangs paal From plantain pasal

Fun  Particle size (mm) Powerleval (W) Time{min} E=xperimental Predictsd Experimeantal Pradictad
1 <0 425 240 15 14.04 15.42 2284 23168
2 0.8025=x<1.18 2440 2.5 1343 24.27 11.29 10.52
3 <0425 720 15 697 6.05 19.69 17.32
4 0.8025=x<1.18 720 B3 17.12 18.15 13.27 16.19
5 <0425 240 10 10.13 897 2222 19.44
& 0.8025=x<1.18 2440 140 13.04 15.83 14.27 16.79
7 <0425 720 10 13155 14.59 1574 16.66
3 0.8025=x<1.18 720 14 26.21 2470 2672 26.03
9 <0425 480 £.25 7.13 6.79 15.09 18.48
10 0.8025=x<1.18 480 6.25 1343 16.27 20.56 16.58
11 0.425=x=0.8025 240 £.25 14 99 15.13 1580 1599

2 0.42 5<x=0.8025 720 625 14 .53 14 88 18.22 17.44
13 0.425=x=0.8025 480 15 15.62 15.29 10.22 9.59
14 0.425=x=0.8025 480 140 1451 15.34 2.36 239
15 0.425-2a-20 8025 480 6.25 13.06 1293 13.33 1345
16 0.425=x=0.8025 480 6.25 13.11 12.93 13.06 13.43
17 0.425=x=0.8025 480 £.25 13.01 1293 1325 13.45
18 0.425=x=0.8025 480 6.25 13116 12.93 13.12 13.45
19 0.42 5=x=0.8025 480 623 13.00 12.93 1342 13.43
20 0.425=x=0.8025 480 6.25 13.21 12.93 13.35 13.43

tl:ahla,,:,, Analyziz of variance of fitted models of polygalacturonase from microwave-pretreated orange and plantain peels

Orange peel Plantain peel
Sourcs DF  Sumof Iean F-valus P-value DF  Sumof Maan F-value Pvalus
AgQuars iquare Aquars Aguars
Model g 3196.79 4409 3342 0.00 g 303.33 3395 371 0.006
X 1 12471 1298 1043 0.09 1 8.97 109.25 18.37 0.002
X 1 0.16 1952 3175 0.00 1 521 3074 10.03 0.01
X 1 0.01 1967 3187 0.00 1 19.60 0.96 0.16 0.70
)il 1 8.26 537 431 0.07 1 103.79 4568 7.68 0.02
X 1 1838 1183 938 0.01 1 1749 19.34 4492 0.031
X 1 15.68 1568 1259 0.005 1 16.64 16.36 2.80 0.125
XX 1 330 530 426 0.07 1 7236 12.36 12.17 0.006
XX 1 1.97 197 138 0.24 1 5513 5513 027 0.012
X 1 11228 11228 90.19 0.00 1 6.37 6.37 1.07 0.325
Rasidualarror 100 1245 1245 10 5947 585
Lackoffit 3 1241 148 35384 0.227 3 3937 11.86 604,92 0.183
Purzerror 3 0.04 0.1 3 0.10
Total 19 40924 19 36503
R 96.96% 80.71%
B (adi) 84 212% 79.04%

K- particle size; X~ Microwave power, K- pretrestment tins; DF- degres of fresdom
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Figure 1. Effect of microwave pretreatment condition on PG activity (a) effect of particle size and NaOH
molarity on PG activity produced using pretreated orange peel, (b) effect of particle size and NaOH molarity
on PG activity produced using pretreated plantain peel, (c) effect of particle size and time on PG activity
produced using pretreated orange peel, (d) effect of particle size and time on PG activity produced using
pretreated plantain peel, (e) effect of NaOH molarity and time on PG activity produced using pretreated
orange peel, (f) effect of NaOH molarity and time on PG activity produced using pretreated plantain peel.

The iinteractive effect between substrate particle size
and pre-treatment time on PG activity produced from
OPP and PPP is shown in Figures 1c and d, respectively.
The activity of PG produced using OPP increased with
increasing particle size irrespective of the pre-treatment
time. The findings of Inan et al (2016) also showed an
increase in sugar concentration with increasing particle
size of barley straw (x < 1.0 mm) irrespective of pre-
treatment time (2.5 — 10 min). Low PG activity recorded
in OPP with small particle size could be due to the
disintegration of pectin molecules, the main inducer
substrate for PG production, as a result of intensive size
reduction operation. For PG produced using PPP,
maximum activity was produced at substrate particle
size of >1.0 mm and pre-treatment time of 6 — 10 min.
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Figures le and f are contour plots showing the
interaction between MW power and pretreatment time
on the activity of PG. The activity of PG from OPP
increased between MW power of 480 and 720 W, and
pretreatment time 7 to 10 min. In a similar pattern, PG
activity from PPP increased with increasing MW power
and pretreatment time. Differences in substrate
composition may be responsible for the variation. This
study is in agreement with the work of Inan et al (2016)
who observed a decrease in total sugar from barley straw
pretreated at a microwave power level of 300 W and
pretreatment time of 2.5 min. This result did not agree
with the report of Tiwari et al (2017) who reported
maximum enzymatic hydrolysis of mango peel obtained
at MW power of 450 W and exposure time of 4 min.
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Model validation for microwave pre-treatment of
orange and plantain peels

The percentage deviation for experimental and predicted
data of OPP and PPP was 4.81 and 2.58%, respectively.
Suitability of the model in fitting the experimental data
was thus validated since these values were less than
5.0% (Ezekiel and Aworh, 2018).

CONCLUSIONS

This study established microwave pretreatment
conditions of orange and plantain peels for maximum
PG activity. The same microwave pretreatment
conditions, i.e. 720 W  microwave  power,
0.8025<PS<1.1800 mm particle size and pretreatment
time of 10 min, gave maximum PG activity. Besides, the
maximum PG activity from orange (26.21 U/mL) and
plantain (26.72 U/mL) peels was very similar. For the
PG activity produced from OPP, the terms including X,
(MW power), X5 (pretreatment time), X5° (pretreatment
time x pretreatment time) and X,X; (MW power x
pretreatment time) were significant (p<0.05) in the
model, however, X, (particle size), X, (MW power), X,
(particle size x particle size), XX, (particle size x MW
power) and X;Xs; (particle size x pretreatment time)
were significant for the PG activity produced from PPP.
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ABSTRACT
Metrology, while often confused with the science of measuring weather (meteorology), is a very
widely used field. Metrology is mainly concerned with (i) establishing the units of measurements,
reproducing these units in the form of standards, and ensuring the uniformity of measurements, (ii)
developing methods of measurement, analysing the accuracy of methods of measurement, establishing
uncertainty of measurement, researching into the causes of measuring errors, and eliminating these.
Although as engineers and scientists, we make use of measurement to quantify the physical and
chemical properties of objects, and design systems to conform to standards based on unit of
measurement, the principles of measurement science (metrology) is not too familiar to most engineers
and scientists. The focus of this brief review is to bring to fore the (i) meaning and definitions of
metrology, (ii) importance of measurement, and (iii) the importance of metrology applications in

chemical engineering and engineering in general.

Key words: Metrology, measurement, process control, process development, engineering design.

1. INTRODUCTION

1.1 Metrology: Meaning and Definitions

The word “Metrology” may appear strange to many
people. At best, most people assume it to mean the same
as ‘“Meteorology” or another way of writing
“Meteorology”. The two words are quite different in
eamning. Meteorology is the study of the Earth's
atmosphere and the variations in temperature and
moisture patterns that produce different weather
conditions. It is a branch of the atmospheric sciences
with a major focus on weather forecasting; whereas
Metrology is the study of measurement.

The study of measurement is a basic requirement in any
field of science and technology, most importantly in
engineering and manufacturing. Since metrology is the
study of measurement, it is expected to enforce, validate
and verify predefined standards for traceability,
accuracy, reliability, and precision. All of these are
factors that would affect the validity of measurement.

The word metrology indeed has a long tradition and is
derived from the Greek word for measure. It is well-
known saying that the knowledge about anything is
complete only when it can be expressed in numbers.
Thus for every kind of quantity measured, there must be
a unit to measure it and express it in numbers of that
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unit. Furthermore, in order that this unit is followed by
all and not just the one who is taking the measurements,
there must be a universal standard; and the various units
for various parameters of importance must be
standardised (WikiHow, 2019).

Metrology is basic to the economic and social
development of a country. It is concerned with providing
accurate measurements which impact our economy,
health, safety and general well-being. Trade and
currency exchanges are possible because there are units
of measurements.

Metrology also includes ways of establishing and
maintaining the accuracy of measurement devices, such
as by comparing them with more accurate standards.

1.2 Three sub-field of Metrology

Metrology is divided into three basic overlapping
activities. The first being the definition of units of
measurement, second the realisation of these units of
measurement in practice, and last traceability, which is
linking measurements made in practice to the reference
standards. These overlapping activities are used in
varying degrees by the three basic sub-fields of
Metrology. The sub-fields are scientific or fundamental
metrology, which is concerned with the establishment of
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units of measurement, Applied, technical or industrial
metrology, the application of measurement to
manufacturing and other processes in society, and Legal
metrology, which covers the regulation and statutory
requirements for measuring instruments and the methods
of measurement (Wikipedia, 2021).

As a further explanation, Scientific Metrology deals
with the organization and development of measurement
standards and with their maintenance. As you might
expect, scientific metrology is deeply involved with
research and new technologies for industries concerning
government, healthcare, and research for commercial
products.

Industrial metrology’s purpose is to ensure that
instruments, used in a wide variety of industries, are
functioning properly. An example of this type of
metrology might be seen in the production of products
for the commercial industry, the testing and designing of
aircraft, the functioning of large machinery, or even in
factories using rotating equipment during the
manufacturing of their products.

Legal Metrology is concerned with the measurements
that influence economic transactions. This field does not
use physical tools as the other fields of metrology use.
Instead it focuses on the buying and selling of materials
for economic studies and law enforcements.

The focus in this review is on the metrology applications
in engineering and with chemical engineering as the
main focus. (Wikipedia, 2021, Jaychris, 2019)

1.3 Importance of Measurement

Measurement is a quantitative comparison between a
known quantity and an unknown quantity. Therefore, a
measurement is the process of determining quantity of
something (say size or length). Measurement is part of
our daily life. It is used in all our movement, in our
research work, our industry. How does one know the
distance, the time, the height and the width of any
geometrical shape? How does one know his size to buy
clothes? How does one differentiate between cm, inch,
foot, meter, mile and km? How could we deal with
studying the universe without measurement? How do
chemical engineers compare quality of products and
ascertain their safety for use? So, measurement is an
important part of human beings’ lives and endeavours.

Indeed, without the ability to measure, it would be
difficult for scientists to conduct experiments or form
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theories. Not only is measurement important in science
and the chemical industry, it is also essential in
engineering, farming, construction, manufacturing,
commerce, and numerous other occupations and
activities.

It is impossible to describe anything without measuring
it. Measurement provides a standard for everyday things
and processes. From weight, temperature, length even
time is a measurement and it does play a very important
role in our lives. The money or currency we use is also a
measurement. And think of the rumble that can be
caused if it was not there.

Scientists and engineers use many skills as they
investigate the world around them. They make
observations by gathering information with their senses.
Some observations are simple. For example, a simple
observation would be figuring out the color or texture of
an object. However, if scientists want to know more
about a substance, they may need to take measurements.
Indeed, measurement is perhaps one of the most
fundamental concepts in science. (The Importance of
Measurement). A standard measurement system is
important because it allows scientists and engineers to
compare data and communicate with each other about
their results. Indeed, one of the activities of engineers is
to generate data from the experimental models and using
it for betterment of people by generalising the results.
Data like properties of materials, stresses, forces, etc
must be done with maximum precision possible. As your
precision increases you would have better design than
previous. Measurement is comparison of available data
with set standards or specimen which are agreed upon
globally. Therefore, you cannot have data or information
without any reference to compare it.

The international today’s society relies on a proper
measurement infrastructure, which in much extent
depends on the properly trained people. There is no
doubt that quality of measurements is an important issue
in modern society influencing quality of life and border-
crossing trade. Most important decisions are based on
data obtained from measurement (Bulska & Taylor,
2003).

20 THE IMPORTANCE OF METROLOGY
APPLICATIONS IN CHEMICAL ENGINEERING

The role of metrology in the various phases of a

products lifecycle is very important (ASQ, 2019).
Chemical engineers should have a proper understanding
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of metrology concepts, basic statistics,
statistics and measurement uncertainty.

reliability

A quantitative analysis of design based on sound
metrology principles will help engineers and scientists to
design better products and services. In order to evaluate
multiple solutions to the design, physical measurements
are made and the data analyzed. Predictions need to be
made on how well the design will perform to its
specifications before full scale production begins. Tests
are performed using prototype models, computer
simulation, designed experiments, destructive and non-
destructive tests, scale models and stress tests among the
many other methods of evaluation.

In the broader sense, metrology is not limited to length
measurement but is also concerned with the industrial
inspection and its various techniques. Due to big
industrial revolution and great advancement, industrial
inspection does not simply mean the fulfilling of the
specifications laid down by the manufacturers. Rather
inspection in real sense is concerned with the checking
of a product at various stages in its manufacture right
from the raw material form to the finished products and
even assembled parts in the form of machine also
(WikiHow, 2019).

Let us discuss in brief how metrology plays a role in
some critical areas of chemical engineering operations.

2.1 In Manufacturing and Chemical Analysis
Anything that has to do with manufacturing is the main
domain of a chemical engineer. Chemical engineers
design chemical plant equipment and devices and
troubleshoot processes for manufacturing chemicals and
products, such as gasoline, synthetic rubber, plastics,
detergents, cement, paper, pulp just to name a few by
applying principles and technology of chemistry,
physics, and engineering. They are most often employed
by large-scale manufacturing plants to maximize
productivity and product quality while minimizing costs.
Chemical engineers therefore must design systems that
led themselves to ease and accurate measurements at all
times. In design you must have idea of measurement.

Chemical engineering has its offshoot in science and
particularly in chemistry which involves the use of
various precision measuring machines. Chemical
engineers use chemistry and engineering to turn raw
materials into usable products on a large-scale, industrial
setting.. In all of these processes, both physical and
chemical measurement are critical to compare data
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obtained with international standards in helping to
determining safety and quality of products to human life.
Therefore, they work with a lot of experimental method
and instrumentation to analyse processes and products
quality.

2.2 In Process Control

Process control, for example, is all about controlling a
chemical process or running machinery. Process Control
can be manual or automatic, continuous or discrete. It is
all about monitoring and controlling certain set of
process variables (i.e. temperature, flow, level, pressure,
etc) that leads to control of the whole process. If we
can't measure then we can never control. Almost all
control method works on the basis of the error of the
process variable. For example in PID (proportional-
integral-derivative controller) control, Error=set point -
measured value. We can't get error without measuring
process variables. We called it feedback. So
measurement iS most important parameter for
controlling of any process. For in controlling any
process it is necessary to know the current amount or the
quantity of the controlled variable. Thus, we need to
sense that variable (Pressure, temperature, flow, level,
etc). For this purpose measuring instruments are
necessary in process control. The measuring instrument
measures, converts it to Electrical signals and gives it to
controller for taking proper action of the final control
element to control the process the way we want. And
unless we measure the value to a precision needed in our
control system, we cannot change the output of the
system manually or in automatic, as required to keep the
process in the required state. (James E. Potzick, 2010).
Similarly, the conformance of parts and assemblies to
geometrical specifications is assessed by physical
measurements (NRC, 1995).

2.3 In Product Development

Chemical engineers do not really use much of chemical
laboratory equipment in the industry. It should be
stressed that, even in the university, chemical
engineering laboratory equipment often consists of pilot
scale systems where potential chemical engineers learn
about unit operations and chemical process steps such as
distillation, separation, crystallization, evaporation,
filtration, polymerization, mixing, homogenization,
cooling, heating, polymerization and chemical reactions.
Practicing chemical engineers generally work with
larger scale equipment in a pilot facility or in a
production plant where they can evaluate how
equipment and system changes impact physical and
chemical transformations. Chemical engineers receive
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training and develop understanding of fluid flow, heat
transfer, mass transfer, thermodynamics, chemistry,
physics, advanced mathematics and control theory,
which they use to optimize and design chemical
processes. (Gary Kardys, 2017)

Although chemical engineers evaluate processes on pilot
scale equipment, bench top chemical laboratories are
necessary when chemical engineers are involved in
product development and in research activities. Every
stage of a chemical process involves checking on safety,
product quality, level of effluents emission in solid,
liquid and gaseous form, etc. To ensure compliance,
there are needs for measurements, either analytically and
otherwise; and may involve developing methods of
measurement and analysing the accuracy of the methods
of measurement. The need for compliance to standards
in process and product manufacturing industries, places
upon a chemical engineer a burden to design unit
operations and processes that strictly adhere to
standards.

For an example, for product formulation,
characterization and quality testing, the chemical
engineers use analytical testing machines. Analytical
testing, which is also referred to as materials testing, is a
broad term used to describe various techniques that are
used to identify the chemical makeup or characteristics
of a particular sample. Chemical analysis equipment is
used to determine, characterize, and quantify chemical
components in gas, liquid, and solid samples.
Bioanalysis, nanotechnology, clinical chemistry,
environmental and materials analysis, and forensics
represent a few of the many areas of use for chemical
analysis instruments.

Examples of such analytical instruments include mass
spectrometers, chromatographs (e.g. GC and HPLC),

titrators, spectrometers (e.g. AAS, X-ray, and
fluorescence), particle size analyzers, rheometers,
Refractometers,  viscometers, evaporators  and

calorimeters, elemental analyzers (e.g. salt analyzers,
CHN analyzers), thermal analyzers, and more. In the
chemical laboratory, you will have also basic measuring
equipment like graduated cylinders, volumetric flasks,
Pipettes, Burets, Thermometers, balances, and many
more.

2.4 Equipment categories of interest to chemical
engineers

Gary (2017) provides a list of equipment categories and
their descriptions (shown in Appendix 1) that are of
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interest to chemical engineers. These serve as process

components and equipment required for process

engineering projects, and sometimes helps to determine
quality of products. The list included the following:

Equipment for

e Instrumentation and equipment used to control the
properties and degree of purity of air;

¢ Remediation of environmental factors equipment;

e  Processing equipment such as centrifuges, clarifiers,
and several filter technologies used to filter or
separate media of different materials or sizes;

e Flow measurement instruments used to determine
flow rate;

e Materials Processing Equipment.

Alpha (2016) gave description of some of the

Chemical Testing Equipment. These include:

e Abrasion Testers - widely used for testing abrasion
resistance of plastic materials

e Adhesion Tester - to determine the flexibility and
adhesion of coatings to painted metallic surface.

e Automatic Pigment Muller - widely used for
accurate and fast evaluation of color strength, color
matching, dispersion, particle hardness and particle
size, color comparison, tint and tone of paints.

e Corrosion Cabinet - to determine their resistance
to environmental elements

e Density Measuring Equipment — for determining
the mass per unit volume of a substance

e Dew Point Apparatus - is commonly used for
determining vapor content of gaseous fuels by
measuring their dew point temperature.

e Existent Gum Steam Generator - used for
measuring evaporation residue in aviation fuels,
motor gasolines and other volatile distillates on the
basis of standard test procedures

o Flash Point Apparatus - apparatus is a petroleum
testing equipment for determining the flash point of
fuels, lube oils, solvents and other liquids

e Flexural Strength Tester - to determine the flexure
or bending properties of plastic materials.

e Freezing Point Apparatus - used to determine the
temperature below which solid hydrocarbon crystals
are formed in case of aviation fuels.

e Impact Testing Equipment - used in the plastic
industry evaluates the effect of varying degrees of
impact on plastic materials and components.

e Liquid Bath - Liquid Bath is an instrument
commonly used in petroleum industry to determine
the tendency of aviation fuels and gasoline to form
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gum in storage conditions. It is also used to measure
the oxidation stability of fuels.

e Mandrel Bend Testers - This equipment is used to
determine elasticity, elongation and adhesion
properties of paint on sheet metal.

e Melting Point Tester - Melting point is defined as
the temperature at which a substance changes into
liquid state from solid state.

e Oxygen Index Apparatus - Oxygen index
apparatus is used to determine the oxygen index of
plastic materials.

A chemical engineer may not be involved directly in the
design and manufacture of these measuring equipment,
but must be conversant with their use in analyzing his
results; and should be able to detect when the system
malfunction giving wrong results.

Because of the growing importance of metrology in
chemical engineering, some Chemical Engineering
departments of Universities have research units dealing
with issues of design of measuring equipment. For
example, the Department of Chemical Engineering and
Biotechnology of the University of Cambridge
(University of Cambridge, 2019) has a metrology
research group whose research focus is addressing
challenges of measurement and quantitative analysis of
chemical and biochemical systems. In their website, it
stays “Challenges in healthcare require new solutions in
imaging and measurement and our skills are also central
to investigations into structure-function relationships for
catalysis and reaction engineering, and build on core
understanding of chemical reactions and physical
phenomena in designing sustainable new processes. The
Department is home to the Measurement and Image
Analysis Centre, the Laser Analytics Group and
Cambridge Analytical Biotechnology and also the
Magnetic Resonance Research Centre (MRRC). It leads
‘Cam-bridge-Sens’, the University strategic Network
that brings together sensing activities across the
University and it is active in promoting a sustainable
healthcare model where the primary point of care will
move towards the home, powered by technology for
remote diagnosis and monitoring.” Some of their
current research include: Development of novel data
acquisition techniques, Microstructural and composition
data derived from MRI, Terahetz, X-ray and atomic
force microscopy, Electrochemical, optical and acoustic
sensors and biosensors, Development of high resolution
microscopy techniques, Diagnosis through biomarker
discovery, Analytical recognition ligand design and
synthesis, Smart material design, etc.
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2.5 Use of metrology in Nanotechnology.

The growing interest in applying nanomaterials to
societal needs is now urging that increasing attention be
given to the development of scientific and applied
metrology to address nanomaterials as the newly
developing field of nanometrology. This
multidisciplinary field spans many disciplinary fields,
such as chemistry, physics, materials science, biology,
and engineering, chemical engineering in particular.
Nanomaterials embrace the full range of traditional
materials classes. The distinction between metrology in
general and metrology on the nanoscale stems from the
different properties of materials on the nanoscale as
compared to their bulk counterparts. Of course, new
ideas need new measurements and this is where the
novel class of materials, the nanomaterials, is playing an
important role. (Jorio & Dresselhaus, 2010)

3.0 MEASUREMENT IN ENGINEERING DESIGN

As stated above, measurement is a quantitative
comparison between a known quantity and an unknown
quantity. Measurement helps an engineer and indeed a
chemical engineer to quantify the physical and chemical
properties of objects and systems. In engineering, it can
help you with manufacture of various parts thereby
ensuring proper fit between components. An engineering
designer must be conversant with measurement
principles.

In Reverse Engineering, which is the ability to replicate
the machine designs, construct, testing and publication
of a manufacturing layout thereby developing requisite
skills and technology in its manufacture and mass
production, requires accurate measurement of
components parts that are taken apart for study and
replication. Chemical engineers also used the concept of
Reverse Engineering to design and manufacture
equipment components/parts from the existing one.
Because in a manufacturing plant there will be need to
replace a particular unit/parts of an equipment that may
no longer be supported by the Original Equipment
Manufacturer (OEM) due to its obsolesce. There will
then the need for Reverse Engineering of such
components. Measurement equipment like the
following are wvery wuseful in giving accurate

measurement of the parts. . (Sanja , 2013).

Coordinate Measuring Machines, CMM - A
coordinate measuring machine (CMM) is a device
used in the measurement of the physical
geometrical characteristics of an object. These
machines can be manually controlled by an operator
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or they may be computer controlled. Measurements
are defined by a probe attached to the third moving
axis of this machine.

i

ii. Contour graph. A contour plot is a graphical
technique for representing a 3-dimensional surface by
plotting constant z slices, called contours, on a 2-
dimensional format. That is, given a value for z, lines
are drawn for connecting the (x,y) coordinates where
that z value occurs.

iii. Surface texture examination machine. Surface
finish, also known as surface texture or surface
topography for examining the roughness of a surface.
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iv. VMM (Vision System) - Vision Measuring
Machine, VMM are non-contact type of measuring
machines which use Optics as source of inspection.

4. CONCLUSION

Measurements have been carried out for as long as
civilization has existed. Metrology is basic to the
economic and social development of a country. It is
concerned with providing accurate measurements which
impact our economy, health, safety and general well-
being.  Without accurate measurement, important
decisions may be faulty.

Even though we have been applying the concept in our
day to day practice as engineers, some of us still lack the
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basic understanding of the concept of Metrology and its
role in engineering. This brief review is able to bridge
this gap by reviewing what metrology is all about and its
uses in chemical engineering in particular and
engineering in general.

Indeed, without the ability to measure, it would be
difficult for scientists to conduct experiments or form
theories. Not only is measurement important in science
and the chemical industry, it is also essential in farming,
engineering, construction, manufacturing, commerce,
and numerous other occupations and activities. Indeed in
all human endeavour.

REFERENCES

Alpha Chemika laboratory (2016). Chemical Testing
Equipment. Retrieved July 13, 2019 from
https://www.alphalabchem.com/chemical-testing-
equipment/.

ASQ (2019). Metrology Applications for Engineers and
Scientists. Retrieved July 13, 2019 from
https://asq.org/training/metrology-applications-for-
engineers-and-scientists-metappwpt.

Bulska E., Taylor P. (2003)., Anal. and Bioanal. Chem.,
in print.

Gary Kardys (2017).What Chemical Lab Equipment is
Most Popular Among Engineers? Retrieved July 13,
2019 from
https://insights.globalspec.com/article/5219/what-
chemical-lab-equipment-is-most-popular-among-
engineers.

James E. Potzick (2010). Metrology and process
control: dealing with measurement uncertainty.
Retrieved July 13, 2019 from
https://www.google.com/search?client=firefox-b-
d&channel=crow&qg=process+control+and+metrology.

Jaychris (2019). What is Metrology? What Does
Metrology Mean?. Retrieved July 13, 2019 from
https://www.brighthubengineering.com/manufacturing-
technology/63936-what-is-metrology/.

Jorio,A. and Dresselhaus, M.S (2010) in Encyclopedia
of Materials: Science and Technology, 2010.

ISSN: 0794-6759

Nanostructured Materials: Metrology. Retrieved July
13, 2019 from
https://www.sciencedirect.com/topics/chemistry/metrolo

ay.

NRC (1995). Unit Manufacturing Processes: Issues and
Opportunities in Research. A publication of National
Research Council by National Academic Press.
Retrieved July 13, 2019 from
https://www.nap.edu/read/4827/chapter/18#158

Sanjay Kumar (2013). What is metrology in
engineering? Retrieved July 13, 2019 from
https://www.quora.com/What-is-metrology-in-
engineering.

The Importance of Measurement. Retrieved July 13,
2019 from
https://msdIt.instructure.com/courses/108/files/2589/do
wnload?verifier...wrap=1.

University of Cambridge (2019). Department of
Chemical Engineering and Biotechnology. Retrieved
July 13, 2019 from
https://www.ceb.cam.ac.uk/research/strategy/metrology.

WikiHow (2019). What Is Metrology. Retrieved July 13,
2019 from https://what-when-how.com/metrology/what-

is-metrology.

Wikipedia (2021). Metrology. Retrieved March 25,
2021 from https://en.wikipedia.org/wiki/Metrology.

39


https://www.alphalabchem.com/chemical-testing-equipment/
https://www.alphalabchem.com/chemical-testing-equipment/
https://asq.org/training/metrology-applications-for-engineers-and-scientists-metappwpt
https://asq.org/training/metrology-applications-for-engineers-and-scientists-metappwpt
https://insights.globalspec.com/article/5219/what-chemical-lab-equipment-is-most-popular-among-engineers
https://insights.globalspec.com/article/5219/what-chemical-lab-equipment-is-most-popular-among-engineers
https://insights.globalspec.com/article/5219/what-chemical-lab-equipment-is-most-popular-among-engineers
https://www.brighthubengineering.com/author/jaychris/
https://www.sciencedirect.com/referencework/9780080431529
https://www.sciencedirect.com/referencework/9780080431529
https://www.sciencedirect.com/science/article/pii/B9780080431529022259
https://www.sciencedirect.com/topics/chemistry/metrology
https://www.sciencedirect.com/topics/chemistry/metrology
https://www.nap.edu/catalog/4827/unit-manufacturing-processes-issues-and-opportunities-in-research
https://www.nap.edu/catalog/4827/unit-manufacturing-processes-issues-and-opportunities-in-research
https://www.quora.com/profile/Sanjay-Kumar-630
https://www.quora.com/What-is-metrology-in-engineering
https://www.quora.com/What-is-metrology-in-engineering
https://www.ceb.cam.ac.uk/research/strategy/metrology

DOI: 10.51975/QRVL2337
Journal of the Nigerian Society of Chemical Engineers, 36(1), 2021

APPENDIX 1: LIST OF EQUIPMENT CATEGORIES (SHOWN IN APPENDIX 1) OF INTEREST TO
CHEMICAL ENGINEERS AND THEIR DESCRIPTIONS (Gary, (2017))

Chemical Process

Equipment Category Description

Instrumentation and equipment used to control the properties and degree of purity of
air. These types of equipment include dust collectors, oxidizers, scrubbers and
adsorption equipment.

Air Quality (3,093
suppliers)

Equipment involved in the remediation of environmental factors. Specific aspects
covered include water and wastewater treatment, air and groundwater quality analysis,
waste processing, and pollution control.

Environmental Equipment

(5,544 suppliers)

Filtration and Separation Processing equipment such as centrifuges, clarifiers, and several filter technologies
Products (5,092 suppliers)  used to filter or separate media of different materials or sizes.

Flow measurement instruments are used to determine flow rate by monitoring the
amount of media passing during a specific time. Devices within this category can
monitor liquids, gases or solids, and measure in units of mass, velocity or volume.

Flow Sensing (2,642
suppliers)

Fluid Processing Equipment Any piece of equipment used to monitor, distribute and store process and industrial
(3,351 suppliers) fluids.

Gas Handling Equipment ~ Any piece of equipment used to monitor, distribute, generate, compress and store
(1,008 suppliers) process and industrial gases.

Heating and Cooling
Equipment (13,466
suppliers)

Hose, Pipe and Tubing
(4,820 suppliers)

Hose, Pipe, and Tubing
Accessories (4,518
suppliers)

Industrial Heaters and
Heating Elements (2,520
suppliers)

Industrial Machine
Safeguarding (1,510

suppliers)

Materials Processing Extruding, casting, forging, compacting, heat treating, molding, rolling or other
Equipment (3,617 suppliers) processing machines and components used for metals, polymers or other materials.

Ovens, furnaces, induction heaters, welding equipment, heat exchangers, fans, blowers,
refrigerators, baths and other equipment for heating or cooling materials.

Hose, pipe and tubing covers the broad spectrum of fluid transfer lines.

Hose, pipe, and tubing accessories make up the infrastructure necessary to convey all
manner of materials in a process line.

Electrical resistance heaters or their internal elements; designed to provide an
integrated thermal source for products or systems.

Components or systems that protect industrial machinery, operators or moving parts
from injury or damage from electrical, mechanical or other potential hazards.

Pressure Requlators (1,249

Pressure regulators are used to maintain a constant outlet pressure or flow.

suppliers)
Process Controllers (4,849  Instruments for monitoring and automatically revising process parameters such as
suppliers) temperature, pressure, force, humidity, level and flow.

Machines and devices used for the raising, compression or transference of a variety of

Pumps (5,243 suppliers) .
materials.

Safety and Personal
Protective Equipment (3,655

Safety equipment guards personnel or areas from hazardous conditions or mitigates
damage. Personal protective equipment protects individuals from personal injury.

suppliers)
Safety Sensors and Switches Safety sensors and switches are used in machines and other industrial applications to
(733 suppliers) safeguard equipment and prevent personal injury.

Tanks and Vessels (2,241  Equipment used to contain or store materials prior to, during, and after their processing.
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Chemical Process

Equipment Category Description

suppliers)

Vacuum Equipment (2,530 Vacuum equipment is used for degassing, welding, and the manufacturing of thin films,
suppliers) semiconductors, optics and specialty materials.

Valve Actuators and Devices designed to automatically control and monitor the position of valves, in

Positioners (946 suppliers) relation to their open or closed positions.

Devices that regulate the flow of gases, liquids, or loose materials through piping by

Val 1 li . . .
alves (6,133 suppliers) opening, closing, or obstructing ports or passageways.

Viscosity Sensing (210 Instruments and sensors for measuring the viscosity (resistance to flow) or viscoelastic
suppliers) properties of liquid or molten glass and plastic.

Web Handling and
Processing Equipment

(1,157 suppliers)

Equipment for handling, processing and converting continuous webs of textiles, paper,
plastic films, metal sheet or other materials.
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ABSTRACT

Hydrogen has the potential to be a clean and sustainable alternative to fossil fuel especially if it is
produced from renewable sources such as biomass. Gasification is the thermochemical conversion of
biomass to a mixture of gases including hydrogen. The percentage yield of each constituent of the
mixture is a function of some factors. This article highlights various parameters such as operating
conditions; gasifier type; biomass type and composition; and gasification agents that influence the
yield of hydrogen in the product gas. Economic evaluation of hydrogen from different sources was
also presented. The hydrogen production from gasification process appears to be the most economic
process amongst other hydrogen production processes considered. The process has the potential to be
developed as an alternative to the conventional hydrogen production process.

1.0 INTRODUCTION

Biomass is the largest renewable energy and it has a
major share of about 90% of the total energy supply in
the remote and rural areas of developing world
(Demirbas, 2001). While burning of fossil fuel converts
carbon that has been confined underground (as crude oil,
coal and gas) to carbon dioxide (CO,) thereby increasing
CO, in circulation and hence the greenhouse gas (GNG)
effects, the combustion of biomass recycles the CO,
captured during photosynthesis and thus maintains the
CO, balance in the atmosphere (Ahmad et al., 2016).
Biomass can therefore be said to possess a zero CO, net
emission (Mohammed et al., 2011).

Most often, biomass is from agricultural by products but
sometimes, it could be directly cultivated (McKendry,
2002a). The routes to convert biomass into useful
products will depend on the form of the biomass. For
agricultural residues, forest residues and wood, thermo-
chemical conversion routes are the widely-used methods
to extract energy from biomass. Thermochemical
processes can be categorized into combustion, pyrolysis
and gasification where the syngas and bio-oil produced
as intermediate products can be subsequently converted
to valuable fuels and chemicals. Combustion is the
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direct burning of biomass in air to convert the chemical
energy in biomass to heat, electricity or mechanical
power. The energy efficiency of this process is between
10-30% (Ni et al., 2006). Pyrolysis is the burning of
biomass in the absence of air. Slow pyrolysis gives high
yield of charcoals whereas rapid heating of biomass at
high temperature (fast pyrolysis) gives products in the
liquid, gaseous and solid states (Cao et al., 2020; Yang
et al., 2018). Gasification is the conversion of biomass
into a combustible gas mixture (syngas) by heating in a
gasification medium such as air, oxygen or steam.
Gasification of biomass leads to the production of
syngas of which carbon monoxide, methane, and
hydrogen are some of the constituents (Brachi et al.,
2018; Qiu et al., 2018).

Of all the three thermochemical routes, gasification is
being considered in this research work as a promising
technology to treat biomass. This is because it produces
minimal emissions, can be easily adapted to treat
different materials and the process conditions can be
altered selectively to isolate different gaseous products
(Sikarwar et al., 2017; Molino et al, 2018).
Furthermore, gasification is likely to be commercially
viable based on the consideration of overall conversion
efficiency and proven operational history and
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performance (Barbuzza et al., 2019; Catalan-Martinez et
al., 2018; Qiu et al., 2018).

Hydrogen - one of the constituents of syngas has been
dubbed the energy carrier of the future and has gained
reputation as a potential substitute to fossil fuels. This is
because hydrogen, when combusted or used in a fuel
cell, does not emit greenhouse gas (GHG), it has a high
energy content on a mass basis when compared to
gasoline or natural gas and it can be easily and
efficiently converted to electricity using fuel cells.
Hydrogen, as a high efficiency low polluting fuel, can be
used for transportation, heating and power generation
(Orhan et al., 2011). Hydrogen is also a raw material for
chemical, petroleum and agro-based industries (Lewis et
al., 2009 and Naterer et al., 2010).

Converting biomass to aqueous and gaseous fuel most
especially hydrogen could be a more efficient way of
utilizing biomass. This is good for developed nations
because the problem of GHG emissions will be dealt
with and for developing nations with power generation
problems by providing access to electricity and power
supply from relatively available sources.

This study is focused on highlighting the potential of
hydrogen generated from biomass gasification to be
effective solution to the menace of inadequate power
supply in rural areas. It could also serve as source of
energy generation for both small and medium scale
industries. This is much more apt for a developing
nation like Nigeria which has an agrarian based
economy. The vast amount of biomass as agricultural
byproducts and abundant virgin land that could be put to
use for more cultivation of biomass is a great motivation
for this study.

2.0 HYDROGEN PRODUCTION

Although abundant on earth as an element, hydrogen is
almost always found as part of another compound, such
as water (H,O) and some other compounds, and must be
separated from the compounds that contain it. Once
separated, hydrogen can be used in diverse ways. In
addition, hydrogen can be produced using diverse
resources. The environmental impact and energy
efficiency of hydrogen depends on how it is produced.
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Figure 1 depicts some sources through which hydrogen
can be generated.

2.1 Production from Natural Gas: Hydrogen can be
produced from natural gas through three different
chemical processes. Steam reforming involves the
endothermic conversion of methane and water vapour
into hydrogen and carbon monoxide as given in equation
1. The product gas CO can be further converted to CO,
and H, through the water-gas shift reaction as given in
equation 2 (Holladay et al., 2009).

CH, + H,0 + heat —» CO + 3H, 1)
CO + H,0 - CO, + H, + heat 2)

Partial oxidation involves the production of hydrogen
through the partial combustion of methane with oxygen
rich gas to yield carbon monoxide and hydrogen
according to equation 3 (Ahmed et al., 2017). The CO
can be further converted through the water-gas shift
reaction of equation 2 (Cormos et al., 2018).

CH, +§02 - CO + 2H, ©)

Autothermal reforming is a combination of both steam
reforming and partial oxidation. This method of
producing hydrogen has developed technology and has
been commercialized. However, the hydrogen generated
from this source can only be sustainable if it is from
renewable source such as biogas or syngas (Dincer and
Acar, 2015).

2.2 Electrolysis: An electric current splits water into
hydrogen and oxygen. If the electricity is from
renewable sources, such as solar or wind, the resulting
hydrogen will be considered renewable as well, and
have numerous environmental benefits. Electrolysis is
considered as the easiest method of hydrogen production
since it yields high level hydrogen purity and requires
simple equipment (Badwal et al., 2013). It however has
low efficiency (Nikolic et al., 2010) and contributes
only about 4% of overall hydrogen production (Chakik
and Mikou, 2017; Santos et al., 2013).

H,0 + electricity - H, + %02 4
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Thermochemical
water
decomposition

Figure 1: Some hydrogen production processes

2.3 Solar-based Hydrogen Production: Solar energy is
readily available at no cost to produce hydrogen;
therefore, it may lead to a future clean alternative fuel
(hydrogen) for transportation. Direct solar water
decompoasition, or photolytic, processes use light energy
to split water into hydrogen and oxygen (Contreras et
al., 1999; Do Sacramento et al., 2008). These processes
are currently in the very early stages of research but
offer long-term potential for sustainable hydrogen
production with low environmental impact such as the
threatening global warming effects (Liu et al., 2020).
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2.4 Biological Processes: Microbes such as bacteria and
microalgae can produce hydrogen through biological
reactions, using sunlight or organic matter. These
technology pathways are at an early stage of research,
but in the long term have the potential for sustainable
low-carbon hydrogen production. Biological hydrogen
can be produced in an algae bioreactor (Hemschemier et
al., 2009).

2.5 Thermochemical Water Decomposition for
Hydrogen Production: This is an emerging and
promising technology for large-scale production of
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hydrogen and it is commonly called thermochemical
cycles. This is done using intermediate compounds and
sequence of chemical reactions to split water into
hydrogen and oxygen without polluting the atmosphere
(Naterer et al., 2009). Many thermochemical cycles
have been identified but only a few have been proven to
be feasible (McQuillan, 2002).

2.6 Gasification: This conversion route is the focus of
this study. It is discussed extensively in the next section.

3.0 BIOMASS GASIFICATION

Gasification is the conversion of biomass into a gaseous
product that mainly consist of hydrogen (H,), and
carbon monoxide (CO) with lower amounts of methane
(CH,), carbon dioxide (CO,), water (H,0), nitrogen (N,)
and higher hydrocarbons (C+) in the presence of
gasifying agents. The gasifying agents could be air,
oxygen or steam or a mixture of these components.
Gasification is carried out at temperatures between 500
and 1400 °C and at atmospheric pressure of 101.325 kPa
up to an elevated pressure of 3300 kPa (Ciferno and
Marano, 2002). The reactions taking place in the gasifier
are summarized in equations 5-7 (Mckendry, 2002b).

C+ %02 = CO (partial oxidation) (5)
C + 0, = CO, (complete oxidation) (6)
C + H,0 = CO + H, (water gas reaction) @)

The hydrogen and steam can undergo further reaction
during gasification as given in equations 8 and 9:

CO + H,0 = CO, + H, (water gas shift reaction)  (8)
CO + 3H, = CH, + H,0 (methane formation) 9)
The arrows indicate that the reactions are in equilibrium
and can proceed in either direction depending on the
conditions of reaction (temperature, pressure and
concentration)

Main products of gasification are synthesis gas (syngas),
char and tars. The content depends on the feedstock,
oxidizing agent and the conditions of the process. The
gas mainly consists of CO, CO,, H,, CH4 and other
hydrocarbons. The gasification process can be
summarized as given in equation 10:

YC.H,0, + ¢H,0 e d H, +eCO + fCO, + gCH, +
tar (10)
where yC,H;, O, is the general chemical representation of
the biomass.

The syngas produced consists of a mixture of CO, (8-
10%), H, (18-20%), CO (18-20%), CH, (2-3%) and
traces of other light hydrocarbon and steam (Simonyan
and Fasina, 2013). This can be burnt directly or used as
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a fuel for gas engines and gas turbines in generating
electricity (Ben-lwo et al., 2016).

A few parameters have effects on the quality and
quantity of the syngas production during gasification.
These are discussed as follows.

3.1 Effects of Temperature

Temperature appears to have the greatest influence on
the performance of the gasifiers. The composition of the
volatiles produced from a gasifier depends on the degree
of the equilibrium attained by various gasification
reactions. All the gasification reactions are normally
reversible and the equilibrium point of any of the
reaction can be shifted by changing the temperature.
Hydrogen production reactions (water gas shift reaction)
is endothermic, a higher gasification temperature will
favor the production of hydrogen (Nanda et al., 2016a).

A study of steam gasification of almond shells in a
continuous fluidized bed reactor reported the yield of
hydrogen as above 50% of the syngas composition
(Rapagna and Latif, 1997). The temperature was
increased from 600 to 800 °C. Similarly, Lv et al. (2004)
reported an increase in hydrogen production from 21-39
vol.% when the gasification temperature was varied
from 700 to 900 °C. Sawdust and fluidized bed reactor
were the feedstock and type of gasifier, respectively. For
all cases considered, the higher temperature favoured
higher concentrations of syngas and hydrogen yield but
lower concentration of char and heavy tar. The increase
in hydrogen yield at higher temperature was due to tar
thermal cracking reaction which also decreases the tar
concentration (Skoulou et al., 2009). The gasification
temperature needed to be selected carefully as a tradeoff
between the char conversion and the H, output.
However, other research shows that high H, yield can be
obtained at low temperature (600°C) by using 90%
steam content (Gao et al., 2008). Table 1 gives
indication of the influence of temperature on hydrogen
yield for selected biomass.

Table 1: Hydrogen production of biomass at
different gasification temperature (Source: Nanda et
al., 2016a; Safari et al., 2018; Lu et al., 2008; Nanda et

al., 2016b)

Biomass Temperature (°C) Hydrogen yield
(mol/kg)

Orange peel 400 0.08

Orange peel 500 0.58

Orange peel 600 0.91
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Biomass Temperature (°C) Hydrogen yield Biomass Hydrogen Conditions
(mol/kg) (mol/kg)

Pine wood 300 0.22 Cotton stalk” 4.19 500°C

Pine wood 400 0.69 Corn stalk” 4.15 500°C

Pine wood 500 1.14 Cotton stalk* 8.26 650°C

Almond shell 380 3.95 Sawdust* 9.02 650°C

Almond shell 400 4.55 Corn stalk * 8.79 650°C

Almond shell 420 5.43 Wood residue 27.86 900°C

Almond shell 440 6.45 Coffee bean 34.32 900°C

Almond shell 460 7.85 husk

Corn cob 550 2.55 "supercritical water gasification

Corn cob 600 5.31 *Steam gasification

Corn cob 650 9.08

3.2 Effects of Biomass Feed Stock

Table 2 shows the hydrogen production from
gasification of different biomass subjected to the same
conditions. The type of feed stock can be seen to affect
the yield of hydrogen at the same process conditions.
Sugarcane bagasse from table 2 yielded 1.66 mol/kg
hydrogen, while coconut shell yielded 2.17 mol/kg
hydrogen at the same process conditions. The general
chemical representation of biomass as given in equation
10 indicates that the chemical composition of varying
biomass is not the same. Ultimate analysis is often used
for the chemical analysis of biomass feedstock. The
chemical analysis usually lists the carbon, hydrogen and
oxygen of the dry biomass sample on a weight
percentage basis. The composition of hydrogen in the
biomass feedstock may influence the yield of hydrogen
in the gasified biomass.

Method of gasification also influences the yield of
hydrogen. In the table, hydrogen yield with supercritical
water gasification of biomass is much lower than steam
gasification of the same biomass. For example, the yield
of hydrogen for cotton stalk was 4.19 mol/kg with
supercritical water gasification while steam gasification
of the same biomass yielded 8.26 mol/kg of hydrogen,
about 97% increment. The same goes for corn stalk with
about 111% increment in hydrogen vyield for steam
gasification process.

Table 2: Hydrogen production from different
biomass subjected to the same conditions. (Source:
Nanda et al., 2016a; Yanik et al., 2007, Wei et al., 2014;
Pala et al., 2017)

Biomass Hydrogen Conditions
(mol/kg)

Sugarcane 1.66 400°C

bagasse”

Coconut shell”  2.17 400°C

ISSN: 0794-6759

3.3 Effects of Equivalence Ratio

The ratio between the theoretical and practical air
demand in steam gasification process utilizing air or O,
is termed the equivalence ratio (ER). For each kind of
biomass, there is a theoretical O, demand needed to
achieve the combustion based on its contents of
combustible materials and since in most cases,
gasification is based on realizing relatively partial
combustion, a fraction of this ratio is only used. A ratio
of 0.15-0.35 has been investigated (Mohammed, 2010).
The tar and char yields were discovered to decrease as
the ER increased. This is because more oxygen in the
gasifier caused the oxidation of the char and tar, and
invariably led to the production of more CO and CO,,
and less H,. Optimum value of the ER for a particular
gasification process should be noted. Beyond this
optimum, carbon conversion efficiency and gasification
efficiency will start to decrease (Gao et al., 2012; Zhao
et al., 2010; Xiao et al., 2007).

3.4 Effects of Steam/Biomass (S/B) Ratio

The steam biomass ratio could be varied either by
changing the biomass feed rate while keeping the steam
flow constant or vice versa. Result from previous
researches show an increase in hydrogen production as
the ratio increases. However, when S/B ratio is further
increased beyond a certain point, hydrogen production
declined. The critical S/Bs are generally between 0.70
and 3.41 depending on the conditions (Zhang et al.,
2016b). Previous researches by Mahishi and Goswami,
(2007); Kalinci et al. (2009); Inayat et al. (2010) and
Moneti et al. (2016) obtained optimum vyield of
hydrogen at steam/biomass ratios of 3, 0.6-10, 2, and 2-
3, respectively. Increasing the S/B ratio decreases
slightly the CO and favours the water gas shift reaction
that results in more hydrogen production. Operating the
gasifier at a very high S/B might not be energy efficient
since the increase in the production of hydrogen at this
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state may not justify the cost of increasing the steam
(Pallozzi et al., 2016).

3.5 Effects of Gasifier

Gasifiers are classified mainly on the basis of their gas
solid contacting mode and gasifying medium. Based on
the gas solid contacting mode, gasifiers are broadly
divided into three principal types:

() fixed or moving bed gasifier

(i) fluidized bed gasifier

(iii) entrained-flow bed gasifier

Each type of gasifier has different ranges of appropriate
reaction condition and feedstock. There is an
appropriate range of application for each. The moving-
bed (updraft and downdraft) type often used for smaller
units (10 MW) contains a large amount of tars in its
product gas due to flow of biomass and the produced
gas (Luo et al., 2009; Li et al., 2009). The fluidized-bed
(bubbling and circulating) type is more appropriate for
intermediate units (100 MW). Feed stock with high ash
content can cause stickiness in the fluidized agent and
reduce the fluidity of the inert bed material (Siedleck,
2011). The entrained-flow reactors are used for large
capacity units (500 MW). The operating temperatures
and pressure of the entrained flow reactor are higher
than that of the fluidized bed and the fixed bed
(Ghassemi et al., 2016). Several studies have compared
the advantages and various gasifiers applying different
criteria such as use of material, energy efficiency,
technology and environmental impacts. The general
consensus is that there was no significant advantage of
one reactor type over the other. However, for
decentralized power generation and distribution to
remote and rural areas as well as for small scale
industries fixed bed gasifier such as downdraft gasifier
which are typically small scale unit with power
generation capacity of up to 10 MW could be used (Li
et al., 2009).

3.6 Effects of Catalyst and Biomass Composition
Reactions catalysts have positive effects on the yield of
hydrogen. Previous works indicated increase in the yield
of hydrogen when a catalyst was added to the reaction
(Nanda et al., 2016b; Gong et al., 2014). The catalysts
are known for cracking tars to produce gaseous
products.

Biomass are essentially made of three major polymers;
the lignin, cellulose and hemicellulose. Experiments
have shown that compared with lignin, cellulose and
hemicellulose produced gases more rapidly with higher
CO and CH, but lower H, and CO, concentrations, and
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higher temperature is needed for optimum hydrogen
production. Lignin produced more hydrogen than
cellulose and hemicellulose cell (Tian et al., 2017).

4.0 IMPLICATIONS OF HYDROGEN FUEL
Hydrogen as an energy carrier can be converted into
useful forms of energy. For combustion in internal
combustion (IC) engines, jet engines and rocket engines;
hydrogen powered combustion engines are about 20%
more efficient than gasoline engines (Barbir, 2013;
Spath and Dayton, 2003). This is because the thermal
efficiency of internal combustion engine can be
improved by either increasing the compression ratio or
the specific ratio both of which are higher in hydrogen
engines (Das, 2016).

Hydrogen combusted with pure oxygen can generate
steam with a temperature in the flame zone of above
3000 °C (Spath and Dayton, 2003). Hydrogen steam
generators can be used for industrial steam power
supply, for electricity generation and in power plants.
Hydrogen steam generator is close to 100% efficient
since there are little or no thermal losses and there is no
emission other than steam. Gao et al. (2007) estimated
that in the near future, there might be entire cities
converting to solely hydrogen for heating and cooling.

Hydrogen can be combined with oxygen in an
electrochemical reaction in fuel cell to produce
electricity (Maleki et al., 2016). In the typical IC engine
vehicle optimized for a hydrocarbon fuel, only about
15% of the fuel value ends up as kinetic energy moving
the vehicle down the road. This value increases to about
25% for an IC engine/electric hybrid (Barbir, 2013).
Fuel cell vehicles operating on compressed hydrogen
have the potential of achieving over 30% and, unlike the
hybrids, would be classed as zero emission vehicles
(Dell et al., 2014).

In conclusion, gasified biomass can be used to power IC
engines, gas turbines and fuel cells, all of which are able
to produce electricity at higher efficiency. Therefore,
coupling biomass gasifiers with these energy generators
has the potential for considerably lowering capital
investment than a similarly sized boiler/steam turbine
system.

Other energy conversion route of hydrogen includes
catalytic conversion to produce heat and conversions
involving metal hydrides.

Analysis of biomass gasification options has shown that
production of hydrogen is the most economic route for
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the conversion of syngas to transportation fuels (Spath
and Dayton, 2003). An economic and efficiency
evaluation of hydrogen from biomass is therefore
important for the implementation of the technologies of
the gasification processes. Table 3 lists the hydrogen
production costs from biomass gasification using
different gasifiers from previous studies. Hydrogen
production from other sources aside from biomass
gasification are also listed on the table. Biomass
gasification seems to be the most cost effective for the
production of hydrogen and power aside from steam
methane reforming (SMR). SMR is a mature technology
that uses natural gas which has a well-defined non
varying composition and is delivered via pipeline.
However, SMR uses fossil fuel which is prone to
depletion, environmental pollution and GHG emission.
Biomass gasification on the other hand uses renewables
which are available and sustainable. In fact, it has been
viewed as an important technology for reducing GHG.

The U.S Department of Energy (U.S. DOE) has set a
cost goal for hydrogen at $2-$3/kg including production,
transportation and delivery for hydrogen to be cost
competitive with fossil fuel. The goal for production
cost only was set at $1.10/kg (NREL, 2011; Nikolaidis
and Poullikkas, 2017). In fact the goal for biofuels
production in the US is 36 billion gallons by 2022 (USA
Energy Independence, 2007).

None of the gasification process presented in table 3 met
up with this goal. One way to reduce cost of production
is to use renewables from nonfood biomass such as

agricultural residues, energy crops, woody crops,
forestry, mill and wood wastes.
Hydrogen energy technologies are particularly

interesting for the developing countries that do not have
huge energy infrastructures in place. Cost for
distribution such as power transmission lines, pipelines,
transportation infrastructure might work against
centralized production in developing economy. Hence,
hydrogen can be produced from low cost biomass to
supply off grid electricity to homes using a portable fuel
cell power system. Developing countries may adopt

dispersed renewable energy sources using both
traditional and advanced technologies for their
utilization.

Technology improvements of gasification process may
reduce the cost of producing hydrogen from biomass.
Advances in biotechnology that will produce high yield,
low-cost energy crops are one of such ways.
Improvement actions leading to an increase in process
efficiency that would significantly enhance the system's
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performance is another way. This is because increase in
hydrogen production from gasification of biomass has
been linked to improved exergy efficiency of the
gasification process (Zhang et al; 2019a).

Table 3: Hydrogen production cost

Process H, References
production
cost
Air gasification in a 2.11USD/kg Mohamed et al.,
fluidized bed 2011
Steam gasification in  1.91 USD/kg Inayat et al.,
fluidized bed with in- 2011
situ CO, capture
Oxygen gasification 1.69 USD/kg Lv etal., (2008)
in a fixed bed and
CO-shift at
atmospheric pressure
Large scale 1.38USD/kg Spath et al.,
gasification 2005
Fuel cell Hydrogen 2.76 USD/kg Ogden, 1999
Electrolysed 10 USD/kg Iwasaki, 2003
hydrogen
Biomass  pyrolysis 4.28 USD/kg Iwasaki, 2003
with high pressure
Steam methane 1.25USD/kg NREL, 2011
reforming

5.0 CONCLUSION

Hydrogen energy system from biomass gasification is a
coherent, comprehensive and permanent solution to
global energy-economic-environmental problems, and as
such deserves support from individual governments,
industrial organizations and research institutes. The
Hydrogen yield in the syngas composition is influenced
by some operating conditions such as steam flow rate
and temperature. The choice of materials also has
critical influence on the efficiency of the gasification
process. Biomass gasification is a renewable and clean
energy source with great potentials to replace fossil fuels
for hydrogen production. Adopting gasification
technology for the main purpose of producing hydrogen
may seem expensive but in the long run its benefit might
be unquantifiable. Further research efforts to improve
the reaction rates and efficiency, reduce the production
cost and fast track the large scale production should be
encouraged.
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ABSTRACT

Currently the major challenge of biodiesel application as a replacement to petrodiesel is its
industrial production sustainability.Consequently, the successful scale-up of laboratory results in
transesterification requires so much information obtained through chemical kinetics.This paper
presents the kinetics and thermodynamic study of alkali-homogeneous irreversible methanolysis of
seed oil derived from African pear. The transesterification process was carried out from 0-100
minutes at temperature range of 55-65°C. The reaction mixture compositions were ascertained
using gas chromatography- flame ionization detector (GC-FID) technique. Rate constants of the
triglyceride (Tg), diglycerides (Dg) and monoglycerides(Mg) hydrolysis were in the range of
0.0140- 0.07810 wt%/min and increased with increase in temperature. The rate of reaction was
found to increase with increase in temperature. Activation energies were found to be 6.14, 20.01
and 28.5kcal/mol at 55, 60 and 65°C respectively. Tg hydrolysis to Dg was observed asthe rate
determining step while the reaction agreed with second order principles. A biodiesel yield of
93.02% was obtained with cloud point of 10°C , flash point of 125°C , pour point of 4°C , calorific
value of 34.4MJ/kg, and cetane number of 54.90 which satisfy EN14214 and ASTM D 6751
standards. Results presented in this report would serve as idealized conditions for industrial scale
up of biodiesel production from African pear seed oil.

Keywords:Kinetics; methanolysis; rate constants; activation energy; African pear seed oil; biodiesel

1. INTRODUCTION

The challenges on the environment due to the
application of fossil diesel have made the application of
alkyl esters derived from natural sources indispensable.
The physico-chemical characteristics and energy
attributes of biodiesel are very similar to those of
petrodiesel. Currently, the homogeneous base-catalyzed
transesterification using methanol resulting in the
corresponding fatty acid methyl esters (FAMES) is the
predominant technique applied for large scale
production of biodiesel (Reyero, et al., 2015)).
Application of methanol is necessitated by its wide
availability and low-cost. The application of
homogeneous base catalyst like NaOH and KOH at
commercial level is highly encouraged because they
possess of higher catalytic capabilitythan acid catalyst
which is more corrosive (Wan and Hammed, 2011). The
introduction of catalyst neutralization and washing has
been among the most important stages of conventional
purification steps employed to arrest the challenges of
soap formation (Reyero et al., 2015). Also, the
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challenges of catalyst re-usability and the leaching of
support or active sites which causes catalyst loss and
decrease of the FAME vyield have been serious
challenges to heterogeneous catalyst application (llgen,
2012).

The major challenge in biodiesel application as a
renewable and alternative fuel to petrodiesel is the lack
of sustainability of its generation (Wang et al., 2020).
The successful scale-up of laboratory results in
transesterification requires information obtained through
kinetics and optimization studies. Hence, chemical
kinetics data are required to arrest the above problem.
Chemical Kinetics deals with the dynamics of chemical
reactions: the rate (velocity) of the process and the way
by which the reaction takes place. The rate law is the
keystone for the chemical reaction mechanism which
helps in describing the relationship between the reaction
rate and the concentration of the chemical reactants
(Abdel-Latiff. and Abdallah, 2010). Of great importance
is the determination of the rate constants as it is highly
required in establishing the value of the reaction rate by
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applying its rate equation. Of high industrial importance
is the chemical rate equation as it is needed in the
kinetics application to establish the important conditions
of reaction such as optimal pressure, temperature, feed
composition, space velocity, degree of conversion and
recycling (Abdel-Latiff. and Abdallah, 2010). Many
chemical kinetic models previously proposed have not
been able to bridge the gap between laboratory and the
industry due to their high complexities and the
assumption that the base methanolysis is reversible
while the usual application of high methanol/oil molar
ratio always shift the reaction to the right. This negates
the effect of reversible reactions in transesterification
process. Additionally, thorough review of the
optimization studies of biodiesel production from
literature has reported optimal alcohol/oil molar ration to
be above 5:1 and this condition cannot promote
reversible transesterification process. Also, a detailed
review of various Kkinetic modeling studies of
transesterification has proven that the alcohol/ oil molar
ratio is always greater than the usual stoichiometric
value of 3:1; (6:1)(llgen, 2012); (Okullo and Temu
2015); (Noureddini and Zhul, 999), (4:1-14:1)(Zanette.
et al., 2011), (15:1)(Wan and Hammed 2011), (6:1,12:1
and 24:1)(Reyero et al., 2015), (9:1)(Zavarukhin, et al.,
2013), (6:1, 8:1 and 10:1)(Orifici. et al 2013), (9:1,12:1
and 15:1)(Patil et al., 2011) and (42:1)(Almgrbi et al.,
2014). It is noteworthy that the complexity in Kinetic
models proposed in the above reports based on
reversible consecutive mechanism challenges their
industrial translation while simplified kinetic models
suffice  for  practical purposes.  Consequently,
methanolysis reaction has been proposed to constitute
three consecutive irreversible stages, especially by the
usual condition of using high methanol to oil ratio (>3:1)
which shifts the reaction methyl to the right (llgen,
(2012); Darnoko and Cheryan (2000)

There are some researches that investigated on the
reaction  kinetics of  various  vegetable oil
transesterification (Menkiti et al 2017) and few on
African pear seed oil. The reversible models of kinetics
of African pear seed oil on the basis of heterogeneous
catalysis [Onukwuli and Ude 2018), its esterification
and transesterification (Esonye. et al 2018) have been
reported but this study presents the kinetics of methyl
ester production from non-conventional non-edible
tropical seed of African pear on the basis of irreversible
consecutive mechanisms. Most seed oil
transesterification kinetics presented earlier dealt on
complex three-step. Before now, the seed oil from
African pear is treated as a waste after consuming its
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fatty and juicy pulp (Bull and George, 2015). Also,
African pear is a perennial plant with high seed oil
content in the seed with good productivity per hectare
(Ogunsuyi, 2015; Bull and George2015) and thus
satisfies the EU stipulations for biodiesel feedstock.
Consequently, this research proposes the evaluation Aof
the kinetics of biodiesel production from African pear
seed oil (APSO) on the basis of irreversible consecutive
mechanism.

2. MATERIALS AND METHODS

21 Materials.

The materials used in this research include sodium
hydroxide (99%, Sigma-aldrich), potassium hydroxide
(lobachemie, 85%), methanol (Merck, Germany, 99.5 %
purity), carbon tetrachloride (chloroform), Wij’s
solution (iodine monochloride), potassium iodide
solution and phenolphthalein (Merck Germany. The fruit
seed biomass was bought from Ochanja market in
Onitsha city in Anambra state of Nigeria and the seed oil
was extracted by solvent extraction method using
hexane.

2.2 Physico-chemical characterization of the
seed oil and the biodiesel

This stage of the experiment has been conducted and
reported previously (Esonye et al., (2018). The
properties of the African pear seed oil were determined
in accordance with Association of Official Analytical
Chemists method (AOAC, 1990), the acid value by
AOAC Caba-40, saponification value by AOAC
920:160; iodine value by AOAC 920:158 and peroxide
value by AOAC 965.33) while the viscosity was
determined by using Oswald viscometer apparatus, the
density by using density bottle and moisture content by
the Rotary evaporator oven (BTOV 1423). The ash
content was evaluated by heating to dryness in Veisfar
muffle furnace and the refractive index was measured
using Abbe refractometer (Model: WAY-25, Search
tech. Instruments). The fuel properties of the synthesized
biodiesel were determined by ASTM standards: the
kinematic viscosity was determined by ASTM D-445
method, the density was determined by ASTM D-1298
method, and the pour point determination was made
using ASTM D-97 methods. The flash point of the fuel
was determined as ASTM D-93, the value of cloud point
was estimated according to ASTMD-2500, and acid
value was measured following the ASTM D-664
method. The calorific value and cetane number were
calculated according to the correlation developed by
Bull and George, (2015).
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2.3 Kinetic Study

The rate of reaction and its mechanism as regards the
transesterification process of the seed oil were
investigated by considering irreversible conditions.

2.4 Equation of transesterification reaction
Darnoko and Cheryan, (2000) have reported that
transesterification reaction mechanism includes three
consecutive irreversible reactions that yield fatty acid
diglycerides and monoglycerides as intermediates.
Equation (4) is the summary of Equation (1) to (3),
which represents the stages of the reaction.

Tg + R’OHEDg + FAME(1)

Dg + R’OHEMg + FAME @)
Mg + R'OH’ifGl + FAME ©)
CH20COR CH,O0H R'COOR

R"COOR
CCI*IHZ%CCOORR + 3ROH & CCI-II-IZ%HH + R"COOR (4)

Triglycerides Alcohol Glycerol FAME
Where FAME is fatty acid methyl ester

2.5 Irreversible model assumptions

Since simplified kinetic models suffice for practical

purposes, experimental data were processed under the

following assumptions (llgen, 2012; ,Patil et al., 2011;

Darnoko and Cheryan, 2000):

1. The methanolysis reaction is constituted by three
consecutive stages but assumed irreversible because
of the excessive presence of methanol in the
reaction.

2. The free fatty acid neutralization was insignificant
since the free fatty acid was negligible.

3. The saponification reaction was considered
insignificant because of low acid value of the oil.

2.6 Experimental procedure

Experiments were designed to determine the reaction
rate constants. A 6:1 molar ratio of methanol to oil was
used in all the experiments. To examine the temperature
dependency of the reaction rate constants, reactions at
55, 60 and 65°C were studied. The oil obtained from the
esterification the seed oil as previously reported by the
authors (Esonye et al., 2019) was used in this
experiment. All reactions were carried out at
atmospheric pressure with 0.20wt% sodium hydroxide
as catalyst, methanol/oil molar ratio of 6:1 at a stirring
speed of 140rpm. As reaction progresses, 2ml aliquot
sample was withdrawn with a disposable pipette through
an opening on the top of the reactor. The samples were
collected in 10ml test tubes and kept in an ice bath at
5°C prior to use to quench the reaction. Samples were
withdrawn at specified time intervals (0, 0.3, 0.5, 2, 4, 6,
10, 20, 40, 60, 80 and 100 minutes). The composition of
sample was determined by gas chromatography (GC) on
Perkin Elmer Claurus 600 model FID to ascertain the
amount of triglycerides, diglycerides, monoglycerides,
total methyl esters and glycerol content in the biodiesel
production batch reaction system. The GC operating
specifications are given in Table 1. The diglycerides and
monoglycerides contents were minimal (< 3%), while
the amounts of triglycerides were above 94%.

Table 1: Operating conditions of gas chromatography analysis .

SN Item Condition
1 Column 5"x1/4" internal diameter (i.d), glass column packed with 10% silica 10°C on
80-100mesh chromasorb HP at a temperature of 180°C
2 Detector Flame lonization Detector (FID),
3 Column Temperature 185°C (set point = 150°C , increment = 35°C)
4 Nitrogen flowrate 30 ml/min.
5 Hydrogen flowrate 201b/in?
6 Air Pressure 12lIb/in?
7 Sample size 0.3ul
8 Attenuation 2x10 *
9 Backing off range x100
hydrolysis especially during the early stages of the
2.7 Second —order irreversible model reaction (Darnoko and Cheryan, 2000). To test the

The best kinetic model for an irreversible model has
been proposed to be a second-order based on Tg
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above report, a model developed based on Tg hydrolysis
and the second-order reaction rate for Tg would be as
shown in Equation (5) (Darnoko and Cheryan 2000,
Levenspiel, 1999)
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—d[Tg] _ 2
18] = i [rg] (5)

Integrating and rearranging of Equation (5) by
integration yields Equation (6).

1 1
krgt= ———— 6
Tg [Tg]  [Tgo] ©)
Where k is the overall rate constant, t is the reaction

time, Tqp is the initial triglyceride concentration.

A plot of reaction time (t) against =

will give a
[Tg] g

straight line if the model is valid.

Where k is the overall rate constant, t is the reaction
time; Tgo is the initial triglyceride concentration. A plot

of reaction time (t) against % will give a straight line if

the model is valid. Similar approach was applied on the
monoglycerides and diglycerides hydrolysis to get
Equations (7) and (8).

1 1

*bg t = g1~ Dol ()
1 1
Fug © = gl ™ Toigal ®)

2.7  First-order irreversible model

To determine the kinetics of the reaction based, the
effect of reaction temperature and time were measured.
It was assumed that the catalyst was used in sufficient
amount with respect to oil to shift the reaction
equilibrium towards the formation of fatty acid methyl
esters. Thus, the reverse reaction could be ignored and
change in concentration of the catalyst during the course
of reaction can be assumed to be negligible [Esonye, C,
et al (2019)]. Also, since the concentrations of both Dg
and Mg were found to be very low (Dg<2.9wt%,
Mg<1.45wt %) compared to those of Tg (Tg>94wt%) in
the crude vegetable oils used in this research, the
reaction could be assumed to be a single-step
transesterification (Levenspiel, 1999). Therefore, the
rate law of the transesterification reaction for forward
reaction can be expressed by Equation (9) (Zhang et al
2010).

—rrg = 8 = k. [Tg].[ROHT? (9)
Where [Tg] is the concentration of triglycerides and
[ROH] that of methanol and k’ is the equilibrium rate
constant. However, due to the high molar ratio of
methanol to oil, the change in methanol concentration
can be considered as constant during reaction. This
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means that by taking methanol in excess, its
concentration does not change the reaction order and it
behaves as a first-order chemical reaction. Hence, the
reaction would obey pseudo-first order kinetics (Zhang,
et al., 2010) and finally, the rate expression can be
written as in Equation (10).

—d[T
g =~y = k.ITg] (10)

Where k is modified rate constant and k = kK[ROH]®.
Assuming that the initial triglyceride concentration was
[Tgo] at time t =0, and at time t it falls down [Tg,]. The
integration of Equation (10) from t =0, [Tg]= [Tgo] to t
=1, [Tg] =[Tg] gives Equation (11)[14]:

—In[Tg] +In[Tg,] =kt  (11)

Based on the above considerations, the rate data from
the seed oil of African pear transesterification reaction
was fit into Equation (11) to test this rate equation.
Hence, -In[Tg] was plotted against time. In this
procedure, the weight percentage of Tg was used as
concentration because [Tg]o/[TG] is a concentration
ratio and its value is independent of units, provided that
the same units are used for both [Tg], and [Tg]. Least-
square approximation was applied in fitting a straight
line to the experimental data, and in each case the
coefficient of determination (R?) was determined.

2.8 Thermodynamic properties determination
Activation energies of the reaction taking place were
estimated using the calculated rate constants and
temperatures at which they were observed in Arrhenius
equation (Egn. 12).

—Ea/2.303R + A (12)
Where E, = Activation energy, R = Gas constant, A =
Arrhenius constant or frequency factor

loglok =

3. RESULTS AND DISCUSSIONS
3.1 Seed oil and biodiesel characterization

The physico-chemical parameters of the APSO and
APSOME are shown in Table 2. The oil content is a key
factor influencing the choice of plant seeds as potential
feedstock for biodiesel and other industrial products.
The percentage oil yield from African pear is very
encouraging for biodiesel purposes when compared with
most oil feedstocks. It is observed that the seed has high
oil yield (>56%), though with high free fatty acid (FFA).
High FFA in oils results in losing the oil to soap rather
than to biodiesel (Mushtaq et al., 2014). The high FFA
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gave the need to apply two - step transesterification
which brought down the FFA to 0.16, at 65 °C reaction
temperature and 100 minutes esterification time, in order
to prevent soap formation which lowers the biodiesel
yield (Esonye et al 2019). The results of moisture
content obtained for APSO is quite low and would
therefore promote high vyield of biodiesel, prevent
oxidation rancidity and sustain its shelf life (Menkiti et
al.,, 2017). APSOME showed slight decrease in the
iodine values obtained from the parent seed oil. The
iodine value according to EN 14214 (European
committee for standardization) should be less than 120 g
1,/100 g sample for the seed oil to be suitable as
feedstock for biodiesel production while oils having
high unsaturation of fatty acids, when heated are prone
to polymerization of the glycerides, causing formation
of deposits and thereby compromising oxidative stability
(Birla et al 2012). Peroxide value is an index of rancidity
and hence provides information on oil quality and
stability. The value obtained clearly suggests that the
seed oil is stable and may not readily become rancid
during storage.The specific gravity value is close to the
range of 0.87 — 0.90 for biodiesel. It is expected to
promote effective functioning of the injection engines
through maintaining the optimal air to fuel ratio required
for efficient combustion and low particulate matter
emissions. The viscosity result is consistent with 3.70 cp
for APSO as reported in (Ogunsuyi 2015). Viscosity is
important in determining optimum handling, storage and
operational conditions because biodiesel fuel need to
have suitable flow characteristics to ensure that adequate

supply reaches injectors at different operating
temperatures. The values obtained is very optimal and
would prevent fuel filters clogging, formation of
droplets on injection which causes poor atomization and
provide sufficient lubrication for precision fill of the fuel
injection pumps (Atabani , et al., 2012). Moreover, the
viscosities of the seed oil decreased considerably after
transesterification. The seed oil and the methyl ester
have favorable values for smoke point, titre, flash point
and cloud point and this would translate to high
biodiesel potentials. The cold flow properties of the
methyl esters were measured by determination of cloud
point (CP) and pour point (PP). Specifications for CP
and PP are not in the biodiesel standards of DIN 14214
though ASTM D6757 requires that CP be reported
probably because each country has different climatic
conditions. As reported here, APSOME has values
which are quite within ASTM D6757 standards and this
shows that the produced FAME would perform well in
very cold and temperate regions.The ash content of the
methyl ester is lower than the values obtained from the
corresponding vegetable seed oil sample showing
improved fuel quality because of the transesterification
process. The calorific value is below diesel fuel ASTM
D 975 standards but within the limit of EN DIN14214
standard. The cetane number (CN) is above the standard
set for petrol diesel. This could be explained to be due to
higher oxygen content which is typical of biodiesel fuel.
The quality of the oil and biodiesel compared well with
result of other studies in the literature (Ogunsuyi, 2015).

Table 2: Physico-chemical parameters of APSO and its biodiesel in relation with standards

Parameters Standards

APSO APSOME ASTM D  ASTMD EN

9751 6751 14214

Yield (wt%) 56.30 93.025 - - -
Colour Pale yellow Light brown - - -
Specific gravity 0.8875 0.8570 0.850 0.880 0.86 -0.90
Moisture content (%) 0.53 0.030 - - -
Refractive Index 1.4369 1.4279 - - -
Acid value (mgKOH/q) 13.98 0.32 0.062 0.50 0.50
Free fatty acid (wt%) 7.89 0.16 0.31 0.25 0.25
lodine value (mgKOH/q) 51.96 45.21 42-46 - 120 max
Peroxide value (milli eq. oxy/kg) 1.79 - - - -
Saponification value (mgKOH/g 254.72 243.51 - - -
oil)
Ash content (%) 1.65 0.11 0.01 0.02 0.02
Viscosity (mm?/s) 5.82 2.34 2.6 1.9-6.0 3.5-5.0
Smoke point (°C) 30 24 - - -
Titre value (°C) 35 - - - -
ISSN: 0794-6759 57
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Parameters Standards

APSO APSOME ASTM D  ASTMD EN

9751 6751 14214

Fire point (°C) 40 27 - - -
Flash point (°C) 147 125 60-80 100-170 120
Cloud point (°C) 10 10 -20 -3t0 12 -
Pour point (°C) -6 4 -35 -15t0 -16 -
Calorific value (KJ/Kg) - 34,391.50 42-46 - 35
Conductivity (Us/CM) - 0.87 - - -
Cetane index - 56.98 - - -
Cetane number - 54.90 40-55 47 min 51 min

3.2 Chemical Kinetics Result

Fig. 1(A-C) shows the progress of the transesterification
reaction of African pear seed oil for reaction
temperatures of 50°C, 60°Cand 65C. The catalyst
concentration was 0.2wt % of NaOH and methanol/ oil
ratio of 6:1 at mixing speed of 140rpm. The initial stage
of the reaction produced fatty acid methyl esters
(FAMES) rapidly. The rate then reduced and finally
reached almost equilibrium in about 80 minutes for all
the temperatures. It is observed in Fig.1 that the glycerol
concentration increased with increase in FAME but was
not in relative proportion (without a constant factor).
This could be as a result of the intermediate products
(Dg and Mg). Also, the triglycerides concentration
reduced as the reaction progresses. The Tg concentration
after 60 minutes was less than 15% for all the
temperatures. The highest concentration of Dg and Mg
were observed in the first 2 minutes for APSO after
which they started decreasing until after 80 minutes
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when they started being almost at equilibrium. The
values of Tg was greater than Dg and Dg was greater
than Mg values for all the temperature. It was observed
in Fig 1 that the higher the temperature, the lower the
values of Tg, Dg and Mg for respective reaction times
but the higher the temperature, the higher the values of
FAME (Fig. 2). This could be probably because as the
temperature moves from 55°C towards the 65°C, the
closer it gets to the boiling point of methanol (68°C)
which could give better reaction condition for higher
conversion of glycerides (Fig. 1).
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Fig. 1: Composition of Transesterification reaction products at 65°C (A). 60°C (B) and 55°C (C).
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Fig. 2: Effect of reaction temperature on the transesterification reaction.

Fig. 3 shows a clearer reaction trend of the Dg and Mg
at the initial stages of the reaction time (0-10 minutes).
The trends show an agreement with a typical progress
trend observed in consecutive reaction systems on the
intermediates. It was observed that the concentration of
the intermediates (Mg and Dg) increased as the
concentration of triglycerides (Tg) decreased. This
continued until about 2.0 minutes of reaction time when
maximum intermediate concentrations were reached.
After this the decomposition of the intermediates
becomes more rapid than their formation and their
concentration drops. The maximum points of last
intermediates (Dg) were found to be 4.59, 4.20 and 4.10
wt% at 55°C, 60°C and 65°C respectively which
correspond to the point of inflection of final product
(FAME) of 58.32, 60.15 and 60.84wt% for 55°C, 60°C
and 65°C respectively at 2.0 minutes.

The plot of the inverse of triglyceride oncentration
against time for the three temperatures is shown in Fig.
4. The slope is krg (Wt%'min). The same trends
observed in Figure 3 were observed in the case of the
intermediates. It is observed that k increased with
temperature. The plots equally validate the second order
model proposed considering the fact that at all the
temperatures the plots agreed with the proposed model
equation. This is supported by the high coefficient of
determination (all were above 0.97). Fig. 5 shows the
Arrhenius plots for the three temperatures to determine
the activation energies. It contains the plots of the
logarithm of rate constants against the inverse of
temperature in Kelvin. The results of the activation
energies and rate constants are presented in Table 3.
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Fig. 3: Progress of intermediates at various temperatures at the initial stage.
Table 3: Summary of the Kkinetics result for second-order irreversible reaction
Glyceride Temperature(T) Rate constant, Log k Activation
(°C) (K) LT x10%K™ k energy
(wt%/min) (Kcal/mol.)
Tg—» Dg 55 328 3.05 0.01040 -1.98 6.14
60 333 3.00 0.01120 -1.95
65 338 2.96 0.01160 -1.93
Dg —» Mg 55 328 3.05 0.01404 -1.85 20.01
60 333 3.00 0.01460 -1.83
65 338 296 0.03170 -1.50
Mg—» Gl 55 328 3.05 0.02470 -1-61 28.50
60 333 3.00 0.04730 -1.32
65 338 296 0.07810 -1.11
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Although, the Kinetics of base-catalyzed
transesterification of African pear seed oil is not widely
documented in the literature, the results obtained in this
study is comparable withprevious works on other
feedstocks. The values 14.7 and 14.2 kcal/min obtained
for Tg and Dg hydrolysis of palm oil has been reported
in literature (Darnoko and Cheryan 2000) at same
temperature. The values of rate constants for the Tg
hydrolysis obtained in this research is about 4 times
higher than that determined in (Darnoko and Cheryan,
2000) for palm oil at same conditions and about 2 times
lower than the values reported in (Reyero et al., 2015)
on the kinetics of NaOH catalyzed transesterification of
sun flower oil with ethanol.

Also, the percentage conversion of Tg recorded for the
seed oils ranged from 89-91% and this is agreement with
91% obtained by Zhang et al., (2010) and 98% obtained
in (Darnoko and Cheryan 2000) after Lhour. The model
predicts that maximum monoglycerides yield decreases
as the reaction temperature increases. This could be due
to the fact that the conversion of monoglycerides into
glycerol has the highest activation energy among the
three transesterification steps. The results show that
kinetic constants of the first step (hydrolysis of Tg into
Dg and biodiesel) has the smallest values. It is therefore
slowest and the rate determining step. It is observed that
k increased with temperature. The values of rate
constants were used to determine the Arrhenius
activation energy from the plots of reaction rate constant
(K) versus the reciprocal of absolute temperature (T). Dg
and Mg relationship with time followed the same trend
with that of Tg. The lower activation energies obtained
for the triglycerides hydrolysis indicate that temperature
has a profound impact on the reaction according to
kinetic theory. Then the higher activation obtained for
monoglycerides hydrolysis clearly shows that higher
temperature favours the reaction step more than the
other steps with lower activation (for multiple reaction).
The positive value of the activation energy supports the
exothermic nature of transesterification process (Reyero,
et al., (2015). The increase in k with temperature follows
the magnitude of kwg>kpg>krg and in agreement with
reports of Darnoko and Cheryan (2000). It was
observed that triglycerides are the major constituents of
the three tropical oil (T;>94.0%). Similar results have
been reported by Kumar et al., (2011), who obtained 92-
93% of Tg for mahua oil and 90-92% for jatropha oil.
However, the results are in contrast to the composition
of pongamia oil with Tg, Dg and Mg found to be in the
ratio of 42:26:11 (Mushtaq et al., (2014).
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3.3 First-order irreversible model

By ignoring the intermediate reactions of diglyceride
and monoglyceride, the three steps have been combined
in a single step (Birla et al., 2012). However, due to the
high molar ratio of methanol to oil, the change in
methanol concentration can be considered as constant
during reaction. This means that by taking methanol in
excess, its concentration does not change the reaction
order and it behaves as a first order chemical reaction
(Zhang, et al 2010). Least-square approximation was
applied, in fitting a straight line to the experimental data,
and in each case the coefficient of determination (R?)
was determined. The overall pseudo rate constants
determined from the slopes of the straight line plots of In
[Tg] against t shown in Figure 7 are presented in Tables
4. As can be seen from Figure 6, in the reactions
conducted at 55, 60 and 65°C, there was a decrease in
the coefficient of determination for the pseudo first-
order kinetic model. The coefficient of determination is
especially important because the value of R? x100
represents the percentage of original uncertainty as
explained by the linear model. Figure 5 shows that the
reaction at these temperatures does not fit the pseudo
first-order reaction Kkinetic model better. This is
supported by the lower values of coefficient of
determination obtained from the first-order fitted plots
(R%< 0.80) against high coefficient of determination
obtained on the second-order irreversible kinetic model
(R? > 0.97). Similar results have been reported on the
kinetics of hydrolysis of nigella sativa (black cumin)
seed oil catalyzed by native lipase in ground seed where
pseudo first-order rate equation at 20, 30 and 40°C; and
the pseudo second-order equation at 50, 60 and 70°C
(Dandikand Aksoy, 1992). Therefore, it could be that
hydrolysis of some oils to methyl esters follows first-
order irreversible kinetic models at low temperature
ranges (20-40°C). The low temperature ranges is
reported to favour the activity of native lipase better
than at higher temperatures and this resulted in different
mechanisms. But such low temperatures would not
favour maximum ester yield in this study because they
are far below the reported optimum temperature
(Darnoko and Cheryan 2000). Darnoko and Cheryan
(2000), has observed that at latter reaction stages
(beyond 30 mins) of palm oil hydrolysis to methyl ester,
the first-order or zero-order reaction model is the best
fitted. Similar observation was made on this study where
as from 20 minutes reaction, the reaction follows first-
order model with high coefficient of determination (R*>
0.94). This is shown in Figure 6. These stages showed
low reaction rate due to reduction in the reactants
concentration. It implies that at low temperatures and
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latter stages of  methanolysis of the vegeatble
oilsprogesses very slowly and follow first-order kinetic
model.

Table 4: First-order model reaction rate constant for

APSOME.
Glyceride Temperature  Reaction R
(°C) rate
constant
(min™)
Triglyceride 55 0.0431 0.80
60 0.0437 0.80
65 0.0439 0.80

CONCLUSION

Chemical Kinetic model has been developed for the
NaOH - catalyzed methanolysis of African pear seed
oils. The second order model describes very well the
effects of temperature on the oil conversion and yields
of final (biodiesel and intermediate Tg and Mg)
transesterification products on irreversible basis. The
kinetics of base-catalyzed methanolysis of APSO

NOTATIONS
[Al] Alcohol concentration
Al Alcohol

APSO African pear seed oil

APSOME African pear seed oil methyl ester
A Avrrhenius constant

Dg Diglycerides

[Dg] Diglycerides concentration

E. Activation energy (kcal/min)
FAAE Fatty acid alkyl ester

FAEE Fatty acid ethyl ester

FAME Fatty acid methyl ester

Gl Glycerol

[GI] Glycerol concentration

Ki-Ks Rate constants (wt%/.min)
Mg Monoglycerides

[Mg] Monoglycerides concentration
T Temperature (K or °C)

t Time (minutes)

Tg Triglyceride

[Tg] Triglyceride concentration
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ABSTRACT
Crude oil-fired heaters are associated with considerable fire and explosion hazards. The heaters
present higher risks at later operational life due to ageing, wear and obsolescence. It is therefore
important to re-evaluate such heaters to determine the adequacy or otherwise of the existing
safeguards. This paper presents results of studies on hazard levels in aged fired heaters through
quantitative consequence modeling method. A number of credible failure scenarios were considered.
In particular, characteristics of potential jet fires due to Liquefied Petroleum Gas (LPG) leaks from
hole sizes: 15, 30, 50 and 100 mm were investigated. For the 100 mm hole size, it was found that
thermal radiation level of up to 37.5 kW/m? could be experienced within 25 m radius of the heater,
which is enough to affect nearby operators severely and could also adversely affect critical pieces of
equipment around. Fireball potential with peak thermal density of about 12.5 kW/m? was also
observed within 2 m radius. For the 100 mm hole size, lower flammability limit of the fuel could be
attained within 16 m downwind which poses flash fire risks. Overpressures of 1.02, 1.14 and 1.21 bar
could be experienced at 30, 6 and 4 m respectively away from the fired heater which could result in
partial demolition of structures that are within the radius.Overall, the results indicate that the risk
profile is very sensitive to leak sizes, operating and atmospheric conditions as well as the fuel quantity
being held, among others. For the chosen case study, higher integrity protection layers, in form of

safety instrumented systems, relief, blow down and alarm systems, are recommended.

Keywords: Downwind distance;
Overpressure; Toxicity; Liquefied Petroleum Gas.

INTRODUCTION

Fire is the most frequently reported process-related
incident in Nigerian petroleum industry (DPR annual
report, 2017). Fire may result in no damage/loss,
medium to catastrophic damage/loss, depending upon
the fire characteristics (type of fire, mode of occurrence
and potential of escalation). Leakage or spillage of
flammable material can lead to a fire that is triggered by
any number of potential ignition sources (sparks, open
flames, etc.). Depending upon the types of leakage
scenarios, fires are mainly categorized into four types,
jet fire, pool fires, flash fires and fire balls, therefore
there is need to study the risk associated with fire (Niazi
et al. 2006). Figure 1 is a schematic flowchart showing
a typical risk assessment process.

Consequence analysis predicts magnitude, direction
vulnerability zones of negative effects of incidents.
Once these zones are identified, the risk analysis
suggests measures of mitigation or prevention that can
be proposed to eliminate damage to plant and potential
injury to personnel. Estimation of vulnerability zone of
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Consequence modeling; Radiation

intensity; Flame length;

such an incident plays an important role in preparing a
realistic emergency plan (Pula et al., 2005).
Consequence modelling refers to the calculation or
estimation of numerical values (or graphical
representations of these) that describe the credible
physical outcomes of loss of containment scenarios
involving flammable, explosive and toxic materials with
respect to their potential impact on people, assets, or
safety functions (Assessment Directory, 2010).
Estimation of wvulnerability zone due to credible
scenarios via consequence analysis would play
important role in preparing realistic preventive and
mitigative measures- including emergency response and
evacuation plan. Physical models can be used to
estimate hazards zones in case of accidents (Osman et
al., 2015). For these reasons, it is important to determine
consequences due to accidental leak or rupture of a
component at various locations around the heater. The
following section highlights the methodology involved
in this study.

This work sets out to model and simulate the
consequences due to liquefied petroleum gas leakage
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from fuel pipe supplying one of the fired heaters of
Kaduna Refining and Petrochemical Company (KRPC).
Further  details

on this case study are given below.

Scope definition

3

|dentify hazards (tlammable, Explosive and or toxic material)

Discharge modelling

¥

Dispersion modelling

¥

Effects estimation(thermal radiation, overpressure [and/or texdeity))

¥

H5E Consequence estimation (Probit or fixed limit method)

¥

Frequency determination (failure/zccident event frequencies)

Risk Evaluation

No
Acceptable Risk?

Yes

Operate

Control & Review

Figure 1. Typical risk assessment procedure (Abubakar et al., 2017)

Case Study of Kaduna Refining and Petrochemical
Company (KRPC)

The crude heating section (Fired Heater 10HO01) is one
of the most hazardous sections of the Crude Distillation
Unit 1 (CDU-1). This is where the crude is heated to
distillation temperature before it is finally charged into
the fractionator. This is because the fired heater contains
naked flames and handles crude in the pipe which is
highly flammable. In this work, the emphasis was on
hazard resulting from fire that is associated with crude
discharge fired heater (10HO01) of KRPC (CDU-1
Manual, 1978).

The fired heater is an exchanger that transfers heat from
the combustion of fuel to fluids contained in tubular
coils within an internally insulated enclosure. The fired
heaters are an essential component of CDU-1 of the
KRPC. The functions served by fired heaters in
chemical plants are many, these include: simple heating
or provision of sensible heat and raising the temperature
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of the charge to heating and partial evaporation of the
charge, where equilibrium is established between the
unvapourised liquid and the vapour. The charge leaves
the furnace in the form of a partially evaporated liquid in
equilibrium. Fired heaters may also be used to provide
the heat required for cracking or reforming reactions.
Fired heaters process fluids flowing inside tubes
mounted inside the furnace, the fluid is heated by gases
produced by the combustion of a liquid or gaseous fuel.
The major advantage of fired heaters is the achievement
of continuous operation (Garg, 1997). These heaters are
widely used for heating purposes in petroleum refining,
petrochemical plants and other chemical process
industries.

Fired heaters present high safety risks as the process
streams contain highly flammable hydrocarbons with
potential catastrophic fire incidents. Due to ageing (over
30 years after commissioning of the refinery), wear and
obsolescence, the fire risk profile of the crude charge
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fired heater (10HO01) of KRPC within the CDU-1 needs  about two years. Therefore, it is important to determine

to be reevaluated. For instance, in the year 2017 there  the vulnerability zone of other heaters in the company.

was explosion at fired heater 12H01 at KRPC due to  Table 1 presents the potential effects due to a number of

tube rupture which led to the breakdown of the unit for  radiation intensity levels. The table is usually used to
estimate potential thermal damages/impacts.

Table 1. Effect of Various Radiation Intensities

Intensity of heat radiation .
y Potential effect

kw/m?

1.6 Insufficient to cause discomfort for long exposure
2.2 Threshold pain. No reddening or blister
4.2 First degree burn

8.3 Second degree burn

10.8 Third degree burn

15.0 Piloted ignition of wood

25.0 Spontaneous ignition of wood

4.0 Glass crack

12.0 Plastic melt

19.0 Cable insulation degrade

375 Damage to process equipment

100.0 Steel structure fail

Source: (AIChE/CCPS, 2000)

Table 2 presents certain pressure levels and the be used to predict the damages resulting from a range of
corresponding potential overpressure effects and could explosion overpressures.

Table 2: Overpressure Effects of Explosion

Pressure (psig) Damage

0.02 Annoying noise (137 dB if of low frequency 10-15 Hz).

0.03 Occasional breaking of large glass windows already under strain.

0.04 Loud noise (143 dB), sonic boom glass failure.

0.1 Breakage of small windows under strain.

0.15 Typical pressure for glass breakage.

0.3 “Safe distance” (probability 0.95 no serious damage beyond this value).
0.4 Limited minor structural damage.

0.5-1.0 Large and small windows usually shattered; occasional damage to window.
0.7 Minor damage to house structures.

1.0 Partial demolition of houses, made uninhabitable.

1-2 Corrugated asbestos shattered; corrugated steel or aluminium panels, fastenings.
1.3 Steel frame of clad building slightly distorted.

2 Partial collapse of walls and roofs of houses.
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Pressure (psig) Damage

2-3 Concrete walls, not reinforced, shattered.

2.3 Lower limit of serious structural damage.

2.5 50% destruction of brickwork of houses.

3 Heavy machines in industrial building suffered little damage; steel frame.

3-4 Frameless, self —framing steel panel building demolished; rupture of oil storage.
4 Cladding of light industrial buildings ruptured.

5 Wooden utility poles snapped; tall hydraulic press in building slightly damaged.
5-7 Nearly complete destruction of houses.

7 Loaded train wagons overturned.

7-8 Brick panels, 8-12 in. thick, not reinforced, fail by shearing or flexure.

10 Probable total destruction of buildings, heavy machines tools moved and badly damaged,

very heavy machine tools (12,0001b) survived

Source: MS. K.G.O.C Terminals PVT LTD

The consequence modelling involves three major steps.
Firstly, the discharge calculations are carried out to
determine the release characteristics for the hazardous
chemicals (including depressurization to ambient).
Scenarios which may be modelled include: releases from
vessels (leaks or catastrophic ruptures), short pipes or
long pipes and releases of combustion products
following a warehouse fire. Thermo-physical states
considered include releases of sub-cooled liquid,
superheated liquid and/or vapour phase releases. Other
conditions often considered are:
unpressurized/pressurized releases, continuous, time-
varying and/or instantaneous releases (Witlox, 2010).
Secondly dispersion calculations are carried out to
determine the concentrations of the hazardous chemical
when the cloud travels in the downwind direction. This
includes effects of jet, heavy-gas and passive dispersion.
In the case of a two-phase release, material rainout may
occur, hence pool formation/spreading and re-
evaporation may also have to be modelled. Also, effects
of indoor dispersion (for indoor releases) and building
wakes can be accounted for (Witlox, 2010).

Thirdly, toxic or flammable calculations are carried out.
For flammables, ignition may lead to fireballs (for
instantaneous releases), jet fires (for pressurised
flammable releases), pool fires (after rainout) and

vapour cloud fires or explosions. Radiation calculations
are carried out for fires, while overpressure calculations
are carried out for explosions.

For each event, the probability of fatality is determined
using toxic or flammable PROBIT function given in
equation 1.

P =-3638+256+In(t+q"?)

Where q is the radiation heat flux, t is the time of
exposure and Pr is the PROBIT function for heat
radiation lethality (Pula et al., 2005).

Probability of fatality (in percentage) can be calculated
from equation 2, (CCPS 2000)

P =50[1+ il f(lp*”_5|)
= er
|P = 5] V2 2)

Expected fatality can be calculated from equation 3
Expected fatality = P+ N(exposed people) a)

Determination of the parameters such as flame
dimensions, release rates, heat flux and distances to
radiation levels is an important aspect of the risk
assessment process (Abubakar et al., 2017).

METHODOLOGY

This work applies Process Hazard Analysis Software
Tool (PHAST). Key data/information and some
fundamental assumptions used are presented in Table 3.

Table 3: Required input parameters and specification

Parameter Specification Reference
Location under consideration KRPC

Case study location coordinate 10.41159 N,7.49065 E Measured
& date 28/02/2019, 2pm

Wind speed 5 m/s maximum Measured
Wind direction SSW/208.150 upper angular limit Measured
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Solar radiation flux 1 kW/m?

Ambient temperature 28 °C maximum

Pasquill stability Class D
Humidity 78 %

Cloud cover 67 % cloud level
Altitude 620 m

Pipe diameter 0.16m
Height/elevation 2.65m
Temperature at burner 45°C

1.5 bar + 1 bar atm
Liquid

Pressure at burner
Phase/state of release

Inventory/consumption rate
Leak sizes identified

0.35 kg steam/kg oil
15 mm, 30 mm, 50 mm and 100 mm «

Measured

Measured

Measured
Measured

Measured

Measured
Measured

CDU-1 Crude
Charge heater
(10H01) Design
Specification

Assumption Unbreaking end of a pipe is connected to
an infinite tank source
Softwares PHAST 7.2 and ALOHA 5.4.7

Internet

These input data were used in the identified scenario i.e.
LPG leak as shown in Figure 2 and was simulated. After
the simulation, the result of the different fire models was
selected and analyzed considering wind speed and
atmospheric stability.

The scenario was selected after careful study of the
design and operating principles of the fired heater. Leak
sizes were selected based on literature and KRPC
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maintenance record (further details given in Table 3).
The simulation exercise was based on a range of fire
models, available in PHAST - considering wind speed
and atmospheric stability. The consequence study results
were analyzed for the different leak sizes, injuries
potentials and catastrophic equipment damage within the
study perimeter.
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Figure 2: Research Methodology (adopted from Mohammad et al., 2018)

A number of other input details including: wind RESULTS AND DISCUSSIONS

direction, solar radiation flux, ambient temperature, Table 4 gives the jet fire flame length and downwind
Pasqual stability, humidity and Cloud cover were distance at which 4.0, 12.5 and 37.5 kW/m? radiation
specified to reflect the situation under study (Table 3). intensities are likely to be experienced.

Table 4: Jet fire downwind distance to experience defined radiation levels, for Weather

Category 5/D

Down Distance [m]to Radiation Levels
Scenario 5

Flame length 4 kwW/m? 12.5 KW/m? 37.5 kW/m
15mm Leak 5.29 n/a n/a
30mm Leak 9.956 10.95 n/a n/a
50mm Leak 15.7 20.65 15.53 n/a
100mm leak 27.26 40.77 32.55 25.41
Figure 3 gives the radiation levels and respective
downwind distance for jet fire

Category 5/D

-8~ 15mm Leak

-& 30mm =% 30mm Leak =&~ 100mm leak

(%3]
L=

=]
|

Radiation Level [k\W/m2]

L=]

20 40 ]

80 100 120 140 160 180 200 220
Downwind Distance [m]

Figure 3: Radiation vs Distance for Jet fire
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For Jet Fire, using PHAST the radiation level was
plotted for the leakage sizes of 15, 30, 50, and 100 mm
in 5/D climate weather as shown in Figure 3, the result
of the flame length, radiation levels and calculated
distance in downwind direction are presented in Table 4.
As depicted in Table 4, the 100 mm leak size has the
highest flame length followed by 50 mm, 30 mm and
least 15 mm leak size. 4, 12.5 and 37.5 kW/m? intensity
could not be experienced at 15 mm leak size, 12.5 and
37.5 kW/m? intensity could not be experienced at 30mm
leak size, 37.5 kW/m? could not be experienced at 30
mm leak size and all the defined radiation levels could
be experience at 100 mm leak size.

The following equipments; 51-31A, LAB flare knockout
drum 90T01, VDU heater 15H01, NHU heater11HO01,
CRU heater 12H01 columnl10CO01, column 10CO07,
desalter 10DO3, and heat exchangers 20EOC were

identified to be surrounding the heater at approximate
and respective distances of 80, 55, 30, 150, 181, 16, 43,
92, 166 and 200 m away from the heater (10H01) as
shown in Plate 3. Hence 10C01 fractionator that is in the
wind direction could experience 37.5 kW/m? radiation at
100 mm leak size which could result in catastrophic
damage of the column while 10C07 may experience 4
kw/m? radiation intensity which could result in first
degree burn on the personnel around as highlighted in
Table 1 and could also trigger another accident. It can be
observed that radiation consequences are concentrated
more toward the downwind direction due to flame tilt
caused by the wind as equally reported by (Pula et al.,
2005). Table 5 gives the fireball downwind distance to
experience 4, 12.5 and 37.5 kw/m? radiation intensities
and fireball diameter.

Table 5: Fireball downwind distance to experience defined radiation levels, for Weather

Category 5/D

Down Distance [m]to Radiation Levels
Scenario

4 kw/m? 12.5 kw/m? 37.5kw/m? Fireball Diameter
15mm Leak 7.128 1.756 n/a 4.607
30mm Leak 7.128 1.756 n/a 4.607
50mm Leak 7.128 1.756 n/a 4.607
100mm leak 7.128 1.756 n/a 4.607

Figure 4 gives radiation levels and respective downwind distance for fireball
Category 5/D

= |
E -8 15mm Leak
E 4 =& 30mm
‘_;'1[) =#= 30mm Leak [
E 1 == 100mm leak
EE e e e R R N A

0 20 40 60 80 100

120 140 160 180 200 220

Distance downwind [m]
Figure 4. Radiation vs. Distance for Fireball

For the fireball, 15, 30, 50 and100 mm leak size show
the same fire ball diameter of 4.607 m also the same
downwind distance of 7.128 m to 4kw/m? intensity
level, and 1.756 m to 12.5 kw/m? intensity. 37.5 kw/m?
intensity could not be experienced for the different leak
sizes as shown in Figure 4 and Table 5. The 12 kW/m?
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radiation intensity which could be experienced up to a
distance of 1.756m from the epicenter may result in
damaging of plastic materials and second degree burn to
operators that are within the radius.

Table 6 gives scenarios downwind distance to lower and
upper flammability limit of flash fire
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Table 6: Flash fire downwind distance to defined concentrations, for Weather
Category 5/D

Down Distance [m]to LFL, LFL Fraction and UFL

Scenario

LFL[mM]
15mm Leak 3.211
30mm Leak 5.17
50mm Leak 9.92
100mm leak 16.25

LFL[Fractions] UFL
5.644 0.6181
10.45 1.224
16.15 2.026
22.46 4.01

Figure 5 shows the flash fire envelope downwind distance for different scenarios at concentration of 8000 ppm
Category 5/D

= 15mm Leak (8000 ppm)

= 30mm (2000 pprm)

=~ 50mm Leak (8000 ppm) == 100mm leak (2000 pprm)

Distance Crossw
=

8

-150 -100 -50

0 50 100 150

Distance downwind [m]

Figure 5: Flash Fire Envelope

Figure 5 shows that 15, 30, 50 and 100 mm leak sizes
have the maximum downwind distances to Lower
Flammability Limit (LFL) of 5. 64, 10.45, 16.15 and
22.46 m respectively with 100 mm leak scenario having
the highest distance, the increase of LFL is due to
increase in leak size. The LFL gives an idea on where
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the ignition could start below which no ignition is
expected stoichiometrically. The flash fire envelope at
concentration of 8000 and 16000 ppm for different
scenarios is shown in Plate I.

Plate I: 10HO1 LPG Fuel Pipe Flash Fire Envelope (on KRPC Arial Map)
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Table 7 gives downwind distance to defined explosion
overpressure for the different scenarios.

Table 7: Late explosion overpressure downwind distance to experience defined overpressures, for Weather
Category 5/D

Max. Distance [m]to Overpressure

Scenario

1.02068 bar
15mm Leak 0
30mm Leak 25.15
50mm Leak 29.01
100mm leak 0.0

1.1379 bar 1.2068 bar
0 0

12.94 12.21

13.7 12.77

0.0 0.0

From Table 7, it can be seen that none of the three
pressure levels was observable in the case of the 15 mm
leak size which suggests that the concentration falls
below the Lower explosive Limit. The Upper explosive
limit was also exceeded in the case of the 100 mm leak
size hence there was no explosion. However, both 30
and 50 mm leak cases fell within the explosive limits.

The 1.2068 bar overpressure could result in minor
damage to structures, partial demolition of houses and
shattering of corrugated asbestos as highlighted in Table
2.

Table 8 gives downwind distance to defined explosion
overpressure for the different scenarios

Table 8: Maximum overpressure distance to experience defined overpressures, for Weather Category 5/D

Max. Distance [m]to Overpressure

Scenario

1.02068 bar
15mm Leak 0
30mm Leak 30.3
50mm Leak 38.0
100mm leak 0.0

1.1379 bar 1.2068 bar
0 0

5.9 4.4

7.4 55

0.0 0.0

For leak size 30 mm, overpressures of 1.02, 1.14 and
1.21 bar could be experienced at about 30, 6 and 4 m
respectively away from the fired heater which could
result in partial demolition of structures that are within
the radius as highlighted in Table 2. For the 15 and
100mm leak size, all the overpressure scenarios (1.02 -
1.21 bars) may be experienced right at the epicenter.

CONCLUSION

From the results presented above, it can be seen that the
30m radius (with the crude oil fired heater at the
epicenter) is particularly vulnerable to both fire and
overpressure impacts. In particular, radiation level of up
to 37.5 kW/m? could be experienced 25m away from the
fired heater in the downwind direction. This radiation
level is fatal and could damage process equipment
catastrophically. Also, there is potential for ignition up
to 16m away from the fired heater. Flame length and
downwind distance to radiation intensity of a jet fire
increase with increase in leak size. Overpressures of
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1.02, 1.14 and 1.21 bar could be experienced at 30, 6
and 4 m respectively away from the fired heater which
could result in partial demolition of structures that are
within the radius. Leak size plays a significant role in
fire accident. Therefore, leak should be prevented by
minimizing number of joints, elbows, bend, using
corrosion resistant pipes and proper maintenance
practice. Ignition sources, such as sparks, hot surfaces
and open flames should be eliminated within the 30 m
radius (at least). Robust protective layers such as
bund/dike, efficient emergency response plan and high
integrity safety instrumented systems should be put in
place to prevent/mitigate the thermal and overpressure
incidents.
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