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EDITORIAL

i

Science Vision has a lofty objective; it endeavors to position Science as a primal activity for socio-economic 

development in the South. The resources at hand for this venture are available but not fully capitalized. Consequently, 

the journal has been struggling to remain in step with publication schedule. Likewise, the content continues to be a 

mixture of purely scientific articles and those capturing the spirit and relevance of different scientific fields of study to 

the needs of the modern society. The focus of the journal is closer to the latter but, unfortunately, not enough 

contributions are received in that category. The continuing publication activity of the journal is in a way a success in 

itself, and reflects the desire of our stakeholders in COMSATS’ Member States. Much more can be achieved 

considering that COMSATS is one of the few organizations that have a group of R&D organizations spread across four 

continents affiliated with it as a Network of Centres of Excellence (CoEs). There are thousands of scientific workers 

and experienced science managers attached to this Network, while the Heads of these organizations are the 

members of the Advisory Board of the journal. It is obvious that the intellectual resources of the scientific community in 

COMSATS’ CoEs are far more than what is reflected on the pages of Science Vision. To improve this situation is our 

collective responsibility. Science Vision is a platform for those who wish to express their views on multifarious aspects 

of the role of science in society. The journal welcomes articles that expound scientific findings and put these in context 

with respect to welfare of common man. That involves an exploration of the multifarious issues pertaining to science in 

education, public policy, economics and ethics. The socio-economic fabric of a society depends on deliberations of 

these matters, and the resulting determination to harness the potential of its human capital. The best people to indulge 

in this exercise are clearly the members of scientific community. It is indeed a responsibility that intellectuals in the 

developing world can ill afford to shun.

The present Volume 20(2) is the second issue brought out during International Year of Crystallography (2014) and 

attempts to incorporate important themes highlighting crystallographic studies. The volume features four papers on 

the subject, one of expository nature by scientists at the University of Hawaii at Manoa, and the rest are related to 

research with implications for environment and energy. Other papers included in this edition relate to health, 

agriculture, aerodynamics and environment. These include a paper on leprosy control in Pakistan by Dr. Rabia 

Hussain, TWAS Vice Chairperson for South Asia and Central Asia.

We thank the learned authors for their valuable contributions. It is hoped that their erudite inputs will be considered 

useful for providing concise information on relevant topics and would serve as impetus for aspiring scientists. It is also 

hoped that more scientists would find time and will to contribute to the knowledge-sharing efforts being made through 

Science Vision. Also, thankfully acknowledged are the efforts of those who have contributed to this issue in other 

ways. These include the reviewers who have most diligently refereed the articles submitted for publication in Science 

Vision, helping the journal maintain its standard. Others have helped harness intellectual resources by advocating the 

journal’s cause. While urging COMSATS’ Centres of Excellence for more intellectual inputs in the form of original 

papers and re-prints, I would like to thank CIIT, Pakistan; Bangladesh Council of Scientific and Industrial Research 

(BCSIR), Bangladesh; National Research Centre (NRC), Egypt; and TUBITAK Marmara Research Center (MAM), 

Turkey, for the articles submitted. At the end, the efforts of the small team of editors working on Science Vision are 

thankfully appreciated.

Dr. I. E. Qureshi
Executive Director COMSATS

Patron & Editor-in-Chief, Science Vision
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ABSTRACT

Keywords:

1. INTRODUCTION

Leprosy Control in Pakistan was achieved in 1996,
four years ahead of the target set by the World Health
Organization (WHO). That it was achieved in a country
with minimal health resources is nothing short of a
miracle. The credit goes entirely to the commitment,
vision and leadership of one individual, Dr. Ruth Pfau,
who devoted her entire life to this marginalized group
of society. The main points highlighted in this review
are the clinical signs and symptoms of the disease that
have led to the social stigma; motivation and training of
both the health providers and patients for compliance
with treatment; development of a nationwide network
in partnership with the Government of Pakistan;
scientific research that have contributed to treatment
and rehabilitation of the patients within the society;
and lessons learnt for challenges ahead towards the
goal of elimination and eradication of leprosy in the
coming decades.

leprosy, diagnosis, treatment, control

determined nuns
started treatment of leprosy patients in a leper colony
in Karachi, Pakistan

The seeds of Leprosy Programme in Pakistan were
planted in 1956 when a group of

, and the harvest was gathered in
1996 by bringing leprosy under control in Pakistan.
'Lepers' as the leprosy patients were called in biblical
times, whom no one wished to treat, carried a huge
social stigma, and were largely ostracized from society
(Gussow, 1989). Dr. Ruth Pfau, a German physician
and nun, who stopped in Karachi in transit to India,
was affected by the plight of this radicalized group, and
decided to stay in Pakistan and has been here for the
last 55 years. In 1963 this project was moved to a
hospital in the heart of Karachi despite vehement
opposition from both the medical community and the
civil society. This hospital became the nerve center of
this Programme and was named Marie Adelaide
Leprosy Center (MALC). In 1965, the first Leprosy
Technicians course was started. In 1968 the first
proposal for a National Leprosy Control Programme
was submitted to the Government of Pakistan. The
plan to achieve Leprosy Control in Pakistan by 2,000
was conceived in 1983, and launched from this Center
in 1984. The target was achieved in 1996, four years
ahead of goal set by WHO, to become the first country
to achieve this target in the WHO Eastern
Mediterranean Region. According to WHO, control is

achieved when the number of active cases is less than
one per million population, as this threshold level no
longer constitutes a public health threat. Pakistan
reported an incidence of 0.7 per million population, in
1996.

However, control is not elimination or eradication of a
disease which requires every last patient to be treated
and rehabilitated, and this challenge has yet to be met.
This challenge is monumental because the leprosy-
causing bacteria can survive for long periods (more
than 30 years) in a human body in a dormant state
(Fine, 1982) and can activate if the host's immune
system is compromised, thereby starting a new focus
of disease if the case remains undiagnosed.
Therefore, continued vigilance and training will be
required for several decades to come. To keep this
programme viable there is a need for diversification of
the program within the communities using the basic
skills and trained manpower already available or
minimal re-training is required, keeping in mind the
primary objective of moving towards leprosy
elimination and eradication. Dr. Pfau has been
recognized both nationally and internationally for her
remarkable ability to gain trust and confidence at all
levels of the community, and furthermore for
effectively working in partnership with the Government
of Pakistan, in the battle against the disease. We will
discuss some of these challenges and strategies
adopted to achieve the final goal and beyond in this
review.

The earliest accurate description of leprosy was
recorded in India as early as 600 BC. Chinese records
of leprosy date a bit later (Wong, 1930). These
descriptions probably encompass a variety of skin
conditions. The description in Bible also does not
conform to the clinical features of leprosy. It seems
likely that leprosy reached the Mediterranean
countries with the soldiers of Alexander the Great
returning from India in 327 BC, and spreading the
disease to the Greek and Roman empires. The first
known leprosy hospitals were established by
Christians in Rome in the 4 century AD. The disease
reached epidemic proportions in Western Europe in
the 12 -13 century and then slowly declined.
Because of the slow evolution of the disease it was
poorly documented, compared to the acute diseases,
such as plague and typhus. Leprosy reached its peak
in Norway in the 19 century and it was here that the

2. HISTORY OF LEPROSY

th
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first modern description of the disease was recorded
by Danielssen and Boeck (1848). Armauer Hansen
identified the bacteria (Hansen, 1880), which enabled
reliable epidemiological research (Irgens, l. M., and tor
bjerkedal, 1973). Leprosy has been eradicated in
Europe with the exception of Iceland. At present,
leprosy is present in Asia, Africa, Central and South
America (Rao, P., 2014).

Leprosy also known as Hansen’s disease is defined as
a chronic granulomatous disease, caused by a
bacillus called (M. leprae).
Under an electron microscope, M. leprae is a rod
shaped bacilli (Figure-1). M. leprae preferentially
grows in colder parts of the body, such as the
extremities and primarily affects the skin and the
peripheral nerves. It is the only known bacilli which has
a predilection for peripheral nerves.

Most pathogens of man double in minutes, while M.
leprae has a doubling time of 12 days (Truman,
Krahenbuhl, and Viable, 2001). This results in
prolonged incubation period and a very slow evolution
of disease. Because M. leprae is a slow growing
organism, symptoms of leprosy are generally so slight
that the disease is not recognized until a cutaneous

3. CLINICAL LEPROSY

3.1. Clinical Presentations of Leprosy

Mycobacterium leprae

eruption is present. Ninety percent of the patients
experience numbness first, sometimes years before
the skin lesions appear. Temperature is the first
sensation that is lost. Patients cannot sense extremes
of hot or cold. The next sensation lost is light touch,
then pain, and finally deep pressure. These losses are
especially apparent in the hands and feet. The earliest
sign of leprosy occurs as a skin lesion and a hypo-
pigmented macule is often the first cutaneous lesion.
From this stage, most lesions evolve into one of the
leprosy types (localized or disseminated) depending
on the appropriate activation of the immune system.
The various clinical presentations of leprosy are
shown in Figure-2 and 3. Ridley and Jopling have
classified leprosy into six different categories based on
the clinical and histo-pathological findings

that are largely used by researchers
and are as follows:

This is the earliest and mildest form of the disease.
Few numbers of hypo-pigmented macules (small, flat
cutaneous lesions) may occur. Loss of sensation is
rare. Most cases progress into a later form, although
patients with strong cell-mediated immunity may clear
the infection on their own or persist in this form without
progressing.

(Ridley, and
Jopling, 1962)

3.1.1 Indeterminate Leprosy (IL)

Figure-1: Electron Microscopic Image of (http://www.kcom.edu).M. leprae
Note: M. leprae is a typical rod shaped bacilli which usually appears as clumps under microscope
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3.1.2 Tuberculoid Leprosy (TT)

3.1.3 Borderline Tuberculoid (BT)

This form usually presents with skin lesions (hypo-
pigmented and erythematous macules) which are
anesthetic. A skin lesion of tuberculoid leprosy is
usually single, but there may be two to five. It can be a
flat macule or a raised plaque, anywhere on the skin
except the warmer areas like the scalp, axillae or
groin. Macules or patches are hypo-pigmented in dark
skin and erythematous in light skin, well demarcated
with a dry, hairless and insensitive surface. Plaques
are erythematous, with a dry and sometimes scaly
surface. The edges are raised, well-defined and there
is often a central flattening. Hair growth is absent or
deficient over the lesion and touch, temperature, pain
sensation is impaired.

is the only bacilli, which preferentially grows
in peripheral nerves (Figure-2). A thickened nerve is
usually palpable near the lesion, e.g. an ulnar nerve if
the lesion is near the elbow. Infected nerves often
thicken and loose function. Progression can occur
which can lead to borderline-type leprosy and, in rare
instances when the patient goes untreated for years,
more severe form of the disease can develop
(described in the following sections). Bacilli are mostly
absent in the skin.

In this type of leprosy, the immunity is unstable, and in
most countries where leprosy cases are found,
including Pakistan, this is the most common type seen
among patients.

M. leprae

Skin lesions in the Borderline Tuberculoid (BT) type
are less numerous, less shiny and smooth with more
well-defined edges than those found in Borderline
Lepromatous (BL) type. Impairment of hair growth and
sensory loss inside lesions are more marked in BT
than in BL. Bacilli are absent or scanty in BT.

In this form cutaneous lesions are also present but
they are numerous and less well-defined than those in
the tuberculoid form. Anesthesia is less severe than
TT. In this form, the disease may regress, improve or
stay the same.

As with Borderline Borderline Leprosy (BB), lesions
(macule type) are numerous. However, in borderline
lepromatous leprosy (BL) they may also consist of
papules, plaques, and nodules. Punched-out-
appearing lesions that look like inverted saucers are
common. As with BB leprosy, the disease may remain
in this stage, improve, or regress.

Typical features of a patient with Lepromatous
Leprosy are shown in Figure-3. Early on, cutaneous
lesions are small, diffuse and symmetric (consisting
mainly of pale macules). Later, larger and deeper
lesions form and these contain many bacilli. At this
point, the skin texture does not change, and little or no
loss of sensation occurs. The nerves are not
thickened. Loss of eyebrows occurs, which then
spreads to the eyelashes and then the trunk; however,

3.1.4 Borderline Borderline Leprosy (BB)

3.1.5 Borderline Lepromatous Leprosy (BL)

3.1.6 Lepromatous Leprosy (LL)

A scientific journal of COMSATS – SCIENCE VISION Vol.20 No.2 (July to December 2014)

Figure-2: Clinical Presentations of Leprosy. has a Predilection for Skin and Peripheral
Nerves. (A) Early Hypo-Pigmented Skin Lesion. (B) Swollen Peripheral Nerve

M. leprae
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scalp hair remain. Nasal infiltration can cause a
saddle-nose deformity (Figure-3). Swelling (edema) of
the legs is sometimes a late finding. Unlike other types
of leprosy, LL cannot convert back to the less severe
borderline or tuberculoid types of disease. LL patients
are also the largest reservoir of the bacilli and pose the
biggest challenge to Leprosy Control Programmes as
they need effective treatment to stop further
transmission, as well as rehabilitation within the
community.

The development of cell mediated immunity in the
initial stages is crucial to containment of disease.
However, exaggerated immune response after the
onset of disease can lead to complications or
reactions. Some of the complications associated with
leprosy are shown in Figure-4. Deformities due to
trauma are a consequence of loss of sensation in the
nerves and loss of digits may occur as a consequence
(Figure-4A). Trauma also leads to secondary
infections and subsequent ulceration (Figure-4B)
which leads to further deformities. Eye complications
are also commonly seen in leprosy (Figure-4C). The
presence of M. leprae in the ocular tissues may lead to
acute inflammation “red eye” during reactions.
Ophthalmic branch of the trigeminal nerve is damaged
resulting in anesthesia of the cornea and conjunctiva.
Trauma is no longer felt and ulceration of the cornea
develops. The occurrence of these reactions during
treatment is one of the limiting factors in compliance to
treatment as patients become apprehensive that the
treatment is not effective and poses a major hindrance
to control programs.

3.1.7 Complications of Leprosy

3.2 Diagnosis of Leprosy

3.3 Mode of Transmission of Leprosy

The cardinal signs of leprosy, such as loss of
sensation, skin lesion with absence of sweat and hair
still remain the key diagnostic criteria. However,
presence of in scrapings from the dermis in
skin is essential for determining the course of
treatment as well as response to treatment.

staining shows acid fast bacilli which appear
as red rods (Figure-5) inside the monocytic cells.

can also differentiate live from dead
bacteria that usually appear as broken rods (Figure-5).
The density of bacteria in the skin is known as
Bacterial Index (BI). This is based on the number of
bacilli seen in an average microscopic field. The
simplest system of recording the BI is: many bacteria
(+++), moderate numbers (++), few (+) and no bacilli
(-) (Ridley, 1964). In case of localized disease (IL, TT,
BT) there may be no detectable bacteria to a few in the
skin (pauci-bacillary), but as the disease progresses
(BB, BL, LL) the number of bacilli increases (multi-
bacillary). The WHO treatment regimen is
recommended on the basis of pauci- or multi-bacillary
leprosy.

Human being is the only known reservoir of leprosy
infection, except for the fact that naturally occurring
disease with organisms indistinguishable from M.
leprae has also been detected among wild armadillos,
in parts of the Southern United States (Walsh, Wayne,
and Chapman, 1986).

M. leprae

Ziehl –
Neelsen

Ziehl – Neelsen

A scientific journal of COMSATS – SCIENCE VISION Vol.20 No.2 (July to December 2014)
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Figure-3: Clinical Presentation of a Patient with Lepromatous Disease.
Note: The typical features are swollen or collapsed nose and a schematic of typical leonine features present in lepromatous patient
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The exact mechanism of transmission of leprosy is not
known. At least until recently, the most widely held
belief was that the disease was transmitted by contact
between cases of leprosy and healthy persons
through skin contact. More recently the possibility of
transmission by the respiratory route is gaining
ground. What is clear is that a majority of individual
remain disease-free even after prolonged contact
indicating a robust immune system against this
organism.

About 90% of the population is not susceptible to the
infection. Children are more susceptible than adults.
Immunologic and epidemiologic studies suggest that
only 10-20% of those exposed to will
develop signs of indeterminate disease; only 50% of
those with indeterminate disease will develop full-
blown clinical leprosy. Spontaneous healing also has
been reported in tuberculoid leprosy. An earlier study
in India had shown that over a period of 20 years, the
extent of spontaneous regression among children with
localized leprosy was about 90% (Noordeen, 1998). A
later study in South India involving long-term follow-up
of a high endemic population showed that among

3.4 Factors Determining Clinical Expression after
Infection

3.4.1 Susceptibility

M. leprae

newly detected cases, the rate of inactivation was
10.9% per year, the bulk of inactivation in the study
being spontaneous (Noordeen, 1975). Therefore,
genetic susceptibility may play an important role in
disease onset after exposure.

Leprosy was the first disease to show a distinct clinical
spectrum which directly relates to the activation of the
host's immune system (Myrvang, et al., 1974 ). As the
disease progresses, -specific cell mediated
immunity diminishes and -specific antibodies
increase with a direct correlation of bacterial load with
antibodies (Hussain, et al., 1990), indicating that
antibodies play very little or no role in resistance
against the disease while a robust cell mediated
immunity is key to protection against the disease. If the
individual has good cell mediated immunity,
organisms are contained and TT disease occurs. In
subjects with moderate immunity, a battle occurs and
results in borderline types of leprosy. In persons with
poor immunity, LL occurs. Interestingly,

(BCG) is more protective against
leprosy than tuberculosis, for which BCG vaccine was
produced (Ponnighaus, et al. 1992).

3.4.2 Host Immunity

M. leprae
M. leprae

Bacillus
Calmette-Guiren

A scientific journal of COMSATS – SCIENCE VISION Vol.20 No.2 (July to December 2014)
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Figure-4: Complications Associated with Leprosy.
Note: Deformities as a result of loss of sensation leading to repeated trauma. Trauma also leads to secondary infections and subsequent
ulceration which leads to further deformities. Eye complications in leprosy. I) Acute iridocyclitis. The presence of M. leprae in the ocular
tissues may lead to acute inflammation “red eye” during type 2 reactions. ii) Damage to the ophthalmic branch of the trigeminal nerve.

Trauma is no longer felt due to anesthesia of the cornea and conjunctiva leading to ulceration of the cornea
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3.5 Incubation Period

3.6 Treatment

The incubation period for leprosy is variable and
difficult to define. The onset of leprosy is usually
insidious in nature. TT usually develops over 3 or more
years post exposure, .
Incubation periods of as long as 30 years have been
reported among war veterans, who were in areas of
endemic infection during military service but otherwise
resided in non-endemic areas (Fine, 1982). On the
other hand, incubation periods as short as just a few
weeks have been observed in the occurrence of
leprosy among young infants, where cell-mediated
immunity is not fully developed.

For treatment purposes in control programmes, WHO
recommends the classification of leprosy into either
pauci-bacillary or multi-bacillary. Multidrug Therapy
(MDT) as recommended by WHO includes two
different regimens, for pauci-bacillary (smear-
negative TT and BT) and multi-bacillary leprosy (all
types with smear-positive TT, BT, BB, BL and LL). The
former consists of 6 month treatment with daily
Dapsone and once monthly Rifampicin. Multi-bacillary
leprosy is treated with daily Dapsone and Clofazimine,
and once monthly Rifampicin, together with the first
two as a supervised dose. The duration of treatment
with multidrug therapy (MDT) has now been reduced

and LL over 8 or more years

from two years to one year for most cases of MB
leprosy.

Leprosy work in Pakistan was started in 1956 in a
beggar colony in Karachi, by a group of determined
nuns. These first pioneers ventured into doing the
seemingly impossible; their determination against all
odds enabled the National Leprosy Control
Programme to gradually take shape and develop into
the present successful countrywide organization. The
programme was funded by German Leprosy Relief
Association (GLRA) that continues to be a major donor
for the programme. The evolution of the programme
started with a move to establishing a hospital in 1963,
initiation of leprosy technician course and the first
proposal was submitted in 1968 to the Government of
Pakistan for funding, which was approved. The main
objective was to treat the patients in their respective
communities. In order to carry this out, two important
targets were set. The first was to overcome the stigma
of the disease so that household contact survey could
be achieved and the second one was to establish a
network of field clinics.

From the outset, it was evident that leprosy patients,

4 LAUNCH OF NATIONAL LEPROSY CONTROL
PROGRAMME IN PAKISTAN

4.1 Training of Leprosy Technicians

A scientific journal of COMSATS – SCIENCE VISION Vol.20 No.2 (July to December 2014)

Leprosy Control in Pakistan: Fifty Five Years of Commitment and Dedication

Figure-5: Hematoxilin & Eosin (H&E) and Zeihl-Neilsen Staining of Skin Smears from the Skin of a
Lepromatous Leprosy Patient. Appear Under the Light Microscope as Clumps of Red Rods

Inside the Monocytes which are Stained Blue. Broken Rods Indicate Dead
M. Leprae

M. Leprae
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due to the attached stigma, tend to hide their disease
either by not showing it to the available medical facility
or by living in remote areas. Thus, a need of a special
group of field workers was identified who could go out
into most remote areas of the country in search of
leprosy patients and follow them until their complete
recovery. This group was later identified as 'Leprosy
Technicians'. In 1965, the first batch of 16 candidates
from various parts of the country started their training
at MALC. The duration of this course was 6 months. Till
1973 two more courses were held through affiliation
with Punjab medical faculty. From 1974 the Institute
got affiliation with Sindh Medical faculty, and, in 1983,
National Institute of Health in Pakistan recognized
MALC as the National Training Institute (NIH) for
Leprosy. Initially, the course was designed for the
beginners but as the work progressed and workers
were absorbed in provincial health services, advance
courses were created to qualify the leprosy
technicians for promotion into higher grades. This
was carried out by training leprosy technicians from
indigenous areas and gaining trust from the
community. Several cured leprosy patients were later
inducted in the programme, which further helped in
gaining patients' confidence that leprosy is curable
and that such treated patient can become a viable part
of the community. But above all, the personal

involvement and caring of Dr. Pfau for the patients and
their families resulted in a wide-spread recognition of
the programme.

After the establishment of a modern leprosy hospital in
Karachi city in 1963, Dr. Pfau embarked upon the
mission to extend leprosy care in different provinces of
the country. In this context, initial steps were taken in
Sindh, but NWFP (presently Khyber Pakhtunkhwa)
became the first province where leprosy work was
started at Pir Baba (Buner) in 1965. In 1967, leprosy
control services were started in Azad Jammu and
Kashmir and Northern Areas (Gilgit-Baltistan). In
1971, leprosy control measures were started in
Makran, Balochistan. By late 70s and early 80s,
Leprosy Control Programme was fully established
throughout the country in collaboration with provincial
and federal health services. The Leprosy Control
Programme is an example of a successful public-
private partnership.

There are a total of 175 Leprosy Control Units across
the country (Figure-6). Out of these 157 units are
sponsored by MALC in Sindh, Baluchistan, Khyber
Pukhtunkhwa, Azad Kashmir and Gilgit-Baltistan. The

4.2 Establishment of Field Units
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Figure-6: Leprosy Field Units throughout Pakistan
Note: There are 175+ Control Units Each with a Leprosy Field Officer and a Team of Dedicated Leprosy Technicians Who Monitor

Chemotherapy and Carry Out Body Checks on All Household Contacts of Leprosy Patients Annually
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remaining 18 units are sponsored by a sister NGO,Aid
to Leprosy Patients (ALP), and are located in Punjab
and Hazara Division of Khyber Pukhtunkhwa
Provinces. The catchment area of each centre varies
from 25,000 to 400,000. Annual field surveys are
carried out in these sites by the relevant field centers.

Most of the field units are located inside Provincial
Government health facilities and are staffed by
paramedical workers who are paid by the provincial
governments. Training in leprosy management is
conducted at MALC Training Institute. Logistics,
specific anti-leprosy medicines, financial incentives
and supervised monitoring are the responsibility of the
respective NGOs, namely MALC and ALP in their

respective areas. In addition, there are 2 major leprosy
hospitals with in-patient facilities for leprosy cases in
Karachi and Rawalpindi. Annual field surveys are
carried out at these sites by the relevant field clinics.

Indigenous leprosy is found in markedly focal patterns.
The main reasons for this focal pattern may be that in
Pakistan, the disease has been brought into the
country in waves by the migrants; first at the time of
partition in 1947, and subsequently at the
independence of Bangladesh in 1971, and recently
from Afghanistan by war-displaced individuals.
Pakistan has been the host to nearly one million war-

5. EPIDEMIOLOGY OF LEPROSY IN PAKISTAN
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Figure-7: Total Number of Leprosy Patients Registered Between 1960-2013.
Note: This figure shows the number of patients since the initiation of the programme. Leprosy patient registration started in 1 January

1960. As the programme was established throughout Pakistan the numbers increased. As indicated by arrows, the first credible
statistics for leprosy in Pakistan were reported in 1980 and multidrug regimen was introduced throughout Pakistan in 1984. Control of

leprosy was achieved in 1996
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Population per million 76.60 15.09/5.72 4.33 36.29 13.25 4.67 1.40

CDR per million 2.12 3.95/8.93 2.01 0.28 1.75 3.21 5.93

RPR/10^5 2.29 3.22/11.9 1.52 0.33 2.45 5.67 6.56

New cases registered 1,627 596/511 87 103 232 15 83

Deformity rate 23% 24%/23% 33% 16% 21% 13% 18%

Child rate 16% 10%/30% 7% 4% 12% 0% 4%

Note: The case detection rate (CDR) varies from the lowest in Punjab (0.28/million population) to
highest in Sindh (3.95/million population); Karachi which has the highest population density is
shown in brackets in the same column as Sindh.

Table-1: Distribution of Leprosy at the Start of MDT Regimen (1984) throughout Pakistan



displaced individuals. This has been the biggest
challenge for the Leprosy Control Programme.

Registration and documentation of leprosy patients at
MALC started in 1960. Figure-7 shows the total
number of leprosy patients registered between the
years 1960-2013, who required comprehensive care.
As the programme network increased in strength and
the credibility of the programme was established there
was a dramatic increase in patient numbers. The
landmarks achieved were the first credible statistics
reported for leprosy in Pakistan in 1980;
implementation of multidrug therapy (MDT)
throughout Pakistan in 1984; and achieving leprosy
control in 1996. However, active surveillance
continues and new cases are still being registered to
date.

Province-wise distribution of leprosy in Pakistan at the
start of MDT is given in Table-1. Statistics for Karachi
are also given as this is the most densely populated
city in Pakistan. No part of the country was free of
leprosy in 1984. However, Sindh province has the
highest burden of leprosy in Pakistan (60%) and,
Karachi contributes highest to the province's disease
burden (80%). This may be due to higher rate of
migration to the area as well as a high population
density.

In 1983, MDT was introduced in the control
programme which was expanded throughout Pakistan

6. IMPACT OF MULTIDRUG REGIMEN ON
LEPROSY IN PAKISTAN

6.1 Impact on Leprosy Patients on Chemotherapy

by 1984. In 1984, the number of registered leprosy
patients on chemotherapy was 27,959 (Figure-8).
With the shortened regimen of drug treatment with
MDT, there was a dramatic fall in the number of
patients on chemotherapy. In 2013, the number of
patients on chemotherapy has dropped from 19000+
to 660. These patients are under continuous
surveillance for complications or reactivation of the
disease.

Analysis was also carried out to determine the effect of
MDT on the rate of leprosy in children, leprosy
associated deformities, and type of the disease in
patients. Table-2 shows the breakdown for 1984, 1996
and 2013. With decreasing patient load, the proportion
of patients with MB shows an increase from 51 to 81%.
These results suggest that identification and early
treatment of PB patients decreases the overall
percentage of PB patients, with resulting proportional
increase in MB patients who require longer treatment
than PB. The impact of MDT on children with leprosy
has been marginal over a decade and is still hovering
at 11% deformity rate, which is also unacceptably high
(15%).

Figure-8 shows a picture of multi-bacillary patient at
the start of MDT treatment and a picture one year later
taken from almost the same angle. The important
message is that even severe leprosy is a highly
treatable condition, particularly if the treatment
regimen is duly adhered to. Compliance is one of the
most important issues for Control Programmes in
leprosy. MALC has been able to achieve more than
95% drug compliance under this programme.

6.2 Impact on Leprosy Patient Profile
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Table-2: Changing Profiles of Leprosy Post-MDT

Year 1984 1996 2013

New cases registered 1,627 (100%) 1,076 (100%) 431 (100%)

Mutli-bacillary (MB) 976 (60%) 785 (73%) 348 (81%)

Pauci-Bacillary (PB) 651 (40%) 291 (27%) 83 (19%)

Children with leprosy 127 (12%) 127 (12%) 47 (11%)

Patients with deformities 373 (23%) 272 (25%) 66 (15%)

Note: The figures are given for 1984 when MDT was implemented, 1996 when
control was achieved and latest figures as of December 2013. Breakdown of patients
according to bacterial Index (BI) into pauci-bacillary and multi-bacillary (MB) is for
purposes of treatment. Number of children with leprosy and percentage in relation to
reg. cases and number of and percentage of patients with deformities over time is
given. The increase in percentage of MB indicates identification and early treatment
of PB patients decreasing the overall percentage of PB patients. Although the
numbers have dropped, the impact of MDT on % children with leprosy has been
marginal. Deformity rates are still unacceptably high.



6.3 Current Situation of Leprosy Control
Programme in Pakistan

7. NEW CHALLENGESAND GOALS

The statistics, as of December 31, 2013, for the
Leprosy Control Programme in Pakistan are shown in
Table-3. The number of field units stand at 175 since
2003, although the population has more than doubled.
The incidence rate continues to go down and stands at
0.22 per million population; similarly, prevalence rate
is 0.03/10 population, and the number of patients
under treatment are 660 patients indicating successful
Leprosy Control.

As leprosy work declined with the control over the

5

disease in 1996, the organization combined other
health disciplines to utilize the free capacity of leprosy
technicians, thus ensuring their presence in the field
for the next 2-3 decades that would be required due to
prolonged and variable incubation period of the bacilli.
The organization took the initiative of combining the
leprosy/TB control activities in Azad Jammu and
Kashmir and Gilgit-Baltistan; leprosy/blindness
specialties were combined in Sindh, Balochistan and
Khyber-Pakhtunkwa. These activities led to renaming
all leprosy control centers in 2002 as Leprosy
Elimination, TB and Blindness Control Centers, a
strategy termed as ‘TRIPLE MERGER’. To meet this
challenge, short and long courses are being arranged
in reputed institutions like Pakistan Institute of
Community Ophthalmology in Peshawar, Jinnah
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Area 796,095

Population 197,683,559

Control Unis 175

National Training Institutes 1

Total Registered Patients 56015

Patients under Treatment 660

Prevalence Rate per 10^5 0.03

Incidence Rate per 10^6 0.22

Table-3: Leprosy Elimination, TB and Blindness Control Programme (As of December 31, 2013)

Figure-8: Impact of MDT on Leprosy in Pakistan

Note: Multi Drug Treatment (MDT) was implemented in 1984 and leprosy was brought under control in 1996
as indicated by arrows. With the initiation of MDT there was a dramatic fall in patients on chemotherapy.
However these patients are under continued surveillance for complications or reactivation of the disease.
The number of patients on chemotherapy has dropped from 19000+ to 660 in 2013



Postgraduate Medical Centre (JPMC), ISRA Al-
Ibrahim Eye Hospital, Ojha Institute of Chest Diseases
and Civil Hospital in Karachi to enable the workers to
maintain the high standards set by leprosy control
p rogramme. Cur ren t l y, communi ty -based
rehabilitation (CBR) has been introduced, which is
offered to non-leprosy patients families as well, thus
effectively utilizing the skills and training of the leprosy
technicians, while keeping the surveillance of leprosy
as an integral part of the programme. The key element
in success of this programme was training and
retraining of leprosy paramedics, drug compliance
and contact tracing. To improve the outreach of
medical expertise, feasibility of a tele-health facility at
the referral center connected to remote areas with
minimum medical facility is currently under way in
collaboration with the Commission on Science and
Technology for Sustainable Development in the South
(COMSATS). The objective would be the provision of
medical advice within reachable distance.

The overall goal of this institution is to provide trained
and motivated field workers in Leprosy Elimination
along with TB / blindness control and CBR at primary
level. It aims at enhancing the knowledge and skills
through constant learning by arranging regular update
courses for workers; improving the diagnostic and
management capabilities of medical students and
doctors against leprosy by providing rotation in
different centers; and hands-on training in leprosy
diagnosis and management.
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ABSTRACT

K e y w o r d s :

1. INTRODUCTION

M e n o c h i l u s s e x m a c u l a t u s ( C o l e o p t e r a :
Coccinellidae), commonly known as six spotted zig
zag ladybird is aphidophagus used as an
economically significant biological control agent of
pest insects, including aphids. M. sexmaculatus is the
most misidentified Coccinellid due to the occurrence
of its numerous color variants. The correct
identification of M. sexmaculatus and its strains is
necessary to implement the use of biological control.
In this study, phenotypic and genotypic polymorphism
was investigated in Menochilus sexmaculatus
collected from Punjab, Khyber Pukhtoonkhwa (KPK)
and Sindh provinces of Pakistan. Six different morphs
of the species were distinguished by analyzing its
elytral color and spot pattern, and then Polymerase
Chain Reaction (PCR) was used to generate random
amplification of polymorphic DNA (RAPD) from six
different types of M. sexmaculatus. Forty primers
(OPA & OPC Kit) were used to perform RAPD PCR on
six different types of M. sexmaculatus, out of which
seven primers revealed different patterns related to
the M. sexmaculatus types. These seven primers
produced 111 clear polymorphic bands and 6 scorable
strain specific markers. The cluster analysis applied to
RAPD data showed high polymorphism among six
types and it can be concluded that these six types are
six polymorphic strains of the same species, which has
implications for natural and biological control of
aphids.

M e n o c h i l u s s e x m a c u l a t u s ,
aphidophagus, coccinellids, phenotypic and
genotypic polymorphism, RAPD-PCR, strain specific
markers

M. sexmaculatus

Cheilomenes sexmaculata Menochilus
quadriplagiatus

M.
sexmaculatus

M.
sexmaculatus

M.
sexmaculatus

commonly known as six-spotted zig
zag ladybird widely distributed in Pakistan (Hamid,
1983). and

are synonymous scientific names of
this species (Sasaji and Akamatsu, 1979).

is a common species used for biological
control in agriculture settings, as its main prey is the
aphid – a major agricultural pest. The ability of

to be so successful in a large range of
habitats makes it especially beneficial to humans who
need crop security from aphid infestations.

is highly polymorphic. The various color
morphs of this species are frequently misidentified as

Micraspis discolor Chilocorus nigrita

M.
sexmaculatus

M.
sexmaculatus

M. sexmaculatus

, and .

Morphology-based identification and description of
insect taxa has long been used to separate species.
Among many groups of insects, however,
morphological characters within a single species can
vary with respect to environmental factors, or on the
other hand, related species may have convergent and
cryptic morphologies which limits its usefulness.
Under such conditions, studies of their biology and
molecular profiles become essential for defining
species and characterizing populations (Calvert, et al.,
2001). Species that exhibit visible polymorphisms are
ideal for studying the micro-evolutionary forces that
maintain genetic variation in nature (Ekendall and
Johansson, 1997). Many coccinellid species exhibit
striking elytra color polymorphisms and so provide an
excellent system to study questions about the
evolution and maintenance of polymorphisms
(Kearns, et al., 1990; Bernstein and Bernstein, 1998;
Machado andArjauno, 1999; Machado, et al., 2004).

Molecular methods have revolutionized insect
systematic (Roderick, 1996; Caterino, et al., 2000)
and are increasingly being applied to coccinellids
(Navajas and Fenton, 2000). The ability to amplify
DNA via the PCR has greatly facilitated DNA
sequence comparisons (Innis, et al., 1990) and
resulted in development and use of species diagnostic
PCR primer pairs (Paskewitz, and Collins, 1990). The
technique, random amplified polymorphic DNA
(RAPD), is PCR based, permitting scores of markers
to be assayed on DNA extracted from single insect.
Instead of using primer pairs as in traditional PCR,
RAPD reaction use a single short primer (usually ten
bases in length) of randomly chosen sequence. RAPD
PCR analysis increases the resolution of genetic
differences. This method has been widely used for
analysis of genetic variation of insect population and
for identification of cryptic insect species and biotypes
(Gawel and Bartlett, 1993; Black and Du Teau, 1997).
The purpose of this study is to determine intraspecific
phenotypic and genotypic differences of

by morphological and RAPD analysis,
and identify a set of primers specific to the

genome.

Specimens of , manually collected

2. MATERIALSAND METHODS

2.1 Morphological Study
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from 11 different localities in three provinces of
Pakistan, including KPK, Punjab and Sindh, were
obtained from the National Insect Museum, National
Agricultural Research Centre (NARC), Islamabad,
Pakistan (Figure-1). The types of the specimen, and
their date of collection are enlisted in Table-1. Different
types of were separated
phenotypically by observing their elytral coloration and
spot pattern, size, mouth parts and genitallium (Table-
2).

DNA was extracted from the individual insects by
using two different protocols, namely DNA ZOL (MRC.
Inc) and CTAB (Doyle and Doyle, 1990)

In this method, the whole single individual was lysed

M. sexmaculatus

2.2 Extraction of DNA

2.2.1 DNAZOL

and homogenized with 1 ml of DNA ZOL (MRC Inc).
Homogenate was stored for 5-10 minutes at room
temperature. It was then sedimented for 10 minutes at
10,000 g at 4-25 C. Following centrifugation the
resulting viscous supernatant was transferred to a
fresh-labeled eppendorf tube. Afterwards, DNA was
precipitated from the homogenate by adding 0.5 ml of
100% ethanol and stored at room temperature for 1-3
minutes. Precipitated DNA was again centrifuged at
10,000 g for 5 minutes at 4-25 C. Supernatant was
removed simply by decanting. Precipitated DNA was
then washed twice with 1 ml of 75% ethanol and
suspended for 5 minutes. Remaining alcohol was
removed by pipetting and the pellet was dissolved in
50 l DEPC H O.

CTAB method of Doyle and Doyle (1990) was followed
with minor modifications. Individuals were separately

o

o

� 2

2.2.2 CTAB Method

Figure-1: Map Showing the Location of the Sampling Sites of Different Types of M. sexmaculatus

Type of

Specimen
Area Province

Date of

Collection

Malir, Karachi Sindh Mar, 2007

Phhagwari, Kotli AJK Oct, 2007

Islamabad Federal Area Mar, 2002

Rawalakot AJK Apr, 2006

Umar Kot Sindh Mar, 2007

Mangla AJK Apr, 2007

Jhang Punjab Jan, 2008

Mirpur AJK May, 2004

Jhang Punjab Oct, 2006

Sukhur Sindh Oct, 2003

Tarbela KPK Sep, 2006

Talagang Punjab Mar, 2004
M6

M1

M2

M3

M4

M5

Table-1: Details of SpecimensM. sexmaculatus

M1

M2

M3

M4

M5

M6
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homogenized in 100 l of Extraction Buffer (50 mM
Tris pH 7.0, 100 mM NaCl, 10 mM EDTA, 1% SDS)

followed by addition of 500 l of TBE Buffer, mixing and
incubation at 65 C for 1 hr in water bath. Afterwards,

400 l of phenol (pH 8.0) along with 200 l chloroform
(1:24 Isoamyl alcohol: chloroform) was added to this
solution, and centrifugation at 13,000 rpm for 8-10
minutes was carried out. The top clear solution was
pipetted out into another clean-labeled eppendorf tube

and 500 l of chloroform was added. It was again
centrifuged at 13,000 rpm for 8-10 minutes. Again top
clear solution was pipetted out into another labeled
eppendorf tube and mixed with 1/10 vol. of 3M Na

Acetate and 2 vol of 100% ethanol and centrifuged at
13,000 rpm for 8 minutes. Supernatant was discarded

and 700 l of 70% ethanol was added to wash pellet
and then centrifuged at 13,000 rpm for 2-5 minutes.
Supernatant liquid was discarded and dry pellet was

re-suspended in 50 l of DEPC H O and stored at

–20 C. The concentration of DNA samples was
quantified by UV spectrophotometry. Working

solutions were adjusted to 25-30 g/ l in DEPC H O.

A total of forty primers of random sequence from two
kits (OPA and OPC, Operon technologies, Almaeda,
USA) were used for amplification of DNA. PCR
reactions were conducted with 25 l reaction mixture.
The optimum RAPD PCR reaction conditions were
selected by varying several parameters viz. DNA
concentration (10, 15, 20, and 25 ng); MgCl
concentration (1.5, 2, 2.5, 3, 3.5 and 4.5 mM); Primer
concentration (0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 M) Taq

�

�

� �

�

�

�

� �

�

�
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2.3 RAPD PCR

DNA polymerase concentration (0.5, 1.0, 1.5 and 2.0
U) and dNTP concentration (2, 10, 20, 25, 50, and 100
mM).

The optimum reaction mixture that gave best

amplification pattern was obtained using 2.5 l of 10 X

PCR buffer, 3 l of MgCl (2 mM), 1 l of 10 mM

dNTP’s, 1 l of primer (0.2 M), 0.25 l of Taq

Polymerase (1 U), 1 l of DNA (15 ng) and the rest
DEPC H O.

Amplification was carried out in Reacon Thermal
Cycler programmed for denaturation at 94 C for 1 min,
45 cycles of denaturation at 92 C for 1 min, annealing
at 35 C for 1 min, extension at 72 C for 1 min and then
final extension at 72 C for 10 min. Ten micro litres (10

l) of amplification products were run along with a
Gene Ruler DNA Ladder Marker (1 Kb) on 1%
agarose gel containing Ethidium Bromide for 3 hrs at
40-50 V. Each set of PCR reactions was checked for
contamination by using a negative control (all
reagents except template DNA).

RAPD bands produced by all the primers were scored
for six strains. A matrix was created by taking into
account the presence (1) or absence (0) of the bands.
Using this matrix, polymorphism within the species of

was calculated (an index of Genetic
distance 1-F values) using the formula of Nei and Li,
(1979). Dendogram was constructed using UPGMA
computational programme (POP Gene Software).
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2.4 ClusterAnalysis

M. sexmaculatus
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Type of

Species

Total Body

Length

(mm)

Pronotal

Length

(mm)

Pronotal

Width

(mm)

Elytral

Length

(mm)

Elytral

Width

(mm)

Ground

Color

Elytral

Pattern

Spot/Stripe

Color

M 1 4.61 1.44 2.73 3.17 2.32
Dark

Orange
Stripped Black

M 2 4.64 1.47 2.8 3.17 2.38 Black Stripped
Light

Orange

M 3 4.32 1.2 2.6 3.12 2.24
Black &

Yellow
Stripped Black

M 4 4.02 1.14 2.32 2.88 2.16 Black - -

M 5 4.57 1.42 2.72 3.15 2.3
Dark

Orange
Stripped Black

M 6 4.52 1.39 2.7 3.13 2.3 Black Spotted
Dark

Orange

Table-2: Details of Six Morphologically Different Types of usedM. sexmaculatus
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Figure-2. Elytral Pattern in M. sexmaculatus
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3. RESULTS

3.1 Phenotypic Polymorphism

Six different morphs of showed slight
variation in their elytral color intensities and size.
Table-2 lists all the measurement and the basic color
pattern of six types of .

Six different morphs of included in
the study were obtained on the basis of elytral spot or
stripe patterns. The elytral pattern of six different
morphs of are shown in Figure-2.
Morphologically different specimens of

showed the same basic pattern in
mouthparts. Wide massive and sickle-shaped
mandible was observed having one apical and one
basal tooth, which is characteristic of all predatory

M. sexmaculatus

M. sexmaculatus

M. sexmaculatus

M. sexmaculatus
M.

sexmaculatus

coccinellids (Figure-3 A). All the types carried a small
rounded side labrum with setae on it (Figure-3B).
Maxillary palpi were found four segmented. The
terminal segment of is an important
distinguishing characteristic for identification of
different types of because of its
unique axe-like shape (Figure-3 C). Labium is not
taxonomically important and it was observed that
numerous hairs anteriorly covered the labium and
labial palus was three segmented (Figure-3 D).

Generally, species can only be identified with
reference to their species-specific structure of male
genitalia (Kovar, 1996), in the absence of other
external diagnostic characteristics. Such diagnostic
characteristics in the male genitallium are found in
aedeagus (tegmen) and sipho. The specimens of

showed an elongate, curved and

maxillary palpi

M. sexmaculatus

M.
sexmaculatus
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(A)

Basal tooth

Basal tooth

(C)

Galea

Maxillary palpi
Cardu

Stipes

(B)

(D)

Labial palps

Submentum

Prementum

(F)

Paramere

Trabes

(E)

Infundibulum

Ganital plate

Cornu

(G)

Siphonal capsule

Siphonal apex

Figure-3: Phenotypic Characteristics of (A) Mandibles and Palp;
(B) Labrum; (C) Maxilla; (D) Labium; (E) Female Genitallium; (F-G) Male Genitallium

M. sexmaculatus:
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tubular sipho with a basal siphonal capsule (Figure-3.
F-G). All types had a symmetrical tegmen comprising
of pair of parameres (arms). The shapes and structure
of the genital plates of female genitallium are of
taxonomic importance at the higher level.
Phenotypically similar female genitallium was found
from M1 to M6. All carried long and broad
spermatheca (Figure-3 E).

In this study, DNA ZOL method proved more efficient
as compared to CTAB method. Several modifications
were introduced to Doyle and Doyle (1990) CTAB
method for the removal of the impurities. Use of CTAB
method for DNA extraction resulted in sheared bands
on gel electrophoresis indicating higher proteins.
Isolation of DNA of from the CTAB
method resulted in insufficient removal of protein and
viscous DNA samples. Two consecutive washes with
Phenol chloroform (isoamyl alcohol) excluded protein
impurities (Chakraborti, et al., 2006) and proved very
effective. The pelleted DNA obtained by DNA ZOL
method generated clear solution whereas the DNA
isolated by the CTAB method was partially soluble.
DNA ZOL proved to be more effective in removing the
total protein content and for the recovery of pure DNA.
Spectrophotometric values (260/280) for DNA
extracted from six types of the species by DNA ZOL
ranged from 1.45 to 1.66 while for C-TAB values
ranged from 1.24 to 1.88.

The protocol of RAPD PCR was optimized by
introducing several modification to the original
Williams, et al. (1990) protocol in both PCR
components, such as template DNA, Primers,
magnesium chloride, Taq Polymerase, dNTP’s, as
well as in amplification cycles including, temperature
and time interval for denaturation, annealing and

3.2 Standardization of DNAIsolation

3.3 RAPD PCRAmplification

M. sexmaculatus

extension steps. The optimized reaction conditions
produced clear, scorable amplified products, suitable
for RAPD applications in all primers tested.

Of the 40 primers of OPC-kit and OPA-kit used for
amplification, 7 primers (OPA-04, OPA-09, OPA-18,
OPC-04, OPC-12, OPC-15 and OPC-18) proved
successful in detecting polymorphism in all types of

(Table-3). Out of the total 153 fragments
scored, about 72% (111 bands) were polymorphic,
while 42 fragments were monomorphic (shared by all
strains). There were some fragments, which are
species specific and are not shared by strains. The
occurrence of common and unique bands between six
types is valuable and can be used to gain phylogenetic
information. The number and size of amplified
products varied depending upon the sequence of
random primer and DNA samples used. The size of
amplified products ranged from 340 bp to 1200 bp.

The primer OPA 04 produced a total of 27 bands of
different sizes with all types of
ranging from 350 bp to 940 bp in length (Figure- 4 A).
Since one band was shared by all types (500 bp),
therefore it is considered a marker for entire species.
As one specific band of 880 bp was obtained for M 4
and did not appear in other types, it can be used as
strain specific molecular marker for M4 strain. The
primer OPA-09 amplified 17 bands with all types of

of sizes between 590 bp to 1030 bp in
length. This primer cannot be used to distinguish the
species, however the profiles show a large degree of
variation, therefore it can be a good strain marker for
conformation purposes (Figure-4 B).

The primer OPA 18 yielded a total of 22 bands with all
types of . The range of the bands lies
between 340 bp to 1120 bp in length (Figure-4 C).
RAPD PCR analysis for primer OPA 18 was to some
extent similar to that of primer OPA 09. All the types of

when amplified with OPC-04

M.
sexmaculatus

M. sexmaculatus

M.
sexmaculatus

M. sexmaculatus

M. sexmaculatus
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Primers Primers Seequence
Total

Bands

Polymorphic

Bands

% of Polymorphic

Bands

OPA-04 5’-CCGCATCTAC-3’ 27 21 77.7

OPA-09 5’-GGGTAACGCC-3’ 17 17 100

OPA-18 5’-AGGTGACCGT-3’ 22 22 100

OPC-04 5’-CCGCATCTAC-3’ 21 3 14.3

OPC-12 5’-TGTCATCCCC-3’ 26 26 100

OPC-15 5’-GACGGATCAG-3’ 23 5 21.7

OPC-18 5’-TGAGTGGGTG-3’ 17 17 100

Table-3: Details of the Polymorphism Detected by the Primers
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showed a total of 21 bands of sizes ranging between
360 bp to 940 bp in length (Figure-4 D). Successful
detection of 3 common bands of 360 bp, 500 bp and
650 bp in all the types by OPC 04 primer indicates that
this primer can be used as molecular marker for

.

A total of 26 bands of sizes ranging between 380 bp to
1060 bp in length were obtained when all types of

were amplified with OPC-12 (Figure-5
A). The DNAfragment profile of amplification with OPC
12 did not show a common band for all types but
provided 2 markers that can be an excellent tool for
fast and accurate identification of M 2 and M 5 types.
M 2 differs from others types only in the position of one
band of 380 bp, and M5 differs from others by the
presence of one band (500 bp).

M.
sexmaculatus

M.
sexmaculatus

A total of 17 bands, ranging from 500 bp to 1200 bp in
length were recovered by the primer OPC-18 with
types of (Figure-5 B). Single band of
1200 bp was observed only in M3 type, thus
distinguishing it from all other strains and can be
considered as useful strain-specific molecular marker.
Aspecific band of 900 bp was recorded in M5 type so it
can also be used as molecular marker for its
identification.

Analysis of RAPD PCR for the OPC-15 primer (Figure-
5 C) revealed a total of 23 bands. The range of the
bands length was between 380 bp to 900 bp. Bands of
380 bp, 500 bp, and 680 bp were common to all the
types. A band of 900 bp was commonly shared by all
strains except M6. No specific band was observed in
any strain. Three common bands that are shared by all
strains can be used as species-specific molecular
marker.

M. sexmaculatus
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M1 M2 M3 M4 M5 M6

(A)

1000

750

500

250

880

350

M1 M2 M3 M4 M5 M6

1030

640

(B)

M1 M2 M3 M4 M5 M6

340

1120

940

800

(C)

M1 M2 M3 M4 M5 M6

940

(D)

Figure-4: RAPD Reaction Products: (A) for OPA-04; (B) for OPA-09; (C) for OPA-18; and (D) for OPC-04

Huma Balouch & Zahoor A. Swati
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3.4 Dendogram

A dendogram was constructed based on the RAPD
data generated in this study (Figure-6). The analysis
was based on the number of bands that were different
between any types. Dendogram divided six types of

into three main groups. First group
contains single type M5, second contains M2 and third
group contains the remaining types. Third group is
further divided into two sub-groups. First sub-group
encompasses M1 and second sub-group is further
divided into two lineages or clades, one is composed
of M3, and second one includes M4 and M6 types.
Thus M4 and M6 are more closely related to each
other than to any other types and M3 is closely related
to these two types.At the same time, these three types
showed slightest relationship with type M1. The least
genetic distance of 0.2231 was recorded between M4
and M6, while the highest value of 0.6444 was
between M5 and M6 (Table-4).

M.
sexmaculatus

The results showed high association between
genotypic and phenotypic polymorphism. The first
group containing M4 and M6 strains differed only in the
presence of one yellow spot on elytra, the rest of the
elytral color pattern was the same. The cluster
analysis done on the basis of RAPD data showed the
least genetic distance between these two types. Then
M1 and M3 resembles more to these two types
phenotypically than M2 and M5. Type 1 and type 3
differed in color pattern below middle lateral part of the
elytra and have one common spot on upper part of the
elytra. M2 and M5 have irregular striped pattern that
does not resemble any other type, and their cluster
analysis showed that they differed more from the rest
of the types phenotypically, as well as genotypically as
they showed high genetic distance to the others types.

Since many factors can alter the reproducibility of
RAPD PCR products and polymorphism analysis, it is

4. DISCUSSION
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M1 M2 M3 M4 M5 M6

(B)

1200

900
1060

500

M1 M2 M3 M4 M5 M6

(C)

380

900

Figure-5: RAPD Reaction Products: (A) for OPC-12; (B) for OPC-18; and (C) for OPC-15

M1 M2 M3 M4 M5 M6

(A)

380

1060

500

Study of Phenotypic Polymorphism and Detection of Genotypic Polymorphism in Using RAPD PCRM. Sexmaculatus



necessary to standardize the amplification conditions
prior to analysis of insect DNA, such as from

. It was found that each primer
generated a variable number of amplified fragments,
depending on the analyzed type. Generally, the
proportion of polymorphic bands was higher than that
of monomorphic bands. In this study, most of the
tested primers yielded identical DNA bands among all
types and were therefore not useful to differentiate
these types into strains.

Bands of same size (360 bp, 380 bp, 500 bp, 650 bp,
680 bp) were observed among six types. It is generally
recognized that bands of the same size may indicate
homology among different types. However, it is well-
documented that PCR products of the same size are
not necessarily to be of the same DNA sequences.
Therefore, those bands may have different DNA
sequences and genetic makeup. Thus, DNA
sequencing technique would be necessary to confirm
the specificity of nucleotide sequences of similar
bands. There were some differences in the DNA band
profile within these types because of intraspecific
polymorphism. Presence of strain specific fragments
(880 bp in type M4 with OPA-04, 800 bp and 940 bp in
type M5 with OPA-18, 380 bp in type M2 and 500 bp in
type M5, 900 bp in type M5 and 1200 bp in type M3
with OPC-18) are indicative of heterogeneity among
different types of . In this study, we

M.
sexmaculatus

M. sexmaculatus

only considered the position of RAPD band chart but
ignored the breadth and brightness of those bands, so
this may lead to loss of information. Besides,
cluster analysis, some more accurate and reasonable
methods, in which the position, breadth and
brightness of bands should be considered, need to be
developed in RAPD analysis.

A similar work was reported by Williams, et al. (1994)
working with the and Dowdy, et
al. (1996) working with Indian meal moth in South
America. But their data was not as clear because their
working species strains exhibit a relatively high degree
of genetic similarity with each other and the average
banding difference between strains were not
significant.

The analysis of geographical variation of
polymorphism of the elytra in this species showed that
although there were differences in the distribution of
coloration pattern in different regions, these
differences did not appear to be influenced by location
variable factor analyzed here. This study
demonstrated no association between location
variability and the diversities. Almost all types or
morphs were collected from one common location
(AJK) and one other location (either Punjab or Sindh).
Most closely related morphs were found to be located
in different provinces and most distantly related

some

Weevil (L. bonariensis)
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Types of

Species
1 2 3 4 5 6

M1 ****

M2 0.5108 ****

M3 0.393 0.393 ****

M4 0.5108 0.5978 0.393 ****

M5 0.5534 0.5534 0.5108 0.3216 ****

M6 0.5108 0.5978 0.2549 0.2231 0.6444 ****

Table-4: Nei's Original Measures of Genetic Distance

Huma Balouch & Zahoor A. Swati

Figure-6: Dendogram Demonstrating the Relationship Among Six Types of
Based on RAPD PCR Data

M.
sexmaculatus



morphs were found to be located in the same area.
The genetic diversity within sites might be influenced
by population size in ; local
population sizes are known to influence the degree of
genetic variation within and between populations
(Lande, 1995). Similar observations have been
reported for (Dowdy and Mc
Gaughey, 1996).

Host variable factors were also analyzed to verify what
influence they might be having on the diversity found in
this species. The specimens of all types were collected
from Maize, Rice and Cotton, and the result suggested
that the polymorphism reported in this study is not
related to the host variability as the most closely
related types M 4 and M 6 were collected from different
hosts. The reason for the polymorphism of elytral spot
and color pattern still remains to be explained
satisfactorily.

In this study, RAPD method revealed a large number
of polymorphisms, which can be used as genetic
markers in research involving species diagnosis,
population differentiation and genetic fingerprinting.
This study has successfully detected polymorphism in

and defined six different strains that
are genotypically and phenotypically different. The
results of this study have shown that the RAPD PCR
analysis can be used in species and strain
identification. This study proposed that RAPD should
be integrated into classical identification methods
since it is faster, more economical and reliable. This
technique will likely offer more solid and certain results
when identifying polymorphic species. However, this
study encourages further research and analysis using
large number of specimens, as well as markers to
confirm these preliminary findings. Identifying the
forces responsible for genetic differentiation within this
species is important for practitioners of biological
control. Further molecular studies of this six spotted
ladybird can play a considerable role in studies of
coccinellids ecology, evolutionary biology, cytology
and biogeography.

Biopesticides offer a more sustainable solution to pest
control than synthetic alternatives. These identified six
strains of could be of great economic
importance in agro-ecosystem as they can be
successfully employed in the biological control of plant
harming aphids.

M. sexmaculatus

Plodia interpunctella

M. sexmaculatus

M. sexmaculatus

REFERENCES

• Bernstein, R., and Bernstein, S., 1998.Assortative
mating by size in two species of Chauliognathus
(Coleoptera: Cantharidae). Southwest Naturalist.
43(1): 62-69.

• Black IV, W. C., and Du Teau, N. M., 1997. RAPD
PCR and SSCP analysis for insect population
genetic studies. In Molecular Biology of Insect
Disease Vectors: A Method Manual (Crampton, J.
M., Beard, C. B., and Louis,C., ( eds.)). Chapman
& Hall, New York, pp. 361-373.

• Calvert, L. Cuervo, A., M., Arroyave, J. A.,
Constantino, L. M., Bellotti, A., and Donald. F.,
2001. Morphological and mitochondrial DNA
marker analyses of whiteflies (Homoptera:
Aleyrodidae) colonizing cassava and beans in
Colombia. Annals of the Entomological Society of
America. 94(4), pp. 512-519.

• Caterino, M. S., Cho, S., & Sperling, F.A. H., 2000.
The current state of insect molecular systematic.A
thriving Tower of Babel. Annual Review of
Entomology. 45: 1-54.

• Chakraborti, D., Sarkar,A., Gupta, S., and Das, S.,
2006. Small and large scale genomic DNA
isolation protocol for chickpea ,
suitable for molecular marker and transgenic
analysis. African Journal of Biotechnology. 5(8):
585-589.

• Dowdy, A. K. and Mc Gaughy, W. H., 1996. Using
random amplif ied polymorphic DNA to
differentiate different strains of Indian meal moth
(Lepidoptera: Pyralidae). Environmental
Entomology. 25: 396-400.

• Doyle, J. J., and Doyle, J. L., 1990. A rapid DNA
isolation procedure for small quantities of fresh
leaf tissue. Phytochemical Bulletin. 19: 11-15.

• Ekendall, A. and Johansson, K., 1997. Shell color
variation in (Prosobranchia:
Litorinidae): a multi-factor approach. Biological
Journal of the Linnean Society, Oxford. 62: 401-
419.

• Gawel, N. J., and Bartlett, A. C., 1993.
Characterization of differences between
Whiteflies using RAPD PCR. Insect Molecular
Biology. 2: 33-38.

• Hamid, S., 1983. Ecology of
as affected by graminacious

Aphids. Prac 4 Cong. Zool. Pp: 17.
• Innis, M.A. and Gelfand, D. H., 1990. Optimization

of PCR. In PCR protocols. A guide to methods and
applications. Edited by M. A. Innis, D. H. Gelfand,
J. J. Sninsky and T. J. White. Academic Press Inc.,
San Diego, Calif. Pp. 3-12.

Cicer arietinum

Littorina saxatilis Olivi

Menochilus
sexmaculatus

th

22 A scientific journal of COMSATS – SCIENCE VISION Vol.20 No.2 (July to December 2014)

Study of Phenotypic Polymorphism and Detection of Genotypic Polymorphism in Using RAPD PCRM. Sexmaculatus



• Kearns, P. W., Tomlinson, I. P., Donald, P. O., and
Veltman, C. J., 1990. Non-random mating in the
two-spot ladybird ( ): I. A
reassessment of the evidence. Heredity, London.
65: 229-240.

• Kovar, I. 1996. Morphology and anatomy. In:
Ecology of Coccinellidae. Kluwer Academic,
Dordrecht. Pp. 464.

• Lande, R. 1995. Mutation and conservation.
Conservation Biology. 9: 782-791.

• Machado, V. and Araújo, A. M., 1999. Color
polymorphism in . Fab.
1781, (Coleoptera; Cantharidae). II. Patterns of
emergence of morphs and mating systems.
Revista Brasileira de Zoologia. 16: 441-446.

• Machado, V., Araujo, A. M., Serrano, J., and
Galian, J., 2004. Phylogenetic relationships and
the evolution of mimicry in the Chauliognathus
yellow-black species complex (Coleoptera:
Cantharidae) inferred from mitochondrial CO I
sequences. Genetics and Molecular Biology,
Ribeirão Preto. 27: 55-60.

• Nei, M. and Li, W. H., 1979. Mathematical model
for studying genetic variation in terms of restriction
endonucleases. Proceedings of the National
Academy of Sciences of the United States of
America. 76: 5269-5273.

Adalia bipunctata

Chauliognathus flavipes

• Paskewitz, S. M. and Collins, F. H., 1990. Use of
polymerase chain reaction to identify mosquito
species of the complex.
Medical and Veterinary Entomology. 4: 367-373.

• Roderick, G. K., 1996. Geographic structure of
insect populations: Gene flow, Phylogeography
and their uses. Annual Review of Entomology. 41:
325-352.

• Sasaji, H. and Akamatsu, M., 1979. Reproductive
continuity and genetic relationships in the forms of
t h e g e n u s M e n o c h i l u s ( C o l e o p t e r a :
Coccinellidae). Memoirs of the Faculty of
Education, Fukui University, Series II (Natural
Sciences). 29: 1-18.

• Williams, C. L., Goldson, S. L., Baird D. B., and
Bullock, D. W., 1994. Geographical origin of an
introduced insect pest,
determined by RAPD analysis. Heredity. 72: 412-
419.

• Williams, J. G. K., Kubelik, A. R., Livak, K. J.,
Rafalski, J. A., and Tingey, S. V., 1990. DNA
polymorphism amplified by arbitrary primers are
used as genetic markers. Nucleic Acids. Res. 18:
6531-6535.

Anopheles gambiae

Listronotus bonariensis,

23A scientific journal of COMSATS – SCIENCE VISION Vol.20 No.2 (July to December 2014)

Huma Balouch & Zahoor A. Swati





DESIGN AND ANALYSIS APPROACH FOR LINEAR
AEROSPIKE NOZZLE

Safwan Ullah Khan*,

Abid Ali Khan** &

Adnan Munir*

†

* Institute of Space Technology (IST), Islamabad, Pakistan

** Email: khanabid62@hotmail.comProfessor and Head Aeronautics & Astronautics Department, IST, Islamabad, Pakistan.
†

A scientific journal of COMSATS – SCIENCE VISION Vol.20 No.2 (July to December 2014) 25

ABSTRACT

Keywords:

1. INTRODUCTION

The paper presents an aerodynamic design of a
simplified linear aerospike nozzle and its detailed
exhaust flow analysis with no spike truncation.
Analytical method with isentropic planar flow was used
to generate the nozzle contour through MATLAB . The
developed code produces a number of outputs
comprising nozzle wall profile, flow properties along
the nozzle wall, thrust coefficient, thrust, as well as
amount of nozzle truncation. Results acquired from
design code and numerical analyses are compared for
observing differences. The numerical analysis
adopted an inviscid model carried out through
commercially available and reliable computational
fluid dynamics (CFD) software. Use of the developed
code would assist the readers to perform quick
analysis of different aerodynamic design parameters
for the aerospike nozzle that has tremendous scope of
application in future launch vehicles.

Rocket Propulsion, Aerospike Nozzle,
Contour Design, Computational Fluid Dynamics

®

In order to develop an optimum propulsion system and
realize the human dream of space exploration,
different aspects of aerospike engine are under active
research since 1950’s. Scientists involved with rocket
propulsion have known the fact that an
engine has the highest potential for significantly
improving the overall performance of satellite launch
vehicles through all phases of flight (Tirpak and John,
1998; Dorsey, et al., 1999; Bradford, et al., 2000;
Garvey and Besnard, 2004; Bui, et al., 2005). An
extraordinary performance, integrated over the flight
time, is especially important for high velocity missions,

aerospike

such as the single stage to orbit (SSTO) application
(Sutton and Biblarz, 2011). One such proposed SSTO
vehicle is X-33 with a linear Aerospike nozzle
(Jackson, et al., 1998; Wang, 1999; Shtessel and Hall,
2000). A simplified aerospike nozzle geometry is
shown in Figure-1. Unlike conventional nozzles, in
which performance losses occur especially at lower
altitudes as the engine is designed to have an
optimum thrust at only one design altitude, aerospike
is believed to recover up to 50 percent of those losses
(Huebner, et al., 1995). The recovery is possible due to
its unique ability of compensating for the varying
altitudes (and thus varying ambient pressure)
throughout the launch and ascent phases of flight.
Flow expansion is self-adjusted at altitudes lower
than design altitude, which improves thrust
coefficients and thrust (Naghib, et al., 2006).

At higher altitudes, the operation is almost similar to
the conventional nozzles. Likewise, when the exit
pressure equals ambient pressure at design altitude,
the expansion is optimum or fully expanded. However,
at altitudes lower than the design condition, where the
exit pressure is lower than the ambient pressure, flow
is said to be over expanded because expansion is
incomplete and jet plume exiting the nozzle is small, or
the jet exit velocity is lower than optimum. Here, the
Aerospike self-adjusts its flow expansion by effectively
changing the aerodynamic nozzle exit area unbound
from the outer end, and thus sufficiently eliminating
any back pressure (Kremeyer, et al., 2006). This is
what a conventional nozzle is incapable of and
surrenders to flow separation in such conditions.
While at higher altitudes, above the design condition,
the exhaust plume of aerospike nozzle is bigger than
the straight column and yet again, its expansion ratio
varies (increases) but as is the case of conventional
nozzles, such an under expanded flow fails to

Figure-1: Nozzle Wall Geometry with Expansion Waves
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influence the pressure distribution at the nozzle wall
and, therefore, does not add much to the thrust.
Although performance data for aerospike or plug
nozzles is always lower than the theoretical
expectations but still comparison of the performance
during all exhaust plume conditions with conventional
nozzles gives it an upper edge (Hagemann, et al.,
1998).

Continuous research is being carried out on making
the space accessible through the future launch
vehicles that must be reusable, lightweight, and
maintenance friendly. The goal of achieving an
economical and viable future vehicle is not easy and
success will mainly depend on the development of an
integrated and optimized system. Series of studies
have been carried out to meet this desired objective.
Not only reduction of airframe weight, improvement in
operability, and/or cost reduction will be sufficient to
realize the desired goals but development of optimal
propulsion system through studies such as the one
undertaken in this work are essential and are taking us
a step closer to human’s dream of space exploration.

The aerospike nozzle studied in this research
comprised three parts, namely the thruster, nozzle
wall, and base region. No truncation was applied to
keep the work simple, as shown in Figure-2.
Moreover, other components such as the turbo-
machinery and support structure for the nozzle wall,
which are essential parts of an engine, were also
neglected. The purpose of these assumptions was to
keep the focus of the research on the nozzle analysis,
and keep it simple and avoid other complexities of
entire engine.

Linear throat of the model (Figure-2), called the
thruster, has a rectangular cross-section, whose area

2. LINEARAEROSPIKE NOZZLE

is defined in terms of height per unit depth. It is
assumed that the thruster has been properly designed
and the calculations used to derive the shape of the
nozzle assume that at the exit of the thruster, the flow
velocity is sonic, i.e., Mach number reaches one. The
major thrust contributing section of the engine is the
nozzle wall. Exhaust gases leaving the thruster at
sonic velocity expand along the nozzle walls until they
exit from the engine. Various assumptions have been
taken during this work to reduce the complexity of
problem, especially the effect of exhaust flow heat on
nozzle wall material has been neglected. Moreover,
there is no cooling allowance considered as would
have been done on an actual engine and base region,
it is only formed when truncation is applied, thus
introducing wake region and complex aerodynamics.
When exhaust flow leaves the nozzle wall, the plume
takes the form of an aerodynamic spike aft of the
engine. At the corner of the nozzle wall near the exit,
flow separates and causes recirculation, which
generates pressure on the base. This pressure
generates thrust that can approximately account for
the complete loss on full length of the ideal spike
(Korte, et al., 1997; Niimi, et al., 2003).

Various significant gains are achieved through the
Aerospike nozzles that were considered in 1960s and
1970s for shuttle and in the 1990s for X-33 operations.
Some of the obvious merits are as follows:

i) Self-compensation as the launch vehicle climbs
through the atmosphere;

ii) Improved thrust coefficient when operating below
design pressure;

iii) Application in SSTO vehicles;
iv) Considered better than other advanced nozzles;
v) Aerospike has never flown using liquid

propellants;

2.1 Advantages and Disadvantages

Figure-2: Wall and Flow Geometry Parameters
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vi) Smaller in size and lesser in weight;
vii) Thrust vectoring due to the control of individual

combustion chambers;
viii) Less risk of failure due to simple turbo machinery;

and
ix) Lower vehicle drag due to its compact size and

easy integration.

Since aerospike is still a new technological leap, it also
has its share of disadvantages, which are a challenge
today for the aerospace engineers. These challenges
include the lack of proven flight experience, reliability,
performance validation (which are expected to
happen soon), and manufacturing complexities such
as a larger-than-usual surface area, which is
subjected to high heat transfer. The termination of
Lockheed Martin’s X-33 programme in 2001 played an
important role in impeding the vigorous development
of the aerospike concept.

The objective of this research was to design a
MATLAB code, which can generate an aerospike
nozzle contour quickly, correctly and efficiently. For
this purpose, an approximate method was used to
describe the geometric curves by simple mathematical
functions obtained from solving the relevant geometry
and aerodynamic relations. The code also calculates
the flow properties along the nozzle wall and other
performance parameters. Later section, presents an
outline of this analytical approach in more details. Next
step was to perform a detailed flow field analysis of the
design utilizing numerical techniques of a reliable
Computational Fluid Dynamics (CFD) software, using
the same initial and boundary conditions as in the
programme. Complete numerical approach used in
this work and the acquired results are deliberated in a
separate section. In subsequent part of the paper a
comparison of the results acquired through both the
approaches in order to verify the assumptions and
validate the developed design code is outlined.

The assumptions listed here and used in this work are
similar to those used in the approaches followed by
researchers in their published work (Sutton and
Biblarz, 2011; Jackson, et al., 1998):

a) Exhaust flow exiting thruster is a steady, inviscid,
irrotational, and isentropic, “thus the reflection of
waves from the wall, or free boundary are
neglected”.

2.2 Objectives

3. ANALYTICALAPPROACH

®

b) It is a planar flow, expansion fans are straight lines
with sonic conditions at thruster exit or throat.

c) Exit Mach at the nozzle wall is calculated by
Prandtl-Meyer function.

The nozzle geometry with its aerodynamic
characteristics was elaborated in Figure-1, which
clearly shows the thruster angle, , and the exit Mach

number, M . The Prandtl – Meyer angle, at exit is set to

the deflection or thruster angle where flow is sonic and
solved for the exit Mach number as shown in equation
(1) and (2):

Where, is the specific heat ratio (=1.4).

The x and y coordinates are given by equation (3) and
(4) solving the geometry in Figure-2, which also gives
parameters, such as Thruster area A , Base area A ,

Flow angle , Mach angle µ, and Plume area A, at any
point during the flow along the spike.

Following definitions apply for above relations:

The flow properties at each x and y coordinate along
the nozzle wall can now be found using the isentropic
flow relations:
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Thrust from each component is calculated separately
and superimposed to compute the overall thrust. The
thrust generated by both the thrusters is derived from
the rocket thrust equation 13:

Where,
m = Mass flow rate of thruster
p Ambient pressure at the design altitude

Using the standard definition for the mass flow rate
and thruster exit velocity at sonic conditions, equation
13 becomes:

Equation 15 is used to computed thrust generated by
both the nozzle walls:

Base region thrust is computed using equation 16:

Hence, overall thrust from all three components is
found through addition of thrust acquired from
individual components using equations 14, 15 and 16:

Finally, the thrust coefficient C is found using equation

18:

∞
=

F

3.1 Design Code Input and Output

Design input parameters for linear aerospike are listed
in Table-1 using calorically perfect gas properties for
propellants with an average combustion chamber
pressure of 300 psi. At an ambient pressure of 1.60
psi the nozzle seems to be designed for an operating
altitude of approximately 51,000 ft.

Various output parameters acquired through
implementation of analytical programme are listed in
Table-2 that include nozzle dimensions and four
important performance parameters. The coordinates
along the aerospike wall and Mach number at the

coordinates are plotted in Figure-3. Whereas, plots
given in Figure-4 show the original design code
outputs defining the nozzle wall contour in lbs/in (psi),
temperature profile in Rankine (R), and density profile
in slugs/feet (slugs/ft ) along the nozzle wall.

Also acquired from the design code are the values of
thrust coefficient for various nozzle pressure ratios
(NPR), i.e., p /p below and above the design value

of NPR, which is 187.5 @ 51,000 ft. The graphical
relation is plotted in Figure-5.
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Table-1: Aerospike Design Input Parameters

Parameter Value Units

Thruster Angle 67.84 degree

Truncation Fraction 1 -

Design Altitude 51,000 ft

Ambient Pressure 1.6 psi

Chamber Pressure 300 psi

Nozzle Pressure Ratio 187.5 -

Specific Heat Ratio 1.4 -

Total Temperature 5,760 R

Throat Size 0.1575 in

Wall Grid Points 100 -

Parameter Value Units

Exit Mach 4.16 -

Area Ratio 12.35 -

Exit Height 2 in

Wall Length 8 in

Exit Pressure 1.6 psi

Thrust Coefficient 1.56 -

Thrust 151.06 lbs

Mass Flow Rate 0 slugs/s

Specific Impulse 231 s

Ideal Exhaust Velocity 7,327 ft/s

Table-2: Aerospike Design Output Parameters
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4. NUMERICALAPPROACH

The Computational Fluid Dynamics (CFD) commercial
tool was used to perform the numerical analysis of the
flow through analysis domain. The given flow
parameters were used as inflow boundary conditions
for the exhaust flow while the ambient pressure was

set as the operating condition for each simulation. The
model employed first order upwind discretization
scheme based on finite difference to solve hyperbolic
partial differential equations. The governing equations
for the analysis were compressible, two dimensional
(2D) and inviscid Euler equations. Thus, the effects
due to a thin and attached boundary layer were
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Figure-3: Aerospike Nozzle Wall Coordinates, Mach Profile
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Figure-4: Velocity, Pressure, Temperature and Density Profiles from Analytical Code
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neglected, which is justifiable for a case, where the
pressure based inertial forces were effectively
dominant, with a highly favorable pressure gradient of
the nozzle exhaust flow. Solution method and control
features adopted for the numerical analysis are
tabulated in Table-3.

The set of equation from 19 to 21 depict a conservative
form of Euler equations, where;

E = Total energy per unit volume
u = Fluid velocity component in x direction
p = Pressure

A scientific journal of COMSATS – SCIENCE VISION Vol.20 No.2 (July to December 2014)
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Figure-6: 2D Mesh Model of the Linear Aerospike
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Figure-5: Thrust Coefficient vs. Nozzle Pressure Ratio

NPR

C
F

Characteristic Value

Model Inviscid (Euler)

Solver Type Density-based

Time State Steady

2D Space Planar

Fluid Calorically Perfect Gas (γ =1.4)

Formulation Approach Implicit

Discretization Scheme First Order Upwind

Courant Number 0.3~1.2

Residuals Absolute Criteria 1.00E-04

Table-3: Solution Method/Controls for CFD
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Figure-9: Computational Fluid Dynamics Contours

(a) Total Pressure (psi) (b) Total Temperature (R)

(c) Entropy (btu/lb .R)m (d) Speed of Sound (ft/s)

Figure-8: Typical Plot of CFD Residuals
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ρ= Density

To perform the CFD analysis, an input file and a grid
generation for the software are essential
requirements. The input code created using a Journal
file (.jou) format, which contains all database related
commands executed while creating a specific model.
It also contains all the details of initial/boundary
conditions and settings for the CFD analysis.

4.1 Analysis

Selected meshing module from a commercial software
was used to create a detailed structured 2D mesh
model of the Aerospike assembly comprising cowl,
throat, and the full-length spike (nozzle wall), as
shown in Figure-6. The mesh used over the 2D model
kept significantly finer over the throat and spike to
produce improved computational resolution in this
area of interest. Multiple grids with increasing cell
density with respect to the nodes near the throat and
spike region were generated to check for grid-
independence in the solution, i.e., no significant
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(a) Mach number (b) Velocity (ft/s)

(c) Pressure (psi) (d) Temperature (R)

(e) Density (slug/ft )
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Figure-10: Computational Fluid Dynamics Contours
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Table-4: Results Comparison

Parameters Analytical Numerical %

Exit Mach No 4.16 3.46 83.17

Exit Velocity (m/s) 2,233.50 2,235.42 100.01

Exit Pressure (Pa) 11,028.11 9,256.52 83.93

Exit Temperature (K) 710 958 138.7

Exit Density (kg/m
3
) 0.054 0.038 70.37

Area Ratio 12.35 12.7 102.8

Mass Flow Rate (kg/s) 4.55 4.86 106.8

Specific Impulse (s) 231 219 94.8

Ideal Exhaust Vel (m/s) 2,233.50 2,158.60 96.6

Thrust (N/m) 667.2 625.4 93.7

Safwan Ullah Khan, Abid Ali Khan & Adnan Munir

Figure-11: Mach Number Contours at Different Altitudes

(a) Sea level (NPR=20) (b) 10,000 ft (NPR=35)

(c) 25,000 ft (NPR=55) (d) 30,000 ft (NPR=70)

(e) 45,000 ft (NPR=110) (f) 60,000 ft (NPR=225)
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variation in results with increasing cell density.

A code in Glyph file (.glf) format is designed to create
several meshes in a very short time. The code is based
on tool command language, which allows access to
the commands and entities of the used software
application. Figure-7 graphically shows the total
number of cells for different grids generated via this
process and the maximum value of Mach number
obtained from their CFD contours inside the relevant
domain as an indication of acceptable grid
independence. (The percentage difference in the
highest Mach number observed in the Mach number
contour between the final two grids is a 0.25%
increase, which is an acceptable value). Moreover, the

flow path trend between any two grids remained
completely unchanged, therefore, it is said that a fine
grid independence of the solution was achieved,
though with more room for improvement. The authors
predict that until an infinitely refined mesh is achieved,
numerical dissipation, is likely to generate
discontinuities.

In case of valid and reasonable CFD solution, the
analysis is expected to converge in addition to being
grid independent as discussed above. The residuals
for multiple CFD runs showed good convergence from
after 8,000 to even 38,000 cycles. A part of a typical

4.2 Results
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Figure-12: Numerical Flow Profiles
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CFD residuals plot for the Euler equations is shown in
Figure-8. Results acquired from CFD analysis are
plotted in Figure-9 to Figure-11 simulated at the design
NPR. Mach number contour plots obtained from CFD
analysis at different altitudes and NPRs are plotted in
Figure-11. The phenomena of over expansion at lower
altitudes/NPR and under expansion at higher
altitudes/NPR can be clearly seen in these plots.

Flow properties such as Mach number, velocity,
pressure, temperature, density and entropy computed
along the nozzle wall or spike through CFD analysis at
design NPR of 187.5 and altitude of 51,000 ft is plotted
in Figure-12. Whereas, total pressure, total
temperature and specific heat ratios acquired at same
parameters are plotted in Figure-13.

Furthermore, the net mass flow rate for a nozzle of 1 m
(i.e., 39.37 in) depth by the CFD analysis was

computed to be 0.0052 kg/s, which translates into a
valid result.

The CFD simulations revealed that the exhaust flow
exiting the thruster or nozzle throat was approximately
independent of the ambient pressure as predicted by
the analytical results. Analytical design code outputs
including the flow properties at exit plane and the four
important performance parameters are compared with
CFD results in a tabular form at Table-4. The readers of
the paper can clearly note a close similarity between
the analytical predictions and numerical solution given
the simplicity of the design code utilized and the CFD
simulation model chosen. This result would certainly
lead one to endorse the applicability and usefulness of
the simple approximate method for such a supersonic
nozzle contour design.

5. COMPARISON OF RESULTS
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Figure-13: Numerical Flow Profiles
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Though the viscous effects were neglected, the
velocity achieved at the exit through CFD is very close
to the value predicted by the design programme. This
was compromised by the larger mass flow rate through
the exit plane and lower specific impulse and thus a
slightly lower thrust for a unit depth nozzle.

Acomparison of the flow properties acquired both from

analytical and numerical results in SI units are plotted
in Figure-14. A relatively lower Mach number due to
the somewhat higher exit temperature (numerical
entropy generation) should not leave the readers in
much doubt because the actual numerical exit velocity
compensates for it. The reason for this increase of
temperature, and pressure, is the generation of shock
waves due to numerical dissipation in the CFD
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Figure-14: Comparison of Analytical & Numerical Profiles
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solution. However, the readers should note the
adequate resemblance in each of the physical contour
lines along the spike length shown in the contour plots
of numerical analysis from Figure-10 and Figure-11,
which shows the ideal expansion wave characteristics
emanating from the thruster exit. This is only in
accordance with the theory that along the
characteristic lines of expansion waves, the flow
properties are indeed continuous. Not to forget that the
approximately constant total pressure, total
temperature and entropy contours along the spike
length in Figure-9 respectively, do satisfy the validity of
the isentropic assumptions.

The main purpose of this research was to investigate a
quick simple model for a linear aerospike nozzle
design from aerodynamic concept. The model
includes predictions of nozzle shape, flow properties
along the nozzle wall and the four performance
parameters at a design condition. The second
important step was to prepare a mesh model for the
generated contour to and simulate the flow with similar
initial and boundary conditions as given and obtained
from the design programme. It was observed that the
results from the analytical concepts coincided with the
numerical tool, thus showing that the proposed
approach can be a useful initial/preliminary/simplified
engineering path for aerospike rocket design. The
main limitation of the research is that, however the
analytical code assumed isentropic continuous flow,
expansion-shock interaction was seen in numerical
results. One of the reasons for their generation could
be numerical dissipation (or “artificial viscosity”), but
the simple numerical tool used, does not offer shock
detection or filter techniques. This can be addressed
by employing a highly refined mesh, more advanced
CFD software, and more sophisticated solution
controls. In case of the experimental data availability,
the reliability of the approach may be further validated
to realize the development of a propulsion system
capable of making its place in reusable future launch
vehicles.

6. CONCLUSIONS
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ABSTRACT

Keywords:

1. INTRODUCTION

Ligand assisted metal uptake by plants is recent trend
in environmental clean-up. Arundo donax L. has been
demonstrated as a suitable bioresource for the
phytoextraction of arsenic recently. A. donax L. plants
were grown in arsenic contaminated soil with doses

Ethylene Diamine Tetra Acetic Acid
(EDTA) to inves t iga te che la to r -ass is ted
phytoextraction. The arsenic treatments included
control (no metal) and five doses of arsenic, i.e., 50,

100, 300, 600 and 1000 g kg . The arsenic
concentrations linearly increased in parts of with
the increasing arsenic and EDTA in growth medium.
Ligand addition also resulted in the increased arsenic
accumulation in the shoot over its control plants. EDTA
addition @ 5 mg kg to the treatment system may
effectively increase the arsenic uptake by A. donax
without severe growth suppression.

Arsenic, Arundo donax, EDTA, ligands,
giant reed, soil toxicity

Arundo donax L.

(5
and 10 mg kg ) of

plant

-1

�
-1

-1

Arsenic has been detected in almost all geographical
regions and circulates in the atmosphere,
hydrosphere, lithosphere and biological systems. It
exists in a variety of chemical forms possessing
variable mobility, bioavailability and toxicity (Su, et al.,
2009). Arsenic contamination of water, soil and crops
is continuously increasing in many regions of the world
(Tripathi, et al., 2007;Verbrugen, et al., 2009). Its long-
term exposure causes a variety of diseases, including
skin lesions, cancer and diabetes, affecting millions of
people around the globe (Raab, et al., 2007; Zhu and
Rosen, 2009). Due to its chronic toxic effect on human
life, the maximum contaminant level (MCL)
has been reduced to 10 g L from 50 g L by US
Environment ProtectionAgency (USEPA).

Plants are effective in removing metals from growth
medium, and phytoremediation has recently emerged
as green technology (Mudgal, et al., 2010; Kausar, et
al., 2012). The phenomenon is environment friendly,
safe, cost effective and provides the possibility of
harvesting the plants for the extraction of absorbed
metal. For effective phytoremediation, metal-tolerant
plant species capable of accumulating high metal
content and fast-growing plant species capable of
growth in diverse habitats is recommended (Skinner,
et al., 2007). is a fast growing plant

of arsenic
μ μ

-1 -1

species with an efficient biomass production that may
be highly desirable for phytoremediation of metals.

In spite of high arsenic concentrations in soils, only a
fraction is found bioavailable for plant uptake, the bulk
is commonly found as insoluble and remain
unavailable for absorption by hyperaccumulating
plants. To increase the mobility and bioavailability of
heavy metals, various chelators such as EDTA,
Diethylene Trinitrilo Pentaacetic Acid (DTPA), Nitrilo
Triacetic Acid (NTA), and citric acid, are used. EDTA
has been found as most effective ligand (

Islam, et al., 2008; Dan, et al., 2008; Wang, et
al., 2009). Therefore, researchers are concentrating
their efforts on increasing the solubility and
phytoavailability of arsenic, and on the subsequent
translocation from the roots to the shoots. In the past
decade, chelate-enhanced phytoremediation has
received much attention in the scientific community.
This technique aims to clean arsenic-polluted soils by
solubilizing and allowing it to get accumulated in plants
( Rahman, et al., 2008). The
application of chelators like EDTAhas been suggested
to ameliorate metal toxicity in plants (Dan, et al.,
2008). Use of ligands enhances heavy metals
solubility (Wu, et al., 2004), uptake, and translocation
to aboveground parts (Saifullah, et al., 2009).
can grow in different environments with spacious
ranges of pH, salinity, drought and trace metals
without any symptoms of stresses, and can easily
adapt to different ecological conditions and grow in all
types of soils ( . There is still
lack of knowledge on the responses of the plant
against arsenic in the presence of chelating agent like
EDTA.

In the present study, the effect of EDTA along with
arsenic was studied at different concentrations in
order to investigate the appropriate chelator dose and
method of application for chelator assisted
phytoextraction of arsenic by from
contaminated soil.

The plant material was collected from a wetland near
Haripur city of Pakistan. The plant collection and
growth was accomplished by procedure adopted by
Mirza, et al. (2010a).

Benavides,
2007;

Mroczek, 2005;

Sabeen, M., et al., 2013)

A. donax

A. donax L.

2. MATERIALSAND METHODS

2.1 Plant Material
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2.2 Arsenic Treatment

2.3 PhytoextractionAbility

2.4 ArsenicAnalysis

2.5 Biomass Production / Yield Data

The experiment was laid out in randomized complete
block design (RCBD) with three replicates. The
treatments included control (no metal or EDTA) and
five doses of arsenic, i.e., 50, 100, 300, 600 and 1000
µg kg . Another two sets included similar arsenic
treatments but in addition to that two doses of EDTA@
5 and 10 mg kg . The EDTA dose selection, method of
application and handling was according to Dan, et al.
(2008). The physicochemical properties of the soil
were: loamy soil, with pH and organic matter content of
6.23 and 0.93%, respectively.

The phytoextraction ability of plants was
assessed using both the bioaccumulation factor (BF)
and the translocation factor (TF) as follows:

Arsenic in the soil and plant parts was determined
th rough co lo r ime t r i c me thod us ing UV-
Spectrophotometer at 840 nm (Bigham, 1996).

Various growth parameters of studied
under arsenic stress included plant height; number of
leaves per plant; number of nodes per plant; average
root length; and toxicity symptoms prior to and after
the arsenic treatments. The average values of these
parameters before treatments have been presented in
Table-1.

-1

-1

A. donax L.

A. donax L.

3. RESULTS

3.1 Arsenic Content in Plant Parts and Soil

3.2 Bioconcentration Factors

The results of the various arsenic concentrations
determined in the soil and different plant parts under
various arsenic and EDTAtreatments are presented in
Figures 1 to 3.

The total arsenic concentrations in various plant parts
had linear relationship with the increasing applied
arsenic concentrations (Figure-1). However, the
arsenic accumulation under EDTA addition was
significantly higher than those without EDTA (Figures
2&3). The maximum arsenic accumulation occurred in

the leaves at highest arsenic treatment (1000 g kg )
compared to other organs. Decrease in the soil
arsenic concentration was pronounced for all applied
arsenic treatments of 10 mg kg EDTA (Figure-3).
Significant difference was noted for arsenic
accumulation in various plant parts of at 5
mg kg of EDTA compared to control. Except for the

arsenic treatment of 600 g kg with 5 mg kg EDTA,
the order of arsenic accumulation, at various applied
arsenic and EDTAconcentrations was:

Soil < Root < Leaf

The bioaccumulation factor (BF) and translocation
factors (TF) for control and treated plants are shown in
Figure-4. A marked difference in the BF and TF values
was observed for the arsenic treatment with and
without chelator addition. For all treatments, the
maximum BF value was observed for the arsenic dose
of 1000 g kg supplied, i.e., 3.1 without chelator
addition, and TF value was 2.1. BF values for same
arsenic treatment with 5 and 10 mg kg were 8.1 and
19.3, respectively (Figure-4). The TF values for
arsenic treatments in the presence of ligand were
around 1 for all treatments. For both the EDTA

�
-1

-1

-1

-1 -1

-1

-1

A. donax L.

�

�

(1)
� �

� � solutionAs

plantsAs
BF �

(2)
� �

� � RootAs

ShootAs
TF �

Table-1: Average Values of Various Morphological Parameters Before Arsenic Treatments

Parameter Values

Plant Height 18+1 cm

Average root length per plant 15+2 cm

Dry weight of plant parts 25+5 g kg
-1

No. of nodes per plant 4+2

No. of tillers per treatment 2+1

No. of leaves per plant 4+1
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Figure-1: Concentration of Arsenic in Various Parts of Without Chelator AdditionPlant

Figure-2: Effect of Applied Arsenic and EDTA @ 5mg kg Concentrations on Total Arsenic Concentration
in Soil and Plant Parts of
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Figure-3: Effect of Applied Arsenic and EDTA @ 10 mg kg Concentrations on
Total Arsenic Concentration in Soil and Plant Parts of
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Figure-4: Relative Total Arsenic Bioaccumulation and Translocation Factors of
at Various Arsenic and EDTA Concentrations in Soil

A. donax L.
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Figure-5: Effect of Applied Arsenic Treatments on Plant Height, Number of Nodes
and Leaves After 21 Days of Growth in Soil

Figure-6: Effect of Applied Arsenic Treatments on Root Length and Number of Tillers
After 21 Days of Growth in Soil
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concentrations (5 and 10 mg kg ), arsenic BF
increased till 300 g kg , decreased at 600 g kg but
then was the highest at 1000 g kg (Figure-4). Some

-1

-1 -1

-1

� �

�

toxicity symptoms appeared in plants exposed to 1000
g kg which included an appearance of reddish root

tips, red young leaves, and burned necrotic margins of
�

-1
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Figure-7: Effect of Applied Arsenic and EDTA @ 5 mg kg Concentrations on Plant Height,
Number of Nodes and Leaves After 21 Days of Growth in Soil

-1

Arsenic + EDTA Treatment ( g kg / 5 mg kg )�
-1 -1

P
la

n
t
h
e
ig

h
t
(c

m
),

n
u
m

b
e
r

o
f
le

a
v
e
s

a
n
d

n
o
d
e
s

p
e
r

tr
e
a
tm

e
n
t

Figure-8: Effect of Applied Arsenic and EDTA @ 10 mg kg Concentrations on Plant
Height, Number of Nodes and Leaves After 21 Days of Growth in Soil
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leaf laminae.

Growth of the plant in terms of plant height, number of

3.3 Growth Performance of A. donax L

leaves and nodes is presented in Figures 5 to 10.
Results show that plant height and root length (cm) are
significantly affected at arsenic concentrations of 300

g kg (Figure-5). Almost all growth related
parameters increased up to 600 mg kg and then they
�

-1

-1
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Figure-9: Effect of Applied Arsenic and EDTA @ 5 mg kg Concentrations on Root Length
and No. of Tillers After 21 Days of Growth in Soil
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Figure-10: Effect of Applied Arsenic and EDTA @ 10 mg kg Concentrations on Root Length and No.
of Tillers After 21 Days of Growth in Soil
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were suppressed at highest supplied arsenic dose in
all cases (Figures 5 to 10). In fact, such growth
responses were noted for both EDTAconcentrations.

As compared to control and 5 mg kg EDTA, a
pronounced decrease in plant growth and biomass, in
terms of plant height, number of leaves, nodes and
tillers were observed at 10 mg kg EDTA (Figures 7 &
8). Interestingly, significant increase in root length was
observed at all arsenic treatments with the addition of
10 mg kg EDTA(Figures 9 &10).

Plants absorb toxic metals, they resistant the
contamination, translocate and accumulate into their
body parts, thus help in cleaning soils and water
contamination through phytoremediation (Mudgal, et
al., 2010). It is safe, environment friendly, cost
effective and provides the possibility of harvesting the
plants for the extraction of absorbed contaminants,
which cannot be easily biodegraded for recycling
(Mirza, et al., 2010a; 2010b). Ligand-assisted metal
uptake by plants has only recently been discovered in
the remediation industry. EDTA is a commonly used
ligand which binds with many metals (Dipu, et al.,
2012). The addition of ligands generally proves fruitful
in phytoremediation of metals in contaminated soils.
Rhizosphere microbes and ligands can enhance
metal uptake and accumulation through metal
availability in the rhizosphere (Chen and Cutright,
2002). Ligands, especially EDTA, have been widely
used in agriculture as an additive in micronutrient
fertilizers worldwide (Wallace, et al., 1992).

It was observed that the plant growth was promising
when 5 mg kg EDTA was added along arsenic
treatments. Consequently, tissue arsenic significantly
increased; however, the increase was more
pronounced at 10 mg kg EDTA. The current
observations were in disagreement with Wang, et al.
(2009) and Dan, et al. (2008).

The addition of chelating agents like EDTA increased
the capacity of the plants to absorb the heavy metals;
simultaneously, the bioconcentration factor (BCF) was
also increased. Wang, et al. (2002) indicated that
chelator addition could increase the concentration of
available heavy metals in the soil, hence their addition
may affect the plant growth, and chelators at higher
concentrations could also be toxic to the plants.
Considering economic expenditure and potential
e n v i r o n m e n t a l r i s k s , c h e l a t o r - a s s i s t e d
phytoextraction might be more suitable for arsenic

-1

-1

-1

-1

-1

4. DISCUSSION

contaminated soils.

Many researchers (Hall, 2002; Sridokchan, et al.,
2005; Verbruggen, et al., 2009; Zhao, et al., 2009)
demonstrated that the plants adopt strategy to avoid,
build excess metal levels in the cytosol, and thus
prevent the appearance of toxicity symptoms. More
than one mechanism could be involved in reducing
specific metal toxicity with the plant. Tolerance
development may also involve plasma membrane,
i.e., by stimulating the efflux of metals once having
entered into cytosol. Protoplast exhibits a variety of
tolerance mechanisms, such as repair of stress
damage p ro te ins (hea t shock p ro te i n ) ,
metallothioneins, chelation of metal by organic acids,
amino acids or peptides or their compartmentation
away from metabolic processes by transporting it to
the vacuole. The final step in detoxification is
sequestration of arsenic in the vacuoles of root and
shoot tissue, and it is believed that, in analogy to yeast,
this might be in the form of As(III)–thiol complexes
(Dhankher, 2005; Bleeker, et al., 2006) although no
evidence of its occurrence in plants has been found till
yet. But recent research on hyperaccumulating and
tolerant species showed that vacuoles of

and contain large concentrations of
inorganic As(III) (Ellis, et al., 2006; Pickering, et al.,
2006; Tripathi, et al., 2007). Thus, in order to minimize
the arsenic load, the reduction of As(V) within the
plant, coupled with chelation and sequestration of
As(III), may result in increased retention of the arsenic
in the aerial plant plants and ultimately exclusion
through seasonal leaf drop (Tripathi, et al., 2007).
Although, higher arsenic accumulation occurred in
plants grown in EDTA concentration of 10 mg kg , the
appearance of toxicity symptoms along suppressed
growth at higher arsenic content suggested that it may
be safer to use EDTA at the rate of 5 mg kg for
effective arsenic uptake and lesser damage to

.

Plant uptake and metabolism of arsenic has been
reviewed by Quaghebeur and Rengel (2005) and
others (Sridokchan, et al., 2005; Tripathi, et al., 2007;
Zhu and Rosen, 2009; Zhao, et al., 2009). In order to
understand the bioaccumulation, transformation and
translocation behaviors of arsenic within plant system,
it is important to understand two inorganic oxidation
states of arsenic, arsenite and arsenate. In soil-plant
water system, both the states transform and are inter-
convertible depending on the redox status of the
environment; metabolic pathway is still not fully
revealed but arsenite reduction results in arsenate
formation (Mark, et al., 2007).

P. vittata, P.
cretica H. lanatus

A.
donax L

-1

-1
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ABSTRACT

1. INTRODUCTION

X-ray crystallography is a science in which
mathematics and theory meet with experiment and art.
Since its inception over a century ago, many
crystallographers have contributed to this science
where an appreciation for beauty and an eye for
pattern are useful skills for extracting truth from data.
X-ray crystallography has been and remains one of
the most important tools for describing reality at a
foundational level the organization of atoms.

X-ray crystallography has been used for over one
hundred years to determine the atomic positions of
hundreds of thousands of molecules. Molecules and
atoms can interact with incoming light whose
wavelength is approximately the same size as they
are. Since atomic bonds are on the order of 0.1-0.2
nanometers, X-rays, with wavelengths of
approximately 0.1 nanometers, or 1 Å long, are used
to produce diffraction patterns (Figure-1). The patterns
produced by the interfering X-rays that hit the object
can then be used to calculate the atomic coordinates

of the electrons that give rise to the interference
patterns through a mathematic operation called a
'Fourier transform'. The sensitivity limits on detectors
require a crystal of the molecule, which can amplify the
diffraction data. To calculate the electron density
maps, the intensities of the reflections are used. The
phase information of each reflection is also necessary
to complete the Fourier transform, and that
information is missing in a diffraction experiment and
needs to be obtained by other methods. Since its
development, X-ray crystallography has had a great
impact on the understanding of physical and life
processes. The thousands of maps of complex
molecu les that have been produced by
crystallographers have provided deep insights into the
understanding of disease, the design of medicines,
the miracle of catalysis, the mysteries of molecular life
processes, and the grandeur of complex systems.

All things are made of atoms, and X-ray
crystallography is the light that reveals atoms to
scientists. A method that uncovers nature’s
foundational secrets, crystallography fills the hunger

2. THE PATTERNS OF CRYSTALLOGRAPHY

Figure-1: X-rays are Used to Collect a Diffraction Pattern and Solve the Structure

The wavelengths of X-rays are on the order of 10 meters which is equivalent to 0.1 nanometers or 1 Å
To use diffraction to resolve the details of a typical bond between atoms (which is 1-2 Å long) it is necessary to use light that is on

the order of the object to be resolved; therefore, X-rays are used for objects on the molecular level. A single wavelength X-ray beam
is directed toward a crystal of the molecule, and

the interference patterns are recorded on a detector. The reflections produced by the interacting waves are related to the electron
density by a Fourier transform operation, where the intensities of the reflections are used to build a map of electron locations and

calculate the structure of the molecule.

-10
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of those seeking to understand how the universe
works and its structure. But crystallography is not just a
tool for appeasing appetites of the curious; the
symmetries, colors, shapes, and patterns that
inundate a crystallographer’s vision stimulate those
with an appreciation for beauty too. Mastering
crystallography demands years of training but offers
huge scientif ic and aesthetic rewards. In
crystallography, beauty and functionality go hand in
hand. This is especially true of protein crystallography,
which enables to understand the structure and
function of the most complex molecules, the
molecules of life. For example, only those protein
crystals whose form and clarity rival the most beautiful
gemstones are likely to give good data (Figure-2A).
The better the ordering of the biological molecules in
the crystal, the higher the probability of detecting
waves diffracting off of the details of the crystal. This
ordering is often propagated outward to the macro-
morphology of the crystal so that crystals that appear
beautiful and clear may very well represent a lattice
that is well ordered and diffracts to a high resolution.
Shown in Figure-2B is the arrangement of biological
molecules in a crystal lattice. A homogeneous sample
of the molecule is used to produce the crystal. The
crystal lattice is composed of the molecule (Figure-2C)
that is in an ordered array which can be described by
various rotational and translational operations. The
molecule in Figure-2C is represented by a ribbon
diagram. Ribbon diagrams are the most common way
of representing proteins and are the offspring of Dr.
Jane S. Richardson, who drew the first ribbon

diagrams by hand (Richardson, 2000).

Another example of where beauty and functionality go
hand in hand in crystallography is with data extraction
from a diffraction pattern. Extracting the data from the
complex tapestries and hidden symmetries of a
diffraction pattern (Figure-3) requires that the
reflections are not smeared or overwhelmed by noise.
An eye for pattern allows for more effective data
processing, and ultimately, a more accurate picture of
reality. The crystallographer strives for beauty but also
latches on to beauty as a tool. The geometries, colors,
symmetries, and patterns involved are an aesthetic
treat and a scientific necessity.

The brilliant Dr. Dorothy Crowfoot Hodgkins (born
1910 in Cairo, Egypt) was a pioneer crystallographer
and a Nobel laureate who solved the structures of the
largest and most complex molecules of her day,
including penicillin, vitamin B-12, and insulin. She also
pushed and developed importance practices such as
refining the fit of models to diffraction data. It was said
that early in her career, she would measure the
intensity of the spots from a diffraction experiment
under a lamp by eye (Eleanor Dodson, 2014). The
intensities of the reflections and the patterns formed
are used to calculate electron density maps. The
reflections are made by X-ray waves that scatter off a
crystal lattice onto a detector (Figure-3). The crystal
amplifies the diffraction signal enough to be detected.
Since the early years of crystallography, great
improvements have been made in measuring

Figure-2: The Structure, Symmetry, and Beauty of Crystallography

Shown in are high quality crystals of protein molecules. Crystals that are clear and free of visible imperfections tend to yield better
data. Arrangement of protein molecules in a crystal lattice is shown in , where part of the unit cell is outlined. The unit cell is the
smallest geometric unit of the crystal that can be described by translations alone. The smallest part of the unit cell not subject to
symmetry operators is the asymmetric unit, which is colored green in and is composed of four molecules of the protein that is

modeled in . The protein in is represented in a ribbon diagram rendering generated by the program PyMOL. The objective of a
crystallography experiment is to obtain the coordinates for the atoms in the crystal. The atomic coordinates have many applications

including molecular engineering and medicine design.

A
B

B
C C



51

Niloufar Ataie & Ho Leung Ng

diffraction data. But even today, distinguishing protein
diffraction patterns from artifacts caused by noise and
salt and ice crystals require the discerning eye of the
crystallographer.

Crystallographers use and write computer
programmes to help solve, improve, and interpret
structural data. Professor Eleanor Dodson, of York
University in the UK, was a student of Dorothy
Hodgkin, and excels at developing programmes used
for structure determination and refinement. Her
pioneering techniques in molecular replacement,
phase determination (Dodson, and Woolfson, 2009),
data distribution (Dodson, Winn, and Ralph, 1997;
Winn, et al., 2011), and model refinement (Murshudov,
et al., 1999; Murshudov, Vagin, and Dodson, 1997)
have contributed greatly to the rapid increase in high
quality macromolecular structures. The measured
intensities of X-rays scattering diffracting from a
crystal are used to calculate the distribution of electron
density corresponding to the atoms of the molecules in
the crystal. But a key ingredient to solving the
structure, the phases of the diffracting X-ray waves,
cannot be measured . Eleanor Dodson and
others have written, developed and shared software
that can estimate and refine phases from the
relationships within the complex tapestry of diffraction
spots. By understanding how the patterns, intensities,
and symmetries of an image of spots relate to three-
dimensional atomic structures, deep thinkers have
made processes, once believed impossible,

3. COMPUTATIONAND CRYSTALLOGRAPHY

directly

accessible to researchers and students. Today,
through software included in the CCP4 suite (a
collaboration that Professor Dodson helped lead),
phases can be assigned and structures can be solved,
sometimes, in minutes.

Also included in the CCP4 software suite are
programmes that can improve the model through the
process of refinement. After the phases are assigned
and the structure is solved, the model can be made to
better fit the data by using known experimental
parameters like bond lengths and angles to maximize
the agreement between the model and data. During
this process of changing the model to better fit the
data, a measure called the ‘R-factor’ is used to
measure the agreement between the model and the
observed amplitudes. This process can greatly
improve the description of the electron density to
better describe the positions of the atoms in a
macromolecule.

Accurate measurement of X-ray diffraction requires
uniform, high quality crystal lattices, but crystallizing
large biomacromolecules is not easy. Often, many
solution conditions, sometimes thousands, must be
screened for crystallization. Initial crystals are often
small and of poor quality. The quality and size of those
crystals must be optimized through further solution
screening. As with all scientific research, human
persistence is essential for success, but chemical
knowledge is also vital. Solution compositions,

4. BIOLOGICAL CRYSTAL GROWTH
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Figure-3: Diffraction Pattern from a Protein Crystal

Monochromatic X-rays diffracting from a protein crystal
produces patterns that are used to calculate the coordinates
of the atoms in the crystal. Yellow circles correspond to the

diffraction pattern calculated for the crystal. The intensities of
the reflections and the geometric relationship between the
positions are used to solve structures. The crystallographer
needs to discount noise and ice crystal reflections, which

manifest in spots and features that do not fit the calculated
protein diffraction pattern.
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instruments, temperature, and other experimental
variables must be considered. Even after thousands of
attempts, a protein may not form usable crystals.
Sometimes clever scientists use alternative ways to
crystallize macromolecules, like using molecular
engineering to add on groups that may contribute to
enhanced crystal contact surface area. Alternatively,
crystallographers may remove floppy or charged
residues that lower the probability of molecules
coming together to form a crystal contact surface.
Often, biological homology and diversity are taken
advantage of to crystallize an evolutionary related
molecule that is very similar but has enhanced crystal
forming properties. Nevertheless, failure is the
constant friend of the crystallographer.

Most biomolecules are large, but some of the most
important are gigantic. For example, the ubiquitous
and age-old ribosome is easily ten times larger than
most biomolecules that have been crystallized
(Figure-4). The ribosome’s size (over 60,000 atoms),
irregular shape, instability, and composition (it
consists of dozens of chains) make crystallization very
improbable. Against the advice of most, Dr. Ada
Yonath was determined to solve its structure. Many felt
the task impossible, but Dr. Yonath kept searching for
a way. Through her keen understanding of biology, she

hypothesized that the fundamental structure and
function of the ribosome would be preserved even in
species that live under very extreme conditions. For
extremophiles to live, their macromolecules and
ribosomes must be chemically sturdy. She reasoned
that those sturdy ribosomes would be more likely to
crystallize. She solved the ribosome structure from a
radiation sensitive bacterium, earning her the 2009
Nobel Prize in Chemistry.

Crystallography is a tool developed by the most
creative and curious people to answer some of the
most important questions in chemistry, biology, and
medicine. Love for beauty and truth meet in this field
that has been aglow with discovery since its inception.
Crystallography has not only uncovered deep
foundational secrets but has also led to discoveries
with great benefits in the development of
pharmaceuticals and the understanding of disease.
For example, many drugs are targeted to
biomolecules and the crystal structures have allowed
for the design of drugs with enhanced specificity. Such
a design is rational and has increased drug efficacy
and lowered the probability of debilitating side-effects.

5. CONCLUSION

A scientific journal of COMSATS – SCIENCE VISION Vol.20 No.2 (July to December 2014)

X-ray Crystallography:AScience of Truth and Beauty

Figure-4: The Ribosome Crystal Structure

For comparison, shown on the left is a model of the 50S large ribosomal subunit (Harms, Schluenzen, Zarivach, et al., 2001) (pdb ID
1NKW) and on the right is a model of a more typically sized protein, with 270 residues. The ribosome has over ten-fold more atoms, is

irregularly shaped, unstable, and composed of dozens of molecular chains. These features discourage ribosome crystallization. The form
of the ribosome is conserved across species, and extremophilic species have ribosomes that are extra sturdy. Professor Ada Yonath and
colleagues used this knowledge to crystallize ribosomes and produce atomic maps of one of the most important macromolecules of life.

The ribosome portrayed here comes from the remarkably radiation resistant bacterium, Deinococcus radiodurans.
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The three-dimensional structures of proteins have
also helped uncover the secrets of catalysis, and this
is giving way to the rational design of catalysts, which
will revolutionize the way we live. Applications of
crystallography continue to bear fruit in ways that
surpass the imagination too, as the coming of age of
computational chemistry is showing. The three-
dimensional structures have opened the door to
computer simulations of macromolecules, which are
getting more and more powerful every year at
predicting the behavior of complex molecules and
systems of molecules.

The fruits of crystallography are many, and many
scientists have contributed to the field. Many women
scientists have made great contributions to the field,
and perhaps, this is a reflection of the rewards and
challenges that crystallography bestows.
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ABSTRACT

Keywords:

1. INTRODUCTION

In this study, highly stable novel Titanium Dioxide
(TiO ) photocatalyst with exposed {001} facets was

synthesized on Ti-sheet which was acting as
supporting material. The synthesized material was
characterized by FE-SEM, HR-TEM, XRD and XPS
analyses. TEM analysis confirmed single crystalline
nature of the as-synthesized photocatalyst. The XRD
analysis showed that 80 % of the synthesized TiO /Ti

film with exposed {001} facets was anatase in
character. The fluoride ions (F ) on the surface of
TiO /Ti film was successfully removed by calcination

treatment at 600 C. The photocatalytic activity of
TiO /Ti film with exposed {001} facets was nearly 2.6

times higher than the ordinary, commercially available
P25 catalyst and also showed long-term stability
towards photocatalytic degradation of bezafibrate, a
toxic pharmaceutical contaminant in wastewater.

{001} facets exposed TiO /Ti film,

anatase, bezafibrate, calcination, degradation,
photocatalytic stability, water contamination.
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Titanium dioxide (TiO ) is most widely used

semiconductor for the photocatalytic applications due
to its high photo reactivity, low cost, non-toxic nature,
chemically and biologically inertness and high
photostability (Friedmann, Mendive & Bahnemann,
2010). Currently, the efforts are being focused to
modify the morphology of TiO and to expose the {001}

facets that are highly reactive sites due to the relative
high density of unsaturated 5-fold Ti and the unique
electronic structure. These facets are found to
possess higher photocatalytic activity over
thermodynamic stable {101} (Han, et al., 2009; Liu, et
al., 2009; Liu, et al., 2010; Wu, et al., 2008; Yang, et al.,
2009; Yang, et al., 2008; Liu, et al., 2010;Alivov, & Fan,
2009; Liu, Yu & Jaroniec, 2010). Yang and his co-
workers for the first time synthesized single-crystalline
anatase with 47% {001} facets through hydrothermally
heating a mixed aqueous solution of TiF and HF,

where the selective absorption of F stabilizes the high-
energy {001} facets (Yang, et al., 2008). This was later
improved to 64% and the achieved anatase crystals
were reported to generate more actively hydroxyl
radicals ( OH) upon UV irradiation when compared to

4
-

the commercial Degussa P25 titania nanoparticles
(Yang, et al., 2009). A number of publications in the
recent years have been published on the increased
exposure of {001} facets (Han, et al., 2009; Liu, et al.,
2009; Liu, et al., 2010; Yu, Fan & Lv, 2010; Yu, et al.,
2009; Dai, et al., 2009;Ariga, et al., 2009; Zhang, et al.,
2009; Xiang, Lv & Yu, 2010; Sayed, et al., 2014).

Wang and his co-workers for the first time fabricated
the TiO -film with exposed {001} facets by

hydrothermal treatment of Ti-foil (Wang, et al., 2010).
Zhang and co-workers synthesized {001} facets TiO

crystals on titanium substrate foil by hydrothermal
treatment of titanium foil in a 60 mL of 0.5 % (v/v) HF
solution at 180 C for 3 hrs (Zhang, et al., 2011). Wu
and Tang synthesized exposed {001} facets TiO film

hydrothermally by immersing Ti-plate in a Teflon-lined
autoclave for 1 to 24 hrs at (Wu & Tang, 2011).
Till now, most of the work reported used exposed {001}
facets in powder form for wastewater treatment.
However, to avoid the subsequent catalyst recovery
procedure, it is highly desirable to use immobilized
catalysts. In the present study, we have
hydrothermally synthesized {001} facets exposed TiO

film immobilized on Ti substrates for long-term
photocatalytic applications.

Bezafibrate (BZF, p-[4-chlorobenzoyl-amino-ethyl]-
phenoxy}-b-methylproponic acid) is a lipid regulator
agent and is a widely used drug throughout the world
and consequently has been frequently detected in the
environment (Daughton & Ternes, 1999; Ternes,
1998). In sewage treatment plants in Germany, this
drug has been found at the concentration of about 4.6
µg L (Daughton & Ternes, 1999; Ternes, 1998). In
rivers and water streams of Germany its concentration
was nearly 0.35 µg L (Ternes, 1998). In surface
waters this drug has been detected at median
concentrations of about 3.1 µg L (Daughton & Ternes,
1999). There are numerous reports on the removal of
BZF using different advance oxidation processes
(AOPs) like photo-Fenton (Trov'a, Melo & Nogueira,
2008), photo-degradation using solar-simulated
irradiation (Cermola, et al., 2005), ozonation and
UV/H O (Yuan, Zhang & Zhou, 2012). However no

literature is available for the photocatalytic removal of
BZF using {001} facets TiO film. In the present study,

hydrothermally synthesized {001} facets TiO film has

been investigated for removal of BZF from water.
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2. MATERIALSAND METHODS

2.1 Chemicals

All the chemicals applied in the present study were of
analytical grade and were used without further
purification. Milli-Q water was used during all the
experiments. Iso-propanol and Hydrogen peroxide
(40 % V/V) were purchased from Beijing Chemical
Reagent Company. 0.5 M NaOH and 0.5 M HCl were
used for pH adjustment. Bezafibrate was purchased
from Sigma-Aldrich.

2.2 Synthesis of {001} Facets TiO Film

2.3 Characterization

2

The synthesizing steps of {001} facets exposed TiO /

Ti thin-films are summarized in Scheme-1. In a typical
experiment, pre-treated Ti foil was hydrothermally
treated at 180 C in 0.03 M aqueous HF solution, and
110 mL H O in a Teflon-lined autoclave along with 50

mL iso-propanol with a total capacity of 160 mL. After
hydrothermal treatment of 3 hours, the obtained Ti-
sheets with exposed {001} facets was washed with
milli-Q water, dried and then calcinated at 600 C for 90
minutes in air to remove the adsorbed surface fluoride
ions. The process is illustrated in Figure-1.

The field-emission scanning electron microscope (FE-
SEM) images of synthesized {001} facets TiO film
were observed using an ultra-high-resolution field-
emission scanning electron microscope (FE-SEM, S-
5500, Hitachi, second electron resolution: 0.4 nm/30
kV) performed at an accelerating voltage of 5.0 kV.
The high-resolution transmission electron microscopy
(HR-TEM) analysis was conducted using a JEM-
2011F electron microscope (JEOL, Japan). For the
preparation of HR-TEM samples, Ti-sheet having
grown {001} facets was first ultrasonically treated in
absolute ethanol for 40 minutes and then a small drop
from the upper layer of the suspension was placed on
carbon film supported on copper grid and dried in air
before being analysed for HR-TEM. X-ray diffraction
(XRD) analysis of {001} facets exposed TiO film
supported on Ti-substrate was carried out with a
Rigaku D/max-RB using Cu K radiation ( = 0.15418
nm), operated at 40 kV and 100 mA. X-ray
photoelectron spectroscopy (XPS) was carried out by
using X-ray photoelectron spectroscope (XPS, PHI-
5300, ESCA) at a pass energy of 50 eV, using Al K as

2

2

2

o

o

2

α λ

α

Figure-2: Experimental Setup for Evaluating the
Photocatalytic Activity

Ti Plate + 110 mL H 0 + 50

mL iso-propanol + 0.03 M HF
2

pH remains unadjusted
(pH ~ 2.5)

Hydrothermal treatment at
180 C for 3 hrs

o

Washed with distilled water
and then allowed to dry

Calcination in air at 600 C
o

Figure-1: Synthesis steps of {001} Facets TiO Film2
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an exciting X-ray source to investigate the chemical
states of the surface elements.

Photocatalytic activity was measured by taking 10
mg/L of BZF solution in a 120 mL cylindrical vessel
into which TiO /Ti sheet with dominant {001} facets
was inserted. The design of photocatalytic reactor
used in this study is shown in Figure-2. For irradiation
purposes, a 10 W low-pressure mercury lamp (
=254 nm) was used. An oxygen flow was supplied to
the reactor at a flow rate of 30 mL min from the bottom
of the reactor. The reaction was allowed to reach the
adsorption equilibrium in dark for 30 minutes, after
adsorption equilibrium was attained, the UV lamp was
turned on to carry out photocatalytic reactions. Five
mL of sample was taken out after every 15 minutes
and the concentration of BZF was determined using

2.4 Photocatalytic Experiments

,

2

λmax

-1

high-performance liquid chromatography (HPLC,
Shimadzu, LC-10AD) with a UV detector (SPD-10AV)
at 230 nm and a Kromasil C18 column (250 mm 4.6
mm) for separation. The mobile phase consisted of a
mixture of methanol and water (70:30, v/v) at a flow
rate of 1 mL min . TiO (Degussa P25) was coated on
Ti-substrate by dipping 15-times the Ti-substrate in
suspension prepared by dissolving 1 g of P25 in 100
mL of water and then calcination at 400 C for 90
minutes. P25 coated on Ti-substrate was used as the
reference with which the photocatalytic activity of the
synthesized photocatalyst was compared under the
same experimental conditions. The photocatalytic
degradation of BZF follows pseudo first-order reaction
and its kinetics may be expressed as: ln (C /C) = kt,
where k is the apparent reaction rate constant, and C
and C are the initial concentration and the reaction
concentration of BZF, respectively.

-1

2

o

0

0
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Figure-3: FE-SEM of {001} Facet TiO Films Grown on Ti Substrate in the 120 mL Water + 50 mL Iso-propanol

Solution at the pH of 2.5 (a and b) and Cross-Sectional View of the {001} Facet TiO Film (c). Other Conditions:

Hydrothermal Time of 3 hours, Hydrothermal Temperature of 180 C and the HF Concentration of 0.03 M.
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3. RESULTSAND DISCUSSION

3.1 Morphology and Phase Structures

Figure-3 shows the FE-SEM images of {001} facet
TiO films grown on the Ti substrate in the 120 mL
water + 50 mL iso-propanol mixed solution at natural
pH of the hydrothermal system (pH ~ 2.5). Other
synthesis conditions are hydrothermal time of 3 hours,
hydrothermal temperature of 180 C and the HF
concentration of 0.03 M. As shown in Figure-3 (a, b),
the exposed surface of the film consists of truncated
tetragonal pyramidal TiO nanocrystals. According to
the structural information of the anatase single crystal,

2

2

o

the one square surface of the pyramidal can be
ascribed to {001} and four isosceles trapezoidal
surfaces are {101} facets of anatase TiO single
crystals (Figure-3(b)). The interfacial angles between
the top and isosceles trapezoidal faces are about
111.7 . The average size of {001} facets is about 350
nm. The film thickness was estimated roughly to be 30
µm.

The addition of hydrofluoric acid during synthesis can
play dual roles for growing TiO films with oriented
anatase {001} facets. One is to partially dissolve Ti foil
into soluble titanium complex for the growth of TiO
crystals. The other is to act as morphology-controlling

2
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Figure-4: TEM Image of Single Crystal Anatase TiO Scratched Off from Ti-substrate Prepared at

Hydrothermal Condition of Mixed Water / Iso-Propanol Solvent (110 : 50 v/v) at 180 C for 3 hours
(a) Exposed Side of {001} Facet (b), and (c) SAED Pattern

2
o
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agent. The mechanism for synthesizing the single TiO
crystals in the hydrothermal process is shown as
follows:

Ti + 6HF H TiF + 2H (1)

Generally the surface of TiO in aqueous media exists
in one of the possible species that is TiOH , TiO or
TiOH as illustrated earlier (Yang, et al., 2007). While
using 0.03 M HF, when these fluoride ions are
introduced to the system at pH = 2.3 nearly 94.8 % of
previous dominated TiOH would be replaced by TiF
through ligand exchange between surface hydroxyl
(-OH) groups on TiO and fluoride ions (F ) in the
aqueous solution, as illustrated by equation (4);

Figure-4(a) shows the transmission electron
microscopy (TEM) image of single crystal of TiO
particle on Ti-sheet. The top and bottom square
surface area of the nanoparticle is the {001} crystal
facet and the side isosceles trapezoidal surfaces
corresponds to {101} crystal facet. Figure-4(b) shows
the growth of TiO particle along {001} axis. Selected
area electron diffraction (SAED) pattern in Figure-4(c)
confirms the single crystal nature of this TiO particle.
From XRD results shown in Figure-5, it is clear that the
diffraction peaks at 2 = 25.22 , 36.82 , 37.67 , 38.54 ,

2
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� 2 6 2
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H TiF 4H O Ti(OH) + 6HF (2)

Ti(OH) TiO + 2H O (3)

+ �

�

�

+ -
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�Ti OH + F Ti F + OH (4)

o o o

�

θ

47.94 , 53.79 , 55.02 , 62.64 , 68.72 and 70.51 can
be attributed to (101), (103), (004), (112), (200), (105),
(211), (213), (204) and (110) of the standard card
JCPDS 21-1272 corresponding to anatase,
suggesting a high phase purity for the achieved titania.

The as-synthesized {001} facets TiO film was also

investigated for the surface environment using XPS
spectrum survey. Figure-6 shows that sharp
photoelectron peaks appeared at 459.1 (Ti 2p ),

464.89 (Ti 2p ), 530.89 (O1s), 684.486 (F 1s), 284.72

(C 1s) eV. The XPS results clearly demonstrates that
after calcination treatment at 600 C, there was no F on
the surface of TiO /Ti film. The removal of F ions are

necessary as it sometimes causes decrease in the
photocatalytic performance of the catalyst (Han, et al.,
2009).

The photocatalytic activity of as-synthesized {001}
facets was examined by decomposition of a model
pharmaceutical compound, BZF. Figure-7 shows the
comparison of rate constants of P25 and {001} facets
TiO sample prepared at hydrothermal condition of

water/ iso-propanol 110:50, HF =0.03 M and pH = 2.5.
It can be seen that as-synthesized photocatalyst
prepared in the present study showed best

o o o o o o

o

3.2 XPSAnalysis

3.3 Photocatalytic Activity and Stability of {001}
FacetsAnatase TiO Film
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Figure-5: XRD Patterns of the {001} Facets TiO Film Obtained by Hydrothermally Heating

Ti Plates in HF= 0.03 M, 110 mL Milli-Q Water and 50 mL Iso-Propanol at 180 C
2
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photocatalytic activity with a rate constant of 31.8 x 10
min , which is nearly 2.6 times higher than that of
conventional P25 coated on Ti-substrate. This may be
due to the fact that in synthesized photocatalyst, the
exposed percentage of {001} facets are higher as
compared to ordinary TiO particle.

Photocatalytic stability over a long period of time is an
important aspect of developing a suitable material for
an industrial photocatalysis process. Figure-8 shows
that more than 90% of BZF was degraded within 120
minutes by {001} facets TiO film, when hydrothermal

solution is added with mixed water iso-propanol

-3

-1

2

2

solvent (110 : 50 v/v), which remained almost the same
till the sixth photocatalytic run.

It can be concluded from this study that a highly stable
and reactive anatase TiO film with exposed {001}

facets can be synthesized by a simple hydrothermal
technique in the presence of an optimum dose of iso-
propanol. The synthesized high energy {001} facets
TiO shows excellent photocatalytic activity, far

exceeding that of commercially available P25, due to
exposure of high percentage of {001} facets. The

4 CONCLUSIONS

2

2
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2

Figure-7: Comparison of Photocatalytic Activity of P25 with our as Synthesized {001} Facets
TiO Film Prepared in the Present Study2

Figure-6: XPS Spectrum of TiO Film with Oriented Anatase {001} Facets Before and After Calcination2
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presence of optimum dose of iso-propanol in
hydrothermal solution plays a crucial role in the
enhance stability of {001} facets TiO film.
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ABSTRACT

Keywords:

1. INTRODUCTION

Ceramics Al O and TiO were mixed with carbon as

hybrid supports for platinum catalyst and their catalytic
activities were studied in basic media. X-ray diffraction
studies showed the formation of platinum
nanoparticles of 7 to 9 nm sizes on the composites and
other supports. Energy dispersive X-ray spectroscopy
(EDX) showed the composition of catalysts. Cyclic
voltammetry was used for the determination of peak
current, specific activity, mass activity and stability of
the catalysts for the electro oxidation of methanol in
basic media. Composite supported catalysts,
including Pt/TiO -C and Pt/Al O -C, showed much

higher catalytic activities and stability as compared to
Pt-C, Pt-Al O and Pt-TiO catalysts. Exchange current

densities were measured from Tafel plots;
heterogeneous rate constants were also measured
and were found to be substantially higher for
composite supported catalysts. Titania-Carbon
supported catalyst has higher catalytic activity as
compared to Alumina-Carbon supported catalysts.
Ceramic-Carbon supported platinum catalysts
showed much higher catalytic activity and stability and
can be helpful for the commercialization of low
temperature fuel cells.

Ceramics, Carbon, Nano composites,
Platinum catalysts, Characterization

2 3 2

2 2 3

2 3 2

Demand for energy is increasing that is mostly met by
burning of fossil fuels, including coal, petroleum and
natural gas, which causes enormous pollution (Duic,
et al., 2013; Panwa, et al., 2011). Use of fossil fuels is
not sustainable for future applications because of
pollution and climate change effects (DOE, 2013).A lot
of work is being done for the development of
renewable energy sources (solar, wind, hydro &
biomass, etc) and alternative energy sources
(hydrogen, fuel cells, batteries, etc;) for sustainable
energy (Duic, et al., 2013).

Fuel cells are emerging as clean and efficient
alternative energy sources (Costamagana &
Srinivasan, 2001; Ren, et al., 2000; Chalk & Miller,
2006). Fuel cell technology offers an attractive
combination of highly efficient fuel utilization and
environment-friendly operations (Mueller, et al., 2015;
Romero-Pascual & Soler, 2014; Wang & Nehrir, 2008).

Polymer electrolyte membrane (PEM) fuel cells are
potential energy sources for transportation and many
other stationary and portable uses (Casolari, et al.,
2014). Stability and efficiency are the major concerns
for their commercialization. During operation,
degradation of carbon support takes place due to
corrosion, which leads to their low performance
(Borup, et al., 2006; Speder, et al., 2014). Therefore,
there is a need to decrease the overall cost and
increase the efficiency and durability for widespread
commercial use of fuel cells. Ceramic-carbon
composites have shown a good potential to overcome
this problem (Antolini & Gonzalez, 2009; Shao, et al.,
2009;Armstrong, 2012).

In this study composite supports, including titania,
alumina and carbon were used to prepare composite
supports for platinum catalysts. Platinum catalysts that
supported only on carbon or ceramics were also
prepared, and their catalytic activities and durability
were studied and compared.

Vulcan carbon XC-72 was used having surface area of
254 m g and average particle size of 30 nanometer. It
was purified by refluxing it at 60 C with concentrated
HCl and ultra-sonification. Treated Vulcan carbon was
filtered, washed and dried it at 110 C. It was
functionalized by treating it with 4:1 v/v mixture of 8M
HNO and H O . Analytical grade titania and alumina

were used as received.

Pt/Vulcan carbon (10 wt. % Pt) catalyst was
synthesized using conventional reduction method
under argon atmosphere at room temperature, and
using NaBH as reducing agent. Aqueous solution of

PtCl with Vulcan carbon was stirred and NaBH

solution was added in the solvent mixture drop by
drop. Black suspension was filtered and washed
several times with de-ionized water till neutral pH of
the filtrate was vacuum-dried for 24 hrs at 110 C.

For the synthesis of Pt/TiO -C and Pt/Al O -C,
nanocomposite TiO and Vulcan carbon were added
into water: 2-propanol (3:1 v/v) mixture (the solvent)
and ultra sonicated for 1 hour. The black solid was
filtered, washed and dried in vaccum oven for 24
hours at 110 C. Then Pt (10 wt. %) was loaded on this

2. MATERIALSAND METHODS

2.1 Synthesis of Catalysts

2 -1

o

o

o

o
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mixed/composite support by conventional co-
reduction method in which NaBH was used as a
reducing agent. The resulting black suspension of
Pt/TiO -C and Pt/Al O -C nanocomposite catalysts
was filtered, washed and vacuum-dried for 24 hours at
110 C. For the preparation of Pt/TiO and Pt/Al O
catalysts, the procedure was the same however no
carbon was added.

X-ray diffraction studies were made at room
temperature by using X-ray Diffractrometer (3040/60
X’pert PRO) using Ni-filtered Cu-Ka radiations (40 kV,
30 mA). Energy dispersive X-rays spectra (EDX) were
recorded by using JEOL LA-6490, in energy ranged
from 0 – 20 keV using ZAF method of qualitative
analysis. Eco Chemie Autolab PGSTAT 12
potentiostat/galvanostat, Netherlands, with the
electrochemical software package GPES 4.9 was
employed for cyclic voltammetric measurements,
using a three-electrode system for electrochemical
studies under argon atmosphere at ambient
temperature. Graphite electrode was used as working
electrode with exposed polished tip of 0.785 cm
surface area. About 20 mg catalyst was ultrasonically
dispersed in 1 mL of aqueous 2-propanol in a test tube
for 30 minutes and 60 L of the resulting suspension
was spread on the tip. The solvent was evaporated, 10

L Nafion solution (5%) was applied to the tip and
finally dried in air. Nafion was used as an ion-

4

2 2 3

2 2 3

o

2.2 Characterization of Catalysts

2

�

�

exchange binder. Cyclic voltammograms were
measured in the potential range from -1.0 to +0.5 V vs.
SCE in the aqueous medium containing 0.2 M CH OH
(Sigma Aldrich, 99.7%) and 0.5 M KOH (Fluka, 99%).

Figures 1 and 2 show the XRD patterns of Pt/TiO -C,

Pt/TiO , Pt/C and Pt/Al O -C, Pt/Al O , Pt/C. For

Pt/TiO , peaks situated at 25.3 and 48 are due to

anatase (101) and (200) lattice planes, respectively.
The peak at 55.5 may result from the overlap of the
two adjacent peaks due to the anatase (211) and (105)
lattice planes. The three diffraction peaks were weak
and broad indicating poor crystallinity (Chen & Pan,
2009). Whereas, in Pt/TiO -C nanocomposite TiO

anatase peak appeared at 25.5 of (101) plane, which
overlaps the carbon peak of (002) lattice plane at 26 in
Figure-1.

Crystallographic parameters, such as lattice constants
(a and c), unit cell volume (V ), crystallite size (D) and

X-ray density (d ) were calculated from the obtained

data. Crystallite size of all the samples was calculated
by using Debye-Scherrer equation (Rajalakshmi, et
al., 2008;Ahmed, et al., 2009).

3

2

2 2 3 2 3

2

2 2

cell

x

3. RESULTS AND DISCUSSIONS

3.1 X-ray DiffractionAnalysis

o

o

o

o

o

Figure-1: XRD Patterns of Pt/TiO -C, Pt/TiO and Pt/C2 2
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Where k is the constant and its value is 0.89 (Cullity,
1956; Shao, et.al., 2010), is 1.54A, is the angle and

is the full width at the half maximum or the
broadening of the diffraction line measured at half its
maximum intensity. The lattice constants are obtained
by solving the simultaneous equations obtained by
putting different d and h,k, and l values in equation.

In this equation 'd' is the d-spacing, 'h', 'k' and 'l' are the
corresponding indices of each line in the pattern. The
lattice constant 'a', volume of cell 'V ' and X-ray
density ‘ ' (g cm ), is obtained by the following
equations (Rajalakshmi, et al., 2008; Cullity, 1956).

� �

�

�

cell

x-ray

-3

where ‘M’ is the molar mass of the sample, ‘N ’ the
Avogadro’s number, 'Z' is the number of molecules per
unit cell (Z=4 for Pt cubic-type) and ‘V ’ is the unit cell
volume.

The particle size of platinum in hybrid support is
smaller than Pt/C and Pt/TiO (Table-1). While for
Pt/Al O , all the four broad peaks of platinum at 39 ,
46 , 68 , and 81 are prominent because Al O is s
amorphous that not a single sharp peak of this oxide
appeared (Figure-2). In case of Pt/Al O -C, the
broadening of the diffraction peak for platinum
indicates a reduction in the average crystallite size
from Pt/C. That is why Pt crystallite size in Pt/Al O is

A

cell

2

2 3

2 3

2 3

2 3
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o oo o
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Catalyst
Position

2θ (degree)
d-spacing A

Lattice

parameter a/A

Cell volume

V/A
3

Density
ρ

X-raygcm
-3

Ave. crystallite

size (D/nm)

Pt/TiO2-C 39.8 2.265 3.9229 60370 20.86 7.16

Pt/TiO2 39.93 2.258 3.9105 59.8 21.06 8.9

Pt/C 39.66 2.25 3.8987 59.26 21.06 7.96

Pt Standard

Pattern
39.67 2.27 3.912 59.87 21.52 -

Table-1: XRD Parameters Evaluated for Pt/TiO -C, Pt/TiO and Pt/C2 2
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smaller than Pt/C and Pt/Al O -C (Table-2). In case of
Pt/Al O nanocomposite peak of aluminum oxide has
not appeared but its presence can cause a shift in peak
and also decrease the particle size of Pt in Al O -C
support.

EDX was used to ascertain the composition of
catalysts for the rapid EDX analysis of chemical
composition of each catalyst. LA-6490 analyzer was
connected to a scanning electron microscope (SEM,
LA-6490), with the incident electron-beam energies
ranged from 0 to 20 keV, which impinges the sample
surface from the normal angle. The measurement time
was 55-58 s, and the EDX spectra were obtained by
using Ziebold and Ogilvie -Factor (ZAF) correction for
the quantitative analysis of metal alloys (Shao, et.al.,
2010).

Table-3 shows the EDX results of Pt/TiO -C, Pt/TiO ,
Pt/Al O -C, and Pt/Al O catalysts corresponding to the

2 3

2 3

2 3

2 2

2 3 2 3

3.2 Energy Dispersive X-rayAnalysis

α

compositions of metals. Large amount of oxygen is
observed in case of ceramic support and mixed
support as compared to carbon. Composition of
catalysts as determined from EDX are given in
Table-3. It can be seen that the amounts of different
constituents in the catalysts are nearly the same as
added earlier, except for some additional oxygen
which is attached to carbon due to its functionalization.

Electrocatalytic activity of various synthesized
catalysts for methanol oxidation was determined in
basic medium using KOH solution by cyclic
voltammetry. The parameters determined are: peak
current (I ), specific activity (I ), mass activity (I ) and
exchange current density ( ). Figures 3 and 4 show
CVs measured in CH OH + KOH solutions at scan rate
50 mV.s from -1.0 to 0.5V on the catalysts. In anodic
sweep, a well-defined and sharp forward anodic peak
was observed near -0.2V, while in cathodic sweep very

3.3 Electrocatalytic Activity of Catalysts in Basic
Medium

p s

o

3

m

ί

-1
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Catalyst
Position

2θ(degree)
d-spacing A

Lattice

parameter a/A

Cell volume

V/A
3

Density

ρ
X-raygcm

-3

Ave. crystallite

size (D/nm)

Pt/Al2O3-C 40.02 2.253 3.9024 59.43 21.2 8.95

Pt/Al2O3 40.12 2.251 3.8992 59.28 21.25 6.7

Pt/C 39.66 2.25 3.8987 59.26 21.06 7.96

Pt Standard

Pattern
39.67 2.27 3.912 59.87 21.52 -

Table-2: XRD Parameters Evaluated for Pt/Al O -C, Pt/Al O and Pt/C2 3 2 3

Catalysts C % Pt % Ti% Al% O % Total

Pt/TiO2-C 77.4 9.76 5.2 - 7.6 100

Pt/TiO2 - 9.58 59 - 40 100

Pt/Al2O3-C 77.7 8.92 - 4.8 8.5 100

Pt/Al2O3 - 9.07 - 53 47 100

Pt/C 86 9.16 - - 4.64 100

Table-3: Compositional Analysis of Catalysts from EDX Results

Catalysts
Peak potential

Ep/V

Peak Current

Ip/(mA)

Specific activity

j/mA.cm
-2

Mass activity

mA/mg Pt

Pt/C -0.153 26.37 33.592 165

Pt/TiO2 -0.286 2.78 3.5414 23

Pt/TiO2-C -0.148 38.65 49.235 241

Pt/Al2O3 -0.265 4.52 5.796 19

Pt/Al2O3-C -0.109 36.45 46.433 228

Table-4: Activity Parameters Evaluated from CVs in 1M CH OH + 1M KOH on Various Catalysts3
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small reverse anodic peak was observed of the
methanol oxidation. Here, in Table-4 highest values of
I , I and I were observed for Pt/TiO -C and Pt/Al O -C
than Pt/C, Pt/TiO and Pt/Al O . The comparison of all
synthesized catalysts (Table-4) corroborated that in
basic medium Pt/TiO -C and Pt/Al O -C showed
higher catalytic activity. While in the case of Pt/TiO

p s m 2 2 3

2 2 3

2 2 3

2

and Pt/Al O very low values of current were observed.
Higher electrocatalytic activity for the methanol
oxidation for Pt nanoparticles loaded on mixed support
than ceramic support, which again shows that Pt has a
larger utilization in hybrid ceramic supported
nanocatalyst. The methanol oxidation in terms of mass
activity of the Pt/TiO -C was much higher than that of

2 3

2
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Figure-3: CVs Measured in 1M CH OH + 1M KOH at 50 mV.s on Pt/TiO -C, Pt/TiO and Pt/C
-1

3 2 2

Figure-4: CVs Measured in 1M CH OH + 1M KOH at 50 mV.s on Pt/Al O -C, Pt/Al O and Pt/C
-1

3 2 3 2 3
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the Pt/ TiO and about 46% higher than that of Pt/C.
Similarly Pt/Al O -C showed much more activity than
Pt/Al O and about 38% higher than Pt/C catalysts.
Titania-based composite catalyst is slightly better than
the alumina based catalyst.

2

2 3

2 3

3.4 Comparison of Exchange Current Densities
from the Tafel Plots

Figures 5 and 6 show Tafel plots measured in basic
media at scan rate of 50 mVs on various catalysts for
the oxidation of methanol. Tafel equation is written as

-1
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Figure-5: Anodic Polarization Curves Measured in 1M CH OH + 1M KOH at 50 mV.s on Pt/TiO -C, Pt/TiO and Pt/C3 2

-1

2

Figure-6: Anodic Polarization Curves Measured in 1M CH OH + 1M KOH at 50 mV.s on Pt/Al O -C,

Pt/Al O and Pt/C
3 2

-1

3

2 3
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(Bard & Faulkner, 2001):

V = a +b log i (6)

Where
a = -2.3 ( RT/ F) log i , and b = 2.3 RT/ F (7)

If voltage vs log i is plotted, the main parameters, a, b,
and i can be evaluated from the intercept and slope.
The catalytic activities of catalysts can be evaluated by
comparing the data of exchange current density. The
values of obtained from intercept are listed in Table-
5. Exchange current is a measure of catalytic activity.
The higher values of exchange current show higher
values of catalytic activity. It is obvious from the
polarization data in Table-5 that increases due to
presence of ceramic (metal oxides). Ceramic
composite supported catalysts have much higher
exchange current density than the normal carbon
supported commercial catalysts. Exchange current
density of only ceramic supported catalysts is also low.

It is basically the rates of reaction which increase the
efficiency of fuel cells. Higher rates of reaction show
better efficiency of fuel cells. Figures 3 and 4 show the
CVs measured on the nanocomposite catalysts and
the irreversibility plots of methanol oxidation on
nanocomposite catalysts. The peak potential (Ep ) of
forward scan increased with the increase of scan rate
and a linear relationship can be obtained by plotting E
vs. ln( ), which indicates that the electro-oxidation of
methanol is an irreversible electrode process in basic

Δ

α α

act

0

o

p

i

i

o

o

3.5 Rate Constant of Methanol Oxidation

a

�

medium. Similar results were obtained for both the
catalysts.

The values of heterogeneous rate constants (k ) for
the methanol oxidation on ceramic supported
nanocomposite catalysts have been determined in
basic medium using the Nicholson-Shain equation:
(Ali, et.al., 2015).

i = 0.227 nFAC k .exp[( n .F/RT)(E -E )] (8)

Where 'A/cm ' is the area of the electrode, 'i ' is the

peak current, 'n' is the number of electrons transferred,
'C /mol.cm ' is the bulk concentration of the reactant

and 'k /cm.s ' is the standard heterogeneous rate

constant. 'F' and 'R' are the Faraday and gas
constants. Reinmuth showed that for an irreversible
reaction, the current flowing at the root of the wave is
independent of the rate of voltage scan

. Thus the above equation can be written as:

i = 0.227 nFAC k .exp[( n .F/RT)(E -E)] (9)

where 'E ' is the potential at the root of the wave. A plot
of ln(i ) vs (E -E) at different scan rates will give rate
constant from the intercept and n from the slope
(Table-6). As n decreases the voltammogram will be
more drawn out. The rate constant for Pt/TiO -C
catalyst is much higher than it is for the others. The rate
constant k /cm.s value of 20.7x10 at 298 K for
Pt/TiO -C is much higher than those obtained for
Pt/TiO and Pt/C in basic medium. Similarly, Pt/Al O -C
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Catalysts
Tafel s slope b /

(V decade
-1

)
n



Intercept of

E vs Log i
i mA.cmo

-2

Pt/C 0.2107 0.281 0.0402 41.5

Pt/TiO2 0.2163 0.273 0.0541 24

Pt/TiO2-C 0.2314 0.256 0.0406 62

Pt/Al2O3 0.1529 0.387 0.0343 5.86

Pt/Al2O3-C 0.2522 0.235 0.0583 61.31

Table-5: Polarization Data Evaluated from Tafel Plots in 1M CH OH + 1M KOH3

Catalysts
Peak Current

Ip/(mA)

Rate Constant

khet/cm.s
-1

*10
-5

Pt/C 26.37 15.7

Pt/TiO2 2.78 2.1

Pt/TiO2-C 38.65 20.7

Pt/Al2O3 4.52 1.3

Pt/Al2O3-C 36.45 20

Table-6: Rate Constants of 1M CH OH in Basic Medium3
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has also much higher rate constant than Pt/C catalysts
which are normal commercial catalysts. Here, in rate
constants, it is also shown that composite catalysts
are much better than the commercial catalysts.

3.6 Durability of Catalysts in Basic Medium

Figures 7 and 8 show durability of the catalysts in
terms of specific activity (I ) obtained for 1M CH OH +

1M KOH at scan rate 50 mV.s for fifty numbers of
cycles in a single run. After each cycle, the value of
specific activity increased in basic medium because

s 3
-1
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Figure-7: Durability of Pt/TiO -C, Pt/TiO and Pt/C Catalysts in Basic Medium22

Figure-8: Durability of Pt/Al O -C, Pt/Al O and Pt/C Catalysts in Basic Medium2 3 2 3
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the catalyst becomes more and more active and less
poisoning occurs in basic medium. Catalytic activity of
Pt/TiO -C continued increasing with use of the

catalyst. Initially, it increased rapidly and then
gradually. However, in case of Pt/C catalyst the
catalytic activity slightly increased only up to four
cycles, then decreased up to fifty cycles due to catalyst
poisoning. Catalytic activity of Pt/TiO was very low as

compared to other catalysts. Nearly similar is the case
for alumina catalysts.

Therefore, it is concluded that Pt-NPs loaded on
ceramic hybrid support are more durable than Pt on
carbon. Some more durability in the case of
Pt/Ceramic-carbon nanocomposite may be due to
greater concentration of hydroxyl groups adsorbed on
the surface of ceramic, which can easily donate active
oxygen to CO-poisoned catalyst. This is how ceramics
in support give not only an enhanced activity but also
the better durability of catalysts. It is implied that
Pt/TiO -C and Pt/Al O -catalysts are very promising for

portable applications in direct methanol fuel cells and
proton-exchange membrane fuel cells in alkaline
media.

Catalysts are the most costly and important
constituents for the development of fuel cells.
Normally available commercial catalysts supported on
carbon suffer from carbon corrosion, and
consequently cause degradation of fuel cells. Efficient
and durable catalysts are necessary for better
operation of fuel cells. Ceramic promoted
nanocomposite catalysts were synthesized and
characterized. Titania-carbon composite supported
platinum catalyst was the most efficient and durable as
compared to titania alone and carbon supported
platinum catalysts. Similarly, alumina supported
nanocomposite platinum catalyst was more efficient
and stable than alumina alone and carbon supported
catalysts. Titania is slightly better than the alumina
supported catalysts. From the above discussion, it can
be concluded that the inclusion of ceramic in support
improved efficiency, catalytic activity and durability of
Pt/Ceramic-C nanocomposite and can help in the
commercialization of polymer electrolyte membrane
fuel cells.

• Ahmed, R., et al., 2014. Synthesis and
characterization of ternary Pt-Ni-M/C (M=Cu, Fe,
Ce, Mo, W) nano-catalysts for low temperature
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ABSTRACT

Keywords:

1. INTRODUCTION

The effects of polymerization routes on the crystalline
nature of polyaniline (PANI) salts were investigated.
PANI salts were prepared by two effective pathways,
i.e. emulsion polymerization (Bilal, et al., 2014) and
inverse emulsion polymerization (Bilal, et al., 2012).
Scanning electron micrographs (SEM) present the
irregular granular morphology of these PANI salts
having different particle sizes. The effect was further
assessed by X-ray diffraction (XRD) in detail. The
results showed that interchain separation and
crystallite size of the PANI salts were affected by the
synthesis methods. The small crystallite size and
interchain separation of PANI salt prepared by
emulsion polymerization suggested its good electrical
properties compared to the PANI salt prepared by
inverse emulsion polymerization. The results were
further supported by energy band gap values
calculated by using UV-Vis spectra. All these results
demonstrate that emulsion polymerization enhanced
the crystalline behavior by inducing more ordered
structure of PANI salt, which can be readily used in
optoelectronic devises.

Polyaniline, polycrystalline nature, SEM,
XRD, UV-Vis spectra

Polyaniline (PANI), one of the most thoroughly studied
intrinsically conducting polymers, has received great
attention due to its excellent chemical stability
combined with admirable levels of electrical
conductivity in its doped or protonated form, known as
PANI salt (Kim, Kwon and Ihm, 2007). Infact, the highly

order crystalline structures (with -conjugated sys-
tem) of PANI salt is expected to have metal-like
electrical conductivity (Kondawar, et al., 2012).

PANI has wide range of potential applications in
sensors (Liu, Hayashi and Toko, 2012), rechargeable
batteries (Xiao, et al., 2012; El-Shazly and Al-Turaif,
2012), capacitors (Ghenaatian, et al., 2011) and in
optical and electronic devices (He, et al., 2001).
However, processing of PANI into useful objects and
devices has been problematic because of its in-
solubility in common organic solvents. Therefore,
attempts have been made to modify PANI structure
and to overcome the difficulties associated with the
use of PANI by using different approaches. The
successful strategies include the synthesis of

�

substituted polyaniline (Chan, et al., 1995; Watanabe,
et al., 1989; Bilal, Shah and Holze 2011), co-
polymerization of aniline with substituted anilines
(Bilal and Holze, 2006) and synthesis of PANI salt by
emulsion/inverse emulsion polymerization technique
(Palaniappan and Nivasu, 2002; Palaniappan and
John, 2008). In case of synthesis of substituted PANIs
or co-polymers the solubility improves; however, its
electrical conductivity is always sacrificed
(Palaniappan and John, 2008). Therefore, among
these methods emulsion/inverse emulsion
polymerization pathways are more useful for
improving both the solubility and electrical conductivity
of the PANI (Palaniappan and John, 2008).

In the emulsion polymerization, the monomer is
dispersed in an aqueous phase in the presence of a
surfactant. For the synthesis of PANI by emulsion
polymerization, aniline, a protonic acid and an oxidant
are combined with a mixture of water and a nonpolar/
weakly polar solvent (sparingly soluble or insoluble in
water). The product of the above reaction cannot be
isolated directly, since the PANI salt and by-products
exist in the emulsion together and generally the
product is isolated by destabilizing the emulsion
through the addition of acetone. The PANI salt is then
collected and subjected to repeated washing to free it
from other constituents. The mechanism of an inverse
emulsion polymerization is similar to that of emulsion
polymerization. The difference is that in an inverse
emulsion polymerization system, the product is in a
dispersion of an aqueous solution of water-soluble
polymer in a nonpolar/weakly polar organic solvent.
However, synthesizing by these emulsion methods,
electrical conductivity of PANI is not going to be high
enough to get useful products (Yin and Ruckenstein,
2000).

Therefore, a systematic study aimed at establishing
effective polymerization pathway for the synthesis of
processable PANI salts was started. Recently, two
novel methods

were The purpose of this
study is to analyze and compare the crystalline
behavior of these polymers in details because
appreciable connectivity between the microcrystalline
domains of PANI chain (i.e. crystallinity of PANI) is one
of its very important properties. Hence, the knowledge
of crystalline quality of the synthesized PANI salts will

i.e., emulsion polymerization (Bilal, et
al., 2014) and inverse emulsion polymerization (Bilal,
et al., 2012) for the synthesis of completely soluble
and highly electrically conducting polyaniline salts

successfully developed.
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provide the scope for its utilization in electronic
applications and future re-search

All chemicals were of analytical grade. Aniline (Riedel-
de Häen) was distilled under reduced pressure and
stored in a refrigerator. H SO (Riedel-de Häen),

Chloroform (Scharlau), Dodecyl Benzene Sulfonic
Acid, DBSA, (Aldrich), Ammonium persulfate (Riedel-
de Häen), Benzoyl peroxide (Merck), 2-Propanol
(Merck) were used as received. Water (Milipore) was
used for solution preparation.

Polyaniline salts were prepared by the following two
methods reported elsewhere (Bilal, et al., 2012; Bilal,
et al., 2014).

In a typical experiment, 0.10 M DBSA was slowly
added to 50 mL of the solvent chloroform under
constant stirring. To this mixture, 0.05 M aniline was
added followed by the drop wise addition of 25 mL of
the dopant (0.5 M) and 25 mL of an aqueous
solution of the oxidant, ammonium persulfate (0.05 M)
in order to get a milky white emulsion. The content of
the round-bottom flask gradually turned green and the
stirring was continued at room temperature. After
about 24 hours, the reaction was stopped, the organic
phase was separated and washed repeatedly with de-

2. MATERIALSAND METHODS

2.1 Chemicals

2.2 Synthesis of Polyaniline Salts

2 4

H SO2 4

ionised water. It was then added to 200 mL of acetone
to precipitate out the polymer. The green precipitate
obtained was filtered under suction, washed with
excess of acetone and dried overnight in an oven at
60 C. The synthesized polymer was labelled as PANI
1.

In a typical experiment 0.29 mol of chloroform was
taken in a 100 mL round bottom flask. Then 1.25 x 10
mol benzoyl peroxide was added to it under
mechanical stirring. To the above solution 0.13 mol of
2-butanol, 3.73 x 10 mol DBSA, and 9.66 x 10 mol of
aniline were added. To the resulting mixture 0.28 mol
of de-ionized water (Millipore) was added to form a
milky white emulsion. The mixture turned green in 5
hours and polymerization reaction was allowed to
proceed for 24 hours. In the end, the organic phase
containing Polyaniline salt was separated and washed
four times with 50 mL of acetone. After thorough
washing, a dark green highly concentrated polyaniline
salt was obtained. Then it was dried at room
temperature for 24 hours in a petri dish. On addition of
small amount of acetone to the petri dish the film broke
into flakes. Then PANI salt was separated by filtration
and dried in a desiccator. The synthesized polymer
was labelled as PANI 2.

Morphological features and size of particles were
analyzed with a scanning electron microscope (JSM-
5910, JEOL). In every case, the sample was made by
mounting a little amount of the given powder on an

o

-3

-3 -4

2.3 Characterizations

Figure-1: Scanning Electron Micrographs of (a) PANI 1 and (b) PANI 2
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aluminum stub using double-coated conducting
carbon adhesive tape. Samples were coated with gold
by using auto fine coater [JEOL, JFC-1600] for the
duration of 30 seconds. The working distance was
kept 10 mm from the sample to electron gun tip and the
accelerating voltage was adjusted to 15 kV.

The X-ray diffraction patterns of PANI samples were
recorded in the range 1° to 70° using a Rigaku X-ray
diffractometer (Japan) at room temperature, having

copper K radiation with wavelength of 1.5405 Å and a
continuous scan speed of 0.05°/s.

UV-Vis spectrum was collected using Perkin Elmer
650 (UK) Spectrophotometer. A quartz cell of 1 cm
path length was used for recording spectra of different
samples of PANI dissolved in chloroform.

The morphologies of soluble PANI samples were
analyzed by SEM and their photographs are shown in
Figure-1. It demonstrates that all PANI samples are
highly aggregated and irregularly shaped particles,
with average size 2.3 µm and 2.5 µm for PANI 1 and
PANI 2, respectively. Large particles might contain
several crystallites. In order to understand whether the
particle is a single crystal or a polycrystalline, Scherrer
relation was applied to XRD patterns (discussed in
section 3.2) to predict the size of the crystallites
(Abdullah and Khairurrijal, 2008).

XRD is a useful technique for the estimation of
crystallinity, crystallite size and interchain separation.

�

3. RESULTSAND DISCUSSION

3.1 SEM Images

3.2 X-ray Diffractometry

Figure-2(a) and Figure-2(b) represent the XRD
patterns of the PANI 1 and PANI 2, respectively. In both
samples, the peak located around 2 = 2.5 indicates
intermolecular spacing of layered structure of the
polyaniline chain which is separated by long alkyl tails
of DBSA (Han, et al., 2002). This is the characteristic
peak of PANI salts (emeraldine salt) indicating that
surfactant groups are properly inserted into the PANI
chain (Palaniappan and Devi, 2006). In case of PANI
1, the overall sharpness of the characteristic peaks
indicates the good crystalline nature of the polymer.
The peak centered at 2 = 25° (shown in the inset of
the Figure-2(a)) is assigned to the van der Waals
distance between stacks of phenylene rings
(Saravanan, Palaniappan and Chandezon, 2008).

Since the polymer crystals are imperfect. Therefore,
the descriptive term used for these is “crystallite” and
hence the degree of order in polymers is determined
from the measurement of the crystallite size. The
degree of order of a polymer increases with increase in
the crystallite size (Hussain and Mohammad, 2004).
The crystallite size was determined from Scherrer
relation (Abdullah and Khairurrijal, 2008).

t = k / B Cos (1)

where 't' is the crystallite size, 'k' is the shape factor for
the average crystallite, ‘B’ is the full width at half
maxima of the crystalline peak in radians.

For calculation of crystallite size, main crystalline peak

at around 2 = 25° was selected for both samples.
Crystallites size of the PANI salts calculated from
equations 1 are given in Table-1. Based on SEM
pictures (Figure-1), the particle sizes of the polymers
are several times greater than the crystallite size which
confirmed that the polymers are polycrystalline

�

�

� �

�
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Figure-2(a): X-ray Diffraction Pattern of PANI 1. The Insets of the Figure Represent the Enlarged Parts of the

XRD Patterns between 2 = 10-50 , (b) X-ray Diffraction Pattern of PANI 2.�
o
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(Abdullah and Khairurrijal, 2008). In the present study,
it was found that the crystallite size of PANI 1 is greater
than in PANI 2, which represents that the former
polymer has more order structure than the latter one
(Hussain and Mohammad, 2004).

Furthermore, by using XRD data, the interchain
separation ‘R’ of the synthesized PANI salts was
determined from the following relation (Bhadra and
Khastgir, 2007):

R = 5 / 8 Sin (2)

The values of the interchain separation (R) are given in
Table-1 which demonstrates that the ‘R’ value of PANI
1 is less than that of PAN-2. It seems that PANI 2 is
highly doped as compared to PANI 1, as a result the
dopant molecules exert more force against ordering
and closing of the polymer chains leading to a higher
interchain separation that affects electrical properties
of the polymer (Bhadra, et al., 2007). The in-creased
crystallite size and small interchain separation of PANI
1 demonstrates that method 1 is more promising for
improvement of crystalline nature of PANI.

Figure-3(a) shows three peaks at = 345, 421, 798

nm for PANI 1 and at = 345, 542, 799 nm for PANI 2.

The first absorption band arises from - * electron
transition within benzoid (B) ring, the second and third
absorption peaks are attributed to the polaron
transition (quinoid, Q, ring) and bipolaron transition
(Exiton), respectively.

�

�

�

�

�

�

3.3 Band Gap / Energy Gap

The first absorption band in the UV-Vis spectra

corresponding to - * transition. The orbital form the
valance band whereas conduction band is produced

by * orbital. An energy difference between these two
bands is known as band gap or energy gap. The
knowledge of the positions of highest occupied

molecular orbital (HOMO, *) and the lowest

unoccupied molecular orbital (LUMO, ) and the
energy gap between them is crucial and play an
important role in determining their electrical
conductivity and band structure (Senevirathne,
Nanayakkara and Senadeera, 2007). The band gap

for - * electron transition of the PANI salts was
calculated by using the following equation (3) (Sinha,
Bhadra and Khastgir, 2009).

E = hc / (3)

Where,
h = Plank's constant
c = velocity of light

= wave length of first absorption band

The values are tabulated (Table-1) which shows that
the band gap of PANI 1 (synthesized by Method 1) is
smaller than PANI 2 (synthesized by Method 2). This
would make the transition easier and as a result the
conductivities have been increased which can be
readily used in optoelectronic devices (Shao, et al.,
2010).

In this study, the influence of the polymerization

� � �

�

�

�

� �

�

�
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Figure-3: UV–Vis Spectra of (a) PANI 1 and (b) PANI 2

Influence of Polymerization Routes on the Crystalline Behavior of Polyaniline Salt

Name of sample t (nm) R (nm) Band gap (ev)

PANI 1 22 0.21 3.59

PANI 2 21 0.22 3.63

Table-1: Crystallite Size (t), Interchain Separation (R) and Energy Band Gap of the PANI Salts
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pathways on the crystalline nature of the polyaniline
(PANI) salts has been investigated. PANI salts were
prepared by emulsion and inverse emulsion
polymerization methods (Bilal, et al, 2012; Bilal, et al,
2014). Morphology and particle size of the
synthesized PANI salts were characterized by
scanning electron microscopy (SEM). The crystallite
size and interchain separation were determined from
X-ray analysis. The energy band gaps of the prepared
PANI salts were calculated from ultra-violet visible
spectroscopy and were correlated with the X-ray
analysis. The results showed that the aforementioned
polymerization methods controlled the crystalline
behavior of the synthesized PANI, which in turn affect
its electrical properties. The whole results revealed
that emulsion polymerization route is quite effective for
synthesis of PANI with good crystalline etiquette and is
useful for electronic applications.
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