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ABSTRACT

In this study, the time derivatives of the horizontal geomagnetic field components were computed to estimate the
geomagnetically induced current (GIC) over Turkey during space weather events and the results were compared with the
geomagnetic activity indices. The interplanetary magnetic field (IMF) index, disturbance storm time (Dst) index, global
geomagnetic activity indices (ap and Kp) were used as indicator of space weather events. The changes because of solar
flares and coronal mass ejections in the space environment between the Sun and Earth are defined as space weather
events. Such events’ effects on the Earth's magnetosphere are called geomagnetic storms. In this study, two different
space weather events that occurred on 20-26 June 2015 and 06-10 September 2017 are analyzed. The data of the
horizontal magnetic field components used in the analysis are obtained from iznik magnetic observatory (40.5°N, 29.7°E).
During space weather event on 20-26 June 2015, the maximum (max.) value of time derivative of (dX/dt and dH/dt) X
and H horizontal magnetic field components were calculated as 72,22 nT/min. and 74,40 nT/min., respectively, while
during space weather event on 06-10 September 2017, the max. value of the time derivative of the X and H horizontal
magnetic field components are calculated and the results are 36,90 nT/min. and 38,12 nT/min., respectively. Also, it was
observed that the strength of the local geomagnetic disturbance and amplitude of dX/dt and dH/dt at the observatory
station depend strongly on the characteristics of geomagnetic activity indices during the space weather events. The
southward IMF B; component induces larger amplitude of dX/dt and dH/dt. The results indicate that the possibility of
GIC occurrence over Turkey is quite high. Therefore, we strongly believe that further research and experiment on GIC
for Turkey is important.

Keywords: Space Weather Events, Horizontal Components of Magnetic Field, Geomagnetically Induced Current,
Magnetometer
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1. INTRODUCTION

The coronal mass ejections and solar flares,
occurring as a result of the changes in solar activity,
cause space weather events. During such events, an
interaction occurs between space weather and the
magnetic field of Earth. This interaction causes to
sudden and dramatic changes in the components of
Earth’s magnetic field (Prolss, 2004; Schunk and Nagy,
2000; Timogin et al., 2018; Timogin, 2019). The
changes in Earth's magnetic field caused by space
weather events induce an electrical current that flow on
the technological conductor systems, for instance
electric power transmission networks,
telecommunication cables, railway equipment, oil and
gas pipelines. These currents are called geomagnetically
induced currents (GIC) that flow on the technological
conductor systems can cause great damages in the
system attached to that conductor (Boteler et al., 1998;
Pirjola et al., 2000; Pirjola, 2007; Schrijver et al., 2014).

Large GICs are usually observed at high latitudes in
or near the auroral regions where strong auroral
electrojet currents that are one of the principal causes of
the geomagnetic disturbances leading to GICs occur.
(Pirjola, 2005; Wik et al., 2009; Eroshenko et al., 2010;
Falayi and Beloff, 2012; Stauning, 2013; Myllys et al.,
2014). It was believed that mid- and low-latitude regions
are not affected by GICs. However, numerous GIC
studies that were performed in mid- and low- latitude
regions proved that strong space weather events can
induce intense GICs also at mid- and low-latitudes
(Kappenman, 2003; Trivedi et al., 2007; Liu et al., 2009;
Watari et al., 2009; Caraballo et al., 2013; Liuet al.,
2014; Viljanen et al., 2014; Doumbia et al., 2017; Tozzi
et al., 2018).

During the last decades, the increasing dependence
on technology of society has increased the interest in the
investigation of the mechanisms of GICs that cause great
damages on the man-made infrastructures. To the best of
our knowledge, there are no studies about the
geomagnetically induced currents and their effects on
power systems in Turkey.

In this study, the horizontal magnetic field
components measured over Iznik/Turkey magnetic
observatory were examined to the estimate the GIC over
Turkey during two space weather events that occurred
on 20-26 June 2015 and 06-10 September 2017. This
study can be pioneer and basic research about estimating
the geomagnetic induced currents over Turkey.

The results can provide important contributes to
expand awareness about GICs over Turkey and to efforts
to understanding GIC activity. Also, the results can
encourage researchers to do further investigation and
experimentation on GIC activity over Turkey.

2. DATA AND ANALYSIS METHOD
In this study, the data of the horizontal magnetic

field components were examined to the estimate the
GICs over Turkey during two space weather events that

occurred on 20-26 June 2015 and 06-10 September 2017.

The data of the horizontal magnetic field components
were obtained from Iznik magnetic observatory (40.5°N,
29.7°E). The time derivatives of the horizontal magnetic
field components were computed to estimate the GICs
over Turkey during two space weather events.
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Several methods are used in the GICs research, such
as calculation of the magnetospheric, ionospheric
parameters, and technological conductor parameters.
The most widely used of these methods is the method
that calculates the horizontal components of the Earth's
magnetic field with respect to time. Since the rate of
change at the horizontal component of the Earth’s
magnetic field cause the GICs, the time derivative of the
horizontal magnetic field components is directly related
to the GICs (Pirjola et al., 2000; Pirjola, 2007;Trivedi et
al., 2007; Watari et al., 2009; Wik et al., 2009;
Eroshenko et al., 2010; Caraballo et al., 2013; Stauning,
2013; Myllys et al., 2014; Liuet al., 2014; Viljanen et al.,
2014; Doumbia et al., 2017; Kalafatoglu and Kaymaz,
2017; Tozzi et al., 2018). The electric field induced on
the Earth's surface is determined using the rate of change
of the Earth's magnetic field during geomagnetic storms
using the following Eq. 1.

0B

VXE:—E (1)

It is obvious that the effects of GICs over the world
particularly on the technological systems can be
observed once the derivative of horizontal magnetic
field components with respect to 1 min. is higher than 30
nT/min. In other words, the value of derivative, dX/dt >
30nT/min. and dH/dt > 30nT/min. indicate the
possibility of the GIC occurrence at Earth's surface
particularly on the technological systems (Viljanen,
1997; Viljanen et al., 2001; Ngwira et al., 2011). In this
study, we use the time derivatives of horizontal
magnetic field components obtained from Eq.2 to
prediction the GIC.

(dX)Z . (dY)2

dt dt
In addition to data of horizontal magnetic field

components, interplanetary magnetic field (IMF) index,

disturbance storm time (Ds) index, and global
geomagnetic activity indices (ap and Kp) were used as
indicator of space weather events. The interplanetary
magnetic field is the magnetic field of sun that is carried
into space environment by the solar winds. This field has
three components, Bx, By and Bz, of which B; is
responsible for energy input into the Earth's

magnetosphere during space weather events. The Dt
index is a measure of changes in the horizontal
component of the Earth's magnetic field in the equatorial
region during geomagnetic storms. This index is
measured by magnetometer stations located in the
equatorial region. Large negative values of the Dst index

are indicative of a severe storm. Kp and ap indices are
obtained from changes in the horizontal component
values of the Earth's magnetic field. These indices are
used as a global indicator of the level of geomagnetic
activity and are not dependent on local time, latitude and
seasons. The time derivatives of horizontal magnetic
field components were compared with these indices.

dH _

T (2)



3. RESULTS AND DISCUSSION

The daily changes of dX/dt, dH/dt, IMF Bz, Dst, ap,
and Kp on 20-26 June 2015 are shown in Fig. la-1f,
respectively. The IMF B; presents three mainly rapid
and severe southward turnings on 21-23 June 2015.
Upon the first southward turning of IMF Bz, the Dst
started to decrease slowly and the global geomagnetic
indices (ap and Kp) increase drastically and reach to the
max. values.

Upon the second southward turning of IMF By, the
value of the Dst reduces rapidly and finally reaches to
the min. value. Next, the Ds, ap, and Ky indices turn
back to recovery phase. The first southward turning of
IMF B disturb the regular pattern which is tend to about
0 nT/min. of the dX/dt and dH/dt values. The southward
turning of IMF B; results in the dX/dt and dH/dt values
to reach the max. value of 72,22 nT/min. and 74,40
nT/min., respectively. That is, the first southward
turning of IMF B; has induced the highest dX/dt and
dH/dt. It is easy to see in Fig. 1a-1f that the behaviors of
geomagnetic activity indices are strongly related to
dX/dt and dH/dt patterns.

Figures 2a-2f show the daily changes of dX/dt,

dH/dt, IMF Bz, Dst, ap, and Kp on 6-10 September 2017,
respectively. The IMF B; presents two mainly rapid and
severe southward turnings on 7-8 June 2015. The first
southward turning of IMF B; cause a sudden decrease in
the Dst and an increase in the global geomagnetic indices
(ap and Kp). With the intensification of the southward
IMF Bg, the Dgt reaches the min. value and the global
geomagnetic indices experience first peaks. Next, the Dst
turns back to recovery phase. The space weather event
intensifies again due to the second large southward
turning. The second southward turning of IMF B; cause
again a sudden decrease in the Dst and the global
geomagnetic indices (ap and Kp) reach the max. value.
Then, the space weather event turns back to recovery
phase.

The first southward turning of IMF B; disturb the
regular pattern which is tend to about 0 nT/min. of the
dX/dt and dH/dt values. With southward turning of IMF
Bz, the dX/dt and dH/dt values reach the max. value of
36,90 nT/min. and 38,12 nT/min., respectively. That is,
the first southward turning of IMF B; has induced the
highest value dX/dt and dH/dt. As it is shown in Fig. 2a-
2f, the behaviors of geomagnetic activity indices are
strongly related to dX/dt and dH/dt patterns.
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Fig. 1. The daily changes of (a) dX/dt, (b) dH/dt, (c)
IMF By, (d) Dst, (€) ap, (f) Kp, during 20-26 June 2015.
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Fig. 2. The daily changes of (a) dX/dt, (b) dH/dt, (c)

IMF Bz, (d) Dst, (€) ap, (f) Kp, during 6-10 September
2017.
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4. CONCLUSIONS

The results show that the effects of two space
weather events cause large amplitude in the horizontal
magnetic field components’ time dependent derivatives
measured at Iznik magnetic observatory. For two
different space weather events (20-26 June 2015 and 6-
10 September 2017), the strength of the local
geomagnetic disturbance and amplitude of dX/dt and
dH/dt depend strongly on the characteristics of the IMF

B, component, disturbance storm time (Dst) index, and

global geomagnetic activity indices (ap and Kp). A
strong correlation between the fluctuations in the dX/dt
and dH/dt values and the geomagnetic indices is
observed once the matching one to one is applied. We
can conclude that it is possible that a large geomagnetic
disturbance with dH/dt exceeding 30 nT/min. may occur.
The results indicate that the possibility of GIC
occurrence over Turkey is quite high. Therefore, more
detailed research for determination and experimentation
about GIC event over Turkey is quite important. Further
studies will be carried out about GIC event over Turkey.
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ABSTRACT

Refining of waste mineral oils is usually done by distillation or acid/clay methods, or a combination of both. In this study,
waste oil refining was carried out in order to obtain higher efficiency than acid /clay method by using more environmentally
friendly physicochemical methods which could be an alternative to acid /clay method and distillation methods. For this

purpose, demetalization and decolorization stages were applied in order. It was observed that the oils obtained had
equivalent parameters to base oils.

Keywords: Waste Mineral Qil, Recycling, Re-refining
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1. INTRODUCTION

Waste mineral oil is any industrial oil that has become
unsuitable for the use to which it was initially assigned.
These especially include used oils from combustion
engines, transmission systems, turbines and hydraulic
systems, the different sectors of the car industry and
industrial shipping activities.

Mineral oils are petroleum origin and synthetic
lubricants used in generators and other machines,
especially in automotive engines. It is one of the most
dangerous sources of pollution. Engine oil is not clean
after draining from a motor because it collects dirt
particles and other chemicals while the engine is running.
Used, out-of-service lubricating oils are defined as waste
oil, waste engine oil, waste lubricating oil or used
lubricating oil depending on where it is used. The United
States Environmental Protection Agency defines waste
oils (used oils) as lubricating oils obtained from refinery
or synthetic methods of crude oil contaminated with
physical and chemical impurities (Zitte, 2016).

Used lube oil normally tends to have a high
concentration of potentially harmful pollutant materials
and heavy metals which could be dangerous to both living
and non-living things on the earth. Used lube oil may
cause damage to environment when dumped into ground
or into water streams including sewers. This may result in
ground water and soil contamination (Hopmans, 1974).
Therefore, development of environmentally safe,
sustainable and cost-effective solution is required for
recycling of used lubricant (Stehlik, 2009). Nowadays
due to different treatment and finishing methods, there are
currently available many new Technologies (Bridjanian,
2006).

The direct effects that these types of oil can have on
health include the following: Irritation of lung tissue due
to the presence of gases that contain aldehydes, ketone,
aromatic compounds, etc. The presence of chemical
elements such as CI (chlorine), NO2 (nitrogen dioxide),
H.S (hydrogen sulphide), Sb (antimony), Cr (chrome), Ni
(nickel), Cd (cadmium), and Cu (copper) that affect the
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upper respiratory tract and lung tissue. They produce
asphyxiating effects that prevent oxygen transportation
due to their content of carbon monoxide, halide solvents,
hydrogen sulphide, etc. Carcinogenic effects on the
prostate and lungs due to the presence of metals such as
lead, cadmium, manganese, etc. (web 1). Direct effects on
the environment that stand out include the following: The
pollution of soils, rivers and the sea due to their low
biodegradability. On coming into contact with water, they
produce a film that prevents oxygen circulation.
Uncontrolled combustion can lead to the emission of
chlorine, lead and other gas elements into the atmosphere,
with the corresponding effects (web 1).

It is also understood that used engine oil contains
some components which mix with the oil when the engine
is worn. These include iron, steel, copper, lead, zinc,
barium, cadmium, sulfur, water and ash. Used waste
engine oil contains hazardous pollutant chemicals, so it is
more harmful to the environment than crude oil (Zitte,
2016), which can cause both short-term and long-term
adverse environmental effects (Zitte, 2016). Only one ton
of used waste oil makes one million tons of clean water
unusable (US EPA, 1996). Even in sewage treatment, 50-
100 ppm oil remains in water without disposal (US EPA,
1996). In general, it has been found that five liters of oil
can cover a small lake (Zitte, 2016). The oil film formed
on the water surface causes the BOD value to decrease
and causes toxic effects. As a result, drinking water
sources are polluted, dead plants and animals are
observed (Zitte, 2016). Diran (1997) reported that oil in
surface water seriously disrupts water's life support
capacity. The oil prevents sunlight and oxygen from
entering the water, making it difficult for fish to breathe
and photosynthesis in aquatic plants. Thus, it kills plants
and fish in aqueous environments. Toxic substances in
used oil can also kill small organisms that support the rest
of the food chain (Diran, 1997; Arner, 1992). Lubricant
consumption is 5.3 million tons in Europe and 39 million
tons in the world (Giovanna, 2003). The uses of oils are
shown in Fig. 1 (Diphare, 2015).

The Uses of Oils

Hydrolic oil; 13%

p.

Marine Oil; 53%

Fig. 1. Application areas of oils
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After understanding the pollutant effects of waste
oils, intensive studies have been carried out worldwide
for the disposal and recovery of waste oils. The recovery
and disposal of waste oils is possible by three methods
(Fig. 2). These methods are reprocessing, re-refining or
direct destruction (Diphare, 2015).

Reprocessing: It is the production of fuel by
separating water and sediments in the waste oil. For this
purpose, the water and contaminated components in the
waste oils are removed by precipitation, adsorption and
filtration; sometimes distillation and thermal cracking
(pyrolysis) are applied before filtration.

Turkish Journal of Engineering (TUJE)
Vol. 4, Issue 2, pp. 62-69, April 2020

Re-Refining: After some pretreatments, fractional
distillation methods are applied to obtain base oil.
Lubricating oils can be produced by adding additives to
the base oils.

Disposal: Especially waste oils containing PCB
(polychlorobenzenes) are disposed of directly by
incineration without any pretreatment.

The refining of waste oils is possible by using highly
advanced technology. In this study, by refining the waste
oils with physicochemical methods, it is tried to
determine the more economical alternative to distillation
methods.

Pre-
treatment

Reprocessing
(Fuel)

|'llllIII
|'IIIIIl
N
\

WASTE
MINERAL OIL

Pretreatment |

} Pyrolysis

" Re-refining

Atmosferic
| Distillation

",

Vaccum
Distillation

"RII

Destruction

Directly
Combustion

Fig. 2. Waste mine oil recovery and disposal methods

2. MATERYAL VE METOD

The waste oils used in the experiments were obtained
from the auto services that change the oil. The viscosity
measurements of waste oils and obtained oils were
determined by Shanghai God NDJ-55 rotary viscometer,
density measurements by Anton Paar DMA35
densimeter, flash point measurements by Teknosem Tan-
400 device and color measurement by X-RITE SP 62
device. Metal measurements were determined by the
Merlab GBC Avanta model atomic absorption device.
Aluminum oxide (Al203), sodium silicate,
tetraethylenepentamine (TEPA) used in the experiments
were obtained from Merck.

Physicochemical refining stages of pre-analyzed
waste mineral oils are as follows.

Pretreatment (Dewatering and Dematilization): It
can be defined as dewatering step. To this end, 1 liter of
waste oil was added to a 2 liter beaker, 10 mL of 20%
diammonium phosphate solution was added and heated at
120°C for 120 minutes with careful stirring. The mixture
was then allowed to cool. After 8 hours, a viscous mixture
was formed as a precipitate at the bottom of beaker. The
supernatant was carefully transferred to another beaker so
that no precipitate was contaminated.
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Chemical Refining: The supernatant transferred to
another beaker was stirred with heating to 30°C. 1.5%
ethylene glycol was added, stirring for 5 minutes to
reduce the viscosity of the oil. Then 1% sodium silicate
was added and stirred at 30°C for 10 minutes.
Subsequently, 2% Al203 was added thereto and heating
was continued with stirring to 50°C. 1%
tetraethylenepentamine was added and stirred at constant
temperature for 15 minutes. Subsequently, stirring was
continued by careful addition of about 8-10% acid active
bentonite to 160°C. Occasionally, the waste oil was
sampled and dripped onto the filter paper to control the
color. When the color was sufficiently lightened, the
addition of bentonite was stopped and stirred for a further
10 minutes. The mixture was allowed to cool and filtered
under vacuum at 60°C. The obtained oil was analyzed.

3. RESULT AND DISCUSSION

During the prolonged use of lubricating oils, black
viscous structures are formed as a result of interactions
between additives and metals in the oil, carbonation and
polymerization reactions. Saturated hydrocarbons (30 to
70%), aromatic hydrocarbons polyaromatic (20 to 40%),
polar compounds (5 to 25%) and asphalt based (0 to
10%). Waste oil also contains metal toxic metal pollutants
(Pb, Hg, Zn, Cd, As and persistent organic pollutants
PCB, PCT (Ouffoue, 2013; Boadu, 2019). In our country,



waste oils are recovered according to the Regulation on
Control of Waste Oils published by the Ministry of
Environment (Resmi gazete, 2008). Although it is aimed
to produce base oils from waste oils according to the
regulation criteria, due to high refining plant costs and
lack of technical knowledge, many recycling companies
use the reprocessing method to produce fuel in existing
plants. In the recovery of oils by reprocessing, catalytic
decomposition or direct thermal decomposition at high
temperatures is generally employed to obtain low
viscosity fuel-equivalent products. However, the
production of lubricating oil by adding some chemical
additives to the base oils obtained by refining of waste
oils according to the purpose of use is extremely
important both in terms of commercial and national
economy.

The recycling regulation applied in our country
prohibits the production of fuel from waste oils. Heavy
fines and even imprisonment are often applied to firms
that produce fuel through the reprocessing method.
Therefore, it is clearly known that companies with little
experience in recycling are looking for more economical
and practical methods to produce base oil from waste oils
instead of fuel. The most common recovery methods of
waste oils are as follows (Secretariat of the Stockholm
Convention on Persistent Organic Pollutants, 2007):

Acid / Clay Method: In this process, after
dehydration and distillation of used lubricant oil, re-
refining or reprocessing operation is done using sulfuric
acid. Clay is used to remove certain impurities. The
acid/clay process has minimal environmental safety. The
main by-product of this process is the large amounts of
acidic sludge. Based on the concentration of
contaminants, the type of lubricant oil and the regenerated
oil quality, this process can be as a reprocessing or
regenerative method. These two methods are different in
terms of the heating rate (distillation unit) and the
generated by-products. this method has many
disadvantages: It also produces large quantity of
pollutants, is unable to treat modern multigrade oils and
it’s difficult to remove asphaltic impurities. To reduce
these hazardous contaminants from this method, the acid
treatment stage of the process can be done under the
atmospheric pressure to remove the acidic products,
oxidized polar compounds, suspended particles and
additives (Rahman et al.,, 2008; Hani et al., 2011;
Hamawand et al., 2013; Udonne et al., 2013; Abu-Elella
et al., 2015).

Vacuum Distillation: In this method, used lube oil
collected is heated at a temperature of 120°C to remove
the water added to the oil during combustion. Then the
dehydrated oil is subjected to vacuum distilled at a
temperature of 240°C and pressure 20 mmHg. This
results the production of a light fuel oil (the light fuel oil
can be used as fuel source for heating) and lubricating oil
at 240°C. The advantages of vacuum distillation process
over atmospheric pressure distillation are: Columns can
be operated at lower temperatures; more economical to
separate high boiling point components under vacuum
distillation; avoid degradation of properties of some
species at high temperatures therefore thermally sensitive
substances can be processed easily. However, the
remaining oil generated at this temperature (240°C)
contains the dirt, degraded additives, metal wear parts and
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combustion products like carbon and is collected as
residue. The residue is in the form similar to that of tar,
which can be used as a construction material, for
example, road and bitumen production. The disadvantage
of this method is the high investment cost and/or the use
of toxic materials such as sulphuric acid (Havemann,
1978; Puerto-Ferre et al., 1994; Kanna et al., 2014).

Hydrogenation: To avoid formation of harmful
products and environmental issues based on above
methods, some modern processes have been used and the
best one is hydrotreating (Bridjanian, 2006). This method
follows vacuum distillation. In this process, the distillate
from vacuum distillation is hydrotreated at high pressure
and temperature in the presence of catalyst for the
purpose of removing chlorine, sulphur, nitrogen and
organic components. The treated hydrocarbons resulted
in products of improved odour, chemical properties and
colour Another important aspect of this method is that,
this process has many advantages: Produces of high
Viscosity Index lube oil with well oxidation resistance
and a good stable colour and yet having low or no
discards. At the same time, it consumes bad quality feed.
In addition to that, this method has advantage that all of
its hydrocarbon products have good applications and
product recovery is high with no (or very low) disposals.
Other hydrocarbon products are: In oil refinery the light—
cuts can be used as fuel in plant itself. Gas oil may be
consumed after being mixed with heating gas oil and the
distillation residue can be blended with bitumen and
consumed as paving asphalt, because it upgrades a lot its
rheological properties. Also, it can be used as a
concentrated anti-corrosion liquid coating, for vehicles
frames (Durrani, 2014). The disadvantage of this method
is that the residue resulting from the process is of high
boiling range of hydrocarbon product fractionated into
neutral oil products with varying viscosities which can
also be used to blend lube oil.

Solvent de-asphalting process: This method has
replaced acid-clay treatment as preferred method for
improving oxidative stability and viscosity as well as
temperature characteristics of base oils. Base oils
obtained from Solvent Extraction are of good quality and
contains less amounts of contaminants. In contrast to
acid-clay treatment, it operates at higher pressures,
requires skilled operating system and qualified personnel.
The solvent selectively dissolves the undesired aromatic
components (the extract), leaving desired saturated
components, especially alkanes, as a separate phase (the
raffinate) (Rincon et al., 2005). Different solvents types
have been used for solvent extraction such as 2-propanol,
1-butanol, methyl ethyl ketone (MEK), ethanol, toluene,
acetone, propane etc. used propane as solvent (Quang et
al., 1974; Rincon et al., 2003). He found out that propane
was capable of dissolving paraffinic or waxy material and
intermediately ~ dissolved  oxygenated  material.
Asphaltenes which contain heavy condensed aromatic
compounds and particulate matter are insoluble in liquid
propane. These properties make propane ideal for
recycling the used engine oil, but there are many other
issues that have to be considered. Propane is hazardous
and flammable therefore this process is regarded as
hazardous method. In general, involves solvent losses and
highly operating maintenance. Also, it occurs at pressures
higher than 10 atm and requires high pressure sealing



systems which makes solvent extraction plants expensive
to construct, operate and the method also produces
remarkable amounts of hazardous by-products (Quang et
al., 1974; Rincon et al., 2003; Rincon et al., 2005;
Hamawand et al., 2013).

Modern Technologies for Used Oil Re-Refining:
Pyrolytic distillation method, pyrolysis process, thin film
evaporation (TFE), including combined TFE and clay
finishing, TFE and solvent finishing, TFE and
hydrofinishing, thermal de-asphalting and clay finishing
or hydrofinishing etc. In addition, environmentally
friendly and affordable solvent extraction and adsorbents
are being developed as a means of removing
contaminants in used lube oil. The thin film technique is
an alternative to vacuum distillation process. (Kalnes,
1990, Hamed et al., 2005).

Thin Film Evaporation (TFE) with hydro-
finishing: These methods are utilized to segregate oil and
foreign components via a TFE, and purify it through
hydro-finishing to prevent the secondary pollution. First,
the moisture and light oil contained in the used oil are
eliminated and then wvacuum distillation of free
components is required to permit for continuous
separation of a TFE. Finally, the oil is encountered to
hydro-finishing to eliminate chlorine, nitrogen, oxygen,
and sulfur compounds. There is a difference between
these both methods, that clay is used for absorption
(Kalnes, 1990).

TFE with solvent finishing: This method is used to
segregate oil and foreign substances via a TFE, and
request the solvent-finishing with the flow process
analogous to TFE with hydro-finishing.

Solvent extraction hydro-finishing: This method
combines solvent extraction and hydro-finishing by
eliminating the foreign substances using the solvent and
then fortifying oil quality by hydro-finishing. First, the
moisture is eliminated and segregated the used oil. Then
the mixture of solvent and used oil is encountered to
hydro-finishing to eliminate sulfur, nitrogen and oxygen
for purification purposes.

TDA with clay finishing and TDA with hydro-
finishing: The dehydrated used oil is vacuum-heated at
360 °C. The ash remains at the bottom, and the oil is
divided to 3 types, i.e. vacuum gas oil, base oil (as
lubricant) and asphalt residues. Next, the base oil is
encountered to hydro-finishing or clay-finishing under
highpressure (107 Pa) for continuous utilization (Hamad
et al., 2005).

Pyrolysis of waste oil: From research conducted by
Arpal (Arpal et al., 2010), a fuel named as diesel-like fuel
was produced by applying pyrolytic distillation method.
Lam et al. (2012 and 2016), describe pyrolysis as a
thermal process that heats and decomposes substance at
high temperature (300-1000°C) in an inert environment
without oxygen. Pyrolysis process is not yet widespread
but it has been receiving much attentions nowadays due
to its potential to produce energy-dense products from
materials. Examples of pyrolysis process includes
microwave pyrolysis process and conventional pyrolysis
process (Oladimeji et al., 2018).
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Various process combinations can be formed by
configuring atmospheric distillation, vacuum distillation,
solvent extraction, hydrogenation, acid / clay methods in
different ways. Generally the first stage in all processes is
atmospheric distillation. The cost of the recycling
processes consisting of combinations of atmospheric and
vacuum distillation method, distillation and solvent
extraction method is quite high. Advanced processes can
be considered for high capacity plants. In the waste oil
recycling regulations, Category Il contaminated oils are
allowed to be burned only in disposal plants such as
cement factories, lime quarries and Category | and Il
waste oils are allowed to be recycled. (Resmi Gazete,
2008). Therefore, it is not possible for many licensed
recycling plants to process high capacity waste oil. Due
to high investment costs and high taxes, it is not feasible
to establish small capacity processes.

In the oldest known acid / clay method in chemical
refining, water and low boiling point components are first
removed from the waste oil by atmospheric distillation.
Subsequently, the waste oil is reacted with sulfuric acid
at low temperature to remove carbons, asphaltenes and
other sulfur compounds by precipitation from the oil, and
then to be refined by treatment with various bleaching
clays (Bhushan, 2016). The major problem in the acid
[clay process is the removal of high concentrations of acid
and siilfiir, asphaltenes, and carbons in sediment, as well
as a highly contaminated bleaching clay. Since the
disposal process is very expensive and costly, waste oil
recycling plants which were established primarily to
prevent environmental pollution, cause greater
environmental problems. Low process efficiency (60-
65%) is also a disadvantage.

The method used in this study consists of a series of
physicochemical processes in which base oils are
obtained from waste oils, which are less costly, without
the need for high process cost distillation. In this study,
carbon and metallic components in the waste oil were
precipitated together with asphaltenes using coagulatory
agents such as aluminum sulfate and sodium silicate
instead of acid. Sulfur components, one of the biggest
problems in waste oils, were removed from the oil by
interacting with amine groups. Thus, acid-free sediment
removed from the waste oil can be used in asphalt
production, will not pose an environmental risk, and there
will be no disposal problems. Active bentonite (acid
active bentonite) was used as clay. The purpose of using
clay is to remove polymeric materials, colloidal materials
remaining in the oil phase by adsorbing with clay.

During the physicochemical refining, asphaltenes and
other impurities were precipitated in waste oil with the
help of coagulants at low temperatures, while the double
bonds formed in the high molecular weight oxidation
molecule interacted with amines to ensure oxidation
stability. Thus, more stable base oils were obtained from
the distillation methods without the need for
hydrogenation. 85% base oil was recovered by the new
method used in this study, and the acid-free precipitate
amount was 10-15%. However, in the acid / clay method,
the yield is as low as 60-65% and the amount of sediment
is higher than 25-35%. The analysis results of the waste
oil used in the experiments and the base oil obtained from
the experiments are given in Table 1 and Table 2. The
results were also compared with 20W50 oil.



Table 1. Physicochemical properties of waste oils, refined
oil and original oil

Parameter Waste Refined  20W50
Motor Oil  Oil

Colour (ASTM >8 3,5 45

D1500)

Density 15 C 0,9253 0,8870 0,8700

(ASTM D1298)

Viscosity 40 C 106,37 118 91,0

(ASTM D445),

CST

Viscosity 100 C 12,66 11,02 10,5

(ASTM D445),

CST

Flash Point 210 225 230

(ASTM D97), C

TAN (ASTM 2,74 0 0

D2896), mg

KOH/g

TBN (ASTM 4,66 0 0

D2896), mg

KOH/g

Sulfur >8 4 2,5

Table 3. Comparison of waste mineral oil recycling processes
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Table 2. Analysis of metals in waste oil, refined oil and
the original oil

Parameter Waste Motor  Refined 20W50
Oil ppm Qil

Fe 58,6 0 0

Cr 3,2 0 0

Pb 2813 1,86 0

Cu 21,4 2,7 0

Ca 1570 9,56 543

Zn 566 4 0

As it can be seen from the results, the waste motor
oils were refined in two stages without the need of
hydrogenation and advanced distillation techniques and
base oil was obtained again. As in the acid / clay process,
it does not generate environmental waste, the processing
time is much shorter, the amount of bleaching clay usage
is much less, the yield is higher. In Table 3, waste mineral
oil recycling methods are compared in terms of process
time, recovery cost, efficiency and process setup cost.

Regenerative Energy Recycling  Quality of Economic  Acidic Residual Hazardous
Technologies requirement  rate (%) regenerative  costs sludge oil chemical
oil sludge materials
Acid/clay Low 63 Good Low Much  Much H2S04
Distillation High 50 Good Low Little  Much H2S04
Solvent de- High 70-65 API High Little Much H2SO4and
asphalinting Organic
solvent
TFE with High 72 API High None Little None
hydrofinishing
TFE with clay High 72 API High None Little None
finishing
TFE with solvent High 72 API High None Little Orgsmic
finishing solvent
Solvent extraction High 74 API High None Little Oganic
hydrofinishing solvent
Thermal High 74-77 API High None Little None
de-asphalting
Physicochemical Very low 85 Good Very low  None  Little No

Regeneration

As can be seen from Table 3, chemical regeneration
is the most ideal recycling method of waste mineral oil
given the low process cost and high efficiency. In
distillation methods, thermal cracking is inevitable
because waste oils are processed at high temperatures. In
recycling models containing distillation, hydrogenation is
essential to produce base oil with high efficiency
Otherwise, low quality base oils containing unsaturated
oil molecules are obtained in distillation methods that do
not contain hydrogenation. Since the unsaturated oil
molecules are precipitated together with asphaltenes in
chemical refining process, high quality base oils are
obtained without hydrogenation.

Since the gasification rate will be increased as a result
of thermal decomposition in distillation methods which
do not contain hydrogenation, the base oil ratio obtained
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will be low. Therefore, chemical regeneration is the more
preferable method if it is aimed to obtain base oil as a
result of waste oil recovery. If it is desired to obtain fuel,
known distillation methods by thermal decomposition at
high temperature may be used. However, the law does not
allow the production of fuel from waste oils.

In our country, hydrogenation-based recovery
method is not available due to high process cost. In other
distillation-based methods, not only base oil but also fuel-
equivalent products are obtained. The Ministry of
Environment emphasizes the production of base oil
instead of fuel equivalent product with various
regulations and measures. The way to prevent fuel
production is by applying chemical regeneration, which
may be an alternative to distillation methods involving
thermal decomposition.



In the chemical regeneration process, it is not possible
to obtain fuel, on the contrary, base oil is obtained with
high efficiency. The Ministry of Environment should take
steps to promote the production of base oils, which have
a much higher economic value than fuel, by chemical
regeneration. Products that can be produced from
recovered base oils (such as grease) are included in the
incentive scope and directing the recovery companies to
this area will prevent the production of illegal fuel.

As a result, the consumption of lubricating oils
produced from limited oil resources as fuel is a major
disadvantage for the national economy and the production
of base oil from waste oils is very advantageous both for
the national economy and for the more conscious use of
oil resources. The method determined as a result of the
experiments is a method that can be preferred because of
low investment costs and no environmental risk without
the need for advanced technology processes.
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ABSTRACT

One of the biggest problems of using public spaces for constructions, such as high-rise buildings, offices, hospitals, and
hotels, is noise caused by sound transmission through the lightweight partition walls used to divide volumes. In this study,
experiments were carried out to determine the sound transmission coefficient of lightweight gypsum partition walls
insulated by CelluBor. Experiments were performed in an anechoic test chamber consists of two separate cells. One cell
was used as the sound source, and the other one was used as the receiver cell. A total of 12 samples were used in the
experimental studies, which were categorized into four separate groups. The main features that distinguished these groups
from each other were the profile height used in the samples and the number of gypsum board layers used on each side of
the profiles. In addition, one blank (no insulation) sample, one half filled, and one fully filled with insulation material were
used for each test group. The test samples were placed between two cells. The sound volume of the sound source was
measured separately in dB in both cells, and the sound transmission coefficients of 12 different samples were determined.
It was observed that the most efficient results were obtained only when half of the profile height was filled with the CelluBor
material. The use of a composite material consists of boron and waste materials such as CelluBor as sound insulation
material in lightweight partition walls can affect the sound transmission coefficient greatly.

Keywords: Gypsum Partition Walls, CelluBor, Sound, Transmission Coefficient, Structural Acoustic
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1. INTRODUCTION

In recent years, population is rapidly increasing,
especially in cities. Big problems on residential areas are
growing as well. One of the most practical solutions to
these problems is to build multi-story structures in narrow
spaces. Thus, high-rise buildings are built. Many people
are allowed to live and work together. However, some
problems still exist, which are caused by these common
living spaces. One of them is the emergence of sound that
is defined as disturbing noise. Different kinds of noise
have many negative impacts on human health and
performance (llgun et al., 2010). People living in
common areas need to be protected from these adverse
effects. One of the most basic solutions in solving this
issue is to prevent sound transitions among volumes.
According to the law of mass, partition walls must be
rigid and heavy, causing undesired loads in addition to the
loads of barrier elements of structures. Because the
interactions of buildings from earthquake loads are
directly proportional to their weight, buildings having
heavy weight are impacted greatly by earthquake loads.

There are many valuable academic researches which
investigates the sound transmission issue of lightweight
partition walls. Researchers worked on both numerical
and experimental solutions to solve the noise problem.
One of the noteworthy works is to use the finite layer
method as a numerical technique for modeling the
acoustic behavior of walls (Diaz-Cereceda et al., 2012).
Researchers also pointed out that, in addition to the mass
and sound frequencies, some other parameters can affect
acoustic insulation as well, such as the arrival angle of
sound waves, weak points in insulation, hardness, and
damping properties of the element (Tadeu and Santos,
2003). Moreover, investigations have also been done on
the use of lightweight materials in different engineering
fields because of their acoustic properties (Tadeu et al.,
2004).

Experimental studies can be reviewed in different
categories. Some researchers carried out experimental
work on lightweight partition walls made of gypsum and
some new materials, including mixtures of mushrooms,
corn cobs, coconut shells, and cellulose with mineral
additives. Meanwhile, researchers have also worked on
the sound transmission of gypsum walls themselves
(Senthilkumar, 2012; Hernandez-Olivares et al., 1999;
Carvalho, 1995; Faustino et al., 2012; Karaagaglioglu,
2012; Warnock and Quirt, 1997).

Other noteworthy works include determinations of
the influence of slit size on sound transmission through a
lightweight partition wall, measurements of the plumbing
appliance noise using 1SO 3822-(1999) test procedures,
and determination of the sound insulation performance of
suspended ceilings (Basbug, 2005; Uris et al., 2004;
Thomalla, 2003). In addition, some researchers focus on
issues such as experimental determination of the accuracy
of methods that are used to approximately calculate the
loss in sound transmission among walls and floors,
analysis for noise control of conservatory buildings,
comparison of computer programs used to design
acoustic rooms, and noise problems of a building built of
tunnel formwork systems (Cambridge, 2006; Cosgun et
al., 2008; Ozkan, 2001; Ballagh, 2004).

In this study, an experimental work was carried out to
find the sound transmission coefficient of CelluBor,
which is used as a sound insulation material inside
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lightweight partition walls to solve the noise problem and
to reduce unnecessary loads of these walls to a building.
CelluBor is a material obtained from cellulose-based
materials and contains boron salts, which is mostly used
as the heat and fire insulation material. Because CelluBor
can be produced directly from cellulose, it can be
produced using recycled paper as well. In addition, the
experiment also investigated the optimum thickness for
both the partition wall and the insulation inside it.

2. EXPERIMENTAL STUDY
2.1. Materials

To produce the test specimens, 75 % 30 x 0.5 mm and
50 x 30 x 0.5 mm (height, width and thickness) U
aluminum profiles, 1200 x 2500 x 12.5 mm (width,
height and thickness) gypsum boards and CelluBor were
used.

2.2. Preparation of Test Specimens

A total of 12 test specimens were produced in four
groups having dimensions of 1500 x 1500 mm? to find
the sound transmission coefficient of the lightweight
gypsum partition walls insulated with CelluBor. As
shown in Fig 1, the main structure of all 12 test specimens
consisted of an aluminum U profile skeleton frame,
gypsum boards at each side of the frame and CelluBor
sprayed inside as sound insulation material. The test
specimens were constructed according to infrastructures
of lightweight partition walls that are very commonly
used in Turkey.

Gypsum board on each
sides of U profile

CelluBor

Aluminum

U profile
Fig. 1. Main structure of test specimens (The number of
profiles, gypsum boards and the thickness of CelluBor
differs in all test specimens).

The first group P[75]GBJ[I] was constructed using a
75 mm aluminum and one gypsum board attached on each
side of the profile. Three different specimens were used
in this group. One of them had no CelluBor insulation.
The second one had half filled (37 mm) CelluBor
insulation, and the third one had fully filled (75 mm)
insulation. The three specimens in the second group
P[75]GB[II] had the same insulation and aluminum
profile. The two gypsum boards were placed on each side
of the profile. The third and fourth groups had two 50 mm
aluminum profiles attached with each other, with a total
height of 200 mm, and the insulation materials (0, 50, and
100 mm) were placed inside the profiles.
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Table 1. Materials used in all test specimens and cross section for every single test specimen.

No Specimens U Profile Gypsum CelluBor U profile Specimens Cross

Board (Thickness)  (Number) Section
(Number)

1 P[75]GBI[I]-00 42X74x42 mm 1 - 1

2 P[75]GBI[I]-37 42X74x42 mm 1 37 mm 1

3 P[75]GB[I]-75 42x74x42 mm 1 75 mm 1

4 P[75]GBI[I1]-00 42X74x42 mm 2 - 1

5 P[75]GB[II]-37 42x74x42 mm 2 37 mm 1 e |

6 P[75]GBI[II]-75 42X74x42 mm 2 75 mm 1 |_ |

7 P[100]GBI[1]-00 2x42x49x42 mm 1 - 2

8 P[100]GBI1]-50 2x42x49x42 mm 1 50 mm 2

9 P[100]GBJ[1]-100 2x42x49x42 mm 1 100 mm 2

10 P[100]GB[11]-00 2x42x49x42 mm 2 - 2

11 P[100]GB[11]-50 2x42x49x42 mm 2 50 mm 2

12 P[100]GB[II]-100  2x42x49x42 mm 2 100 mm 2

The third and fourth groups had two 50 mm
aluminum profiles attached with each other, with a total
height of 100 mm, and the insulation materials (0, 50, and
100 mm) were placed inside the profiles. The only
difference between the third and fourth groups is the
number of gypsum boards attached on each side of the
profiles, i.e., the third group P[100]GB[I] had one
gypsum board, and the fourth group P[100]GBIII] had
two. A summary of the materials used in all test
specimens and the cross section for each single test
specimen are listed in Table 1.

3. METHODOLOGY

To conduct transmission loss testing according to
standardized method is to use two adjacent reverberant
room with a gap between to put test specimen in (Phillips,
2014). Due to constraints, experiments were performed in
an anechoic chamber built at the Construction Laboratory
of KTO Karatay University in Konya, Turkey.

160

This anechoic chamber was constructed with almost
same properties used by (Ilgun etal., 2010). The chamber
consists of two adjacent rooms. Each room has a net
volume of 2.28 m? and a surface area of 8.71 m? The
interior dimension of each chamber was 1.35 x 1.3 x 1.33
m3. A 0.15 x 1.50 x 1.50 m® gap between two chambers
was designed for test specimens to be placed. This
anechoic chamber with two cells was made in a suitable
section of the laboratory. Rubber wedges were placed
underneath the anechoic chamber to dampen possible
vibrations from the ground.

The plan view and A-A section with all dimensions
of this chamber is shown in Fig. 2. For entrance and exit
purposes, two 70 x 70 cm? windows insulated with two
layers of rock wool were constructed on both sides of the
anechoic chamber.

In addition, the entire inner surface of the cells was
also covered by two layers of rock wool having a
thickness of 5 cm and a density of 150 kg/ms3. The aim
was to prevent possible external noises and to prevent
reflections in the cells where noise was produced and
transmitted.

315

. .
5 40 70 w0 g % 70 65 15 65 70
1 1 T T T f;’ f T Tr’ T - £ % T‘s 1
oI T I I IT @ ]
/ /
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¢ Ve Plywood 3
2070 cmn Test Specimen 4 Double layer 5
L . tiance (P[100}GB(11]-50) cm Rockwool H &
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8e entrance L__® " Source 28
~ window Microphone | p *
/ y
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Fig. 2. The plan view and A-A section of anechoic.
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Fig.

A Represent the source chamber’s sound level as dB.
e Represent the transmitted sound level as dB measured in the receiver chamber.

3. The transmission losses (TL) for all 12 test specimens (a-I).

Different frequencies were produced inside one of the

accessed date: August 10, 2018) and an amplifier

cells at very high decibels using Tone Generator 100-15k
Hz (http://www.ringbell.co.uk/software/audio.htm

loudspeaker. The generated frequencies are the central
frequencies which human ears can hear at middle and


about:blank

high levels of noises, including 100, 250, 500, 1000,
2000, 4000, 8000, and 15000 Hz. After placing the test
specimen between two chambers, any gaps between test
specimens remained open, and the chambers were filled
and closed with rook wool.

Different frequencies were generated in the source
chamber (Ilgun et al., 2010). The generated sound level
was first measured in the source room before the same
sound level was measured in the receiver room. The
measurements were done on both rooms using an Extech
HD600 sound meter.

The TL and a values of the test specimens were
calculated using eq. (1) and (2) (llgun et al., 2010).

TL = IS— (RS +TR) )]
TL )
a= s 2

Where TL stands for sound transmission, IS incoming
sound, RS reflected sound and TR transmitted sound

4. EXPERIMENTAL
ANALYSIS

RESULTS  AND

The transmission losses (TL) for all 12 test specimens
are given between [a-I] in Fig. 3. In addition, Fig. 4 shows
the incoming sound, reflected and observed sounds, and
the transmitted one. The reflected sound was neglected
because of the double layers of rook wool.

ooo
pooog
. pooog
Iracon;lng P2 S Hobserved
soun § sound
P
S
H
p
P .
Reflected || g Transmitted
sound 3 sound
5]
pooog
pooog
pooog

Fig. 4. Transmission losses (TL) for all 12 test specimens

12 different test specimens were divided into groups
according to their size and types of insulation. According
to their dimensions, the test specimens were divided into

Comparisons of the sound absorption coefficient (a)
between P [75] GB [1] -00, P [75] GB [I] -37 and P
0,65 - [75] GB [1] -75
0,60 T P[75]GBI[1]-00

0,55 +#— P[75]GB[I]-37

0,50 P[75]GBI[I]-75
0,45 -

0,40 - /'\

4]
]
E
3 0,35 l——j/

0,30 1 o=

0,25 -

0,20

100 250 500 _1000 2000 ﬁ)O]O 8000 15000
requency [Hz

Fig. 5. Comparison of test specimens
P[75]GBIl].

in group
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Comparisons of the sound absorption coefficient (a)
between P[75] GB [11] -00, P [75] GB [11] -37 and P [75]

GB[II]-75
0,55 - o
0.50 1 A
0,45 - -

g =

< 0,40 -

s

20% 1 —e— P[75]GBJ[I1]-00
030 1 —=— P[75]GB[I1]-37
0.25 1 P[75]GBI[l1]-75
0,20

100 250 500 1000 2000 4000 8000 15000

Frequency [Hz]

Fig. 6. Comparison of test specimens
P[75]1GBI[II].

in group

4 groups, i.e., P [75] GB [1], P [75] GB [l1], P [100]
GB [1] and P [100] GB [lI]. According to the insulation
types, each group above (P[75]GB[l], P[75]GBI[lI],
P[100]GBII], and P[100]GB[11]) was further divided into
three different subgroups. These subgroups which
contained 12 test specimens in total were examined with
five different insulation thicknesses, i.e., uninsulated, 37
mm, 50 mm, 75 mm and 100 mm. First, the comparison
among the three test specimens of each group is
graphically represented. Then, the comparison among the
best four test specimens in each group is demonstrated.

Comparisons of the sound absorption coefficient (o)
between P [100] GB [I] -00, P [100] GB [I] -50 and P
[100] GB [1] -100

g'gg: —+— P[100]GBI[I]-00
. 055 | —%— P[100]GB[1]-50
S 0,50 - P[100]GBI[I]-100
S 0,45 -
S 0,40 -
035 -
030 | &=
0,25 -
0,20
100 250 500 1000 2000 4000 8000 15000

Frequency [Hz]

Fig. 7. Comparison of test specimens
P[100]GBII].

in group

Comparisons of the sound absorption coefficient (a)
between P [100] GB [11] -00, P [100] GB [I1] -50 and P
[100] GB [11] -100

0,70 -
0,60
8
< 0,50 -
E
= 0,40 - 4
o7 —o— P[100]GB[I1]-00
0,30 —=— P[100]GB[I1]-50
P[100]GB[11]-100
0.20 [100]GBI[I1]
100 250 500 1000 2000 4000 8000 15000
Frequency [Hz]

Fig. 8. Comparison of test specimens
P[100]GB[!].

in group




The comparisons of the test specimens in the four groups
are shown in Fig. 5 to Fig. 8.

As shown in Fig. 5, the comparison of the three test
specimens in the P[75]GBJ[I] group shows that the o
values were between 0.28 and 0.58. The first reduction in
o values occurred at 500 Hz. After an increase, the second
reduction occurred at 2000 Hz. The maximum o values
were at 4000 Hz, after which it decreased steadily. Fig. 6
shows the comparison of the three specimens in the
P[75]GBIII] group. The first reduction in a values was at
250 Hz. Then, the o values increased until 4000 Hz.
P[75]GBI[I1]-37, however, decreased at 2000 Hz. After a
rapid reduction, the o value of P[75]GB[II]-37 was the
highest at 4000 Hz. After that, the o values of all three
specimens decreased.

As shown in Fig. 7 and Fig. 8, the a values of the
P[100]GBJI] and P[100]GB[II] groups were between
0.26 and 0.62 and between 0.29 and 0.64 respectively. In
the P[100]GBI[I] group at 1000 Hz, the a values of all
specimens decreased, except for P[100]GBJ[1]-00, which
had a higher a value. The same specimen also had the
highest o value at 4000 Hz. In the P[100]GBJII] group,
the P[100]GBII1]-50 specimen had the best performance
over the other specimens.

The best four test specimens in their groups can be
easily observed, i.e., P[75]GB[I]-37, P[100]GBJI]-00,
P[75]GBII1]-37, and P[100]GB[I]-50. Fig. 9 shows the
four test specimens that had the highest a value at their
own groups. The sound absorption performance of
P[100]GBIII1]-50 was much better than the other
specimens till 2000 Hz. After a reduction, its performance
was still at average.

Comparison of test specimens with the best sound
absorption coefficient (a) in there groups

——4— P[75]GB[l]-37 a values

0,70 +—=— P[100]GB[I]-00 a values
0,65 - P[75]GBJ[Il]-37 a values
0,60 _—e— P[100]GB[I1]-50 a values
8 0,55 -
=
< 0,50
]
0,45 A
0,40 -
0,35 A
0,30 A
0,25 A
0,20
100 250 500 1000 2000 4000 8000 15000
Frequency [Hz]

Fig. 9. Comparison of 4 different test specimens
according to their a values.

5. CONCLUSION

The first aim of this study was to find out the sound
transmission loss of lightweight partition walls insulated
by CelluBor. The second aim was to find the optimum
thickness of lightweight partition walls and the insulator
inside them. To reach the goal, an experimental work
carried out on lightweight partition walls with different
sizes and insulated by CelluBor.

The results showed that the fully filled profile height
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with insulation did not give the best sound transmission
loss. Half filling the profile would be the optimum choice
because air can also work as a sound insulator. The
number of gypsum boards on each side of the profile had
a positive impact on the sound transmission coefficient.

It was understood from the results of this study that
insulation should be made to reduce sound transmission
when constructing lightweight partition walls. However,
it is more economical and efficient to manufacture
gypsum panels having insulation materials by half. As a
result, it is recommended that the extension of such works
and the development of lightweight partition walls
insulated with different materials are noteworthy in terms
of scarce resources.
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ABSTRACT

Quorum Quenching (QQ) is a mechanism that prevents cell to cell communication and has recently used as an effective
control method against biofouling in membrane bioreactors (MBRs). Rotary microbial carrier frame (RMCF) is an
innovative application used in QQ-controlled MBRs that provides immobilization medium to QQ bacteria. However, it
eventually caused to decrease in QQ activity as a result of a decline in the number of viable QQ cells in the
immobilization media over time, especially during long-term MBR operations. In this study, the effect of regeneration of
the QQ cells in the immobilization media on biofouling control in MBR was investigated. The growth kinetic of
Rhodococcus sp. BH4 as model QQ bacteria was revealed and the bacteria regeneration time was obtained as 28.3 days.
In the operation of the regenerated group, an additional QQ activity of 38.2% was achieved compared to control during a
14 day-duration of QQ-controlled MBR operation. It could be indicated that regenerated QQ bacteria reduced SMP and
EPS by degrading the signal molecules, thus more efficient control of membrane fouling was achieved.

Keywords: Wastewater Treatment; Membrane Processes; Biofouling; Quorum Quenching.
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1. INTRODUCTION

Membrane bioreactors (MBRs) have become an
attractive process in advanced wastewater treatment.
One of the major problems of MBRs is membrane
biofouling which causes the flux decline and increases
the unit cost of wastewater treatment (Drews, 2010;
Lade et al., 2014; Wu and Fane, 2012). Various studies
have considered the effect of membrane modification
with nanoparticles (Koseoglu-Imer et al., 2013; Rahimi
et al., 2015; Ergon-Can et al., 2016) and the effect of the
varying operating conditions (Ahmed et al., 2007; Wu et
al., 2011; Dvorak et al., 2011) in order to prevent and/or
mitigate the biofouling. However, biological-based
biofouling mitigation techniques have come forward due
to the high costs and instability of the physical and
chemical-based approaches. Bacteria detect the
environment and communicate each-others to form
biofilm via signaling molecules (Hammer and Bassler,
2003; Barrios et al., 2006; Dong and Zhang, 2005)
which is known as quorum sensing (QS). On the other
hand, biofilm formation can be inhibited by disrupting
the signaling molecules. The inhibition of QS is
commonly referred to as quorum quenching (QQ).
Recently, the QQ mechanism for the inhibition of
biofilm formation was adapted to MBR studies (Yeon et
al., 2008; Oh et al., 2012; Kim et al., 2013; Kose-Mutlu
et al., 2016).

Firstly, Yeon et al. (Yeon et al., 2009) used the QQ
enzyme (acylase) by immobilizing on magnetic particles
for effective biofouling control in MBR. Then QQ
bacteria having QQ enzyme activity was used by
immobilizing in a polymeric microbial vessel due to the
instability and purification cost of the enzyme. Up to
now, a number of studies have reported that investigate
the effect of immobilization media with QQ bacteria
such as alginate bead (Kim et al., 2013), ceramic
microbial vessel (Cheong et al., 2014) on the
sustainability of the QQ activity. However, QQ
applications for biofouling control in the MBR can raise
difficulties and carried studies presented that QQ
alginate beads as an immobilization media are
nondurable and QQ microbial vessels have a low food-
to-microorganism ratio to could cause the growth
inhibition of QQ bacteria. In our previous studies (Kdse-
Mutlu et al., 2016; Ergon-Can et al., 2017) a new
approach on the immobilization media to overcome
these drawbacks of QQ-controlled MBR has suggested.
Rotary  microbial carrier frame (RMCF) was
manufactured from a polycarbonate multi-frame covered
by microfiltration membrane. It was then filled with QQ
bacteria and attached to an impeller shaft to allow
rotating independently of the main membrane filtration
module in the bioreactor. RMCF as an immobilization
media provides a durable, renewable and refillable
environment for QQ bacteria. However, a decrease in
the QQ activity could occur in each cycle of the MBR
operation over time. As our knowledge, bacteria can
realize the QS and QQ in high levels during their
exponential growth phases in which bacterial vital
activities are at the highest point (Wagner et al., 2003).

This study aims to maintain a stable and sustainable
QQ activity of Rhodococcus sp. BH4 as model QQ
bacteria in order to prevent biofouling in MBR operation
as this specie was preferred in the previous studies and
the results can be comparable. It is possible to regenerate
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QQ bacteria in the RMCF to keep bacteria in the
exponential growth phase. RMCF is made of an inert
and non-dispersible material/structure and provides an
opportunity for the regeneration of immobilized bacteria
by using possible discharge/filling lines during the pilot-
or full-scale MBR plant operation. Batch and continuous
experiments were carried out for the determination of
growth kinetics and QQ activity. The net biomass
production rate (p) and the endogeneous decay
coefficient (kd) of Rhodococcus sp. BH4 in the MBR
conditions was used to calculate bacteria regeneration
time. The efficiency of suggested operation conditions
was evaluated by comparing the results with the un-
regenerated group.

2. MATERIALS AND METHODS

2.1. Reagents

Spectinomycin and Tetracycline were supplied as
powders (Sigma-Aldrich, USA), and the stock solutions
were stored at 4 °C, in the dark and at -20 °C,
respectively. Since it is the most common signal
molecule in QS systems, commercial homoserine
lactone (C8-HSL) that was supplied from Cayman
(USA) was selected and used as the representative
chemical for signal molecules. The stock solution stored
at -20 °C. X-Gal (5-bromo-4-chloro-3-indolyl-p-D-
galactopyranoside) from Sigma-Aldrich was used with
its powder form. After the X-Gal solution was prepared
using dimethylformamide (DMF), which was bought
from Merck (Germany), it was kept at -20 °C and in the
dark. Microfiltration membrane was a polyvinylidene
fluoride (PVDF) membrane (Microdyn Nadir GmbH,
Germany) and had a nominal pore size of 0.20 um and
thickness of 210-250 um (Ergon-Can et al., 2017). All
synthetic wastewater ingredients were also supplied
from Sigma-Aldrich (USA).

2.2. Bacterial Strains and Growth Conditions

Agrobacterium tumafaciens Al136 (Ti-
)(pCF218)(pCF372) was preferred as a biosensor strain
for the detection of N-acyl homoserine lactone (AHL)
signal molecules (Yeon et al., 2008; Oh et al., 2012;
Kawaguchi et al., 2008). A Luria-Bertani (LB) medium
containing spectinomycin (50 mg/L) and tetracycline
(4.5 mg/L) was used to culture A. tumefaciens A136 for
the maintaining the two plasmids that provide the AHL
response system. Rhodococcus sp. BH4, which was
isolated from a real MBR plant by Oh et al. (2012), was
tasked as the QQ bacterium. It was cultured on LB broth
and incubated at 30 °C for 24 hours.

2.3. Batch Study on Mass Flux

The mass flux of the microfiltration membrane that
is used for covering the RMCF surface was determined.
Within this regard, an experimental setup was prepared.
This experimental setup included a beaker, which
contains synthetic wastewater with 150 mg/L chemical
oxygen demand (COD), and a pocket made using an MF
membrane, which is filled with distilled water (Fig. 1.A).
The composition of the synthetic wastewater was as
follows (mg/L): glucose, 133; yeast extract, 4.67;



bactopeptone, 38.3; (NH4)2SO4, 34.9; KH2PO4, 7.25;
MgSOsa, 5.21; FeCls, 0.025; CaClz, 0.817; MnSOs, 0.6;
and NaHCOs, 85.17. Osmotic pressure and total organic
matter (TOC) concentration in the synthetic wastewater
(outside environment) and in the distilled water (inside
environment) were routinely determined. Sampling had
been continued until the osmotic pressures on the
outside and on the inside were the same. Mass flux was
calculated using the equation given below (Eq. 1).
Jn=(ATOC)/(At* Amem) 1)

where Jm (mg.m?h?), ATOC (mg/L), and Amem (m?)
are the mass flux through the membrane, the change in
the TOC amount in time and the membrane area,
respectively.

2.4. Batch Study on Growth Kinetic

After the mass flux was determined, the growth
kinetics of Rhodococcus sp. BH4 in the reactor
conditions was tried to be revealed by using a batch
study. With this aim, a batch experimental setup was
prepared. Inoculated BH4 bacteria were centrifuged and
BH4 with the same amount used in the RMCF studies
(Kose-Mutlu et al., 2019; Ergoén-Can et al., 2017),
which is approximately 25 mg dry weight of biomass
per ml, added into the synthetic wastewater. The
composition of the synthetic wastewater was the same as
the recipe given in the section of the batch study. The
determination of the elemental concentrations in
synthetic wastewater was based on the calculations
related to the dilution of the feed in the reactor caused
by existing water in it. The measurements carried with
the samples taken from the supernatant of the activated
sludge (data not shown). During the 6 days-duration
incubation of BH4 in this synthetic wastewater, the
optical density (OD) of the bacterial solution was
routinely measured by using an ultraviolet (UV)
spectrophotometer (Hach Lange, DR 500, USA).
Moreover, TOC concentrations were also measured in
order to see the rate of organic matter removal by the
microorganisms. According to the results of these
measurements, u and kd coefficients were found out
using Eqg. 2 and Eq. 3 and minimum mean cell residence
time (MCRT) (Equation 4) was calculated. p and kq
coefficients were found out by using the slope of the
exponential growth and exponential decay phases,
respectively (Metcalf and Eddy, 1980). According to
these values, the minimum MCRT was calculated and
used as the regeneration time. All studies had carried out
duplicated.

um=(In(ODw)-In(ODo))/At )
k¢=-(In(OD)-In(OD))/At A3)
B = pm -Kd 4)
1/ Omin = 2

where um is the maximum specific bacterial growth
rate (d1), ODt is optical density at time t, ODo is optical
density at the beginning, ka is endogenous decay
coefficient (d?), p is the net biomass production rate (d°

1), and Omin is the minimum mean cell residence time (d).
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2.5. Continuous Study on Quorum Quenching
Activities

In the light of idea about the positive effect of
bacteria regeneration on the quorum quenching activity,
an experimental study was realized with a continuous
feed. Sterilized synthetic wastewater, which is the same
as the used one in the growth kinetic study, was used as
inoculation media, and COD concentration was kept
constant and at 150 mg/L according to the previously
determined organic matter removal rates. 10 mg BH4
(dry weight) were inoculated on the first day. This study
was carried with two groups: 1) control group and 2)
regenerated group. While the control group was
inoculated without an interception, a determined volume
of the regenerated group was removed from the flask
according to the sludge retention time calculations. The
aim was this removal was to provide a constant QQ
bacteria number and log phase for the regenerated group.
Besides, a control group can carry on their routines like
growing, divisions, aging and cannibalism in an
interference-free environment. All studies had carried
out duplicated.

Outside env. >
Synthetic WW Inside env. \|

Distilled W \‘.

MF membrane
_  Mass transfer

s el

A)

Feed line Feed line

C8-HSL addition — C8-HSL addition
Sampling Sampling
[_ [T Bacteria discharge (outlet)
o

oo Y

/o0
L— Magnetic stirer —

I

~Control group- -Regenerated group-

®)
Fig. 1. (A) Experimental setup for mass flux
determination (WW: wastewater, W: water, env.:

environment) and (B) experimental setup of continuous
study on the regeneration

This experiment was carried out under the aseptic
conditions. The experimental setup can be seen in Fig.
1.B. QQ activities of these two groups were daily



determined by adding 200 nM C8-HSL and taking
samples at 0" 10" and 30" minutes. AHL
concentrations were determined with the indicating agar
plate method from Park et al. (2003). Indicating agar
plate was prepared as follows: 1) mixing (ratio of 9:1)
LB-agar, 2) an overnight culture of A. tumefaciens A136
including spectinomycin (50 mg/L), tetracycline (4.5
mg/L), and X-gal (0.2 g/L), 3) AHL degradation by
Rhodococcus sp. BH4 occurred in the reaction tube (the
initial concentration of C8-HSL was 200 nM), and 4)
reaction mixtures were added into the well of plates. The
residual amounts of AHL were determined by the
equations that were based on the color zone sizes.

2.6. MBR Operation

Three parallel MBRs were operated under the same
operating conditions as MBR-A, MBR-B, and MBR-C.
MBR-A was a conventional MBR. While MBR-B was
operated with RMCF, MBR-C was a parallel operated
MBR with RMCF having QQ bacteria regeneration
lines. The scheme of the MBR system was depicted in
Fig. 2. Activated sludge was supplied from an advanced
biological wastewater treatment plant in Istanbul. The
activated sludge was subjected to an acclimation before
the operation. The composition of the synthetic
wastewater was the same used in the batch study on the
mass flux. The elemental concentrations in the MBR
were the same ass the concentrations in the batch and the
continuous studies by using this recipe taking the
dilution into the consideration. MBRs were connected to
a computer to control all operating parameters like water
levels, pH, temperature, oxidation-reduction potential
(ORP) values and dissolved oxygen concentrations
(Table 1). All membrane bioreactors were operated
under the steady-state conditions following the previous
studies carried out during several months (Ergon-Can et
al., 2017).

Table 1. MBR operation details

Parameter Unit Value or information
pH 6.8~7.2
Dissolved mg/L 42-6.6
oxygen
ORP mV 170-210
Temperature °C 24+2
Membrane Hollow fiber (Philos
type MegaFluxI)
Membrane om? 100
area
Flux L/m?/h 60
COD removal % -9
efficiency
MLSS mg/L 12,000
Feed COD mg/L 440
Pasakdy Advanced

Seeding sludge Biological WWTP

(Istanbul/Turkey)

Reactor

L 4.75
volume

MBR-A, MBR-B, and MBR-C were operated under
the constant flux condition by using a microfiltration
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system consisting of the hollow fiber membrane module.
Membrane module properties and dimensions were the
same as in the previous study (Ergén-Can et al., 2017).
While the effective area of the hollow fiber membranes
in the module was around 100 cm? the hydraulic
retention time (HRT) and sludge retention time (SRT)
were kept as 13 h and 30 d, respectively. The mixed
liquor suspended solids (MLSS) concentrations in
MBRs were maintained within the range of 11000-
12000 mg/L.

2.7. Analytical Methods

MLSS and COD were determined according to
Standard Methods. TOC concentrations were measured
using the TOC instrument (Shimadzu, Japan). Osmotic
pressures were determined with a 3250 model
instrument of Advanced Instruments Inc. (USA).

3. RESULTS AND DISCUSSION

3.1. Mass Flux

Firstly, the mass flux of the microfiltration
membrane that is used for coverage of the RMCF and in
which Rhodococcus sp. BH4 is immobilized was
determined. The change of the osmotic pressures of the
inside and of the outside environments in time was
monitored. In addition to this, organic matter
concentrations in these environments were determined
and mass flux was calculated. Osmotic pressures in two
environments were equal after a time and this result can
mean that nutrients and minor elements could pass
through the microfiltration membrane as expected. At
the end of the 8™ hour, the microfiltration membrane
totally soaked, and the osmotic pressures had started to
change. The osmotic pressures in the two environments
were nearly equal at the end of the 12™ hour. After 24
hours, the immobilized bacteria can achieve to get the
total nutrient mass because of the total equalization.
Moreover, the mass flux of total organic carbons
throughout the microfiltration membrane was calculated
as 2.26 mg.m2h" using the data obtained from this side-
study. Because there is no filtration process in which
driving force is an applied pressure, the mass transfer
was realized as a result of the osmotic pressure
differences.

3.2. Growth Kinetics

After the mass flux was determined, a growth kinetic
study was carried. The growth Kinetic study was realized
under the conditions which are seen in the membrane
bioreactors operated in this study, and the result of the
study was given in Fig. 3. As shown in the figure,
bacteria can degrade the synthetic wastewater with 150
mg COD/L with 60% efficiency in their first 24 hours.
At the end of the 48 hours, the rate of substrate
degradation started to decrease. The reason can be
explained as the beginning and the end of the log phase
of the culture. Bacteria could easily reach the substrate
and use for their rapid metabolism in the first 48 hours.
According to the slope changes in the biomass graph,
growth phases could be determined. As expected, the
bacteria stayed in a stable situation in their first 23



hours. At the end of the 23" hour, divisions immediately
started and this was the siren of the start of the
exponential growth phase. The exponential growth
phase had continued until the end of the 50" hour.
Because there was feed for once at the beginning,
bacteria had been faced with the substrate limiting
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condition between 48™ and 74™ hours. At the end of the
stationary phase, the culture started to show a decay
situation which can get by looking at the high negative
slope of the OD graph
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Fig. 2. Schematic description of the MBR set-up

At the end of the inoculation, the OD values were
lower than the OD values at the beginning. This final
term was the decay phase of the inoculated species. By
using the slope values, the growth, and the decay rate
constants can be determined. In this study, Eq. 2, Eq. 3
and Eqg. 4, and data from Fig. 3 was used, and bacteria
retention time of Rhodococcus sp. BH4 was determined
as 28.3 days. This means that 3.5% of the total volume
can be daily removed, all volume can be renewed at the
end of this 28.3 days-duration.
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Fig. 3. Growth phases of BH4

This means that daily removal of 3.5% of the total
immobilized bacteria amount from the medium may
help the bacteria regeneration, constant bacteria OD,
prevention of the bacterial aging, and increase of the QQ
activity, which are closely related together. In this study,
the application of the daily bacteria removal from the

MBR-B
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MBR-C —

immobilization medium was tried to be explained by the
means of the “regeneration of the immobilized culture”
statement.

3.3. Effect of the Regeneration on the Quorum
Quenching Activity

An experimental study with a control group was
carried in order to check the possible effect of the
bacterial regeneration on the quorum quenching activity.
QQ activities of control and regenerated groups during
the 4 days were daily determined. Daily removal of
3.5% of the total immobilized bacteria amount from the
group, which is named as the regenerated group, was
realized during this continuous study. AHL degradations
were given in Fig. 4.A. The detailed results can be seen
in the Appendix. Correlation coefficients were higher
than 0.953 for each quorum quenching activity
experiment, and the results can be used if the correlation
coefficient should be higher than 0.95 for this type of
bio-assay. The initial AHL concentration was 200
nmol/L for both groups at the beginning of each AHL
degradation rate study carried daily. Because both
groups include a high amount of Rhodococcus sp. BH4
in their environments, AHL degradation was realized
dramatically. In 30 minutes Rhodococcus sp. BH4 could
degrade the AHL wup to 50 mg/L and lower
concentrations. It is a known fact that Rhodococcus sp.
BH4 is a highly effective QQ specie used before for
biofouling control by the researchers (Dong and Zhang,
2005; Jahangir et al., 2012). It can be said that while the
regenerated group could save its quorum quenching



activity, control group started to lose its quorum
quenching activity after 24 hours. On the first day, the
two groups showed the same quorum quenching activity
(87% for the control group and 88% for the regenerated
group), and they could rapidly degrade the AHL in their
environment. 24 hours after the first bacteria removal
application; the QQ activities were determined as 80%
and 88% for the control group and regenerated group,
respectively. It may be said that the control group had
started to lose its activity because this group had lived in
the stationary phase for that 24 hours-duration. After 48
hours, the time was the 72" hour and the quorum
quenching activities were 72% and 82% for the control
group and regenerated group, respectively. The decrease
in the QQ activity of the control group as 8% may result
from the late stationary phase and the start of the decay
phase. In the last day of the experiments; it was seen that
the regenerated group could sustain its quorum
quenching activity, the control group showed a quorum
quenching activity with 65% efficiency. This means that
quorum quenching bacteria can lose its AHL
degradation efficiency with time in the environment
because of the limiting factors and living population
ratio in the suspension. In light of this study, it may be
mentioned that bacteria removal from the cubbyholes of
the RMCF can result in sustained quorum quenching
activities.

3.4. Effect of Regeneration on Quorum

Quenching  Activites During the MBR
Operation
In order to examine the effect of bacteria

regeneration in QQ MBR operation, two parallel MBRs
were operated for two weeks. Transmembrane Pressure
(TMP) profiles obtained from operations were given in
Fig. 4.B. In order to determine the TMP decreasing
effect caused by the daily bacteria removal, the areas
under the TMP graphs were calculated by taking
integrals of the line equations having correlation
coefficients higher than 0.997.

Decreasing percentage (%)
(f(;f control (t) dt—f(:f regenerated (t) dt)
= *
fotf control (t) dt

®)
100

where f control iS the equation of the TMP profile of
MBR-A and f regenerated iS the equation of the TMP profile
of MBR-B. According to these TMP profiles, it can be
said that the regeneration of bacteria resulted in an
additive effect on biofouling prevention via quorum
quenching. There is a slight difference between the TMP
profile of MBR-A and the TMP profile of MBR-B.
While TMP values reached 200 mbar in MBR-A, it was
around 100 mbar in MBR-B. Because these both MBRs
were operated as QQ MBRs, TMP values could not
reach high values during these 14 days of operation.
According to the decreasing percentage calculations, it
can be mentioned that there was an additional 38.2%
TMP decrease via daily bacteria removal from the
cubbyholes of RMCF. The TMP decrease with RMCF
usage against conventional MBR usage resulted in a
60% TMP decrease (Kose-Mutlu et al., 2016). Bacterial
regeneration may create an increase in the quorum
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quenching effect of 15%, which means an additional
decrease of 3.4% on the total MBR operation costs.
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Fig. 4. (A) The effect of the regeneration on the QQ
activity and (B) TMP profiles obtained from the parallel
MBR operations

4. CONCLUSION

Within the scope of this study, the possible positive
effect of bacterial regeneration on the quorum quenching
activity was examined. The younger bacteria in their log
phases results in the higher efficiencies of many vital
activities. Because of this reason, it was thought that a
definite percentage, which was decided according to the
net biomass production rate which indicates the
difference between growth rate and decay rate, of the
Rhodococcus sp. BH4 solution in the RMCF can be
removed, and this can be adapted to the MBR operation.
The concluding remarks of this study can be listed as:

e The nutrient mass transfer throughout the
microfiltration =~ membrane  used  for  the
immobilization of Rhodococcus sp. BH4 in RMCF
was totally achieved in 12 hours, and the mass flux
was determined as 2.26 mg.m2hL,

Over the first 23 hours, Rhodococcus sp. BH4 was in
lag-phase and reached in the exponential growth-
phase between 23" and 50" hours. After a 23 hour-
duration stationary-phase, specie had started to live
its decay-phase. In light of the net growth rate
calculations, it was found out that the regeneration
of the immobilized culture may be realized by the
means of a volumetric removal of 3.5%.

According to the QQ activity tests, it was seen that
while the QQ activity of the control group had
decreased from 87% to 65%, the regenerated group
could sustain its QQ activity.



e The sustainability of the QQ activity via bacteria
regeneration was also tried to prove with QQ-MBR
operations, and an additional QQ activity of 38.2%
could be obtained during a 14 day-duration MBR
operation.

This concept and the mechanism mentioned in this
paper should be studied to enlighten all the effects of
various parameters. Since it is an innovative idea, this
study is the first for the researchers focused on the QQ
MBR. Finally, it can be said that the application of this
idea was successful during MBR operation, and it will
be possible, especially for the pilot- and full-scale MBR
plants with bacteria discharge lines.
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ABSTRACT

In this work, low-power dynamic comparator is presented with auto-zeroing technique for successive approximation
register (SAR) analogue-to-digital converter (ADC). The comparator designed with DTMOS technique operates in sub-
threshold region. The designed circuit consumes low power with high gain. The dynamic range of the comparator is
increased with a new biasing technique for DTMOS transistors. The core design consumes 6.01uW power and overall
design consumes 17.06uW. The design is realized with two different supply voltage with 600mV (core design) and 1.8V
(biasing circuit). The comparator has been simulated with 0.18um TSMC process in Cadence environment.

Keywords: SAR ADC, Comparator, CMOS analog integrated circuits
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1. INTRODUCTION

Comparative circuits are indispensable interface
elements between analog and digital world. Also,
comparators play key roles in the design of analog-to-
digital converters, memories, dynamic logic, and sense
amplifiers as decision-making circuits (Cohen et al. 2005;
Kim, Choi, and Lee 2015; Ming-Dou Ker and Jung-Sheng
Chen 2008; Verma and Chandrakasan 2007). The input
referred offset voltage in the design of comparator circuits
is the biggest problem affecting the resolution of
converters. Auto-zeroing and chopper methods are useful
techniques to cancel offset and low-frequency noise
(Cohen et al. 2005; Witte, Makinwa, and Huijsing 2006;
Wu, Makinwa, and Huijsing 2009). Dynamic switches
with auto-zeroing technique are the common and
successful approach to cancel offset (Schinkel et al. 2007;
Sepke et al. 2006).

Dynamic comparators are suitable for low-supply,
low-power and high-speed applications (Zhong, Bermak,
and Tsui 2017). Furthermore, various types of sensors to
gather information are applied to everyday objects of
Internet of Things (IoT). These sensor requirements
oblige the need of analog-to-digital converters (ADCs)
dissipated low power with high resolution and high
linearity for use in an energy-constrained environment
(Shim et al. 2018). Moreover, the power consumption of
the dynamic comparators is called the dynamic power.
The dynamic power is defined as the power of dissipated
during the evaluation of signal in one period of clock. The
successive approximation register (SAR) ADCs has the
resolution of 12-14 bit level and are very energy-efficient
(Yan et al. 2018).

Furthermore, in wide common mode range
applications, for example, the speed and offset of CMOS
designs in A/ D converters depends on the common mode
voltage of the input and this is a challenging situation for
sub-micron CMOS technologies. However, a large
voltage headroom, which is problematic, especially in
circuits with transistor stacks and especially in low-
voltage deep-micron CMOS technologies (Schinkel et al.
2007; Wicht, Nirschl, and Schmitt-Landsiedel 2004;
Wong and Yang 2004).

In this work, offset cancelled low power dynamic
comparator for successive approximation register (SAR)
ADCs is designed. The CMOS implementation of the
designed comparator is realized with standard 0.18um
CMOS technology with DTMOS technique. The
designed circuit has mixed 0.6V-1.8V supply voltage.
The biasing circuitries (current sources and current sinks)
are designed with normal CMOS transistor to extend
headroom. The core design is implemented with DTMOS
transistors (Achigui et al. 2006; Ramirez-Angulo et al.
2001). DTMOS transistor is realized for only pMOS
transistor by connecting its gate to the body without the
need for another manufacturing process or step. As a
result, the DTMOS transistors can be used in standard
CMOS process. DTMOS offers the low power designs for
especially biomedical applications and portable devices.

This paper is organized as follows. Section 2 explains
the CMOS implementation and layout with analysis.
Corner and Monte-Carlo analysis are also given in the
same section. Finally, section 3 gives some conclusions.
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2. COMPARATOR DESIGN

Due to the nature of analog signals, all loT
applications require both analog and digital system design
for a high integration level with low cost. Although many
analog designs can perform digitally, the analog-digital
converters (ADCs) are still required as an interface
between the analog domain and the digital (Lin, Wei, and
Lee 2018). Many wireless sensor node (WSN) for loT
applications require low-power ADCs ranging in
resolution (8 - 12 bit) and speed around (MS / s) (Ding et
al. 2018). Comparators are the essential building block of
the successive approximation register (SAR) ADCs.
Comparators need extremely low offset, and very low
input noise. The dynamic range of the comparator can be
improved by cancelling the low-frequency noise and
offset with auto-zeroing technique (Enz and Temes 1996).

Operational amplifiers have been used as basic circuit
components in analog circuit design since the emergence
of integrated circuits. After the emergence of new analog
circuit applications, the performance characteristics of the
voltage-mode operational amplifiers are not sufficient for
analog  signal  processing  requirements.  The
compensation capacitance, which ensures the stability of
the OPAMP (operational amplifier), reduces the
bandwidth of the operational amplifier due to the
excessive voltage gain expected from OPAMP
(Palmisano G. 1999). Therefore, OPAMPs are replaced
by operational transconductance amplifiers (OTAS)
whose output resistance is quite high (Maloberti 2006).
At the same time, in a fully differential system not only
rejects the common mode voltages but also eliminates the
external noise. For the reasons mentioned above, the
CMOS implementation of comparator is realized with
fully differential operational transconductance amplifier
in sub-threshold region.

Fig. 1 shows a block diagram of the comparator
structure. The proposed implementation is developed
based on the comparator proposed in (Allen and Holberg
2012). The structure of the comparator is made up of a
fully differential operational transconductance amplifier,
latch and switch. The gain of the overall design is
142.8dB. The overall design consists of three cells. Each
cell has the gain of 35.7dB. The input referred offset is
Vos1 + Vosz2 / Av1 + Vosa/Ay14va. Vosi and Ay, is the
first cell’s offset voltage and gain, respectively. Vs, and
Ay, define the second cell’s offset voltage and gain while
the third stage offset and gain is defined as V53 and Ay,
respectively.

OTAs and dynamic latch operate in sub-threshold
region and the supply voltage is 0.6V. The biasing circuit
operates with 1.8V supply voltage. pMOS transistor of
core design are designed with DTMOS technique to
decrease the power dissipation and to increase the gain
and dynamic range of the design.
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Fig. 2 CMOS implementation of overall comparator

87



(1) shows the transistor current in sub-threshold
region. lo and m are technology dependent parameters,
Vr = kT /q is thermal voltage.

Ves—Vin

= Ioge 7z (1 — e~ Wos/Viy )

The sub-threshold current-voltage relationship of the
MOS transistor is very similar to the bipolar transistor,
but still the gain effect of the threshold voltage is clearly
visible as in (1). The threshold voltage of the transistor is
decreased dynamically by connecting the device gate and
body, seen as the relationship given in (2).

The DTMOS transistor under the same Ves voltage
has a higher gm than the MOS transistor. (3) gives the
relationship of gm under sub-threshold region. As a result,
DTMOS transistor has higher gain than the standards
under same conditions.

Only pMOS transistors can be selected as DTMOS
because of the single well process of used 0.18pum CMOS
process. The biasing circuit is designed with standard
CMOS transistor with 1.8V supply voltage to increase the
swing and gain of amplifier. Table 1 gives the size of the
transistors.

Table 1. The size of the transistors

Transistors WiL
> Bi, Bz, Bs, B4
& » , B2, B, Ba,
§ s E’é Bs, Bs, B 10um/2pum
% 25
_::" o E Bs, Bo, Bio,
s F B, B12, Bis, 10pm/2pm
»
B4
L~ S1 100pm/180nm
2Es &
ass 3 S 100um/180nm
® Mz, M2 8um/360nm
o
= g e Ms, M4 4um/360nm
§5¢8
883 Ms, Ms 8um/360nm
g 3E
S § < Mz, Mg 10pm/360nm
S )
- > o Mo, M1o, Mi1,
8 % ° Nﬁ’z " $um/360nm
:i'j’ f’, T1, Ta 6um/180nm
% [
>3 T2 Ts 1.3um/180nm
>3
§ 5 Ts, T7 6.61m/180nm
5 7
§ Te, Ts 6.61m/180nm
To 4um/180nm
T, Taa 3um/180nm
Ti2, T3 1pum/180nm

The CMOS implementation of the comparator is
given in Fig. 2. The implementation of temperature
independent current generator is designed based on
(Alaybeyoglu and Kuntman 2016). Layout of the
comparator is given in Fig. 3. The core occupation area of
the designed circuit is 61.5umx115.4pm; 0.007mm?.
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Im = Fves  mVy (3)

Fig. 3 The layout of overall comparator

Fig. 4 shows the DC gain of single cell. The gain of
the overall circuit is 142.8dB for four cascaded OPAMPs.
The timing diagram of comparator is given in Fig. 5.
Reset and Comparison phased of the comparator are two
operation duration. The evaluation of the comparison is
realized after the offset cancellation in reset time.
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Fig. 4 DC gain of single cell.
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Fig. 5 Timing diagram of comparator.



Offset analysis under the variation of process (ss, tt,
ff, sf, fs), power supplies (AVDD [0.54V, 0.66V]) and
temperatures (—40°C, 85°C) is given in Fig. 6. The
solution in Fig. 6 is realized without offset cancellation.
Table 2 gives the offset value for each corners. Offset
coming from fourth stage is suppressed by the 1st, 2nd
and 3th stage gain. Furthermore, offset coming from third
stage is suppressed by the 1st and 2nd stage gain. As a

Table 2 The offset values according to the each corner
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result, the most dominant offset contributed by M7, Ms is
1st- stage offset (Zhong, Bermak, and Tsui 2017).

The 1st- stage offset is cancelled out with auto-
zeroing capacitances (50fF). Fig. 7 shows the Monte
Carlo analysis of offset without offset cancellation (OC)
Histograms of offset with OC technique given in Fig. 1.
is shown in Fig. 8.

Temperature -40° 27° 85°
Process Variations ss tt ff sf fs ss ff sf fs ss tt ff sf fs
AVDD=0.54V 22.9m 5.1m 3.3m 23.1m 3.6m 25.9m 5.3m 3.0m 26.0m 3.3m 28.6m 5.9m 3.6m 28.7m 3.1m
AVDD=0.60V 4.9m 3.2m 5.1m 3.5m 3.5m 5.2m 2.8m 5.4m 3.9m 3.1m 5.8m 2.6m 6.0m 2.0m 2.9m
AVDD=0.66V 5.1m 3.5m 2.3m 5.1m 3.4m 5.4m 3.1m 2.6m 5.4m 3.1m 6.0m 2.9m 2.8m 6.0m 2.9m
Offset Voltage is 5.4mV at nominal (for AVDD=0.6V, 27° and tt-process variation)
Table 3 Comparison with the State of Art comparator designs
Parameters (Cohen et al. 2005)  (Pipino et al. 2016)  (Belloni et al. 2010)  (Lu and Holleman 2013) This Work
Technology 0.35um 28nm 0.18-0.5um 0.5um 0.18 um
Supply Voltage 3.3/4.5vV 0.9v 1.8/5V 5V 0.6/1.8V
DC Gain 55.7dB 106dB 168dB 118.1dB 142.8dB
GBW 329kHz 260kHz 33.3MHz
Input Referred Offset
Standard Deviation 413pV 220V 1.94pV 50.57uV 6.5V
Supply Current 40pA 60uA 14.4pA 0.93pA 10.01pA
Power 160pW 54uW 26/72uW 4.62uW 6.01/17.06 pW
Area 0.0024mm? 0.014mm? 1.14mm? 0.062mm? 0.007mm?
0.03 0
*
] mu = 5.3245mV
+ 1 sd = 3.31663mV
0.025 1 N=20
e ]
*
0.02F ]
S £ 7
gootsr EZD{
>° i
2 ]
0.01 1
0]
0005 @ * ¥ ]
e # P 1
o S u
-50 0 50 100 uﬂ\\\\.....\.\.\.\.............
Temperature (OC) 2.5 0.0 25 5.0 OM?(E“V) 100 125 150

Fig. 6 Offset analysis {under the variation of process (ss,
tt, ff, sf, fs), power supplies (AVDD [0.54V, 0.66V]) and
temperatures (—40°C, 85°C)}.

Table 3 shows the comparison with state of art. The
performances of designed comparator is higher than the
previous works in terms of gain, GBW (gain bandwidth
product) and core occupation area. GBW of the designed
comparator is 33.3MHz while the core occupation area is
0.007mm? without Electrostatic Discharge Protection.
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Fig. 7 Monte Carlo analysis of Offset without Offset
Cancellation.

Fig. 9 shows the dynamic range of a single amplifier.
The dynamic range of the comparator is increased with a
new biasing technique for the positive rail. The positive
rail of 0.56V approximately approaches to the positive
supply voltage of 0.6V with the proposed biasing
technique.
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Fig. 8 Monte Carlo analysis of Offset with Offset
Cancellation.
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Fig. 9 Dynamic range of a single amplifier.

3. CONCLUSION

In this work, the design of a low power high precision
comparator with 142.8dB gain is presented. The sub-
circuits (OTA, latch) of the comparator is designed with
DTMOS technique. The standard deviation of offset
voltage is reduced from 3.31mV to 30.2uV. The core
occupation of the designed circuit is 0.007mm?2. The
comparator designed with offset cancellation can operate
up to 30MHz with energy consumption per comparison
of 20pJ. The designed comparator is implemented with
TSMC 0.18um process in Cadence environment.
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ABSTRACT

Molasses, sugar and other food additives, such as without adding any substance, concentrated by boiling and shelf life is
a long concentrated product. Molasses is an important food for humans in terms of mineral content and high energy
content. Grape fruit is considered as a rich food source with strong health effects. Grape fruit generally contains 70-80%
water, 15-25% carbohydrate and small amount of minerals, amino acids, phenolic compounds. Heavy metals are highly
toxic elements, which can severely influence plants and animals and have been involved in causing a large number of
afflictions. Heavy metals in the environment are non-biodegradable and ubiquitous, it can cause serious human health
hazards and momentous ecological effects through food chain's bioaccumulation. Inorganic micro-pollutants are of
important concern because they are non-biodegradable, highly toxic and have a probable carcinogenic influence. In this
study, it was aimed to determine the heavy metal levels in grape molasses collected from the villages of Karaman and to
emphasize the importance of nutrition in carob molasses. The samples were prepared to be 2 parallel for each sample and
were solutioned by wet burning method. The concentrations of the determined elements were determined by Flame
Atomic Absorption Spectrometry (FAAS). Traditional produced grape molasses are determined by comparing metal
contents with each other and with standard values.

Keywords: Molasses, Grape, Trace element, FAAS
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1. INTRODUCTION

Molasses is a traditional sweets prepared in many
Mediterranean countries commonly known as ‘pekmez’
in Turkey. Molasses can be produced from various fruits
such as grape, mulberry, apple and carob (Petkova et al.,
2017). Since molasses contain carbohydrates in the form
of monosaccharides such as glucose and fructose, they
can easily pass into the blood without being digested.
This is especially important for infants, children, athletes
and those who need urgent energy (Tosun & Ustun,
2003). It is also a dark viscous liquid containing sugar,
amino acids, vitamins and a group of minerals (Zhang et
al., 2015, Xia et al., 2016). Grape has an important place
in molasses production. Grape is grown in our country,
especially in rural areas and is consumed as molasses
after being concentrated and kept in the sun and brought
to consistency due to its limited consumption as fresh
(Viran et al.,, 2003). There are micro and macro
elements in the grape (K, Ca, Mg, Na, Zn, Mn, Fe and
Cu). The presence of elements such as As, Cr, Pb and
Cd which show toxic properties are caused by
anthropogenic activities such as industrial processes,
agricultural applications, use of minerals discharge of
toxic residues or soil composition (Segura-Mufioz,
2006). Chromium can be considered essential or toxic to
living organisms depending on the oxidation state
(Quindia & Nobrega, 1999). The elements Pb and Cd do
not have a biological function and are extremely toxic to
living organisms. These elements cause various damages
to the body (kidney, neurological, hepatic, inter alia
cardiovascular) and can also cause various types of
cancer such as lung, prostate, and testis. Recently
developed analytical methods for the determination of
minerals in foodstuffs have features such as high
precision, easy to apply, low cost, robustness,
selectivity, speed, and environmental friendliness.
Analytical techniques that can be used for this purpose
are inductively coupled plasma atomic emission
spectroscopy (ICP-OES and ICP-MS) (Ohki et al.,
2016), flame atomic absorption spectrometry (FAAS)
(Yildiz et al., 2016). In this work, trace element levels of
Zn, Pb, Ni, Cu, Cr, Mg, Mn, Ca and Fe in grape
molasses produced in 12 different villages of Karaman
province were investigated. Samples were prepared
according to wet burning method and mineral analysis
were performed with FAAS method.

2. MATERIALS AND METHODS
2.1. Study Area

Grape molasses were collected from 12 different
places which were produced by traditional. Samples
were gathered from Manyan, Burhan, Pinarbasi,
Bagkisla, Morcali, Bozkandak, Aygan, Bostanozii,
Bucakisla, Kizilyaka, villages, Ermenek and Karaman
center. Fig. 1 shows the sampling locations on the map.
In this study, samples of molasses prepared by using
freshly harvested grape fruits from 12 different
producers without waiting were taken and analyzes were
carried out on these samples.
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Fig. 1. Map of sampling locations
2.2. Methods

Molasses were produced on the same day without
waiting from the harvested grape fruits. In the molasses
made by traditional methods, grape molasses are first
squeezed in various ways and juice is obtained. The
grape juice collected is boiled at 50-60 ° C for 10-15
minutes and molasses soil is added. After resting for 4-5
hours, the substance formed is molasses by removing the
sediment from the bottom of the container and boiling
again. The samples were brought to the laboratory by
placing them in 200 ml bottles of molasses made from
newly harvested grapes in 2017. Weighed 2 g each of
the samples which were made ready for weighing with
precision scales and placed them in 100 ml beakers. 16
ml of HNO3 (65%, w/w, Merck) was added and allowed
to stand for 8-10 hours. Then, 4 ml of HCIO4 (70-72%,
w/w, Merck) were added and the solutions were heated
slowly in the fume hood for 5-6 hours. Heating was
stopped near the end of the acids, and after cooling the
solutions, 5 ml of H202 (30%, w/w, Merck) were added.
Heating was carried out until clear liquid was obtained.
The cooled samples were filtered through blue band
filter paper and filled to 20 ml with distilled water and
stored in a refrigerator at 4 °C until analysis. Flame
atomic absorption spectrometry (FAAS) (Perkin Elmer
900T) was used for elemental analysis of the samples.

2.3. Evaluation of Instrumental and Method
Performance

The method and instrumental performance were
evaluated by determining the detection limit (LOD) and
the quantification limit (LOQ). LOD and LOQ were
calculated as 3xSD/b and 10xSD/b, respectively, where
SD is the standard deviation of 10 consecutive measures
of the analytical blank and b is the slope of the analytical
curve (ICH, 1996). Table 1 presents the linear ranges
used for calibration and the coefficients of determination
(R?) used to assess the linearity (R>>0.99). LOD, LOQ
and precision are given in Table 2.



3. Results and Discussion

Each molasses sample was prepared for analysis in 2
parallel and 3 replicate measurements were taken from
each sample. The concentrations of trace elements in
molasses samples are given in Table 3, 4. Pb, Mn, Cr
element concentrations of molasses samples taken from
12 different places are shown in Fig. 2, 3, 4. Perkin
Elmer 900T series FAAS was used for this work.
Instrument operating conditions were given Table 5.

Table 1. Linear range (mgkg™), regression, correlation
coefficient (R?), for the elements analyzed

Element Linear Regression R?
Range
Cu 05-5 y=0.020x + 0.002 0.992
Cr 05-5 y=0.014x - 0.003 0.995
Fe 1-10 y=0.042x - 0.023 0.997
Ca 0.1-10 y=15.20x - 0.111 0.998
Ni 0.1-5 y=0.034x - 0.019 0.999
Mg 01-5 y=2.124x - 0.123 0.999
Mn 01-5 y=0.054x + 0.005 0.998
Zn 01-5 y=0.156x + 0.003 0.994
Pb 05-5 y=0.121x - 0.045 0.998
Table 2. LOD, LOQ and precision (RSD%) for the
elemental analyzed
Element LOD LOQ Precision
(mgkg ) (mgkg ) (RSD%)
Cu 1.543 5.138 0.565
Cr 2.457 8.181 0.721
Fe 1.451 4.831 0.733
Ca 0.049 0.163 0.119
Ni 2.232 7.432 0.223
Mg 0.124 0.413 0.721
Mn 1.192 3.969 0.869
Zn 0.765 2.547 0.348
Pb 1.487 4.952 0.712

Table 3. Trace element concentrations in molasses
samples (mgkg™)

Average£SD

Zn Pb Ni Cu Cr

1 2.887 1.516 1.576 9.985 0.130
+0.028  +£0.042  +0.066  +0.167  +0.038

2 1.466 1.397 0.399 2.102 0.069
+0.073  +£0.167  +0.099  +0.080  +0.047

3 1.417 5.993 0.274 1.580 0.002
+0.349  +£0.131  +0.091  +0.155

4 1.407 2.151 0.226 2.063 0.009
+0.021  +0.188  +£0.032  +0.172

5 1.319 2.349 0.050 1.122 0.050
+0.101  +0.764  +0.034  +0.094  +0.008

6 1.521 1.150 0.112 4.607 0.019
+0.058  +0.140  +0.090 +0.224  +0.005

7 1.518 1.203 0.145 1.397 0.102
+0.057  +0.202  +£0.064  +0.053

8 3.390 0.745 0.052 0.769 0.018
+0.289  +0.184  +£0.029  +0.107

9 1.158 1.072 0.187 2.300 0.067
+0.060 +0.188  +0.053  +0.111  +0.005

10 1.053 1.120 0.341 1.422 0.093
+0.074  +£0.117  +0.014  +0.084  +0.003

11 1.029 1.274 0.396 1.378 0.014
+0.021  +0.145  +£0.022  +0.049

12 1113 1.971 0.274 1.226 0.092
+0.193  +0.181  +0.055  +0.061  +0.025

SD: Standard Deviation
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Table 4. Trace concentrations in molasses samples
(mgkg™)

Average£SD
Mg Mn Ca Fe
1 203.1 10.52 231.6 20.72
+2.447 +0.149 +3.535 +2.581
2 203.4 1.547 163.3 11.62
+2.688 +0.027 +6.793 +1.540
3 218.0 0.508 190.9 12.27
+3.102 +0.020 +2.486 +0.383
4 201.2 1.241 232.7 11.58
+2.413 +0.015 +1.484 +0.756
5 139.3 0.528 214.6 10.21
+1.532 +0.014 +2.547 +0.560
6 186.5 0.752 221.9 21.73
+3.758 +0.011 +4.768 +0.627
7 2155 6.341 152.7 33.89
+2.819 +0.152 +1.290 +0.442
8 184.7 5.303 233.6 21.68
+3.366 +0.100 +1.092 +0.460
9 179.8 2.057 214.8 17.78
+2.375 +0.031 +3.282 +0.417
10 2118 4.829 228.1 20.83
+2.972 +0.070 +1.301 +0.203
11 2024 4.552 229.6 20.90
+2.598 +0.078 +1.380 +0.706
12 1833 4.336 197.7 29.59
+2.709 +0.081 +1.186 +1.126
Table 5. Instrument Operating Conditions
Element  Wavelength Current Slit width
(nm) intensity (mA) (nm)
Cu 324.8 15 0.7
Cr 357.9 25 0.7
Fe 248.0 30 0.2
Ca 422.7 20 0.7
Ni 232.0 25 0.2
Mg 285.2 20 0.7
Mn 279.5 20 0.2
Zn 213.9 15 0.7
Pb 283.31 440 0.7
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Fig. 2. Pb element concentrations of molasses samples
taken from 12 different places (mgkg™)
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Fig. 4. Cr element concentrations of molasses samples
taken from 12 different places (mgkg™)

Food products contaminated with various types of
heavy metals threaten human health. Cr and Pb heavy
metals are toxic and carcinogenic, especially Pb causes
stomach cancers (Zahao et al., 2014). Chatterjee (2000),
found that Cu is toxic in terms of its negative effects on
physiological activities. The concentration of heavy
metals and evaluation are given Table 6. In this study,
according to the literature values given in Table 6, Ni
(0.050-1.576 mgkg™), Fe (17.78-33.89 mgkg?), Cu
(0.769-9.985 mgkg?), Mn (0.508-10.52 mgkg?), Pb
(0.745-5.993 mgkg™?), Ca (152.7-231.6 mgkg™) high
amounts; Mg (139.3-218 mgkg?) at low levels; Cr
(0.002-0.130 mgkg?) and Zn (1.029-3.390 mgkg™)
elements were determined at normal concentrations in
molasses samples.

Tosun and Ustun, (2003) found iron content ranging
from 26.2 to 163.0 mgkg™ in molasses samples. Artik
and Velioglu, (1993) in their study stated that the iron
content in molasses is 100 mgkg™. According to these
studies, iron content remained low in our study.
However, it was found to be higher than Table 6.
Demirci, (2006) determined that ingredient of calcium in
traditional method was 1051.6 mgkg™ in grape molasses.
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In this study, Ca content was found to be low levels
according to the literature. Copper is found in the
structure of some polyphenolase enzymes. Excess
copper has a toxic effect on the body. Tosun and Ustun,
(2003) studied 11 molasses samples and found that the
copper level ranged from 2.9 to 9.4 mgkg™. Our values
are consistent with these values. However, it was
observed that it was higher than the literature values
given in Table 6. Zinc is found in the composition of
certain enzymes and hormones and influence their work.
It is also involved in the regeneration of cells and tissues
by taking part in DNA and RNA synthesis, but high
amounts of zinc have toxic effects on the body (Tarake1
& Kiigiikoner, 2003). Pb is an element with multiple
effects. The absorbed lead passes into the blood and
reaches equilibrium in a short time and is distributed to
various organs through blood circulation (Assis et al.,
2008). Zinc values found in our study were consistent
with the literature, but lead levels were found to be high.

Table 6. The concentration of heavy metals and
evaluation (Demirdzii et al., 2002; Karababa & Develi,
2005; Akbulut & Ozcan, 2008; TFC, 2017)

Element Founded value Accepted Evaluation
(mgkg?) value
Cr 0.002-0.130  0.20-45 (ugg)  Normal
Zn 1.029-3.390 <5 (nggh Normal
Mn 0.508-10.52 6.2 (ngg) High
Mg 139.3-218 730 (ngg) Low
Ni 0.050-1.576 0.5 (mgkg™) High
Fe 17.78-33.89 < 25 (mgkg™) High
Cu 0.769-9.985 <5 (mgkg™) High
Pb 0.745-5.993  <0.30 (mgkgl)  High
Ca 152.7-231.6 130-14411)(mgkg' High

4. CONCLUSIONS

Environmental pollutants, food safety and human
health are inextricably linked. Sources of heavy metals
in food products are changing in developing countries.
Heavy metals can be managed by reducing the use of
treated waste material or by properly treating sewage
before it can be used for irrigation (Cherfi et al.. 2015).
Optimization of land use improves food safety.
Roadside food products tend to accumulate metal on
plant leaves and fruit (Nabulo et al.. 2006). There may
be heavy metal pollution from soil where grapes are
grown. In the molasses produced in the traditional way
soil is used in the production stage and metal pollution
from this can occur in molasses. In addition, Pb, Cd, Cr,
Zn and Mn pollution can come from fertilizers used for
fruit production (Fan et al.. 2017). In order to avoid
health risks the available remediation options should
focus on reducing the concentration of heavy metals in
the soil and food chain. It is necessary to prevent the
transfer of metal pollutants to the food chain and
formulate appropriate healing strategies.
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ABSTRACT

Thickness measurement is very critical especially in fabrication of micro and nano devices to determine the thickness of
the layers. Stylus measurement is the easiest and most common technique that is being employed among the other thickness
measurement methods. Micro-nano fabrication processes requires the usage of both rigid and soft materials. While
thickness of a rigid material can be easily detected, thickness measurement of the soft materials presents some difficulties
for standard stylus thickness measurement devices. Since the soft materials are deformed by the stylus due to the applied
pressure, correct thickness measurement cannot be realized. Here, PDMS (Polydimethylsiloxane) is used as soft material
for thickness measurement. By taking the replica of the soft material with liquid plastic which becomes rigid after curing,
the depth can be measured easily via conventional stylus thickness measurement devices.

Keywords: Casting, PDMS, Thickness Measurement, Soft Materials, Stylus Thickness Measurement.
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1. INTRODUCTION

Soft materials are widely used in research and
manufacturing (Marcali et al. 2016; Guner et al. 2017;
Tavakoli et al. 2017; Bakan et al. 2018). Microfluidics
community is one of the biggest users of the soft materials
since PDMS has been the primary supply in fabrication
of the microchannels after the invention of the soft
lithography (Duffy et al. 1998) which changed the
microfluidics research dramatically. Soft lithography
introduced a very useful fabrication way for
microchannels. In soft lithography, following the
fabrication of the molds from SU8, PDMS is poured on
the mold and cured. This process enables the replication
of the mold with PDMS and saves the mold providing
multiple replications. It removes the requirement of
cleanroom fabrication every time for the acquisition of
the microchannel.

There are also other fabrication methods for the
microchannels which decrease the fabrication cost and
complexity providing more access to microfluidics for the
research community. These methods include xurography
(Bartholomeusz et al. 2005; de Santana et al. 2013),
micromilling (Lopes et al. 2015; Singhal et al. 2015) and
laser machining (Romoli et al. 2011; Mohammed et al.
2016; Prakash et al. 2018; Benton et al. 2019). These
methods proved themselves in several lab-on-a-chip
applications. For example, a micro milled chip is
employed in ESR (erythrocyte sedimentation rate)
measurement (Isiksacan et al. 2017; Isiksacan et al. 2018)
and laser machined PMMA chip is employed in PT
(prothrombin time) measurement (Guler et al. 2018).
Some of these methods realize microchannel fabrication
by machining a bulk PMMA material while some of the
fabrication methods require machining of PDMS after the
spin coating (Isiksacan et al. 2016). Machining of spin
coated PDMS endows controlling the channel thickness
through the speed of spin coating process.

Soft materials like PDMS is also used for other
applications like flexible devices (Kudo et al. 2006; Lei
et al. 2012) and wearable devices (Moon et al. 2010; Gao
et al. 2017). PDMS is also used for coating the surface of
other materials for changing the specific properties such
as turning a conductive metallic surface into an insulator
(Isgor et al. 2015). Coating the electrode surface with
PDMS to eliminate the conductivity in order to make a
total capacitive sensor is a very precise process. Because
a thick PDMS may Kill the sensor totally or a thin PDMS
may not be enough to disable resistive effects,
measurement of PDMS thickness is very critical.

Another advantage of the PDMS is that it can be
plasma bonded to the glass. Since many kind of clean
room fabrication methods can be realized on glass, like
the fabrication of microelectrodes (Bilican et al. 2016;
Guler et al. 2018), PDMS becomes more crucial for lab-
on-chip (LOC) community. In addition, it is also easy to
cut and punch the PDMS that enables easy integration of
LOC environmental elements like valves (Guler et al.
2017).

Thickness is also important for machining of the
PDMS layer aiming channel production (Gitlin et al.
2009; Li et al. 2012; Isiksacan, Guler, Aydogdu, Bilican
and Elbuken 2016) as mentioned before. This method
depends on to cut out a thin line from the PDMS layer
which is followed by sealing of the layer from both sides.
Thus, the layer thickness becomes equivalent to the
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channel height and the width of the line becomes
equivalent to channel width. Examples can be verified
addressing the significance of the thickness measurement
of soft materials like PDMS.

We mention PDMS so much due to our microfluidics
background where we encountered the problem of
measuring the thickness of spin coated PDMS. Therefore,
in this study, PDMS thickness is measured as an example
of soft material which is one of the most basic material of
the research in several fields thanks to its transparency
(Isgor, Marcali, Keser and Elbuken 2015; Marcali and
Elbuken 2016; Serhatlioglu et al. 2019) and
biocompatibility (Sun et al. 2019). However, PDMS
deforms under the pressure of the stylus which make it
impossible to realize a correct measurement with devices
employing the stylus method. While its flexibility has
some benefits in fabrication (Guler et al. 2015) and in
application (Kudo, Sawada, Kazawa, Yoshida, lwasaki
and Mitsubayashi 2006; Moon, Baek, Choi, Lee, Kim and
Lee 2010; Lei, Lee and Lee 2012; Zhu et al. 2014; Gao,
Ota, Schaler, Chen, Zhao, Gao, Fahad, Leng, Zheng and
Xiong 2017), it also puts a challenge in measuring the
thickness.

There are other methods for thickness measurement
such as optical profilometer and SEM but they are very
expensive devices limiting the accessibility for numerous
researchers. There are also some other and less known
alternatives to SEM and optical profilometer for
measuring the thickness of soft tissues which are laser
displacement sensors (Lee et al. 1988) and Vernier
capillaries (Delgadillo et al. 2010). Unfortunately, these
measurement setups are complex and expensive limiting
their accessibility for standard labs.

In this study, a new methodology is developed for the
thickness measurement of the soft materials. Here the
method is tested on PDMS yet it is also applicable for
other materials. For measurement of the thickness, first, a
little part of the spin coated PDMS is cut with a razor
blade. This part might be in shape of a line, a square or
anything else. Afterward, liquid plastic is poured on the
PDMS following the removal of the cut piece. After the
hardening of the liquid plastic, it becomes a rigid
material. The hard plastic enables the measurement of the
thickness as it is a non-deformable material to stylus
pressure. Since it is the negative replica of the PDMS, the
difference of the two points, where one point is taken
from the removed part and the other point is taken from
the anywhere else on the surface, gives the thickness of
the PDMS. A representative drawing for soft and hard
material thickness measurement with stylus is shown in
Fig. 1.
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(a)
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|
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Fig. 1. Measurement of the thickness with stylus from a)
soft and b) hard material

2. MATERIALS AND METHODS

PDMS is prepared by mixing 1/10 w/w ratio with its
curing agents. For providing better mixing, the two
additives are harshly mixed. The mixture quality can be
evaluated by the naked eye. When the bubbles are all over
the mixture, it means a good mixing quality. Hence the
two additives are mixed until the bubbles cover all over
the mixture. Then the mixture is put under the vacuum for
degassing which removes the air bubbles. This process
takes nearly 45 minutes to make the mixture totally
bubble free. Hence the PDMS becomes ready for spin
coating. Since the PDMS by itself is very viscous, it is not
possible to have a thickness less than 10 um by spin
coating. Yet there is a little trick to thin the PDMS adding
some toluene into the PDMS which reduce the viscosity
and enables thickness down to 1 pm by spin coating.
However, this is out of scope of this study.

Glass slides used in spin coating are first covered with
an acetate sheath via a double sided tape. After putting the
glass slide in the spin coating chamber, the PDMS is
poured over it from a cup directly and the spinning
process is started. The spinning is done at different rates
from 1000 rpm to 5000 rpm for 2 minutes. The spin
coated slides are left on a hot plate at 100 °C for 2 hours
long. The heath treatment provides curing of the PDMS.
Then arectangular piece is cut with a razor blade from the
PDMS layer. Plasma treatment is applied to a previously
produced PDMS slab and the PDMS layer. The plasma
enables the chemical bonding of PDMS. Thus, spin
coated PDMS layer is bond to PDMS slab and it is easily
peeled off from the acetate when the slab is removed.

Liquid plastic (Smooth-On, Smooth-Cast), which
consists of two parts, is prepared at the same volume
ratios. Both the PDMS slab and the liquid plastic
solutions are put in the vacuum chamber for 15 minutes
long. Due to its porous structure (Zhou et al. 2007), cured
PDMS has gas molecules trapped inside. During the
casting process, some of the trapped gas molecules escape
which causes bubble formation on the interface between
the liquid plastic and PDMS. Hence, it is a must to degas
PDMS before the casting. After taking the PDMS and the
liquid plastic from the vacuum chamber, the two parts of
smooth on are mixed. It is very critical to pour the two
parts into the same cup simultaneously. Afterward, the
solution is mixed slowly. It needs to be done very gently
avoiding bubble formation in the Smooth-On mixture.
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PDMS is put in a container and the liquid plastic is
poured over slowly. Pouring needs to be very gentle and
slow to prevent bubble formation on the PDMS-liquid
plastic interface. Waiting overnight ensures the hardening
of the plastic however a few hours like 2-3 h is also
enough. Hence PDMS can be separated from the hard
plastic. Thickness measurements can be done on the hard
plastic. As it is a negative replica of the PDMS, it would
give the correct thickness for the mother mold. A
representation of our method is shown in Fig. 2.

(a) (b) b
Acetate
PDMS
Double side tape
Glass
(C) ff Spinner (d) N
_‘/‘ fa
100 °C
(e) _ )
Cutting C Plasma asher
(9) (h)
C Liguid piastic
PDMS
0] )

Fig. 2. Liquid plastic casting. a) An acetate sheet is stuck
to glass slide with double sided tape b) PDMS is poured
¢) PDMS is spin coated d) It is put in hot plate at 1000C
e) a little piece is cut out with a razor blade f) Plasma
treatment is applied to PDMS slab and spin coated PDMS.
g) PDMS slab and spin coated PDMS is peeled off from
the surface following the plasma bonding h) liquid plastic
is cast-over the PDMS i) after 3 hours of waiting hardened
plastic is taken from the PDMS.

Thickness measurements are done with a precision
stylus digital micrometer (Mitutoyo). The device realizes
the measurement by pushing down on the substrate with
the stylus. Displacement of the stylus is detected giving
the thickness result. The measurement is done as follows:
First, the stylus is put on the base area and the number on
the screen is set to zero by pushing the yellow button
shown in Fig. 3. And then the stylus is moved upward by
pushing the metal arm over the digital head placed at the



right side of the head. The substrate is moved and the
stylus is put on the protrusion or the intrusion on the
sample. The thickness corresponds to the number that is
shown on the screen of the device.

Fig. 3. Picture of thickness measurement device.

Smooth-On consists of two parts which are written on
the yellow and blue bottle as part A and part B. These are
yellowish and whitish liquids and they can be kept in their
own air proof bottles for years without any decay
according to our experience. Before dispensing the
liquids, the two bottles should be mixed harshly. Then,
two parts are put into different cups at the same volume.
The precision of the naked eye is sufficient in preparation
of liquids at the same volume. Two cups need to be
degassed at the vacuum chamber at least for 15 mins.
Degassing remove all the bubbles inside the liquids. Then,
the two parts are poured in another cup simultaneously
and gently. Afterwards, the mixture is stirred slowly and
gently to make sure that the two parts are mixed well.
Here, the last two steps are critical in terms of avoiding
bubble formation, if bubbles form at these steps, it is not
possible to get rid of them and the bubble shapes remain
in the mold after the hardening of the plastic as well.
Degassing the liquids after mixing is not possible since a
chemical reaction between each part towards hardening is
already started off after the first contact of each liquid.
After hardening, the plastic takes the shape of the material
to which it is in contact when it was in liquid form. For
better seeing, a demonstration example is done in a plastic
cup as shown in Fig. 4.
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After 24 hours

Fig. 4. Preparation of Smooth-On: first Part A and Part B
is taken to different cups, after degassing, the two parts
are mixed gently in the same cup at the same time. After
waiting a few hours, the liquid plastic hardens taking the
shape of whatever it is in.

3. RESULTS AND DISCUSSION

Measurements are carried out with three different tips
of the thickness measurement device. Pink points in Fig.
5 shows the results of those tips for spin coated PDMS
layers. According to the results, tip 3 gives the least while
tip 2 and tip 3 nearly give the same height for PDMS in
soft material measurement experiments.

After casting with smooth on from the PDMS slab,
the same measurement is realized for the hard plastic. The
thickness measurement results are shown in Fig. 5 with
the blue points for the hard plastic. The tip type does not
make any difference for the measurements which are
done from the hard plastic.

Here, the same thicknesses are measured from the soft
PDMS and the hard smooth on which gives totally
different results. When the tip pushes to the PDMS,
deformation takes place at the material and it gives less
height then normally the PDMS layer has. However, the
same fact does not arise for the hard material since the tip
cannot cause deformation at the hard material. It proves
that the soft materials are not suitable for stylus type
thickness measurements due to deformation.
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Fig. 5. Result of thickness measurement from PDMS and
cast hard plastic for 3 different stylus types.
Measurements are done directly from the spin coated
PDMS layer at several rpm’s and the hard plastic which
was cast on the same PDMS layers.

To make sure that our results are correct, PDMS
pieces that are cut from the original spin coated layer, as
shown in Fig 2e, are sent to the SEM for inspection. The
SEM images are shown in Fig. 6. The SEM images prove
that the measurements which are done from the smooth
on are accurate.

We accept the SEM results as the most valid since it
shows every detail without any unclarity. It shows that the
500 rpm spin coated PDMS has 96.8 pm thickness which
is the same with the result achieved by the stylus
thickness measurement over the hard plastic. However
stylus device gives nearly 21 pm thickness on the PDMS
which is too different than the correct thickness. In 1000
rpm, PDMS has 49.8 um thickness according to the SEM
photo. Stylus thickness measurement gives 50 pm
thickness over the hard plastic which is consistent with
SEM image. However; stylus thickness measurement
gives nearly 5 pum thickness when the measurement is
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realized over the PDMS directly. The trend goes on the
same overall PDMS samples. When the stylus
measurement is done over hard plastic, the results are
consistent with SEM. When the stylus measurement is
done from PDMS directly, it is far away to be consistent
with the SEM. Besides, tip type does not make any
difference when the measurement is realized from the
hard plastic while it affects the results when it is done
over the PDMS directly. Since PDMS is a soft material,
sharper tips cause more deformation than the flat tips. In
addition to giving wrong results at stylus measurement,
soft material thickness measurement is also dependent on
stylus type. Hence stylus measurement loses its reliability
for soft materials.

Our method removes the disadvantages of the stylus
measurement method for soft material. By casting the soft
material with liquid plastic, it can be measured with a
stylus after hardening. Since the liquid plastic hardens
taking the shape of the PDMS, stylus cannot make any
deformation by pushing the material. In addition, it totally
takes the shape of the PDMS without any significant
shrinkage enabling correct thickness. We prove our
thickness results coming from the hard plastic by
comparing with SEM images of the PDMS.

Fig 6. SEM pictures of PDMS pieces which are cut from
the original spin coated PDMS layer with razor blade.
Spin coating rpm is written on the upside of the left corner
of every photo.

For clarity, we cut and inspected the hard plastic with
SEM. The SEM picture of the smooth on cast over the
PDMS is shown in Fig. 7 from the top view and side view.
Here the hard plastic is a negative copy of PDMS. Thus,
the protrusion and intrusion at the PDMS surface are
found at trans located positions in smooth on. Hence the
stylus is placed over the base area and the monitor is set



to zero and then the stylus is placed over the protrusion to
measure the thickness. Since the material is hard, stylus
cannot make any deformation so the device gives the
correct thickness result.

Fig. 7. SEM picture of smooth on casted over the PDMS
a) Top view of the hard plastic b) side view of the hard
plastic.

5. CONCLUSION

We show that stylus thickness measurement is not a
suitable way for soft materials with serial experiments.
Those experiments proves that, when the stylus pushes
down on the soft material, a deformation takes place
disabling accurate measurement of the thickness. Here,
PDMS is chosen to carry out the experiments as soft
material. A new method is offered to measure the
thickness of soft material overcoming the deformation
problem. In this new method; first, the soft material is cast
by liquid plastic. After a few hours, the liquid plastic
hardens and takes the shape of the soft material. Hence
stylus can push the surface of the hard plastic without any
deformation enabling correct measurement of the
thickness. To make sure that our results are correct,
PDMS pieces, which are cut from the original spin coated
layer, are investigated with SEM microscopy. SEM
images show that the thickness measured from the hard
plastic is the same with the real thickness of PDMS.
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