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TECHNO-ECONOMIC AND ENVIRONMENTAL
ASSESSMENT OF HYDROGEN PRODUCTION BASED ON
NATURAL GAS STEAM REFORMING PROCESS

STEFAN GALUSNYAK, LETITIA PETRESCU,
CALIN-CRISTIAN CORMOS*

ABSTRACT. Hydrogen is foreseen as a promising energy vector for the future
on the road to develop a low carbon economy. In this respect, developing
energy-efficient improved hydrogen production systems with low CO:
emissions is an important aspect. This study is evaluating the most relevant
economic and environmental impact elements for hydrogen production based
on catalytic natural gas steam reforming. As an illustrative example, an
industrial-relevant hydrogen production plant with an output of 50000 Nm?h
was investigated. In addition, a pre-combustion carbon capture feature, based
on reactive gas-liquid absorption using alkanolamines (Methyl-DiEthanol-
Amine - MDEA), was considered to reduce the CO2 emissions. The overall
carbon capture rate was 70%. Similar natural gas reforming plant without
decarbonization feature is also discussed to quantify the efficiency and
economic penalties for CO2 capture. As assessment methods, computational
tools, thermal integration analysis and an in-depth techno-economic and
environmental procedure were used. For instance, to quantify the overall
environmental impact, Life Cycle Assessment (LCA) was used. Various
relevant technical, economic and environmental indicators are calculated and
discussed in the present work.

Keywords: Hydrogen production; Natural gas steam reforming; Carbon
capture by chemical scrubbing; Techno-economic and environmental
assessment.
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INTRODUCTION

Global warming and climate change are significant challenges of the
current time. In an attempt to reduce greenhouse gas emission, low carbon
technologies have to be developed and deployed in various industrial sectors
[1]. A wide diversity of methods and technologies can be considered to
reduce CO- emissions e.g., large-scale usage of renewable energy sources,
carbon capture, utilization and storage (CCUS) options, improving energy
conversion, developing new energy carriers with reduced environmental
impact [2]. An important element of all new low carbon technologies should
be a promising economic impact of the process compared to current state-
of-the-art technologies.

Along these important lines, hydrogen is predicted to become an
important energy carrier for the future having significant technical, economic
and environmental benefits (e.g., high energy conversion efficiency, no
greenhouse gas emission when used, lower environmental impact etc.) [3].
Therefore, new developments are expected for the whole hydrogen value
chain (production - transport - storage - utilization). Currently, hydrogen is
produced from fossil sources (natural gas, oil, coal) with large CO; emissions
and it is mostly used in chemical and petro-chemical sectors as reactant (e.g.,
ammonia, various hydrogenation processes etc.) as presented in Figure 1 [4].

Figure 1. Main hydrogen production routes and applications

This work is aiming to combine the natural gas catalytic steam
reforming process (the most used hydrogen production route) with carbon
capture feature to significantly reduce the environmental impact of this
process. As mentioned before, the new technological concepts must have
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techno-economic and environmental advantages over current technologies.
In this respect, this analysis will consider similar hydrogen production route
without carbon capture as a benchmark case. As key novelty elements of
this work, one can mention the usage of an integrated process modeling -
thermal integration - techno-economic and environmental assessment
methodology to propose improved hydrogen production systems with better
performance indicators.

The hydrogen production based on catalytic steam reforming relays
of the following reversible chemical reaction:

CHs + H)O <« CO + 3H» (1)

The temperature of the natural gas steam reforming reactor is high
(around 800 - 900°C). In addition, the process is highly endothermic,
accordingly heat has to be provided. Various configurations can be used, the
most important ones are: fired-based reforming reactor (additional natural
gas has to be combusted outside of the reactor) and autothermal reforming
reactor (heat is generated in-situ using oxygen or air). This work considers
the fired-based reforming reactor which has significant benefits than
autothermal ones e.g., higher energy efficiency, lower plant complexity,
better economics etc. [5-6]. The syngas is then catalytically converted with
steam to increase the hydrogen yield and to concentrate the carbon species
as CO, for subsequent capture. The water gas shift (WGS) reaction is the
following:

CO + HO & CO; + H» (2)

As decarbonization technology, the chemical scrubbing using MDEA-
based gas-liquid absorption process was considered. This carbon capture
method is based on the following chemical reaction [7]:

CO, + MDEA + H;0 <> MDEAH* + HCOs (3)

The captured CO is then fed to Carbon Processing Unit (CPU) for
drying and compression (up to 120 bar) to satisfy the quality requirements of
transport (through pipeline) and storage (e.g., saline aquifers, enhanced oil
recovery, depleted oil and gas fields etc.) systems. After decarbonization, the
hydrogen rich-gas is purified by Pressure Swing Adsorption (PSA) to the
required purity (min. 99.95% vol. was considered in this analysis) and then
compressed to 60 bar for transport. The tail gas is recycled back to the plant
(as fuel to reforming reactor).
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PROCESS CONFIGURATION AND MAIN DESIGN ASSUMPTIONS

The following hydrogen production systems based on natural gas
catalytic reforming were investigated in term of main techno-economic and
environmental performances:

Case 1: Natural gas steam reforming without carbon capture;

Case 2: Natural gas steam reforming with carbon capture.

The conceptual design of decarbonized hydrogen production route
based on catalytic natural gas steam reforming process (Case 2) is presented
in Figure 2. Several key technological modifications are present in comparison
to the correspondent non-decarbonized design (Case 1): carbon capture unit
based on chemical scrubbing, carbon processing unit for drying and
compression of captured CO; stream.

Natural gas

)

Desulfurization unit
(Zn0O guard bed)

Steam ,l
Air —> -
B Fi
Natural gas —» urner —-lSteam reformmgl—i—> ue gases
— . Steam to the
[ Water — Gas Shift |-?i- power block
Syngas cooling [ -*
Cogj?;zt;ble Decarbonization unit L Carbon Processing
(MDEA-based scrubbing) Unit (CPU)
’ Pressure Swing CO; to
- Adsorption (PSA) storage / utilization
_____ Steam flow [Compressing unit|
—— Mass flow

Purified hydrogen

Figure 2. Decarbonized hydrogen production system
based on natural gas steam reforming (Case 2)

The evaluated hydrogen production systems based on natural gas
catalytic reforming were simulated using ChemCAD software. Table 1
presents the most important modeling assumptions [8-10].

10
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Table 1. Main design assumptions

Process unit

Design parameters

Plant capacity & purity

50000 Nmd/h (equivalent to 150 MWin)
99.95% (vol.)

Natural gas characteristics

Composition (% vol.): 89% CHa, 7% C2Hs, 1%
CsHs, 0.1% CaH1o, 0.009% CsH12, 0.001%
CeH14, 2% COz2, 0.89% N2

Lower heating value (LHV): 46.73 MJ/kg
Pressure: 30 bar

Desulfurization unit

ZnO guard bed
Sulfur removal yield: >99%

Catalytic reformer unit

Outlet temperature: 900°C
Gibbs reactor

Thermal mode: heat exchanger
Pressure drop: 1 bar

Water Gas Shift (WGS) unit

Outlet temperature: 400°C
Reactor type: Equilibrium reactor
Thermal mode: adiabatic

Steam to CO ratio: 2 (molar)
Pressure drop: 1 bar

Decarbonization unit
Absorption column:

Desorption column:

Solvent: Methyl-DiEthanol-Amine (MDEA)
Solution concentration: 50 % wt.

No. of stages: 20

Column pressure drop: 1 bar

No. of stages: 15

Column pressure drop: 1 bar

Solvent regeneration with LP steam

Heat duty: 0.6 MJ/kg CO2

CO:z2 processing unit (CPU)

Drying agent: Tri-Ethylene-Glycol (TEG)

4 stages with inter-cooling

Delivery pressure (at plant gate): 120 bar

CO2 composition (vol. %): >95% CO2, <2000
ppm CO, <250 ppm H20, <100 ppm H2S, <4%
other gases (N2, Ar, H2)

Hydrogen compression unit

Delivery pressure: 60 bar
Compressor efficiency: 80%
Outlet temperature: 30-40°C

Heat recovery unit

Steam conditions: 480°C & 48 bar
Steam turbine efficiency: 85%
Condensing pressure: 48 mbar
Cooling water temperature: 15°C

Heat exchangers

ATmin. = 10°C;
Pressure drop: 2 - 4% of inlet pressure

11




STEFAN GALUSNYAK, LETITIA PETRESCU, CALIN-CRISTIAN CORMOS

PROCESS ASSESSMENT METHODOLOGY

The evaluated cases were simulated using ChemCAD. The
thermodynamic package (Soave-Redlich-Kwong - SRK) was selected
considering the present chemical species as well as the operational parameters
of the processes (e.g., pressure, temperature etc.). For the chemical scrubbing
unit, the electrolyte package was used considering the ionic system present
in aqueous solution (see reaction 3).

The simulation results were compared with experimental / industrial
data for model validation [11-12]. No significant differences were observed.
For instance, the methane conversion is about 98% comparable with values
from industrial applications. Both hydrogen production designs were
optimized in term of energy utilization using pinch method [13]. As an
illustrative case, Figure 3 presents the hot and cold composite curves for
decarbonized concept (Case 2).

Figure 3. Composite curves for decarbonized hydrogen concept (Case 2)

One can noticed that the available hot streams within the plant (e.g.,
hot syngas from reforming reactor, shifted gas from WGS reactor, flue gases
from reactor burner etc.) are covering the cold stream duties. Even further,
an excess heat exists which it is then for steam generation. The generated
steam is partly used for catalytic reformer (as reactant) and the rest is
expanded in a steam turbine for power generation (to cover the ancillary
power consumptions).

12
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Following the thermal integration analysis, the overall mass and
energy balances were then used for the quantification of the overall techno-
economic and environmental performance indicators. The most important
performance indexes are presented below:

- Hydrogen and power generation efficiencies (77,yqogen @Nd 77 jo0er ) ShOW
the overall energy yield of the concepts:

Hydrogen thermal output
hydrogen = . 100
Natural gasthermal input

(4)

B Net power output
Natural gasthermal input

77power *100 (5)
- Plant decarbonization rate (R, ) is quantified as the ratio of captured
CO2 molar flow to the input carbon molar flow of natural gas:

Reo, = Captured CO, molar ﬂOW*IOO 6)

Input carbon molar flow

- CO2 emission factor ( ECOZ) is computed considering emitted CO, mass
flow for each MW power plus hydrogen generated within the process:

_ Emitted CO, mass flow
Hydrogen output + Net power

*100 (7)

CO,

- Capital cost of a specific plant sub-system (C_ ) with a given capacity (Q)
is calculated by scalling method using the formula which considers the
base cost (C; ) corresponding to the base capacity (Qg ):

Q\m
C. =C,*(= 8
(QB) (8)

- Specific capital investment ( Cl ) is calculated as the ratio of total capital
cost and the plant energy output (hydrogen and power):

Total ital t
<l = capital cos

= 9
Hydrogen output + Net power ®)

13
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- Levelized cost of hydrogen (LCOH) is calculated as ratio of annualized
capital and operational costs and the plant hydrogen output:

Annualized capital & operational costs
Hydrogen output + Net power

LCOH =

(10)

- CO2 removal and avoided costs is calculated based on levelized cost of
hydrogen and CO. emission factors in both non-decarbonized and
decarbonized scenarios:

LCOH —LCOH

CO, removal cost = cape R (11)
CO, removed
LCOH —LCOH
CO, avoided cost = Copture Nosspture (12)
CO, Nocapture ECO2 Capture

The main economic assumptions used in the evaluation of hydrogen
production systems based on natural gas reforming with and without carbon
capture are presented in Table 2 [14-16].

Table 2. Main economic assumptions

Natural gas cost, € / GJ 5.0
Boiler feed water (BFW) cost, € / t 0.10
Cooling water (CW) cost, €/ t 0.01
CW treatment cost, € / m® 0.0025
BFW treatment cost, € / month 45000
Personnel number 78
Direct labour cost, € / person / y 50000
Administrative costs, % of direct labour cost 30
Plant maintenance costs, % of CAPEX per year 2.25
Plant capacity factor, % 85.62
Internal rate of return, % 8
CO: storage cost, €/t 7
Carbon emission tax, €/ t 25
Construction period, years / annual CAPEX share, % 2 /40, 60
Power plant operation life, years 25

In addition to the global plant environmental indicators (decarbonization
rate and CO, emission factor), an in-depth Life Cycle Analysis (LCA) was
performed for the evaluated cases. The LCA analysis considers not only the

14
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plant but also up-stream (e.g., natural gas, catalysts, solvent chains) and
down-stream processes (e.g., CO2 transport and storage, solvent degradation
and disposal). As indicators Global Warming Potential (GWP), Freshwater
Eutrophication Potential (FEP), Ozone Depletion Potential (ODP), Fossil fuel
Depletion Potential (FDP), Freshwater Ecotoxicity Potential (FETP), Human
Toxicity Potential (HTP), Metal Depletion Potential (MDP), Photochemical
Oxidant Formation Potential (POFP) and Terrestrial Ecotoxicity Potential
(TETP) were considered according to the agreed LCA methodology. The LCA
results are reported to 1 MW Hz produced. The full description of the LCA
methodology is presented in several different papers of the same authors [17].

RESULTS AND DISCUSSION

Both hydrogen production cases based on natural gas reforming with
and without carbon capture were simulated using ChemCAD software. The
mass and energy balances of the evaluated concepts were then used for
calculation of main performance indicators. Table 3 presents the most important
technical indicators.

Table 3. Key technical performance indicators

Performance indicator UM Case 1 Case 2
Natural gas flowrate t/h 15.37 15.37
Natural gas LHV MJ/kg 46.73
Natural gas thermal energy MWin 203.63 203.63
Gross power output MWe 8.51 5.84
Hydrogen thermal output MWin 150.00 150.00
CO2 capture & compression MWe 0.00 212
Hydrogen compression MWe 2.09 2.09
Power island MWe 1.05 1.04
Ancillary power consumption MWe 3.14 5.25
Net power output MWe 5.37 0.59
Net power efficiency % 2.63 0.28
Hydrogen thermal efficiency % 73.66 73.66
Cumulative plant energy efficiency % 76.29 73.94
Carbon capture rate % 0.00 70.00
CO2 emissions factor kg/MWh 267.45 82.50

15
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As can be observed from Table 3, the introduction of pre-combustion
carbon capture using a MDEA-based gas-liquid absorption unit involves an
energy penalty of about 2.34 net percentage points. On the other hand, the
CO; specific emission factor was significantly reduced by about 3.24 times
(from 267.45 to 82.50 kg/MWh) corresponding to a plant decarbonization rate
of 70%. The main reason that the decarbonization rate is not higher than
70% represents the unconverted methane and carbon monoxide in reformer
and shift reactors [18]. These chemical compounds are not removed by the
chemical scrubbing unit being then combusted in the burner to provide the
heat duty required by the reforming reaction. For a higher carbon capture
(90%), a post-combustion capture unit has to be used to capture CO, from
flue gases coming from the reformer burner [19]. This work was not considered
an additional post-combustion capture unit due to significant technical elements
(increased heat consumption for solvent regeneration) as well as negative
influence on economic costs.

Following the technical evaluation of both reforming processes, the
next step was to assess the economic performance indicators (e.g., specific
investment costs, operational & maintenance costs, levelized cost of hydrogen,
CO, capture costs). The main economic indicators of hydrogen production
concepts based on natural gas reforming with and without decarbonization
are presented in Table 4.

Table 4. Key economic performance indicators

Performance indicator UM Case 1 Case 2
Total installed cost (ex. contingency) MM € 69.30 98.91
Total investment cost MM € 83.16 118.69
Specific investment cost per kW net €/ kW 535.24 788.15
Total fixed O&M cost (year) MM € 6.73 7.06
Total fixed O&M cost (MWh) €/MWh 5.78 6.25
Total variable O&M cost (year) MM € 28.73 28.50
Total variable O&M cost (MWh) €/MWh 24.22 25.23
Total fixed and variable costs (year) MM € 34.96 35.56
Total fixed and variable costs (MWh) €/MWh 30.00 31.48
Levelized cost of hydrogen (LCOH) €/MWh 37.57 43.03
CO:2 removal cost €n - 28.95
CO2 avoided cost €/t - 30.71

16
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As can be observed from Table 4, the introduction of pre-combustion
carbon capture involves important economic modifications as follows: specific
investment cost increases by about 47.25%, the total fixed and variable costs
increase by about 5% and the hydrogen production cost increases by about
14.5%. The CO2 avoided cost is slightly higher than the current CO2 emission
tax (25 - 28 €/t [20]), but the difference is not significant showing the promising
perspectives of decarbonization process.

Sensitivity studies (see Figure 4) were performed to see the influence
of various key economic elements (e.g., natural gas price, capital and
operational costs, internal rate of return, plant availability factor) on hydrogen

production cost.

Figure 4. Sensitivity study for decarbonized hydrogen production cost

Finally, an LCA analysis was performed for the investigated cases to
determine the most relevant environmental impact indicators. Table 5

presents the key environmental indicators for the evaluated cases.

Table 5. LCA environmental indicators

Performance indicator UM Case 1 Case 2
GWP kg CO2 eq. / MWh H2 278.48 101.08
FEP * 105 kg P eq. / MWh H2 39.29 40.28
ODP * 10° kg CFC-11 eq. / MWh H2 5.12 5.27
FDP kg oil eq. / MWh H2 107.98 112.56
FETP * 10? kg 1,4-DB eq. / MWh H2 5.30 5.68
HTP kg 1,4-DB eq. / MWh H2 3.74 4.25
MDP kg Fe eq. / MWh H2 0.53 0.64
POFP * 10° kg NMVOC / MWh H2 11.41 48.28
TETP * 108 kg 1,4-DB eq. / MWh H2 0.44 0.78

17
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It can be noticed that introduction of carbon capture feature involves a
reduction of Global Warming Potential (GWP) by about 2.75 times (from 278.48
to 101.08 kg CO2 eq./MWh Hy). The rest of environmental indicators show low
to moderate increases (up to 15%). These can be explained by two main
elements: reduction of overall energy efficiency due to carbon capture and
usage of additional materials (e.g., chemical solvent) for plant decarbonization.
Only Photochemical Oxidant Formation Potential (POFP) shows a significant
increase compared to the base case (323%) due to the influence of chemical
solvent (MDEA) production process.

CONCLUSIONS

This work is evaluating the main techno-economic and environmental
performance indicators of decarbonization process for a hydrogen production
plant based on natural gas reforming. As the decarbonization technology, the
chemical gas-liquid absorption using MDEA was used. A 70% carbon capture
rate was considered for a plant capacity of 50000 Nm3/h (corresponding to
150 MW hydrogen thermal output). As the results show, the decarbonization
process of hydrogen production has a positive influence on key plant
performance indicators e.g., low carbon capture energy penalty (about 2.3 net
efficiency percentage points), moderate increase of the hydrogen production
cost (by about 14.5%), attractive CO, avoidance cost in comparison to the
current carbon tax (30.7 vs. 25 - 28 €/t) and 2.75 times reduction of global
warming potential (assessed by a full LCA analysis). All these promising
elements underline the potential of decarbonized hydrogen as a key energy
carrier for the future low carbon economy.
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ASSESSMENT OF FLEXIBLE CARBON CAPTURE AND
UTILIZATION OPTIONS APPLIED TO
GASIFICATION PLANTS

LETITIA PETRESCU?, CRISTIAN DINCAP, CALIN-CRISTIAN CORMOS¥

ABSTRACT. The aim of this work is to assess the energy vector poly-
generation capabilities of gasification plants equipped with carbon capture
and utilization (CCU) features. As evaluated energy carriers, various total or
partial decarbonized vectors were investigated (e.g., power, hydrogen, synthetic
natural gas, methanol, Fischer-Tropsch fuel). As illustrative examples, the
gasification concepts with 100 MW net energy output were considered having
an overall plant decarbonization rate of 90%. As decarbonization technologies,
the gas — liquid absorption based on chemical and physical scrubbing was
assessed. A broad range of process system engineering tools were used
(e.g., modeling and simulation, process integration, plant flexibility elements,
technical and environmental evaluation). As results show, the application of
carbon capture and utilization technologies for gasification-based poly-
generation has promising results in term of increasing the overall energy
efficiency (up to 68%), reducing CO2 emissions (down to 7 kg/MWh) and
improving cycling capabilities.

Keywords: Carbon capture and utilization (CCU) technologies, Gasification,
Energy vectors poly-generation, Technical and environmental assessment.

INTRODUCTION

Greenhouse gas emissions (especially COy) represent a significant
issue of the modern world. Global warming and climate change are caused
by increased anthropogenic greenhouse gas emissions compared to pre-
industrial levels [1]. Important technical, economic, social and political efforts
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are devoted to tackle these significant environmental issues. In this respect,
the energy-intensive industrial applications (e.g., heat and power generation,
chemical, metallurgical and cement sectors) should be significantly re-design
to curb greenhouse gas emissions for future low-carbon economy as well as
to improve the overall energy efficiency [2].

Several technical methods are already available for developing the
future low-carbon economy e.g., increasing the share of renewable energy
sources (e.g., wind, solar, biomass), improving the energy conversion and
utilization aspects, developing Carbon Capture, Utilization and Storage
(CCUS) applications [3-4]. Since for the heat and power generation, suitable
renewable solutions are already in place (e.g., wind mills, thermal and
photovoltaic solar systems), for other important energy-intensive and polluting
sectors such as chemical, petro-chemical, iron and steel production, cement
production, the suitable solutions are still to be developed considering the
particular characteristics of these systems. For non-power applications, the
renewable energy sources (e.g., wind and solar) have a limited applicability,
the conventional fuels (either fossil or renewable) being a more suitable
solution [5].

CCUS technologies have a promising development potential since
they can be successfully used to make environmental acceptable even the
most polluting fossil fuels (e.g., coal, lignite, oil). Carbon capture and utilization
methods are aiming to mitigate the carbon dioxide emissions from various
industrial applications and then to utilize the captured CO: in different ways:
production of synthetic fuels, mineralization for construction materials, raw
material for organic synthesis [6-7].

Along these important lines, the present paper is aiming to evaluate
the potential energy vectors poly-generation based on gasification process.
Various total and partial decarbonized energy carriers (e.g., power, hydrogen,
substitute natural gas, synthetic liquid fuels) were assessed to be produced
based on syngas processing. The following syngas-based reactions are used
for energy vectors poly-generation [8-10]:

- Hydrogen production via water gas shift (WGS) conversion:

CO + H,0 - CO, + H, 1)

- Synthetic natural gas (SNG) production via methanation:

CO + 3H, - CH, + H,0 )
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- Methanol production:

CO + 2H, - CH,OH 3)

- Fischer-Tropsch synthesis:
nco + (Z+n)H, > CuHp + nHy0 (4)

To reduce the carbon dioxide emissions, a carbon capture technology
(based on chemical and physical scrubbing) was also fitted in the gasification
plant. The overall concepts are characterized by improved overall energy
efficiency and low CO emissions. As an illustrative example, chemical gas-
liquid abruption using Methyl-Di-Ethanol-Amine (MDEA) was considered
according to the following reaction [11]:

C0, + MDEA + H,0 - MDEAH* + HCO; (5)

In addition to decarbonization, the syngas-based poly-generation
concept has important advantages in improving the plant cycling capabilities.
In energy sector, the current fossil-based facilities are under increasing
pressure to be re-design to make them more flexible in order to accommodate
the time-irregular renewable energy sources. In this respect, a flexible poly-
generation concept, which can produce electricity during peak times and
other energy carriers (various chemicals) during periods with low electricity
demand, is of great importance [12-13].

LAYOUT OF GASIFICATION-BASED POLY-GENERATION CONCEPT AND
MAIN DESIGN ASSUMPTIONS

The conceptual design of flexible and decarbonized coal-based
gasification plant is presented in Figure 1 [14]. Coal is gasified with oxygen
and steam leading to syngas which is furthermore cooled down and the ash
is removed. Subsequently, a water gas shift conversion is necessary to
increase the hydrogen content simultaneously with reduction of carbon
monoxide content to the molar ratio required for various reactions. Carbon
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dioxide and hydrogen sulfide are captured separately in an Acid Gas Removal
(AGR) unit followed by flexible poly-generation step of total or partial
decarbonized energy carriers (electricity, hydrogen, synthetic fuels).

dir Coal +Transport gas (N2)
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« Air SEIE;::{])" n Uit Gasification ~ [¢—— Steam
Syngas Quench !
& Cooling Slag
N 0:
Water — Gas Shift
3
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Figure 1. Flexible and decarbonized gasification-based
energy vector poly-generation concept

The proposed concept was evaluated in a flexible energy vector poly-
generation scenario to generate 100 MW net energy output (for the main
energy carrier) with a 90% carbon capture rate for AGR unit. The gasification-
based system was modeled and simulated using ChemCAD software. Table 1
presents the main design assumptions used in the evaluation [9,14].

For syngas-processing units into various energy carriers (SNG,
methanol, FT fuel), the conventional configurations and process operation
conditions based on literature sources [15-18] were considered.
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Table 1. Main design assumptions of flexible poly-generation concept

Plant sub-system

Design assumptions

Coal characteristics

Ultimate analysis (% wt. dry): 72.04% carbon, 4.08%
hydrogen, 1,67% nitrogen, 7.36% oxygen, 0.65% sulphur,
0.01% chloride, 14.19% ash; Moisture: 8%

Lower heating value (LHV): 25.35 MJ/kg

Air separation unit

Purity (% vol.): 95% Oz, 3% Nz, 2% Ar
Power consumption: 200 kWh/t oxygen
Oxygen delivery pressure: 2 bar

Gasification unit

Shell reactor (dry fed gas quench)
Operating pressure: 40 bar

Operating temperature: 1400 — 1500°C
Pressure drop: 1 bar

Gas quench temperature: 800°C

Water Gas Shift (WGS)
unit

No. of catalytic beds: 2

Reactor type: equilibrium

Thermal mode: adiabatic

Steam to CO ratio: 2 (molar)
Pressure drop: 1 bar / catalytic bed

Chemical CO2 capture
unit

Absorption column:

Desorption column:

Solvent: Methyl-DiEthanol-Amine (MDEA)
Solution concentration: 50 % wit.

No. of stages: 20

Column pressure drop: 1 bar

No. of stages: 10

Column pressure drop: 1 bar

Solvent regeneration: thermal (LP steam)
Heat duty: 0.65 MJ/kg CO2

Physical CO2 capture
unit

Absorption column:

Solvent: Selexol™ (mixture of methyl ethers of poly-ethylene glycol)
No. of stages: 20

Column pressure drop: 1 bar

Solvent regeneration: pressure reduction (4 stages)

Claus plant

Type: oxygen-fed
Inlet gas composition (vol.): > 25% H2S
Sulphur recovery: > 99%

CO:2 processing unit

Drying agent: Tri-Ethylene-Glycol (TEG)

4 compressing stages with inter-cooling

Delivery pressure: 120 bar

CO2 composition (vol. %): >95% CO2, <2000 ppm CO, <250
ppm H20, <100 ppm H2S, <4% other gases (N2, Ar, H2)

Power block

Combined cycle gas turbine

Net electrical efficiency: 39.5%

Pressure ratio: 21

HP / MP / LP steam levels: 120/ 34 / 3 bar
Steam turbine efficiency: 85%

Condensing pressure: 48 mbar

Cooling water temperature: 15°C

Hydrogen processing
unit

Delivery pressure: 60 bar
Compressor efficiency: 85%
Outlet temperature: 30-40°C

Heat exchangers

ATmin. = 10°C;
Pressure drop: 2 - 3% of inlet pressure
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EVALUATION METHODOLOGY

Various energy vectors poly-generation systems were modeled and
simulated using ChemCAD software. In selection of the thermodynamic
package, the chemical compounds as well as the operating conditions were
considered. For instance, in case of gas processing units (e.g., syngas
conditioning, physical gas-liquid absorption, chemical reactors for synthesis
of various energy carriers), Soave-Redlich-Kwong (SRK) package was used.
For chemical gas-liquid absorption, the electrolyte package was used based
on the present ionic system. In case of captured CO, conditioning system
(CO2 drying), TEG Dehydration package was selected. For steam generation
and power block, Thermoflex software was chosen to double-check the
simulation results obtained in ChemCAD.

The assessed process configurations were optimized in term of energy
utilization by thermal integration analysis. In this aim, the pinch analysis was
used to evaluate the overall hot and cold utility consumptions [19]. As an
illustrative example, Figure 2 presents the hot and cold composite curves for
gasification-based system used for decarbonized power generation (combined
cycle power block). The results derived from simulation were compared with
available literature and experimental data for model validation [20-21]. No
significant differences were observed.

Figure 2. Hot and cold composite curves for decarbonized power generation

As can be noticed from above compaosite curves, there is no need for
external heating utility, the available hot streams within the plant covering the
heating duty. Also, one can notice the tight thermal integration which leads
to the overall energy optimization within the plant.
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The mass and energy balances of optimized systems were then used
to quantify the main technical and environmental performances. As benchmark
case, the non-carbon capture gasification-based power plant was also
considered to evaluate the CO- capture energy penalty. The most important
performance indexes are presented below:

- Overall energy generation efficiency (ngnerg,) Was calculated considering

the global energy output (net power output and energy carrier thermal
output) in the overall energy yield of the concepts:

Net power output + Energy carrier termal output
= « 100(6)

Coal thermal input

r]Energy

- Carbon capture rate (CCR) was calculated considering the molar fraction
of carbon feedstock that was captured in the Acid Gas Removal unit:

Captured CO, molar flow

CCR =

«100 7)

Input carbon molar flow

- Specific CO, emissions (SE¢,,) was calculated as emitted CO, mass flow
for each MW of net energy (net power and energy carrier thermal output)
output:

Emitted CO, mass flow

SEC02 = * 100 (8)

Net power output + Energy carrier termal output

RESULTS AND DISCUSSION

The first operation scenario of gasification plant was for power
generation only. The following case studies were considered:

Case 1: Coal-based gasification power plant without carbon capture;

Case 2: Coal-based gasification power plant with pre-combustion
carbon capture using chemical scrubbing (MDEA);

Case 3: Coal-based gasification power plant with pre-combustion
carbon capture using physical scrubbing (Selexol™).

Table 2 shows the most important technical and environmental
performance indicators for the above cases.
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Table 2. Technical and environmental indicators for gasification power plants

Performance indicator UM Case 1 Case 2 Case 3
Coal flowrate t/h 30.54 38.74 37.89
Coal LHV MJ/kg 25.35
Coal thermal energy MWin 215.05 272.85 266.80
Gross power output MWe 115.45 126.10 125.16
Ancillary power consumption MWe 15.45 26.10 25.16
Net power output MWe 100.00 100.00 100.00
Net power efficiency % 46.50 36.65 37.48
Carbon capture rate % 0.00 90.00 90.00
Specific CO2 emission kg/MWh 745.10 85.81 84.21

As noticed from Table 2, there is an important energy penalty when
decarbonization process is integrated in the gasification-based power plant.
The decarbonization energy penalty is about 9.85 net efficiency percentage
points for chemical scrubbing and about 9.02 net efficiency percentage
points for physical scrubbing. The main reason for the higher energy penalty
in case of chemical gas-liquid absorption represents the heat duty for solvent
regeneration, which is about 0.65 — 0.8 GJ/t in case of pre-combustion capture
(as evaluated in this work) and about 3 GJ/t in case of post-combustion
capture [22]. The lower power generation efficiency in case of decarbonized
concepts has another negative consequence which is the increasing fuel
requirements for the same net power output. In addition, the power generation
costs for decarbonized gasification plants are also increasing on average by
about 30-40% [23].

The positive consequence of decarbonization is the significant
reduction of specific CO, emissions in comparison to the benchmark case
without carbon capture (Case 1). This key element could enable the further
utilization of fossil fuels (in decarbonized plants) in the future, even if the
environmental constraints are getting stricter.

To illustrate the influence of CO, capture solvent on hot and cold
energy utility consumptions as well as for the overall power plant efficiency,
Table 3 presents such an analysis for one chemical solvent (MDEA) and two
physical solvent (Selexol™ and Rectisol®). One can notice the overall
benefits of physical absorption over chemical one for pre-combustion cases.

28



ASSESSMENT OF FLEXIBLE CARBON CAPTURE AND UTILIZATION OPTIONS
APPLIED TO GASIFICATION PLANTS

Table 3. Influence of solvent selection on heating and cooling utility consumptions

Performance indicator UM MDEA Selexol™ | Rectisol®
Power consumption kWh/kg 0.09 0.11 0.12
Heating consumption MJ/kg 0.65 0.22 0.38
Cooling consumption MJ/kg 3.30 0.56 0.62
Overall net power efficiency % 36.65 37.48 37.01

Concluding, one can notice that physical solvents require less heating
and cooling utility consumptions but higher power consumption for solvent
circulation [24]. On the other hand, chemical solvents are more selective
when various acid gas components are present in gas stream to be treated.

The next evaluated operational scenario of gasification-based plants
was based on flexible energy vector poly-generation as a key element for
improving plant cycling. Improved cycling capabilities of fossil-based plants
is a fundamental important aspect of modern energy conversion systems
which need to integrate more time-irregular renewable sources such as solar
and wind [13].

The first evaluated scenario refers to the hydrogen and power co-
generation based on decarbonized gasification concept. In this design, a
variable share of hydrogen-rich stream (after Acid Gas Removal unit) is not
sent to the combined cycle for power generation but it is purified in a Pressure
Swing adsorption (PSA) unit to purities suitable for external customers (e.qg.,
chemical applications, hydrogen-driven transport). In this way, the overall
plant cycling capability (the ability of the plant to timely change the generated
energy vectors in accordance to grid demand) are improved.

To illustrate the influence of flexible hydrogen output on overall plant
performances, Table 4 presents the case of coal-based Shell gasification
plant equipped with Selexol™-based decarbonization unit (Case 3).

If a fully flexible hydrogen and power co-generation plant is targeted, a
separate steam cycle has to be used to cover the ancillary power consumption
of the plant [25]. This separate power block will use advantages of existing
steam-rising capabilities within the plant (e.g., exothermic chemical reactions
such as water gas shift, synthetic fuels reactors). The combined cycle is then
used only for export power. To illustrate how the overall energy efficiency is
varying in case of modification of operation scenario from only power
generation to only hydrogen production, Figure 3 presents the situation in
case of coal-based Shell gasification plant equipped with Selexol™-based
decarbonization unit (Case 3).
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Table 4. Performances of decarbonized hydrogen and power co-production

Performance indicator UM Power Hydrogen and
only power

Coal flowrate t/h 37.89

Coal LHV MJ/kg 25.35

Coal thermal energy MWin 266.80

Gross power output MWe 125.16 109.91 94.89
Hydrogen thermal output MWih 0.00 25.00 50.00
Ancillary power consumption MWe 25.16 25.51 25.94
Net power output MWe 100.00 84.40 68.95
Net power efficiency % 37.48 31.63 25.84
Hydrogen thermal efficiency % 0.00 9.37 18.74
Overall plant efficiency % 37.48 41.00 44.58
Carbon capture rate % 90.00 90.00 90.00
Specific CO2 emission kg/MWh 84.21 76.97 70.79

Figure 3. Variation of overall plant energy efficiency vs. hydrogen thermal output
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As can be observed from Table 4 and Figure 3, the overall cumulative
energy efficiency is favourably influenced by increasing the hydrogen thermal
output. Also, the specific CO, emission is decreasing with hydrogen thermal
output. In addition, fully flexible decarbonized co-generation plants can have a
high overall energy efficiency (up to 60%). Accordingly, the flexible hydrogen
and power co-generation is a promising operational scenario to improve the
gasification plant cycling.

Next evaluated operational scenario for decarbonized gasification
plants was energy vector poly-generation based on syngas processing [9]. As
evaluated energy vectors (beside electricity), various chemical species were
considered as follow: substitute natural gas (SNG), methanol and Fischer-
Tropsch fuel. The assessed concepts were designed to be self-sustainable
in term of power (available heat sources from various process streams and
reactors are used to generate steam which then is converted to electricity in a
single cycle power block). All these poly-generation designs consider the once-
trough configuration in which the unreacted chemical species from synthetic
fuel step are then used for power generation. In this way, the overall flexibility
of the plant is improved as well as reducing the design complexity [26].

Table 5 presents the main technical and environmental performances
of coal-based Shell gasification plant equipped with Selexol™-based
decarbonization unit (Case 3).

Table 5. Performances of decarbonized energy vector poly-generation

Performance indicator UM SNG MeOH FT fuel
Coal flowrate t/h 2193 | 28.36 25.06
Coal LHV MJ/kg 25.35
Coal thermal energy MWin 154.43 | 199.71 176.50
Gross power output MWe 20.40 26.07 27.42
SNG thermal output MWt 100.00 - -
Methanol thermal output MWin - 100.00 -
FT fuel thermal output MWih - - 100.00
Ancillary power consumption MWe 14.41 1541 10.69
Net power output MWe 5.99 10.66 16.73
Net power efficiency % 3.87 5.34 9.47
Carrier thermal efficiency % 64.75 50.07 56.65
Overall plant efficiency % 68.62 55.41 66.12
Carbon capture rate % 60.12 48.25 47.62
Specific CO2 emission kg/MWh 6.98 26.01 39.85
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The first important conclusion regarding the partial decarbonized
energy vector poly-generation based on syngas processing is that the overall
energy efficiency is significantly higher (55 - 68% vs. 37 - 44%) in comparison
to power and hydrogen co-production (fully decarbonized energy carriers).
This positive result comes however with a lower carbon capture rate (48 —
60% vs. 90%) which, in the end, means higher CO, emissions based on
whole life cycle assessment (including energy carriers’ usage).

In addition, several important elements can be concluded from the
results such as: the combination of chemical synthesis with conventional heat
and power production induces a higher overall energy efficiency of the system;
once-trough poly-generation concepts have more technical and environmental
benefits that recycled plants and decarbonized poly-generation plants have
lower energy and cost penalties for carbon capture than conventional stand-
alone gasification power plants (operated in base load conditions) [27-28].

CONCLUSIONS

The integration of carbon capture and utilization feature into gasification
process for flexible energy vectors poly-generation is assessed in the present
paper considering various technical and environmental performance indicators.
Both total (power and hydrogen) and partial (synthetic natural gas, methanol,
FT fuel) decarbonized energy carriers were considered. Two commercial pre-
combustion carbon capture options based on chemical and physical gas-liquid
absorption were evaluated. For power generation only, the carbon capture
energy penalty was about 9 net percentage points for physical absorption and
about 9.8 percentage points for chemical absorption. The main explanation for
this fact is that physical gas-liquid absorption using SelexolTM has lower
ancillary heat duty for solvent regeneration than MDEA-based scrubbing (0.22
vs. 0.65 MJ/kg).

For flexible energy vectors poly-generation, several important
conclusions were drawn. For instance, in case of hydrogen and power co-
generation, the overall plant energy efficiency is increasing with hydrogen
output (about 3.5 percentage points per each 25 MW hydrogen output). In
case of partial decarbonized energy carriers, the overall energy efficiency is
higher (55 — 68%) but carbon capture rate is lower (48-60 vs. 90%) than for
total decarbonized energy carriers (power and hydrogen). The overall
conclusion is that the decarbonized gasification plant has promising potential
for flexible energy vectors poly-generation.
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ACTIVATED MULTI-WALLED CARBON NANOTUBES FOR
ELECTROCHEMICAL DETECTION OF DOPAMINE IN
THE PRESENCE OF ASCORBIC AND URIC ACID

ANDREA KELLENBERGER?, RODICA GAVRILA?,
NICOLETA PLESU”

ABSTRACT. Electrochemical sensors have been prepared using pristine and
activated multi-walled carbon nanotubes on glassy carbon electrode. The
detection of dopamine in the presence of ascorbic acid was tested by square
wave voltammetry and cyclic voltammetry. Best results were obtained for
glassy carbon modified with activated carbon nanotubes electrodes. A linear
dependence between current intensities and dopamine concentrations is found
in both the absence/presence of ascorbic acid, in the range of 4-100 uM /
6-100 uM, with detection and quantification limits of 0.44 / 0.64 and 1.45 /
2.14 uM, respectively and high sensitivity. The developed electrodes also
showed very good performance in separating the oxidation potentials of
ascorbic acid, dopamine and uric acid, with peak potential differences of 200
and 170 mV. Dopamine detection in synthetic solutions in the presence of both
ascorbic and uric acid gave recovery rates of 98%, indicating that the method
is reliable.

Keywords: electrochemical sensor, carbon nanotubes, dopamine, ascorbic
acid, square wave voltammetry

INTRODUCTION

Dopamine (DA) and ascorbic acid (AA) are organic compounds with
biomedical importance. Neurotransmitters are chemicals essential in the
transfer of information between the neuron cells. Dopamine is a neurotransmitter
present in mammalian brain tissue. Low dopamine levels have been associated
with disorders such as schizophrenia and Parkinson's disease or addictions [1].
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The concentration of DA in the extracellular fluid of the brain of healthy
people is in the submicromolar range, but it is lower for people suffering from
the aforementioned disorders. Dopamine usually exists in cationic form at
physiological pH and is oxidized to quinone form (DAQ) in a two-proton / two-
electron process. Ascorbic acid is an antioxidant with an important role in
preventing infectious diseases. AA has been studied in the context of oxidative
stress associated with cancer and other diseases. AA is also used in preserving
food and beverages. At physiological pH, AA exists as the monodeprotonated
ascorbate anion and it is oxidized to dehydro-ascorbic acid in a process involving
two electrons and a proton [2].

The concentration of DA in the cerebral extracellular fluid is in the
submicromolar domain in the case of healthy people, but it can also reach
lower values in the case of diseases such as Parkinson's disease. The AA
concentration is in the range of 0.2-0.5 mM.

Two of the most widely used techniques for in vivo monitoring of
neurotransmitters are microdialysis and fast-scan cyclic voltammetry (FSCV).
In microdialysis, a semi-permeable probe is injected into the brain and the
analyte that is present in the brain is perfused through the probe and collected
for chemical analysis using techniques such as high-performance liquid
chromatography (HPLC) with mass spectrometry (MS) or fluorescence as a
detector [3]. The main disadvantage of microdialysis is the temporal low
resolution. FSCV is a suitable technigue for in vivo neurotransmitter detection,
which presents a high temporal resolution [4].

DA and AA coexist in extracellular fluids and have similar oxidation
potentials, especially on conventional electrodes, which results in an overlap
of their voltammetric response. In this respect, electrode materials capable
of oxidizing DA or AA in distinct potential windows would be most suitable for
the selective detection of DA in the presence of AA. The main difficulty in
electrochemical detection of DA is the presence of interfering molecules such
as ascorbic acid and uric acid (UA). These molecules have an oxidation
potential very close to that of DA. This issue can be controlled by modifying the
electrode with suitable materials. Carbon-based materials (polymers) and noble
metal nanoparticles (rhodium, palladium, iridium, platinum or gold) are suitable
materials for electrode modification [5]. Polymer-based dopamine sensors
based on conducting polymers such as poly 3,4-ethylenedioxythiophene
(PEDOT) [6], polypyrrole (PPy) [7] poly-o-phenylenediamine (P-o-PD) [8],
polyanilines (PANI) [9] show promising biocompatibility and stability. Regarding
carbon nanomaterials, carbon nanotubes (CNT) and graphene are used in most
cases in electrocatalysis due to their stable physical and chemical properties,
large specific surface area, good conductivity, biocompatibility and synergistic
effect on catalytic activity. Thus, vitreous carbon electrodes modified with Cgo

36



ACTIVATED MULTI-WALLED CARBON NANOTUBES FOR ELECTROCHEMICAL DETECTION OF
DOPAMINE IN THE PRESENCE OF ASCORBIC AND URIC ACID

fullerenes were prepared followed by the constant potential deposition of
platinum, which allowed the simultaneous detection of ascorbic acid, dopamine
and uric acid, by separating their oxidation potentials [10]. The use of carbon
paste electrodes modified with carbon nanotubes decorated with iron
nanopatrticles allowed the simultaneous detection of uric acid in the presence
of interfering molecules such as ascorbic acid, dopamine and L-tyrosine [11].
Graphite-epoxy composites with synthetic zeolites have been successfully
used for miniaturization of DA sensors [12]. Promising results have been
obtained by modifying the electrodes with nanoparticles of noble metals,
especially gold, due to its conductivity, catalytic activity and biocompatibility.
For example, the electrochemical deposition of gold on the surface of
reduced graphene oxide allowed the simultaneous, selective and sensitive
detection of AA, DA and UA [13]. Also, the modification of carbon nanotubes
with gold nanoparticles deposited by a chemical method had the effect of
separating the oxidation potentials for AA, DA and UA [14]. Carbon nanotubes
(multi-walled carbon nanotubes and single-walled carbon nanotubes) are
nanomaterials with properties such as extraordinary tensile strength, excellent
electrical conductivity and high chemical stability. The unique electronic properties
of carbon nanotubes show better electron transfer rates when used as electrode
materials and offer excellent prospects for the development of miniaturized
electronic devices and electrochemical sensors [15]. Graphene is another
carbon material, which presents excellent conductivity, stability, and low cost. The
large surface area offered by the graphenes is useful for chemical detection
[16]. Modified electrodes with reduced graphene oxide showed ultrasensitive
detection of dopamine [17,18].

The aim of the present study is to reveal the effect of multi-walled
carbon nanotube (CNT) and activated multi-walled carbon nanotube
(CNT/ACT) toward DA oxidation and to evaluate the electrochemical response
in the presence of AA and UA. Even though CNT in various forms have been
extensively utilized for DA sensors, our goal was to identify at what extent the
activation process of CNT contributes to the enhancement of electrocatalytic
activity towards DA oxidation.

RESULTS AND DISCUSSION

Electrochemical detection of DA and AA on GC electrode

Firstly, the electrochemical behavior of GC electrode was investigated
in 0.1 mol L' PBS electrolyte support (pH = 7.4). The square wave
voltammograms (SWVs) recorded on GC for different dopamine concentrations
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(Figure l1a) show the appearance of an oxidation peak of DA at 0.33 V whose
intensity increases with increasing DA concentration. In addition, its position
shifts slightly from 0.33 V to 0.36 V with increasing DA concentration. SWVs
give a linear calibration curve for dopamine (Figure 1b). The kinetics of DA
oxidation reaction was studied by cyclic voltammetry for the highest value of
DA concentration, by recording cyclic voltammograms (CVs) at different scan
rates (Figure 1c). A well-defined oxidation peak is observed at potential
values of 0.25 V that slightly shifts to more positive values (0.27 V) as the
scan rate increases. The effect of scan rate on the current peak density is
presented and discussed in Figure 4d and Table 1 for the oxidation of DA
and AA on GC and GC/CNT electrodes.

Figure 1. DA detection in 0.1 mol L** PBS (pH = 7.4) on GC electrode:
(a) SWVs at different DA concentrations; (b) calibration curve and
(c) CVsin 100 uM DA solution at different scan rates.

Square wave voltammograms recorded on GC for different concentrations
of AA (Figure 2a) show that the intensity of the oxidation peak of AA is
concentration dependent and its position shifts slightly from 0.40 V to 0.44 V
with increasing concentration of AA. The obtained calibration line for AA on GC is
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illustrated in Figure 2b. The kinetics of the AA oxidation reaction studied by cyclic
voltammetry in 2 mM AA solution, at different scan rates reveal an irreversible
oxidation peak around 0.61V (Figure 2c). The position of this peak changes
from 0.61 V to 0.68 V as the scan rate increases. Since the oxidation potentials
of DA and AA differ by only 70 mV, their simultaneous detection on GC electrode
is restricted, as proven by square wave and cyclic voltammograms given in
Figure 3 for a mixture of AA and DA.

Figure 2. AA detection in 0.1 M PBS (pH = 7.4) on GC electrode: (a) SWVs at
different AA concentrations; (b) calibration curve and (c) CVs in
2 mM AA solution at different scan rates.

It is observed that when DA is added to the AA solution in PBS, the
peak current intensity increases for both cyclic and square wave voltammogram,
but there is no clear differentiation of the two-oxidation processes, these
being overlapped due to the closed potentials at which they occur.
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Figure 3. Simultaneous detection of AA and DA in 0.1 M PBS (pH = 7.4)
on GC electrode: (a) square wave and (b) cyclic voltammograms.

Electrochemical detection of DA and AA on GC/CNT electrode

To improve the electrochemical response, the GC electrode was
modified with carbon nanotubes. The SWVs recorded on GC/CNT for
different DA concentrations (Figure 4a) reveal an oxidation peak situated at
0.13 V, whose intensity increases linearly with increasing DA concentration
(Figure 4b). The oxidation potential of DA on the GC/CNT electrode
decreases compared to GC, which proves its increased activity for DA
oxidation. The calibration line obtained is linear for concentrations between
1 - 100 uM. Cyclic voltammograms (Figure 4c) show a reversible oxidation
peak at a potential value of 0.16 V, slightly shifting to more positive values
as the scan rate increases.

Information about the kinetics of DA and AA oxidation on GC and
GC/CNT electrodes are obtained from the slope of the linear dependence of
log ip versus log v, were iy is the peak current density from the CVs and v is
the scan rate (Figure 4d). The oxidation of DA and AA on GC electrode is a
fast electron transfer reaction, controlled only by diffusion, as indicated by
the slope close to 0.5, which is the theoretical value for a process controlled
by diffusion (Table 1). On GC/CNT electrode, the linear dependence of log
ip versus log v for AA oxidation exhibits a slope close to 0.5, indicating that
the reaction is still controlled by diffusion, whereas for DA oxidation the slope
changes to 0.93, close to the theoretical value of 1, proving a surface
adsorption-controlled kinetics.
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Figure 4. DA detection in 0.1 M PBS (pH = 7.4) on GC/CNT electrode:
(a) SWVs at different DA concentrations; (b) calibration curve;
(c) CVsin 100 uM DA solution at different scan rates;
(d) plot of log ip versus log v.

On GC/CNT electrode, the oxidation peak of AA is located at -0.056 V
(Figure 5a). The intensity of the oxidation peak increases with increasing
concentration of AA and its position shifts slightly from -0.056 V to -0.038 V
with increasing concentration of AA. The dependence between the
intensity of the oxidation peak and AA concentration give a linear response
(Figure 5b).
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Figure 5. AA detection in 0.1 M PBS (pH = 7.4) on GC/CNT electrode:
(a) SWVs at different AA concentrations and (b) calibration curve.

The oxidation potential of AA on GC/CNT electrode is shifted by 450
mV to more negative values than on GC, indicating its increased activity for
AA oxidation. As a result, a sharp separation of the oxidation potentials of
AA and DA is obtained, which allows the simultaneous detection of the two
molecules.

Figure 6. DA detection in the presence of 1.66 mM AAin 0.1 M PBS (pH = 7.4)
on GC/CNT: (a) cyclic voltammograms and (b) calibration curve.

This is evidenced in Figure 6, which shows cyclic voltammograms
recorded for DA oxidation in the presence of AA at constant concentration
(1.66 mM). The first irreversible oxidation peak at -0.038 V corresponds to
AA oxidation and the second reversible peak at 0.190 V to DA oxidation, with
a separation of 225 mV between the two oxidation potentials.
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The detection range of DA in the presence of AA (10 to 100 uM) is
lower as compared to DA detection in the absence of AA (2 to 100 uM) using
the GC/CNT electrode, however the sensitivity remains similar and it is 20-
times higher than on GC electrode. The electroanalytical detection parameters
are summarized in Table 2.

Electrochemical detection of DA and AA on activated GC/CNT/ACT
electrode

A further improvement of the electrochemical detection parameters
for DA detection was achieved by using activated CNT. By activation of the
CNT (Figure 7a), carbonyl and / or carboxyl type functional groups are
introduced on their surface, which act as reactive centers in the interaction
with various molecules. The presence of these functional groups was
sustained by FTIR spectra before and after activation (Figure 7b).

Figure 7. Activation of CNT: (a) Schematic representation and
(b) FTIR spectra of pristine (CNT) and activated nanotubes (CNT/ACT).

The bands observed in the original CNT and CNT/ACT are assigned
to the vibrations of carbon—oxygen groups from residual oxidation. The band
at 1560 cm is associated to C=C stretching vibrations of the aromatic carbon
in non-graphitic domains [19]. The broad band at ~1130-1116 cm? has
contributions from the skeletal C—C observed in other carbon materials, and
from some C-O stretching vibrations of oxygen groups. A typical vibrational
band of OH groups at 1340 cm?, due to the O—H bending mode. The shoulder
at 1220 cm, is significantly more intense in the spectra of the oxidized carbon
materials, when compared with the CNT. The FTIR spectra also showed
vibrational bands related to the C=0 stretching of carboxylic acids, aldehydes,
ketone and quinone groups at 1730 cm™ and of ketones and quinones at
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1670 cm™. The CNT/ACT spectrum showed the presence of higher relative
intensity bands associated with v(C=0) and &(O-H) vibrations of carboxylic
acids (1730 and 1670 cm™, respectively). These distinctions indicate a higher
percentage of acid groups on the surface of these samples when compared
to CNT. In addition, activation increases important parameters as the specific
surface area and capacity, and open up new possibility of application of the
carbon nanotubes (i.e. in energy storage devices).

The SWVs recorded on the activated GC/CNT/ACT electrode for
different concentrations of AA (Figure 8a) shows that the intensity of oxidation
peak of AA increases and its position shifts slightly from -0.05 V to -0.022 V
with increasing concentration of AA. Also, a linear dependence of peak
intensity versus AA concentration is obtained (Figure 8b).

Figure 8. AA detection in 0.1 M PBS (pH = 7.4) on GC/CNT/ACT electrode:
(a) SWVs at different AA concentrations; (b) calibration curve and
(c) CVsin 2 mM AA solution at different scan rates.
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The AA oxidation reaction on GC/CNT/ACT electrode studied by
cyclic voltammetry shows an irreversible oxidation peak that shifts from -0.03 V
to -0.01 V as the scan rate increases (Figure 8c).

The SWVs recorded on the activated GC/CNT/ACT electrode for
different DA concentrations are presented in Figure 9a.

Figure 9. DA detection in 0.1 M PBS (pH = 7.4) on GC/CNT/ACT electrode:
(a) SWVs at different DA concentrations; (b) calibration curve
(c) CVs of 0.1 mM DA in the presence of 1.66 mM AA at different scan rates;
(d) plot of log ip versus log v.

The intensity of the oxidation peak increases linearly (Figure 9b) and
its position shifts slightly from 0.12 V to 0.16 V with increasing DA
concentration. Cyclic voltammograms at different scan rates for a mixture of
1.66 mM AA and 0.1 mM DA are shown in Figure 9c. A peak separation of
235 mV between the oxidation potentials of AA and DA is observed, which
makes possible their simultaneous detection. A single peak of AA oxidation
is observed, without a correspondent in the cathodic branch, which is specific
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to irreversible processes, while in the case of DA, two associated peaks are
observed, indicating that DA oxidation is a reversible process. In addition,
the peak current for DA oxidation shows a more pronounced increase with
the scan rate compared to the peak current for AA oxidation, the peak current
ratio being 1.4. The plot of log ip versus log v given in Figure 9d also confirms
this finding and shows different slopes for the oxidation of DA (0.840) and
AA (0.716) on activated GC/CNT/ACT electrode, indicating an adsorption-
controlled mechanism for DA oxidation and a mixed control of both diffusion
and adsorption on AA oxidation. This behavior can be explained by enhanced
attractive interactions between DA and the carbonyl and/or carboxyl type
functional groups generated by CNT activation. DA presents an ortho-
hydroxybenzene structure and an amino group in the side chain, protonated
and positively charged at the working pH of 7.4 (pKa = 8.87 [20]). Also, the
presence of benzene ring in the DA structure makes the oxidation of DA more
facile due to the adsorption through -1 interactions of both its reduced and
oxidized forms at sp? carbons of the CNT/ACT modified electrode [21].

Table 1. Effect of scan rate on the voltammetric response of GC, GC/CNT and
GCI/CNT/ACT electrodes for the oxidation of DA and AA, separately or in a mixture.

Electrode (Analyte) Concentration slope* R2? /[ n**
GC (DA) 100 uM 0.407 0.9835/9
GC/CNT (DA) 100 uM 0.930 0.9506 /10
GC/CNT/ACT (DA+AA) | 100 uM DA + 1.66 mM AA | 0.840 0.9990/ 10
GC (AA) 1.66 mM 0.481 0.9958/9
GC/CNT (AA) 1.66 mM 0.520 0.9907 /7
GC/CNT/ACT (AA+DA) | 1.66 mM AA + 100 uM DA | 0.716 0.9979/10

* slope of log ip— log v dependence for the anodic process
** R2? s the coefficient of determination and n the number of experimental points.

Square wave voltammetry measurements performed at constant AA
concentration (1.660 mM), and at different DA concentration (2 to 100 uM)
are shown in Figure 10a. It is observed that the separation between the
oxidation potentials of AA and DA is maintained at 200 mV, which allows the
detection of DA in the presence of AA. The linearity range of the calibration
line for DA in the presence of AA (Figure 10b) is maintained within the same
limits as in the case of the calibration line for DA in the absence of AA, being
between 6 and 100 uM. There is a slight decrease in sensitivity from 24.6 pA /
UM cm? in the absence of AA to 19.2 pA / UM cm? in the presence of AA,
however DA can be detected selectively and sensitively using the activated
GC/CNT/ACT electrode, even in the presence of concentrations of AA over
200 times higher.
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Figure 10. DA detection in the presence of 1.66 mM AA in 0.1 M PBS (pH = 7.4)
on activated GC/CNT/ACT electrode: (a) SWVs at different DA concentrations;
(b) Calibration line for DA detection in the presence of AA.

The result obtained for DA detection on GC/CNT and activated
GC/CNT/ACT reveal comparable results with those reported for Polydopamine
(PD) Copper(ll) ions glassy carbon electrode (PD-Cu(ll)h /GCE h Polydopamine)
[20] or reduced graphene oxide and graphene oxide modified glassy carbon
electrodes protected with a polymeric layer of Nafion or chitosan [24]. The
detection parameters are better than those reported for Carbon fiber electrode
(CFE) modified by graphene flowers (GEFi /CFE) [22]. Electrochemically
pretreated pencil graphite electrode PGE [23] and nano-Au self-assembled
modified electrode (nano-Au/CA/GC) [24] present lower detection limits than
GC/CNT and GC/CNT/ACT.

The limit of detection (LOD) and limit of gquantification (LOQ) were
determined based on the standard deviation (S) and the slope of the calibration
line (m), according to the following equations: LOD = 3S/m and LOQ = 10S/m.
Table 2 summarizes the electroanalytical detection parameters of DA,
including relative standard deviation (RSD), determined in the absence and
presence of AA for all the investigated electrodes.

Table 2. Electroanalytical detection parameters for DA on GC, GC/CNT and
activated GC/CNT/ACT electrodes.

Electrode Range, | Sensitivity | R? RSD | LOD | LOQ

UM UA/UM cm? % LY UM
GC (DA) 1...100 0.280] 0.9997| 0.019| 16.08| 53.59
GC/CNT(DA) 2...100 3.730| 0.9995| 0.027 1.76 5.87
GC/CNT (DA+AA) 10...100 5.300{0.9932| 0.268| 3.18| 10.59
GC/CNT/ACT (DA) 4...100 24.79| 0.9896| 0.021 0.44 1.45
GC/CNT/ACT (DA+AA) 6...100 19.50] 0.9936| 0.023 0.64 2.14
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Electrochemical detection of DA on CG/CNT/ACT electrode from
synthetic biological samples in the presence of interferences

The performance of GC/CNT/ACT electrodes for DA detection from
biological samples in the presence of potential interferences, was verified by
recording SWVs for DA in the presence of AA and UA in 0.1 M PBS solution
and by performing recovery measurement in a Ringer solution in the
presence of AA and UA. Figure 11 shows SWVs on activated GC/CNT/ACT
for a solution containing 2 mM AA, 0.1 mM DA and 0.5 mM UA.

Figure 11. SWVs for a mixture of 2 mM AA, 0.1 mM DA and
0.5 mM UA on GC and activated GC/CNT/ACT electrode.

The electrochemical response of GC/CNT/ACT electrode is characterized
by the appearance of three distinct oxidation peaks, corresponding to the
oxidation of AA, DA and UA. The same measurements performed on the
unmodified GC electrode indicate the appearance of only two oxidation
peaks, the first one attributed to the simultaneous oxidation of AA and DA,
and the second to the oxidation of UA. The peak potentials for the oxidation
of DA, AA and UA on GC and GC/CNT/ACT are listed in Table 3. On the
GCI/CNT/ACT electrode, it is possible to detect DA in the presence of AA
and UA, the differences between the peak potentials being of 0.20 mV and
0.17 mV, respectively.

Table 3. Peak potentials for simultaneous oxidation of DA, AA and
UA on GC and activated GC/CNT/ACT electrodes in 0.1 M PBS.

Electrode Eaa [V] Epa [V] Eua [V]
GC 0.32 0.32 0.52
GC/CNT/ACT -0.02 0.18 0.35
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For the recovery measurements, a Ringer’s solution was used, with
added AA and UA in order to obtain a concentration of 20 uM of each
electroactive species. Then SWVs were recorded, with successive additions
of DA to have increasing concentrations of 40, 50, 60, 70 and 80 uM. The
obtained results are given in Table 4 and indicate satisfactory levels of
recovery in the investigated concentration range.

Table 4. DA detection in Ringer’s solution in the presence of AA and UA.

Added [uM] Detected [uM] Recovery [%]
40 31.8 79.5
50 49.3 98.5
60 59.0 98.4
70 65.9 94.2
80 75.3 94.1

CONCLUSIONS

The kinetics of DA and AA oxidation reaction was studied by cyclic
voltammetry on GC, GC/CNT and activated GC/CNT/ACT electrodes. It has
been found that DA oxidation on GC is a diffusion-controlled process, but it
changes to an adsorption-controlled process on GC/CNT and GC/CNT/ACT
electrodes.

The separate detection of DA and AA was carried out by square wave
voltammetry, at concentrations between 1... 100 uM for DA and 10... 1660 uM
for AA and the electroanalytical detection parameters were determined. The
sensitivity of DA detection increased from 0.28 (GC) to 3,73 (GC/CNT) and
24.79 pA/uM cm? (GC/CNT/ACT). On GC electrode, the oxidation potentials of
DA and AA are close, therefore DA detection in the presence of AA is not
feasible. However, it has been found that modification of GC electrode with
CNT and CNT/ACT induces a potential peak separation of 235 and 200 mV,
respectively, which allows detection of DA even in the presence of AA, at more
than 100 times higher concentrations. In the presence of 1.66 mM AA, the
sensitivity slightly decreases to 19.50 pA/uM cm? on GC/CNT/ACT, compared
to 24.79 pA/UM cm? in the absence of AA. In conclusion DA can be selectively
and sensitively detected using GC modified with activated CNT.

GC/CNT/ACT electrodes also showed very good performance in the
presence of both AA and UA, with well-resolved potential peak separation
(AEAA_DA =200 mV, AEpa_ua = 170 mV and AEaa_ua = 370 mV).
Measurements of DA detection in synthetic solutions (Ringer's solution) in
the presence of AA and UA showed that the method is reliable, obtaining
recovery rates of 98% for added concentrations of DA of 50 and 60 pM,
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respectively. In conclusion, our results showed the importance of activation
step in the construction of CNT-based sensors for DA. The activated
GC/CNT/ACT electrode can be successfully used for DA detection in the
range of micromolar concentrations.

EXPERIMENTAL SECTION

Materials

Phosphate buffer (PBS) was prepared and used as the electrolyte
solution, with the following composition: NaCl 0.8 g L%, KCI 0.2 g LY,
NaHPO, 1.42 g L, KH,PO4 0.24 g L* and distilled water to 1L. All chemicals
NacCl, KCI, Na;HPO,4, KH,PO,4 were purchased from Merck and used without
purification. Stock solutions of 102 M dopamine (= 98.5% Fluka), 102 M L-
ascorbic acid (= 99%, Sigma Aldrich) and 102 uric acid (= 99%, Sigma
Aldrich) were freshly prepared in PBS buffer before use. A Ringer solution
from B. Braun, with the composition NaCl 8.60 g L%, KCI 0.30 g L'* and CaCl;
2H,0 0.33 g Lt was used. Multi-walled carbon nanotubes from Sigma Aldrich
with an outer diameter of 6-9 nm and a length of 5 ym were used to modify
the working electrode. As working electrode a glassy carbon electrode (GC)
was used. Prior to each use, the electrode surface was prepared by polishing
using diamond suspension with a particle size of 6 and 3 um, respectively,
followed by thoroughly rinsing with distilled water.

CNT activation and characterization

To activate the carbon nanotubes, 0.5 g of CNT were weighted and
kept for 12 hours in 5M HNOj3 under magnetic stirring. The resulting product
was then filtered and washed with abundant distilled water to neutral pH,
followed by drying in an oven at 70 ° C for 12 hours. Samples are denoted
as CNT/ACT. The structure of pristine and activated CNT was investigated
by Fourier-transform infrared spectroscopy (FTIR), using an IR Prestige 21
Shimadzu spectrophotometer. FTIR spectra were recorded in KBr pellets, for
wave numbers between 400 and 4000 cm, where each spectrum consists
of 20 interferograms with a resolution of 4 cm-2.

GC/CNT and GC/CNT/ACT electrode preparation

A suspension of 4 mg CNT or CNT/ACT in 2 mL ethanol was
subjected to ultrasonication for 60 minutes. The modified electrodes were
prepared by drop casting 10 pL of the CNT or CNT/ACT suspension onto the
previously cleaned surface of the GC, followed by solvent evaporation under
nitrogen flow.
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Electrochemical measurements

Cyclic voltammetry and square wave voltammetry measurements
were performed in a three-electrode configuration electrochemical cell, using
an AUTOLAB PGSTAT 302N. The electrochemical cell (50 mL) was equipped
with a working glassy carbon electrode (GC, ® = 3 mm, Metrohm A.G.,
Switzerland), a Pt wire electrode as a counter electrode and the reference
electrode was a silver-silver chloride electrode, Ag/AgCI. Electrodes were
immersed in 25 mL of PBS electrolyte solution and a SWV was recorded for
the supporting electrolyte in the absence of DA and / or AA. SWV was carried
with pulse amplitude of 20 mV, frequency of 10 Hz and step potential of 5 mV.
CVs were recorded at increasing scan rates, from 10 to 100 mV s, in steps
of 10 mV s1. For the detection of DA and AA, SWV measurements were
performed in the concentration range of 1 — 100 uM (DA) and 10 — 1660 yM
(AA), respectively. Successive additions from the stock solutions were made
of 2.5, 5, 10, 15, 25, 50, 75, 100, 125, 150, 175, 200, 225 and 250 pL for DA
and 25, 50, 100, 200, 400, 600, 1000, 1400, 1800, 2200, 2600, 3000, 3400,
3800, 4200, 4600 and 5000 pL for AA. The corresponding concentration were
calculated considering the volume change of the final solution. The calibration
lines were obtained by representing Ai versus concentration of DA or AA, were
Ai represents the difference between the current in the presence and absence
of the analyte, at the same potential value.
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SELECTION OF EFFECTIVE DEMULSIFYING AGENTS
FOR OIL-WATER EMULSIONS BREAKDOWN

BAYAMIROVA RYSKOL? TOGASHEVA ALIYA?, ZHOLBASSAROVA
AKSHYRYN?, BISSENGALIEV MAXP, KUNAYEVA GAUKHAR?,
KULIYEV MURAD?, BORIBEK SHYNGGYS?

ABSTRACT. Crude oil processing often requires the extraction of large
amounts of water. Crude oil often mixes with water to form water-in-crude oil
emulsions as a result of exposure such as high shear at the wellhead and
natural surfactants in crude oil. These emulsions are undesirable and require
demulsification to remove dispersed water and associated inorganic salts in
order to meet production and shipping specifications. In addition, demulsifying
these crude oil emulsions reduces corrosion and catalyst and consistently
maximizes the overall profitability of crude oil production. The article looks into
the results of tests on the selection of a demulsifier for the breakdown of water-
in-oil emulsion mixtures at different settling times and temperatures depending
on the specific consumption of the chemical agent, the effect of various
demulsifiers on emulsions breakdown. The process of oil desalination with
and without the addition of demulsifiers is considered. Desalination is carried
out stepwise. Research results have shown that proxanol 305/50 is the most
effective demulsifier.

Key words: oil-water emulsion; demulsifier; demulsification; residual water;
dewatering.

INTRODUCTION

In the process of oil production and its joint movement with formation
water, stable oil emulsions with high water content are formed. The reason
for the formation of oil emulsions is the effective mixing of oil with formation
water in the wellbore when it rises to the surface of the earth and during
further movement along the field utilities. The most common emulsion in the
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oil and gas industry is water in oil. The process of dispersing water droplets
in oil is facilitated by the presence of surface acting agents (SAA) in the all,
such as asphaltenes, paraffins, resins and naphthenic acids. These SAAs
are suspended in oil [1-3]. The concentration of these natural SAAa, which
affect the stability of the oil-water emulsion, is higher in heavy oil than in light
oil [4]. The quality of the oil produced, as is known, along with other indicators,
is determined by its moisture content. The moisture content in the original
product ranges from 90% to 0.1%. The quality of crude oil is also determined
by the salt content, which ranges from a few mg/l to a few g/l. Water and salts
present in oil cause a number of difficulties during transportation and
processing. The effectiveness of the used demulsifying agent is the main
factor in solving the problems of collecting and treating oil. Currently, the range
of modern demulsifiers is wide. However, it is often impossible to achieve the
required dewatering depth in the gathering system of oil wells and in the
preparation process. With an increase in the share of high-viscosity oils and
an increase in the average water-cut of oils this problem is acutely manifested
in the total volume of production. The use of composites is several times more
effective than the use of any compound in its pure form.

Qil treatment units (OTU) are used for dewatering and desalting oils.
In addition, at these units measures are taken to reduce the ability of oil to
evaporate (in order to reduce the loss of light hydrocarbons), i.e. oil stabilization
is in progress.

It is most expedient to install OTU at points of maximum oil
concentration in the field, for example, in tank farms. Taking into account the
adopted scheme for gathering and transporting oil and gas, it is necessary
to envisage the possibility of oil preparation at another field if an accident
occurs at this field. Formation water produced with oil and with salts
dissolved in it should be removed at the fields. In this case, the main
processes are dewatering and desalination. Most of the salts are removed
along with water during dewatering. However, in order to prevent corrosion
of equipment, the formation of salt deposits and other disturbances in the
process of il refining, its deep desalination is required. Before desalination,
fresh water is supplied to the oil as a result of which an artificial emulsion is
formed which then undergoes destruction [5].

The process of breakdown of oil emulsions consists in merging of
droplets of water dispersed in oil in the presence of a demulsifier and
deposition of enlarged droplets.

Demulsifiers are surface acting agents that are adsorbed on the
surface of water globules and form an adsorption layer with significantly lower
mechanical strength, which facilitates droplet coalescence and contributes to
the destruction of oil emulsions.
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The following types of demulsifiers are used: diproxamine, proxamine,
disolvan, separol, polyacrylamide, oxyethylated compound OC, etc. Demulsifier
should meet the following requirements: be highly active at low specific
consumption; dissolve well in water or oil; be cheap and transportable; do
not deteriorate the quality of oil; do not change its properties with temperature
changes. Demulsification effect depends on the intensity of mixing of the
demulsifier with the emulsion and on the temperature of the mixture.
Demulsifiers are supplied by dosing pumps [6].

RESULTS AND DISCUSSIONS

Table 1. Thermochemical breakdown of emulsions at consumption of 20 mg/I

(n=1500 rpm
Demulsifier description Amount of separated Residual water
water at time, min content, %
60 | 120
Separated water, ml
Without chemical agent 71 73 3.2
Diproxamine 157-65M 78 82 1.9
Reapon 48 65 73 29
Proxanol 305* 25 82 2.1
Disolvan 4411 81 90 1.0

Note: * - 100 % chemical agent was used.

As follows from the experiments, the use of demulsifiers increases
the depth of emulsion breakdown and reduces the residual water content in
oil. However, the assumed consumption of 20 mg/l does not provide a
reduction in residual water content below 1.0%. Therefore, in the next series
of experiments the consumption of these demulsifiers was increased to 50
mg/l (see Table 2).

As can be seen from the Tables, with the increase in the consumption
of demulsifiers (proxanol 305 and disolvan 4411), the residual water content
in oil was below 1%. The most effective is disolvan 4411 (consumption up to
50 mg/l). Proxanol 305 is also acceptable.

Demulsifier consumption of 100 mg/l (at proxanol 305) is the initial
one for the production of pilot tests and in the process of commissioning and
testing of OTU mode can be reduced. The preferred point for demulsifier
injection is before the gas separators of OTU and before the process pump
of the oil dewatering stage.
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Table 2. Thermochemical breakdown of emulsions at consumption of 50 mg/l
(n=1000 rpm)

Demulsifier description Amount of separated Residual water
water at time, min content, %
120
Separated water, ml

Without chemical agent 90 2.3
Diproxamine 157-65M 90 2.1
Reapon 48 85 3.8
Proxanol 305* 95 traces-0.5
Disolvan 4411 100 traces

Note: * - 100 % chemical agent was used.

The end of the mass transfer of the demulsifier with the emulsion
stabilizer is carried out when passing through the heat exchanger. Thus, the
following parameters can be recommended to arrange the process of
dewatering of a mixture of oil and condensate at the Karachaganak field:

Oil-water emulsion heating temperature 60...70°C;
Settling temperature 60...70°C;
Demulsifier initial consumption 50...100 mg/I;
Demulsifier brand proxanol 305,
disolvan 4411;
Time in settling pit up to 1 hour.

Compatibility of the demulsifier with wax inhibitors and corrosion
inhibitors during dewatering

The compatibility of the inhibitors IKIG, Sever-1, Tyumen-2 and
Neftekhim 3B and the effect on the demulsification process of oil-water-gas
condensate emulsion when using the demulsifier proxanol 305-50 were
studied. The studies were carried out according to the methodology
presented above with the selected parameters.

In the course of the study the influence of the "aging" of the emulsion
on the process of emulsion breakdown was also assessed.

The study results are given in the Table 3.

From the Table 3 it follows that aging significantly affects the depth of
emulsion breakdown both with demulsifier and with the combined presence
of demulsifier with a number of corrosion and wax inhibitors.
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It is also seen from the experiments that the most preferred additives
are inhibitors of the IKIPG type which practically do not affect the demulsifying
activity of the selected demulsifier. The situation is somewhat worse with the
compatibility of proxanol 305-50 and corrosion inhibitor such as imidozoline
(Tyumen-2, Neftekhim 3B) and pyridones (Sever-1). However, it should be noted
here that in the experiments we used a 2-fold reduction in the consumption
of the demulsifier. This technique was used for a better manifestation of
antagonism or synergy in the combined presence of demulsifier and inhibitor,
and hence a more accurate assessment. With an increase in proxanol
consumption the observed antagonism is suppressed due to its competing
adsorption on globules of formation water in oil and peptization of the displaced
asphaltene-paraffinic emulsion stabilizers.

Table 3. The amount of separated water

Chemical Agent “Fresh” emulsion After its aging
agent brand consumption, | Amount ol Residual | Amount of Residual
mg/l separated] water | separated] water
water, % | content, % water, % | content, 9

1 2 3 4 5 6

Proxanol 50 100 traces 75 25

100 - - 95 0.5

Agent

mixtures: 50

Proxanol 305+ 400 100 traces 100 traces

IKIPG

Proxanol 305+ 50

IKIPG+ 200 91 0,9 93 0.7

GKP-86 400

Proxanol 305+ 50 97 0,3 67 3.3

Sever-1 200

Proxanol 305+ 50 100 traces 82 1.8

Tyumen-2 100

Proxanol 305+ 50 100 traces 85 1.5

Neftekhim 3B 100

Studies of the conditions of desalination were carried out taking into
account the complicating factors, which include the formation of finely dispersed
stabilized drops of formation water. The results of the study of emulsions
"aging" are shown in the Table 4,5.
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Table 4. Desalting of the base oil-condensate mixture of the Karachaganak field

without demulsifiers

Stage 1 Stage 2
Amount | Type | Elimination in Salt Elimination in Salt
of flush of 2h, % content in 2h, % content
water% | water |Water, intermedi| oil, mg/Il Water, | intermedi | in oil,
ml |ate layer ml ate layer | mgll
15 B1 125 15 9.7 - - -
15 B2 13.0 2.0 20.0 - - -
15 B3 3.0 0.5 23.2 - - -
15 B1 13.0 2.0 14.0 - 4.0
15 B2 13.0 2,0 13.0 1.0 4.0
5 B3 4.0 1.0 4.0 1.0 7.2

Table 5. Desalting of the base oil-condensate mixture of the Karachaganak field
using proxanol 305/50

Stage 1 Stage 2
Amount | Type Elimination in Salt Elimination in Salt
of flush of 2h, % content 2h, % content
water % | water | Water, | Interme in oil, Water, |intermedi in oil,
ml  |diate layer| mg/l ml  |ate layer| mgl/l
15 B1 13.0 2.0 12.2 - - -
15 B2 14.0 1.0 11.0 - - -
15 B3 2.0 3.0 9.4 - - -
15 B1 135 2.0 14.0 Pit 3.0
15 B2 14.0 1.0 14.0 Pit 3.3
5 B3 2.5 2.5 3.0 0.8 8.8

Table 6. Desalting of the base oil-condensate mixture of the Karachaganak field
using reapon 4B

Stage 1 Stage 2
Amount | Type Elimination in Salt Elimination in Salt
of flush of 2h, % content 2h, % content in
water, % | water | Water |ntermedi inoil, | Water |ntermedi oil, mg/l
,ml |ate layer mgl/l ,ml fate layer

15 B1 13.0 2.0 15.0 - - -

15 B2 12.0 3.0 154 - - -

15 B3 2.0 3.0 16.0 - - -

15 B1 13.0 2.0 - 15.0 Pit 4.0

15 B2 12.0 3.0 - 14.0 2.0 8.8

5 B3 2.0 2.0 - 3.0 2.0 9.2
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Thus, the established demulsifier consumption should be dispersed
along the process scheme in the direction of decreasing the emulsion aging
time. In this, most of the demulsifier is used after the Il stage separators
(= 60 mg/l), and a smaller part is fed to the intake of the process pump of the
dewatering stage (40 mg/l). This recommendation has constitutive nature for
assigning an initial consumption when commissioning a dewatering process.

CONCLUSIONS

Emulsions of oil condensate and water are relatively unstable and are
destroyed by simple heating up to 60°C to 2 ... 5% by residual water content,
however, as emulsions age, their stability increases, which requires special
treatment with demulsifiers. Demulsifier injection should be dispersed along the
process scheme in the direction of decreasing the aging time of the emulsion;

For successful demulsification of oil in the electric dehydrator, the
rated power of the transformer should be greater than the rated active power
required to maintain the electric field of the required strength. For oil from the
Karachaganak field this condition is fulfilled, which makes it possible to use
electric dehydrators for the preparation of oil and its mixture with condensate.
In this case, the power of the standard transformer of the EG 200-10 electric
dehydrator can be reduced substantially;

All investigated chemical agents used in oil production and collection
(except for Sever-1) do not significantly affect the stability of emulsions.

Introduction of the optimal type of demulsifying agent in the amount
not exceeding 50 mg/l is mandatory both for reasons of completeness of the
dehydration process and in terms of desalination indicators.

- considering that a significant part of the KNGKM salts are in a difficult-
to-recover form, the process temperature should be at least 70 ... 75°C;

- the required completeness of separation of the emulsion requires
the use of intensifying factors. The simplest and most effective is the electric
field. An additional factor for the intensification of desalination can be the
addition of a salt inhibitor to the flush water.

EXPERIMENTAL SECTION

The study used the most stable emulsion with a water content of 10%
and an oil-condensate ratio of 1: 2. The prepared emulsion after 16 hours of
aging was heated to 60°C, and a demulsifier was added with stirring. The
stirring time was 5 minutes, which, due to its low viscosity, turned out to be
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sufficient to complete the processes of mass exchange of the demulsifier and
stabilizer substances on the globules of dispersed water. After that, the
emulsion was left to settle at the temperature of 60°C for 2 hours. At the end
of the settling process, the amount of water released from the emulsion was
measured and the residual water cut was calculated using the formula [7-9]

v =2"2100%

C—B
where V —residual water content in oil, %o;

¢ — emulsion volume, ml;

B — amount of water in original emulsion, ml;

a — amount of separated water in original emulsion, ml.

Demulsifiers of Kazan IA "Orgsintez" which are widely used in the field
in the processing of light and paraffinic oils were taken as demulsifiers. These
are diproxamine 157-65M, proxanol 305 and reapon 4B. For comparison,
experiments were also carried out with an imported analogue of disolvan 4411
manufactured by Hoechst (Germany). Table 1 shows the results of the study
of emulsion dewatering at the temperature of 60°C and the speed of mixing
the emulsion with demulsifiers at 1500 rpm. The initial consumption of
demulsifiers of all brands was constant (20 mg/l). Demulsifiers were introduced
in the form of 1% aqueous solutions[10-13].
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NOVEL POLYDIOXANONE - PLURONIC 127 OXYTOCIN
IMPREGNATED MESH, PRELIMINARY STUDY OF
OXYTOCIN RELEASE IN VITRO
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DOINA PRODANE, MIHAELA VLA§SA*'°, MADALINA MOLDOVANS,
RARES CALIN ROMANE®, MINDRA EUGENIA BADEA?®

ABSTRACT. Polymers represent a novel alternative in bone regeneration.
Polydioxanone combined with Pluronic was used as a carrier for Oxytocin in
form of an interfacial deposition obtained scaffold. The low rate of resorption
of the scaffold follow the bone regeneration sequence assuring a constant
and continuous release of Oxytocin. The Oxytocin release was monitored
by RP-HPLC method. The separation was performed on a Phenomenex
Luna 5um C18 100A, 250x4.6mm, using isocratic elution with acetonitrile:
phosphate buffer pH 7 (30:70 v/v) mobile phase. Flow rate 1 ml/ min, column
temperature 30°C, DAD, A= 220nm. The surface morphology of polydioxanone
- pluronic 127 - Oxytocin impregnated mesh was characterized by SEM.
The preliminary results show that the Polydioxanone combined with
Pluronic is a promising polymer for bone regeneration engineering.

Keywords: polydioxanone, Oxytocin, bone reconstruction, biodegradable
scaffolds, RP-HPLC, SEM

INTRODUCTION

First used as monofilament suture material, polydioxanone is a
hydrophobic instable polymer with a low resorption rate expanding between 6
months to 2 years [1]. It can be manufactured as meshes, solid implants or
membranes, making it suitable as a biological substitute [2]. Recently studied
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in chest wall defects reconstruction, polydioxanone proved to sustain the
needed resistance, flexural strength, and biocompatibility for a bone implant [3].
In large reconstructions of defects that extend the 6 cm limit of natural healing,
the implant integration encounters several complications. Situs infection is the
most common adverse outcome, followed by the pathological movement of the
reconstructive segments, and abnormal scar tissue formation [4].

Absorbable graft materials present fewer healing complications when
properly covered with soft tissue. In this context, adding Pluronic 127 to the
polydioxanone mesh enriches the final compound hydrophilic behavior
assuring a greater resorbable potency by hydrolysis [5]. Because of Pluronic
127 high hydrophilicity that compound was successfully used as cell carrier
system in bone regeneration, maintaining cell viability and assuring the
necessary permeability for bone growth mediators to reach the carried cells
[6-9]. Pluronic 127 (poloxamer 407) is a synthetic hydrogel made of amphiphilic
copolymers consisting of units of ethylene oxide (PEQO) and polypropylene
oxide (PPO) [9]. Due to its thermosensitivity it changes from solution to gel
state at 37°C enabling the carrying matrix to withhold its charge stable in the
bone defect [10].

Combining a slow resorbable polymer with a very fast one (small traces
of pluronic were found after 3 weeks from its insertion in a bone defect) results
in a controlled compound with superior mechanical strength and biocompatibility
which may be used as a delivery system for cells, chemical mediators, proteins,
growth factors, hormones, and drugs in bone tissue engineering.

Oxytocin is a hypophyseal hormone which plays an important role in
labor, lactation and social relationships. Also, its role as a bone anabolic
hormone is well known, local administration was yet avoided giving its short
half-life and its lack of resistance to hydrolytic enzymes. Creating the optimal
condition for Oxytocin release acquires a stable hydrophilic carrier with the
right resistance, biodegradable rate and chemical bonds that allows Oxytocin
to reach the bone tissue gradually, according to its healing sessions [11].

Oxytocin reaches osteoblast receptors and signals them to the bone
defect stimulating new bone formation [12]. Its catabolic effect on adipocytes
prevents enlargement of the fatty bone marrow, promoting dense trabecular
bone with reduced marrow space. Oxytocin inhibits osteoclastic activity [13].
Oxytocin’s osteoinductivity combined with its carrier polydioxanone-pluronic
high biocompatibility and volumetric stability, assures the premises for optimal
bone regeneration.

A wide range of analytical methods have been used to determine
Oxytocin in different matrices. Radioimmunoassay (RIA) and Enzyme
immunoassay (ELISA) was used to quantitative measurement of Oxytocin in
biological sample because of its high sensitivity [14]. The chromatographic
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methods were also used for determination of the Oxytocin in biological matrix
by high performance liquid chromatography technique with different detectors
(HPLC-UV) [15, 16], and LC plus tandem mass spectrometry (MS/MS) [17, - 20].

The aim of the work was to obtain the polymeric matrix (the mesh) for
the Oxytocin impregnation and to monitor the release of this hormone by the
HPLC technique. Also, the structure of polymeric mesh morphology was
studied by SEM.

RESULTS AND DISCUSSION

For the quantitative determination of Oxytocin (see Figure 1) released
from the polymeric mesh, a liquid chromatographic RP-HPLC method with
isocratic elution was used. The validation of the present analytical method
was done by the following parameters: selectivity, linearity, LOD (limit of
detection), LOQ (limit of quantification) and precision [21].

Selectivity represent the ability to measure unequivocally the desired
analyte in the presence of components such as excipients and impurities that
may also be expected to be present. Thus, the selectivity was established by
comparing the chromatogram of the Oxytocin standard solution with those of
an Oxytocin sample extract (Figure 2). The retention time of Oxytocin were
at 4.372 min both in standard solution and sample extract.

Linearity indicates the ability to obtain results that are directly
proportional to the concentration of the analyte in samples and was established
by plotting the analyte peak area against the analyte concentration. The
obtained results proved an R? (correlation coefficient) of 0.9998 (Table 1).

Precision is the degree of agreement among individual results. The
intra-day and inter-day precision were expressed as percentage of relative
standard deviation (% RSD).

Figure 1. Chemical structure of the Oxytocin
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The obtained results, 0.62 ug mL-" value of LOD and 1.89 ug mL"" for
LOQ respectively, for Oxytocin determination, indicate a good sensitivity of
the proposed method.

The parameters of the calibration curve are shown in Table 1 and the
RP-HPLC chromatograms are presented in Figure 2.

Table 1. Linear regression data, LOD and LOQ of the Oxytocin standard solution

Parameters Oxytocin
aRT [min] 4.37
b Regression coefficient R? 0.9998
¢ Calibration curve Y= 46.32309X- 14.93387
Linear range (ug mL™") 1.563 - 100
dLOD (kgmt-1) 0.62
eLOQ (gm-1) 1,89

aRT the retention time; ® R? regression coefficient of calibration curve (n=7, seven points);
°Y, the peak area; X the concentration of standard compound; ¢ LOD, the detection limit
(3.3 S/o); ¢ LOQ, the quantification limit (10 S/c); S= standard deviation of low concentration,
o= slope of the calibration line

Figure 2. RP-HPLC chromatogram of 25 ug mL"" Oxytocin standard solution and
overlapped chromatograms of Oxytocin standard and sample solution.
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The precision data are presented in Table 2 and the results show
there were no significant differences between the test results. The method
precision was satisfactory.

Table 2. Intra- and inter-day precision of Oxytocin

Intra-Day Precision Inter-Day Precision
Concentration Measu(rreld 2 Measur(gd 2
(ug-mL") . RSD ¢ . RSD ¢

concentration (%) concentration (%)

Mean? + SD®, Mean? + SD¥®,
3.125 3.131£0.03 1.04 3.12+0.12 3.95
Oxytocin 125 12.48+0.14 1.15 12.37+0.56 4.56
50 50.37+0.71 1.41 49.88+2.13 4.26

aMean = Average of n determination; ® SD = Standard deviation;
¢RSD = Relative standard deviation;

The result of Oxytocin release from the polimer sample matrix from
the first day shows a quantity of 1.97 ug mL-" Oxytocin extracted.

In the samples collected from the second, third and fourth day, the
amount of Oxytocin released is below the detection limit of the method.

These results point out the strong bond betwen polydioxanone and
Oxytocin, blocking the propper release of the hormone.

Preliminary results of Oxytocin release lead to hypotesis that to
ensure a better release, probably an other compound like heparine, should
be intercalated betwen this hormone and the polymer.

The surface morphology of polydioxanone - pluronic 127 - Oxytocin
impregnated mesh was characterized by SEM and the results are shown in
Figure 3.

SEM (Scanning Electron Microscopy) images shows a porous structure
with specific geometric shapes and complex structures. Ceramic composite
matrix, HA/TCP/Polymer, constitute the inorganic component of resorbable
polymer/ceramic biocomposites. In this case, including calcium phosphates
[e.g. calcium tetraphosphate (CasP20g) (CTP), tricalcium phosphate [Cas(POas).,
TCP], hydroxyapatite [Cai0(PO4)s(OH)2, HA], and their derivatives and
combinations]], that are the most popular ceramics used in bone tissue
engineering and controlled drug delivery systems, is benefic.
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Figure 3. SEM imagine for polydioxanone - pluronic 127 mesh

CONCLUSIONS

Polydioxanone is a promising polymer for bone regeneration engineering.
Its biocompatibility and polymorphism allow it to be fitted for every bone
reconstruction need, from small defects characteristic for periodontal disease to
large ones resulting from resective surgery or trauma.

To facilitate the continuous and controlled release of Oxytocin from
the structure of new polymer, will be necessary to use (in future studies) a
compound, like heparin, necessary to prevent the strong bonds with the other
two primary components of the polymer.
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Bioactive molecules play a critical role in bone gain by alloplastic grafts.
Oxytocin presents a pleiade of metabolic effect that ensures osteoblastic
activity boost and osteoclastic and bone adipocytes inhibition. The use of
porous scaffolds is a potential method for repairing defects.

EXPERIMENTAL SECTION

Chemical and reagents

All reagents were of analytical grade. Analytical grade water was obtain
from MilliQ Simplicity ultrapure water machine (Millipore, USA). Acetonitrile of
HPLC grade and phosphoric acid were from (Optigrade Promochem, Germany).
Oxytocin 1 mg solid (Sigma Aldrich, Germany), KH,PO, (Roanal, Budapest,
Hungary), KOH pellets (Sigma Aldrich, Germany). Pluronic F127 (Sigma-Aldrich,
Germany), ethyl acetate (Sigma-Aldrich, Germany), polydioxanone (Merck,
Germany), Miglyol (Caesar & Loretz, Hilden, Germany) hydroxyapatite and
calcium triphosphate with chitosan (synthesis in ICCRR-UBB)

Pluronic — Polydioxanone mesh obtaining process: the preparation of
the matrices was done by the interfacial deposition method. Two phases are
prepared, the organic and the aqueous phase. The organic phase is composed
of organic solvent (ethyl acetate) saturated with distilled water (2%), polymer
(polydioxanone), oil (Miglyol or mineral oil), hydroxyapatite and calcium
triphosphate with chitosan. The aqueous phase is composed of distilled water
saturated with organic solvent (2% ethyl acetate) and surfactant (Pluronic
F127).

For both phases, the solutions are mixed, in order to obtain clear and
homogeneous solutions, then the other precursors are gradually introduced,
each in turn, after the introduced precursor is dissolved (for example the polymer,
only to then polymerize around the oil droplets). After the two phases are
prepared, the organic phase is introduced into the aqueous phase, this time
instantly, but the aqueous phase is in the presence of 8000 rpm rotation
produced by Digital Dispenser T18-Agitator. Maintain the new solution for 10
minutes at this rotation, then add three or four times more water than the
amount of solution resulting from the organic aqueous phase. This additional
amount of water facilitates the diffusion of the respective surfactant of the
organic solvent from the final solution.

These resulting solutions are then rotoevaporated and lyophilized,
and the result are biocompatible mesh.
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Oxytocin incorporation protocol and release determination

The obtained meshes of polymer are immersed in 3 ml Oxytocin
saline solution and kept for 9 hours at 4°C. The Oxytocin concentration in
saline solution was 2.5 mg mL".

Monitoring the Oxytocin content released from the meshes

For the quantitative determination of Oxytocin released from the
polymeric mesh, a liquid chromatographic RP-HPLC method with isocratic
elution was used.

Instrumentation and chromatographic conditions

The Oxytocin determination were performed using an Agilent
Technologies 1200 High Performance Liquid Chromatograph equipped with
ALS G 1329 A autosampler, degasser G 1322 A, quaternary pump G 1311 A;
thermostat TCC SL G 1316 B and diode array detector (DAD) G 1315 D. Data
analyses were performed by ChemStation Software. The separation was
achieved on a Phenomenex Luna 5u C18 100A, 250x4.6mm chromatographic
column in isocratic conditions. The mobile phase was a mixture of acetonitrile:
phosphate buffer pH 7 (30:70 v/v), at a flow rate 1 ml min-' and 30°C temperature
of column thermostat. The injected volume was 50 pL and chromatograms were
collected at A= 220 nm wavelength. The mobile phase is filtered and degassed
through a 0.45 ym nylon membrane filter (Nordic Chemicals, Romania).

An analytical balance Ohaus (Switzerland) were used for samples
weighing. The phosphate buffer pH was measured with a Hanna 211 pH-Metter
(Hanna Instruments, United Kingdom). IKA Dispersers T 18 digital ULTRA-
TURRAX (IKA. Germany) for stirring the samples.

Oxytocin standard solution preparation

Oxytocin stock solution (1mg mL™") were prepared by dissolving the
Oxytocin in PBS (Phosphate Buffered Saline) with pH 7. The solution was kept
in the refrigerator at 4°C for one month period. The working standard solutions
for the calibrating curve were prepared by the dilution of the concentrated stock
solution in PBS. The calibration curve was obtained in the range of 1. 563 —
100 ug mL™" Oxytocin, each point on the curve being injected in triplicate.

HPLC sample preparation

The polymer pellets (polymeric mesh) with a diameter of 15 mm were
placed in PVC vials with lids in 3 ml of PBS extraction solution with pH 7 and
incubated at a temperature of 37°C for 24 h. The extraction solutions were
collected every 24 hours. The collected solutions were stored in the freezer
(-20°C) until their HPLC analysis, to determine the amount of Oxytocin released.
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Method validation

For the quantitative determination of Oxytocin released from the
polymeric mesh, were determined the following parameters: selectivity,
linearity, LOD (limit of detection), LOQ (limit of quantification) and precision.

Selectivity was established by comparing the chromatogram of the
Oxytocin standard solution with those of an Oxytocin sample extract. Linearity
was established by plotting the analyte peak area against the analyte
concentration. Calibration domain was between 1. 563 — 100 ug mL"’

Parameter LOD was calculated based on Standard Deviation of the
Response and the Slope of calibrating curve: 3.3XS/c

Parameter LOQ was calculated based on the Standard Deviation of
the Response and the Slope: The quantitation limit (QL) may be expressed
as: 10XS/c

The intra-day and inter-day precision were expressed as percentage
of relative standard deviation (% RSD).
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ABSTRACT. Processing calcium and phosphor-rich natural resources, such as
marble and seashells, and bovine and fish bones, envelops an environmentally
friendly and eco-sustainable promising alternative for developing biomimetic
products for various orthopaedic applications. In this regard, convenient,
efficient, facile and completely reproducible technologies were involved in the
fabrication process of biogenic calcium phosphates-based products through
the conversion of the proposed resources. The aim of this research was to
comparatively evaluate the morpho-compositional, structural and mechanical
features of the developed products, subjected in advance to an air sintering
program. The results revealed that the high temperature affects differently the
morphological characteristics of the samples and facilitates the conservation
of several elements, traced from their natural marine or terrestrial habitat.
Moreover, the nature of the initial precursors clearly influenced the final
composition of the samples: biphasic configuration for calcium carbonate
derived products versus single phase for the calcium phosphate ones. The
mechanical features are also a composed result of the resources type and
sintering process, with significant recorded differences. Therefore, this study
unveils the prospect for suitable strategies in terms of adequate natural
precursor, fabrication technology and final properties of the biogenic products
destined for a certain application in the biomedicine field.

Keywords: marble, seashells, bovine bone, fish bone, biogenic hydroxyapatite,
compact products, comparative assessment
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INTRODUCTION

The production of daily waste materials by both private and public
sectors of the population with defined activities in various industrial fields
became an ongoing environmental problem of the current decade. The first
negative outcomes were perceived by the end of the last century and
awakened a great concern in terms of wastes disposal around the globe [1].
The sensibility towards environmental issues associated with the incremented
aging facet of the population, often leading to multiple orthopaedic and dental
incidents or reparatory surgeries, led to a continuous inter-connected
development oriented for providing high class products and an enhanced
healthcare system based on modern and efficient treatments [2-6].

In this light, the challenge arose in the fabrication area of eco-
compatible and naturally-based bioproducts which responds to the task in
hand by encouraging the exploitation of multiple marine and terrestrial raw
resources (otherwise considered as a pollution or a bacterial growth factor)
[7, 8], the energy saving and the substitution of chemical reagents for
providing materials with improved qualities and features [9-11].

The emergence of such materials has been a motivating component
for scientists worldwide and underscore the need for expanding the preparation
and applicability of calcium phosphates (bulk/ceramic particles, 3D compact/
porous products, injectables or coatings), as targeted osseous treatment
solutions used in biomedical applications (orthopaedic, dental or even plastic
surgery) [12-18]. Native bones are composite materials made of ~70%
mineral component and ~30% of organic matter and water [19-22]. Various
types of calcium phosphates (CaPs) — hydroxyapatite (HA), B-tricalcium
phosphate (B-TCP) or biphasic calcium phosphates (BCP) — are clinically
studied and desired due to their close similarity with the mineral bone and teeth
component’s composition, biocompatibility, bioactivity and biodegradability
[19, 20, 23-26]. An advantageous combination of biodegradability and
mechanical features (high strength and toughness) is still out for quest, mainly
because a high degree of biodegradable component rarely leads to strong
mechanical bonds [24, 27-30].

To solve these challenges and to overcome the current flawed
solutions for bone restoration (allografts, xenografts, autografts) [31-34],
researchers looked for creative responses in the natural environment.
Dedicated studies reported considerable knowledge regarding the involvement
of marine and terrestrial resources of both calcium carbonate (invertebrates
calcified structures: seashells, snails, etc., marble or eggshells) and calcium
phosphate (vertebrates’ bones: fish bones and mostly bovine bones) [7, 21, 27,
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35-38]. Although seashells, marble or bovine bones were more intensively
investigated in the last few years, fish bones have recently attracted real
interest. Moreover, the incorporation of various chemical elements from their
native habitat (e.g. Mg, Na, Si, F) [19, 39, 40] stands as a particular advantage
against conventional commercial materials prepared mostly from synthetic
reagents [41].

In terms of processing routes, regardless of the natural precursor and
the synthesis method (wet chemical precipitation, sol-gel, hydrothermal
procedures or thermal processing) [27, 37, 42, 43], the main focus is oriented
towards the optimum variation of the processing parameters for fine-tuned
features (morphological, compositional and mechanical). Given that new
bone tissue was proved to grow into the pores of the implanted products, it
was realized that even compact products comply best in vivo if a porous
morphology is assured. Moreover, the pores could also assure a favourable
surface for cells adhesion [44] and a better mechanical interlocking of the
new grown tissue and positively influence the soluble character oh the
synthesized ceramics (also dependent on the HA/B-TCP ratio) [14, 45].

Consequently, this study aims to expose and correlate the optimum
natural resource and fabrication technology for the development of products
based on biogenic calcium phosphates (mainly HA and/or B-TCP). The
framework involved marine and terrestrial resources from two types of materials:
calcium carbonate (marble and seashells) and calcium phosphate (bovine and
fish bone) as initial source of calcium and/or phosphor. The proposed precursors
are convenient candidates due to the highly promising researched area in terms
of conversion procedures. Also, we advertise for the first time the comparison of
prospect four natural precursors and two synthesis technologies. Moreover, the
comparative investigation of the developed products features contributes to a
significant advance for the adequate selection of bone reconstruction materials.

RESULTS AND DISCUSSION

1. Morpho-compositional evaluation

The morpho-compositional features of sintered products derived from
two calcium carbonate resources (marble and seashell) and two calcium
phosphates precursors (bovine bone and fish bone) are comparatively
presented in Figure 1.
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Figure 1. SEM-EDS results for bioceramic sintered products prepared from
marble, seashell, bovine bone and fish bone precursors. Variation of Ca/P
atomic ratio of the final bioceramic products (calculated as a mean of
n=3 results + standard deviation).

The results depict a clear difference in terms of compactness degree
between the two types of products, which can be traced back to the particles
shapes and sizes of all bioceramic powders derived from the four precursors.
During the calcium carbonates conversion process, the obtained particles
envelop a rounded and spherical aspect [36, 37, 42], while the calcium
phosphates transformation leads to elongated/polyhedric particles with sharp
edges [21, 27]. In this light, for marble and seashell derived products, the
sintering stage led to highly compacted microstructures with few residual
micropores unevenly dispersed on the samples surface and with variable
sizes and grain shapes difficult to discriminate. In contrast, the sintered
bovine bone and fish bone derived products revealed similar morphologies,
with significantly induced densification of the bioceramic materials and
strongly interconnected particles. However, the porosity and the pore sizes
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and their distribution differ: for the bovine bone derived products, two areas
were depicted — a mostly compact and uniform one, surrounded by areas
with accentuated porosity and enlarged pore sizes distribution, while for the
fish bone derived products, the microporous character is visible on the entire
surface, with different distribution of the pore sizes.

The composition of the synthesized bioceramic products included Ca,
P and O as major elements, specific to calcium phosphates materials, as
revealed by the EDS spectra in Figure 1. Based on the natural origin of these
products, variable quantities of other elements could be also traced. In the
case of marble derived products, Mg was identified due to the dolomitic
polymorphic form of the calcium carbonate, and its presence was preserved
after chemical and thermal processing of the resource [36, 37]. Besides Mg,
peaks of Na and Si were also present in the EDS spectra of bovine bone and
fish bone derived products [21, 27, 47]. The compositional key indicator for
naturally-derived products was the Ca/P atomic ratio (inset in Figure 1). The
Ca/P ratio varied between 1.47 for marble derived samples and 1.65 for
bovine bone-derived ones. Values close to the theoretical stoichiometric HA
value of 1.67 [21], were found only for the samples derived from bovine bone
and seashells [28].

2. Structural investigations
2.1. XRD

The XRD patterns of the sintered products are comparatively displayed
in Figure 2. The phase transformation undergone by all samples was
anticipated and consistent with our previously published results, demonstrating
the reproducibility of both developed conversion technologies for both types
of natural resources [21, 27, 28, 35, 36, 46].

The major diffraction maxima corresponding to hexagonal HA (ICDD:
00-009-0432) was identified for all sintered samples, with clear and sharp HA
peaks, indicating that materials contain highly crystalline HA as major phase.
The indirect synthesis route and the thermal treatment applied to the marble
and seashell derived samples, facilitated the coexistence of HA and -TCP
(ICDD: 00-009-0169) in different ratios. This biphasic configuration appears
to be specific to this type of materials [28, 36, 46]. For calcium phosphates
derived samples, HA was consistently found as the single phase, due to the
presence of stabilizing elements (e.g. magnesium) which prevent the
decomposition of bovine and fish bones at 1200°C, and is preserved in the
materials’ structure [21, 27], as evidenced by the EDS results (Figure 1).

However, for bovine and fish bone derived products, traces of CaO
phase (ICDD: 01-082-1690) were clearly spotted in the diffraction patterns.
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These low limit traces were previously identified for samples prepared through
repeated high temperature calcination and sintering processes and could be
the result of the dehydroxylation of the material [27].

Figure 2. XRD patterns of bioceramic products derived from marble (M), seashell (S),
bovine bone (B) and fish bone (F) precursors by chemical
synthesis/calcination and sintering at 1200°C.

2.2. FTIR-ATR

The FTIR-ATR spectra of the sintered products are comparatively
presented in Figure 3. A zoomed caption of the relevant functional groups
in the final region of the spectra is displayed as inset-figure for a clear
visualization.

The IR spectra of all investigated samples included bands specific to
HA, corresponding to the characteristic vibrations of the orthophosphate
functional groups ((PO4)3-) [48, 49]: v4 asymmetric bending (~552, ~557 and
~600 cm™), vi symmetric stretching (~945, ~961 and ~974 cm™) and vs
asymmetric stretching (~1020 and ~1089 cm™). Additional bands were
identified, corresponding to structural hydroxyl units [48, 49]: libration of (OH)-
groups in HA (~633 cm™) — more prominent for bovine and fish bone derived
products, and stretching of (OH)~ groups in HA (~=3572 and ~3640 cm™).
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These results endorse the XRD findings and are in good agreement
with previously reported studies in terms of sintered naturally-derived products,
from either calcium carbonate or calcium phosphate resources. One could
also notice that the high temperature treatments support the removal of
carbonate groups usually present in the raw synthesized materials [21, 37, 50].

Figure 3. Representative IR spectra of bioceramic products derived from marble
(M), seashell (S), bovine bone (B) and fish bone (F) precursors by chemical
synthesis/calcination and sintering at 1200°C.

3. Compressive strength

The mechanical performance of the developed products was evaluated
by stress-strain curve measurements (Figure 4 — left) and compressive
strength assays (Figure 4 —right). For all analysed samples, a fragile mechanical
behaviour without any plastic deformations was depicted, typical for ceramic
materials and accentuated in the case of calcium phosphates-derived ones.

Taking as a reference the corresponding compressive strength values
for human bone, as host tissue in view of implantation (120 + 180 MPa for the
cortical bone type and 4 + 12 MPa for the cancellous one) [51], the obtained
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results resembles suitable outcomes. Moreover, the highest compressive
strength values recorded for products derived from calcium phosphates sources
are directly related to their phase composition — HA as single component
(Figure 2), known for its increased mechanical resistance — and less influenced
by their micro-porous character, as exposed by SEM micrographs (Figure 1).
In contrast, as previously reported, marble and seashells lead to biphasic
compositions even after the synthesis process, which is further converted
through thermal treatment into the biphasic HA/B-TCP [36, 37]. The degree
of B-TCP component is considerable for both types of products and is well
known for both its high biodegradability and poor mechanical features [28].
Regardless of the compactness/porous level of the products, as
exposed in Figure 1, the obtained results are justified due to the modulated
composition of the samples, as function of high temperature processing.

Figure 4. Comparative stress-strain curves (left) and compressive strength (right)
for bioceramic products derived from marble, seashell, bovine bone and fish bone
precursors by chemical synthesis/calcination and sintering at 1200°C.

CONCLUSIONS

This research provided an insightful investigation of four possible
natural precursors — marble, seashells, bovine bone and fish bone — as raw
resources for biogenic calcium phosphates synthesis. Accordingly, the two
already developed technologies, completely parameterized and reproducible
led to the fabrication of two types of ceramic products. The morpho-
compositional, structural and mechanical investigations carried out in this
regard, revealed that samples derived from marble and seashells consist of
a biphasic calcium phosphate with different degree of HA/B-TCP ratio, while
the bovine and fish bones promote the conservation of single HA counterpart,
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without additional structural or compositional events. The sintering program
also promoted the development of compact structures with accentuated porous
character and mechanical resistance for products derived from the last two
precursors.

Future perspectives are envisioned for the developed biogenic products
in terms of optimal vascularization and osseointegration and prospect
industrial fabrication based on further thoroughly examination.

EXPERIMENTAL SECTION

1. Naturally-derived products preparation

Experiments were performed on products prepared from calcium
phosphates powders derived from four marine and terrestrial natural resources,
two based on calcium carbonates (e.g. dolomitic marble and marine seashells)
and the other two based on calcium phosphates (e.g. bovine bone and fish
bone: carp bones (Cyprinus carpio)).

The initial bioceramic powders were synthesized through different
conversion routes for each type of natural precursor. Mable and seashells
followed an already established and reproducible indirect chemical precipitation
route based on thermal dissociation of the calcium carbonate (air thermal
treatment, 1300°C, 6h) and phosphoric acid treatment under stoichiometric
conditions, as previously reported [28, 36, 37, 46]. For calcium phosphates-
based precursors, the procedure involved initially the removal of soft tissue
and organic components through mechanical removal of meat/soft tissue and
boiling (in distilled water). Then, bone pieces were calcined in an electrical
furnace at 500°C to 48 h followed by several heat treatments in air atmosphere
for extended periods of time, as previously reported [21].

The compact products were obtained by isostatic pressing the
synthesized bioceramic powders (grinded in advance with an agate mortar
and pestle) in cylindrical moulds (® 10 mm) at 2.5 MPa, for 3 min, using a
Bernardo WK 50 FH PRO work press. The pressed samples were further
subjected to a conventional air sintering program in electrical furnace, at
1200°C, for 8 h. Samples were slowly cooled in the furnace, and deposited
in sterile Petri dishes.

2. Experimental assessment

The morpho-compositional features of the sintered samples were
studied with a scanning electron microscope (Philips XL 30 ESEM TMP)
coupled with a microanalysis auxiliary system (EDAX Sapphire UTW). EDS
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analyses were performed on three randomly chosen areas of each sample.
The Ca/P atomic ratio was determined from the EDS results and will be
expressed as a mean of the three independent results + standard deviation.

The crystalline structure of the sintered samples was investigated
using a Bruker D8 Advance X-ray diffractometer, with Cu Ka (A = 1.5418 A)
radiation. The XRD analyses were performed in the 206 = 9+70° angular
range, with a step size of 0.02° and 2 s acquisition time/ step.

The bonding architecture and functional groups presence in the
sintered samples was evaluated after sintering by Fourier Transform Infrared
spectroscopy (FTIR) in attenuated total reflectance (ATR) mode using a
PerkinElmer Spectrum BX Il spectrometer equipped with a Pike-MIRacle
ATR head — diamond crystal. The FTIR-ATR spectra were recorded in the
500+4000 cm™ range at a spectral resolution of 4 cm™. A total of 32 scans/
experiment were performed.

Compressive testing was performed using a Walter + Bai LFV 300
universal testing machine, on smooth cylindrical samples (n = 5/sample
precursor type), with a final diameter of 9.0+0.3 mm and a final height of
9.0£1.4 mm. The machine cross head speed was set to 1 mm/min with data
acquisition time at 0.05 s.
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DIELECTRIC BEHAVIOR OF SLUDGE FROM
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ABSTRACT. In the present study, dielectric spectroscopy was used to assess
the influence of ELF (1-200 Hz) electromagnetic fields over protein relaxation
from activated sludge (approx. 99% water content), sampled from the
biological tank of a domestic wastewater treatment plant. Dielectric loss (tgd)
was determined for both activated sludge samples and autoclaved samples.
Experimental data analysis shows that biological samples (activated sludge)
have different dielectric behavior than the sterile samples (sterilized sludge).
Unlike sterile samples in which the function tgd vs. frequency is continuous,
in the activated sludge samples, this function presents two discontinuities
specific to electrical resonances around the frequencies of 26.5 Hz and 50.1
Hz. This behavior indicates that under the influence of the measuring signal of
26.5 Hz and 50.1 Hz, biochemical processes are stimulated in activated
sludge. Also, the significant changes in the number of charge carriers suggest
that, at these frequencies, changes occur in the mechanism and kinetics of
biochemical processes.

Keywords: wastewater, activated sludge, dielectric spectroscopy, dielectric
loss, electromagnetic fields, ELF

INTRODUCTION

From the perspective of sustainable development, streamlining the
wastewater treatment process is a priority issue [1-3], theoretically complex,
and with particular technical and economic implications.
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The theoretical complexity of the problem is mainly due to the unique diversity
of organic [4-5] and inorganic [7-9] (sometimes radioactive [10]) pollutants
contained in industrial and domestic wastewater.

Commonly, most wastewater treatment plants are provided with a
biological treatment stage, where pollutant removal is carried out through
biologically active sludge with high biodiversity [11-16].

Due to their specificity, the biochemical processes are relatively slow,
representing the rate-determining step of the treatment processes. For this
reason, the share of energy costs related to the microbiological stage is usually
over 60% of the total treatment costs [11]. Given these considerations, research
and developments upon streamlining the biological stages of water treatment
are currently of great importance.

Attempts to accelerate the microbiological purification step by using
bioactivators are reported [17]. Lingvay et al. [9], shows the ability of some
plant extracts to activate the metabolism of microorganisms (bacteria and
molds) even in environments with xenobiotic pollutants, usually present in
domestic wastewater.

On the other hand, several studies show that extremely low-frequency
electromagnetic fields (ELF-EMF) influence the mechanism and kinetics of
natural electrochemical processes [18], effects of accelerating corrosion
processes, and microbiological degradation of various materials used in
construction and installations - both metallic and oxide [19-22] as well as
polymeric ones [23-26], have been reported. Also, ELF influences on the living
matter have been reported, such as stimulation of some biotechnological
processes [27, 28], changes in circadian rhythm [29-31], etc.

It has been found experimentally, that intense electromagnetic fields,
higher than 15 Vrms, lead to degradation by permeabilization of the cell
membrane followed by leakage of the intracellular compounds [32, 33]. Also,
in the study of the vacuolar H*-ATPase (V-ATPase) rotary enzyme biocatalytic
activity behavior in ELF, maximum changes were found around the frequency
of 86 Hz, explainable by synchronisms in the ion-pumping steps in individual
enzymes via a hold-and-release mechanism [34]. Recent studies have shown
significant changes in the biocatalytic activity, selectivity, and growth of yeast
cultures [35-38]. Through dielectric spectroscopy technique and specific
biochemical techniques on Aspergillus Niger behavior, it was found that mold
responds selectively only at certain discrete frequencies in the ELF field [39]-
depending on the applied ELF frequency, the metabolites change [42], and upon
exposure in the range of 10-15 Vrms of 50 Hz, the development (maturation)
and multiplication rate (spore production) increase substantially [33].

Thus, in the current research, we aimed to assess activated sludge
behavior in ELF (1-200 Hz) through the dielectric spectroscopy technique.
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RESULTS AND DISCUSSION

According to [43], the results obtained, regarding the content of
sedimentable suspended solids (activated sludge) in the investigated water
sample are summarized in Table 1.

Table 1. Active sludge content of the investigated water sample

Content of suspended solids [43]
Method Volumetric [cm3/dm?] Gravimetric [g/dm?]
Sample 1 2 3 4 5 1 2 3 4 5
235 |250| 240 | 260 | 255 | 4.8562 | 5.6008 | 5.5058 |6.4012|6.0502
Average 248 5.6828
value

Results from Table 1 show that the average content of sedimentable
suspended solids of the investigated water sample is 248 cm3/dm?3, respectively
5.6828 g/dm? after drying at 105 °C (approx. 99.4% water content).

The results obtained through the dielectric spectroscopy technique
performed on the wet sediment of activated sludge, respectively, the
evolution of dielectric loss (tgd) depending on the applied frequency (in the
range 1-200 Hz) are presented in Figure 1. Figure 1 shows that the evolution
of dielectric loss depending on the applied frequency presents discontinuities
at 26.5 Hz and 50.1 Hz.

The dielectric loss tgd is the ratio between the real component €’ and
the imaginary one ¢” of the dielectric permittivity (1):

tg5=i (1)
E

The imaginary component of the dielectric permittivity is determined
by the electrical conductivity of the medium o at a given frequency f,
respectively (2):
o
2nf @)
Under these conditions, the discontinuities in Figure 1 indicates that
under the influence of the electric field generated by the measuring signal,
dynamic processes (1) occur near frequencies of 26.5 Hz and 50.1 Hz- such
as protein condensation/hydrolysis- which suddenly changes the number of
charge carriers (and implicitly of o) in the investigated sample (biomass-
activated sludge). Similar results have been reported on Aspergillus Niger
cultures [39].

8"
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Figure 1. The evolution of dielectric loss tgd in the
frequency range of 1- 200 Hz of activated sludge

It is noted that a amino acids with aliphatic groups R1 and R2- from
(1)- depending on the size of these groups, have relaxation times and,
consequently, different resonance frequencies. Under these conditions,
following the application of an ELF field, depending on the frequency of the
applied field, certain a amino acids resonate (depending on the volume and
shape of the molecule, the dipole moment, the viscosity of the intracellular
medium, etc.- there is practically a selective "agitation” at a given frequency of
the polar molecule). Additionally, the observed dynamic processes near these
frequencies may be due to the changes in charge distribution upon the
interaction between the EMF fields with the cells' molecular system. Proteins
present a specific amino acid sequence, formed by linking the a-carboxyl
group of one amino acid to the a-amino group of another amino acid with a
peptide bond (Scheme 1).

f Re HR
HsN-C-C-N-C-Cc0o0 (1)
HE H

Scheme 1. Condensation of a amino acids
Because of the different charge distribution of the constituting polar and

charged molecules, proteins are polarizable materials with specific electrostatic
properties, contributing to the proteins electric and dielectric properties.
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When an electrical field is applied, the randomly orientated polar molecules,
including positive and negative charged molecules within the protein, rotate,
move, align and polarize, triggering structural changes in proteins [40]. This
displacement of charge distribution that drives such conformational changes
plays an important role in membrane transport proteins and could explain the
DNA's stimulation that initiates protein synthesis. Following the study of the
electric and magnetic field influence on the Na*/K* ATPase enzyme activity,
results suggest that upon application of an electrical field, changes occur in
the distribution of electrical charges, similar to the ion-binding activation
mechanism. Studies also reveal that electric and magnetic fields act at different
sites on the ATPase, changing the surface charge density and affecting ion
transport across the membrane [41]. Thus, if certain frequencies stimulate the
charge transfer process, previously reported results could be explained
[23-26, 33, 35-38].

For a better highlighting of the electrical oscillations produced by the
measurement signal applied to the investigated biomass (Figure 2), the
evolution of derivative Atgd/Af depending on frequency is presented.

0.004
0.003
0.002

0.001
0 e

-0.001
-0.002

Atgh / Af

e

E

0 40 80 120 160 200

Frequency [Hz]

Figure 2. The evolution of Atgd/Af as a function of the active sludge frequency

Figure 2 suggests that around frequencies of 26.5 Hz and 50.1 Hz
electrical resonance phenomena occur, explainable by sudden changes in
the concentration of charge carriers in the investigated samples.

In Figure 3, the evolution of dielectric loss (tgd) depending on the
applied frequency in the range 1-200 Hz, obtained on the sterilized sludge
sample by autoclaving at 105 °C for 30 minutes, is presented.

Figure 3 shows that the evolution of the dielectric losses depending
on the applied frequency on the sterilized sludge is a continuous function
without discontinuities/electrical resonances, as presented in Figure 1 and 2.
This observation suggests that in the sterilized material (denatured proteins),
under the influence of the measuring signal, there are no processes by which
the number of carriers suddenly changes.
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By comparing Figure 1 with Figure 3, it was found that the tgd values
of the sterilized material are systematically higher (up to 70 times) than of the
activated sludge. This finding can be explained by the fact that after heat-
based sterilization, cytoplasmic proteins are denatured, disturbing the natural
balance (1) (hydrolysis no longer occurs), and the cell membranes disintegrate,
discontinuing the activity of the ion pumps, which leads to the release of ionic
species (charge carriers) from the cytoplasm and thus to the corresponding
increase in conductivity o.

These comparative results (activated sludge/sterilized sludge) suggest
that dielectric relaxation is a specific feature of living matter, where the dynamic
processes of hydrolysis/condensation of proteins, are not degenerated.

0.30
0.25 .

0:20 [/ \\

0.15 J

Dielectric loss tgd

0.10 ’

0.05 T T T T
0 40 80 120 160 200

Frequency [Hz]

Figure 3. Dielectric losses on sterilized sludge suspension

Therefore, according to [33] and [39], it is considered that by applying
an electric field of up to 15 Vrms/cm around the frequency of 26.5 Hz or 50.1 Hz,
significant changes may occur in the activity/metabolism of the microorganisms
from the activated sludge. These findings suggest that by applying an electric
field in the ELF range, biological water purification processes can be controlled,
both quantitatively (accelerating the process) and qualitatively (the share of
metabolites formed - biogas [13], biohydrogen [12], etc.).

CONCLUSIONS
Through dielectric spectroscopy technique in the range 1-200 Hz,

dielectric loss tgd were determined for both activated sludge sediment sampled
from a wastewater treatment plant and autoclaved sludge sediment.
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After comparing the experimental results, it was found that living
matter samples (activated sludge) have different dielectric behavior than the
sterile samples (sterilized sludge), respectively:

- in sterile samples, the function tgd vs. frequency is continuous,
without discontinuities;

- in activated sludge samples, the function tgd vs. frequency has two
specific discontinuities specific to electrical resonances around the frequencies
of 26.5 Hz and 50.1 Hz, respectively.

This behavior indicates that under the influence of the measurement
signal of 26.5 Hz and 50.1 Hz, respectively, in activated sludge, biochemical
processes are stimulated that take place through significant changes in the
number of charge carriers- which suggests that at these frequencies, there
are changes in the mechanism and kinetics of biochemical processes from
the activated sludge.

EXPERIMENTAL SECTION

The investigated activated sludge was sampled from the biological
treatment tank of the wastewater treatment plant located in Bistrita-RO
municipality.

The suspended solids content was determined according to [43]- both
by the volumetric (sedimentation for 2 hours) and gravimetric method (drying
at 10543 °C).

Dielectric spectroscopy measurements were performed with specialized
equipment AMTEK- 296 Dielectric interface (Solartron Analytical)- both on
activated sludge sediment and autoclaved sediment for 30 minutes at 10513 °C.
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IN STRAMTORI-FIRIZA RESERVOIR, SITUATED IN
N-W OF ROMANIA
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ABSTRACT. In this study referring to the surface sediments quality of
Stramtori-Firiza reservoir, a series of heavy metals like arsenic, cadmium,
copper, lead and zinc were investigated from 2017 to 2019. The samples
analysis and interpretation of the results for 18 samples taken from surface
sediments indicated that the correlation coefficients calculated for the
metallic elements showed a significant correlation between them. Thus,
highlighting their same origin in the composition of the studied surface
sediments, only the value of the coefficient between As and Pb implies a
statistically significant correlation. Pollution indices, calculated for each
sampling site, indicated anthropogenic unpolluted surface sediments. The
potential ecological risk (RI), calculated for assessing the toxicity risk related
to surface benthic biomass, showed that the potential ecological risk for
biological life in surface sediments was low.

Keywords: surface sediment, heavy metals, risk, pollution indices

INTRODUCTION

The development of the non-ferrous ore exploitation and processing
industry between 1950s and 1960s in Baia Mare area, coupled with the
migration of the labor force from the villages to the city, led to the review of
water needs and the design of engineering schemes for hydro-technical
planning [1]. At the Somes-Tisa basin, this planning management water

a North University Centre of Baia Mare, Technical University of Cluj-Napoca, Engineering of
Mineral Resources, Materials and Environment Department, 62A Victor Babes str., 430083,
Baia Mare, Romania

b Maramures Water Management System, Somes-Tisa Basinal Water Administration, no. 2,
Hortensiei Street, 430294, Baia Mare, Romania

¢ Technical University of Cluj-Napoca, Faculty of Materials and Environmental Engineering,
28, Memorandumului Street, 400114 Cluj-Napoca, Romania

* Corresponding author: irina.smical@cunbm.utcluj.ro



IRINA SMICAL, ADRIANA MUNTEAN, DAN CIURTE, VALER MICLE

needs includes, after the main use - the drinking water supply of the localities,
other uses as: raw water for industry, hydropower potential, flood protection,
irrigation, fishing and even recreational activities.

In this context, during the period 1960-1964, the works for the
construction of the Strdmtori reservoir on the Firiza River and the Berdu
compensatory lake were executed, which had as main use the supply of raw
water for industry, as well as drinking water for the downstream population. The
energy potential of the dam is also used, with an installed power of 4.2 MW [1].

The Stramtori accumulation is located on the Firiza River, about 10 km
upstream of Baia Mare. The accumulation dam is built in concrete counterweight,
with a useful volume (at commissioning in 1964) of 14.5 million m3, the annual
average clogging being less than 20 000 m3, holding a reception pool with
an area of 130 km? [1-2].

After 1997, when the mining activity was ceased, the Stramtori-Firiza
reservoir has served mainly for supplying of raw water for drinking in Baia
Mare area.

Elaborated as a result of recent studies on the status of the caging of
the reservoir [2], the present study highlights the current state of pollution
with characteristic metals of the area: arsenic, cadmium, copper, lead and
zinc, by analyzing the water, the surface sediment layer and calculating the
pollution indices.

To assess the environmental risks associated with the heavy metals
(Cr, Mn, Cu, Zn, Cd, Hg and Pb) migration in sediments in various water
reservoirs or accumulations, a lot of research has been made all over the world
[3-7].

The influence of human activities like agriculture, waterborne transport,
industry and especially mining industry was highlighted by Bing et al., (2016)
[5] in their research regarding the heavy metal contamination of sediments
of Three Gorges Reservoir (TGR) from China. More recently studies on heavy
metal contamination of surface water of the Three Gorges Reservoir (TGR)
showed that heavy metals did not exceed the first grade water quality
threshold values, excepting Zn. The main risk for human health was due to
the presence of Cr and As [8].

The research of Pratap et al., (2020) [9] to assess the influence of
wastewater discharging from Kinoya Wastewater Treatment Plant into Laucala
Bay sediments, showed an important increase of the concentration of studied
metals in the place around the discharging effluent sites. This indicated the
negative anthropic influence on the sediments quality. The results of research
made by Zhou et al., (2017) [10] for a drinking water reservoir in China showed
an increasing of the organic carbon (OC), total nitrogen (TN), and total
phosphorus (TP) in sediments. As well, the concentration of Fe and Mn posed
high to very high risk [10].
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The aim of this study was to assess the surface sediments quality of
Stramtori-Firiza reservoir related to a series of heavy metals like arsenic,
cadmium, copper, lead and zinc. For this, the following indices were calculated:
(1) Single pollution index, (2) Geo-accumulation index, (3) Contamination factor,
(4) Pollution Load Index and (5) Multi-element contamination.

RESULTS AND DISCUSSION

Trace elements in water

In the monitoring period (2017-2019) the obtained results for the
investigated elements (As, Cd, Cu, Pb and Zn) were compared with the
maximum allowed concentrations, expressed as quality standards (QS) by
the Romanian legislation [11] and the lake water was within the first class of
quality, as shown in Table 1.

Table 1. Basic statistics of metal concentrations in water samples

Metal As Cd Cu Pb Zn

*QS, pg Lt 10.000 0.500 | 20.000 | 5.000 | 100.000

Basic statistics of metal concentrations in 18 water samples collected from
6 locations, in 3 sampling campaigns during 2017-2019 period

Minimum, pg L* 0.360 0.120 0.750 1.040 7.902
Maximum, pg L* 1.080 0.260 | 20.004 | 1.460 | 58.101
Average, ug L 0.724 0.179 | 10.422 | 1.205 | 26.713
Standard deviation, ug |1 0.202 0.041 9.631 0.124 11.504
Detection limit, ug L-1 0.300 0.075 0.500 1.000 5.000

* Quality Standards (QS) for the elements of the first class, according to the
Romanian legislation [11]

Trace elements in surface sediment

Because there were no data for the natural background of sediments
in this area, the obtained concentration values were compared with the
quality standard (QS) values, provided by Romanian legislation as maximum
allowed values [11].

As outlined in Table 2, no obtained value exceeded the maximum
allowed values provided by Romanian normative [11]. Zn concentrations
were approaching its corresponding QS (concentration determined as 89.33%
of QS), in sampling campaign of 2019, in the sampling point 3.
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Table 2. Basic statistics of metal concentrations in 18 sediment samples collected
from 6 locations, in 3 sampling campaigns, from 2017 to 2019

Metal m*QkS’_l Minimum, Maximum, Average, dseteirﬁ%r:
RN mg kg’ mg kg'* mg kg'* 1
(**d.w.) mg kg
0.980 3.670
) in ,in in ,In ) )
As 29.000 in 2018. in P1 in 2019. in P3 2.001 0.761
0.590 1.650
Cd | 0800 | iyo018,inP1) | (in2018,inp3) | 9990 | 0261
5.221 34.103
Cu | 40000 1 iy 2017,inP1) | (in2018,inp3) | 16402 | 7903
10.404 35.201
Pb | 85000 | 12018 inP6) | (in2019,inp3) | 9172 | 6264
51.504 134.003
Zn 150.000 (in 2018, in P1) | (in 2019, in P3) 76.195 23.174
* Quality Standards (QS) for the elements, according to the Romanian legislation
for sediments, fraction <63 um [11]
** dry weight

Although the correlation coefficients calculated for the studied metals
showed a good correlation between them, thus highlighting their same origin
in the composition of the studied surface sediments, only the value of the
correlation coefficient between As and Pb implied a statistically significant
correlation (Table 3).

Table 3. Correlation coefficients between heavy metals analyzed form surface

sediment
As Cd Cu Pb Zn
As 1.000
Cd 0.822 1.000
Cu 0.870 0.840 1.000
Pb 0.891* 0.712 0.869 1.000
Zn 0.773 0.861 0.734 0.679 1.000
* significant correlation (the critical value for p=5% is 0.880)

The Single Pollution Index was calculated with the mean of all obtained
values in the sampling campaigns and was presented in Table 2. According
to values of the Single Pollution Index in Figure 1, the level of contamination

98



RESEARCH ON THE HEAVY METALS IN SURFACE SEDIMENTS,
IN STRAMTORI-FIRIZA RESERVOIR, SITUATED IN N-W OF ROMANIA

for each site and metal was established (Figure 1). The results for the sampling
sites do not show any contamination with As, Cu, Pb and Zn. There was one
exception for Cd, for which the calculated pollution index showed a low
pollution in P1, P2, P3, P4, P5 and P6 sampling sites.

Figure 1. Single pollution Index for each metal from sediments in the 6 sampling sites

The maximum value of the pollution index (1.488) was calculated in
P3 sampling site, closest to the potential anthropic impact. Also, the
calculated PLI indicated a low pollution of the surface sediments with Cd in
all sites, through accumulation in the surface sediment layer, most likely, due
to various anthropic activities (upstream urban agglomerations or relaxing
activities allowed near the lake perimeter).

The obtained values for the geo-accumulation index — Table 4 reflect
the non-pollution of the area, from the point of view of the studied elements.

Table 4. Basic statistic of the lga

lga Minimum Maximum Mean
As -3.957 -2.858 -3.593
Cd -0.936 -0.401 -0.645
Cu -3.618 -1.489 -2.370
Pb -1.464 -0.543 -1.149
Zn -1.887 -1.325 -1.663
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The contamination factor, calculated with equation 3, shows the
moderate contamination with cadmium, mostly in the P3 sampling point,
where the single pollution index also indicated a slight pollution (Figure 2).

Figure 2. Dynamics of the contamination factor for each metal

The sum of the contamination factors calculated for each sampling
site, allowed to highlight the degree of contamination corresponding to the
entire studied area, for each investigated metal: As=0.793; Cd=5.94;
Cu=1.97; Pb=1.64; Zn=2.91. In accordance with the values, it can be
concluded that the surface sediments in this area are not contaminated with
As, Cd, Cu, Pb or Zn, and the global degree of contamination was low.

To evaluate the total degree of contamination due to the accumulation
of heavy metals in surface sediments the pollution load Index (PLI) = 0.328
was calculated. The obtained value indicated non-pollution of the study area.

The source of heavy metals was identified after calculating the multi-
element contamination index (MEC), in accordance to equation 5. The value
of the MEC=0.428, certifies that there was not anthropogenic impact on the
analyzed surface sediments of the reservoir Stramtori-Firiza.

The potential ecological risk (RI) was also calculated for assessing
the toxicity risk related at surface benthonic biomass, in accordance with
equations 6 and 7 (R1=43.7). The result showed that the potential ecological
risk for biological life in surface sediments was low.

100



RESEARCH ON THE HEAVY METALS IN SURFACE SEDIMENTS,
IN STRAMTORI-FIRIZA RESERVOIR, SITUATED IN N-W OF ROMANIA

CONCLUSIONS

In accordance with the results obtained during the entire monitoring
period it could be said that the correlation factors calculated for the studied
metals, indicated a direct connection and distinctly significant correlations
factor between As and Ph. This is due to the same provenience of the metals
from non-ferrous ores. Correlation factors between Pb and Cd, Zn and As,
Zn and Cu, or Zn and Pb were calculated, without statistically importance.
As a consequence, the pollution indices calculated for each sampling site
indicated unpolluted anthropic surface sediment.

There was highlighted an absent level of pollution with As, Cu, Pb
and Zn; except for Cd, for which the calculated pollution index showed a low
pollution in P1, P2, P3, P4, P5 and P6 sampling sites.

A low pollution of the surface sediments with Cd was determined in
all sites, through accumulation in the surface sediment layer, most likely, due
to anthropic activities.

The source of heavy metals, identified after calculating the multi-
element contamination index (MEC), indicated that there was not anthropogenic
impact on the analyzed surface sediments of the reservoir Stramtori-Firiza.

The potential ecological risk (RI) calculated for assessing the toxicity
risk related at surface benthonic biomass showed that the potential
ecological risk for biological life in surface sediments was low.

EXPERIMENTAL SECTION
In the studied period 2017-2019, the sampling campaigns started at
15th of June, depending on climatic conditions. Also, the sampling sections

of water and surface sediment were the same in each investigated year.
Studied area is shown in Figure 3.

Figure 3. Sampling points on the StrAmtori-Firiza reservoir
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Sampling and conservation the samples

In the studied period of time (2017-2019), the sampling campaigns were
held in June, after 15th, depending on climatic conditions. Both the sampling
sections of water and surface sediment were the same in each investigated year.

Water sampling was carried out from the foothills of the lake, in 6 sites,
using a 1.5 m long telescopic rod, with a 1 L plastic container. From each
sampling point, three samples were collected, then they were homogenized in
a bucket, from which a 1 L sample was collected in a glass container. The
water samples thus obtained were preserved with HNO3 (65%, p.a., Merck,
Darmstadt, Germany) [12]) and transported to the laboratory.

For surface sediment sampling, a Draga-Ponar sampler was used;
from each of the 6 sampling points. Three independent replicates were
collected, which constituted, after homogenization, the sample from that
sampling point. For the present study, the sieving of the collected sediment
samples was performed in order to collect the sediment fraction <63 pm, in
wet environment, immediately after sampling [13,14]. The sediment fractions
(<63 um), each of at least 50 g, were collected in glass containers, transported
in the laboratory and air-dried (far from the direct sun rays). After the
complete drying (about 2 days) to the constant mass the part of it, 0.2 g of
sediment, applying the quartering method, was subjected to the mineralization,
in order to determine the concentrations of metals [15].

The concentrations of heavy metals in water samples were interpreted
in accordance with Romanian legislation in force [11], for the first class of quality.

In order to assess the heavy metals pollution of surface sediment,
different indices were used [16-20].

Single Pollution Index (PI) — used in order to provide a measure of
the contamination degree of the sampling site with individual studied
element. Pollution Index was calculated using the equation 1 [20]:

C.

Pl =— Q)
where: PI, - pollution index for metal i; C; — mean concentration of metal in
surface sediment; S, —references values, provided by national legislation, as
ca maximum allowed values [11].

Geo-accumulation index (Iga) — used to complete the previous data
and information to establish the pollution degree [21] and then other
researchers calculated the geo-accumulation index [16-17] [21-23] using
equation 2:
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C
| =1 n 2
o ng(KfonJ @)

where: Iga— geo-accumulation index; C,— the n element concentration in

0.63 um sediment fraction; K — correction factor for element required by the
geochemical background and lithological conditions variation, K=1.5; C, —
natural geochemical background of the n element in sediment (As=15;
Cd=1.0; Cu=50; Pb=70; Zn=175, all expressed in mg kg dry weight) [20].

The obtained results for the two indices were compared with the
values shown in Table 5.

Table 5. Assessment of the potential ecological risk with pollution indices

Single Pollution index (PI) * Geo-accumulation index (lga)*
highlights the contamination level highlights the pollution degree
PI<1 absent <0 unpolluted
1< Pl< 2 low 0-1 | unpolluted to moderately
2<PI<3 moderate 1-2 moderately
3<PI<5 strong 2 -3 | moderately to highly
Pl >5 very strong 3-4 | highly
4 -5 | highly to extremely high
>5 extremely high

*after Kowalska et al., 2018 [16]

Contamination factor (Cy) — illustrates the difference between sample
and reference values of each heavy metal. It is calculated with equation 3 [20]:

Cn
SxC 3)

p-1

C =

where:
C,,— mean of content of the heavy metal, of the individual sampling point, in
mg kg4
C,_i— pre-industrial reference value for the heavy metals [20].

The sum of the contamination factors for the each metal, illustrated
de degree of contamination. The contamination factor and the degree

contamination were interpreted according to the values provided in Table 6
[16].
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Table 6. Contamination Factor (Cr) and Degree of Contamination (Caeg)
interpretation (Kowalska et al., 2018 [16])

Ct value Contamination Cdeg value | Degree of contamination
<1 low <8 low
1-3 moderate 8-16 moderate
3-6 considerable 16 - 32 considerable
> 6 very high > 32 very high

The degree of total pollution was evaluated with the Pollution Load
Index (PLI) — calculated with equation 4, indicated the total degree of
contamination and demonstrates deterioration of the conditions due to the
accumulation of heavy metals in surface sediments [16-17]:

PLI = (Pl x..xPI, )" (4)

where:
Pl, , — pollution index for each metal i; n- number of metals taken into

consideration (for this study n=5).

In Table 7 the interpretation of the contamination categories of the
pollution load index is presented.

Table 7. Contamination categories of Pollution Load Index (PLI) [16-17]:

Value of PLI Pollution status
<1 denote perfection
1 between the acceptable limits of pollution
>1 deterioration of soil quality

The source (natural or anthropogenic) of heavy metals was identified
after calculating the multi-element contamination (MEC) index [16] [20].
This is a measure of contamination assessment on the surface sediment with
the tolerable levels given. It was calculated with equation 5:

C, C,
Tl Ti
MEC =
where:

C, ;- content of the heavy metal,

(5)

T, — tolerable levels
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Higher values than 1 of the MEC index certify the presence of the
anthropogenic impact in the analyzed surface sediments.

According to Hakanson, (2011) [20], the Potential Ecological Risk
(RI) was calculated for assessing the degree of the ecological risk related to
the presence of the heavy metals in analyzed surface sediment. The
calculation of this index was in accordance with equation 6 and 7 [20].

RI =X, E} (6)

where: Rl — pollution index; Eif — pollution coefficient of a single metal.

The pollution coefficient of a single metal was calculated with the
equation:

E! =T/ xPl. (7)

where:
E} — pollution coefficient of a single metal;

Tfi — factor of the biological (surface benthic) toxicity for each metal: As=10,
Cd=30, Cu=Pb=5 and Zn=2, all in mg kg dry weight [24]
PIl. — pollution index for each metal, calculated with equation 1.

Applying these calculations was possible to highlight the level of
pollution based on data presented by Kowalska, 2018 [16]: <90 — low
pollution ecological risk, 90-180 — moderate pollution ecological risk, 180-
360 strong pollution ecological risk, 360-720 very strong pollution ecological
risk, =2 720 highly-strong pollution ecological risk.

Chemical analysis

Metal concentrations in water and sediment samples were analyzed
using graphite furnace atomic absorption spectrometry (GF-AAS) and
comprised of two stages: sample digestion, and quantitative analysis of
metals in digested samples using a Perkin-Elmer AAS, type AAnalyst 700,
metrological verified and provided with a calibration certificate.

Each result was obtained as an average of three individual sample
readings and validated using relative standard deviation, using the software
WinChemLab. The calibration curves used were validated based on the
determination coefficient (R?), only values of 20,990 being accepted. For
each processed samples batch, in lab, was run a blank sample consisting in
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ultrapure water, sample for intern control: Shewhart diagrams, replicated and
CRM (for water sample: TM-24.4 - A low level fortified sample for trace
elements”, Environment and Climate Change Canada; for sediments: BCR-
320R ,Channel sediment (trace element)”, LGC-Standards). The measured
mean and standard deviation of elemental values for CRM were compared
with the certified values. In both cases it was confirmed that the sample
preparation and instrumentation conditions provided good levels of accuracy,
precision and degree of recovery (90-110%).

Samples digestion was performed in Teflon vessels of a microwave
digestion system, Millestone Ethos D, according to producer operating
instructions, namely DG-EN-30 and DG-EN-08 for sediment and water,
respectively. Thus, 0.2 g dried sediment sample were digested with acids (4
ml of 96% H,SO, in the first step, then in second step, 6 ml of 65% HNOs3,
analytical purity, provided by Merck, Darmstadt, Germany), at 220 °C, 20
minutes, at 800 W microwave power [25].

The residue obtained after mineralization was brought into 50 ml
volumetric flasks with 0.02 M HNOj solution, which, after filtration, subjected
to metal determination using GF-AAS technique.
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AN ALTERNATIVE USAGE OF URTICA DIOICA AS
ADSORBENT FOR MALACHITE GREEN:
OPTIMIZATION STUDY
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ABSTRACT. The adsorption of malachite green (MG) by the use of an eco-
friendly adsorbent Urtica dioica (U. dioica) has been reported in the present
study. The effects of different parameters were tested on MG adsorption and
optimization of the effective parameters (pH, temperature and initial dye
concentration) were performed by response surface methodology (RSM).
Maximal adsorption yield of 91.67% was achieved at pH 6.5 and 50 °C with
200 mgL"initial dye concentration. The isotherm and kinetic studies were
employed to describe the adsorption process. The experimental data fitted
better on the Freundlich model and the adsorption process followed by the
pseudo-second order model.

Keywords: Urtica dioica, Malachite Green, Adsorption, Response Surface
Methodology

INTRODUCTION

The environmental pollution is a global problem as a result of rapid
industrialization. Waste water discharged into natural water sources is mostly
contaminated with synthetic dyes, which are the main water pollutants with an
annual production of more than 700,000 tons and more than 10000 varieties.
[1]. One of the most hazardous coloring agents is malachite green (MG). It is
an organic cationic dye widely used in different industries such as textile,
rubber, paper, plastic, leather, cosmetic, food and printing [2,3]. MG is also used
as an antimicrobial agent in aquaculture and for staining bacterial endospores
and tissue samples. MG is known as a mutagenic and carcinogenic multi-
organ toxin causing serious damages in liver, spleen, heart, and lungs. In
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addition, like other synthetic dyes, the widespread use of MG causes
significant environmental problems by preventing sunlight from penetrating
into the water, thereby reducing the effectiveness of photosynthesis. [4,5].
Since MG is defined as a Class Il Health Hazard in the United States, its use in
aquaculture is prohibited by the Food and Drug Administration. Serious health
problems have been reported in many countries as a result of eating aquatic
fish contaminated with MG [6,7]. However, millions of kilograms of MG are
still produced annually and are used as dyes due to their low prices, easy
availability, effectiveness and lack of a suitable alternative [8].

MG has a complex, stable and non-biodegradable structure, therefore,
it should be removed using an effective treatment method before being released
into the media [9]. Recently, the adsorption with various adsorbents has gained
importance and great demand due to its efficiency and simplicity [10,11]. The use
of biomaterials for adsorption has many advantages in terms of low cost,
efficiency, availability and being environmentally friendly [12,13]. Although
many studies have been carried out on the adsorption potential of different
biomaterials such as oil palm [14], de-oiled soya [15], rice straw [16], corn
stalks [13], etc. [17,18], there is still a great interest and demand to evaluate
adsorption potential of novel and alternative materials.

U. dioica, belonging to Urticaceaea family, is a perennial plant with
the ability to grow 2 to 4 meters high [19,20]. It has upstanding green stem,
opposite and finely toothed leaves with dark green above and paler beneath and
dioecious flowers in reddish-brown to greenish-white color [21]. Although it
origins from colder region of Northern Europe and Asia, it spreads all over the
world especially temperate zones of the world. U. dioica, generally an under
storey plant, is called as nettle or stinging nettle because of its stinging hairs on
the leaves [22]. It is known as a medical plant because of its antimicrobial,
antioxidant, antiulcer, analgesic, antidiabetic, and anticancer properties [23].
Likewise, U. dioica has a significant adsorption potential, as it has soft, resistant
and low specific weight fibers which possess non-lignified cell walls [24]. In
several studies, it has been reported as adsorbent for the heavy metals such as
Cu, Pb, and Cd [25].

Various factors such as temperature, initial dye concentrations, amount of
adsorbent, pH, contact time and particle size of adsorbent determine the
efficiency of dye adsorption process. In order to achieve an effective MG
adsorption, it is essential to analyze their effects and optimize them. Evaluating
these variables individually and finding their optimum values takes a lot of time
and ignores the interaction between the parameters. Instead of traditional
optimization techniques, statistical techniques [26] have been widely used to
improve a wide range of bioprocesses in recent publications [27,28].
Statistical approaches, such as response surface methodology (RSM), provide
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comprehensive information about the processes and reduce time and expense
by ensuring fewer experiments. RSM is a highly accepted mathematical and
statistical technique that is used in determining optimum conditions and
clarifying the interactions of the parameters, especially in processes where
several parameters affect the response. In order to determine the optimal
conditions for maximal yield, RSM creates empirical models and designs
experiments. Response surface designs have two basic types, central
composite design (CCD) and Box—Behnken design (BBD). BBD has less
design points and requires fewer experiments than CCD and therefore, it is
less expensive to run with the same number of factors.

Therefore, the present study aimed to determine the adsorption potential
of U. dioica grown in Giresun and to optimize the operation conditions of MG
adsorption. BBD of RSM was applied for analyzing the effects of temperature,
pH and initial dye concentration on MG adsorption. The use of U. dioica for the
adsorption of MG and optimization of the operation conditions has been
reported for the first time in this study.

RESULTS AND DISCUSSION

The adsorption parameters of the MG removal

Several factors are known to affect the adsorption process. Among
them, significant variables (pH, initial dye concentration, adsorbent amount,
contact time) have been tested in this study.

Effect of pH

The pH of the media determines the ionization degree of the
adsorbent and the dissociation of functional groups [29]. The effect of pH
was evaluated in the pH range of 2-8 as seen from Fig. 1a. At the initial pH,
the number of negatively charged groups on the surface of adsorbent was
decreased. As the pH increased, the negatively charged groups on the
surface of the adsorbent and MG adsorption increased (max. adsorption
84.88% at pH 6). This can be explained as a result of the electrostatic
attraction between positively charged MG molecules and negatively charged
U. dioica. pH values above 8 have not been investigated due to the instability of
MG color.
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Figure 1. The effect of (a) pH (150 mgL™ initial dye concentration, 0.1 g adsorbent
amount at room temperature); (b) initial dye concentration (pH:6, 0.1 g adsorbent
amount at room temperature); (c) adsorbent amount (150 mgL-" initial dye
concentration, pH:6, at room temperature); (d) contact time (150 mgL™" initial
dye concentration, pH:6, 0.1 g adsorbent amount at room temperature) on the
adsorption of U. dioica

Effect of initial dye concentration

The influence of the initial MG concentration on adsorption was
performed at fixed values of pH (6), adsorbent amount (0.1 g) and contact
time (2 h). As shown in Fig. 1b, adsorption (%) increased with the increasing initial
dye concentration depending on the available binding sites. Adsorption (%) did
not changed above 150 mgL-" of MG concentration as the adsorption sites of the
adsorbent were almost completely occupied or reached saturation.
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Effect of adsorbent amount

Effect of adsorbent amount on the adsorption was studied in the
range of 0.05-0.3 g. As the quantity of adsorbent increases, an increase in
the number of suitable sites and surface area occurs. Even the use of a small
amount of U. dioica was effective in MG removal, as seen in Fig. 1c.

Effect of contact time

In the first 15 min, the adsorption rapidly increased by 77%, then
increased more slowly. Equilibrium was reached with an adsorption rate of
85% in 75 min and this value did not change in the following periods as seen
in Fig. 1d [30].

Statistical optimization of dye adsorption conditions
by BBD of RSM

The effects of three parameters pH, initial MG concentration and
temperature on % adsorption of U. dioica on MG were studied and interactive
effects of the variables on the adsorption yields were presented in Fig. 2.
Fig. 2a shows the interactive effect of pH and temperature on the adsorption
of MG. According to this figure, adsorption efficiency (%) increased significantly
with increasing pH, but less affected by increasing temperature.

Figure 2. Response surface plots presenting the interactive effects of pH and
temperature (a), initial dye concentration and temperature (b), and initial dye
concentration and pH (c) on MG adsorption. In all cases, the third factor was
fixed at the middle point.
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The combined effect of initial dye concentration and temperature is
seen in Fig. 2b. Likewise, adsorption efficiency increased with increasing initial
MG concentration and temperature, but it can be seen from this figure that
initial MG concentration is more effective than temperature. The positive effect of
combined initial MG concentration and pH on the adsorption yield of MG is given
in Fig. 2c. Itis deduced from the figures that the most dominant parameter is pH,
then the initial MG concentration and temperature, respectively.

Response surface plots (Fig. 2) and contour plots (Fig. 3) show maximal
adsorption efficiency around 80-90% which was obtained when the temperature,
pH, and initial dye concentration reached slightly beyond the 50 °C, pH 6,
and 180 mgL-", respectively.

Figure 3. Contour plots presenting the interactive effects of pH and temperature (a),
initial dye concentration and temperature (b), and initial dye concentration and pH
(c) on MG adsorption. In all cases, the third factor was fixed at the middle point.
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The regression analysis for the dye adsorption model is given in Table 1.
As it is seen from the regression analysis and also from the surface plots, the
temperature is the less effective factor on the adsorption efficiency. When
the temperature increased, the efficiency increased slightly. However, increase
in pH and initial dye concentration effectively increased the efficiency. Beyond
these levels, increase either caused adverse effect on responses or did not

affect.

In Fig. 3, contour plots of T*pH (p:0.407) and T*Dye concentration
(p:0.532) interactions resulted in orbicular shape, which means there are
negligible interaction between the variables. Elliptical shape in contour plot
of pH*Dye concentration (p <0.0001) indicated significant interaction between the

variables [27].

Table 1. Predicted coefficients of regression analysis for dye adsorption

Term Coef SE Coef | T-Value | p-Value
Constant 83.920 1.280 65.510 p<0.0001
A-T(°C) 3.096 0.785 3.950 0.001
B-pH 25.943 0.785 33.070 p<0.0001
C-Dye (mgL™") 5.877 0.785 7.490 p<0.0001
AZ-T(°C)* T(°C) 0.240 1.150 0.210 0.835
B2-pH*pH -31.150 | 1.150 -26.970 | p<0.0001
C?-Dye (mgL")*Dye (mgL"") -4.470 | 1.150 -3.870 0.001
AB-T(°C)*pH 0.940 1.110 0.850 0.407
AC-T(°C)*Dye (mgL™") 0.710 1.110 0.640 0.532
BC-pH*Dye (mgL™") 4.730 1.110 4.270 p<0.0001

SE: Standard Error; Coef: Coefficient; T: Student's t-Test; p: Probability

Optimization of adsorption process was performed by applying
second order polynomial equation and the generalized polynomial model
equation Eq. 1 for three factors was as follows;

Y= bo+b1A+b,B+b3C+b; 1A2+b2282+b33C2+b12AB+b13AC+bszC (1 )
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In Eqg. 1, Y is the predicted response (adsorption yield), A, B, C are
independent variables [(temperature (A), pH (B) and initial dye concentration
(C)], bo is the intercept (constant), b1, b2, bs are linear coefficients, b1, b2, bss are
the squared coefficients and b1z, b3, bzs are the interaction coefficients.

According to the regression analysis, A, B, C, B? C? BC, are
significant terms for the model (p<0.05). Other terms can be considered as
insignificant (p>0.05) and deduced from the equation for the improvement
of the model. Therefore, the final reduced empirical formula to predict the
adsorption yield (Y) is shown as Eq. 2.

Y = 83.92+3.09A+25.94B+5.88C-31.15 B>-4.47C?+4.73BC (2)

where Y is predicted response which stands for adsorption yield, A, B, and
C stands for coded value of temperature, pH and initial dye concentration,
respectively.

The magnitute of model coefficients in Table 1 indicate that pH (25.943)
had a more prominent effect on adsorption efficiency than initial dye concentration
(5.877) and temperature (3.096).

The ANOVA of the quadratic polynomial model for adsorption efficiency
was shown in Table 2. The F-value of 213.46 and p-value of 0.000 verify
the model is statistically highly significant. The p-value of Lack-of-Fit (0.882)
indicates the model successfully predicted the dye adsorption efficiency and
the experimental data fitted well on the model. The R? value of 0.99 revealed
that the results of the experiments adequately fit to the regression model
equation. The predicted R? of 0.97 is in acceptable agreement with the adjusted
R? of 0.98 (Table 2).

Table 2. ANOVA of quadratic polynomial model for adsorption efficiency

Source DF | AdjSS Adj MS F-Value p-Value
Model 9 18920.1 2102.2 213.46 p<0.0001
Linear 3 11475.0 3825.0 388.38 p<0.0001
Square 3 72547 2418.2 245.54 p<0.0001
2-Way Interaction 3 190.4 63.5 6.44 0.003
Error 20 197.0 9.8
Lack-of-Fit 3 7.3 24 0.22 0.882
Pure Error 17 189.6 11.2
Total 29 191171
R?:0.99 R?(Adj): 0.98 R?(Pred): 0.97

DF: Degree of freedom; Adj: Adjusted; SS: Sum of squares; MS: Mean square;
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Multiple response prediction for dye adsorption under the optimized
condition (50 °C, pH 6.5 and 200 mgL" initial dye concentration) determined by
MINITAB program was performed in triplicate. Adequate agreement was
achieved between the statistically estimated adsorption yield (90%) and
measured (experimental) adsorption yield (91.67%).

Adsorption isotherms

The isotherm models were used to define the equilibrium data and
the Freundlich isotherm model had a higher R? value with 0.9912 than the
Langmuir model. In this model, it is suggested that the sorbent has a surface with
a nonuniform distribution and the adsorbent surface is heterogeneous [31].
The n value of 0.918 obtained from the Freundlich isotherm showed that the
interaction forces between the dyes and adsorbent were strong. The results
are presented in Table 3.

Table 3. Isotherm constants for the adsorption of MG onto U. dioica

Langmuir gmax(Mgg’") KL (Lmg™”) R?
24.631 0.026 0.987

Freundlich n Kr (Lmg™) R?
0.918 2.312 0.991

Adsorption kinetics

Adsorption kinetics were used to test the experimental data, to examine
the mechanism of the adsorption process and to predict the adsorption rate
quantitatively. The pseudo-first order and the pseudo-second order kinetic
models were applied [32]. According to the R? values in Table 4, The pseudo-
second kinetic model was the most ideal to describe adsorption kinetic with
the R? value (0.999) and qe value calculated from model (58.823 mgg™') was
also very close the experimental ge value (56.16 mgg™). It has been elucidated
that the rate-limiting step can be chemisorption involving valence forces with
sharing or exchange of electrons between adsorbent and dye [33].

Table 4. Kinetic parameters for the adsorption of MG onto U. dioica

Pseudo-first order kinetic model k1(min™) ge(mgg™) R?
0.205 39.415 0.966

Pseudo-second order kinetic model k2(mgg~'min) ge(mgg™) R?
9.960 58.823 0.999
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CONCLUSIONS

U. dioica is essentially a lignocellulosic, non-toxic, cheap and easy-
to-access plant worldwide. In the present study, the use of U. dioica has been
reported as adsorbent for the adsorption of MG. The improvement of dye
adsorption was achieved through the use of statistical optimization of process
parameters. Optimized conditions were found as pH 6.5, 50 °C and the initial
dye concentration of 200 mgL-'. Despite being applied directly without any
chemical pretreatment processes, U. dioica proved to be an effective adsorbent
with up to 91.67% dye removal under the optimized conditions.

EXPERIMENTAL SECTION
Preparation of materials

U. dioica collected from Giresun in Black Sea Region was washed
several times with deionized water and dried firstly at ambient temperature
then at 80 °C for 48 h in oven to remove the moisture. The samples were
ground and passed through a 0.5 mm sieve. The adsorbent was stored in a
dark bottle during the adsorption experiments.

The stock solution of malachite green (chemical formula
C23H25N2.C2HO4.0.5C2H.04, molecular weight: 463.50 gmol', Amax: 618 nm)
was prepared 1 gL' with double distilled water using malachite green oxalate.
The stock solution was diluted to prepare the desired concentrations. The pH
of the solutions was adjusted with HCI (0.1 M) and NaOH (0.1 M). The
chemicals were analytical grade and supplied from Sigma Aldrich.

Adsorption studies

The batch model was applied for adsorption studies. In the batch
model, 50 mL of dye solution at various pH values and current amount of
adsorbent were stirred at 200 rpm at 25 °C for 2 h, and then centrifuged
at 3000 rpm to separate the liquid phase. The dye concentrations were
determined by UV-visible spectrophotometer (Mapada-UV6100PCS Double
Beam Spectrophotometer) at 618 nm. The adsorption studies were performed to
determine the effects of parameters such as pH (2-8), initial dye concentration
(30-200 mgL-"), adsorbent amount (0.05-0.3 g) and contact time (15-120 min)
and temperature (25-55°C). The effect of pH was studied the range of 2-8
that was adjusted using 0.1 M HCI and 0.1 M NaOH. To determine the effect of
contact time, 0.1 g adsorbent was added to a 150 ppm MG solution at the pH: 6
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for 15, 30, 45, 60, 75, 90 and 120 min. Adsorption isotherm was performed by
shaking different initial dye concentration (30-200 mgL") with the fixed adsorbent
amount (0.1 g) until equilibrium. Adsorption kinetics were determined by
analyzing dye removal at different time intervals (15-120 min).

The percentage of dye adsorption and the amount of dye uptake at
the equilibrium time were calculated using Eq. (3) and Eq. (4).

% Dye Adsorption = % x 100 (3)
de = % xV (4)

co: the initial dye concentration (mgL-"), c.: the equilibrium dye concentration
(mgL™), ge: the adsorbed dye per gram of adsorbent at equilibrium time (mgg™),
V: the dye solution volume (L) and W: the adsorbent mass (g). All experiments
were carried out in triplicates and the results were used in data analysis.

Adsorption isotherms

Adsorption isotherms describe interactions between adsorbates
and adsorbents. Isotherm models for the single component systems that
express the adsorption isotherms mathematically are Langmuir, Freundlich,
Redlich-Peterson, BET, Tempkin and Koble-Corrigan [34,35]. There are also
multicomponent isotherm models derived from these single component system
isotherms. Multicomponent isotherm models are also used for the adsorption
of wastewater containing multiple pollutants [31,36]. The data obtained from
these isotherm models provide important information about the adsorption
mechanisms and the surface activities of the adsorbent.

The Langmuir isotherm model assumes that the surface is homogenous
and covered by a monolayer of adsorbate. The linear Langmuir equation is
as follows;

ot (—— )~ (5)

1
de  9Qmax Gmaxkj =~ Ce

Ce: equilibrium dye concentration (mgL-"), ge: adsorption capacity at equilibrium
(mgg™), gmax: Maximum adsorption capacity (mgg') and K.: the Langmuir
constant (Lmg™).

The 1/ge versus 1/ce give straight line. The value of qmaxand K. were
calculated from the slope and intercept of this plot [37] and are exhibited in
Table 3.
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The Freundlich isotherm equation is as follows;
Ing.=In Ky + ~Inc, (6)

Kr: the Freundlich constant, n: the heterogeneity factor related to the adsorption
intensity (mgL™").

Adsorption Kkinetics

Two adsorption kinetic models, pseudo-first order and second-order
models have been carried out to explain the adsorption kinetics.
The Lagergren pseudo-first order rate expression can be given as;

In(qe — q¢) =Inq, — kyt (7)

ge and gt the amount of dye uptake at equilibrium and at time t (mgg"),
respectively, and ki: rate constant of adsorption (min-'). It is calculated
ki(slope) and intercepts (Inqe) from the linear plots of In(qe-qt) versus t.

The pseudo-second order kinetic model is shown in Eq. 8. ko the rate
constant of adsorption (gmg'min-'), ge and q:: the amount of dye uptake
(mgg™) at equilibrium and at time t (mgg-"), respectively. k2 and gcae Were
calculated from the intercepts (1/k2g%) and slopes (1/qe) of the plots of t/qt
vs. t [31], respectively, and are presented in Table 4.

c= ot T ®)

ac k2qf  qe

Optimization of adsorption conditions by RSM
Design of experiments

The outcomes of the experiments conducted to reveal the impacts of
temperature, pH and initial dye concentration on MG adsorption yields of
U. dioica were given in Table 5. These parameters were analyzed at 3 levels
[-1 (low), 0 (medium), +1 (high)] for the optimization of adsorption yield. The
limits of these independent variables were 25-55 °C for temperature, 2—8 for
pH and 40-200 mgL" for initial dye concentration. Adsorption assays were
performed in 100 mL Erlenmeyer flasks containing 50 mL of dye solution.
The statistical and graphical software Minitab® Version 17 (State College,
PA) was utilized for the experimental design and analysis of RSM.
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In regression analysis, the confidence level is 95% and significance
level alpha (a) is considered as 0.05. A p (probability) value less than a
(typically = 0.05) is regarded as statistically significant.

Table 5. BBD of parameters (temperature, pH, and initial dye concentration)
and experimental responses (adsorption) using RSM

Run Variables Response
A (Temperature, °C) B (pH) C (Dye, mgL™") Y (Adsorption, %)
1 55 5 40 75.66
2 25 5 40 66.63
3 40 2 40 22.00
4 25 8 120 81.68
5 40 5 120 82.96
6 55 5 200 90.07
7 25 5 40 75.46
8 25 5 200 82.71
9 40 5 120 84.46
10 40 2 200 18.83
11 25 5 200 79.76
12 55 5 40 77.86
13 55 8 120 82.60
14 40 5 120 83.11
15 55 2 120 26.55
16 40 8 40 63.08
17 55 5 200 89.47
18 25 2 120 26.80
19 40 8 40 63.08
20 40 5 120 82.96
21 40 2 200 29.30
22 25 8 120 74.08
23 40 5 120 84.99
24 25 2 120 23.02
25 40 8 200 83.33
26 40 5 120 85.06
27 40 8 200 85.59
28 55 2 120 30.00
29 55 8 120 83.43
30 40 2 40 21.25
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COMPARATIVE STUDIES BETWEEN ALUM SYNTHESIZED
FROM ALUMINUM CANS AND NATURAL COAGULANT
SYNTHESIZED FROM WATERMELON SEED

MUHAMMAD SULAIMAN RAHAMA®**, AHMED LAWAL MASHI? and
ABUBAKAR SANI MUHAMMAD?

ABSTRACT. This study focused on the comparative analyses between the
alum synthesized from aluminum can and natural coagulant synthesized
from watermelon seed in water treatment. It also involved the identification
of phytochemical groups of watermelon seed cake. The two different synthesized
coagulants were used in jar test analysis; the result obtained showed a good
elimination of turbidity and suspended solid particles. The pH of the natural
coagulant of the treated water falls within the range of 6.9 to 7.2. Alkaloid tannins,
saponin, anthracene and flavonoid were found present in the watermelon seed
cake. Moreover, the result from the research showed that both the natural
coagulant synthesized from watermelon seed and the one synthesized from
aluminum cans could be used as good flocculant in surface water treatment.

Keywords: Watermelon seed cake, Alum, Aluminum can, Coagulation,
Phytochemical

INTRODUCTION

Natural coagulants have been increasingly popular in the past few
years due to its benefits and the fact that it resolves most of the associated
problems when using chemical coagulants. Plant-based natural coagulants
perform coagulation either by polymer bridging or charge neutralization; it
can be extracted from various plant components. Coagulation and flocculation
processes are widely used in water and wastewater treatment. Its main
objective is to remove suspended colloidal particles and to reduce turbidity in
water body [1]. The process usually takes place in a chemical reactor in which
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the influent water or wastewater enter the basin and it is mixed with coagulant
agents using a mechanical mixer, followed by sedimentation process to remove
the particulate through gravity settling [2]. There are many types of coagulants
available. The most often used are the chemical-based coagulants such as
alum and ferric salts [3].

A number of studies have pointed out that the introduction of natural
coagulants as a substitute for metal salts may ease the problems associated
with chemical coagulants. Using natural coagulants instead of aluminium salts
might give advantages, such as lower costs of water production, less sludge
production and ready availability of reagents. There are also some disadvantages
such as increased concentration of nutrients and chemical oxygen demand
(COD) in the treated water due to the organic nature of this type of coagulants [4].
Among plant materials that have been tested over the years, the seeds from
Moringa oleifera have been shown to be one of the most effective primary
coagulant in water treatment or purification. Moringa oleifera is the best natural
coagulant discovered so far that can replace aluminium sulphate (alum), which is
used widely for water treatment around the world [5]. Coagulants are formulated
to assist in the solids/liquid separation of suspended particles in a solution.
Such particles are characteristically very small and the suspended stability
of such particles (colloidal complex) is due to both their small size and to the
electrical charge between particles [6],[7].

Recently, however, there has been a resurgence of interest in natural
coagulants for water treatment in developing countries. For this purpose the
greatest degree of attention has been focused on the seed of Moringa oleifera
from Sudan, Nirmali seed in India, mesquite bean and in Venezuela, red bean
and common bean, sweet corn and so on. These natural coagulants can be used
alone or as a substitution for chemical coagulants and flocculants. They can
be used for reducing turbidity and microorganisms in water, for water softening
and for dewatering sludge [8]. Some of the plants are able to be a coagulant
because they are able to conduct some of the coagulation mechanisms which
are neutralizing the charge in colloidal particles and perform polymer bridging [9].

Watermelons (Citrullus Lanatus) are a popular seasonal plant in the
sub-Sahara and their seeds can be used as effective water purifiers because
of their adsorbent properties like most indigenous seeds [10].

Water supply is a basic need required for living creatures and human
being specifically. Developing countries and third world countries are facing
potable water supply problems because of inadequate financial resources.
The cost of water treatment is increasing and the quality of river water is not
stable due to suspended and colloidal particle load caused by land development
and high storm runoff during the rainy seasons [11]. During the rainy seasons
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the turbidity level increases and the need for water treatment chemicals
increase as well, which leads to high cost of treatment which the water treatment
companies cannot sustain. As a result, the drinking water that reaches the
consumer is not properly treated [5].

Aluminum is one of the most important metals used by modern
societies. The combination of the physical properties of aluminium results in
its use in a wide variety of products, many of which are indispensable to
modern life [12].

In this study, instead of recycling aluminum in to new metal cans,
a chemical process will be used to transform the scrap aluminum into a
useful chemical compound, potassium aluminum sulfate dodecahydrate,
KAI(SO4)2212H,0, commonly called “alum”, then its properties will be compared
with a natural coagulant that will be synthesized from watermelon seed; likewise,
their effect in water treatment.

RESULTS AND DISCUSSION

The results of the jar test analysis of the synthesized alum and
watermelon seed are highlighted below, likewise phytochemical screening of
the watermelon seed and the qualitative analysis of the synthesized alum are
shown below.

Table 1. Results of jar test analysis of the synthetic alum

Mass of Synthetic Alum pH Turbidity TDS Colour
(9) (NTU) (mg/L) (Hazen)

0.5 6.6 5.6 44 5

1.0 6.4 4.9 44 5

15 6.2 4.3 41 5

2.0 5.9 3.1 38 5

2.5 5.8 2.9 36 5

3.0 5.3 23 36 5
WHO standard 6.5-8.5 5 max. 500 15 max.

Raw water 7.8 734.60 325.0 73.0

Table 1 above showed the results for jar test analysis using synthetic
alum crystals. The values of pH, turbidity, TDS and color were analyzed and
recorded. The results indicated that the values of the pH at varying alum
dosage kept increasing to acidic level insignificantly. However, the turbidity
also decreases from 5.6 NTU at 0.5 g to 2.3 NTU at 3.0 g alum dosages.

127



MUHAMMAD SULAIMAN RAHAMA, AHMED LAWAL MASHI, ABUBAKAR SANI MUHAMMAD

These observations were in accordance with previous studies on coagulation
ability of recycled aluminum cans as reported by Birnin-Yauri and Musa [13].
The results for the TDS were also recorded; there is decrease in the TDS
values as the concentration of alum dose increases. The secondary standard
value for the TDS of drinking water by WHO is 500 mg/L, therefore, the
synthetic alum powder has the potential to reduce TDS.

Table 2. Results of jar test analysis of the watermelon seed cake

Watermelon seed pH Turbidity TDS Colour
cake (NTU) (mg/L) (Hazen)
(¢)]

0.5 6.9 28.3 83 15

1.0 6.9 30.1 83 15

1.5 7.0 32.6 79 10

2.0 7.1 33.2 76 10

2.5 7.1 35.5 75 5

3.0 7.2 37.2 75 5
WHO standard 6.5-8.5 5 max 500 15 max

Raw water 7.8 734.60 325.0 73.0

Table 2 above showed the results for jar test analysis using watermelon
seed cake. The values for pH, turbidity, TDS and colour were analysed and
recorded. The use of watermelon seed cake as a coagulant to treat water
resulted in portable water that met the World Health Organisation (WHO)
standards for portable water [14]. The results indicated that the results of pH
showed insignificant decrease as the mass of the watermelon seed cake
increases. This was observed at 0.5 g of the seeds powder where 6.9 were
recorded as pH value and 3.0 g of the seed powder where 7.2 was recorded
as pH value. This observation was in accordance with previous studies on
watermelon seed cake as reported by Muhammad et al., [11]. The values of
the turbidity observed indicated that the watermelon seed cake is somehow
effective in the removal of turbidity. The greatest decrease was seen at the
dose of 0.5 g/L of raw water which had a turbidity of 28.3 NTU. This value is
still above the WHO recommended level of 5 NTU. However, according to
Muhammad et al., [11] the optimal dosage for a specific water is defined as
the dosage which gives the lowest turbidity in the treated water therefore the
optimum dosage is 0.5 g/L. The results for the TDS were also recorded; there
is decrease in the TDS values as the concentration of the watermelon seed
cake increases. The secondary standard value for the TDS of drinking water
by WHO is 500 mg/L, therefore, the watermelon seed cake has the potential
to reduce TDS.
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Table 3. Results of phytochemical screening of the watermelon seed

S/NO PHYTOCHEMICALS COMFIRMATION
1. Alkaloid +
2. Tannins +
3. Saponin +
4, Anthracene +
5. Flavonoids +
Key:
+ Presence
__ Absence

Table 3 presents the phytochemical analysis of the extracted watermelon
seed cake. The extracted seed found to contain the following; component:
Alkaloid, Tanins, Saponin, Anthracene and flavonoids.

Table 4. Results of qualitative analysis of the synthesized alum

Test Observation Inference
Alum solution + White Precipitate S04
Aqueous BaCl formed, and insoluble Confirmed
Solution (After 20 hours)
Solid Alum Crystal+ heat Red flame turned to K*
(10 minutes) Pale purple flame color Confirmed
Alum Solution + H2SOa4(aq) | Thick, white gelatinous precipitate AR
in drop and in formed insoluble in drop but Confirmed
Excess soluble in excess

Table 4 presents the qualitative analysis of the synthesized alum
crystals, the aluminum, potassium and sulfate ions were positively tested as
expected. This is an indication that the synthesized alum crystal possesses
all necessary chemical properties expected of any alum crystal. This was
also contained in the research made by Birnin-Yauri and Musa [13].

CONCLUSIONS

From the results obtained in this research, it shows that the use of
natural coagulant in water treatment is more effective than the chemical
coagulants in terms of pH, because the natural coagulant has a pH that is
neither acidic nor basic, hence neutral which falls within the range of 6.9 to
7.2, but in terms of turbidity and TDS, the chemical coagulant is more
effective than the natural coagulant, it can be concluded that the watermelon
seed can be used as natural coagulant for water treatment.
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EXPERIMENTAL SECTION
Procedure for the synthesis of alum from aluminum can

The method of Birni-Yauri and Musa [13] was adopted for the synthesis
of the alum. Empty aluminum cans were obtained and brought in to the lab,
sand paper was used to scrape off paint and plastic coating from both sides
as completely as possible. It was then cut at approximately 5 cm x 7.5 cm by
the use of scissor. 1.0g of aluminum pieces was weighted and put into 250 cm?
beaker. 50 cm? of 1.4M potassium hydroxide was added to the 250 cm?beaker
containing the aluminum pieces. The beaker was then placed on a hotplate,
in a fume hood and heated. Bubbles of hydrogen formed from the reaction
between aluminum and aqueous potassium hydroxide was observed. The
reaction was complete as the hydrogen evolution ceases and there were no
visible pieces of aluminum metal. While the reaction was taking place, the
initial colorless mixture turns to black. The hot solution was filtered to remove
solid residue and black substances in the solution. The clear filtrate solution was
transferred into a clean 250 cm? beaker. As the solution is cooled, 20 cm? of
9.0M H>SO, was added to the solution and stirred gently, the final solution
contained potassium ions (from the KOH used), aluminum ions, and sulfate
ions. The solution was also filtered using filter paper. An ice water bath was
prepared and the beaker containing the solution was placed in to the ice
water bath and the mixture was allowed to chill. Cold water was added to
cover the ice. The reaction beaker was set into the ice-water bath to chill for
about 20 minutes. Crystals of the alum began to form in few minutes. The
alum crystal formed was filtered from the chilled solution.

Synthesis of coagulant from watermelon seed

Fresh seed of watermelon were obtained, the seed were washed
severally with water and it was allowed to dry for about one week, the dried
seed were sorted and the bad ones were removed, it was then ground to
powder. 1509 of the powdered watermelon seed were weighed and placed
in a thimble, 500 cm?® of n-hexane was added, the thimble was then placed
in a soxhlet extractor, it was then allowed to stand for 6hrs, the set up was
stopped as the extraction was completed. The powdered seed were washed
with distilled water to remove the residual n-hexane, the residue was then
dried in an oven till constant weight was obtained. The finer particle finally
obtained was termed as coagulant [11].
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Procedure of Jar Test Analysis

The procedure of Katsina State Water Board manual for water treatment
and analyses, 2019 was used. The jar test machine was switched on and set
at low speed. The raw water sample was put in 6 different beakers of 1000
cm?3, where different grams of 0.5¢g, 1g, 1.5g, 2g, 2.5g and 3g were used for
the synthesized alum. The raw water sample was then added to make up the
1000 cm® mark and the jars were then placed in the jar test kit and the stirrers
lowered into each. The speed of the jar test machine was then set at 400rpm for
10 minutes; which was later set at low speed again. This is to allow the merging
of the smaller flocs formed to larger one. The procedure was repeated for
watermelon seed cake.

Determination of pH

The 2 water samples (100 cm? each) were transferred into a clean
dried glass beaker, then the electrodes of standardized pH meter was immersed
and the meter was allowed to standardized, after which the reading was taken.
The electrode was rinsed well with distilled water and tabbed slightly with tissue
paper after each test as described by Geotechnical Engineering Bureau, 2007.

Determination of Turbidity

The 2 samples of the water were transferred into the sample cell
turbidity meter up to the horizontal mark, then wiped with tissue paper and
subsequently placed in the turbidity meter such that the vertical mark in the
sample cell coincide with the mark in the turbidity meter, after which it was
covered. The readings displayed on the screen and were recorded, as described
by Manual of Water Treatment and Analysis, Katsina State Water Board, 2009.

Determination of TDS

The TDS of the samples were analyzed using TDS meter. The
samples were put in a clean beakers and the head of the TDS meter was
immersed in the beakers. Readings were taken for each sample separately,
as described by Manual of Water Treatment and Analysis, Katsina State
Water Board 2009.

Determination of Color
The color of the 2 water samples was analyzed using comparator and

Disc, where the samples were put in different tubes of 10 cm?, and then
inserted in the hole of the comparator. The disc was then scroll until a suitable
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and matching color was observed for each sample. The reading of the
corresponding color for each was recorded, as described by Manual of Water
Treatment and Analysis, Katsina State Water Board 2009.

Procedure for the phytochemical analysis

Alkaloid: 1 cm? of the extract was stirred with 5 cm? of 10% aqueous
hydrochloric acid on a steam bath for 20 minutes, cooled and filtered. 1 cm?®
of the filtrate was treated with few drops of Mayer's reagent. A creamy
precipitate was observed which indicated the presence of alkaloids [15].

Tannins: 3 cm?® of the diluted extract was pipetted into a clean test
tube; ferric acid chloride solution was added dropwise into the extract. Blue
black colouration was observed which indicated the presence of tannin [16].

Saponins: 5 cm?® of the diluted extract was pipetted into a clean test
tube and corked with cotton wool and shaken for about 3 minutes. Persistent
froth was oObserved which indicated the presence of saponin [16].

Anthracene: 4 cm?® of the diluted extract was pipetted into a clean
test tube; equal volume of chloroform was added and shaken. The mixture
was allowed to separate into two layers. The chloroform layer was collected
and 1 cm?® of 10% ammonia solution was added and shaken, a brick red
precipitate was observed which indicated the presence of anthracene [16].

Flavonoids: 3 cm? of the exract was placed in a test tube, 3 cm? of
0.1M HCl was added, 0.5 cm? 0f 0.5M NaCl was added. A yellow colour was
observed which indicated the presence of flavonoids [16],[17].
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SYNTHESIS AND MESOMORPHIC PROPERTIES OF NEW
ROD-LIKE HETEROCYCLIC LIQUID CRYSTALS
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ABSTRACT. Structure-property relationship is one of the most important
research areas in the liquid crystals. Therefore, in the present work, we
studied a new series of rod-like heterocyclic liquid crystals, 6-methyl-2-[4-(4-
alkoxybenzoyloxy)benzylideneamino]benzothiazoles. The rod-like molecules
having heterocyclic and two phenyl rings as core system, imine and ester as
linking units, long alkoxy chain at the terminal position. There are six members
in the series with different length of alkoxy chain (CnHz2n+1O-, where n = 6, 8, 10,
12, 14, 16). The structures of the compounds were elucidated using spectroscopic
techniques. Their mesomorphic behaviours were determined by differential
scanning calorimetry, polarizing optical microscopic and powder X-ray diffraction
techniques. Members with shorter alkoxy chain (n = 6, 8, 10) exhibited single
mesophase (nematic). As the alkoxy chain increased to n = 12, 14, 16, the
nematic phase appeared together with an additional mesophase (smectic).
The phase width was dependent on the alkoxy chain length. The incorporation
of the methyl substituent at the sixth position (lateral) of the benzothiazole able to
increase the clearing point and widen the mesophase width of the compounds.

Keywords: benzothiazole, Schiff base, nematic, smectic A

INTRODUCTION

Heterocyclic-based liquid crystal (LC) is of current interest due to its
potential applications as photoconductive materials, fluorescent compounds
and thin-film organic-field-effect transistors [1-4]. Earlier work on rod-like or
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calamitic LCs has been focused on low-molar mass liquid crystals possessing
only phenyl rings and the current trend is shifted to the phenyl structures with
inclusion of heterocycles. This is not only due to the better potential with
heterocycles for the formation of new mesogens, but also because the addition
of heteretoatoms strongly affects the mesophase formation [5-7]. The presence
of heteroatoms (S, O and N) can greatly alter the polarity, polarizability and
sometimes the geometric shape of the molecule, thus controlling the type of
mesophase, phase transition temperatures, dielectric and other properties of
the mesogenic molecules [8]. A few examples of heterocyclic rings used as a core
system include benzothiazole [9], 1,3,4-thiadiazole [10,11] and pyridine [12-14].

Mesomorphic behavior can be varied by modifying its molecular
structure including linking, terminal and core groups. Imine (or Schiff base),
a linking group is usually incorporated into the molecular structure to increase
the length and polarisability anisotropy of the molecular core in order to
enhance the phase stability [15]. Other linking groups such as ester [16-20],
cinnamate [21-23], or chalcone [24] which was incorporated together with the
imine linker has received much attentions owing to interesting properties and
substantial temperature range.

o]
e - Oron oo Oyt
C S H s
Haf HiC [A]
§_< % CHyCOCH;, KoCOs, Gy 1B 0\3 D
C—2H5O COH : Ocnl'bn—1

CHsO

1. Ha0 : CoHeOH (1:1), KOH
2. cone. HC

Q»_@_Ocn"'znn
HO

WO%wni
(Al + [B] DCM DMF, DCC, DMAP /@:& /_©_

nOMBBBZT
where n =86, 8, 10, 12, 14, 16

Scheme 1. Synthetic of heterocyclic liquid crystals, nOMBBBZT. Yield: n = 6
(40%), n = 8 (46%), n =10 (51%), n = 12 (46%), n = 14 (59%), n = 16 (63%).
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In this paper, we report another new homologous series of heterocyclic
benzothiazole-imine-ester based liquid crystals (Scheme 1). The current
structure is closely related to the structures (compounds D and E in Table 3)
reported in our previous works [25,26]. Structure modification at the benzothiazole
ring with the incorporation of a methyl substituent in the current compound
can increase the clearing point and nematic phase width of the compounds.
Although it is a minor modification in its molecular geometry, it has brought
significant changes to its mesomorphic properties.

RESULTS AND DISCUSSION
EI-MS Data

EI-MS analysis were carried out on two representative compounds,
120MBBBZT and 160MBBBZT. The prominent molecular ion peaks at
m/z 556.4 (Fig. 1a) and 612.4 (Fig. 1b) established its molecular formula
as CazsHioN203S and CaigHasN20O3S supporting the proposed structure of
120MBBBZT and 160DMBBBZT, respectively. Both compounds showed base
peak of phenyl acylium ion at m/z 289.2 and 345.3, respectively.

(b)
Figure 1. El mass spectra of (a) 120MBBBZT and (b) 160MBBBZT.
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IR and NMR Spectral Data

Based on FT-IR spectral data of 140MBBBZT, the presence of two
strong peaks at the frequencies of 2921 and 2851 cm' can be attributed to
the long alkoxy groups. This indicates that the terminal phenolic hydroxy group
(-OH) attached at one end of the intermediate was replaced by terminal
alkoxy chain (-OCnH2n+1). The presence of C=N bond of imine is confirmed
based on the band with strong intensity at 1601 cm-'. This absorption band
is overlapped with the band arising from the C=N of the benzothiazole ring,
therefore, it resulted in a sharp and strong absorption band [27]. Aromatic
C=C functional group showed its band at 1576 cm! with medium intensity.
Another strong absorption band at 1726 cm™ is ascribed to the ester functional
group that connected between two aromatic rings. Band due to the stretching
of ether, C-O-C bond can be found as strong band at 1252 cm™.

9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

(a)

180.0 1700 1600  150.0  140.0 130.0 1200  110.0  100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0

(b)
Figure 2. '"H NMR (a) and "*C NMR (b) spectra of 14OMBBBZT.

In the '"H NMR spectrum (Fig. 2a) of 140MBBBZT, two triplets at &
0.88 and 0 4.03, were respectively belonged to the methyl (CHs) protons and
methylene protons that directly bonded to oxygen atom (-CH>O-Ar). Another
methylene protons (-CH>-CH>-CH»>-O-) showed its presence as quintet signal
at 6 1.81. Balance of protons of the long alkoxy chain showed multiplet signal
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at chemical shifts range of 1.26-1.50 ppm. A singlet signal at & 2.48 is
belonged to the methyl group that attached to the aromatic ring. Four doublet
signals with each integration of two protons appeared at § 6.97, 7.37, 8.09
and 8.14 were assigned to the two para-substituted aromatic rings. Three
protons at the benzene ring that fused to thiazole ring showed three distinct
signals at 6 7.28, 7.62 and 7.85 with doublet, singlet and doublet splittings,
respectively. A singlet signal at the most downfield region, & 9.04, confirmed
the presence of the imine linking group [28].

The molecular structure of 140MBBBZT was further verified by using
3C NMR spectroscopy (Fig. 2b). The peak at & 14.25 was belonged to the
methyl carbon of the alkoxy chain while the peaks between & 22.80-68.48
was assigned to the methylene carbons of the long alkoxy chain. The methyl
carbon that attached to the benzene ring is appeared at 6 21.72. Fourteen
aromatic carbons are resonated between & 114.49 and 163.90. The presence of
C=N of thiazole and C=N of azomethine groups are confirmed based on the
peaks appeared at d 164.47 and 164.53. Another important signal resonated
at 8 170.78 is belonged to the C=0 of ester.

Mesomorphic Properties

The mesophases of the compounds were identified using an polarizing
optical microscope during heating cycle. The optical photomicrographs of
80OMBBBZT and 160MBBBZT are shown in Fig. 3 as representative illustrations.
Observation of SOMBBBZT upon heating it from its crystal phase, showed
the presence of single mesophase. The droplets texture (Fig. 3a) is identified
as nematic phase. As for 160MBBBZT, it exhibited two types of mesophases.
On heating, fan-shaped texture of smectic A (SmA) phase (Fig. 3b) was first
observed. The SmA phase has been identified based on the optical textures in
which regions of fan-shaped and homeotropic (dark area) textures coexist [29].
On further heating of 160MBBBZT, it turned into nematic phase with Schlieren
texture (Fig. 3c) on further heating. All observed textures are typical according to
the literature [30,31].

The phase transition temperatures and associated enthalpy changes
of nOMBBBZT were obtained using a differential scanning calorimeter. Fig.
4 shows the DSC thermograms of representative compounds, 100MBBBZT
and 120MBBBZT. The data are summarized in Table 1. All the compounds
exhibited enantiotropic properties. Their endotherms were characterized by the
crystal-mesophase-isotropic transitions occurring above the melting temperatures
recorded during the heating cycle. Such transitions were also supported by
the enthalpy values of the respective compounds.
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(a) (b) (c)

Figure 3. (a) Optical photomicrograph of SOMBBBZT exhibiting droplets texture of
nematic phase. (b) Optical photomicrograph of 160MBBBZT exhibiting fan-
shaped texture of SmA phase. (c) On further heating of 160MBBBZT, it turned
into Schlieren texture of nematic phase

Table 1. Transition temperatures and associated enthalpy

changes of nOMBBBZT
Compound Transition Temperatures, °C (AH, kJ mol ™)
60MBBBZT Cr1121.7 (30.0) Cr2 140.8 (35.2) N 255.1 (27.0) |
8OMBBBZT Cr130.5(33.3) N 215.2 (1.7) |
100MBBBZT Cr193.7 (17.9) Cr2 123.8 (26.8) N 221.9 (0.6) |

120MBBBZT | Cr181.3 (8.2) Cr2 110.6 (29.1) SmA 161.8 (0.7) N 217.9 (1.2) |
140MBBBZT | Cr196.7 (12.4) Cr2 109.7 (25.4) SmA 179.2 (0.4) N 216.5 (0.9) |
160MBBBZT | Cr186.5 (27.3) Cr2 104.1 (32.5) SmA 179.2 (1.3) N 198.7 (1.2) |

Notes: Cr = crystal; | = isotropic liquid; N = nematic; SmA = smectic A.

Two types of phase transition sequences were observed. First, a
single mesophase (nematic) was observed for the early three member of the
series (n = 6, 8, 10). The phase sequence of Cr-to-N-to-l is well reflected in
the DSC thermogram of 100MBBBZT (Fig. 4a). The second type of phase
transition sequence was observed for the later members. The SmA phase
started to emerge in the later members (n =12, 14, 16) along with the nematic
phase. The phase sequence of Cr-to-SmA-to-N-to-l is illustrated in the DSC
thermogram of 120MBBBZT (Fig. 4b).
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(@)

(b)

Figure 4. DSC thermograms of (a) 100MBBBZT and
(b) 120MBBBZT during heating scan.

X-Ray Diffraction Analysis

The SmA phase has been further verified on the representative compound
160MBBBZT via XRD analysis. The XRD diffractogram of 160MBBBZT is shown
in Fig. 5 whereas the XRD data is tabulated in Table 2. For a smectic phase,
it is basically known that a sharp and strong peak appears at low angle
(1° < 26 < 4°) in small-angle X-ray scattering curve and a broad peak
associated with lateral packing at 26 = 20° can be spotted in wide-angle
X-ray diffraction curve. On the other hand, for the nematic phase, there will
be no peak appeared at low angle and a broad peak at 26 = 20° can be
observed in the XRD diffractogram [32].
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As from XRD pattern of the current compound, 160MBBBZT, it can
be seen that a single sharp diffraction peak appeared at 26 = 1.35° together
with a broad peak at wide angle (26 = 13°). This typical XRD pattern indicates
the presence of a lamellar structure (smectic layered arrangement) for liquid
crystal phase [33,34].

Table 2. Powder X-ray diffraction data of 160MBBBZT

2 theta (°) 1.35
d-spacing 43.1 A
L 40.75 A
d/L 1.06
Phase SmA
Arrangement Monolayer

Combining the data from POM and XRD, types of smectic phase can
be confirmed. Based on the XRD data, the d-layer spacing was found to be
43.1 A whereas the molecular length (L) obtained from the MM2 molecular
calculation is 40.75 A, where d is the layer spacing and L is the molecular
length. Hence, the d/L ratio was calculated to be 1.06 which is approximate
to 1. As a general rule, when the layer spacing is approximate to the molecular
length (d~L), the SmA phase is identified as monolayer type [35]. Thus, the
SmA phase exhibited in 160MBBBZT was said to be monolayer arrangement.
Similar results were obtained for azine-type mesogens reported by Wei and
coworkers [36].

Figure 5. X-ray diffractogram of 160MBBBZT.
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Structure-Mesomorphic Property Relationships

Influence of the length of alkoxy chain on the mesomorphic properties
can be established based on the graph of the phase transition temperature
against the number of carbons in the alkoxy chain (Fig. 6). As the alkoxy
chain lengthens, the melting and clearing temperatures exhibited a gradual
descending trend. It was due to the dilution of the mesogenic core by the
long carbon chain [37,38]. Suitable ratio between length and width of the
molecule is an important factor for the molecules to display mesophase. All
the members of the current homologue series exhibited enantiotropic
phases, even the compounds with the shortest alkoxy chain (n = 6) where
the nematic phase appeared. Hence, it indicates that the current molecule is
a potential mesogenic core that worth to be further explored for design of
new liquid crystalline molecules.

Smectic phase is generally observed for higher members of a series
as the longer alkoxy chain is able to intertwine and facilitate the smectic
phase formation [39]. In addition, the ester linking group that provided greater
dipole-dipole interaction and subsequently encouraged the lateral packing
and arranged themselves in the smectic phase. As the number of carbons at
the alkoxy chain reached n = 12, an additional phase (SmA) emerged together
with the nematic phase. It can therefore be suggested that in order to generate
the smectic phase in the analogous substituted CsH4sCOOCgH4+C(H)=NC7HsNS
compounds, the number of carbons in the alkoxy chain must be at least 12
(n 212) [40].

270

220 | Cr-SmA/N

N SmA-N
170
N-I
SmA
120

Transition temperature (°C)

Cr
70

6 8 10 12 14 16

Number of carbon atoms (n)

Figure 6. Graph of phase transition temperature against
the number of carbon atoms (n) in alkoxy chain.
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Phase width of liquid crystals can also be controlled by the length of
terminal chain. The plot of phase width against the number of carbons in the
alkoxy chain is depicted in Fig. 7. It is clearly shown that the nematic phase
width decreased while the smectic phase width increased as the alkoxy chain
lengthened. The last member of the series, 160MBBBZT with the longest
alkoxy chain possessed the narrowest nematic phase width (AN = 19.5 °C)
and the largest smectic phase width (ASmA = 75.1 °C). Therefore, for the
current molecular core structure, it can be proposed that the suitable terminal
chain length that give the widest SmA phase is C16, while the widest nematic
phase was possessed by the member with the shortest alkyl chain length
(C6, AN =114.3 °C).

140
120

100

80
6 B SmA width
4 BN width
2 I
. i
6 8 10 12 14 16

Number of carbon atoms (n)

o O

Phase width (°C)

o

Figure 7. Plot of mesophase width against the number of carbons in alkoxy chain.
Comparison with Related Compounds

The reported examples revealing the influence of molecular geometry
on the mesomorphic property usually involve contribution from molecular
packing effects. The model system that will give a clear illustration on how
molecular geometry affects the mesomorphic property will usually attract
much attention. Table 3 shows the comparison of mesomorphic properties
between the reported compounds A [41], B [27], C [42], D [26] and E [25]
with the present compound, 120MBBBZT. Molecules with two rings, compounds
A and B with an aromatic ring connected to a benzothiazole ring via Schiff
base linker exhibited SmA phase with lower clearing point compare to molecules
with three rings (120MBBBZT, C, D and E). Among the molecules with two
rings, it was found that the different linking groups that attached to the alkyl
chain (ether group in compound A and ester group in compound B) between
the phenyl ring and the alkyl chain can change the mesomorphic behaviours.
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The ether linking group provides greater linearity to molecules rather than the
ester group, thus resulting in the higher clearing point in compound A (T, =
90.1 °C) compared to compound B (T. = 85.6 °C). This in turn results in wider
larger phase width of SmA phase being observed in compound A (ASmA =
8.2 °C) compared to compound B (ASmA = 4.8 °C). Therefore, the ether
linkage at the terminal position is more favorable to mesomorphism than the ester
linkage. Subsequently, benzothiazole liquid crystals (120MBBBZT, C, D and E)
were built up with the ether linked to the terminal alkyl chain.

As a phenyl ring is added to the existing molecular structure of
compound A, this has resulted an extended core system with three ring
molecule. It increased the clearing point of 120MBBBZT to 217.9 °C. In
addition, this extended core system is more adequate to generate mesophase
because the SmA phase width increased dramatically from 8.2 °C in
compound A to 51.2°C in 120MBBBZT. Additionally, nematic phase was
detected in 120MBBBZT but not in the case of compound A.

The dissimilarity between the molecules with three rings (120MBBBZT
and compound C) is the linking unit that connected benzothiazole and aromatic
rings. 120MBBBZT possessed Schiff base linking group whereas compound
C was without any linking group. 120MBBBZT showed lower melting point
(110.6 °C) and larger SmA phase width (ASmA = 51.2 °C) compared to
compound C (m.p. = 127.7 °C; ASmA = 14.8 °C). Although Schiff base
provides a stepped core structure, it maintains molecular linearity, therefore
providing higher stability and enhancing formation of mesophase. Therefore,
it can be assumed that Schiff base linking unit played an important role at
suppressing the melting temperature and then, it widens the existing mesophase
width.

Compounds D, E and 120MBBBZT are having similar structure
except for the additional substituent (methyl and ethoxy) at the sixth position
of the benzothiazole ring for compound E and 120MBBBZT. Compound D
without the lateral substituent possessed lower clearing point (179.6 °C)
compared to compounds with lateral substituent, 120MBBBZT (with methyl
substituent, 217.9 °C) and compound E (with ethoxy substituent, 223.2 °C).
This indicates that the incorporation of a small alkyl/alkoxy group at the
lateral position of the benzothiazole ring can increase the clearing point of
the molecule. This has also caused the nematic phase width increased from
15.0 °C in compound D to 56.1 °C in 120MBBBZT, to 64.7 °C in compound E.
Therefore, it suggests that the lateral substituent at the benzothiazole ring
able to widen the nematic phase width. Taking into account with the higher
clearing point and broader nematic phase width in 120MBBBZT and
compound E, it can be assumed that alkyl/alkoxy substituent at the lateral
position of the current system, CsH4sCOOCsH4C(H)=NC7HsNS can greatly
enhance the mesomorphic properties.
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Table 3. Comparison of present series with reported liquid crystalline compounds
(denotes as A, B, C, D and E) (where n = 12)

Phase transition (°C)

Compound Phase range (°C)
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CONCLUSIONS

In this article, a new series of heterocyclic liquid crystals, 6-methyl-2-
[4-(4-alkoxybenzoyloxy)benzylideneamino]benzothiazoles is reported. The
lowest member (n-hexyloxy, C6) possesses the largest nematic phase width
indicates that the current structure has a good mesogenic system for mesophase
formation. The smectic phase was emerged from the n-dodecyloxy (C12) to
n-hexadecyloxy (C16) derivatives. Hence, it can be concluded the current
core system needs a specific alkoxy chain length (n = 12) in order to produce
SmA phase. Among these members (C6-C16), member with the longest terminal
chain (C16) possessed the largest SmA phase width. The current finding
considerably influence our future direction by using the current core system
for producing new liquid crystal molecules.

EXPERIMENTAL SECTION
Characterization

Fourier-Transform Infrared (FT-IR) spectra of the synthesized compounds
were collected using a Perkin-Elmer System 2000 FT-IR Spectrometer. All
compounds were prepared as KBr pellets and analyzed with a measurement
range of 4000-400 cm™'. '"H NMR (400 MHz), *C NMR (100 MHz) and 2D
HMQC spectra were recorded in CDClIs solvent using a JEOL LA-400 MHz
NMR spectrometer. Electron-ionization mass spectrometry, EI-MS (70 eV)
was performed using a Mass Spectrometer Finnigan MAT95XL-T at a source
temperature of 200 °C.

Mettler Toledo DSC823¢ differential scanning calorimeter was used
to determine the phase transition temperatures and associated enthalpy
changes at heating rate of 10 °C/min. Carl Zeiss polarizing optical microscope
attached to a Linkam hotstage was utilized for temperature dependent studies of
the mesophase textures. A video camera (Video Master coomo20P) installed
on the microscope was connected to a video capture card (Video Master
coomo600), allowing real-time video capture and image saving. The texture
of liquid crystals exhibited by the compounds was observed using polarized
light with crossed polarizers. Samples were prepared as thin films sandwiched
between a glass slide and a cover slip. Phase identification was made by
comparing the observed textures with those reported in the literature [21,22].

Synchrotron powder X-ray diffraction (XRD) measurements were recorded
using a beamline BL17A at the National Synchrotron Radiation Research Center
(NSRRC) in Taiwan. The X-ray wavelength used was 1.32633 A. The XRD data
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were collected using imaging plates (IP, of an area = 20 x 40 cm? and a pixel
resolution of 100) curved with a radius equivalent to the sample-to-image
plate distance of 280 mm, and the diffraction signals were accumulated for
three minutes. The powder samples were packed into a capillary tube and
heated by a heat gun, where the temperature controller was programmed by
a PC with a PID feedback system. The scattering angle theta was calibrated
by a mixture of silver behenate and silicon.

Synthesis

All solvents and reagents were purchased commercially and used
without any further purification. 4-Dimethylaminopyridine (DMAP), 4-hydroxy-
benzaldehyde, 1-bromoalkanes (Cn,H2n+1Br where n = 6, 8, 10, 12, 14, 16),
potassium hydroxide and potassium carbonate were purchased from Merck
(Germany). Ethyl 4-hydroxybenzoate, 2-amino-6-methylbenzothiazole and
N,N’-dicyclohexylcarbodiimide (DCC) were supplied by Acros Organics (USA).

The synthetic route used for the preparation of NOMBBBZT is shown
in Scheme 1. Steglich esterification between intermediate compounds, 6-
methyl-2-(4-hydroxybenzylideneamino)benzothiazole and 4-alkoxybenzoic
acid were carried out according to methods described by Foo et al. [41] and
Kadkin et al. [43], respectively. In the Steglich esterification, DCC is used as
coupling agent and DMAP as catalyst. The water from this esterification is
removed in dicyclohexylurea form [44].

Synthesis of heterocyclic liquid crystals

6-Methyl-2-(4-hydroxybenzylideneamino)benzothiazole (5 mmol, 1.94 g),
appropriate 4-alkoxybenzoic acid (5 mmol) and DMAP (1 mmol, 0.12 g) were
dissolved in 40 mL mixture of dichloromethane (DCM) and dimethylformamide
(DMF), and the solution was stirred at 0 °C. DCC (5 mmol, 1.03 g) dissolved
in 10 mL of DCM was added into the mixture dropwise and the solution was
continuously stirred for an hour at 0 °C. The mixture was then stirred at room
temperature for another five hours. Then, the mixture was filtered and the
solvent was removed by evaporation. The obtained solid was repeatedly
recrystallized from hexane and ethanol until the transition temperatures
remained constant. The purity of all compounds was checked by thin layer
chromatography (Merck 60 F2s4) and visualized under short-wave UV light.
The IR and NMR ('H, '3C) for the representative compound, 140MBBBZT,
are summarized as follows.

IR Vinax (KBr, cm'): 3017 (v C-H aromatic), 2921, 2851 (v C-H aliphatic),
1726 (v C=0 ester), 1601 (v C=N Schiff base, C=N thiazole), 1576 (v C=C
aromatic), 1252 (v C-O, aromatic ether); '"H NMR (400 MHz, CDCls): 0.88 (t, 3H,
J = 6.9 Hz, CHs-), 1.26-1.50 (m, 22H, CH3-(CH2)11-(CH2)>-O-), 1.81 (quint, 2H,

148



SYNTHESIS AND MESOMORPHIC PROPERTIES OF NEW ROD-LIKE
HETEROCYCLIC LIQUID CRYSTALS

J =7.0 Hz, -CH>-CH»-0-), 2.48 (s, 3H, Ar-CHs), 4.03 (t, 2H, J = 6.9 Hz, -CH»>-O-),
6.97 (d, 2H, J = 9.2 Hz, Ar-H), 7.28 (d, 1H, J = 8.2 Hz, Ar-H), 7.37 (d, 2H,
J = 8.7 Hz, Ar-H), 7.62 (s, 1H, Ar-H), 7.85 (d, 1H, J = 8.2 Hz, Ar-H), 8.09
(d, 2H, J =9.2 Hz, Ar-H), 8.14 (d, 2H, J = 8.7 Hz, Ar-H), 9.04 (s, 1H, CH=N);
3C NMR (100 MHz, CDCls): 614.25 (CHs-), 22.80, 26.08, 29.18, 29.47, 29.66,
29.70, 29.77, 32.03 for methylene carbons (CHs-(CH2)12-), 21.72 (Ar-CHs),
68.48 (-CH20-), 114.49, 121.04, 121.58, 122.65, 122.75, 128.14, 131.57,
132.38, 132.50, 134.81, 135.45, 149.82, 155.02, 163.90 for aromatic carbons,
164.47 (C=N thiazole), 164.53 (C=N Schiff base), 170.78 (-COO-).
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RADIOCARBON DATING OF A VERY LARGE GRANDIDIER
BAOBAB, THE GIANT OF BEVOAY
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ABSTRACT. The article presents the AMS (accelerator mass spectrometry)
radiocarbon dating results of the Giant of Bevoay, which is a very large Grandidier
baobab (Adansonia grandidieri Baill.) of Madagascar. The investigation of this
baobab shows that it has a cluster structure, which consists of 3 perfectly fused
stems. The calculated wood volume of the tree is 520 m®, which makes it the third
largest Grandidier baobab and also the third largest individual of all Adansonia
species. Two samples were collected from the outer part of the stems. The
oldest dated sample segment had a radiocarbon date of 525 + 23 BP, which
corresponds to a calibrated age of 585 + 10 years. According to this value,
the Giant of Bevoay is 825 + 50 years old.

Keywords: AMS radiocarbon dating, Adansonia grandidieri, tropical trees,
age determination.

INTRODUCTION

The Adansonia genus, that belongs to the Bombacoideae, a subfamily
of Malvaceae, contains eight or nine species. One or two species originate
from the tropical savanna of Africa, six species are endemic to Madagascar
and one species grows only in Australia [1-6].
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In 2005, we initiated an extensive research project for elucidating
several controversial or poorly understood aspects related to the architecture,
development and age of the African baobab (Adansonia digitata L.). The
research is based on our original methodology, which is not limited to dead
specimens, but also allows to investigate and date live individuals. This approach
uses AMS radiocarbon dating of tiny wood samples collected from inner
cavities, deep incisions in the trunk, broken stems and from the outer part of
trunk/stems of large baobabs [7-17]. We found that most large and old African
baobabs are multi-stemmed and exhibit preferentially ring-shaped structures.
The oldest African baobabs were found to have ages up to 2,500 years [10,
11,13-15].

In 2013, our research on the Adansonia genus was extended to big
individuals of the most widespread three Malagasy species, namely the Fony
baobab (Adansonia rubrostipa Jum. & H. Perrier), the Za baobab (Adansonia
za Baill.) and the Grandidier baobab (Adansonia grandidieri Baill.), which
grow in the west and south of the Big Island [6,19-22].

The Grandidier baobab, which is called Reniala (or Renala) by natives (in
Masikoro, i.e., “Mother of the Forest”), is the largest and most famous of the six
Adansonia species of Madagascar. A. grandidieri is represented by big trees
with columnar trunks and flat-topped crowns with almost horizontal large
branches [2,3,6].

Until 1998, A. grandidieri was observed in a limited number of locations
in southwestern Madagascar. Consequently, according to the IUCN Red List,
A. grandidieri was classified as endangered [23]. New investigations, based
on photo-interpretation of very high resolution satellite images and validated
by field investigations, demonstrated that A. grandidieri is distributed in a larger
area than previously believed and its population is much larger than older
estimates. According to recent research, the total population of A. grandidieri,
which covers an area of 26,232 km? along the Mangoky river and in the west
part of the Menabe region, is around 1.2-1.3 million mature specimens. However,
the species is still classified as endangered for a new reason, namely the
predicted population decline of at least 50% over the next three generations
[18,21,23].

The biggest A. grandidieri can be found in the Morombe area, especially
in the so-called Andombiry Forest. The Andombiry Forest hosts or hosted three
very large A. grandidieri specimens, with wood volumes of over 500 m3, namely
the Big Reniala of Isosa, the famous Tsitakakoike, which died in 2019, and
Tsitakakantsa [20,21].

Here we present the investigation and AMS radiocarbon dating results of
another giant specimen, the Giant of Bevoay, which is situated on the lower
course of the Mangoky river.

152



RADIOCARBON DATING OF A VERY LARGE GRANDIDIER BAOBAB, THE GIANT OF BEVOAY

RESULTS AND DISCUSSION

The Giant of Bevoay and its area. The baobab is located on a small
hill, in the proximity of a stone quarry, at 1 km from the southern (left) bank
of the Mangoky river. It is close to the Bevoay village, in the Beroroha district,
Atsimo-Andrefana region of southwestern Madagascar. The baobab can be
found on the southern edge of the Ampanonga Forest. Its GPS coordinates
are 21°57.974' S, 043°52.202' E and the altitude is 60 m. Mean annual rainfall
in the area is around 400 mm.

Figure 1. General view of the Giant of Bevoay taken from the south-east.

The baobab has a maximum height of 20.3 m and the restored
circumference at breast height (cbh; at 1.30 m above ground level) is 21.03 m
(Figure 1). Its base is situated in a 5 m deep depression.

The big columnar trunk has a tall horizontal fissure. It forks at the
height of 14.8 m into several branches, out of which 3 are very large, with
diametres up to 2 m. According to the visual inspection and to the analysis
of photographs, the quasi-cylindrical trunk is composed of 3 perfectly fused
stems. The horizontal dimensions of the spectacular canopy are: 34.8 (WE) x
29.2 (NS) m (Figure 2).
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The calculated wood volume of the baobab is 520 m3, out of which
480 m? represents the trunk and 40 m?® the canopy. By this value, the Giant
of Bevoay becomes the third largest Adansonia grandidieri in volume after
the Big Reniala of Isosa and the famous fallen Tsitakakoike, both from the
Andombiry Forest [21]. It is also bigger than any known African baobab.

Figure 2. The picture taken from south-west shows
the very large canopy of the Giant of Bevoay.

Wood samples. Two wood samples, labelled B-1 and B-2, were extracted
from the big trunk with an increment borer. The first sample B-1 was too short
(0.24 m) for investigation. Therefore, we investigated only the second sample
B-2, collected at a height of 1.71 m above ground, which was sufficiently long
(0.78 m). A number of five pieces/segments, each of the length of 10 m (marked
from a to e), were extracted from determined positions of the sample.

AMS results and calibrated ages. Radiocarbon dates of the 5 sample
segments are listed in Table 1. The radiocarbon dates are expressed in C yr
BP (radiocarbon years before present, i.e., before the reference year 1950).
Radiocarbon dates and errors were rounded to the nearest year.

Calibrated (cal) ages, expressed in calendar years CE (CE, i.e.,
common era), are also shown in Table 1. The 1-0 probability distribution (68.3%)
was selected to derive calibrated age ranges. For one sample segment (B-2e),
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the 1-o distribution is consistent with one range of calendar years. For two
segments (B-2c, B-2d), the 1-o distribution is consistent with two ranges of
calendar years, while for one sample segment (B-2b), with a low radiocarbon
date, it corresponds to four ranges of calendar years. In these cases, the
confidence interval of one range is considerably greater than that of the
other(s); therefore, it was selected as the cal CE range of the segment for
the purpose of this discussion.

Table 1. AMS Radiocarbon dating results and calibrated
ages of samples collected from the Giant of Bevoay

Sample | Depth’ Radiocarbon Cal CE range 10 Ass:g:ed Saameple
code [height?] date [error] [confidence [eror] [er?or]
(m) (**C yr BP) interval] (cal CE) (cal CE)
B-2a 0.02
[1.71] - - >1950 >Modern
1710-1719 (5.3%)
0.15 1813-1836 (17.3%) 1902 120
B-2b [1.71] 98 [+ 34] 1855-1866 (5.4%) [+ 22] [+ 20]
1880-1925 (40.4%)
B-2c 0.40 269 [+ 17] 1628-1680 (31.2%) 1767 255
[1.71] - 1732-1803 (37.0%) [+ 35] [+ 35]
0.65 1506-1591 (54.5%) 1548 470
B-2d | 1171] 346 [+ 45] 1618-1640 (13.8%) | [* 42] [+ 40]
0.81 o 1434 585
B-2e [1.71] 525 [+ 23] 1424-1435 (68.3%) [+ 10] [+10]

" Depth in the wood from the sampling point.
2 Height above ground level.

For obtaining single calendar age values of sample segments, we
derived a mean calendar age of each sample segment from the selected range
(marked in bold). Sample/segment ages represent the difference between the
year 2020 CE and the mean value of the selected range, with the corresponding
error. Sample ages and errors were rounded to the nearest 5 yr. We used this
approach for selecting calibrated age ranges and single values for sample
ages in all our previous articles on AMS radiocarbon dating of large and old
angiosperm trees, especially of baobabs [7-17,19-22].

For one sample segment (B-2a), which was collected close to the bark,
the sample age falls after 1950 CE (0 BP), namely the '“C activity, expressed
by the ratio '“C/'2C, is greater than the standard activity in the reference year
1950. Such values, which correspond to negative radiocarbon dates, are termed
greater than Modern (>Modern). In such cases, the dated wood is young,
being formed after the year 1950.
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Dating results of samples (segments). The oldest dated segment, i.e.,
B-2e, represents practically the sample end. It had a radiocarbon date of 525 +
23 BP, which corresponds to a calibrated age of 585 + 10 calendar yr. The
lower ages of the other three segments, i.e., B-2b, B-2c and B-2d, are in good
accordance with their positions in the stems. Eventually, the negative radiocarbon
date and the age of segment B-1a, shows that the stem from which was extracted
the sample B-2 was not affected by the growth-stop phenomenon [13].

Architecture of the Giant of Bevoay. Our extended research on the
African baobab revealed that very large specimens are always multi-stemmed
[10,13]. This feature also applies to the large Malagasy baobabs, including the
Grandidier baobabs [20,21]. As mentioned, the Giant of Bevoay consists of 3
perfectly fused stems. For this very large Grandidier baobab, the age sequence
of segments extracted from the investigated sample, which was collected
from the exterior, shows a continuous increase with the depth in the wood,
see Table 1. This demonstrates that the baobab of Bevoay exhibits a cluster
structure.

Age of the Giant of Bevoay. The age of the baobab can be estimated
by extrapolating the age of the oldest dated sample segment, namely B-2e,
to the presumptive pith of the corresponding stem. Sample segment B-2e, which
has an age of 585 £ 10 yr, originates from a depth of 0.81 m in the wood. In
the sampling direction, the trunk has a diametre of 6.60 m. Due to the cylindrical
shape of the trunk, we can consider that the 3 fused stems, which build the
trunk, have close dimensions and ages. In this case, the presumptive pith of
the sampled stem is located at a distance of 1.65 m from the sampling point.
In a conservative estimate, the age of the Giant of Bevoay is 825 * 50 years.

CONCLUSIONS

Our research discloses the AMS radiocarbon dating results of the
Giant of Bevoay, a very big Grandidier baobab, located on the lower course
of the Mangoky river, Madagascar. The baobab is composed of 3 fused stems
and presents a cluster structure. The wood volume of the Giant of Bevoay is
520 m3, which makes it the third largest known Grandidier baobab and also the
third largest individual of all baobab species. Two wood samples were collected
from the outer part of the trunk, out of which the longest was investigated. The
oldest dated sample segment was found to have a radiocarbon date of 525 +
23 BP, which corresponds to a calibrated age of 585 + 10 years. This value
indicates that the Giant of Bevoay is 825 + 50 years old. Therefore, one can
state that the baobab of Bevoay started growing around the year 1200 CE.
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EXPERIMENTAL SECTION

Sample collection. The investigated wood sample was collected with
a Hagléf CH 800 increment borer (0.80 m long, 0.0108 m inner diametre). A
number of four tiny pieces/segments, of the length of 10> m, were extracted
from predetermined positions along the sample. The segments were
processed and investigated by AMS radiocarbon dating.

Sample preparation. The a-cellulose pretreatment method was used
for removing soluble and mobile organic components [24]. The resulting
samples were combusted to CO», which was next reduced to graphite on iron
catalyst [25,26]. The resulting graphite samples were analysed by AMS.

AMS measurements. The radiocarbon measurements were done at
the AMS Facility of the iThemba LABS, Johannesburg, Gauteng, South
Africa, using the 6 MV Tandem AMS system [27]. In all cases, the obtained
fraction modern values were finally converted to a radiocarbon date. The
radiocarbon dates and errors were rounded to the nearest year.

Calibration. Radiocarbon dates were calibrated and converted into
calendar ages with the OxCal v4.4 for Windows [28], by using the SHCal20
atmospheric data set [29].
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THE IMPACT OF ANTHROPOGENIC ACTIVITIES TO THE
LEVEL OF SOME POPS RESIDUES IN BOVINE MILK
FROM SEVERAL FARMS IN ROMANIA
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ABSTRACT. Bovine milk is a product with high consumption rate across the
world and therefore its evaluation in terms of consumers’ safety and public
health is of extreme relevance. In this study, the occurrence of residues of
polychlorinated biphenyls (PCBs), organochlorine pesticides and heavy metals
was monitored in environmental samples (soil, grassland grass, water) and
bovine milk collected from seven locations in Romania, for the assessment of
their potential health risk. PCBs were detected in almost all the environmental
and milk samples; it highlighted in soil values higher than the normal limit set
by the national legislation, but below the alert thresholds and intervention levels.
Dichlorodiphenyltrichloroethane (DDT) and its metabolites were found in
consistently higher amounts in environmental samples and bovine milk at all
sites. Increased values of hexachlorocyclohexane (HCH) were also found in
milk samples but without exceeding the maximum admissible levels set by
the Romanian legislation. High concentration of cadmium, copper and zinc
were found in soil, grass and water samples from the industrial area. Lead
exceeded the maximum admissible level in samples from the urban area.
The results obtained confirmed the importance of surveilling persistent pollutants
in raw milk as part of the healthcare system.

Keywords: PCBs, organochlorine pesticides, heavy metals

INTRODUCTION

The high bioaccumulation potential of persistent organic pollutants
(POPs) in environmental matrixes poses serious problems to human health
and environment, and therefore an increased concern related to inappropriate
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use of pesticides in the agricultural processes is evident [1]. The use of pesticides
for crop protection has increased with the rising demand of food quantities
on the market due to growing world population and therefore health risk
monitoring and assessment measures must be considered. So far, international
and regional organizations have set maximum residue limits (MRLSs) of different
classes and representatives of main food contaminants. Monitoring programs of
pesticides, in particular organochlorinated insecticides, have been adopted
to ensure food safety, leading also to the enhancement of agricultural resources
management and avoidance of economic loss [2,3].

Short-term exposure to pesticides can cause skin and eye irritation,
headaches, dizziness, and nausea, and long-term exposure can cause diseases,
like: cancer, asthma, diabetes, hormone disruption, cardiovascular diseases,
obesity, reproductive and neurological diseases, and learning disabilities. The
developing of diseases can start in women embryo. The health risks are difficult
to elucidate, because of several factors, like: level of exposure and period of
exposure and the type of pesticide, thus the prediction of health hazards is
difficult [4, 5].

Another group of POPs used in many industrial applications and
generally found at low concentrations as contaminant of animal and human
food chains, are the polychlorinated biphenyls (PCBs). They decompose very
slowly into the environment because of their low solubility in water and high
thermal stability [6]. There are 209 congeners of PCBs, numbered from PCB-1 to
PCB-209, based on different number and position of chlorine [7], from which
six congeners (PCB-28, PCB-52, PCB-101, PCB-138, PCB-153, and PCB-180)
occur in high levels in environmental, food and human fluids/tissues samples,
being recommended by the Stockholm Convention on Persistent Organic
Pollutants (POPs) in 2001 to be monitored. Based on different national
recommendations, other congeners may be monitored. The POPs which are
banned by Stockholm Convention (2001, 2009) exhibit a wide range of toxic
effects [8].

A product with high consumption rate is the bovine milk and therefore
investigation of its quality in terms of chemical hazard and impact to human
health it is of great interest globally. Thus, in order to validate a solid phase
extraction method for polychlorinated biphenyl compounds, comparative studies
between ocean water and bovine milk were conducted resulting a greater
sensibility for the sorbent coating based on polymeric ionic liquids (PIL), at
the expense of the PDMS compounds (7 mm polydimethylsiloxane) due to the
incorporation of the sorbent particles of the PIL structures. Also, Chen et al. [9]
identified 12 polybrominated diphenyl ethers (PBDES) and 19 polychlorinated
biphenyl (PCBs) congeners in milk samples from California, by using rapid
methods (QUEChERS, purified by gel permeation chromatography and quantified
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by gas chromatography-mass spectrometry (GC-MS)), concluding that these
congeners confirm the previous results of the high levels of PBDEs from
California in comparison with other regions of the United States due to the
high industrial emissions in the area [9]. In Italy, a series of studies regarding
the presence of contamination compounds that can affect human health [10-13]
have been performed on cow and buffalo milk samples. The contamination of milk
from factories from Brescia (North Italy), was attributed to the contamination of
the food of animals. The dioxin-like PCBs were the main contributors to the
total levels of OMS-TEQ. They were found in proportions of 87%, in the most
contaminated sample. By replacing the contaminated food with one from a
non-contaminated region, the levels of OMS-TEQ were dropped up to the
ones the European Commission approves of 2 pg OMS-TEQ/g fat [14].

Heavy metals transferred on the chain air-water-soil may pose risk of
accumulation in plants through roots, stems or leaves [15-18]. They are also
persistent chemicals with toxic effects due to the induced oxidative stress
and disturbed metabolic processes, some of them being also carcinogenic
agents [19-22].

POPs contamination of soil, water and grassland of agricultural areas
can be of great concern for accumulation in the food chain (e.g. dairy and
meat products). Therefore, assessing the impact of farms location in terms
of the nearness with developed areas (e.g. industrial), but also of the specific
agricultural practices used, it is of interest. In this work, the occurrence of residues
of some persistent chemicals such as organochlorine pesticides, PCBs and
heavy metals was investigated in environmental samples (soil, grass, and water)
and bovine milk from farms located in different areas (rural and urban/industrial)
in South Romania.

The sampling sites were selected in terms of the anthropogenic
activities (e.g. chemical/ industrial companies in the area, and/or intensive
agricultural practices), while the POPs were chosen due to their potential risk
for health. The PCBs analytes included seven congeners, the PCB-28, PCB-52,
PCB-101, PCB-138, PCB-153, PCB-180 and PCB-194; analyzed organochlorine
pesticides were lindan a-, B- and &- isomers of hexachlorocyclohexane (HCH),
aldrin, dieldrin, endrin, endosulfan, dichlorodiphenyiltrichloroethane (DDT) and its
derivatives dichlorodiphenyldichloroethane (DDD), dichlorodiphenyldichloro-
ethylene (DDE); and investigated heavy metals were the lead (Pb), cadmium
(Cd), copper (Cu) and zinc (Zn).

The aim of this study is to assess the correlations between the
contamination of the environment and bovine milk, regarding the location of
farms in terms of nearness with developed areas or specific agricultural practices
used.
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RESULTS AND DISCUSSIONS

Non-dioxin polychlorinated biphenyls in environmental and milk
samples

The concentration of PCBs, pesticides and heavy metals were
investigated in environmental samples collected from four counties located
in the South of Romania, sites Valcea (VL), Arges (AG), lalomita (IL) and
Buzau (BZ). The sampling sites situated around individual farms were as
follows: rural (VL-V, VL-E, AG, IL, and BZ), urban-industrial (VL-S near
chemical/petrochemical plant) and urban (VL-N resort/thermal springs
area/near mountain area). The results on seven investigated polychlorinated
biphenyl congeners (PCB28, PCB52, PCB101, PCB138, PCB153, PCB180
and PCB194) are summarized in Figure 1.

Figure 1. Concentrations of individual PCBs in soil, grass and water samples from
the seven sites around the investigated farms and in collected bovine milk samples

The levels of individual PCBs in soil were found higher than normal
values (< 0.1 ug/kg for PCB28 and PCB52; and < 0.4 pg/kg for PCB101,
PCB 138, PCB 153 and PCB180, respectively) set by Romanian legislation
[23]. However, values were situated below the alert thresholds (2 ug/kg for
PCB28 and PCB52; and < 10 ug/kg for PCB101, PCB 138, PCB 153 and
PCB180, respectively) for sensitive soils (residential and agriculture areas)
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with the exception of PCB28 in samples from sites VL-Z (6.070 pg/kg), VL-N
(5.240 pg/kg), AG (6.325 ug/kg), and BZ (4.095 pg/kg), and of PCB52 in
samples from sites VL-N (8.030 ug/kg) and AG (7.045 ug/kg). All the obtained
values were below the intervention levels (10 pg/kg for PCB28 and PCB52;
and < 40 pg/kg for PCB101, PCB 138, PCB 153 and PCB180, respectively).
The level of PCBs at VL-S site, an area located near a chemical plant with
history in producing pesticides, was the highest found, but below the alert
thresholds for less sensitive soils (industrial land use). The sum of PCB congeners
(ZPCB?7) in soil samples from VL-S (Figure 2), which include PCB28, PCB52,
PCB101, PCB138, PCB153, and PCB180, was 43.895 ug/kg, higher than
normal value (< 10 pg/kg), but well below the alert thresholds (250 pg/kg) for
sensitive soils. The lowest 2PCB7 in soil samples was found in BZ site
(11.385 pg/kg). The mean values of soil PCBs including the seven congeners
ranged from 1.626 pg/kg (BZ) to 6.271 pg/kg (VL-S).

Figure 2. Concentrations of PCBs (sum, min, max and average) in soil,
grass and water samples from the seven sites around the investigated
farms and in collected bovine milk samples

PCBs were detected in all investigated grass samples, with exception
of PCB101 at VL-N site, PCB153 at VL-E and AG sites, PCB180 at VL-W
site and PCB194 at VL-N site. Increased levels of PCBs, in particular of high
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chlorinated ones (PCB138, PCB153, PCB180, and PCB194) were found in
samples from VL-S (industrial area) and IL sites. The values were below the
maximum admissible level imposed for animal feed [24].

Regarding the water samples, the highest mean values of seven PCB
congeners and the ZPCB7 were found in VL-S site (11.820 ug/L), while the
lowest ones were detected in VL-E site (6.535 ug/L).

PCBs were detected in almost all bovine milk samples. The congener
PCB153 was not found in sample BZ. With the exception of sample VL-S,
none of the other samples exceeded the maximum level of 40 ng/g fat as the
sum of the indicator of six congeners (PCB28, PCB52, PCB101, PCB138,
PCB153 and PCB180) in raw milk as set by EU Regulation [25]. PCB180
showed increased contribution to total PCBs in bovine milk collected from
farms at all sites, with exception of BZ site.

Organochlorine pesticides in environmental and bovine milk
samples

Concentration of ten individual organochlorine pesticides (a-, -, 5-HCH,
aldrin, dieldrin, endrin, DDE, DDD, DDT and endosulfan) were detected in
the investigated environmental samples and bovine milk (Tablel).

From the individual pesticides, the DDT and/or its metabolites were
found in consistently high amounts in environmental samples and bovine milk
at all sites. The highest total concentration of selected pesticides was found
in all samples at site VL-S, which is near a chemical industrial area.

However, the sum of DDTs (£DDT) in soil samples was below the
Romanian reference values [23], the highest value being of 5.016 pg/kg in
VL-S site. Other individual pesticides in higher concentration were the endosulfan
(at VL-W and IL sites), aldrin (at BZ), HCH and endrin (at VL-E). The sum of
HCHs (ZHCH) in soil samples did not exceed the Romanian reference
values, except to site VL-S (7.008 pg/kg).

Regarding grass samples, among organochlorine pesticides, the
2DDTs (Figure 3) were predominant in samples from VL-S site (58.947
Hg/kg) exceeding the maximum admissible level set by the EU Regulation
[26]. Aldrin exceeded normal values in samples from VL-S site (12.079
po/kg). The other samples showed pesticides values below the maximum
admissible levels.

Among individual pesticides in water, the B-HCH, DDE and DDD
exceeded normal values (0.60 pg/L) [27] in samples from VL-S, while a-, B-
and & -HCHs were found in high amounts in samples from IL site.
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Table 1. Organochlorine pesticides concentration in the environmental samples from
the seven sites around the investigated farms and in bovine milk sampled from the
selected farms (max values in bold, min values highlighted).

Sampling sites

Pesticides
VL-W | VL-E ‘ VL-N | VL-S | AG IL BZ
SOIL (ug/kg)
HCH 0.051 1.026 2.003 3.002 0.037 1122 0.654
+0.0040| 0.0003| +0.0004| +0.0004| +0.0001| +0.0009| +0.0002
BHCH 0.014 0.654 0.003 4.000 0.003 0.214 0.983
+00000| 0.0002| +0.0003| +0.0002| £0.0004] +0.0003| +0.0004
SHCH 0.003 0.226 0.144 0.006 1.001 0.541 2.022
$00010| 0.0001| +0.0003| +0.0005 +0.0005| +0.0003| +0.0003
A 0.995 0.364 1555 0.325 0.003 0.654 1.022
+00070| 0.0002| +0.0004| +0.0004| +0.0006] +0.0004| +0.0001
Dieldiin 0.013 1.025 3.003 0.257 - — 0.003
+00009| 0.0003| +0.0002| +0.0003 +0.0002
Endrin 0.201 2.000 1011 0.015 0.003 0.011 0.741
+00006| 0.0006| +0.0003| +0.0004| #0.0004| +0.0002| +0.0004
OoE 0.039 1.003 0.642 2.004 0.007 1.363 0.856
+00025| 0.0003| +0.0003| +0.0002| 0.0004| +0.0005| +0.0002
0D 1.006 0.003 0.024 1.005 0.146 2.024 0.363
+00008| 200005 +0.0003| +0.0001| +0.0001| +0.0005| +0.0005
- 0.003 0.025 0.255 2.006 1.003 0.005 0.025
+00008| 0.0007| +0.0001| +0.0002| +0.0003] +0.0005| +0.0004
Endosulfan 1.037 0.666 1.000 1.003 0.364 2.051 0.644
+0.0004| 0.0004| +0.0004| +0.0004| #0.0002| +0.0004| +0.0002
GRASS (ug/kg)
wHCH 0.162 0.406 2555 8.028 2.032 0.150 6.006
+0.0046| 0.0449| +0.0045 +0.0035| +0.0007| 00041 +0.0044
BHCH 0.844 0511 1027] 10521 3.023 2318 2.024
+00075| 200425 +0.0050| +0.0010| +0.0032| +0.0458| +0.0026
SHCH 1.002 2.647 1868  16.058 6.873] 14023 2102
$0.0180| 0.0038| +0.0057| +0.0043| +0.0527| +0.0093| +0.0004
Adin 4.026 2131 6.739]  12.079 8.075 1.307 0.377
+00025| 0.0055| +0.0040| +0.0024| +0.0648| +0.0539| +0.0145
Dieidiin 5.334 7.056 5.090 7089  11.081 4.461 0.157
+00006| 0.0050| +0.0015 +0.0003| +0.0012| +0.0999| +0.0054
Endrin 8.072 5.639 7023 25114 6.143 4,001 8216
$0.0497| 0.0002| +0.0030| +0.0006| +0.0028| 0.0299| +0.0346
ODE 9.235 2.780 6.358]  17.250] 11225 3.194 7.256
+0.0040| 20.0024| +0.0060| +0.0007| +0.0050| +0.1688| +0.0045
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Sampling sites

Pesticides
VLW VL-E VLN VL-S AG IL BZ
oD 8.046 9.163 4546] 10446 4355 11016 1.009
+00100] +0.0015| +0.0055| +0.0027| 00048 +0.0092| *0.0008
- 11151  16.001 8869] 31251 19571] 15062 4.488
+01210| +0.0045| +0.0045| +0.0027| +0.0306| +0.0394| *0.0741
Erdosfan 2.030 6.078] 12067| 17680 10725 5144]  16.289
+00055| +0.0040| +0.0040| +0.0002| +0.6350] +0.1080| +0.0320
WATER (ug/L)

HeH 0.082 0.046 — 0.149 0.078 0.621 0.164
+00012|  +0.0020 +0.0057| +0.0034| +0.0114| +0.1390
S HCH 0.003 0.007 0.016 0917 0.059 0.742 0.191
+00028| +0.0070| =+0.0018| +0.0245 +0.0059| +0.0008| +0.0039
5 HCH 0.006 0.005 0.044 0555 0.104 0.849 0.031
+00011| *0.0045 +0.0028| +0.0049| +0.0009 +0.0018| +0.0002
Aldrin nd. 0.082 nd. 0.004 0.028 0-364 nd.

+0.0023 +0.0042| +0.0275|  +0.0020

n 0.063 0.002 0.002 0.007
Dieldrin ndl 400118 nd| 400025 00020 0.0013 oo

. 0.026 0.054
Endrin n.d. 400009 +0.0044 n.d. n.d. n.d. n.d.
DE 0.015 0.038 - 0.831 0.004 0.258 0508
+00011|  +0.0018 +0.0096| +0.0035 +0.0031| +0.1437
0D 0.095 0.022 0.047 0.907 0.074 - 0.011
+00012| +0.0220| +0.0004| +0.0038| +0.0004 @ 400003
- 0.079 0.085 — 0.440 0.450 s 0.449
+00055|  +0.0058 O 100041] +0.3708 O 400018
0.028 0.051 0513 0.035
Endosulfan |1 0280 L nd| 100074 00035 nd| 100008
BOVINE MILK (ng/gi)

3.958 6.080 4.031 0.004 1.360
a-HCH +0.0632 i nd| 100018 03331] 200042 00973
S HCH 2.065 3.254 4.266 4812 7.046 1257 3.031
+0.0040, +0.0039| +0.0050| +0.4419| 00048 *0.0049| +0.0056
S HeH 2.205 8.255 3077 9.261 3333 0.981 0.768
+0.0047| +0.0050| +0.0048| +00107| +0.0019| +0.0064| *0.0729

_ 3123 2206 1262 2353
Aldrin +0.0273 nd 400057 ndl 00027  +00111 =
Seldrin — — 4.256 4.149 2.085 2118 0.355
+00048| +0.0017| +0.0051| +0.0235 +0.3030
Endrin n.d. 2.116 n.d. n.d. 1.556 n.d. n.d.
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Sampling sites

Pesticides
VL-W VL-E VL-N VL-S AG IL Bz
+0.0046 +0.0047

0,p-DDE 6.618 5.225 3.331 6.216 4.256 nd 1.358
' +0.0233| +0.0050, +0.0065| +0.0048| +0.0056 1 £0.0035
0.p-TDE 5.259 6.386 6.581 6.084 6.576 0.707 0.958
' +0.0021| +0.0043| +0.0073| +0.0016| +0.0052| +0.0674| +0.0037
DDT 7.065 6.181 7.147 9.546 7.056 6.377 2.327
+0.0038 +0.0014 +0.0034 +0.0046 +0.0042 +0.0129 +0.0047
Endosultan 3.380 2.359 Sl 4,503 2.562 2.019 0.306
+0.0008|  +0.0020 +0.0071| +0.0025| +0.0026| +0.0151

Mean value (n=3) + standard deviation

Concerning raw milk samples, the DDT was found in all samples. The
highest amount of ZDDTs was registered in sample from VL-S, of 21.846
Ng/gra, followed by VL-W (18.942 ng/grar), While the lowest was found in BZ
(4.642 ng/gtar) and IL (7.084 ng/grat). The obtained values did not exceed the
maximum admissible levels set by Romanian legislation [28].

Figure 3. Concentrations of ZDDTs (sum, min, max and average) in soil, grass and
water samples from the seven sites around the investigated farms and in collected

bovine milk samples
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Our study revealed low levels of pesticides compared with other
studies. A study provided by Deti et al. [29] on bovine milk from different
regions of Ethiopia, empasized larger quantities of organochlorine pesticides
than the ones found in this study, like: DDE, that reaches quantities of up to
91.9 ng/g fatand DDT up to 1230 ng/g fat. The endosulfan was not detected
in most of the samples, but in the samples that was detected it reached a
quantum of up to 142.1 ng/g fat and aldrin was found in only one sample and
it had a quantity of 11.6 ng/qg fat.

However, increased values of a-, B-, and 8- HCH were found in milk
sample from VL-S, B-, and &- HCH in sample from VL-E and -HCH to AG
site. Endrin was absent in most of samples, except for VL-E and AG sites.

Heavy metals in environmental

Regarding the level of heavy metals (Pb, Cd, Cu and Zn), the
obtained results are presented in Table 2. Heavy metals were detected in
environmental samples in various concentrations, as follows:

(i) Lead level varied in the range of 7.285 + 321.110 pg/kg in soil
samples (the highest concentration in sample from VL-N, exceeding
the maximum admissible level [30], 0 + 2.505 pg/kg in grass samples
(highest value in VL-S) and 0.185 + 8.020 ug/L in water sample
(highest value in VL-S);

(i) Cadmium level varied in the range of 1.220 + 9.965 ug/kg in soil
samples (the highest concentration to IL), 0.025 + 1.905 pg/kg in
grass samples (highest value in VL-S) and 0.265 + 2.235 ug/L in
water sample (highest value in IL)

(iiiy Copper level varied in the range of 46.195 + 226.725 ug/kg in soil
samples (the highest concentration in sample VL-S), 1.430 + 16.070
Hg/kg in grass samples (highest value in VL-S) and 4.185 + 69.030
po/L in water sample (highest value to VL-S)

(iv) Zinc level varied in the range of 88.600 + 469.601 pg/kg in soil
samples (the highest concentration in sample VL-S), 11.575 + 67.110
png/kg in grass samples (highest value in VL-S) and 539.185 =+
2306.090 pg/L in water sample (highest value in VL-ZE)

Soil, grass and water samples at VL-ZS showed high concentration
of cadmium, copper and zinc.

Statistical analysis showed extremely significant positive Pearson’s
correlation coefficients (p<0.01) between cadmium-contaminated soil and
cadmium-contaminated water (R?= 0.9765), and between lead-contaminated
water and copper-contaminated water (R2= 0.9093), respectively. Copper
residues in water high significantly correlated with those in soil (R?= 0.7976)
and in grass, respectively (R>= 0.8702).
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Table 2. Concentration of Fe, Cd, Cu and Zn in the environmental samples
(soil, grass and water) from the seven sites around the investigated farms

Sampling sites

Samples
VL-zV | VL-ZE \ VL-ZzN | vi-zs | vi-zsE IL BZ
Lead (ug/kg)

<o 9.170] 136.190] 321.110] 47.090]  156.225 7.285] 215.135
+0.190| +0.060] +0.040| +0.030] +0.035 +0.035 +0.165

grass 1.085 0.745 0.910 2.505 0.125 0.520
+0.065 +0.115| +0.060| +0.145  +0.125 +0.030

ater 0.185 0.220 4.900 7.085 1.225 8.020] 0.370
+0.015 +0.040] +0.130| +0.065 +0.135 +0.130] +0.030

Cadmium (ug/kg)

ol 1.220 5.320 4.150 9.215 2.580 9.965  6.460
+0.030] +0.040| +0.060 +0055 +0.030] +0.085 +0.21

grass 0.030 0.025 0.790 1.905 0.135 0.050]  0.630
+0.030] +0.025 +0.050] +0.035 +0.035 +0.000 *0.060

ater 0.265 0.745 0.685 1.770 0.385 2235 1.305
+0.045 +0.095 +0.055| +0.250 +0.025| +0.105/ +0.055

Copper (ug/kg)

<o 46.195 63.28] 113.085 226.725 98.225 97.620] 139.750
+0.055 +0.030 +0.055| +1.445 +0.055 +0.470| +0.310

grass 5.190 7.320] 10450 16.070 1.430 14.065 2.705
+0.170| +0.260] +0.070| +0.180 +0.110| +0.185 +0.345

ater 12.165 4185  36.300]  69.030 12.880 44.015| 15.605
+0.195 +0.335 +0250| +0.120 +0.140| +0.075/ +0.455

Zinc (ug/kg)

ol 88.600] 365200 118.380] 469.601 105280  236.080 364.180
+0.030 +0.320] +0.040 +0.030  +0.030 +0.07| +0.070
17.225] 11575 44.785  67.110 25.160 28.945 18.140

grass +0.135 +0.065 +0235| +0.140 +0.080] +0.205 < 0.080

ater 1216.065] 2306.090] 1718.100] 1107.050] 2230.930]  539.185/2207.600
+6.955 +9.060] +7.040| +5310 +25.190| +438.935 +6.430

Mean value (n=3) + standard deviation

A significant correlation (p<0.05) of PCBs in milk and PCBs in soil
(R?= 0.7548) was observed. The correlation analysis of milk samples also
indicated a good correlation of PCBs and pesticides (R?= 0.7568).

Regarding the residues in water samples, there was a highly significant
correlation (p<0.05) between PCBs and pesticide (R?= 0.8068), cadmium and
pesticides (R?>= 0.8267), and copper and pesticides (R>= 0.8038). Concerning
grass samples, a very significant (p<0.05) positive correlation was found
between cadmium and pesticides (R?= 0.8157), and zinc and pesticides (R?=

0.8344).
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CONCLUSIONS

Residues of polychlorinated biphenyls, organochlorine pesticides and
heavy metals from environment may enter the food webs and generate
negative effects in the human body. Contaminated soil, water and grassland
grass with organochlorine pesticides, PCBs and heavy metals in areas of
farming may be of great concern of accumulation in raw bovine milk.

The results of the present investigation on levels of persistent chemicals
(non-dioxin like PCBs, organochlorine pesticides and heavy metals) were
determined for environmental and bovine milk samples of local origin. Sampling
sites were selected based on historical contamination due to the presence of
large chemical / industrial companies and /or intensive agricultural practices.

Samples from sites near industrial areas show relative high contamination.
In particular, high chlorinated PCBs (PCB138, PCB153, PCB180, and
PCB194), high £DDT, ¥HCH, cadmium, copper and zinc were detected in
those areas. The analyzed samples did not exceed the maximum admissible
levels set by the Romanian legislation for each contaminant, except for the
site situated in the industrial are.

The results of this work confirmed the importance of surveilling POPs
on the milk chain, from farm to fork, and are important for the public awareness
regarding chemical hazards. Therefore, advanced strategy for monitoring
milk safety should be applied to identify pathways for contamination.

EXPERIMENTAL SECTION

Sample collection and storage

Environmental samples (soil, grass and water) were collected in 2017
from four South Romanian counties, namely: Valcea (VL), Arges (AG),
lalomita (IL), and Buzau (BZ), at different sites around local farms, which
regularly provide bovine milk for automatic milk dispensers (Figure 4). The
sampling sites are listed in Table 3.

From each site (Table 3), approximately 1 kg of soil samples (7 cm deep)
were collected from three sampling points situated near the pastures for
animals, using a stainless-steel soil sampling probe with a conically-tapered
tip for an easier drive-in sample extraction, and stored in zip lock bags to be
investigated later in the laboratory. Also, approximately 1 kg of grass samples
from pastures and 1 L of water were collected and kept at +4°C before analysis.
Additionally, fresh bovine milk was sampled from the collecting centers in the
investigated areas to assess the potentially residues of PCBs, pesticides and
heavy metals. The selection of milk sample supplying sites was based on both
economic and consumer safety criteria since the farms/collecting centers
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provide important amounts of raw milk to farmers markets vending machines.
Milk samples (2 L each) were collected in plastic bottles and transported to
the laboratory in cooling boxes with ice packs where they were immediately
stored in a freezer at -24°C until analyzed.

Figure 4. Location of sampling sites and surrounding areas

Table 3. Sampling sites

Location of
County farm/rn_llk Site | Altitude Latitude |Longitude Description
collecting | code | (average)
centre
Calimanesti |VL-N| 288m |45.23910N |24.33986E Resort/near
mountain area
Bunesti |VL-W| 303m |45.11434N |24.18899E R“ra"g?é:”"“ra'
Valcea Urban/near
Raureni [VL-S| 227m |45.06129N|24.33649E | . ' 0o o8
Nicolae 1) g1 490m [45.10656N | 24.43600E | RuraliAgricultural
Balcescu area
Arges | Moraresti | AG | 548m |45.01610N |24.56791E R”ra'/gf’é:”"“ra'
lalomita | Dragoesti IL 66 m  |44.56535N | 26.54118E R”ra'/g?ég’”"“ra'
Buzau | Mihailest | BZ 75m | 44.91444N|26.67677E R”ra"g?:;”'t“ra'
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Reagents and reference solutions

Mix standard solutions for organochlorine pesticides (a-HCH, B-HCH,
0-HCH, aldrin, dieldrin, endrin, DDE, DDD, and DDT) and PCB congeners
(PCB28, PCB52, PCB101, PCB138, PCB153, PCB180, and PCB194) were
purchased from LGC (Germany). Proper amounts of stock solutions of all
these standards were prepared in chromatography-grade n-hexane. Working
standard solutions were prepared by appropriate dilution of the above mix
standards in n-hexane at different concentrations for both, pesticides and
PCBs. For each compound, linearity at six different concentrations, of 0.100,
0.070, 0.050, 0.010, 0.005, and 0.001ug/L, with triplicate measurements,
were evaluated through a linear regression analysis. Both stock and working
standards were stored at -24 °C during the study.

Chromatography-grade acetonitrile, acetone, ethyl acetate, n-hexane,
dichloromethane and sodium chloride were obtained from Merck (Darmstadt,
Germany); anhydrous sodium sulphate of analytical grade was produced by
Sigma Aldrich (Germany).

A multi-element standard solution XVI CertiPUR (a mixture of 21
elements in diluted nitric acid), with a certified value of 100+3 mg/L, purchased
from Merck (Darmstadt, Germany) was used for the calibration curve in the
guantitative analysis of metals (Pb, Cd, Cu, and Zn). Solutions of varying
concentrations were prepared for the metals by diluting the standard solution.
65% HNO; from Merck (Darmstadt, Germany) and ultrapure water, with a
maximum resistivity of 18.2 MQ/cm, produced by a Milli-Q Millipore water
purification system (Bedford, MA, USA), were used for sample treatment and
dilution.

Extraction

Organochlorine pesticides from water and bovine milk - 10 mL of sample
were introduced into a 100 mL centrifugation tube, 5 g natrium chloride (NacCl)
and 30 mL of acetonitrile were added. The tubes were stirred at 250 rpm for
20 minutes, using an AREX Heating Magnetic Stirrer from VELP (ltaly). The
mixtures were centrifuged at 6000 rpm for 15 minutes for obtaining clear
sample layers. After the centrifugation, approximately 90% of the acetonitrile
superior layer was transferred into a centrifugation tube. Then, we added 5 g of
anhydrous sodium sulphate and stirred the tube for 2 minutes. The sample
was kept into the freezer for 15 minutes; next, 10 mL of the acetonitrile superior
layer was mixed with 10 mL of a saturated solution of sodium chloride and
30 mL of ultrapure water, and then extracted twice with 20 mL dichloromethane
using a separation funnel. The organic layer was filtered by using sodium
sulphate and then evaporated to dryness.
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The residue was taken with 2 mL of ethyl acetate and filtered by using
filter paper purchased from Sigma Aldrich. The obtained solution was transferred
into a 1.700 mL flask, analyzed and quantified by using the gas chromatography
with an electron capture detector (GC/ECD), the results being confirmed after
by using gas chromatography coupled with mass spectrometry (GC/MS).

Organochlorine pesticides and PCBs from soil and grass - 20 g of
cryogenically triturated samples were stirred intensively for 15-20 minutes
with 50 mL of acetone using an AREX Heating Magnetic Stirrer from VELP
(Italy). 50 mL of ether were added, and the stirring continued for another 15
minutes. This procedure was executed twice. The combined extracts were
washed twice into a separation funnel by using 500 mL distilled water. The
resulted extract was dried on sodium sulphate (Sigma Aldrich, Germany) and
concentrated at 1 mL, after which the sodium sulphate was washed three
times with 10 mL of ether. In order to obtain satisfactory results, the acetone
water ratio was 9:1, and the acetone ether ratio was kept constantly at 1:2.

Sample purification - Into a glass column of 25 cm length and 1 cm
interior diameter, designed with a tap, a quartz wool plug and 3 g of aluminum
oxide were inserted. The concentrate extract was introduced into the dry column
by using a pipette. The concentration flask was washed twice with 1 mL of
ether and the washing portions were transferred into the column immediately
after the liquid reached the superior part of the columns filling. The elution was
performed by using 20 mL ether and the resulted extract was concentrated to
1 mL. To the final extract, 1 uL of reference solution for the injection was added.

PCBs from water and bovine milk - The extraction was performed by
using 500 mL of sample and 15 mL of n-hexane stirred for 1 hour. The
organic layer was dried with sodium sulphate and concentrated to 2 mL by
using a Turbo Vap 500 concentrator. The 2 mL were passed through a glass
column designed with a tap and a glass wool plug, filled with silica gel 60
(70-230 mesh), with 7 cm length. The second layer was made of 0.5 cm,
silica gel 60 (20 mesh). The column was washed with 10 mL n-hexane, after
which the samples was run through and the column was washed again with
5 mL n-hexane. The extract was concentrated to 1 mL and then injected into
the apparatus.

Heavy metals - Into a reaction vessel 1 g of dried sample (soil or
grass) and 10 mL of HCI: HNOs (3:1) solution were inserted and left to react
for 10 minutes, and then put through the digestion process [31]. 30 mL of
milk were dried and solubilized in 35 mL of HNO3 0.3% solution and then put
through the digestion process [32]. For the determination of element contents,
samples were digested with a microwave oven, at 400 W, 800 PSI pressure
and a temperature of 180°C, maintained for 20 minutes.
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Chromatographic analysis of PCBs and pesticides

A number of 7 PCB congeners (PCB28, PCB52, PCB101, PCB138,
PCB153, PCB180, PCB194) and 10 organochlorine pesticides (a-, -, - HCH,
aldrin, dieldrin, endrin, DDE, DDD, DDT and endosulfan) were measured by
a GC-MS apparatus (Varian 450-GC coupled with a Varian 240-MS external
ionization ion trap MS) in the collected samples (soil, water, grass and milk).
Helium (purity 99.9999%) was employed as the carrier gas at a flow rate of
1 mL/min. Chromatographic separation was performed using a CP-Sil 8 CB
column (50m x 0.25mm x 0.25um, Agilent). During the analysis, the injector and
detector temperatures were maintained at 240 °C and 270 °C. The temperature
of the mass spectrometer ion source was maintained at 210 °C. The oven
temperature was initially set at 60 °C (maintained for 5 minutes) and continued
by increasing to 280°C (at a rate of 20 °C/min). An amount of 2 pL from each
sample (extracts, standards and blanks) was used for injection in the apparatus.

The determination of the recovery yield - For every batch of analyzes
performed, a sample of contaminants was prepared by using known
concentrations from the compounds of interest. The analytical method was
validated on the working matrix. The samples were divided in quantities of 20 g
each and treated with a pesticide mix of concentrations between 0.05 and 10 ug/L.
For the pesticide mix recovery tests, six replicas of every concentration were
determined for the analyzed soil. The calibration curve and the samples’ matrix
were determined in double at the concentration levels stated before.

Heavy metals analysis

Concentrations of lead, cadmium, copper and zinc were measured by
a method proposed by Miedico et al. in 2017 [33]. The quantification was
performed by using calibration curves, determined with analytical standards
purchased from LGC Dr. Ehrenstorfer.

Statistical analysis

Data are presented as a result of three replicas. Mean, standard
deviation, maximum and minimum ranges were calculated using simple
statistical analysis, and the correlation of variables was done by calculation
of Pearson’s correlation coefficients at significance level of risk a<5%.
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ADSORPTION AND CORROSION INHIBITIVE
PROPERTIES OF ORYZA GLABERRIMA HUSK
EXTRACT ON ALUMINIUM IN H2SO4 SOLUTION:
ISOTHERM, KINETIC AND THERMODYNAMIC STUDIES

LEKAN TAOFEEK POPOOLA¥

ABSTRACT. In this study, isotherm, kinetic and thermodynamic studies of
corrosion inhibitory properties of Oryza Glaberrima husk extract (OGHE) on
aluminium in 1.5 M H2S0O4 solution was investigated via mass loss measurement.
Aluminium coupon and OGHE were characterized using SEM, EDS, FTIR
and AAS. Increase in Al corrosion rate in H2SO4 solution was observed as
exposure period (24 - 120 hrs) and temperature (293 - 333K) were increased
but decreased with pH (2 - 6). Corrosion inhibition efficiency of OGHE is a
function of its concentration and ability to be easily absorbed on Al surface
to form thick protective films against H.SO4 attack. Adsorption of OGHE
molecule on Al surface in 1.5 M H2SO4 solution agrees excellently well with
Langmuir isotherm. Thermodynamic study revealed the adsorption process to be
spontaneous, endothermic and physisorption in nature. Kinetic study affirmed
adsorption of OGHE molecule on Al surface to obey second order reaction.
Appropriate corrosion mechanisms of Al dissolution in H2.SO4 and in the presence
of OGHE were proposed. This study proved positive prospects of OGHE as
effective corrosion inhibitor for Al in acidic medium.

Keywords: Aluminium, Sulphuric acid, Oryza Glaberrima, Corrosion, Inhibition

INTRODUCTION

It's no more new around the globe that corrosion is a deadly phenomenon
[1] which could lead to loss of lives and properties. It also adversely affects
the economy of developing and developed nations due to costs normally
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assigned to replacement of damaged materials [2]. Thus, all hands must be on
desk to safe our materials (metals and alloys) from corrosion. Among these
materials that is abundantly available and cut across edges of processing
industries is the aluminium (Al) due to its lightness; versatility; highness in
corrosion resistance, conductivity and reflectivity; non-ferromagnetic and
non-pyrophoric; non-toxic; attractiveness; recyclability and easily fabricated
characteristics [3]. Also, the significance of sulphuric acid in process industries
cannot be ignored due to its application in cleaning, oil wet cleaning, descaling
and pickling [4]. Thus, availability of Al in abundance and its aforementioned
properties qualify its application in aggressive medium (such as sulphuric acid
solution) which causes its corrosion over time. This prompted researchers to
investigate cheap and environmental friendly corrosion inhibition approaches of
Al via the use of extracts from greeners as corrosion inhibitors for aluminium
in sulphuric acid solution [3, 5-15]. They are blessed with organic compounds
enriched with nitrogen, phosphorus, sulphur and/or oxygen which act as
agents for aluminium steel surface protection from corrosion when absorbed
(physically or chemically) on its surface via 1 bonds, heterogeneous atoms
or aromatic rings [16].

Recently, studies have investigated isotherm, kinetic and thermodynamic
nature of Dryopteris cochleata [14], Solanummelongena L. [8], Euphorbia
hirta [10], Anthocleista djalonesis [17], Spondias mombin [11], Ocimum gratissium
[18] and Azadirachta indica [12] plant extracts as corrosion inhibitors for
aluminium in H.SO4 solution. However, there were none or limited studies on
isotherm, kinetic and thermodynamic characteristics of rice husk extract as
corrosion inhibitor for aluminium in sulphuric acid solution. Also, most previous
studies only applied Langmuir isotherm to check for data fitness of existing
interaction between adsorbed molecules of inhibitors and metal surface.
They rarely examined other isotherm models for comparison purpose to reveal
the best fit model. Recently, Oryza Glaberrima husk has been shown to be
very rich in silicates which contain phenolic compounds that have strong
affinity to form thick films on metal surface when absorbed and thus, prevent
it from corrosion under acidic attack [15, 19-20]. This study uniquely investigated
isotherm, kinetic and thermodynamic studies of corrosion inhibition of aluminium
in 1.5 M sulphuric acid solution using Oryza Glaberrima husk extract (OGHE)
as corrosion inhibitor. In this study, Langmuir, Freundlich, Frumkin, Temkin
and Flory-Huggins isotherm models were used to validate experimental data.
Characterization of aluminium and extract was done using SEM, EDS, FTIR
and AAS.
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RESULTS AND DISCUSSION
Aluminium coupon and OGHE characterization

SEM

Scanning electron microscope image revealed serious corrosion attack
(leading to pitting corrosion) on Al surface in 1.5 M H>SO; in the absence of
OGHE (Figure 1a) resulting from the formation of aluminium sulphide complexes
(JAISO4]* and [AIOHSO4]) during dissolution of Al and H>SOa. It was obvious
that Al surface porosity increased coupled with formation of small holes.
Protective film formation as a result of OGHE molecules adsorption on Al
surface serves as a barrier between Al surface and H.SO4 and thus, prevents
it from corrosion attack (Figure 1b).

(a) (b)
Figure 1. SEM micrographs of Al surfaces (a) after immersion in 1.5 M H2SOa4

solution in the absence of OGHE and (b) after immersion in 1.5 M H2SO4 solution in
the presence of 1.0 g L™ OGHE for 24 h at 303 K

FT-IR

Table 1 presents wavelengths and respective assignments of sharp
peaks from the FT-IR analysis executed for the OGHE and corrosion products of
Alin 1.5 M H,SO,4 and 1.0 g L'* OGHE. The major assignments which have
high significant contributions in corrosion inhibition of Al in H.SO,4 solution
with 1.0 g L* of OGHE are peaks at: (1) 4117.84 - 3428.15 cm™ attributed to
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-OH stretching of phenols and alcohols. (2) 2522.20 - 2861.88 cm* resulted
from N-H stretching of amine. (3) 893.7 cm™ attributed to AI=S stretching
resulting from covalent bond between Al and S during dissolution of Al in the
corrosive medium. (4) 615.35 — 644.93 cm* attributed to Si-O stretching
resulting from covalent bond between free silicon from OGHE silicate and
free valent oxygen in aqueous solution. and (5) 415 cm? resulting from Al=O
stretching as a result of strong electrovalent bond between dissolved Al and
oxygen during its dissolution in H.SO4 solution in the absence of OGHE. Above
all, shift in the values of peaks at different wavelengths is a strong indication
of OGHE adsorption onto Al surface in 1.5 M H2SO..

Table 1. Wavenumbers and assignments of FTIR sharp peaks for OGHE;
and Al corrosion products in 1.5 M H2SO4 and 1.0 g/L OGHE

FT-IR Wavenumber (cm™) Assignments References

OGHE | Corrosion products of Al in
1.5 M H2504 + 1.0 g/L OGHE

4103.72 4117.84 -OH stretching vibration [21]

of phenols and alcohols
3428.15 3432.78 -OH stretching of phenols and [14]
alcohols

2861.88 2522.2 N-H stretching of amine [7]

1777.38 1781.59 -C=0 stretching of aliphatic ketone [21]

1536.02 1470.08 COO stretching vibration [4]

1386.20 - NO: stretching vibration [22]

- 1041.41 CO-0-CO stretching of anhydride [7]

- 893.47 Al=S stretching [23]

615.35 644.93 Si-O stretching [24]

- 415 Al=0 stretching [24]

EDS

Table 2 presents the results of the energy dispersive spectroscopy
analysis at certain points on the surface of Al coupon in (a) its purchased
form (b) the presence of 1.5 M H,SO, and (c) the presence of 1.0 g L of
OGHE with 1.5 M H2;SO.. The following are strong evidences of Al loss to
H>SO4 solution during dissolution in corrosive medium: (1) reduction in the
weight percent of Al from 97.77 % (in its original form) to 90.04 % (in corrosive
medium) (2) presence of sulphur, oxygen and hydrogen on Al surface which
could be traced to corrosion attack from H>SO, as these are major elements of
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the acid in solution and (3) reduction in the weights of alloys of Al (except Si)
during the dissolution of parent Al. The reason behind increase in the weight
percent of silicon is opened for further studies. Though there was loss of Al to
solution with presence of S, O and H on Al surface when 1.0 g L* of OGHE was
added, the weight percentages in this regard were very minute. This proved the
efficacy of OGHE to form protective films on Al surface acting as barrier between
it and corrosive H2SO4 solution. This in return prevents the Al surface from pitting
and restricts formation of small holes.

Table 2. Energy dispersive spectroscopy analysis of Al coupon in (a) purchased
form (b) 1.5 M H2SO4 and (c) 1.5 M H2SO4 + 1.0 g L OGHE

Aluminium Aluminium Sample Aluminium Sample
Sample in 1.5 M H2S04 in 1.5 M H2S04+ 1 g L* OGHE
Element (mass wt %) (mass wt %) (mass wt %)

Al 97.77 90.04 97.68
S - 3.91 0.11

O - 2.81 0.090
H - 1.37 0.089
Mg 1.12 0.91 1.03

Si 0.49 0.52 0.55

Mn 0.47 0.33 0.33

Fe 0.099 0.086 0.096
Zn 0.019 0.0092 0.0063
Ti 0.0096 0.0059 0.0082
Cu 0.0154 0.0044 0.0047
Cr 0.0043 0.0027 0.0036
Pb 0.0027 0.0018 0.0022

AAS

Figure 2 is the pictorial representation of the results of atomic adsorption
spectroscopy analysis conducted to confirm concentration of AI** loss to
H>SO, solution during Al dissolution in the absence of OGHE. In contrary,
AlR* concentration was also checked in the presence of OGHE in H,SO, to
ascertain the effectiveness of OGHE as corrosion inhibitor for Al in this corrosive
medium. The result revealed increase in AI** concentration in H,SO4 solution
from 0.17 to 0.87 ppm as the exposure time increased from 24 to 120 hours.
Thus, the higher the exposure period in the absence of OGHE, the higher
the AI3* concentration. However, reduction in Al¥* concentration in H>SO4
solution in the presence of OGHE was noticed as Al** concentration reduced
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from 0.17 to 0.0096 ppm and 0.87 to 0.0696 ppm at 24 and 120 hours
respectively. This affirms that OGHE is effective in minimising corrosion rate
of Al in the acidic medium.

1
0.9
€038
o
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c
506
T
505
c
S04
c
So03
S
% 0.2
0.1
0

1.5 M Sulphuric acid
1.5 M Sulphuric acid + 1.0 g/L OGHE

24 48 72 96 120
Exposure Time (hrs)

Figure 2. AI®* variation after exposure period at 24 hrs interval in 1.5 M sulphuric
acid solution in the absence and presence of OGHE

Effect of solution pH

The results showing pH effect (2, 4 and 6) of 1.5 M H2SO, on corrosion
rate of Al (Figure 3a) and inhibition efficiency of OGHE (Figure 3b) at constant
temperature, exposure time and OGHE concentration of 40°C, 24 hours and
0.6 g L respectively have been presented. Sodium hydroxide pellets was
used to vary the pH of the acidic medium. The result revealed decrease in
the rate of corrosion of Al from 2.718 to 0.982 mm y! as the solution pH
increases from 2 to 6 while OGHE inhibition efficiency increases from 33.48
to 64.83% in this trend. These are strong indications of high activeness of
the sulphuric acid to attack the Al substrate at low pH and OGHE to protect
the Al surface from acidic attack at high pH via formation of protective films.
Similar trends have been presented previously [6,9].
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Figure 3. Effect of H2SOa4 solution pH on (a) corrosion rate of Al and
(b) inhibition efficiency of OGHE

Effect of exposure period and OGHE concentration

Figure 4 presents the results showing the effect of exposure period
of Alin 1.5 M H>SO4 solution on the corrosion rate (Figure 4a) and inhibition
efficiency of OGHE (Figure 4b) at varying exposure period of 24, 48, 72, 96
and 120 hours and OGHE concentration of 0.2, 0.4, 0.6,0.8and 1.0 g L. It was
observed that the corrosion rate increases as the exposure period progresses
but it decreases with increase in OGHE concentration (Figure 4a). This
exhibition could be linked to blockage of Al surface from H,SO, attack by
increase protective films formation as the concentration of OGHE increases. The
corrosion rate reduced from 289.99 mm y! (blank solution) to 23.93 mm y!
(in the presence of 1.0 g L of OGHE) after exposure period of 120 hours. Similar
study had presented similar result [23].
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Contrary result was observed for the inhibition efficiency of OGHE
used as corrosion inhibitor as its capacity to block corrosion sites on the Al
reduces as the exposure period increases. However, OGHE exhibited high
inhibition efficiency of 91.75% when its concentration was increased to 1.0 g L
after Al was placed in 1.5 M H,SO, solution for 120 hours. This affirms the
effectiveness of OGHE at high concentration as good corrosion inhibitor for Al in
1.5 M H2S0O4 solution. Previous study presented similar trend when Dryopteris
cochleata leaf extracts was used as green corrosion inhibitor for aluminium
in 1 M H,S0O4 solution [14].

—o—Blank Solution
—m— 0.2g/L

0 20 40 60 80 100 120 140
Exposure Period (hr)

@)

110 ——0.2g/L
100 ' . —m— 0.4g/L
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Inhibition Efficiency (%)
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Figure 4: Effect of exposure period and OGHE concentration on (a) corrosion rate
of Al and (b) inhibition efficiency of OGHE in 1.5 M H2SO4 solution
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Temperature effects, isotherm and thermodynamic studies

The significance of studying the effects of temperature is to have
thorough knowledge of adsorptive characteristics of green corrosion inhibitor
molecules on metal surface when subjected to different temperature conditions
[25]. Nevertheless, it's a major tool in thermodynamic and activation parameters
calculation for the corrosion process. The effect of temperature on corrosion
rate of Al in 1.5 M H,SO. solution in the presence and absence of OGHE
was examined. Also, adsorptive nature of OGHE molecules on Al surface at
different temperature was investigated via inhibition efficiency measurement.
Experiment was conducted at 293, 303, 313, 323 and 333K for varying OGHE
concentrations of 0.2, 04, 0.6, 0.8 and 1.0 g L'* while other parameters (pH = 2.0
and exposure period = 24 hours) were held constant. Increase in corrosion
rate was observed in both the blank solution and presence of OGHE at different
concentrations as the temperature increases (Figure 5a). Also, decrease in
OGHE inhibition efficiencies was exhibited as the temperature was increased
from 293 to 333 K (Figure 5b). However, the efficacy of used OGHE was
displayed as its inhibition efficiency increases with increase in its concentration
in H2S04 solution. This affirms partial desorption of OGHE adsorbed molecules
on Al surface at higher temperatures. This enhances exposure of Al surface to
the corrosive medium and thus, manifested in the reduction of OGHE inhibition
efficiency as solution temperature increases. However, inhibition efficiency
of 88.60 % was recorded (even at high solution temperature of 333 K) when
1.0 g L* of OGHE was applied. This assures applicability of OGHE as excellent
corrosion inhibitor even at relatively higher temperatures. Previous studies
had presented similar results [18, 26].

Adsorption isotherm study gives insight into the nature of adsorption
process showing the type of interaction existing between adsorbed molecules of
green corrosion inhibitor (GCI) and metal surface which prevents its attack
in aggressive media [23]. Research has shown influential factors to include:
aggressive media type; chemical structures present in organic compounds
of GCI; GCI molecules charge distribution; and surface charge available on
metal type [5]. In this study, adsorption of OGHE molecules onto Al surface
was achieved via replacement of adsorbed water molecules (H20ags) on Al
surface with OGHE molecules in agueous phase (OGHEsn) as written in
Equation 4.

OGHEsoIn + XHZOads —> OGHEads + XHZOsoIn (4)

where OGHE.qs stands for adsorbed OGHE molecules, H2Oson is the water
molecules in solution and x is the number of replaced water molecules by
unit molecule of adsorbed OGHE. A balanced adsorption process is then
achieved when the chemical potential on both sides is the same.
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Figure 5. Effect of temperature on (a) corrosion rate of Al in H2SO4 solution and
(b) inhibition efficiency of OGHE

In this study, linear forms of Langmuir, Freundlich, Frumkin, Temkin and
Flory-Huggins stated as Equations 5-9 respectively were used to investigate
nature of interaction existing between OGHE (green corrosion inhibitor) and
Al surface.
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ﬁ = L + Cinh (5)
0 Kads
logé=IlogK,, +nlogC,, (O<n<1) (6)
6
log [Cinh x[nﬂ =2.303log K, +20.6 (7)
0= 2.303log K, 2.303log G, ®)
2a 2a
6
log [C—J =log K, +xlog(1-6) 9)
inh

where Cinn represents OGHE concentration (g L), Kags is the adsorption
equilibrium constant (gt L), 6 is the surface coverage, n is a constant that
measures degree of heterogeneity, a is a constant that reveals adsorbed
layer nature, a is the parameter of attractiveness and x is parameter size
which measures adsorbed water molecules quantity displaced by molecules
of inhibitor.

Based on the result obtained (Table 3) for all plotted isotherm models
(Figures 6(a)-(e)), Langmuir revealed highest R? value (absolutely close to
unity) at all temperatures examined which substantiates it as the model that
best describes the experimental data. This suggests adsorption of OGHE on
Al surface assumed a mono layer adsorption (each adsorption site on solid
surface is attached to one adsorbed species) [27]. Similar study also revealed
Langmuir as the best isotherm model for corrosion inhibition of aluminium alloys
in acidic media [28]. Also, values of Kags (Langmuir) decreases as the temperature
increases which revealed reduction in the inhibition efficiency of OGHE in this
trend (Table 3). Value of Kags is @ measure of adsorptive strength of inhibitors
on metal surface. The higher the values of Kags, the better the adsorption and
inhibition efficiency [29].

Nonetheless, parameters from other isotherms (besides Langmuir)
have their significance on isotherm study of OGHE on Al in H,SO4 solution
irrespective of their low R? values. The values of lateral interaction constant (a)
obtained from Frumkin isotherm were all positive at investigated temperatures
(Table 3) which suggests OGHE efficacy as good corrosion inhibitor for Al in
aggressive media [30]. Values of attractive parameter (a) gotten from Temkin
isotherm were all negative (Table 3) suggesting existence of repulsive forces
between adsorbed layer of OGHE molecules on Al surface and sulphuric acid
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[10]. Also, values of size parameter (x) obtained from Flory-Huggins isotherm
were all positive (Table 3) which proves the bulkiness of OGHE adsorbed
species [31].
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Figure 6: Isotherm study of OGHE adsorption onto Al in 1.5 M H2SO4 using (a)
Langmuir (Cinn/0 vs. Cimn) (b) Freundlich (log 6 vs. log Cinh) (c) Frumkin (log (Cinn*(6/1-8))
vs. 0) (d) Temkin (B vs. log Cinn) and (e) Flory-Huggins (log (6/Cinn) vs. log (1-8)) isotherm
models.

Table 3. Isotherm parameters of OGHE adsorption onto Al surface in 1.5 M H2SO4

T(K)

Langmuir

Freundlich

Frumkin

Temkin

Flory-Huggins

a
Kads

RZ

Kads

RZ

Kads

a

RZ

Kads

RZ

Kads

X

RZ

293

6.34

0.999

1.05

0.323

0.948

0.009

3.237

0.816

0.017

-1.973

0.972

3.062

0.213

0.895

303

5.04

0.995

1.01

0.369

0.930

0.044

2.237

0.935

0.025

-1.882

0.960

3.322

0.391

0.912

313

4.15

0.998

0.98

0.411

0.971

0.064

2.010

0.975

0.034

-1.770

0.989

3.151

0.460

0.975

323

3.23

0.987

0.94

0.451

0.989

0.082

1.879

0.991

0.046

-1.688

0.982

2.599

0.448

0.911

333

291

0.977

0.90

0.467

0.981

0.095

1.794

0.992

0.050

-1.698

0.970

2.436

0.485

0.877

Kads: g'l L
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The values of adsorption equilibrium constant (Kags) obtained at
different temperatures (Table 3) from the best fit isotherm (Langmuir) were
used in determining thermodynamic adsorption parameters. The free energy

of adsorption (AG?, ) was determined by solving Equation 10 at varying

ads

temperatures and Kags values. The heat of adsorption (AH.,) was

]

determined from slope of a plot of AGads/T against 1/T using Equation 11.
Gibbs-Helmholtz equation stated as Equation 12 was used to calculate the
enthalpy of adsorption while Equation 13 was used to calculate the entropy
of adsorption (AS?, ).

ads

AG?, =—RTIn(55.5K ) (10)
AGuys _ _ AHu + constant (11)
T T
0AG/T _  AH
aT T2 (12)
AG, =AH . —TAS,, (13)

where R = molar gas constant (8.314 Jmol™K™) , T = absolute temperature
(K) and 55.5 = constant value denoting water concentration in solution (mol
dm™3).

It was observed that all the values of AG,,; obtained at the examined

temperatures were all negative (Table 4) which suggests adsorption of
OGHE on Al surface to be spontaneous with formation of stable protective
film layers which protect metal surface from H>SO, attack [32]. Also, values

of AG?,. being less that -20 kJ mol! suggest existence of electrostatic

ads

attractive force of interaction (physisorption) between OGHE charged
molecules and charged Al [33]. The value of AH_, obtained via the linear

plot of AG? /T against 1/T (Figure 7) was negative which signifies that the

ads

adsorption of OGHE molecules onto Al surface was exothermic in nature.
Also, measured absolute value of AH_,. within the temperature range was

less than 40 kJ mol?! suggesting corrosion inhibition of Al in H.SO. solution
was as a result of physical adsorption of OGHE on Al surface. Nonetheless,

mean positive value of AS;, suggest substitution process between
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adsorbed water molecules (H20aq4s) on Al surface and OGHE molecules in
aqueous phase (OGHEsqn) to cause rise in solvent entropy coupled with
additional water desorption entropy [33].

Table 4. Thermodynamic parameters of OGHE adsorption
onto Al surface in 1.5 M H2SO4

T(K) | Kads | AG°uds(kImoll) | R2 | AHgs(kd molY) | ASCags (J molt K)
293 | 6.34 -14.28 0.992 -16.28 97.362
303 | 5.04 -14.19
313 | 415 -14.15
323 | 3.23 -13.93
333 | 291 -14.08
'41 T T T T T 1
4(2).0329 0.003 0.0031 0.0032 0.0033 0.0034 0.0035
-43 |
= y = -16279x + 6.8712
il R?=0.9919
g 45 -
é _46 4
'—
S
% -47 -
o
Q
g 48 -
.49 -
-50 -

1/T (KY)

Figure 7. Plot of AG®us/T vs. 1/T to determine AH%ds and AS®ds as thermodynamic
parameters of OGHE adsorption onto Al surface in 1.5 M H2SO4

Kinetics and order of reaction

Analysis of kinetic data of corrosion reaction is imperative due to its
heterogeneous nature (cathodic and anodic reaction pathways). To achieve
this, determination of rate constants and half life parameters are required to
identify the order of reaction. Table 5 presents the results of half life and rate
constants obtained from first order plot (In (W1- W>) vs. t) presented as Figure 8a
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and second order plot (t/W- vs. t) presented as Figure 8b via Equations 14 - 16
respectively [15] at varying OGHE concentrations (0.2 — 1.0 g/L), time (24 - 120
hours) and constant temperature of 313 Kin 1.5 M H,SO, solution.

~ 0.693

=— 14
by =— (14)
In(W, —W,) = -kt +InW, (15)
L: L 5 +L (16)
W2 k2W1 Wl

where W; = initial weight of the metal (g), W- = final weight of the metal (g),
k = rate constant, t = exposure time (h) and ti» = half life.

The result (Table 5) revealed increase in rate constants for both order
of reactions as the inhibitor concentration increases with decrease in corrosion
rate. This substantiates the effectiveness of OGHE as corrosion inhibitor for Al in
H.SO.. Also, the half-life decreases as the OGHE concentration increases
which indicates decrease in the time required for Al to corrode to half of its
initial weight resulting from its protection by OGHE extract via adsorption.
Approximately unity values were obtained for R? of proposed second order
linear model (Table 5) which supports it as the model that best describes the
order of the corrosion reaction of Al in H.SO4 in the presence of OGHE.
However, previous studies rarely considered this proposed second order linear
model. They usually present first order linear model (Equation 15) as the best
model for R? values between 0.930 and 0.980 [31, 34-35]. In this study,
similar result was also revealed for the linear first order kinetic model as R?
ranges between 0.930 and 0.992.

Results revealed by both first and second order kinetic linear models
was substantiated via application of rate order reaction equation (Equation
17) to determine order of reaction (n). The linearized form of the equation is
presented as Equation 18. The experiment was conducted for 120 hrs at 24
hrs time interval to obtain a linear plot of In rc vs. In Cinn (Figure 9) such that
the slope of each plot is the order of reaction. The result revealed all values
of n to be greater than 1 with minimum and maximum values being 1.0898
and 1.7561 (Table 6) respectively. The order of reaction can be approximated to
be 2 which affirms the result earlier presented.

r. =kCp, (17)
Inr, =Ink+nInC,, (18)

where r. is the rate of corrosion (mm y?), k is the reaction constant, n is the
order of reaction and Cin is concentration of OGHE (g L%).
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Figure 8. Kinetic study of OGHE adsorption onto Al surface in 1.5 M H2SOa4
using (a) first order and (b) second order linear models
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Table 5. Kinetic parameters of OGHE adsorption onto Al surface in 1.5 M H2SO4

First order Second order
System i <102 (hrl) |tz (hr) R2 kax 102(gThrY) | tuz (hr) R2
Blank 0.77 90.00 0.974 4.54 15.25 | 0.999
0.2 g/L 1.01 69.30 | 0.969 7.98 8.68 1.000
0.4 g/L 1.22 56.80 | 0.992 10.92 6.35 1.000
0.6 g/L 1.38 50.22 | 0.989 17.37 3.99 1.000
0.8 g/L 2.05 33.80 | 0.930 24.40 2.84 1.000
1.0 g/L 2.07 33.48 | 0.976 33.80 2.05 1.000
y (24 hrs) = 1.7561x + 1.4004 6 | ®24hrs
R?=0.91 y (48 hrs) = 1.3749x + 2.1288 48 hrs
' R2=09477 . | A72 hrs
96 hrs
X120 hrs
o
(6]
£
y (72 hrs) = 1.1232x + 2.6546
R?=0.9237 .
y (96 hrs) =1.0203x+3.0834 (120 hrs) = 1.0898x + 33245
R*=0.9261 R2 = 0.9484
I T 0 1
2 -1.5 0.5 0
InC,,,

Figure 9. Plot of In CR against In Cinn to determine reaction order
for OGHE adsorption onto Al surface in 1.5 M H2SO4

Table 6. Kinetic parameters of OGHE adsorption
onto Al surface in 1.5 M H2SO4

Time (hrs) n R?
24 1.7561 0.910
48 1.3749 0.948
72 1.1232 0.924
96 1.0203 0.926
120 1.0898 0.948
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Corrosion inhibition mechanism

In the absence of OGHE, dissociation of H,SO, and dissolution of Al
(Equations 19-22) occur in solution to form 2 moles of H*, 1 mole of SO,*,
1 mole of AI** and 1 mole of [AIOH]?*ions. The sulphide ion is then adsorbed
on Al surface to form aluminium sulphide complexes [AISO4]* and [AIOHSO4]
with AI®* and [AIOH]?* respectively in the anodic reaction. These complexes
are the main soluble corroded Al form which makes its surface to corrode
easily in H,SO4 solution in the absence of OGHE. In the cathodic reaction,
2 moles of H* picked up the released electron in the anodic reaction to
produce chemisorbed hydrogen. The chemisorbed hydrogen then combines
with each other to form H. gas molecule which escapes from the Al surface.
The main controlling steps in the Al dissolution are the complexes formation
reactions presented as Equations 23-24.

H>SO4dissociation: H2SOu4aq) +—= 2H* + SO4* (19)
Al dissolution:  Alg + H20 <« AlOHuys+ H*  + e (20)
AlOHags + 5H,0 + HF —= AB* + 6H,0 + 2e- (21)

AR* + H,0 < [AIOH]?* + H* (22)

Complexes formation: APR* + SO = [AISO,]* (23)
[AIOH]?* + SO4* = [AIOHSO,] (24)

In the presence of OGHE, corrosion inhibition of Al surface in H,SO4
is enhanced by:

(1) formation of thin film protective coatings resulting from adsorption
of anionic OGHE on positive sites formed on Al surface due to electron
liberation during the anodic reactions (Equations 20-21). The thin film acts
as a barrier between Al surface and H.SO4 and thus prevents loss of Al
atoms into the acidic solution which in return limits the corrosion rate.

(2) replacement of water molecules present in solution by adsorbed
soluble OGHE molecules on Al surface which alters kinetics of Al dissolution
(Equation 4).

(3) presence of functional hydroxyl groups (revealed by FTIR) in the
phenolic compounds of y-oryzanols, a-tocopherol and y-tocopherol (Figure 10)
which are major constituents of OGHE molecules [36-38]. These —OH groups
bridge the gap between OGHE molecules and Al surface and thus minimises
corrosion rate.
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(4) presence of valent heteroatom (oxygen) attached directly to aromatic
rings of a- and y-tocopherol (Figures 10(b-c)) enhances donor—acceptor surface
complexes formation between OGHE p-electrons and Al vacant d-orbital. This
alters the electrochemical characteristics of the system and thus, leads to
reduction in corrosion.

(5) extended size and nature of y-oryzanols, a-tocopherol and y-
tocopherol compounds present as OGHE molecules which cover large areas
on the Al surface and thus inhibit its corrosion.

Cl
|

Hy
CH-‘CH=C/

CH;
OH \CHJ C H3 CH
Q/M H,C oA CH,
: CH CH CH
CH=HC—CQQ' HO 3 3 3
CHs

CHy  CHy
(@) (b)

(c)

Figure 10: Phenolic compounds of (a) y-oryzanols
(b) a-tocopherol and (c) y-tocopherol present in OGHE

CONCLUSIONS

Experimental works executed in this study revealed that Al has
corrosion resistance attributes in H>SO4 solution in the presence of OGHE.
Formation of pitting and small holes on Al surface in H>SO4 solution
was revealed by SEM. Presence of —OH (attached to the phenolic rings of
y-oryzanols, a-tocopherol and y-tocopherol) and —NH was revealed by FTIR.
Attachment of sulphur, oxygen and hydrogen on Al surface in aqueous
H.SO,4 was shown by EDS. Reduction in concentration of Al** loss in acidic
medium in the presence of OGHE was revealed by AAS. Corrosion rate of Al
increased in H.SO4 solution as exposure period (24 - 120 hrs) and temperature
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(293 - 333K) were increased but decreased with pH (2 - 6). Corrosion inhibition
efficiency of OGHE primarily depends on its concentration and adsorptive
capability on Al surface via formation of thick protective films. Adsorption of
OGHE molecule on Al surface in 1.5 M H,SO4 solution agrees perfectly with
Langmuir isotherm. Thermodynamic study revealed adsorption of OGHE
molecule on Al surface to be spontaneous, endothermic and physisorption in
nature. Kinetic study affirmed adsorption of OGHE molecule on Al surface to
follow second order reaction. Corrosion mechanism was enhanced by Al
dissolution in H>,SO4 solution and presence of —OH group attached to phenolic
compounds of y-oryzanols, a-tocopherol and y-tocopherol present in OGHE.

EXPERIMENTAL

Materials

Table 7 presents the chemical composition of commercial aluminium
used for this study supplied by Alok Hefsibah Global Trust Limited. Ethanol,
acetone, grades of silicon carbide paper and sulphuric acid (all of analytical
grades) were supplied by Top-Jay Scientific. Oryza Glaberrima husk, left as
remnant, was obtained from Bodija International Market, Oyo State, Nigeria.

Table 7. Chemical Composition of Aluminium Used

Element Al Mg Si Mn Fe Zn Ti Cu Cr Pb
0.00
(%) 97.82 | 1.06 | 0.57 | 0.41 | 0.11 | 0.0093 | 0.0082 | 0.0061 | 0.0039 | 25

Aluminium coupon preparation

Grades of silicon carbide paper were used to polish the aluminium
to remove dirts. Polished aluminium was then cut into coupons of same
dimension (6x4x0.4 cm) and exposed surface area (24 cm?) with aid of
a digital vernier calliper. Acetone was used to degrease the aluminium coupons
while distilled water was used to thoroughly rinse them. Samples were dried
and kept in desiccator for subsequent weight loss experiment.

Extract and corrosion inhibitor preparation

Clean water was used to thoroughly wash the Oryza Glaberrima husk
to remove unwanted dirt after which it was dried in an oven for 24 hours at
120°C. Mechanical grinder was used for the dried Oryza Glaberrima husk
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and was later sieved to obtain fine particles of < 63 um. The particles were kept
in clean polythene bags and sealed to prevent further moisture contamination.
Soxhlet extraction process was adopted to get extract from particles at room
temperature (28 £ 3 °C) using analytical grade ethanol. The filtrate obtained
(which stands as the extract used as corrosion inhibitor) was later subjected
to evaporation to remove excess ethanol and then stocked for experiment.
Different concentrations of Oryza Glaberrima husk extract (OGHE) (0.2, 0.4,
0.6, 0.8 and 1.0 g L) were prepared and used as corrosion inhibitor for Al in
1.5 M H2S0O, solution.

Weight loss measurement

Aluminium coupons were tested in sulphuric acid using weight loss
measurement. Weights of aluminium coupons were checked before and after
immersion in 1.5 M H,SO, solution in the presence and absence of OGHE.
After the immersion time is elapsed, coupons were removed from acidic solution
and then washed with distilled water and acetone. Specimens were dried using
hot air and allowed to cool for 10 minutes. Equations 1-3 were used to calculate
the corrosion rate, inhibition efficiency and surface coverage respectively using
weight loss values after each experiment via digital weighing balance.

87,500W
CR (mm/y)=——— 1
(mm/y) Aot @
I.E.%:Ll— CRy, jxlOO )
blank
e:[l— R j 3)
CRblank

where CR = corrosion rate (mm y1), W = weight loss (g), A = coupon area (cm?),
p = density (g cm®), t = immersion time (hr), 1.E.% = inhibition efficiency,
CRinn = corrosion rate in the presence of inhibitor and CRpjank = corrosion rate
in the absence of inhibitor, 6 = surface coverage.

Extract and coupon characterization

FTIR analysis

OGHE and corrosion products of aluminium in 1.5 M H,SO. in the
presence of OGHE were characterized by FTIR within wavelength of 400 -
4000 cm! via Nicolet iS10 Fourier transform infra-red spectrophotometer.

Scanning electron microscopy/energy dispersive spectroscopy
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SEM/EDX-JEOL-JSM 7600F scanning electron microscope was used to
examine the surface morphology of aluminium coupon in the presence and
absence of OGHE. The energy dispersive spectroscopy (EDS) analysis was
executed via attached accessories of scanning electron microscope.

Atomic absorption spectroscopy

AAS Buck Scientific 210 VGP atomic absorption spectrometer was used
to check AIR* concentration in H.SO, solution after weight loss measurement.
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ABSTRACT. Lipidomics is an advanced analytical technology applying
techniques like Gas- or Liquid Chromatography coupled with Mass Spectrometry
or Magnetic Resonance Spectrometry to find the lipid biomarkers in tissues, blood
or urine. This review selected significant results which show the impact of
lipidomic investigations for discriminating the metabolic profiles and dysregulation
of metabolic pathways in CRC patient's comparative to healthy controls. It
focuses on the description of best methods and procedures to separate and
identify hydrophobic molecules with molecular weights under 1000 Daltons,
especially using high pressure liquid chromatography coupled with mass
spectrometry. The main lipid classes involved in the onset and progression of
CRC are presented, as well the alterations of lipid-related cellular pathways
during tumorigenesis. Especially lipid profile changes (of cerotic acid,
hydroxylated, polyunsaturated fatty acids, free fatty acids, oxylipins, glycero-
phospholipids, di- and triglycerides, sphingomyelins and ceramides) showed
significant differences and can be considered reliable biomarkers to discriminate
between early and advanced stages of CTC malignancy, prognosis or
survival prediction.

Keywords: metabolomics, lipidomics, colorectal cancer, biomarkers.
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Abbreviations

Cer: Ceramide; CEA: carcinoembryonic antigen; CRC: Colorectal cancer; CTC: computed
tomography colonography; FFA: Free fatty acid; GTA: Gastrointestinal tract acids;
HETE: Hydroxyeicosatetraenoic acid; HODE: 13-hydroxyoctadecadienoic acid; LA:
Linoleic acid; Lysophosphatidic acid; LOX- lipoxygenase; LPC: Lysophosphatidylcholine;
MUFA: Monounsaturated fatty acid; PA: Phosphatidic acid PC: Phosphatidylcholine; PE:
Phosphorylethanolamine; PG: Prostaglandin; PL: Phospholipid; PUFA: Polyunsaturated
fatty acid; RBC: Red blood cell; SFA: Saturated fatty acid; SM: Sphingomyelin; SPL:
Sphingolipid; TAG: Triacylglycerol;

INTRODUCTION

Colorectal Cancer (CRC) is an important public health issue, belongs
to the three leading causes of cancer-related mortality in both men and
women [1,2], particularly in Western Countries but also in developing countries,
and is strongly related to stress and food habits. The American Cancer
Society estimated 104610 cases in 2020, and other 43,340 new cases in US,
around 12% diagnosed in patients less than 50 years old [3]. The incidence
is 30% higher in men compared to women with an increased incidence (60%) for
rectal cancer, compared to colon cancer. The early detection and endoscopic
resection of adenomatous polyps (premalignant conditions) and screening
colonoscopy improved significantly the survival rate (American Cancer
Society, 2020). The decline of mortality during the last two decades are due
to improvements in treatment (12%), changes in CRC risk factors (35%), and
screening (53%) as well as due to early diagnosis, with a CRC decline of
64% after 5 years and 58% after 10 years [4].

Recent data compared different ways to diagnose CRC, many including
a preliminary colonoscopy and biopsy [5-7] and more and more, imaging
technologies [8-10].

Blood is particularly useful for biomarker research, as it can be obtained
more easily and less invasively than other biological materials. That is the
reason why scientists are searching for other screening methods with a good
predictive value and high sensitivity. Metabolomics is an advanced non-invasive
technology which includes a systematic screening, fingerprinting of small
metabolites (with molecular weight less than 5000 Da) which are related to
the metabolic signature of a certain tissue or biofluid (blood, urine, saliva).

Metabolomics and metabonomics offer a qualitative description
(fingerprint) and the quantitative measurement, respectively. If the screening
refers specifically to lipid molecules involved in metabolism, this screening is
named Lipidomics, which include two types of techniques: untargeted lipidomics,
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a comprehensive analysis of all the measurable lipid molecules in a sample
including unknown chemicals, and targeted lipidomics, which measure defined
groups of known lipids, that are characterized and chemically annotated [11,
12]. This technique uses advanced analytical platforms and techniques, such
as gas-chromatography or high performance liquid chromatography coupled
with mass spectrometry (GC-MS, HPLC-MS), Magnetic resonance (NMR),
capillary electrophoresis (CE), which are improved continuously to identify
constellations, patterns of metabolites related to specific pathways and
pathologies [13].

Based on recent literature findings, this review focuses on the description
of best methods and procedures to separate and identify hydrophobic
molecules with molecular weights under 1000 Daltons, especially using liquid
chromatography coupled with mass spectrometry. The changes of the turnover
of these molecules in tissues or blood may reflect an accurate diagnosis of CRC.
The main lipid classes involved in the progression of CRC are also presented,
as well the alterations of lipid-related cellular pathways during tumorigenesis.

LIPID CLASSES AS PUTATIVE CRC BIOMARKERS

Lipids are a very complex category of metabolites, including molecules
with multiple structures and roles in cellular signaling and energy fuels [14].
Lipids are considered potential biomarkers in malignancy, therefore lipidomic
studies are strongly developed the last two decades, helping the understanding,
diagnosis and treatment of cancer and meanwhile to be good prognostic or
screening biomarkers for early diagnosis and targeted therapies [15].

Figure 1 represents the main classes of lipids which may be considered
as diagnosis biomarkers of many pathologic disturbances.

Figure 1. Main lipid classes, considered as potential biomarkers for many
pathologies, including CRC. For details see abbreviations.
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The lipid alterations are associated with colorectal cancer (CRC),
since cancer cells can generate energy in a nutrient-deficient environment,
prefer glycolysis against oxidative phosphorylation. However, recently this
paradigm shifted towards a “reversed Warburg effect”, some cancer cells,
including CRC cells may synthesize ATP by of mitochondrial phosphorylation
[16,17], opening new research directions for the identification of molecular
therapeutic targets, such as fatty acids (FAs) synthesis and oxidation. The
metabolization of exogenous glutamine represents another dependence of
cancer cell, many oncogenic mutations affecting glutamine metabolism [18].
Meanwhile the alterations of lipid metabolism in CRC lead to structural
changes in cell membranes, disruption of energy homeostasis, cell signaling,
gene expression and protein distribution, affecting a number of cell functions,
such as proliferation, differentiation, apoptosis, autophagy, necrosis, drug
and chemotherapy resistance [19, 20]. The role of lipids and their metabolism
in cancer development and spread raises a growing interest of researchers,
as shown in previous reviews [1, 21]. The lipid metabolic pathways affected
in CRC cells include FAs synthesis, desaturation, elongation and mitochondrial
oxidation of the FAs. A summary of the main changes in the lipid composition
of different biological samples from CRC patients, as shown in recent references,
is presented in Table 1.

Table 1. Changes in lipid composition of different
biological samples from CRC patients

Biological Lipid species/potential biomarkers Change References
sample tendency

Tissue PCs, especially PC(16:0/16:1) Increase [22]
Total lipids, Cerotic acid Increase [23-25]
TAGs Decrease [26,27]
Lipoxygenase Increase [28]
FFAs 22:4 Increase [21, 29, 30]
Ceramides and endo cannabinoid Decrease [29]
LPC 20:4,LPA Increase [31]
LPC 22:6 Decrease [31]
PA 34.0, 36:2 Increase [30, 31]

Plasma LPC Increase [25, 31, 32]
Fatty acids synthesis increase [33-35]
MUFAs/PUFAs Increase [30]
Ethanolamine plasmalogens [36, 37]
fatty acids and polar lipids
Decanoic acid Increase [38]
LPC18:0 Decrease [39]

Serum Total lipids C15:0, C18:0, C18:0,C18:2, C18:3 Decrease [23, 40, 41]
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Biological Lipid species/potential biomarkers Change References
sample tendency

Total lipids C22:0, C24:0, C26:0, C26:0, C30:0, |Increase [23, 41]
c18:1
Ultralong chain fatty acids Decrease [42]
Oxilipins, HODE, HETE Decrease  [[43]
Endocannabinoids and ceramides Increase [44]
Sphingomyelins, Ceramides, eicosanoids Increase [45-47]
GTA-446 Increase [48]
Succinate, N2, N2-dimetihylguanosine, adenine, |Increase [49]
citraconic acid,methylguanosine

The complex lipid metabolic changes may be explained by the high
proliferation rate of the CRC cells, with high energetic needs, changes in the
serum levels of phospholipid components derived from cell membrane
degradation, accompanied by inflammation and changes in the arachidonic
acid metabolites in serum or tissue.

A recent study focused on a single metabolite as a potential
biomarker for early detection of CRC, namely long-chain (C28) hydroxylated
polyunsaturated fatty acids or gastrointestinal tract acids (GTAs). Analyzing
serum samples from 225 CRC patients and 916 healthy volunteers, it was
concluded that GTA-446 does not reflect the presence of a tumor, but the
susceptibility to CRC and helps to identify high-risk CRC patients with high
sensitivity, encouraging the colonoscopy [46].

Another study identified decreases of LPCs, associated with body
weight loss and activated inflammatory status in CRC patients [50]. Another
2019 published paper, based on the study of plasma form 268 CCR patients
and 353 controls, finds all the LPC positively correlated as it follows: seven
LPCs were detected at lower levels among colorectal cancer patients
compared to controls, mainly LPC (16:0 and 18:0), in accordance with
previous studies. This pattern might reflect an increased degradation rate of
LPCs as a result of the accelerated cell proliferation (LPEs20:4 and 22:6)
were increased in CRC patients compared to controls [51, 52].

An important aspect of CRC tumarigenesis is related to the eicosanoids
(arachidonic acid metabolites) and their oxidized forms via cyclooxygenase-
2 and 15- lipoxygenase-1 activities, these enzymes having opposite effects:
the first one generates prostaglandin E2 which stimulates tumorigenesis while
the second one inhibits interleukin-1 and tumor necrosis factor TNFa and
suppresses colonic tumorigenesis [48]. Meanwhile 13-HODE levels were
significantly decreased in cancer and colorectal polyp mucosa, as a specific
alteration in the LOX product profile associated with human colorectal
tumorigenesis. No significant differences between normal, polyp and cancer
mucosa were noticed for 12-HETE, 15-HETE or leukotriene B4 levels [28].
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LIPID BIOMARKERS IN RELATION TO CRC DIAGNOSIS AND STAGE

In 2012, in a study including 52 CRC patients and 52 healthy controls
there were 15 metabolites identified categorized in four lipid classes. The authors
found a lipid metabolic model containing palmitic amide, oleamide, octadecanoic,
hexadecanedioic, myristic and eicosatrienoic acids, lysophosphatidylcholines
such as LPC(16:0), LPC(18:2), LPC(20:4), LPC(22:6) with a good statistics
as potential biomarkers (AUROC value of 0.991) to discriminate early stage
patients from healthy controls, above the prediction made by carcinoembryonic
antigen (CEA) [31].

The up-regulated and down-regulated metabolites through the various
stages of CRC were identified in a study which included 56 CRC patients, 60
healthy controls and 59 patients with adenomas. Benzoic acid showed high
AUROC value, octanoic and decanoic acids were up-regulated and proportional
to CRC stage, but their diagnostic predictability was not high [47].

A study on plasma samples of 30 CRC patients revealed changes of
medium-chain fatty acids (6 up to 12 C) while a targeted metabolomic
approach of further 117 patients revealed that decanoic acid (C10:0) had the
best AUROC values in discriminating CRC patients from healthy individuals
and may prove an excellent biomarker for screening [38].

A panel of 13 metabolites for the discrimination between CRC patients
and healthy controls as well as 14 biomarkers for the discrimination between
CRC and benign polyp patients, many of them derived from lipid metabolism:
glyceraldehyde, hippuric acid, linolenic acid, glycochenodeoxycholate,
glycocholate were recently reported [53]. Adding to the metabolic model four
clinical factors (age, gender, smoking and alcohol consumption), the AUROC
scores reached values of 0.93-0.95, in differentiating CRC patients from
healthy controls or polyp patients respectively. Another study showed that
B-hydroxybutyrate increased continuously from stage | to stage IV CRC while
tryptophan and indole acrylic acid were decreasing continuously [54-56].

PREDICTIVE VALUE OF LIPID METABOLITES

The main predictive factor for CRC is considered to be the stage
of diagnosis [57] underlying the importance of CRC screening and early
diagnosis. A Japanese study reported a prediction model for 60 CRC patients
comparative to 60 controls which included 4 metabolites (2-hydroxybutyrate,
aspartic acid, kynurenine, and cysteamine) that showed better statistical
power (AUROC, sensitivity, specificity and accuracy above 0.9 and 85%
respectively) higher than CEA or CA 19.9 [58].
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Using an MRI technique another model of 8 lipid and non-lipid
metabolites (pyruvic, fumaric and glycolic acid, palmitoleic acid, ornithine, lysine
tryptophan and 3-hydroxyisovaleric acid showed significant results [59]. Yang
et al. [60] reported a 9 metabolites model that can predict the response to
neoadjuvant chemotherapy for CRC. Metabolic profiles of 30 non-response
patients were compared to those of 27 response cases and 6 metabolites
related to lipid metabolism were found: Dioleoyl lecithin, 11-Keto-beta-boswellic
acid, CE(18:2), SM(d16:1/18:1) and PCs 18:1/2:0 and16:1/22:6). All these
lipids were upregulated in the response group compared with non-response
group.

Another study [44] analyzed serum fingerprints from 20 CRC patients
prior to surgery and one month after the radical intervention, compared to 20
healthy volunteers. The potential biomarkers were lipid classes PCs, LPCs
and DGs, with low statistical difference between the pre-operative and post-
operative status. One study developed in China and the United States found
a common 15 metabolite pattern that could allow assessment of the CRC
recurrence rate and survival of the patients after surgical intervention or
chemotherapy. Using GC-MS of 376 surgical tissue specimens from four
centers a panel of 15 metabolites was selected, able to distinguish between
CRC patients having better prognostic outcomes, i.e., longer time-to-recurrence
(52.9 vs 25.9 months), and better 5-year survival rate (67.0 vs 44.7 months),
earlier recurrence and lower survival rates. Out of these 15 metabolites, 4 were
lipid molecules: glycerol, myristate, palmitoleate, 2-aminobutyrate [24].

PROSPECTIVE STUDIES

Recently, a relevant serum MS study for lipophilic metabolites made
on 66 patient-control pairs, under the European Prospective Investigation
into Cancer and Nutrition (EPIC), reported 9 metabolites to be related to CRC
etiology and were recommended for further CRC prospective studies. Four
other features seem to be involved in disease progression (reverse causality), as
a potential, valuable biomarkers for early CRC detection, e.g. ultralong chain
fatty acids which are decreased in the serum sample of CRC patients [42].

In another prospective study published in 2018 that included 250
incident cases with CRC 35 metabolites were found associated with CRC
risk, including 12 glycerophospholipids, 9 decreasing, 3 increasing the CRC
risk. The dysregulation of glycerophospholipids might have an important role
in the risk of developing colorectal cancer [51].

A German prospective study, with average follow-up of 8.3 years,
investigated the association between the pre-diagnosis levels of 120 metabolites
and the risk of breast, prostate and colorectal cancer. The study included a
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subset of 163 CRC patients from over 25000 population of EPIC-Heidelberg
study. It was concluded that changes in plasma lipid composition precede
the appearance of neoplasia for several years and that tumor changes can
cause a global change in LPC metabolism. It seems that the high level of
LPC 18:0 (unsaturated fatty acids) would be a protective factor [39].

LIPID BIOMARKERS TO DISTINGUISHING BETWEEN ADENOMAS AND
MALIGNANT TUMORS

Using *H-NMR spectrometry, the blood serum of 40 CRC patients, 32
polyp patients and 38 healthy controls was analyzed. Glutamine, succinate,
glycerol, aspartate, and lactate were the potential non-lipid biomarkers in the
colorectal polyp group data, while in the CRC patients’ group, lactate, glycine,
glutamate, glutamine, and aspartate were found as potential biomarkers. The
authors observed similarities and differences between the metabolism of
colorectal polyps and CRC patients, but the level of choline was significantly
elevated in both CRC and colorectal polyp groups. On the other hand,
3-hydroxybutyrate, PUFAs and glycerol (from the glycerolipid metabolism),
were abnormal in the colorectal polyp [45]. Regarding the specificity of lipid
metabolites there are some similarities and differences between colorectal
polyps and CRC, compared with healthy volunteers. Another group found in
serum samples that glycerolipid metabolism was modified in the colorectal
polyp (higher levels of lipids and PUFAs and lower level of glycerol) [61]. The
authors draw the possible conclusion that glycerolipid metabolism is involved
in the ATP generation. The explanation for increased levels of choline-related
metabolites in tumors is probably the result of accelerated lipid membrane
metabolism involved in the ATP generation, due to rapid cell proliferation.
Glucose changes were consecutive to glycolysis, upregulated in CRC while
increases of 3-hydroxybutyrate, an end metabolite of fatty acids suggests the
upregulation of fatty acid -oxidation needed as energy support cancer cell
proliferation [45]. Increased oxidative stress is usually associated with
increased oxidation of fatty acids, which may result in an accumulation of
3-hydroxybutyrate [24].

RELATIONSHIPS BETWEEN CRC AND OTHER METABOLIC DISEASES
There are some question marks about the specificity of above-mentioned

biomarkers related specifically to CRC, or if these lipid metabolites are generally
characteristic to tumoral processes or are influenced by other dysmetabolic
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diseases (e.g. metabolic syndrome - obesity or diabetes). When the metabolic
pathway differences between visceral and subcutaneous adipose tissue
were studied in CRC patients by metabolomic and transcriptomic methods,
increases of proinflammatory lipid metabolism was observed, increase of free
arachidonic acid, activation of phospholipases and prostaglandin synthesis—
related enzymes [62].

Many articles demonstrated positive relationships between obesity,
diabetes, dyslipidemia and CRC. In the etiopathogenesis of CRC in obese/
over-weight patients, fat tissue is very important in tumorigenesis, since it
acts like glandular tissue, develop endocrine, paracrine and autocrine functions,
controlling triglyceride metabolism, affecting the coagulation system and
suppressing the anti-lipolytic action of insulin [63]. The literature data regarding
the correlation between serum cholesterol, the triglycerides levels and the risk
of CRC are not homogenous. In a large-scale cohort study, increased serum
TGs levels were associated with higher risk of rectal cancer, as well as in
lung, gynecological cancers and thyroid cancer, but not in colon cancer [64].
Another study showed good positive correlation between TG level and CRC,
modest positive correlation between total cholesterol and CRC in male patients
but not in women [65].

Meanwhile the levels of polar metabolites like nucleotides, nucleosides,
and their metabolites, branched chain and aromatic amino acids have been
correlated positively or negatively with obesity and diabetes, whereas glutamine
and glycine levels are decreased, depending on the degree of insulin resistance
in obese subjects. Serum concentrations of LPCs had inverse correlation
with the body mass index, body weight and waist and hip circumference and
treatment with metformin decreases the CRC risk in diabetic patients [66].

Men with type 2 diabetes mellitus have important risk in developing
proximal CRC while in women no significant correlation was found [60, 67, 68].
Also, the particular association of fatty acids, high levels of linoleic acid, odd-
chain and very long-chain fatty acids was correlated with a decreased incidence
of type 2 diabetes and influenced by metabolic, genetic and nutritional factors
[69, 70].

CONCLUSION

The recent evolution of metabolomics as a technology to investigate
beyond fingerprints and biomarkers, the mechanisms of CRC evolution [71,
72] was diversified towards lipidomic profile, which already proved a great
potential as a high value for a proper metabolic signature of tissues and
biofluids from CRC patients and to discriminate significantly between healthy
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controls, benign polyps versus malignant tumors [73]. Specific classes of
lipids involved in cellular signaling and energy provision proved to be good
biomarkers for CRC in different stages, during treatment monitoring or as
prognosis factors.

Integrated approaches using advanced ultrahigh performance liquid
chromatography-high resolution mass spectrometry revealed the deep
involvement of lipid molecules in CRC pathology [74, 75]. Lipid profile alterations
in particular, e.g. presence of cerotic acid or a decrease in hydroxylated,
polyunsaturated long-chain fatty acids, an increase short free fatty acids,
oxylipins, glycerophospholipids, di- and triglycerides, sphingomyelins and
ceramides showed statistically significant differences and can be considered
reliable biomarkers, differentiating between early and advanced stages of
this malignancy or serving as survival predictors. The complex data base Lipid
offers a great help for the identification of lipid biomarkers in CRC diagnosis
and monitoring. Advanced methodology and studies on larger cohorts of patients
are still needed for the development of clinically useful lipid biomarkers.
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