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ABSTRACT

Material efficiency is nowadays an essential topic to promote the sustainable use of natural resources, waste materials
and industrial by-products, in agreement with the principle of sustainable development and LCA (life cycle assessment).
In this research it was determined the biodegradation of used vegetable oil based products and their important physico-
chemical properties for their suitability in different applications such as chain oil in the forestry equipment and mold oil
in concrete casting etc. Biodegradability is a measure of the ecological nature of products, and thus from an environ-
mental point of view, is the most important evaluated property in this research. As a result, all measured properties of
the studied recycled vegetable oils show that the products are environmentally friendly. Two types of vegetable oil were
studied; three chain oils and two mold oils. The degree of biodegradation (BOD,g) of the mold oils, was about 77% and
the biodegradation of chain oils was about 60% - 62%. In addition, this paper also presents a process outline for manu-
facturing recycling vegetable oils.
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1. Introduction

Material efficiency can be used to express the degree to
which the usage of raw materials, construction projects
or physical processes are implemented or carried out in a
manner which consumes, incorporates, or wastes less of
a given material. It covers the production and consuming
of materials. The material efficiency of the product is
defined as a certain need, product or service which must
fulfill a condition that natural recourses are used as
minimally as possible. However, up until this point, dif-
ferent waste vegetable oils such as rape seed oil have
been utilized in Finland and other EU countries only as
energy. Manufacturing to new products is nowadays
considered a more suitable choice for waste utilization
than energy production and presents the top global goal
in the utilization of waste and industrial by-products [1].
Since the industrial revolution, materials have been
processed in an open system where resources are trans-
formed into products that are eventually discarded. Little
attention has been given on their dramatic impact on the
environment, including land use patterns, water usage,
contamination of air, water and land and the consumption
of other important environmental resources [2]. Often
material efficiency is determined as only the used mate-
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rial per produced product or service (MIPS = Material
Input per Service). Material efficiency expressed only
per weight is not meaningful and sometimes misleading
since there is no separation between harmless and harm-
ful materials [3,4]. This is usually why the prevention
and extent of waste (including its circulation and exploi-
tation) is often viewed as a joint concept of material effi-
ciency. The formation of waste can be considered to be
an indicator of the ineffectiveness of an industry [5,6].

This study investigates the potential of vegetable recy-
cled oils for different applications, mostly for the forestry
equipment like chain and other saws, sawmills, convey-
ors, and forestry chain oils. The purpose of recycled
mold oils is mainly lubricating the molds and protecting
them, since they prevent growing of fungus and forma-
tion of rust. The mold oil thus lengthens the life of the
molds which can be manufactured of different kinds of
materials.

The different options available for dealing with waste
can be described by a “waste hierarchy” as presented in
Figure 1. Comprising of six levels, the first goal of the
waste hierarchy is the prevention of the waste. If this is
not possible the next step down the pyramid is the mini-
mization of waste followed by reuse, recycling, energy
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recovery and finally, if none of the initial 5 steps is feasi-
ble, waste can be disposed by ecologically beneficial
methods.

It is estimated that the total volume of waste vegetable
oils in Finland is about 3 - 4 thousand tons per year. The
accurate numbers are not available. It is known that the
amount per person is different in every country because
of the different food culture. Used vegetable oils and fats
are considered as problematic waste which contributes to
the pollution of the environment.

In the search for new energy sources, attention is con-
centrated mainly on biomass as a potential and perma-
nently renewable source those are able to satisfy a sig-
nificant part of the world’s energy demands of society [8].
Development of lubricants has traditionally been mineral
oil based but vegetable waste oils are nowadays cost-
effective and of uniform quality. In this context it is
worth noting that many mineral oil based lubricants are
poorly biodegradable and are manufactured from diminish-
ing natural resources [9].

The results of this study increase understanding the
properties of recycled vegetable oils and their utilization
as high-quality chain and mold oils in accordance with
the waste hierarchy (Figure 1) over energy production.
In addition, the combustion of vegetable oils can produce
PAH (poly aromatic hydrocarbon) compounds even though
the combustion of vegetable oil-derived fuels reduces net
GHG (greenhouse gas) emissions.

The products are planned to be used in same applica-
tions as the same oil manufactured from virgin oils.

2. Background

The ecological reasons discussed above call for refining
of waste vegetable oils into various material usages. Com-
monly the refining processes consist of several unit op-
erations where the raw materials are refined into useful
high-quality products.

In Figure 2, a process description of manufacturing
recycled vegetable oils such as rapeseed oil is presented.

most
favoured
option

prevention

minimisation

least
favoured &

option energy recovery

Figure 1. The waste hierarchy pyramid [7].
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Waste vegetable oils are ideally suited for preparing dif-
ferent recycling oil products since they are ecological in
many ways. For example, no additive chemicals are used
in the procedure because this is solely a thermal process.
As a result, waste vegetable oils can be refined to be used
in new applications. Furthermore, no waste is formed
from the production since by-products are totally utilized
in the process. The testing procedure is the most impor-
tant step in the process since collected and combined
waste oils are examined for their most cost-efficient
utilization after which the process route is selected ac-
cordingly. The oils are then separated based on their final
usage. Fats and fatty acids (route 1) is the route that is
followed here. The other two routes are for example,
biodiesel from esterification (route 2) and soap and lip-
stick via route 3. After separation, oil is heated and water
is removed which can be disposed at this stage into a
drain. The oil is cleaned three times and the final clean-
ing technique is via filtration through a filter cloth. After
this step the oils are separated again and any unsuitable
components are returned to routes 2 or 3 where they are
refined into other products. Additives are added when the
oils are washed resulting in the pure product. Wastes
from production procedure are handled as follows: left-
overs are used in biogas production and glycerol from
esterification is used as soap when washing the receiver
tanks. Only a small amount is used as lubricant whilst
most of the oils go to the refining to other products. Oils
from esterification can also be used as a raw material, for
example as mold oil. In the process described above, the
technique is problematic for new oils due to the lack of
important polymerization. Used oils have been allowed
to age before manufacturing and to achieve this level of
polymerization in new oils requires oxidization or boiling.
Processed oils also contain hardened fatty acid such as
coconut oil which can be added to cooking oils used in
restaurants. Furthermore, it is important to note that with
the use of new oils as the raw material more additives are
required than with recycling oils. Additives are confiden-
tial and cannot be declared here. Used cooking oils and
fats are often generated in large quantities in restaurants
and food processing plants. In a cooking process where
fat is heated in the presence of air and light, temperatures
range from 160°C to 200°C over relatively long periods [8].
Oils are in constant use for several days or weeks and
during these conditions different hydrolytic, oxidative
and cracking reactions occur. Hydrolytic splitting of tri-
acyl glycerols takes place in the presence of water, which
absorbs into fat from fried food. Part of the water quickly
evaporates, but a fraction dissolves in the fat and induces
its cleavage to produce higher fatty acids and glycerol.
Furthermore, oxygen dissolved in the fat reacts mainly
with unsaturated acyl glycerols which results in various
oxidation products. Saturated and unsaturated aldehydes,
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Figure 2. A process description of manufacturing recycling vegetable oilsfor route 1.

ketones, hydrocarbons, lactones, alcohols, acids and es-
ters are produced by the decomposition of hydro perox-
ides [8].

3. Experimental

In this investigation, two vegetable oil-based recycling
oils were studied. The first was mold oil comprising of
two runs taken from different batches; secondly chain
oils with a total of three runs.

Automatic manometric respirometric test used in this
study is based on measuring the pressure decrease in the
airspace of the bottle. This pressure change is caused by
the absorption of released carbon dioxide (CO,) into
NaOH pellets. Oxygen is consumed in a biological oxi-
dation reaction where equal moles of carbon dioxide are
released. Oxygen is also consumed by hydrogen which
resulted in water. It should also be noted that the estab-
lished practice in this study is not to use only the carbon
content as in calculation of BOD, values in the other
studies. [10,11] Calculations of the theoretical oxygen
demand value according to OECD guideline [12] with
nitrification (ThODyo;) are based on Equation (1) for the
compound C.H,Cl;N,Na,,O,P,S; where MW is the mo-
lecular weight [g-mol '] of the sample:

ThOD,,

1 5 5 1
16mg| 2¢+—(h-cl)+>n+3s+=-p+—na-o
g[ y(n=e)+3 2P }

mg

MW
1)
If the elemental composition cannot be determined, the
carbon and hydrogen contents of the known substance
can be calculated from the above chemical Equation (1).
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In this investigation the studied oil samples had nearly
the same carbon and hydrogen contents determined by
elemental analysis measurement (CHNS/O) and calcu-
lated from the structural formula when the calculation
was based on the general molecular formula of oils.

Carbon and hydrogen contents can be measured with
elemental analysis if the formula is not known or the
sample is a mixture of many compounds. Many times the
TOC measurement can be used in determining the carbon
content, but oils are so weakly soluble into water that in
this case it was not possible. The recommended amount
of sample in BOD measurements is only 100 mg-L™" in
OECD 301F conditions and the studied concentrations
were about 100 - 200 mg-L™". Inhibition was studied in
larger concentrations. The decision of used sample con-
centration is based on years of practical experience of our
research group with many kind of samples.

The preconditioning of inocula has not been performed
in this work. Inocula were collected from Oulu municipal
sewage treatment plant and were filtered before use.
Waste water used as inocula has been proven to contain
enough bacteria to degrade these kinds of samples which
are studied in this paper [10]. Inocula taken from waste
water treatment plant were filtered with coarse filter pa-
per so that the used solution contained no solid material.
The seeded mineral solution has beside the added bacte-
ria, a phosphate buffer and nutrients. In its final form the
sample contains KH,PO, (0.625 mmol), K,HPO, (1.249
mmol), Na,HPO,7H,O (1.246 mmol), NH,Cl (0.318
mmol), MgS0O,-7H,0 (0.092 mmol), CaCl, (0.248 mmol),
FeCl;-6H,0 (0.0009 mmol). The amount of filtered waste
water used as an inoculum was 10 mL/L [11]. The quan-
tity of ammonium ion prepared according to the SFS
standard (SFS-EN 1899-1), being higher than described
in OECD guidelines, ensured there would be enough
nitrogen for the biodegradation reaction. It has been pre-
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viously examined that the additional amount of ammo-
nium chloride increases the biodegradation level of oil
samples [13]. ATU (allylthiourea) is used for the pre-
vention of nitrification. In this investigation the concen-
tration of ATU was 5 g/L and the added amount was and
20 drops per liter, as recommended by the OxiTop
manufacturer. Usually the measurement times are for
five or seven days for controlling purposes, principally
for waste waters. If the information of biodegradation of
a specific sample is required, the usual measuring time is
28 days. It is also possible to set the measuring time for
99 days and if required, can be re-started after the initial
99 days run for longer testing periods.

The inhibition of one oil sample was also examined by
investigating different sample amounts.

Materials and Methods

The values of biodegradability BOD, (n days) were de-
termined in OECD 301F conditions, here BOD,g, by us-
ing the manometric respirometric BOD OxiTop method.
This is based on very accurate automatic pressure meas-
urements (360 values are given in every experiment) in
closed bottles under a constant temperature, at 20.0 + 0.2
°C. In solution measurements the instrument calculates
the BOD value in the desired unit [mg-L™"] [14].

For calorific heat value measurements an oil sample
was weighed to about 0.6 g and placed inside a combus-
tion bag in order to ensure that the sample is totally

burned and it does not form droplets outside of the holder.

Measurements were performed by an IKA C200 calo-
rimeter where samples were burned inside the bomb in
excess of oxygen (3 MPa) and which also allowed the
amount of released heat to be measured. This was
achieved by detecting a rise in temperature with the aid
of a digital thermometer. Calibration was obtained with
benzoic acid. Once the calorimeter constant has been
determined the gross calorific values Qg [MI'kg™'] of
the waterless oil sample (for waterless sample Qgq =
Qgrad Where Qg4 1s the calorimetric heat value of the air
dry sample) can be calculated using Equation (2) [15].
(4T,-aT,)-C=Q
Qgr,d =
m

AT, = change in temperature from the combustion of
the sample [°C].

AT, = change in temperature from ignition and burn-
ing of the cotton twist [°C].

m,; = mass of the sample [g].

Calculation of the net calorific value at constant vol-
ume requires information about the moisture and hydro-
gen contents of the analysis sample. The net calorific
value of the dry basis: Qperq [MJ -kgfl] can be calculated
from the Qg4 value using Equation (3) where 0.02441

@
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[MJ-kgfl] is the latent heat of vaporization of water at
25°C and M is the hydrogen content of the moisture-free
vegetable oil [wt-%].

Quetd = Qy.q —0.02441-M 3)

The contents of harmful metals [mg-kg '] under study
were Cd, Co, Cr, Cu, Ni, Pb, V, Zn, Fe, As, Ba, Mg, Sn,
and Sb, and were determined by the ICP-OES method
using Philips PU 7000 ICP-OES equipment. The mer-
cury was not measured due to the long heating times
when it is evaporated. Densities [g-cm ] of samples with
two repetitions were measured at 25.0°C + 0.2°C by the
common procedure using a portable Anton Paar DMA 35
densitometer. Values of surface tension [mN-m™'] were
measured by the du Nouy’s ring method using a
Kruss-torsion balance at 25.0°C = 0.2°C for 3 repetitions.
The values of dynamic viscosity [mPa's] were deter-
mined by a Brookfield DV-II+ rotation viscometer by the
ASTM-D-2983 standard method. Two repetitions were
performed for this measurement at a temperature of
25.0°C + 0.2°C. The results of viscosity, density and sur-
face tensions were repeatable.

Acid numbers were determined by titration using the
ASTM D465-96 standard method. Samples were diluted
into a solution that contained 50% ethanol and 50%
toluene. Titration was then performed with a KOH-solu-
tion which was diluted in ethanol. Water content is the
amount of water present that is free, solute or emulsified
in the sample. Knowing the amount of water, especially
with oils, is essential since it causes e.g. corrosion,
changes in viscosity, lowers the calorific value and also
causes different degradation reactions and oxidation.
Water content of oil samples were measured with the
Karl Fischer method using Mettler DL 36 KF Coulom-
eter automation titrator and measurements were repeated
10 times [16]. The repeatability accuracy of the apparatus
was 10 - 20 ppm (ppm = mg-kg ). Hydrogen and carbon
content of the samples were measured by elemental
analysis using a Perkin Elmer 2400 Series II CHNS/O
whose measurements are based on the Pregl-Dumas-
method. Samples are combusted in a pure oxygen at-
mosphere, with the resulting combustion gases measured
in an automated fashion [17]. In the combustion process
at 1000°C, carbon is converted to carbon dioxide, hydro-
gen to water, nitrogen to nitrogen gas or oxides of nitro-
gen and sulphur to sulphur dioxide. If other elements
such as chlorine are present, they will also be converted
to combustion products, such as hydrogen chloride.

4. Results and Discussion

The values of important physico-chemical properties like
density, surface tension, viscosity, water content, heat
value, acid number and the degree of biodegradation for
five vegetable oils based recycling mold or chain oil
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samples are presented in Tables 1 and 2. For comparison,
the corresponding values of distilled water are also pre-
sented. All measured values of heavy metals (Cd, Co, Cr,
Cu, Ni, Pb, V, Zn, Fe, As, Ba, Mg, Sn, and Sb) were un-
der 20 ppm, which was the limit value of their identifica-
tion (Table 2). The degrees of biodegradation are given
in Table 2 where two different values are presented from
which the first is calculated based on only carbon content
and the other based on the content of both carbon and
hydrogen. The latter can be assumed to be more close to
the real value. The results of carbon based and carbon

137

and hydrogen based are not on the same line because the
ratio of hydrogen and carbon is different for different oils
as can be seen in Table 1. The contents of nitrogen and
sulphur were under the detection limits of elemental
analysis, which is 0.5% for nitrogen and 2% for sulphur.
The inhibition of mold oil was examined (Table 3) and
its effect on biodegradation degree can be seen in Figure
3. As a result, the largest sample amounts provided the
lowest values and this can be explained by inhibition.
Here also the calculation is first based on carbon content
and secondly both carbon and hydrogen contents.

Table 1. Carbon and hydrogen contents of samples: calculated as mean values of two measurement runs. And also some im-

portant physico-chemical-properties of vegetable recycling oils.

Carbon content Hydrogen content

Density [g/cm’]

Surface tension Water content

Viscosity [mPa-s]

[%] [%] [mN'm™] [mgkg™]
Mold oil 1 77.5 12.6 0.9045 344402 56.3 173
Mold oil 2 76.2 103 0.9049 342402 343 378
Chain oil 1 77.1 10.9 0.9192 333£0.2 91.0 241
Chain oil 2 76.9 10.1 0.9193 345402 117.0 221
Chain oil 3 75.8 132 0.9188 335402 775 637
Triton X100 62.2 10.1 - - - -
Distilled - - 0.9978 70.5+0.2 1.4 1,000,000
water

Table 2. The degrees of biodegradation, the heat values, the acid number s of vegetable recycling oils and metal contents.

Degree of biodegradation

Heat values®

Acid number

Cd, Co, Cr, Cu, Ni, Pb, V, Zn,

Table Head [BOD/ThOD-100%] [MJ/kg] Fe, As, Ba, Mg, Sn, Sb
C based C + H based Qgra Qnetd

Mold oil 1 120 82 40.3 374 0.17 <20 ppm

Mold oil 2 123 83 39.6 36.6 0.13 <20 ppm

Chain oil 1 97 69 39.5 36.5 0.14 <20 ppm

Chain oil 2 84 60 39.5 36.5 0.14 <20 ppm

Chain oil 3 98 62 39.6 - 0.14 <20 ppm

Table 3. Biodegradation tests for mould oils with different concentrations for inhibition and surfactant addition calculations

at 20°C.

Degree of biodegradation [BOD/ThOD-100%]

Concentration of the sample C based C + H based
Mold oil 1 0.209 120 82
Mold oil 1 0.279 94 65
Mold oil 2 0.213 123 83
Mold oil 2 0.394 66 46
Mold oil 1 0.594 23 21
Mold oil 1 0.724 16 11
Mold oil 1 0.153 92 62
Mold oil 1 0.102 103 77
Mold oil 1 + Triton X100 0.154 86 58
Mold oil 1 + Triton X100 0.099 113 75

Copyright © 2012 SciRes.

GSC



138 H.PROKKOLA ET AL.

The results suggest that Triton X100 does not affect
BOD results (Figure 4). The dispersion is about the same
as with the experiment performed without Triton X100.
The added amount of 1.0 [wt-%] surfactant solution was
10 mL/L and 20 mL/L. The degree of biodegradation of
Triton X100 was also measured to be about 6% (Figure
5). It has also been suggested that viscosity affects the
biodegradation of mineral based oils [18]. From Figure 6
it can be seen that the relationship is not quite linear
when the samples used are recycling vegetable oils. For
example, with used frying oils the viscosity is observed
to increase due to the products of radical reactions like
dimeric and polymeric acids, dimericacylglyserols and
polyglyserols [8]. In addition, the size of droplets has
also been suggested to affect the rate of biodegradation
[19]. Some of this can be due to the viscosity when the
droplet size is larger. However it is important to note that
the OxiTop instrument has constant stirring and therefore
droplets don’t form so easily in used concentrations. The
stirring causes a thin film formation and this way may
hinder the penetration of oxygen to the solution. The
development of the degrees of biodegradation percentage
[BOD/ThOD-100 %] for chain and mold oils is presented
in Figures 7 and 8. Results show that vegetable based
mold oil is 77 % biodegradable in OECD 301F condi-

Inhibition test

20 <>

BOD/ThOD*100%
IS
1=

0 0.2 0.4 0.6 0.8
Sample amount [g/1]

Figure 3. The degree of biodegradation (BOD,g) vs. amount
of mould oil samplein 20°C.
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Figure 5. Development of degree of biodegradation of used
Triton X100 surfactant in 20°C.
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Figure 6. Effect of viscosity on the degree of biodegradation
of vegetable recycling mould oil in 20°C.
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Figure 7. Development of the degree of biodegradation of
chain cils 1, 2 and 3 in 20°C, calculations are based on car-
bon and hydrogen contents.
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Figure 4. The effect of added Triton X100 surfactant (0.01
mL/L and 0.02 mL/L) on the degree of biodegradation of
mold oil at 20°C.
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Figure 8. Development of the degree of biodegradation of
two mold oils in 20°C. The calculations are based both on
carbon and hydrogen contents and solely on carbon content.
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The sample concentration was 0.1 g/L.

tions. Correspondingly, chain oil has around 60% - 69%
degree of biodegradation in the same conditions. The
results are highest, when a sample concentration of 210
mg-L™" is used.

5. Conclusions

Manufacturing the vegetable recycling oils to new appli-
cations is beneficial both in economical and environ-
mental sense because the process is solely a thermal
process. The studied vegetable based recycling oils con-
tain measured harmful heavy metals; Cd, Co, Cr, Cu, Ni,
Pb, V, Zn, Fe, As, Ba, Mg, Sn, and Sb, under 20 mg-Lﬁ1
which was the detection limit value of measurement.
They contain only a slight amount of water. The calo-
rimetric heat values are beneficial; typical for oil prod-
ucts, and thus the vegetable recycling oils are also excel-
lent sources of biofuel. Combustion of recycling vegeta-
ble oil is, however, the secondary choice and advisable
when further processing is not possible. Vegetable oil
based recycling mold oils and chain oils are moderately
biodegradable when calculations are based on oxygen
consumption.

Considering CO, emissions the recycling and reuse of
these kinds of wastes lowers the amount released into the
atmosphere. The manufacturing of biodegradable recy-
cling oils from waste vegetable oils represents the current
top goal of waste hierarchy.
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