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ABSTRACT. The liquid organic fraction of pyrolytic tar has a high energy value which makes possible
its utilization as an energy source. However, before utilization, it is crucial to remove water from the
liquid fraction. The presence of water reduces the energy value of pyrolytic tars. Water separation
from the organic tar fraction is a complex process, since an emulsion can be readily formed. Therefore,
after phase separation, it is important to know the residual water content in the organic phase and
whether it is necessary to further dry it.

The results presented in this manuscript focus on a water determination in liquid products from
coal and biomass pyrolysis by a coulometric Karl-Fischer titration. The Coulometric Karl-Fischer
titration is often used for a water content determination in gaseous, liquid and solid samples. However,
to date, this titration method has not been used for a water determination in tars. A new water
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determination method, which has been tested on different types of tar, has been developed.

The Coulometric Karl-Fischer titration is suitable for tar samples with a water content not greater
than 5wt%. The obtained experimental results indicate that the new introduced method can be used
with a very good repeatability for a water content determination in tars.

KeEywoRrDs: Karl-Fischer titration; pyrolytic tar; coulometric titration.

1. INTRODUCTION

During the pyrolysis or co-pyrolysis process of lignite,
biomass and waste, gaseous (CHy, Hy, CO, CO2, HsS,
etc.), liquid (pyrolytic tar) and solid products (coke
or char) are formed. Pyrolytic tars are viscous, mal-
odorous emulsions that contain organic compounds
and water. Pyrolytic tars have a low pH, are unstable
and under storage conditions, among other changes,
their gradual polymerization (Tars aging) takes place.
Given their high energy value, the organic compounds
present in the liquid pyrolysis fraction can be used.
However, it should be noted that the energy value
decreases due to the presence of water, which is, along
with the organic phase, also present in the liquid frac-
tion. Based on their different densities, water can
be separated from the organic phase. After phase
separation, it is important to determine the residual
water content in the organic phase and whether or not
it is necessary to further dry the product. The Karl-
Fischer titration is one option for a water content
determination in liquid samples. The Karl-Fischer
method for the water content determination is based
on a reaction described by R. W. Bunsen in 1853 [1]:

I, + SO + 2H50 —— 2HI + H5SOy4. (1)

Karl Fischer discovered the possibility to apply the
Equation for the water content determination even
in systems with an excess of sulphur dioxide. Methanol
has proven to be a suitable solvent and to neutralize
the acids Karl Fischer used pyridine. The following
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two-step reaction depicted was formulated by Smith,
Bryanz and Mitchell in 1939 [2]:

I + SO, + 3Py + HyO —— 2Py—HTT~ + PySO; ™,

(2)
Py-SO3 4+ CH30H — Py—HTCH3S0,.  (3)

If no alcohol is present in the solution, the two-step
reaction looks like this:

I, + SOy + 3Py + H,O — 2Py—HI™ + PySO5 ™,
(4)

Py-SO3 + H,O — Py—HTHSO, . (5)

In the years 1976-1978, J. C. Verhoef and E. Baren-
recht found out that pyridine works only as a buffer,
therefore, pyridine can be replaced by another base.

Moreover, they determined that titration reaction rate
(k) depends on the pH of the solution [3HT7]:

d[lo]
dt

= k[I][SO.][H2 O]. (6)

Sulphur dioxide oxidation by iodine does not occur
due to the presence of water, but due to the presence
of methyl sulphide anion, which is formed according
to.

2 CH30H + SOy — CH30H2+ + CH30S0, . (7)

Therefore, the higher the pH of the solution, the
more methyl sulphide is formed and as a result, the
reaction rate of the Karl-Fischer titration increases.
Sulphur dioxide, at pH 5.5 — 8, is in the form of methyl
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sulphide. At pH values higher than 8.5, reaction rate
increases due to side reactions between iodine and
hydroxide ions. However, during the titration process,
this leads to a not clear titration endpoint point and
higher iodine consumption. Therefore, the pH of the
medium should always be in the range of 4-8.

From the above mentioned findings, E. Scholz in-
vented an imidazole based Karl-Fischer reagent [8HI2].
Given that imidazole acts as a buffering reagent in a
more favorable pH, it replaced the toxic pyridine and
enabled a quicker and more accurate titration:

ROH + SO, + 3RN + I, + H,0
— (RNH) - SO4R + (RNH)L. (8)

1.1. VOLUMETRIC AND COULOMETRIC
KARL-FISCHER TITRATION.

Currently, the water determination according to Karl
Fischer is performed by two different methods — vol-
umetric and coulometric titration. The method of
choice is established by a sample water content.

In the volumetric Karl-Fischer titration, iodine so-
lution, using a motorized piston burette, is added to
the sample. The volumetric titration is suitable for
samples with a high water content in the range of 0.01
to 100 wt%.

In the coulometric Karl-Fischer titration, iodine
is generated from electrochemical oxidation in the
titration cell. This method is suitable for samples
with a low/trace water content in the range of 0.0001
to 5 wt%.

The method accuracy depends on a sample weight
and, of course, on the chosen device.

1.2. THE COULOMETRIC KARL-FISCHER
TITRATION

In Equation (1)), the determination of water using
coulometric Karl-Fischer titration is described. In
the coulometric titration, iodine is generated electro-
chemically from the anodic oxidation in the titration
cell:

217 — Ih +2e~ (9)

A classical coulometric cell has two compartments -
the anode and cathode. A diaphragm separates both
compartments. The anode compartment is filled with
the anolyte solution. The anolyte is a Karl-Fischer
electrolyte consisting of sulphur dioxide, imidazole
and iodine salts. As solvent, methanol or ethanol
can be used. By applying current at the generator
electrode, iodine is produced by the anodic oxidation
of iodide.

The cathode compartment is filled with the
catholyte solution. In the catholyte solution, the
final phase of the reaction takes place, i.e. the reduc-
tion. The catholyte solution’s composition is specific
to the manufacturer. However, it always contains a
reagent, which can be the same as the one in the
anolyte solution.

In the anode compartment, iodine is formed from
iodide. Iodide ions transfer electrons to the anode
to form iodine as depicted in Equation @ The
formed iodine subsequently reacts with water. In the
cathodic compartment, hydrogen cations are reduced
to molecular hydrogen:

2[RNJHT +2e¢~ — Hy +2RN (10)
(hydrogen is the main product).

1.3. THE WATER CONTENT DETERMINATION

Currently, many studies dealing with water determi-
nation by the Karl-Fischer titration for food industry
application are available [I3H22]. For instance, Fel-
gner A. et al. [13] investigated the possibility to apply
an automated titration for edible oils analysis. Other
studies address the issue of the water determination
in dairy products [14], honey [15, 17, 20], inulin [I6],
lactose [18], and flour [19].

H. Wang et al. [23] state in their work on coulomet-
ric and volumetric titration that when determining
water content in octanol, the difference between meth-
ods can be up to one-tenth of a percent (an optimized
coulometric method achieved a recovery of 99.76 %,
the relative bias between coulometry and volumetry
was 0.06 %). Another study [24] on a water content
determination in cyclodexdtrins by the Karl-Fischer
titration and thermal methods states that only mini-
mal differences were found in the results.

A series of works has either directly addressed the
issue of water determination in pyrolytic oils (or just
oils) by the Karl-Fischer titration, or has included
it in studies of other phenomenon [25H3I]. Choi et
al. [25] determined a wide spectrum of properties of
red oak-derived pyrolytic oil and the water content
was determined by Karl-Fischer titration. Mourant
et al. [26] examined the effect of temperature on the
yields and properties of mallee bark pyrolytic bio-oil
and the water content in various phases was deter-
mined by Karl-Fischer titration. Jansri et al. [27]
used the Karl-Fischer titration for the determination
of the water content in methyl ester made from mixed
crude palm oil. Oasmaa and Meier [28] summarized
norms and standards for pyrolysis liquids and they
recommended the Karl-Fischer titration for the water
content determination according to the ASTM D1744.
Meesuk et al. [29] examined the effect of temperature
on product yields and the composition of rice husk
pyrolytic bio-oil and the water content in bio-oil was
determined by Karl-Fischer titration. Smets et al. [30]
dealt with comparison between the Karl Fischer titra-
tion, GC/MS-corrected azeotropic distillation and 1H
NMR spectroscopy. All three methods had compa-
rable results and were free of interferences, only for
samples with a very high water content (> 50 wt%),
the spectroscopy gave an underestimation in compari-
son with the titration and the distillation. He et al.
examined the pyrolysis of mallee leaves in a fluidised-
bed reactor and the water content in resulting bio-oil
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FIGURE 1. A schema of the equipment (1 — silica gel column with moist indicator COClz, 2 — molecular sieve
column MS 3A, 3 — sample tube of drying oven, 4 — sampler containing sample, 5 — titration cell, 6 — working

electrode, 7 — generator electrode, 8 — electrolyte).

was determined by Karl-Fischer titration. However, in
all currently available works, the volumetric titration
was used exclusively. The volumetric Karl-Fischer
titration is used as a standard technique for the water
content determination in a lot of products (ASTM
E203). Pyrolytic oil contains compounds, such as
some organic acids, amines, aldehydes and ketones.
These compounds might cause interferences. For the
water content determination, it is possible to use the
azeotropic distillation. This method is used for var-
ious types of samples (herbs, spices and petroleum
products), but sometimes it is not recommended to
use the azeotropic distillation, for pyrolytic oils due
to the interference of water soluble volatile organic
compounds [30].

2. MATERIAL AND METHODS

In this paper, the water content determination in
pyrolytic tars of dual origin was carried out. One
tar was formed by brown coal pyrolysis, while the
other was formed by copyrolysis of brown coal and
biomass (extracted rapeseed meal) mixture at a weight
ratio of 2:1. The water content was determined on the
Mettler Toledo C30 titrator equipped with the Mettler
Toledo DO308 drying oven. Standard deviation was
calculated for each series of measurements in order to
determine a reliable repeatability.

2.1. THE METTLER TOLEDO C30 TITRATOR
EQUIPPED WITH THE METTLER TOLEDO
DO308 DRYING OVEN

The titrator can be used separately, if the sample
is injected directly into the anolyte in the titration
cell (see chapter 3). In order to avoid the reaction of
compounds present in the tar with the K-F reagent,
the drying oven was part of the equipment.
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The sample was placed in the drying oven. The
drying oven was connected with the titration cell via
a tube. Once the drying oven was heated at the
programmed temperature, sample was placed in the
oven sample tube. The evaporated water by means
of an inert gas (nitrogen) stream was transferred into
the titration cell. A schema of the equipment is shown
in Figure

The SIGMA ALDRICH HYDRANAL® Water stan-
dard KF-Oven (composition: lactose monohydrate)
for temperatures 140-160°C, which contained 4.9—
5.2 wt%, was measured several times in order to assert
the accuracy of the measurements carried out with
the titrator. For measurements, the recommended
standard weight is 50-100 mg.

Since tars contain aldehydes and ketones, it
was necessary to choose a suitable KF reagent
to prevent the interferences of these compounds.
HYDRANAL®Coulomat AK (Sigma-Aldrich; com-
postition: 2-methoxyethanol, chloroform, 2,2 2-triflu-
oroethanol, imidazol) was used as an analyte while
HYDRANAL®Coulomat CG-K (Sigma-Aldrich; com-
postition: n-methylformamid, tetrahydrofurfuryl al-
cohol, imidazole, sulphide dioxide) was used as a
catholyte. Both KF reagents are suitable for a water
determination in samples containing the aforemen-
tioned compounds. The chemical composition of Hy-
dranal Coulomat AK is imidazole, 2-methoxythanol,
trichloromethane and trifluoroethanol.

2.2. MEASUREMENT

The water content for each analyzed sample (standard
and tars) was determined on the titrator in the same
way. The sample weight was 0.10-0.15g. Nitrogen of
6.0 purity grade was used as an inert gas. It should be
noted that before entering the system, nitrogen was
dryed using silica gel with moisture indicator CoCl2
(first column) and molecular sieve MS 3A (second
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FIGURE 2. The determination of water content in
standard.

column). The sample was placed into the drying oven
by a dropper when the oven was heated to the tested
temperature. The DM 143 SC electrode was used for
the titration, “mixing time” was set to 60 seconds
(the starting time of the measurement — insertion of
the sample into the sample tube), titration itself took
place for 900 seconds and the “delay time” was set
to 60 seconds (60 seconds from reaching the first end
point to the moment of titration ending).

2.3. SAMPLES

The water content was determined in pyrolytic tars.
The first tar sample (hereinafter referred to as tar 1)
was formed from brown coal pyrolysis. The second tar
sample (hereinafter referred to as tar 2) was formed
from copyrolysis of brown coal and biomass (extracted
rapeseed meal) in the 2 : 1 weight ratio.

In both cases, pyrolysis was carried out in the same
manner. Input material weight was 15kg (grain 1-
3mm). The pyrolysis batch reactor was heated for
4 hours to reach the temperature of 650 °C and kept
constant for the next 2 hours. Nitrogen of 4.0 purity
grade was used as inert gas. Afterwards, pyrolysis
was stopped and the reactor was left to cool at a
room temperature. The organic and aqueous phase

100
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FIGURE 3. The determination of the water content in
tar from pyrolysis of brown coal — identification of
the optimal temperature.

of the collected liquid condensate due was separated
by gravitational method (upper organic phase and
aqueous phase at the bottom). The content of remain-
ing water in the organic phase was determined by the
Karl-Fischer method (tar 1 and 2).

Then the GC/MS analysis was performed, showing
that both tars contained mainly aromatic hydrocar-
bons, namely benzene, naphthalene and their deriva-
tives as well as oxygenated hydrocarbons, particu-
larly phenol and its derivatives. The GC/MS analysis
showed that the samples contained, among other sub-
stances, aldehydes and ketones, which affected the
choice of standard and agents for the Karl-Fischer
titration.

3. RESULTS AND DISCUSSION

3.1. WATER CONTENT DETERMINATION IN
STANDARDS

In order to determine the titrator accuracy, prior to
the sample analysis was determined water content of
standard. In Figure 2] the results of analyses with
repeatability are depicted (one analysis corresponds
to one column). The resulting value of the standard
water content was 50.70 £ 0.35 mg g~ !.

3.2. WATER CONTENT DETERMINATION IN
TAR FROM BROWN COAL PYROLYSIS

Prior to water content determination in tar 1, the suit-
able temperature of the drying oven was established
so that the sample would release all water (see Fig-
ure . At 140°C, the water content was higher than
at 130°C (1-2mgg~! which is more than 2%). At
150°C, volatile compounds started to release (in the
order of milligrams). The released volatile compounds
condensed in the tube between the drying oven and
the titration cell. Therefore, 140°C was chosen for
the water content determination in tar 1.

In Figure [4 the results of ten other consecutive
analyses are depicted with a repeatability (one anal-
ysis corresponds to one column in Figure [4)). The
resulting value of the water content in tar 1 was
93.08+0.17mgg!.
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FIGURE 4. The determination of the water content in
tar from pyrolysis of brown coal.
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FIGURE 5. The determination of the water content
in tar from copyrolysis of brown coal and biomass —
identification of the optimal temperature.

3.3. THE WATER CONTENT DETERMINATION
IN TAR FROM COPYROLYSIS OF BROWN
COAL AND BIOMASS

Also for tar 2, before the water content determination
was carried out, the suitable temperature of the drying
oven was established so that the sample would release
all water (see Figure[5]). At 140°C, the water content
was higher than at 130°C (up to 2.3mgg~! which is
more than 2 %). At 150 °C, volatile compounds started
to release (in the order of milligrams). The released
volatile compounds condensed in the tube between the
drying oven and the titration cell. Therefore, 140 °C
was chosen for the water content determination in tar
2.

In Figure [6] the results of ten others consecutive
analyses are depicted with repeatability (one anal-
ysis corresponds to one column in Figure @ The
resulting value of the water content in tar 2 was
103.96 £ 0.24 mg g~ 1.

4. CONCLUSIONS

From the acquired data after the water content deter-
mination in the standard, it was established that the
titrator can measure correct values. The measured
water content in the standard was 50.7mgg ™! (guar-
anteed water content in standard: 49-52mgg~1).

Prior to the sample analysis, the drying oven tem-
perature had to be estimated so that the sample would
release all water content preventing however the re-
lease and eventual condensation of volatile compounds.
For both tar samples, the drying oven temperature
was set at 140°C.

The water content in tar from brown coal pyrolysis
was 93.08 mgg~! with a standard deviation of 0.173.
The water content in tar from brown coal and biomass
copyrolysis was 103.96 mg g~! with a standard devia-
tion of 0.237.

The Karl-Fischer coulometric titration is suitable
for samples with water content up to 5wt%. The
water content of the samples analysed within the frame
of this work is considerably higher. Therefore, the
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FIGURE 6. The determination of the water content in
tar from copyrolysis of brown coal and biomass.

volumetric titration for the analysis of such samples
would be more suitable, as it is mentioned above.
However, it was shown that even for samples with
the water content higher than 5%, the coulometric
titration can be applied with a very good repeatability.
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