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ABSTRACT: Produced water is present in oil and natural gas
reservoirs and is transported to the surface along with the oil. Total
oil and grease content (TOG) is the main parameter evaluated in
this waste disposal category. Today, the validation of methods in
the laboratory is not done using petroleum. The objective of this
work was to develop synthetic oily water standards that can be
applied for internalization and validation in the laboratory. Oil
weighing protocols, the influence of volatile compounds, and a
procedure for preparing oily water with high reproducibility were
studied. Synthetic oily water standards were prepared for TOG determination by gravimetric and infrared methods. Repeatability of
3.8 and 11% and accuracy of 85 and 105% were obtained using gravimetric and infrared methods. These results indicate that with

Article Recommendations

the development of these standards, it is possible to validate methodologies for TOG determination using petroleum.

1. INTRODUCTION

Produced water refers to the effluent generated in the
extraction of oil and natural gas, which can be found in the
reservoirs, carried to the surface, and then discharged into the
sea. This water is resulted from two possible oil and gas
industry processes: (i) from the extraction itself that can result
in a mixture of water and oil, sourced from the seawater
surrounding the well and (ii) from the water injected into the
oilfield to push the deep oil to the surface. Based on the origin,
produced water can be classified as produced water from
natural gas, oilfield, or coal bed methane.'”

Due to the complexity of its chemical constitution, the
disposal of produced water is controlled and standardized by
environmental agencies. Improper disposal can cause changes
in seawater quality due to the increased concentration of
pollutants in the water column and contamination of the
marine sediment.”

Aromatic hydrocarbons presented in the dissolved oil in
produced water may be found under concentrations enough to
cause bioaccumulation and toxicity. In this way, the
determination of oil in produced water in onshore and
offshore wells is fundamental owing to its deleterious effects to
the environment and marine animals.’

The analysis of oil and grease has been historically used to
monitor the operational efficiency of produced water in the
treatment systems since it is an important parameter for water
quality and safety. Regulatory agencies worldwide set limits to
control the total oil and grease content (TOG) that enters in

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

the water reservoirs or in the sea through industrial discharges
and also limits the amounts present in drinking water."

The determination of TOG content in water is quite
important, mainly for the petroleum industry that produces a
relatively high amount of water along with oil. And according
to Brazilian regulations,” TOG should not exceed a monthly
average of up to 29 mg L™, with daily peaks of up to 42 mg
Le

Several methods have been applied in the determination of
TOG in produced water, including gravimetry,”® infra-
red, 71 ﬂuorimetry,ls_17 X-ray fluorescence,'® UV—vis
spectrophotometry,'”*’ gas chromatography with flame
ionization detection,' total organic carbon analyzer,22 and
microemulsification-based methods.”

Despite the existence of many methodologies for TOG
determination, their validation is not done with oil but with
isolated substances since there is no oily water standard
applicable to all techniques.

The gravimetric method uses n-hexane as the extraction
solvent and stearic acid and hexadecane solutions for quality
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Table 1. Reference Substances Used in the Calibration of Different Methods to the Determination of TOG Content in

Produced Water

reference substances

n-decane, n-eicosane and n-hexadecane, pristane and toluene
n-hexadecane

isooctane and n-hexadecane

tetracontane

octanoic acid and isooctane

isooctane, n-hexadecane and benzene

stearic acid and n-hexadecane

isooctane, n-hexadecane and benzene

synthetic oil

gasoline

mixture of diesel oil and lubricant

reference
9
10
IR spectroscopy 22
14
23
24,25
gravimetry 7,8
19
spectrophotometry UV—vis 26
27
chromatography 21

technique

Figure 1. (a) Apparatus used in the volatile oil depletion protocol. (b) Detail of the adapted Kitasato flask for carrying out the oil depletion

procedure.

control.”® However, it is extremely laborious, takes a long time
to be performed, provokes great losses of material, produces
relatively large standard deviations, and cannot be used in
offshore platforms since it requires material weighing, loss of
constituents that volatilize, and the need of evaporation of the
extract.”

Spectroscopy methods, such as infrared and ultraviolet, can
be used as a simpler alternative to measure TOG, as all of them
require calibration. In the methodology proposed by ASTM D
7678,'* calibration and standardization are carried out using
tetracontane solution (between 0.5 and 1000 mg L™"). In the
methodology proposed by ASTM D 7066, calibration and
standardization are carried out using a solution of octanoic acid
and isooctane.”” The method proposed by ASTM D 7575' is
solvent-free and uses ClearShot technology, in which the
samples are percolated into the cartridge to retain the oil
content. Quantification is achieved by correlating the oil
spectrum retained in the cartridge with a reference spectrum
obtained from Orono Spectral Solutions, which is provided by
the Calibration Standard Device Extractor.

The chromatographic method”' recommends the use of an
alkane mixture, with a boiling point between 36 and 69 °C,
which is used as the extraction solvent. The calibration is
carried out by weighing equal amounts of two different types of
mineral oil, both without additives.

The different principles for measuring TOG content in
water samples require different standards for implementation
and validation steps. Infrared methods are based on the
measurements of carboxyl stretches and require octanoic acid,
stearic acid, and hexadecane as validation standards. ISO 9322-
2 proposes a mixture of diesel oil and lubricant without

additives as a calibration standard. Furthermore, some UV—vis
methodologies employ synthetic oil, gasoline, and paraffin to
prepare quantification standards. Table 1 summarizes the
substances used in the calibration of the methods discussed
above.

Given the complexity and low repeatability in the
preparation, works using oil or oil/water in the validation
step of instrumental analytical methods for TOG determi-
nation are not reported in the literature. In this context,
considering the lack of a reference material that can be used in
all techniques to the determination of TOG content, this work
aims the development of an oil-in-water standard that can be
used in several methodologies for determining TOG in water.
The possibility of developing standards using oil dispersed in
water enables the validation of TOG determination method-
ologies in the laboratory with greater representativeness of the
matrix. It confers to the methodologies’ greater accuracy and
robustness in the determination of TOG, minimizing errors in
the disposal of the oil industry and increasing the preservation
of the marine environment.

2. EXPERIMENTAL SECTION

2.1. Preparation of Synthetic Oily Water. 2.1.7. Assess-
ment of the Influence of Environmental Conditions on the
Weight Loss of Oils. The loss of volatiles under atmospheric
pressure and ambient temperature was studied for four types of
oils, namely, PS2, LBV2001606, LBV2000706, and
V2001B1705. Aliquots of approximately 25 g of oil were
kept at a controlled temperature of 25 °C and under
atmospheric pressure. Mass loss was observed for 8 h measured
on an analytical balance (model AUY202, Shimadzu).
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Figure 2. Study of the variation in oil mass under room temperature and atmospheric pressure conditions.

2.1.2. Evaluation of the Influence of Vacuum on Oil Mass
Loss. A comparison between the loss of mass of the P52 oil
under atmospheric pressure and under a vacuum of 0.5 atm
was done.

Two aliquots of the oil (1 g) were measured on a precision
analytical balance of +0.01 mg, model AUY-220 (Shimadzu).
The first aliquot was kept at a controlled temperature of 25 °C
and under atmospheric pressure. The second aliquot was kept
in a desiccator under a vacuum of 0.5 atm. The variation of the
mass, in both conditions, was evaluated by weighing in
intervals of S min between them.

2.1.3. Mass Stability Study after Depletion Procedure. In
an adapted Kitasato flask (Figure 1), about 20 g of PS2 oil was
fractioned. The upper part was sealed with the aid of a glass
baton. The outlet side was connected to an Edwards Model
RV3 vacuum pump under a 1 atm vacuum. A glass vial was
kept at 70 = 1 °C in a heating bath (IKA, model HB-10). The
system was maintained under these conditions for 1 h. It was
then allowed to stand in a desiccator with a desiccant for 1 h.
After the resting time, the mass of the system was measured on
an analytical balance (model AUY202, Shimadzu), with an
interval of 5 min between weighings, over a period of 2—35 h.
During oil weighing, the stability of the scale was accompanied
by the measurement of the mass of a certified reference
material of 100 g.

2.1.4. Oily Water Standard Preparation. Two forms of oily
water preparation were evaluated. In the first, the oil aliquots
were weighed in a high-density polyethylene bottle allocated
on an analytical balance (model AUY202, Shimadzu). Masses
between 4 and 300 mg of oil were measured. Then, 900 mL of
3.5% (w/v) NaCl (P.A.) (Sigma-Aldrich) solution was added.
The pH was adjusted to 2 with 37% HCI (Sigma-Aldrich). The
system was homogenized in an ultra-turrax model T25 (IKA,
Staufen, Germany) at 25,000 rpm for 10 min to promote
further dispersion of the oil in water. After that, the synthetic
patterns of oily water were analyzed.

In the second procedure, a bed of 31.5 g of NaCl (P.A.)
(Sigma-Aldrich) was prepared in a porcelain vessel. Then,
masses from 4 to 300 mg of oil were measured on a salt bed.
After weighing, the crucible contents were quantitatively
transferred to an amber glass vial containing 900 mL of
water with the pH adjusted to 2 with 37% HCI (Sigma-
Aldrich). After that, the system was homogenized on a shaker
table (IKA, Staufen, Germany) for 3 min at 5000 rpm. The

choice of the shaking table was intended to prevent oil losses in
the ultra-turrax.

2.2. Analysis of the Total Oil and Grease Content in
Synthetic Oily Water. 2.2.1. Gravimetric Method. The
synthetic standards were transferred to a 1000 mL separation
funnel, and then 3 extractions were performed with 30 mL of
hexane P.A. (Merck). At each extraction, the extracts were
percolated by a bed of anhydrous sodium sulfate (Spectrum)
and then transferred to a glass vial at a constant weight. At the
end, the extracts were completely dried in a 70 °C water bath
and weighed until constant weight (model AUY202,
Shimadzu).

2.2.2. Infrared Spectroscopy. Synthetic samples (n = S)
with a TOG concentration of 40 mg L' were prepared and
analyzed by the ASTM D 8193 method.!' The synthetic
standards into a separation funnel and extraction with 50 mL
of cyclohexane were performed. The extracts were analyzed in
an Eracheck model ECO (Eralytics).

The calibration curve was made from oily water standards
prepared following the procedure developed in this work. The
extraction of the PS2 oil followed the procedure described
above. The correlation was conducted between 11 and 220 mg
L™' TOG, with the standards prepared in six replicates at each
level.

Linearity was ensured through the hypothesis tests for data
normality (Anderson—Darling) and homoscedasticity
(Breuch—Pagan) obtained using the software Action Stat.

3. RESULTS AND DISCUSSION

The procedure for preparing oily water standards involves
weighing oil and then adding it to water. Due to a possible
variability in the oil weighings, a study of the variation in oil
mass under room temperature and atmospheric pressure
conditions was conducted.

3.1. Oil Preparation. 3.1.1. Effect of Atmospheric
Conditions on Oil Mass Variation. Figure 2 shows the results
found for the four oils evaluated. It is possible to divide the
mass loss kinetics into three steps. The first occurs until around
125 h, when there is a significant mass loss rate, probably
evidencing the loss of the most volatile compounds. Although
still pronounced, the volatile loss rate reduces between 125 and
325 h compared to the previous step. From 350 h on, the loss
of mass is reduced to a rate that probably refers to loss by
evaporation, demonstrating the onset of stability. Tests under
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Figure 3. Study of the variation in oil mass under room temperature and vacuum conditions. Oil (P52) was heated for 2 h at 70 °C under a vacuum

of 0.5 and 1 atm.
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Figure S. Stability study after oil depletion. Conditions: Oil (P52) was heated for 1 h at 70 °C, under a vacuum of 1 atm, rested for 1 h after

depletion and mass loss accompanied for 5 h.

atmospheric conditions would simulate possible oscillations of
masses during the weighing of the oils to prepare the
standards.

The highest mass loss rate occurs in the first few hours of
fractioning, which caused significant oscillation in the mass of
standards. Therefore, these results indicate that the direct
weighing of oil is not feasible. Thus, the kinetics of loss of mass
was evaluated by exposing the oil to a vacuum system.

26320

3.1.2. Effect of Vacuum and Temperature on Oil Mass
Variation. Due to the difficulty of controlling the environ-
mental conditions for this experiment, the exclusive use of P52
oil was preferred over other oils due to its faster kinetics.

Although the application of a vacuum of 0.5 atm in a glass
desiccator was able to accelerate the kinetics of oil stabilization,
it was not sufficient to eliminate the mass variation. Since the
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vacuum limit in the desiccator was 0.5 atm, unfortunately, it
was not possible to explore other conditions (Figure 3).

Once the favorable contribution of the vacuum was
established, an oil depletion procedure was implemented, in
which the vacuum intensity was increased from 0.5 to 1 atm, to
accelerate the loss of volatiles. Further, the oil was heated to 70
°C, which is a temperature that can eliminate volatiles without
causing degradation of other compounds. After the heating
step, the oil rested to stabilize the steam—oil equilibrium. After
this interval, the oil mass was weighed for 2.5 h to verify that
equilibrium was really reached. Figure 4 shows the results of oil
mass loss.

The results indicate that the depletion procedure promoted
considerable loss of the most volatile compounds. In depletion
procedure, mass loss kinetics is favored by controlled heating
at 70 °C and a vacuum of 1 atm. It was possible to identify that
after 1 h of rest and during the 2 h of mass loss evaluation, the
vapor phase equilibrium was not reached. There was an
increase in mass after 80 min. This phenomenon may have
been caused by the influence of water vapor from the
environment on the vapor equilibrium of the oil.

3.1.3. Phase Equilibrium Effect (Vapor—Qil) in Oil Mass
Variation. This test evaluated whether 5 h of rest after
depletion would already be sufficient to stabilize the mass of
the oil. This evaluation aimed to optimize the preparation of
synthetic standards. Figure S shows the obtained results.

These results showed that the oil stability window occurred
3 h after the first weighing. From that moment, it can be
understood that the vapor—oil equilibrium has been reached.
This result points to a greater accuracy in weighing the oil for
the preparation of the standards. Table 2 summarizes the
depletion and stabilization conditions for further weighing.

Table 2. Summary of Oil Depletion Conditions for the
Elimination of Volatile Compounds

conditions values
heating time l1h
heating temperature 70 °C
waiting time after depletion 4h

3.2. Oily Water Standard Preparation. 3.2.1. Selection
of the Recipient to Weigh the Oily Water. In order to prepare
the oily water, a mass of the P52 oil was weighed in a plastic
bottle with the subsequent addition of a 3.5% (w/v) NaCl
solution at pH 2, and then, it was homogenized in a turrax
mixer. The use of NaCl reports the seawater salinity, and the
acid pH simulates the conservation of the sample made on the
platform, where hydrochloric acid is added to the sample until
this pH condition.

The performance evaluation of this procedure was
conducted by preparing standards of 40 mg L™' TOG (n =
5). The quantification was performed using the gravimetric
method, which is indicated for the determination of TOG
content in Brazil.° The oil contained in the hexane extract after
evaporation of the solvent was compared with the mass of oil
weighed during the preparation of 40 mg L™" standards. The
results are presented in Table 3.

The results indicated a loss in the accuracy of the method
since the recovery values were under 50%. This can be
explained by the loss of oil due to adherence to the plastic
bottle and its dispersion during homogenization. In this step,
the ultra-turrax rod was immersed in the oily water standards.

Table 3. Results of Oil Recovery in Synthetic Oily Water
Standards (40 mg L™' TOG) Prepared in a Polymeric Flask
and in the Salt Bed”

mass of oil  mass of oil
used to recovered average  coefficient
prepare the in the oil of
standards standards extraction  recovery recovery  variation
of TOG (mg) (mg) oil (%) (%) (%)
Polymeric Bottle
1 36.333 10.355 28.5
2 36.444 15.051 41.3
3 36.222 16.191 44.7 37.04 17.8
4 36.548 11.808 32.3
S 36.222 13.909 38.4
Bed of NaCl
1 36.258 30.602 84.4
2 36.222 29.774 82.2
3 36.485 31.742 87.0 84.86 3.3
4 36.333 29.902 82.3
S 36.521 32.285 88.4

“TOG content was determined by the gravimetric method.

After homogenization, when the rod was removed, some of the
oil was lost.

A new form was then developed for the preparation of oily
water. In this one, the oil was weighed directly into a bed of
NaCl, and then, 900 mL of water at pH 2, adjusted with 37%
HCl, was added. Homogenization was carried out on a
vibrating table in preference to a turrax mixer. After
preparation, gravimetric analyses were carried out on the
synthetic samples. Table 3 presents the obtained results of oil
recovery after determination of TOG content by the
gravimetric method in 40 mg L™' TOG synthetic oily water
standards prepared by weighing oil directly into a polymer
bottle and bed of NaCl

As the results of weighing the oil in the NaCl bed offered
higher oil recoveries than the results obtained by weighing the
oil directly in a polymeric vial, this preparation strategy was
consolidated.

For the validation of the developed procedure, accuracy and
precision were evaluated over a wide range of concentrations.
The studies were performed with five replicates, and the TOG
concentrations ranged from $.5 to 72 mg L™ The accuracy
was calculated through the oil content contained in the hexane
extract, after evaporation of the solvent, and compared with the
mass of oil weighed during the preparation of the standards.
The precision in the preparation of the standards was evaluated
in terms of the coefficient of variation of TOG content
between the replicates prepared for each concentration level.
Table 4 shows the obtained results.

The variation between the replicates of the prepared
standards was between 3.8 and 11%, with the minor
concentration levels presenting the most variation. Recovery
values ranged from 70 to 85% and an apparent division into
two groups can be seen. Applying the t-Student’s test, it was
identified that the two sets are statistically different, confirming
that increasing the concentration in the samples causes a loss
in recovery. The variation can be explained by a possible oil
loss in the extraction step. The result was unexpected.
However, there are no reports in the literature of validation
of a gravimetric method for determining the content of oils and
greases in water using oil as a standard. Accuracy evaluations
by the gravimetric method have been reported in patent
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Table 4. Results of the Evaluation of Accuracy and Precision
in the Preparation of Oily Water Standards from the
Developed Procedure”

TOG theoretical average oil coefficient of variation

concentration (mg L") recovery (%) (%) (n=15)
S 85.0 7.1
10 83.0 11.0
30 87.0 5.0
40 75.0 6.2
60 73.0 3.8
70 70.0 5.9

“Determination of the TOG content was made by the gravimetric
method.

5,294,553 and in the work of Biazon and co-workers.” In
both works, recovery is studied only up to the 30 mg L™
concentration range, not covering the range of this work. At
this concentration, the recovery is about 80%, confirming the
values found in the developed procedure at this work.

It can be explained by the possible loss of light compounds,
not expelled in the depletion, which, when solvated by hexane,
are lost in the drying step. Very low-molecular-weight
compounds can be lost due to volatilization, while very high-
molecular-weight compounds are often not recovered well in
liquid/liquid extractions.*

As the results of accuracy and precision were satisfactory
with gravimetric determination, the applicability of the oily
water standards in other TOG determination methodologies
was studied, applying the infrared method.

3.2.2. Determination of TOG in the Oily Water Standards
by Infrared Spectroscopy. The oily water samples (n = 5),
with a theoretical TOG concentration of 40 mg L™, were
prepared with the P52 oil and analyzed by the ASTM D 8193
method in order to apply the synthetic standards in a
methodology for TOG determination by infrared spectrosco-
py:

The choice of the alternative method for evaluating the
produced oily water standards as the infrared method
presented in this standard was justified by the possibility of
applying the equipment Eracheck in an offshore environment.

Because it is an indirect method, a calibration curve (Figure
6) was constructed for oily water standards corresponding to
the TOG content between 12 and 220 mg L™".

The statistical tests indicated that the data composing the
calibration curve follow normal distribution (Anderson—

Darling: p-value = 0.148; as p-value > 0.05, Ho is accepted).
Similarly, the residuals follow homoscedastic behavior
(Breusch—Pagan: p-value = 0.786; as p-value > 0.05, Ho is
accepted).

After the IR linearity study employing the oily water
synthetic standards, S synthetic standards (theoretical TOG 40
mg L") were prepared for recovery study.

The recovery was calculated based on the oil content
contained in cyclohexane extract and compared with the mass
of oil weighed during the preparation of the standard (40 mg
L' TOG). Table S shows the recovery results after extracting
the synthetic standards from oil—water with cyclohexane.

Table S. Oil Recovery Results Obtained in the Synthetic
Samples Prepared with the P52 oil after Determination of
TOG Content Using the ASTM D 8193 Method with
Quantification Done Using the Calibration Curve Prepared
with Oily Water Synthetic Standards

coefficient of variation (n = 5)
(%)

oil rf;)c;very
107.7
108.5
100.6
108.5
100.6

average recovery

replicas (%)

1

105.2 4.0

(20N OV

The application of synthetic standards for TOG analysis per
ASTM D 8193 showed recovery results of 105.2% with
reproducibility of 4.0%. These results were better than the
values given in the standard: recovery between 70 and 130%
and precision of 10%. Recovery values higher than 100% may
be associated with the variability caused by the heterogeneity
of the oil matrix.

This behavior indicates that the use of oily water standards
in the validation step of the IR methodology did not
compromise the accuracy and precision limits when compared
to the values indicated in the ASTM D 8193 standard
(obtained using a tetradecane solution).

Recoveries around 100% indicate that the procedure
developed for the generation of synthetic standards for oily
water is applicable not only to the gravimetric method but also
to the spectroscopic methods.

70

y =0.2966x + 0.1203
R?=0.9968

50

100

150 200 250

TOG Concentration (mg L)

Figure 6. Calibration curve for TOG content determination by the ASTM Method D 8193, constructed using synthetic oily water standards

prepared with the P52 oil containing between 12 and 220 mg L™' T

OG.
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4. CONCLUSIONS

Oily water standards have been successfully developed to
validate analytical methodologies for determining TOG
content. Accuracy and precision studies were performed
using the gravimetric method, required by Brazilian regu-
lations, and an alternative spectroscopic method.

A study was carried out on the interference of volatile
compounds in oil weighing, in the progress of standard
preparation, created in the development of an oil depletion
procedure.

The prepared standards demonstrated high reproducibility
and accuracy. The results were similar to those found in the
ASTM D 8193 standard, which presents the acceptance limits
for validating the methodologies.

The development of water-dispersed oil standards allowed
the validation of gravimetric and IR methodologies using the
oil itself. With this strategy, the complexity of the oil matrix
was brought into the context of validation applied to more
robust TOG determinations.

Other studies must be addressed to obtain reference material
certificates. Furthermore, the influence on the results before
the reduction of volatile compounds caused by the stripping
procedure should also be investigated.
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