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The assessment of chlorine, fluorine, and sulfur concentrations in depth profile of drill cuttings 
was performed using ion chromatography after sample preparation by pyrohydrolysis. The 
parameters for pyrohydrolysis were optimized using a Box-Behnken design, and the established 
conditions were 300 mg of sample, 300 mg of V2O5, temperature of 1000 °C, reaction time of 
25 min, and absorbing solution of 50 mmol L-1 NH3 + 150 mmol L-1 H2O2. The accuracy was 
evaluated by the analysis of certified reference materials and recovery tests, and the results 
showed a good agreement between determined and certified values and recoveries (89-108%). The 
precision (relative standard deviation (RSD) < 10%), and the limits of detection (0.5-2.5 mg kg‑1) 
were suitable for drill cuttings analysis. The concentration of chlorine, fluorine, and sulfur in 
drill cuttings at different depths was at mg g-1 range, and its variation is related to the mineral 
composition of the samples.
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Introduction

The oil and gas industry are amongst the most 
relevant sectors for the world economy. Brazil is in a 
privileged geological position with substantial oil reserves 
and ranks among the world’s main oil producers.1-4 
However, environmental issues associated with oil and 
gas exploration deserve attention due to the high polluting 
potential associated with this activity.5

In the oil and gas industry, the exploration stage is 
responsible for the generation of substantial amounts of 
waste, including drill cuttings.6,7 This waste is mainly 
composed of fragmented rocks, which are transported from 
exploration wells to the surface by the drilling fluid.5,8-10 
However, in addition to the characteristics inherent to 
the composition of the rock where the well is located, the 
drill cuttings may contain traces of drilling fluid, a fact 
that, depending on the characteristics of the fluid, can 

make it even more harmful to the environment.11 Organic 
compounds and metals at potentially toxic levels are part of 
the composition of petroleum, derivatives and their wastes, 
and are some of the main contaminants of the environment. 
Additionally, arsenic (As), phosphorus (P), sulfur (S), and 
halogens (Br, Cl, F, and I) are also potential environmental 
contaminants.3,12

Information related to the drill cuttings generated by the 
oil activity is still limited, especially regarding exploration 
wells in ultra-deep waters.1 Considering that thousands 
of tons of drill cuttings are produced, it is critical and 
necessary to monitor their chemical composition, not only to 
minimize environmental impacts but also for the geological 
characterization of the region. Taking into account that there 
is no data about the concentration of non-metals in drilling 
cuttings from deep water wells, knowledge about the Cl, F, 
and S concentrations in geological samples, as well as other 
elements, can offer important geological information. The 
concentration Cl, F, and S in rocks can provide valuable 
information regarding the origin of metamorphic fluids.13-15 

Furthermore, knowledge about the chemical composition 
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of sedimentary rocks can contribute to information about 
marine geochemical cycling and paleoenvironmental 
conditions.16 However, monitoring the concentration of 
these elements is not trivial, as these elements, especially 
the halogens, are volatile and can be lost during the process. 
Hence, for chemical analysis the sample preparation is a 
critical step.17

Sample preparation using microwave-induced 
combustion,18-20 ultrasound and microwave-assisted 
extractions21,22 and pyrohydrolysis23-27 are widely applied for 
further non-metal determination. However, pyrohydrolysis 
stands out for being a relatively simple, efficient, and 
low‑cost technique. It is based on the pyrolysis of samples 
in the presence of water vapor at high temperatures, where 
the non-metals are hydrolyzed forming their respective 
hydrogen halides, which are subsequently condensed and 
collected in an alkaline absorbent solution.28 Pyrohydrolysis 
has been successfully applied for sample preparation, such 
as for the determination of Br, F and I in mineral,27 Br, Cl 
and F in glass,29 Br, Cl, F and I in soil,30 B and Cl in plants,31 
S in uranium ore,32 and Cl and F in iron ore.23

It is important to emphasize that, for the first time 
the determination of Cl, F and S in drill cuttings from 
oil exploration wells have been performed by ion 
chromatography (IC). In this sense, the determination of Cl, 
F, and S in drill cuttings using IC after sample preparation 
by pyrohydrolysis was proposed. A Box-Behnken design 
was applied to optimize the sample preparation conditions. 
The analytes concentration was determined in drill cuttings 
samples from oil drilling wells (onshore and offshore) 
collected in different depth profiles.

Experimental

Drill cuttings samples 

Samples of drill cuttings from onshore and offshore oil 

exploration wells from different exploration fields were 
provided by a company in the oil and gas industry. Samples 
were collected from two offshore exploration wells, at 
depths between 2,857-3,809 meters from the well, coded as 
PS, and between 4,119-6,256 meters from the well, coded 
as PRS. Additionally, samples from an onshore exploration 
well were collected at depths between 77-715 meters. 
The samples were stored under refrigeration (7 ± 1 °C) in 
properly identified plastic containers until the analysis. For 
the analysis, the samples were dried at a temperature of 
80 ± 5 °C until constant mass and then ground and sieved 
through a 250 µm mesh.

Instrumentation

The samples were previously dried in an oven model 
238 (Biomatic, Porto Alegre, Brazil), ground in a ball 
mill model MM200 (Retsch, Haan, Germany). The 
samples were weighted using an analytical balance model 
Mark Serie M (BEL Engineering, Monza, Italy). All the 
standard solutions and sample dilution were performed 
with ultrapure water (resistivity of 18.2 MΩ cm) obtained 
in a water purifier model Purelab Ultra (Elga LabWater, 
Buckinghamshire, UK).

The concentrations of Cl, F and S were determined as 
Cl−, F− and SO4

2−, respectively, in an ion chromatograph 
model 761 Compact IC (Metrohm, Herisau, Switzerland) 
with a pre-column model Metrosep A Supp 4/5 Guard 
(Metrohm) and a chromatographic column model Metrosep 
A Supp 5-150/4.0 mm (Metrohm) with a stationary phase 
composed of polyvinyl alcohol with quaternary ammonium 
groups (NR4

+). The measurements were performed with 
an injection volume of 20 µL and a mobile phase flow 
rate of 0.7 mL min-1. For the preparation of samples by 
pyrohydrolysis, a lab-made system was used (Figure  1) 
consisting of a muffle furnace model R1800 (EDG, 
São Carlos, Brazil) with temperature control operating at 

Figure 1. Schematic representation of the lab-made pyrohydrolysis system. Quartz tube (17 mm i.d., 400 mm length); alumina sample holder (55 mm 
length, 10 mm width and 6 mm depth). 
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a maximum temperature of 1000 ºC, an air pump model 
U-2800 (Boyu, Chaozhou, China) operating at 0.2 L min-1 
and a peristaltic pump model IPC 4 (Ismatec, Wertheim, 
Germany) operating at 0.1 mL min-1.

The mineralogical characterization of the samples 
was performed by X-ray diffraction (XRD), using a 
MiniFlex600 X-ray diffractometer (Rigaku, Tokyo, Japan), 
equipped with a copper radiation source (λ = 1.54 Å). The 
analyses were performed at a temperature of 25 °C, using a 
scanning range from 5 to 90 °C, with a 0.02° step and scan 
speed of 2° min-1. Data processing was performed using 
the HighScore Plus software.33

Reagents and solutions 

For the calibration curves, stock standard solutions 
of F– (IsoSol, Jacareí, Brazil), SO4

2− and Cl− (SpecSol, 
Jacareí, Brazil) at concentrations of 1000 mg L-1, were 
used. From these solutions, a multi-ion standard solution 
(100 mg L-1) containing all analytes (F−, SO4

2− and Cl−) was 
prepared. The calibration standard solutions were prepared 
in a concentration range of 0.025 to 10.0  mg  L-1. The 
mobile phase was composed by a solution of 3.2 mmol L-1 
Na2CO3 (Sigma-Aldrich, Steinheim, Germany) and 
1.0 mmol L-1 NaHCO3 (Merck, Darmstadt, Germany). A 
solution of 100 mmol L-1 H2SO4, prepared from H2SO4 
95-99% m/m (Vetec, Rio de Janeiro, Brazil), and ultrapure 
water were used for cleaning the sodium suppressor in 
the regeneration system of the ion chromatograph. For 
the pyrohydrolysis, vanadium pentoxide (V2O5) (Merck, 
Darmstadt, Germany) was used as accelerator, and 
hydrogen peroxide (H2O2) (Neon, Suzano, Brazil) and 
ammonia (NH3) (Merck) as absorbing solution.

Pyrohydrolysis

Sample preparation by pyrohydrolysis was optimized 
by Box-Behnken design, using the software Statistica 
version 6.0 (StatSoft, Tulsa, USA),34 in which the 
following parameters were evaluated: sample mass (200-
400 mg), temperature (800-1000 °C), and reaction time 
(15-25 min). Subsequently, the type of absorbing solution 
(50 mmol L-1 NH3, 100 mmol L-1 NH3, H2O, 3.2 mmol L-1 
Na2CO3 + 1.0 mmol L-1 NaHCO3, and 32 mmol L-1 Na2CO3 + 
10 mmol L-1 NaHCO3), concentration of the oxidizing agent 
(0, 50, 150, 250 and 350 mmol L-1 H2O2) and accelerator 
mass (V2O5-150, 200 and 300 mg) were optimized. 

For pyrohydrolysis, the drill cuttings masses, as well 
as the accelerator masses, were directly weighted in an 
alumina support, which was introduced into a quartz reactor 
tube (400 mm × 20 mm external diameter) positioned inside 

of the muffle oven. During the sample decomposition stage, 
compressed air with a flow rate of 0.2 L min-1 and water 
with a flow rate of 0.1 mL min-1 were injected. Then, the 
steam containing the analytes was condensed and collected 
in a polypropylene bottle containing 10.0 mL of absorbing 
solution. Subsequently, the volume of the solution was 
made up to 50.0 mL with ultrapure water. The samples were 
properly diluted, filtered and the analytes concentrations 
measured by ion chromatography (IC). The analyses were 
performed in triplicate and, after pyrohydrolysis process, 
the alumina support was washed with ethyl alcohol and 
water, dried, and cleaned for 5 min at 1000 °C in the 
pyrohydrolysis equipment. The blanks were obtained 
following the same pyrohydrolysis procedure, and the 
concentration of the analytes was calculated considering 
the blank signal correction for each experiment/analysis 
performed.

The reaction time, reaction temperature, and the sample 
mass used for sample preparation by pyrohydrolysis were 
optimized by means of a Box-Behnken experimental 
design. The optimized parameters, as well as the air flow 
rate (0.2 L min-1) and the water flow rate (0.1 mL min‑1), 
which were kept constant, were defined based on the 
literature.35,36 The variables and the respective levels 
evaluated are shown in Table 1.

The effects and interactions of the variables were 
evaluated considering the multiple responses (MR). The 
MR function was calculated based on the combination 
of concentrations obtained in each experiment, for the 
individual analytes, divided by the maximum concentration 
of the analyte obtained for the set of experiments, as shown 
in equation 1.37

MR = ([S]i/[S]max) + ([F]i/[F]max) + ([Cl]i/[Cl]max)	 (1)

where [S]i, [F]i, and [Cl]i represent the concentrations of 
S, F, and Cl, respectively, in each of the experiments and  
[S]max, [F]max, and [Cl]max represent the maximum 
concentration of the analytes obtained in the experiments. 
The matrix used in the Box-Behnken design, with the real 
and coded variables and the MR is shown in Table 2.

Table 1. Variables and levels evaluated in the Box-Behnken design for 
sample preparation by pyrohydrolysis

Variable
Levels

−1 0 +1

Reaction time / min 15 20 25

Reaction temperature / °C 800 900 1000

Mass / mg 200 300 400
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Accuracy 

Due to the lack of a specific certified reference sample for 
drill cuttings, the accuracy evaluation was carried out through 
the analysis of two certified reference materials (CRMs): 
NSC DC 73303 (rocks) with certified concentrations for 
F (700 ± 44 mg kg–1) and informed concentration for 
Cl (114 mg kg–1) and S (100 mg kg–1), as well as JB-1A 
(basalt) with certified concentration for F (357 ± 19 mg kg–1) 
and informed concentration for Cl (171 mg kg–1) and 
S (102 mg kg–1). The t-student test, at a confidence level of 
95%, was applied to verify the significance of the results. 
Additionally, the accuracy was evaluated by recovery tests 
in three levels of concentration 50, 100 and 200 mg kg−1 for 
Cl and F, and 500, 1000 and 2000 mg kg−1 for S. The drill 
cuttings were spiked with an appropriate aliquot of a multi-
ion solution, dried at 60 ± 5 °C (2 h) and then submitted to 
the pyrohydrolysis procedure. 

Results and Discussion

Pyrohydrolysis parameters 

The parameters for sample preparation by pyrohydrolysis 
were optimized by means of a Box-Behnken experimental 
design and, based on these results, it was possible to 
obtain the Pareto chart (Figure 2), which allows assessing 
the significance of the evaluated variables, as well as the 
interactions between them.

As shown in the Pareto chart, the linear effect of the 
three variables evaluated and only the quadratic mass 
interaction was significant (p < 0.05) considering a 
confidence level of 95%. It was also possible to observe 
that the reaction temperature has greater significance 
among the variables evaluated, followed by the reaction 
time and the sample mass. The reaction temperature as 
a main influence was predicted and is in agreement with 
previous study in the literature, because in this sample 
preparation technique the release of the analytes occurs 
in a temperature range of 700-1400 °C, depending on the 
matrix constitution.28     

All significant variables presented positive effects 
values, which means that the use of larger sample masses, 
higher temperature, and prolonged reaction times tend to 
favor the process. The influences and interactions between 
the variables evaluated can also be observed through the 
response surfaces (Figure 3).

The response surfaces shown in the Figure 3 indicate 
that the conditions present in the red regions are adequate, 
maximizing the multiple responses (MR) values, while 
in the regions in green indicate conditions that are not 
adequate to the experiment. In the graphs involving the 
reaction temperature (Figures 4a and 4b), it is possible to 
observe a greater slope in the response surface, showing the 
temperature significance for pyrohydrolysis. On the other 
hand, time and mass, especially in Figure 3c, promoted 
less pronounced  MR variation, the parameters are of little 
significance. This fact can be proven through analysis of 
variance (ANOVA), as shown in Table 3.

As shown in ANOVA, temperature had the highest 
significant value for p < 0.05 considering a confidence 
level of 95%, while mass and time presented minor 
significance value. Furthermore, the interactions between 
the variables were not significant. These values are in 

Figure 2. Pareto chart of the variables evaluated in the Box-Behnken 
design for sample preparation by pyrohydrolysis (L: linear; Q: quadratic 
and MR: multiple response).

Table 2. Box-Behnken design matrix with real and coded variables and 
the obtained MR, for sample preparation by pyrohydrolysis

Experiment Mass / mg
Reaction 

temperature / °C
Reaction 

time / min
MR

1 200 (−1) 800 (−1) 20 (0) 0.51

2 400 (+1) 800 (−1) 20 (0) 0.49

3 200 (−1) 1000 (+1) 20 (0) 1.75

4 400 (+1) 1000 (+1) 20 (0) 1.81

5 200 (−1) 900 (0) 15 (−1) 0.77

6 400 (+1) 900 (0) 15 (−1) 1.05

7 200 (−1) 900 (0) 25 (+1) 1.00

8 400 (+1) 900 (0) 25 (+1) 1.50

9 300 (0) 800 (−1) 15 (−1) 0.43

10 300 (0) 800 (−1) 15 (−1) 2.03

11 300 (0) 1000 (+1) 25 (+1) 0.70

12 300 (0) 1000 (+1) 25 (+1) 2.26

13 300 (0) 900 (0) 20 (0) 1.13

14 300 (0) 900 (0) 20 (0) 1.24

15 300 (0) 900 (0) 20 (0) 1.24

MR: multiple response.
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agreement with expectations, taking into account that the 
model does not show lack of fit, indicating that the data 
obtained experimentally are well adjusted to the proposed 
mathematical model. Then, the compromise conditions 
selected for the preparation of the drill cuttings samples 
by pyrohydrolysis were: reaction temperature of 1000 °C, 
mass of 300 mg, reaction time of 25 min, air flow rate of 
0.2 L min-1, and water flow rate of 0.1 mL min-1. 

Similar conditions for sample preparation by 
pyrohydrolysis are reported in the literature. Peng et al.38 
proposed a methodology using pyrohydrolysis to determine 
F, Cl, I, and S in charcoal. In this method, the temperature 

and reaction time defined by the authors were 1050 °C 
and 25 min, respectively. Muhammad et al.25 developed 
a methodology based on the pyrohydrolysis process for 
the extraction of F and Cl in complex samples of Pb and 
Zn concentrate, which the optimal parameters were: mass 
of 200 mg, temperature of 1150 °C, and time of 15 min; 
while Hoehne et al.35 proposed a methodology using 
pyrohydrolysis as sample preparation for the determination 
of F in high purity alumina, which the optimal parameters 
were: mass of 500 mg, temperature of 950 °C, and time 
of 20 min. 

Figure 3. Box-Behnken design response surfaces for mass, temperature, and reaction time optimization for the preparation of drill cuttings samples by 
pyrohydrolysis, in which (a) temperature versus mass, (b) time versus temperature and (c) time versus mass. MR: multiple response.

Table 3. ANOVA results from the Box-Behnken design (R2 = 0.9730)

Factor SS df MS F-value P-value

(1) Mass   L + Q 0.189714 2 0.094857 23.5183 0.040786

(2) Temperature   L + Q 4.131156 2 2.065578 512.1268 0.001949

(3) time   L + Q 0.181806 2 0.090903 22.5380 0.042485

1*2 0.001600 1 0.001600 0.3967 0.593162

1*3 0.012100 1 0.012100 3.0000 0.225403

2*3 0.000400 1 0.000400 0.0992 0.782643

Lack of fit 0.11750 3 0.039167 9.7107 0.094799

Pure error 0.008067 2 0.004033

Total SS 4.655160 14

L: linear; Q: quadratic; SS: sum squared; df: degrees of freedom; MS: media squared. 
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Effect of the absorbing solution 

The absorbing solution has an extremely important role 
in pyrohydrolysis sample treatment, since the hydrogen 
halides formed in the pyrohydrolysis reaction can be easily 
lost in an acid solution. Therefore, the absorbing solution 
must be alkaline and maintain this characteristic until 
the end of the reaction. Absorbing solutions composed 
of substances such as NH3, NaOH, or buffer solution  
(Na2CO3/NaHCO3) are commonly used.25,28,30,31 Thus, the 
influence of different absorbing solutions (50 mmol L-1 NH3, 
100 mmol L-1 NH3, H2O, 3.2  mmol L-1 Na2CO3  + 
1.0  mmol  L-1 NaHCO3 and 32 mmol L-1 Na2CO3 + 
10 mmol L-1 NaHCO3) containing 150 mmol L-1 of H2O2 
on the concentration of Cl, F and S in drill cuttings were 
evaluated and the results are shown in Figure 4.

It is possible to observe in Figure 4 a negative influence 
of the buffer solutions and water on the concentration 
of Cl and F. However, for S, significant difference was 
not observed on the measured concentration for all the 
evaluated absorbing solutions (ANOVA, confidence level 
of 95%). Therefore, for Cl and F, the concentrations using 
H2O and the buffer solutions showed a significant difference 
compared to the results using NH3. Additionally, the NH3 

solutions provided an increase in the concentrations of the 
three analytes (Cl, F, and S), which for Cl the concentration 
of 50 mmol L-1 of NH3 was even significantly higher than 
100 mmol L-1 NH3 solution (ANOVA, confidence level of 
95%). The Cl concentration decreasing with an increase 
in NH3 concentration in absorbing solution has also been 

reported by other authors.39,40 In this context, the absorbing 
solution containing 50 mmol L-1 NH3 was selected for the 
determination of Cl, F, and S in drill cuttings.

Effect of hydrogen peroxide in the absorbing solution 

In pyrohydrolysis, S can be released in different forms, 
including sulfur dioxide (SO2) and sulfuric anhydride 
(SO3).28 In this study, the determination of S was performed 
by monitoring the sulfate ion (SO4

2−) in solution. Then, it 
was necessary to ensure that all species of S were in the 
form of SO4

2−. In this sense, the addition of an oxidizing 
agent, such as H2O2, to the absorbing solution in an alkaline 
medium (pH between 9 and 10) promoted the oxidation of 
the different species of S to SO4

2−.28 The effect of the H2O2 
concentration added in the absorbing solution, as well as 
on the Cl, F, and S concentrations is shown in the Figure 5.

In the evaluated range of H2O2 concentrations, 
significant difference (ANOVA, confidence level of 95%) 
was not observed for S concentrations using 150, 250 
and 350 mmol L-1 H2O2. As observed, concentrations 
equal to or higher than 150 mmol L-1 H2O2, provided a 
significant increase (ANOVA, confidence level of 95%) 
in S concentration compared to the absence of H2O2 and 
to the lowest H2O2 concentration (50 mmol L-1). The 
concentration of 150 mmol L-1 of H2O2 in the absorbing 
solution for S determination is in accordance with the 
concentration reported in the literature.36,41 Additionally, 
this concentration is considered suitable for analysis by 
IC without interference in the peaks of the analytes.36,41 
The slight variation observed in the concentration for Cl 

Figure 4. Influence of the absorbing solution on the concentration 
of Cl, F, and S in drill cuttings samples obtained by IC after 
pyrohydrolysis. Where: (1) 50 mmol L-1 NH3, (2) 100 mmol L-1 NH3, 
(3) H2O, (4)  3.2  mmol  L-1  Na2CO3 + 1.0 mmol L-1 NaHCO3 and  
(5) 32 mmol L-1 Na2CO3 + 10 mmol L-1 NaHCO3. The concentration of 
150 mmol L-1 of H2O2 was added in all absorbing solution.

Figure 5. Effect of the H2O2 concentration in the absorbing solution (NH3 
50 mmol L-1) on the concentration of Cl, F, and S in drill cuttings samples 
obtained by IC after pyrohydrolysis.
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and F may not be related to a specific interference from 
H2O2, but it may possibly be due to the high dilution factor 
applied for samples containing high concentration of Cl. 
The concentration of Cl obtained by using an absorbing 
solution containing 150 mmol L-1 of H2O2 was not 
significantly affected, but the F concentration was slightly 
affected (ANOVA, confidence level of 95%). However, 
comparing the mean value and uncertainties obtained for F 
concentration in the absence (ultrapure water) and presence 
of H2O2 150 mmol L-1, a good agreement was observed. 
Thus, the concentration of 150 mmol L-1 of H2O2 in the 
absorbing solution was selected as a compromise condition 
for the determination of Cl, F and S in drill cuttings by ion 
chromatography (IC) after pyrohydrolysis.

Effect of V2O5 

For some samples, mainly geological ones, it is 
necessary to use auxiliary reagents to increase the efficiency 
of analyte vaporization during sample preparation by 
pyrohydrolysis.28,42 To promote the fast and complete 
analyte release from inorganic matter, several reagents 
have been applied as accelerators during pyrohydrolysis, 
for example, WO3,43,44 and V2O5.29,45,46 However, V2O5 is a 
widely used accelerator for the determination of halogens 
and S.28,42 Thus, the influence of V2O5 on the concentration 
of analytes in the drill cuttings was evaluated and the results 
are shown in Figure 6.

Analyzing Figure 6, it is possible to observe that the 
addition of V2O5 in the samples resulted in a considerable 
increase in the concentration of S, especially when 
300  mg  of V2O5 was used, increasing the S signal by 

more than 100 times, when compared to the absence of 
V2O5. On the other hand, V2O5 had no relevant influence 
on the concentration of F and Cl. This indicates that the 
use of V2O5 improves the release of S from the samples 
of drill cuttings. In this sense, a mass of 300 mg of V2O5 
was selected to guarantee the efficient release of S during 
drill cuttings samples preparation by pyrohydrolysis. The 
optimized V2O5 mass is in accordance with previous studies, 
which used V2O5 to improve the release of S from different 
samples.29,45,46

Figures of merit and accuracy 

At the optimized conditions the analytes were properly 
separated and quantified as their respective ions Cl−, F− and 
SO4

2− in drill cuttings by IC after pyrohydrolysis sample 
preparation. Figure 7 shows a typical chromatogram 
obtained for a drill cuttings sample after pyrohydrolysis 
compared to a multi-ion standard solution. 

As observed in the chromatogram, the peaks of the 
analytes in the drill cuttings were separated without any 
interference. However, it should be mentioned that non-
identified peaks were observed in retention time of 4 and 
6 min for drill cuttings in the presence of H2O2. These 
non-identified peaks may be from the reagent impurities, 
and although in the proposed analysis no interference was 
observed, the presence of impurities may affect the limit 
of detection (LOD). The impurities of reagents could 
interfere in the baseline detector noise and, consequently, 

Figure 6. Effect of V2O5 on the concentration of Cl, F, and S in drill 
cuttings samples obtained by IC after pyrohydrolysis.

Figure 7. Chromatogram obtained for drill cuttings sample after 
pyrohydrolysis sample preparation compared to a multi-ion standard 
solution (1.0 mg L-1). Drill cuttings sample using NH3 50 mmol L-1 + 
150 mmol H2O2 as absorbing solution. Mobile phase 3.2 mmol L-1 Na2CO3 
and 1.0 mmol L-1 NaHCO3, flow rate of 0.7 mL min-1, injection volume 
of 20 µL and conductivity detection.
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reduce the signal-to-noise ratio, resulting in increased 
LODs values.47

The figures of merit obtained for the determination of 
Cl, F, and S in drill cutting samples by IC, after sample 
preparation by pyrohydrolysis, are shown in Table 4. 
The limit of detection (LOD) and quantification (LOQ) 
of the proposed method were calculated as 3 and 10 
times, respectively, the standard deviation of the signal 
corresponding to 10  consecutive measurements of blank 
solutions divided by the slope of the calibration curves.48 The 
LODs and LOQs, as well as the coefficient of determination 
(R2) and the relative standard deviation (RSD) obtained for 
Cl, F, and S, by IC after pyrohydrolysis, are shown in Table 4.

The values ​​of LODs and LOQs for determination 
of analytes by IC were in the order of mg kg-1 and are 
in agreement with those reported in the literature for 
determination of Cl, F, and S by IC using pyrohydrolysis 
as sample preparation in similar matrices. Nunes et al.36 
used pyrohydrolysis to prepare high-purity flexible graphite 
samples for subsequent determination of Cl and S, and 
according to the authors, LOD of 1.0 mg kg-1 was obtained 
for both analytes. Muhammad et al.25 extracted Pb and Zn 
halides using pyrohydrolysis for sample preparation and IC 
to determine these halides, in which were reported LODs of 
0.5 and 1.1 mg kg-1 for F and Cl, respectively. Hoehne et al.35 
determined F in high-purity alumina, using pyrohydrolysis for 
sample preparation by IC, a LOD of 2.0 mg kg-1 was reported 
by the authors. Pereira et al.30 proposed the determination of 
F and Cl in soil samples by using pyrohydrolysis as sample 
preparation and IC, the reported LODs were 1 and 2 mg kg-1 
for F and Cl, respectively.

As shown in the Table 4, the proposed method allowed 
to reach a good linear correlation coefficient  for all analytes 
(R2 > 0.999). The precision of the proposed method was 
evaluated through the RSD, and the obtained values ​​ were 
generally lower than 10%; however, values up to 11% for F, 
12% for Cl, and 18% for S were obtained for some samples. 
Nevertheless, considering that the analyzed samples are of 
high complexity and heterogeneity, the obtained figures of 

merit can be considered adequate for the determination of 
Cl, F, and S in drill cuttings samples.

Verification of trueness was performed by analyzing 
CRMs of geological matrices. Table 5 shows the 
certified concentrations in the analyzed CRMs, as well 
as the concentrations determined by IC after the sample 
preparation by pyrohydrolysis. 

The determined concentrations of the analytes in the 
CRMs were in good agreement with the reference values 
(85-103%). Significant difference was not observed 
between the values obtained by IC and reference values 
reported in the CRMs, for Cl and S, in both samples, 
considering the t-test with confidence level of 95%. For 
F, the values of tcalculated for samples NSC DC 73303 (5.60) 
and JB-1A (4.98) were slightly higher than the tcritic to 
the established confidence level (tcritic = 4.30; confidence 
level of 95%). In this sense, considering the complexity 
of the drill cuttings and the analytes characteristics, it 
is possible to state that a good agreement was generally 
obtained between the experimental results and the certified 
CRMs concentrations. Consequently, the relative errors 
of 14.9 and 8.3% obtained for the CRMs NSC DC 73303 
and JB-1, respectively, were acceptable. However, due 
to the lack of a specific certified reference material, the 
accuracy was also evaluated by recovery tests in three 
levels of concentration (Table 6).

As observed, suitable recoveries (higher than 89%) 
were obtained in the three evaluated concentration levels. 
Thus, the proposed method can be considered suitable for 
the determination of Cl, F and S in drill cuttings.

Concentrations of Cl, F and S in drill cuttings

The assessment of Cl, F and S concentration in drill 
cuttings samples from onshore and offshore oil and 

Table 4. Figures of merit for determination of Cl, F, and S in drill cuttings 
after sample preparation by pyrohydrolysis and determination by IC using 
external calibration with aqueous standard solutions

Analyte R2 LOD / 
(mg kg-1)

LOQ / 
(mg kg-1)

RSD 
(n = 3) / %

Cl 0.9995 1.2 4.0 2-12

F 0.9998 0.5 1.6 0.7-11

S 0.9998 2.5 8.0 1-18

R2: coefficient of determination; LOD: limit of detection, LOQ: limit of 
quantification; RSD: relative standard deviation. 

Table 5. Concentrations of Cl, F and S in CRMs, determined by IC after 
sample preparation by pyrohydrolysis

NSC DC 73303

Analyte
Reference / 
(mg kg-1)

Determined / 
(mg kg-1)

Agreement / %

Cl 114a 107 ± 7 94

F 700 ± 44b 595 ± 32 85

S 100a 95 ± 4 95

JB-1A 

Cl 171a 161 ± 14 94

F 357 ± 19b 327 ± 10 92

S 102a 105 ± 13 103
aInformed and bcertified concentration values. NSC DC 73303 (rocks) 
and JB-1A (basalt): certified reference materials.
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gas exploration wells was performed by the proposed 
method using pyrohydrolysis as sample preparation and 
quantification of the analytes by IC. Figure 8 shows the 
concentration (mg g-1) of F, Cl and S at different depths 
for the onshore (77-715 m), offshore PS (2,857-3,809 m), 
and offshore PRS (4,119-6,256 m) wells. 

As shown in Figure 8, in the onshore well 
(77‑715 m) the concentrations of Cl (0.08-12.24 mg g-1), 
F (0.139‑0.297 mg g-1) and S (0.89-48.61 mg g-1) showed 
an increasing tendency with depth. This fact is possibly 
due to the mineralogical characteristics intrinsic to the rock 
of the respective oil wells and/or with the composition of 
the drilling fluid. The X-ray diffraction (XRD) analysis 
(Figure  S1, Supplementary Information (SI) section) 
indicates that samples collected at depths of 77 and 399 m 
are composed of quartz (SiO2), dolomite (CaMg(CO3)2) 
and calcite (CaCO3). In the sample collected at the depth 
of 715 m, in addition to these minerals, the presence of 
calcium sulfate (CaSO4) was also identified. The factors that 

can influence the mobility of F in the soil are the pH and the 
formation of aluminum and calcium complexes.49 In more 
acidic soils, inorganic F concentrations are considerably 
higher at greater depths, due to the low affinity between 
F and organic matter, resulting in F leaching until it is 
retained by clayey minerals or more alkaline sediments, at 
greater depths.50 This distribution profile is not observed 
in saline soils.51

The results obtained for samples from PS offshore 
well (2,857-3,809 m), shown in Figure 8, demonstrated 
that the Cl concentration (6.25-45.49 mg g-1) increased 
with depth. Chlorine is an element that maintains its 
concentration in marine waters, it has low compatibility 
with marine carbonate and other sedimentary materials.52,53 
In contrast, the concentrations of F (0.073-0.421 mg g-1) 
and S  (6.43‑18.43  mg g-1) decreased at greater depths. 
Fluorine in marine waters is removed through the formation 
of F complexes with calcium compounds, noncomplexed 
F is usually removed by sedimentation.50,54 The mineral 
characterization of the PS offshore well (Figure S2, SI 
section) indicates that the samples are mainly composed 
of quartz, dolomite, and calcite.

The analysis of samples from PRS offshore well 
(4,119‑6,256 m), showed that the concentration of Cl 
(23.72-486.96 mg g-1) and of F (0.073-0.421 mg g-1) 
decreases as the drilling depth increases, due to less contact 
between the rock and the salt reservoir (NaCl). It is possible 
to observe that in the XRD analysis (Figure S3, SI section), 
the composition of the samples at the depths of 4,119 m and 

Table 6. Recoveries of Cl, F and S in drill cuttings determined by IC after 
sample preparation by pyrohydrolysis

Addition / (mg kg-1) F / (mg kg-1) Cl / (mg kg-1) S / (mg kg-1)

No addition 139 ± 2 84 ± 10 889 ± 10

50 (F and Cl)/500 (S) 183 ± 16 126 ± 8 1499 ± 30

100 (F and Cl)/1000 (S) 214 ± 22 200 ± 9 1879 ± 80

200 (F and Cl)/2000 (S) 313 ± 15 221 ± 20 2938 ± 114

Recovery / % 89-97 93-108 99-107

Figure 8. Assessment of Cl, F and S concentrations in drill cuttings at different depths from onshore (77-715 m), offshore PS (2,857-3,809 m) and offshore 
PRS (4,119-6,256 m) wells using pyrohydrolysis sample preparation and determination by IC. The error bars represent the standard deviation (n = 3).
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4,644 m, which present the highest concentrations of Cl, is 
halite (NaCl). Wei et al.55 reported that Cl concentrations 
in marine sediment samples also had different patterns of 
variation in different depth profiles.

For samples collected at depths of 4,119 m and 4,644 m, 
the F concentration was lower than the LOD (0.04 mg kg‑1). 
In this case, the high concentration of Cl in this region, 
486.96 mg g-1 for 4,644 m and 411.82 mg g-1 for 4,119 m, 
required a large dilution of the samples, limiting the 
detection of F in these samples by the proposed method. The 
concentration of S varied from 3.23 mg g-1 to 31.09 mg g-1, 
and increased concentrations were observed at greater 
depths, as well as in the onshore well. This is likely due to 
the characteristics of the sample, which at greater depths 
presents barite in its composition (BaSO4) (Figure S3).

The increasing trend in the concentration of S in 
marine sediments as a function of depth was reported by 
Jørgensen et al.,56 who claimed that this effect is related to 
the S cycle in marine sediments. In this case, the sulfate 
is reduced to sulfide, and a major portion of the sulfide 
can be re-oxidized back to sulfate, while a small fraction 
of the sulfides precipitate with iron and other metals or 
with organic matter. As observed, the concentration of F 
in all samples collected from the drill cuttings was much 
lower than the concentration of Cl. Mahn and Gieskes,57 
Rude and Aller,58 and Wei et al.55 when analyzing marine 
sediment samples, also observed that the concentrations of 
F were much lower than those of Cl.

Conclusions

The assessment of Cl, F and S concentrations in drill 
cutting samples collected at different depths of onshore and 
offshore oil exploration wells was successfully performed 
by the proposed method using pyrohydrolysis for sample 
preparation and determination by ion chromatography (IC). 
The proposed method proved to be simple and efficient for 
the analysis of drill cuttings samples. It also proved to be of 
low instrumental and operating cost, in addition to making 
minimal use of reagents, when compared to conventional 
digestion methods. The Box-Behnken design allowed the 
optimization of the mass, temperature, and reaction time 
used for the preparation of the samples by pyrohydrolysis 
to minimize the number of experiments necessary in this 
evaluation. The concentration of analytes was efficiently 
determined in drill cuttings samples collected in depth 
profiles of onshore and offshore oil drilling wells. The 
variation in the concentration of F, Cl and S as a function 
of depth is likely related to the mineral composition of the 
samples.

Supplementary Information

Supplementary data (drill cuttings X-ray diffractograms) 
are available free of charge at http://jbcs.sbq.org.br as PDF 
file.
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