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4-Nonylphenol, a degradation product of ethoxylated alkylphenols, due to its harmful effects
on the environment, has been banned in European Union countries, alongside their precursors.
The guide on quality of drinking water from the United States Environmental Protection Agency
(US EPA) recommends a maximum concentration of 28 ug L' for fresh water. In Brazil, there is no
clear legislation containing values of maximum concentration of 4-nonylphenol. Due to this lack
of regulation, a continuous monitoring is necessary for this pollutant in environmental samples.
The occurrence of 4-nonylphenol (4-NP) in the surface waters of Guandu River in the state of
Rio de Janeiro, Brazil, was studied by using solid-phase extraction and reversed phase liquid
chromatography separation with UV detection. The analytical method satisfies these requirements,
being able to detect and quantify 4-NP in a desired concentration range. Of the 19 samples analyzed,
4-nonylphenol was detected in 12, quantified in 2, showing concentration levels of 1.73 and
2.32 pg L' in Santa Cruz and Paracambi, respectively. This is the main hydrographic basin in the
state of Rio de Janeiro, where water is collected for treatment and later distributed to most cities
in the metropolitan region, including Rio de Janeiro City, and these results are therefore alarming.
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Introduction

Environmental pollution resulting from the release of
organic compounds poses a serious threat to human health
and aquatic organisms due to acute and chronic toxicity.!?
Such pollutants are emitted from a variety of sources, which
includes agricultural, industrial and urban activities.

Regarding the agricultural activity, pesticides are
particularly harmful due to their long persistence in aquatic
soils and sediments, bioaccumulation in the tissues of
invertebrates and vertebrates, and movement in the trophic
chains.* Surfactants are usually present in agrochemical
formulations®® and are directly released in a sewage
system or in surface water causing pollution and forming
degradation products.’

Alkylphenol ethoxylates (APEO), non-ionic surfactants,
have been widely used in phenolic resins, plastics additives,
detergents, emulsifiers, pesticides formulations among
others. The most relevant APEO is nonylphenol ethoxylate
(NPnEO), representing approximately 80% of production,
of which 60% has the environment as a final destination.®°

*e-mail: yarapcid @ gmail.com

4-Nonylphenol (4-NP) is formed during anaerobic
breakdown of the APEO. Studies have demonstrated that
derivatives of ethoxylated alkylphenols are more persistent
and toxic than the parent substances, also having the ability
to cause disruption of natural hormones when interacting
with estrogen receptor.®

As of now, there is no specific regulation in Brazil
regarding the maximum permissible concentration levels of
4-NP in surface waters. Moreover, few works have carried
out investigations of 4-NP in Brazilian waters, which
provides little data on the matter. For instance, 4-NP has not
been detected in surface water samples of four reservoirs
southwest of Sdo Paulo (limit of detection (LOD) has not
been reported), although it was quantified in sediments
from these sites, in concentration levels ranging from 0.1
to 3.1 ug kg '." The occurrence of 4-NP in sediments and
fish has also been recently reported by Errico et al.,'> who
concluded that phenolic endocrine disruptors chemicals
(EDCs) have a tendency to adsorb and deposit onto
sediments in aquatic environment.

Montagner and Jardim'® have reported results for the
investigation of several pharmaceuticals and endocrine
disruptors in the Atibaia River, Sao Paulo State, based on
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an optimized analytical method using solid-phase extraction
(SPE) and high performance liquid chromatography
(HPLC) with detection through ultraviolet-diode array
(UV-DAD) or fluorescence (FLD). Selected compounds
included acetaminophen, acetylsalicylic acid, diclofenac,
ibuprofen, caffeine, 17B-estradiol, estrone, progesterone,
170-ethynylestradiol, levonorgestrel, diethylphthalate,
dibutylphthalate, 4-octylphenol, 4-nonylphenol and
bisphenol A. In particular, the limit of quantification (LOQ)
and LOD for 4-NP were reported as 59 and 18 ng L,
respectively. Despite the low LOQ and LOD values, 4-NP
was not detected in these samples.'* Sodré et al.'* have also
studied the occurrence of estrone, 17B-estradiol, estriol,
17a-ethynylestradiol, bisphenol A, 4-n-octylphenol, and
4-nonylphenol in Brazilian water samples collected along
the Atibaia River basin, in the state of Sao Paulo. In their
work, liquid chromatography (LC) followed by tandem
mass spectrometry (MS/MS) was applied and the reported
LOD and LOQ values for 4-NP were 0.04 and 0.1 ng L',
respectively. 4-NP has also not been detected in these
samples.' The concentration of 4-NP in surface water has
been reported as 1.24 ng L' at a sampling point located
in the Atibaia River, upstream of the city of Campinas, a
one million inhabitant metropolis. The compound has also
been detected in drinking water at the same sampling point,
but at a concentration level below the LOQ."> 4-NP has not
been detected above 2.0 ng L' in none of the 100 drinking
water samples or 7 source water samples collected from
21 state capitals and the federal districtin 2011 and 2012.'¢
Moreira et al.'” have studied the occurrence of 4-NP in
water sources of Belo Horizonte metropolitan area, Brazil,
reporting that the analyte was detected in all samples
in a concentration range of 44 to 1918 ng L~'. Similar
concentration range has been reported for 4-NP in waters
from Rio das Velhas, located between Ouro Preto and Nova
Lima, Minas Gerais State, Brazil, two years later.'
Seeing as the data related to the investigation of 4-NP
in Brazilian waters is scarce, the objective of this work
was to develop and validate an analytical method for the
determination of this analyte in surface water and to apply it
to environmental real samples. Moreover, it is an aim of this
work the study of the occurrence of 4-NP in the catchment
area of Guandu River in Rio de Janeiro. The Guandu River
basin is of fundamental importance for the metropolitan
region of Rio de Janeiro, since it encompasses fifteen
municipalities in an integral and partial way, serving as a
source of water for human supply and also for the industry
(steel, petrochemical, food and beverages, and clothing).'
The chromatographic method was validated according
to parameters of linearity, precision, accuracy, linear range
and selectivity, following the validation parameters of the
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United States Environmental Protection Agency (US EPA)
8000D* method with real samples, which may contain
residues. The monitoring of 4-NP in real samples from the
Guandu River basin was carried out after the validation of
the method.

Experimental
Chemicals, reagents and materials

4-NP (99.9%) and SPE Discovery 18-LT cartridges
(500 mg, 3 mL) were purchased from Sigma-Aldrich.
Methanol, acetonitrile (HPLC grade) were purchased from
Tedia, and Milli-Q (ultrapure) water was obtained from a
Gehaka Master Ultra Purifier, coupled with a Gehaka OS
10 LZ reverse osmosis purification system.

Methods

Synthetic sample preparation and extraction method

For the optimization of the extraction method, synthetic
aqueous samples were prepared by fortification of water
samples with the 4-NP standard solution. The synthetic
aqueous samples were prepared using the surface water
samples in which 4-NP had not been detected in a
preliminary study. To ensure solubilization, isopropanol
(20 mL) was added to the synthetic aqueous samples
(100 mL).

SPE, using Discovery 18-LT cartridges, was used
to promote the clean-up and pre-concentration of 4-NP
in preparation of real samples. The cartridges were
previously conditioned with 5 mL of methanol followed
by 5 mL of water at a flow rate of 1 mL min’'. After the
conditioning step, 100 mL of the sample was percolated
along the cartridge at a flow rate of 3 mL min™'. After sample
application, the analyte was eluted with 5 mL. methanol at
a flow rate of 1 mL min™..

Chromatographic conditions

Although there are many methods described in
the literature for the separation, identification and/or
quantification of this analyte in several matrices, no
official method has been recommended yet. Thus, the
standard method US EPA 8310* was adopted as the base
and optimized the best chromatographic conditions for
the separation, identification and quantification of 4-NP
in surface water by HPLC-UV.

An Agilent chromatographic system composed of
an Infinity 1260 HPLC with automatic injector, coupled
to a DAD and UV detector with Zorbax Eclipse Plus
chromatographic column (4.6 x 100 mm, 3.5 um),
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and Agilent ChemStation Data Analysis were used
in the determination. The mobile phase consisted of
acetonitrile:water (90:10), in isocratic mode for 15 min, at
a constant flow of 1 mL min"' and 10 pL injection volume.
The detector was set at 225 nm.

Method validation

The precision and accuracy of the analytical method
were determined by analyzing sets of 5 replicates of each
of the three concentrations of synthetic samples at the
concentration levels 1.15 ug L (low), 6.25 ug L' (medium)
and 50.0 pug L' (high) on two consecutive days (intra-day
1 and 2). The accuracy of the method was expressed as the
relative standard deviation (RSD). Accuracy was calculated
by comparing the measured concentration with the nominal
concentration as the mean recovery percent (%).

The linearity was obtained by the analysis of six synthetic
samples of concentrations 50.00, 25.00, 12.50, 6.25, 3.10 and
1.15 ug L. Following the analytical method, all the synthetic
samples underwent the extraction and pre-concentration in
the SPE step. The matrix effect was evaluated statistically by
Student’s 7-test and by the difference between the slopes of
the curves obtained for the synthetic sample after extraction
and the curve obtained from the injection of the working
solution. Calculation of the uncertainty of the analytical
curve was performed as the ratio of the standard deviation
of the area/concentration ratio values by the mean value of
the area/concentration ratio values.

According to US EPA 8000D* method, “the lower limit
of quantification is the lowest concentration at which the
laboratory has demonstrated target analytes can be reliably
measured and reported with a certain degree of confidence,
which must be > the lowest point in the calibration curve”.
In our work, we assumed such definition and evaluated
the LOQ by demonstrating the acceptable recovery values
for synthetic samples, fortified at 1.15 ug L', considering
accuracy between 70 and 130%. The LOD was then
statistically evaluated by the T x SD product, where T is
the Student’s 7-value appropriate for 99% confidence level
and a standard deviation estimate with (n — 1) degrees of
freedom and SD is the standard deviation of the quantified
4-NP concentrations of seven synthetic samples fortified
at 1.15ug L'

Sample collection

Nineteen surface water samples of 500 mL each were
collected from the Guandu River and its tributaries (Canal
do Itd and Ribeirdo das Lajes) during April, May, and
June 2015. The sampling points were selected to include
the largest possible area of the river basin and to provide
relevant data on the presence of 4-NP by investigating
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the various possible sources from various anthropogenic
sources, such as municipal and industrial wastewater
discharges, as well as agricultural practices or other sources.
Samples were collected in Rio de Janeiro (industrial
district of Santa Cruz) (sampling point P1), Queimados
(P2), Itaguai (P3), Seropédica (P4), Paracambi (P5),
Japeri (P6) and Pirai (P7). The location of the points is
shown in Figure 1 and the dates are listed in Table 1.

Results and Discussion
Method validation

Selectivity

Selectivity was obtained by injecting a synthetic sample
(matrix and 4-NP) and injecting a blank (matrix only).
The chromatograms of the two injections (Figure 2) were
evaluated and the absence of signal in the chromatogram of
the blank injection was verified, at the same retention time
of the 4-NP seen in the injection of the synthetic sample.
Thus, the matrix does not present any signal at the same
retention time of the analyte, making it selective for the
presence of 4-NP in the studied matrix. The developed
methodology is, therefore, capable of detecting and/or
quantifying the analyte.

Method quantification limit (MQL) and method detection
limit (MDL)

The MDL and MQL were, respectively, 0.20 and
1.15 ug L' (Table 2). The MDL and MQL of the method are
quite consistent with methods available in the literature>?
and US EPA 8000D method.*

The analytical method proposed here is capable
of quantifying 4-NP in surface water samples, in
concentration levels above 1.15 ug L' (our validated limit
of quantification), which is close to the upper limit of the
reported concentration range for 4-NP, found in Rio das
Velhas and at Belo Horizonte Metropolitan Area, Minas
Gerais.''® If our method had been applied to those samples,
4-NP would certainly not be quantified in several of them.
We note that, in our work, a concentration factor of 20 has
been used (100 mL of the sample, 5 mL eluted). A higher
concentration factor could be achieved by using larger
sample volumes and a tentative concentration factor of 400
would be suitable for monitoring 4-NP in Rio das Velhas
and other sites (including the Guandu River basin).

As mentioned above, there is no guide or recommendation
in Brazil concerning the maximum allowed values of
4-NP in surface, drinking or groundwater. The US EPA,
however, provides aquatic life ambient water quality
criteria, which are the highest concentration of specific
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Table 1. Geographic coordinates and collection period of each sampling point
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Location (description)* Coordinate Period Year
Rio de Janeiro (Santa Cruz District, P1, G) 22°53°48.55”S April 2015
43°44°13.58”"W May
June
Queimados (P2, G) 22°43°38.89”S April 2015
43°38°26.55"W May
June
Itaguai (P3, CI) 22°53°33.36”S June 2015
43°41°40.89"W
Seropédica (P4, G) 22°48°58.53”S April 2015
43°37°29.77"W May
June
Paracambi (P5, RL) 22°40°06.67”S April 2015
43°44°56.26"W May
June
Japeri (P6, G) 22°39°03.40”S April 2016
43°38°03.40"W May
June
Pirai (P7, RL) 22°69°04.26”S April 2017
43°80°00.34"W May
June

“P1-P7: sampling points in Rio de Janeiro State; G: Guandu River; RL: Ribeirdo das Lajes; CI: Canal do It4.
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Figure 2. Chromatogram with optimized conditions of the (a) blank (matrix only) and (b) synthetic sample (matrix and 4-nonylphenol).

pollutants or parameters in water that are not expected to
pose a significant risk to the majority of species in a given
environment. In such guide, the national recommended
aquatic life criteria for 4-NP is 28 pg L', based on a
maximum concentration criterion, and 6.6 pug L', based
on a continuous concentration criterion, for freshwater.”
Since our work has been devoted to investigate 4-NP in
water samples collected along the Guandu River basin,
and taking into account the US EPA aquatic life criteria,
our LOQ could be considered good enough.

According to Azevedo et al.,’® 4-NP is commonly
found in surface waters in the concentration range from
0.20 to 12.00 pg L', and concentrations higher than
10.00 pg L' can cause estrogenic effects in fish. Based
on a chronic exposure of C. silvestrii to 4-NP test, the
estimated values for the highest concentration that had
no effect (NOEC) and for the lowest concentration that
had a deleterious effect on reproduction (LOEC) were
0.015 and 0.019 mg L, respectively.?” These values are
ca. 10 times our MQL and are in agreement with the
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Table 2. Parameter validation of the methodology developed
. Intra-day
Fortified level / (ug L) Parameter Inter-day
Day 1 Day 2
a 0.745 0.741 0.738
0.068 0.088 0.222
Linearity 1.15-50.00 r 0.9989 0.993 0.995
error 0.054 0.046 0.026
uncertainty 14.40 14.41 14.44
1.15 n=>5 79.8 84.52 82.15
Accuracy / % 6.25 n=>5 83.07 96.73 89.90
50.0 n=>5 81.65 82.97 82.24
1.15 n=>5 4.44 12.20 9.60
Precision / (%RSD) 6.25 n=>5 5.03 12.92 9.91
50.00 n=>5 4.58 14.30 10.40
Method quantification limit / (ug L") 1.15
Method detection limit / (ug L) 0.20

RSD: relative standard deviation.

previously estimated value (10 ug L'). Furthermore,
the concentration at which the NOEC does not exceed
5% of the species population (HC;) estimate for 4-NP is
reported as 1.39 pg L'. Taking such value into account
and an assessment factor of 5, as the worst-case scenario,
for the evaluation of the predicted no-effect concentration
(PNEC) value, the result of 0.28 ug L' is obtained,
below our MQL. However, as stated by Spadoto ef al.,”
concentrations lower than 1.39 ug L' 4-NP are not
expected to adversely impact aquatic organisms in natural
ecosystems. Considering these estimates and the US EPA
recommendation, we believe that our reported MQL is
good enough for monitoring the 4-NP in surface waters
and even for a risk assessment, since it is higher than the
US EPA aquatic life ambient water quality criteria and
the most recent NOEC and LOEC estimates.

Linearity

A procedure to assess linearity by the ordinary least
squares method was used. The linear response of the
method was observed through the concentration range
of 1.15 to 50.00 pg L' with mean correlation coefficient
r=0.9955 £ 0.025, with uncertainty below 15% (Table 2).
The linear ranges of the method are quite consistent with
methods available in the literature.?*?%? Slope and intercept
values were 0.738 and 0.222, respectively.

Precision and accuracy

Intra-day and inter-day precision and accuracy were
established by analyzing samples (n = 5) at three different
concentrations (1.15, 6.25 and 50.00 pg L"), in two
consecutive days (Table 2). The inter-day precision for
the synthetic samples (1.15, 6.25 and 50.00 pg L") was

between 9.60 and 10.40%, while the accuracy for the same
concentration levels of the synthetic samples was between
82.15 and 89.90%. All the values obtained were satisfactory
and within the guidelines provided by the US EPA 8000D*
method (precision values less than 20%; accuracy values
between 70 and 130%).?° The precision and accuracy values
of the method are quite consistent with methods available
in the literature (85-99.3%).23242830.31

Our analytical method represents a simple and rapid
procedure for the determination of 4-NP in surface waters
samples with good accuracy, precision, LOD and LOQ
compatible with the values found in the literature. The
extraction procedure involving the SPE allows efficient
recovery of 4-NP from the matrix (greater than 85%),
consuming low volume of organic solvent and generating
minimum residue, according to the principles of green
chemistry. Since all the above-mentioned validation
parameters met the requirements of the US EPA method
8000,%° such method can be proposed as a useful procedure
for the routine analysis of the examined compound.

Sampling analysis

The validated method was applied to the determination
of 4-NP in surface water samples from the Guandu basin
(Guandu River and affluents), in the metropolitan region of
Rio de Janeiro State. The physico-chemical characteristics
(pH, conductivity, temperature and humidity) of these
samples were also determined.

Samples were collected in the metropolitan area of
Rio de Janeiro between April-June 2015 and analyzed
for 4-NP. The results can be seen in Table 3. From a total
of 19 collected samples, 4-nonylphenol was detected
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Table 3. Determination of nonylphenol in the water samples collected in the Guandu River basin

Concentration / (ug L")

Queimados Japeri Santa Cruz Seropédica Pirai Paracambi Itaguaf
April d nd d d d d nc
May d nd d d d d nc
June nd nd 1.73 nd d 2.32 d

d: < method quantification limit (MQL); nd: not detected; nc: not collected.

in 12 (63.2%) samples, quantified in 2 (10.5%) and not
detected in 5 (26.3%).

From all the analyzed samples, only 5 could not be
detected (nd) with concentration values below the MDL
(0.20 pg L"). Only in the municipality of Japeri (P6) there
was no detection of the analyte at any evaluated collection
time. The occurrence of 4-nonylphenol in the environment
is clearly correlated with anthropogenic activities,>%
since 4-NP is a degradation product of a surfactant, which
is a significant anthropogenic component of the aquatic
environment used in a large number of industries. Thus, a
point of sampling away from anthropogenic sources, such
as the sampling point in the city of Japeri, may justify the
non-detection of 4-NP.

In some samples, 4-NP has been detected but could
not be quantified, presenting concentration levels between
MDL (0.20 pg L") and MQL (1.15 pg L!). According to
the US EPA guide,? an analyte can be detected within the
MDL and MQL range with 99% confidence, although the
quantification within this range does not match the precision
and accuracy required.?® This region deserves attention,
since these surface waters serve as abstraction water for
later treatment and distribution to the population.

Santa Cruz (P1) and Paracambi (P5) showed the same
profile for 4-NP determination at all evaluated times. For
both sampling points, 4-NP was detected in April and May
(concentration levels between MDL (0.20 ug L") and MQL
(1.15 pg L") and quantified in June with concentration
levels of 1.73 and 2.32 pg L' for Santa Cruz and Paracambi,
respectively.

In Santa Cruz (P1), the main source of nonylphenol in
surface water as a whole is related, among other things,
to sewage discharges from wastewater treatment plants,
a proximity to industrialized and/or urban areas and other
anthropogenic connections such as rainwater discharges.™
Another sampling point where 4-NP was quantified was in
Paracambi (P5). This site is a tributary of the Guandu River,
Ribeirdo das Lajes River. The presence of this contaminant
could be explained by the presence of a textile factory
in this city operated between 1876 and 1996. Nonionic
surfactants like ethoxylated alkylphenols are widely used

in textile factory, due to their wetting, dispersing and
ability to promote tissue softness.*** Persistent organic
pollutants are toxic to living beings, accumulating
in microorganisms, plants and animals. They are not
eliminated by the organisms over time, and are resistant to
chemical, biological and photolytic degradations.*

Conclusions

4-NP was determined by liquid chromatography
with ultraviolet detection, providing a simple and rapid
procedure for the determination of this compound in
surface waters samples. Such analytical method was
useful as a tool for monitoring 4-NP in surface waters at
concentration levels above ca. 1 ug L', being able to detect
and quantify 4-NP in six sampling points of the Guandu
River basin. In order to determine 4-NP in surface water
samples at lower concentration levels, our method can
also be extended by applying higher concentration factors.
Based on these findings and the lack of regulation in
Brazil, a continuous monitoring of 4-NP in environmental
samples is required.
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