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Abstract: A 3D-printed device was designed and printed by a stereolithographic technique
(SLA) and coated with a highly selective solid phase extraction resin for on-site diclofenac
extraction from wastewater, avoiding the transport and treatment of large volumes of sam-
ples in the laboratory. The best results in terms of chemical and mechanical resistance were
obtained with Rigid 10K resin. The “stick-and-cure” impregnation technique was used to
coat the 3D-printed device with Oasis® HLB resin. The coated 3D-printed device can be
reused up to eight times without losing extraction efficiency. The eluent and derivatization
reagent volumes were optimized by a multivariate design. The proposed method allowed
for the extraction and determination of diclofenac by PTV-GC-MS, achieving methodolog-
ical detection and quantification limits of 0.019 and 0.055 µg L−1, respectively, with a
preconcentration factor of 46. The analysis time was 23 min per sample. To validate the
proposed methodology, addition/recovery tests were carried out in different wastewater
samples, obtaining recoveries above 90%. The methodology was applied at the wastewater
treatment plant (WWTP) of Calvià (Mallorca, Spain), finding diclofenac in concentrations
of 15.39 ± 0.07 µg L−1 at the input of the primary decantation process, 4.48 ± 0.03 µg L−1

at the output of the secondary decantation, and 0.099 ± 0.001 µg L−1 at the output of
the tertiary treatment, demonstrating the feasibility of the on-site extraction method in
monitoring diclofenac over a wide concentration range. Finally, a greenness index of 0.58
for the proposed on-site sample preparation was achieved according to the AGREEprep
metrics, making it an eco-friendly alternative for diclofenac monitoring.

Keywords: diclofenac; 3D-printed device; on-site sampling; solid phase extraction; GC-MS

1. Introduction
Diclofenac is a nonsteroidal anti-inflammatory drug (NSAID), which is widely used

in human and veterinary medicine. In general, NSAIDs are non-prescription medicines
that, due to their anti-inflammatory and antipyretic properties, are highly consumed.
Among these, the most used ones are ibuprofen, diclofenac, and naproxen, whose constant
use causes the generation and release of waste into the environment [1]. The biological
action of these drugs is the inhibition of cyclooxygenase enzymes (COX-1 and COX-2),
which are responsible for regulating the production of arachidonic acid and its conversion
into prostaglandins and thromboxanes, present in inflammatory, febrile, and painful pro-

Chemosensors 2025, 13, 212 https://doi.org/10.3390/chemosensors13060212

https://doi.org/10.3390/chemosensors13060212
https://doi.org/10.3390/chemosensors13060212
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com
https://orcid.org/0009-0004-2761-3808
https://orcid.org/0000-0002-4342-9478
https://orcid.org/0000-0002-3445-9181
https://orcid.org/0000-0003-1302-248X
https://doi.org/10.3390/chemosensors13060212
https://www.mdpi.com/article/10.3390/chemosensors13060212?type=check_update&version=1


Chemosensors 2025, 13, 212 2 of 14

cesses [2]. The generation of waste derived from the use of drugs is currently considered
an emerging environmental pollution issue [3].

Emerging pollutants, such as diclofenac, are not included in any regulations that con-
trol their concentration in the environment or their scope in environmental risk assessments,
including both drugs and their metabolites. Each year, more than 100,000 t of NSAIDs
are consumed worldwide both in human and veterinary medicine, resulting in significant
waste generation and its environmental release, especially into aquatic ecosystems [4,5],
causing severe effects due to chronic exposure [6].

Wastewater treatment plants (WWTPs) receive a large proportion of NSAIDs and
their metabolites through human urine. They are usually concentrated in sludge, which
is subsequently deposited in soil or used as fertilizer [7]. In conventional WWTPs, a
removal rate of diclofenac between 30 and 70% is generally obtained [8]. In this context,
NSAID monitoring in WWTPs is gaining increasing interest. Recent studies have revealed
the presence of low concentrations of diclofenac in freshwater bodies, which can affect
aquatic organisms since their metabolites are biologically active, especially affecting fish at
concentrations of 5 to 50 µg L−1 [9,10].

Due to the low concentrations (µg L−1 or below) of diclofenac in environmental water
samples, preconcentration techniques are required for its determination. In addition, the
complexity of environmental sample matrices requires the use of extraction techniques
to clean the samples. In this sense, solid phase extraction (SPE) is one of the most widely
used extraction techniques due to its high selectivity and preconcentration factor [11,12].
Among the most used SPE resins for diclofenac determination, it is worth highlighting
Oasis® HLB, Oasis® MCX, and Sep-Pak tC18, which were satisfactorily used for biological
and environmental sample analysis [13–15].

For diclofenac detection, chromatographic techniques are the most used, e.g., high-
performance liquid chromatography with a diode array detector (HPLC-DAD) [16], liquid
chromatography coupled with mass spectrometry (LC-MS-MS) [17], liquid chromatography
coupled with electro spray ionization (ESI-LC-MS-MS) [18], and gas chromatography
coupled with mass spectrometry (GC-MS) [19].

The 3D printing technique has become an essential technology for the evolution
of multiple scientific fields, including analytical chemistry [20]. The recent evolution in
3D design has allowed a trend toward the miniaturization and portability of analytical
systems with exponential growth in environmental field analyses [21,22]. Stereolithography
(SLA), or layer-by-layer printing, is one of the most widely used 3D printing techniques
due to its speed and simplicity in prototype production [23]. This technique is based on
photosensitive resin photopolymerization, or curing by ultraviolet light, solidifying the
soft material through a polymer cross-linking process, resulting in non-porous structures
or units that are functional for the handling of fluids.

Sample preparation is a crucial step in analytical method development, as it signifi-
cantly impacts the quality of measurement outcomes. However, from the perspective of
green chemistry, it poses significant environmental risks due to solvent consumption and
other factors, such as analyst–sample interactions, the degree of automation, and energy
consumption, among others. In response to this concern, tools like AGREE and AGREEPrep
have been developed to assess the environmental impact of sample preparation methods.
These tools provide comprehensive evaluations, facilitating the development of greener,
more environmentally friendly methods [24,25].

In this context, the main objective of this work was to develop a greener sample
preparation protocol for the on-site extraction of diclofenac from wastewater matrices
based on a 3D-printed device coated with a selective SPE resin, avoiding the transport of
large volumes of samples to be treated in the laboratory. Given the high complexity of
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wastewater matrices, both the design and material of the 3D-printed device, together with
the selective extraction resin and the impregnation technique, were optimized. This resulted
in good sensitivity while transporting only a few milliliters of eluate to the laboratory for
GC-MS analysis.

2. Experimental
2.1. Reagents, Materials, and Instrumentation

All solutions were of analytical–reagent grade, and ultrapure Milli-Q water was used
to prepare solutions. All glassware was carefully cleaned three times with acetone, and
then heated in a muffle furnace at a temperature of 500 ◦C for an hour to eliminate any
possible contamination.

The standard solutions of diclofenac (0.5 to 2000 µg L−1) were prepared from a high-
purity solid reagent (Sigma Aldrich, Madrid, Spain, 99%). N-methyl-N-trimethylsilyl triflu-
oroacetamide (MSTFA, >99.9%) from Scharlab (Barcelona, Spain) was used for diclofenac
derivatization. Other reagents used, i.e., ethyl acetate, hexane, methanol, ammonium
hydroxide, 2-propanol, and acetone, were also provided by Scharlab.

Resins for 3D printing, i.e., Clear, Durable, and Rigid 10K, from Formlabs (Formlabs
Inc, Somerville, MA, USA) were tested to fabricate the 3D-printed devices using a Form 3+
SLA printer (Formlabs).

Oasis® HLB, Oasis® MCX, and Sep-Pak tC18 resins were tested as SPE adsorbents for
coating the 3D-printed devices.

Polyvinylidene fluoride (PVDF) and dimethylformamide (DMF) (99.5%), used for
coating the 3D-printed device, were purchased from Scharlab.

2.2. Three-Dimensional-Printed Device

The device was designed using Rhinoceros 6 software, with a focus on the on-site
extraction procedure employing a variable-flow pump (1–4.5 L min−1). Therefore, the
3D-printed device had to have channels to provide a large surface/volume ratio to be
coated with the SPE resin. In addition, a 3D-printed container was designed to allow for
easy connection to flexible tubes, facilitating sample pumping, and to include screw caps
for easy opening and replacement of the 3D-printed device coated with the extraction resin.

Once the 3D printing of each part was complete, they were rinsed with 2-propanol
(90% v/v) to remove residual non-polymerized resin. Posteriorly, to complete the polymer-
ization of printing resins, the parts of the 3D-printed container (caps and cylinders) were
immediately exposed to ultraviolet light (curing step) in a UV reactor (CL-1000 Ultraviolet
Crosslinker, λ = 365 nm) for approximately 6 h. By contrast, 3D-printed devices were first
coated with SPE resin and then cured in the UV reactor (see Section 2.4).

2.3. Resin Selection for 3D Printing

Preliminary assays with Clear, Durable, and Rigid 10K printing resins were performed
to obtain the highest chemical and mechanical resistance. Depending on their composi-
tion, 3D printing resins provide elasticity and resistance to organic solvents, allowing for
device reuse.

The solvents studied were selected based on the SPE steps (conditioning, washing,
and elution) used for the Oasis® HLB, Oasis® MCX, and tC18 resins, i.e., methanol (100%),
methanol and ethyl acetate (50% v/v); methanol and water (50% v/v), methanol and
ammonium hydroxide (98% v/v methanol), and ethyl acetate and acetone (50% v/v).

For this, cube-shaped pieces (1 cm3) were printed with each type of 3D printing resin,
and exposed to solvents (24 h) commonly used in SPE with the extraction resins tested.
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2.4. SPE Resin Selection and Impregnation Technique

The affinity of the SPE resins for diclofenac was evaluated by analyzing the extraction
capacity of 50 mg L−1 standard solutions. The tests were performed using commercial
cartridges according to the manufacturer’s recommendations. The eluates were analyzed
by GC–MS.

Once the SPE resin was selected, three coating techniques were tested, i.e., stick-and-
cure, PVDF, and a combination of both [26]. Briefly, the stick-and-cure procedure involved
rinsing the 3D-printed device with 2-propanol just after printing and letting it dry. The
device was placed in a 50 mL plastic tube containing SPE resin, which was shaken manually
(~2 min). After that, the device coated with the resin beads (40 ± 4 mg, n = 10) was cured
in a UV reactor. Finally, it was washed with Milli-Q water to remove any non-impregnated
SPE resin. The PVDF technique was performed on cured devices by coating them with a
resin dispersion prepared in a PVDF/DMF solution. First, 150 mg of SPE resin was added
to 5 mL of acetone and sonicated during 30 min. Then, this dispersion was mixed with 1 g
of the PVDF/DMF solution (7.5% w/w) and sonicated for a further 30 min. Finally, the
obtained solution (SPE/PVDF/DMF) was added drop by drop onto the cured 3D-printed
device until it was completely covered by the solution. The excess was removed with
nitrogen gas, and it was left to dry at 60 ◦C for 30 min. Using this technique, each 3D-
printed device was coated with resin beads (37 ± 6 mg, n = 10). In addition, a combination
of both techniques was assayed by first performing the stick-and-cure technique and then
performing the PVDF technique on the same device.

2.5. Variable Optimization

The variables of elution volume (45–75 mL) and derivatization reagent volume
(30–70 µL) were optimized by multivariate analysis using a composite central design
(Minitab Statistical Software 19). Ranges for both variables were selected based on pre-
vious GC-MS analysis in order to ensure the extraction and determination of 200 µg L−1

diclofenac using the developed coated 3D-printed devices.

2.6. Analytical Procedure

For the field application of the developed 3D-printed device coated with SPE resin for
the on-site extraction and preconcentration of diclofenac from wastewater, the analytical
protocol was as follows:

1. A 3D-printed device coated with Oasis® HLB resin was submerged in conditioning
solution for 15 min (a plastic tube containing 20 mL of 50% v/v methanol). It is
recommended that the time does not exceed 20 min to prolong the life of the device.

2. Then, the device was placed in the 3D-printed container, which was connected on one
end to the tube of the pump and on the other end to the sampling tube.

3. The pump was set to a flow rate of 2.0 L min−1 for the required time (in this case,
120 s allowed for a 4 L sample of wastewater).

4. The sampling tube was placed in the wastewater stream of the input or output of the
WWTP treatments, and the pump was turned on.

5. Once the sampling was finished, the 3D-printed device was rinsed with ultrapure wa-
ter and placed in a hermetic bottle containing the eluent solution (85 mL of methanol),
which was transported to the laboratory in an insulated plastic tube.

6. Once in the laboratory, the 3D-printed device was immediately removed, and the
eluate was treated in order to derivatize the diclofenac and subsequently analyze it
by PTV-GC-MS.
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2.7. Conditions of GC-MS

The analysis was performed using a HP 7890 series GC (Agilent Technologies,
Palo Alto, CA, USA), equipped with a programmable temperature vaporizing (PTV) and a
HP 5973C mass selective detector system.

The PTV was set to solvent vent mode, and to control the initial temperature, liquid
nitrogen cooling was required at the end of each run. The initial PTV temperature was
set at 50 ◦C and held for 1 min. The vent flow was adjusted to 30 mL min−1, with a vent
pressure of 5.0 psi, and a total vent time of 2 min. After this period, the split valve was
closed, and the injector was flash-heated at 12 ◦C/s to a final temperature of 280 ◦C.

The oven temperature program started at 100 ◦C (held for 1 min), increased at
20 ◦C min−1 to 200 ◦C, and then at 5 ◦C min−1 to 280 ◦C, where it was held for 8 min. The
PTV was operated in solvent vent mode at a flow of 30 mL min−1, maintaining a constant
pressure in the column of 10.52 psi, resulting in approximately 1 mL min−1 of carrier
(helium 99.999%). The diclofenac was separated using an Agilent HP-5MS column, 30 m in
length, with a 0.25 µm film thickness of 5% methyl phenyl polysiloxane. A solvent delay
time of 10 min was applied to avoid overworking the excitation filament, since diclofenac
has a retention time of 12.3 min. Therefore, the resulting analysis time for diclofenac was
23 min to ensure flushing of residual sample, avoiding cross-contamination.

The detector was configured in SIM mode, with m/z values of 179, 214, and 242,
since in previous analysis, it was observed that the most characteristic fragments of the
derivatized diclofenac were found at these values.

Chromatographic data was recorded using HP Chemstation F.01.03.2365 software
(Agilent Technologies, Palo Alto, CA, USA).

2.8. On-Site Extraction

The on-site extraction of diclofenac was performed by placing a preconditioned 3D-
printed device coated with Oasis® HLB resin in a specially designed 3D-printed container,
which was connected to an aspiration pump. To investigate the on-site sampling un-
der real conditions, the input stream of the primary decantation process and the output
streams of the secondary decantation and the tertiary treatment were sampled at a WWTP
(Calvià-Mallorca, Spain). Once the extraction step was finished, the 3D-printed devices
were placed in plastic tubes containing the elution solution and transported to the labora-
tory in insulated plastic tubes.

2.9. Green Metrics Assessment

A comprehensive analysis of the developed method was conducted using AgreePrep
0.91 software, objectively following the guidelines outlined in the methodology proposed
by the authors [25]. The AGREE prep tool estimates the degree of sustainability of a sample
treatment methodology by quantifying the weighted values of ten impact categories, from
0 to 1, related to the ten principles of green sample preparation. Therefore, this analysis
method allowed for the identification of the strengths and weaknesses of the current
procedure for the determination of diclofenac in wastewater matrices.

3. Results and Discussion
3.1. SPE Resin Selection

Three SPE resins packed in cartridges were tested in order to find the best extrac-
tion efficiency, i.e., Sep-pack tC18, Oasis® HLB, and Oasis® MCX, following the proce-
dures recommended by each manufacturer (Table S1). All of them have previously been
used for the extraction of β-blockers and β2-agonists and other pharmaceuticals from
wastewater [27,28].
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These resins are effective due to their retention mechanisms. Sep-pack tC18 is hy-
drophobic, while HLB (hydrophilic lipophilic balance) is a reversed-phase dimer-type sor-
bent (co-polymer: polypropylene, 80 Å pore size, 30 µm particle size). It is a macro-porous
copolymer made with a balanced ratio of two monomers, namely lipophilic divinylbenzene
and hydrophilic N-vinylpyrrolidone. The retention mechanisms of HLB are hydrophilic-
ity and lipophilicity. In addition, a mixed-mode cation-exchange sorbent (Oasis MCX)
was used.

Table 1 presents the results obtained. The highest extraction efficiency (97%) of di-
clofenac was achieved with the Oasis HLB extraction resin. Therefore, HLB was the SPE
resin used in further experiments.

Table 1. Extraction efficiency of diclofenac for the packaged solid-phase extraction resins tested. The
results are expressed as the mean ± SD (n = 3).

Extraction Resin Added (mg L−1) Found
(mg L−1)

Extraction
Efficiency (%)

tC18 5.0 4.05 ± 0.11 81.3 ± 0.7

MCX 5.0 4.25 ± 0.14 85.1 ± 0.6

HLB 5.0 4.85 ± 0.10 97.2 ± 0.4

3.2. Coated 3D-Printed Device and 3D-Printed Container

To perform the diclofenac on-site extraction, a 3D-printed device was successfully
designed and manufactured using Rigid 10K printing resin due to its higher mechanical
resistance to all the solvents evaluated (Figure S1, Supplementary Material). The 3D-printed
device was coated with SPE resin and placed in a 3D-printed container.

To meet the sampling requirements, the 3D-printed device consists of the following
parts (Figure 1):

 

Figure 1. Three-dimensional-printed device designed for on-site diclofenac extraction. (a) Image
of external 3D-printed container; (b) two threaded caps on ends allow for connection with suction
pump and sampling tube; (c) internal cube coated with SPE resin; (d) image of 3D-printed caps;
(e) design of 3D-printed container with external thread; (f) 3D-printed container diameter (top view);
(g) isometric view of 3D-printed container; (h) 3D-printed container with 3D-printed extraction
device. All dimensions are expressed in mm.
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• Caps: Two pieces that have a socket on one side to attach to a hose of 0.7 cm i.d., and
on the other, an internal thread of 3.5 turns.

• A cube composed of a network of interconnected cubes: An internal device coated
with the SPE resin, providing a greater area of contact with the analyte of interest.

• External 3D-printed container: This protects the internal coated 3D-printed device,
with external threads to connect to the caps.

3.3. Coating Technique Selection

With the aim of selecting the most suitable impregnation technique for applying the
selected SPE resin onto the 3D-printed extraction device, the stick-and-cure technique was
compared with the PVDF coating technique and with a combination of both. As can be
seen in Table 2, better results in terms of the extraction capacity (88%) were obtained using
the stick-and-cure technique. As expected, the extraction percentage of the supported resin
decreased compared to the packaged resin, due to the loss of useful extraction surface that
occurred when applied to the 3D-printed device. The PVDF and combination techniques
did not allow for diclofenac extraction, probably due to the mechanical obstruction of the
functional sites of the resins.

Table 2. Extraction efficiency of diclofenac using different coating techniques on 3D-printed devices.
The results are expressed as the mean ± SD (n = 3). --, not calculated.

Coating Technique Resin Added
(mg L−1) Found (mg L−1) Extraction Efficiency (%)

Stick and cure

tC18 25 17.70 ± 0.03 71.7 ± 0.7

MCX 25 18.58 ± 0.03 74.5 ± 0.8

HLB 25 22.12 ± 0.02 88.3 ± 0.5

PVDF

tC18 25 <LOD --

MCX 25 <LOD --

HLB 25 <LOD --

Combination coating

tC18 25 0.58 ±0.02 2.3 ± 0.2

MCX 25 <LOD --

HLB 25 <LOD --

3.4. Optimized Variables

Two variables that affect the methodology were optimized by experimental design, in-
cluding the elution volume of the SPE protocol and the derivatization volume for diclofenac
determination by GC-MS. The ANOVA results (Table S2) indicate that both variables were
significant within the tested experimental domains. Finally, using the desirability function
of Minitab 19 software, a summary graph was obtained that reflects the arrangement of the
variable values to achieve the maximum response within the experimental domain studied
(Figure 2). An optimal value for the derivatization volume of 58.68 µL was estimated.
For practical purposes, this was set at 60 µL. However, the optimal eluent volume was
not determined, as it only showed an upward trend, even when it reached the highest
level analyzed; therefore, it underwent a univariate study. For this, a 60 µL derivatization
volume was employed, varying the eluent volume (75, 85, 95, and 105 mL). Each trial was
performed in triplicate. The maximum peak area was reached with a volume of 85 mL
(Figure 3). Therefore, the elution volume to perform the SPE was set at 85 mL. To complete
the analytical protocol, 60 µL of MSTFA as a derivatization reagent was added to the eluate,
followed by thermal treatment at 80 ◦C for 30 min in an oven.
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Figure 2. Desirability function from the multivariate optimization of derivatization and eluent
volumes. MSTFA: N-methyl-N-trimethylsilyl trifluoroacetamide (derivatization reagent). The red
line indicates the optimized value of each variable; the dashed blue line indicates the desired optimal
response, and the black line represents the variable responses within the experimental domain.

Figure 3. Univariate study of eluent volume. Error bars represent SD (n = 3).

3.5. Analytical Parameters

The retention time (tR) of diclofenac was 12.3 min, with a 10 min solvent delay added to
avoid overworking the excitation filament. Therefore, 2.6 samples per hour were analyzed
by GC-MS.

The linearity of the instrumental response was evaluated over the diclofenac concentra-
tion range of 0.5–2000 µg L−1 (y = 8.64 × 105 x −1.42 × 107, R2 = 0.9984, n = 8). Additionally,
the linearity was also evaluated by applying the proposed methodology. In this case, the
methodological calibration was also satisfactory (y = 2.15 × 109 x 7.52 × 108, R2 = 0.9984,
n = 8), presenting a much narrower diclofenac concentration range, i.e., 0.01–43.3 µg L−1,
and a higher sensitivity (>2000 times) than the instrumental curve (Figure 4).
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Figure 4. Calibration curves of diclofenac. Orange represents instrumental calibration using
GC-MS. Blue represents methodological calibration using the 3D-printed device for the extrac-
tion/preconcentration of diclofenac before GC-MS analysis.

According to IUPAC [29], the LOD and LOQ were calculated as three and ten times,
respectively, the standard deviation of the reagent blank analytical signal (n = 10) divided
by the slope of the calibration curve. Thus, the instrumental LOD and LOQ achieved for
diclofenac were 0.86 and 2.86 µg L−1, while the methodological LOD and LOQ were 0.019
and 0.055 µg L−1, respectively.

An interday precision of 0.4% relative standard deviation (RSD, n = 3) was calculated
using different coated 3D-printed devices on different working days, based on the analytical
signal from a 5 µg L−1 standard solution (Table S3). In addition, 0.85% RSD (n = 3) was
calculated from real sample concentrations using the same coated 3D-printed device,
demonstrating the good precision of the proposed methodology.

The preconcentration factor (PF) was calculated considering a sample volume of 4 L
and elution volume of 85 mL, to which were added 0.9 mL of ethyl acetate and 0.6 mL of
derivative agent. Thus, a PF of 46.2 was reached.

In addition, assays were conducted to evaluate the reusability of the 3D-printed
device. Aliquots of the same sample were analyzed employing a unique device performing
10 consecutives cycles of the analytical protocol. The analytical signals, i.e., the peak areas,
were compared. The results obtained with only one device are promising, showing it can be
used up to 10 times. Among the first eight cycles, the analytical signal remained practically
constant, while the analytical signal decreased by 6% in the last cycle (Figure S2).

A summary of all analytical parameters is shown in Table 3.

Table 3. Figures of merit of developed on-site extraction by 3D-printed device and subsequent
GC-MS analysis.

Parameter Value

Retention time, tR (min) 12.3

Linear working range (µg L−1) 0.06 to 45

Limit of detection (µg L−1) 0.019

Limit of quantification (µg L−1) 0.056

Interday precision (% RSD) 0.4

Preconcentration factor 46.2
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3.6. Method Validation and Application to Environmental Samples

Calibration curves (0; 0.01; 0.1; 1; 10; 25; and 50 µg L−1) were obtained by applying the
proposed methodology and GC-MS for diclofenac quantification. The satisfactory results
obtained by GC-MS were possible thanks to the derivatization technique and the use of
a PTV injector, which enhanced the analytical signal of the instrument. This combina-
tion, together with the PF, allowed for improvement of the detection and quantification
limits [30].

Firstly, addition/recovery assays were conducted at the laboratory by adding
4.1 µg L−1 of diclofenac to deionized water and tap water to estimate its recovery us-
ing the proposed method. Satisfactory recoveries greater than 89% were obtained, as
shown in Table 4.

Table 4. Recovery of diclofenac using the developed on-site extraction 3D-printed device and
subsequent GC-MS analysis. The results are expressed as the mean ± SD (n = 3).

Sample Aliquot Added (µg L−1) Found (µg L−1) Recovery (%)

Deionized
water

1 4.1 3.77 ± 0.03 92.6 ± 0.5

2 4.1 3.71 ± 0.02 91.8 ± 0.6

3 4.1 3.74 ± 0.02 92.4 ± 0.7

Tap water

1 4.1 3.64 ± 0.01 89.8 ± 0.5

2 4.1 3.63 ± 0.02 89.7 ± 0.6

3 4.1 3.66 ± 0.03 90.3 ± 0.4

Then, the on-site extraction of diclofenac using the developed coated 3D-printed device
was performed at three different sites (primary decantation input, secondary decantation
output, and tertiary treatment output) at the WWTP of Calvià (Mallorca, Spain). A typical
chromatogram of a real wastewater sample is shown in Figure S3.

In addition, samples were also collected at the same sites and transported to the
laboratory, where diclofenac (20 µg L−1) was added to calculate the percentage of recovery.
The WWTP samples contained diclofenac in concentrations of 15.39 ± 0.07 µg L−1 at the
input of the primary decantation process, 4.48 ± 0.03 µg L−1 at the output of secondary
decantation, and 0.099 ± 0.001 µg L−1 at the output of tertiary treatment. As wastewater
treatment increases, the concentration of diclofenac decreases, up to trace concentrations in
the regenerated water that will then be used for different purposes. It is important to note
that despite the significant decrease (approximately 170-fold), the proposed method allows
for diclofenac to be monitored throughout the entire wastewater treatment process. The
results of real sample analysis are summarized in Table 5.

Table 5. Diclofenac concentrations found through on-site extraction using the 3D-printed device and
subsequent GC-MS analysis in three stages at the Calvià WWTP (Mallorca). In addition, the samples
were spiked at the laboratory and analyzed by the proposed methodology. The results are expressed
as the mean ± SD (n = 3). --, not calculated.

Sample Added (µg L−10) Found (µg L−10) Recovery (%)

Primary decantation input
0 15.39 ± 0.07 --

20 33.38 ± 0.09 90.7 ± 0.8

Secondary decantation output
0 4.48 ± 0.03 --

20 22.60 ± 0.05 91.1 ± 0.8

Tertiary treatment output
0 0.099 ± 0.001 --

20 18.14 ± 0.08 90.5 ± 0.7
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3.7. Green Metrics

The environmental impact of the proposed methodology has been assessed using the
analytical sustainability metric tool AGREEprep. A summary of the aspects considered
in each category is presented in Table S4, together with the calculated score values. The
results of the evaluation (0.58 score) using the pre-determined weighting factors for each
principle are shown in Figure 5.

Figure 5. Analytical greenness metric for sample preparation (AGREEprep) for on-site diclofenac
extraction using the developed coated 3D-printed device. Red (low), yellow (middle), green (high):
Color scale for the ten principles of green sample preparation, with the resulting score in the center.

The developed method has several positive aspects, such as the use of more than 75%
sustainable and reusable materials, which significantly reduces the environmental impact
compared to traditional single-use methods. In addition, the use of hazardous materials
was optimized through experimental design, minimizing the amount required without
compromising process efficiency. This improvement increases operator safety by limiting
exposure to hazardous materials only to MSTFA.

The method also demonstrated the ability to prepare at least 15 samples per hour,
which is efficient in terms of throughput. However, there are associated limitations, i.e.,
the large sample volumes required to quantify the low concentration of diclofenac in the
environmental matrix, as well as the low automation and moderate energy consumption
due to manual processes and equipment with high energy requirements. These aspects
should be considered for future improvements.

However, the overall approach strikes a positive balance by reducing environmental
impact using sustainable materials and optimizing hazardous substances, contributing to
operator safety and process success.

In comparison with previous methods for extracting diclofenac and other NSAIDs
from wastewater based on SPE, which obtained AGREEprep scores between 0.32 and
0.64 [31–34], the score of the proposed methodology (0.58) could be considered a green
alternative with a good competitive environmental performance.

4. Conclusions
A 3D-printed device was designed and built with Rigid 10K printing resin through

SLA, then coated with Oasis HLB extraction resin by the stick-and-cure technique. In
this way, it achieved an inert support based on complex geometries that help to improve
extraction conditions, with the lowest degree of lixiviation of non-polymerized resin and
the highest mechanical resistance to all the solvents evaluated.

The coated 3D-printed device was incorporated into a pumping system, allowing for
diclofenac on-site extraction, and subsequent analysis by PTV-GC-MS using derivatization,
yielding satisfactory results. The proposed method was optimized and validated. A
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preconcentration factor of 46, methodological detection and quantification limits of 0.019
and 0.055 µg L−1, respectively, and recoveries above 90% were achieved.

The coated 3D-printed device was satisfactorily applied to the on-site extraction of
diclofenac from wastewater at the Calvià WWTP (Mallorca, Spain), demonstrating the
capacity to monitor diclofenac at different steps of wastewater treatment, in a wide range
of concentrations.

Finally, an AGREEprep score of 0.58 was obtained, with limitations due to the larger
sample volumes required to quantify low concentrations. However, the overall approach
strikes a positive balance by reducing environmental impact using sustainable materials
and optimizing hazardous substances, contributing to operator safety and process success.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/chemosensors13060212/s1: Figure S1: Three-dimensional
printing resins. Clear resin (a), Durable resin (b) and Rigid 10K resin (c), exposed to solvents
(24 h) commonly used in SPE (methanol, ammonium hydroxide, and ethyl acetate); Figure S2: Reuse
tests of diclofenac extraction by coated 3D-printed device and GC-MS quantification for 10 cycles;
Figure S3: Wastewater sample chromatogram showing diclofenac peak at tR = 12.3 min;
Table S1: Solid-phase extraction procedures based on manufacturer’s recommendations for the
evaluation of the extraction capacity of SPE resins (50 mg L−1 diclofenac standard solutions);
Table S2: ANOVA of optimization variables, i.e., eluent and derivatizing volumes; Table S3: Peak
areas corresponding to a diclofenac pattern of 5 µg L−1 to calculate the interday precision of the
method; Table S4: Assessment of analytical sample preparation greenness of the proposed method
using the AGREEprep tool.
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