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Abstract: Life cycle assessment (LCA) is a powerful tool to quantify the environmental burdens
of different analytical techniques. This work assesses the environmental impacts associated with
the use of a simple electrochemical carbon paper sensor (CPS) for ketoprofen detection in fish
by LCA in comparison with traditional liquid high-performance chromatography (HPLC) with
fluorescent detection. The results indicate significant advantages of CPS compared to HPLC in
16 of the 18 analyzed categories of impact (ReCiPe2016(H) method), with average CPS values
26% lower than for HPLC. This is due, in the categories of impact with higher environmental
relevance, to the higher electric energy consumption during the “Analysis” step and, secondarily,
to the use of acetonitrile as a mobile phase. On an annual basis, ketoprofen detection by CPS saves
333 kg 1.4 dichlorobenzene equivalents (1.4 DCB eq) of non-carcinogenic and 6.9 kg 1.4 DCB eq of
carcinogenic human toxicities, 43.6 kg oil eq of fossil resources, and 91.4 kg CO2 eq of greenhouse
gas emissions compared to HPLC. The high capital investment, maintenance costs, and reagents
quantities required for HPLC mitigate the economic competitiveness of this traditional technique
compared to the rapid and less complex portable CPS device under the studied conditions.

Keywords: carbon paper sensor; ketoprofen; life cycle assessment; electrochemical analysis; economic
analysis

1. Introduction

The development of small, versatile, and portable analytical systems is of utmost
importance for the analytical and environmental science fields to accomplish simple, cheap,
and on-site determinations. Electrochemical sensors can offer a viable solution in this mat-
ter due to the downsize capability of the electrode components enabled by the involvement
of nanotechnology and microfabrication processes. Currently, conventional electrodes
based on glassy carbon are still widely employed as transducers in the development of
new electrochemical sensors for pollutants [1] due to their robustness and reproducibility
but are generally constricted to laboratory. Therefore, in situ environmental analysis may
imply miniaturization efforts of more conventional electrodes or the use of different and
versatile materials as sensors. Carbon fiber paper has been established as an excellent
electrode material due to its interesting physicochemical, electronic, and electrochemical
properties. This material can be pertinently exploited in portable and small electrochem-
ical systems due format resemblance to paper, which enables customizable sizing and
shaping. Owing to these characteristics, carbon fiber paper has recently been increasingly
employed in electrochemical sensors for a variety of compounds [2]. Electrochemical
sensors can offer advantages over traditional analytical techniques such as those based on
chromatographic–spectroscopic methods. These advantages are mainly derived from the
simplicity of electrochemical methods and the reduction in material and reagent require-
ments and produced waste, translating into potentially reduced environmental impacts.
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In addition, these overall economic advantages are likely to increase over time. Life cycle
assessment (LCA) is one of the most powerful tools for assessing the environmental impacts
of a product or a process over its life cycle [3], allowing for comparison with different
products or processes through a common functional unit [4]. LCA follows the rules of the
ISO 14040 [5] and ISO 14044 [6] guidelines and includes four mandatory steps: (i) goal
and scope, (ii) life cycle inventory (LCI), (iii) impact assessment, and (iv) interpretation
of the results. The goal and scope step aims to define the system boundaries and the
environmental question, which, in the case of this work, is: “Are electrochemical sensors
environmentally more advantageous than traditional analytical techniques?”. LCI is the
core of LCA, involving the quantitative analysis of the materials (raw materials, chemicals,
and waste) and energy flows (electric energy and heat) within the boundaries of the studied
system and their interaction with the environment in terms of natural resource consump-
tions, the raw materials used, energy supply, and emissions to the environment. In the
“impact assessment” step, the environmental burdens are calculated according to different
categories of impact (i.e., Recipe 2016 [7]). The last stage of life cycle assessment involves
critical review and presentation of the results. The LCA calculation method depends on the
scope of the work, the geographical area to which the work refers, and the set of impact
categories the practitioner aims to assess. The ReCiPe method is a global method that
is the subject of international scientific consensus; it combines the Eco-Indicator 99 and
CML methodologies in an updated version. ReCiPe distinguishes two levels of indicators:
midpoint (i.e., global warming, fossil resource scarcity, human toxicity, etc.) and endpoint
indicators, which assess damage in the areas of protection of human health, ecosystems,
and resource availability [8]. The integration of LCA with traditional economic analysis
allows for the generation of an exhaustive picture of both environmental and economic
impacts associated with the development of a new analytical platform and ensures that all
necessary tools are available for future investment or decision making.

Despite these tools adding valuable information to new developments, they have been
scarcely applied to the development of electrochemical sensors, with only four studies
found in the literature. In this regard, Ahmed et al. [9] applied LCA to screen-printed
electrodes fabricated with different materials, comparing their environmental impacts. One
year earlier, Le Brun and Raskin [10] developed a microfluidic paper-based sensor for
bacterial detection, using LCA to compare two different conceptual designs, as well as a
traditional microfabrication technique. Very recently, LCA was employed to measure the
impacts on human health and the environment related to the fabrication and operation of a
microbial fuel cell used for Pb2+ detection [11]. In addition, the environmental advantages
of using a carbon paper sensor (CPS) for 17α-ethinylestradiol detection compared to the
commonly used analytical technique [12] were assessed using both LCA and life cycle cost
(LCC) to estimate the cost of these assets over their entire life cycles [13].

The objective of the present work was the assessment of the environmental and eco-
nomic benefits of a developed CPS applied to the detection of ketoprofen pharmaceutical
drugs in fish samples and comparison of this method with a conventional chromatographi-
cally based analytical technique. Previous results have evidenced advantages regarding
lower environmental impacts generated by the use of CPS for analytical purposes compared
to traditional analytical techniques [12]. This study provides more detailed insight on this
topic, taking ketoprofen, one of the most commonly consumed anti-inflammatory drugs
and therefore one of the most frequently found drugs in the environment with potential
to bioaccumulate and to cause adverse effects in ecosystems and on human health, as a
reference analyte [14].

2. Materials and Methods
2.1. Experimental Assumptions

Carbon paper can be a viable sensing material for the determination of environmental
contaminants. This was demonstrated in a previous study [2] developed by the authors in
which an unmodified CPS was revealed to be effective in the determination of the drug
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ketoprofen in water and fish samples. Figure 1a–e show a schematic representation the
experimental work done for an electrochemical platform, as well as the CPS develop-
ment and the results on which the conceptual model adopted in this were based. The
electrochemical determination of this drug is particularly challenging, as the voltamet-
ric reduction peak appears at considerably negative potentials (−1.1 V vs. Ag/AgCl)
(Figure 1d). Nevertheless, under optimized conditions of pH 5 and with differential pulse
voltammetry technique parameters, ketoprofen can be detected with high sensitivity in
two linear ranges: from 0.088 to 1.96 µM (sensitivity of 35 µA µM−1 cm−2) and from 1.96
to 6.02 µM (24 µA µM−1 cm−2) with a low limit of detection of 0.11 µM. The CPS was
then validated in fish (Trachurus trachurus) samples by recovery assays using a solid-phase
extraction procedure, as schematized in Figure 1e, with recoveries varying from 82 ± 4.4%
to 89 ± 4.5% and values of relative standard deviation ranging from 6 to 15% for repro-
ducibility and repeatability assays [2]. The experimental assays demonstrated the efficiency
of CPS in detecting ketoprofen in these complex matrices, suggesting its potential as a rapid
field test and as an alternative to the traditional high-performance liquid chromatography
(HPLC) methodology.

The extraction procedure of ketoprofen from solid fish samples and the methodology
used for the subsequent analysis performed either by CPS or by the conventional HPLC
method are described in the following sections. They represent the conceptual model based
on which LCA and the economic analysis were developed.

2.1.1. Ketoprofen Extraction from Fish Samples

The extraction of ketoprofen from fish tissue was based on an Agilent procedure [15]
and was divided into 8 steps as depicted in the scheme (left) depicted in the following
Section 2.2.1. Samples of horse mackerel were obtained from a local market (Porto, Portu-
gal). About 0.5 g of edible meat was weighed (Thermo Fisher Scientific, model FPRS223,
Leicestershire, UK) into a 50 mL falcon tube (step 1). Then, 5 mL of ultrapure water (UP;
18 MΩ, Milli-Q, Millipore, Molsheim, France) was added and mixed in a vortexer (VWR
VV3, UK) for 1 min (step 2), followed by the addition of 10 mL acetonitrile and subsequent
mixing by hand shaking. QuEChERS salts (AOAC buffered salts: 6 g magnesium sulfate
and 1.5 g sodium acetate; Agilent, Santa Clara, CA, USA) were added to the falcon tube
and hand-shaken for 1 min (step 3), followed by centrifugation (Thermo Scientific Heraeus
Megafuge 16R, Kandel, Germany) at 4500 rpm and 4 ◦C for 5 min (step 4). The supernatant
was retrieved and further cleaned by adding it to a 15 mL dispersive solid-phase extraction
tube containing 150 mg C18 and 900 mg MgSO4 (Agilent, Santa Clara, CA, USA), which was
agitated for 1 min in a vortexer (step 5), followed by centrifugation at 13,000 rpm and 4 ◦C
for 3 min (step 6). The supernatant was then evaporated under a nitrogen stream (step 7)
and redissolved in 2 mL of a water: acetonitrile mixture (4:1) with the aid of ultrasound
waves (J.P. Selecta ultrasons H-D, Barcelona, Spain) and vortexing (step 8).

2.1.2. Electrochemical Analysis of Ketoprofen

An aliquot of 10 µL of the extract was added to an electrochemical cell containing
about 10 mL of 0.1 M Britton–Robinson buffer (pH 5). A differential pulse voltammetry
technique was employed for the analysis in the electrochemical window from −0.7 to −1.3 V
with the following technique parameters: modulation amplitude, 70 mV; modulation
time, 5 milliseconds; step potential, 17.5 mV; interval time, 0.1 s. Before the analysis, the
electrolyte was purged with nitrogen for 15 min. Britton–Robinson buffer was prepared by
mixing NaOH (2.07 g/L), CH3COOH (1.78 g/L), H3PO4 (2.29 g/L), H3BO3 (1.83 g/L), KCl
(3.7 g/L), and water.
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Figure 1. Schematic representation of the development and validation of carbon paper sensors.
(a) Electrochemical setup, showing 1—potentiostat 2—voltametric measuring stand supporting the
electrodes, 3—computer with software. (b) Three-electrode cell configuration composed by 1—CPS,
2—auxiliary platinum electrode, 3—Ag/AgCl reference electrode, 4—glass electrochemical cell.
(c) CPS with scanning electron microscopy images of 100× and 500× magnifications. (d) Cyclic
voltammetry of 50 µM ketoprofen performed at 100 mV s−1 in 0.1 M Britton–Robinson buffer (pH 5.5,
purged with N2). The peak is observed at −1.1 V in relation to the Ag/AgCl reference electrode.
(e) Diagram of the ketoprofen extraction procedure.
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Electrochemical analysis was performed with a Metrohm Autolab PGSTAT12 poten-
tiostat/galvanostat (120 W power) controlled with GPES version 4.9 software (Herisau,
Switzerland) (Figure 1a) and with a three-electrode electrochemical cell composed of a
Ag/AgCl (3 M, KCl) reference electrode and a platinum rod-counter electrode, with CPS as
the working electrode [2], as shown in Figure 1b. The voltametric measuring stand (663 VA
Stand) only served as a support for the three electrodes. The CPS consisted of unmodified
Toray carbon paper (TGP-H-60, 0.19 mm thickness; Alfa Aesar, Germany) with a size of
approximately 2.5 × 0.7 cm2 [2] containing aluminum foil in one end for better contact
with the crocodile clip (Figure 1c). The CPS was electrochemically pretreated in 10 mL
solution of 0.5 M H2SO4 from −0.2 to 1 V at 50 mV/s for 50 scans for 20 min. The calculated
electric energy consumption based on a 20 min analysis duration with 120 W power was
3.96 × 10−2 per analysis.

2.1.3. Chromatographic Analysis of Ketoprofen

Chromatographic analysis was based on a literature procedure with some modifica-
tions [16]. An aliquot of 10 µL of extract was injected into a liquid chromatograph system
composed of an octadecylsilane column (Luna 5 µm C18 100 Å, 150 × 4.6 mm (Phenomenex,
Alcobendas, Spain), a Sil-20AHT autosampler, a CBM-20A system controller (Shimadzu,
Duisburg, Germany) with a flow rate of 1 mL min−1 of the mobile phase constituted by
60% v/v acetonitrile, 40% v/v water, and 0.1% v/v formic acid. The total run time was 17 min.

2.2. Life Cycle Assessment Methodology
2.2.1. Life Cycle Goal and Scope

The aim of the present work was to assess the environmental benefits and the economic
advantages generated by the developed CPS for ketoprofen detection in fish samples (sce-
nario 1) compared with the detection of ketoprofen using traditional HPLC methodology
(scenario 2).

Figure 2 reports the flowsheet of scenario 1 (CPS) and scenario 2 (HPLC), with the
extraction procedure common to both scenarios and divided into 8 different steps.

Scenario 1 includes analysis of ketoprofen in fish extract using the novel CPS. Since
CPS is designed to detect ketoprofen only, in scenario 2, chromatographic analysis was
modeled accordingly, considering only the reagents and the electric energy required for the
detection of one pharmaceutical during each chromatographic run as inputs. This LCA was
developed according to ISO 14040 [5] and ISO 14044 [17] in a “cradle to gate” approach,
which includes raw material and energy acquisition, equipment usage, and waste disposal.
The construction of both electrochemical (potentiostat and reference and counter electrodes)
and HPLC equipment was not considered. The basis for calculation is described below.

This LCA follows the ReCiPe2016(H) methodology of calculation, which converts,
through proper characterization factors, the elementary flows of the inputs into 18 envi-
ronmental indicators at midpoint and endpoint levels [7]. The midpoint level focuses on
single environmental categories of impact (i.e., global warming, human carcinogenic and
non-carcinogenic toxicity, etc.), and the results are expressed as emissions of equivalent
substances (kg CO2 eq, kg 1.4 DCB eq, etc.). The results calculated at the “endpoint” level
are directly related to the damage caused by the induced impacts in the three areas of
protection, namely (i) human health, expressed in disease-adjusted life years (DALY), which
represents the loss of the equivalent of one year of full health [18]; (ii) ecosystems, measured
in terms of the number of potentially disappeared species (species.y); and (iii) resources,
which are assessed as increased costs to extract 1 kg of resources and are linked to the
resource availability (USD 2013) [7]. Moreover, the ReciPe2016 method allows for inter-
pretation of the results obtained at the endpoint level through the “weighting” function
to obtain aggregated results. This function allows for comparison of the environmental
impacts of different categories through a single unit (pt) and for selection of those that have
higher associated environmental loads according to the criteria set by the method, which
are related to (i) the distance to the policy target, (ii) the distance to the scientific target,
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(iii) monetization, and (iv) panel consensus [19]. The drawback of this approach is that
“weighting” means applying a value judgment to LCA results, which can be seen as a con-
troversial step. In this work, the “weighting” function was used to rank the environmental
impacts and to define which categories of impact have higher environmental relevance.
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Figure 2. Diagram of the electrochemical CPS (Scenario 1) and HPLC (Scenario 2) procedures under
study. System boundaries: the green dashed line refers to CPS, and the blue dashed line refers to
HPLC. The values reported in Section 2.2.2. represent the experimental conditions according to the
mass and energy balance of the system under study.

The “Hierarquist” (H) analysis perspective was adopted, which is based on scientific
consensus with regard of the time frame and the plausibility of the impact mechanisms. The
software package used for this study was SimaPro Version 9.1.1.7 from pre-Sustainability
(Le Amersfoort, The Netherlands) run on Windows 10 and equipped with the Ecoinvent
3.7 database [20].

2.2.2. Life Cycle Inventory

The assumptions and theoretical calculations used for elaboration of the life cycle
inventory (LCI) are reported in Table S1 (Supplementary Material) and represent the basis
for the LCI (Tables 1–4).

LCI is defined as a phase of LCA involving the compilation and quantification of
inputs and outputs for a given product system throughout its life cycle [5]. Compared
to the other phases of LCA, LCI has been considered a rather straightforward procedure
when the allocation and system boundaries are clearly defined [21], as in the case of the
present work. The inventory data used in this study are highly reliable, since they were all
measured by the authors during the laboratory assays performed for the characterization
and application of the novel CPS for ketoprofen analysis [2]. All input/output data are real
quantities with operational parameters that characterize the process and were not estimated
based on third-party data as is often the case in LCA studies; these data are reported in the
LCI (Tables 1–4).
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Table 1. Inventory data of the sample extraction process. All values are relative to the base of
calculation: one functional unit.

Step 1 (Sample Weighting) Unit Value

INPUT
Fish, unspecified, in sea g 0.5
Electricity, low voltage {PT}, market for|Conseq, U kWh 9.0 × 10−5

Polyethylene, high density, granulate {GLO}|market for|Cons, U g 7.6
OUTPUT
Polyethylene, high density, granulate {GLO}|market for|Cons, U g 7.6
Weighted fish sample 0.5

Step 2 (Mixing)

INPUT
Weighted fish sample g 0.5
Ultrapure water {RER}|water production, ultrapure|Conseq, U mL 5.0
Electricity, low voltage {PT}, market for|Conseq, U kWh 5.0 × 10−4

Polyethylene, high density, granulate {GLO}|market for|Cons, U g 7.6
OUTPUT
Mixed fish sample g 5.5

Polyethylene, high density, granulate {GLO}|market for|Cons, U g 7.6

Step 3 (salting out QuEChERS) and Step 4 (centrifugation)

INPUT
Mixed fish sample g 5.5
Acetonitrile {GLO}|market for|Conseq, U (1) mL 10
Magnesium Sulfate {RER}|production|Conseq, U g 4
Sodium chloride, powder {RER}|production|Conseq, U g 1
Polyethylene, high density, granulate {GLO}|market for|Cons, U 7.6
Electricity, low voltage {PT}, market for|Conseq, U kWh 1.12 × 10−2

OUTPUT
Fish sample salted out 1 (2) mL 6
Waste
Hazardous waste, EWC 150110* (WFL)/ RER g 7.6
Hazardous waste (wfd)/RER (2) 13.2

Step 5 and Step 6 (salting out dSPE QuEChERS + mixing +
centrifugation + chilling)

INPUT
Fish sample salted out 1 mL 6
C18 (Table 2)

g
1.50 × 10−1

Magnesium sulfate 9.0 × 10−1

Polyethylene, high density, granulate {GLO}|market for|Cons, U 3.0
Electricity, low voltage {PT}, market for|Conseq, U kWh 7.10 × 10−2

OUTPUT
Fish sample salted out 2 mL 4.0
Waste
Hazardous waste, EWC 150110* (wfl)/RER g 3.0
Hazardous waste (wfd)/RER (2) g 2.62

Step 7 (evaporation)

INPUT
Fish sample salted out 2 mL 4.0
N2 stream cm3 negligible
Electricity, low voltage {PT}, market for|Conseq, U kWh 7.0 × 10−2

OUTPUT
Fish extract g 0.01
Emission to air
Acetonitrile (20% w/w)

mL
2.67

Water vapor (80% w/w) 1.33
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Table 1. Cont.

Step 1 (Sample Weighting) Unit Value

Step 8 (dissolution)

INPUT
Evaporated fish extract g 0.01
Acetonitrile {GLO}|market for|Conseq, U

mL
4.0 × 10−1

Ultrapure water {RER}|water production, ultrapure|Conseq, U 1.6
Electricity, low voltage {PT}, market for|Conseq, U kWh/L 1.6 × 10−2

OUTPUT
Fish extract for analysis

mL
6.0 × 10−2

Hazardous waste (wfd)/RER 1.99
(1) Acetonitrile density 0.786 g/cm3; (2) acetonitrile aq density: 0.857 g/cm3.

Table 2. Inventory data of the synthesis of C18 sorbent. All values are relative to the functional unit
(one analysis).

C18 Synthesis Unit Value

INPUT
Activated silica g 1.30 × 10−1

polydimethylsiloxane (PMODS) {GLO}|market for|Conseq, U 2.11 × 10−2

Electricity, low voltage {PT}, market for|Conseq, U kWh 1.47 × 10−3

Hexane {GLO}|production|Conseq, U
g

2.49
Pentane {RoW}|production|Conseq, U 5.28 × 10−2

Methanol {GLO}|production|Conseq, U 4.19
OUTPUT
C18

g

1.5 × 10−1

Emission to air
Hexane (1) 2.49
Pentane 5.28 × 10−2

Methanol (2) 4.19
(1) Hexane density (20 ◦C): 0.66 g/cm3; (2) Ethanol density (20 ◦C): 0.791 g/cm3.

Table 3. Inventory data of electrochemical analysis with CPS. All values are relative to the functional
unit (one analysis).

Electrochemical Analysis Unit Value

INPUT
Fish extract

mL
1.0 × 10−2

Ultrapure water {RER}|water production, ultrapure|Conseq, U 9.93
Britton-Robinson buffer

Sodium hydroxide, w/o water, 50% sol. state, market for

g

4.14 × 10−2

Acetic acid, w/o water, 98% sol. state, market for 1.8 × 10−2

Phosphoric acid, merchant grade (75% H3PO4) at plant 3.9 × 10−2

Boric acid, anhydrous, powder production|Conseq, U 1.8 × 10−2

Potassium chloride, industrial grade, market for|Conseq, U 3.7 × 10−2

CPS pretreatment solution

Sulfuric acid {RER}|, market for|Conseq, U
mL

2.7 × 10−1

Ultrapure water {RER}|market for water, ultrapure|Conseq, U 9.7

Electricity, low voltage {PT}, market for|Conseq, U kWh 3.7 × 10−2

OUTPUT
Electrochemical analysis item 1
Waste
Dummy_Disposal, liquid wastes, unspecified to wastewater
treatment/|/RNA mL 20.1
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Table 4. Inventory data for high-performance liquid chromatography analysis. All values are relative
to the functional unit (one analysis).

High-Performance Liquid Chromatography Unit Value

INPUT
Fish extract mL 1.0 × 10−2

Ultrapure water {RER}|water production, ultrapure|Conseq, U mL 6.6
Formic acid {RER}|market for |Conseq, U mL 0.17
Acetonitrile {GLO}|market for|Conseq, U mL 10.2
Electricity, low voltage {PT}, market for|Conseq, U kWh 2.1 × 10−1

OUTPUT
Chromatographic analysis Item 1
Waste
Dummy, disposal, liquid wastes, unspecified to wastewater
treatment/|/RNA mL 17

The indirect impacts associated with C18 [22–24] and Britton–Robinson buffer [20] pro-
duction were estimated on the basis of scientific literature and based on the measurements
performed by the authors during laboratory experiments [25] (Tables 2 and 3).

The amounts of chemicals used for the extraction process reported in Table 1 are
relative to one sample of fish extract. The amount of fish extract obtained is enough to be
used either for HPLC or on the novel electrochemical platform based on CPS to perform
one analysis.

The energy requirements for the “sample extraction” step are in agreement with
literature data for a similar extraction process [12]. Some discrepancies are observed in
the “analysis” step due to differing amounts and types of reagents needed for the different
contaminants under analysis (ketoprofen vs. 17α-Ethinylestradiol) [12].

2.3. Economic Analysis Methodology

The economic analysis was based on the purchase cost of equipment (PCE) methodol-
ogy [26], which is described in Table S2 (Supplementary Material). For both CPS and HPLC
scenarios, we considered a need to conduct 4950 analyses per year, with a duration of 7
and 17 min for each run, respectively. In addition, in both cases, 15 min were added for the
sample extraction process. The duration of a single analysis takes into consideration sample
preparation, analysis, cleaning, and final waste management. A 5-year lifetime was consid-
ered for both setups. Table 5 reports the equipment-purchase costs, and Table 6 reports the
material, labor, utility, and waste disposal costs associated with the economic analysis.

Table 5. Purchased equipment (PE) costs.

Item

Quantity CPS HPLC

Total Cost

EUR

Electrochemical platform 1 item 213 -
Sensors with 40 chips with 6 electrochemical cells (ECs) each
(silicon+metal (Au/Cr/Al2O3)) Batch 1449 -

PGSTAT12 potentiostat

1 item

5000 -
Reference electrode 246 -
Counter electrode (platinum) 246 -
Waters 2795 separation module and Waters 2996 PDA detector - 38,573
HPLC HC-C18 column: 170 A, 5 µm, 4.6 × 250 mm - 501
TOTAL COST 7153 39,074



Sustainability 2023, 15, 6775 10 of 20

Table 6. Material, labor, utility, and waste disposal costs of electrochemical analysis and HPLC.

Item

Unit Unit Cost Annual Amount Annual Value

CPS HPLC

# EUR/# #/y EUR/y

Materials

QuEChERS salts, orig.
(4 g MgSO4 + 1 g NaCl) tube

3.12

4950

15,453 15,453

QuEChERS salts, dSPE
(0.15 g C18 and 0.9 g MgSO4) 3.64 18,028 18,028

Acetonitrile - 1.41 6983 6983
Britton–Robinson buffer (0.1 M) (1)

analysis
0.016 79.2 -

CPS pretreatment solution (2) 0.0047 23.3 -
Mobile phase for HPLC (3) 1.40 - 6939
Labor

Laboratory technician h 16.0 1816 29,056 29,056
Utilities

Electric energy purchase cost (PT) kWh 0.202 15,514 (4)/23,955 (5) 313 483
Waste disposal

070704* Waste: organic solvents, washing liquids, and mother
liquors kg 0.17 1816 (6)/1447 (7) 30.8 24.6

150110* Waste: packaging containing residues of or
contaminated by hazardous substances 0.11 52.5 5.8 5.8

(1) For 10 mL Britton–Robinson buffer (0.1 M), the following chemicals manufactured by Sigma-Aldrich were con-
sidered: 0.027 g NaOH (49.3 EUR/kg), 0.018 g CH3COOH (62 EUR/L), 0.029 g H3PO4 (168 EUR/L), 0.018 H3BO3
(69.7 EUR/kg), 0.037 g KCl (159 EUR/kg) [27], and UP (0.47 EUR/L) [28]. (2) For 10 mL CPS pretreatment solution
with H2SO4 0.5 M, the following chemicals were considered: 0.49 g H2SO4 with 95–98% purity (94.98 EUR/L) [27]
and UP (0.47 EUR/L) [28]. (3) The mobile phase was injected for 17 min at a flow rate of 1 mL/min (17 mL. analy-
sis). The mobile phase was composed of 60% v/v acetonitrile (135.6 EUR/L), 40% v/v UP water (0.47 EUR/L),
and 0.1% v/v formic acid (86.6 EUR/L). (4) Annual electric energy demand for CPS. (5) Annual electric energy
demand for HPLC analysis. (6) Annual spent liquid hazardous waste produced by CPS. (7) Annual spent liquid
hazardous waste produced by HPLC.

Table 7 reports the annual costs for CPS and HPLC analysis.

Table 7. Annual costs of CPS and HPLC analysis.

Costs CPS HPLC

EUR/y

Variable Costs (VC)

Raw materials 0 0
Operating labor 29,056 29,056
Utilities and waste disposal 350 521
Maintenance and repairs 590 14,990
Operating supplies 89 2248
Reagents 40,566 47,398
Total VC 66,794 94,212

Fixed Costs (FC)

Taxes (property) 0 0
Financing (interest) 0 0
Insurance 0 0
Rent 0 0
Depreciation (1) Calculated separately
Total FC 0 0

Total Costs 70,651 94,212

General Expenses (GE)

Administration 593 881

TOTAL 71,244 95,093
(1) Depreciation factors are reported in Table S3.
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The Depreciation factors used for the profitability analysis are reported in Table S3
(Supplementary Material). All data are highly reliable since they were retrieved from real
invoices and economic costs paid to the suppliers during the development of the project
and during the everyday operation of HPLC equipment.

3. Results
3.1. Life Cycle Assessment

Table 8 shows a comparison of the environmental burdens associated with one keto-
profen analysis performed on fish extract samples using the novel CPS and an analysis
conducted using the traditional chromatographic method (HPLC). The results were cal-
culated at midpoint and endpoint levels, and they showed that the novel CPS had lower
environmental impacts in almost all the categories when compared to HPLC, with percent-
ages of decrease ranging, on average, from 15% (“ozone formation”) to 62% (“stratospheric
ozone depletion”). These results suggest that the use of CPS for the determination of
ketoprofen in fish sample extract is environmentally more advantageous than traditional
HPLC methodology.

Table 8. Comparison of the total impacts of the high-performance liquid chromatography (HPLC)
with those of the novel carbon paper sensor (CPS). Green and yellow cells represent the lowest and
highest values of categories of impact, respectively (functional unit: one analysis).

Impact Category Unit HPLC CPS Unit HPLC CPS
Midpoint (H) Endpoint (H)

Fossil resource scarcity kg oil eq 2.27 × 10−2 1.17×10−2 USD2013 8.70 × 10−3 4.71×10−3

Mineral resource scarcity kg Cu eq 3.89 × 10−4 1.86×10−4 USD2013 8.99 × 10−5 4.3×10−5

Fine particulate matter formation kg PM2.5 eq 6.60 × 10−5 3.28×10−5 DALY 4.14 × 10−8 2.06×10−9

Global warming

kg CO2 eq

3.85 × 10−2 1.54×10−2 DALY
Global warming, human health DALY 3.57 × 10−8 1.43×10−8

Global warming, terrestrial ecosystems species.y 1.08×10−10 4.31×10−11

Global warming, freshwater ecosystems species.y 2.95×10−15 1.18×10−16

Water consumption

m3

1.92×10−3 8.53×10−4

Water consumption, human health DALY 8.06×10−10 3.66×10−10

Water consumption, terrestrial
ecosystems species.y 6.97×10−12 3.14×10−12

Water consumption, aquatic ecosystems species.y 1.20×10−15 5.31×10−16

Human non-carcinogenic toxicity

kg 1,4-DCB

1.29×10−1 6.15×10−2 DALY 8.84×10−9 4.20×10−9

Human carcinogenic toxicity 2.66×10−3 1.26×10−3 DALY 2.94×10−8 1.40×10−8

Freshwater ecotoxicity 2.09×10−2 9.43×10−3 species.y 1.45×10−11 6.52×10−12

Terrestrial ecotoxicity 6.53×10−1 2.96×10−2 species.y 7.45×10−12 3.38×10−12

Ozone formation
kg NOx eq

2.57×10−4 2.05×10−4

Ozone formation, human health DALY 2.34×10−10 1.87×10−10

Ozone formation, terrestrial ecosystems species.y 4.65×10−11 3.96×10−11

Terrestrial acidification kg SO2 eq 1.83×10−4 8.75×10−5 species.y 3.87×10−11 1.85×10−11

Stratospheric ozone depletion kg CFC11 eq 2.94×10−8 1.12×10−8 DALY 1.56×10−11 5.94×10−12

Freshwater eutrophication kg P eq 1.47×10−5 8.14×10−6 species.y 9.83×10−12 5.45×10−12

Land use m2a crop eq −1.84×10−4 1.52×10−4 species.y −1.63×10−12 1.35×10−12

Ionizing radiation kBq Co-60 eq −6.48×10−4 1.13×10−4 DALY −5.50×10−12 1.11×10−12

Marine eutrophication kg N eq 8.68×10−7 5.49×10−7 species.y 1.48×10−15 9.33×10−16

For the categories of impact of “land use” and “ionizing radiation ”, the CPS showed
worse environmental performance than HPLC, represented by increases of 183% and 120%,
respectively (Table 8). This is attributed, in the case of “ionizing radiation”, to the higher
environmental credits accounted by the ReCiPe2016 method based on the Ecoinvent 3.7
database [20] for the electric energy mix associated with the production of acetonitrile and
formic acid in the global market, with benefits of renewable biomass sources and avoidance
of non-renewable sources of energy.

Applying the “weighting” function, which expresses all the impact results in a single
scoring unit (points), it is possible to rank, group, and assign importance to the different
impact categories based on stakeholder concerns, established policies, scientific targets,
and economic aspects. The environmental impacts calculated as weighted values [29]
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(highlighted in gray in Table S4 of Supplementary Material) show that the categories of
impact with the highest environmental relevance in the three areas of protection are “fine
particulate matter formation”, “global warming, human health”, “human non-carcinogenic
and carcinogenic toxicity”, and “fossil resource scarcity”.

Figure 3A–E show the process contributions to the final values of the main environ-
mental categories of impact (Midpoint). The results, as reported with a specific indication
if the subprocesses contributed to the “sample extraction” or to the final “analysis” step
(Figure 1), confirmed the clear environmental advantages of CPS in comparison with HPLC
in all the main categories of impact analyzed in this study.
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Figure 3. Comparison of the process contributions to (A) fine particulate matter formation, (B) human
non-carcinogenic toxicity, (C) human carcinogenic toxicity (D), fossil resource scarcity, and (E) global
warming categories of impact of the HPLC and CPS scenarios according to the ReCiPe midpoint (H)
method. All values are relative the functional unit (one analysis).
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Higher final values of impact were obtained in the HPLC scenario compared with
the CPS scenario due to the higher contribution provided by the “analysis” step, which
accounts for 52% (fossil resource scarcity) to 68% (global warming) of the total values of
the main categories of impact. This is a direct consequence of the higher electric energy
consumption associated with the HPLC “analysis” step, which is more than fivefold higher
for HPLC than for the CPS scenario (Tables 3 and 4). This result is in full agreement
with the literature, wherein electricity consumption is considered the main contributor
to the environmental impacts associated with chromatographic analysis [6,12,30]. In fact,
Schneider et al. [6] observed that electricity consumption, rather than solvents, was the
major contributor to the environmental burden associated with the use of the HPLC system.

Figure 3A shows that in both the HPLC and CPS scenarios the “fine particulate matter
formation” (FPM) category of impact is mainly affected by the indirect loads associated with
the electric energy production in the Portuguese energy mix, with the “sample extraction”
step contributing 1.87 × 10−5 kg PM2.5 eq in both the HPLC and CPS scenarios. The
“analysis” step in the CPS scenario provides 8.20 × 10−6 kg PM2.5 eq, which is 81% lower
than the corresponding values generated by HPLC (4.35 × 10−5 kg PM2.5eq). This evidence
reflects the low electric energy demand required by CPS. The use of polyethylene tubes
in the “sample extraction” step accounts for 24% and 12% of the final value of the FPM
category of impact in the CPS and HPLC scenarios, respectively. It must be noted that
FPM category of impact provides some environmental benefits, which are connected to
acetonitrile and C18 salt, the production processes of which are able to reduce the final
value of this category of impact by −1.20%, −2.37% (acetonitrile) and −12.3%, −6.1% (C18)
in CPS and HPLC scenarios, respectively. These credits are derived from the market of
hexane used for the synthesis of C18 QuEChERS salt and from the market of acetonitrile,
the production processes of which, as modeled by the Ecoinvent 3.7 database, are based on
hexane produced by molecular sieve separation of naphtha and methanol, both of which
are supported by the process of industrial or district production of products other than
natural gas. This last process is based on the global biomass market (wood pellets use)
or other renewable fuels able to provide environmental credits to the system. The use of
reagents marginally contribute to the final value of the FPM category of impact both in
the “sample extraction” and “analysis” steps. For instance, magnesium sulfate accounts
for 2.45% of the final FPM value, whereas sodium chloride accounts for 0.2% and 0.4%
during the “sample extraction” step in the CPS and HPLC scenarios, respectively. The use
of formic acid contributes 0.97% in the HPLC scenario, and CPS pretreatment reagents and
Britton–Robinson buffer contribute 3.1% and 1.78% of the total value of FPM, respectively.

The human non-carcinogenic toxicity (HT-nc) category of impact is affected by the
production of electric energy required for CPS and HPLC operations, accounting for 60.4%
and 29% in the “sample extraction” step and by 26.5% and 67% in the “analysis” step,
respectively, demonstrating, again, that electric energy production is the main contribu-
tor to HT-nc (Figure 3B). The use of polyethylene tubes in the “sample extraction” step
accounts for 3.7% and 7.8% of the total value of HT-nc in the HPLC and CPS scenarios,
respectively (Figure 3B). C18 preparation generates 2.15 ×10−3 kg 1.4 DCB eq of human
non-cancerogenic toxicity, corresponding to 1.7% and 3.5% of the final HT-nc value in
the HPLC and CPS scenarios, respectively. This is mainly due to the contributions of the
activated silica and polymethyl siloxane processes.

Similar relative percentages of contribution are observed for human carcinogenic toxi-
city (HT-c), with absolute values two orders of magnitude lower than for HT-nc (Figure 3C).
The use of polyethylene tubes is responsible for 17.4% and 8.3% of the total value of HT-c,
with a contribution of 2.21 ×10−4 kg 1.4 DCB eq. It must be noted that for both HT-nc and
HT-c, the use of reagents such as magnesium chloride, sulfuric acid used for CPS pretreat-
ment, formic acid, and Britton–Robinson buffer accounts for less than 1% to the final value
of HT-nc and HT-c both in the CPS and HPLC scenarios, suggesting the low indirect toxic
effect on human health derived by the processing of most of the reagents used in these
processes. Environmental credits from acetonitrile in HT-nc and HT-c (>1.4%), as well as
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from C18 in HT-c (>3%), are also observed (Figure 3C). This is due, as previously mentioned
for the FPM category of impact, to the use of renewable resource for the production process
in the global market (Ecoinvent 3.7) of acetonitrile and C18 constituents [20].

The fossil resource scarcity (FRS) category of impact is affected in the “sample extrac-
tion” step by the production of polyethylene (5.6 ×10−3 kg oil eq), acetonitrile
(2.7 ×10−3 kg oil eq), electric energy 1.5 ×10−3 kg oil eq, and C18 (9.8 ×10−4 kg oil eq)
(Figure 3D). In the CPS scenario, the “sample extraction” step contributes 94% to the fi-
nal value of the FRS category of impact, with 48% due to polyethylene tube production,
23% due to acetonitrile, 13% to electric energy, and 8% due to C18 synthesis, whereas the
remaining 6% is due to the electric energy required for the “analysis” step (Figure 2D).
In the HPLC scenario, approximately equal contributions are provided by the “sample
extraction” (48%) and “analysis” (52%) steps to the final value of FRS, with the “analysis”
step mainly affected by acetonitrile (7.9 ×10−3 kg oil eq) and electric energy production
(3.6 ×10−3 kg oil eq), accounting for 35% and 16% of total FRS value, respectively. In the
FRS category of impact, the main contributors are represented by the reagents rather than
energy generation, and the use of CPS shows a decrease in FRS by 49% when compared
with HPLC, which, on an annual basis, allows for savings of 43.6 kg oil eq. This result
highlights the importance of the process contribution for each category of impact, since it
provides information for further environmental improvements.

Finally, Figure 2E represents a comparison of the impacts associated with the global
warming (GW) category of impact for the CPS and HPLC scenarios. HPLC shows a final
value of impact (3.85 × 10−2 kg CO2 eq) 150% higher than that for the CPS scenario
(1.54 × 10−2 kg CO2 eq), which, on an annual basis, corresponds to a savings of 91.4 kg
CO2 eq. The main contributions associated with the “sample extraction” step, which are
equal for both the HPLC and CPS scenarios, include polyethylene (high density, granulate
for tube production) (7.4 ×10−3 kg CO2 eq), acetonitrile (3.4 ×10−3 kg CO2 eq), electric
energy production (1.34 ×10−2 kg CO2 eq) and rely on significant environmental credits
provided by C18 synthesis (−5.6 ×10−3 kg CO2 eq). The “analysis” step is mainly affected
by electric energy consumption, the contribution of which in the HPLC scenario is 430%
higher than in the CPS scenario and represents 41% of total HPLC GW value, whereas
acetonitrile represents 26% (1.0 ×10−2 kg CO2 eq). This evidence is confirmed by available
literature data [6,12,30]. In the CPS scenario, electric energy consumption accounts for
19% of the final GW value, and reagents such as formic acid, Britton–Robinson buffer, and
sulfuric acid used for CPS pretreatment contribute individually, with percentages always
lower than 1.7%, representing minor contributions.

Figure 4A–C show the relative contributions of the categories of impact to the areas
of protection of human health (DALY), ecosystems (species.y), and resources (USD 2013)
calculated at the endpoint level. In all cases, CPS has fewer associated damages than HPLC,
with 54%, 47.5%, and 46% lower damages in the three areas of protection, respectively.
These results are in agreement with those found in a previous study [12], although the
method used for calculation was different (ReCiPe2016 vs. IMPac 2000+).

Regarding human health (Figure 4A), “fine matter formation”, “global warming,
human health”, and “human non-carcinogenic toxicity” are the main categories responsible
for human health damage, whereas for the ecosystem area of protection (Figure 4B) “global
warming, terrestrial ecosystems”, “ozone formation”, and “terrestrial acidification” account
for, on average, 41%, 26%, and 16% of the final value, respectively.

Finally, as shown in Figure 3C, “mineral resource scarcity” marginally contributes
to resource depletion, with damage associated with “fossil resource scarcity” accounting
for 99% of the total damage in the area of protection of resources in both the CPS and
HPLC scenarios.
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Figure 4. Comparison of the contributions to the categories of impact in three areas of protection—
(A) human health (DALY), (B) ecosystems (species.y), and (C) resources (USD 2013)—for the CPS
and HPLC scenarios according to the ReCiPe endpoint (H) method. All values are relative to the
functional unit (one analysis).

3.2. Economic Analysis

The economic viability of the CPS analytical methodology was compared with that of
traditional HPLC assuming equal depreciation time of 5 years for both equipment setups.

Figure 5A shows that HPLC is characterized by a total capital investment (TCI) more
than fivefold higher than that required for the implementation of the CPS. Therefore, the
working capital (WC) required for CPS operation is approximately one-fifth of that required
for HPLC, with values of EUR 7153 and EUR 39074, respectively. In present study, the
CPS and HPLC were equated for the detection of one pharmaceutical compound; thus, the
duration of the run and the chemicals required for the “extraction phase” and “analysis
phase” were calculated accordingly. Currently, HPLC is often used for punctual single
analysis, is CPS, since no faster and easier alternative is available at large commercial
scale. It must be noted that HPLC equipment is more complex and is able to detect
several compounds at the same time under various operational conditions (more reagents,
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longer duration of the analysis, higher electric energy consumption), making it suitable for
multitarget analysis.
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Figure 5. Investment and total annual costs: (A) fixed Capital investment and working capital;
(B) chemical, labor, utility, and waste costs associated with HPLC and CPS. All values are reported
on an annual basis.

Regarding investment and total annual cost (Figure 5B), the novel CPS is economi-
cally more advantageous than HPLC, as “maintenance and repairs”, including operating
supplies for CPS, are, on average 96% lower than the corresponding values for HPLC. The
reason is related to the high value associated with maintenance contract for the HPLC
equipment, which accounts for 32% of the HPLC “fixed capital investment”, including
the annual operating supplies (spare parts). The use of “chemicals” and “operating labor”
contribute equally to both analytical methodologies, with “general expenses”, “waste”,
and “utilities” representing marginal costs. A analysis of the profitability parameters, as
reported in Table 9, clearly shows that the CPS is profitable, whereas HPLC has a negative
associated net return with a hypothesized sale price of EUR 23 per analysis and 4950 analy-
ses per year. The choice of the CPS analytical methodology under the conditions studied
in this work guarantees a total positive net return (EUR 14,144) in a short payback period
(less than one year), even assuming a minimum acceptable rate of return on the initial
investment of 15% per year.

Table 9. Average return of investment rate (ROI), payback period (PbP), and net return (NR) on
investment in the HPLC and CPS scenarios.

Parameter Unit HPLC CPS

ROI %.y −15.3 99
PbP y −6.2 0.4
NR EUR −23,304 14,144

3.3. Discussion

Analysis of the categories of impact with the highest environmental relevance accord-
ing to ReCiPe2016(H) weighting factors shows that the worse environmental performance
provided by the HPLC scenario is mainly caused by the higher indirect impact associated
with electric energy consumption during the “analysis” step for the FPM, HTR-nc, and
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HT-c categories of impact. For FRS and GW, beyond electric energy consumption, the use of
acetonitrile as major component of the mobile phase contributes to the final impact values
always being higher than 25%.

It must be noted that the use of reagents such as magnesium chloride, sulfuric acid
solution for CPS pretreatment, formic acid, and Britton–Robinson buffer provides indi-
vidually contributions always lower than 3.1% to the final value of the FPM, HT-nc, HT-c,
and GWP categories of impact both in the CPS and HPLC scenarios; therefore, they can be
considered minor environmental contributors.

Quantification of the advantages of the CPS on an annual basis shows an annual
savings of 333 kg 1.4 DB eq of non-carcinogenic toxicity and 6.9 kg 1.4 DB eq of carcinogenic
toxicity for human health, 43.6 kg oil eq in terms of fossil resources, and 91.4 kg CO2 eq of
greenhouse gases emissions in comparison with HPLC.

In the “sample extraction” step, the use of polyethylene tubes to contain QuEChERS
salts represents a significant contribution to the final values of the FPM, HTR-nc, HT-c, FRS,
and GW categories of impact, accounting for 24 %, 17.4%, 7.8%, 48%, and 48% in the CPS
scenario and 12 %, 8.3%, 3.7%, 25%, and 19% in the HPLC scenario, respectively.

The critical environmental aspects associated with the operation of the novel portable
CPS device are related to energy supply and the use of fossil-derived polyethylene tubes.
The systematization of the use of recycled polyethylene tubes, as well as the design of
a CPS device energetically supplied by solar batteries or by 100% renewable sources,
may drastically improve its environmental performance, making the novel device close
to carbon-neutral, since processes that currently have higher impacts provide credits to
the system.

4. Conclusions

CPS systems have been successfully used in electroanalytical applications owing
to their set of unique electrochemical and mechanical characteristics; furthermore, such
systems are adjustable in terms of size and format. When applied to ketoprofen detection,
the novel CPS investigated herein achieved high sensitivity without the need for additional
reagents and surface modifiers, representing a more portable and ecofriendly analytical
solution when compared to the traditional analytical technique (HPLC).

The LCA results obtained in this work demonstrate that the environmental impacts
associated with the use of the novel CPS for the analysis of ketoprofen in fish samples are,
on average, 26% lower when compared to the HPLC technique in the 18 categories of impact
analyzed in this study (ReCiPe2016 method). This is mainly due to the lower consumption
of electric energy and to the reduced quantities of reagents and chemicals required. CPS
methodology showed higher impacts in the extraction step than in the analysis step due, in
part, to the use of organic solvents. A possible solution to mitigate these impacts relies on
finding greener solvents or the development of simpler extraction procedures.

Similarly, economic analysis indicates that the novel CPS-based methodology is eco-
nomically more advantageous and profitable in a short period of time, providing a positive
net return on investment. Moreover, the high initial capital investment, maintenance costs,
and quantity of reagents required for HPLC analysis reduce the economic competitiveness
of this traditional technology when compared to the smaller, faster, and less complex
portable CPS device. Despite their environmental and economic advantages, a clear limita-
tion of sensors not specifically identified in this study but from a general perspective, is
their lower capacity to perform multianalyte detection compared with chromatographically
based methods.

This work highlights how the application of life cycle methodology integrated with
a specific economic analysis can quantify the advantages of this novel, sustainable, and
eco-friendly analytical device for ketoprofen analysis and suggests how these advantages
can be further improved. Thus, LCA is a pertinent tool, although still employed to a limited
extent in the electroanalytical field, that offer the potential for new research opportuni-
ties. The systematic application of the LCA methodology to assess the environmental
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impacts associated with the development of new devices and methodologies from the
early stage of their development is an effective way to select the most environmentally
sustainable solutions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su15086775/s1, Table S1: Assumptions made for the elaboration
of the life cycle inventory; Table S2: Methodology used for the profitability analysis; Table S3:
Depreciation factors used for the development of the profitability analysis; Table S4: Comparison of
the “weighted” total impacts of high-performance liquid chromatography (HPLC) with the novel
CPS calculated according to the ReCiPe endpoint (H) method. Refs. [31–33] are mentioned in
supplementary materials.
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Abbreviations

1.4-DCB eq 1.4-dichlorobenzene equivalents
CFC11 eq Chlorofluorocarbon-11 equivalents
CO2 eq Carbon dioxide equivalents
Co-60 eq Cobalt-60 equivalents
CPS Carbon paper sensor
Cu eq Copper equivalents
DALY Disease-adjusted life years of electrochemical cells
FPM Fine particulate matter formation
FCI Fixed capital investment
FRS Fossil resource scarcity
GLO Global
GW Global warming
HPLC High-performance liquid chromatography
HT-c Human carcinogenic toxicity
HT-nc Human non-carcinogenic toxicity
LCA Life cycle assessment
LCI Life cycle inventory
LCIA Life cycle impact assessment
m2a crop eq Area time (crop) equivalents
NOx eq Nitrogen oxide equivalents oil eq oil equivalents
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P eq Phosphorus equivalents
PM2.5 eq Particulate matter (less than or equal to 2.5 µm in diameter) equivalents
QuEChERS Quick, easy, cheap, effective, rugged, and safe
RoW Rest of the world U Unit
SO2 eq Sulfur dioxide equivalents species
y species per year
USD 2013 United States Dollars 2013
WC Working capital
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