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Abstract: In this study, a modular multi-step photometric microflow injection analysis (micro-FIA)
system for the automatic determination of Cu(ll) in a bioreactor has been developed. The system
incorporates diverse 3D-printed modules, including a platform formed by a mixer module to mix
Cu(Il) with hydroxylamine which reduces Cu(Il) to Cu(I) linked to a diluter module via a Tesla
valve, a chelation mixer module, a disperser module, and a detector module provided by a LED
light source at A= 455 nm and a light dependence resistor (LDR) as a light intensity detector. The
system measures the color intensity resulting from the chelation between Cu(I) and neocuproine.
The micro-FIA system has demonstrated good capability for automatic and continuous Cu(Il)
determination, in a wide range of Cu concentrations from 34 to 2000 mg L. The device exhibits a
good repeatability (coefficient of variation below 2% across the concentration range), good
reproducibility, and has an accuracy of around 100% between 600 to 1900 mg-L-'. Real samples were
analyzed using both the micro-FIA system and an atomic absorption spectroscopy method,
revealing no statistically significant differences. Additionally, a Tesla valve located before the
detector substituted a 3-way solenoid valve, eliminating the need for moving parts.

Keywords: Cu(ll); 3D-printed microfluidic platform; micro-FIA; bioleaching; e-waste; circular
economy

1. Introduction

The exponential growth of electronic waste (e-waste) in the past few decades, driven by rapid
technological advancements and planned obsolescence, has become a pressing global concern.
According to the World Health Organization (WHO) [1], e-waste generation has increased by 3-5%
annually. This escalating issue necessitates the development of effective e-waste recycling methods,
not only to address environmental concerns but also due to the presence in this e-waste of valuable
metals like copper, silver, cobalt, lithium, gold, nickel. The recovery of these metals from e-waste
holds immense economic potential for various new applications.

Nevertheless, the intricate composition of e-waste, consisting of a complex amalgamation of
organic materials, ceramics, and metals, poses significant challenges in the recycling process. The
predominant methods employed for metal recovery from e-waste, namely pyrometallurgical and
hydrometallurgical processes, incur substantial expense and exert a considerable environmental toll
due to their reliance on high temperatures and harsh chemicals. In recent years, alternative recycling
technologies that prioritize environmental sustainability have garnered attention. One such approach
is bioleaching, which harnesses the activity of specific microorganisms to generate leaching agents
capable of extracting metals. Although bioleaching has found success in the mining industry for low-
grade ores [2], such as in commercial bio-heap processes [3,4], its potential for large-scale metal
recovery from e-waste [5,6] is currently under exploration.

The bioleaching of copper from electronic waste utilizing Acidithiobacillus ferrooxidans has
been established as a promising approach [2-6], leveraging the bacteria’s ability to facilitate the
oxidation of Fe(II) to Fe(IIl) under acidic conditions. Fe(Ill) oxidizes the copper present in the residue
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to its soluble form Cu(lIl), while it is reduced to Fe(II). This unique capability enables the continuous
process of re-oxidizing Fe(Il) to Fe(Ill) establishing a bioleaching cyclic process [7]. The copper
bioleaching process typically encompasses two distinct stages. Initially, the oxidation process takes
place within a specialized bioreactor, where microorganisms catalyze the conversion of Fe(Il) to
Fe(IlI). Subsequently, the Fe(Ill) solution, devoid of bacteria, is introduced into a separate reactor
containing the e-waste, facilitating the extraction of Cu(ll). Accurate control of the Cu(ll)
concentration during the copper extraction stage is crucial for optimizing the bioleaching process.

At present, several methods can determine Cu(ll) or total Cu such as fluorescence [8,9],
electroanalytical techniques [10-15], potentiometry with ion-selective electrodes [16,17], atomic
absorption spectrometry [18-20], inductively coupled plasma mass spectrometry (ICP-MS) [21],
paper-based microfluidic analytical device [22], atomic fluorescence spectrometry [23], high-
performance liquid chromatography [24], mass spectrometry [25], colorimetric and UV/vis
spectrometry [26—43]. However, these conventional approaches suffer from inherent limitations, such
as their labor-intensive nature, lack of automation, dependence on skilled personnel, strict laboratory
conditions, and the need for extensive sample preparation, all of which contribute to increased
analysis time and potential compromise in the quality data analysis. At another drawback is the
limited dynamic range response of these methods, necessitating substantial dilutions for the analysis
of high-concentration samples. This poses a significant challenge when quantifying Cu(ll) in a
bioreactor, where concentrations can reach as high as 3000 mg L.

In this sense, the implementation of flow injection analysis (FIA) offers a versatile approach for
the monitoring of diverse parameters, such as Cu ions, across complex matrices [44,45]. FIA methods
enable real-time and in-situ analysis, facilitating automation and enabling high sample throughput.
Despite these advantages, there is a noticeable dearth of published research on the application of FIA
for monitoring high Cu(II) concentrations in bioreactors. To bridge this research gap, FIA based on
microfluidic platforms fabricated through 3D printing presents a promising solution. This approach
offers a high degree of customization and accessibility through the use of computer-aided design
(CAD) programes.

The usual detection method is colorimetry, which utilizes a chelating agent to complex with
metallic cations, resulting in a colored product. Different chelating agents have been used in the
literature. Cuprone allows for direct Cu(ll) determination, but it suffers from interferences with other
metal ions [34,35]. However, Cu(Il) can be determined by reducing it to Cu(I) which has three specific
chelators neocuproine, cuproine and bathocuproine [26,28-33] without interference from other ions
or species presents in the medium.

The main aim of this study is to establish a reliable and versatile microflow injection analysis
(micro-FIA) system, which is fully automated and integrated, to effectively monitor and quantify
high concentrations of Cu(ll) in a bioreactor. The detection of Cu(ll) is achieved by implementing a
reduction of Cu(II) to Cu(I), followed by the formation of a selective colored complex between Cu(I)
and neocuproine, which exhibits an absorption peak at 454 nm [30]. The design of the micro-FIA
analyzer has been accomplished using computer-aided design (CAD) software, incorporating narrow
microchannels that minimize sample and reagent volumes. These design features will not only
contribute to cost savings but also facilitate frequent analyses, enabling real-time determination of
Cu(Il) concentrations to ensure precise and accurate results.

2. Materials and Methods
2.1. Chemicals and Reagents

In this study, a black, 1.75 mm polylactic acid (PLA) filament was used (LEON 3D, Valverde de
la Virgen, Spain). CuSO45H,0 (99%) was obtained from Labkem (Barcelona, Spain), neocuproine
hemihydrate (98+%) from Thermoscientfic (Barcelona, Spain), ethanol (96%) from Scharlau (Polinya,
Spain), H2504 (95-98%) from Panreac (Castellar del Vallés, Spain), sodium acetate (99+%) from T3Q
(Sentmenat, Spain) and hydroxylamine hydrochloride (98%) from Panreac (Castellar del Valles,
Spain). All chemicals utilized in this study were of analytical reagent grade.
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A 6000 mg L stock solution of Cu(Il) was prepared by dissolving CuSO,-5H,O in aqueous acidic
solution at pH=2 obtained by dissolving H2SOs in deionized water.

The hydroxylamine solution 10% (w/v) was prepared by dissolving hydroxylamine in aqueous
acidic solution at pH=2 obtained by dissolving H2SO: in deionized water.

The chelating reactant solution was prepared by dissolving neocuproine in ethanol. After that,
distilled water was added resulting in a 20% solution of ethanol 20% (v/v) and neocuproine 0.15%
(w/v).

All solutions were prepared with deionized water for Milli-Q system (Millipore, Billerica, MA,
USA).

2.2. Microfluidic 3D Platforms and Modules Design, Printing Conditions and Fabrication

The CAD model design for all the modules and platforms was created using AutoCAD software
(Autodesk). The manufacturing of the pieces was carried out using a Prusa i3MK3S+ printer (Prusa
Research Prague, Czech Republic). The CAD of the platform 1 formed by two modules (mixer and
diluter) connected via a Tesla Valve is shown in Figure S1. The platform 2 is a mixer with a height of
1 mm, which has the same design as that presented in this work [46]. The platform 3 formed by a
disperser and a Tesla Valve is shown in Figure S2.

PLA was chosen as the material for printing the modular blocks due to it being affordable, user
and eco-friendly. The CAD models were exported as stereolithography (STL) files and opened in the
CURA 4.12.1 software. The printing settings were configured within this software environment.
Subsequently, CURA generates a G-code file containing the instructions and information necessary
for printing the platforms.

The printing conditions for height layers were set as follows: the layer height was set to 0.1 mm
and the initial layer height to 0.2 mm, respectively. The wall line count was set to 8, and a retraction
distance of 1.6 mm was used. The line width was set to 0.2 mm, and the top/bottom thickness was set
to 1 mm. Additionally, 10 bottom and top layers were applied, with the initial printing temperature
set to 215 °C and subsequently reduced to 200 °C. The temperature of the printer plate was set to 60
°C. During the CAD design process, it was determined that 4-5 mm separation between the channel
and the external wall was sufficient.

2.3. Experimental Setup

The overall configuration of the micro-FIA system is illustrated in Figure 1 showing its key
components: (i) the injection system, (ii) the assembled 3D-printed platforms, and (iii) the data
acquisition system. Fluids flow was managed by two peristaltic pumps (a and b).
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Figure 1. A) Micro-FIA system diagram to determine Cu(II). a) Peristaltic pump for diluent, carrier
and reagent, b) peristaltic pump for ethanol and sample, ¢) six-way injection valve, d) platform 1 for
copper reduction and dilution by adding diluent e) platform 2 for neocuproine reaction, f) platform
3 for complex dilution by dispersion, g) detector and h) analytical signal which is a voltage signal and
the peak height is proportional to Cu(Il) concentration. B) Diagram and sequences of time to analytical
signal.

To pump the carrier, reactant and diluent, a peristaltic pump Hyiafex HF-LabV1-III/AMC12(10)
from HYGIAFLEX (L'Hospitalet de Llobregat, Barcelona) equipped with 2 mm internal diameter
tubing silicon from HYGIAFLEX (L'Hospitalet de Llobregat, Barcelona) was used. A six-way
injection valve manufactured by Hamilton Injector MVP (USA) was used for sample injection.

To fill the loop sample and clean the detector, a GILSON Minipuls 3 R4, with a 4-channel head,
(Gilson, Villiers-le-Bel, France) peristaltic pump equipped with 1.52 mm internal diameter
Tygon®tubing (Ismatec) was used. The ethanol was introduced to the system through a 3D printed
Tesla valve design for this proposed in platform 3. The tubes used to connect to six-way injection
valve were polytetrafluoroethylene (PTFE) (Tecator, Hohganes, Sweden) with 0.8 mm internal
diameter, the sample loop was made with perfluoroalkoxy alkanes (PFA) (VWR, Llinars del Vallés,
Barcelona) with 0.5 mm internal diameter.

The experimental operational parameters were fixed as follows. The injection volume (Figure
1c) was 25 pL; the volume of platform 1 including mixer connected through Tesla valve with diluter
(Figure 1d) was 363 mm?; platform 2 was only a mixer (Figure 1e); and the volumes of platform 3
which was a disperser that included another Tesla valve (Figure 1f) were 2034 mm? and 1685 mm?,
respectively. The flow rate of solutions was between 0.20 mL/min to 0.39 mL/min: hydroxylamine
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10% w/V at 0.20 mL/min, the carrier was a solution at pH=1.8 by H2S5Ox at 0.24 mL/min, the diluent
was a solution of sodium acetate 0.003 mol/L at 0.24 mL/min and neocuproine at 0.15% in 20%v/v
ethanol: water at 0.27 mL/min. The flow rate of ethanol 96% was 0.39 mL/min.

The detection system integrated mainly two elements, a light-emitting diode (LED)
(OSB35A5111A, Transfer Multisort Elektronik, Polonia) emitting light in the wavelength range of 455
nm and a light-dependent resistor (LDR) (PGM5537, Transfer Multisort Elektronik, Polonia).

The 3D-printed modules of the micro-FIA system were connected using polyvinyl chloride
(PVC) tubes of variable length and 1.52 mm internal diameter Tygon®tubing (Ismatec) (Figure 1A).
The inlet/outlet 3D-modules were designed as described in a previous study [46].

The system analytical response is depicted in Figure 1B, where the peak height is directly
proportional with the concentration of Cu(II).

2.4. 3D-Optical Flow-Cell Detector

The detector was designed based on previous studies [46] and its operational principles remain
identical. This detector is capable of determining the concentrations of copper, converting light
intensity into a proportional electrical signal (mV), and the signal was collected at a rate of 0.1
seconds. The detector consisted of an LDR of 5 mm diameter and an LED emitting at 455 nm. The
LED was powered by 3 volts and 20 mA. For the purpose of data acquisition, the LDR was connected
to an Arduino UNO and integrated into a voltage divider circuit powered by 5V. In the voltage
divider circuit, a 10 kQ resistance was placed first, followed by the LDR witch resistance decreases
as intensity of light increases. This configuration made the measured voltage directly proportional to
the absorbance. The voltage was then sent to the computer by the Arduino every 100 ms. The only
differences were in the CAD design. The internal diameter of the inlets was 1 mm, the channels
measured 1 mm in height and 1 mm in width and the flow cell measured 2 mm in diameter. These
changes were implemented to facilitate the flow path and to prevent overpressure. Another
modification involved substituting the rectangular supports with cradle-shaped supports, thus
eliminating the necessity to employ a flat screwdriver for support removal after printing was
completed.

2.5. Micro-FIA Procedure for Copper Determination

The analysis cycle operated in the following manner: Initially, a peristaltic pump (Figure 1b) was
used to pump the sample into a six-way valve, set in load mode, (Figure 1c) filling the sample loop
(25 pL). Next, the pump stopped, the six-way valve was changed into an injection position and a
second peristaltic pump (Figure 1a) was activated to pump reagents (hydroxylamine 10% w/v),
diluent (sodium acetate 0.003mol/L) and carrier (solution at pH=1.8 by H2504) into the system.
Subsequently, the sample was introduced to the platform 1 (Figure 1d) where Cu(Il) was reduced to
Cu(I) by hydroxylamine since the neocuproine specifically reacts with Cu(l) [26,28-33].

As the sample was a suspension from the bioleaching reactor possibly containing high
concentrations of Cu(Il) (up to 3000 mg L), it was directed towards the diluter module using a Tesla
valve in the platform 1 (Figure 1d) to prevent any backflow. The purpose of the diluter was to adjust
the Cu(Il) concentrations within a measurable operational range. The diluted sample with Cu(I) then
entered platform 2, which was only a mixer module (Figure le), where it reacted with the chelating
reagent (0.15% w/v of neocuproine) resulting in an orange color complex whose intensity was directly
proportional to the Cu(I) concentration.

The mixture then passed through the disperser module in platform 3 (Figure 1f). The disperser
was incorporated into the system to dilute by dispersion the Cu(I)-neocuproine complex and decrease
the peak height preventing signal saturation of the detector. Afterwards, the sample entered the 3D-
optical flow cell (Figure 1g) where the absorbance of the Cu(I) complex was measured and
transformed into electrical signals represented by peak height (mV) (Figure 1i). Finally, the solution
was released from the system as waste and the pump was turned off (Figure 1a).

After each measurement, the detector was cleaned to ensure accurate subsequent readings. This
cleaning process involved activating the first pump (Figure 1b), which pumped ethanol through the
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Tesla valve. This valve type has several advantages over a solenoid valve, such as customizable
design, longer lifespan, and the absence of moving parts. In this step, the sample loop was filled again
for the next measurement.

To control the system, a custom software application was created using LabVIEW 2021. This
software was specifically designed to manage the functionality of the 6-way valve through serial
communication RS-232. To establish communication with the Arduino UNO, LINX, a software
package was installed within LabVIEW. The Arduino UNO was responsible for measuring the
voltage at the voltage divider and LabVIEW then processed these signals to determine the peak
height and thus the concentration of copper in the sample. Additionally, Arduino UNO was
connected to a relay shield 3.0 from seed studio, enabling it to send signals to operate the pumps.

2.6. Spiked and Real Samples

Several real samples were subjected to analysis to validate the functionality of the analyzer.
These included medium samples from a bioleaching reactor, water samples from a nearby reservoir
(Parc de I’Agulla, Manresa, Spain), leachate obtained from acid digestion of electric scooter batteries,
and residual solutions from copper electrodeposition processes. Water from “Parc de 'agulla” and
bioleaching samples were filtered using 0.2 um syringe filters (Chemlab group, Terrassa, Spain)
before analysis. All samples were analyzed in triplicate, after the addition of a known concentration
of Cu(II).

The samples obtained from copper electrodeposition were diluted using an acidic solution at
dilution factors of 1/3, 1/2, and 2/3. From each dilution, two separate aliquots were taken. One aliquot
was analyzed directly, while in the other aliquot, 500 mg L Cu(Il), were added and then analyzed.
The analysis was performed in triplicate.

The results obtained from the micro-FIA system was compared with the standard method using
an atomic absorption spectroscopy (PerkinElmer, PinA Acle 500).

3. Results and Discussion
3.1. Design and Optimization of Passive Elements

To maximize the effectiveness of the micro-FIA device outlined in the experimental section,
various operational parameters were explored to achieve optimal performance. The main objectives
of the design were to extend the dynamic range for copper analysis, enhance mixing efficiency within
the analyzer, and improve the stability of the detector and accordingly the precision of the method.

Platform 1 (Figure 1d) consisted of three elements, 1) the reactor for the Cu(Il) reduction with
hydroxylamine, 2) the Tesla valve to prevent the carrier backflow, and 3) the diluter.

Platform 1. Hydroxylamine mixer. Within the mixer reactor, the chemical reaction between the
sample and the reducing agent resulting in the reduction of Cu(Il) to Cu(l) took place. The design of
the reactor, as presented in Figure S1A and S1B, incorporated two inlets. One entrance was used for
introducing the sample, while the other allowed the entry of hydroxylamine. Both inlets measured
0.51 mm in internal diameter. The reactor channel was designed with a combination of linear
segments and square turns, to enhance the efficiency of mixing [47]. This design culminated in the
Tesla valve, which was incorporated to prevent liquid backflow.

The channels were designed with a height of 0.5 mm and a width of 0.75 mm, and they were
seamlessly connected to the reagent channel at a T-junction. Within the mixer, a designated mixing
zone (Figure S1B) allowed sufficient time for the complete reaction between the sample and the
reagent, enabling the neocuproine to effectively interact with Cu(l) in its copper form. To achieve
optimal mixing efficiency, the mixer incorporated a total of 28 90-degree turns. Each turn measured
24 mm in length and 2.85 mm in width, creating flow turbulence within the channel to facilitate
thorough sample mixing.

Platform 1. Tesla valve. This passive valve, originally designed by Nikola Tesla [48], was a fluid
flow control device that operated on a unique principle without any moving parts. It employed a
series of specially designed channels to regulate the flow of fluid in a unidirectional manner creating
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greater resistance to flow in one direction compared to the opposite direction. This valve is renowned
for its simplicity, efficiency, and low maintenance requirements, and its innovative design has made
it a popular choice for fluid control in various engineering applications.

Figure 2. Dimensional labeling of the Tesla Valve in CAD. The units for dimensions are in

millimeters.

The shape of the Tesla Valve was carefully selected based on mathematical analysis which
demonstrated that it achieved the highest-pressure ratio between the two directions [49]. This specific
valve shape was chosen to prevent backflow between the hydroxylamine mixer (on platform 1) and
the diluter modules (as illustrated in Figure S1A). The Tesla Valve has a height of 0.75 mm, featuring
a gradual increase in the channel connecting the mixer and the valve.

Platform 1. Diluter. The diluter module played a crucial role in adjusting sample concentration
in the linear response range of the micro-FIA analyzer. Given the anticipated high Cu(Il)
concentrations in samples from the bioleaching reactor, which could reach up to 3000 mg-L-' of Cu(II),
the dilution step was very important [5]. The design of the diluter, including the diameters of the
inlets, outlets, and channels, was carefully considered to facilitate the proper flow of the reaction
mixture.

To enhance the dilution process and prevent excessive pressure in the diluter module, a three-
point dilution strategy was employed. The diluter’s main channel was divided into two serpentine
sections and a straight segment. In each succeeding segment, the internal width of the main channel
was increased by 0.5 mm. The size of the sections was carefully picked. The first portion was
established to be 43 mm long and 1 mm wide, the second to be 67 mm long and 1.5 mm wide, and
the last one 17 mm long and 2 mm wide. Rectangular channels with dimensions of 0.5 mm in width,
0.75 mm in height, and 4 mm in length were used to create the inlet connections. The inlet and outlet
diameter dimensions were determined to be 1 mm and 1.5 mm, respectively (Figure S1C).

Platform 2. The reaction between Cu(l) and neocuproine occurred in the mixer, forming an
orange chelate that absorbed light at 454 nm. The concentration of copper was directly proportional
to the measured absorbance. The reactor included three inlets: one entrance for introducing the
diluted sample, while the remaining two entrances were used to introduce the reagent, allowing for
an increased reagent ratio. Design and characteristics of this module have been described previously
[46].

Platform 3. Disperser with a Tesla valve. The integration of the disperser module was a pivotal
advancement in the micro-FIA system design [46]. It played a vital role in enhancing the dispersion
of the chelate, leading to a notable reduction in the signal peak height and in the prevention of
detector signal saturation. Positioned between the mixing module (Figure 1le) and the 3D-optical
microflow cell (Figure 1g), the disperser module featured a main channel with a serpentine shape
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and additional smaller serpentine segments (Figure 1f). This specific configuration effectively
amplified turbulence and facilitated superior dispersion of the colored complex obtained before
detection step. The dimensions were carefully selected to minimize any overpressure issues at the
output: width of 2 mm and a height of 1 mm, while the inlet and outlet were designed with diameters
of 1.5 mm and 2 mm, respectively. For more detailed insights into the design specifics of the disperser
module, refer to Figure S2.

Furthermore, a Tesla valve was located at the outlet. This valve enabled the introduction of
ethanol for detector cleaning, eliminating the need for an active 3-way electro-valve and preventing
flow in the opposite direction. This integration of Tesla valve on the disperser ensured efficient
detector maintenance.

3.2. Optimization of Operational Conditions

The complete design and optimization of detector response and characterization is described in
the previous work [46]. The baseline obtained was stable while the sample was simultaneously
diluting and reacting with reactants in the system. The target analyte was quantified by measuring
the signal produced from the formation of a chelate complex between Cu(I) and neocuproine. The
magnitude of the signal, which is a voltage, was directly proportional to the concentration of Cu(II)
present in the sample. Detection of the signal was accomplished using an LDR positioned within a
3D-optical microflow cell. Signal processing was carried out by an Arduino microcontroller, and the
resulting output signal was then transmitted to a computer for subsequent data analysis. The
maximum voltage it could measure was about 4 volts as 1 volt is where the baseline usually is. Total
analysis and cleaning time were between 9 minutes. To avoid the formation of bubbles that would
interfere in the measurements, all solutions were previously sonicated.

3.3. Validation of Microanalyzer Performance

To establish the microanalyzer’s suitability, reliability, and robustness in the ongoing assessment
of copper concentration within a bioleaching reactor, a process of validation for micro-FIA was made.
The key parameters evaluated were limit of detection (LoD), limit of quantification (LoQ), linear
response range, real sample analysis, precision (repeatability and reproducibility) and accuracy.
Table 2 shows the results obtained.

3.3.1. Precision
3.3.1.1. Repeatability

The repeatability of the method was evaluated by analyzing two Cu(Il) standard solutions of
500 and 1500 mg L, six times each on the same day. The mean, standard deviation and experimental
coefficient of variation (CV) were calculated for each concentration. The Horwitz coefficient (Cv) [50]
defines the maximum acceptable CV based on the analyte concentration (g mL-"). This relationship is
expressed by the equation: Cvh=20-051g©), Table S1 presents the analytical results for each
concentration. It can be seen that the experimental CV was less than 2% and lower than the
corresponding Cvh value for the two concentrations. This indicates acceptable repeatability for the
method.

3.3.1.2. Reproducibility

A wide range of Cu(ll) concentrations (50, 500, 1000, 1500, and 2000 mg L) was used to
determine the reproducibility. Each concentration was analyzed three times on four separate days (n
= 12) (Figure 3A). Mean, standard deviation, and experimental CV were calculated for each
concentration. The experimental CV obtained was compared to the acceptable limit of Cvn. Table 52
summarizes the results. The experimental CV remained less than the Cvh across the entire range of
concentrations. Consequently, the CV values obtained were considered satisfactory, demonstrating
the method’s reproducibility.
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Figure 3. Calibration performed of Cu(II) in the micro-FIA at optimal conditions. A) Analytical signal
(A= 455 nm) at different concentrations, B) blank and C) calibration plot. The equation of the
calibration curve is Peak height (V)=0.00079 + 0.00002 [Cu(II)] + 0.01 + 0.02 (R?=0.998; n=5 by triplicate).

3.3.2. Limit of Detection and Limit of Quantification

The determination of the LoD and LoQ followed the signal-to-noise approach, a methodology
employed in analytical procedures characterized by inherent baseline noise. The signal-to-noise ratio
was established through the analysis of the signal of a blank sample. To compute the LoD and LoQ,
a series of 200 measurements of baseline from blank were performed. Subsequently, the mean and
standard deviation values were calculated according to the method outlined in reference [51]. The
LoD was derived using the formula (X + 3Sb)/S, where X represents the mean of the blank measured,
Sb is the standard deviation of the blank mean, and S is the slope of the calibration curve or sensitivity.
Similarly, the LoQ was determined employing the equation (X + 10Sb)/S. Employing this
methodology, we determined the LoD to be 8.93 mg L' and the LoQ to be 344 mg L. A
representation of the baseline and blank signal is presented in Figure 3B.
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3.3.3. Linear Response Range

The linearity of the analytical method assessed the relationship between the analyte
concentration and the corresponding peak height expressed in volts. The linear response range
spanned from the LoQ to the upper concentration of linear range. In this study, linearity was
determined by analyzing five different Cu(ll) standard solutions in triplicate, with concentrations
ranging from 34.4 to 2000 mg L-'. The obtained results were used to create a calibration plot using the
least squares method, yielding a high coefficient of determination (R2) of 0.998. This indicated a
strong linear correlation between the analyte concentration and the signal response within the pH
range of 1.9 to 2.1The equation of the calibration curve (Figure 3C) is Peak height (V)= 0.00079 +
0.00002 [Cu(II)] +0.012 + 0.022.

3.3.4. Accuracy

To evaluate the accuracy of the micro-FIA analyzer, the recovery percentage (%R) was
determined as a measure of the agreement between the copper concentration obtained analytically
with the microanalyzer and the true value after the sample was spiked. For this purpose, samples
obtained from a copper electrodeposition containing different Cu(Il) concentrations ranging from
about 500 to 1500 mg L, were spiked with 500 mg L of Cu(ll). Each sample was analyzed three
times before and after being spiked. The recovery percentage was calculated as % R = ('Y - X1/500) -
100%, where X represents the Cu(II) concentration before spiking and Y represents the concentration
after the addition of a 500 mg L. The results are shown in Table 1.

Table 1. Accuracy results of samples from copper electrodeposition using micro-FIA system.

Concentration of . .
Concentration of copper in

Sample copper in ISj;nples (mg spiked samples (mg L) Recovery (%)
Sample 1 678 +18 1193 £13 103.0
Sample 2 967 +5 1464 + 11 99.4
Sample 3 1380+9 1882 £22 100.4

As it is shown in Table 1, recoveries of approximately 100 % were obtained across the
concentration range of 600 to 2000 mg L. This indicates that the micro-FIA method developed in the
present study is accurate within its linear calibration range.

Table 2 provides a comprehensive overview of the quality parameters for our proposed method.
It exhibits satisfactory sensitivity with a wide linear response range from 34 to 2000 mg L-, ideal for
real applications. Furthermore, the method’s reproducibility, demonstrated by the standard
deviation of measurements across multiple operational days (CV= 3.9 - 7.4%), underscores the
analyzer’s reliable and consistent performance in process monitoring.

Table 2. Principal parameters of quality of the automatic micro-FIA developed for determination of

Cu(ID).
Parameter Value
Sensitivity (V L mg) 0.00078 + 0.00002
Detection limit (mg L) 9
Quantification limit (mg L) 34
Linear range (mg L) 34 - 2000
Repeatability (CV) (n=6) 0.3% -1.1%
Reproducibility (CV) (n=12) 3.9% -7.4%
Selectivity not interferences [52]

Sample throughput (h) 7
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Accuracy (R%) 101 +2

In order to compare our system with other similar methods, in Table S3 shows the characteristics
of other flow analysis methods where different reagents are shown [52-59]. The distinctive feature of
our analyzer was its extensive linear response range, setting it apart from alternative automated
systems. The maximum ranges found in the literature were 1-170 mg L [53] and (0.4-40 mg L),
studies which also used neocuproine [52]. Both mentioned studies had LoD of 0.1 mg L-*. However,
the lowest LoD found in the literature was 0.005 pg L since the study had a narrow-working range
(0.05-8 pg L) [54]. Obviously, these LoDs are lower than this work (9 mg L) since our linear range
was 34 - 2000 mg-L. In fact, a comparison with the literature supports this, revealing a three-order-
of-magnitude difference between the LoD and the maximum concentration of the linear range in our
study and the referenced works [52-59]. As regards selectivity, another parameter to compare, the
previously mentioned studies showed good selectivity for determining Cu(II) [52-59]. Nevertheless,
among the highly selective methods, one utilized strains of yeast, S. cerevisiae [56], while the other
employed neocuproine [52], which is the same chelating agent utilized in this study. Finally, in our
study both accuracy (101%) and precision (0.3-1.1 %) were in accordance with the results presented
in other studies [57,58], which reported an accuracy of 99% and a precision of 0.64% and 0.46-0.96%,
respectively.

3.3.5. Real Sample Applications

To assess the applicability of the micro-FIA system, four real mediums with varying levels of
matrix complexity were analyzed: 1) water from Parc de la Agulla in Manresa (Spain), which has a
complex composition and high organic matter content; 2) a medium obtained from a bioleaching
bioreactor; 3) a leachate obtained from the acid leaching of ion-Li scooter batteries; and 4) a solution
obtained from copper electrodeposition. It should be noted that only the third and fourth mediums
contained naturally occurring Cu(II).

The samples were analyzed in triplicate using the developed micro-FIA analyzer, and to contrast
the results, they were also analyzed by an atomic absorption spectroscopy reference method.

Least-square linear regression and a paired-test were used to statistically analyze the results
obtained from the two methods. No significant differences were observed at a 95% confidence level.
In the least-square linear regression, the slope and intercept were 0.99 + 0.03 and 6 + 31, respectively
(Figure S3) (R2= 0.994; n= 10; 95 % confidence level). The calculated t-value was -0.16, while the
tabulated t-value was 2.26 (Table 3). The results of both analytical techniques can be found in Table
3.

Table 3. Results from the micro-FIA system of the different samples compared with the results from
atomic absorption as reference method. All samples were analyzing in triplicate. Experimental
uncertainty expresses as the standard deviation.

Sample [Cu(Il)] added Copper concentration Copper concentration
(mg L) Micro-FIA (mg L) Atomic absorption (mg L)
Copper - 763+ 6 785 £ 32
electrodeposition i 1278 £ 16 1257428
- 1706 + 18 1698 + 22
Leaching of ion-Li - 213+ 14 218+7
scooter batteries - 1131 + 10 1241 + 28
. 600 409+ 6 334 +£25
w;:: g:’lr,'a;ﬁ:,f‘ 1200 1044 +9 1011 + 23
1800 1616 + 10 1619+ 19
100 65+2 92+2

Bioreactor sample 1900 1819 + 25 1814 + 10
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In order to demonstrate the real-time monitoring capability of the micro-FIA system, it was
connected with in-situ reactor designed for copper oxidation from electrical cables using dissolved
Fe(IlI) present in reactor. The analyzer successfully tracked the increasing concentration of dissolved
copper as it was oxidized from metallic copper during the process. The quantity of copper wires was
around 0.9-1 g in approximately 1 L of solution and 2400 mg L of Fe(IlI). Measurements were taken
at 9-minute intervals (frequency analysis, 7 h'), providing continuous monitoring and automated
analysis of the copper concentration.

In order to validate the suitability of the micro-FIA analyzer for the intended purpose, a
comparison was made between the analyzer’s results and those obtained through batch
measurements using atomic absorption spectroscopy used as a reference method. The findings of this
comparison are visually presented in Figure 4.

1200

mmmm

0. t
N
;

200 - } ®  FIA system
O  Atomic absorption

Concentration Cu(ll) (mg/L)

0 50 100 150 200

Time (min)

Figure 4. Comparison between online measurement using novel micro-FIA system (n=1) and batch
determination by reference method (atomic absorption) (n=1). Experimental uncertainty is
determined for error interpolation.

The obtained results demonstrate the capability of the micro-FIA system to monitor the
concentrations of copper without requiring any prior sample preparation. The system automatically
conducted measurements every 9 minutes. The results obtained from both methods were compared,
and although slight differences were observed, they were not significant enough to attribute solely
to the functionality of our system. Minor errors in dilution could cause these variances to appear,
which may become more pronounced during measurement. The advantages over atomic absorption
are that it measures automatically without previous sample pretreatment, no manual sample dilution
is required, and the analysis frequency is much higher — thereby minimizing possible dilution errors.
Furthermore, the system demonstrates high accuracy and selectivity, as evidenced by the high
concordance of results between the two methods.

4. Conclusions

In this work, we have developed a modular micro-FIA system using 3D printed platforms to
efficiently monitor high copper concentrations in complex samples with the goal of monitoring a
bioleaching process. The system was carefully optimized to allow on-line monitoring of copper over
a wide range of concentrations, spanning from 34.4 to 2000 mgL-!, while maintaining a low detection
limit of 9 mg L.

Rigorous validation tests were performed to evaluate precision (repeatability and
reproducibility), LoD, LoQ, linear response range, accuracy and applications on real samples. Our
results indicate excellent repeatability, with coefficients of variation below Cvh over the entire
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concentration range, and accuracy consistently close to 100%. In addition, the effectiveness of the
system was demonstrated by analyzing four real samples with increasing matrix complexity,
obtaining results comparable to those obtained with a reference atomic absorption method, with no
significant statistical differences observed and demonstrating the high selectivity of the method.

Collectively, our findings highlight the numerous benefits that arise from the synergistic
integration of miniaturization and continuous flow techniques for on-line monitoring of high copper
concentrations in complex sample matrices. This innovative approach offers several advantages,
including cost reduction through decreased sample and reagent volumes, minimal maintenance
requirements, reduced waste disposal, and lower personnel costs. Furthermore, the system’s
capability for unattended operation over extended durations enhances its practicality and efficiency
to monitor real processes.

Finally, this methodology exhibits adaptability and can be readily tailored to detect various
analytes of interest, as demonstrated in previous studies. Subsequently, our future investigations will
emphasize evaluating the system’s capacity for simultaneous detection of multiple analytes and its
potential applicability in the comprehensive monitoring of bioleaching bioreactors.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: A) CAD of platform 1 formed by a hydroxylamine mixer module
connected to a diluter module via a Tesla valve. B) Dimensional labelling of the hydroxylamine mixer with a
height of 0.5 mm. C) Dimensional labeling of the diluter [1] with a height of 0.75 mm. The units for dimensions
are in millimeters. Figure S2: Dimensional labeling of the disperser [46] with a height of 1 mm with Tesla valve
in CAD. The units for dimensions are in millimeters. Table S1: Results of repeatability of the modular micro-
FIA system. Table S2: Results of reproducibility of the modular micro-FIA system. Figure S3: Linear regression
test to compare the reference method (atomic absorption) and the proposed micro-FIA analyzer. Table S3: An
overview on better reported optical methods for the determination of Cu(II).
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