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Abstract

:

The equivalency of pH measurements between aqueous and non-aqueous or viscous solutions is of great interest in biomedical applications as well for processing food and pharmaceuticals. Commercial glass-type electrodes have practical limitations, such as bulky sizes and membrane clogging in viscous environments. In this study, planar and flexible electrochemical pH sensors with iridium oxide as the sensing film have been developed by sol-gel and oxidation processes. A reference electrode was prepared by screen printing Ag/AgCl ink on the same polyimide substrate. The small form factors of the planar flexible electrodes provide an advantage in small volume or conformal surface measurements. Cyclic voltammetry was performed in different pH solutions. The electrode originally produced a response of −70.1 mV/pH at room temperature in aqueous solutions. The sensitivities were reduced when salt was added into the buffer solutions, although output potentials were increased. Sensing performances in a wide range of viscous conditions with various concentrations of added salt have been analyzed to study their effects on pH-sensing responses. Suitable calibration techniques using aqueous buffer solutions were studied for output potentials and their respective pH readings in viscous salt-added solutions. The mechanisms affecting output potentials are explained and results matched well for two different thickening agents. Specificity to pH changes measured by the planar IrOx-Ag/AgCl pH electrodes showed how the potential-pH calibration should consider the interference effect of salt. The viscosity effects on pH reading errors became more pronounced as solution viscosity increased. Comparisons of pH readings to those from a commercial glass-bodied pH meter indicated that the planar electrodes provided predictable pH deviations that were confined to a limited range. The planar IrOx-Ag/AgCl electrodes on flexible polyimide substrates have mostly been demonstrated with aqueous solutions in various diagnostic and environmental monitoring applications. This work provides more insights into pH sensing performance when the fluid is viscous and contains salt, which often is the case in biomedical and food-processing applications.






Keywords:


pH sensor; salt interference; viscosity; flexible; calibration












1. Introduction


Measuring the pH of viscous and non-aqueous solutions is of great importance in applied chemistry applications [1,2,3] such as in processing food [4,5], cosmetics [6,7], and pharmaceuticals [8,9]. The pH sensing mechanism involved in the aqueous solution is well established; however, studies in non-aqueous or viscous solutions have been limited. Some common issues faced using conventional glass-rod pH sensors are slow responses, frequent calibration, and glass membrane clogging and corrosion in the inner electrolyte, which limits their use in non-aqueous solutions. K. Izutsu et al. demonstrated slow responses of glass pH electrodes in a non-aqueous solvent tested in an acid-based titration method [2]. For reliable pH measurements, J. F. Artiola reported the need for frequent two-/three-point calibrations with periodic glass membrane soaking in a standard solution to remove organic salts [10]. The literature also suggests that the dissociation of functional groups on glass body surfaces may decrease Nernstian responses [11]. The traditional bulky glass-rod shaped pH sensors cannot be used for sensing a small volume of liquid or on planar surfaces. Owing to their features of miniaturization, integration with electronics, and the elimination of membranes, planar solid-state films have been proposed for pH sensing electrode materials [12,13,14].



Among metal oxides, iridium oxide (IrOx) based films have been studied to exhibit higher Nernstian responses [15], reproducible super-Nernstian responses within wide pH ranges in aqueous solutions [16], and faster responses in non-aqueous solutions compared to commercial pH meters [2]. Stable pH-sensing performance after exposure to high temperatures and their biocompatibility feature was reported in the literature [17,18]. IrOx films have been studied for use in implantable devices and cochlear prostheses [19,20,21]. Fabrication methods for iridium oxide films by radio-frequency (RF) sputtering [22,23], electroplating [24,25,26], chemical bath [27,28], and sol-gel deposition with oxidation have been conducted [29,30,31]. These methods are chosen according to the device and production requirements. The sol-gel method provides advantages for mass production, fabrication simplicity, and lower costs. Deposition through dipping in sol-gel solutions has been used in industrial manufacturing processes. It can be applied to a wide variety of substrates. Iridium oxide (IrOx) based pH sensors on flexible substrates made by the sol-gel method have been demonstrated in the following ways: with Nernstian responses [32], in an array configuration [33], integrated with other chemical sensors [34], and for food-quality and medical implant applications [35,36,37]. In these demonstrations, planar IrOx working electrodes integrated with Ag/AgCl reference electrodes were calibrated and tested in aqueous conditions with and without interfering salt effects.



Salt addition in an aqueous pH solution was demonstrated to have interfering effects on the potential and pH outputs previously demonstrated using planar electrodes in our group [34]. In this study, we explored the effects of ionic interferences from salt (NaCl), and viscosity on planar IrOx and Ag/AgCl electrode potential outputs. Aqueous pH solutions were used as the calibration standard to estimate the pH values of viscous salt-added solutions. Solutions with different pH values, NaCl concentrations, and viscosities, which varied by adding thickening agents, were prepared. In each configuration of the solution, three pairs of planar IrOx and Ag/AgCl electrodes were used to investigate performance variations.



We proposed planar pH electrodes under the consideration of the practical constraints faced when using glass-rod membrane-based sensors in viscous solutions. Preliminary results of using the planar electrodes were submitted and accepted to present at the 2022 IEEE Sensors Conference [38]. In this study, details of the investigation and experimental results for the effects of salt and viscosity on potential and pH outputs are reported.



Planar pH sensors were prepared, each consisting of an IrOx working electrode (WE) and an Ag/AgCl reference electrode (RE) on a biocompatible, inert, and flexible polyimide substrate [38]. IrOx was deposited as the H+ ion sensing film by the sol-gel and oxidation processes. Ag/AgCl film was deposited by screen printing on the flexible substrate. The monolithic processes allowed miniaturization without the need for a vacuum environment. A commercial Ag/AgCl glass-rod electrode was used for calibration in aqueous pH buffer solutions, but could not be reliably used in viscosity experiments because of its dependency on ion migration to remain stable [10]. In a non-aqueous interface, the liquid junction potential may become large and unreliable. The planar electrodes, on the contrary, allow direct surface contact with the viscous solution samples.




2. Materials and Tools


Technical grade Iridium (IV) Chloride (IrCl4) hydrate powder (Sigma Aldrich, Saint Louis, MO, USA) was used to prepare the sol-gel solution for WE. Ethyl Alcohol 200 Proof (Supelco, Bellefonte, PA, USA) was used during the preparation of the sol-gel solution. Glacial acetic acid (Fisher Scientific, Waltham, MA, USA) with 99.7% concentration was used as the reagent. To prepare the reference electrode, Ag/AgCl paste (011464, ALS, Kanagawa, Japan) was used. Electrical connections between electrodes and the interface were made of copper wires and adhesive silver epoxy (8331D, MG Chemicals, USA).



Different viscosities of the solution were achieved by adding thickening agents into pH solutions. Lab graded starch powder (C6H10O5)n (Carolina Biological Supply Company, Burlington, NC, USA), and agar powder C14H24O9 (Seaweed Solution, Trondheim, Norway), which is a and natural gelatin were used as the thickening agents. DI water with a conductivity of 0.055 μS/cm at room temperature was used for experiments. Hydrochloric acid (HCl) (LabChem, Zelienople, PA, USA) with a concentration of 50% was mixed with DI water to adjust the pH level to 4. The reason for the preparation of the custom-made pH 4 solution with HCl was to investigate interference from other ionic elements because commercial buffer solutions contained various chemicals. Similarly, custom-made pH 6 and pH 8 solutions were prepared with HCl and sodium hydroxide (NaOH) (Sigma Aldrich, MO, USA) in DI water. A commercial pH meter (A1311, Apera Instruments, Columbus, OH, USA) and pH/conductivity benchtop multiparameter (Orion Star A215, Thermo Fisher Scientific, Waltham, MA, USA) were used to adjust and verify the pH levels in aqueous solutions. The same benchtop multiparameter was used to measure the conductivity of aqueous solutions. Commercial buffer pH 4, 6, and 8 solutions (Fisher Scientific, MA, USA) were also used for experiments. Lab-grade sodium chloride (NaCl) (Macron, PA, USA) was added to the pH solutions after the thickening agents, which allowed for the study of ionic interferences to the sensing electrodes in viscous environments. Different viscous samples were prepared at the same time and stored in 50-mL plastic storage vials. Multiple viscometers were used including a modified Ostwald viscometer (CANNON Instrument Company, PA, USA), a rheometer (HR-3, TA Instruments, MN, USA), and a digital viscometer (KUNHEWUHUA, China). These meters together covered a wider range of viscosity. A data acquisition card (National Instruments 6201, USA) was used for signal recording.




3. Experiments


3.1. Electrode Preparation


Both the working electrode (WE) and reference electrode (RE) were prepared on a flexible polyimide substrate with a 125-μm thickness (500HN, Dupont, Newark, DE, USA). The WE consisted of two metal layers: gold (Au) and chromium (Cr), both deposited by electron-beam evaporation. Cr was used as an adhesion layer with a thickness of 50 nm. Au as the base metal layer had a thickness of 200 nm. IrOx serving as the sensing film was deposited on Au by the sol-gel dipping process. The sol-gel solution was prepared by mixing 1 g of anhydrous IrCl4 with 42 mL of 200 Proof alcohol, and 10 mL of 80% concentrated acetic acid was later added. Using a magnetic stirrer set at 500 rpm, the solution was mixed for 2 h at 25 °C before use.



The substrate with base metal was coated by dipping and was dried at 50 °C. The dipping and drying processes were repeated three times. Then, samples were heated for 4 h at 325 °C [39,40,41]. To prepare RE, a layer of Ag/AgCl paste was applied to the substrate and dried at 120 °C. Both WE and RE films were cut into strips of 2 mm × 15 mm and fixed with a spacing distance of 3 mm between the two electrodes.




3.2. Viscous Sample Preparation


Starch solutions with different concentrations (wt%) were prepared in beakers. Three types of solutions were used for tests at pH 4, 6, and 8. The solution for pH 4 was prepared by mixing DI water and HCl, and the solutions for pH 6 and 8 were commercial buffer solutions. The solution was heated in a beaker and starch was added at a boiling temperature (95 °C). Magnetic stirring was performed at 500 rpm for 20 min until aggregation of starch powders disappeared in the solutions.



After the starch powder was completely dissolved in the solution, salt was added, and stirring continued for 5 min in the hot solution. Similarly, agar-based viscous solutions were also prepared. A total of 183 different variations of viscous samples, including 165 starch-based and 18 agar-based solutions, were prepared. Each test vial contained a 50 mL solution with a specific viscosity, pH value, and salt concentration. Output potential recordings were performed at room temperature.





4. Results and Discussion


4.1. Cyclic Voltammetry Analysis


Electrochemical studies on the polyimide-based WE and RE were investigated using cyclic voltammetry (CV) analysis performed in aqueous pH solutions. Figure 1a shows the CV comparison in pH 4 solution without salt and with 1-M NaCl salt. The broader curves during cathodic and anodic scans were due to higher currents generated with conducting salt ions. Figure 1b compares CV curves of pH 4, 6, and 8 with 1-M NaCl salt added. The pH 4 solution only contained HCl, while the buffer pH 6 solution had sodium hydroxide (NaOH) and dihydrogen potassium phosphate (KH2PO4) groups; thiomersal (C9H9HgNaO2S), NaOH, and KH2PO4 groups were in the pH 8 buffer solution. The additional conducting ions in the buffer pH 6 and pH 8 solutions generated higher currents and produced broader voltammograms. The CV analysis provided certainty that such planar electrodes could be used to generate sufficient potentials and currents in various pH solutions.




4.2. Nernstian Response in Aqueous Solutions


The ion exchanges on the working electrode (WE) surfaces created a potential difference against the reference electrode (RE) across the solution volume. Under ideal conditions without ionic or hydrodynamic interferences at room temperature, the Nernstian response in an aqueous solution should be around −59 mV/pH, as demonstrated in previous works [31,32,33].



Figure 2 compares the pH potential responses with no salt, 0.1-M, and 1-M NaCl salt added in aqueous pH 4, 6, and 8 solutions. A super-Nernstian response of −70.1 mV/pH was measured without salt added in the buffer solutions. Redox mechanisms for IrOx producing Nernstian or super-Nernstian responses were explained in the literature [41,42,43,44,45]. Compared to our previous results, a possible explanation for the super-Nernstian response was that a controlled fabrication process was implemented. The WEs were prepared by multiple repeated steps of dip-coating and drying processes to achieve uniform thickness. The REs were prepared by screen printing commercial Ag/AgCl ink on the substrate instead of electroplating [38]. The sensitivity in the no-salt case decreased to near-Nernstian responses of −53.3 mV/pH when 0.1-M salt was added, and −47.3 mV/pH when 1-M NaCl was added. Increased output potentials were due to increased solution conductivities by salt ions. However, the output potential increased more in the alkaline solution as soon as salt was added. The decreased sensitivity validated that interference from salt ions existed.



To validate the effect of salt interference, the same solutions were measured by a glass-bodied pH meter. Figure 3a–c show pH and conductivity changes as salt was added to the pH 4, 6, and 8 solutions. The pH and conductivity were measured by a commercial pH/conductivity meter (Orion, A215). The addition of salt increased solution conductivity and made the solution seem more acidic. This effect decreased the output pH values calculated by the calibration curve obtained with standard calibration buffers. At 0.1-M salt concentrations, the pH values shifted to 4.01, 5.81, and 7.8 from their respective values of 4, 6, and 8. At 1-M salt concentrations, the values became 3.88, 5.2, and 7.4.




4.3. Viscosity Readings


Different percentages by weight, listed in Table 1, of starch and agar as thickening agents were prepared with no salt or salt added to achieve certain viscosities. Although the concentrations of the starch by weight varied from 1% to 4%, and 0.05% to 0.2% for agar, the viscosities varied quite significantly. Three different types of viscometers were used to validate the fluid viscosity because of their respective detection limitations.



An Ostwald viscometer was used to measure the viscosity of the starch sample with the lowest concentration of 1%. A rheometer for the concentration ranging from 1.0% to 2.0%, and a digital viscometer for 1.8% to 4.0% were used. For starch concentrations of 1.8% and 2.0%, both meters were used to cross-validate their viscosity values. The digital viscometer was used to measure agar samples since the viscosities were high. Agar solution with a concentration beyond 0.2% could not be measured by viscometers because it became a gel-like solid.




4.4. Experiments with Starch as the Thickening Agent


All experiments were performed by immersing the electrode area into the viscous solution samples. Electrodes were tested at pH 4, 6, and 8 solutions mixed with different NaCl concentrations (0–1 M with/without starch or agar). Output potential was recorded for 17 s and the electrodes were cleaned in deionized (DI) water for 30 s to remove residue from surfaces.



The custom-made pH 4 solution had a conductivity of 120 μS/cm. For weak acid and alkaline, the conductivities of custom-made pH 6 and 8 solutions mixing DI water with HCl or NaOH were 47 and 27 μS/cm, respectively. Unstable readings were observed for pH 6 and pH 8 cases. To overcome the issue, likely due to low conductivity, commercial buffer solutions at pH 6 and 8 with conductivities of 4726 and 8460 μS/cm were used instead. As mentioned previously during the CV analysis, various conducting ions were present in buffer pH 6 and 8 solutions, and it was expected that the additional ions in the solutions might create interfering effects.



Figure 4 shows the measured potentials in the starch-based measurements with (a) no salt and (b) 1-M NaCl salt added. The outputs in time stayed stable without significant drifts. Some fluctuation in signals might be due to liquid motions in beakers. Although other salt concentrations were also tested, only no-salt and 1-M salt cases are shown for illustration purposes. The five colors indicate 0%, 1%, 2%, 3%, and 4% starch added, with viscosities of 0.89, 1.17, 47, 135, and 820 cP, respectively.



The arrows in Figure 4a,b indicate the decreasing (red) or increasing (purple) trends in potentials as starch concentration increases. When starch is heated above 90 °C, granules swell and release ionic species known as branched amylopectin and linear amylose into the solution [46,47]. Branched amylopectin is responsible for aggregation and creates viscous matrices, while linear amylose increases solution conductivity [48]. Electrochemical impedance spectroscopy (EIS) showed that, after starch gelatinization, electrical resistance in the viscous matrix was created by amylopectin which was an insoluble material [46]. In the no salt added case in Figure 4a, pH 4 has a higher H+ concentration with the free flow of electrons from the redox equilibrium. The viscous matrices in high ionic concentration played a significant role and increased the electrical resistance that constrained the movements of free ions. The potential drop in the solution increased, which caused the measured voltage across the electrodes to decrease. Amylose in starch counteracted to decrease the solution resistance with additional electrons. The effects of amylose and matrices negated each other, so the potential decreased with smaller steps as the starch concentration increased. At lesser H+ concentrations in pH 6 and 8, the effect from matrices to constrain flows of ions was less significant. Thus, the role of amylose became more pronounced in decreasing resistance in the solution, and potential increased with bigger steps as the starch concentration increased (purple arrow).



When salt was added, free flows of conductive ions significantly increased, and potentials at pH 4, 6, and 8 increased with significant steps. The matrices of amylopectin could constrain the ionic movements of salt. Compared to amylose, the salt provided more impact on conductivity increases, thus the amylose effect became less obvious. In return, the potential decreases at pH 4 (red arrow, Figure 4b) became more prominent as the viscosity increased. Compared to Figure 4a, the electrical resistance in the solution increased more when its viscosity increased. For the same reason, the constraining effect of matrices became more on free salt ions that overpowered the increased conductivity by amylose. As a result, Figure 4b shows that there was almost no change of potential at pH 8 for different viscosities. The negating effect was more obvious for pH 6 solutions comparing the opposite directions of the purple and red arrows in Figure 4a,b. When there was no salt added, the effect from amylose made the potential increase with increasing viscosities as conductivities increased. However, the abundant ions from adding salt were constrained by amylopectin matrices, which allows for the potential decrease when increasing viscosities. The potential decreases are shown in two steps in Figure 4b, instead of the multiple steps for pH 6 and 8 solutions in Figure 4a, because the negating effects were not linear or equal. It should also be noted that the viscosities for 1% and 2% starch concentrations were 1.17 and 47 cP, respectively, with a 40x increase, while the increase was 2.9 and 6 times from 47 to 135 cP and from 135 to 820 cP for the starch concentration increasing from 2% to 3% and 3% to 4%, respectively.



Figure 5a–c shows the comprehensive data of output potentials with different salt concentrations and starch percentages (at different viscosities) in solutions. Three electrode pairs were tested under the same protocol from no salt (0 M) to 1-M salt concentration with a step change of 0.1 M before they were switched to another viscosity. The decreasing trends of potentials when the viscosity increased at pH 4 and the increasing trends at pH 8 validated the results in Figure 4. For pH 6 without salt added, the potential increased when the viscosity increased. With salt added, the potential decreased when viscosity increased. The upward arrow at pH 4, 6, and 8 shows output potential monotonically increases as more salt is added to the aqueous or viscous solutions. The data matched well with those in Figure 4. From the aqueous solutions to cases with starch added, the potential differences were much larger at pH 6 and 8 because amylose provides more electrical currents in the solutions. Generally speaking, when NaCl was added, even as low as the 0.1 M concentration, the effects from the starch molecule matrices, which reduced conductivity, were not as effective as the increasing conductivity effect by adding salt ions. Potential changes had smaller steps for the salt-added cases when viscosities changed, compared to the potential jumps from the no-salt cases.



The error bars in the plots of Figure 5 indicate the standard deviations measured by three sensors separately. The standard deviations in general were higher in solutions with higher viscosities when no salt was added to the solutions, particularly for the pH 8 cases. This might be due to the ions from amylose in viscous solutions, which were not uniform in the beakers, and the electrodes not experiencing more pronounced electrical current variations.




4.5. Experiments with Agar as the Thickening Agent


The experimental setup and procedure using agar powder as the thickening agent were similar to the starch-based experiments. Solutions were prepared with the custom-made pH 4 solution, and commercial pH 6 and 8 buffer solutions were also similar to the starch-based solutions. Each pH level had salt concentrations of 0 and 1 M, and three different viscosity levels.



Figure 6a,b show the results for agar-based measurements in which the three colors indicate 0%, 0.2%, and 0.6% agar added. The viscosity for 0.2% agar was measured as 2553 cP. When more than 0.2% agar was added to the solution, the viscometer could not receive a reading because the solution became gel-like. The electrodes could still be inserted into the gel, but it was obvious that they experienced mechanical resistance. Measurement results in the (a) no-salt condition are compared to those of (b) 1-M salt concentrations in Figure 6. Without added salt, a decreasing trend (red arrow) of potentials at pH 4 and increasing trends (purple arrow) at pH 6 and 8 were observed, as in Figure 6a. With 1-M salt added, the potentials stayed roughly in the similar levels at pH 4 and 8. The overall trend also showed decreased potentials when the viscosity increased. The trends for both no-salt and salt-added cases agreed with the starch-based cases in Figure 4. Although there is no report of ionic species contributed by agar, literature reported the conductivity of agar prepared with DI water was 73 μS/cm at 0.89% concentration [49]. The matrices and conductivity effects thus play similar roles to those in the starch-based solutions.



At pH 4 (red arrow, Figure 6a), the viscous matrices restricted flows of ions and increased the electrical resistance in the solution, which led to decreased output potentials. The potentials remained similar for 0.2% and 0.6% agar concentrations because these solutions have become very viscous. Most of the free-moving ions were constrained by the matrices. In Figure 6b, at pH 6 with salt added, there was the same phenomenon of a step drop of potential from 0% to 0.2% agar concentration, but no drop from 0.2% to 0.4% because most of the free ions from salt have been constrained at 0.2%. Increased potentials were observed (purple arrows in Figure 6a) at pH 6 and 8. Without added salt, low currents in low H+ concentrations increased the conductivities with Agar, which reduced the potential drop in the solution and increased the potential between electrodes.



When 1-M salt was added, the conductivities were dominated by the salt ions. Thus the additional conductivity from Agar of 73 μS/cm [49] did not play a significant role, which was much lower compared to 86.7 mS/cm from salt. The trend of pH 6 in Figure 6b with increasing viscosities was similar to the one in Figure 4b. The increasing trends at pH 4 and 8 were observed, but with smaller changes. Due to the high viscosity already at 0.2% agar concentration, conductivities in the solutions did not vary much.



In all tests, conductivity in the solution has been observed to play a role. The viscous matrix created by starch or agar change the potential output depending on initial ionic concentrations. The multifaceted mechanisms of conductivity and viscosity seem to counteract their effects in high ionic concentrations.




4.6. pH Calibration


The aforementioned measurements showed changes in output potentials under the influences of viscosity and salt concentrations. To illustrate the viscosity effect on pH reading, 2% and 4% viscous starch-based solutions, corresponding to viscosities 47 and 820 cP, were considered. With salt added, it was clear from previous results that the potentials could be significantly increased due to higher conductivities. Thus, pH reading errors may rise differently with respect to salt contents in solutions. We considered two scenarios for using three-point calibration curves at (1) unknown or (2) known salt concentrations in aqueous solutions. The pH values in solutions with different salt concentrations and viscosities were then calculated from the calibration curves.



Figure 7 demonstrates erroneous pH values when the calibration was conducted without knowing salt concentrations. The potential-pH relationship was first found in aqueous pH 4, 6, and 8 solutions without added salt. A sensitivity slope of −68.4 mV/pH was found and was used to convert the potentials generated in the viscous solutions (2% and 4% starch) to pH values. The initial pH values of 4, 6, and 8 were calculated as 2.2, 3.3, and 4.96 at 0.1-M salt cases, and 1.48, 2.03, and 3.76 at 1-M salt cases. The error bar in each salt concentration indicates the pH deviations at 2% and 4% starch concentrations from the aqueous conditions. The calibration clearly generated significant pH errors with the existence of salt and viscosity when the sensor calibration curve was produced without knowing salt concentrations.



The second calibration method was conducted at a known salt concentration. The three-point calibration was conducted at aqueous pH 4, 6, and 8 with known salt concentrations. For each salt concentration between 0.1 and 1 M, an individual sensitivity slope was generated. Then potentials in viscous starch solutions with different salt concentrations were converted to pH values. Figure 8 shows the results. The pH values calculated for the viscous and salt-added pH 6 and 8 cases significantly improved with more accurate pH values. For example, the pH values for the pH 6 cases were 5.8 and 6.05 at 2% and 4% starch, respectively, at the 0.1-M salt concentration. Similarly, the pH values for the pH 8 cases were 7.9 and 8.01 at 2% and 4% starch, respectively, at the 0.1-M salt concentration. For comparison, the pH values measured by a commercial pH meter (A1311, Apera) for the pH 6 cases were 5.76 and 5.66 at 2% and 4% starch, respectively, at the 0.1-M salt concentration. For the pH 8 cases, the commercial pH meter readings were 7.32 and 7.79 at 2% and 4% starch at the 0.1-M salt concentration, respectively. Improvements in pH errors were also observed at other salt concentrations in Figure 8.



The effect of viscosity on the pH calibration error was particularly higher at pH 4, as indicated in Figure 8. The significant role of amylopectin matrices by starch in the high H+ concentration created a higher potential difference. Since more ions could be constrained, the solution conductivity was lower compared to its aqueous case. As a result, higher pH errors occurred as viscosity increased. For example, the initial pH values of pH 4 changed to 4.46 and 5.04 at 2% and 4% starch, respectively, at the 0.1-M salt concentration. The larger pH errors at the more viscous solutions across all salt concentrations manifested the amylopectin matrix effect. Using a commercial pH meter, the results showed pH of 3.35 and 4.34 at 2% and 4% starch, respectively, for the 0.1-M salt case.




4.7. Specificity to pH


Based on the output potentials and calibrated pH levels in the different solutions, specificity to pH was performed to estimate the changes generated under ionic interferences. Potential deviation (ΔV) and pH deviation (ΔpH) were analyzed; ΔV in Figure 9 is the potential output difference between the aqueous and viscous solutions for a specific viscosity. There are five groups of viscosity data: four groups for starch from 1.17–820 cP and one group for agar at 2553 cP because the viscosity of 0.6% agar could not be measured because the solution became a gel-like solid (indicated by the † symbol).



Figure 9a shows the ΔV of starch and agar-added solutions at pH 4 (blue), pH 6 (red), and pH 8 (black) without salt added. Data above the zero point at the y-axis mean potential increases with increased viscosity, and data below the zero point mean potential decreases. The trends in output potential changes were previously indicated by red and purple arrows in Figure 4 and Figure 6. Lower H+ concentrations at pH 6 and 8 showed higher ΔV, whereas pH 4 remained relatively similar with increased viscosities. For the 1-M salt added cases, the pH 4 solutions experienced higher resistance from the amylopectin, which created higher ΔV, as shown in Figure 9b. Reduced ΔVs for pH 6 and 8 were due to the dominating conductivities of the added salt ions in low H+ concentrations. Thus, potential deviations from viscous matrices were reduced. Overall, Figure 9 shows that ΔV tends to become higher with an increased viscosity if the conductivity is low in the solution.



Table 2 lists the worst ΔV for the starch cases (with concentrations of 1%, 2%, 3%, and 4% by weight) at no-salt, 0.1-M, and 1-M salt concentrations. The worst ΔV is defined as the highest potential deviation from the aqueous case due to viscosity. The values for no-salt and 1-M salt can be seen in Figure 9. Additional values for the 0.1-M salt cases were added in Table 2 to compare the ΔV with the 1-M case. The positive or negative signs indicate potential increase or decrease with an increasing viscosity, respectively. It was evident that ΔV became higher as viscosity increased, and ΔV became smaller once the salt was added. Similar ΔV values for adding salt of 0.1 M and 1 M showed smaller changes in potential outputs because the conductivities in the solutions were dominated by salt.



The pH deviation (ΔpH) is defined as the pH difference between the aqueous and viscous solutions. Aqueous solutions at pH 4, 6, and 8 at a specific salt concentration were used as the calibration standard. The pH values for the viscous solutions were calculated from their respective calibration slopes. Figure 10a shows the pH deviations measured by the IrOx-Ag/AgCl electrode pairs for the 2% starch solutions that have a viscosity of 47 cP at different salt concentrations. The pH deviations with salt concentrations between 0.1 and 1 M were within the ranges of (0.3–0.6), (0.06–0.5), and (0.03–0.2) from their correct values of pH 4, 6, and 8, respectively. Figure 10b shows ΔpH measured by a commercial pH meter in the same conditions. The deviations were more predictable and confined to certain ranges for the IrOx-Ag/AgCl electrode pair sensor with different salt concentrations. The commercial meter produced wider variations of errors, particularly for the alkaline cases.



Figure 11a shows the 4% starch cases with a viscosity of 820 cP. The pH deviations with the salt concentrations between 0.1 and 1 M were within the ranges of (0.9–1.1), (0.1–0.6), and (0.04–0.3) from their correct values of pH 4, 6, and 8, respectively. Figure 11b shows the results measured by a commercial meter. The planar electrodes once again provided better predictability for the pH values while the commercial meter obtained more diverse deviations. It is obvious that the pH deviation ranges became larger for more viscous solutions because the calibration slopes were conducted in respective aqueous solutions.



Although the deviation values in Figure 11a were higher, they were more confined within a range compared to Figure 11b. The diverse ΔpH detected by the commercial meter shown in Figure 10b and Figure 11b for pH 8 were due to low H+ concentrations and likely membrane clogging in the highly viscous environment.



In a typical human body, sodium concentration is around 0.1 M [50,51], and biofluids such as saliva, serum, and whole blood viscosities are in the range of 1–5 cP [52,53]. It is clear the pH deviations will not be as large as those shown in this paper when using our planar pH sensors in biomedical applications. This study covered wide ranges of viscosity and salt concentrations in order to study potential interference and calibration issues. Such issues may occur in the cases of food processing and preparation in which viscosities depend on processing methods. For example, the same ketchup can have different viscosities in different yield stresses during extrapolation, initiated flow, squeezing flow, or vane methods. The different viscosities may produce varied pH readings in different steps of processing for the same ketchup. The viscosities of common food such as honey and sauce range between 23–578 cP [54,55]. Nectar-like and honey-like consistency food products added with a variety of thickening agents range between 51–350 and 351–1750 cP, respectively [56]. It was noted in [56] that there is variability in viscosity measurements within the same product line for thickening various liquids. Therefore, one would expect pH reading errors along the same product line when the solutions change viscosities. In this study, the viscosities covered the ranges of interest for the cases in [56].





5. Conclusions


This work investigated the effects of viscosity and salt interference on pH reading. A pair of planar IrOx-Ag/AgCl electrodes deposited on a flexible polyimide substrate were used. The deposition of IrOx was conducted with sol-gel dipping and oxidation processes, while Ag/AgCl was screen printed. The cyclic voltammetry (CV) analysis was conducted at different pH levels. Super Nernstian response was achieved in aqueous solutions. Changes in Nernstian responses with salt additions showed that conductive ions created interference effects and potential shifts. The outcome showed that sensitivity was reduced.



The effects of viscosity and salt conductivity on sensor output potentials were studied. Viscous solutions were prepared with starch and agar as thickening agents. Different concentrations of salt were added to the aqueous and viscous solutions. Both factors were studied simultaneously and counteracting effects on potential outputs were found. The trends of potential shifts were examined and matched well for two different thickening agents. Two calibration methods for the potential-pH relationship were analyzed. It was clear that the calibration should be conducted with known salt concentrations to avoid large pH errors in solutions with high salt concentrations or high viscosity. Specificity to pH performance was investigated at two different viscosities with different salt concentrations and pH levels. The planar electrodes showed that the pH deviations were more predictable and confined within limited ranges compared to those measured with a commercial pH meter. It was also shown the pH deviations increased when viscosity increased. The results demonstrated potential uses of the planar flexible IrOx-Ag/AgCl pH sensors in aqueous and viscous solutions, as well as the related issues of viscosity and salt interference. This investigation was conducted with wide ranges of viscosities and salt concentrations. It covers potential applications in diagnostics of human bodily fluids as well as cosmetic, food, and pharmaceutical industries. The planar, flexible, and miniature features of the IrOx-Ag/AgCl electrodes can operate without the concern for membrane clogging in viscous solutions. Thus, it can enable new applications.
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Figure 1. Cyclic voltammetry (CV) comparison of (a) pH 4 aqueous solution without salt (0 M) and 1-M NaCl salt added; and (b) pH 4, pH 6, and pH 8 aqueous solutions with 1-M NaCl salt added. 
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Figure 2. Sensitivities for aqueous no-salt (0 M), 0.1-M, and 1-M NaCl salt concentrations, calibrated at pH 4, 6, and 8 solutions. 
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Figure 3. Measured pH and conductivity changes after 0.1–1 M NaCl salt addition in (a) pH 4, (b) pH 6, and (c) pH 8 aqueous solutions. 
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Figure 4. Output potentials in viscous starch-based solutions at pH 4, 6, and 8 for (a) no salt added and (b) 1 M salt concentration. The symbols ∗ and † indicate a monotonic decrease and increase as viscosity increases. The symbol Δ indicates no drastic change in output potentials as viscosity increases. 
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Figure 5. Measured output potential using starch as a thickening agent from 0–4% and salt 0–1 M added to (a) pH 4, (b) pH 6, and (c) pH 8 solutions. Error bars at every pH are the standard deviation of three sensors (n = 3). The † symbol indicates potential increases monotonically when 0.1–1 M NaCl salt is added. 
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Figure 6. Output potentials in viscous agar solutions at pH 4, 6, and 8 for (a) no salt and (b) 1-M NaCl salt concentration. The symbols ∗ and † indicate a monotonic decrease and increase as viscosity increases. The symbol Δ indicates no drastic change in output potential as viscosity increases. 
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Figure 7. The pH values were calculated by the three-point calibration slope at aqueous pH 4, 6, and 8 with no salt or starch added (0 M). The error bar indicates the pH range for the viscous solutions with 2% or 4% starch added. 
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Figure 8. The pH values were calculated by the three-point calibrations conducted with aqueous pH 4, 6, and 8 solutions at individual NaCl concentrations. The viscosities of the 2% and 4% starch-added solutions correspond to 47 and 820 cP, respectively. 
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Figure 9. Potential change (ΔV) for viscous solutions with starch or agar added, at (a) no salt and (b) 1-M salt concentrations. Symbol †: only one group of ΔV data for agar at pH 4, 6, and 8. 
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Figure 10. The pH deviation (ΔpH) at the 2% starch solutions was measured by (a) the IrOx-Ag/AgCl pH sensor electrodes and (b) a commercial pH meter when 0.1–1 M NaCl was added. 
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Figure 11. pH deviation (ΔpH) at the 4% starch concentration, measured by (a) the IrOx-Ag/AgCl pH sensor electrodes and (b) a commercial pH meter when 0.1–1 M NaCl was added. 
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Table 1. Viscosity readings.
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Thickening Agent

	
wt%

	
Viscosity (cP)






	
Starch

	
1

	
1.17




	
1.4

	
2.39




	
1.8

	
24




	
2

	
47




	
3

	
135




	
4

	
820




	
Agar

	
0.05

	
54




	
0.1

	
360




	
0.2

	
2553
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Table 2. Worst ΔV (mV) for starch cases.
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	1.17 cP
	47 cP
	135 cP
	820 cP





	No salt
	62.1
	74.7
	77.5
	92.9



	0.1 M
	−17.9
	−21
	−47.6
	−52



	1 M
	−16
	−26.5
	−30.8
	−53.6
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