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Considering that toxic metals can affect metabolic processes in microorganisms adversely, it can 

be hypothesized that these metals in water matrices would induce a decrease in metabolic activity of the 
biofilm microorganisms populating the surface of a sensing electrode, which could be registered as a 
change in the open-circuit potential (OCP) generated by the biofilm microorganisms. The goal of this 
study was to test this hypothesis and demonstrate the underlying principle that microbial potentiometric 
sensor (MPS) technology could be used for long-term and real-time monitoring and detection of rapid 
changes in metal concentrations in realistic aquatic environments. To address the goal, four objective 
were addressed: (1) a batch reactor with three graphite-based MPS electrodes was fabricated; (2) a set of 
single-ion solutions and one multiple ion solution were prepared reflecting realistic concentrations of 
metals found in electroplating wastewaters; (3) the responses of the MPS to the simultaneous presence of 
multiple toxic metal ions in a single solution were measured; and (4) the changes of the MPS signals to the 
presence of individual metal ion solutions were examined. While the hypothesis was validated, the study al-
so revealed that the MPS was sufficiently sensitive to not only detect, but also quantify, toxic metal ion con-
centrations in aqueous solutions. The coefficients of determination, which were R2 > 0.995, and responsive-
ness of < 1 μmol/l for some toxic metal cations, strongly support the performance of MPS technology rank-
ing it in the echelons of expensive analytical tools capable detecting and measuring trace elements.The 
magnitude of the MPS response was toxic metal specific. When the molar concertation normalizes the inhi-
bition portion of the signal area, the assessed sensitivity order was: Se > Cd > Pb > Ag > Ni > Zn. The study 
provides valuable information for enforcement agents, environmental professionals, and wastewater 
treatment operators, so toxic metal pollution and its detrimental impacts can be prevented and mitigated.  
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МИКРОБИОЛОШКА ПОТЕНЦИОМЕТРИСКА СЕНЗОРНА ТЕХНОЛОГИЈА ЗА ДЕТЕКЦИЈА  

И СЛЕДЕЊЕ НА ТОКСИЧНИ МЕТАЛИ ВО ВОДНИ МАТРИЦИ ВО РЕАЛНО ВРЕМЕ 

 

Имајќи предвид дека токсичните метали негативно влијаат на метаболичните процеси кај 

микроорганизмите, може да се постави хипотеза дека овие метали во водни матрици можат да ја 

намалат метаболичната активност на микроорганизми во биофилмови кои постојат на површината 

на електроди за детекција. Ова намалување на активноста би можело да се регистрира како 

промена на напонот генериран од страна на микроорганизмите во биофилмот. Целта на студијата е 

оваа хипотеза да се тестира и да се покаже принципот дека миробиолошката потенциометриска 

сензорна (МПС) технологија може да се употреби за долготрајно следење и детекција на наглите 

промени на концентрацијата на метали во реални водни средини. За да се постигне целта на 

студијата, беа спроведени четири под-цели: (1) беше конструиран шаржен реактор со три 

графитни МПС електроди; (2) група едно-јонски раствори и еден повеќе-јонски раствор беа 

подготвени со реални концентрации на токсични метали кои можат да се најдат во отпадни води 

од процесите на галванизирање; (3) беше проучувано реагирањето на сензорите на симултаното 
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присуство на повеќе токсични метали во еден раствор; и (4) беа испитувани промените на 

сигналите на МПС во присуство на единечни јони. Покрај тоа што хипотезата беше потврдена, 

студијата исто откри дека сензорите се доволно осетливи не само да детектираат туку и да ги 

одредат концентрациите на токсични метали во водни раствори. Коефициентите на 

детерминација, кои беа R2 > 0,995, и респонсивноста < 1 μmol/l на некои токсични метални 

катјони, силно ги поддржаа перформансите на технологијата на МПС, рангирајќи ја во ешалоните 

на скапи аналитички алатки за детектирање и мерење ниски концентрации на метали. 

Магнитудата на сигналот на МПС беше специфична за секој токсичен метал. Нормализирањето со 

моларните концентрации на инхибираторниот дел од сигналната површина го даде редоследот за 

осетливост: Se > Cd > Pb > Ag > Ni > Zn. Студијата овозможува добивање битни информации за 

инспекциските агенции, профеционалците за животната средина и операторите на прочистителни 

станици за отпадни води, кои овозможуваат превенција и намалување на загадувањето со 

токсични метали и нивните негативни последици. 

 

Клучни зборови: сензор; микроорганизми; потенциометрија; токсични метали; галванизација 

 

 

1. INTRODUCTION 

 
Since industrialization began, toxic metal 

pollution from electroplating operations has been a 

problem threatening water resources and the eco-

systems they support [1]. While the toxicity of the 

some electroplating metals to living organisms is 

well established, the demand for electroplated parts 

and products has led to a marked increase in elec-

troplating operations across the world [2–4]. Most 

of these operations do not employ wastewater 

treatment technologies to prevent and mitigate en-

vironmental damages from discharges of toxic 

metals [5, 6]. Frequently, the toxic metal-laden 

wastewaters are directly or indirectly released into 

the hydrosphere or discharged into the sewer sys-

tems where they are mixed with municipal sewage 

or collected stormwaters [7–10]. Because many of 

these electroplating operations are batch driven 

processes, most of the toxic metal emissions are 

characterized by pulse-discharge profiles. This 

poses significant challenges to operators tasked 

with monitoring and controlling their wastewater 

outflows. Most operators rely on monitoring proto-

cols based on intermittent sampling of effluents 

(e.g., grab samples) followed by laboratory analy-

sis. The approach of periodic sample collection and 

laboratory analysis does not accurately describe the 

toxic metal content of water effluents, considering 

the low sampling frequency and scenarios where 

irregular intermittent discharges significantly bias-

es the analytical results. Technologies capable of 

real-time monitoring are needed to identify and 

document parties illegally discharging regulated 

toxic metals into the environment. Unfortunately, 

such technologies that enable continuous, real-time 

monitoring or detection of toxic metal pollution in 

natural aquatic or wastewater matrices, are neither 

cost effective, if available, nor available for most 

electroplating operations. Without viable monitor-

ing technologies, users are unable to accurately 

monitor the discharges of pollutants. Regulatory 

authorities would also greatly benefit from cost-

effective technologies to enforce regulations and 

prevent illegal releases of toxic metals into natural 

or human-made aquatic systems. 

The ecotoxicological implications of harm-

ful metals released into natural waters or sewage 

collection systems are well documented [11–15]. 

The vast majority of toxic metals interfere with 

biochemical processes impacting microbial to mul-

ticellular organisms [16]. Toxic metal pollutants 

adversely affect the proper operation of biological 

wastewater treatment reactors and consequently 

prevent effective and efficient removal of organic 

pollutants from the waste-streams and disrupt wa-

ter reclamation [8, 17]. Many wastewater treatment 

operations that receive toxic metal-laden 

wastewaters are unable to meet their discharge 

permits because these metals inhibit the metabo-

lism of the microorganisms in the mixed liquor, are 

present in the effluent discharges, and accumulate 

in the biosolids, rendering them hazardous waste.  

A recent study by Burge et al. [18] demon-

strated a novel type of microbial potentiometric 

sensor (MPS) capable of detecting changes in the 

local aquatic environment surrounding the biofilm 

populated sensing electrodes. Considering that tox-

ic metals can affect metabolic processes in micro-

organisms adversely, it is reasonable to hypothe-

size that these metals in water matrices would in-

duce a decrease in metabolic activity of the biofilm 

microorganisms populating the surface of the sens-

ing electrode. This effect could be registered as a 

change in the open-circuit potential (OCP) gener-

ated by the biofilm, as described by Burge et al. 

(2020). The typical MPS response, the OCP of the 

biofilm versus Ag/AgCl electrode, ranges from 
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approximately –700 to +800 mV, depending on the 

system and the biochemical conditions. The goal of 

this study is to test this hypothesis and demonstrate 

the underlying principle that MPS technology 

could be used for long-term and real-time monitor-

ing and detection of rapid changes in metal con-

centrations in realistic aquatic environments.  

In this study, four objectives were completed 

to investigate whether the MPS could be utilized to 

detect the presence and quantify the concentrations 

of metal ions in solutions. First, a batch reactor 

with three graphite-based MPS electrodes was fab-

ricated, and the biofilm on the electrodes was cul-

tivated until a steady OCP signal versus the refer-

ence electrode was established. Secondly, a set of 

single-ion solutions and one multiple ion solution 

were prepared reflecting realistic concentrations of 

metals found in electroplating wastewaters. Next, 

the responses of the MPS to the simultaneous pres-

ence of multiple toxic metal ions in a single solu-

tion were measured. Lastly, the changes of the 

MPS signals to the presence of individual metal 

ion solutions were examined.  

 
2. EXPERIMENTAL APPROACH 

 

2.1. Batch reactor fabrication and cultivation  

of the biofilm on the MPS electrodes 
 

The cylindrical batch reactor was fabricated 

from a clear polycarbonate tube with a diameter of 

15 cm and a height of 12.5 cm (Fig. 1). The total 

reactor volume was 2.3 l. The top of the reactor 

was equipped with several ports for introduction 

and removal of solutions. The reactor chamber was 

equipped with a magnetic stirrer to ensure the 

complete mixing of solutions within the chamber. 

Three graphite MPS indicator electrodes and 

a commercially-available combination ORP (Mod-

el SE300, Milwaukee Instruments) were fabricated 

into the top and walls of the reactor (Fig. 1). The 

three MPS and the single ORP were referenced 

using a single silver/silver chloride electrode fabri-

cated within the combination ORP probe. The 

MPS electrodes were fabricated from 0.625 mm 

graphite rods mounted within a PVC-threaded fit-

ting. The three MPSs, an ORP electrode and the 

reference (Ag/AgCl) elecrodes were connected to a 

high impedance (> 700 MΩ) B10 signal acquisi-

tion board (Burge Environmental, Inc. Tempe, 

AZ). The B10 board was connected to a Raspberry 

Pi computer to transmit the data via a Wi-Fi net-

work to a cloud-based data storage system. An 

open-source dashboard (Redash) was used to 

download the data for analysis and visualization.  

 
 

Fig. 1. The batch reactor with all the elements and their 

position used in this study. The pulse injections into 

the reactor were performed via the top ports (blue lines), 

which were kept closed during the experiment to prevent any 

influences from atmospheric gases. 

 
The reactor was filled with an anaerobic solu-

tion generated by mixing dechloronated municipal 

water with leaf litter (dissolved organic carbon - 

DOC > 80 mg/l; tap water from Tempe, AZ). This 

anaerobic solution was introduced into the reactor 

and allowed to equilibrate for a period of more than 

two months to ensure the population of an endemic 

biofilm onto the surface of the three MPS graphite 

electrodes. Two weeks of equilibration typically yield 

biofilm growth suitable for MPS measurements [18]. 

During the biofilm cultivation period, the solution 

was continuously stirred and the experimental cham-

ber was located in a dark room, to prevent the growth 

of photosynthetic microorganisms, and held at tem-

perature of 23 ± 1°C. 

 

2.2. Preparation of toxic metal solutions  

representative of industrial pollutants 
 

Stock solutions were prepared to reflect the 

toxic metal compositions commonly present in 

wastewaters entering the international wastewater 
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treatment facility at the United States/Mexico bor-

der [19, 20]. The concentration of the final multi-

ple ion solution within the reactor were 4, 8, and 

16 times greater than the reported average 

wastewater metal concentrations, and correspond-

ed to reported peak values. Although somewhat 

higher than the reported values, these concentra-

tions are an order to two orders of magnitude lower 

than the toxic metal concentrations released by the 

metal-plating operations. It is assumed that the ac-

tual heavy metal-laden wastewaters at the emission 

point source are at least 50 to 100 times higher 

than the concentrations tested in this investigation. 

For the single ion solution experiments, only con-

centrations that were four times greater than the 

average values, as reported at the entrance of the 

international wastewater treatment plant, were test-

ed. The final toxic metal concentrations introduced 

into the reactor via a pulse injection are presented 

in Table 1. The toxic metal cation solutions were 

prepared using nitrates, acetates, or standard solu-

tions, except for cadmium, where chloride salts 

were used. Acetate anions were used to provide 

nutrients for the microorganisms in the biofilm and 

facilitate the signal recovery. The toxic metal ani-

ons used in the study were sodium salts. All salts 

used in the preparation of the solutions were ACS 

reagent grade (> 96 %) or higher purity (Sigma 

Aldrich, Acros Organics, ICN Biomedicals, or 

Baker). Sodium salt solutions of the counterions 

(nitrate, acetate, and chloride) were prepared at the 

same concentrations as the metal solutions and 

tested to ensure that the changes in the MPS signal 

resulted from the presence of the toxic metal and 

not from a matrix effect.  

 
                        T a b l e  1  
 

Summary of the ion concentrations during pulse injections experiments 
 

Element 

Stock 

concentration 

mg/l 

Final concentration in reactor at injected volume in mg/l 

(μmol/l) 

10 ml 20 ml 40 ml 

Cd 2 
0.0087 

(0.077) 

0.0174 

(0.155) 

0.03478 

(0.309) 

Se 2 
0.0087 

(0.110) 

0.0174 

(0.220) 

0.03478 

(0.440) 

Pb 6 
0.0261 

(0.126) 

0.05217 

(0.252) 

0.10435 

(0.504) 

As 5 
0.0217 

(0.290) 

0.04348 

(0.580) 

0.08696 

(1.161) 

Ni 143 
0.6217 

(10.592) 

1.24348 

(21.184) 

2.48696 

(42.367) 

Ag 10 
0.0435 

(0.403) 

0.08696 

(0.806) 

0.17391 

(1.612) 

Zn 230 
1 

(15.259) 

2 

(30.590) 

4 

(61.181) 

Total toxic metal concentration 

(μmol/l) 
(26.894) (53.787) (107.575) 

 

 

2.3. Examining the microbial potentiometric  

sensor cumulative response  

to the simultaneous presence of multiple  

metals in an aqueous solution 

 

After the signal of all three active MPS indi-

cator electrodes stabilized, which occurred when 

the measured microbial response (OCP) was ap-

proximately 776 ± 2 mV, multiple ion stock solu-

tions were introduced into the reactor using a sy-

ringe (pulse injection volumes of 10 ml, 20 ml, and 

40 ml). Considering that the hardness of the water 

was at least 150 mg/l as CaCO3 and the reactor 

volume was at least 57 times greater than the in-

jected metal stock solution (i.e., the dilution at 40 

ml injection produced a dilution factor of 57), pH 

drifts associated with the injections were consid-

ered negligible and did not meaningfully influence 

the experiment.  

The response data was evaluated by integrat-

ing the area of the curve between the highest and 

lowest point of the generated signal, which corre-
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sponds to the inhibition portion of the signal. This 

data analysis method ensured that only the inhibit-

ing effects of the toxic metals on the metabolic 

activities of the microorganisms were reported as 

results. The reasoning behind this type of signal 

area integration was based on the behavior of the 

microorganisms in the biofilm upon exposure to 

toxic chemicals. When toxins are introduced, the 

MPS signal rapidly decreases and correlates to the 

inhibition of the metabolic (e.g., electron genera-

tion/cytochrome storage) processes [18]. Once tox-

ic metals are immobilized, or otherwise removed 

from the environment, the inhibitory effects are 

eliminated, and normal metabolic activities re-

sume, which can be observed by a characteristic 

increase in the microbial OCP signal (recovery 

portion of the signal).  
 

2.4. Examining the microbial potentiometric  

sensor response to aqueous solutions with  

a single toxicmetal ion 
 

Six of the seven toxic metals investigated in 

the cumulative response were used to examine the 

MPS response to individual metal ions. Specifical-

ly, MPS responses to Se, Cd, Pb, Ag, Ni, and Zn 

were investigated. For each toxic metal investigat-

ed, separate aliquots of 10 ml of each single-ion 

solution were pulse injected into the reactor. For 

silver, aliquots of 10 ml and 20 ml were injected to 

confirm the observation from the multiple ion solu-

tion tests and to observe if the same pattern exists 

for single ions where doubling the concentration 

for a single ion results in an increase in signal 

magnitude. Because the objective was to see 

whether there will be a response, and not to quanti-

fy and calibrate the response, the injections were 

conducted once the signal reached ± 5 mV of the 

stable baseline. This approach demonstrated that 

the sensors could respond even when the biofilm 

has not fully recovered from the preceding toxic 

metal inhibition. This test indicates that MPS is 

suitable for industrial applications that require real-

time data because the sensor does not need to fully 

recover the baseline microbial response to generate 

meaningful results before the sensor is exposed to 

additional toxins. The integrated area of the inhibi-

tion portion of the signal was divided by the con-

centration to compare the relative MPS response to 

each toxic metal. Although not as accurate as cre-

ating a calibration curve for each element, this type 

of signal normalization allows for approximate 

evaluation of the relative impact of each toxic met-

al on the MPS signal.  
 

 

3. RESULTS AND DISCUSSION 

 

3.1. Microbial potentiometric sensor responses  

to aqueous solutions with toxic metal mixtures 
 

Figure 2a illustrates the responses of the 

three MPSs to the simultaneous introduction of 

different concentrations of mixed toxic metals. The 

area of the valleys (inverse signal peaks) increased 

with doubling and quadrupling the concentrations 

of the metals within the reactor. When the net mo-

lar concentrations, comprised of the concentration 

of all ions, were plotted against the integrated areas 

of the inhibition portion of the signal, three-point 

calibration curves were obtained for each of the 

MPS electrodes. As illustrated in Figure 2b, the R2 

values for all three curves, representing each MPS 

electrode, exceeded 0.995. These highly correlative 

relationships between the concentrations of metal 

ions and integrated areas of the microbial respons-

es exceeded the expectation beyond the postulated 

hypothesis that the sensors will respond to the 

presence of toxic metals in water, and strongly 

suggested the utility of the MPS to quantify metal 

concentrations in industrial settings. Such high co-

efficients of determination exceed the performance 

of many analytical methods which are currently 

accepted as standards in water quality analysis [21, 

22]. The MPS 3 electrode appeared to be the most 

sensitive to the induced changes, as illustrated by 

the highest slope of the calibration curve. Sensitivi-

ty differences among MPS electrodes are expected 

because of the composition and nature of biofilm 

on the individual graphite surfaces may vary. Con-

sidering that the biofilm sensing surface is a living 

organism populating the graphite surface of the 

MPS, no two biofilms on the individual MPSs are 

expected to be exact duplicates. The biofilms may 

vary based on microbial composition, density, 

thickness of the biofilm and several other factors. 

While the MPSs may not exhibit identical signal 

response in terms of the magnitude of the signal 

response (and subsequent recovery) to a toxic met-

al, each MPS is capable of responding to stimuli in 

the same manner (e.g., toxins will inhibit metabolic 

processes followed by a gradual recovery of the 

metabolic processes). As such, even when placed 

in the same environment, two biofilms may not 

recover identically from an adverse effect of a 

same toxin. 
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(a) 

 

 
(b) 

 

 
 

Fig. 2. (a) Responses of all three active microbial potentiometric sensors (MPS) to the simultaneous introduction of different  

concentrations of mixed toxic metals; (b) Three-point calibration curves for the multiple toxic metal solution show an increase  

in signal with doubling and quadrupling the multiple ion concentrations and the corresponding coefficients of determination (R2). 

 
Table 1 summarizes the actual total net con-

centrations for the different pulse injections. The 

MPS were able to detect toxic metal concentrations 

down to ~ 27 μmol/l (10 ml injections). The shape 

and magnitude of the signals suggest that this sen-

sor technology can detect even lower concentra-

tions of metals in water matrices. Furthermore, the 

form of the signal indicated that the biofilm is ca-

pable of recovering to its baseline conditions rela-

tively quickly, which is likely due to the ability of 

microorganisms to immobilize the toxic metals and 

neutralize its toxic effects. When the control solu-

tion was added (no toxic metals), the signal de-

creased about 3 to 4 mV for a few minutes, which 

was a couple of mV over the baseline signal varia-

tion. These results suggest that the sensitivity of 

the MPS technology may be even higher, however, 

it would be challenging to differentiate a 4 mV 

signal change to a ±2 mV baseline signal (noise). 

Because this is a first study of this kind, there is no 

literature available. Consequently, it is impossible 

to compare the heavy metal sensitivity of this tech-

nology with other data. 

 

3.2. Microbial potentiometric sensor response  

to the presence of a single individual toxic metal 

concentrations in an aqueous solution 
 

Figure 3 illustrates the responses of the MPS 

electrodes to individual toxic metal ions. Although 

the magnitude of the response varied slightly, the 

shape of the response curves for each electrode 

was similar for an individual toxic metal. The 

magnitude of the two Ag response curves for dif-

ferent concentrations was consistent with the 

trends observed for the injections of aqueous solu-
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tions containing mixtures of toxic metal ions. All 

MPS electrodes produced higher signals as the sil-

ver concentration increased. 

The nickel injection indicated the MPS 3 

signal did not fully recover to its original baseline 

value, this observation is probably due to the sig-

nificant toxic effect created by the high nickel con-

centration. Nonetheless, this baseline did not affect 

the performance or sensitivity of the MPS 3 elec-

trode for the inhibition portion of the signal, which 

was evident in the response curves of the metals 

following the nickel injection. It could be postulat-

ed that MPS 3 would have returned to a normal 

baseline if sufficient recovery time was allowed; 

however, this aspect of the experiment was beyond 

the exploration scope of this study.  

From Figure 3, it can be observed that the 

MPS exhibited highest sensitivity to selenium and 

lowest sensitivity to zinc. When the molar concen-

tration normalizes the inhibition portion of the sig-

nal area, the following sensitivity order could be 

proposed: Se > Cd > Pb > Ag > Ni > Zn. Although 

this sensitivity order must be confirmed by com-

paring the responses for the same molar concentra-

tions, the sole fact that the sensors could differenti-

ate toxic metals is beyond the expectations of this 

study. Furthermore, the ability of this technology 

to detect concentrations of < 1 μmol/l (i.e., < 10 

μg/l) for some toxic metals surpasses any assump-

tions inferred in the hypothesis of this study.  

 

 

 

 
 

 

 
 

 

  
 

Fig. 3. Responses of the MPS electrodes to 10 ml pulse injection of individual toxic metal ions.  

Two pulse injections of 10 ml and 20 ml for Ag were performed. 
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4. CONCLUSIONS 

 

The goal of this study was to demonstrate 

the underlying principle that MPS technology 

could be used for real-time monitoring and detect-

ing rapid changes in toxic metal concentration in 

aquatic environments. This study represents a first 

of its kind and opens new avenues for developing 

heavy metal monitoring strategies.  

During the investigation, the original hy-

pothesis was validated, however, the study also 

revealed other unique capabilities of this sensor 

technology. The experiments indicated that the 

MPS was sufficiently sensitive to not only detect, 

but also quantify, toxic metal ion concentrations in 

aqueous solutions. The coefficients of determina-

tion, which were R2 > 0.995, and responsiveness of 

< 1 μmol/l for some toxic metal cations, strongly 

support the performance of MPS technology, rank-

ing it in the echelons of expensive analytical tools 

capable detecting and measuring trace elements. 

The drawback, however, of traditional analytical 

tools compared to the MPS is that they are signifi-

cantly more expensive, cost more to manage, and 

cannot be operated in a continuous, real-time, and 

long-term monitoring mode. Following the maxim, 

"if it cannot be monitored, it cannot be enforced", 

the MPS technology enables real-time monitoring 

of toxic metal pollution in aquatic environments. 

Results from MPS provide valuable information 

for enforcement agents, environmental profession-

als, and wastewater treatment operators, so toxic 

metal pollution and its detrimental impacts can be 

prevented and mitigated. The low cost of MPS 

technology could significantly reduce the expenses 

associated with environmental remediation and 

treatment if an environment is contaminated. When 

coupled with artificial intelligence technology and 

other data, MPS technology may offer a unique 

opportunity to become the tool for complete moni-

toring of toxic pollution in aquatic environments.  

In context of understanding the mechanistic 

details driving the performance of this technology, 

further research would need to be conducted. Elu-

cidating how specific toxic metals affect the 

changes in the open-circuit potential could advance 

the understanding of this technology and help op-

timize its sensitivity. However, these research 

questions are beyond the scope of this study and 

represent a foundation for future quests. 
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