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ABSTRACT 

Despite the wide variety of effective disinfection and wastewater treatment techniques for removing organic and 
inorganic wastes, pollutants such as nitrogen remain in wastewater effluents. If left untreated, these nitrogenous wastes 
can adversely impact the environment by promoting the overgrowth of aquatic plants, depleting dissolved oxygen, and 
causing eutrophication. Although nitrification/denitrification processes are employed during advanced wastewater 
treatment, effective and efficient operation of these facilities require information of the pH, dissolved oxygen content, 
among many other parameters, of the wastewater effluent. In this preliminary study, a biocompatible CNT-based 
nanocomposite is proposed and validated for monitoring the biological metabolic activity of nitrifying bacteria in 
wastewater effluent environments (i.e., to monitor the nitrification process). Using carbon nanotubes and a pH-sensitive 
conductive polymer (i.e., poly(aniline) emeraldine base), a layer-by-layer fabrication technique is employed to fabricate 
a novel thin film pH sensor that changes its electrical properties in response to variations in ambient pH environments. 
Laboratory studies are conducted to evaluate the proposed nanocomposite’s biocompatibility with wastewater effluent 
environments and its pH sensing performance.  

Keywords: Carbon nanotube, layer-by-layer, nanocomposite, nitrification, pH sensor, poly(aniline), wastewater 
treatment 
 

1. INTRODUCTION 
Effective treatment (i.e., the removal of organic and inorganic wastes) of municipal and industrial wastewater is crucial 
for environmental sustainability and socioeconomic prosperity. To date, one of the most widely adopted biological 
wastewater treatment techniques is the activated sludge process. Microorganisms are mixed with influent wastewater and 
aerated to facilitate the accelerated biological conversion of organic wastes by aggregates of active biomass1. In 
combination with disinfection processes (e.g., chlorine gas, ozone, or ultraviolet light), this process eliminates 
approximately 85% of the wastewater’s oxidizable material (i.e., biochemical oxygen demand (BOD)), suspended solids, 
and pathogens1. Depending upon the design of the treatment system, other pollutants, such as nitrogen and phosphorous, 
may remain in the treated wastewater effluent.  

Among the aforementioned pollutants, nitrogenous (or nitrogen-containing) wastes are significant pollutants, especially 
in watersheds that ultimately discharge to estuaries or salt water (true of most large cities in the world). Specifically, the 
discharge of ammonia (NH3) (or ammonium (NH4

+)) can be toxic to fish, promote over abundant growth of algae and 
aquatic plants, deplete the dissolved oxygen (DO) in receiving waters, and eventually lead to eutrophication2, 3. Thus, in 
addition to using the activated sludge process for the removal of organic carbon, advanced wastewater treatment (AWT) 
techniques such as nitrification/denitrification are employed for the biological removal of nitrogenous waste1. In short, 
nitrification utilizes autotrophic bacteria to oxidize ammonia present in wastewater into nitrite (NO2

-) and then to nitrate 
(NO3

-) (Fig. 1). However, it should be noted that nitrite and nitrate are also environmental pollutants, and denitrification 
processes are employed to convert nitrate into gaseous nitrogen4. 
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The ammonia oxidation step in nitrification is often the rate-limiting step during the nitrification/denitrification process5. 
Therefore, maintaining a healthy ammonia-oxidizing culture is important to the overall health of the treatment process6. 
Also, efficient and effective operation of the nitrification process (i.e., especially in industrial wastewater treatment or in 
the treatment of special recycle-streams such as anaerobic digester supernatant) requires the precise control of 
environmental conditions (e.g., alkalinity, pH, temperature, chemical inhibitors, among others)7. Nitrification is sensitive 
to pH, where the optimal range is when pH is between 7.5 and 8; however, pH environments as low as 7.0 are 
acceptable.  Inhibition of biological activity will likely occur when pH falls below 6.88. Due to the nitrification process 
sensitivity to pH, it would be ideal to monitor the various nitrogen species detected in wastewater treatment plants in 
real-time to ensure proper process performance. Although a wide variety of sensors exist that can monitor these species, 
the cost of implementing these technologies can be prohibitive for many treatment plants9. Alternatively, since 
nitrification is extremely sensitive to pH, many researchers such as Pirsing, et al.10 have proposed online pH sensors for 
monitoring and controlling nitrification. Thus, when a decrease in pH is observed, the wastewater’s alkalinity can be 
quickly readjusted to protect against a dramatic pH shift3. 

In this study, a high-performance nanocomposite sensor platform is proposed for monitoring bacterial responses in 
aqueous (i.e., water and wastewater) environments. The first step in realizing the proposed biosensor is to encode 
mechanisms within the nanocomposite architecture that would induce changes in bulk electrical properties in tandem 
with biological responses such as pH. Upon ensuring that the nanocomposite does not impose any toxicity to the 
bacteria, future studies will build sophistication upon this sensor platform for detecting stress responses that go beyond a 
simple pH change. Nevertheless, in order to seamlessly integrate sensor requirements such as high sensitivity and 
biocompatibility, materials and fabrication techniques from the nanotechnology domain are combined with a “bottom-
up” assembly methodology for fabrication of the sensor platform. Nanomaterials such as single-walled carbon nanotubes 
(SWNT) and various biocompatible polyelectrolyte species are manipulated at the molecular level and self-assembled 
using a layer-by-layer (LbL) technique to fabricate a nanocomposite sensor at the macro-scale. In this preliminary study, 
an electrochemical transduction mechanism (i.e., pH sensitivity) is encoded within the carbon nanotube-based 
nanocomposite. Biocompatibility is demonstrated by exposing these thin films to an enriched nitrifying culture within a 
biomass/wastewater environment while monitoring the response of the biological species. In addition, laboratory-based 
validation studies are also conducted to demonstrate the potential for using these SWNT-based thin films for monitoring 
pH during wastewater treatment nitrification processes.  

2. NITRIFICATION BACKGROUND 
Nitrification is a two-step process that ultimately results in the complete oxidation of ammonia. The process includes 
ammonia oxidizing bacteria (AOBs), which convert ammonia to nitrite (Eq. 1), and nitrite oxidizing bacteria (NOBs), 
which convert nitrite to nitrate (Eq. 2)7 . The stoichiometric equations are given below: 

 OHHNOONH 2224 24232 ++→+ +−+  (1) 

 −− →+ 322 22 NOONO  (2) 

By combining Eqs. 1 and 2, the total two-step oxidation process is shown in Fig. 1 and is summarized in Eq. 3: 

 
Fig. 1. A schematic illustrating the biological nitrification process using autotrophic bacteria to oxidize ammonium to 

nitrite and then to nitrate. 
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 +−+ ++↔+ HOHNOONH 22 2324  (3) 

Although Eqs. 1 to 3 show that AOB and NOB are capable of oxidizing ammonium and nitrite, respectively, two critical 
issues are identified during nitrification, namely (1) the consumption of dissolved oxygen in wastewater and (2) the 
production of hydrogen ions (H+). First, it can be observed from the reactants shown in Eqs. 1 to 3 that oxygen (in the 
form of DO) is a crucial requirement for oxidation to occur. Typically, a minimum dissolved oxygen concentration 
ranging from 0.5 to 2.0 mg-L-1 is required to sustain nitrification1, and the nitrification rate decreases significantly when 
the DO concentration falls below this range (i.e., below 0.5 mg-L-1)3. To sustain nitrification, aeration must usually be 
provided to achieve desirable DO ranges. Second, the oxidation of ammonium to nitrite produces hydrogen ions (Eq. 1) 
and increases the acidity (i.e., lowers the pH) of the wastewater. As mentioned earlier, the pH must be strictly 
maintained between 7.0 to 7.2 to ensure adequate nitrification rates, and higher acidity significantly impedes the 
nitrifying bacteria’s ability to oxidize ammonium and nitrite ions3. Thus, upon the detection of pH variations, chemical 
compounds such as lime, soda ash, and sodium bicarbonate can be added to wastewater for maintaining a desirable 
alkalinity. 

3. EXPERIMENTAL DETAILS 
3.1 Layer-by-Layer Nanocomposite Fabrication 

The proposed carbon nanotube-polyelectrolyte multilayer thin film is fabricated via a layer-by-layer method which 
entails dipping a clean, charged microscopic glass slide into oppositely-charged solutions11, 12. Electrostatic and van der 
Waals force interactions drive the adsorption of polyelectrolyte and nanomaterials onto the charged substrate to deposit a 
homogeneous nanocomposite that exhibits no phase segregation13. The first monolayer is attained by dipping the glass 
substrate into a polycationic solution (i.e., a 1.0 mg-ml-1 poly(aniline) emeraldine base (PANI) solution dissolved in 10 
vol. % N,N-dimethyl formamide) for 5 minutes. Upon deposition of the positively charged polyelectrolyte onto the 
substrate, the glass slide is rinsed with 18 MΩ deionized Milli-Q water for a total of 3 minutes and subsequently dried 
for 12 min. Deposition of the second monolayer continues by dipping the slide and its adsorbed polycationic monolayer 
into a negatively charged SWNT dispersion for 5 minutes. Similar to the procedure presented by Loh, et al.14, 15, steric 
stabilization is employed to disperse nanotubes in a 1.0 wt. % poly(sodium 4-styrene-sulfonate) (PSS, Mw ≈ 1,000,000) 
solution via bath ultrasonication treatment for 180 min and high-energy tip-sonication for another 60 min14, 15. The 
aforementioned procedure completes the fabrication of one bilayer of the nanocomposite; this process is repeated 100 
cycles to deposit a nanocomposite characterized by a percolated network of SWNTs within a PSS and PANI polymeric 
matrix (Fig. 2), herein referred to as (SWNT-PSS/PANI)100.  

3.2 pH Sensor Electrode Preparation 

Upon layer-by-layer deposition of the (SWNT-PSS/PANI)100 thin film, mechanical cutting is employed to cut the film 
and its glass substrate into 20 x 7 mm2 rectangular specimens (Fig. 3). A two-point probe electrode configuration is 
attained by attaching conductive copper tape (Ted Pella) to the two ends of the rectangular nanocomposite specimens. 
Here, a two-point probe technique is employed for its simplicity and ease of preparation; in previous studies, it has 
already been demonstrated that contact impedance does not significantly affect sensor readout, and electrical resistivity 
measurements are comparable using either a two- or four-point probe technique13, 14. Nevertheless, contact impedance is 
minimized by drying conductive silver colloidal paste (Ted Pella) between the copper tape electrodes and the (SWNT-
PSS/PANI)100 thin film surface. Single-strand wires are also connected to each of the copper tape electrodes to facilitate 
electrical resistivity measurements. Finally, since the proposed nanocomposites will be exposed to aqueous 
environments, the electrodes (i.e., single-strand wire connections, copper tape, and silver paste) are covered with a thin 
layer of epoxy for waterproofing (Fig. 3).   

3.3 Enriched Nitrifying Culture and Preparation 

Biomass has been obtained from a nitrifying wastewater treatment plant in Ann Arbor, Michigan and has been used to 
inoculate a 1.8 L chemostat. In order to grow an enriched nitrifying culture, the chemostat has been aerated and fed with 
5.0 mL of nutrient-rich media hourly (i.e., in order to achieve a hydraulic residence time of approximately 15 days). The 
nutrient-rich media is comprised of the following (in mg-L-1): 2NH4-SO4 (6,370); MgSO4 (100); CaCl2-2H2O (15); 
K2HPO4 (87); Na2MoO4-2H2O (0.085); MnSO4-H2O (0.15); CoCl2-6H2O (0.002); ZnCl2 (0.047); CuCl2 (139); and 
EDTA ferric sodium salt (C10H12FeN2NaO8-3H2O) (1.0)16. The pH of the media is maintained at approximately 7.0 with 
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the addition of sodium bicarbonate buffer using a benchtop pH controller (Cole-Parmer K05997-22). The enriched 
nitrifying culture has been grown for 28 days before it is extracted for experimental validation studies. 

For biological experiments presented in this study, biomass is harvested from the laboratory-scale chemostat and 
centrifuged at 4,991 xg for 4 min to form a biomass pellet using an Accuspin 400 Benchtop Centrifuge (Fisher 
Scientific). To reduce the buffering capacity of the solution (resulting from bicarbonate addition for pH control), the 
centrifuged supernatant is decanted and the biomass is re-suspended in ammonia-free media (i.e., the same recipe as 
described above, except without ammonia, 2NH4-SO4). This centrifugation, decanting, and re-suspension process is 
repeated once to minimize the presence of residual bicarbonate. Finally, the biomass is concentrated to approximately 
three times the chemostat biomass concentration in ammonia-free media for use as-is during experiment. 

3.4 pH Sensor Validation 

Validation of the LbL nanocomposite’s ability to directly monitor the pH activity of nitrifying bacteria is performed by 
first mechanically cutting the as-fabricated thin films into small (15 x 7 mm2) specimens. Similar to Section 3.2 and Loh, 
et al.14, a two-point probe technique is employed by affixing copper tape and silver paste electrodes onto both ends of the 
thin film specimen. In order to selectively expose the nanocomposite to a range of pH buffer solutions, a small plastic 
well is affixed onto the surface of the thin film using high-vacuum grease (Dow Corning) (Fig. 4). Buffer solutions of 
pH 1 to 11 is sequentially pipetted into the plastic well while an Agilent 34401A digital multimeter samples the 
resistance of the nanocomposite at a sample rate of 1 Hz.  

3.5 Nitrifying Bacteria Biological Control Study 

In order to characterize the biological response of nitrifying bacteria when exposed to ammonium, an ammonia-free 
solution containing the biomass and a separate nutrient-rich media have been prepared for experimental validation. Here, 
nutrient-rich media was added to the biomass to achieve a final concentration of 200 mg-NH4

+-N-L-1 in a small beaker. 
Immediately upon mixing, an Accumet AB15 pH meter (Fisher Scientific) is employed to measure the solution’s pH 
over time. It should be noted that a reference thermocouple connected to the pH meter is also employed to measure the 
biomass-nutrient-ammonia solution’s temperature for enhancing the accuracy of pH measurements. Since the solutions 
have been prepared under neutral pH environments, it is anticipated that the initial pH is approximately 7. The validation 
study is complete when the rate of nitrification changed significantly, typically signified by the substantial drop of pH 
(i.e., to pH ≈ 6) or when the rate of pH change decreases dramatically.  

3.6 Experimental Validation: Nitrification Monitoring Using Thin Film pH Sensors 

The objective of this study is to experimentally validate the nanocomposite’s biocompatibility and ability to monitor the 
biological response of the nitrifying bacteria in aqueous environments. First, a thin film specimen instrumented with 
two-point probe electrodes (as described in Section 3.2) is immersed in a 170 mL solution containing only the biomass 

  
Fig. 2. A schematic illustrating the layer-by-layer 

nanocomposite fabrication technique to deposit a 
dense percolated network of dispersed SWNTs 
within a PSS and PANI polymeric matrix. 

Fig. 3. A (SWNT-PSS/PANI)100 thin film (deposited 
on glass) specimen is instrumented with two-
point probe electrodes and is waterproofed at 
electrode regions using epoxy. 

 

Proc. of SPIE Vol. 7295  72951T-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 09/27/2014 Terms of Use: http://spiedl.org/terms



Aerato

Biomass-media-
feed solution

-ThermocoupIe
pH Probe

Multimeter
electrodes

Nanocomposite
pH sensor

I
Copper electrodes

Plastic Well

(SWNT-PSS/PANI)
Nanocomposite

 

 

and nutrient-rich media (Section 3.3). Upon immediate immersion of the nanocomposite in the solution, an Agilent 
34401A digital multimeter is employed to sample the resistance of the thin film at a sample rate of 1 Hz (Fig. 5). Since it 
has been shown by Loh, et al.13 that LbL-based carbon nanotube composites exhibit changes in its nominal resistance 
over time, it is important to characterize the baseline resistance behavior of the proposed sensor in the aforementioned 
biological environment. Similar to Section 3.5, the solution’s pH is measured simultaneously to verify the 
biocompatibility of the nanocomposite with the biomass-media solution; the pH of the solution is expected to remain 
fairly constant during this validation study if the SWNT-based thin film does not react with biological species in the 
solution.  

After approximately 60 min of simultaneous thin film electrical resistance measurements and pH monitoring, 30 mL of 
as-prepared 2NH4-SO4 feed (Section 3.3) is added to the 170 mL of biomass in ammonia-free media solution (i.e., the 
total volume of the biomass-nutrient-ammonia solution is 200 mL). Under the presence of ammonia, it is expected that 
nitrification will take place and the pH of the solution will decrease over time. In addition, an aerator is also employed to 
provide a sufficient DO concentration throughout experimental testing (Fig. 5); maintaining a sufficient DO 
concentration ensures that nitrification is not rate-limited by the lack of oxygen in solution. Similar to Section 3.5, 
resistance and pH measurements are sampled until the solution pH has dropped significantly. Towards the end of the 
test, 4 mL of stock sodium azide solution is pipetted into the entire mixture to attain a 20 mM final concentration to 
cease all the metabolic activity of the nitrifying bacteria17, while the nanocomposite’s resistance and solution pH are 
continuously monitored (Section 3.5). 

4. EXPERIMENTAL RESULTS AND DISCUSSION 
4.1 pH Buffer Solution Sensing Validation 

Following the procedure outlined in Section 3.4, various buffer solutions ranging from pH 1 to 11 are sequentially 
pipetted into the well while the Agilent 34401A digital multimeter samples the nanocomposite’s resistance. From Fig. 6, 
it can be observed that the (SWNT-PSS/PANI)100 thin film exhibits sensitivity towards different pH buffer solutions, 
where the nanocomposite’s resistance increases in tandem with increasing pH buffer solutions. The observed change in 
thin film resistance due to pH is primarily due to variations in the degree of protonization of the nitrogen atoms of the 
poly(aniline) emeraldine base’s –imine groups18. In addition, incorporation of nanotubes within the polymeric matrix 
increases the nanocomposite’s bulk electrical conductivity and enhances its pH sensitivity13. In addition to the dramatic 
resistance changes observed as a function of applied pH buffer solutions, the proposed sensor also exhibits excellent 
repeatability. After the addition of a pH 11 buffer solution, the solution is pipetted out and is replaced by a pH 1 buffer 
solution; from Fig. 6, it can be seen that the nanocomposite responds immediately to the sudden change in solution 
alkalinity, and the nanocomposite’s resistance decreases immediately to return to its initial nominal resistance. The 
repeatability observed suggests that this proposed sensor holds promise for use in long-term monitoring applications 
where the thin film encounters repeated acidic/alkaline cycles.  

  
Fig. 4. A picture of the (SWNT-PSS/PANI)100 thin film instrumented with 

a two-point probe electrical resistance measurement setup and a 
plastic well to monitor changes in pipetted pH buffer solutions. 

Fig. 5. Experimental setup to 
validate the sensing 
performance of the thin film as 
a sensor to measure the pH 
activity of nitrifying bacteria. 
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Although the proposed (SWNT-PSS/PANI)100 nanocomposite’s pH sensing range has already been validated to be from 
pH 1 to 11 and from pH 1 to 13 by Loh, et al.13, most biological environments do not encounter extremely acidic (i.e,, 
pH < 4) and alkaline (i.e., pH > 10) environments; thus, the primary pH range of interest is between pH 4 to 10. By 
plotting the normalized change in thin film resistance as a function of applied pH buffer solutions, it can be seen from 
Fig. 7 that the thin film’s pH sensing performance is characterized by a high degree of linearity. These experimental 
results suggests that the thin film’s resistance can be easily correlated to the ambient pH using linear calibration curves 
similar to the linear least-squares best-fit line shown in Fig. 7. 

4.2 Inherent Metabolic Response of Nitrifying Bacteria 

Although the objective is to utilize nanocomposite thin films to monitor the nitrification process and biological activity 
of nitrifying bacteria in wastewater effluents, it is important to characterize the inherent metabolic activity of the 
biomass culture used in this study. Using the experimental procedure described in Section 3.5, a 28.75 mL biomass, 
nutrient media, and ammonia feed solution is prepared. Fig. 8 plots the experimental pH measurements of the solution 
over a period of 270 min (measured using the traditional pH meter). First, it can be observed that the initial pH of the 
feed is in fact approximately 7. Then, within the first minute, the nitrifying bacteria respond immediately to the addition 
of ammonia feed as indicated by the rapid drop in pH. As mentioned in Section 2 and Eq. 3, the two-step nitrification 
process that converts ammonium ions to nitrate results in the production of hydrogen ions, thereby lowering the pH of 
the ambient environment. According to Tchobanoglous, et al.3, the increased acidity of the solution impedes the 
biological nitrification process, thereby decreasing the rate of nitrification consistent with the experimental results shown 
in Fig. 8. Thus, the results presented in this control study successfully shows that the as-prepared biomass-nutrient-
ammonia solution can activate the nitrification process and is suitable for experimental validation of the proposed 
nanocomposite pH sensor. 

4.3 Monitoring the pH Activity of Nitrifying Bacteria 

It has been observed in previous studies that the nominal resistance of carbon nanotube-based nanocomposites exhibit 
changes in its nominal resistance over time14. Recent experimental studies suggest that the long-term (i.e., several hours) 
injection of electrical current (for measuring thin film resistance) induces reversible physical and chemical changes at 
nanotube-to-nanotube junctions and causes resistive heating that all contribute to the film’s nominal resistance drift13, 14. 
Although the aforementioned studies have identified simple numerical exponential decay models for describing the 
resistance drift, these studies have been conducted in dry environments. Thus, it is of interest in this study to characterize 
the baseline nominal resistance drift of the proposed (SWNT-PSS/PANI)100 film when subjected to biomass-nutrient 
(i.e., wet) environments. Following the procedure outlined in Section 3.6, the nanocomposite pH sensor is immersed in a 
biomass-nutrient environment (without ammonia), while the resistance of the film is measured for a period of 60 min. It 
can be observed from Fig. 9 that the thin film exhibits a nominal resistance drift, where the resistance-time relationship 
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Fig. 6. The time history resistance plot of a (SWNT-

PSS/PANI)100 thin film subjected to pH buffer 
solutions ranging from pH 1 to 11. 

Fig. 7. The normalized resistance-pH plot (for pH 
from 4 to 10) corresponding to Fig. 6 showing 
that the thin film resistance increases in tandem 
with increasing pH. 
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is approximately linear over short periods.  Longer measurement times of a few hours would reveal a plateau in the 
resistance variation. A least-squares line is fitted with the experimental data, and the slope of this best-fit curve (Fig. 9) 
can be used to numerically eliminate the nominal resistance drift for later studies conducted using this same film. 
Despite the nominal resistance drift, the pH of the biomass-nutrient solution has remained fairly constant throughout the 
duration of this experiment (varying between pH 7.18 to 7.20). The fact that the pH remained constant suggests that the 
proposed nanocomposite is biocompatible and does not adversely affect the bacterial and biological environment. 

Upon conclusion of nominal resistance characterization of the nanocomposite specimen in a biomass-nutrient solution, 
2NH4-SO4 solution is added to activate the nitrification process (as described in Section 3.6). Fig. 10 shows the drift-
removed resistance time history of the (SWNT-PSS/PANI)100 thin film during nitrification. As expected, and based on 
results obtained in Section 4.2, a direct relationship between nanocomposite resistance and ambient pH exists. Here, as 
the biomass-nutrient-ammonia solution’s pH decreases due to nitrification (Section 2), the corrected thin film resistance 
also decreases (Fig. 10). It should be mentioned that the biomass-nutrient-ammonia solution is constantly mixed using an 
aerator to ensure even mixing of the dissolved biomass and hydrogen ions produced during nitrification, and to provide 
more accurate pH measurements of the entire solution.  

Fig. 11 plots the resistance of the pH sensor as a function of the experimentally measured biomass-nutrient-ammonia 
solution’s pH. It can be seen that a near-linear relationship (as observed from the two linear least-squares best fit lines 
shown in Fig. 11) also exists and is consistent with the results presented in Section 4.1 of this paper. Here, the two 
clusters of data exist because no pH measurements were taken during a 3,000 s time period during the middle of the 
experimental study; during this break in pH sampling, mixing of the biomass-nutrient-ammonia solution is paused to 
purposely reduce the rate of nitrification. As expected and as seen from Fig. 11, a sudden jump in resistance occurs due 
to the lack of mixing of the biomass-nutrient-ammonia solution. However, the accurate numerical fitting and the 
similarity in slopes of the two linear least-squares best-fit lines shown in Fig. 11 suggest that the proposed pH sensor can 
accurately monitor the rate of nitrification. By averaging the two slopes of the best-fit lines, the pH sensitivity can also 
be determined and is found to be 1.01 kΩ-pH-1. In total, Figs. 10 and 11 successfully demonstrate that the proposed 
nanocomposite is suitable for monitoring pH changes in biological environments. 

To further validate the performance of the nanocomposite pH sensor, sodium azide is added to the biomass-nutrient-
ammonia solution to cease all metabolic activity of the nitrifying bacteria (Section 3.6). From Fig. 12, it can be seen that 
the addition of azide in fact does stabilize the pH of the biomass-nutrient-ammonia solution (i.e., the pH remains from 
6.84 to 6.92); similarly, the (SWNT-PSS/PANI)100 thin film resistance also remains fairly constant. Upon plotting the 
nanocomposite’s resistance as a function of pH, it can be seen that the thin film’s electrical response remains linearly 
related to pH (Fig. 13). However, from the least-squares best-fit line shown in Fig. 13, a slight negative relationship 
between nanocomposite resistance and solution pH is observed. Although this result is inconsistent with experimental 
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Fig. 8. The pH time history of the as-prepared 

biomass, nutrient media, and ammonia feed 
solution undergoing nitrification. 

Fig. 9. The inherent nominal resistance drift of 
(SWNT-PSS/PANI)100 thin films when subjected 
to aqueous environments. 
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data presented thus far, the negative resistance-pH relationship may be due to an overestimation of the thin film’s 
nominal resistance drift. It should be noted that previous results have found that the nanocomposite’s nominal resistance 
drift exhibits an exponential relationship and stabilizes after a period of approximately 6 hrs14, 15. Although a linear 
relationship is assumed for this study, this numerical model is only valid for short resistance measurement time periods 
since only 1 hr of data is obtained in this study. It is impossible to extrapolate and conclude that the relationship between 
nominal resistance and time will maintain its linear property over longer periods of time. Since these series of 
experiments presented in this section are conducted sequentially and continuously, it is hypothesized that the initial 
assumed linear best-fit no longer applies and overestimates the actual nominal resistance drift. In fact, it is expected that 
the nominal resistance drift during this test may have been increasing at a slower rate or have already stabilized. 

5. CONCLUSIONS 
In this study, a carbon nanotube-based thin film pH sensor is proposed for monitoring the biological activity of nitrifying 
bacteria during the treatment of an ammonia-rich synthetic wastewater. Electrochemical (i.e., pH) sensing is encoded 
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Fig. 10. The thin film’s resistance time history 

response when monitoring the metabolic pH 
activity of nitrifying bacteria during nitrification. 

Fig. 11. The linearity plot of the nanocomposite pH 
sensor corresponding to Fig. 10. 
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Fig. 12. The thin film’s resistance time history 

response after sodium azide is added to the 
biomass-nutrient-ammonia solution. 

Fig. 13. The linearity plot of the nanocomposite pH 
sensor corresponding to Fig. 12. 
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within the nanocomposite architecture by utilizing a layer-by-layer self-assembly process to deposit individually 
suspended SWNTs and polyelectrolyte such as PANI and PSS. Here, poly(aniline) emeraldine base is a conductive 
polymer that changes its electrical resistance to ambient pH variations via protonization and deprotonization mechanisms 
due to its –imine molecular chains. The addition of SWNTs enhances the bulk conductivity of the nanocomposite and 
can enhance the overall pH sensitivity of the proposed pH sensor. 

Verification of biocompatibility and validation of monitoring the metabolic response of nitrifying bacteria are performed 
through numerous laboratory tests. First, the proposed nanocomposite pH sensor is subjected to a wide range of pH 
buffer solutions (from pH 1 to 11), while the thin film’s resistance is simultaneously measured using a digital 
multimeter. Time history resistance measurements of the nanocomposite and its corresponding linearity plot show 
excellent linear performance in acidic and alkaline environments. Upon validation of sensor performance, the sensor is 
exposed to ammonia-rich wastewater; experimental results via direct pH monitoring of the nitrifying bacteria’s activity 
in the nutrient rich environment suggest that the proposed (SWNT-PSS/PANI)100 thin films impose no toxicity on the 
bacteria. Then, simultaneous measurements of the synthetic wastewater’s pH (i.e., using a pH meter) and the 
nanocomposite’s change in resistance show excellent correlation. It has been found that the nanocomposite resistance 
decreases in tandem with decreasing pH of the biomass-nutrient-ammonia solution. Despite reducing the nitrification 
rate during the middle of the test, the proposed pH sensor exhibits excellent linearity and is characterized by a pH 
sensitivity of 1.01 kΩ-pH-1. In the near future, the proposed nanocomposite sensor platform will be enhanced with a 
more sophisticated sensor design to allow the detection of cellular stress responses that go beyond simple pH changes. 
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