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Abstract

:

A wastewater treatment plant (WWTP) frequently encounters fluctuation in ammonium concentration or flow rate (Q), which may affect the stability of ammonium oxidizing bacteria (AOB). In this study, two continuous stirred tank reactors (CSTRs) were operated for 588 days and ammonium concentration was varied at various steady-state conditions. There was no inhibition observed in CSTR operation and AOB acclimated once at a certain ammonium concentration. Cells at an acclimated steady-state concentration (200 mgTAN/L from R(A) and 1000 mgTAN/L from R(B)) were extracted to perform a batch test at operating conditions, and self-inhibition behavior was observed in the batch reaction. In CSTR operation, the environmental ammonium concentration was varied and the specific oxygen uptake rate (SOUR) value was estimated from daily profile data and compared with batch reaction. In the CSTR operation as a substitute for self-inhibition, the SOUR was shifted towards the maximum specific oxygen uptake rate (SOURmax) and no self-inhibition was observed. For further justification of the CSTR’s stability, several total ammonium nitrogen (TAN) concentrations (range from ~−106 to ~+2550 mgTAN/L) were directly added to interrupt the stability of the process. As a substitute for any effect on the SOUR, the CSTRs were recovered back to the original stable steady-state conditions without varying the operational conditions.
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1. Introduction


Ammonium oxidizing bacteria (AOB) is the most common species that relies on the ionic ammonium (AOB activate its ammonium transport mechanism) or free ammonia (passive diffusion), which depends on the choice and accessibility of the substrate [1,2,3]. ‘Inhibition’ is a degradation of a substrate that is slowed down by the substrate itself when environmental substrate concentration surpasses the maximum specific substrate utilization rate   (   q ^   )   [4]. However, [5] applied the critical substrate concentration to decide the stability of AOB. If substrate concentration changes from the critical substrate concentration rate then AOB slows down its substrate degradation rate (self-inhibition) [6]. Incidental variations in the environmental substrate concentration affects specific substrate utilization rate (q) and the reactor regains the previous steady-state conditions [5,7]. Due to the self-inhibition behavior of AOB, several researchers [7,8,9,10] operated reactors at steady-state conditions utilizing various control tactics (substrate feedback control and dissolved oxygen (DO) control [10].



The useful factor in self-inhibition is the concentration of inhibitory substrate (KI) [11]. A common type of inhibition for chlorinated solvents and aromatic hydrocarbons is self-inhibition, which is also called Andrews or Haldane kinetics. The kinetics and stochiometric parameters are controlled by the inhibitory substrate concentration [11]. However, many researchers believed the batch parameters are the deciding factors for reactor operate in stable or unstable operation [5,8,9,10,12]. It is a fact that self-inhibition behavior is common in cell culture but it may not be true in the continuous operation of a continuous stirred tank reactor (CSTR) because the stoichiometric parameters may not persist in the same way at different feed concentration and this might be the reason that the critical substrate concentration (Sc) may be altered with the change in influent and effluent concentration in the CSTR [11].



In previous studies [5,8,9,10] the stability of AOB was analyzed by obtaining the Sc value from batch reaction and environmental feed concentration was altered and compared with the Sc value; when the concentration of substrate exceeds the Sc then reactors were entered unstable conditions and some control strategies were used in continuous operation to control the reactor in stable conditions. By keeping the practical application in mind, the ammonium concentration does not persist in the same amount in a wastewater treatment plant (WWTP). In this study, the stability of the reactors was analyzed by comparing the specific oxygen uptake rate (SOUR) obtained from a batch reaction and SOUR estimated from a continuous operation and no control strategies were applied in a continuous operation. Once AOB acclimated at certain ammonium concentration there should be no inhibition by the alteration of environmental substrate concentrations. For investigating the effect of substrate shock and environmental ammonium concentration, the ammonium concentration in various steady-state phases and also feed concentration were altered to elevate the environmental ammonium concentration higher than the Sc value, and also the SOUR was estimated from the continuous operation (daily profile data) and compared with the batch curve.




2. Material and Methods


2.1. Ammonium Oxidizing Bacteria (AOB) Cell Culture and Mineral Medium


Two CSTRs were pursued in this steady state as in [5]. Reactor A (R(A)) was run at pH 8, while Reactor B (R(B)) at pH 7.2. The synthetic wastewater was prepared using the mineral medium [5,13,14] (Table 1). The concentration of mineral medium was different due to the different feed concentrations.




2.2. Stable and Long-Term Operation of Continuous Stirred Tank Reactor (CSTR)


Two CSTRs with 5-liter volume were operated for 588 days by limiting the DO value to achieve nitrification [14]. The DO concentration for R(A) was ~1 mg/L and R(B) was ~1.5 mg/L. Other parameters such as temperature and pH were kept constant throughout the process. R(A) was operated in 8 phases while R(B) in 4 phases and ammonium removal efficiency was different in each phase as shown in Table 1 and Table 2. In preliminary days, reactors were run as cells recycled and directly turned into the chemostat, and they were kept in stable conditions for a long time as depicted in Figure 1 and Figure 2.




2.3. Substrate Shock for Interruption of Stability


For verifying the stability of CSTRs in various phases, a certain concentration of ammonium was added and removed from CSTRs with the same operating conditions (shown in Table 3). The precise quantity of ammonium bicarbonate (NH4HCO3) (in powder form) was injected to see the inhibition of AOB at many substrate shock concentrations. The aeration and stirring of CSTRs were stopped for 15 min to remove the supernatant from the CSTRs and the same amount of non-ammonical water with the mineral medium was added to decrease the concentration of CSTR. In this way, the self-inhibition and stability of the reactor were investigated at decreased ammonium concentrations (Table 3).




2.4. Batch Experiment at the Adapted Ammonium Concentration


The stock solution of total ammonium nitrogen (TAN) and the mineral medium was ready, and cells were collected during phase 5 from R(A) and phase 2 from R(B), respectively. Cells were re-suspended in a 300 mL Biological Oxygen Demand (BOD) bottle with the self-stirring probe, and oxygen uptake rate (OUR) was measured within 30 s interval. The batch test was replicated in the same way to measure the initial TAN oxidation rate. The oxygen uptake rate was almost proportional to the TAN removal rate, of which the ratio taken from four sample measurements was ~3.9. This value was a little higher than the theoretical value (3.4), indicating that some experimental error had occurred [14]. DO consumption by endogenous respiration was also taking place, accounting for approximately 3% of the total.




2.5. MLSS Quantification


We took 50 mL of cell suspension from the steady-state operating reactor and filter in the glass microfiber filter. The weight of the filter was measured before the filtration and after drying out in the oven for 2 h at 120 °C. The difference in weight was measured in mg/L [15].




2.6. Sampling and Analysis


The TAN influent and effluent concentration, nitrate, and nitrite concentration were measured by the standard method [16]. The SOUR, free ammonia nitrogen (FAN), and free nitrous acid (FNA) concentration were assessed using the following Equations [4].
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MLSS data was determined from CSTR operation.


  SOUR = SARR .    Y   O 2     N    (  mgO 2  / mgMLSS - h )  



(6)








2.7. Kinetic Study


Many researchers have discussed the self-inhibition of cell growth [4,17,18,19,20]. In this study the Andrews model was used to fit in a batch reaction and the Monod model was fitted in CSTR’s operation (Figure 3 and Figure 4) and is discussed in the results and discussion section.


  SOUR =      SOUR    max    S   K s  + S +    S 2     K I       



(7)







Or


  q =   q ^    S   K s  + S +    S 2     K I       



(8)







In a continuously operated reactor if there is no inhibition then Equation (8) can be written as:


  q =   q ^    S   K s  + S    



(9)









3. Results and Discussion


3.1. AOB Response in a Batch Reaction


The mixed culture of AOB cells was extracted from the two CSTRs; the reactors were operated at ~200 mgTAN/L and ~1000 mgTAN/L of environmental concentration in steady-state. The SOURmax value was observed to be less than the operating environmental concentrations, i.e., ~0.6 (mgDO/h/mgMLSS) and ~0.2 (mgDO/h/mgMLSS) for R(B). The    q ^    value of R(B) was 33.3% of R(A) value, because of operational pH disparity between R(A) and R(B) (Figure 3). Ks values were very different from each other; at higher pH value Ks decreases and AOB performs more efficiently [5,6,21,22]; at pH 8 in the operated reactor the Ks value was 7.28 mgTAN/L and it was 165.4 mgTAN/L of pH 7.2 operating reactors. It is obvious that the AOB took up substrate faster at elevated pH [22]. As in other papers [6,22,23], inhibition (KI) was detected in the cells extracted from both reactors (Figure 3).




3.2. AOB Response in CSTR Operation


While the CSTR is in stable steady-state conditions, the environmental substrate concentration acts as an important element to control the reactor. To ensure the self-inhibition performance in continuous operation, we shifted the influent and effluent (mgTAN/L) concentration of the reactor (Table 2). R(A)-adapted concentration was 200 mgTAN/L and environmental concentration was changed 8 times (~20.5, 14.9, 54.7, 109, 202, 508, 1015 and 205 mgTAN/L) (Table 3, Figure 1) and concentration of R(B) was altered from 1000 mgTAN/L to several concentrations (~35, 1089, 2078 and 1005.8 mgTAN/L) (Table 2 and Figure 2). At elevated concentration as an alternative of self-inhibition, AOB change their steady-state from state A to state B; due to some experimental error the observed    q ^    was disturbed. Our experimental results show that AOB adapts at higher concentrations and the kinetics of AOB follow the Monod reaction in CSTR (Figure 4). In [24,25] the performance of SBR was reduced from 87.5% to 29.1%, and environmental TAN concentration has been boosted from 25 mgTAN/L to 200 mgTAN/L (TAN values were projected from graphs), even though the TAN concentration was altered by the elevation of the chemical oxygen demand (COD) value. But SBR was stable at around 20 days. Assuming that at 25 mgTAN/L environmental concentration Ks are equal to or less than 25 mgTAN/L and reactors are in operation, then q values always shifts to the    q ^    values. In [26] SBR was operated, the influent ammonium concentration was raised stepwise from 150 to 750 mgTAN/L and effluent concentration was raised from 1 to 170 mgTAN (values were estimated from graphs). In the first step, the environmental concentration of SBR was 1 mgTAN/L and it was retained for around 75 days. In the second step, the feed concentration in this study was enhanced by about 50% from the original concentration, but the SBR was in stable and steady-state operation. Also, the environmental concentration was increased up to 175 mgTAN/L in step 8, the MLSS concentration from day 56 to 150 was similar even though influent concentration and effluent concentrations were different, but ∆S was almost similar. If we consider the Ks values less than or equal to influent concentration, then reactors should inhibit the substrate utilization rate and affect the MLSS concentration, but instead of AOB inhibition the reactor adapted to a new steady state.




3.3. AOB Response to Substrate Shocks


The steady-state operation of CSTRs was perturbed by inserting the ammonium concertation immediately into the CSTRs (Table 3). On day 158 of the operation, 165 mgTAN/L of ammonium was combined in R(A) to disrupt the stability of CSTR without shifting HRT, SRT, temperature, pH, and influent TAN concentration (Figure 1). HRT of the reactor was 0.7716 days. On 158 days of operation, by inserting the extra ammonium concentration the reactor concentration was extended to 365 mgTAN/L. According to the batch-test results, q value should be less than    q ^    value and CSTRs have to enter into self-inhibition conditions (Figure 3), which previously has been stated [9,10,12,27]. As a substitute for AOB self-inhibition the CSTR recovered back to the original environmental conditions within the range of three days with no modification in any operating conditions (Figure 1). On day 169, the agitator and aeration of the CSTR were stopped for 15 min to settle the cells in the base of CSTR, then 2.5 L supernatant from the reactor was removed and 2.5 L volume of non-ammonical water was supplemented to reduce the environmental concentration up to 50% of the original concentration (Table 3). The aeration and stirring were re-started to look at the performance of AOB with a 50% lower concentration, as a substitute for modification of specific substrate utilization, and AOB attained the same substrate utilization position. Furthermore, on 189th day 460 mgTAN/L of TAN was inserted in the CSTR and the concentration was 2.5 times higher than the environmental concentration but AOB recovered back to its original position. The same results were acquired by [5].



On the 199th day, raid R(A) was transformed into batch feed operation. The HRT was shifted from 0.7716 days to 3.47 days and the ammonium loading rate (ALR) was controlled by adjusting the influent concentration. The influent concentration was shifted from 1000 mgTAN/L to 4500 mgTAN/L. However, in the feed batch control strategy, stability of the reactor has not existed, and the environmental concentration has risen from 200 mgTAN/L to 1050 mgTAN/L within 4 days of operation [9,10]. The outcomes indicate that the stable steady-state of CSTRs was disturbed in batch reaction because the environmental ammonium concentration was accumulated as a substitute of enters into the effluent. For the revival in steady-state operation, the reactor was converted into the same operating situation and this was regained within 10 days of operation.



On day 217 of operation, R(A) transformed into a chemostat state condition without modifying the ALR. The influent feed concentration was changed from 1000 to 4500 mgTAN/L. A few days later the reactors attained new steady-state conditions that were equivalent to the 1000 mgTAN/L and AOB was steady. On the day of 246 operation 500 mgTAN. On day 279 operation 1000 mgTAN/L and on day 409, 199 mgTAN/L was added and R(B) recovered back to its original steady state without intruding the operational parameters and also R(B) operated in 8 phases by shifting the influent and effluent concentrations and specific substrate utilization rate was calculated and compared with the batch reaction (Figure 3 and Figure 4)



On the other hand, R(B) operated at 1000 mgTAN/L environmental concentration; 50% (563 mgTAN/L) of that concentration was added on day 167 of the operation to interrupt the stability of the system, and as a substitute for AOB self-inhibition the reactor recovered back to its original position within 8 days of operation and reactor operational parameters were kept same as in the stable steady-state operation. On day 189 of stable operation 50% of environmental concentration was lowered and the reactor regained within 9 days the same stable concentration (Figure 2). On day 211, the influent flow of R(B) was shifted from 1.3 to 0.5 mL/min, influent feed concentration was altered from 3000 mgTAN/L to 5300 mgTAN/L, and ALR stayed constant. On day 217 the influent feed concentration was shifted from 5300 to 7500 mgTAN/L, and due to the change of influent feed CSTR attained new steady-state which was equal to 2000 mgTAN/L. On day 297, 2500 mgTAN/L of TAN was added, and the rector regained its original position (Figure 3); in this way TAN concentrations were added many times in both reactors which are represented in Table 3. However, [27] supports this part of our study. Reference [27] reported that the inhibition of biological reaction due to substrate shocks was fully reversible and performance indicators reverted to steady-state conditions soon after the end of shocks.




3.4. Assessment of Self-Inhibition in Batch and CSTR Operation


The values of the kinetic parameters (   q ^   , Ks, KI, and q) were assessed with a batch reaction at several initial TAN concentrations and the reactor’s environmental concentrations were 200 mgTAN/L and 1000 mgTAN/L. Previously, in [8,9,10,12,28,29] when the substrate surpasses the critical substrate concentration AOB inhibits the substrate uptake. But in this experimental research once the stable steady-state was attained then there was no substrate inhibition in continuous operation. The self-inhibition was seen in a batch reaction. In CSTR operation when the concentration surpasses Sc, the q value goes in the direction of a new environmental concentration, which is called steady-state B.




3.5. Influence of Free Nitrous Acid (FNA) Concentration on Yield Coefficient (Y)


For operation of the reactor in steady-state, the stoichiometric factors perform an important role in the batch process; the stoichiometric parameters stay the same. Yield coefficient (Y) was evaluated from daily profile data (when the CSTR was in chemostat mode operation), shown in Table 3. FNA concentration was estimated using Equation (2). FNA concentration in phase-2 was 279 mgFNA/L and Yobs was 0.169 in phase 3, the FNA concentration rose to 834 mgFNA/L and Yobs value was reduced to 0.162. In phases 4, 6, 7, and 8 ∆S was nearly similar in R(A) and FNA concentration was nearly similar throughout (967, 985, 993, and 984 mgFNA/L). Several researchers have reported that NOB is more sensitive to FNA or FA than AOB [25,30,31]. Phase 1 Yobs value was 4% greater than phase 3 and 13% greater than the other four phases. As in [32], the FNA-based sludge reduction does not change the performance of the nitrification process. In this study, the sludge was not treated with FNA but the sludge concentration was raised at higher FNA concentration because ∆S was higher in phases 4, 6, 7, and 8. For preventing this variation, we estimated Yobs value and it drops with rising FNA concentration from phases 2 and 3 to phases 4, 6, 7 and 8. The performance of the reactor was not altered in phases 4, 6, 7 and 8 at higher FNA. Moreover, the impact of FNA, TAN on true yield (Ytrue) coefficient the decay coefficient (b) and Ytrue should be determined experimentally in each phase. Even though in R(B), the ∆S was comparable in phases 3 and 4, Yobs was not altered and was similar in both phases (Table 2). The bacterial community was analyzed for the two CSTRs on day 275 of the operation. RA comprises 58% of AOB and RB comprises 49.2% of AOB. The 42% in RA and 50.8% in RB were heterotrophs, that were grown on the soluble microbial products (SMP) extracted from organisms and nitrifiers [11,33,34]. RA contains 15.2% higher AOB than RB, the reason may be that RB has lower SRT it may contain higher SMP. The second reason is RA has 30% higher Yobs (Table 2) and it should contain a higher percent of AOB.




3.6. Reserves of Ammonium, Self-Inhibition, Ammonium Shocks, and Stability


The intracellular ammonium concentration of Nitrosomonas europaea and a few other ammonia oxidizers in growth was very high, ~1 M (~14,000 mgTAN/L-cytoplasm) [34]. This concentration was much higher than commonly believed, and the intracellular ammonium concentrations in our sludges were also very high, nearly ~0.45 µM (~6300 mgTAN/L). If we count AOB only (as other organisms do not seem to accumulate such a large amount of ammonium), this basal concentration is comparable to that of [34], in which cells were likewise grown under a copious environment at 10 mM of ammonium chloride (NH4Cl). Recall that we mentioned in the introduction that AOB store much higher concentrations inside the cells (14,000 mgTAN/L) than the substrate inhibition concentration, and the inhibitor concentration should be higher than 14,000 mgTAN/L or less than 14,000 mgTAN/L because in both cases AOB inhibits or back diffusion of ammonium. In the view of substrate fluctuation in real application, the stability of PN-Anamamox was analyzed in a lab-scale internal-loop airlift bioparticles (ILAB) reactor, the substrate concentration shock has been elevated at 439.9 mgTAN/L, 489.49 mgTAN/L, 619.09 mgTAN/L, and 629 mgTAN/L, the study has demonstrated that shock was totally reversible and performance indicators returned to steady-state level soon after the end of the shocks. However, the author suggests that the concentration of shocks affects the performance of the reactors [27]. Reference [27] supported our findings from the substrate shocks point of view. In this study various shock concentrations were added in CSTR to test the AOB stability (Table 3), instead of any inhibition reactor recovering to its original steady-state (Figure 1 and Figure 2). Also, the environmental ammonium concentration was altered by altering the influent feed concentration; AOB was not inhibited once the maximum specific substrate utilization rate achieved only steady-state, and the value was shifted (Figure 4). However, the number of the cells or cell synthesis and decay coefficient may be affected in continuous operation [11] but the performance cannot be affected [30].





4. Conclusions


The stability of two continuous stirred tank reactors (CSTRs) was analyzed experimentally. Total ammonium nitrogen (TAN) concentrations were directly added (in powder form) in the course of the steady-state and stable operation for the disruption of the stability of the CSTRs; the CSTR stability was not interrupted and it recovered its previous steady-state concentration within a few days of operation. Environmental ammonium concentration was changed 8 times in R(A) and 4 times in R(B), and the operational conditions were the same during all phases. The specific oxygen uptake rate (SOUR) was estimated using daily profile data and the batch test was performed at an acclimated concentration (~200 mgTAN/L for R(A) and ~1000 mgTAN/L for R(B)). The self-inhibition model was fitted in batch test data and the Monod model was fitted in the SOUR estimated from daily profile data. It was observed that once AOB acclimated at any concentration then SOUR shifts towards the maximum specific oxygen uptake rate (SOURmax) in continuous operation. The self-inhibition model was fitted in the batch experiment and self-inhibition behavior was observed in the batch test because in the batch test the stoichiometric parameters remained constant. However, in continuous operation the stoichiometric parameters changed with the change of environmental substrate concentration.
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Abbreviations




	q = SOUR
	The specific oxygen uptake rate



	   q ^    = SOURmax
	The maximum specific oxygen uptake rate



	TANin = TANeff
	The influent and effluent concentration of total ammonium nitrogen (TAN)



	ARR
	Ammonium removal rate



	SARR
	The specific ammonium removal rate



	DO
	Dissolved oxygen



	Ks
	half-saturation coefficient



	KI
	Inhibition coefficient



	AOB
	Ammonium oxidizing bacteria



	NOB
	Nitrite oxidizing bacteria



	Sc
	Critical substrate concentration



	FA
	Free ammonia



	FNA
	Free nitrous acid



	HRT
	Hydraulic retention time



	SRT
	Sludge retention time



	S
	Substrate concentration



	Yobs
	Observed yield coefficient



	Q
	Flow rate



	TNN
	Total nitrite nitrogen



	WWTP
	Wastewater treatment plant



	R(A)
	Reactor A



	R(B)
	Reactor B



	CSTR
	Continuous stirred tank reactor



	MLSS
	Mixed liquor suspended solids



	SBR
	Sequencing batch reactor



	P1 to P8
	Phases



	mg/L
	milli grams/liter



	ILAB
	Internal-loop airlift bioparticles
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