
Biotech Studies 35, 2008923 

http://doi.org/10.38042/biotechstudies.2008923 

        Published by Field Crops Central Research Institute (FCCRI) Ankara, Turkey 
 

 
 

  
R E S E A R C H   P A P E R  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Assessing the resilience of anammox bacteria to low-
temperature stress in the presence of titanium dioxide 
nanoparticles  
 
Deniz Akgul  
 

Marmara University, Department of Environmental Engineering, Maltepe, 34854, Istanbul, Türkiye.  
 

Article History 
Received 14 April 2026 
Accepted 22 June 2026 
First Online 01 July 2026 
 

Corresponding Author 
Tel.: +902167773597 

E-mail: 
deniz.tufan@marmara.edu.tr 
 

Keywords 
Cold stress 

Nitrite removal 
Ammonium removal 

Sequencing batch reactor 
Inhibition 
 

Copyright 
This is an open-access article 
distributed under the terms of the 

Creative Commons Attribution 4.0 
International License (CC BY). 
 

Abstract 

The objective of this study was to investigate the long-term effects of titanium dioxide 

(TiO2) nanoparticles (NPs) on the anammox process under low-temperature stress. In 

this context, two identical anammox bioreactors were subjected to varying 

temperatures starting from 35 °C and gradually decreased to 15 °C. The enrichment 

and test periods were completed in 210 days. The addition of TiO2 NPs enhanced 
nitrogen removal efficiency at the optimal temperature of 35 °C, increasing 

ammonium and nitrite removal efficiencies from 95.8 ± 1.2% to 97.2 ± 1.0% and from 

94.2 ± 1.6% to 98.7 ± 0.5%, respectively. Moreover, TiO2 NPs addition significantly 

improved reactor performance under sub-optimal temperature conditions and 

provided stable operation at 25 °C with removal efficiencies of 86.5 ± 1.8% for 
ammonium and 92.3 ± 2.2% for nitrite. Since anammox systems are typically operated 

at temperatures around 30–35 °C to maintain high microbial activity, considerable 

heating energy is required in full-scale wastewater treatment plants. Therefore, the 

ability to sustain high treatment performance at lower temperatures provides a major 

operational advantage. As a result, the TiO2-modified anammox system reduced 
heating energy demand by 43.5% and demonstrated a cost-effective and sustainable 

strategy for improving nitrogen removal performance in wastewater treatment 
applications. 

 

Introduction 

Nitrogen, which is one of the major pollutants 

found in municipal and industrial wastewaters, is often 
removed using conventional nitrification and 
denitrification processes in biological wastewate r  
treatment plants. These processes are very effective at 

low nitrogen concentrations, however high nitrogen 
concentrations in water lead to elevated energy costs 
due to the increase of oxygen consumption in 

nitrification process. Moreover, these processes are 
inadequate in industrial wastewaters which are rich in 
nitrogen, and therefore efficient removal of nitrogen 
cannot be achieved. Due to these reasons, there is an 

ongoing search on alternative ways of nitrogen removal.  

Studies on environmental biotechnology have 
revealed that some new microbial species play an active 

role in the nitrogen cycle, which can be used for nitrogen 
removal from wastewater. An important one of those 
species, Anaerobic Ammonium Oxidation (Anammox), 
can remove nitrogen from aqueous solutions under 

anoxic conditions, which saves up to 60% of oxygen 
consumption compared to conventional methods. 
Anammox bacteria use nitrite nitrogen (NO2

− -N) as the 
electron acceptor and convert ammonium nitrogen 

(NH4
+-N) to nitrogen gas. Compared to the 

microorganisms used in conventional nitrification and 

How to cite: 

Akgül, D. (2026). Assessing the resilience of anammox bacteria to low-temperature stress in the presence of titanium dioxide 
nanoparticles. Biotech Studies. 35, 2008923. http://doi.org/10.38042/biotechstudies.2008923 
 

https://orcid.org/%200000-0002-8095-5645
mailto:deniz.tufan@marmara.edu.tr
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://doi.org/10.38042/biotechstudies.2008923


 
Biotech Studies 35, 2008923 
 

 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

denitrification processes, Anammox bacteria have a 
lower growth rate and therefore these systems produce 

less waste sludge (Jetten et al., 1998). Anammox is a 
sustainable process that decreases the amount of N2O 
emission in nitrogen removal, which has 273 times 

higher global warming potential than CO2 (An et al., 
2024), and it does not require organic carbon and 
oxygen. Moreover, their treatment performance at high 
nitrogen loads is better than conventional processes. 

Although there are several full-scale applications 
worldwide and pilot scale studies in Türkiye (Çelen-
Erdem, 2020), the response of anammox bacteria to 

toxic and inhibitory substances has not yet been fully 
revealed. Therefore, in recent years, numerous 
literature studies were conducted to investigate the 
effects of several physical and chemical factors on the 

performance of anammox process (Adams et al., 2025; 
Wang et al., 2026).  

As a result of slow growth rate of anammox 
species, they are sensitive to environmental conditions 

(metals, salts, temperature etc.). Studies in the 
literature have shown that anammox bacteria have the 
highest activity at a temperature of around 35 °C. 

However, the temperature of wastewater is mostly 
lower (10 - 20 °C) (He and Chan, 2018). This condition is 
a challenge for the anammox process. Thus, the nitrogen 
removal efficiency of anammox at lower temperatures 

and effects of different environmental conditions need 
to be examined in more detail.  

With the rapid commercialization and broad 
application of nanotechnology, metal oxide 

nanoparticles (NPs) have been widely applied in 
consumer and industrial products. As one of the most 
popular ones, titanium dioxide (TiO2) NPs are 

extensively used in catalysts, cosmetics, paints, 
sunscreens and plastics due to optical, catalytic and 
antibacterial properties (Mu et al., 2011). Therefore, 
TiO2 NPs are expected to reach elevated concentrations 

in domestic and industrial wastewater in the following 
years. However, the effects of these NPs on biological 
systems, specifically on anammox, have still not been 

clearly understood. 
In the current literature, the inhibition 

mechanisms of NPs were reported to vary depending on 
the type of microorganisms, type and concentration of 

inhibitive factors and environmental conditions. Sheng 
and Liu (2011) reported that, slow-growing bacteria and 
those that produce extracellular polymeric substances 
are more resistant to NPs. In another study, it was 

observed that NPs do not affect the growth of 
heterotrophs but significantly reduces the population of 
nitrification bacteria (Liang et al., 2010). Contrary to the 

studies reporting inhibitory effects of NPs on biological 
systems (Liang et al., 2010; Puay et al., 2015), there are 
recent studies on the use of TiO2 NPs in water and 
wastewater treatment processes (Awan et al., 2024; 

Fazaeli et al., 2024). 
In most of the current literature, the effects of 

environmental conditions and inhibitors were evaluated 

individually. However, recent studies have reported that 
synergistic and antagonistic effects may occur between 
these factors. For instance, a decrease in temperature 

was found to narrow down the optimal pH for efficient 
anammox performance which may highlight the 
importance of pH control under low temperature 
conditions (Tomaszewski et al., 2017). In another study 

focusing on combined effects of salinity and calcium ion 
concentration, it was found that the existence of 
calcium lowers down the inhibitive effect of salinity and 

increases the permeability of granular sludge (Xing et al., 
2015). 

The synergistic effects of inhibitors play a decisive 
role in the activity, community structure, and nitrogen 

removal efficiency of anammox bacteria. Therefore, 
environmental parameters and presence of inhibitors 
must be evaluated and optimized together prior to the 
wide application of anammox in industry. In this robust 

study, the effects of TiO2 NPs were analyzed at several 
temperature conditions in a long-term manner for the 
first time in the literature. It was aimed to understand 

the extent to which the presence of NPs affects the 
nitrogen removal efficiency of the process. 

Materials and Methods 

Experimental set-up and reactor operation 
This study was conducted in two main stages as 

biomass enrichment and continuous long-term 

exposure tests (Figure 1).  

 
Figure 1. Experimental Set-up of Anammox system. 

In order to cultivate the anammox culture to be used in 
both control and test reactors, an enrichment reactor 
was constructed using inoculum from an ongoing 
anammox reactor available in our laboratory for more 

than fifteen years. The reactor was designed as a 
sequencing batch reactor (SBR) with an active volume of 
1.8 L and fed with synthetic wastewater represented in 

Table 1, for 110 days. SBR operation was carried out in 
24-hour cycles; this cycle consisted of a 20-minute filling 
time, a 22.67-hour reaction time, a 40-minute settling 
time, and a 20-minute discharge time as described in 

Sari et al. (2022). The reactor was maintained in an 
incubator that provide a temperature of 35 ± 0.5 °C 
throughout the enrichment process. To ensure anoxic 
conditions and provide the necessary inorganic carbon 

source, a gas mixture containing 90% N₂ and 10% CO₂ 
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was introduced into the reactor. Additionally, the feed 
solution was purged with N₂ gas to remove dissolved 

oxygen before being introduced into the reactor. 1.04 
g/L NaHCO₃ was added to the feed solution to buffer the 
pH and provide inorganic carbon, and the feed pH was 

maintained at 8.1 ± 0.2 throughout the enrichment 
process. 

Table 1. Synthetic wastewater composition 

Content 
Quantities in Synthetic 

Wastewater 
NH4+-N and NO2-- N 1:1.15 ratio 

NaNO3 50 mg/L 

NaHCO3 1040 mg/L 
K2HPO4 174.2 mg/L 

CaCl2 73.5 mg/L 

MgCl2 102 mg/L 
Trace Element Solution 1 1 ml/L 

FeSO4 (5 g/L) 
 

Na2EDTA·2H2O (10 g/L) 
Trace Element Solution 2 1 ml/L 

H3BO4 (14 mg/L) 

 

NiCl2·6H2O (190 mg/L) 
CuSO4·5H2O (250 mg/L) 
MnCl2·4H2O (990 mg/L) 
CoCl2·6H2O (240 mg/L) 

ZnSO4·7H2O (430 mg/L) 
Na2EDTA·2H2O (100 mg/L) 

Once the enrichment reactor reached sufficient 

biomass concentration (Day 110), the reactor content 
was divided into two equal volumes to create a control 
and a test reactor. In both reactors, the hydraulic 

retention time (HRT) was set to 2 days and the sludge 
retention time (SRT) to 50 d, thus allowing for the 
evaluation of the effects of TiO2 addition on biological 
performance under comparable conditions. Both 

control and test reactors were kept in the same 
temperature and fed with the same synthetic 
wastewater however in order to understand the effect 
of TiO2 NPs in colder environments, TiO2 NPs were 

introduced into the test reactor. By keeping each 
temperature constant for a minimum of 15 days, the 
temperature was gradually reduced from 35 °C to 15 °C.  

TiO2 NPs stock solution 
NPs to be added to the test reactor was prepared 

as described by Mu et al. (2012). In order to prevent 
agglomeration of NPs in the stock solution, TiO2 NPs 

(<25 nm) (Sigma Aldrich, USA) were added to 0.1 mM 
sodium dodecylbenzene sulfonate (SDBS), which is a 
dispersing agent as previously published in the literature 

(Mu et al., 2012). The stock solution was prepared with 
a concentration of 1 g/L TiO2 NPs and sonicated for 1 h 
at 25 °C, 40 kHz and 250 W by Sonopuls Ultrasonic  
Homogenizer (Bandelin, Germany). In our previous 

works, it was found that SDBS does not have a significant 
effect on microbial growth at the concentration applied 
in this study (Sari et al., 2020). 

Analytical procedures  

pH, NH4
+-N and NO2

−-N concentrations were daily 
monitored to observe reactor stability and treatment 

performance. NH4
+-N and NO2

−-N were analyzed with 
colorimetric method according to Standard Methods 

(APHA, 1998). 

Statistical analysis 
The results were demonstrated as the mean ± 

standard deviation. Normal distribution was confirmed 
by Shapiro-Wilk method. The normally distributed data 
sets were analyzed with paired t-test and paired non-
parametric Wilcoxon signed-rank test was used where 

normal distribution was not observed considering P < 
0.05 as statistically significant. 

Results and Discussion 

Enrichment Stage 
The enrichment reactor was inoculated with a seed 

sludge obtained from an ongoing lab-scale anammox 

reactor. Following inoculation, it was fed with synthetic 
wastewater for 110 days to cultivate sufficient bacterial 
population to be used for the test studies. For the first 
28 days, the enrichment reactor was fed with synthetic 

wastewater containing 81 ± 17 and 87 ± 19 mg/L NO2
−-

N and NH4
+-N, respectively (Figure 2.a and Figure 2.b). 

During this period, fluctuations were observed in both 

nitrogen forms at the effluent because the biomass 
amount was not yet sufficient and the treatment 
performance was not at the desired level. Therefore, the 
inlet composition was balanced by adjusting the NO2

−-N 

and NH4
+-N concentrations to prevent accumulation of 

these substrates within the reactor. Although the 
stoichiometric NO2

−-N / NH4
+-N ratio of anammox 

bacteria was reported as 1.32 in the current literature 

(Strous et al., 1998), due to NO2
−-N accumulation in the 

reactor, the influent NO2
−-N / NH4

+-N ratio was kept 
lower than the desired value. 

After four weeks of operation with relatively lower 
substrate nitrogen concentrations, the NO2

−-N and 
NH4

+-N concentrations in the feed were increased up to 
233 ± 57 and 201 ± 18 mg/L, respectively. The reactor 

was enriched until the VSS concentration reached 3.4 
g/L. Within the last 30 days NO2

−-N and NH4
+-N removal 

efficiencies were calculated to be 98.2 ± 2.8 and 98.1 ± 

2.4%, respectively. 

Effects of temperature on Anammox process 
Following the enrichment period, the main reactor 

content was divided into two separate reactors and 

continued to be operated under the same conditions. 
Unlike the control reactor, 1 mg/L of TiO2 NPs were 
added to the test reactor daily. The reason for selecting 
a TiO2 NPs concentration of 1 mg/L in this study is to 

evaluate the concentration ranges currently reported in 
environmental samples together with their expected 
future increase. The literature reports that TiO2 

nanoparticle concentrations in wastewater treatment 
plants influent range from 70 to 670 µg/L (Nabi et al., 
2021) and 60.8 to 204.9 µg/L (Tong et al., 2015), in 
studies conducted in different regions of the world. 

Currently, TiO2 NPs are widely used in paints, cosmetics, 
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a) 

 

b) 

 

Figure 2. The performance of the enrichment reactor: a) NH4
+-N removal profile b) NO2

−-N removal profile. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

  

  

   

 

  

   

   

   

   

   

                         

 
  

 
 
  
  
  
  
  
 
  
  
 

 
 
 
  

  
 
 
  
 
  
  
  
 
  
 
 
  

          

                                  

 

  

  

  

  

   

 

  

   

   

   

   

   

                         

 
  

 
 
  
  
  
  
  
 
  
  
 

 
 
 
  

  
 
 
  
 
  
  
  
 
  
 
 
  

          

                                  

textiles, food, and various industrial applications, and 

consequently, their concentrations in wastewate r  
environments are expected to increase in the future. 
Therefore, the 1 mg/L concentration used in this study 

was chosen because it is close to realistic environmental 
values and also represents possible future exposure 
scenarios.  

Subsequently, the performance of both reactors 

was monitored based on NH4
+-N and NO2

−-N removal 
efficiency (Figure 3.a and 3.b). Tests were initiated at 
35°C, which is the optimum operating temperature for 
anammox bacteria. When the NH4

+-N and NO2
−-N 

removal efficiencies of the control reactor were 
examined at different temperatures, the highest 
removal efficiency was achieved at 35 °C, as expected. 

At this temperature, NH4
+-N and NO2

−-N removal 
efficiencies were 95.8% and 94.2%, respectively. A  
significant decrease in both NH4

+-N and NO2
−-N removal 

efficiencies was observed when the temperature 

dropped below 35 °C. Specifically, NH4
+-N removal 

efficiency decreased from 95.8% at 35 °C to 51.9% at 20 
°C and to 30.6% at 15 °C. Similarly, NO2

−-N removal 
efficiency remained high (94–96%) in the 35–30 °C 

range, but decreased to 47.4% at 20 °C and 21.1% at 15 
°C. This can be explained by the reduced metabolic  
activity of anammox bacteria as the temperature 

deviates from the optimum. Besides the effects of the 
low-temperature environment on treatment 
performance, it is known that temperature changes 
elevate the production of N2O, which is a greenhouse 

gas (Yu et al., 2025). Although anammox bacteria do not 
have a direct N₂O production pathway, the inhibition of 
the anammox reaction with decreasing temperature, 

resulting in the accumulation of substrates such as NH₄⁺ 
and NO₂⁻ in the environment, can relatively increase the 

activity of co-existing AOB and denitrifying bacteria in 
the reactor. In particular, the fact that AOB activity 
remains relatively high despite the decrease in 

anammox bacterial activity at low temperatures may 
cause the accumulated NH4

+ to contribute to N₂O 
production via nitrifier denitrification (Qin et al., 2023). 
Furthermore, temperature variations can increase the 

formation of microbial products (Xu et al., 2011) (SMPs), 
providing an alternative carbon source for denitrifying 
bacteria, thus stimulating denitrification processes and 

increasing the potential for N₂O formation. Therefore, it 
can be said that deviations from the optimum 
temperature not only reduce anammox performance 
but also affect other microbial processes occurring in 

the reactor, altering the nitrogen conversion dynamics. 

Temperature tolerance tests in the presence of 
nanoparticles 

At the optimum temperature of 35 °C, NH4
+ and 

NO2
− removal efficiencies were observed to be above 

95% and 94%, respectively (Figure 3.a and 3.b). During 
this period, significantly higher removal efficiencies 

were observed in both NH4
+ and NO2 in the test reactor 

with TiO2 addition (Wilcoxon signed-rank test, PNH4-N = 
0.03 < 0.05 and PNO2-N = 0.04 < 0.05). These results can 
be attributed to the potential stimulatory effect of TiO2 

NPs on the anammox process. Indeed, it has been 
reported that low concentrations of TiO2 NPs 
significantly stimulate specific anammox activity, and no 
significant inhibitory effect was observed at 

concentrations up to 200 mg/L (Zhang et al., 2018). 
Furthermore, another study indicated that TiO2 NPs with 
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a) 

 

b) 

 

Figure 3. Treatment performance of control and test reactors at different temperatures a) NH4+-N removal profile b) NO2−-N removal 

profile (data represent average and error bars represent standard deviation of replicates obtained during the test period) . 
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a size of approximately 100 nm increased hzo gene 
expression, which may be indicative of a non-inhibitory 
transformed phase. One of the main reasons why TiO2 

NPs exhibit lower toxicity compared to some other NPs 
is that they tend to aggregate rather than dissolve and 
release ions, and therefore their interaction with 
biological systems remains limited (Abd EL-Aziz et al., 

2024). As these findings are considered together, it 
suggests that, at optimum conditions TiO2 NPs may 
support rather than negatively affect the anammox 
process within certain concentration ranges. 

While slight changes in nitrogen removal efficiency 
were observed in both the test and control reactors 
when the temperature was reduced to 30 °C, no 

significant difference was observed in either NH4
+ or 

NO2
− removal efficiency between the control and test 

reactors. During this period, both reactors operated 
near their maximum removal capacity under 

thermodynamically favorable conditions. At this 
temperature, the system appears kinetically saturated, 
masking any treatment related differences that become 

apparent at sub optimal temperatures (≤25 °C). 
When the temperature was lowered to 25 °C, the 

addition of TiO2 had a positive effect on both NH4
+ and 

NO2
− removal efficiencies. Particularly for NO2

− removal 

efficiency, in the test and control reactors, 92.3% and 
85.8% removal efficiencies obtained, respectively, and 
this difference was statistically significant (Paired t-test, 
PNO2-N = 0.004 < 0.050). Previous studies in the literature 

have shown that anammox bacteria experience a 

metabolic shock when the temperature decreased from 
35 °C to 25 °C. In our study, the decrease in efficiency 
observed at 25 °C in the control reactor (levels of 85%) 

is consistent with the finding by Ma et al. (2019) that the 
concentration of Heme c and consequently the specific 
anammox activity (SAA) decrease at low temperatures. 
Heme c is a critical cofactor that plays a central role in 

the key enzymes (HZS and HDH) in the anammox 
process and facilitates electron transfer. However, the 
fact that NO2

− removal remained at a high level of 92.3% 

in the test reactor with TiO2 addition suggests that the 
NPs support the electron transfer mechanisms that are 
disrupted at low temperatures or stabilize Heme c 
activity. The semiconductor properties of TiO2 might 

have partially offset the temperature induced slowdown 
in electron transfer processes; however, the precise 
mechanism remains speculative and could not be 
confirmed in the present study due to the absence of 

electrochemical or EPS-based analyses. This represents 
a limitation of the study, and future research is 
recommended to elucidate the underlying electron 

transfer dynamics. 
In particular, the reactor with added TiO2 NPs 

showed acceptable treatment efficiency at 
temperatures between 35-25 °C. However, at operating 

temperatures of 20 °C and below, dramatic decreases in 
treatment efficiencies were observed over time. Due to 
the instability of the system, significant differences were 

detected between the treatment efficiencies measured 
on the first and last days of each temperature condition. 
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Table 2. Comparison of heat loss and energy requirements at process temperatures of 35 °C and 25 °C 

Parameter Scenario 1 (35°C) Scenario 2 (25°C) Unit 

Input Parameters   

Specific heat capacity of water 4,200 
4,200 

J/kg°C 

Ambient temperature 10 

10 

°C 

Wastewater temperature 12 
12 

°C 

Anammox process temperature 35 25 °C 

Flow rate 50 
50 

m³/d 

Reactor Geometry 

Reactor volume (For HRT = 2 d) 100 

100 

m³ 

Number of reactors 1 
1 

— 

Reactor height 5.4 

5.40 

m 

Reactor diameter 5.0 
5.00 

m 

Active volume ratio 94.3 
94.31 

% 

Heat Transfer Coefficients 

Heat transfer coeff. – side wall 0.68 
0.68 

J/s.m2.°C 

Heat transfer coeff. – roof 0.90 
0.90 

J/s.m2.°C 

Heat transfer coeff. – floor 0.62 
0.62 

J/s.m2.°C 

Surface Areas 

Side wall area 84.8 
84.82 

m² 

Roof area 20.0 
19.96 

m² 

Floor area 20.7 

20.70 

m² 

Heat Losses 

Heat loss – roof 38,811 23,287 kJ/d 

Heat loss – floor 27,718 16,631 kJ/d 

Total heat loss 191,117 114,670 kJ/d 

Heat Requirements & Energy Saving 

Heat for initial wastewater heating 4,830,000 2,730,000 kJ/d 

Total heat requirement (heat loss + initial heating) 5,021,117 2,844,670 kJ/d 

Net energy saving (35°C → 25°C) — 43.5 % 

 

 

 

 

 

 

 

 

 

Therefore, high variations in the error bars were 
especially observed at 15 °C and 20 °C. Huo et al. (2020) 
stated that the anammox consortium followed an 

energy conservation strategy while adapting to ambient 
temperatures (25 °C) below the optimum temperature 
of Anammox bacteria. They have also stated that this 
situation is associated with decreased EPS secretion and 

the accumulation of ATP and amino acids. The 
expression patterns of cold shock proteins and core 
enzymes make anammox bacteria more active at 
ambient temperature. In this study, the superior 

performance of the test reactor at 25 °C indicates that 
the presence of TiO2 facilitates this metabolic  
acclimatization process. In particular, the nearly 7% 

difference in NO2
− removal (Control: 85.8% vs Test: 

92.3%) may mean that the TiO2 NPs helped the cells 
develop a more resistant biofilm structure against low-
temperature stress or established a synergistic cross-

feeding interaction. This ensured that the system 
remained stable at 25 °C with an efficiency very close to 
its optimum performance at 35 °C. 

Energy Assessment 

In full-scale wastewater treatment plants using the 
Anammox process, a large portion of the costs is due to 
heating the reactors to their optimum operating 
temperature of 35 °C. Our study showed that, with the 

addition of TiO2 at 25 °C, the removal efficiencies of NH4
+ 

and NO2
− can be increased to 86.5 ± 1.8% and 92.3 ± 

2.2%, respectively. Therefore, an energy assessment 

was conducted for two different scenarios based on net 
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energy input (Table 2). The evaluation was carried out 
assuming a flow rate of 50 m³/d and a hydraulic 

retention time (HRT) of 2 days. In addition to the heat 
demand of the reactors, convective and radiative heat 
losses from the reactor surface to the surrounding air 

were also taken into account. Reactor dimensions were 
determined considering a diameter-to-height ratio of 
1:1. The heating requirement (Q) needed to raise the 
influent wastewater temperature from its initial value to 

the operating temperature of the anammox process was 
calculated using Equation (1): 

Q = m × C × Δt    (1) 

Where m is mass flow rate of the feed (kg/d), C is 
the specific heat capacity of the wastewater (kJ/kg°C), 

Δt is the difference between the initial temperature of 
wastewater (12 °C) and the process temperature of 25 
°C or 35 °C. 

Heat losses (Qloss) through the reactor side wall, 
roof and bottom were estimated using equation (2) 
(Qasim & Zhu, 2018): 

Qloss = k × A × (Tp − Ta)   (2) 

Where, k denotes the heat transfer coefficient 

(J/s.m2.°C), A represents the surface area through which 
heat loss occurs (m2), while Tp and Ta signify the process 
operating temperature (°C) and ambient temperature 
(°C), respectively. 

The total heat energy input (Einput) values were also 
considered by equation (3): 

Einput = Q+ Qloss    (3) 

The efficiency of the heat exchanger was not 
included because the effect would be the same for both 

scenarios. The specific heat capacity of the feed 
wastewater was assumed to be equal to water (4200 
J/kg°C) due to high water content.  

The energy calculations performed in this study 
reveal that a reactor with a flow rate of 50 m³/day and a 
2-day HRT operating at 35 °C has a total heat 
requirement of 5,021,117 kJ/day. 4,830,000 kJ/day of 

this value is due to the initial heating of the wastewater , 
and 191,117 kJ/day is due to heat losses through the 
reactor sidewall, roof, and base. 

In contrast, the anammox system, supported 
through TiO2 modification, exhibits nitrogen removal 
performance at 25 °C that is close to that observed at 
the optimum temperature (35 °C). Under 25 °C 

operating conditions, the total heat requirement 
decreases to 2,844,670 kJ/day; this represents a net 
energy saving of 43.5% between the two scenarios. This 
finding clearly demonstrates the strategic importance of 

TiO2 modification for the sustainability of the anammox 
process. By reducing the heating temperature from 35 
°C to 25 °C, the total daily heat loss from the side walls, 

roof, and floor decreases from 191,117 kJ/day to 
114,670 kJ/day, and the initial heating requirement 
decreases from 4,830,000 kJ/day to 2,730,000 kJ/day. 
These results show that low temperature tolerance is 

not only a biological advantage but also an economic 

and environmental gain that directly reduces operating 
costs and carbon footprint. It is considered that 

anammox systems modified with TiO2 offer a viable 
solution for increasing energy efficiency and reducing 
operating costs in full-scale facilities, especially in 

regions with temperate and cold climates. 

Conclusion 

In this study, the long-term effects of TiO2 NPs on 

the anammox process under low-temperature stress 
were examined. At 35 °C, which is the optimum 
temperature for anammox bacteria, the addition of TiO2 

NPs to the system increased the NH4
+ removal efficiency 

from 95.8 ± 1.2% to 97.2 ± 1.0% and NO2
− removal 

efficiency from 94.2 ± 1.6% to 98.7 ± 0.5%. The 
improvement in treatment performance for both 

nitrogen species at a very low TiO2 dose (1 mg/L) 
suggests that system performance can potentially be 
enhanced with a minimal operational cost. 

On the other hand, in full-scale wastewate r  

treatment plants where the anammox process is used, 
the largest portion of the cost is spent on keeping the 
wastewater at the optimal temperature of 35 °C for 

anammox bacteria. The ability of Anammox to operate 
stably at lower temperatures is the most important 
factor increasing the applicability of the process in full-
scale plants. Our data have shown that, thanks to TiO2 

NPs addition, the reactor can be operated at a 
temperature 10 °C lower than the optimum 
temperature with a treatment efficiency of 86.5 ± 1.8% 
and 92.3 ± 2.2% for NH4

+ and NO2
−, respectively. This 

leads to a significant saving in heating energy 
requirement. As a result, TiO2-modified anammox 
systems offer more sustainable nitrogen removal by 

reducing energy requirement by 43.5%. 
While this study focused on process performance 

and economic feasibility, the structural and 
compositional changes in the anammox microbial 

community in response to TiO2 NPs exposure were not 
characterized. Future studies incorporating such 
analyses would provide mechanistic insight into 

community level adaptations and further strengthen the 
understanding of NPs and microbiome interactions 
under temperature stress. 
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  Q = m × C × Δ t


  Qloss = k × A × ( Tp − Ta )


  Einput = Q + Qloss

