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Abstract 

Decentralized treatments applied at the household level may be alternatives to positively impact 

global health. Pasteurization is a conventional disinfection method and efforts have been made to 

increase its efficiency and productivity in point-of-entry (POE) applications. To overcome 

limitations associated to this practice, we hypothesized that including oxidation prior to 

pasteurization would improve the treatment. This research aimed to evaluate the performance of 

hydrogen peroxide-assisted pasteurization and effects of H2O2 concentration and temperature 

organized by a full factorial experimental design. At optimal conditions, >9.3 log10 inactivation of 

Escherichia coli and >5.8 log10 Phi X174 bacteriophage were obtained. Observed values were 

modelled as empirical equations for E. coli and phage inactivation (R² = 0.76 and 0.72, respectively). 

Temperature did not lead to significant differences in H2O2 residual, which is favorable for practical 

implementation. Synergistic effects were found for E. coli, and inactivation of Phi X174 tops results 
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obtained by individual disinfection by pasteurization and H2O2 oxidation. Our study also suggests 

H2O2-assisted pasteurization increases oxidation potential, inferred by cell lysis and protein removal. 

Additionally, analyzing disinfection and H2O2 residuals during temperature ramp time endorsed that 

inactivation might happen at lower temperatures, and stability of H2O2 may provide a safer setup 

when heat sources cannot guarantee pasteurization to occur. Broadly, our research underscores 

potentials of H2O2-assisted pasteurization and, although we recommend further assessments 

considering pathogens, as well as case studies for specific scenarios, we believe H2O2 may improve 

performance and resilience of classic disinfection by pasteurization as a POE solution. 

Keywords: factorial design; point-of-entry disinfection; decentralized water systems; bacteriophage; 

indicator bacteria 
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1. Introduction 

According to the World Health Organization (WHO) and the United Nations Children’s Fund 

(UNICEF), approximately 884 million people worldwide lack basic drinking water settings [1]. That 

is why Sustainable Development Goal 6 (SDG 6) calls for universal and equitable access to 

affordable and safely managed drinking water services, an objective to be reached by 2030  [2]. 

Although, globally, this situation moves towards better conditions, the latest estimate suggest this 

will not be fully achieved unless progress quadruples [3]. Furthermore, access in specific scenarios is 

often overlooked, and inequalities remain [2,4], emphasizing the need for new frameworks [5]. 

Many low-income regions struggle with insufficient water compliance, due to a lack of commitment 

from authorities involving supply, infrastructure, and a service delivery [6]. This growing gap 

between demand for safe water and conventional supply has allowed decentralized systems to rise as 

alternative solutions [7,8]. This approach has been emerging in some urban areas [9], in which, 

though centralized treatment may be available, measurable levels of pathogens have been found [10].  

However, mostly, self-supplied regions, where water quality varies between the source and 

households [11], are significantly more likely to be contaminated [12], hence these may be very 

positively impacted by on-site setups for treatment or disinfection.  

Decentralized water systems include point-of-use (POU) and point-of-entry (POE) treatments, which 

are technologies used at the household level, that can make water suitable for potability, particularly 

in terms of reducing pathogen concentration [13], which is one of the most important issues in 

drinking water systems [14]. In this regard, pasteurization, i.e., microorganism inactivation by water 

heating below boiling, has been a classic method for household disinfection due to its simplicity and 

easy implementation [15]. Nonetheless, it has constraints that research has been dedicating to 

overcome. Efforts have been made aiming to improve systems design, productivity and the safety 

threshold for microorganism inactivation [16], considering different heat sources, especially solar 
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energy [17,18].  However, this too may present limitations, as in low irradiation days [16], which 

should be compensated for, thus bringing incentives towards the integration of technologies [19] that 

could guarantee and perhaps increase efficiency.  

In order to improve this classic method, here we hypothesized that including an oxidant agent other 

than chlorine at the point-of-entry could enhance performance or even lead to synergistic effects in 

conventional pasteurization, therefore reducing dependance on external heat sources, or even lower 

residence periods. Considering hydrogen peroxide (H2O2) has been widely applied in surface 

[20,21], wastewater  [22,23], and drinking water disinfection [24–26], it would be a potential 

candidate for providing more robustness to household pasteurization. Tough there are reports of 

H2O2 applied in hot water to avoid biofilm formation in hospital settings [27], it does not refer to 

assisted pasteurization itself, which would be a novel approach, especially considering POE/POU 

applications. Additionally, the mechanisms involved in microorganism inactivation when H2O2 and 

pasteurization are combined, to our knowledge, have not been reported. 

In this light, the aim of this study was to assess the performance of H2O2-assisted pasteurization as a 

potential method for disinfection at the household level, considering fecal contamination. This was 

carried out in terms of inactivation of Escherichia coli (indicator bacterium) and Phi X174 

bacteriophage (an enteric virus contamination surrogate). Batch experiments were organized by a full 

factorial design and observed results were used for suggesting empirical models for each target-

organism. Additionally, synergistic effects were evaluated, and inferences of cell lysis were 

performed by protein quantification and imaging with vital stains.  

2. Materials and methods 

2.1 Experimental setup 

Tests were performed on bench scale, simulating a closed-system environment for pasteurization in 

glass reagent-bottles wrapped in aluminum foil, to avoid photolysis (30% v v
-1

,
 
Sigma-Aldrich, 
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USA). Stock solution was readily tested for molar concentration at acquisition and prior to 

disinfection assays, so that dosing was consistent through the entire research.  The volume of test 

water used was 300 mL. An inlet was placed on the lid for dosing of chemicals and electrode access. 

Temperature was maintained by water bath, but combined treatments included a five-minute 

agitation in contact with H2O2 by magnetic stirring prior to heating. Afterwards, sample mixing 

relied exclusively in convection, as in home-scale pasteurization systems by solar thermal heaters 

[28]. Assisted-pasteurization was performed for 60 minutes so that tested conditions (further 

detailed) would fit into Zone C of time-temperature combinations for a desirable inactivation 

threshold for thermal treatments. This “safety-zone” was recommended by a systematic review and 

meta-analysis that refined results for microbial inactivation considering data for exposure time and 

temperature needed to achieve specified log10 reductions [29]. Zone C represents a large variability 

of conditions, which could be descriptive of a household scenario [29]. 

All material was previously sterilized. Once each test run was complete, H2O2 residuals were 

measured at 470 nm after subjected to the ferric thiocyanate method, using the Vacu-vials® kit 

(Chemetrics, USA). Temperature effects on H2O2 residuals were investigated by Pearson’s linear 

correlation and of analysis of variance (ANOVA), both at the 95% confidence interval. Residuals 

were quenched by sodium metabisulfite (Neon, Brazil) at mass ratio of 3:1 [30]. Accordingly, bottles 

were immediately placed on ice to interrupt temperature effect over microorganisms. 

Microbiological examinations were carried out without delay, so that any residual activity due to 

possible slow action of the selected quencher [31] would be avoided. The interval between 

quenching followed by icing samples to room temperature and microorganism examination would 

not exceed 10 minutes for E. coli. The remaining samples would be placed in the fridge (6 e 10°C) so 

that phage quantification would be carried out within the next day of each assay. After batch tests, 

inactivation was calculated according to Eq. (1), where Y is the inactivation, N is the final number of 
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microorganisms and N0 is the inoculum (both in terms of either CFU 100 mL
-1 

or PFU mL
-1

, for E. 

coli or phage, respectively). 

𝑌 =  −𝑙𝑜𝑔10(
𝑁

𝑁0
)  (1) 

2.2 Test water 

Our intent was to simulate a water source suitable for disinfection, thus followed the 

recommendations for the validation of household treatment technologies provided by WHO [32,33], 

without adding solids. The simulated matrix was based on the non-technology-specific general test 

water (TW), which represents high-quality groundwater (WHO, 2014). Briefly, tannic acid (Sigma-

Aldrich, USA) was used as a source of total organic carbon (analyzed by TOC-LCPN, Shimadzu, 

Japan) and sodium carbonate (Qhemis, Brazil) provided alkalinity input. These parameters were 

adjusted to 1.19 ± 0.19 mg L
-1 

and 55.8 ± 4.3 mg CaCO3 L
-1

, respectively. Sulfuric acid (Sigma-

Aldrich, USA) was added for pH adjustment to 7.1 ± 0.1. The matrix under test was prepared in 

ultrapure water. Alkalinity and pH adjustments considered measurements following the Standard 

Methods prior to microorganism spiking [34]. Interferences of the inoculums in physicochemical 

quality of the TW were neglected in this research.  

2.3 Target organisms 

Escherichia coli from a lyophilized commercial strain (ATCC® 11229
™

) was activated and 

replicated in tryptone soy broth (Oxoid
™

, USA), following recommendations from the supplier. TW 

was inoculated with centrifuged aliquots of the suspensions (1972 ×g, 15 min, 4 °C), leading to 

approximate concentrations that varied between 10
8
 and 10

9
 CFU 100 mL

-1
. Detection and 

quantification of colonies were performed by the membrane filtration technique and E. coli was 

grown in Chromocult® Coliform Agar medium (Merck, USA).  Petri dishes were kept at 37 °C, 

incubated for approximately 24 hours.  
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Phi X174 bacteriophage (ATCC
®
 13706-B1

™
) was used as a virus contamination model and 

Escherichia coli (ATCC
®
 13706™) as its host. TW was spiked with an approximate order of 

magnitude that varied between 10
5
 and 10

6
 PFU mL

 -1
 of purified work stocks. Samples tested for 

phage were filtered in 0.2 µm membranes coupled to sterile syringes. Phi X174 quantification was 

done by the double-layer agar method [35]. Tryptone soya agar (Oxoid
™

, USA) was used as culture 

media, whereas top agar consisted of Tryptone soya agar (Oxoid
™

, USA) and bacteriological agar 

(Sigma-Aldrich, USA). Plates were incubated at 37 °C for 18−24 hours. Phage was enumerated in 

terms of PFU mL
-1

, according to to Eq. (2). 

( 𝑃𝐹𝑈 𝑚𝐿−1) =
1000 × 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝐹𝑈𝑠 𝑜𝑛 𝑝𝑙𝑎𝑡𝑒𝑠 

𝑣𝑜𝑙𝑢𝑚𝑒 (µ𝐿) 𝑝ℎ𝑎𝑔𝑒 𝑜𝑟 𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑑𝑑𝑒𝑑 
× 𝑠𝑒𝑟𝑖𝑎𝑙 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑃𝐹𝑈𝑠 𝑤𝑒𝑟𝑒 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑎𝑡    (2) 

2.4 Experimental design and response surface analysis 

Experiments were organized by a complete factorial design (FFD - two factors and two levels, with 

central point and two repetitions) in terms of temperature (X1; °C) and H2O2 concentration (X2; % v 

v
-1

). These were treated as continuous variables with coded levels of -1, 0 and 1; corresponding to 

temperature values of 30, 50 and 70 °C and H2O2 concentrations of 0.03, 0.06 and 0.09%. These 

points were selected considering a conservative approach to boundary conditions, as there is plenty 

of data on E. coli pasteurization at >70 °C [36–38], for instance, and hydrogen peroxide disinfection 

is often described at much higher concentrations, as in >3% [39–41]. Here we chose to describe a 

situation in which heat sources would not be available steadily and chemicals should be required at a 

minimum. 

Considering peer research as background [42], a quadratic model was chosen for an attempt to fit 

results of inactivation of E. coli (Y1) and coliphage (Y2), as shown in Eq. (3), in order to quantify the 

effects of each factor on the dependent variables.  

𝑌𝑖 = 𝛽0 + 𝛽1𝑋1 + 𝛽2𝑋2 + 𝛽11𝑋1
2 + 𝛽22𝑋2

2 + 𝛽12𝑋1𝑋2   (3) 
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Where β0 is a constant; β1, β2 and β12, are the linear and interaction coefficients, respectively, and β11 

and β22 follow the quadratic terms. The fitted surfaces were obtained in Statistica 13.5 (TIBCO 

Software Inc.). Statistics consisted of ANOVA and coefficients that were not considered significant 

(α = 0.05) were eliminated, so that model parameters were recalculated by the software. The 

convenience of the model was evaluated by the coefficients of determinations R² and R² adj. 

Effects of H2O2 concentration and temperature levels were assessed by the Pareto chart at a 95% 

confidence interval. Complementarily, tests considering the individual factors were also carried out, 

at conditions selected by result-dependent criteria to evaluate occurrence of any synergisms. These 

are detailed in the discussion section. Additionally, the most suitable combination of independent 

variables was tested for the disinfectant decay analysis, considering results obtained by the empirical 

model for each target organism, as well as other criteria: applicability, availability of chemicals and 

heat source, etc. These are further discussed in the results section. 

2.5 Disinfectant decay monitoring 

Residual disinfectant was monitored by timed sampling of TW subjected to H2O2-assisted 

pasteurization under conditions selected as adequate, considering criteria detailed in the discussion 

topic. After each contact time was reached, samples were collected, and residual disinfectant 

concentration was immediately measured. This monitoring was performed considering time zero as 

the moment in which samples reached the selected pasteurization temperature. Simultaneously, 

samples were characterized in terms of pH and ORP (mV), using commercial electrodes (Orion
™

, 

USA and Sensorglass
™

, Brazil, respectively).  

This step of the methodology included an extra and result-oriented investigation, as data showed no 

differences in ORP during the 60-min pasteurization batch. Additionally, an attempt of disinfection 

kinetics at fixed temperatures was performed, nonetheless absence of microorganisms found after 5, 

10 and 15 min of monitoring instigated further inquiry: this analysis was extended to the ramp time, 
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i.e., the time required for samples to change from initial temperature to target temperature. In the 

present study, this time had been previously standardized as 10-15 minutes, subjected to equipment 

limitations. These conditions were replicated for the extra tests seeking to analyze the effect of 

temperature ramp. Throughout ramp time, samples were monitored for ORP, pH, as well as residual 

H2O2. The latter was measured at the specific times at which samples reached intermediary 

temperatures, described in the results topic. 

2.6 Protein quantification 

Seeking to investigate mechanisms of microorganism inactivation, soluble protein content was 

evaluated for individual conditions and the ideal combinations defined by the analysis of synergistic 

effect. In this sense, the Bradford reagent (Sigma-Aldrich, USA) was applied for measuring protein 

(n = 3) at 595 nm. Bovine serum albumin (Sigma-Aldrich, USA) was used as standard.  

2.7 Bacteria viability assessment 

Inferences on cell lysis were made by investigating cell dye uptake as well as metabolic activity. 

This was put through by two separate methods: 40,6-diamidino-2-phenylindole (DAPI) staining, as 

well as a simultaneous vital dye assay, from a commercial kit (ab115347, Abcam®, UK). Samples 

were concentrated by centrifugation (1972 ×g; 10 min; 4°C) to avoid any additional cellular damage 

during sample processing. Slides were prepared with 10 µL aliquots from a preserved pellet of 

approximately 5 mL. The two different stains were not applied to the same microscopy wells, so the 

final micrographs referred to distinct aliquots from the same samples. 

Two drops of Fluoroshield
™

 with DAPI (F6057, Sigma-Aldrich®) were added to each slide well 

similarly to research that included DAPI to assess viability and cellular morphology integrity [43]. 

Intracellular DNA was supposed to be observed by DAPI-staining under a maximum excitation of 

385 nm and maximum emission of 420 nm. 
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The live/dead assay was performed according to the manufacturer’s protocol for microscopy, 

considering details described in similar research [44]. Briefly, the concentrated reagent (1000×) was 

diluted in phosphate buffer saline solution (pH 7.4, PBS tables from Oxoid
™

, USA). The 10×-

solution was overlaid to the suspensions in the same volumes of such, directly in the glass slide. 

Green fluorescence from the metabolism of esterase substrates were expected from live organisms 

(visualized under a maximum excitation of 495 nm and 520 nm emission, compatible with FITC). 

Non-viable bacteria were supposed to be visualized in red because of the incorporation of red dye, 

impermeable to the membranes. This should increase red fluorescence under 617 nm and 528 nm 

maximum excitation and emission, allowing observation under FITC as well as the PI-filter (in 

bright red). 

Slide preparation was done in the absence of direct light, in an air flow chamber. No washings of the 

microscopy glass slides were carried out and wells were sealed with coverslip as soon as they dried. 

Each slide was stored at 4°C in a Petri dish wrapped in aluminum foil until imaging, which was 

carried out within the same week as slide preparation. Observations were done in an epifluorescence 

microscope (BX51, Olympus®) at 1000X magnification with immersion oil. Imaging was obtained 

by Image-Pro® 6.3. 

3. Results and discussion 

3.1 Empirical model analysis 

Results obtained from FFD experiments led to empirical models for predicting E. coli (Y1) and 

bacteriophage log10 inactivation (Y2). Responses were modeled as a function of temperature (X1) and 

initial H2O2 dose (X2). Eq. (4) and Eq. (5) represent the respective models for each microorganism, 

indicating only the individual linear contributions of the independent variables were significant (p-

value < 0.05) for disinfection. The effects of these statistically significant coefficients are illustrated 
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by the Pareto charts in Figure 1 and details of ANOVA are available in the supplementary material 

(tables S.1 and S.2). 

𝑌1 = −1.802 + 0.116𝑋1 + 34.548𝑋2  (4) 

𝑌2 = −2.248 + 0.082𝑋1 + 37.823𝑋2  (5) 

Physically, linear components of the variables presented a positive impact in inactivating both 

targets. Absolute values of the estimate effect were higher for temperature, as shown by Figure 1, 

agreeing with the expectations from this study, as pasteurization was the main disinfection method, 

enhanced by H2O2. 

Although interaction effects (β12) were not statistically significant within neither empirical model (p 

> 0.05, thus not represented in Figure 1), adding H2O2 prior to pasteurization may still be promising 

considering scenarios where the heat source is intermittent. In these situations, exposure to the 

pasteurization temperature could be discontinuous leading to deficiencies in disinfection. In this 

situation, it would be expected to still present a linear correlation to inactivation of microorganisms, 

even if only due to hydrogen peroxide. As interaction of the two independent values directly refers to 

synergistic effects, further discussion (based on observed values) is present in section 3.2. 

Figure 1 Pareto charts of the significant effects (p-value > 0.05) of temperature and concentration of hydrogen 
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peroxide on (a) E. coli log10 inactivation; (b) Phi X174 log10 inactivation. (L) refers to the linear component of 

the adjusted model. 

Figure 2 displays the fitted surfaces for the inactivation of E. coli and phage. R² values were 0.76 (R² 

adj = 0.73) and 0.72 (R² adj = 0.68) for Y1 and Y2, respectively. Neither coefficient of determination 

met expectations of an overall efficiency of prediction, thus presenting limitations in describing the 

system. We believe this refers to the limits of quantification in case of absence of microorganisms. 

However, it is worth pointing out that R² and R² adj were similar for both empirical equations. Peer 

research has also worked with this range of R² when analyzing effects of different parameters in solar 

disinfection by multiple regression of full factorial experiments [45]. 

 

Figure 2 Fitted surfaces and contour plots for the empirical models generated by the FFD. Coefficients not 

statistically significant (p-values > 0.05) were removed prior to surface plotting. Dependent variables: (a) - 

log10 inactivation (R² = 0.76) of E. coli; (b) Phi X174 phage (R² = 0.72).  

In addition, analyzing residues should also be considered when judging model adequacy [46]. These 

residues refer to the difference between predicted and actual values (table 1). Both models presented 
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a poorer fit to high levels of inactivation when boundary conditions were considered i.e., high H2O2 

concentrations and/or high temperatures. Again, that should possibly refer to the limiting effect of 

the initial microorganism population, i.e., log10 inactivation results are equal when there is absence of 

UFC 100 mL
-1

 or PFU mL
-1

 in treated samples, even if they could be potentially higher. In this 

sense, the models are not recommended for predictions near extremes, but do provide overall 

projections of H2O2-assisted pasteurization behavior.  

Table 1 Actual and predicted values for the inactivation of Escherichia coli and Phi X174 phage by hydrogen 

peroxide-assisted pasteurization 

 

E. coli -log10 inactivation Phi X174 -log10 inactivation 

Condition (°C; % H2O2) Observed Predicted Residues Observed Predicted Residues 

1 (30; 0.03)  1.809 2.725 -0.917 0.716 1.349 -0.633 

2 (30; 0.06) 3.534 3.762 -0.227 0.540 2.484 -1.944 

3 (30; 0.09) 6.024 4.798 1.226 3.521 3.619 -0.098 

4 (50; 0.03) 5.021 5.052 -0.031 1.342 2.991 -1.649 

5 (50; 0.06) 5.919 6.089 -0.170 >5.491 4.125 1.366 

6 (50; 0.09) 4.393 7.125 -2.732 >5.491 5.260 0.231 

7 (70; 0.03) >7.929 7.379 0.550 >5.803 4.632 1.171 

8 (70; 0.06) >7.929 8.416 -0.486 >5.803 5.767 0.036 

9 (70; 0.09) >7.929 9.452 -1.523 >5.803 6.901 -1.099 

10 (30; 0.03) 1.563 2.725 -1.163 1.986 1.349 0.636 

11 (30; 0.06) 3.234 3.762 -0.527 3.696 2.484 1.212 

12 (30; 0.09) 7.285 4.798 2.487 4.630 3.619 1.011 

13 (50; 0.03) 5.029 5.052 -0.023 1.775 2.991 -1.215 

14 (50; 0.06) 6.538 6.089 0.450 4.491 4.125 0.366 

15 (50; 0.09) 7.874 7.125 0.749 >5.792 5.260 0.532 

16 (70; 0.03) 9.006 7.379 1.627 >5.792 4.632 1.160 
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17 (70; 0.06) >9.289 8.416 0.873 >5.792 5.767 0.026 

18 (70; 0.09) >9.289 9.452 -0.163 >5.792 6.901 -1.109 

 

From analyzing observed reductions displayed in table 1, the average inactivation obtained equals to 

6.089 log10 for bacteria and 4.125 log10 for virus, both temperature- and concentration-independent. 

This average performance suggests that H2O2-assisted pasteurization falls into the 3-star category of 

protection against bacteria and 2-star against virus, considering criteria set forth to evaluate 

household treatment options [47,48]. It should be noted that both of the aforementioned categories 

are comprehensively safe against three of the main classes of waterborne pathogens, particularly 

considering thermal inactivation [32]. 

However, this general assessment neglects the poorer inactivation values found for boundary 

conditions of low temperature and H2O2 concentration. Indeed, research on hydrogen peroxide 

oxidation aiming water treatment often mentions that higher doses and a long contact time are 

required [49,50], which is why we are focusing on a combined treatment to produce clean water 

instead of the conventional standalone approaches. 

In this sense, it is recommended that any products based on the present treatment should rely on 

mechanisms that guarantee inactivation thresholds that meet 3-star or 2-star levels of quality. In 

terms of system design, these could be attained by installing automated dosing devices or 

thermostatic valves, so that water is only released when a certain temperature is reached. Although 

this POE adaptation is a topic for further research on practice and field application, there are some 

references on combined solar plants, for instance, that applied simple thermostatic outlets [51] that 

could be useful for H2O2-assisted pasteurization systems. In addition, shell-and-tube heat exchangers 

[17], as well as many other improvements that have been discussed on the topic of energy and 

sanitation [52,53] could be implemented to achieve desired temperature conditions. Such potential 

indicates that H2O2-assisted pasteurization may be an innovative subject for research not only on 
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disinfection, but also cleaner water production aligned with different SDGs (e.g., affordable and 

clean energy, etc.). 

3.2 Analysis of synergistic effect 

Synergic effects were studied by testing temperature and H2O2 dosing as single components. 

Synergism is defined by an enhanced inactivation, which should be higher than the inactivation level 

obtained by the sum of those achieved when each disinfection mechanism is applied separately [54]. 

Selected conditions for this assessment were 70°C and H2O2 at 0.03 and 0.06%. These were chosen 

considering the absolute log10 inactivation values obtained for the combined conditions of such 

concentrations at 70°C, which both led to absence of indicator bacteria and the virus contamination 

model. Figure 3 displays results for each isolated disinfection method, the sum of their effects, as 

well as the average observed values (table 1) for the combined treatment, i.e., assisted pasteurization 

(represented by the baselines). 

 

Figure 3 E. coli and Phi X174 bacteriophage inactivation by isolated disinfection methods, compared to the 

sum of standalone components. Textured columns refer to the sum of results obtained by individual 
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treatments. Baselines indicate the average inactivation obtained by assisted pasteurization (equal at both H2O2 

doses). Error bars refer to standard deviation.  

As standalone pasteurization at 70 °C for 60 min provided a higher absolute value for log10 reduction 

of both indicator bacteria and phage, comparatively to the oxidation treatments, it is possible to 

assume it should also play the major role in the combined disinfection. These results align with the 

inferences from the Pareto chart (figure 1), which suggested that increase in temperature provides 

more prominent effect in microorganism inactivation than changes in H2O2 concentration. 

The sum of disinfection mechanisms suggested there might be a synergistic effect in E. coli 

inactivation by assisted pasteurization, as the combined treatments yielded a higher inactivation (-

log10 = 8.609 ± 0.680). However, this assumption does not apply to phage. Figure 2 indicates the 

average inactivation of Phi X174 by the combined treatment (-log10 = 5.797 ± 0.005) surpasses 

results obtained by pasteurization and both concentrations of H2O2 as a sole disinfectant but does not 

reach the sum of their combined effects, meaning enhancement in performance, but no synergism per 

se. 

These results suggest a satisfactory reduction in oxidant demand while still providing high 

disinfection efficiency. A recent study that relied on standalone H2O2 for water disinfection required 

a 10-fold higher dose at the same exposure time to obtain an approximate 8-log reduction of E. coli 

[49].  

3.3 Temperature effect in hydrogen peroxide residual 

Poor correlation was found for temperature and H2O2 residuals (Figure 4), but results were not 

considered significant at a 95% confidence interval. Pearson’s coefficients are presented in Table 2, 

considering residuals grouped by different initial concentrations of H2O2. Additionally, these values 

were analyzed by ANOVA, as data was normally distributed (p-values > 0.05, Shapiro-Wilk test), 

leading to p > 0.05 for all groups. Data shown in Figure 4 refers to significantly similar means for 
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H2O2 residuals in different temperatures, regardless of initial concentrations. This may be beneficial 

from a practice standpoint, as residuals (to be neutralized) would more likely depend on H2O2 

concentration, regardless of the temperature that the pasteurization system could provide. 

 

Figure 4 Hydrogen peroxide residuals obtained after assisted pasteurization in different temperatures and 

initial H2O2 concentrations. Error bars refer to standard deviation. 

 

Table 2 Correlation of temperature and hydrogen peroxide residuals after assisted-pasteurization disinfection 

(α = 0.05). 

 Initial H2O2 concentration (%) 

 0.03 0.06 0.09 

r -0.140 0.195 -0.424 

p-value 0.719 0.614 0.255 

 

3.4 Residual monitoring 

Hydrogen peroxide residuals were assessed through time under selected conditions to evaluate the 

potential of complimentary disinfection. Figure 5 (a) displays the data obtained for residual 
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concentration during disinfection by 0.06% H2O2 at 70 °C for 60 min. Additionally, Figure 5 

illustrates the behavior of ORP and pH through time. 
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Figure 5 Hydrogen peroxide residuals, ORP and pH during assisted pasteurization at 0.06% initial H2O2 

concentration (a) through disinfection at 70 °C; (b) through ramp time for reaching 70 º C; (c) E. coli and 

phage inactivation as a function of reached temperature (40, 50 and 60 °C) through ramp time. Error bars refer 

to standard deviation.  

The potential measured using an ORP electrode is affected by all of the redox reactions occurring at 

the electrode surface, making it difficult to fundamentally relate it to one particular redox reaction  

[55,56]. However, if the measured potential differs greatly from the theoretical value, it may still 

provide a useful signal for process control [34]. Nonetheless, Figure 5 (a) did not present any clear 

shifts in ORP which could possibly correlate to results from residual monitoring. Considering the 

overall stable pattern found for ORP, pH and H2O2 residuals, no inferences were made. 

Samples were collected for analyzing the kinetic behavior of microorganism inactivation by assisted 

pasteurization. At 15-, 10- and 5-min treatment, there was absence of microorganisms, meaning 

>7.60 and >5.56 absolute log10 inactivation for E. coli and phage, respectively. In this light, further 

investigation was carried out, considering the ramp time, an important feature that is not often 

specified in pasteurization research seeking disinfection within the sanitation field [57]. This led to 

results shown in Figures 5 (b) and (c), which ratify observed values from Table 1 for lower 

temperatures, even though contact time in those conditions was longer.  

This general evaluation suggests that assisted pasteurization may be a timely alternative for POU or 

POE settings, particularly when external heat sources are not stable. Pasteurization research, when 

focused on industry applications, does not often require ramp time assessment, because of resources 

availability (e.g., electricity). A study has indicated that high-temperature heating, long- and short-

time pasteurization (30 s) were reliable methods for completely inactivating polioviruses in water, 

milk, and yoghurt [58]. Similarly, microwave heating provided satisfactory levels of bacteria 

inactivation at 65 °C for 65 to 70 s [59], but this method presents very low ramp time. Applications 

such as solar pasteurization often deal with longer ramp and contact times. An automated solar 
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pasteurizer design for water decontamination led to disinfection at 55 °C for 60 min, 60 °C for 45 

min, 65 °C for 30 min, 75°C for 15 min, and 85 °C for 15 s [60]. Also, when dealing with natural 

conditions, as in many reports from literature in pasteurization within the sanitation scene [18,61,62], 

there is no guarantee of the reached temperature, which is why monitoring is an important aspect. If 

pasteurization systems do not yield reliable temperatures within the “safety zone” [63], 

complimentary disinfection methods such as hydrogen peroxide oxidation may play a key role.   

Stability in H2O2 residual through ramp time implies that most of the demand derived from 

characteristics of the study water, not the pathogens themselves. In addition, this short period 

demand corroborates findings from other disinfection studies, as in those that applied oxidants as 

peracetic acid and chlorine in wastewater and considered a five-minute demand [64]. Here, most 

H2O2 consumption had already occurred at two minutes. 

It should be noted, however, that future research on the design of assisted-pasteurization devices or 

coupled-systems, prior to any implementation in households, should consider residual kinetic decay 

in time intervals that exceed the treatment assessed in our research (i.e., ramp time + treatment), as 

well as throughout it. That is because the need for residual neutralization units has to be evaluated, 

along with toxicity levels that guarantee safety for handling and consuming the treated water 

effluent.  

3.5 Oxidation and cell lysis  

Protein removal achieved by 60 min of standalone pasteurization (70 °C), H2O2 oxidation (0.06%) 

and designated optimal conditions of H2O2-assisted pasteurization (0.06%; 70ºC) are shown in Table 

3. Bacterium organic matter of E. coli contains a large proteinaceous fraction (approximately 65% of 

the dissolved organic carbon) [65], which may cause oxygen demand. From our results, higher 

removals found for hydrogen peroxide and assisted pasteurization suggest there was oxidation of the 

samples. Nonetheless, considering the possibility of cell lysis illustrated by the micrographs in 
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Figure 6, our samples do not refer to a closed system, considering that leaking of intracellular 

material may increase oxidant demand, and dissolved protein levels might also be affected by 

denaturation of cell components. Thus, interpretation is limited as we cannot assertively affirm if 

protein removal refers to dissolved content in the inoculated TW, intracellular protein, or both. 

Additionally, results from Table 3 were obtained by duplicates, which hinders interpretations based 

on inferential statistics, probably including experimental error that could be reduced by a larger 

number of repetitions. If further research focuses on oxidation and cell damage, a more detailed 

assessment is recommended, also including a mass balance of protein content in microorganisms, 

suspension media and TW.   

 

Table 3 Protein removals obtained by pasteurization, H2O2 oxidation and H2O2-assisted pasteurization. Notes: 

Initial protein content in inoculated test water = 5.72 ± 0.07 mg L
-1

. Protein removals were calculated in 

duplicates. 

Treatment Removal (%) 

Pasteurization 49.58 

H2O2 56.30 

H2O2-assisted pasteurization 57.14 

 

Figure 6 displays illustrative representations of the overall appearance of staining by two different 

viability assessments. Images above the line refer to a different aliquot from the same sample used 

for the two micrographs below the line, which is why these first captures do not refer to the same 

frames as the two below them.  
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Figure 6 Micrographs of the raw water (positive control) and inactivated E. coli stained by different methods. 

Inactivation treatments are stated in the columns and rows display different microscopy filters. The solid black 

line horizontally separates micrographs from two different aliquots of the same samples. Representative 

pictures are shown at 1000× (oil immersion). Notes: TW = Test water; Scale bars = 10 µm. 

Observations under FITC did not show high signal for untreated samples, which we believe refers to 

limitations in the performance of the live/dead kit, whose protocol has not been optimized for the 

present research. As expected, no cells were visualized under FITC in the microscopy slides of 

treated samples. 

We observed intracellular DAPI signal after pasteurization, which confirms that DNA was retained 

in the nucleus. This complies with similar research, that tested pasteurization for bacteria inactivation 

while maintaining cell integrity [43]. No major PI-uptake was noticed in this treatment, endorsing 

pasteurization under these selected conditions did not lead to considerable cell lysis.   

As for oxidation treatments, i.e., H2O2 and H2O2-assisted pasteurization, although Figure 6 

illustratively displays examples of some DAPI-staining, these were very dispersed on the microscopy 

slides, particularly for the combined disinfection. In this sense, micrographs were shown 
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representatively, but no major signal was scored under the microscope. The overall aspect of the 

samples visualized after oxidant treatments had barely shown blue fluorescence and the images 

shown on Figure 6 were exceptions selected for illustration. We believe leaked DNA could have 

been stained and this assumption is backed up by intense red staining found under PI-filter.   

PI-stained bacteria were easily detected in both hydrogen peroxide inactivation and H2O2-assisted 

pasteurization. This red signal suggests cell lysis in both treatments. 

The abovementioned inferences on cell lysis align with protein removal results, as H2O2 may have 

oxidated dissolved protein from inoculated TW, but also led to some membrane damage. We assume 

that cell lysis would leak DNA from the cells, thus interfering in DAPI signal, as well as enhancing 

PI uptake, and increasing protein in the samples. Even in this dynamic reactional environment, 

hydrogen peroxide-assisted pasteurization stood out in oxidation conjectured by decrease in 

dissolved protein content and cell lysis. 

4. Limitations and further research 

Here we present an exploratory analysis of H2O2-assisted pasteurization at bench scale considering 

chemical and microbiological aspects in batch experiments. Scaled-up systems and flow-through 

reactors may present different performances. Such studies are highly encouraged, to not only 

evaluate and compare efficiencies, but also test different designs for household implementation that 

can provide safe water and cleaner production in terms of less chemicals and efficient energy use. 

Additionally, this work focused on microorganism inactivation of a novel combined treatment, hence 

TW was intended to be mostly clear of interferents. As for real life situations, seasonal changes in 

water quality as well as different contamination scenarios may affect oxidation demand and therefore 

affect outcomes, both in terms of performance, and residual concentration that should be studied for 

context-specific decay kinetics and possible toxicity. In this sense, we recommend further research 

with different source waters, so that resilience of H2O2-pasteurization settings may be investigated. 
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Contrarywise, as we only considered non-catalyzed H2O2 disinfection, performance could be 

potentially boosted by the presence of naturally occurring catalysts in source water. 

As for the mode of action of assisted pasteurization, although it was speculated in terms of cell lysis, 

our methods were limited to qualitative viability estimation and protein quantification. Hence, we 

invite additional investigation including quantitative molecular methods, for instance. 

5. Conclusions 

The stated purpose of this research was to evaluate the performance of H2O2-assisted pasteurization 

for household water treatment. Boundary conditions for maximum concentration and temperatures 

led to >9.3 log10 inactivation of Escherichia coli and >5.8 log10 Phi X174. Obtained log10 reductions 

were empirically modeled considering each target-organism. Despite the adherence found for the E. 

coli and phage empirical equations (R² = 0.76 and 0.72, respectively), we contend that the FFD 

overall describes the potential of H2O2-assisted pasteurization as a disinfection method within 

different combined conditions of temperature and H2O2 concentration. It should be noted that 

temperature did not lead to significant differences in residuals, which is favorable for practical 

implementation in household settings.  

Observed results suggested synergistic effects in inactivation of E. coli at selected conditions. 

Although it does not reach the sum of their combined effects, inactivation of Phi X174 surpasses 

results obtained by individual disinfection by pasteurization and H2O2 oxidation. Besides this 

increase in disinfectant ability, our results suggest H2O2-assisted pasteurization adds an oxidation 

potential to pasteurization, inferred by cell lysis and protein removal. Additionally, experiments 

considering ramp time endorsed that inactivation might happen at lower temperatures, and stability 

of hydrogen peroxide throughout assisted pasteurization may provide a more robust disinfection 

setup when heat sources are not steady for pasteurization to occur. In short, results indicate 
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satisfactory performance in producing clean water with the combined treatment, while requiring 

lower oxidant doses as well as reducing dependance on heat sources. 

In general terms of microorganism inactivation, our research underscores potentials of H2O2-assisted 

pasteurization as a combined disinfection method. We recommend further assessments considering 

pathogens, modeling, as well as case studies for practical applications. We believe H2O2 may 

increase the resilience of classic disinfection by pasteurization and provide a safer alternative to 

reduce drinking water microbial load.  
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Table S.1 ANOVA for the fit of the empirical model to Escherichia coli inactivation by H2O2-

assisted pasteurization. Results at 5% significance level for the recalculated model excluding 

insignificant coefficients. R² = 0.75877. 

Factor SS df MS F-value p-value 

Temperature (L) 64.9798 1 64.97983 39.3705 >0.0001 

H2O2 (L) 12.8909 1 12.89086 7.81042 0.0136 

Error 24.7570 15 1.65047 
  

Total SS 102.6277 17 
   

Notes: SS = sum of squares; df = degrees of freedom MS = mean square; L = linear 

 

Table S.2 ANOVA for the fit of the empirical model to PhiX 174 bacteriophage inactivation by 

H2O2-assisted pasteurization. Results at 5% significance level for the recalculated model excluding 

insignificant coefficients. R² = 0.71791. 

Factor SS df MS F-value p-value 

Temperature (L) 32.33110 1 32.33110 25.83023 0.0001 

H2O2 (L) 15.45064 1 15.45064 12.34396 0.0031 

Error 18.77515 15 1.25168   

Total SS 66.55690 17    

Notes: SS = sum of squares; df = degrees of freedom MS = mean square; L = linear 

 

 


