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This paper assesses the inactivation performance and mechanisms in urine nitrification reactors using

bacteria and bacteriophages as surrogates for human pathogens. Two parallel continuous-flow moving

bed biofilm reactors (MBBRs) were operated over a two-month period. One MBBR was used to conduct a

continuous spike experiment with bacteriophage MS2. The second reactor provided the matrix for a series

of batch experiments conducted to investigate the inactivation of Salmonella typhimurium, Enterococcus

spp., MS2, Qβ, and ΦX174 during urine nitrification. The roles of aeration, biological activity, and solution

composition in inactivation were evaluated. Whereas bacteriophages ΦX174 and MS2 remained infective

following urine nitrification, partial inactivation of bacteriophage Qβ was observed. Qβ inactivation was

attributed primarily to aeration with a potential additive effect of biological processes, i.e., processes that

are attributable to the presence of other microorganisms such as sorption to biomass, predation or enzy-

matic activity. Tailing of Qβ inactivation to a plateau indicated a protective effect of the solution compo-

nents in aerated nitrification reactors. In contrast to the bacteriophages, S. typhimurium and Enterococcus

spp. were mainly affected by biological processes: they were inactivated in biologically active nitrification

reactors while remaining stable in chemically equivalent filtered controls. The tested bacteria could, for

example, be out-competed by other microbial communities or sorbed to biomass in the reactor. Microbial

communities did not adapt to inactivate bacteriophage MS2 (e.g., via increased prevalence of virus preda-

tors) in the experimental time-scale evaluated, with no observed inactivation of MS2 during continuous

input for 51 days in the flow-through MBBR. The compilation of these results suggests that biological nitri-

fication as a fertilizer production process remains insufficient as a stand-alone technology for the sanitiza-

tion of source-separated urine.

Introduction

Nutrients excreted in urine have long been used as a fertilizer

for agricultural applications of sewage sludge1 and waste-

water2,3 or more directly through the application of source-

separated urine.4,5 Urine contains the major fraction of nutri-

ents found in human excreta: 80–90% of the nitrogen, 55–

67% of the phosphorus and 50–80% of the potassium.4,6,7
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Water impact

Recently, nitrification has been applied at pilot scales for the production of agricultural fertilizers from urine. While little is known regarding the

inactivation of bacterial and viral pathogens during nitrification, such information is instrumental in evaluating the hygiene and safety of the nitrification

end product. This study quantitatively assesses pathogen surrogate inactivation performance and mechanisms in urine nitrification reactors using two

bacteria (Salmonella typhimurium and Enterococcus spp.) and three indicator viruses (MS2, ΦX174, and Qβ). Further, the influence of physical (i.e., aeration)

and biological (i.e., microbial activity) processes on inactivation as well as the role of chemical solution characteristics of nitrified urine was assessed.

Results indicate that biological nitrification is insufficient as a stand-alone technology for the sanitization of source-separated urine.
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Harvested urine not only provides value as an alternative fer-

tilizer, but its use could also reduce pollution from unsafe

excreta disposal, lower the costs of wastewater treatment, and

lessen the ecological burden of fertilizer production and sur-

plus use of chemical fertilizers.6,8

Due primarily to the fecal contamination of source-

separated urine,9 handling of urine and direct application as

fertilizer in agriculture can pose microbial health risks.10

Storage of urine for 6 months at 20 °C is recommended prior

to handling and usage in order to reduce or eliminate the

risks.11 However, in the scale-up of urine nutrient recovery

such storage time requirements are prohibitively long. Alter-

native urine treatment and nutrient stabilization technologies

are now available to produce marketable fertilizers.12,13 A

promising nutrient recovery process that yields a chemically

stable solution from stored urine is nitrification.14 In config-

urations where nitrification is applied in combination with

evaporation, a concentrated solution that preserves nearly all

nutrients in the urine can be produced.15 Pilot reactors for

combined nitrification/distillation systems are operated at

eThekwini Water and Sanitation in Durban, South Africa and

at the Swiss Federal Institute of Aquatic Science and Technol-

ogy (Eawag) in Dübendorf, Switzerland as part of the

Valorisation of Urine Nutrients in Africa (VUNA) project.13

Nitrification of urine, i.e., the oxidation of ammonia (NH3)

to nitrate ĲNO3
−), prevents ammonia volatilization, enhancing

the recovery of nitrogen in urine. Two groups of nitrifying

bacteria are involved in this process: ammonia oxidizing bac-

teria (AOB) and nitrite oxidizing bacteria (NOB). Nitrification

typically oxidizes half of the NH3 content of urine. In addi-

tion, it reduces the pH of urine from 9 to around 6, which

causes the remaining NH3 to become protonated to the non-

volatile NH4
+ (pKa = 9.25).14 Concomitantly to nitrification,

heterotrophic bacteria consume biologically degradable organic

substances so that malodor is removed as well.

Refinement of urine nitrification processes presents sev-

eral challenges. At a technical level, nitrifying bacteria are

sensitive to environmental conditions and the intermediate

product nitrite.15 From a public health perspective, the path-

ogen inactivation or removal efficacy during urine nitrifica-

tion is unknown. Such information is instrumental in

assessing the hygiene and safety of the nitrification end prod-

uct (fertilizer) and to minimize health risks to reactor opera-

tors. The present study aimed to establish and operate

bench-top urine nitrification reactors to evaluate the inactiva-

tion of viral and bacterial pathogen surrogates during this

nutrient recovery process. Inactivation kinetics for five organ-

isms were established and compared, and the main modes of

inactivation were identified.

Two types of nitrification reactors were operated in this

study: two 6.5 L continuous flow moving bed biofilm reactors

(MBBR) and several smaller-volume batch MBBRs. In MBBRs,

floating plastic carriers are used to provide surfaces for bio-

films. The biofilm prevents washing out of slow growing bac-

teria such as nitrifiers and thereby allows high volumetric

conversion rates without the need for membrane filtration or

biomass recirculation.16 MBBRs are currently used for urine

nitrification in Durban and Dübendorf.13 The use of several

MBBRs in this study allowed evaluation of several bacterio-

phages and bacteria under field-relevant as well as varied

experimental conditions.

Inactivation was evaluated using gram negative and gram

positive bacteria (Salmonella typhimurium and Enterococcus
spp., respectively) as well as three bacteriophages (MS2, Qβ,

and ΦX174) that served as surrogates for human enteric

viruses. The Salmonella genus consists of rod-shaped flagel-

lated facultative anaerobes of the family Enterobacteriaceae.
S. typhimurium, one of thousands of non-typhoidal serotypes

of the medically important species S. enterica, causes most

cases of non-typhoidal Salmonella across Africa.17–19 Entero-
coccus spp. is a common fecal indicator bacteria, selected

because of its slightly longer persistence in urine relative to

gram negative indicator organisms.20

The inclusion of virus surrogates is particularly important

in this study as viruses are expected to persist much longer

than gram negative and non-spore forming gram-positive

bacteria in stored urine10,21 and are thus anticipated to be

infective in the influent of field urine nitrification reactors.

The selection of several bacteriophages also facilitates an

evaluation of the effect of urine nitrification on viruses with a

range of characteristics. MS2 and Qβ are positive-sense single-

stranded RNA bacteriophages that infect Escherichia coli. MS2

and Qβ are structurally similar, small in size (21–29 nm

diameter), and frequently used as models for enteric viruses.22

With an isoelectric point of 3.9 and 5.3, respectively,23 MS2

and Qβ are expected to be negatively charged in urine or

nitrified urine. ΦX174 is a single-stranded DNA bacterio-

phage with a diameter of 27 nm and an isoelectric point of

6.6.23 Because of its low hydrophobicity and high stability

against many environmental stressors,24 including stored

urine,20 ΦX174 has been suggested as a model for more con-

servative virus inactivation.

Using the test organisms described above and varied

continuous-flow and batch reactor conditions, the specific

objectives of this study were to (1) assess the inactivation of

gram negative and gram positive bacteria during urine nitrifi-

cation, (2) similarly evaluate the inactivation of several bacte-

riophages as surrogates for human viruses, (3) elucidate the

roles of physical and biological processes as well as the

chemical solution composition of urine nitrification reactors

in the inactivation of test organisms. Results are anticipated

to inform the understanding of pathogen inactivation during

urine nitrification and more broadly for other applications of

nitrification for wastewater treatment.

Materials and methods
Materials

Approximately 25 L of nitrified urine and 10 L of Kaldnes®

carriers with active biofilm were obtained from a 120 L urine

nitrification reactor operating at Eawag and were stored at

4 °C until use in the laboratory reactors. Urine (100 L) to feed
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reactors was collected from the men's NoMix storage tank at

Eawag and stored at 4 °C. Autoclaved phosphate-buffered

saline (PBS; 5 mM PO4
2−, 10 mM NaCl, pH 7.5) was used for

storage of bacteriophage stocks; PBS was adjusted to pH 6.1

using HCl for batch reactor experiments.

Bacteriophage

Bacteriophages MS2 (DSMZ 13767), ΦX174 (DSMZ 4497), and

Qβ (DSMZ 13768) and their respective bacterial hosts E. coli
(DSMZ 5695 for MS2 and Qβ and DSMZ 13127 for ΦX174)

were used. Bacteriophage stocks were prepared and enumer-

ated by the double-layer agar method as described previously.25

The stock was conserved in PBS at 4 °C, and the volume of stock

used to spike the batch reactors was <1% of the reactor

volume. Phage concentrations are reported as plaque forming

units (pfu) per mL. A PBS blank and an E. coli host blank were

plated at each time point.

Bacteria

An attenuated derivative of Salmonella typhimurium (strain

SL1344) was generously provided by the Microbiology Depart-

ment of Eawag. Isolates were grown to log phase in LB broth

with 100 μg mL−1 ampicillin and stored in aliquots with 15%

glycerol at −80 °C. S. typhimurium was grown overnight from

storage in ampicillin-containing lysogeny broth immediately

prior to use in experiments. Bacteria were pelleted and

resuspended in PBS prior to reactor spiking (spike volume

was <1% of reactor volume). The spread-plate method with

100 μL sample on ampicillin containing agar was used for

enumeration and concentrations are reported as colony

forming units (cfu) per mL. Spike concentrations were

selected to be more than four orders of magnitude above low

background concentrations of ampicillin resistant colonies

detected in unspiked nitrified urine. Enterococcus spp. colo-

nies were isolated from wastewater treatment plant influent

(Vidy, Lausanne) on Bile Esculin Agar (Sigma-Aldrich, St. Louis,

MO, USA) and subsequently grown in azide glucose broth

(Sigma-Aldrich). Aliquots of log-phase growth Enterococcus
spp. were stored with 15% glycerol at −80 °C. Enterococcus
spp. from stored aliquots were grown overnight in azide glucose

broth immediately prior to use in batch experiments. 100 μL of

sample and 50 mL of PBS were filtered using the membrane

filtration EPA method 1600 (ref. 26) for enumeration. A PBS

blank was plated at each time point.

Continuous flow MBBRs

Two bench-top 6.5 L MBBRs made of PVC were operated in

parallel (Fig. 1). Material from reactor 1 served as the matrix

for batch MBBR experiments described below, and reactor 2

was continuously spiked with MS2 to evaluate potential

phage inactivation during nitrification. Reactors were seeded

with the contents of an active urine nitrification reactor (i.e.,
nitrified urine and Kaldnes® K1 carriers with biofilm from

Eawag) such that nitrifying organisms were in place at initia-

tion. The filling ratio of the reactor was 50%, yielding a total

approximate biofilm carrier surface area of 1.63 m2 per reactor,

as determined by the specific surface area of the Kaldnes®

(460 m2 m−3) carriers.

Stored urine (9.0 ± 0.1) was the sole input to the reactor,

serving as the ammonia source for nitrifying bacteria, the

organic input for heterotrophic bacteria, and to balance the

decrease in pH that occurs with ammonia nitrification. To

control the urine input, a proportional-integral-derivative

(PID) controller was configured for each reactor using a

Liquisys M CPM 223 regulator (Endress+Hauser AG, Reinach,

Switzerland) that regulated the inflow based on the pH in the

reactor. pH was measured with a pH ISFET combination

electrode (Endress+Hauser). The PID parameters (Kp, tmin) of

the regulator were empirically determined to yield a rapid

response to pH changes and to maintain the pH target of

6 to 6.1 (pH set-point, pH = 6.1; proportional gain, Kp = 3;

minimal length of response, tmin = 0.1 s). The minimal length

of response allowed at least one drop of urine input in

the reactor per urine input event. The reactor was aerated

with humidified air through a 125 mm Hobby Flexi Diffuser

(Saint Vincent Group, Dubai, UAE). PVC tubing was used to

deliver the urine input and moistened air within the reactor.

To reduce evaporation and prevent escape of foam, the top of

the reactors was plugged. Effluent from the reactor surface

was continuously captured into a separate storage container.

Monitoring of physiochemical parameters in continuous

flow MBBRs

The pH and dissolved oxygen (DO) in the reactors were

monitored and recorded once per minute using an Ecograph

Fig. 1 Continuous flow MBBR set-up with a urine influent container

(1), a nitrified urine effluent tank (2), a urine nitrification MBBR (3), a pH

transmitter (4), a peristaltic pump (5), a DO transmitter (6), pH and DO

probes (7), a data logger (not shown), and an aeration device (9).The

pH transmitter records the instantaneous pH value of the MBBR and

activates the peristaltic pump to inject stored urine into the reactor

when required to increase the reactor pH.
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T RSG35 data logger (Endress+Hauser). The DO probes

(Mettler-Toledo, Greifensee, Switzerland) were configured to

separate COM223F regulators (Endress+Hauser). pH and DO

probes were calibrated weekly, according to the manufac-

turer's instructions. The weights of influent and effluent

tanks were recorded daily to determine the flow rate. When

nitrified urine and biofilm carriers were removed from the

reactor for batch experiments, the same volume of material

was replaced using the nitrified urine stock stored at 4 °C

and acclimated to room temperature. Temperature was

recorded daily from the pH transmitter. Nitrite was moni-

tored approximately once per week using Nitrite Test strips

(Merck Millipore, Darmstadt, Germany) to avoid nitrite accu-

mulation in the reactors. Hach-Lange cuvette tests were used

to monitor ammonium (LCK 303), nitrite (LCK 342), total

nitrogen (LCK 338) and chemical oxygen demand (COD; LCK

614) in reactor influent and effluent. For chemical analysis,

18 mL samples were taken and filtered through 0.45 μm

cellulose nitrate filters (Albet LabScience, Dassel, Germany),

discarding the first half of the filtrate prior to analysis

according to the manufacturer's instructions. Samples were

diluted with Milli-Q water to within the appropriate measure-

ment range and measured with a DR 3900 spectrophotometer

(Hach Lange GMBH, Düsseldorf, Germany). The volume,

weight, date and time of samples were recorded. Measure-

ments of the input stored urine (Table 2) were consistent

with other analysis of urine from the NoMix men's storage

tank at Eawag.15,27 Unless otherwise noted, results are

presented as average values with standard deviations (SD).

Continuous MS2 input to continuous flow MBBR

Reactor 2 was amended continuously with MS2 for 51 days. The

initial MS2 concentration was forced to steady-state by first

injecting a high concentration pulse followed by a reduced

concentration continuous spike delivered via a syringe pump

and a headspace-free syringe. This was achieved by first

adding 1010 pfu mL−1 MS2 at 0.001 mL min−1 for 1 hour

followed by a continuous input of 107 pfu mL−1 MS2 at

0.001 mL min−1. The syringe was refilled every 2–5 days. To

monitor the inflow concentration, MS2 concentrations were

measured in a side-by-side reference solution of the spike

solution kept at the same room temperature as the syringe

used to amend reactor 2. The reference solution MS2 concen-

tration showed agreement with the syringe MS2 concentra-

tions and allowed more frequent input concentration mea-

surements (data not shown).

The concentration of a microorganism with first order

removal kinetics in a continuous flow reactor can be calcu-

lated assuming a perfectly mixed system of constant total

reactor volume, V (6.5 L), according to the rate of change

mass balance equation:

d

d

in

in

out
C

t

Q

V
C

Q

V
C kC   (1)

where C is the microorganism concentration in the reactor,

Cin is the concentration of the microorganism in the influent

(e.g., in pfu mL−1), Qin is the flow rate of the influent (L per

day), Qout is the flow rate discharging from the reactor (L per

day), and k is the first-order inactivation rate constant (per

day). To model the concentration of MS2 in the reactor with

time, the average concentration between two MS2 spike refer-

ence samples, along with the flow rate of the MS2 spike and

the urine input, was used to determine the input concentra-

tion, Cin. The time between each sample measurement was

the model input time step. The generalized mass balance

(eqn (1) with Qin = Qout) can be solved under steady state con-

ditions to determine the removal efficiency, C/Cin, for a con-

tinuously mixed reactor with known hydraulic retention time

(HRT = V/Q) and constant inflow of a microorganism that fol-

lows first-order removal kinetics, yielding:

C

C
k
V

Q
in

 












1

1

(2)

Batch and semi-batch MBBRs

To test the inactivation of bacteriophages and bacteria under

varying experimental conditions, a series of 500 mL semi-

batch and batch MBBRs were established in washed and

autoclaved 1 L Pyrex glass bottles (Fisher Scientific, Reinach,

Switzerland). Batch reactors refer to reactors with neither an

influent flow nor an outflow, while semi-batch hereafter

refers to reactors that received influent for the duration of

the experiment but did not have an outflow. When biofilm

carriers were added to the reactors, a filling ratio of 50% was

used. Reactors were covered with parafilm to reduce loss by

evaporation. Five types of reactors (Table 1) were evaluated

for all target organisms, with Qβ and ΦX174 tested together

in one series and MS2 tested with bacteria in a separate

series. The main reactor conditions and parameters studied

were given as follows: actively nitrifying urine reactors vs. fil-
tered nitrified urine controls (to evaluate the effect of biologi-

cal activity), aerated reactors vs. non-aerated reactors (effect

of aeration), and urine reactors vs. PBS reactors (effect of

matrix composition).

The baseline data set was obtained from replicate actively

nitrifying semi-batches that were seeded with the contents of

the continuous flow reactor 1. Reactors were aerated and

received urine input over 8 days. The influent flow rate was

empirically determined to maintain a pH of 6.1 to 6.2. Reac-

tor material for the ΦX174 and Qβ semi-batches was removed

from reactor 1 on day 40 when the reactor 1 nitrification rate

was 0.479 gN m−2 per day (day 39). Material for the MS2 and

bacteria semi-batches was obtained on day 70; the nitrifica-

tion rate on day 65 was 0.267 gN m−2 per day. The reactor

nitrification rate per surface area (rn, gN m−2 per day) was

calculated as:

r
Q Q

A
n

in in 4,out out

tot

NH NH


  
4, (3)

where NH4,in is the ammonia concentration in the influent

(gN L−1), NH4,out is the ammonia concentration in the
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effluent (gN L−1), and Atot is the total biofilm carrier surface

area (m2).

To disentangle the effect of biological activity from that of

solution composition on inactivation, filter-sterilized controls

with aeration were established for comparison with actively

nitrifying reactors. These biologically inactive semi-batch

reactors contained new biofilm carriers (cleaned with bleach

and rinsed several times with sterile water) and were filled

with 0.45 μm-filtered nitrified urine from the continuous flow

MBBR. The same filtered nitrified urine also served as the

influent at the rate established for the urine inflow to the

active nitrification semi-batch.

To assess the physical role of gas bubbles on inactivation

(i.e., aeration), a nitrified urine control without inflow, bio-

film carriers or aeration was tested for comparison with the

actively nitrifying, aerated semi-batch. Some biological activ-

ity was expected to be sustained in these reactors, although

at lower rates than the aerated nitrifying semi-batch.

Finally, PBS batch controls either with clean biofilm car-

riers and aeration or without both were tested to compare

inactivation in nitrified urine to that in a simple matrix (rep-

resented by PBS).

In the tests containing nitrifying bacteria, pH and nitrite

concentrations were measured daily to verify the batch reac-

tor stability. For the remaining reactors, the pH and tempera-

ture were measured at the beginning of the experiment, and

pH stability was verified at the end of the experiment. For

ΦX174 and Qβ, additional PBS batch tests without biofilm

carriers were conducted with and without aeration to verify

observations. For Qβ, additional replicate nitrified urine

batch tests without urine input or biofilm carriers were

conducted with and without aeration. Material for these tests

was obtained from reactor 1 when the nitrification rate was

0.218 gN m−2 per day.

Data analysis

First-order inactivation rate constants (k, per day) were deter-

mined from a least-square linear regression of data from

each batch and semi-batch experimental condition according

to the equation:

ln
C

C
kt

0

  (4)

where C0 is the initial concentration of the target organism.

Without an outflow, the volumes of semi-batches increased

slightly during the experiment. For batch tests, evaporation

reduced the reactor volume slightly over the course of the

experiment. Therefore, concentrations and inactivation rates

were corrected for the changes in volume due to inflow and

evaporation. Specifically, semi-batch and batch reactor

volumes were recorded initially and at the conclusion of the

inactivation tests. A linear rate of evaporation or inflow was

assumed between the initial and final measured volumes.

This rate was then used to correct the inactivation rates and

concentrations of microorganisms for changes in the reactor

volume. For Qβ, first-order inactivation rate constants were

calculated for the first 4 days of the test only, prior to signifi-

cant onset of tailing of the inactivation curve towards a pla-

teau. Reaction rates are reported only when the slope (k) was
different from zero within 95% confidence.

Results and discussion

The operation stability of laboratory urine nitrification reac-

tors established in this study is first reported for comparison

with field nitrification activities, followed by a discussion of

the inactivation of pathogen surrogates observed in batch,

semi-batch and continuous reactors.

Table 1 Semi-batch and batch reactors

Reactor type Description Composition

Nitrified urine MBBR semi-batch Biologically active system: conducted in duplicate
for all test organisms

Reactor content: 500 mL of nitrified urine;
250 mL of active biofilm carriers
Reactor input: stored urine
Aeration: yes

Filtered nitrified urine semi-batch Filtered control: to test the role of solution
composition relative to biological activity

Reactor content: 500 mL of 0.45 μm-filtered
nitrified urine; 250 mL of clean biofilm
carriers
Reactor input: 0.45 μm-filtered nitrified urine
Aeration: yes

Nitrified urine batch Aeration control: to test the role of aeration when
compared with nitrified urine MBBR semi-batch

Reactor content: 500 mL of nitrified urine
Reactor input: none
Aeration: none

Phosphate-buffered saline (PBS)
aerated batch

Clean aerated matrix control: to compare inactivation
in aerated nitrified urine matrix to a clean PBS matrix
and to evaluate the role of aeration in a clean matrix

Reactor content: 500 mL of PBS; 250 mL of
clean biofilm carriers
Reactor input: none
Aeration: yes

PBS batch Clean matrix control: to determine baseline inactivation
at the experimental temperature, to compare inactivation
in non-aerated nitrified urine matrix to a clean PBS
matrix, and to evaluate the role of aeration in a
clean matrix

Reactor content: 500 mL of PBS
Reactor input: none
Aeration: none
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Continuous flow MBBR performance

The pH, DO, temperature and nitrification rates of the two

continuous-flow urine nitrification reactors are presented

in Fig. S1 (reactor 1) and S2 (reactor 2).† Average measured

physical and chemical parameters are shown in Table 2.

Approximately half of the total ammonia in urine was oxi-

dized under optimum reactor conditions, indicating active

biological nitrification. This is consistent with the literature:

a maximum of 50% of ammonia in urine was converted to

nitrate in either a MBBR, a continuous flow stirred reactor, or a

sequencing batch reactor.14 Heterotrophic bacteria degraded

approximately 90% of the COD in the influent. The average pH

in the reactors was stable at 6.05 (SD < 0.01) throughout the

operating and experimental period, except for short periods

of electronic malfunction and during the first several days of

operation when urine input was limited to prevent nitrite

accumulation in the reactor. pH is an important parameter

influencing AOB and NOB activity.14 DO was also relatively

stable throughout operation.

The average nitrification rate in continuous flow reactors

over the course of operation was 0.56 ± 0.14 gN m−2 per day in

reactor 1 and 0.49 ± 0.10 gN m−2 per day in reactor 2, lower

than the reported maximum nitrification rate of 1.7 gN m−2

per day in a 2.8 L reactor.14 Over time the nitrification rate

also decreased. The lower nitrification rate may be explained

by temperature: the average temperature in both MBBRs

was approximately 5 °C lower than the reported temperature

of operating reactors in the literature.15 Temperature is an

important factor influencing the growth of nitrifiers; a 5 °C

decrease in temperature could reduce the biomass activity of

AOB by 25%.28 However, temperature measurements were

taken only once per day, limiting a detailed analysis of this

effect. Furthermore, the salt concentrations were higher than

in the reactor from which the inoculum originated. High salt

concentrations are known to inhibit nitrifying bacteria.29

The greatest decrease in nitrification rate appeared in reactor

1, where a substantial fraction of the reactor material

(approximately 2 L of nitrified urine and 1 L of biofilm car-

riers) was removed for batch experiments and replaced by

stored material. As the nitrification rate decreased in the

reactors, a lower urine input flow rate was required to main-

tain the set pH. Therefore the input and output flow rates

decreased over time in both reactors, and changes were more

pronounced in reactor 1 than those in reactor 2 (Fig. S3†).

Bacteria and bacteriophage inactivation in semi-batch and

batch reactors

Inactivation of bacteriophages MS2, ΦX174 and Qβ as well as

the bacteria Enterococcus spp. and S. typhimurium was tested

over 7 to 10 days in semi-batch MBBRs containing either

active nitrifying biofilm carriers or filtered nitrified urine

with clean biofilm carriers (Table 1, Fig. 2). Enterococcus spp.
and S. typhimurium underwent 4–5 log inactivation over 7

days in the active biological batch, compared to no inactiva-

tion in the filtered control. While ΦX174 and MS2 were not

or only minimally inactivated in either the active nitrification

system or the filtered nitrified urine, infective Qβ concentra-

tions decreased by 3–4 logs in both reactor types.

Inactivation of target organisms was also tested in aerated

batch reactors containing only PBS and clean biofilm car-

riers, without any input (Fig. 3). Only Qβ was inactivated with

k > 0.5 per day in repeat aerated PBS batch tests. For an

unknown reason, the concentration of ΦX174 decreased sub-

stantially in one aerated PBS control. In 10 other batch or

semi-batch tests for ΦX174, including duplicate aerated PBS

control batches (Table S1†), inactivation of ΦX174 was mini-

mal. This outlier was therefore excluded from the subsequent

rate calculation and discussion.

Finally, inactivation of all test organisms was monitored

in nitrified urine and PBS batch reactors without aeration

(Fig. 3). In biologically active nitrified urine held without aer-

ation, Enterococcus spp. and S. typhimurium exhibited inacti-

vation similar to aerated semi-batches. The bacteria were

stable or exhibited comparably low inactivation rates in PBS

Table 2 Average physical and chemical parameters of continuous-flow MBBR influent and reactor contents (effluent)a

Reactor 1 Reactor 2

Parameter Influent (Avg. ± SD) Reactor content (Avg. ± SD) Influent (Avg. ± SD) Reactor content (Avg. ± SD)

NO2 [mg L−1] NMb 1.37 ± 0.43 NM 1.27 ± 0.30
NH4,tot [mg L−1] 3760 ± 180 1980 ± 130 3570 ± 300 1850 ± 250
Ntot [mg L−1]c 3970 ± 440 4270 ± 330 3780 ± 170 4250 ± 150
COD [mg L−1] 3870 ± 61 419 ± 72 3890 ± 260 401 ± 70
COD/N [mg O2 mg−1 N] 1.04 ± 0.12 0.09 ± 0.01 1.06 ± 0.08 0.09 ± 0.01
pH [−] 9.04 ± 0.09 6.05 ± < 0.01 9.04 ± 0.1 6.05 ± < 0.01
Temperature [°C] NM 19.1 ± 1.8 NM 20.2 ± 1.3
rn [gN m−2 per day] N/Ad 0.56 ± 0.14 N/A 0.50 ± 0.10
HRT [day] N/A 20.7 ± 8.2 N/A 17 ± 3.7
Losses [vol%] N/A 1.1 ± 0.9 N/A 1.6 ± 0.9

a Averages for pH, temperature, nitrification rate (rn), hydraulic retention time (HRT) and volume losses for the reactor contents are calculated
from the data presented in Fig. S1–S3. The average (Avg.) and standard deviation (SD) are based on n = 8 measurements for the influent and
other reactor content measurements. b NM = not measured; nitrite concentrations were below detection in the initial tests of the urine influent
and are usually negligible in stored urine. c Higher apparent Ntot in the effluent can be explained in part by water loss in addition to
measurement accuracy. d N/A = not applicable.
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without aeration. Qβ also exhibited modest inactivation in

nitrified urine without aeration and was relatively stable or

slowly inactivated in PBS without aeration. MS2 and ΦX174

were stable in nitrified urine or only slowly inactivated in

PBS without aeration.

First-order inactivation rate constants (k) were calculated

for all semi-batch and batch systems (Tables 3 and S1†).

Reproducibility between replicate active nitrification semi-

batch reactors was high; for each of the three bacteriophages

and two bacteria, there was no significant difference within

95% confidence limits between first-order inactivation rates

measured in replicate reactors. The inactivation curve observed

for Qβ in aerated nitrified urine reactors consisted of an initial

exponential decrease and a secondary plateau. The first-order

rate constants (k) were therefore calculated for the initial

decrease that occurred in the first 4 days of the experiment.

A comparison of the inactivation kinetics observed in the

different reactors allowed us to identify the main modes of

bacteria and virus inactivation during nitrification. Specifi-

cally, we could assess (1) the physical role of the air–water

interface, (2) the role of a biologically active bacterial commu-

nity, and (3) the role of chemical solution conditions. These

mechanisms are discussed below, and a recapitulation of

the primary observed modes of inactivation is presented in

Table 4.

Inactivation at the air–water interface

Aeration of the MBBRs is essential in order to maintain

dissolved oxygen levels, as well as to provide mixing of the solu-

tion. Previous studies have found that viruses can become

inactivated at the air–water interface.30–32 In a study of bacte-

riophages MS2 and ΦX174 at the air–water interface (AWI),

Thompson et al.30 propose that loss of infectivity occurs when

hydrophobic regions of the virus capsid partition out of solu-

tion into the gas phase via reconfiguration of the capsid pro-

teins. More precisely, inactivation was shown to occur at the

triple-phase-boundary at the interface of air, liquid and solid,

and inactivation is influenced by both the hydrophobicity

of the solid phase30,31 and the surface properties of the virus.32

In the present study, aerated reactors in glass bottles also

contained polyethylene biofilm carriers, PVC tubing and air

diffusers, providing several surface characteristics at which

the liquid–air–solid interface may be formed. Aeration, there-

fore, may lead to inactivation by increasing the air–water–

solid interface compared to non-aerated reactors.

This assumption was evaluated by comparing inactivation

in aerated and non-aerated nitrified urine semi-batches or

PBS control batches (Fig. 3). Little to no difference in

Enterococcus spp. or S. typhimurium inactivation was observed

between aerated and non-aerated batches of similar solution

and biological conditions, indicating that the physical pres-

ence of air bubbles did not affect bacteria viability. Similarly,

little to no difference in the infectivity of ΦX174 and MS2

was observed between aerated and unaerated nitrified urine

or PBS reactors.

In contrast, aeration did cause inactivation of Qβ in both

nitrified urine and PBS (with or without biofilm carriers

Fig. 2 The fraction of surviving organisms ĲC/C0) over time during

replicate semi-batch urine nitrification studies (solid lines, solid circles)

or filtered nitrified urine semi-batches (dashed lines, open squares). Both

types of semi-batches were aerated. C0 is the initial spiked concentra-

tions of MS2 (106 pfu mL−1), ΦX174 (106 pfu mL−1), Qβ (106 pfu mL−1),

S. typhimurium (108 cfu mL−1), or Enterococcus spp. (105 cfu mL−1).
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present). In PBS, 4- to 5-log inactivation was observed over 6

days in reactors with aeration, compared to 1-log inactivation

in PBS without aeration. In nitrified urine, significant inacti-

vation was observed both in the presence and absence of aer-

ation (Fig. 3 and Table S1†). Inactivation of Qβ can therefore

not be explained by aeration alone. However, aeration caused

the initial inactivation to proceed at a markedly faster rate,

leading to a 3- to 4-log decrease in infective Qβ over the

course of 4 days. Interestingly, the inactivation rate slowed

down after approximately 4 days in the aerated reactors that

contained nitrified urine (either unfiltered or filtered), lead-

ing to a tailing inactivation curve. This feature was not

observed in any other Qβ experiments. A tailing inactivation

curve has been observed previously in phage disinfection

Fig. 3 Inactivation of target organisms in aerated or unaerated batch PBS reactors (left column) and aerated or unaerated batch nitrified urine

reactors (right column). Results from aerated reactors are shown with solid black lines and solid circles. Unaerated reactor results are shown with

dashed lines and open squares. Additional tests for ΦX174 and Qβ in aerated PBS without biofilm carriers or aerated nitrified urine without biofilm

carriers are shown with solid grey lines and solid triangles.
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kinetics and, for disinfection of MS2 by ClO2, was recently

attributed to deposition of protective material on the phage

exterior.33 Therefore, while the aeration of nitrified urine is

initially the primary cause of Qβ inactivation, it may also

facilitate the creation and deposition of protective material

for Qβ or other viruses, protecting them from complete

inactivation.

To rationalize why Qβ was susceptible to aeration whereas

MS2 and ΦX174 were not, their surface properties must be

considered. From the literature, it is known that viruses

containing hydrophobic regions on the capsid are more sen-

sitive to AWI inactivation.31,32 While highly similar in struc-

ture to MS2, Qβ is more hydrophobic than MS2,34 a charac-

teristic likely contributing to its susceptibility to inactivation

at the triple-phase boundary. In the context of urine nitrifica-

tion, aeration may thus contribute to the inactivation of

viruses with hydrophobic capsids, although protection from

inactivation may limit the extent of inactivation. In contrast,

more hydrophilic viruses and bacteria appear to be resistant

to AWI inactivation.

Role of biological treatment in the inactivation of

pathogen surrogates

In biological treatment systems, several physiochemical and

biological processes can lead to pathogen inactivation. In

activated sludge wastewater treatment, viruses and bacteria

can be adsorbed on sludge flocs.35,36 Pathogens may also be

out-competed by active biological communities. For example,

the regrowth of S. typhimurium has been suppressed by indig-

enous microflora in biologically active compost relative to

sterilized compost.37 Predation of viruses or bacteria by pro-

tozoa or other sludge microbes as well as enzymatic activity

can also inactivate pathogens.38–40 A comparison of actively

nitrifying semi-batches with semi-batches containing filtered

nitrified urine (i.e., no bacteria larger than 0.45 μm) facili-

tated evaluation of the role of microbial activity in the inacti-

vation of target organisms during nitrification.

The concentrations of Enterococcus spp. and S. typhimurium
were stable in the absence of bacteria (i.e., in filtered nitrified

urine). On the contrary, inactivation was observed in nitrifica-

tion batches, reaching 3-log reduction for Enterococcus spp.

and 5-log inactivation for S. typhimurium over 6 days (Fig. 2).

Biological activity therefore had an effect on the survival of

bacteria. Because of the similarities between temperature,

aeration, pH and other solution conditions between the two

systems, the resulting difference in inactivation is likely

attributable to biological processes relevant within the

experimental time frame, such as competition for nutrients

with the indigenous organisms, sorption to Kaldnes® bio-

films and predation. Inactivation of both S. typhimurium
and Enterococcus spp. was similar between aerated and

Table 3 First-order inactivation rate constants [per day] in batch and semi-batch reactors, determined based on n time points, and standard error (SE)a

Biologically active nitrified
urine semi-batches
[per day]b

Filtered nitrified urine
semi-batch, aerated
[per day]

Nitrified urine
semi-batch, not
aerated [per day]

PBS batch,
aerated with
biofilm carriers
[per day]

PBS batch,
not aerated,
without biofilm
carriers [per day]

MS2 NSc 0.17 ± 0.04
(n = 6; R2 = 0.79)

NS NS 0.13 ± 0.04
(n = 6; R2 = 0.69)

Qβd 1.77 (1.46–2.04)
(n = 6, 5, 3, 3;
R2 = 0.62, 0.74, 0.97, 0.996)

1.88 ± 0.32
(n = 6; R2 = 0.90)

1.50 ± 0.07
(n = 6; R2 = 0.99)

1.82 ± 0.24
(n = 8; R2 = 0.91)

0.39 ± 0.09
(n = 7; R2 = 0.81)

ΦX174 NS NS NS 0.38 ± 0.01
(n = 3; R2 = 0.999)

0.39 ± 0.01
(n = 7; R2 = 0.99)

S. typhimurium 1.42 (1.31–1.52)
(n = 5, 6; R2 = 0.83, 0.85)

NS 1.50 ± 0.30
(n = 5; R2 = 0.89)

NS NS

Enterococcus spp. 0.92 (0.91–0.92)
(n = 5, 6; R2 = 0.91, 0.83)

NS 0.71 ± 0.15
(n = 6; R2 = 0.85)

0.35 ± 0.09
(n = 6; R2 = 0.79)

0.27 ± 0.02
(n = 6; R2 = 0.98)

a Standard error of regression for the slope coefficient (k) determined from the log-transformed culturable fraction versus time, based on n data
points. b Average of semi-batch results reported with range and R2 for each replicate experiment. c NS = not significantly different from zero at
a 95% confidence level. d Calculated k for the first 4 days of the biologically active nitrified urine semi-batches and the filtered nitrified urine
semi-batch.

Table 4 Recapitulation of the observed modes of inactivation for each target organism

Mode of inactivation MS2 ΦX174 Qβ S. typhimurium Enterococcus spp.

(1) Physical effect of the air–water interface No No Yesa No No
(2) Presence of biologically active community No No Possible Yes Yes
(3) Chemical matrix effects No No No No No

a A protective effect of the chemical matrix was observed for Qβ during aeration, leading to tailing of the inactivation curve. This effect could
also be relevant for MS2 and ΦX174 but could not be observed due to the overall lack of inactivation of these two bacteriophages.
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non-aerated (unfiltered) nitrified urine, despite the expecta-

tion of reduced biological activity in the non-aerated batch.

This indicates that adsorption to biomass or enzymatic

activity, rather than competition in growth, may have played

important roles. Additionally, because the HRT of field nitri-

fication reactors is expected to be shorter than the duration

of batch studies conducted, competition is expected to be less

important. Further study is required to evaluate the relative

contribution of different biological processes to inactivation.

Concentrations of infective MS2, Qβ and ΦX174 followed

the same evolution in both aerated biologically active and

filtered systems (Fig. 2). This result indicates that the biologi-

cal activity in the nitrification reactors did not cause bacterio-

phage inactivation, and inactivation of Qβ was largely attrib-

utable to aeration. However, inactivation of Qβ was also

observed in non-aerated nitrified urine held without biofilm

carriers (Fig. 3), indicating an additional inactivating effect of

biological activity on Qβ. This finding was surprising because

biological activity was expected to be reduced in the absence

of aeration. Qβ inactivation reached 4–5 logs in 8 days for

the unaerated system with a starting nitrification rate of

0.5 gN m−2 per day, while inactivation reached only 2–3 logs

in 7 days in the unaerated system with a starting nitrification

rate of 0.2 gN m−2 per day, suggesting that higher microbial

activity may lead to more inactivation. This corresponded to

an inactivation rate constant in the batch with higher micro-

bial activity (Table 3) that was approximately twice that of the

lower microbial activity batch (Table S1†). Therefore, while

aeration appears to be a primary mode of inactivation for Qβ,

inactivation in unaerated nitrified urine batch controls is

likely due to biological processes of suspended microbial

communities not attached to biofilm carriers or to degrada-

tion by proteolytic enzymes present in the unaerated nitrified

urine batch.

To evaluate the ability of the biological community to

adapt to inactivate persistent bacteriophage, MS2 was contin-

uously spiked into the continuous MBBR over 51 days. Mea-

sured MS2 concentrations in the continuous-flow MBBR mir-

rored the expected concentration of a modeled conservative

tracer added with equivalent influent concentrations and no

degradation (k = 0 in eqn (1), Fig. 4). The difference between

measured MS2 and modeled tracer concentrations was less

than 0.5 log over the course of the experiment, indicating

that little to no MS2 was lost due to adsorption to the reactor

or to inactivation. This is consistent with little to no inactiva-

tion of MS2 observed in all batch and semi-batch reactors.

Because inactivation of MS2 was not enhanced through time,

the biological community facilitating nitrification and

organic degradation in the MBBR did not adapt to alter MS2

infectivity within the experimental time scale. It was postu-

lated that the microbial community could adapt with MS2 as

a continuously added substrate. Bacteria, protozoa or other

organisms can engulf viruses or release virucidal agents, so

the long-term input of MS2 could favor the growth of these

organisms and lead to increased MS2 inactivation. However,

the time-scale over which microbial communities change in

response to new substrates is highly variable. This effect

could be further evaluated after months or even several years

of exposing an operating nitrification reactor to different

(pathogen surrogate) substrates.

Solution chemistry matrix effects

In stored urine, the three key parameters governing pathogen

inactivation are free ammonia (NH3) activity, pH and temper-

ature.9,20,21,27,41 NH3 is a known biocide for most organisms,

as is high pH.42 The survival time of bacteria and

viruses in urine declines with increasing temperatures.20,21

Gram-negative bacteria are generally more rapidly inactivated

in stored urine than gram-positive bacteria, and viruses are

typically more persistent than both. In this study, NH3 con-

centrations were reduced by microbial oxidation and pH

was lowered from that of the influent, yielding less detrimen-

tal conditions for the test microorganisms following nitrifica-

tion than during urine storage at high pH.

To evaluate the role of the bulk nitrified urine solution

composition on target organism inactivation, aerated batches

containing PBS were compared to aerated nitrified urine and

filtered nitrified urine. In the chemically complex solutions

(i.e., nitrified urine and filtered nitrified urine, Table 3), the

inactivation of bacteriophage was either comparable to or

less pronounced than in the buffer (Tables 3 and S1†). As

was observed for Qβ, the solution could also provide a protec-

tive coating for the other phage, but this was not further eval-

uated due to the lack of overall inactivation of MS2 and

ΦX174.

The concentrations of Enterococcus spp. and S. typhimurium
decreased substantially in active nitrification reactors but

were unchanged in filtered nitrified urine and relatively

stable in PBS. This suggests that the sole mode of inactivation

during nitrification was biological processes, and there was

no additional effect of the matrix composition. Further, the

solution did not provide protection for bacteria as observed

for Qβ.

Fig. 4 MS2 was spiked continuously in a continuous flow MBBR for 51

days. A tracer was modeled in the reactor using the measured MS2

input concentrations and reactor flow rates.
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While the temperature was not specifically controlled in

the continuous or batch MBBRs (laboratory temperature,

~20 °C), batch controls in PBS conducted at the same temper-

ature as urine batch tests indicated little additional inactiva-

tion effect of temperature for the duration of the experiment.

Phage and bacteria remained relatively stable in unaerated

PBS (Fig. 3). In summary, the nitrified urine solution compo-

sition and experimental temperature had little biocidal effect

on bacteria or bacteriophage and, in the case of Qβ, may

instead contribute to protection of the virus from complete

inactivation during aeration.

Implications for urine nitrification applications

While results of batch and semi-batch MBBRs cannot be

extrapolated directly to the continuous flow MBBRs because

several parameters were different (e.g., aeration rate, reactor

dimensions and material), they permit evaluation of several

inactivation mechanisms for the bacteria and bacteriophage

and can inform further research with continuous flow MBBRs

(Table 4). Bacteriophages ΦX174 and MS2 were more resis-

tant to inactivation during urine nitrification than Qβ or

tested bacteria. The presence of active nitrification relative to

controls inactivated the tested bacteria but did not directly

affect bacteriophages. Conversely, bacteriophages may be

protected by macromolecules or particles generated during

aeration in nitrified urine, as observed for Qβ. This protective

or tailing effect was evident for Qβ only and not for the tested

bacteria. Qβ was sensitive to aeration in batch reactors, while

MS2, ΦX174 and bacteria were not.

In further development of nitrification for the production

of fertilizers from source-separated urine, it is anticipated

that nitrification will provide inactivation capacity for bacte-

rial pathogens but viruses may remain infective following

treatment. For example, field-scale nitrification reactors

established in the VUNA project have a HRT of 3 to 6 days.

Under these conditions, assuming steady state of the reactor

has been reached (eqn (2)), and applying first-order inactiva-

tion rates presented in Table 3, S. typhimurium and Enterococ-
cus spp. are expected to undergo 0.7 to 1-log and 0.6 to 0.8-

log inactivation, respectively. Bacteriophage Qβ could reach

0.8 to 1.1-log removal if no protective effect of the matrix is

assumed, while no treatment benefit is expected for MS2 or

ΦX174. The persistence of these viruses raises concern for

the treatment capacity of urine nitrification for human

viruses and therefore its ability to improve the hygiene of

urine fertilizer production.

Nitrification of urine removes a significant amount of the

biocidal effect afforded by ammonia in stored urine. The

inactivation of bacteria and viruses could be enhanced via
longer storage of urine prior to nitrification, but stabilization

of the urine for nutrient recovery remains important. Addi-

tionally, because some viruses as well as spore-forming bacte-

ria are known to persist in stored urine, even with extended

storage times, downstream treatment of nitrified urine would

be necessary to inactivate such pathogens. Distillation for

example, although energy intensive, provides the production

benefit of concentrating the liquid nitrified urine fertilizer

and producing a clean water by-product, while also confer-

ring a pathogen treatment benefit.
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