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Abstract

This work presents a new control system for thetaiton of high-strength ammonium
wastewater as reject water from sludge dewateling based on three independent
feedback control loops: i) DO control by manipulatihe aeration flow-rate, ii) pH
control with the addition of solid N&Os; and iii) control of NH*-N concentration in

the reactor using the influent flow-rate as the ipalated variable. Its application in an
activated sludge configuration with one reactor arsettler, demonstrated: i) capability
to achieve stable effluent composition with prol&;-N/NH,4*-N ratio for anammox
treatment and ii) possibility to obtain an effluavith full nitritation suitable for
heterotrophic denitrification only modifying the amnium setpoint. A nitrogen

loading rate (NLR) up to 5.0+1.0 gN*'t™* was stably treated using real reject water (T
= 30°C, pH = 7.5) with a NON/(NO;-N+NOs™-N) ratio of 99%. NLR reached up to

9.3+0.5 gN L*d™ with synthetic wastewater.
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Nomenclature

ACR ammonia consumption rate

AOB ammonia oxidizing bacteria

CLSM confocal laser scanning microscopy

DO dissolved oxygen

FA free ammonia

FISH fluorescence in situ hybridization

FNA free nitrous acid

HRT hydraulic residence time

NLR nitrogen loading rate

NOB nitrite oxidizing bacteria

OUR oxygen uptake rate

Pl proportional-integral controller

PID proportional-integral-derivative controller
PN partial nitritation

SACR specific ammonia consumption rate
SRT sludge retention time

TAN total ammonia nitrogen (TAN = NFFN+ NHz-N)
TANsp TAN setpoint

TIC total inorganic carbon

TNN total nitrite nitrogen (TNN = N©@-N + HNO,-N)
TSS total suspended solids

VSS volatile suspended solids

WWTP wastewater treatment plant



HaoB specific growth rate of AOB

HUNOB specific growth rate of NOB;

Mmax,A0B maximum specific growth rate of AOB
Mmax,NOB maximum specific growth rate of NOB
baos decay rate of AOB

bnos decay rates of NOB

PmaxA0B maximum decay rate of AOB

Pmax noOB maximum decay rate of NOB

K\ raroB FA inhibition constant of AOB
K| FaNOB FA inhibition constant of NOB
K| EnaAOB FNA inhibition constant of AOB
K| ENANOB FNA inhibition constant of NOB
Kspo.aos DO affinity constant of AOB
Ks.po,noB DO affinity constant of NOB
Ks.raroB FA affinity constant of AOB

Ksrnvanos  FNA affinity constant of NOB



1. Introduction

Reject water is a high-strength ammonium wastewatstuced in the sludge
dewatering process in wastewater treatment pl&#W&TP). This effluent is usually
mixed with the influent of the WWTP to be treatadhe conventional water line.
However, different studies have demonstrated ti@specific and separated treatment
of reject water is more convenient than its recyt]jeAmong the proposed treatments,
biological processes are the most convenient froth bconomic and ecological points
of view. Biological nitrogen removal of reject watan be performed by i) the classical
nitrification — denitrification (full ammonium oxation to nitrate followed by
heterotrophic denitrification), ii) nitritation —editritation (oxidation of ammonium to
nitrite followed by nitrite denitrification), whichas some advantages compared to the
conventional process [2, 3] and iii) partial ndation (PN) — anammox which is the most
novel process and ensures nitrogen removal thrangtutotrophic process [4, 5]. As a
pretreatment of the anammox reactor, the PN re&etoto achieve an effluent ratio of
total nitrite nitrogen (TNN = N@-N + N-HNQO,) / total ammonia nitrogen (TAN =

NH;"-N + NHs-N) around 1.3, which is the stoichiometric ragouired by anammox:

NH;" + 1.3 NQ + 0.066 HCQ + 0.13 H — 1.02 N + 0.26 NQ + 0.066 CHOp sNo 15

+ 2.03 HO

One of the most common PN reactors for achieviegsthitable influent for anammox is
the SHARON process [4]. However, recent studie®snown that the actual
bottleneck in the overall capacity of the autotriopt-removal process is due to the

limiting capacity of the first part of the treatmetiat is, PN with the SHARON reactor



[6]. This limitation is due to the low biomass centration that can be achieved
because it works without biomass retention to aghand maintain PN [7].
Consequently, the development of robust technodofgiePN at higher nitrogen loading
rates (NLR) is required to improve the capacityhaf autotrophic N-removal [8].

PN reactors for anammox systems are usually opkvathout advanced control loops,
as only DO control is usually implemented. Theuwdfit with the required TNN/TAN
ratio for the anammox step is achieved thanksedtbarbonate/TAN ratio of the reject
water, which typically contains the stoichiometilkalinity required to oxidize around
50% of the inlet ammonium [9]. However, the treatinaf wastewaters without the
proper bicarbonate/TAN ratio or some fluctuatiohgwuent TAN and alkalinity
concentrations could strongly affect the TNN/TANaaf the effluent and therefore it
could disturb the anammox process [10, 11].

Process control is widely recognized in the literatas essential to ensure successful
reactor operation under different influent condisan PN systems [12]. Main control
options recommended consider flow adjustment, amftuotal inorganic carbon (TIC)
control and base/bicarbonate dosing in the reaEtow adjustment is a feasible option
because a large number of sludge dewatering systeY\8VTP work only part of the
day and hence reject water storage is alreadyadolailFor example, centrifuges
generally operate only during the working hours] egject water is already stored with
the objective of distributing its load during dietday. Many other industries as
chemical, pharmaceutical or food industries alsmipce high-strength ammonium
wastewaters discontinuously that must be storedraated progressively.

In this scenario, the development of a new PN aystih a specific control loop is a

requirement to produce a proper effluent for anamtreatment from any high-strength



ammonium wastewater, independently of its bicarb®@AN ratio. To this aim, a
novel automatic control loop able to maintain aciieTAN concentration in the
effluent was developed and applied to a singlevatd sludge nitrifying reactor under
continuous operation. The TAN control loop manipegahe influent flow-rate to
obtain a more reliable system able to treat rejater at high rates and obtaining an
effluent suitable for a subsequent anammox reabtoreover, the versatility of the
control system was studied for achieving an appatgeffluent for a subsequent

heterotrophic denitritation by only decreasing T#dN setpoint (TANsp).

2. Materials and Methods

2.1. Partial nitritation system setup

The experiments were performed in a continuousaetd sludge system consisting of
an aerobic mixed reactor with a working volume Bfil2followed by a 25 L settler
(Figure 1). The reactor was equipped with measunésystems for dissolved oxygen
(DO) (WTW Oxi 340i CellOx 325), pH (Crison pH 52&nd temperature (Pt-100).
TAN was measured with an on-line ammonium ion $ele@lectrode (NH4Dsc
Ammonium sensor with a Cartrical cartridge and 4@Tcontroller, Hach Lange,
Dusseldorf, Germany), which provided a stable measant with low noise. The DO
control was based on a proportional-integral deéinre(PID) algorithm operated by
manipulating a pneumatic control valve which maadifthe airflow supplied through an
air diffuser placed at the bottom of the reactd® Was controlled at 2.0 mg@™*
throughout all the study. The pH control was aroffreontroller adding solid sodium

carbonate through a solid dispenser. When operaiitigthis pH control, the selected



setpoint was 7.5. The temperature control, baseaham-off control, was operated by
switching an electrical heating device.

The hydraulic residence time (HRT) was not consteartying in the range 3-8 h during
pH controlled operation and increased up to 21 arwtH was not controlled. The
sludge retention time (SRT) was kept at differaalties depending on the operational

period. Typical SRT values were in the 3-6 d range.

2.2. TAN control loop

The TAN control loop consisted of a feedback prtipaal-integral (P1) controller. The
controller was initially tuned with the integral thfe square error (ISE) criterion [13]
based on the modelled response, but the paranveteescorrected during the first
experimental period to minimize the effect of fdisturbances. PI gain and integral
time parameters were set after the tuning peridtcts 0.75 I mg* N h* andt, = 1.67
h.

The controlled variable was the TAN concentratiothie reactor measured with the
NH4Dsc on-line ammonium probe. It was measuredyel/@minutes and then its
30-minutes moving average value was compared tdAMNsp. The difference among
these two TAN values was the error fed to the Rtrotler algorithm, which calculated
a new inflow value and, as a result, the new NLRalfy, the control action (new flow)
was transmitted to a process computer that chatingeplulse frequency of the inflow
pump. Figure 1 schematically shows this contropldogether with the others
previously defined.

The TAN control loop was implemented in a supemjisexpert control system using

Gensym G2 [14] and was run in a Sun workstation, althoughritplementation in



other control systems is also possible. This coidap is an evolvement of a
previously designed control loop based on oxygdakgrate (OUR) measurements
[15-17]. The utilization of OUR as controlled vaia allows the maintenance of stable
full nitritation (100% oxidation of TAN to TNN), bdwoes not allow working at a high
ammonium concentration, avoiding the achievemeanaéffluent suitable for an
anammox reactor (TNN/TAN ratio around 0.5). Thespzais that a TAN concentration
around 5 mg N-t already gives the maximum OUR, and hence it igossible to
distinguish TAN concentrations higher than thisuealvith only OUR measurements.
Selecting TAN as controlled variable requires ttikzation of an on-line ammonium
analyzer, but does not have this limitation and setpoint inside the measurement
range of the equipment can be selected. It prowdesatility and theoretically would
allow producing an effluent with the proper TNN/TABtio to feed an anammox
reactor or an effluent with almost 100% of TNN é&d a heterotrophic denitritation

reactor if a low TANpis selected.

2.3. Wastewater characteristics

The experiments were initially carried out with gyetic wastewater in order to test the
viability of the TAN control loop. The syntheticflnent mimicked the reject water
from the dewatering process of anaerobically dagestudge, except for a lower TIC
concentration. It contained a high TAN concentraiip250+150 mg L), a low amount
of biodegradable organic matter (acetate, 30-3£@§ L ™) and a TIC concentration
of 40.0+1.0 mgC L.

After 60 days of operation, the influent was pregireely changed to real reject water

from a municipal WWTP of Barcelona area (Spain)e Téject water was weekly



changed and stored in a 2000 L refrigerated tadk¥E. The average TAN

concentration of the reject water was 554+65 mg™N L

2.4 Sludge inoculum

The inoculation of the reactor was performed withivated sludge taken from a PN
pilot plant. This pilot plant was composed by thceeatinuous stirred tank reactors and
a settler and was operated at T= 30 °C, DO = 2.0 fnand pH = 8.3. This system was
controlled to maintain complete nitritation usimg toriginal OUR control loop detailed

in section 2.2. Detailed information about thisteys can be found in Tora et al. [16].

2.5. Microbial and chemical analysis

Fluorescence in situ hybridization (FISH) technigoepled with confocal laser
scanning microscopy (CLSM) was used to investitfaenitrifying population
dynamics. A Leica TCS SP2 AOBS CLSM microscope mignification of x63
(objective HCX PL APO ibd.B1 63x1.4 oil) equippettimwo HeNe lasers with light
emission at 561 and 633 nm was used for biomassto®t. Hybridizations were
carried out using at the same time a Cy3-labeledifp probe and Cy5-labeled
EUBmMix probe (general probe). The specific probedusr ammonia oxidizing bacteria
(AOB) detection was Ns0190 [18], which identifiest&-proteobacterial ammonia
oxidizers. Nitrite oxidizing bacteria (NOB) weretdeted with NIT3 [19],
recommended for Nitrobacter spp. Nso190 and NIT@wsed because they were
found in a previous work [20] as the more represtire probes for AOB and NOB in
our operational conditions. EUBmix probe consisieéthe mix of probes EUB338,

EUB338 Il and EUB338 11l [21, 22]. Detailed infortman about FISH probes can be



found in Supplementary Information (Table S1) asdjuantification can be found in
Jubany et al. [20].

Off-line TAN analyses were performed with a contina flow analyzer based on
potentiometric determination of ammonia. TNN antate were measured with ionic
chromatography using a DIONEX ICS-2000 Integrateddent-Free IC System with
an auto-sampler AS40. Volatile suspended solidsS)\éhd total suspended solids

(TSS) concentrations were determined accordingaiodard methods [23].

2.6. Kinetic models for AOB and NOB populations

A Kkinetic study was performed to analyze the siigbiif the PN process achieved with
the controlled operation. The kinetic models (Eoret 1-4) considered DO limitation,
Andrews’ kinetics for substrate (with limitationc&mbhibition) and inhibitions of AOB

by free nitrous acid (FNA) and NOB by free ammqa(fia).

[DQ] [FA] K| FnasoB (1)
K spoaos *[DO] [FA]? K, euanos +[FNA]

I,FA,AOB

Haos = HmaxaoB
Ksranos T[FA]+

[DQO] [FNA] K I,FA,NOB (2)
sponos T [DO] [FNA]2 K I,FA,NOB +[FA]

I,FNA,NOB

Mnoe = Hmaxnos K

K S,FNA,NOB + [FNA] +

[DO]

b =b 3

AOB maxAOB KSDO,AOB +[DO] ( )
[DO]

b =b 4

NOB maxNOB K SDONOB + [DO] ( )



Haos and [os are the specific growth rates of AOB and NOB resipely; baog and

bnos the decay rate$inax aos@ndpmax,nos the maximum specific growth rates,aRaos
and bhax nosthe maximum decay ratess Ko aos and Ks po nosthe DO affinity
constants; K ra aos the FA affinity constant of AOB; Krnanosthe FNA affinity
constant of NOB; KKra aos and K ga nos the FA inhibition constants and i aos and
Kienanos the FNA inhibition constants. An extended desaiptaind justification of
both kinetic models and parameters can be foursivblsre [15]The kinetic
parameters for AOB and NOB populations were adetyatodified to the temperature
and pH used in this study according to the equatt@scribed in [24]. FA and FNA
concentrations were calculated from the measureld ad TNN concentrations using

the acid-base equilibria (equations 5 and 6) [25].

pH
e
ex +10
273+T
ex o™ +1
273+T

3. Results and Discussion

3.1. Controlled operation to obtain a suitable amaminfluent using synthetic
wastewater

The nitrifying reactor was inoculated with 25 Ltbg activated sludge inoculum
detailed in section 2.4, which was composed by 3%tbf AOB, <1% of NOB and the
rest being considered heterotrophic biomass. Tagaeworked with the control loops

previously defined. The TAN concentration in thuant was regularly measured and



the TANgp of the control loop was modified (between 600-809N L) when the
influent concentration changed to achieve the TNWNTratio of 1.3 stoichiometrically
required for the anammox process.

The reactor was operated for 2 months with thehsgtit influent at 30°C, pH setpoint
of 7.5 and SRT around 3 d (Period 1). During thesigd, the NLR increased from the
initial 3.7 g N L* d* up to an average value of 9.3+0.5 g Nd* for the last 20 days
(Figure 2). This significant increase of the NLRswalated to the biomass
concentration, which increased from an initial eatif 450 mg VSS T up to 2000 mg
VSS L (data not shown), maintaining a VSS/TSS ratio.8680.03 during all period
I. The proper TNN/TAN ratio of 1.3 was achievedlay 15 and maintained by the
TAN control loop at 1.3+0.1 during the rest of peki (Figure 3). The HRT during this
period changed automatically from 8 h to 3 h. Tgesod was enough to demonstrate
the stability and robustness of the TAN controlddo achieve a proper influent for

anammox reactors.

3.2. Controlled operation to obtain a suitable amaminfluent using real reject water
When the steady state with synthetic wastewaterashreved, the influent was
progressively changed to reject water to demorestheg viability of the TAN control
loop for treating real wastewater. During 10 ddysinfluent was a mixture of 50%
synthetic wastewater and 50% real reject water @dwethe temperature, pH and SRT
were maintained at 30°C, 7.5 and 3 d, respecti{rayiod Il). During this period, the
NLR experimented a slight decrease compared tad¢heved treating the synthetic

wastewater, while the TNN/TAN ratio was maintairaed..4+0.1 with <1% of nitrate in



the effluent (Table 1). After this short period tile end of this study, the reactor was
fed only with the real reject water.

The viability of the nitrifying reactor with the T control loop was tested during one
month (Period Ill), maintaining the temperature, grtl SRT at 30°C, 7.5 and 3 d,
respectively. Comparing the results obtained as#me temperature and pH using the
synthetic wastewater (Period I) and the reject w@eriod Il1), it was observed that the
capacity of the system was reduced treating reatemater. Comparing both
volumetric NLRs (Table 1), the capacity of the systdecreased around 40% for reject
water (from 9.0 to 5.0 g N'td™). However, this decrease was not only causedéy th
wastewater change, but also was related to a decgdhe biomass concentration
between both periods. The specific ammonia consompate (SACR) decreased only
20% from period | (2.6 g N§VSS d*) to period 11l (2.0 g N §VSS dY). This

decrease could be caused by differences in theuctimily and organic matter and salts
content between the synthetic and real wastewadtienertheless, the NLR achieved
treating the reject water was very high compareti wiost of the bibliographic
references of PN systems [5, 9, 26, 27]. Moreaber,TNN/TAN ratio, which is the
most important parameter for a subsequent anameawmtar, was stably maintained at
1.3+0.3, while the nitrate concentration in thdusfht was always lower than 5 mg N
L. The VSS/TSS ratio decreased from the initial 94% value of 51% during the 30
days of this period. The reason for this signiftcameralization of the activated sludge
was an important input of inorganic content in tbject water. However, the increased
sludge mineralization was not a problem for theppresystem operation and hence it is

not expected a significant effect of this changsludge characteristics in full-scale



applications. This low VSS/TSS ratio was maintainedstant during the rest of
operation with real reject water. The HRT durinig feriod was 3.9£0.6 h.

When the viability of our system treating the repater at 30°C was demonstrated,
and considering that other systems as SHARON reandrthe range of 30-40°C for
maintaining its performance, the temperature ingystem was decreased to check the
achievement of a suitable effluent for anammoxtaaat lower temperatures. Then, it
was decreased to 24°C and the pH was maintainé8 &ir Period IV. In spite of the
temperature decrease, the TNN/TAN ratio was maiathat 1.3+0.2 while the NLR
and ammonia consumption rate (ACR) were slightlydothan Period Ill (Table 1).
However, the biomass concentration increased nothbing this period due to the
high solid concentration in the reject water arsigaificant improvement of the
settleability of the nitrifying activated sludgehish resulted in an increased SRT of 6
d. This change in the solids concentration causdthportant decrease of the SACR
(around 70%) between periods Il and IV.

It should be emphasized the extremely high NLRt&iavith this novel ammonium
control loop (Table 1). As stated in several stagibe actual bottleneck in the overall
capacity of N-removal advanced treatment systertiei$imiting capacity of the PN
compared to anammox capacity [6, 8, 28]. Consetyehe novel technology
presented in this study can be useful to improeectpacity of N-removal via nitrite.
The FISH technique was used to detect the micrg@aipllations presented in the
nitrifying reactor through the study. These anadydetermined that the bacterial
populations were almost the same treating syntineigtewater or reject water. For
example, AOB population was quantified in 73x10%hatend of Period | using

synthetic wastewater and 75+6% during Period V wefhct water, while NOB



population was undetected (<1%) in both periodss NOB washout was also reflected

in the absence of nitrate production during bottiogks.

3.3. Is automatic pH control convenient for pamigtitation?

A disagreement point in the design and operatidAMfteactors is the application of pH
control loops. The use of pH control means an es®en the consumption of reagents
but also an improvement of the ambient conditiamshitritation. An experiment was
designed and carried out to clarify this controyeie experiment consisted on the
deactivation of the pH control loop of the nitrifig reactor (period V). During this
period, the alkalinity of the system was only theahnity that contained the reject
water and the pH decreased to a stable value oFGréhermore, significant decreases
of the NLR (from 4.1 to 0.8 g N't.d™) and the ACR (from 2.4 to 0.5 g N*ld™) were
observed. As a consequence, the inflow rate styatggreased and the HRT was
stabilized to 21+2 h. The TNN/TAN ratio was keptle2+0.3 without nitrate formation
in the effluent despite the change of operatiopabdions.

Hence, the nitrifying system could work without pbhtrol but with a treatment
capacity 5-fold lower than the achieved using acpHitrol loop. Finally, in spite of the
lower rates achieved without pH control, thesesate much higher than those
typically observed in SHARON reactors [9, 29].

The observed decrease in the capacity of the sydteimg Period V could be caused by
the lower alkalinity of the system with the consewce of lower pH under operating
conditions [30] or the TIC limitation [31, 32]. TAAC limitation could increase, at the
same time, the inhibitory effects of FA and FNAADGB [33]. If the decrease of

activity was only due to the effect of pH over AGBe ACR should decrease around



22% [34] and not 80% as it was observed. This Bggmt difference could be
explained because the concentration of FA decrefased5.0 mg NH L™ obtained at
pH 7.5 to 1.2 mg NgIL™ at pH 6.8 and the FNA concentration increased 0008 to
0.39 mg HNQ L™. As previously reported, the affinity for FA deases and the
inhibition by FNA is specially amplified under Tli@nitation [33]. These two factors
explain the important decrease in the ACR whermpthe&ontrol was deactivated.

The final decision of using pH control in PN reastwould rely on the alkalinity
content of a given wastewater. In the case studledinvestment and operational costs
of maintaining a controlled pH with the additionbzse should be economically
evaluated and compared to the costs associateceaxir with a volume five times

higher to compensate for the 80% reduction of tRd&RA

3.4. Controlled operation to obtain a suitableuefit for heterotrophic denitritation.
The last objective of this study was to check & AN control loop was able to
produce a proper effluent for a subsequent hetgbic denitritation by just changing
the TANsp (period VI). In this case, the effluent should @on most of the total
nitrogen as TNN and therefore the T&Nvas decreased to 20-30 mg N. This value
allowed to achieve an effluent with low TAN conaaion and complete nitritation.
The pH control loop was again applied and the teatpee and pH were maintained at
24°C and 7.5, respectively throughout this period.

As Figure 3 shows, TAN was completely oxidized ddNI'with very low nitrate
formation during this period and consequently,Nhé&R and the ACR were very similar
(Figure 2). The NLR decreased compared to periqdi'Which the pH and

temperature were the same and only the $AMas different. This decrease was only a



consequence of the NLR measurement, becauseaicisiated based on the influent

TAN concentration. During period 1V only 56% of $iTAN was oxidized to TNN,

while during period VI more than 95% of this TAN svaxidized to TNN. However, the
obtained ACR was the same in both periods, whicanma¢hat the capacity of the
nitrifying system was the same independently offiked TANsg high TANspto

achieve a suitable influent for anammox procedswITANspwhen a proper effluent

for heterotrophic denitritation is the target. Asansequence, it can be assumed that the
high free ammonia (FA) concentration in the rea(®ot+0.8 mg FA [!) during period

IV and the high free nitrous acid (FNA) concentratduring period VI (0.034+0.006

mg FNA L) were not inhibitory for AOB.

3.5. Kinetic study

The growth rates of AOB and NOB populations undsr-hmiting FA or FNA
concentrations are influenced by three factorsirthiitions by FA and FNA and the
limitation by DO. The total and complete washouthed NOB from the system to
achieve stable PN is possible using the combinatidhese factors and a proper SRT.
The minimum SRT (SR{i,) to maintain the AOB and NOB populations in theteyn
can be calculated with equation 7 [15, 35].

SRTmin,i = |J ib (7)

Wi and brepresent the specific growth and decay ratesQB Ar NOB for a given
experimental condition. The particulagds and [os values for each period were
calculated with equations 1 and 2 using the aveeagerimental DO, FA and FNA
concentrations in the reactor during that perigdgtand yog values were calculated

with equations 3-4 using the average experimen@kcbncentration for each period.



The SRTi, values obtained for AOB and NOB with equation 7dach experimental
period were compared to the operational SRT iretabSRTin a0s Was always lower
than the operational SRT, which means that it wdfscgent to sustain the AOB
population in the pilot plant. On the contrary,idgrperiods I-V the high ammonium
concentration in the reactor combined with the adied pH favored the formation of
FA, which is extremely inhibitory for NOB. Underebe conditions, ybg Was always
lower than Rogs, which means than even with an infinite SRT thiegnewth of NOB
was not possible, leading to the wash out of tbigutation from the system. In period
V, the pH control was deactivated and consequéndyH decreased from 7.5 to 6.8,
which reduced the FA concentration and as a comseguthe SRin nos decreased to
27.4 d. However, the SRT was still lower and thevizdd maintained. During period
VI, the TANspwas decreased to 20-30 mg N in order to produce a suitable effluent
for a subsequent heterotrophic denitritation. Tmerational change reduced the FA
concentration in the reactor and as a consequrceR T, nos decreased to 5.5,
which was lower than the operational SRT in thaigaeand thus, NOB were able to
grow in the system. This result completely agre#is the low increase of nitrate
concentration detected at the end of this periagufe 3). Under these conditions,
operation with SRT lower than 5.5 would has beeuired to eliminate completely the

nitrate presence in the effluent.

3.6 Practical implications
The first step to apply this control system to\aegiwastewater would be measuring its
TAN concentration and calculating the required T#dNpoint to obtain the desired

TNN/TAN ratio in the effluent. Once this value igdd, the experimental results of this



study demonstrate that choosing proper operatmraditions (DO and pH setpoints of
the conventional control loops) joint to the TANn¢w! loop allows the build-up of FA
in the reactor. FA has a higher inhibitory effentNdOB than on AOB, reflected on the
required SRT to survive in the system for both papons (SR Thin aos and

SRTninnog)- If the operational SRT is selected lower thatrbquired SRT for NOB
survive (SRTinnos), NOB will be undoubtedly washed out of the systamiit is
corroborated with the FISH detection and quantifaccain this study.

An additional interesting characteristic of the TAbNtrol loop is that it allows working
at the maximum capacity of the system, avoidingramy-desired accumulation of
ammonia. The controlled flow always matches thdiagpoad to the ACR capacity in
a given set of environmental conditions. For exangécreasing DO concentration in a
non-controlled system would lead to ammonia accatian and eventually to substrate
inhibition. However, a similar DO decrease in atsyswith the developed TAN control
loop would cause no problem, as the influent flaewould be automatically reduced.
The same protective effect would be provided indhse of a pH change. Therefore, the
process stability achieved with the TAN controlppcombined with the proper
selection of DO and pH setpoints to induce growaagditions more favorable to AOB
than NOB is the key point for the success of thestiged control system.

One concern about the application of this systemastewaters with variable
composition is that information about the ammononcentration in the influent
should be provided to calculate the required amomann the reactor to achieve a
desired effluent TNN/TAN ratio. This informationrcae provided with off-line

analysis if stored wastewater is used, or it cambasured on-line with another

ammonium sensor or changing the sampling pointsihgle analyzer. The utilization



of on-line data to automatically calculate a netpsmt for the slave control loop is the
typical ratio control structure found in the literee [13]. In any case, the cost involved
for this implementation is not extremely high, asnaonium selective electrodes as the
one used in this work are reducing its price angadays its cost is only around twice
the price of a typical DO sensor for a WWTP.

Regarding the versatility of this control systemsinot limited by the stoichiometric
bicarbonate/ammonium ratio for achieving a suitamfieent for anammox reactor, as
required in other treatments as SHARON. For exantpéesynthetic wastewater used
had much lower alkalinity than the typical rejecter, and extremely high NLR of
9.3+0.5 g N [* d* was obtained. When using real reject water, a higly NLR of
5.0+1.0 g N [* d* was also obtained (T = 30°C, pH = 7.5), with arRAGF 2.8+0.8 g N
Lt dt and a NG-N/(NO,-N+NOs-N) ratio of 99%. Moreover, this system is alsoeabl
to work at lower temperatures (24°C) than the oegsired for other systems (e.g.

SHAROH among others), maintaining a high NLR.

4. Conclusions

An activated sludge nitrifying reactor with a noW&N control loop was able to stably
treat reject water producing a suitable effluemtaf@ubsequent anammox process. The
TNN/TAN ratio in the effluent was steadily maintadhat 1.3 with an extremely high
NLR of 5.0+1.0 g N [* d* (T= 30°C, pH = 7.5). The system was also ablehieze a
high NLR with the proper TNN/TAN ratio when the tparature was decreased to
24°C. Finally, the TAN control loop also permittiedproduce an effluent appropriate

for a subsequent heterotrophic denitritation predssonly changing the TAN setpoint.
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Table 2. Minimum SRT required to sustain AOB and BN@opulations and the

operational SRT in the reactor.

Period SR-IF]in,AOB (d) SRTmin,NOB (d) SR-I(-)perationaI(d)
I 1.3 o0 3
I 1.2 o0 3
11 1.2 o0 3
I\ 1.2 o0 6
V 1.9 27.4 24
\4 1.9 5.5 12




TAN

Sp® on-line TAN ... ;
measurement

 Influent
Effluent
—
Influent Settler
0 00 0200 %0

External
recycle

Figure 1. Schematic diagram of the partial nititatsystem showing the pH, DO and
temperature control loops (pHC, DOC and TC respelsfj and the inflow control loop

with TAN as the measured variable.
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Figure 2. Nitrogen loading rate (NLR) and ammonimsumption rate (ACR) in the
partial nitritation system during this study. I.riBlyetic wastewater; Il. 50% synthetic
wastewater and 50% reject water; Ill. Reject wate80°C; IV. Reject water at 24°C; V.

Reject water without pH control; VI. Reject watetiwan effluent mostly nitrite.
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Figure 3. Time course of nitrogen compounds coma&onhs through the study. I.
Synthetic wastewater; 1. 50% synthetic wastewatel 50% reject water; Ill. Reject
water at 30°C; IV. Reject water at 24°C; V. Rejgater without pH control; VI. Reject

water with an effluent mostly nitrite.





