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Abstract:

To predict the performance and evaluate the optimized process operation, a number of
kinetic models were conducted in batch experiments for UASB-anammox biomass and
EGSB-anammox biomass. Following a time series with substrate variations, the reaction of
mixed culture was separated into three phases: the anammox reaction, denitrification and cell
lysis. Among the six selected kinetic models, the Hanlev and Luong models were found to be
the most appropriate, with a prospected rmax of 0.28, 0.30 gN-gVS™, a K, of 53.38, 52.52
mgNH;"-N-L" and inhibition constants of 900 and 928 mg N-L™', respectively. Significant
differences were found in the simulated specific anammox activity (SAA) in the two reactors
following longitudinal distribution. The EGSB-Anammox biomass had the highest ry,x, at
0.30gN-gVS™, and a K, of 53.38mg NH,;"- N-L" (123.84 mgN-L™"), both validated in the
models and experimentally. In contrast, a large variation was found in the UASB-anammox
biomass, from 0.1 to 0.6 gN-gVS™ from the top to the bottom of the reactor, and the removal
efficiency of the whole system was lower. It was also found that a second feeding tended to

increase the SAA for higher purity anammox biomass.

Keywords: batch kinetic simulation, appropriate modeling, long term operation, UASB, EGSB,

specific anammox activity (SAA)
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Introduction:

The anaerobic ammonia oxidation (Anammox) process offers many advantages over the
traditional process. They include the requirement for less capital investment, less operation cost,
less maintenance, no additional requirement for the organic carbon source, and an approximate
90% reduction in sludge handling and transportation costs. Anammox is also environment
friendly due to its low N,O emissions. For these reasons, anammox is widely considered the
most economical and sustainable process for the treatment of ammonium-rich wastewaters.'
However, with the increased interest in putting anammox into operation, the difficulties of the
process emerged. > One is that due to the low cellular yield and growth rates of anammox
bacteria, the anammox process has a long start-up period. Another is that the sensitivity of
anammox bacteria to impact factors makes the process easily destabilized. In order to assess the
applicability of the anammox process, knowledge of the kinetics of the anammox biomass is
most important. This knowledge will assist in the process design and for establishing the
operation conditions.

Most of the anammox processes utilize a mixed culture with functional communities
predominated by anammox bacteria. In the enrichment of anammox, there are four consecutive
phases of anammox enrichment: cell lysis phase, the lag phase, the activity elevation phase and
the stationary phase. With the seed of various functional groups in the reactor, the competition

between the bacteria is accommodated. Denitrification is continuously weakened in the
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stationary phase, with anammox gradually becoming the dominant reaction. The anammox
performance of the reactors was significantly enhanced in the activity elevation phase.
Nevertheless, heterotrophic denitrification still predominant throughout the start-up course due
to the extremely low growth rate of anammox bacteria. One inoculation strategy, where
nitration sludge is the main inoculum and is co-mixed with anaerobic granular sludge, has been
shown to contribute to a relatively shorter start-up time and better reactor performance. There
are three major bioprocesses in the anammox reaction which have been quantified with regard
to the relevant reactions and microbial growth aspects: the anammox reaction, denitrification
and cell lysis.” When a limited amount of substrate is in the vial, denitrification and cell lysis
are the two leading reactions. Anammox activity is negligible once the anammox cell decays,
and cell lysis becomes predominant in the vial. The density of the anammox cell gradually
lessens as the denitrifying cell thrives in the presence of NO3-N and organic matter.

The kinetics of the anammox reaction is a theoretical guide to the potential capability of the
anammox bacteria. These bacteria include K and the K, both of which are important for the
bacteria growth and the engineering application. Since substrate inhibition has been shown to
be a major obstacle for the efficient and stable operation of the anammox process,” techniques
to ensure high treatment performance and stability in the anammox process are being actively
investigated. Over the past twenty years, many researchers have reported on techniques to

optimize the parameters of the anammox process, focusing on the following key issues:
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substrate inhibition and the effect of temperature, organic matter and salinity on the system.
While it has been reported that a simultaneous rise in the concentrations of the substrate
(NH;"-N/NO, -N = 1:1.32) results in the suppression of anammox activity when the nitrite
level of the influent is higher than 280 mg-N/L,” other reports indicate that ammonium levels as
high as 1000 mg-N-L™" did not inhibit anammox processes.

The Specific Anammox Activity (SAA) has been demonstrated to be a very useful tool in
assessing the behavior of the anammox biomass under different conditions with and without the
inhibitors. Therefore, SAA tests were carried out to shed light on the anammox reaction, which
can be used as an indicator for the management of operating conditions. Most of the research
has focused on the total nitrogen removal, with only a few investigations focused on the
maximum NH,"-N and NO,-N consumption rate and NO;-N production in the batch
experiment. In this paper, a usable kinetic model that quantitatively describes the substrate
inhibition of anammox, the Haldane, Edwards and Aiba models were used to simulate the
anammox reaction, and compared to assess the models. In addition, the characterization and
variation of biogas production and the related individual nitrogen in the reactors were also

investigated.

Material and methods
Characteristics of Anammox sludge

The characteristics of the two kinds of sludge taken from the long term operated UASB and

5
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EGSB reactor are shown in Tablel.
Synthetic wastewater

The influent ratio of substrate NO,-N to NH4 -N was kept at 1.32:1 using (NH4),SO4 and
NaNO,. The composition of the mineral medium was as follows: 0.57 g-L™ of KCI, 0.688
gL of NaHCO3, 300 mg-L" of CaCl,-2H,0, 50 mg-L™ of KH,PO4, 200 mg-L™" of
MgSQOy4-7H;0. Trace element I included FeSO4-7H,0 6 mg'L'l, EDTA 6 mg'L'l, and trace
element II included ZnSO4-7H,0 0.538 mg'L'l, CoCl,6H,0 0.3 mg'L'l, MnCl,-4H,0 1.125
mg-L”, CuSO4-5H,0 0.313 mg-L™, H;BO;3 0.018 mg-L™", NiCl,-6H,0 0.238 mg-L™,
Na,SeOy4- 10H,0 0.123 mg L™, (NH,)sMo070,4-4H,0 0.275 mg-L™, Na,WO4-2H,0 0.664

mg'L—l.é—S

Procedure of batch tests and nitrogen degradation study

The assays were performed in vials. The total volume of each vial was 120 mL (with an
effective volume of 100 mL), and all of the vials were closed with rubber plug and then
covered by aluminum cap capable of withstanding approximately 1.5 bars of pressure. The
anammox reaction was studied over a concentration range of 50-400 mg-NH, -N-L™ (TN
116-928 mg-L™) with 50, 100, 200, 300 and 400mg NH, -N-L™" in different vials. An NaHCO;
buffer was used to keep the initial pH at around 7.5. Each vial was inoculated with 5g
Anammox biomass enriched in the reactors with the dominant anammox species Ca. Kuenenia

stuttgartiensis. The anammox biomass was washed and re-suspended in a phosphate buffer
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0.14 g Lt KH,PO4 and 0.75 g LfleHPO4) to remove the residual substrate. The headspace
and liquid phase were gasified with pure nitrogen gas to remove the oxygen. The vials were
placed in a thermostatic water bath shaker, shaken at 120 rpm and kept at 35 °C as in the
reactor. After the addition of the (NH4),SO4 and NaNO, substrates, the pressure balance was
determined after warming the vial for 5 minutes to ensure the pressure of the inner vial was
equal to the atmospheric pressure. The production of N, gas was tracked by measuring the
overpressure in the headspace with a lubricated syringe, depending on the anammox activity in
each vial.

In order to test the accuracy of the experiment, two feedings were conducted. A first run of
assays was carried out to assess the accuracy of the method to rapidly estimate the specific
anammox activity. In this run, activity tests under different initial concentrations of
substrates with an initial 5g wet biomass were performed to evaluate the consumption rate in
the liquid and the gas production rate. Based on the total nitrogen gas production (calculated by
the theoretical feeding substrate concentration) and individual nitrogen concentration analysis,
the kinetics of the SAA were tested with more than 6 times sampling. Each sample of Iml of
liquid was taken from the vial and backfill with pure nitrogen gas simultaneously to maintain
the appropriate pressure stabilization. The liquid samples were firstly passed through a 0.45 um
filter and analyzed immediately or stored temporarily at 4°C. A second run was conducted to

verify the sensitivity of the biomass activity. The total amount of N; gas produced was
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calculated from the sampling gas value taken with a gas syringe from the headspace of each
vial using the ideal gas law equation. The total amount of nitrogen removed from the liquid
phase was investigated by measuring the ammonium, nitrite and nitrate concentrations. The
amount of ammonium and nitrite consumed and the amount of nitrate produced were calculated

based on the concentrations in the vials.

Maximum of Specific Anammox Activity

The N, gas production rate at 35°C was calculated from the maximum slope of the nitrogen
accumulation curve. The SAA is calculated from the N, gas production rate divided by the
biomass concentration in the vial X (g VSS L™"). The maximum specific Anammox activity
(MSAA) was estimated from the maximum slope of the curve indicated by the decrease of

ammonium and biomass concentrations in the vials with the passage of time”:

dN,/dt 28gN 1440 min

MSAA(gN/gVsS/d) = XV, molN, d (1)

where V7 is the volume of the liquid phase (L). Dividing this value by the known amount of
biomass present in the bottle at the beginning of the test, the maximum specific anammox
activity was calculated and expressed as g Ny-N (g VSS)'-d"". The modified Boltzmann

model was used to stimulate the slip of the (K4, = dN, /dt):

Km

V =V ax€Xp [—exp (K‘;’; e(A—1t)+ 1)] (2)

The percentage of activity maintained when inhibitory compounds were tested was calculated

Page 8 of 34
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as follows:

A
x 100

SAA(%) =
MSAA 3)

Where MSAA is the maximum specific activity and SAA is the specific activity of the vial
tests under different substrate concentrations.

Analyses and calculations

Chemical analyses

The concentration of ammonium, nitrite and nitrate were analyzed by ion chromatography
(DIONEX, DX120). Daily records of pH and gas production were kept: the pH was determined
by a pH meter (TOA, HM-30V), and gas production was determined by a wet gas flow meter
and the produced gas was analyzed by Gas Chromatography (Shimadzu, C-R8A). TN was
calculated as the sum of the nitrite, nitrate and ammonium. The consumption of ammonium

(mgeL"*min™) and nitrite was calculated as follows: "

ANH — N = ((Vti — i) x C[NHj — N]tA: (Vi) x C[NHF — N]t+1)
4)

ANO; — N = ((Vti —i)xC[NOz —N]; — (Vy;) X C[NO; — N]t+1>
At 5)

The consumption/production of nitrate (mg/L/min) was calculated by the following equation:

ANO; — N = <_(Vti — i) XC[NO3 — N]Att+ (Vi) X C[NO3 — N]t+1>

(6)
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Kinetic analysis

The substrate degradation rates and biogas production ratio were modeled as a function of
substrate concentration on the anammox reaction. Since the kinetic experiments were
conducted over a wide range of substrate concentrations, several kinetic models were
conducted and compared for SAA simulation. The models are illustrated below, from Eq.7 to
Eq.12:

equation(7)11

Haldane model: 7 = H::% (7)
equation(8)12

Edwards model: r = 1r,,, [exp (— Kim) —exp (— Kis)] ®)

equation(9) B

Luong model: r = W )
equation( 10)14

Han-levenspiel model: 7 = % (10)
equation(11)

Monod equation: r = rm”%xs (11)

equation(12) 1°

Aiba equation: r = rmax%Ks exp(— ksT,, (12)

Where r is the substrate degradation rate (kg/m3 d), "max 1s the maximum substrate

10
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degradation rate (kg/m3 d), S is the substrate concentration (mg/L); Kj is the half-saturation
coefficient (mg/L); Ky is the Haldane inhibition coefficient (mg/L); Kz is the Edwards
inhibition coefficient (mg/L); S,, is the critical inhibitory concentration above which reactions
stops (mg/L), and n and m are two empirical constants. The kinetic parameters were estimated

using nonlinear regression method in origin (version 8.6).

Results and discussion

Reaction performance of continuous experiments and batch experiments

The continuous EGSB-Anammox reactor was inoculated with two kinds of seeding sludge
with a total of 5 L, the initial HRT was set at 24 h, and the initial influent ammonium and nitrite
concentrations were 112.8 and 140.4 mg N-L™ with a initial NLR of 0.76 kg N-m™d . While
keeping the other operational parameters constant, the NLR was enhanced up to 4 kg N-m~d !
either by increasing the influent substrate concentrations or shortening the HRT from 24h to1.5
h. After continuous operation, the influent ammonium and nitrite concentrations were elevated
to 427.7, 470.9 mg N-L™', respectively. The results indicated extremely high substrate
conversion efficiencies (ammonium 90.6%, nitrite 99.5%, and a TN removal efficiency of
around 89%) with the NLR and NRR as high as 10 and 9 kg N-m~d "', respectively. Similarly
in the UASB reactor, the NLR increased from 0.2 to 2.4 kg N-m™d " and the NRR increased to
2.0 kg N-m>d " in the steady stage.

In the batch experiment, it was shown that three reactions were dominant in the anammox

11
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process in the vial (see Fig.1). The start up of anammox enrichment has four consecutive
phases: the cell lysis phase, the lag phase, activity elevation phase and stationary phase. In a
situation similar to startup but with a different reaction sequence, three major bioprocesses of
the anammox reaction were quantified in the reaction and from the perspective of microbial
growth: the anammox reaction, denitrification and cell lysis >. After the fast biogas production
stage finished, denitrification and cell lysis were the two sequential leading reactions.
Anammox activity was negligible once the anammox cell decayed and cell lysis became
predominant in the vial. The density of the anammox cell gradually became less as the
denitrifying cell thrived in the presence of of NOs-N and organic matter.

The theoretical NOs™-N production ratio and the measured concentration were compared for
each vial (Table 2). The increased ratio of NO;-N was adjusted to the anammox reaction
followed the increase in the biogas production ratio. However, with an increased amount of
feeding substrate the reaction time of anammox became longer, and the increase in the ratio of
NOs™-N was caused by the high substrate concentration. The dominance of denitrification was
indicated by the start of the decrease in the NO3-N concentration in the vial. The reaction ratio
is summarized in Table 2 with a comparison of the lag phase times under different initial
substrate concentrations. The EGSB- anammox biomass showed that the lag time increased
from 0.75 to 51.79 hours for nitrogen gas production. A high concentration and longer lag

phase were shown in the batch analysis. The lag phase time for NH; -N removal was in

12
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accordance with gas production from 0.1h to 25.23 hours and NO,™-N increased from 0.73 to
27.84 hours. The delay of 5 h for nitrate production is evidence that the anammox reaction was
the main reaction in the beginning.
Kinetic evaluation and batch model assessment
Kinetic characteristics of ammonium conversion

The biodegradation kinetics of anammox mixed culture in EGSB and UASB were studied
for the initial TN concentration range of 100-1200 mg-L™". The information given in Table 3
demonstrates the effect of initial concentrations on specific ammonium conversion efficiency.
The lag phase times which respond to the effect of the initial substrate concentration on
biomass activity were obtained in the series test. For NH, -N degradation, the lag time
increased from 0.1 h of 50 mgNHf-N-L'l to 25.23 h over the concentration of 400
mgNH, -N-L" (Fig.1 a). The lag time of the reaction under different concentrations of
substrate grows exponentially. The lag time of the substrate 400 mgNH;-N-L 'was 25.23 hours,
which means more than one day was required to acclimatize the biomass enriched under low
substrate concentrations to a high concentration. Moreover, the 1y,.x in substrate of 50
mgNH4+-N-L'1 was almost equal to the 1,,x  under 400 mgNHf-N-L'l, indicating that high
activity in the anammox biomass is maintained over a range of substrate concentrations and
tolerance over a certain concentration range in the absence of free ammonia and free nitrite

acid.

13
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Kinetic models were used for the SAA analysis of the different biomasses of the reactors.
Data fitting with the Monod, Haldane, Aiba, Luong, Edward and Hanlev models was carried
out with Origin software version 8.6 (shown in Fig. 2). The accuracy test of the N-balance
showed the errors were under 5%. The simulation results suggested that the Aiba, Luong,
Haldan and Hanlev models were the most appropriate kinetic models, which effectively
explained the process with correlation coefficients higher than the other models for N, gas
production , NH;"-N conversion and NO,-N conversion (Table S1 and Fig.3). Among of the
four kinds of selected kinetic models simulated on the bottom of the EGSB-anammox biomass
(Fig.3 and Fig.4), the kinetic parameters simulated from Haldane were 0.30gN+gVS™ with K
of 54.08mg NH, -N+L™" and Ki of 321 mg NH;"-NsL™. In contrast, the simulation using the
Loung model indicated 0.30gNgVS™ with K of 79.59mg NH,4 -N<L™" and Ki of 398.82 mg
NH4+-N°L'1. In the Halev model, the result was 0.25 gN'gVS'1 with K of 90.61mgNH4+-N°L'l
and Ki of 301 mg NH;"-NsL™. In the selected Aiba model, the result was 0.31gN+gVS™ with
K of 49.95mgNH4+-N°L'1 and Ki of 459 mg NH4+-N°L'1. It should be noted that only the
Luong and Hanlev models had correlation coefficients over 0.98 (see Table 4).

The inhibition constant K; were also different for the N, gas production reaction, NH,-N
conversion and NO, -N conversion efficiency. The most appropriate kinetic model was the
Hanlev model, with simulated results of K; 301mg NH4+-N°L'1 for N, gas production, K; of 400

mg NH4+-N'L'l for NH," conversion and K; of 402 mg NH4+-N°L'1 for NO,™ conversion,

14

Page 14 of 34



Page 15 of 34

RSC Advances

respectively. Simulation results were also obtained from the kinetic models for the middle and
top of the EGSB reactor (Fig.3 and Fig.4). The highest r,,x was obtained from the bottom of
the EGSB-anammox biomass, and much higher than the middle and top of the EGSB-anammox

biomass (see Table 3).

Kinetic characteristics of nitrite conversion

The effect of nitrite concentrations was also evaluated in the batch experiment, with the
simulation results summarized in Table 4. It is evident from Fig.3 and Fig.4 that the Hanlev and
Luong models were both capable of reliably describing nitrite conversion with correlation
coefficients of 0.92, 0.92, respectively. Thus, the Hanlev and Luong models were also suitable
for the characterization of the kinetic characteristics for nitrite. Based on the Hanlev model, the
I'max, K and K; of nitrite were 0.55gN-g"'VS, 50.13 mgNH,"-NeL™ and 402.73 mgNH,-NL"
which were higher than the experimental results.

Since substrate degradation is the result of microbial activity, the kinetics of contaminant
degradation is closely related to the microbial condition. For NO,-N degradation, the lag time
increased from 0.73 h of 50 mgNH, -N-L™ to 27.84 h for the concentration of 400
mgNH;-N-L" (Fig.1). Similarly, in the case of NH;" conversation, the ryay in the 50
mgNH; -N-L"' substrate was almost equal to the 400 mgNH,"-N-L" substrate. However, in the
bottom of EGSB-anammox biomass, a difference was noted between NO,-N conversion and

NH," conversion: analysis revealed ratios of 2.5/1.61 at 50 mgNH,-N-L™, 6.85/3.21 at 100
15
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mgNH, -N-L", 6.44/4.78 at 200 mgNH, -N-L"', 3.57/2.52 at 300 mgNH,"-N-L", 2.59/1.71 at
400mgNH, -N-L™, respectively. Following the reduced amount of anammox biomass
purification, the lag time of the reaction was increased. That is, at 200 mgNH, -N-L™', the lag
time was 5h at the bottom anammox biomass, 9.9h in the middle biomass and 21.2 h in the top
of the anammox biomass (Table 3). The NH4 -N conversion results showed a similar trend: at
high substrate concentrations, the conversion ratio of NO, N was lower. The analytical results
of the data suggested that the Aiba, Hanlev, Luong and Haldane models were suitable choices
for describing the process, with correlation coefficients of 0.39, 0.93, 0.92 and 0.37,
respectively (Table 4). The Hanlev and Luong models were the most appropriate models, with
K of 50.13 and 99.35 mgNHf-N-L'l and K; 402.73 and 405 mgNHf-N-L'l, respectively.
Compared with previous results (see Table 2), a significant difference in K in the reaction is
illustrated by the mixed culture of anammox in the reactor. The low K but high K; of NO,-N
conversion has also reported by Chen'®, but an even higher Ki of 15000mg-L" has been
reported.” In this study, the K; value of 939 mgN-L™ obtained from both from Hanlev and

Luong models was consistent with other findings reported in the literature.’

Kinetic characteristics of nitrogen conversion

For the total nitrogen conversion in the form of N, gas, since the UASB-anammox reactor
has a misdistribution of biomass compared to the EGSB-anammox reactor, which can mix the

biomass with recycled water, the activity at the bottom of the UASB-anammox is higher than in
16
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the middle and top biomass in the UASB reactor. The kinetics of the UASB-Anammox
biomass at the top, middle and bottom of the reactor are shown in Fig.5 (a, b ,c¢). Since the
feeding system of the UASB results in a decrease in substrate distribution according to height, a
considerable gap in the SAA was found from the top, middle and bottom of the reactor biomass.
In Table 5, it can be seen that the highest MSAA, at 0.6 gN-gVS™, was in the bottom of the
UASB-anammox biomass simulated with the Hanlev model, which was almost twice that of the
SAA for the EGSB-anammox. However, the total conversion efficiency of the
UASB-anammox reactor was much lower than the EGSB-anammox reactor (see Table 3) in
this study due to the drawback of biomass misdistribution in the UASB-anammox according to
its height. The microcosmic characteristics of the UASB-anammox biomass and
EGSB-anammox biomass are shown in Fig.6, with the distribution of granular diameters
indicated for the top of the reactor, and in the middle and at the bottom. While the average
granular diameters were 0.5-1 cm at the bottom of the UASB-anammox biomass, in the middle
and at the top of the reactor the granular diameter was between 1.0-2.0cm with as generally
normal distribution. In contrast, the diameters were mainly 1-2.8cm and <0.5c¢m in the EGSB
reactor, where distribution was aided by circulation. The SEM (scanning electron microscope)
micro-characteristics of the anammox cell are also similar since the dominant anammox species
are the same. It should be noted, however, that different morphological cells were detected in

both of the biomasses as a result of the various metabolisms in the mixed culture (Fig.6).

17
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As contaminant degradation is the result of the microbial activity, the kinetics of
contaminant degradation are closely related to the kinetics of microbial growth. The different
dominant anammox species have different characteristics which determine the expression of
enzyme activity. The relationship between the specific growth rate of a population of
microorganisms and the substrate concentration is a valuable tool in understanding the
biodegradation processes. Kinetic models showed that reaction performance is closely related
to the microorganisms and the substrate. The evaluation of the kinetic parameters with the
quality control of the N balance is shown in Fig.2, and the effect of initial TN concentrations on
the N conversion rates is shown in Table 2. An analysis of the data suggests that the Aiba,
Hanlev, Luong and Haldane models can suitably describe the anammox process, with
correlation coefficients of 0.39, 0.99, 0.98 and 0.34, respectively (Table 4). Among these four
models, the Luong model and the Hanlev model were found to fit the experimental data well
with high coefficients of determination, (R?), at 0.965 and 0.984, respectively. The Hanlev and
Luong models provided the best simulation results, with gy at 0.25 and0.3 gN+gVS™, Ks were
90.6 and 79.57 mgNH, -N-L™" and K; were 301 and 398 mgNH; -N-L™, respectively. However,
according to R” and the fit curves, the Hanlev model was a better fit than the Luong model.
Compared to the first feeding, the second feeding resulted in an increased SAA for the bottom
of the EGSB biomass with an ryaof 0.28 and 0.3 gN+gVS™, K of 53.38, 52.52 mgNH; -N-L"!

and K; of 400 and 400 mgNH, -N-L", respectively. It should be noted that the reactor

18
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performance remained stable and efficiency remained high in the present study even when the
nitrogen concentrations exceeded 1000mgN-L", indicating that the Anammox-EGSB reactor
was able to tolerate high ammonium concentrations. This suggests that an anammox process
capable of tolerating high substrate concentrations would reduce the engineering investment
and operation costs. A long lag time was found to correspond to an increase in the mixed
culture substrate, illustrating that a high substrate concentration has a significant effect on the

anammox biomass and contributes to the process inhibition.

Batch kinetic model assessment

The highest MSAA previously reported was 1.6 kg-N/gVS and was cultured in a biofilm
reactor'®, In most other reports, the MSSA varies from 0.1 to 0.5 kg-N-gVS™ (see Table 2). In
this study, the results from the first feeding of SAA and the second feeding of anammox SAA
indicated that the Hanlev and Luong models are the best models for analyzing the anammox
biomass. The second feeding increased the SAA of the anammox biomass, especially in the
bottom sludge, which has a higher purity (Fig.4). Hanlev’s kinetic model was the best fit for the
experimental data for the NH3-N and NO,-N conversation, with correlation coefficients of R* =
0.96 and 0.93, respectively. The Luong model also fitted the mixed reaction well, as has been
reported by Strous.” Based on the model simulations, the anammox reaction was completely
inhibited at a TN concentration around 1000mg-L™", which confirmed the suitability of the

anammox process for the treatment of high-strength wastewater. There have been different
19
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values of K, reported in the research, including K of 0.657mgeL™ '°, 0.3 mgeL™" '* and even a
low of 0.173 mg +L™'.° In this study, as the simulation using the Hanlev model at second
feeding suggests, the high K value of 53.38 mgsL"' may be atributed to the mixed culture with
functional substrate conversion. The Luong and Hanlev models were the best fitting models to
describe the characteristics and kinetics of the mixed culture anammox biomass.

It should be point that the simple models only describe the dependence of the biodegradation
rate on biomass concentration. The results obtained from this study can be used to predict the
reactor performance and as a guide for necessary changes in the operation conditions,
especially with regard to NLR modifications and changes in the substrate concentration. The
determined values of K for the reactions can be used to ensure the best feeding strategy, with
the purpose of achieving rapid growth and process stability. The variation in the kinetic
parameters following enrichment time obtained in this study reflects variations in the purity of
the biomass and changes to the environment in the reactor.

Conclusion:

An evaluation of the three phases of the process - the Anammox reaction, denitrification
and the cell lysis - were conducted with kinetic simulations in the batch experiment. Based on a
comparison of the results of the simulations and their correlation indexes, it was determined
that the Luong and Hanlev models are the most suitable kinetic models. Anammox biomass

taken from the bottom of the EGSB reactor has the highest 1, of 0.30gN- gVS'1 and K of
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53.38mgNH;-N-L" (123.84 mgN-L"), which was validated both in the models and
experimentally. Compared with the EGSB-anammox biomass, significant variations were
found in the SAA of the UASB-anammox biomass from the top to the bottom of the reactor,
from 0.1 to 0.6 gN-gVS™, and the removal efficiency of the whole system was lower. The
simulated inhibition coefficients were approximately 920 mg-N-L' both for the
EGSB-anammox and the UASB-anammox process. The addition of a second feeding in the
batch experiment resulted in an increase in the SAA, especially for the higher purity anammox
biomass.
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Table 1 Characteristics of UASB-anammox biomass and EGSB-anammox biomass

UASB

TS(%) oy

EGSB

TS (%) ?52)3 Images

Top

Middle

Bottom

22.45 4.67 Top
26.34 5.23 Middle
28.34 5.49 Bottom

17.48 4.76
19.38 4.84
29.71 5.50
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Table 2 Comparison of Anammox performance in different reactors and kinetic parameters of anammox biomass

Reactor Waste- Inoculum Dominated HRT (h) ”l;emp. Riax ) MSAA_ Kin _ Ksg _ References
type water Anammox (°O) (kg (m’d)")  (gN'gVs™h (mg L") (mg L")
Ca.Kuenenia 0.38 NH,N 887 36.75
EGSB Synthetic Anammox teartionsis 158 35+ 1 18.65 0.30NO;-N 13942 0.657 10
Stuttgartiensts 0.73TN 1779 29.26

UASB Synthetic ~ *-nacrobic n.m. n.m. 35+ 1 1.15 5.6 476 9.32 &

granular sludge
SBR Synthetic Anammox n.m. n.m. 20-43 n.m. n.m. n.m. 0.1 2
SHARON- Reject water n.m. n.m. 30-42 35 nm. n.m. 15,000 n.m. 17
Anammox

. Mixed municipal 19

SBR Synthetic activated sludge n.m. 11 35 n.m. n.m. 200 0.3

Monosodium
UBF Synthetic glutamate n.m. 24 30+ 1 1.04 n.m. 924 0.173 >

activated sludge
CSTR Synthetic Anaerobic sludge ~ n.m. 48 25-38 0.22 0.43 n.m. n.m. 2
sBR (20r) -endil Activated sludge  C4Brocadia g g6 36 1.57 0.92 n.m. n.m. 2

leachate anammoxidans

SBR Synthetic Activated sludge Ca.Brocadia 48 35 2.4 0.30 n.m. n.m. B
Biofilm . Conventional Ca.Brocadia 18
Reactor Synthetic denitrifying sludge anammoxidans 0.24-8 37 26 1.6 fLm. fLm.
MBR Synthetic Anammox floc n.m. 12 35 n.m. 0.56 n.m. n.m. 24

sludge

Glutamate .
UASB Synthetic ~ wastewater Ca.Kuenenia | 35+ 1 2.4 0.60 900 ASSNHEN -l study
Bottom sludge activated sludge stuttgartiensis 60.06 NO»-N

Glutamate .
EGSB Synthetic ~ wastewater Ca.Kuenenia ., o 35+ 1 10 0.31 928 S3IENHAN i study
Bottom sludge stuttgartiensis 70.46 NO,-N

activated sludge

n.m.: not mentioned
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Table 3 Simulation result of anammox reaction and denitrification of EGSB-anammox biomass

Page 24 of 34

50 100 200 300 400
Substrate mgNH,-N-L"! mgNH, -N-L"! mgNH, -N-L"! mgNH, -N-L"! mgNH,-N-L"!

Rinax (mgN- Rinax (mgN- Rinax (mgN- Rinax (mgN- Rinax (mgN-
Bottom-anammox  gVS'h') R’ gvsthh) R’ gvsthh) R’ gvsthh) R’ gvsthh) R?
N biogas 3.8+0.60 0.97  8.06+1.53 0.97  8.96+0.77 0.98  8.37+0.73 0.99  4.02+1.34 0.97
NH," 1.61+0.17 096  3.21+0.75 096  4.78+0.35 0.99 2.52+0.18 098 1.71£0.21 0.98
NOy” 2.50+0.48 096 6.85+1.34 098  6.44+0.51 0.99  3.57+0.30 0.96  2.59+0.32 0.96
NOs” 1.10+£3.58 095 2.21+£1.01 098 2.21+£1.01 0.98 1.08+0.15 0.98  0.37+0.03 0.98
TheroticalNO; 0.45+0.07 0.96  0.82+0.19 0.96 1.34+0.09 0.99  0.64+0.04 0.98  0.43+0.05 0.98
A~ lag time of reaction
N, biogas 0.75+0.73 097  2.46+0.79 0.97  5.38+0.61 0.98 18.68+0.85 0.99 51.79£13.48 0.97
NH,* 0.10+£0.70 096  2.39+0.97 096  6.26+0.42 0.99 8.75£1.29 098  25.23£7.02 0.98
NO, 0.73+0.84 096  3.68+0.61 098  5.30+0.50 0.99 7.42+2.68 096  27.84+6.37 0.96
NOy 8.69 0.95  5.26+0.40 098  5.26+0.40 098  21.60+1.09 098  40.08+2.01 0.98
TheroticalNO5 0.51+0.79 096  2.39+0.97 0.96  7.65+0.34 0.99 8.86+1.24 098  25.23+£7.02 0.98
Denitrification reaction
N, biogas y=37.4-1.27x ¥=66.32-+0.106x y=121.1+0.09x y=121.1+0.09x
NH," y=17.7-0.009x y=25.42+0.085x y=54.7+0.08x y=80.4+0.124x
NOy y=23.77-0.001x y=41.7-0.082x y=83.2+0.057x y=138+0.155x
NO;y y=3.97-0.16x y=6.86-0.157x y=6.89-0.158x y=21.1-0.11x
TheroticalNO5” y=4.53-0.0023x y=6.50+0.021x y=12.92+0.02x y=21.1+0.01x

25 50 100 200 300
Middle-anammox mgNH,'N-L" R? mgNH,'-N-L"  R? mgNH,'N-LT  R? mgNH,'N-L'  R? mgNH,'N-LT  R?
N biogas 3.51+0.37 0.98  5.08+0.57 098  7.51+0.86 0.98  7.51+£0.86 098 - -
NH4+ 1.64+0.17 0.98  2.04+0.23 0.98  2.40+0.25 0.97  2.4140.25 097 - -
NO,- 2.32+0.24 098  3.65+0.37 098  3.48+0.40 096  3.49+0.40 096 - -
NOs- 0.28+0.05 092  0.65+0.10 092  0.78+0.12 097 0.78+0.11 097 - -
TheroticalNO;- 0.34+0.03 0.96  0.52+0.06 0.96  0.62+0.06 0.97  0.62+0.06 097 - -
A~ lag time of reaction
N, biogas 0.96+0.48 0.98  3.33+£0.69 0.98 17.89+0.92 0.98 17.89+0.91 098 - -
NH,* 1.31£0.53 0.98  0.66+0.95 0.98 10.44+1.38 0.97  10.43+1.38 097 - -
NOy” 1.78+0.49 098  3.11+0.64 098 9.97+1.54 096 9.97+1.54 096 - -
NO;y SE-17 0.92  3.87+0.80 092  16.17+1.30 097 16.17£1.30 097 - -
TheroticalNO;~ 3.3E-17 0.96  0.66+0.95 096 10.43+1.38 097 10.43£1.38 097 - -
Denitrification reaction
N, biogas y=33.68+0.001x y=63.16+0.000127x
NH4+ y=16.01+0.064x y=32.314+0.088x
NO,- y=21.96+0.0001x y=47.10
NOs- y=3.66-0.06x y=8.65-0.09x
TheroticalNO;- y=4.09+0.016x y=8.27+0.0226x

25 50 100 200 300
Top-anammox mg NH,'-N-L"! R®>  mgNH,'N-L' R®>  mgNH,'N-L' R®>  mgNH,'-N-L' R*>  mgNH,'N-L' R?
N, biogas 1.91+0.17 0.96  3.12+0.34 0.98  5.97+0.78 098  8.16+0.35 0.99 5.59+0.34 0.99
NH," 0.97+0.06 0.99 1.73+£0.08 0.99 3.12+0.41 0.98  3.12+0.27 0.99  1.62+0.08 0.98
NOy” 1.20+0.08 098  2.45+0.28 098 4.77+£0.74 0.98  5.52+0.39 0.99  3.54+0.34 0.98
NO; 0.15+0.01 098  0.41+0.09 096  0.73+0.15 097  0.69+0.10 097  0.45£0.03 0.97
TheroticalNO3~ 0.25+0.02 0.99  0.44+0.02 0.99  0.79+0.10 098  0.81£0.07 0.99  0.42+0.02 0.98
A~ lag time of reaction
N, biogas 0.02 0.96 1.37+0.53 0.98  4.88+0.68 0.98 21.80+0.30 0.99  33.98+0.80 0.99
NH," 2.4420.40 099 1.67+0.24 0.99  5.60+0.65 098  19.96+0.75 099  23.65£1.69 0.98
NOy” 2.14+0.50 098  2.19+0.50 0.98  5.34+0.70 098 21.25+0.54 0.99  30.23£1.66 0.98
NO; 0.54+0.64 098  1.86+0.77 096  5.09+0.86 097  15.67£1.60 097  25.70£1.70 0.97
TheroticalNO;~ 2.44+0.40 099 1.67+0.24 0.99  5.60+0.65 098  20.02+0.77 0.99  23.65£1.69 0.98
Denitrification reaction
N, biogas y=27.13+0.000106x y=30.2+0.032x y=62.28+0.0032x
NH," y=10.64+0.048x y=17.47+0.0027x y=28.66+0.0825x
NOy y=13.7+0.042x y=20.82 y=41.74
NOy y=3.37-0.084x y=3.92-0.07025x y=7.90-0.0844x
TheroticalNO5 y=2.72+0.0108x y=4.47+0.0007x y=7.34+0.021x
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Table 4 The most suitable kinetic models for N», NH4 -N and NO,-N conversion

First time feeding

Second time feeding

Aiba Hanlev  Luong haldane Aiba Hanlev  Luong haldane
Tmax
NegVs! 0.31 0.25 0.30 0.30 0.31 0.28 0.30 0.30
, K, mg/L 49.95 90.61  79.57  54.08 50.32 53.38 52.52 48.65
Brlogastin K; mg/L 458.98 301.08 39892 321.99 1713.56 400 400.09  1645.89
production 1.549  0.028 0.85 0.039
m 0.02 0.03
R* 0.389  0.99 0.98 0.34 0.85 0.8 0.89 0.89
rmax
oNegvs 055 036 0.3 0.35 0.38 0.35 0.35 0.36
NHN K, mg/L 250.82 277.74 130.05 154.39 107.95  120.11  109.57  103.3
conversion  Ki mg/L 666.71 400.43  401.81 500 1033.67 411.72  402.11  818.14
n 0.86 0.05 0.58 0.08
m 0.12 0.19
R* 082  0.96 0.81 0.76 0.88 0.89 0.91 0.88
rmax
oNegvs 096  0.55 0.9 0.851 0.45 0.3 0.39 0.35
. K, mg/L 7893  50.13 9935  75.27 86.98 76.55 83.49 67.13
NO-N g img/L 243.94 40273 405 135 407.11  400.01  400.15  350.94
conversion 1 0.69 1 0.24
m 0.48 0.17
R* 039  0.93 0.92 0.37 0.59 0.87 0.9 0.51
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Substrate Bigas NH,-N NO,-N NO;-N Theoretical
production degradation degradation production NO; -N

NO, N NHy-N mgN,-N/gVS/h  mgNH,"-N/gVS/h  mgNO,-N/gVS/h mgNO;-N/gVS/h mgNO;-N/gVS/h
(mg/L) (mg/L) gINo-IN/g gINIHy g gNU, g gINU3 g gNU3 g
66 50 14.54+0.92 3.89+0.91 - 2.10+£1.77 0.09+0.023
132 100 28.24+1.43 10.74+3.08 17.63+£2.7 0.77+0.62 0.28+0.08
264 200 18.06+1.01 5.38+1.63 7.73£2.2 1.44+0.52 0.14+0.04
396 300 11.43+0.54 4.05+0.26 6.02+0.99 18.34+0.03 0.10£0.006
528 400 13.43+0.27 5.54+1.06 18.35+3.86 1.21+0.46 0.32+0.075
660 500 2.86+0.04 1.03£0.45 1.50+0.22 0.12+0.17 3.35+0.21
792 600 0.34+0.02 2.33+1.0 0.07+0.096 0.19+0.7 0.24
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