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ABSTRACT

Anaerobic ammonium oxidation (anammox) immobilized particles were added to a reactor
as biocatalyst to start an up-flow anammox reactor. The kinetic characteristics of the
immobilized particles were studied using batch tests. The results demonstrated that using
immobilized particles as the biocatalyst succeeded in starting the anammox reactor in 49 d.
The removal rates of NHþ

4 -N and NO�
2 -N were 80.7 and 83.1%, respectively. The total nitro-

gen removal load was 0.505 kg m−3 d−1. The results of the kinetic characteristics study
demonstrated that the half-saturation constants of the immobilized particles for ammonium
and nitrite were 1.57 and 1.505 mmol L−1, respectively. These constants were lower than
those of flocculent anammox sludge (FAS), which indicated that the immobilized particles
utilize the substrate better in adverse environments. The half-suppression constants of the
immobilized particles for ammonia and nitrite were 724.2 and 66.65 mmol L−1, respectively,
and higher than those of FAS. Thus, the immobilized particles could survive longer in high-
concentration substrates. As a biocatalyst in a reactor, the anammox immobilized particles
exhibited robust kinetic characteristics and effectiveness, which are important to the
development of new biocatalyst techniques for anammox.

Keywords: Anammox; Immobilized particles; Immobilization; Start-up; Inorganic carbon;
Kinetic characteristics study

1. Introduction

Anaerobic ammonium oxidation (anammox) is a
process in which a type of Planctomycetes bacteria uses
nitrite as the electron acceptor and oxidizes ammo-
nium salt to produce nitrogen and a small amount of
nitrate under anaerobic or anoxic conditions (Eq. (1))
[1]. Compared with traditional biological nitrogen

removal processes, the anammox technique is more
efficient and less expensive. The anammox technique
has a total nitrogen removal rate (NRR) of up to
9.50 kg m−3 d−1 and can save approximately 60% in
the aeration rate and 100% of the organic carbon
source [2,3]. Therefore, in recent years, the anammox
technique has attracted attention from researchers
[4–7]. However, in fed-batch cultures, anammox bacte-
ria grow slowly and with a long generation period,
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which typically results in a long anammox start-up
period [8–11].

NHþ
4 þ 1:32NO�

2 þ 0:066HCO�
3 þ 0:13Hþ ! 1:02N2

" þ0:26NO�
3 þ 0:066CH2O0:5N0:15 þ 2:03H2O

(1)

Adding anammox bacteria to a reactor has been
demonstrated to effectively decrease the start-up time
of an anammox reactor (i.e., the biocatalysis technique)
[12,13]. Typically, high-rate anammox granules (HAG)
are selected as the biocatalyst. However, a long time is
required to culture HAG using flocculent anammox
sludge (FAS). López [14] and Dapena Mora [15] used
a sequencing batch reactor (SBR) to culture anammox
particle sludge. The culture time was relatively long
(>200 d), and the total nitrogen removal load was less
than 2.0 kg m−3 d−1. Tang et al. [16] used an expanded
granular sludge bed (EGSB) reactor. After steady
operation for 230 d, they obtained an anammox parti-
cle sludge with a mean particle size of 2.51 ± 0.91 mm.
Cong et al. [17] used an EGSB reactor to inoculate
aerobic and anaerobic bacteria. They cultured these
bacteria for 80 d and obtained a total nitrogen removal
load of 4.758 kg m−3 d−1. They also obtained a parti-
cle-like anammox sludge. However, the mean particle
size was only 0.556 mm. These studies demonstrate
that anammox sludge particles can be obtained by cul-
turing for a period of time. However, it is impractical
to apply anammox sludge particles in practice because
of the long culture time. Therefore, the primary goal
of the biocatalysis technique is to obtain high-rate
anammox bacteria for use as a biocatalyst.

The embedding immobilization technique is a
newly developed microbe immobilization technique in
biological engineering. Free cells or enzymes are
immobilized in a certain area by embedding materials
to restrict their activities. Thus, they can be used
repeatedly [18,19]. In this study, the embedding
immobilization technique was combined with the
anammox biocatalysis technique. Common FAS was
used to prepare the immobilized particles. Waterborne
polyurethane (WPU) was used as the immobilization
material, which was previously demonstrated as safe
and non-toxic to anammox bacteria. The WPU-im-
mobilized particle exhibits good mechanical strength
and good mass transfer performance [20]. Subse-
quently, the immobilized particles were used to
replace HAG as the biocatalyst to be added to an
anammox reactor. To provide theoretical support for
this novel anammox biocatalysis technique, the reac-
tor’s start-up process and the kinetic characteristics of
the anammox immobilized particles were investigated.

2. Materials and methods

2.1. Experimental set-up

In this experiment, an up-flow anaerobic sludge
bed (UASB) reactor was used. The reactor was con-
structed of polymethyl methacrylate, and the effective
volume of the reactor was 17 L. As shown in Fig. 1,
the inner reactor was filled with plastic balls with
large holes (with a diameter of 8 cm). Annular braided
fiber materials were wrapped inside the balls. Water
could flow and expand along the gaps between the
plastic balls. Fiberfill was used to reduce sludge loss.
The outside of the reactor had a water-bath layer,
which was used to maintain the reactor inner
temperature at 32˚C.

2.2. Inoculation sludge

The inoculation sludge used to start the reactor
was collected from the active sludge in the aeration
tank of a sewage disposal station in Beijing. The
mixed liquor suspended solids (MLSS) of the inocula-
tion were 3,480 mg L−1, the mixed liquor volatile sus-
pended solids (MLVSS) were 2,850 mg L−1, and
MLVSS/MLSS were 83.9%, which collectively indicate
excellent nitrification.

Fig. 1. UASB reactor.
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2.3. Preparation of the immobilized particles

The embedding sludge used in this study was
FAS. The sludge was obtained from the middle of a
UASB reactor that was stably operated for more than
two years in our laboratory [21]. The sludge was con-
centrated to 30 g L−1 by centrifugation and mixed with
WPU and active carbon power in a beaker. To start
polymerization, an initiator (i.e., potassium persulfate)
and a promoter (i.e., N,N,N´,N´-tetramethylethylenedi-
amine) were added to the beaker. After approximately
30 min, the mixed solution formed a gel, and the gel
was cut into 3 mm cubes. The gel carrier contained 8%
(w/v) WPU, 0.3% (w/v) initiator, 0.2% (w/v) pro-
moter, 1% activated carbon powder, and 4% (w/v)
sludge.

2.4. Water quality

The primary components of the water that was
prepared for use in this study are listed in Table 1.
The NHþ

4 -N and NO�
2 -N were provided by NH4Cl

and NaNO2, respectively, with the required concentra-
tions. The trace elements I and II concentrations refer
to notations from the literature [22].

2.5. Reaction kinetics measurements

First, 20 mL of anammox immobilized particles
(which contained approximately 0.4 g of anammox
sludge) and 180 mL of simulated wastewater were
mixed in a 300-mL serum bottle. The NHþ

4 -N and
NO�

2 -N concentrations in the simulated wastewater
corresponded to the required concentrations. The
other components corresponded to the values listed in
Table 1 for the anammox period. The mixed solution
was ventilated using high-purity N2 for 20 min to
replace the dissolved oxygen (DO). The serum bottle,
which was closed with a butyl rubber stopper and
wrapped with black reflective paper, was placed in a

constant-temperature incubator shaker at 32˚C at a
speed of 80 r min−1. Samples were taken every 6 h to
calculate the NHþ

4 -N and NO�
2 -N removal rates. All

tests were repeated three times.
The anammox kinetics are limited by the NHþ

4 -N
and NO�

2 -N concentrations. Assuming that the anam-
mox bacteria cell quantities are constant during the
experiments and that the reactor contents are well-
mixed, the Haldane model [23] can be used to
describe the kinetics of the anammox reaction as
follows:

v ¼ Vmax

1þ Km
S þ S

Ki

(2)

where V is the reaction rate, S is the substrate concen-
tration, Vmax is the maximum reaction rate, Km is the
half-saturation constant, and Ki is the half-suppression
constant.

All of the batch and continuous-flow experiments
were performed under laboratory conditions from
March to May.

2.6. Analytical methods

NHþ
4 -N, NO�

2 -N, NO�
3 -N, TN, MLSS, and MLVSS

were determined in accordance with standard meth-
ods [24]. Temperature and pH values were deter-
mined using a WTW/Multi 3,420 multiparameter
device. For scanning electron microscopy (SEM), a
Hitachi S-4300 was used.

3. Experimental results

3.1. Nitration start-up

Many approaches have been proposed to start an
anammox reactor. However, all approaches currently
in use involve a microbe activation and expansion

Table 1
Compositions of artificial wastewater

Nitrification culture Mass concentration (mg L−1) Anammox culture Mass concentration (mg L−1)

NaHCO3 53 NaNO2 134–745
NH4Cl 712 NH4Cl 110–705
NaCl 51 CaCl2 118
KCl 22 KHCO3 726
CaCl2 17 KH2PO4 31
MgSO4·7H2O 92 MgSO4·7H2O 286
NaH2PO4·12H2O 1,180 Trace elementI,II –

Notes: The content of Trace element I and II are 1 mL L−1.
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process. Because anaerobic anammox bacteria grow
slowly, it is desirable to reduce bacteria loss such that
the anammox bacteria can more rapidly become the
dominant bacteria in the reactor. In this study, a nitra-
tion reactor was used to start the anammox and to
inoculate the anammox sludge. Aerobic biofilms were
formed on plastic balls with large holes, which
enabled the anammox sludge and the biofilms of the
nitration to work together to rapidly start the anam-
mox reactor.

During the nitration reaction start-up process,
microbes with a substrate affinity can be concentrated
by applying a low load (known as the low-load
method) based on the biological K-strategy. Alterna-
tively, the fast-growing microbes can be concentrated
by applying a high load (known as the high-load
method) based on the R-strategy. In this study, the
R-strategy (i.e., the high-load method) was adopted. A
water solution of NH4Cl was added to maintain
ρ(NHþ

4 -N) of approximately 200 mg L−1. The other
components are listed in Table 1. In the reactor, an
aeration tip was used to maintain a DO level above
7 mg L−1. The hydraulic retention time (HRT) was 6 h.
On the 14th day, the NHþ

4 -N removal rate was 90.3%
in the reactor, the MLSS in the reactor were
4,358 mg L−1 and the MLVSS/MLSS were 86.2%.
Sludge attached to the braided fillings inside the plas-
tic balls with large holes. Biological membranes were
formed, which indicated that the nitration reaction
was successfully started. Then, the reactor switched
from aerobic to anaerobic operation.

3.2. Start-up of the anammox reactor

After the reactor changed to anaerobic operation,
the low-load method was adopted. The HRT was 8 h,
and the water was controlled to maintain a ρ(NHþ

4 -N)
of approximately 30–50 mg L−1. Then, increasing the
load, the NHþ

4 -N concentration (60–200 mg L−1) of the
incoming solution was gradually increased. The
results are shown in Fig. 2. The data in Fig. 2(a) show
the variation of the NHþ

4 -N removal rate over time.
During the first three days, the rate was similar to that
of the start-up of other anammox reactors, and the
outgoing NHþ

4 -N concentration was slightly higher
than the incoming NHþ

4 -N concentration [25]. Then,
because of the anaerobic ammonia oxidation, the
NHþ

4 -N in the outgoing solution decreased. However,
the removal effect was not obvious, and the NHþ

4 -N
removal rate was below 1%. On the 11th day, the
NHþ

4 -N removal load was only 0.0046 kg m−3 d−1. On
the 12th day, 500 mL of anammox immobilized
particles was added to the reactor, and the anammox

function immediately appeared in the reactor. Corre-
spondingly, the NHþ

4 -N removal rate gradually
increased. From the 20th day to the 50th day, the
NHþ

4 -N removal rate increased from 0.0489 to
0.3064 kg m−3 d−1, which indicated that the quantity of
biological matter involved in the reaction increased in
the reactor. Thus, the anammox capability increased.
On the 65th day, the NHþ

4 -N removal rate reached
85.5% with a corresponding removal load of
0.4961 kg m−3 d−1, which indicated a strong anammox
capability.

(a)

(b)

(c)

Fig. 2. Time courses of nitrogen concentrations.
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Generally, the variation of NO�
2 -N resembles

that of NHþ
4 -N. As shown in Fig. 2(b), the NO�

2 -N
removal rate increased from 2.1% on the 11th
day to 88.7% on the 65th day because of the
addition of the immobilized particles. The removal
load also increased from 0.0025 kg m−3 d−1 to
0.4951 kg m−3 d−1. The substrates for the anammox
reaction were NHþ

4 -N and NO�
2 -N, and the substrate

concentration determines the reaction rate. Therefore,
to start the anammox reactor faster, the concentra-
tions of NHþ

4 -N and NO�
2 -N in the incoming solution

were increased. However, a high NO�
2 -N concentra-

tion can also suppress the anammox process. In a
study on anammox bacteria in an SBR reactor, Strous
et al. [26] found that if ρ(NO�

2 -N) is higher than
100 mg L−1 the anammox reaction is completely sup-
pressed. Jetten et al. [27] found that when ρ(NO�

2 -N)
is higher than 280 mg L−1, the anammox reaction is
suppressed. However, when ρ(NO�

2 -N) is higher than
140 mg L−1, the anammox reaction is affected. The
data in Fig. 2(b) indicate that as the nitrite concentra-
tion in the incoming solution was increased, the
NO�

2 -N removal load in the reactor also gradually
increased. From the 53th to 65th day, ρ(NO�

2 -N) in
the incoming solution was increased from 146 mg L−1

to 186 mg L−1. The anammox bacteria in the reactor
tolerate high influent NO�

2 -N over the long term.
However, the NHþ

4 -N and NO�
2 -N removal loads in

the reactor did not decrease. Therefore, in this study,
the high influent NO�

2 -N did not suppress the anam-
mox reaction.

Fig. 2(c) shows the variation of NO�
3 -N in the

reactor. Although the anammox bacteria converted
NO�

2 -N to NO�
3 -N, they also assimilated CO2 with

the obtained reducing force. The increment of the
NO�

3 -N quantity reflects the increment of the
anammox bacteria quantity. The data in the figure
indicate that as the NHþ

4 -N and NO�
2 -N removal

loads increased the increment of NO�
3 -N also

gradually increased and reached 44.32 mg L−1 on the
65th day. This outcome indicates that the activity of
the anammox bacteria also gradually increased.
The data also indicated that on the 49th day, the
NHþ

4 -N and NO�
2 -N removal rates exceeded 80%

and the steadily increasing total nitrogen removal
load was 0.505 kg m−3 d−1. Based on calculations, the
NHþ

4 -N：NO�
2 -N：NO�

3 -N ratio involved in the
reaction was 1:1.11:0.28 on the 49th day, which is
close to the theoretical value of the anammox reac-
tion, i.e., 1:1.32:0.26. This outcome indicates that a
steady anammox reaction was proceeding in the
reactor. Therefore, the experiment demonstrated that
after 49 d, the anammox reactor was successfully
started.

3.3. Anammox reaction kinetics

To study the kinetic characteristics of the immobi-
lized particles and the FAS behavior after embedding,
the kinetics of the immobilized particles were
measured in batch tests. The corresponding correla-
tions among the test results, the embedding particle
anammox rates and the substrate concentrations are
shown in Table 2. Non-linear fitting was performed
on the experimental data listed in Table 2 using the
Haldane model in Origin 8.0 to derive the kinetic
functions for NHþ

4 -N (Fig. 3(a)) and NO�
2 -N

(Fig. 3(b)). The fitting constants R2 are 0.949 and 0.983,
which indicate good correlations. The data in Fig. 3(a)
indicate that the obtained maximum nitration reaction
rate of the immobilized particles was 1.99 mg
(mg d)−1, the ammonium half-saturation constant was
1.57 mmol L−1, and the ammonium half-suppression
constant was 724.2 mmol L−1. The data in Fig. 3(b)
indicate that the maximum nitrite reaction rate was
2.55 mg (mg d)−1, the nitrite half-saturation constant
was 1.505 mmol L−1, and the nitrite half-suppression
constant was 66.62 mmol L−1.

In Table 3, the kinetic characteristics of the
immobilized particles are compared with those of
other types of anammox sludge. Zheng et al. [28] and
Zu et al. [29] studied the kinetics of anammox mixed
cultured bacteria in a biological nitrogen removal bed-
batch reactor and in an EGSB reactor, respectively,
and obtained markedly different kinetic characteristics
parameters. The difference might be caused by the
complicated composition of the mixed bacteria in the
incubator sludge that could result in a large number
of denitrifying bacteria and anaerobic methane bac-
teria, which would affect kinetic characteristics tests.
Tang et al. [30] studied HAG and FAS in a UASB
reactor and tested the kinetic characteristics. In Tang’s
study on embedding particle kinetics, the kinetic
characteristics of the immobilized particles were simi-
lar to those of HAG because the maximum reactor
rates and half-suppression constants were higher (and
the half-saturation constants are lower) that those of
other types of anammox sludge, which indicated that
immobilized particles exhibit better anammox kinetic
characteristics.

4. Discussion

Anammox bacteria and aerobic ammonium oxida-
tion bacteria (AOB) have many similar characteristics.
Van de Graaf et al. [31] found that certain
aerobic AOB are facultative bacteria, which can con-
vert ammonia nitrogen to N2 to obtain energy via an
anaerobic nitration reaction under anaerobic
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conditions. The anammox bacteria concentration in
nitration sludge is approximately 1.7 × 106 copies/mg
dry sludge [32]. Therefore, it should be possible to use
nitrifying sludge as the inoculation sludge for anam-
mox bacteria. However, in this study, the inoculated

sludge did not exhibit anammox characteristics after a
certain period of incubation. As shown in Fig. 2, the
NHþ

4 -N and NO�
2 -N were removed from the reactor

after adding 500 mL of anammox immobilized parti-
cles (approximately 10 g of anammox sludge) on the
12th day. Then, the anammox capability gradually
increased, and the total NRR reached 0.86 kg m−3 d−1

on the 65th day. Relative to the quantity of sludge in
the reactor, the added quantity of embedding anaero-
bic sludge was small (the added sludge contributed
approximately 7%), which in theory should not result
in such a strong effect. Tang et al. [33] found a similar
phenomenon in the anammox reaction started by
nitration sludge under meso-scale conditions. Tang
did not observe any NHþ

4 -N removal after 200 d in the
reactor. Tang added HAG on the 214th day, which
successfully started the anammox reactor. This phe-
nomenon indicates that although a certain quantity of
anammox bacteria was accumulated in the reactor, a
certain factor (or factors) limited the anammox. Sev-
eral studies demonstrated that anammox bacteria exhi-
bit anammox activities only when the cell density
reaches 1010 per mL [34]. Therefore, although anam-
mox bacteria were cultured, their activities were lim-
ited by the cell densities [35].

The immobilized particles and the plastic balls
with large holes were removed from the reactor on
the 70th day (Fig. 4). Fig. 4(a) and (b) show some
of the particle-shaped red sludge found on the
embedding particle surfaces and on the braided fill-
ings near the immobilized particles. The red sludge
was observed using SEM. Fig. 4(c) shows the SEM
image with ×18,000 magnification. The image illus-
trates that the bacteria are spherical with volcano-
shaped hollows on the sides, which is typical of
anammox bacteria [36]. These images demonstrate that
adding anammox immobilized particles increased the
local anammox bacteria density in the reactor. The

Table 2
Effect of substrate concentration on Anammox

NHþ
4 -N/(mmol L−1) Removal rate of NHþ

4 -N/mg (mg d)−1 NO�
2 -N/(mmol L−1) Removal rate of NO�

2 -N/mg (mg d)−1

1 0.632 0.05 0.233
2.5 1.326 2.1 1.422
4.8 1.576 4.3 1.858
16.4 1.766 7.2 1.901
22.3 1.824 7.9 1.976
39.6 1.730 10 1.943
52.3 1.813 15.7 1.924
61.1 1.789 20 1.883
80.3 1.802 22.1 1.826
100 1.754 25 1.765

(a)

(b)

Fig. 3. Anammox kinetics of immobilized granules.
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increased density facilitates anammox particle sludge
formation and promotes the metabolism of other types
of free-form anammox bacteria, thus starting the
anammox reactor in a relatively short period of time.
Anammox immobilized particles work as an efficient
biocatalyst.

In Fig. 3, the kinetic characteristics of different
batches of anammox sludge are compared. The data
indicate that the kinetic properties of the sludge are
enhanced by embedding FAS to form immobilized
particles. The maximum ammonium reaction rate of
the immobilized particles is approximately 2.8 times
higher than that of FAS, and the maximum nitrite
reaction rate is approximately 2.3 times that of FAS.
The increased reaction rate promotes the conversion of
substrates, relaxes the self-suppression of substrates,
and increases anammox sludge production. In the
experiment, the ammonium and nitrite half-saturation
constants (Km) of the immobilized particles are lower
than those of FAS, which indicates that the immobi-
lized particles have more substrate affinity and can
therefore utilize the substrate more readily in competi-
tive environments, which aids the anammox process. It
is expected that embedding materials would inhibit
mass transfer such that the corresponding half-

saturation constant would be greater than that of FAS.
However, this study demonstrates that the half-
saturation constant with immobilized particles is lower
than that of FAS, probably because the embedded
anammox sludge contains a higher concentration of
the biological quantity. Thus, the anammox bacteria
content is greater. The nitrite half-suppression constant
(Ki) of the embedding particle is approximately 5.2
times that of FAS and is also higher than that of HAG,
which is 66.65 mmol L−1 (933.1 mg L−1). This outcome
indicates that the embedded anammox sludge can also
survive higher nitrite salt concentrations. By differ-
entiating Eq. (2) and setting the first-order derivative
to zero, the substrate concentration required to reach
the maximum reaction rate is as follows:

Smax ¼
ffiffiffiffiffiffiffiffiffiffiffi
KmKi

p
(3)

Using Eq. (3), ρ(NO�
2 -N) is 140 mg L−1 when the

immobilized particles reach the maximum nitrite reac-
tion rate. On the 53rd day, when ρ(NO�

2 -N) of the
incoming solution is 146 mg L−1, the anammox
reaction in the reactor was not suppressed. In the
subsequent test, the removal load gradually increased
as the incoming solution substrate concentration

Table 3
Comparison of kinetic parameters of different Anammox sludge

Sludge
Vmax NHþ

4 -N/mg
(mg d)−1

Vmax NO�
2 -N/mg

(mg d)−1

Km/(mmol L−1) Ki/(mmol L−1)

Refs.NHþ
4 -N NO�

2 -N NHþ
4 -N NO�

2 -N

Mixed culture 0.018–0.039 0.203 1.80–
4.21

0.468 38.1–
98.4

16.656 [28]

Mixed culture 0.082 0.104 6.22 80.21 1.09 11.39 [29]
HAG 1.92 2.63 1.21 1.39 834.2 52.5 [30]
FAS 0.71 1.11 1.78 1.51 643.9 12.80 [30]
Immobilized

granules
1.99 2.55 1.57 1.505 724.2 66.65 This

study

Fig. 4. Photographs of immobilized granules (a) ribbon-type filler, (b) SEM images of particle sludge in reactor, and (c)
×18 k (70th day).
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increased. Therefore, the addition of immobilized
particles enhanced the system’s tolerance for nitrites
and helped the anammox reactor operate in a highly
effective, steady mode.

5. Conclusions

In this study, anammox immobilized particles were
used to replace HAG as biocatalyst to rapidly start an
anammox reactor. The kinetic characteristics of the
immobilized particles were studied, which provided
theoretical support for the developing anammox bio-
catalysis technique. The most important conclusions
are listed in the following:

(1) Nitrate membranes and nitrate sludge were
used to start the anammox reactor. Anammox
immobilized particles were added as biocata-
lyst. The anammox reactor started on the 49th
day and subsequently maintained steady
operation. The removal rates for NHþ

4 -N and
NO�

2 -N in the system were 80.7 and 83.1%,
respectively. The corresponding removal loads
were 0.276 and 0.306 kg m−3 d−1.

(2) The facultative bacteria in the nitration sludge
formed anammox particle sludge on the sur-
face of the immobilized particles and in their
surroundings. This sludge increased local
anammox bacteria concentrations in the reac-
tor. It also contributed to the metabolism of
other types of free-form anammox bacteria.
Therefore, anammox immobilized particles
were demonstrated to be efficient as a biocata-
lyst and also decreased the reactor start-up
time.

(3) The anammox immobilized particles exhibited
kinetic characteristics similar to those of HAG.
The ammonium and nitrite half-saturation
constants (km) of the immobilized particles were
1.57 mmol L−1 (21.98 mg L−1) and 1.505 mmol L−1

(21.05 mg L−1), respectively, which were lower
than the corresponding FAS values and therefore
helped the immobilized particles utilize
substrates more easily under adverse conditions.
The ammonium and nitrite half-suppression
constants of the immobilized particles (Ki)
were 724.2 mmol L−1 (10,138.8 mg L−1) and
66.65 mmol L−1 (933.1 mg L−1), respectively,
which were substantially higher than the
corresponding FAS values. Therefore, the
immobilized particles could better survive in
high-concentration substrates and better relax the
self-suppression effect.
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