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a b s t r a c t
A simultaneous anammox and denitrification (SAD) process was applied for removing organic and 
nitrogen contaminants in an upflow anaerobic sludge blanket (UASB) reactor treating phenol-containing 
sewage. The morphologies of the granular sludges were further investigated. The results demonstrated 
that the SAD process could be successfully started up after a continuous operation for 86 d when the 
hydraulic retention time was maintained at 1.5 h. The removal efficiencies of ammonia, nitrite, and 
total nitrogen were 85.4%, 86.1%, and 79.9%, respectively. A suppressed anammox bacterial (AMX) 
activity and a decreased contribution ratio of the nitrogen removal via anammox pathway were 
observed and resulted from the increased chemical oxygen demand (COD)/NOx

––N (COD/N) ratio 
(≥0.34). Batch substrate degradation tests verified the stable activity of the AMX and denitrification 
bacteria (DNB) after long-term operation of the optimized SAD process (COD/N ratio of 0.32). Three 
kinds of granular sludges (anammox, denitrification, and SAD granular sludges) formed at the bottom 
of the hybrid UASB reactor and originated from the sole anammox granular sludge at the inoculation 
stage. Photos and scanning electron microscopy images of the SAD granular sludge illustrated the 
coexistence of the AMX (red, spherical, inner part of the granular sludge) and the DNB (white, short 
rod, outer part of the granular sludge). Furthermore, the average particle size of the granular sludges 
increased and the major fraction shifted from 0–1.5 mm (69.4%) to 0.5–2.0 mm (68.9%), indicating the 
granulation of the sludge mixture by coupling the heterotrophic denitrification process.
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1. Introduction

The eutrophication of a water body resulting from the 
increased nitrogen discharge is one of the main factors lead-
ing to the deterioration of the water environment, which 
has drawn global attention in environmental research [1,2]. 
A variety of biological treatment processes based on the the-
ory of nitrification and denitrification have been developed 
to remove nitrogen from sewage efficiently [3–5].

Different from conventional biological nitrogen removal 
processes, the anammox process is achieved by a class of 
autotrophic bacteria belonging to the phylum Planctomycetes, 

which can directly oxidize ammonium under anoxic con-
ditions using nitrite as a terminal electron acceptor. This 
process has been verified as a more efficient and economi-
cally viable method for nitrogen removal [6]. However, the 
nitrogen removal performance cannot be further improved 
due to the nitrate production during this process. In addition, 
the anammox bacteria (AMX) are susceptible to unfavorable 
existing environmental factors such as toxic organic com-
pounds (e.g., phenol), showing an inhibiting effect. Nitrogen 
and phenolic compounds regularly exist in certain industrial 
sewage, such as coke-oven sewage [7], resin-producing 
sewage [8], and petrochemical sewage [9], and pose a severe 
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challenge to the anammox process for nitrogen removal 
when toxic organic compounds are present.

Recent study findings have shown that the coupling of the 
anammox and denitrification processes can be achieved by 
the coexistence of AMX and denitrification bacteria (DNB) for 
advanced nitrogen removal [10,11]. Qiao et al. [12] reported 
that electrochemical technology could be employed as an 
enhanced tool for integrating the anammox and the autotro-
phic denitrification processes. While Ge et al. [13] found that 
the DNB could be easily cultivated under the driven station 
of organic matter and powder activated carbon.

The DNB can utilize the organic compounds as electron 
donors to denitrify the nitrate that is produced during the 
anammox process, which reduces the suppression of the 
activity of the AMX. Influent organic carbon was proved 
to be critical for the stable operation of the simultaneous 
anammox and denitrification (SAD) processes [14]. At low 
chemical oxygen demand (COD)/N ratios, electron donors 
for nitrogen removal could be obtained from both ammo-
nium and organic compounds [15]. He et al. found that AMX 
and DNB had a better synergistic effect for efficient nitrogen 
removal at COD/N ratio of 0.53 [16].

When the influent COD/N ratios increase beyond a cer-
tain level, the DNB can outcompete the AMX for the nitrite 
(electron acceptors) due to the decreased AMX activity. In 
the anammox-denitrification system, the higher COD/N 
ratio that resulted from the increased concentration of 
organic matter induced the deterioration of the nitrogen 
removal efficacy [17]. Furthermore, the increasingly strong 
denitrification process will cause a weakening of the cou-
pling efficiency of the SAD process [18]. Conversely, nitrite 
accumulation from partial denitrification promotes anam-
mox behaviors for lower COD/N ratios [17]. Cervantes et 
al. [19] revealed that the carbon source played an important 
role for ammonium and nitrate removal because ammo-
nium is oxidized in the anammox process by nitrite through 
dissimilatory nitrate reduction.

Thus, the influent carbon source plays an important 
role in regulating the synergy of the anammox and denitri-
fication processes in the SAD process [20]. The impacts of 
phenol on the anammox process are significantly different 
from those of readily degradable organic compounds. It has 
been found that the AMX activity is clearly inhibited under 
phenol stress, whereas it can be recovered without phenol 
addition for which a lag period is required [21]. The anam-
mox process can be applied to nitrogen-containing phenolic 
sewage if the inhibition of the AMX activity induced by the 
phenol can be reduced. Ramos et al. [22] reported that phenol 
could be utilized by DNB as the sole organic carbon source 
in an anoxic granular reactor. González-Blanco et al. [23,24] 
discovered that ammonium and p-cresol could supply 
electron donors for nitrite reduction by denitrifying sludge.

Therefore, the SAD process is proposed to enhance the 
nitrogen removal using phenol as the electron donor for the 
denitrification pathway, which also reduces the inhibition of 
the AMX activity during the treatment of nitrogen-containing 
phenolic sewage.

To date, limited research has been reported on the SAD 
process using phenol as the sole carbon source. In this 
study, an upflow anaerobic sludge blanket (UASB) reactor 
was used to establish the SAD process for the treatment of 

phenol-containing sewage. The main objectives of this study 
were (I) to investigate the start-up characteristics of the SAD 
process, (II) to establish an optimization strategy for the SAD 
process, and (III) to investigate the granular sludge variations 
and long-term stability of the SAD system. These findings 
will serve as a reference for the optimization and effective 
practical application of the SAD process in the treatment of 
phenol-containing sewage.

2. Materials and methods

2.1. Experimental setup and operational conditions

2.1.1. Continuous-flow experiment

The schematic diagram of the continuous-flow hybrid 
UASB reactor is depicted in Fig. 1(a). The effective volume was 
10 L with a height of 110 cm and an inner diameter of 11 cm. 
One-third of the reactor was filled with spherical polyvinyl 
chloride carriers (diameter of 10 cm) and a fibrous annular 
braided belt to reduce sludge loss. The reactor was wrapped 
with black soft materials to reduce the light, and a circulat-
ing water bath system was used to maintain the temperature 
(~25oC). The synthetic sewage with a controlled pH value 
(~7.8) was pumped to the bottom of the reactor using a per-
istaltic pump, and a hydraulic retention time (HRT) of 1.5 h 
was maintained. The operational strategy of the hybrid UASB 
reactor was divided into three stages, including the start-up 
phase (phase I–IV), optimization phase (phase V–VIII), and 
long-term operation phase (phase IX) of the SAD process, as 
shown in Table 1. During the start-up stage, the phenol was 
added stepwise (from 0 to 18.8 mg L–1, with a COD/NOx

––N 
(COD/N) ratio of 0–0.34) to the continuous-flow system. 
Thereafter, the SAD process was expected to be optimized 
by regulating the phenol concentrations with the COD/N 
ratios in the range of 0.31–0.62. Finally, the SAD process was 
operated for a prolonged period of 60 d.

    

(a)                                  (b) 

Fig. 1. Schematic diagram of the reactors (a) UASB reactor and 
(b) sequencing batch reactor.
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2.1.2. Sequencing batch tests

A 500-mL serum bottle was used to demonstrate the 
sequencing batch tests, as shown in Fig. 1(b). First, the mixed 
granular sludges were collected from the hybrid UASB 
reactor and washed using deionized water for removal of the 
residue. Then, the serum bottle, to which 150 mL sludge and 
350 mL of a prepared matrix were added, was placed on a 
magnetic stirrer (500 rpm) with high-purity nitrogen blown 
in to remove the dissolved oxygen (DO) when the activity 
tests of the anammox and denitrification were performed. 
The control temperature was maintained at 25°C ± 1°C. The 
pH values were measured before and after the sequencing 
batch tests.

2.2. Characteristics of synthetic phenol-containing sewage and 
inoculation sludge

2.2.1. Synthetic phenol-containing sewage

The synthetic sewage was composed of NH4Cl, NaNO2, 
and phenol as the main sources of ammonium, nitrite, and 
organic carbon, respectively. The concentrations of ammo-
nium, nitrite, and organic carbon were regulated according 
to the requirements of the experiment. The other components 
included NaHCO3 (800–1,000 mg L–1), KH2PO4 (25 mg L–1), 
MgSO4·7H2O (480 mg L–1), CaCl2·2H2O (180 mg L–1), trace 
element solution I (1 mg L–1), and trace element solution 
II (1 mg L–1). The trace element solution I contained eth-
ylene diamine tetraacetic acid (EDTA) (5,000 mg L–1) and 
FeSO4·7H2O (5,000 mg L–1). The trace element solution II 
contained EDTA (15,000 mg L–1), ZnSO4·7H2O (430 mg L–1), 
CoCl2·6H2O (240 mg L–1), MnCl2·4H2O (990 mg L–1), 
CuSO4·5H2O (250 mg L–1), Na2MoO4·2H2O (220 mg L–1), 
NiCl2·6H2O (190 mg L–1), Na2SeO4·10H2O (210 mg L–1), and 
H3BO3 (14 mg L–1). The specific synthetic sewage quali-
ties were as follows: NH4

+–N, 44.2–133.2 mg L–1; NO2
––N, 

63.9–131.2 mg L–1; NO3
––N, 1.3–13.4 mg L–1; phenol, 

0–56.4 mg L–1; pH, 7.6–8.0.

2.2.2. Inoculation sludge

The inoculation anammox granular sludge was 
collected from a 50-L UASB reactor that had been oper-
ated in a stable manner for about 2 years. The main species 
of AMX present in the reactor was Candidatus Brocadia 
fulgida (JX852965-JX8529 69). The inoculation sludge was 
injected into the hybrid UASB reactor, resulting in a mixed 
liquor volatile suspended solid (MLVSS) concentration 
of 5,000 mg L–1.

2.3. Chemical analysis and calculation procedures

NH4
+–N, NO2

––N, NO3
––N, the mixed liquor suspended 

solids (MLSS), and the MLVSS were analyzed accord-
ing to standard methods [25]. Phenol was measured by 
high-performance liquid chromatography (HPLC) [22] using 
an UltiMate 3000 (Dionex Corporation, USA) with an Agilent 
Zorbax SB-C18, USA (4.6 mm × 100 mm × 3.5 μm) column and 
a UV detector set at 254 mm; the flow rate was 1.875 mL min–1, 
and the column temperature was maintained at 30°C. The 
mobile phases were acidified water (ultrapure water contain-
ing H2SO4 at pH 1.41) and HPLC-grade methanol following 
a gradient elution. The gradient started from 100% of acidi-
fied water and progressively changed to 50:50 v/v of water: 
methanol in 18 min and then it remained isocratic until 
20 min. The injection volume was 20 μL, and the maximum 
pressure in the column was approximately 290,000 hPa.

The DO, pH, and temperatures were determined by 
a multiparameter sensor (WTW Multi 3420i, Germany). 
The morphological characteristics of the granular sludge 
specimens were observed using a scanning electron micros-
copy (SEM) (S-4300, Hitachi, Japan). The particle sizes of 

Table 1
Substrate concentrations in the feed of the hybrid UASB reactor

Phases Operation strategy Periods (d) NH N4
+ −  

(mg L–1)

NO N2
− −

(mg L–1)

NO N3
− −  

(mg L–1)

Phenol 
(mg L–1)

COD N/  
ratio

Start-up of the SAD process
Ⅰ 1–6 100.5 106.0 6.6 0 0
Ⅱ 7–14 98.2 107.1 6.0 9.4 0.16
Ⅲ 15–35 93.7 98.5 4.7 9.4 0.17

36–58 107.7 97.1 4.8 14.1 0.24
59–80 90.0 96.0 5.8 18.8 0.31

Ⅳ 81–86 70.7 88.9 4.6 18.8 0.34
Optimization of the SAD process

Ⅴ 87–98 77.2 88.4 8.6 28.2 0.62
Ⅵ 99–105 79.6 91.8 8.0 37.6 0.78
Ⅶ 106–110 76.7 93.1 8.9 56.4 1.18
Ⅷ 111–120 74.3 94.9 10.6 18.8 0.30
Ⅸ Long-term operation of the 

SAD process
121–180 60.8 90.5 9.9 18.8 0.32

Note: The average values of the experimental data are presented in the table.
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the granular sludges were determined using standard test 
screens (GB6003.1-1997).

The consumptions of NH4
+–N and NO2

––N, the production 
of NO3

––N, the removal efficiencies of NH4
+–N, NO2

––N, and 
the total nitrogen (TN), the nitrogen loading rate (NLR), 
(kg m–3 d–1), and the nitrogen removal rate (NRR) (kg m–3 d–1)) 
were calculated according to the following equations:

NH N consumption = NH N NH N NH Ninf eff4 4 4 4
+ + + +− − = − − −∆  (1)

Removal efficiency of NH N
NH N NH N

NH N
inf eff

inf
4

4 4

4

100+
+ +

+
− =

− − −
−

× %%  (2)

NO N consumption NO N NO N NO Ninf eff2 2 2 2
− − − −− = − = − − −∆  (3)

Removal efficiency of NO N
NO N NO N

NO N
inf eff

inf
2

2 2

2

−
− −

−
− =

− − −
−

×100%%  (4)

NO N production NO N NO N NO Neff inf3 3 3 3
− − − −− = − = − − −∆  (5)

Removal efficiency of TN
TN TN

TN
inf eff

inf

=
−

×100%  (6)

NLR NH N
TN
HRT

inf= − =+
4

 (7)

NRR = NH N
TN TN

HRT
inf eff

4
+ − =

−
 (8)

where NH4
+–Ninf, NO2

––Ninf, NO3
––Ninf, and TNinf are the 

influent concentrations of NH4
+–N, NO2

––N, NO3
––N, and 

TN (mg L–1), respectively, and NH4
+–Neff, NO2

––Neff, NO3
––Neff, 

and TNeff are the effluent concentrations of NH4
+–N, NO2

––N, 
NO3

––N, and TN (mg L–1), respectively. HRT is the hydraulic 
retention time (d).

3. Results and discussion

3.1. The start-up of the SAD process

The start-up period of the SAD process was divided into 
four suboperational phases (as shown in Fig. 2) according 
to the phenol dosage and nitrogen removal performance. 
In phase I (Days 1–6, without phenol dosage), the average 
removal efficiencies of NH4

+–N, NO2
––N, and TN increased 

from 16.2%, 16.8%, and 14.3% to 25.4%, 24.9%, and 21.9%, 
respectively. Furthermore, the NO3

––N concentration was 
higher in the effluent than in the influent, indicating that the 
AMX activity was gradually enhanced, and the inoculated 
anammox granular sludge was able to adapt to the new cul-
tivation environment. On Day 7 of the phase II (Days 7–14, 
AMX adaptation phase with COD/N ratio of 0.16), a sharp 
10% reduction in the removal efficiency was observed for 
NH4

+–N, NO2
––N, and TN. This indicated that the phenol 

addition had a negative impact on the anammox process 

and the AMX activity deteriorated in the presence of toxic 
organic matter [21,26]. However, the average removal effi-
ciencies of NH4

+–N, NO 2
––N, and TN gradually recovered to 

the previous levels after the 7 d operation, affirming that 
the anammox granular sludge was capable of tolerating 
a shock with a low concentration of toxic organic matter 
(9.4 mg L–1) and that the AMX could exhibit activity for the 
phenol-containing treatment. The average phenol concentra-
tion in the effluent was 7.5 mg L–1 with an average removal 
efficiency of 20% through phase II.

In phase III (Days 15–80, AMX activity improvement 
phase), the phenol concentration was increased stepwise 
from 9.4 to 18.8 mg L–1 (COD/N ratio of 0.17–0.31), in order to 
achieve a fast start-up of the SAD process due to the enrich-
ment of the AMX and the increased NO3

––N production for 
the electron donors. The average influent concentrations of 
NH4

+–N and NO2
––N were maintained at 97.1 and 97.2 mg L–1, 

respectively, throughout this phase. Nevertheless, the aver-
age effluent concentrations of NH4

+–N and NO2
––N decreased 

to 7.7 and 10.5 mg L–1, respectively, and the corresponding 
removal efficiencies were 89.6% and 87.9%, respectively. 
The average removal efficiency of the phenol increased from 
42.8% to 69.4%, suggesting that more carbon sources were 
employed as electron donors.

The increase in the NH4
+–N and NO2

––N removals demon-
strated the enhancement of the AMX activity. In addition, 
the ratio of NO3

––N production to NH4
+–N consumption was 

found to be lower than the theoretical stoichiometric value 
(0.26) [27], proving that the phenol was used as an electron 
donor by the DNB. Overall, the TN removal efficiency was 
significantly improved from 22.1% to 83.7% as a result of the 
coexistence of the AMX and DNB in the SAD process in spite 
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Fig. 2. Nitrogen removal performance in the UASB reactor during 
the start-up period. (a) Ammonia concentrations and removal 
and (b) TN concentrations and removal; phenol concentrations, 
(c) nitrate concentrations, and (d) nitrite concentrations and 
removal.
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of a substantial fluctuation of the NO3
––N concentrations. 

After phase III, the system came into a short-term stable 
operation phase (phase IV, Days 81–86, COD/N ratio of 0.34). 
During this phase, 85.39% of NH4

+–N and 86.12% of NO2
––N 

were removed on average and the corresponding effluent 
concentrations were 10.3 and 12.4 mg L–1, respectively.

The NO3
––N production value was 5.9 mg L–1, resulting 

in a ratio of NO3
––N production to NH4

+–N consumption of 
0.10. A 50% reduction in the phenol concentration was finally 
achieved in this phase. These results indicated that the nitro-
gen removal was achieved by the coupling of the anammox 
and denitrification processes. Furthermore, 79.9% of TN was 
removed in this system and the NLR and NRR reached 2.63 
and 2.10 kg m–3 d–1, respectively, suggesting that the SAD 
process started up successfully.

3.2. The optimization of the phenol addition in the SAD process

Fig. 3 shows the nitrogen removal performance of the 
SAD process in the hybrid UASB reactor during the optimi-
zation period. From phase V to VII (Days 87–110), the phenol 
dosage was increased from 28.2 to 56.4 mg L–1 (COD/N ratio 
of 0.62–1.18) to investigate the influence of the COD/N ratios 
on the SAD performance. In phase VIII (Days 111–120), the 
phenol dosage was decreased to 18.8 mg L–1 (COD/N ratio 
of 0.30) to study the recovery capability of the SAD process 
from the high phenol stress. It was observed that the removal 
efficiencies of NH4

+–N and TN increased rapidly to 29.8% and 
52.9% from Day 87 to Day 92 as the COD/N ratio increased 
from 0.34 to 0.62 in phase V. Meanwhile, the ratio of NO2

––N 
consumption to NH4

+–N consumption increased to 3.05 and 
the ratio of NO3

––N production to NH4
+–N consumption 

decreased to –0.07. This indicated that a high dosage of phe-
nol resulted in a significant inhibition of the AMX activity 

but had almost no impacts on the DNB activity. Thereafter, 
the AMX activity gradually recovered after 6 d operation. 
Finally, 47.8% of NH4

+–N and 84.9% of NO2
––N were removed 

from the system, and the corresponding average concentra-
tions in the effluent were 39.8 and 13.3 mg L–1, respectively. 
A short-term stable SAD process was achieved, and the ratio 
of NH4

+–N consumption to NO2
––N consumption to NO3

––N 
production was 1.00:2.00:0.07.

When the COD/N ratio increased to 0.78 in phase VI, the 
average effluent concentrations of NH4

+–N and NO2
––N were 

41.5 and 11.9 mg L–1, respectively. In phase VII, the average 
effluent concentrations of NH4

+–N and NO2
––N decreased to 

37.1 and 3.3 mg L–1, respectively, as the COD/N ratio reached 
1.18. Meanwhile, the ratio of NO2

––N consumption to NH4
+–N 

consumption increased from 2.09 in phase VI to 2.28 in phase 
VII, and the ratio of NO3

––N production to NH4
+–N consump-

tion decreased from –0.04 in phase VI to –0.13 in phase VII. It 
was observed that the ratio of NO2

––N consumption to NH4
+–N 

consumption increased with the increase in the COD/N ratios, 
and the ratio values were higher than the theoretical value of 
1.32. Conversely, the ratio of NO3

––N production to NH4
+–N 

consumption decreased with the increasing COD/N ratios, 
and the ratios were lower than the theoretical value of 0.26. 
This suggested that the denitrification process was enhanced 
at higher COD/N ratios, which exerted an adverse influence 
on the anammox process in the coupled system. The average 
consumption values and percentages of the anammox and 
denitrification routes for the nitrogen removal were further cal-
culated according to the nitrogen mass balance, as illustrated 
in Table 2. The nitrate and nitrite reductions through denitrifi-
cation were further estimated through phenol biodegradation. 
The amounts of denitrified nitrate and nitrite and biodegraded 
phenol were in accordance with the stoichiometric ratios of 
Eqs. 9 and 10 [28].

C H O H NO N HCO H O6 6 2+ + → + ++ − −5
3

28
3

14
3

6 5
62 2 3  (9)

C H O H O NO N 6HCO H6 6 2+ + → + +− − +0 2 5 6 2 8 0 43 2 3. . . .  (10)

It can be seen that the average nitrogen removal per-
centage was 85.3% for the anammox route but only 14.7% 
for the denitrification route, indicating the dominant role of 
the anammox process in the nitrogen removal in phase IV 
(COD/N ratio of 0.34). However, the competition increased 
between the AMX and DNB for electron acceptors (NO2

––N) 
as the COD/N ratio increased. Furthermore, the denitrifica-
tion process was gradually strengthened and resulted from 
the higher growth rate of the DNB and the inhibition of the 
AMX activity at a higher COD/N ratio. The average nitrogen 
removal percentage for the denitrification route increased 
to 38.4%, while the anammox contribution decreased to 
61.6% in phase VII (COD/N ratio of 1.18). It was expected 
that the anammox route would play a dominant role in 
the nitrogen removal in the SAD process for the stable 
operation of the coupled system. The dominant nitrogen 
removal processes shifted from the anammox process to the 
denitrification process due to competition for living space 
under high organic substrate conditions during long-term 
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Fig. 3. Nitrogen removal performance in the UASB reactor 
during the optimization period. (a) NO2

––N, NH4
+–N, and NO3

––N 
concentrations, (b) NO2

––N, NH4
+–N, and TN removals and 

phenol concentration, and (c) stoichiometric ratios.
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operation [29]. Thus, the COD/N ratio was decreased to 0.30 
(in phase VIII) in case of the AMX washout. After 10 d oper-
ation, the AMX activity was recovered and was followed 
by the stable operation of the SAD process and the ratio of 
NH4

+–N consumption to NO2
––N consumption to NO3

––N 
production was 1.00:1.52:0.11.

3.3. Nitrogen removal during long-term operation of the 
SAD process

Fig. 4 shows the nitrogen removal performance of the 
SAD process at the constant COD/N ratio of 0.32 during 
the long-term operation phase (phase IX, Days 121–180); 
98% of NH4

+–N and 97.9% of NO2
––N were removed and 

the corresponding effluent concentrations were 1.30 and 
1.93 mg L–1, respectively. Overall, the average removal effi-
ciency of the TN was 87.51% and the NLR and NRR were 
2.53 and 2.26 kg m–3 d–1, respectively. Moreover, 87.2% of 
phenol could be removed with the effluent concentration of 
2.41 mg L–1 on average, indicating the stability of the coupled 
processes of anammox and denitrification by using phenol as 
the carbon source.

The average NO3
––N production in this system was 

6.98 mg L–1, and the obtained stoichiometric ratio of 
NH4

+–N consumption to NO2
––N consumption to NO3

––N 
production was 1.00:1.49:0.12. The theoretical stoichio-
metric ratio is 1.00:1.32:0.26; it was speculated that both 
the NO3

––N (10.02 mg L–1) and the NO2
––N (8.48) mg L–1  

served as electron acceptors for the DNB. In spite of the 
competition for NO2

––N between the DNB and the AMX, 
most of the nitrogen removal still occurred during the 
anammox process (contribution of 86.82%) due to the suf-
ficient amount of NO2

––N in the influent, which maintained 
the long-term stability of the SAD system.

Batch tests of the AMX and DNB activities were 
performed at the end of the long-term operation. The MLVSS 
concentration of the batch rig after testing was determined 
(3,475 mg L–1). Moreover, the pH value was higher (8.327) 
after the test than before the test (7.811) as a result of the 
hydrion consumptions during the anammox and denitrifica-
tion processes. As illustrated in Fig. 5, good negative linear 
correlations were obtained for the biodegradation processes 
of NH4

+–N (R2 = 0.996) and NO2
––N (R2 = 0.9801), respectively. 

The ratio of the specific degradation rates (SDRs) of NO2
––N 

(1.21 mg g–1 h) to NH4
+–N (0.85 mg g–1 h) was 1.42, which was 

higher than the theoretical ratio of 1.32, further proving the 
competition between AMX and DNB for NO2

––N. The ratio of 
SDRs of NO3

––N (0.122 mg g–1 h) to NH4
+–N was 0.14, which 

was lower than the theoretical ratio of 0.26. It was specu-
lated that NO3

––N was denitrified by the DNB using phenol 
as electron donor due to the declining trend of the phenol 
biodegradation. Overall, the test results of the batch rig 
were in agreement with the results of the continuous-flow 
test, verifying that nitrogen was removed by the coupled 
anammox and denitrification processes using phenol as a 
carbon source.

Table 2
Average consumption and percentages of different routes for the nitrogen removal

Consumption Removal route   Ⅳ  Ⅴ  Ⅵ  Ⅶ

NH4
+–N removed (mg L–1) Anammox 52.0 39.5 38.0 39.7

NO2
––N removed (mg L–1) Anammox 68.7 52.1 50.2 52.3

Denitrification 10.5 24.6 29.6 37.4
NO3

––N removed (mg L–1) Denitrification 8.0 6.3 10.0 15.8
TN removed (mg L–1) Anammox 107.2 81.3 78.3 81.7

Denitrification 18.5 30.9 39.6 53.2
Contribution percentage of nitrogen 

removal routes (%)
Anammox 85.3 72.8 66.6 61.6

Denitrification 14.7 27.2 33.4 38.4
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Fig. 4. Nitrogen removal performance in the UASB reactor 
during long-term operation. (a) NH4
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––N, NO3

––N con-
centrations, (b) TN concentrations and removal and phenol 
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3.4. Morphology of granular sludge

3.4.1. Apparent characteristics

Fig. 6 shows the apparent characteristics of the granular 
sludges at different phases. The average particle size of the 
inoculated granular sludge was small and the color was brick 
red as a result of the enriched heme in the AMX cells. Three 
kinds of granular sludges were formed after the long-term 
operation of the SAD process (Fig. 6): anammox granular 
sludge (red) (Fig. 6(a)), phenol-denitrifying granular sludge 
(white) (Fig. 6(b)), and SAD granular sludge (white, outer 
part; red, inner part) (Fig. 6(c)). The individual formation 
of the anammox and phenol-denitrifying granular sludges 
indicated that sufficient substrates could be obtained by the 
AMX and DNB from the living environments, respectively. 
Moreover, it was speculated that the formation of the white 
sludge (i.e., the independent or the outer part of the anam-
mox granular sludge) indicated that different genera of DNB 
exhibited different priorities for using NO2

––N or NO3
––N as 

electron acceptors. The formation of the SAD granular sludge 
further confirmed that the nitrogen removal was achieved by 
the coupling of the anammox and the denitrification pro-
cesses. Compared with the phenol-denitrifying granular 
sludge with irregular shape and a loose structure, the ana-
mmox and SAD granular sludges exhibited a regular shape 
and a dense structure as a result of the self-aggregation of 
the AMX.

In addition, the broken SAD granular sludge was observed 
by SEM, as shown in Figs. 7(a) and (b), respectively. Spherical 
bacteria (referred to AMX) were found in the inner part of the 
SAD granular sludge and had a diameter of 0.4–0.7 μm, which 
was slightly smaller than the diameters reported in previous 

studies (0.8–1.1 μm) [30]. Short-rod bacteria (referred to as 
DNB) were also discovered in the outer part of the SAD 
granular sludge, with a size of 0.28–0.37 μm × 0.67–1.26 μm. 
These findings further confirmed that the SAD process was 
achieved by the synergistic effects of two types of bacteria 
with diverse colors and shapes.

3.4.2. Particle size distribution

The particle size distribution of the granular sludge at 
the bottom of the hybrid UASB reactor is shown in Table 3. 
The granular sludge particle size distribution was charac-
terized as the percentage of the MLSS of different particle 
sizes and the total MLSS. At the inoculation stage (Day 0), 
32% of the granular sludge particles were in the range of 
0.5–1.0 mm, accounting for the largest proportion. In addi-
tion, 19.2%, 17.83%, and 16.22% were in the range of 0–0.5, 
1–1.5, and 1.5–2.0 mm, respectively; 14.43% were larger 
than 2.0 mm in size. There were substantial differences in 
the granular sludge particle size distribution between the 
inoculation stage and the end of the operation (Day 180). 
More specifically, the largest fraction of the granular sludge 
particles shifted from the range of 0.5–1.0 mm to the range 
of 1.5–2 mm (30.87%). The proportion of sludge particles 
in the range of 0–1.0 mm decreased to 22.8%. Nevertheless, 
a proportional increase of 11.83% was observed for sludge 
particles of >2 mm size. Thus, the granular sludge particle 
size increased at the end of the operation. The possible rea-
sons are (1) the enrichment of the AMX and the growth of 
the anammox granular sludges, (2) the enrichment of the 
DNB and the formation of denitrifying granular sludge, 
and (3) the growth of the DNB on the anammox granular 
sludges and the formation of the SAD granular sludge. 
Generally speaking, granular sludge with a larger particle 
size is better able to resist shocking loadings and adverse 
conditions. Phenol may be trapped on the surfaces of the 
anammox granular sludge or may be consumed by the 
DNB on the surfaces of the SAD granular sludge, resulting 
in reduced impacts on the internal AMX and a long-term 
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Fig. 5. The activities of the AMX and DNB during long-term 
operation.
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Fig. 6. Photographs of granular sludges. (a) Inoculated granular 
sludge, (b) granular sludge at the end of phase IX, and (c) broken 
SAD granular sludge.

Table 3
Particle size distribution in the hybrid UASB reactor at the inoculation stage and at the end of the operation

Particle size (mm) 0–0.5 0.5–1.0 1.0–1.5 1.5–2.0 2.0–2.5 >2.5

Inoculation stage 19.22 32.3 17.83 16.22 8.22 6.21

End of the operation 4.87 22.28 15.72 30.87 13.87 12.39
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stability of the system. The average particle size of the gran-
ular sludge increased, and the major fraction changed from 
the range of 0–1.5 mm (69.4%) at the inoculation stage to the 
range of 0.5–2.0 mm (68.9%) after domestication with the 
addition of phenol.

4. Conclusions

The SAD process started up successfully in a hybrid 
UASB reactor by a stepwise feeding of phenol in the range 
of 0–18.8 mg L–1. A coupled anammox and denitrification 
process using phenol as the sole carbon source was achieved 
under low COD/N ratios (≤0.34). The synergy and com-
petition levels between the AMX and DNB were strongly 
dependent on the COD/N ratios. The contribution percentage 
of the nitrogen removal for the anammox route decreased, 
whereas the denitrification route increased with the increase 
in the COD/N ratio (0.34–1.18). Moreover, the AMX activ-
ity recovered rapidly when the COD/N ratio was decreased 
back to 0.30. The stable long-term operation of the SAD pro-
cess was achieved at a COD/N ratio of 0.32, and the average 
NRR and NLR were 2.53 and 2.26 kg m–3 d–1, respectively. 
The morphology of the granular sludge indicated that, in 
addition to the growth of the anammox granular sludge, 
DNB and SAD granular sludges were formed after domes-
tication with the phenol addition, resulting in an increased 
average particle size of the granular sludges. Nevertheless, 
further studies are still required to determine the dominant 
species of the functional microorganisms (AMX and DNB) by 
molecular biomethods.
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