
Vol.:(0123456789)1 3

Bioprocess and Biosystems Engineering (2019) 42:1105–1114 
https://doi.org/10.1007/s00449-019-02108-7

RESEARCH PAPER

Impact of phenol on the performance, kinetics, microbial communities 
and functional genes of an autotrophic denitrification system

Ting Xia1 · Minwei Xie2 · Dan Chen1 · Zhixing Xiao1

Received: 22 August 2018 / Accepted: 17 March 2019 / Published online: 25 March 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Nitrate and phenol often co-occur in wastewater because of the complex industrial and agricultural processes, while the 
impacts of phenol on autotrophic denitrification remain unclear. Here, a sulfur and hydrogen-oxidizing autotrophic denitri-
fication reactor was established, and the effects of different concentrations of phenol on the nitrate removal performance, 
kinetics, microbial communities, and functional genes were investigated. Increasing concentrations of phenol significantly 
decreased the denitrification efficiency in the reactor. The kinetic data indicate the limitation of nitrate diffusion may be one 
of reasons. Increasing phenol concentrations declined the activities of nitrate and nitrite reductases and induced the produc-
tion of reactive oxygen species (ROS) and the release of lactate dehydrogenase (LDH), suggesting potential toxicity to the 
denitrifying consortium. Denitrifying gene nirK was most sensitive to phenol stresses in the reactor. In addition, Thauera 
was the predominant genus in system with and without phenol, Bacillus was enriched under high phenol concentrations.
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Introduction

With the rapid development of agricultural and industrial 
production, large quantities of chemicals have been released 
to the environment due to inappropriate waste management 
[36]. Among these chemicals, nitrate and phenol have been 
reported to cause environmental damage and public health 
problems [7, 9, 14]. Nitrate and phenol often coexist in 

wastewater discharged from pharmaceutical production, 
textile and petroleum refinery factory [17, 19]. 10 mg/L of 
nitrate (USEPA, 2010) and 2 mg/L of phenol are permitted 
in water considering human health [8].

Nitrate removal through microbial denitrification is 
widely used in wastewater treatment plant, and this process 
has been broadly studied [22, 38]. Autotrophic denitrifi-
cation relies on inorganic sources of carbon and electron 
donors (e.g., hydrogen, ferrous iron, sulfur, bivalent man-
ganese, etc.) for denitrifying bacteria to reduce nitrate to 
nitrogen gas [27, 31] while heterotrophic denitrification uses 
organic carbon and electron donors. Compared with het-
erotrophic denitrification, autotrophic denitrification has the 
advantage of low sludge production and avoiding secondary 
pollution caused by residual organics.

Presence of phenol causes complex effects on hetero-
trophic denitrification. At low concentrations, presence of 
phenol can promote the metabolism of heterotrophic deni-
trification process [20], whereas at high concentrations, it 
inhibits the denitrification process [15]. Toxicity of phenol 
to denitrifying consortium may be partially responsible [6]. 
However, the underlying inhibitory mechanisms have not 
been fully resolved. Further, the impacts of phenol stresses 
on the performance of autotrophic denitrification system and 
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the community structure of the microbial consortium inside 
the reactors were rarely studied.

Accordingly, to improve understanding of how phe-
nol stresses impact the nitrate removal efficiency and the 
microbial community structure in the reactor, we conducted 
a 6 months study with a custom-built autotrophic denitri-
fication reactor and stepwisely increasing the concentra-
tions of phenol in the system. The finding of this study not 
only facilitate the understanding of the effect of phenol on 
the autotrophic nitrate treatment process when phenol and 
nitrate coexist in the wastewater, but also provide possible 
strategy for removing nitrate and phenol simultaneously.

Materials and methods

Experimental setup

Custom-built autotrophic denitrification reactors were devel-
oped to study the effects of phenol on autotrophic denitrifi-
cation process. The denitrification system was a continuous 
up-flow reactor, using a combination of a sulfur autotrophic 
unit and a bioelectrochemical hydrogen autotrophic unit 
to remove nitrate from the feeding influent (Fig. 1). The 
denitrification reactor was cylindrical, with a diameter of 
16 cm and height of 15 cm (3 L), containing sulfur granules 
(5–8 mm) to a depth of 7.0 cm. A carbon fiber felt cathode 
(50.5 cm × 7.0 cm × 3.0 cm) and a carbon rod anode were 
also deployed in the upper part of the reactor and were con-
nected to a DC power supply (0–30 V, 0–5 A). The reactor 
was inoculated with microorganisms from a similar auto-
trophic reactor used in our previous study [3]. Synthetic 

influent solution (sparged with Ar for 30 min to deoxygen-
ate), composed of 30 mg/L of  NO3

−–N, 60 mg/L of  HCO3
−, 

10 mg/L of  MgCl2, 0.50 mg/L of  ZnCl2, 2.00 mg/L of 
 CoCl2, 1.00 mg/L of  MnSO4, 0.30 mg/L of  NiCl2, 0.30 mg/L 
of  CuCl2, 0.20 mg/L of  FeSO4, 0.50 mg/L of  CaCl2, and 
0.30 mg/L of  Na2MoO4, was deoxygenated and continuously 
fed into the system throughout the experiment.

Experimental conditions

Once initiated, the denitrification system was stabilized 
under the following condition for a period of at least 
60 days until 95% removal of nitrate in the effluent solu-
tion was achieved: hydrodynamic retention time (HRT) of 
20 h, pH of 7.0,  NO3

−–N concentration of 30 mg/L, and a 
direct current of 50 mA. Following the stabilization stage, 
the operation conditions were adjusted, with a HRT of 16 h 
(selected by reviewing and comparing the HRT from previ-
ous related studies (in the range of 7–24 h) [5, 11, 12, 40] 
and our preliminary results), an applied current of 100 mA, 
a  NO3

−–N concentration of 100 mg/L,  HCO3
− concentra-

tion of 500 mg/L, while other parameters remained the 
same. Phenol was also added into the influent solution in 
a stepwise fashion—0 mg/L (Phase I), 20 mg/L (Phase II), 
50 mg/L (Phase III), and 100 mg/L of (Phase IV)—and each 
phase was maintained for a period of 20 days. To further 
elucidate the fate of phenol in the reactor, inorganic car-
bon source  HCO3

− was removed from the influent while 
other conditions remained unchanged from Phase IV, and 
experiments were running for an additional 20 days. All 
experiments were run in triplicates and one-way analysis 
of variance (ANOVA) was applied to assess the statistical 
difference of the results at a significance level of p = 0.05.

Sampling and analysis

Sulfate concentrations and pH in the effluent, and concentra-
tions of  NO3

−–N,  NO2
−–N, and phenol in the feeding influ-

ent and effluent were measured daily. 10 mL aqueous sam-
ple was collected and filtered by 0.45 µm membrane before 
measurement. At the end of each phase, biofilm samples 
on the surface of cathodes and sulfur granules were also 
obtained and mixed for pyrosequencing analysis (referred 
to M1, M2, M3, and M4 respectively). The concentrations 
of  NO3

−–N, phenol,  NO2
−–N, and  SO4

2− were measured 
colorimetrically following the standard methods [1]. The pH 
of the effluent was determined using a pH meter (PHS-3C, 
Kexiao Instrument, China).

Nitrate removal and phenol removal kinetics

Previous studies demonstrated the Zero-order and Half-
order kinetic models could effectively interpret the nitrate Fig. 1  The combined autotrophic denitrification reactor
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removal data in continuous up-flow biofilm reactors [13, 29]. 
As such, the nitrate and phenol removal data from Phase I to 
IV were fitted by these two models in this study.

Zero-order model: this kinetic model assumes no limita-
tions for substrates and no mass transfer limitation on the 
biofilm in the reactor.

Half-order model: this kinetics model assumes the sub-
strates concentrations are too high to penetrate the whole 
biofilm in the reactor (diffusion limitation of substrates).

Where, T is the time and T = 0 represents the commence-
ment of each phase, C is the concentrations of nitrate or 
phenol in the effluent at time T, C0 is the initial nitrate/phe-
nol concentrations, and K0v and K(1/2)v are the zero-order 
reaction and half-order reaction rate constants.

Pyrosequencing of biofilm samples

Community structure of biofilm mixture from cathodes and 
sulfur granules were measured at the end of each phase via 
high-throughput sequencing of 16S rRNA fragments. 1 mL 
of Genomic DNA in biofilm samples was extracted using 
Power Soil DNA isolation kit (MOBIO, USA). The qual-
ity and concentrations of DNA were examined using Qubit 
2.0 DNA detection kit. The V3–V4 region of the bacterial 
16S rRNA fragments was amplified using primers 338F (5′-
ACT CCT ACG GGA GGC AGC AG-3′) and 806R (5′-GGA 
CTA CHVGGG TWT CTAAT-3′). The PCR protocol was 
described previously [4]. The high-throughput sequencing 
were carried out on the Illumina Miseq platform by a com-
mercial service (Shanghai Majorbio Bio-Pharm Technol-
ogy Co., Ltd, China). The raw reads have been deposited 
into the NCBI sequencing reads archive (accession number: 
PRJNA476022).

Key enzyme activities and functional gene 
abundances of the biofilm samples

Lactate dehydrogenase (LDH) and reactive oxygen species 
(ROS) as indicators for cell toxicity were measured by Nan-
jing Jiancheng Bioengineering Institute and Rochen Pharma 
Co., Ltd, China, respectively. To quantifying potential toxic-
ity of phenol for denitrification, activities of nitrate reductase 
(NR) and nitrite reductase (NIR), and the absolute abun-
dances of denitrifying functional genes—nitrate reductase 
gene (narG and napA) and nitrite reductase gene (nirS and 
nirK) were determined by use of the method described in 

(1)C = C
0
− K

0v
× T

(2)C = (C
1∕2

0
− 1∕2K(1∕2)v × T)2

[4]. The experiments were performed in triplicates and the 
results were expressed as mean ± standard deviation.

Results and discussion

Reactor performance of nitrate removal 
under different phenol concentrations

Increasing phenol concentrations in the system inhib-
ited the denitrification and lowered the nitrate removal 
efficiency (Fig. 2a). Over the period of Phase I (without 
phenol),  NO3

−–N concentrations in the effluent were 
3.53 ± 1.99 mg/L and this rendered nitrate removal effi-
ciency of 99.64 ± 3.06% [corresponding rates for denitrifi-
cation (DR): 146.46 ± 4.28 mg/(L·d)], indicating complete 
removal of nitrate from the feeding solution when phenol 
was absent. The DR was comparable with that of simi-
lar studies that using sulfur-based autotrophic reactor for 
denitrification, 150.72 mg/(L·d) [25] or 200 mg/(L·d) [37]. 
When phenol was present (Phase II, 20 mg/L of phenol 
in the feeding solution),  NO3

−–N concentrations in the 
effluent were slightly elevated (13.49 ± 6.80 mg/L), lead-
ing to nitrate removal efficiency of 95.51 ± 0.77% (DR: 
139.57 ± 4.35 mg/(L·d)). Further increases in the phenol 
concentrations to 50 and 100 mg/L over the period of 
Phase III and IV increased both  NO3

−–N and  NO2
−–N con-

centrations in the effluent and decreased nitrate removal 
efficiency to 88.14 ± 1.58% (DR:127.39 ± 3.70 mg/(L·d)) 
and 73.80 ± 1.25% (DR:107.38 ± 3.50 mg/(L·d)), respec-
tively. The strong negative correlation between nitrate 
removal efficiency (or DR) in the system and phenol con-
centrations in the feeding solution suggests presence of 
phenol inhibited the denitrification process in the system.

Concurrent removal of phenol was also observed in 
the denitrification system (Fig. 2b). Phenol concentra-
tions were substantially lower in the effluent solution 
relative to the influent solution. The degradation rates of 
phenol increased from 21.73 ± 9.95 to 36.86 ± 8.44 and 
to 45.01 ± 11.34 mg/(L·d) with increasing phenol concen-
trations in the influent solution over the periods of Phase 
II, III, and IV, respectively.

Removal of  HCO3
− from the system significantly 

decreased the denitrification efficiency, but did not affect 
the removal of phenol (Fig. 2, Fig S1). In system without 
inorganic carbon source, phenol may also function as elec-
tron donor and provide carbon to the microbial denitrifica-
tion (Supporting information). This hypothesis is further 
supported by decreasing sulfate concentrations in the efflu-
ent when  HCO3

− was removed from the system (Fig. S1c, 
Fig. 2c), which suggest that heterotrophic denitrification 
processes compete with sulfur-based autotrophic denitri-
fication in the system.
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Fig. 2  Nitrate removal effi-
ciency (a), phenol removal 
efficiency (b), pH and  SO4

2− 
concentration (c) in the reactor 
under different phenol concen-
trations
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Nitrate and phenol removal kinetics

Table 1 presents the Zero-order and Half-order kinetics 
results of nitrate and phenol removal from Phase I to IV. 
The nitrate removal rate constant  K(1/2)v decreased from 7.62 
(Phase I) to 3.89 (Phase IV)  mg1/2/L1/2·h, suggesting phenol 
addition inhibited the nitrate removal. The calculated cor-
relation coefficients of nitrate removal rates were better fitted 
by Half-order than Zero-order kinetics model, implying the 
decreased autotrophic denitrification rates may be restricted 
by the substrates diffusion in biofilm, probably caused by 
increased mass transfer resistance under stepwise increased 
phenol stresses [29].

Biofilm community succession in the denitrification 
reactor

Generally, a total of 1,629,333 high-quality sequences cor-
responding to 1230 OTUs were obtained (Table 2). All the 
coverage values of the samples were above 99%, indicating 
that the obtained sequences covered all the species in the 
reactor. The rarefaction curves (Fig. S3) of the biofilm sam-
ples suggested the sequencing samples were representative 
in the reactor. As indicated by the Venn diagram (Fig. S4), 
the biofilm samples M1, M2, M3 and M4 shared 174 OTUs, 
which accounted for 40.56% of the total OTUs obtained 
from all biofilm samples, suggesting that the microbial com-
munity composition shifts under different phenol stresses.

The OTU numbers of M2, M3 and M4 were substan-
tially higher than that of M1, suggesting that the pres-
ence of phenol in the system enhanced the richness of 

microbial community. However, the OTUs number in Phase 
IV (100 mg/L of phenol) was slightly lower relative to that 
in Phase II and III (20 and 50 mg/L of phenol). The diver-
sity index also showed consistent trends—the Shannon index 
increased with increasing phenol concentrations from Phase 
I to III, but declined at much higher phenol concentration 
(Phase IV).

The microbial communities in the denitrification system 
were analyzed at the phyla, class and genus levels. The top 
five most-abundant microbial phyla and the top 12 most-
abundant bacterial classes under increasing phenol stresses 
are shown in Fig. 3. The predominant phyla of the biofilm 
communities were Proteobacteria, followed by Firmicutes, 
Bacteroidetes and Tenericutes, which comprised autotrophic 
and heterotrophic denitrifying bacteria [28, 33, 34]. Specifi-
cally, Proteobacteria and Firmicutes accounted for 69.58% 
and 13.73% in Phase I (without phenol), 80.86% and 7.68% 
in Phase II (20 mg/L of phenol), 56.89% and 33.06% in 
Phase III (50 mg/L of phenol), and 68.24% and 27.33% for 
Phase IV (100 mg/L of phenol). These results suggested that 
relative moderate phenol concentration (20 mg/L) enriched 
Proteobacteria, while Firmicutes was enriched at higher 
phenol concentrations (50–100 mg/L). Since Proteobacteria 
and Firmicutes were reported as denitrification and phenol 
degradation-related bacteria [21, 41], these two phyla identi-
fied in the current system may be responsible for denitrifica-
tion and degradation of phenol in the reactor.

At class level, Betaproteobacteria, Clostridia, Epsi-
lonproteobacteria, Alphaproteobacteria, Gammaproteo-
bacteria, Bacilli, Deltaproteobacteria and Flavobacte-
riia were the most-abundant bacteria classes (Fig.  3b). 

Table 1  Zero-order and 
Half-order kinetics estimated 
parameters and correlation 
coefficients

Initial con-
centration
(mg/L)

Substrate Zero-order model Half-order model

C0cal
(mg/L)

K0v
(mg/L·h)

R2 C0cal
(mg/L)

K(1/2)v
(mg1/2/L1/2·h)

R2

100 Nitrate 64.36 24.02 0.8489 104.51 7.62 0.9974
0 Phenol – – – – – –
100 Nitrate 80.22 27.57 0.9050 96.16 5.57 0.9873
20 Phenol 16.40 3.95 0.9620 17.03 1.24 0.9773
100 Nitrate 83.12 27.64 0.9138 97.83 5.15 0.9814
50 Phenol 49.16 14.05 0.9825 50.25 2.56 0.9945
100 Nitrate 88.73 25.32 0.9326 95.93 3.89 0.9778
100 Phenol 99.10 24.17 0.9720 99.77 2.78 0.9833

Table 2  Bacterial diversity of 
biofilm samples M1, M2, M3 
and M4

Sample ID Label Reads OTU Ace Chao Coverage Shannon Simpson

M1 0.97 34,991 278 349 367 0.9982 3.44 0.0762
M2 50,832 320 343 338 0.9993 3.78 0.0455
M3 38,979 320 351 360 0.9988 3.82 0.0490
M4 38,131 312 339 342 0.9989 3.52 0.0713
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Betaproteobacteria was the most predominant class in the 
system throughout the experiment, and did not show sig-
nificant variations with increasing phenol concentrations. 
However, the relative abundance of the classes Bacilli, 
Clostridia, Alphaproteobacteria and Deltaproteobacteria 
increased with increasing phenol concentrations, suggesting 
that these classes were tolerant to phenol and may also be 
the potential phenol degradation contributors in the reactor 
[28, 33]. In contrast, the relative abundances of Epsilon-
proteobacteria and Gammaproteobacteria decreased with 
increasing phenol concentrations, suggesting that these two 
classes were vulnerable to the phenol stresses and may be 
out selected in the system.

The microbial community structure at the genus level 
under different phenol stresses is shown via a heatmap 
(Fig. 4) The dendrograms indicated that the community 
structure of biofilm not exposed to phenol (M1) was dis-
tinctly different from that of the biofilm exposed to phenol 
(M2–M4), while biofilm exposed to high phenol concen-
trations (M3 and M4) had similar community structure. 

Thauera was the most predominant genus, which was 
reported to be autotrophic/mixotrophic denitrification bac-
teria genus [24, 39]. When phenol concentrations increased 
stepwisely from 0 to 20, 50 and 100 mg/L, the relative abun-
dance of Thauera decreased from 32.12 to 11.13%, and then 
increased to 18.43% and 29.36%, suggesting that the deni-
trification reactor may have potential adaption to phenol 
stresses. In addition, Thiobacillus, Azoarcus, Pseudomonas 
and Sulfurimonas were also the predominant genera in the 
denitrification reactor. These genera comprised mixotrophic 
denitrifying bacteria or phenol degradation bacteria [39, 41]. 
Enrichment of the genera Pseudomonas and Sulfurimonas, 
which were reported as autotrophic/heterotrophic denitrify-
ing genera, were favored under lower phenol concentrations 
[28, 39]. However, Bacillus was enriched with increasing 
phenol concentrations, which might be responsible for the 
phenol degradation [41].

Enzyme activities, ROS production and LDH release 
under phenol stresses

NR and NIR are important enzymes involved in the denitri-
fication process, which are related to the reduction of nitrate 
and nitrite in the system respectively. Overall, the specific 
activities of NR and NIR enzymes declined with increas-
ing phenol concentrations (R2 = 0.99, p = 0.0008; R2 = 0.95, 
p = 0.016) (Fig. 5a), suggesting that presence of phenol in 
the system inhibited denitrification processes by decreas-
ing the activities of NR and NIR enzymes. The activities of 
NIR in M3 (Phase III, 50 mg/L of phenol) and M4 (Phase 
IV, 100 mg/L of phenol) were significantly lower relative 
to the NIR activity in M1 (Phase I, 0 mg/L of phenol). In 
contrast, the activity of NR was significantly lower in M4 
relative to that in M1. These may suggest that the reduction 
of nitrite was more sensitive to the presence of phenol in 
the system than the reduction of nitrate. This was consistent 
with the observation that  NO2

−–N was detected in the efflu-
ent solution at Phase III and IV, which indicated incomplete 
removal of nitrite in the system at higher phenol concentra-
tions (Fig. 2a).

ROS production and LDH release are indicators fre-
quently associated with biotoxicity and the integrity of 
cytomembrane, respectively [23, 30, 32]. Compared to M1 
in Phase I without phenol, the ROS production in M2, M3, 
and M4 increased by 1.67 ± 0.68, 3.04 ± 0.32 and 5.02 ± 0.49 
times (p < 0.05), indicating increasing phenol concentrations 
in the system facilitated the production of ROS in the micro-
organisms. The LDH release also showed similar trends - 
the LDH release increased by 19.05 ± 2.48%, 36.21 ± 4.96% 
and 75.34 ± 3.47% in M2, M3, and M4 relative to the LDH 
release in M1 (Fig. 5b). This indicated that increasing phe-
nol concentrations facilitated the release of LDH and caused 
destruction in the integrity of the cytomembrane.

Fig. 3  Relative abundances of the biofilm community at the phylum 
level (a) and the class level (b)
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Fig. 4  Heatmap of genus level biofilm community
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Denitrifying functional gene abundances 
under phenol stresses

The quantitative real time PCR revealed the variations in 
absolute abundances of four important denitrifying genes—
nitrate reductase gene (narG and napA) [2, 26] and nitrite 

reductase gene (nirS and nirK) [18, 35] under different phe-
nol stresses in the reactor (Fig. 6). The abundance of narG 
decreased from 5.37 ± 0.31 × 104 to 2.02 ± 0.23 × 104 copies/
ng DNA, while the abundance of napA did not decline. The 
results differed with Miao et al. [16], in which the abun-
dance of napA significantly decreased with increasing Cd(II) 
stress, probably because the napA-gene containing bacteria 
could withstand phenol stress to some extent (present study). 
Additionally, the abundances of nirS and nirK declined from 
5.62 ± 0.18 × 106 and 7.82 ± 0.30 × 105 to 9.02 ± 0.61 × 105 
and 2.52 ± 0.25 × 105 copies/ng DNA, respectively, with 
increasing phenol concentrations. The decreased copy 
number of nitrite reductase gene would probably hinder the 
nitrite reduction process [10], as Fig. 2a shown, the nitrite 
started accumulating from the phase III. Furthermore, the 
strongest negative correlation between phenol concentration 
and the abundance of nirK indicated nirK was most sensitive 
to phenol stress.

Conclusions

The present study investigated the effects of different phe-
nol concentrations on the performance of denitrification 
and degradation of phenol in an autotrophic denitrification 
system. The microbial community structure at phyla, class 
and genus levels under different phenol stresses were also 
determined. Increasing phenol concentrations decreased the 
efficiency of denitrification. Increasing in the ROS produc-
tion and the LDH release with increasing phenol concen-
trations suggested that increasing phenol concentrations in 
the system exerted potential toxicity to the microorganism. 
Shifting from predominantly autotrophic denitrification to 
mixotrophic denitrification compromised the removal effi-
ciency of nitrate with the capability of phenol degradation. 
Microbial community analyses results supported this obser-
vation by showing enrichment of phenol degradation bacte-
ria in the system with increasing phenol stresses.

Fig. 5  Activities of NR and NIR (a), release of LDH and production 
of ROS (b) of M1, M2, M3 and M4. Asterisks indicate p < 0.05 from 
the experiment at 0 mg/L phenol
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