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Abstract

To accelerate extensive application of biological manganese removal technology, a pilot-scale biofilter for ammonia, iron
and manganese removal was constructed to investigate the removal performance and microbial community profiles at dif-
ferent manganese concentrations. When manganese in influent increased from 1 to 10 mg/L, the pollutants were completely
removed. Ammonia and iron was slightly changed along the filter depth, while manganese obviously increased. In O m of
the filter depth, the abundance of Gallionella (iron oxidizing bacteria, IOB) increased, while Crenothrix (I0B) decreased.
The abundance of Gallionella (manganese oxidizing bacteria, MnOB) in 0.4 and 0.8 m increased to 16.82% and 12.37%,
respectively; and Crenothrix (MnOB) in 0.8 m increased to 19.95%, but decreased to 25.08% in 0.4 m. The abundance of
ammonia oxidizing bacteria (AOB, Nitrosococcus) decreased in 0.4 and 0.8 m. The biofilter presented a high ability to
remove manganese, and had a broad application prospect.
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Introduction

When groundwater flows through rocks, soils and miner-
als, soluble ferrous iron and bivalent manganese are often
observed in groundwater [1], since groundwater is usu-
ally devoid of dissolved oxygen (DO) and mildly acidic
[2]. Iron and manganese existed in drinking water with
high concentrations could result in esthetic and operational
problems [3]. For example, (1) iron and manganese oxides
stain on laundry and sanitary facilities [1, 4]; (2) iron and
manganese lead to an unpleasant metallic taste of water
[2]; (3) iron and manganese deposits build up in pipelines,
and then reduce pipe diameter [5]. Ammonia associated
with ferrous iron and bivalent manganese is widely existed
in groundwater with concentrations above the permitted
limits [6]. Furthermore, the concentration of ammonia
continuously increased in the past years [7]. Ammonia
existed in drinking water could have an adverse effect on
the chlorination process due to the formation of disinfec-
tion by-products with chlorine [8—10], which would reduce
disinfection efficiency [8], deteriorate taste and odor of
water and damage human nervous system [11]. Moreover,
ammonia would consume excessive oxygen during nitri-
fication in the manganese biofiltration process, resulted
in earthy and mouldy tasting water [11]. Therefore, iron,
manganese and ammonia presented in drinking water
should be limited and the maximum contaminant levels
(MCLs) for total iron of 0.3 mg/L, manganese of 0.1 mg/L
and ammonia of 0.5 mg/L have been established in China
(GB 5749-2006).

Biological removal of ammonia, iron and manganese is
preferable compared with chemical methods, since it is not
necessary to add extra chemicals which may introduce other
pollutants into the produced water and produce potential
hazardous by-products [12], and the volume of generated
sludge is appreciably smaller and easier to handle [13]. As
demonstrated, the pollutants could be removed simultane-
ously in a single biological system [14, 15]. In the biological
system, ammonia was oxidized by ammonia oxidizing bac-
teria (AOB) and nitrite oxidizing bacteria (NOB). Several
types of bacteria have been confirmed as AOB or NOB, such
as Nitrosomonas mobilis, Comamonas, Nitrosomonas euro-
paea, Nitrospira, Nitrosomonas halophila and Acinetobacter
[3, 15]. Iron and manganese were oxidized by iron oxidizing
bacteria (IOB) and manganese oxidizing bacteria (MnOB),
respectively. Up to now, several types of bacteria have been
confirmed as IOB (Crenothrix, Leptothrix, Bacillus and
Gallionella [3, 16]), and MnOB (Leptothrix, Metallenium,
Pseudomonas, Crenothrix, Siderocapsa, Hyphomicrobium
and Gallionella [15, 17-19]).

The concentration of manganese in the groundwaters is
greatly varied among different regions, and the presence
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of manganese often accompanies with iron and ammonia.
When the pollutants were biologically oxidized by AOB,
IOB and MnOB in biological systems, there must be a
link between the removal efficiencies and the microbial
community profiles. Therefore, it is necessary to inves-
tigate the relationship between the microbial community
structure and the removal efficiencies at different man-
ganese concentration to optimize the biological manga-
nese removal technology. Although several researchers
investigated the influence of manganese on ammonia, iron
and manganese removal, few studies focus on the rela-
tionship between the microbial community structure and
the removal efficiencies when manganese varied. Bacte-
ria contamination should be prevented when biological
treatment was applied. Therefore, biological treatment in
this experiment was used as pre-treatment, and membrane
treatment was advised followed.

In this study, a pilot-scale biofilter system was con-
structed for ammonia, iron and manganese removal from
real groundwater. The biofilter was operated approximately
180 day to evaluate the removal efficiency of ammonia, iron
and manganese, and the microbial community structures
at different manganese concentrations were analyzed and
compared using 454 HTP. The work herein aimed to gain a
deep insight into the relationship between the removal effi-
ciency of ammonia, iron and manganese and the microbial
community structure to generalize biological manganese
removal technology and provide guidance for the optimiza-
tion of biofilter.

Materials and methods
Description of biofilter system

A pilot-scale biofilter system employed to simultaneously
remove ammonia, iron and manganese was developed in a
groundwater treatment plant (GWTP) located in Harbin city,
P. R. China (Fig. 1). The biofilter consisted of a plexiglass
column with a height of 3000 mm and an inner diameter
of 150 mm. A mixing chamber used to mix the incoming
waters was set at the top of the biofilter, and a perforated
plate used to support the media and collect the treated water
was located at the bottom. Three media sampling ports at
0, 400 and 800 mm and seventeen water sampling ports at
100 mm intervals were distributed along the height of the
column from media top to bottom. The aerated raw ground-
water obtained from the GWTP was stored in Tank 1 (vol-
ume 1000 L), and the DO concentration was about 8 mg/L.
Tank 2 (volume 50 L) was used to collect stock solution of
10 g/L Mn(II) prepared by diluting MnSO,-H,O.

Two kinds of support materials were packed in the
biofilter, and the upper part of the media (300 mm) was
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Fig. 1 Schematic drawing of the pilot-scale biofilter system

columnar anthracite with a height of 5 mm and a mean
diameter of 1 mm, while the lower part (1200 mm) was
manganese sand with a mean diameter of 0.8—1 mm.
Down-flow pattern was adopted, and the flow rate was
controlled at the entry point [6]. The biofilter was oper-
ated about 1 year before this experiment, and the system
was backwashed about every 2 days by water according to
the water head loss. The backwashing time was 5 min and
backwashing intensity was 8—10 L/(s-m?). In this experi-
ment, real groundwater extracted from the wells with a
depth of 40-50 m, in Harbin city, P. R. China, was used.
The concentration of ammonia, total iron and manganese
in the aerated raw groundwater was about 0.9-1.4, 7-10
and 0.9-1.4 mg/L, respectively, and the temperature was
about 8 °C (Tab. S1).

Removal efficiency of ammonia, iron
and manganese with increased manganese
concentration

The water in tank 1 was aerated and the concentration
of DO increased to about 11 mg/L. The aerated water in
tank 1 was pumped into the biofilter to investigate the
removal efficiency of ammonia, iron and manganese
(phase I). About 1 month later, the aerated water in tank
1 and the stock solution of Mn(II) in tank 2 were pumped
into the biofilter with a suitable proportion to ensure the
manganese concentration in influent was about 5 mg/L
(phase II). After 2 months, the concentration of manga-
nese in influent increased to about 10 mg/L in the same
way (phase III). In addition, the flow rate of the biofilter
was fixed at 4 m/h in this experiment because of the high
iron concentration in influent.

Sampling and chemical analysis

Analysis of DO, oxidation—reduction potential (ORP) and
pH were conducted using a DO meter (Oxi 315i-WTW),
an ORP meter (pH 315i-WTW) and a pH meter (pH 315i-
WTW), respectively. Concentration of ammonia, iron and
manganese was measured by photometric method accord-
ing to Standard Methods for the Examination of Water
and Wastewater [20]. The filter media (manganese sand or
anthracite) were collected at 0, 400 and 800 mm of the filter
bed, and stored in 50-mL sterile plastic test tubes at — 80 °C
for further analysis. Furthermore, the microorganisms in
mature media from the biofilter (day 158) were examined by
scanning electron microscopy (SEM, JSM-6480LV) accord-
ing to previous studies [18].

Microbial diversity analysis

DNA extraction and polymerase chain reaction (PCR)
amplification

Media samples from 0, 400 and 800 mm of the filter layer
were explored to deeply understand the microbial commu-
nity structure evolution at different phases. These samples
were analyzed by 454 HTP at days 31 (Al, A2 and A3),
93 (A4, A5 and A6) and 158 (A7, A8 and A9). DNA was
extracted from the media samples by Powersoil DNA Isola-
tion Kit (MoBio Laboratories Inc, USA). The quality of the
DNA was examined by 1% (w/v) agarose gel electrophoresis
and the concentration was measured with a UV-Vis spectro-
photometer (NanoDrop 2000, USA) [3]. The V3-V4 region
of the 16S rRNA gene was amplified using bacterial primers
515F (5'-GTG CCA GCM GCC GCG GTA A-3') and 806R
(5'-GGA CTA CHV GGG TWT CTA AT-3'). PCR amplifi-
cations were carried out in a GeneAmp 9700 thermocycler
(ABI, USA) according to previous research [21].

454 high-throughput 16S rRNA gene pyrosequencing

Sequencing of the DNA samples was carried out using the
same method as previous research [21]. Raw sequence data
of this study were deposited to the NCBI Sequence Read
Archive with accession No. SRP108227.

Biodiversity analysis and phylogenetic classification

Low quality reads (ambiguous nucleotides and quality
value < 20) were removed from the raw sequence data as
described in [22]. The paired-end reads from the samples
were overlapped to assembly V3-V4 tags of 16S rRNA gene
using SeqPrep (https://github.com/jstjohn/SeqPrep), and chi-
mera sequences from the tags were removed by usearcho6.
Eventually, the numbers of high quality sequences were 11,
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640 (A1), 11,961 (A2), 11, 023 (A3), 5, 737 (A4), 10, 208
(AS), 8, 853 (A6), 10, 990 (A7), 16, 015 (A8) and 4, 110
(A9) with an average length of 291 bp. The sequences were
processed using the same method as previous research [21].

Results
Overall performance of the biofilter and SEM images

When the concentration of manganese in influent was about
1 (Phase I), 5 (Phase II) and 10 mg/L (Phase III), nearly all
of manganese, ammonia and iron were removed in steady
phase, and the concentration of ammonia, total iron and
manganese in effluent was below 0.1, 0.1 and 0.05 mg/L,

respectively (Fig. 2). When ammonia, total iron and man-
ganese in influent were 1.21, 8.33, and 1.12 mg/L in the
31st day (Table 1), respectively, ammonia quickly decreased
to 0.39 and 0.10 mg/L in 0.2 and 0.8 m of the filter depth,
respectively; and total iron sharply decreased to 0.16 mg/L
in 0.2 m, and then decreased to 0.058 mg/L in 0.4 m. While
manganese hardly removed in 0-0.2 m, quickly decreased
in 0.2-0.4 m, and decreased to 0.023 mg/L in 1.2 m. When
manganese in influent increased to about 5 mg/L in the 37th
day, ammonia and iron removal were hardly affected, sur-
prisingly, manganese in effluent was also below 0.05 mg/L.
In the 93rd day, the concentration of ammonia and total
iron in 0.2 m was 0.37 and 0.18 mg/L, respectively, which
was slightly changed compared with phase I. However,
manganese obviously increased to 1.89 mg/L in 0.4 m,
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" 0 <+ — o =~ and decreased to 0.026 mg/L in 1.5 m. Ammonia and iron
& R removal were hardly affected too, as manganese increased
) to about 10 mg/L in the 105th day. However, manganese in
é" - o o — < effluent increased to 0.26 mg/L in the 110th day, and then
o R BN B increased to 1.02 mg/L in the 112th day, finally decreased
= - to 0.0098 mg/L in the 120th day. In the 158th day, ammonia
. and total iron concentration along the filter depth was still
ye) o o hardly varied; while manganese concentration obviously
gg’ = § § g § g increased in 0.2-1.2 m, and decreased to 0.046 mg/L in
1.5 m. In the biofilter, ammonia was biologically oxidized
to nitrite with a concentration of about 0.8 mg/L. Ferrous
& % PRI =S § iron was oxidized to iron oxy-hydroxides, and oxidation
SE|lesese Yy —@2 form was amorphous ferrihydrite according to the previous
reference [23]. While manganese was biologically oxidized
R~ to MnOx (x is between 3 and 4) [23]. Furthermore, pH and
E, Tg ’ED 2 = g gf § % ORP in influent was 7.17-7.34 and 16-62 mV, and pH in
AlESE ]| 0w S 33 33 effluent decreased to 6.98-7.13, while ORP increased to
o 322 .88 204-287 mV.
= coeeeE The removal kinetics of ammonia and manganese was
% investigated to obtain the required time to efficiently remove
£ 5 2e s 3 ammonia and manganese. Iron was mainly removed in
% 8 - ~ o ol 0-0.2 m of the filter depth, and ferrous iron was removed
= through chemical and biological oxidation; hence the
:j Z, removal kinetics of iron was not investigated in this experi-
£ +L'§D ar~na I8 ment. Kinetics of biological ammonia and manganese oxida-
_-; % E|Z22328232 tion in days 31, 93 and 158 were investigated, respectively.
£ The results have expressed as In[(NH,*-N)/(NH,*-N), ] and
-°§ — In[(Mn?") /(Mn?*) ] versus the empty bed contacted time
% & 'én -9 9% % § (EBCT) (Figs. 3, 4). For a determined DO constant and a
2 2Els v =SS5 constant pH value, the ammonia and manganese depletion
ED rate would be first order, i.e.,
o (5]
= g123 5% oo d(NH,*-N
AN ), o
S —~ < — 9 = O
E T |EZZEEE A
<
§ J ———= k(Mn?*). )
5 E ooz s . o o
o 8 R R R The kinetic constant of biological ammom.a 0)1(1F1at10n was
= found equal to 0.0738, 0.0781 and 0.0770 min™" in days 31,
s - 93 and 158, respectively, and the half-life constant was cal-
8 +Lr = S culated to 9.394, 8.876 and 9.001 min, respectively. Figure 4
g T2|3ga8=¢E53 indicated that the In[(Mn2*)/(Mn2*),] versus time (EBCT)
g was linear in days 31 and 93. The value of k was 0.115
g and 0.119 min~!, and the half-life time for the depletion of
§ % é;) o o o Q g manganese was 6.042 and 5.852 min, respectively. But the
& SE|Z=22328 In[(Mn**)/(Mn**),] versus time (EBCT) was not linear in
g day 158, meaning the biological manganese oxidation did
Ele|ole~ not followed a first order kinetic rate in that condition.
= é’ T E =) neB23C SEM images of the mature media were examined to
clmlale Elscs3333 verify the existence and growth of bacteria in the biofilter.
- Plenty of microorganisms covered by large amounts of iron
% g %"é N T oA N and manganese oxides were observed in the micrograph,
L (SR BN=? (=R el el o) —
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Fig.3 Ammonia concentration profiles along the filter depth in different phases (a), linear regression analysis of ammonia depletion in relation

with the empty bed contact time (b)

which demonstrated the catalytic role of bacteria in removal
of iron and manganese in the biofilter (Fig. S1). Two species
of microorganisms, which had a very typical structure of
twisted stalk and a rod-shaped, were found in the biofliter.

Richness and diversity of microbial community

The parameters related to the alpha diversity of microbial
community for the nine samples at distance cutoff level of
0.03 were shown in Table 2. 1,091 (A1), 1, 188 (A2), 1, 105
(A3), 818 (A4), 1, 040 (AS), 1, 091 (A6), 1, 119 (A7), 1,
367 (A8) and 706 (A9) OTUs were clustered by performing
the alignment at a uniform length of 291 bp. The total OTUs
number estimated by Chaol estimator were 1, 946 (Al), 2,
572 (A2), 2,034 (A3), 1,526 (A4), 2,002 (AS), 1, 824 (A6),
2,224 (A7), 2,329 (A8) and 1, 272 (A9) with infinite sam-
pling, indicating A9 had the lowest richness while A2 had
the greatest richness. The OTUs number of the nine samples
revealed that the microbial communities were distinctly dif-
ferent in different filter beds at different phases. The Shan-
non diversity index provides the simply species richness and
how the abundance of each species is distributed among all
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the species in the community [24]. A1 presented the lowest
diversity (Shannon=7.06) in the nine communities, while
A6 had the highest diversity (Shannon =8.04).

Taxonomic complexity of the bacterial community

The phylogenetic diversity of the bacterial communities
from the samples at phylum level is shown in Fig. 5. An
extremely high diversity was showed in the nine samples,
reflected in the fact that 29 (A1), 28 (A2), 27 (A3), 19 (A4),
32 (AS), 31 (A6), 29 (A7), 34 (A8) and 25 (A9) identified
bacterial phyla were detected, and 38 identified bacterial
phyla and 2 identified archaea phyla were observed in total.
Even so, 1.31% (A1), 1.18% (A2), 2.91% (A3), 1.95% (A4),
3.12% (AS), 3.70% (A6), 1.65% (A7), 4.52% (A8) and 4.95%
(A9) of the total reads in each sample were not classified,
indicating that those bacteria were unknown. Proteobacteria
which existed widely in biofilters for iron and manganese
removal was the dominant bacterial phyla [23], accounted
for 76.32% (A1), 78.20% (A2), 67.99% (A3), 81.54% (A4),
77.31% (AS), 64.77% (A6), 79.31% (A7), 74.66% (AS8)
and 51.48% (A9) of the total reads. Nitrospirae involved in



Bioprocess and Biosystems Engineering (2019) 42:741-752 747
10F
Day 31 b-93 da
o D 00k Y y=-0.11899x +0.38448
8 Y R®=0.99537
05k
6L

Mn”" (mg/L)

Ln{[Mn*]/[Mn”],}

15¢
20
0 s : 25 —
0.0 04 0.8 12 0 5 10 15 20
Filter depth (m) Empty bed contact time (min)
b-31 da
0.0} Y y=-0.11472x +0.30855 o0L  u S DI158day y=-0.10379x+0.5481
R’ =0.99564 . R’ =0.80773
n
~2 05+ ~ 05}
& s
s S .
= 10} & -10p
& &
s S .|
3 A
20
20}
n
25k
- 1 1 1 1 1 1 1 1
> 5 10 15 20 0 5 10 15 20
Empty bed contact time (min) Empty bed contact time (min)

Fig.4 Manganese concentration profiles along the filter depth in different phases (a), linear regression analysis of manganese depletion in rela-

tion with the empty bed contact time (b)

Table 2 Richness and diversity of the nine samples based on 0.03 dis-
tance

Sample name OTUs Chaol rich- Shannon Good’s coverage
ness estima-  diversity
tion index
Al 1091 1946 7.06 0.93
A2 1188 2572 7.19 0.94
A3 1105 2034 7.23 0.94
A4 818 1526 7.62 0.92
A5 1040 2002 7.38 0.93
A6 1091 1824 8.04 0.93
A7 1119 2221 7.27 0.93
A8 1367 2329 7.57 0.95
A9 706 1272 7.61 0.89

nitrification was existed in all nine communities [25], and
the abundance of Nitrospirae was highest in A3 (8.61%).

At the class level, pyrosequencing in the nine samples
detected 92 bacterial classes and 4 archaea classes, and 62
(A1), 58 (A2), 63(A3), 37 (A4), 61 (AS), 65 (A6), 69 (A7),
72 (A8) and 57 (A9) bacterial classes were detected in each
sample (Fig. 6). However, 1.78% (A1), 1.59% (A2), 3.84%
(A3), 2.35% (A4), 3.96% (AS), 7.18% (A6), 2.18% (A7),
5.53% (A8) and 9.28% (A9) of the total reads in each sample
were not classified. Betaproteobacteria and Gammaproteo-
bacteria were the primary bacterial community in the nine
communities. The abundance of Alphaproteobacteria, Del-
taproteobacteria and Flavobacteriia was relatively high in
the nine communities.

At the genus level, the dominant population in the nine
communities except A3 was Crenothrix (Fig. 7), which
could oxidize both iron and manganese. While the dominant

@ Springer



748

Bioprocess and Biosystems Engineering (2019) 42:741-752

100+

[ Proteobacteria
Il Bacteroidetes
I Firmicutes

[ Verrucomicrobia
I Actinobacteria
I Planctomycetes
I Nitrospirae

[ OD1

[ Acidobacteria
[ Gemmatimonadetes
[ Chloroflexi
I Spirochaetes
= T™7

[ Others

I Unclassified

80

60+

40-

Abundance (%)

204

Al A2 A3 A4 A5 A6 AT A8 A9
Sample

Fig.5 Taxonomic classification of pyrosequences from bacterial
communities of the nine samples at the phylum levels. Phyla with
relative low abundance in all nine libraries were classified as “others”

100+

[ Betaproteobacteria
Il Gammaproteobacteria
I Alphaproteobacteria
Il Deltaproteobacteria
I Flavobacteriia

I Bacilli

[ [Saprospirae]

I Nitrospira

I Actinobacteria
I Verrucomicrobiae
Il Clostridia

[ Planctomycetia
[ Sphingobacteriia
[ Cytophagia

[ [Pedosphaerae]
Il Bacteroidia

[ Others

I Unclassified

80

60+

40-

Abundance (%)

204

Al A2 A3 A4 A5 A6 A7 A8 A9
Sample

Fig.6 Taxonomic classification of pyrosequences from bacterial
communities of the nine samples at the class levels. Classes with rela-
tive low abundance in all nine libraries were classified as “others”

population in A3 was Achromobacter, which could oxidize
organic matter [26]. AOB (Nitrosomonas, Nitrosococcus and
Nitrosovibrio) and NOB (Nitrospira) which presented in the
biofilter demonstrated that nitritification and nitratification
occurred to remove ammonia and nitrite, respectively [25,
27]. IOB (Crenothrix, Bacillus, Pseudomonas, Leptospiril-
lum and Gallionella) and MnOB (Crenothrix, Bacillus, Gal-
lionella, Arthrobacter, Pseudomonas and Hyphomicrobium)
were also found in the biofilter. Besides, kinds of other gen-
era were also found in the biofilter because of the complex
composition of the real groundwater, such as Burkholderia,
Paludibacter, Novosphingobium and Flavobacterium may
be organic matter oxidizing bacteria, Methylotenera and
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Fig.7 Taxonomic classification of pyrosequences from bacterial
communities of the nine samples at the genus levels. Genera with
relative low abundance in all nine libraries were classified as “others”

Methylomonas may be methane oxidizers, and Sulfuritalea
may oxidize sulfur.

In phase I (day 31), Crenothrix and Gallionella which
could oxidize iron and manganese were found in 0, 0.4 and
0.8 m of the biofilter, and manganese removal was occurred
after ferrous iron was oxidized completely due to the fact
that ferrous iron could react with manganese oxides [6].
Therefore, iron was removed in O m by Crenothrix and Gal-
lionella, and manganese was removed in 0.4 and 0.8 m since
ferrous iron in 0.4 m was not detected. The high abundance
of Crenothrix and Gallionella in 0 m reflected in the fact
that an excellent performance for iron removal in 0-0.2 m
was achieved. The abundance of Crenothrix and Gallionella
decreased from 30.77% and 8.16% (0.4 m) to 14.78% and
3.28% (0.8 m), respectively, which was consistent with the
concentration of manganese that decreased from 0.39 mg/L
(0.4 m) to 0.11 mg/L (0.8 m). The abundance of Nitrosococ-
cus increased from 1.51% (A1) to 2.46% (A2) and 8.61%
(A3) along the filter depth, while ammonia decreased from
1.21 mg/L (0 m) to 0.28 (0.4 m) and 0.10 mg/L (0.8 m).

In phase II (day 93), the concentration of manganese in
influent increased to 4.71 mg/L. The removal efficiency of iron
was slightly changed, but the abundance of I0OB-Crenothrix
and Gallionella was affected. The abundance of Crenothrix
in 0 m of the filter depth decreased from 31.75% (A1) to
29.33% (A4), while Gallionella increased from 9.77% (A1)
to 10.51% (A4). The concentration of manganese in 0.4 and
0.8 m increased from 0.39 to 0.11 mg/L to 1.89 and 0.68 mg/L,
respectively; thus the abundance of MnOB-Gallionella in 0.4
and 0.8 m obviously increased from 8.16% (A2) and 3.28%
(A3) to 12.13% (AS5) and 5.42% (A6), respectively. And the
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abundance of Crenothrix in 0.8 m increased from 14.73% (A3)
to 16.61% (A6), surprisingly Crenothrix in 0.4 m decreased
from 30.77% (A2) to 28.37% (A5). The concentration of
ammonia in 0-0.8 m in phase II was slightly varied compared
with phase I, but the abundance of AOB-Nitrosococcus in 0.4
and 0.8 m obviously decreased from 2.46% (A2) and 8.61%
(A3) t0 2.10% (AS) and 3.22% (A6).

In phase III (day 158), the concentration of manganese in
influent increased to 10.21 mg/L. The removal efficiency of
iron was hardly affected; but the abundance of Crenothrix in
0 m of the filter depth continuously decreased from 31.75%
(A1) and 29.33% (A4) to 27.99% (A7), while the abundance
of Gallionella continuously increased from 9.77% (A1) and
10.51% (A4) to 12.63% (A7). The concentration of manganese
in 0.4 and 0.8 m obviously increased to 6.90 and 4.31 mg/L in
phase III, respectively. The growth rate of MnOB-Gallionella
was faster than that of Crenothrix in the biofilter, therefore, the
abundance of Gallionella in 0.4 and 0.8 m obviously increased
from 12.13% and 5.42% (phase II) to 16.82% and 12.37%
(phase III), respectively. The abundance of Crenothrix in
0.8 mincreased from 16.61% (phase II) to 19.95% (phase III),
but Crenothrix in 0.4 m decreased from 28.37% (phase II) to
25.08% (phase III). The abundance of AOB-Nitrosococcus in
0.8 m decreased from 3.22% (A6) to 2.14% (A9), but increased
from 2.10 to 2.49% (A8) in 0.4 m.

Composition of the archaea community

The numbers of reads of the archaea 16S rRNA gene
accounted for 0.32% (A1), 0.33% (A2), 0.29% (A3), 0.40%
(A4), 0.42% (AS), 0.39% (A6), 0.45% (A7), 0.46% (AS8)
and 0.40% (A9) of the total 16S rRNA genes. Pyrosequenc-
ing detected two archaea phyla-Euryarchaeota and [Par-
varchaeota], and four archaea classes-Thaumarchaeota,
Methanobacteria, Methanomicrobia and [Parvarchaea]
in all nine communities (Fig. 8), and the dominant phylum
and class were Euryarchaeota and Thermoplasmata, respec-
tively. The dominant genera in the nine communities were
Ferroplasma (40.00%, 46.88%, 32.14%, 50.00%, 38.89%,
13.79%, 36.59%, 37.10%, and 28.57%) and Thermogymno-
monas (30.00%, 31.25%, 25.00%, 33.33%, 36.11%, 31.03%,
31.71%, 38.71%, and 42.86%) (Fig. 9). Additionally, Ferro-
plasma was iron oxidizing archaea (IOA) [28], and Metha-
nosarcina, Methanoculleus, Methanospirillum, Candidatus
Methanoregula, Methanosaeta and Methanobacterium were
possible methane oxidizers [29, 30].

Discussion

In this study, the biofilter was operated about 1 year before
this experiment, therefore, a plenty of AOB, NOB, IOB and
MnOB were attached on the media of the biofilter, which

749
100
804
<
s
15}
3}
S 60
2 I /Parvarchaea]
= I Thermoplasmata
! Wl Methanomicrobia
2 404 I Methanobacteria
g I Unclassified
©
[
20

Al A2 A3 A4 A5 A6 A7 A8 A9

Samples

Fig. 8 Taxonomic classification of pyrosequences from archaeal com-
munities of the nine samples at the class levels. Relative abundance
was defined as the number of sequences affiliated with that taxon
divided by the total number of sequences per sample

100+

feel
T

I Ferroplasma

[ Thermogymnomonas
I Mecthanosarcina

I Methanobacterium

[ Methanospirillum

[ Methanosaeta

I Methanoculleus

Il Methanocorpusculum
I Candidatus Methanoregula
204 Il Unclassified

(=)
T

Relative abundance(%)
S
1

Al A2 A3 A4 A5 A6 A7 A8 A9
Samples

Fig.9 Taxonomic classification of pyrosequences from archaeal com-
munities of the nine samples at the genus levels. Relative abundance
was defined as the number of sequences affiliated with that taxon
divided by the total number of sequences per sample

could quickly oxidize ammonia, iron and manganese, respec-
tively. Experimental results also showed that an excellent
performance for ammonia, iron and manganese removal
was achieved. Iron and ammonia were simultaneously
removed from the top of filter bed, while manganese was
removed from 0.2 m of the filter depth. Because removal
of manganese occurred after ferrous iron was oxidized
completely due to ferrous iron could react with manga-
nese oxides [21]. When manganese in influent increased
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to about 5 mg/L, iron and ammonia in effluent were both
below 0.1 mg/L, indicating that iron and ammonia removal
were hardly affected. Surprisingly, manganese in efflu-
ent was lower than 0.05 mg/L; this is because manganese
sand presented a high ability to adsorb manganese. When
manganese increased to about 10 mg/L, iron and ammonia
in effluent were both below 0.1 mg/L, too. In the biofilter,
manganese was removed by manganese sand adsorption and
biological oxidation [6]. First, manganese in effluent was
below 0.05 mg/L due to the high adsorption ability of man-
ganese sand to manganese; and then gradually increased to
1.02 mg/L due to the fact that the adsorption capacity of
manganese sand was getting saturated; finally decreased to
lower than 0.05 mg/L several days latter, since the biological
manganese removal ability was enhanced with the growth of
MnOB. When manganese in influent increased from about
1 to 10 mg/L, ammonia and iron removal were not affected,
while the concentration of manganese along the filter depth
obviously increased. Ammonia oxidation followed a first
order kinetic rate in different phases, and the half-life time
of ammonia oxidation was less varied. The kinetics of man-
ganese oxidation were indeed first order when manganese in
influent was about 1 and 5 mg/L, which is in agreement with
previous studies of biological manganese removal [23, 31].
But it did not follow first order when manganese increased
to about 10 mg/L.

Large amounts of iron and manganese oxides, which
covered on the surfaces of the bacteria observed in SEM
images, evidenced that microorganisms acted as catalytic
role in iron and manganese removal from groundwater [16].
The type of microorganisms presented typical structure of
twisted stalk may be recognized as the most common IOB
and MnOB (Gallionella), which was commonly found in
groundwater treatment plants treated iron and manganese
[15, 22, 30]. The other type of microorganisms presented
rod-shaped characteristic was also found in the biofilter, and
was most likely Bacillus, which is an endospore-forming
bacterium commonly found in water sources, soil and in
association with plants [32]. This bacterium can oxidize
manganese [16].

The distribution and genetic diversity of the microor-
ganisms in the biofilter in different phases was also inves-
tigated. In phase I (day 31), iron was oxidized by IOB-
Crenothrix and Gallionella in 0 m of the filter depth, while
MnOB-Crenothrix and Gallionella oxidized manganese
in 0.4-0.8 m since manganese removal was occurred after
ferrous iron was oxidized completely [6]. And the abun-
dance of MnOB-Crenothrix and Gallionella decreased
along the filter depth with the decreasing of manga-
nese. The abundance of Nitrosococcus (AOB) increased
along the filter depth, but removal amount of ammonia
decreased. The reason may be that the quantity of microbe
in A1 was higher than that in A2 and much higher than that
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in A3, and although the quantity of Nitrosococcus obvi-
ously decreased from Al to A2 and A3, the abundance of
Nitrosococcus increased.

In phase II (day 93), although the concentration of iron
along the filter depth was hardly changed, the abundance of
IOB-Crenothrix in 0 m of the filter depth decreased with the
increasing of manganese concentration, while the abundance
of IOB-Gallionella increased. When manganese in influ-
ent increased to about 5 mg/L, the abundance of MnOB-
Gallionella obviously increased in 0.4 and 0.8 m, and the
abundance of Crenothrix increased in 0.8 m, but Crenothrix
decreased in 0.4 m. The reasons may be as follows: (1) Gal-
lionella had a higher activity than Crenothrix in high man-
ganese condition. (2) The quantity of the MnOB in 0.4 m
increased with the increasing of manganese concentration,
and the quantity of the microorganism increased, too; the
growth rate of microorganism was higher than Crenothrix
in 0.4 m. In phase II, the quantity of the microorganism
in 0.4-0.8 m increased, because the quantity of the MnOB
increased with increasing of manganese concentration,
therefore the abundance of AOB-Nitrosococcus decreased
in 0.4-0.8 m, although the quantity of the Nitrosococcus
may be hardly varied compared with phase I.

In phase III (day 158), although the removal efficiency
of iron was not affected with the increasing of manganese
concentration, the abundance of IOB-Crenothrix in 0 m of
the filter depth continuously decreased, while the abundance
of IOB-Gallionella continuously increased, indicating that
10B-Gallionella was more able to adapt the high manga-
nese condition than IOB-Crenothrix. When manganese
in influent increased to about 10 mg/L, the growth rate of
MnOB-Gallionella was faster than that of Crenothrix, and
the abundance of Gallionella obviously increased with the
increasing of manganese concentration. The abundance of
Crenothrix increased in 0.8 m, but Crenothrix decreased
in 0.4 m, because the total number of the microorganism
increased. The removal efficiency of ammonia along the fil-
ter depth and the half-life time of ammonia oxidation were
hardly affected by manganese, but the abundance of AOB-
Nitrosococcus in 0.8 m decreased because of the increasing
of total number of the microorganism.

When manganese increased from 1 to 5 and 10 mg/L, iron
and ammonia removal were not affected, while manganese
increased in 0.4, 0.8 and 1.2 m of the filter depth. Biological
ammonia oxidation followed a first order kinetic rate, while
manganese oxidization was indeed first order except manga-
nese in influent was about 10 mg/L. AOB, NOB, IOB, IOA,
MnOB related to ammonia, iron and manganese removal
were found in the biofilter. With the increasing of manganese
concentration, IOB-Crenothrix was restrained, while IOB-
Gallionella was promoted. The abundance of MnOB-Gal-
lionella quickly increased, and MnOB-Crenothrix in 0.8 m
increased, too, but decreased in 0.4 m. The abundance of
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Nitrosococcus in 0.4 and 0.8 m decreased because of the
increasing of total number of the microorganism.
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