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Biofiltration of waste gases relies heavily on the biofilm on the surface of packing materials, whose

formation has been believed to be associated with various environmental factors. In this study, we

characterized two types of biofilms that are developed within an acidic and a neutral biotrickling filter

(BTF), respectively. Both BTFs obtained near 100% removal efficiency when the H2S inlet loading rate

was lower than 12.5 g m�3 h�1. As the rate was increased to 25 g m�3 h�1, however, the performance of

the neutral BTF seemed to be compromised, with a decrease of 12.2% in removal efficiency, compared

with a slight drop of 0.4% in the acidic one. The biomass in the neutral BTF ranged from 2.13 to 5.76

mgVSS gpacking
�1, which was higher than that seen in the acidic BTF (from 1.22 to 4.64 mgVSS gpacking

�1).

Based on what was observed, we inferred that the stability of biofilms was influenced by the inlet loading

rate and pH fluctuations. Besides, the ratio of planktonic cells : biofilm for the acidic BTF were higher

than those of the neutral BTF, and polysaccharide was the dominant component of EPS. The maximum

amounts of polysaccharide were 28.4 mg gVSS
�1 for the neutral BTF and 156.2 mg gVSS

�1 for the acidic

one, while the corresponding protein amounts were only 11.2 and 5.4 mg gVSS
�1, indicating that the

polysaccharide in the EPS may play an important role in maintaining the mechanical stability of biofilm in

extremely acidic conditions. Finally, we sampled some biofilms from the BTFs, whose three-dimensional

structures were visualized by a confocal laser scanning microscopy (CLSM), and showed that the

innermost layer of all biofilms exhibited the highest bacterial viabilities.
1. Introduction

A biotrickling lter (BTF) is an environmental friendly waste gas
treatment technology, which has been widely applied in treating
waste gases that contain H2S or volatile organic compounds
(VOCs).1–4 H2S removal using a BTF has been successfully ach-
ieved at various pHs ranging from 1 to 10.5–8 Acidication of the
packing bed resulting from bio-oxidation is a common
phenomenon in bioreactors removing H2S or other organo-
sulfur compounds.1,7,9,10 Thus, pH has been recognized as
a crucial factor affecting the removal performance and the
composition of the microbial community.9–12

In the BTF, microorganisms tend to attach on the surfaces of
packing materials and form biolms for multiple purposes.
Pollutants and oxygen are rstly transferred into the water
phase, and then into the biolm phase wherein pollutants are
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degraded into simple compounds.2,13,14 Although previous
reports have evaluated the inuences of packing materials, pH,
inlet loading rates and dissolved oxygen on the removal
performance of bioreactor, the detailed mechanism concerning
the formation of biolms in acidic BTF as well as their associ-
ations with various environmental parameters and microbial
species remain largely unclear.15–17 Inside the biolms, micro-
bial cells are kept together by extracellular polymeric
substances (EPS) in close proximity.18 EPS act as a protective
barrier that can prevent cells from damages caused by various
adverse factors.19 The formation of the biolm has been found
to be related with the microbial species, surface properties and
other various environmental factors.20–22 However, only limited
investigation has been done regarding biolms formed in acidic
conditions.23,24

The knowledges on how the biolm forms in an extremely
acidic BTF or what happened to the biolm structure when pH
is changed, are very important for designing the bioreactor
conguration, and for optimizing the running parameters.
Biolm formation is a dynamic process that involves both the
recruitment of planktonic cells to settle down and the release of
attached cells back to planktonic forms.25 Previous studies had
emphasized the characterization of mature biolms, whose
RSC Adv., 2017, 7, 25475–25482 | 25475

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra04053a&domain=pdf&date_stamp=2017-05-11
http://orcid.org/0000-0001-6054-3179
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra04053a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007041


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 2

/1
8/

20
26

 2
:0

1:
01

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
properties were largely determined by the attached microbial
community, and failed to pay sufficient attention to the biomass
of planktonic cells.26,27 However, in the BTF, packing bed are
usually packed with porous materials such as volcanic stone.
The surface of such lters is very rough, and has numerous pits
on it. Thus, planktonic cells are not easily washed off due to the
slow velocity of liquid uid. These cells can be retained inside
the packing bed, and take part in the biodegradation of
pollutants in a similar manner to the tightly attached biolm.28

In the present study, experiments were designed and carried
out to evaluate effects of pH and inlet loading rates on the
removal performance of the BTF under both pH neutral and
acidic conditions. The ratios of planktonic cells to biolm, and
polysaccharide to protein were also determined to assess the
effect of pH and inlet loading rate on the stability of biolm.
Finally, the three-dimensional structures of biolms were
directly visualized in situ using CLSM.
2. Materials and methods
2.1 Biotrickling lters setup and operation

The schematic of two biotrickling lters was showed in Fig. 1.
Packing columns were made of plexiglass with an inner diameter
of 8 cm and a total height of 60 cm, and each column was
composed of three separated compartments in a stacked
conguration, named BTFa-u/m/b and BTFn-u/m/b. Each
compartment had an effective volume of 1.0 L. Volcanic stones,
with particle sizes of 0.5–1.0 cm, porosity of 70% and bulk density
of 739 mg cm�3, were used as packing materials and were sup-
ported with a perforated sieve plate at the bottom of column. To
analyse biolms of packing bed, packingmaterials were collected
at sites of 2, 20, 40 and 60 cm distant from the bottom of column,
respectively. Three ports were set along the column for gas
sampling. Synthetic waste gases were generated by mixing H2S
vapours with a fresh airstream in amixing chamber. The nutrient
solution containing 1 g L�1 of NH4Cl, 0.12 g L�1 of KH2PO4,
0.15 g L�1 of K2HPO4, 0.02 g L�1 CaCl2, 0.2 g L�1 MgSO4, and 1
Fig. 1 Schematic diagram of the biotrickling filter (1) H2S cylinder, (2)
mixing chamber, (3 and 4) gas flowmeter, (5) air compressor, (6) NaOH
dosing pump, (7 and 8) nutrient tank, (9 and 10) pH probe, (11 and 12)
peristaltic pump, (13–15) filter material sampling sites, (16–18) air
sampling ports.

25476 | RSC Adv., 2017, 7, 25475–25482
mL L�1 trace elements, was stored in a stirring ask, and was
continuously pumped into the BTF using a peristaltic pump
(BSPP, China) at a ow rate of 80 mL min�1. The pH of nutrient
solution was adjusted to 4.0 for the acidic biotrickling lter
(BTFa), and 7.0 for the neutral one (BTFn) using a dosing pump
(SKEO, Italy), which had been automatically introducing 1 M
NaOH to the solution in real-time. Besides, the nutrient solution
was refreshed periodically to ensure sufficient nutrient and
moisture for the growth of microorganisms, as well as to avoid
accumulation of metabolic product.

To develop microbial communities with a broad tolerance
range of pH, the inoculum for both BTFs was a combination of
acclimated microbial consortium in labs and the activated
sludge. Further details of the inoculation were described else-
where.11 The experiment was divided into three stages marked
by different H2S inlet loading rates that once the two BTFs
reached the steady state, the rate was stepwise increased from
7.5 to 12.5 g m�3 h�1 on day 13, and then to 25 g m�3 h�1 on day
25. The empty bet retention time was kept at 60 s throughout
the experiment.

2.2 Analysis of the biomass and the EPSs

For determining biomass both in the form of biolm and
planktonic cells, packing materials were sampled in triplicate,
and were treated according to the methods established by
Harneit and Ramı́rez with some modications.29,30 Briey, 10 g
packing materials were mixed with 20 mL sterile saline in a 50
mL centrifugal tube. Aer gently shaking, the suspension was
collected for the quantication of planktonic biomass. The
packing materials were then transferred to a new centrifuge
tube and re-mixed with 20 mL sterile saline. Biolms were
detached from the surface of packing materials by ultra-
sonication for 3 min, and the suspension was collected for the
quantication of biolm biomass. The two suspensions were
centrifuged at 20 000 rpm for 30 min. The resulting pellets were
rst kept at 105 �C in an oven for two hours to remove the
remaining water, and were dried out at 550 �C for 4 h. The
weight difference of pellets before and aer drying at 550 �C was
measured, which was predominantly the mass of volatile sus-
pended solid (VSS) and had represented the biomass.

EPS were extracted according to the method of Zhu et al.31

Packing materials of 10 g were mixed with 20 mL sterile saline,
and were ultrasonicated at 40 kHz for 50 s with an interval of 3 s.
Aer vortexing for 1 min, the suspensions was collected and
centrifuged for 20 min at 4 �C, 14 000g, and were then ushed
through a 0.22 mm lter to ensure a complete removal of cells.
Among these extracted cell-free EPS, polysaccharide was quan-
tied colorimetrically by using glucose as the standard, and
similarly bovine serum albumin was used as standard to
quantify protein content by the method of Liu et al.32 All anal-
yses were in triplicate in order to ensure reproducibility and
representativeness.33

2.3 Elemental sulfur extraction and analysis

Elemental sulfur in biolms was extracted and its content was
determined using HPLC according to the method of Bobadilla
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 H2S removal profiles of the BTFa (a) and the BTFn (b).
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et al. with some modications.34–36 Briey, 10 (�1) g packing
materials were immersed within 10 mL 0.2 M NaOH in a 50 mL
centrifuge tube, incubated at 100 �C for 10 min, and were then
ultrasonicated at 40 kHz for 10 min. Filter-material-free solu-
tion with biolm inside was centrifuged at 12 000 rpm for
10 min, whose supernatant was then discarded. The resulting
pellet was mixed with 10 mL of CS2, and was again ultra-
sonicated for 10 min. The mixture was ltered with 0.22 mm.
The content of elemental sulfur was determined using HPLC
with a C18 column at 254 nm of wavelength. The mobile phase
consisted of 95% v/v methanol and the ow rate was set at 0.8
mL min�1.

2.4 Confocal laser scanning microscopy (CLSM)

A three-dimensional visualization seemed indispensable to fully
determine/investigate the internal structure of biolms inside
the lter bed, which was achieved by the CLSM, facilitated with
the pre-mixed carbon plates in each lter layer. The procedure
was described elsewhere.37 Briey, carbon plates were carefully
taken from the packing bed using sterile tweezers, and were
immediately immersed in the PBS solution. Subsequently,
biolm samples were stained with the LIVE/DEAD BacLight
staining kit (Invitrogen) for 10 minutes, prior to the observation
under CLSM (LSM 700, Zeiss). At least 10 random view-elds
(600 � 600 mm for each eld) were observed and analysed for
each biolm sample. There-dimensional structure was obtained
using the “Stack”model of the Zen soware (Zeiss). The biolm
viability was calculated based on the ratio of viable to total
cells.37

2.5 In vitro sulfur oxidation ability of biolm

Flask experiments were conducted to prole the sulfur oxida-
tion capability of planktonic cells and biolm. The solution
with biomass concentration of 1 mgVSS L

�1 was inoculated to 50
mL nutrient solution (10 g L�1 elemental sulfur, 1 g L�1 NH4Cl,
0.12 g L�1 KH2PO4, 0.15 g L�1 K2HP4, 0.02 g L�1 CaCl2, 0.2 g L�1

MgSO4, and 1 mL L�1 trace elements). The solution with
biomass concentration of 1 mgVSS L

�1 was inoculated to 50 mL
nutrient solution (10 g L�1 elemental sulfur, 1 g L�1 NH4Cl,
0.12 g L�1 KH2PO4, 0.15 g L�1 K2HP4, 0.02 g L�1 CaCl2, 0.2 g L�1

MgSO4, and 1 mL L�1 trace elements). The pH of each nutrient
solution was adjusted to what has been tested in situ. There-
aer, the culture asks were incubated at 30 �C, gentle rotated
at 180 rpm in the shaker. The nutrient solution was sampled
once every two hour.38 Sulfate, sulte and thiosulfate were
determined using an ion chromatograph (Dionex ICS-1500,
USA) with an AS19/AG19 column (Dionex, USA).

2.6 Determination of sulfur in gas-phase

Gas-phase concentration of H2S in the biolters was measured
with a gas chromatograph (Shimadzu GC-2010, Japan) equip-
ped with an FPD detector. The column used was GS-Gas Pro
capillary column (30 m � 0.32 mm � 1.0 mm, Agilent Tech-
nologies, USA). Gas samples were taken using Tedlar bags of
2 L. Total volume of 100 mL was injected into the GC using
a gastight syringe. The temperature settings of the injector and
This journal is © The Royal Society of Chemistry 2017
detector were xed at 70 �C and 250 �C, respectively. The oven
was initially set at 80 �C for 2min, with a 10 �C increase for every
minute until it reached 250 �C, and was nally shut down aer
letting stand for 5 min.
3. Results and discussion
3.1 H2S removal performance of the acidic BTF and the
neutral BTF

H2S removal proles of the two BTFs were showed in Fig. 2. Near
100% removal efficiencies (REs) were achieved by both BTFs at
the inlet loading rates of 7.5 and 12.5 g m�3 h�1. However, once
the inlet loading rate increased to 25 g m�3 h�1 on day 25, the
REs decreased by 0.4% in BTFa, and by 12.18% in BTFn,
respectively. Both BTFs mainly relied on the bottom packing
layer to remove H2S in all case of inlet loading rates. This
situation was especially true in BTFa, indicating the bottom
packing bed in BTFa had higher removal capacity. López et al.
reported a similar result in a one-stage biotrickling lter for the
removal of a mixture of H2S, methanol and a-pinene.39 Ramirez
et al. also observed that most H2S were removed by the bottom
packing bed.40 Although the upper and the middle packing
layers contributed minor H2S removal, these sections were very
helpful in alleviating the loading shocks that commonly occurs
in practice.

Fig. 2 also showed a signicant difference between of the two
BTFs in terms of their tolerance to shock loads. The BTFa
behaved much more robust when facing the strong uctuation
of inlet loading rates. For instance, on 25th day, the H2S RE of
the bottom packing layer slightly decreased from 99.31% to
87.89% in BTFa, while sharply decreased from 93.24% to
54.68% in BTFn. Our previous study showed that BTF tended to
develop microbial communities mainly composed of Acid-
ithiobacillus genera in acidic environment. Abundant acido-
philic microbes greatly enhanced the H2S removal capacity of
the BTF in extremely acidic conditions.11
3.2 Comparison of biomass and composition of biolm
between the two BTFs

Total biomasses in the different packing layer were summarized
in Table 1. The ratios of planktonic biomass to biolm biomass
were also provided. The amount of biomass in BTFa ranged
from 1.22 to 4.64 mgVSS gpacking

�1. It seems that biomass
correlated with the total amount of S source including H2S and
the elemental sulfur. The largest biomass was found being in
the bottom packing layer, which was near to the inlet port.
RSC Adv., 2017, 7, 25475–25482 | 25477
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Table 1 Spatial distribution of biomass, planktonic cells to biofilm and sulfur of packing samples

Sampling location
Inlet load
(g m�3 h�1)

BTFa BTFn

2 cm 20 cm 40 cm 60 cm 2 cm 20 cm 40 cm 60 cm

VSS (mgVSS gpacking
�1) 7.50 3.24 1.77 1.49 2.27 4.01 3.34 3.17 3.53

12.50 3.50 1.64 1.22 2.37 5.26 3.13 2.45 3.00
25.00 4.64 2.26 1.35 3.31 5.76 2.92 2.13 3.17

Planktonic/biolm(VSS) 7.50 0.22 0.73 0.72 0.44 0.16 0.05 0.06 0.10
12.50 0.87 0.86 0.74 1.04 0.48 0.32 0.37 0.29
25.00 0.95 1.43 2.21 0.92 0.37 0.45 0.25 0.28

Sulfur (mgsulfur gpacking
�1) 7.50 3.53 1.04 0.73 0.40 8.89 0.73 1.18 1.37

12.50 4.91 0.94 0.87 0.41 10.61 0.78 1.22 1.53
25.00 10.10 1.11 0.93 0.46 20.17 1.67 1.30 1.75
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Although only small fraction of H2S entered into the upper
layer, a part of elemental sulfur that accumulated in the bottom
packing layer due to the incomplete bio-oxidation of H2S, could
be transported into the upper layer through the recirculation of
nutrient. Since these elemental sulfur could be used as the
energy source for the microbial growth, biomass in the upper
packing layer were maintained in relative high level.

The BTFn showed a similar vertical distribution of biomass
with the range between 2.13 to 5.76 mg gpacking

�1. However,
each packing layer in BTFn had more biomass as compared to
their counterparts in BTFa. Considering that the H2S removal
performance of BTFa was superior to that of BTFn, particularly
when higher inlet loading rates were supplied. It is inferred that
the rate of the H2S removal performance of the BTFn may be
inuenced by gas mass transfer. More biomass and elemental
sulfur accumulated within the BTFn made it more difficult to
transfer the substrate into the inner biolms. This was
conrmed by sulfur-oxidizing test in shaking ask (Fig. 3).
Culturing planktonic cells and biolms in the medium con-
taining element sulfur as the sole S source revealed that all
biolm samples were capable of oxidizing the element sulfur.
Elemental sulfur began to be rapidly oxidized aer 8 hours
incubation. However, no signicant differences in sulfur-
oxidizing rates were observed between the biolms that
sampled from same packing layer in BTFa and BTFn. This
nding is inconsistent with the H2S removal of the two BTFs. As
mentioned above, the drop of H2S removal efficiency at higher
inlet loading rates was more distinct in the BTFn as compared
Fig. 3 In vitro sulfur-oxidizing test by inocula from each section in
BTFa and BTFn (a) planktonic cells, (b) biofilm.

25478 | RSC Adv., 2017, 7, 25475–25482
with BTFa. It is likely that the BTFn biolm was not oxidizing
H2S at the rate what has been found in vitro regardless more
biomass accumulated in the BTFn. The overall performance of
a BTF depends not only on the bio-oxidation rate but also on the
mass transfer rate. The denser biolm in the BTFnmay limit the
mass transfer of substrate into the deeper zone of biolm, and
therefore inuenced microbial activities of the inner biolm. It
was reported that the biomass accumulation in biotrickling
lters resulted in a decrease of the biolm-specic surface area
from 220 to 101 m2 m�3.12,41

The sulfur-oxidizing rates of the bottom layer biolms were
signicantly higher than those of the middle and upper packing
layers. This partly explains why most H2S were removed in the
bottom packing layer. In addition, when the inlet loading rates
increased, the amount of biomass increased in the bottom
packing layer, while decreased in the middle and upper packing
layers. This implies that the bottom layer biolm was more
tolerant to the shock caused by the suddenly increased inlet
loading rate.

To gain better insight into the biolm structure formed in
the two BTFs, biomass also was evaluated in terms of the ratios
of planktonic cells to biolm. Table 1 showed that the mass
ratios in the BTFa were in the range between 0.2 and 2.2.
Comparatively, the mass ratios of planktonic cells to biolm in
the BTFn ranged from 0.05 to 0.45, which were signicantly
lower than those seen in BTFa. Since the pH value in each
packing layer of the BTFn was higher than the counterpart of
BTFa (Table 2), it seems that acidic environment made it diffi-
cult to form compact biolms on the surfaces of packing, and
Table 2 pH values of packing from each section under different
loading rate in BTFs

Sampling
location

Inlet load

7.50 g m�3 h�1 12.50 g m�3 h�1 25.00 g m�3 h�1

BTFa-u 3.81–4.15 3.72–4.02 3.81–4.12
BTFa-m 2.81–3.12 2.73–2.84 2.51–2.75
BTFa-b 1.48–1.62 1.42–1.51 1.40–1.44
BTFn-u 6.80–7.33 6.82–7.12 6.72–7.09
BTFn-m 4.24–5.09 4.01–4.44 3.51–4.07
BTFn-b 1.98–2.49 1.88–2.31 1.80–2.24

This journal is © The Royal Society of Chemistry 2017
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resulted that more biomass was in the form of planktonic cells.
However, it is worth noting that the mass ratio of planktonic
cells to biolm in the BTFa increased from 2 to 40 cm of the
packing layer, but pH also increased from 1.5 to 4.0. It is diffi-
cult to explain this contradicting result. Biolm formation is
a complex process, particularly when multiple microbes are
involved in. Many environmental factors, such as pH, inlet
loading rates, microbial species, were proved to inuence the
architecture and physiological activity of biolm.19,42 In fact, the
pH values in the bottom layer of the BTFn were also very low. So
pH was not the only factor that inuenced the biolm devel-
opment. The broader pH gradient in the BTFn allowed more
diverse microorganisms growing in BTFn than in BTFa. Even in
the same BTF, there were still differences in the amount of the
sulfur source, the type of sulfur species, etc.

EPS functions as a binder during the biolm formation,
microbial cells are embedded within a self-produced matrix of
EPS.43 Protein and polysaccharide were recognized as the main
components of EPS.19 So the amounts of protein and poly-
saccharide in EPS were determined at inlet loading rates of 7.5 g
m�3 h�1 and 25.0 g m�3 h�1. As can be seen in Table 3, poly-
saccharide was the dominant component in EPS for both BTFs.
The amounts of polysaccharide were higher than that of protein
in most cases, especially in acidic environment. The bottom
packing layers of the two BTFs, where the great majority of H2S
were removed, reached the highest amount of polysaccharide as
compared with the upper and middle packing layers. Further-
more, the amounts of polysaccharide in the bottom layer
increased for both BTFs with increased inlet loading rates.
Comparatively, protein was dominant in neutral environment.
The amounts of protein in the middle and upper layer of BTFn
were considerably higher than those of polysaccharide at 7.5 g
m�3 h�1 of inlet loading rate. Together with these results, it is
speculated that polysaccharide may play an important role in
maintaining the mechanical stability of biolm in extreme
acidic conditions. This is consistent with report by Jiao et al.
who observed higher carbohydrate-to-protein ratios between 3.0
and 6.0 in the acid mine drainage (AMD) solutions.44 The low
protein content in the EPS of the AMD perhaps can be attrib-
uted to enzymatic digestion by extracellular proteases and
protein degradation under the harsh conditions in AMD.44 Li
et al. observed a obvious decrease of EPS and protein contents
(approximate 33.3% and 70%, respectively) when the pH of the
circulating uid was reduced from 7 to 4, while the relative
amount of polysaccharide in EPS increased.45 They considered
that under strongly acidic conditions, the microorganisms
Table 3 Spatial distribution of protein and polysaccharide in biofilms

Sampling location
Inlet load (g
m�3 h�1)

BTFa

2 cm 2

Proteins (mgproteins gVSS
�1) 7.50 10.78 1

25.00 5.44
Polysaccharide (mgpolysaccharide gVSS

�1) 7.50 52.19 4
25.00 156.19 2

This journal is © The Royal Society of Chemistry 2017
increased polysaccharide production as a self-protection
mechanism.

So far, only limited experimental works have been done
regarding the role of pH in the biolm formation, and the
results in literature were very contradictory. D'Urzo et al. found
that acidic pH (5.0) strongly enhanced the biolm formation by
a Streptococcus species, and suggested that acidic pH regulate
the protein expression and/or promote the expression of
surface-associated protein.23 Shemesh et al. considered that the
shi in pH is an environmental cue for the behavioural switch
from motility to biolm formation, lowering the pH in the
medium from 4.5 to below 3.6 inhibits surface motility of
Acidoterrestris and induces biolm formation.24 The reported
majority of exopolysaccharides are polyanionic due to the
presence of uronic acids, organic substituents such as acetate,
pyruvate, succinate, etc. Inorganic residues, such as phosphate
or, rarely, sulphate, may also confer polyanionic status.46 A
bridge can be formed between polysaccharide molecules
through binding poly cations, to maintain the structure of
biolm.47 However, the availability of negatively charged sites of
the EPS is greatly reduced in acidic environment.
3.3 Analysis of biolm by CLSM

Biolms formed at 7.5 and 25.0 g m�3 h�1 of inlet loading rates,
respectively, were observed using CSLM. The changes of biolm
thickness were consistent with biomass (Fig. 4 and 5).
Compared to BTFa, BTFn showed 53% higher thickness of
biolm at low inlet loading rate, and 28% higher at high inlet
loading rate. The thickness of biolm decreased in BTFn with
increased inlet loadings, while increased in BTFa with increased
inlet loading, one exception occurred at the middle packing
layer. The bottom packing layers, where exposed to the highest
sulfur loading rates, developed relatively denser biolms with
an average thickness of 71 mm in the BTFa, and 113 mm in the
BTFn. These results proved that the biolm formation in the
two BTFs was affected not only by pH but also by inlet loading
rates.

The determination of bacterial viabilities showed that the
innermost layer of all biolms had highest bacterial viabilities.
The ratio of live/total cells decreased from the substratum to the
surface of biolm in all cases. In contrast, most previous studies
reported that cells close to the substratum had lower viability
than those in the surface of the biolm mainly due to the mass
transfer limitation of the substrates including oxygen, nutri-
ents.39,40 However, in the present study, most regions in the
packing bed were in acidic condition despite the fact that the
BTFn

0 cm 40 cm 60 cm 2 cm 20 cm 40 cm 60 cm

4.06 12.26 13.47 14.07 33.23 31.30 46.35
4.45 2.68 0.74 11.20 3.06 3.18 2.12
4.48 22.35 10.48 22.56 25.88 9.48 6.93
5.28 26.24 9.80 28.40 8.96 6.94 4.56
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Fig. 4 Profile of biofilm thickness and cell's viability in acidic and
neutral biofilms (numbers indicate the ratios of live/total cells in the
outermost and the innermost zone of biofilm).

Fig. 5 BTF biofilm laser confocal images of each section under (a)
7.5 g m�3 h�1 and (b) 25 g m�3 h�1 H2S inlet loading rate.
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pH value of the cycling nutrient solution was adjusted to 4.0 in
the BTFa, and 7.0 in the BTFn, respectively. A mature biolm is
a well-organized community of microorganisms that adheres to
surfaces and are embedded in the slimy EPS.48 The forces
25480 | RSC Adv., 2017, 7, 25475–25482
involves in the biolm formation includes ionic attractive
forces, electrostatic attractive forces, hydrogen bonding, etc.43

So it can be speculated that low pH in the packing bed weak-
ened these forces due to the high protonation of cation group of
EPS. The stabilities of the biolm structure therefore were
reduced, and rendered the cells in the outer layer of biolm
more susceptible to acid.

Examining biolm's feature can provide us with insight into
main causes leading to the differences in the removal perfor-
mance between acidic and neutral BTF. Removal performance
of BTF is usually limited by either microbial degrading ability,
or by mass transfer rates of pollutant. BTFn showed poorer
removal performance than BTFa in removing H2S at high inlet
loading rate despite the fact that no obvious differences in
biodegrading rates and cell's viability between two BTFs were
observed. More biomass and thicker biolm in BTFn made it
difficult to transfer substrate from the outer biolm to the inner
biolm, where microbial cells showed higher viabilities.

Microbial composition most likely is another key factor
inuencing the removal performance of BTF the structure of
biolm, cell' viability, and EPS component. Our previous study
reported that the acidic BTF tended to form microbial
community that composed by abundant acidophile such as
Acidithiobacillus genus. These acidophile were more tolerant of
the increase in the inlet loading rate and the drop of pH. The
comparative test revealed that there were some differences in
the microbial viability between the two BTFs. At inlet loading
rate of 7.5 g m�3 h�1, the average microbial viability for the
upper, middle and bottom of packing layer of the BTFn were
66.8%, 60.4% and 56.9%, respectively, higher than the corre-
sponding values in the BTFa (56.8%, 50.5% and 56.6%) (p < 0.5).
However, once the inlet loading rate reached to the 25.0 g m�3

h�1, both BTFs showed an obvious decrease in microbial
viability of the biolms. The decrease observed in BTFn biolm
was more distinct than that in BTFa. Average viability in the
upper, middle and bottom packing layer for the BTFn sharply
decrease to 41.8%, 43.8% and 45.4%. These values for BTFa
decreased to 38.9%, 42.8% and 45.5%. The thickness of biolm
for BTFn also decreased with the increased inlet loading rate,
while increased for the upper and bottom packing layer of BTFa.
It can be inferred that microorganisms inside the two BTFs used
different strategies to survive in unfavourable environments.
Despite of the protective effect of thicker biolm in BTFn, those
microorganisms without capability of tolerating the extreme
acidic conditions can be seriously damaged by high concen-
tration of proton. This may be another cause of the drop in RE
of the BTFn when the inlet loading rate increased to the higher
levels. Comparatively, microorganisms developed inside BTFa
produced more polysaccharide to maintain the stability of
biolm's structure and cell's viability. However, the formation
of multispecies biolm is more complex compared to the single
strain. As reported by Bellenberg et al. the biolm formation on
the pyrite involved a certain interaction between species, the
presence of iron-oxidizers enhanced the attachment of sulfur-
oxidizers on the pyrite by producing the reduced inorganic
sulfur compounds for the latter.49 Thus, many studies should be
This journal is © The Royal Society of Chemistry 2017
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performed to further elucidate the mechanism of multispecies
biolm formation.
4. Conclusion

In this study, the performances of two biotricking lters in
removing H2S under acidic and natural conditions were evalu-
ated. The biolm structure and stability was mainly analyzed
based on the data of biomass, EPS component, cell's viability
and thickness of biolm. The study revealed that both pH and
inlet loading rates affected the biolm structure and stability.
Biolm formed in the neutral BTF was less tolerant with shock
loads than that in the acidic BTF despite the fact that the
neutral BTF had more biomass than the acidic BTF. It is more
likely that the performance of BTF depended more on the type
of microorganisms than on the biomass. The increase of the
ratio of planktonic cells to biolm in acidic BTF illustrated that
pH seriously affected the stability of biolm. The poly-
saccharide was found in high levels in acidic biolms. It can be
speculated that microbial cells alleviated acidic stress mainly by
producing more polysaccharide since it can provide more
cation-binding sites.
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X. Gamisans, L. Lafuente, M. Baeza and D. Gabriel, J.
Hazard. Mater., 2014, 280, 200–208.

17 M. B. Jaber, B. Anet, A. Amrane, C. Couriol, L. Lendormi,
P. L. Cloirec, C. Cogny and R. Fillières, Chem. Eng. J., 2014,
258, 420–426.

18 S. Veerachamy, T. Yarlagadda, G. Manivasagam and
P. K. Yarlagadda, Proc. Inst. Mech. Eng., Part H, 2014, 228,
1083–1099.

19 T. T. More, J. S. S. Yadav, S. Yan, R. D. Tyagi and
R. Y. Surampalli, J. Environ. Manage., 2014, 144, 1–25.

20 M. A. Deshusses, G. Hamer and I. J. Dunn, Environ. Sci.
Technol., 1995, 29, 1048–1058.

21 A. Pagedar and J. Singh, J. Food Sci. Technol., 2015, 52, 5317–
5322.

22 R. Xing, S. P. Lyngstadaas, J. E. Ellingsen, S. Taxtlamolle and
H. J. Haugen, Clin. Oral Implants Res., 2015, 26, 649–656.

23 N. D'Urzo, M. Martinelli, A. Pezzicoli, V. D. Cesare, V. Pinto,
I. Margarit, J. L. Telford and D. Maione, Appl. Environ.
Microbiol., 2014, 80, 2176–2185.

24 M. Shemesh, R. Pasvolsky and V. Zakin, J. Food Prot., 2014,
77, 1418–1423.

25 H. Hall-Stoodley and P. Stoodley, Curr. Opin. Biotechnol.,
2002, 13, 228–233.

26 S. K. Sudhir and T. S. Rao, Colloids Surf., B, 2013, 103, 448–
454.

27 W. Dec, M. Mosiałek, R. P. Socha, M. Jaworska-Kik,
W. Simkad and J. Michalska, Electrochim. Acta, 2016, 212,
225–236.

28 A. Mannucci, G. Munz, G. Mori and C. Lubello, Chemosphere,
2012, 88, 712–717.
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