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Abstract

A comprehensive study on formation and characteristics of soluble microbial products (SMP) during

drinking water biofiltration was made in four parallel pilotscale ceramic biofilters with acetate as

the substrate. Excellent treatment performance was achieved while microbial biomass and acetate

carbon both declined with the depth of filter. The SMP concentration was determined by calculating

the difference between the concentration of dissolved organic carbon (DOC), biodegradable

dissolved organic carbon (BDOC) and acetate carbon. The results revealed that SMP showed an

obvious increase from 0 to 100 cm depth of the filter. A rising specific ultraviolet absorbance (SUVA)

was also found, indicating that benzene or carbonyl might exist in these compounds. SMP produced

during this drinking water biological process were proved to have weak mutagenicity and were not

precursors of byproducts of chlorination disinfection. The volatile parts of SMP were halfquantity

analyzed and most of them were dicarboxyl acids, others were hydrocarbons or benzene with 16

17 carbon atoms.
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Introduction

Biofiltration is widely applied in drinking water

treatment in many countries currently due to the deterioration

of the source water quality and the deficiency of the

conventional processes (Fonseca et al., 2001; Hozalski et

al., 1999). Rapid biological filters have been used to decrease

the chlorine demand of treated water, which also reduce

potential microbiological regrowth within the distribution

system (Halle et al., 2009). Biofiltration removes

biodegradable organic matters (BOM) mainly through the

combination of microbial oxidation and physicochemical

adsorption (Liu et al., 2011). Organic compounds are

biodegraded in biofilters either by direct calabolism or

cometabolism (Zearley and Summers, 2012).

The microbes in the reactors can take the bioavailable

contaminants as their “food” to purify the water. However,

they also excrete or release some soluble materials into the

bulk environment, which are so called soluble microbial

products (SMP) (Ramesh et al., 2006). Some researchers

found that chemical components of SMP mainly consisted

of proteins, polysaccharides and organic colloids

(Jarusutthirak and Amy, 2007). In municipal wastewater

biological processes, SMP constitute the majority of soluble

organic matters in the effluent. Over 80% of the organics in

the effluent would be SMP in some cases. SMP have become

increasingly important for biological treatment systems

because of their crucial impacts on both effluent quality

and treatment efficiency (Liang et al., 2007; Wang and

Zhang, 2010). In addition, low biodegradability, chelation

with metallic ions, and mutagenic activity of SMP can also

lead adverse effect on the performance of the biological

processes (Barker and Stuckey, 1999). Problems caused by

SMP are significant and must not be ignored (Zhou et al.,
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2009). However, these are mainly found in wastewater

treatment. Few studies have been conducted to investigate

SMP in drinking water systems except for a very few

literatures on its formation profile (Carlson and Amy, 2000).

Since the demand of high-quality drinking water has

increased worldwide, SMP in drinking water treatment

should be further studied. The objective of the study was

to investigate the characteristics of SMP in drinking water

biofiltration comprehensively based on pilot-scale biofilters.

The results obtained from this work provided useful insights

into the formation and characteristics of these important

organic matters existing in the drinking water.

Materials and Methods

Description of reactors and operating conditions :

Experiments were performed in four parallel ceramic biofilters

(Fig. 1). Each biofilter is 2 m x 0.08 m with a filtration velocity

of about 8 m hr-1. Since SMP would mix with other organic

substances in the water, the influent from the municipal tap

water was pretreated with granular activated carbon filter to

reduce the impact of the organics as much as possible. The

detailed parameters of both the activated carbon filter and

ceramic biofilters were shown in Table 1. We chose acetate

as the carbon source added to the reactors in order to make

the influent components explicit and easy to be

differentiated from SMP. The added acetate dosages to

biofilters A, B and C were about 1.0, 0.5, and 0.2 mg l-1,

respectively. These concentrations of acetate were

converted into the concentrations of carbon. Biofilter D

was used as the blank control with no acetate addition.

Analytical methods

DOC and BDOC : DOC is defined as the organic carbon

remaining after 0.45 μm filtration. The DOC was determined

by total organic carbon (TOC) analyzer (Shimadzu TOC-

5000, Japan). A method similar to the one described by Liu

et al. (1998) was employed to calculate BDOC. Since the

BDOC degradation in low substrate level follows the first-

order reaction kinetics equation descript by DOC difference,

BDOC of the first five days after bacteria cultivation was

fitted by the equation and then the BDOC
28
 was calculated

from the fitted equation.

UVA and SUVA : Ultraviolet absorbance at 254 nm (UVA
254
) of

SMP was measured using a UV spectrophotometer (752N/UV-

2101PC, China). Specific ultraviolet absorbance (SUVA) was

calculated from the ratio of UVA
254
 to DOC. The measurement

was performed using a 1 cm quartz cell. All samples were filtered

through 0.45 μm membranes prior to analysis.

Acetate concentration : Acetate concentration was

measured by iron chromatography (Dionex DX-100, U.S.A)

with a CD20 conductivity detector. The SC1100

chromatography workstation was used for data collection

and processing. The AS12A anion column and AG12A

column were used for the separation of all anions. Fresh

working eluents NaOH/NaB
4
O

7 
and H

2
SO

4
 were prepared

daily. Chromatography calibration standards were prepared

in 0.1, 0.2, 0.4, 0.7 and 1.0 mg l-1 concentration range. All

chemicals for the preparation of the eluents and standard

solutions were of analytical-reagent grade and dissolved in

deionized water (Zivojinovic and Rajakovic, 2011). Samples

were introduced by direct infusion from a syringe pump.

Biomass measurement : The presence of biomass was

quantified by analyzing phospholipids according to a

method described by Findlay et al. (1989). Media was

removed from the filters at various depths and the

phospholipids were extracted and then digested to inorganic

phosphates followed by colorimetric quantification. The

units of biomass measurement are nmoles PO
3

- of per gram

of dried media.

Mutagenic activity and volatile components of SMP : Two

strains of Salmonella typhimurium, i.e., TA98 which detects

frame-shift mutagens and TA100 which responds to base-

pair substitution mutations were used to test mutagenicFig. 1 : Schematic of the pilot-scale biofiltration systems

Effluent

Backwash

Backwash

Biofilter A Biofilter B Biofilter C Biofilter D

Flow meter
Influent

Overflow

Activated carbon filter

Table 1 : Operating parameters of biofilters

Item Activated Ceramic

carbon filter biofilter

Media Activated Ceramsite

carbon

Empty bed contact time (EBCT) 10-12 10-12

Diameter (mm) 180 60

Height of the reactors (mm) 2500 1500

Depth of water (mm) 2000 1100

Flow rate (l hr-1) 150-200 20-40

Volume of the media (l) 30 5

Height of the media (mm) 1200 750

Backwash time (min) 10 10

Interval of adjacent sampling —— 150

ports (mm)
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activity of SMP. The positive controls were sodium azide

for both strains and dimethyl sulfoxide (DMSO) was tested

for negative controls. The mutagenic activity of SMP was

expressed as mutagenic ratio (MR), dividing revertants per

plate obtained from the sample by the spontaneous mutation

rate of the control.

Volatile components of SMP were determined using

combined gas chromatography and mass spectrometry (GC-

MS). Two microliters of the derivatized samples were injected

to a gas chromatograph (SC-7, China) coupled with a mass

spectrometer (VG, ZAB-HS, U.K.) for chemical structural

elucidation. The injector temperature was 270 °C, and the

detector temperature was 280 °C. The column temperature

was fixed at 60 °C for 5 min, then programmed to 240 °C at 4

°C min-1 and held for 30 min. Nitrogen was used as the

carrier gas with a flow rate of 30 ml min-1. The column effluent

was introduced into the ion source of the mass spectrometer

with the operation conditions similar to Jonsson et al. (2004)

had described.

Results and Discussion

The biofilters had been run for several months and

were in a pseudo-steady state when this study was carried

out. To investigate the influence of both substrate

concentration and biofilter media depth on the biomass, the

total microbial biomass of four biofilters A, B, C and D at

different media depth was analyzed (Fig. 2). As a whole, the

biomass varied between 0.67 to 12.67 nmol P cm-3 and the

sampling ports with higher substrate concentration had

higher biomass. Furthermore, biomass of all biofilters

decreased rapidly along filter depth at first, and then

gradually slowed down. Taking biofilter B as an example,

the biomass at the first sampling point B
1
 (media depth = 0

cm) and the second point B
2
 (media depth = 20 cm) was

10.71, 6.53 nmol P cm-3, respectively. The biomass of B
3
, B

4
,

B
5
 and B

6
 (media depth = 40, 60, 80 and 100 cm) accounted

for 46%, 31%, 22% and 16% of that of B
1
, respectively.

Comparison between two adjacent sampling ports revealed

that the largest gap was between B
1
 and B

2
, with biomass

difference of nearly 40%. While the gap between the four

middle adjacent sampling ports was about 10-15% and the

difference between B
5
 and B

6
 was less than 6%.

The utilization of the main carbon source acetate in

biofilters A, B and C was shown in Fig. 3. The total removals

of acetate in these three biofilters were 63.60%, 54.40% and

41.33% respectively, which depended heavily on the

biomass distribution and microbial activities in different

biofilters. As for biofilter A, the concentration of acetate at

the sampling points A
1
 and A

2 
was about 1069.6 μg l-1 and

811.9 μg l-1, but it sharply decreased to 655.2 μg l-1 at A
3
. The

removal of acetate reached 38.7% by the upper media in the

biofilters. It seemed that the gap between A
4
, A

5
 and A

6

became much smaller. The acetate concentration of A
5
 and

A
6 
was 463.7 μg l-1 and 410.9 μg l-1 respectively, with the

acetate removal of about 12.2% by the lower media. Similar

to biofilter A, the acetate concentration in biofilters B and C

shared the same change trend but declined relatively slower

due to the addition of lower acetate dosages.

The SMP concentration can be calculated as the

difference between the BOM removal and the DOC removal

when SMP biodegradation are considered as the following

equation:

SMP=BOM removal-DOC removal+SMP biodegradation  (1)

In addition to manually added organic matter, influent

of biofilter still had some original BOM (calculated as BDOC

value of the control reactor). Then Eq. (1) can be expressed

as follows:

SMP
n 
= (BDOC

0 
- BDOC

n
) + (Acetate

0 
- Acetate

n
) - (DOC

0
- -

DOC
n
)         (2)

SMP
n
 = (DOC

n
 - BDOC

n
 - Acetate

n
) - (DOC

0
 - BDOC

0
 -

Acetate
0
)          (3)
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Fig. 2 : Microbial biomass in the biofilters indicated as phospholipids
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 Where the subscript “n” represented the No. n sampling

port and the “0” represented the corresponding parameters

in the influent. According to this equation, the SMP

distribution profile was drawn in the authors’ previous work

(Yu et al., 2008) and summarized as seen in Fig. 4. The biofilter

with higher substrate had higher SMP formation and SMP

concentration increased with media depth in every

individual biofilter. SMP were usually not easily

biodegradable so that they would accumulate along the

media depth. For biofilter A with the maximum acetate

feeding, the concentration of SMP in the effluent reached

31.8 μg l-1. For biofilters B and C, that was 19.1 and 7.2 μg l-

1, respectively. However, the DOC, which included the non-

biodegradable dissolved organic carbon (NBDOC), the SMP

and the non-biodegradable acetate were 1624.3, 1460.2 and

1130.8 μg l-1 in the corresponding effluent, respectively. It

was widely accepted that SMP accounted for the majority

of the DOC in biological wastewater treatment system (Barker

and Stuckey, 1999; Rittmann et al., 1987). However, SMP

were negligible compared with DOC in drinking water

biofiltration systems from the view of quantity.

The aromaticity of SMP, as measured by SUVA values

is shown in Fig. 5. Generally, SUVA increases with the growth

of SMP. No obvious trend in SUVA values was seen from the

control biofilter D due to the absence of added organic carbon

source. Since UV
254
 represented the organics containing

aromatic rings and carbonyls, the results suggested that some

contents of SMP were probably such compounds and their

amounts increased with SMP accumulation.

Ames test was conducted in this study to investigate

mutagenic activity of SMP. The influent, effluent and

chlorinated effluent from biofilter A at the dosages from 0.5

to 8.0 l per plate were tested with strains TA98 and TA100,

respectively. It could be observed from Table 2 that MR

values of effluent increased with volume of water samples

being tested for both strains. The correlation coefficient

between MR values and sample volumes were 0.8663 and

0.9771 for TA98 and TA100. If volume of water samples was

above 4 l, the MR values of effluent would be higher than

Y. Zhang et al.

that of influent. These results suggested that SMP might

have some mutagenic activity and the possibility of base-

substitution was higher than frame-shift mutagenicity.

Chlorinated samples didn’t increase the mutagenic activity,

reflecting that there were no precursors of disinfection

byproducts in SPM (Liu et al., 2010).

However, all of the MR values were less than 2, which

demonstrated that the tested samples only expressed a very

weak mutagenicity. SMP contents at the tested dosages

were considerably low, so that neither the weak frame-shift

nor base-substitution mutagenic activity in SMP could lead

to toxic effect.

The volatile components in the SMP are tabulated

in Table 3. There were 11 new generated compounds in the

effluent. According to Table 3, dicarboxylic acids

predominated among the 11 detected compounds. Roughly

70.54% of the total SMP were C
12
H
20
O
4
0C

13
H
24
O
4
 and

C
14
H
26
O
4
. Among them C

14
H
26
O
4
 itself accounted for more

than one third of the total quantity. Other significant

compounds included hydrocarbons and aromatic materials

containing 16 or 17 carbon atoms. It is noteworthy that any

of the 11 components mentioned above may have some

isomers, which are composed of the same elements in the

same proportions but differ in properties because of

differences in the arrangement of atoms. Furthermore, all SMP

molecular weights in this drinking water biofiltration system
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Fig. 5 : SUVA profiles in the biofilters
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Fig. 4 : SMP formation in the biofilters
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Table 2 : Mutagenic activity (MR values) of SMP at different

water dosages

Strains Samples       MR values

0.5 L 1.0 L 2.0 L 4.0 L 8.0 L

TA98 Influent 1.59 1.45 1.41 1.68 0.95

Effluent 0.82 1.05 1.18 1.59 1.59

Chlorinated 1.32 1.27 0.91 1.27 1.55

Effluent

TA100 Influent 0.83 0.93 1.19 0.87 1.10

Effluent 0.87 0.81 0.87 1.03 1.23

Chlorinated 0.94 1.04 0.91 0.73 0.89

Effluent
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Table 3 : Volatile components in the SMP

Molecular Normalized Molecular Molecular Normalized Molecular

formula content (%) weight formula content (%) weight

C
12
H
20
O
4

21.60 448 C
17
H
36

6.27 240

C
15
H
32

1.22 212 C
16
H
18

6.27 210

C
13
H
14

1.06 170 C
18
H
36
O
2

1.03 284

C
13
H
24
O
4

10.21 244 C
15
H
16
O
2

2.83 228

C
16
H
34

8.40 226 C
19
H
34
O
2

2.35 294

C
14
H
26
O
4

38.73 258

were lower than 500 Da, obviously different from other types

of reactors (Boero et al., 1996; Shin and Kang, 2003).

Four pilot-scale biofilters with acetate as sole carbon source

were used to investigate SMP during drinking water

biofiltration in this study. Both the biomass and acetate

concentration declined with the depth of filter. However,

concentration of SMP rose with the depth of filter. Benzene

or carbonyl might exist in SMP in terms of SUVA analysis.

Furthermore, SMP exhibited weak mutagenicity according

to Ames test. The GC-MS analysis showed that the volatile

components of SMP were mainly dicarboxyl acids; others

were hydrocarbons or benzene with 16-17 carbon atoms. It

is considered that SMP associated with biomass decay

during biological processes were important organic matters

in wastewater treatment, yet not much is known about their

effects on drinking water pretreatment process. More work

on identification and characterization of individual

compounds of SMP is still needed for a comprehensive

understanding of SMP in drinking water systems.
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