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a b s t r a c t

A pilot-scale trickling filter with lower layer support material was constructed. The dominant micro-
organisms of oxidize iron and manganese were immobilized on the surface of manganese sand with 
the improved circulation-stay type immobilization methods. The quantity of bacterium fluid was 
identified according to the solid-liquid ratio which was slightly greater than the porosity of support 
material. The performance of the trickling filter was tested for simultaneous biological removal of 
iron and manganese from groundwater. The results showed that mature time of bio-filter layer was 
30 d. The adaptability to fluctuation of iron and manganese concentration was very strong and the 
biggest filtration rate could be increased to 12 m/h. The filter layer thickness could be reduced to 70 
cm. The Fe2+ concentration declined to 0 mg/L at the filter layer depth of 10 cm. However, the Mn2+ 
concentration declined to less than 0.05 mg/L at the filter layer depth of 55 cm. The most efficient area 
of removing manganese was in the filter layer depth of 25~40 cm. As the concentration of Fe2+ was 
more than 1.5 mg/L, there was the phenomenon of manganese dissolution because of the chemical 
reaction between Fe2+ and manganese sand (MnO2). In this research the actual consumption value 
of DO was less than the theoretical value. Strong aeration was not needed in the process of biolog-
ical removal. In the progress of removing iron and manganese, ORP increased gradually. As ORP 
increased to 349 mV, iron was removed completely; while ORP increased to 422 mV, manganese was 
removed totally. Comparing the removal results of iron and manganese before and after inoculation, 
it was found that the iron and manganese removal of the filter layer mainly lied in bio-catalytic 
oxidation.
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1. Introduction

The high concentration of iron and manganese in the 
groundwater often results in serious chromaticity and iron 
taste, which has brought about much inconvenience to 
people’s daily lives and even does harm to human health. 
The removal of iron and manganese from groundwater is 
a practical problem which must be solved. Therefore, the 
technology of removing iron and manganese from ground-

water has been a hotspot for many experts and scholars. 
At present, various methods are used to remove iron and 
manganese from groundwater, such as chemical contact 
oxidation method, UF in conjunction with prechlorination, 
adsorption and filtration of Fe3+ impregnated or biological 
activated carbon, trickling filtration of biological quartz 
sand filter layer and so on [1–4]. The biological removal 
technology has been widely recognized and put into use 
with its simple process, no chemical agent, low energy 
consumption and high efficiency [5–8]. However, there 
are some disadvantages in the current process, such as 
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inconvenient and inefficient operating method of biofilm 
colonization, long mature time of bio-filter layer and large 
equipment. And it is believed that there is still possibility to 
increase the efficiency [9,10]. 

The objective of this study was to explore a simple 
method of biofilm colonization and the appropriate quan-
tity of bacterial suspension. This research also attempted to 
reduce ripening time and improve the effectiveness of bio-
filter. The removal and variation rules were summarized 
during the process at the same time, for the purpose of pro-
viding technical service and theoretical guidance for engi-
neering practice, and promoting the extensive application of 
the biological technology for removing iron and manganese.

2. Materials and methods

2.1. Testing device

The pilot-scale trickling filter (Fig. 1) consisted of a Plexi-
glastube, 120 cm high and 10 cm internal diameter. The fil-
ter material was manganese mineral from Mashan, Guangxi 
Province and its particle diameter was 0.6~1.6 mm. The fil-
ter layer thickness was 70 cm. At the bottom of the filter, 
there was cushion of cobble and its thickness was 15 cm. 
The particle diameter of cobble was 0.6~1.2 cm. The method 
of aeration was falling water aeration and the falling water 

height was 40 cm. Along the filter depth there were 5 sam-
pling ports numbered as 1#, 2#, 3#, 4#, 5#, for measuring 
iron and manganese concentration at different filter depth 
in the bulk liquid. The interval between two sampling ports 
was 15 cm. It was therefore possible to have an experimental 
assessment of the iron and manganese concentration pro-
files along the filter depth. The distance from No. 1 sam-
pling port to the top of manganese sand was 10 cm.

2.2. Raw water quality

The raw water is groundwater from a deep well in the 
suburb of Jilin city. The feeding concentrations ranged from 
4.5 to 8.0 mg/L and 1.5 to 3.0 mg/L for ferrous iron and 
manganese, respectively. The temperature was 10~14° and 
pH was 6.50~6.80. Before and after aeration, the concentra-
tion of dissolved oxygen in water was 0.8~1.0 mg/L and 
6.5~7.4 mg/L, respectively.

2.3. Biofilm immobilization

The microorganisms used in the test were separated 
from active membrane on the mature manganese sand. The 
bacterial suspension with high concentration and activity 
was made by enlarging cultivation in the laboratory and 
was immobilized on the surface of manganese sand in a cir-

Fig. 1. Schematic drawing of the pilot-scale trickling filter.
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culating and staying way. The quantity of bacterial suspen-
sion was determined by the liquid-solid ratio (1:3) which 
was slightly greater than the porines of filter material. The 
bacterial suspension was circulated 2 times per day and the 
residence time was 12 h. The groundwater was poured into 
the filter after 7 d because strains grew and multiplied fast-
est during this period.

2.4. Trial progress

To control cultivating and operating parameters, the 
groundwater was initially poured into the filter in the fil-
tration rate of 1 m/h, and then the rate was gradually 
improved in a smaller range. Before the biological filter 
layer was mature, the filtration rate was improved no more 
than 3 m/h and the intensity of backwashing was 10 L/
(m2·s). The time of backwashing was 2 min and the cycle 
of operation was 5 d. After the biological filter layer was 
mature, the intensity of backwashing was 12 L/(m2·s), the 
time was 3 min and the cycle of operation was 3~4 d. And 
then the concentration of iron and manganese in water were 
measured every 24 h in different operating conditions of 
6, 8, 10, 12 m/h, for the purpose of inspecting the factors 
that affected the filtration performance such as iron and 
manganese content, filter velocity, filtration bed thickness, 
dissolved oxygen (DO) and oxidation-reduction potential 
(ORP). The various indexes were measured in accordance 
with the national standards. 

3. Results and discussion

3.1. Startup and running of biofilter

To improve the aging characteristics of the biofilter, 
the key was to shorten the mature time of biofilter layer. 
After raw water injection, the color of filter layer was dif-
ferent in the depth of 10 cm. The upper part of the filter 
material gradually became yellow, while the lower part 
turned into black. This was because the filter removed 
iron first and then manganese. Through the bacteria cul-
tivation count, the number of bacteria which were in the 
filter material surface increased exponentially. The iron 
and manganese concentration in filtered water was trace 
and stable after inoculation for 30 d. At this time the bio-
filter layer was mature. Compared with the mature time 
of 60~90 d reported in [11], the mature time of biofilter 
layer was shortened and time-effectiveness was improved 
signally, after adopting the above mentioned immobiliza-
tion method, suitable quantity of bacterial suspension and 
appropriate culturing parameters.

3.2. The influence of iron and manganese content on removal 
effect

In the conditions of raw water pH 6.68~6.78, tempera-
ture 12~14° and filtration rate 6 m/h, the influence of iron 
and manganese content on removing effect was examined. 
The results were shown in Figs. 2 and 3.

As shown in Figs. 2 and 3, when Fe2+ concentration in 
the raw water changed in the range of 4.5~8.0 mg/L, the 
content of iron in filtered water was nearly 0 mg/L and the 

removal rate was close to 100%. When Mn2+concentration in 
raw water changed in the range of 1.5~3.0 mg/L, the con-
tent of manganese in filtered water was all less than 0.05 
mg/L and the removal rate was 96–100%. If the concentra-
tion of iron and manganese in raw water changed within a 
certain range, there was almost no influence on the biolog-
ical removal of iron and manganese. The quality of filtered 
water was better than the quality index regulated in Sani-
tary Standard for Drinking Water (GB5749-2006).

3.3. The influence of Fe2+ concentration on manganese removal

The content of manganese in output water was higher 
than that of inflow at the filter depth of 10 cm. It might be 
the chemical reaction between Fe2+ and manganese sand 
(MnO2) which caused the phenomenon of manganese 
dissolution. The chemical reaction might be related to the 
concentration of Fe2+. The concentration of manganese in 
output water was measured in the conditions of different 
Fe2+ concentration of 0, 0.5, 1.0, 1.5, 2.0 mg/L in inflow 
water. Other conditions, like the value of pH and DO, were 
as uniform as possible. The results were shown in Table 1.

As shown in Table 1, with high concentration of Fe2+ 
(more than 1.5 mg/L), the content of manganese in out-
put water was higher than that of inflow at the filter depth 

Fig. 2. Removal of iron in the condition ofdifferent iron content.

Fig. 3. Removal of manganese in the condition of different man-
ganese content.
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of 10 cm and the phenomenon of manganese dissolution 
occurred. As the concentration of Fe2+ was less than 1.0 
mg/L, no manganese was dissolved. It was concluded that 
the manganese dissolution was related to the concentration 
of Fe2+. As the concentration of Fe2+ was low, Fe2+ was oxi-
dized rapidly by dissolved oxygen with bio-analytical oxi-
dation and there was no time for the reaction between Fe2+ 
and MnO2. Therefore, the phenomenon of manganese dis-
solution would not appear. Only with high concentration of 
Fe2+, some Fe2+ was oxidized and the other Fe2+ reacted with 
MnO2. Such the reaction between Fe2+ and MnO2 was the 
reason for the phenomenon of manganese.

3.3. The influence of filtering velocity on removal effect

In the conditions of raw water pH 6.65~6.80, tempera-
ture 12~14°, Fe2+ 5.86 mg/L, Mn2+ 1.57~2.99 mg/L, the con-
tent of iron and manganese in output water was measured 
at different filter velocity of 6, 8, 10, 12 m/h . The results 
were shown in Figs. 4 and 5.

As shown in Figs. 4 and 5, the filtration rate which was in 
the range of 6~12 m/h had almost no influence on iron and 
manganese removal. The quality of filtered water was up to 
Sanitary Standard for Drinking Water. With the increase of 
filtration rate, the filter layer thickness for entirely removing 
manganese increased rapidly. As a result, the manganese 
removal was the main factor to limit filtration rate. In addi-
tion, during the operation it was found that the high filtration 
rate could lead to excessive growth of head loss and increase 
of backwashing frequency, which would bring negative 
impact on the removal stability of iron and manganese. In 
consideration of above mentioned reasons it was proposed 
that the best filtration rate was in the range of 6~8 m/h. For 
water with higher content of iron and manganese, to achieve 
high filtration rate it was suggested that a two-stage filtration 
system was designed to avoid the excessive growth of head 
loss and the increase of backwashing frequency.

3.5. The influence of filter layer thickness on removal effect

In the conditions of raw water pH 6.72, temperature 12°, 
Fe2+ 3.86 mg/L, Mn2+ 2.43 mg/L and filtration rate 6 m/h, 
iron and manganese concentration in filtered water at dif-
ferent filter depth was measured, respectively. The results 
are shown in Fig. 6.

As shown in Fig. 6, Fe2+ content of output water reduced 
to 0 mg/L at the filter depth of 10 cm. In the process, Fe2+ 

was biological catalytic oxidized and physical chemical oxi-
dized and converted to Fe(OH)3 , which was trapped by the 
filter layer. The content of manganese in effluent was higher 
than that of inflow at the filter depth of 10 cm. The content 
of manganese in filtered water decreased rapidly below the 
filter depth of 10 cm and the position of the highest removal 
velocity was in the filter depth of 25~40 cm. The content of 
manganese in filtered water was trace at the filter depth of 55 
cm. Mn2+ was biological catalytic oxidized and turned into 
MnO2, which was trapped by the filter layer and adopted by 

Table1
The removal of manganese at different filter depth in the 
conditions of different Fe2+ concentration

Fe2+

(mg/L)
Mn2+ (mg/L)

0 cm 10 cm 25 cm 40 cm 55 cm 70 cm

0 2.40 2.34 1.98 0.33 0 0

0.5 2.80 2.72 2.52 1.03 0.06 0

1.0 2.56 2.46 1.93 0.27 0 0

1.5 2.24 2.54 1.89 0.29 0 0
2.0 2.22 2.98 1.68 0.81 0 0

Fig. 4. Removal of iron in the condition of different filter velocity.

Fig. 5. Removal of manganese in the condition of different filter 
velocity.

Fig. 6. Removal of iron and manganese at different filter depth.
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the bacteria. Compared to the filter thickness of 120~150 cm 
reported in [12 and [13], the lower filter thickness was needed 
when removing the same amount of iron and manganese. As 
a result, the smaller equipment size, and lower investment 
and energy consumption were followed which was of great 
significance to the engineering design.

3.6. The changes of DO and ORP in the process of iron and 
manganese removal

In the conditions of raw water pH 6.70, temperature12°, 
Fe2+ 3.02 mg/L, Mn2+ 2.22 mg/L and filtration rate 6 m/h, 
the content of iron and manganese, DO and ORP of output 
water were measured at different filter depth, respectively. 
The results are given in Figs. 7 and 8.

The biological removal of iron and manganese was 
the process that enzymes of the cell surface catalyzed-oxi-
dized low-valent and reductive iron-manganese. No mat-
ter how complex the process was, no matter how energy 
and electron were transferred, the final electron acceptor 
was the dissolved oxygen in water. The theoretical value 
of oxygen consumption could be calculated according to 
the theory of electron gain-loss conservation. It met the 
following equation.

c(O2) = 0.143 c(Fe2+) + 0.29 c(Mn2+)

When the content of Fe2+ and Mn2+ in raw water was 3.02 
mg/L and 2.22 mg/L, respectively, the theoretical value of 
oxygen consumption that oxidized iron-manganese com-
pletely was 1.08 mg/L according to the equation. From Figs. 
7 and 8, the actual value of dissolved oxygen consumption 
was 0.75 mg/L. That was to say that the actual value was 
less than the theoretical value in the progress of biological 
removal of iron and manganese. It might be the reason that 
some of Mn2+ was adsorbed on the bacterial surface and 
formed dynamic process of adsorption and desorption. 
The amount of adsorption was greater than that of desorp-
tion, so the actual oxygen consumption was less than the 
theoretical value. As shown in Fig. 8, when Fe2+ and Mn2+ 
were oxidized, the value of [Fe3+]/[Fe2+] and [Mn4+]/[Mn2+] 
rose gradually. Therefore, ORP increased gradually in the 
progress of removing iron and manganese. When ORP 
increased from 278 mV to 349 mV, Fe2+ was removed; when 
ORP increased from 349 mV to 422 mV, Mn2+ was removed. 

As a result, the removal of iron and manganese could be 
predicted based on the change of ORP.

The removal effects of iron and manganese before and 
after inoculation.

In order to determine whether the bio-catalytically oxi-
dation played a major role in the removal of iron and man-
ganese, the removal effect of iron and manganese before 
and after inoculation and mature was studied. Other con-
ditions were as uniform as possible. The results are shown 
in Figs. 9 and 10.

Fig. 7. Variation of Fe2+ and Mn2+ content in output water.
Fig. 8. Variation of DO and ORP content in output water.

Fig. 9. Removal of iron before and after bacteria inoculation.

Fig. 10. Removal of manganese before and after bacteria inoc-
ulation.
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As shown in Fig. 9, after inoculation and mature the 
iron content in filtered water was decreased from 4.76 mg/L 
to trace at the filter depth of 10 cm and the removal effi-
ciency for iron was nearly 100%. But before inoculation the 
removal of iron was only 11% at the same depth, and Fe2+ 
was still detected at the filter depth of 25 cm. From Fig. 10, 
the content of manganese in filtered water was decreased 
from 2.43 mg/L to trace at the filter depth of 55 cm after 
inoculation, and the removal efficiency could be achieved 
100%. Before inoculation, the content of manganese still 
remained 1.63 mg/L at the filter depth of 55 cm and the 
removal efficiency was only 39.6%. By comparison it was 
found that the effect of removing iron and manganese after 
inoculation was better than before. The results showed that 
oxidation of iron and manganese was mainly bio-catalytic 
oxidation.

4. Conclusions

(1) With improved bio-film method, suitable amount 
of bacteria, and optimized culturing and operating 
parameters, the mature time of bio-filter layer was 
reduced to 30 d. The filter layer thickness could be 
reduced to 70 cm with strong adaptability to high 
iron and manganese concentration and high filtra-
tion rate.

(2) The removal rules of iron and manganese were iden-
tified. Along the filter layer depth, iron was removed 
between 0~10 cm, while manganese was removed 
between 10~55 cm. The most efficient area of remov-
ing manganese was in the filter depth of 25~40 cm. 
When Fe2+ concentration was more than 1.5 mg/L 
in inflow, there was oxidation-reduction reaction 
between iron and manganese which led to the phe-
nomenon of manganese dissolution. 

(3) In this research the actual consumption value of DO 
was less than the theoretical value. Strong aeration 
was not needed in the progress of biological removal 
of iron and manganese from groundwater. During 
the process of removing iron and manganese, ORP 
increased continuously. As ORP increased to 349 mV, 
iron was removed completely, when ORP increased 
to 422 mV, manganese was removed totally. 

(4) By comparing removal effects before and after inoc-
ulation, it was found that the iron and manganese 
removal of the filter layer mainly lied in bio-catalytic 
oxidation.
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