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ABSTRACT. Large portions of domestic wastewater in small and remote communities are discharged into the environment without
effective treatment. In areas with low population densities and dispersed households, wastewater system strategies are needed which are
environmentally, socially and economically sustainable. A wastewater treatment technique known as a multi-soil-layering (MSL) system
is shown to be a promising wastewater treatment and disposal method. A full-scale, land-based approach developed from the most recent
efforts in this emerging field is described. A brief description of the mechanisms in the treatment process within the MSL system, as well
as the design and operation for the MSL system, are provided. The state-of-the-art and development trends of MSL process for the

wastewater treatment are further introduced.
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1. Introduction

Water safety has received increased attention over the past
decades (Yin et al., 1999; Motiee et al., 2006; Li et al., 2015).
In small and remote communities, a large portion of domestic
wastewater is discharged into the environment without effect-
tive treatment and/or no treatment (Molinos-Senante et al.,
2012; Sorensen and McBean, 2015; Tan et al., 2015). Although
the characteristics of wastewater from different communities
vary significantly in quality and quantity, wastewater is able to
be generalized as having high content of particulate matter, dis-
solved organic matter, nutrients and microbes. The receiving
water bodies may be heavily polluted, resulting in serious envi-
ronmental and ecological problems (Boluwade and Madra-
mootoo, 2015; Brennan and McBean, 2011a; Tan et al., 2015).
This issue is particularly poignant in villages and remote re-
gions of developing countries. It is a challenge to provide reli-
able and affordable wastewater treatment in such areas around
the world (Massoud et al., 2009; Zhang et al., 2014). In res-
ponse, centralized wastewater treatment plants have been used
as common practice to remove pollutants from wastewater with
high efficiency and loading rate (Garcia et al., 2013). However,
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it requires a well-designed sewage network to collect waste-
water. The construction, operation and maintenance of waste-
water treatment plant are also costly. In areas with low popu-
lation densities and dispersed households, of interest are stra-
tegies for dealing with wastewater which can be environmen-
tally, socially and economically sustainable.

Traditional and modern technologies have been used for
decentralized sewage treatment (Moussavi et al., 2010; Sabry,
2010). For example, many individual residences in rural areas
rely on septic tanks to dispose of their wastewater. Although
septic tanks are an easy and safe technique, the concentration
of suspended solids (SS), biochemical oxygen demand (BOD),
total nitrogen (TN) and total phosphorus (TP) in effluents from
septic tanks can hardly meet the discharge requirements (Liang
et al., 2010). It is also noted that septic tanks are not correctly
designed, built and operated in many situations. Failing septic
systems are regarded as the third most frequently cited source
of groundwater contamination in the United States (USEPA,
1998). Engineered lagoons are also widely used to treat domes-
tic wastewater generated from rural communities in North
America and Europe. Sewage treatment lagoons usually con-
tain at least one artificial aerated lagoon plus additional aerated
and/or anaerobic lagoons in series, in parallel, or both (Li et al.,
2013). Sewage treatment lagoons account for more than 50%
of the wastewater treatment facilities in the U.S. (USEPA,
2011). In addition, many other on-site systems, such as soil
trenches, constructed wetlands, high-rate algal ponds and com-
pound media filter beds, have been used to treat wastewater
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when dealing with small quantities (Matamoros and Bayona,
2013; Ma et al., 2015). All of these methods have their own
unique principles, advantages and limitations and can be app-
lied to treat decentralized sewage with different efficiencies.

An alternative technique that holds interesting potential
for decentralized sewage treatment is multi-soil-layering (MSL)
system. MSLs have been successfully used for treatment of se-
veral types of wastewater (Attanandana et al., 2000; Pattnaik et
al., 2008; Guan et al., 2012). MSLs are characterized by their
ability to handle higher hydraulic load rates and pollutant loads
compared with some conventional land treatment systems (Gu-
an et al., 2014). The environmental cleanup capability of soil is
maximized in MSL systems, while avoiding many problems
encountered in the previous soil-based sewage treatment sys-
tems. The MSL system shows good performance in the reduc-
tion of organic matter and nutrients (Sato et al., 2010). Removal
of pollutants from wastewater through MSL is a complicated
process involving various chemical, physical and biological
processes. As a promising treatment technology and a cost-ef-
fective solution for sustainable water management, the need ex-
ists to develop increasingly deeper insight into the performan-
ce aspects of MSL systems. This article presents a full-scale
review on the most recent efforts in this emerging field. Process
fundamental, design, operation and field practice and future de-
velopment needs are discussed in detail, motivating considera-
tion of MSL as a viable approach for resolving wastewater is-
sues in small and remote communities.

2. Mechanisms of MSL System

2.1. Previous On-site Wastewater Treatment M ethods

Soil is a special media which includes organic matters, in-
organic minerals, moisture, animals, plants and microorga-
nisms which also describes an ecosystem. Adsorption on soil
particles, ion-exchange, oxidation-reduction, migration and
precipitation, uptake by animals and plants and biodegradation
can occur in the soil matrix as wastewater passes through. Land
filtration using soil as a filter is a traditional on-site wastewater
treatment approach. This soil treatment process include several
types such as slow rate, overland flow and soil aquifer treat-

Table 1. Comparison of Requirements for Treatment Techniques

ment. In slow rate treatment, wastewater is applied to a vege-
tated soil surface and the wastewater is remediated as it flows
through the plant root/soil matrix. Hydraulic pathways of the
applied water include vegetation irrigation, evapotranspiration
and percolation (USEPA, 1984). In overland flow treatment,
wastewater is applied to relatively impermeable soils on gentle
grass covered slopes (Smith and Schroeder, 1985). Vegetation
in the system can contribute to slope stability, erosion protect-
tion and wastewater treatment. The process of overland flow
treatment is similar to that of tricking filters and other attached
growth processes. In soil aquifer treatment, wastewater is app-
lied to earthen basins with permeable soils (Amy and Drewes,
2007). Water-tolerant grasses are often used due to their rela-
tively high hydraulic loading rate (HLR). Soil aquifer treatment
is accomplished by active soil matrices near the surface. A tren-
ch system improves the soil aquifer treatment. The soil layers
consist of composite soil, air layer, composite layer, filter layer
and storage layer from top to bottom. Air permeability in soil
layer can be increased due to the existence of the air layer.

Constructed wetlands are typically proposed based on tra-
ditional soil filtration. In constructed wetland, gravels are used
as permeable filters to improve water flow. Nutrient uptake by
plants plays an important role and microorganisms near plant
roots may induce specific biodegradation of contaminants. The
processes in constructed wetlands can be classified as free wa-
ter surface (FWS) and subsurface flow (SF) constructed wet-
lands. FWS contains free-floating, emergent or submerged aq-
uatic vegetation dominated systems and can be applied for eco-
logical restoration of polluted rivers. However, a FWS con-
structed wetland has limited capacity for nutrient reduction.
Removal efficiencies typically range from 40 to 50% for nitro-
gen and from 40 to 90% for phosphorus (Zhang et al., 2015a).
SF constructed wetlands typically consist of a rectangular bed
planted with common reed or other higher aquatic plants and
lined with an impermeable membrane on the bottom. SF cons-
tructed wetlands include both types of horizontal and vertical
flow systems. BODs and COD removal can be attributed to fil-
tration and sedimentation of SS as well as degradation by mi-
croorganisms. Nitrogen removal in SF constructed wetlands
can be impacted by hydraulic retention time (HRT), tempera-

Technique Pretreatment  Area (m?) Loading rate  Vegetation Temperature Average value in after treatment (mg/L) Reference
(m/day) response  "pops SS NH-N TN TP
Slow rate Primary (23-280) 4x103 Required  Sensitive <2 <1 <0.5 3 <0.1 (USEPA,
sedimentation x10* 2006)
Overland Screening (6.5-44) 2.7x10? Required  Sensitive 10 10 <4 5 4
flow x10*
Soil aquifer ~ Primary (3.0-23)  8.1x107? Optional ~ Not critical 5 2 0.5 10 1
sedimentation ~ x10*
Free surface  Screening (0.0025 - 7.5 x 10° Required  Sensitive 19.24 19.85 2.28 795 5.54 (Zhang
constructed 1.07) x10* etal.,
wetland 2015a)
Subsurface ~ Primary (0.0001 - 5.6 x 10 Required  Sensitive 24.66 26.56 22.12 36.56 3.24
constructed  sedimentation 0.32) x10*
wetland
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ture, vegetation type and properties of soil media (Akratos and
Tsihrintzis, 2007). Phosphorus is removed primarily through
ligand exchange reactions in which phosphate is displaced by
water or hydroxyls from the surface of Fe and Al hydrous oxi-
des (Faulkner and Richardson, 1989).

According to the wastewater types, land and location cha-
racteristics, treatment targets and cost requirement, different
treatment approaches may show different performance. Some
previous techniques are compared in Table 1. Slow rate infil-
tration requires a large area to treat wastewater which cannot
be applied in regions with scarce land. Overland flow and soil
aquifer infiltration have higher hydraulic loading rates than
slow rate infiltration, while a better quality of effluent can be
obtained in slow rate infiltration processes due to the larger
treatment land area and longer HRTs. Constructed wetlands
combine the features of soil treatment and plant uptake and re-
quire relatively smaller areas. However, this technique is also
associated with large investment costs and maintenance. More-
over, BODs and SS removal efficiencies of the FWS construc-
ted wetland are better than SF constructed wetland. After a long
term of operation, removal rates may decrease due to clogging
of SS, which is a critical limitation of these techniques.

2.2. Fundamentals of MSL System

An MSL system is an innovative wastewater treatment te-
chnique (Wakatsuki et al., 1990). MSL systems not only require
both low investment and minimal land, but also can address the
risk of clogging associated with land-based wastewater treat-
ment systems. As shown in Figure 1, the MSL system utilizes
soil mixture blocks (SMBs) and permeable layers (PLs), which
is different from traditional soil percolation systems. SMBs, in-
cluding components such as soil, sawdust, charcoal, rice straw,
and iron particles, are arranged as bricks and play a key role in
the MSL system. Different materials in SMBs respond to dif-
ferent functions. Soil can work as both a filter and as habitat for
microorganisms. Organic matter such as sawdust, rice straw
and jute supply carbon source for denitrification processes.
Charcoal can adsorb a vast array of contaminants from waste-
water. Furthermore, iron particles can facilitate the formation
of ferric ions, leading to the precipitation of phosphates (Bren-
nan and McBean, 2011a). The common components and func-
tions of soil mixtures in the MSL system are shown in Table 2.
PLs are composed of materials such as gravel, pumice and zeo-
lite. PLs surround SMBs like cement, which can improve water
dispersion and distribution and reduce the clogging risk. In ad-

Table 2. Components and Functions of Soil Mixture in MSL

dition, materials with porous structure in PLs can also adsorb
contaminants and provide benefit to microorganisms. Due to
the differences in structure, permeability, and water distribution,
SMBs and PLs can work as saturated zone (anaerobic) and un-
saturated zone (aerobic), respectively. The MSL system is not
only a hybrid reactor including aerobic and anaerobic processes,
but also a miniature soil ecosystem. The mechanisms of pollu-
tant removal in MSL are shown in Figure 2. An MSL system is
characterized by low cost and easy maintenance and can be a
viable option to treat wastewater for small communities.

Water distribution

Soil mixture block

Permeable layer

Water drainage

Figure 1. Schematic configuration of a MSL system.
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Figure 2. Mechanisms of the MSL system (Chen et al., 2009;
Luo et al., 2014).

Component Function Mechanism

Soil Provide the microorganisms and the pore space  Soil can work as filter and habitat for microorganisms.

Iron Increase the phosphate-adsorption capacity The adsorption capacity of a soil to phosphate is positively related

to its composition of active Fe and Al.

Jute, Enhance microbial activity and function as hy-  The efficiency of the MSL system in nitrogen removal via the deni-

saw dust drogen suppliers during the denitrification pro- trification process can be limited if the amount of organic carbon is
cess insufficient.

Charcoal, Provide carbon sources and enhance the bio- Charcoal or activated charcoal itself has a quite larger surface area

activated charcoal logical decomposition and adsorption capacity — and adsorption capacity.

of the system
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2.3. Contaminant Removal in M SL Systems
2.3.1. Organic Matter Removal

The large size organic contaminants or particles are retain-
ed by size exclusion in SMBs. A portion of small size contami-
nants may form larger size contaminants through collision and
amalgamation with soil colloids. In addition, soluble organic
contaminants may adsorb to soil particles when wastewater
penetrates into SMBs. The organic contaminants retained in
SMBs can be further degraded by microorganisms. The organic
matters, charcoal and jute of SMBs may supply adequate car-
bon sources. The MSL system has high BOD removal rates,
which can perform at rates which are 10 - 50 times higher than
natural soil treatment systems and subsurface flow wetlands.
MSL systems have 80 - 160 times higher loading rates than tho-
se of soil trench systems and wetlands (Unno et al., 2003; Chen
et al., 2009). Since COD includes not only biodegradable but
also slowly decomposable organic matter, the removal rate of
COD is not as high as that of BOD in MSL systems.

2.3.2. Nitrogen Removal

Ammonia nitrogen is removed by nitrification and denitri-
fication in the MSL system (Sato et al., 2005a). On the one hand,
ammonia nitrogen is transformed to nitrite through nitrification
by nitrifiers in PLs which are in the aerobic zone. Then, the ni-
trite is further transformed to stable nitrate. On the other hand,
nitrate can be transformed to nitrite through denitrification by
denitrifiers in SMBs which are in the anaerobic zone and have
adequate carbon sources. Then, the nitrite is transformed to ni-
trogen gas. Consequently, the ammonia nitrogen could be re-
moved as wastewater passes the SMBs and the PLs alterna-
tively. Since zeolites are characterized by high cation exchange
capacity (CEC), the ammonium ions can also adsorb to zeolites
in PLs through ion exchange. MSL systems show higher nitro-
gen removal rate than that of constructed wetlands and compact
filter systems.

2.3.3. Phosphorus Removal

In the MSL system, iron particles within SMBs are disso-
Ived and leached to PLs. Fe is oxidized to Fe (III) and then
forms Fe (III) hydroxides. Phosphates may bond with such hy-
droxides or form precipitates with ferric ions. Compared to the
removal rate of organic matters, the removal rates of phosphor-
rus are more dependent on flow rate in SMBs (Sato et al.,
2011b). The removal of phosphorus in constructed wetlands is
mainly dependent on uptake of plants. The corresponding re-
moval of phosphorus by constructed wetlands can be signify-
cantly influenced by climate conditions.

3. Structureand Material Design for MSL System

3.1. Structure Design for MSLs

In MSL systems, SMBs are surrounded by PLs and they
are arranged in a brick-like pattern. The structure of the MSL
system facilitates the infiltration and distribution of wastewater
and makes higher treatment loading rates possible compared
with conventional land-based systems, which are limited by
permeability and clogging problems (Sato et al., 2011b). A ty-

pical MSL system also includes pipes to distribute water, and
aeration pipes. The dimension of MSL systems including
SMBs and PLs varies in different studies. Ho & Wang (2015)
studied the efficiency of an MSL system for wastewater treat-
ment using environment-friendly filter materials. MSL blocks
were stacked in an overlapping manner within the 50 x 10 x 70
cm (L x W x H) chamber. The soil blocks, 10 x 10 x 4 cm (L X
W xH)and 10 X 5 x4 cm (L x W x H) in size, were prepared.
The horizontal intervals between the SMB were 2.5 cm and PLs
between soil block layers was 4 cm in height. Masunaga et al.
(2007b) investigated the characteristics of CO2, CHs and N2O
emissions from MSL systems during wastewater treatment.
The soil block was 10 x 20 x 10 cm (L x W x H) in size. A 2-
cm thick layer of powder charcoal was used in each soil block.
The horizontal intervals between the SMBs were 5 cm and PL
between SMB was 7 cm in height. Latrach et al. (2015) investi-
gated the performance of MSL systems to remove fecal conta-
mination bacteria indicators and pathogens from domestic was-
tewater. The MSL system (36 x 30 x 65 cm, L x W x H) was
used. The soil block was 10 x 30 x 5 cm (L x W x H) in size.
The horizontal intervals between the SMBs were 5 cm and PL
between SMBs was 5 cm in height.

The structure of MSLs has an important impact on the per-
formance of MSLs in wastewater treatment. MSL systems with
thinner and narrower SMB showed a higher removal efficien-
cy for SS, BODs, COD and phosphorus because of the im-
proved contact between wastewater and SMB (Chen et al.,
2007). An increase in the top surface area of SMBs could affect
the efficiency of MSL systems more than an increase in side
surface area. The effective height of MSL systems varies bet-
ween 50 and 120 cm. Adequate SMB layers are required for the
removal of COD and BOD (Sato et al., 2011b). The effect of
structural differences on the performance of MSL systems was
more obvious at a low HLR (Chen et al., 2007). Vertical flow
patterns in MSL systems have been used in most of the previ-
ous studies. It was reported that horizontal flow could be used
in MSL systems, which is similar with the horizontal SF con-
structed wetlands. Zhang et al. (2015b) developed a two-stage
hybrid system, consisting of a vertical flow trickling filter
(VFTF) and a horizontal flow multi-soil-layering (HFMSL) bi-
oreactor. VFTF (32 x 16 x 60 cm, L x W x H) was packed with
gravel and zeolite. HFMSL (120 % 16 x 32 cm, L x W x H) was
designed in horizontal configurations including inlet pool, out-
let pool and MSL bioreactor. The MSL bioreactor included
SMB layers surrounded by PLs in a horizontal brick-like pat-
tern.

3.2. Material Design for MSLs

In general, the SMB consists of soil mixed with 5 - 40%
of other materials such as charcoal, sawdust, iron, etc. Song et
al. (2015) added sludge which was collected from sewage treat-
ment plants to SMBs to improve the microbial activity of MSL
system. It was found that the MSL system with 20% sludge
showed significantly improved ammonium removal efficiency.
Latrach et al. (2015) applied local materials to build an MSL
system to treat rural wastewater in Morocco. The SMBs were
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composed of local sandy soil mixed with sawdust, metal iron
and charcoal at a ratio of 7:1:1:1, and the PLs were filled by
gravel. The sawdust was derived from some species of Moroc-
can trees such as Quercussp. and Fraxinussp., and the charcoal
was made from Eucalyptus sp. trees.

Modification of the SMB composition based on the waste-
water quality and treatment target can help to control and opti-
mize the treatment efficiency of MSL systems. Luanmanee et
al. (2002c) constructed five MSL systems to evaluate the effe-
cts of different organic materials on wastewater treatment effi-
ciencies. The organic materials were mixed with sandy clay soil
and iron scraps at a ratio of 1:6:1 based on dry weight. The rice
straw, kenaf and corncob were found to be more appropriate
than Thai sawdust and Japanese sawdust, which could result in
compaction and subsequent clogging due to their fine particle
size and low biodegradability. Masunaga et al. (2003b) used the
SMBs composed of soil (Andisol or Entisol), saw dust, granu-
lar iron and charcoal at weight ratios of 67.5 (78.3), 11.25 (7.5),
11.25 (7.5), and 10 (6.7)%, respectively. The results indicated
that Entisol was more efficient for TN and TP removal than
Andisol. Entisol might contribute more effective contact of in-
let water with various components in the MSL system. In later
research, the SMBs were composed of Andisol, sawdust, and
granular metal iron at a volume ratio of 75, 12.5 and 12.5%,
respectively. The SMBs were covered with a 2 cm thick layer
of powdered charcoal. In this way, the mean pollutant removal
rate increased in comparison with the tests with Andisol alone
(Masunaga et al., 2007a; Masunaga et al., 2007b).

Besides the material selection, the mixing ratio of mate-
rials is also an important factor for MSL design. The ratio can
be adjusted based on the characteristics of soil and wastewater
to optimize treatment efficiency. Guan et al. (2012) constructed
a modified MSL system to treat leachate from rural unsanitary
landfills in southern China. Their preliminary test proved that
the MSL system suffered severely from the oxygen deficiency
and its performance deteriorated rapidly, in absence of aera-
tion. Therefore, they modified the bulk density of SMB to 0.56
g/cm’, using soil, saw dust, iron and charcoal in ratios of 50,
30, 10, and 10% on a dry weight basis, respectively. Better oxy-
gen diffusion was obtained in the modified SMB and there was
an enhanced NHas-N removal capacity. Sato et al. (2005a, b)
built an MSL system in which the mixing ration of Andisol,
saw dust, granular iron, and charcoal was 71.6:10.5:11.9:6.0.
The COD removal rate reached 90% in the last layer of the sys-
tem. Later, Sato et al. (2011a, b) developed another MSL sys-
tem when the dry weight ratio of soil, saw dust, granular iron
and charcoal were changed into 70, 10, 10, and 10% in SMB.
Although the COD removal rate could not reach 90%, the BOD
removal rate may exceed 80% in an MSL system.

In most previous studies, zeolite was selected to fill the
PLs in MSL systems. To investigate the treatment efficiency of
other possible PL materials, Pattnaik et al. (2008) applied Perli-
te and Leilehua soil in PLs instead of zeolite to remediate dairy
effluent in the Hawaiian Islands. Both materials were used se-
parately for forming aerobic layers in the MSL system. The re-
sults revealed that the removal rates of inorganic N were similar
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in the Leilehua and Perlite MSL systems. However, the phos-
phate removal was higher in the Leilehua MSL system (64 -
99%) compared to the Perlite MSL system (9 - 97%). Ho and
Wang (2015) studied three other materials in MSL systems
which were comparatively cheaper and more environmentally
friendly than zeolite, including expanded clay aggregates, oys-
ter shells, and already-used granular activated carbon collected
from water purification plants. All three substituted materials
achieved favorable removal efficiencies at low HLR. The SS
removal efficiencies of the materials decreased in an order of
granular activated carbon > zeolite = expended clay aggregates >
oyster shells. MSL systems using zeolite and granular activated
carbon showed higher NH3-N removal efficiency. There was no
significant difference of TP removal efficiencies in systems us-
ing these materials. The structure and materials of the MSL sys-
tem in previous studies are summarized in Table 3.

4. Operation of MSL System

4.1. Hydraulic L oading

Hydraulic loading is one of the most important parameters
in the design and operation of MSL systems. The performance
of MSLs under varying HLR was studied by Guan (2012). The
HLRs in this experiment were set to 200, 400, 800, and 1600
L/(m?d), with corresponding nominal HRTs of, 63.8, 31.8, 15.9
and 7.8 h. It was found that the removal efficiency of MSLs
was lower with a higher HLRs. Similar findings were also con-
firmed by Ho and Wang (2015), where different materials for
permeable Layers was tested with the HLRs ranging from 0.5
to 3 t/(m?d). It was found that the removal of SS and COD were
significantly affected by the HLR, while TP removal was not
as sensitive. Masunaga (2007a) investigated the performance
of MSL systems under various HLRs of 500-2000 L/(m?d). The
removals of TN and SS were not appreciably influenced by
changes in the HLR. The removals of COD and TP tended to
be higher at lower HLRs. An increase in the HLR probably re-
duced the contact time in the MSL systems, which resulted in
the decrease in the removal percentage. However, the removal
rates of BOD, COD, nitrogen and phosphorus were higher at
the higher HLR.

The gaseous emissions during MSL treatments under vari-
ous HLRs were studied by Masunaga et al. (2007b). It was
found that the flux of CO2 was not appreciably different when
the HLR differed widely. Methane was consumed in the MSL
system during most of the study period, and the consumption
tended to be more efficient in the treatments at high HLRs. Ni-
trous oxide emission decreased as the HLRs increased in the
wastewater containing a high level of contaminants, while in
the case of wastewater containing a low level of contaminants,
such decreases in the emissions were not observed. Therefore,
it can be speculated that more organic matters were retained in
the system as biomass at higher HLR conditions, which could
lead to clogging. This was confirmed in the study as at higher
HLRs, clogging of the system during the early periods of ope-
ration was observed.
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Table 3. Structure and Material of MSL Systems

System Soil block Horizontal Height of Material of PL Material of SMB References
dimension dimension intervals  PL layer
LxWxHem) (LxWxHecm) between (cm)
soil blocks
(cm)
50 x 10 x 70 10x10x4 2.5 4 Zeolite, expanded clay ag- Sandy clay, powdered activated (Ho and Wang,
gregates, oyster shells used carbon, rice straws and iron 2015)
granular activated carbon  scraps (75, 10, 5 and 10%)
30 x 36 x 65 10 x 5 x 30 5 5 Gravel Sandy soil, charcoal, sawdust (Latrach et al.,
and metal iron (70, 10, 10, and  2015)
10%)
32 %16 %60 16 x 8 x 16 5 5 Zeolite to iron scraps Clayey soil, sawdust and iron (Luo et al,,
(5 -95%) scraps (75, 10 and 15%) 2014)
50 x 10 x 75 9x10x3.6 2.8 4.7 Zeolite Soil, sawdust, iron, and charcoal (Guan et al.,
(50, 30, 10 and 10%) 2012)
50 x 10 %73 12x10x%x5 3.5 5 Zeolite layers Andisol, sawdust, granular iron, (Sato et al.,
(3 -5 mm) and charcoal (70, 10, 10 and 2011a)
10%)
50 x 10 x 73 12x10x%x5 3.5 5 Zeolite Andisol, sawdust, granular iron, (Sato et al.,

and charcoal in ratios of 70, 10, 2011b)c
10 and 10%

45.7 (diameter) x 5x10x22,5x 0 5 Leilehua soil and perlite Honouliuli soil, ground charcoal, (Pattnaik et al.,

100 10 x 38 fine sawdust, and lmm diameter 2008)
iron filings (70, 10, 10 and 10%)

50 x 10 x 120 20 x 10 x 10 5 7 Zeolite (1-3 mm) Andisol, sawdust and granular ~ (Masunaga
metal iron (75, 12.5 and 12.5%) et al., 2007b)

50 x 10 x 120 20 x 10 x 10 5 7 Zeolite (1-3 mm) Andisol, sawdust and granular ~ (Masunaga
metal iron (75%, 12.5% and et al., 2007a)
12.5%)

50 x 10 x 73 12x10x%x5 5 5 Zeolite (3-5 mm) Soil (Andisol), saw dust, granular (Sato et al.,

iron and charcoal (71.6, 10.5, 2005a)
11.9 and 6.0%)

50x10x%x73 12x10x5 5 5 Zeolite (3-5 mm) Soil (Andisol), saw dust, granular (Sato et al.,
iron and charcoal (71.6, 10.5, 2005b)
11.9 and 6.0%)

50 x 15 x 100 145x15%x4.6 3.5 2 Zeolite Sandy clay soil, kenaf plus corn- (Boonsook
cob and iron scraps (75, 12.5, et al., 2003)
12.5%), charcoal cover

180 x 80 x 105 70 x 85 x 10 20 10 Zeolite (1 - 3 and Soil (Andisol or Entisol), saw (Masunaga
3 -5 mm) dust, granular iron and charcoal et al., 2003b)
(67.5, 11.25, 11.25 and 10%,
78.3,7.5,7.5and 6.7%)

100 x 200 x 150 100 x 60 x 8 5 5 Zeolite Clayey soil, sawdust and iron (Luanmanee
scraps (75, 10 and 15%), 2 cm et al., 2002b)
charcoal cover

15 x50 x 100 14.5x15%x 4.6 2 Zeolite Sawdust, sandy clay soil and iron (Luanmanee
scraps (12.5, 75 and 12.5%), 1.6 et al., 2002c)
cm charcoal cover

350 x 250 x 120 60 x 10 x 175 10 5 Zeolite Sandy clay soil, iron, pelletized  (Sato et al.,
jute, forest floor litter (60, 15, 10, 2002)
and 15)

100 x 200 x 150 100 x 60 x 8 5 5 Zeolite Soil mixed, sawdust, iron scraps (Attanandana
(75, 10 and 15%), 2-3 cm char- et al., 2000)
coal cover
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The flow patterns in the MSL as affected by the HLR were
also investigated. Guan et al. (2014) investigated the flow pat-
terns by the residence time distribution (RTD) method using
pulse tracer. The extent of back-mixing extent in MSL sys-
tems was moderate dispersion under HLRs from 200 to 1600
L/(m?d). Meanwhile, dead zones were significantly negative
correlated with residence time. As well, the dead zone ratio of
the MSL system were 41.0, 52.3, 59.6 and 38.8% under HLR
200, 400, 800 and 1600 L/(md), respectively. Sato et al.
(2005b) investigated characteristics of water movement in
MSL system. Wastewater preferred to flow into the PLs while
the HLR increased from 1000 to 5500 L/(m?d), which dcreased
the contact opportunities of the wastewater with the SMBs.

The hydraulic loading is considered as a contributing fac-
tor for the clogging of the MSL. Masunaga et al. (Masunaga et
al., 2003b) showed that there was no clogging with hydraulic
loading rates lower than 2000 L/(m?d), but they caused clog-
ging within 5 months after the loading rate was increased to
4000 L/(m?d). According to Guan (2012), two MSLs with hig-
her HLR (800 and 1600 L/(m?d)) were found to be clogged af-
ter operating 48 days among four MSL reactors. Contrarily, the
other two MSLs were not clogged under lower HLR, 200 and
400 L/(m?d). This phenomenon was attributed to the imbalance
between the input and output of organic matter. Therefore, the
COD loading should be a more direct factor than hydraulic
loading. It can also be speculated that with the same COD load-
ing, the MSL with higher HLR is less likely to be clogged be-
cause of higher hydraulic disturbance (Ho and Wang, 2015).

4.2. Operation Cycles and Feeding Mode

Clogging of MSL systems has been a major problem that
results in total system failure (Guan et al., 2015). It was sugges-
ted that clogging can be avoided by operation planning such as
using two sets of operating systems or settling the rest period
of the system during the season in which water is less polluted
(Masunaga et al., 2003b). To reduce the risk of clogging, provi-
ding a periodic resting time in a system operation cycle and
reduction of SS discharge into the system by pre-treatment of
wastewaters could be recommended for the use of the MSL sys-
tem. Net removal rates in operational cycles of 7-month work-
ing and 2-month rest for the L-2000 treatment and of 4-month
work and 2-month rest cycle for the H-2000 treatment were the
highest among the treatments (Masunaga et al., 2007a). The ef-
fect of water spraying frequency in a two-stage MSL system
was studied (Zhang et al., 2015b). The frequency was set at 16
$/60 min, 8 s/30 min, 4 s/15 min. As the result, higher water
spraying frequency benefited the removal of COD and TN.

4.3. Aeration

The performance of MSL systems can be influenced by the
aerobic and anaerobic conditions. The purification capacity of
MSL system can be maintained by adopting adequate aeration,
even after 10 years of operation (Sato et al., 2002). Aeration at
optimal intensity and duration can significantly enhance the re-
moval of BODs, COD, TN and TP. As shown in Figure 3, aera-
tion pipes can be set inside the MSL to control the aerobic and
anaerobic states of the system by injections of air from outside
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the system (Sato et al., 2002; Masunaga et al., 2003b; Guan et
al., 2015). Since BODs represents easily decomposable organic
matter, aeration can immediately increase its removal efficien-
cy in an MSL system. COD includes more slowly decompo-
sable organic matter, bordering on recalcitrant materials, so its
removal requires more intensive aeration compared with BODs
removal. In the MSL system, TN is removed through nitrifica-
tion and denitrification processes, and excessive aeration has
an adverse effect on TN removal by hindering the denitrifica-
tion processes. When nitrification occurs, hydrogen ions are re-
leased, thus the pH may decrease. In contrast, denitrification
produces hydroxyl ions, and subsequently a higher pH is indu-
ced in MSL systems (Luanmanee et al., 2002c; Boonsook et al.,
2003). Therefore, the rate and duration of aeration need to be
adjusted depending on the quality of the wastewater and the
components and structure of a given MSL system (Luanmanee
et al., 2002c; Chen et al., 2009).

Waste
water

inflow Treated

‘water
outflow

Aeration

Figure 3. Typical setup of aeration pipes in MSL system (Sato
et al., 2002).

Chen et al. (2007a) applied the MSL system to remove co-
lored substances and COD from livestock wastewater and inve-
stigated the impacts of aeration on treatment efficiency. It was
found that the different positions of aeration pipes did not have
any significant influence on the removal efficiency. However,
an increase in aeration intensity from 1000 to 2000 L/min per
system increased decolourization rates by 3.0-12.1%. For COD
removal, an increase in aeration intensity enhanced the removal
rates by 23.0 - 43.3%. The decolouriza- tion and COD removal
efficiencies of livestock wastewater reached 60.7 - 67.1% and
48.8 - 58.0%, respectively. Without aeration, the removal effi-
ciencies of BODs, COD, TN and TP for cafeteria wastewater
were only 48, 58, 83 and 53%, respectively (Attanandana,
1997). With continuous aeration supply for a month, the corre-
sponding pollutants removal efficiencies increased substan-
tially to 90, 70, 91 and 90% (Luanmanee et al., 2002c). Never-
theless, excessive aeration may negatively affect the normal
metabolism of microorganisms. Excessive aeration may cause
strong nitrification processes in an MSL system, and then in-
hibit the denitrification process as a result of the absence of re-
ducing conditions following nitrification (Luanmanee et al.,
2002c; Guan et al., 2012). Luanmanee et al. (2001) operated
an MSL system for 10 years without aeration, the removals of
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Table 4. Performance of MSL Systems under Various Hydraulic Loading and Aeration Conditions

HLR Aeration  COD (mg/L) BOD (mg/L) TN (mg/L) TP (mg/L) SS (mg/L) Clogging Reference
(L/m*d) (Removal %) (Removal %) (Removal %) (Removal %) (Removal %)
660 No 417.47 +89.01 (92.5) - 49.02+7.74(89.5) 422+0.82(91.0) - No (Zhang et al., 2015b)
660 No 25520+ 65.12(92.3) - 49.31+9.91(89.4) 391+0.41092.1) - No
660 No 98.68 £35.22 (81.8) - 49.58 +7.23 (73.6)  3.93+0.31(91.9) - No
200 No 641+ 12 (81) 201 + 3 (86) 100.5 + 1.5 (78) 3.6+0.07 (80) 164 +£3(93) No (Latrach et al., 2015)
500 No 170.7 - 203.2 - NH3-N: 24.6 - 27.5 7.9-10.7 11.28-16.77 (63.2 - - (Ho and Wang, 2015)
(54.6 - 76.9) (77.9 -99.7) (97.8-99.1) 94.5)
1000 No (33.9-65.2) - (53.8-99.7) (94.4 - 98.3) (54.9-90.3) -
2000 No (22.9-494) - (41.3-98.6) (90.5 - 96.3) (33.5-88.9) -
3000 No (26.8 - 42.7) - (24.8-93.4) (91.4-93.3) (32.4-74.2) -
240 No 265+ 17 (92.8) - 60.0 +3.59 (63.5) 5.32+0.46(58.6) - No (Luo et al., 2014)
440 No 210+ 15(79.0) - 57.7+3.69 (52.3) 4.61+£0.66 (47.3) - No
200 No 218.4+133.8 - 73.7+14.3 1.1+1.3 - No (Guan et al., 2012)
(72.0£20.3) (66.5 +33.1) (84.1+£17.6)
400 No (62.0 +18.4) - (44.0 +£34.2) (54.9 +40.8) - No
800 Occasional (45.3£15.7) - (29.0 £ 39.5) (33.9 £ 39.6) - Yes
1600 Occasional (35.3 +17.9) - (25.5+29.8) (26.1 +37.5) - Yes
1000 No 65.7 (87.7) 28.1 (98.0) 9.8 (73.5) 1(94.1) 14.9 Yes (Sato et al., 2011b)
500 No 43.9+£21.5(89) 321+£209094) 63+1.7(44) 0.76 £ 0.30 (73) 27.8+£21.9 (93) No (Masunaga et al., 2007a)
1000 No (84) (94) (48) (69) (90) No
1250 No (83) 94) (51) (69) 1) No
1500 No (86) 95) (47) (66) 92) No
2000 No (85) oD (56) (63) 94 Yes
500 No 121.6 £96.7 (94) 69.5+52.7(98) 9.6+2.7(45) 1.47 +1.16 (89) 78.3 £75.3 (95) No
1000 No 92) 94) (54) (85) (96) No
1250 No 91) 95) (56) (74) 93) Yes
1500 No (90) (94) (48) (71) (92) Yes
2000 No (87) (88) (57) (65) 1) Yes
1000 - 3000 - 51.3-65 29.1-38.5 8.7-114 0.99-1.44 70.7-73.3 - (Chen et al., 2007)
(60.2 - 87.0) (75.7 - 92.6) (34.0-62.7) (50.6 - 61.7) (81.7-97.2)
1000 - 4000 No 26 (63 - 85) 11 (72 - 84) 5.4(22-39) 0.22 (52 -67) 29 (72 - 84) At 4000 HLR (Masunaga et al., 2003b)
96 - 346 No 304 £ 150 55.6+44.8 60.1+28.8 8.6+0.7 - Partial (Boonsook et al., 2003)
(79.0 - 98.1) (80.0 - 99.6) (79.0 - 92.1) (97.1 - 100)
130 -210 Yes 148 (95) 106 (90) 65 (62) 9.6 (91) Partial (Sato et al., 2002)
96 - 346 64000 - 575+ 191 520+9.1t060.1+ 63+23t086+ 575+191 At higher HLR (Luanmanee et al., 2002c)
Lm3d!, (88.0-99.8) 28.8(75.2-95.1) 0.7 (92.5 - 100) (88.0-99.8)
7in21d
100 - 600 4000 287 + 58 (53.2) 88 +31.8(87.4) 43.5+7.88(-26.7) 9.13+0.89(80.3) - - (Luanmanee et al., 2002c)
Lm3d",
7in21d
20000 (73.30) (92.20) (15) (74.70) - -
Lm3d",
3in60d
No 27 (82.10) (65.30) (83.00) - -
850 No 326.7+131.1 298.3 £260.8 280.0 + 53.8 30.2+0.96 86.3£38.7 326.7 + 131.1 (57.6) (Attanandana et al., 2000)
(57.6) (48.2) (68.1) (51.9) (53.0)
850 When 212.7+36.7 228.3+£126.0 372.3£57.1 39.6+£10.1 101.7+£22.4 (71.2) 212.7+36.7 (69.9)
necessary  (69.9) (90.3) (90.8) (90.1)
850 Periodical 86.1 +51.3 (47.9) 153.3 +162.0 63.5+20.4 (44.2) 49+ 1.5(30.5) 34.8+£35.1(21.9) 86.1+£51.3(47.9)
(52.6)
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BODs, TN and TP were 95.0, 54.0 and 82.9%, respectively; but
under continuous air supply for 24 h, the removal of TN drop-
ped 23 % while that of BODs and TP increased slightly, and the
TN removal recovered to 73%, following cessation of the air
injection. Pattnaik et al. (2008) also developed two MSL sys-
tems with aeration systems to remediate dairy effluent. How-
ever, the supplemental aeration, which was applied in the se-
cond phase of the study, did not significantly improve the re-
moval of inorganic N, but the removal of TP increased with
additional aeration.

To balance the removal rates of BOD, COD, TN and TP in
the MSL system, researchers have tried intermittent aeration.
MSL systems was operated using intermittent aeration in a pre-
vious study (Luanmanee et al., 2002b). The results showed that
a pH between 6.5 and 7.0 was suitable to maintain the effici-
ency of the MSL system in treating municipal wastewater. The
changes in the pH of the treated water could be used to control
aeration at an appropriate rate and duration (Luanmanee et al.,
2002b; Luanmanee et al., 2002c; Chen et al., 2009). It was also
found that the aeration at a rate of 20000 L/(m3d) for 3 days
alternated with 2 months of non-aeration was the appropriate

operation approach for the operation (Luanmanee et al., 2002b).

The results from additional research in southern China also
proved that intermittent aeration was helpful to remove the
clogging of the MSL system (Guan et al., 2012). The operation
modes of MSL systems in previous studies are summarized in
Table 4.

5. Cost and Space Requirement

Although information regarding the cost of MSL systems
is very limited, a qualitative comparison between wastewater
treatment alternatives for small communities is presented in Ta-
ble 5. This comparison was based on available literature and
the authors’ previous successful projects. Conventional activa-
ted sludge based processes are considered as reliable and effi-
cient in wastewater treatment, the cost-effectiveness becomes
lower for small scale applications. In contrast, constructed wet-
lands, MSLs and lagoons offer low-tech options at the cost of
land requirement and reliability. Compared with constructed
wetlands and lagoons, MSL systems feature lower land requi-
rement due to its tolerance for high organic loading and mini-
mal negative aesthetical impacts. Moreover, MSL systems are
often composed of local materials. Many studies have focused

on the alternative materials for PLs and SMB (section 3.2).
Therefore, the cost can be significantly reduced upon success-
ful utilization of local resources. Environmental optimization
is important for system design and operation (Cai et al., 2008;
Huang and Cao, 2011). To optimize the operating costs, the pe-
riodic aeration is more suitable than continuous aeration. Chen
et al. (2009) estimated the cost of MSL of 100 m?/d at an HLR
of 1000 L/(m?d) in China. The cost for constructing such an
MSL system can be less than US$10000 in China. In addition,
most of the sludge can be decomposed inside the system. Soil
and zeolite from used MSL systems can be applied for agri-
cultural addition as it is rich in nutrients such as NH4*, P, Fe
and Ca.

6. Challengesin Field Applications

MSL systems have been used in some previous field app-
lications. In Matsue City of Japan, an MSL treatment system
was operated to treat domestic wastewater from 1990 to 2000
(Luanmanee et al., 2001; Luanmanee et al., 2002a). The remo-
val rates of BODs and TP were higher than 80-90% and the
removal rates for TN decreased to 50-70% after 3 years of ope-
ration. In Oki Island, Shimane prefecture, Japan, the MSL sys-
tems were constructed for direct treatment of polluted water
from Uya River. About 1400 households were located along the
river and water flow was 600 m?/day on average. The removal
rates of BODs, TN and TP were 72.2 - 83.5%, 22.4 - 50.0% and
51.9 - 66.8%, respectively (Masunaga et al., 2003a). At Kaset-
sart University of Thailand, the MSL system was built to treat
toilet wastewater from catering outlets (Attanandana et al.,
2000). The removal rates of SS, BODs, COD, TN, NH4-N, total
P and dissolved P were 53, 48, 58, 68, 53, 52 and 64%, res-
pectively. When aeration was applied, the removal rates of SS,
BODs, COD, TN, NHy-N, total P and dissolved P could be fur-
ther increased to 71, 90, 70, 91, 76, 90 and 89%, respectively.

Use of MSL for the wastewater treatment in small commu-
nities must be carefully designed so as to maximize the pollu-
tant removal, while minimizing cost and the negative effects to
the surrounding environment. Although extensive research has
been done on the structure and function of these systems for
treatment of various wastewaters, comprehensive guidelines
and recommendations are not available and there are still many
challenges for field applications.

Table 5. Comparison of Requirements for Some Treatment Techniques

Techniques Initial investment ~ Land requirement Energy & material cost ~ Operational labor  Reliability =~ Aesthetics

MBR High Low High Technician High Noise
Constructed Intermedia High Low Informed owner Intermedia  Odor and insects
wetland

MSL Intermedia Intermedia Low Informed owner Intermedia ~ Minimal
Lagoon Low High Minimal Minimal Low Odor and insects
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Windmill aeration system

Wastewater

Septic tank

MSL

Water
collection

Treated
water

Constructed wetland
Stabilization pond

Figure 4. The schematic configuration of an integrated MSL treatment system (Huang et al., 2015).

(i) Availability of field application data

In the planning stage of MSL system design, quantitative
evaluation is required in order to determine the system configu-
ration and dimension. A target for treated water quality needs
to be set against wastewater conditions such as contaminant
concentrations. Although some studies of MSLs have been
conducted, MSL systems reported in previous studies exhibited
variability in the level of contaminant removal. That could be
attributed to different structures, SMB and PL materials, and
operation modes for these systems. For instance, soil can play
an important role in the MSL system. But the soil texture and
microorganisms may be different from case to case, resulting
in different performance in pollutant removal. Some literature-
derived results may not be directly transferable to engineering
applications. Therefore, the engineering design of a new MSL
system has to be more than simply applying identical results of
HLR and other parameters from previous studies. For the field
application, it is still required to build lab-scale MSL systems
using the same components and conditions as those in on-site
construction. In order to optimize the system performance,
some techniques such as RTD can also help to predict the velo-
city distribution of liquids and hydraulic performance (short
circuiting and dead zones) of MSL (Guan et al., 2014).

(if) Combination with other treatment approaches

When designing MSL systems for wastewater treatment in
small communities, both the treatment efficiency and socio-
economic impacts based on the different treatment targets and
site conditions need to be considered. For example, wastewater
reuse is an important strategy for conserving water resources,
particularly in areas suffering from water shortages. When trea-
ted water needs to be recycled in applications, some pre- or
post-treatment methods can be used in order to improve the
quality of the water. In some cases, therefore, it would not be
recommended to implement MSL system as the sole practice in
field application. Various types of treatment systems may rep-
resent combined MSL systems to achieve treatment targets. In

hybrid processes, the advantages of various systems can be
combined to complement each other. However, there is limited
information on the development of MSL-related integrated
treatment systems. In future, increasing attention can be paid to
developing suitable combinations of different treatment tech-
nologies. For example, wastewater from tourist sites with many
restaurants can be characterized by high-level of oils. Once en-
tering the MSL system, this may cause serious problems such
as the choking of water distribution pipes, and offensive smells
due to putrefaction. To solve the problem, an effective system
for removal of oil together with organic matter, can be applied
prior to MSL system. In addition, the combination is also de-
pendent upon some targets other than treatment performance.
From the perspective of landscape design, the constructed wet-
land and aeration ponds with various land and aquatic vegeta-
tion can be used with MSLs to improve the visible attributes of
treatment process. A better understanding of the complex inte-
ractions among different treatment processes can help to opti-
mally combine the basic scientific aspects of available techni-
cal alternatives, enabling MSL technologies to be used on a
broader scale. The value of land converted into MSL and other
treatment systems can be examined, while weighing potentially
ecological and economic benefits.
(i) Requirement for power supply

Another problem to address is related to the power requi-
red in MSL systems. In order to achieve better treatment perfor-
mance, aeration is required to provide oxygen to aerobic reac-
tions within an MSL. However, the operation and maintenance
of aeration equipment necessitates skilled labor, which is a cri-
tical obstacle in rural regions. Additionally, the electrical costs
for aeration can also be a burden for the local residents. One
energy-saving strategy would be the use of green power. Am-
ong various green power technologies, wind and solar power
are the most promising approaches for MSL processes. Huang
etal. (2015) reported the installation of a windmill aeration sys-
tem in an integrated ecological system for the treatment of do-
mestic sewage. The added aeration could increase the level of
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oxygen in an MSL system and improve the efficiency of was-
tewater treatment. The different sectors within the integrated
system were built on a slope and gravity-driven flows could
pass through these sectors without the requirement for addition
power. The schematic configuration of this hybrid system is
shown in Figure 4.

(iv) Performance at low temperatures

Temperature and seasonal conditions are the important
components of local climate and weather (Huang et al., 1996;
Rahmani and Zarghami, 2015). They may affect many biologi-
cal activities within the MSL treatment system. MSL has an
advantage in cold regions because treatment mainly occurs be-
low the ground surface where biological activities are insu-
lated somewhat from the frigid air. Although soil microbes in
winter still have the capacity to decompose organic contami-
nants, the microorganisms are usually not as effective for pollu-
tant removal at low temperatures as that at high temperatures.
The performances of most types of MSL systems are not very-
fied in winter. Winter performance of MSL can be achieved by
effectively applying some approaches in design. When the out-
side temperature is comparably lower, bed insulation and hig-
her influent wastewater temperature can make MSLs less sus-
ceptible to the influence of low temperatures. However, it
should be also noted that pollutant removal in MSL can entail
biological, physical and chemical mechanisms. Some removal
processes could be enhanced as temperature decreases (e.g. the
solubility of some organic compounds can decrease and assume
a colloidal state, which are favorable for removal by filtration).

(v) Removal of emerging contaminants

Domestic wastewaters contain many organic compounds.
Previous studies have mainly focused on the removal of con-
ventional “priority” pollutants. Recently, there have been incre-
asing concerns for emerging contaminants. For example, phar-
maceutical and personal care products (PPCPs) constitute a lar-
ge and diverse group of organic compounds which are dischar-
ged directly into the sewerage systems. The risks of PPCPs
such as hormones, nonsteroidal anti-inflammatory drugs, lipid
regulators, B-blockers, and psychiatric drugs to human health
have been reported (Ellis, 2006). For wastewater treatment in
MSLs, the removal of emerging pollutants has not yet investi-
gated. It is still necessary to obtain more quantitative data and
analyses for the removal of such pollutants in MSLs. Under-
standing the basic mechanisms and processes controlling the
removal of emerging pollutants can increase the probability of
success of MSL application.

7. Conclusions

MSL systems have been used to treat wastewaters from a
variety of sources. MSL systems need little energy, have low
operational cost and requires small land areas. MSLs represent
a suitable solution for treatment of wastewater in small and re-
mote communities. A good design of MSL before being built,
is of paramount importance for the successful application of
MSL techniques. The design should take into account the po-
llutant characteristics, loading rates, hydrological and climate-
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logical conditions, and the management needed for operation
of MSLs. Although some field applications of MSL have been
conducted, most of the previous studies have been based on
lab-scale MSL systems. Only a few studies assessing the effects
of long-time operation on the performance of MSL system have
been investigated in this regard. Some challenges related to
field applications of MSL systems must be taken into consi-
deration. MSL depends on the interaction of many different
components. A number of fundamental aspects of exactly how
MSL systems function are not yet adequately understood. A
better understanding of the entire mechanism can provide valu-
able insight into the overall MSL function and structure. Incre-
asing knowledge about process optimization, temperature eff-
ects and removal of emerging pollutants should be a goal of
ongoing and future research in this field. It is expected that
guidelines for the design and operation of MSL system depen-
ding on the wastewater characteristics, treatment target and site
conditions can be generated in the near future.
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Abbreviations

BOD  Biochemical oxygen demand

CEC Cation exchange capacity

COD  Chemical oxygen demand

FWS  Free water surface

HFMSL Horizontal flow multi-soil-layering
HLR  Hydraulic loading rate

HRT  Hydraulic retention time

MSL  Multi-soil-layering

PLs Permeable layers

RTD Residence time distribution

SMBs  Soil mixture blocks
SS Suspended solids
SF Subsurface flow
TN Total nitrogen

TP Total phosphorus
VFTF  Vertical flow trickling filter
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