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Abstract

This study is aimed to comprehend the treatment of non-submerged attached growth
systems using bio-sponge, bio-cord, and bio-cloth media. Three reactors were set up with
internal recirculation ratio of 1 (IR = 1) and similar media surface area. Bio-sponge and bio-
cloth reactors showed removal of COD (79 vs. 76%) and NH,*—N (78 vs. 73%). While bio-
cord treatment was deteriorated due to time-dependent process. Multiple linear regression
revealed that alkalinity governed the formation degree of the anaerobic zone in bio-sponges,
partially affecting nitrification. Increasing IR from 1 to 3 caused sludging of the attached
biomass and was positively correlated with effluent nitrite nitrogen concentration, indicating
the sensitivity of nitrification to spatial distribution effects. In addition, bio-sponge system
obtained superior performance at IR of 2 while bio-cloth one might be also an effective
media for wastewater treatment if having good durability.
Keywords: Nitrite accumulation; Attached growth; Multiple linear regression; Down-flow

hanging media; Domestic wastewater.

1. Introduction

In low-income countries, setting up centralized wastewater treatment systems to assist
rural areas 1is costly and underfunded. This is due to scattered populations and geographic,
hydrologic, economic, and social constraints (Asano et al., 2007). Hence, the adoption of
small-scale treatment systems has been recognized as a vitally alternative solution for
decentralized treatment to prevent multidimensional consequences from eutrophication
(Itayama et al., 2006; Ushijima et al., 2015). In this light, many eco-friendly methods have
been proposed for wastewater treatment, such as bioremediation, non-submerged attached
growth, microalgae-activated sludge process, anaerobic osmosis membrane bioreactor,

modified constructed wetlands, or biochar (Varjani and Upasani, 2016; Watari et al., 2017;



Nguyen et al., 2020; Nguyen et al., 2020; Gao et al., 2021; Dang et al., 2021).Among them,
the non-submerged attached growth process has been paid much attention to thanks to its
cutoff of aeration requirement. This process is similar to trickling filter integrated with a
packing media (bio-carrier) to enrich biofilm under natural ventilation (Tra et al., 2021). This
configuration allows extending the food chain from aerobic to anaerobic bacteria contributing

to energy savings, which could be a green technology towards sustainability.

Media, the core of the trickling filter, has been widely studied over the past twelve
decades. The first trickling filter, derived from a rock, was applied to sewage treatment in the
UK in 1893 (Bressani-Ribeiro et al., 2018). By the 1970s, plastic was explored as an effective
alternative media due to its light weight. Currently, the characteristics of plastic media allow
it to fulfill dozens of commercial needs. Such characteristics include a sufficient surface area
of 200 m? m= or more (Rittmann and McCarty, 2020; Budgen and Le-Clech, 2020), a high
porosity of 95% to avoid clogging (Hayder et al., 2017), good pore size (Machdar et al.,
2018), allowance for dissolved oxygen (DO) transfer (Araki et al., 1999; Bundy et al., 2017),
maintaining a proper biofilm thickness (Arabgol et al., 2020), and a high durability and cost
performance (Loupasaki and Diamadopoulos, 2013). Several media (i.e., polystyrene,
polyurethane, polypropylene, cotton, polyvinyl chloride, and geotextile) have been
subsequently evaluated on their treatment efficiencies and the mechanism of pollutant
removal (Loupasaki and Diamadopoulos, 2013; Husein et al., 2019). However, it is essential
to note that some materials often did not attain optimal interaction between media types,
pollutants, and native microorganisms interactions. Critical issues found in this process are
odor, filter clogging events, and the treated water sometimes cannot comply with effluent

standard limits (Rittmann and McCarty, 2020).

Currently, polyurethane (bio-sponge) has emerged as a potential candidate for

trickling filter applications thanks to its high specific surface area up to 2400 m~2 m> (Tra et



al., 2021). This feature allows it to operate for a long time without hindrance, caused mainly
by clogging or media durability (Onodera et al., 2014). In addition, Miyaoka et al. (2017)
reported that bio-sponge enhanced biomass growth up to 20-35 g L-1, 10-20 times higher
than the activated sludge process. The unique structure of bio-sponge favors improved
nitrogen removal via nitrogen dissimilation pathways such as shortcut nitrification and
denitrification, partial nitrification, and single-stage mainstream partial nitritation—-anammox
process (Chuang et al., 2007; Matsubayashi et al., 2016, Watari et al., 2020). Additionally,
the complex physico-chemical interactions occurring inside sponge carriers might improve
pathogen bacteria removal of 1.8 x10° MPN 100 ml! and 1.5 — 3.7 log of virus (Tawfik et al.,
2006; Kobayashi et al., 2017). The concentration of biomass trapped inside the media pores
was found to be 1.3 — 4.3 times higher than that of outside sponge surface (Onodera et al.,
2016). This is a unique feature of sponge carriers in preventing clogging. However, like other
biological treatment methods, certain adverse conditions can affect nitrogen removal (e.g.,
increasing internal circulation (IR), salt accumulation, or decreasing natural ventilation). For
example, switching IR from 0 to 1.5 and 2.0 resulted in an increase of 39.5%, then an 8%
decrease in the denitrification, respectively (Ikeda et al., 2013). In addition, reducing
dissolved oxygen in bulk liquid or aerobic biomass exposed to anaerobic biological products
such as volatile fatty acids can inhibit nitrification and thereby induce nitrite accumulation

(Chuang et al., 2007; Matsubayashi et al., 2016, Le et al., 2020).

Contemporaneously, researchers have recently focused on polypropylene media in
biofilm reactors, denoted here as bio-cord (Yuan et al., 2012; Tian et al., 2019; Aqeel and
Liss, 2020). This concept originated from a farmer in Japan who realized that the ropes
cleaned water in oyster beds by branch strands submerged in the seawater. The commercial
bio-cord consisting of the core thread with several polymer fibers is looped to facilitate

microorganisms proliferation (i.e., vertical distribution). This media exhibited good



performance by removing 87% TSS (Yuan et al., 2012) and 92 % NH,*N (Tian et al., 2019).
Around 98 % NH,*—N removal was found in a bench-scale bio-cord for wastewater treatment
from lagoon treatment system (Skoyles et al., 2020). These results highlighted that bio-cord
could be a potential alternative or supplement to treat agricultural wastewater (Zhou et al.,

2018).

Another idea is to use flat cotton or synthetic fabrics (bio-cloth). The cellulose content
in cotton quickly accelerates biodegradation caused by bacterial enzymes (Varjani, 2017),
reducing its durability for application to biological processes (Chauhan et al., 2019). To
overcome this issue, bio-cloth modified using the hydrosulphuric acid improved its durability
and removal performance (i.e., COD and NH,—N at 98.34% and 85.44%, respectively)

(Husein et al., 2019).

Currently, either bio-cloth or bio-cord has been extensively studied in submerged
biofilters by means of intensive aeration. However, lack of studies used these media in the
non-submerged attached growth processes (based on recent Scopus publications). In essence,
each material has distinct durability under certain operating conditions (Loupasaki and
Diamadopoulos, 2013), while differences in media shape and distribution (i.e., packaging or
vertical distribution) are suspected to influence treatment activity. Despite the availability and
abundance of attached growth materials, media comparisons have rarely been explored.
Whether potential materials possess proper activity treatment and value replacement is still,

moreover, questionable.

Looking for a suitable media for the low-cost treatment process, this work aimed to
comprehend the practical treatment of bio-sponge, bio-cord, and bio-cloth media. The
internal recirculation (IR = 1) was applied for three reactors corresponding to the hydraulic

loading rate (HLR) of 4.4 m* m d-!. Subsequently, the effect of IR ratios was investigated



for the best media under IRs of 2 (HLR = 6.6 m® m2 d-!) and 3 (HLR = 8.7 m?® m2 d-!)to
diminish the feed concentration of nitrogen species (Ikeda et al., 2013; Bundy et al., 2017;
Tra et al., 2021). Further, multiple linear regressions were used to explore interaction
mechanisms for each media type and potential applications to practical aspects. Such
outcomes can bring a basis for selecting an ideal bio-media for wastewater treatment in rural

areas.

2. Materials and methods

2.1. Wastewater source

The wastewater was taken from a sewage drain located inside campus of Ho Chi
Minh City University of Technology. The influent parameters were monitored during
experiment (See E-supplement). The average concentrations (mg L) are shown: chemical
oxygen demand (COD) of 161 + 66 (n = 64); soluble chemical oxygen demand (sCOD) of
125 + 57 (n = 60), suspended solids (SS) of 42 + 39 (n = 48), biochemical oxygen demand
(BOD:s) of 102 + 43 (n = 48), total Kjeldahl nitrogen (TKN) of 47 +1 9 (n = 58), ammonia
(NH4*-N) of 39 + 18 (n = 58), nitrite (NO,-N) of 0.13 + 0.38 (n = 58), nitrate (NO;-N) of
0.13 £ 0.24 (n = 58), total phosphorus (TP) of 6.9 = 4.2 (n = 51), dissolved oxygen (DO) of
0.25 + 0.22 (n = 61) and alkalinity of 208 + 95 mgCaCO; L-! (n = 55). Moreover, the pH was
stable at the range of 7.0 + 0.3, a total coliform (TC) of 2.3x10% — 1.1x10” MPN 100 mL-.
The system was operated at ambient temperature (26 — 32°C), and all samples were taken in

the morning to avoid fluctuations.

2.2. Reactor set-up
Three Plexiglas reactors have different configurations (Fig. 1). The length, width, and
height (mm) of the bio-sponge (R1), bio-cord (R2), and bio-cloth (R3) reactor were

107x107x800, 60x60%800, and 107x40x800, respectively. Selecting reactor size was to



ensure a fixed media/reactor ratio at 36% (v/v). Reactors allowed passive ventilation through
the holes (34 mm-diameter) from the bottom to the top reactor (total in 12 holes). A settling
tank of 5.4 L collected excess sludge and sloughed biomass (height x length x width
dimension, 1.e., 230 x170x170 mm). The wastewater was fed from the influent tank (120 L)
and then pumped to reactors by peristaltic pumps (i.e., PULSAtron® (Q =0-18.9 L h'l,
Pulsafeeder, Inc, USA), Chem-Feed® (Q =0 — 13.6 L h'!, Blue-White Industries, USA),

Iwaki Es pump (Q =0 — 12 L h'l, Iwaki Co., Ltd., Japan) (See E-supplement).

2.3. Media types and sludge inoculation

The bio-sponge, bio-cord, and bio-cloth media were compared due to their distinct
structure, materials, and distribution properties. Specifically, the bio-sponge was the third-
generation downflow hanging sponge (DHS G3) (Maruei Co. Ltd, MSC-E16). The bio-
sponge was cylindrical with a dimension of 30 mm in length and diameter. It was made from
polyurethane, covered by a polyethylene plastic mesh, and distributed randomly into the
system. The specific surface area, void volume, and specific density of bio-sponge were 600
m? m>, 98.4%, and 2.5 kg m=, respectively. A total of 145 sponge cubes was used in the bio-
sponge reactor with a total surface area of 1.8 m?.
The material of bio-cord was made from polypropylene (PP-45, TBR Co. Ltd). Its
configuration consists of an elongated central core and multiple fiber loops placed along body
parts to collect organisms from the water. The bio-cord media can be distributed vertically for
non-submerged conditions (Haley III, John W., 2007) and submerged conditions to establish
nitrifying biofilters (Sesuk et al., 2009). The specific surface area and density of bio-cord
were 2.8 m? m! and 3.4 kg 100 m-!, respectively. The central core has a dimension of length

and diameter (700 mm and 50 mm). Polymer fiber loops of 450 mm cover the outer



diameters. A total of 0.7 m of bio-cord was used in the bio-cord reactor with a total surface
area of 1.8 m?.

The bio-cloth was a manufactured mix of cotton and polyester to improve durability
(Icotext, Japan). The presence of polyester in bio-cloth helps improve acid resistance and
possesses high tensile strength and permeability in the long term. Bio-cloth was threaded
through stainless steel bars, distributed vertically, and arranged by the author into parallel
sheets. The specific surface area was 2 m? m2, and its particular density was 6.2 kg 100 m=.
A total of 15 pieces of bio-cloth was used in the bio-cloth reactor with a total surface area of
1.8 m?.

The three media were inoculated with diluted activated sludge (AS) to indulge a
microbial community before conducting tests with wastewater. The AS was collected from a
recycled sludge line of the secondary sedimentation tank with an initial MLSS value of
12,000 mg L-1. Subsequently, the sludge was diluted with domestic wastewater to reach the
MLSS of 1500 mg L-1. In the inoculation process, three media were separately submerged in

the diluted sludge for 3 days.

2.4. Experimental designs

The first experiments aimed to access the potential efficacy treatment of different
media. Three independent reactors were operated with the same organic loading rate from
Eq.(1) (OLR =2.2 + 0.9 g COD m?,,.4, d 1), the total surface area of media (S,0q:,= 1.82
m?), hydraulic biofilm loading rate (HLR = 0.027 m® m2,,.4, d!) and internal recirculation
(IR=1,e.g.,Q, =25 L d!). Each system was operated in the continuous-feeding mode for
biomass acclimation for 22 d. Then, the experiment was continued for 60 d. The feed

flowrate (Q) of wastewater was set at 25 L d! (total flow rate: Q+Q, =50 L d!). The best



systems were evaluated by considering performance treatment such as removal rate Eq.(2),
media durability, and biomass stability.

In the second experiment, the best bioreactor from the first study was operated in the
continuous-feeding mode for 50 d. The IR ratios were alternated to IR =2 (25 d) and IR =3
(25 d). It means that the total feed flowrate were 75 L d-'and 100 L d-!, respectively. The
HLR, estimated from Eq.(3) was 0.027, 0.041, and 0.055 m® m?,,.4;, d”!, corresponded with
IR =1, 2, and 3. Next, the hydraulic loading rate (HLR, m?® m d-!) was calculated using Eq.
(4), retaining 4.4, 6.6, and 8.7 m*® m~ d-!, in that order. The sludge retention times of the
systems were not controlled except for sampling, and the biomass is self-released into the
wastewater. The sludge retention time was estimated for each reactor based on Eq.(5).

The organic loading rate (OLR, g m~2,,.4, d!) and removal rate (R, g m2,,,45,d!) were

calculated based on surface media as follows:

Cinr] %
OLR :u (1)
Amedia
Cinr] — [Cogl) >
v :([ r] — [Cepl) x Q 2

Amedia
The hydraulic biofilm loading rate (HLR 5 kg m-,.qi, d!) and hydraulic loading rate
(HLR, m* m d) was expressed as Eq. (3) and Eq. (4):

Q+Q
Amedia

HLRy = 3)

HIR - Q*Q

Cross - sectional area of reactor

“4)

The sludge retention time (SRT, d) in the systems were calculated based on mass

balance of VSS as follows :

Vinedgia * [X]

SRT =
Q" x[X"] + (Q— Q™) x [Xer]

)



Where:

V edia = media volume in each reactor (m?); [X] = Average sludge concentration (g VSS m-

3 edia)s Qw= Excess sludge from the reactor (m? d-1); [X,,] = Concentration of the sludge flow
rate discharged (g TSS m™,:eqiguor); Q = Influent flowrate wastewater (m? d!); Q, = Effluent
recirculation flowrate (m? d-!); X,7= Effluent suspended solids discharged (g SS m3,eq
liquor)s [C] = Concentration of individual of parameters such as COD or TN, TP, etc., (g m*);
[COD,] = Removed COD concentration (g m3) and A = total surface area of media used

(m?).

2.5. Analytical methods

The influent and effluent samples were collected and analyzed with the frequency of
three times per week. Wastewater characteristics were analyzed following standard methods,
20th edition (APHA, 1999), including COD (5220C), BOD (5210B), TSS and VSS (2540D),
TKN (4500N,,B), NH4™-N (4500N,,,B), NO, N (4500NO,B), NOs'N (4500NO5B), TP
(4500PD), Alkalinity (2320B), total coliform (9221E). pH Dissolved oxygen (DO) values
were measured using a pH meter (Hanna pH21, Hanna Instruments, Inc., Canada) and a DO

meter (Hanna Hi 9143). For sludge samples, TSS and VSS (2540D) were analyzed.

2.6. Statistical analyses

Statistical analysis was performed using R studio 1.3.959 (https://www.R-
project.org/). A tidyverse package was used to visualization the raw data. Data were
subjected to analysis of variance (ANOVA) and the probability p-value was set at 0.05 for all
analyses. Moreover, Multiple linear regression was used to analyze the experimental results.

Pearson's correlation was used to analyze the relationships between influent and effluent
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parameters. The effluent parameters of sCOD, NH,;*-N, NO;-N, TKN are defined as
dependent variable (Y) and is expressed as follows:

Y=o+ BiXs+ BoXo+... + Xyt e
where S, S, f>..., B are the regression coefficients, € are the random errors due to other
factors not included in the study. The regression was done using X;, X ..., X, (independent
variables) as the factors affecting Y. The distribution of errors between observed and
predicted values (i.e., the residuals of the regression) was subjected to check normality by
using the Kolmogorov-Smirnov test (ks. test() function) with significance values of p > 0.05.
Based on the change of removal performance during the 82 days of operation, the
independent variable was divided into the early period (from day 23 to 58t) and the final
period (day 59t to 82nd). The time effect is taken into account as an independent variable.
Each model was selected by reducing the number of independent variables and satisfied p >
0.01. Finally, the second-order Akaike Information Criterion (4/Cc) was used as model
selection. The Akaike Information Criterion (4/C) is expressed as follows:

AIC =2K—-2In(L)

2K(K+1)
n-K-1

AICc = AIC +

Where, K is the number of estimable parameters,  is the sample size, and In (Z) 1s the
maximum log-likelthood of the model estimated. The “best” model can be determined by
AIC or AICc score in which AICc taking into account for sample size, essentially increases

the relative penalty for model complexity with data sets (/K < 40).

Results and discussion

3.1. Effect of media type on the non-submerged attached growth process

3.1.1. Organics, nutrient, and coliform removal

11



The first experiments evaluated the treatment behavior of different media under
identical conditions: OLR 0f 2.2 + 0.9 g COD m,,,.4, A}, Syseqio 0f 1.82 m?, HLRr0f 0.027
m? m2,,.4, d1, and IR of 1. The dissimilarity of media structures is doubted to alter the
organic and nitrogen biotransformation. However, no significant difference in removal was
found (ANOVA, p > 0.05) (81 + 9% of COD?-sporge 79 + 7% of COD?o-clot and 75 + 16%
CODbio-cord) (Table 1). As a result, the effluent BOD?-sponge and BOD?#e-cloth gchieved below
30 mg L-1. Bio-sponge and bio-cloth systems showed a well-executed organic treatment. The
NH,*-Nbio-sporge conversion achieved 78 + 21%, followed by 73 + 20% of NH,*-Nbio-cloth,
suggesting high nitrification occurred in both media. Besides, bio-sponge exhibited higher
stability than bio-cloth in terms of SS treatment (effluent SS?©0-Po7ge of 5+ 3 mg L1 vs.
effluent SSbio-cloth of 8 + 8 mg 1.-1). These results implied that the packed distribution
facilitated improve SS removal via physical filtration. In contrast, due to the longitudinally
distributed media, the physical filtration of the bio-cloth could be lower than the bio-sponge,
so it fluctuates slightly.

For bio-cord system, NH, -N?©-cord conversion showed high fluctuation (61 + 30%)
(Table 1). Beside, the organic and nitrogen removal has been degraded at the final stage (Fig
2, 3). In detail, the effluent DO?-<ord gradually decreased from day 59 to 82 (Fig. 2A). This
result has increased effluent COD?-<od (Eig, 2B), pH?°-<ord and SSbo-cord for the last 24 d
(Fig. 2C and 2D). Together with the resultants in low removal of TKN?©-cord gnd NH 4 —Nbio-
cord (Fig. 3A and 3B), these outcomes suggested that nitrification of bio-cord did not occur
adequately. Moreover, a low effluent concentration of NO;—N?e-cord ¢ould be observed due
to reduced nitrification from days 59 to 82 (Fig. 3D). Such result implied that simultaneous
nitrification and denitrification in bio-cord might hardly be achieved at the final stage. This

1ssue will be discussed further in section 3.1.3

12



The treatment trends of bio-cloth were found to be quite similar to bio-cord in several
parameters (such as decreased NO;—N, increased pH, SS). However, the fact that processing
1s not inhibited but instead indicates an increased treatment activity (Fig. 2A, 2C, 3A, 3B).
High NH,/N removal and low concentration of effluent NO;—N was noticed (Fig. 3D),
indicating bio-cloth system is a feasible process for nitrogen removal. The average TPbio-cloth
removal was comparable with TP?©-sPonge (effluent TP of 5 vs. 6 mg L!) (Table 1).
Furthermore, although the ability to remove COD and SS in the bio-cloth is lower than that of
the bio-sponge, both effluent concentrations complied with the national discharge standard
(COD < 75 mg I'1, SS < 50 mg I'?). Such findings highlighted that bio-cloth could be also a
promising candidate for the non-submerged attached growth process

The influent coliform could range from 3.6x10° to 1.1x10¢ MPN 100 ml-!. The
effluent are summarized in Table 1 (n = 8). The effluent was 251 + 324, 1670 + 3100, and
773 £ 767 MPN 100 ml! for bio-sponge, bio-cord, and bio-cloth systems, respectively. The
removal of total coliform in bio-sponge and bio-cloth systems were less than 3000 MPN 100
mL-1, complying with Vietnam’s national technical regulations for domestic wastewater
QCVN14:2008/BTNMT (A). The removal achieved a 4.1 and 3.5 log reduction for bio-
sponge and bio-cloth systems. The high biomass attached in the media could eliminate
coliform through various mechanisms, i.e., biofilm adsorption, oxygen stress, natural die-off,
predation, and competition (Tandukar et al., 2005). Moreover, Tawfik et al. (2006) suggested
that the pathways of coliform elimination in the down-flow hanging sponge system are
adsorption followed by predation. It should be noted that the less removal of coliforms in the
bio-cord could be due to the improper distribution of the biomass on the media (see section
3.1.3), reducing interaction between predator and foreign coliforms. Furthermore, DO
decreases in the bio-cord reactor at the end period, which is ascribed to cause a decline in the

ability of pathogenic bacteria elimination.
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3.1.2. Biomass growth

The harvested biomass was determined based on two features (e.g., biomass/volume
media used as TSS,; and biomass/effective surface area as TSSy.a). As shown in Fig. 4A, the
TSSy,bio-sponge. TSSy,Lio-cord and TSS P00t were 21.0 + 3.4 gTSS L1, 21.4+ 0.6 g TSS L!
and 113.6 + 5.2 g TSS L, respectively. The TSSy,*-Po"€¢ was comparable with the previous
studies (from 20 to 46 gTSS L) (Onodera et al., 2016; Miyaoka et al., 2017). Meanwhile,
bio-cloth possessed a three-fold higher TSS yield than the others. This fact can be
theoretically explained by the difference in media volume used (e.g., Vbio-cloth = () 182 L, Vbio-

sponge = 3,045 L and Vbiecord = 1 113 ).

Fig. 4B showed the TSS ,,..2*Po"g¢ was 36.2 = 5.8 gT'SS m2, being three times higher
than the others (i.e.,12.5 + 0.4 g TSS m2 of TSS g9 and 11.3 + 0.5 g TSS m2 of
TSS 4o c™). This is theoretically achievable due to the highly porous structure of bio-
sponge (surface area of 600 m? m-3) which enhances biomass retention. As estimated, the
SRT of the bio-sponge (168 days) was significantly higher than that of the bio-cord (117
days) and the bio-cloth (98 days). Interestingly, although bio-sponges contain higher biomass
per surface area of media used, the highly porous structure proved effective in preventing
clogging (Onodera et al., 2016). For bio-cloth, this media offered a sufficient treatment in
which the removal rate is comparable to bio-sponge such as COD (0.31 vs. 0.35 gm? d!), SS
(1.75 vs. 1.78 g m? d'1), and NH,*-N (0.24 vs. 0.24 g m? d-!) (Table 1). Since SRT of the bio-
cloth is the lowest, such a high removal rate implied that the bio-cloth structure could
facilitate oxygen and substrate diffusion into the biofilm to increase the treatment activity.
The bio-cloth media possessed a simple effective structure allowing a more uniform
distribution of biomass from top to bottom. Pristine hydrophilic groups of OH- on cotton
media favor water attraction and bacteria growth (Chauhan et al., 2019). A separate study

indicated that under submerged conditions, the biomass densities of bio-cloth media could be
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retained up to 47.33 + 1.2 g L (Husein et al., 2019). Herein, for operating with a trickling
filter, the biomass was 2.4 times greater (i.e., 113.6 + 5.2 g L). Although commercial cotton
has a high filtration efficiency, its durability is an obstacle compared to synthetic fibers.
Some properties such as tensile strength, fabric resilience began to wane after 30 days of
testing (Husein et al., 2019). In this work, polyester-cotton-made bio-cloth allowed to extend
durability up to 80 days, which figured out an important practical aspect of bio-cloth media
(See E-supplement). Bio-cloth configuration allowed a longitudinal distribution to potentially
limit the colonization and proliferation of certain macrofauna species by gravity effect. In
addition to bio-sponge, overall findings highlighted that bio-cloth might be considered a
potential candidate for utilization in the attached growth. Practical aspects of bio-sponge and

bio-cloth will be discussed in detail in section 3.3.

3.1.3. Multiple linear regression analysis: Exploring critical factors affecting bio-media

performance

Multiple linear regression (MLR) was implemented for predicting the effluent
concentration of NH,*-N, TKN, NO;-N, and sCOD. The best model was determined for each
explanatory variable by selecting the lowest AICc (Table 2). This section is not only to
explore critical factors affecting bio-media performance but also to propose empirical models
to predict the effluent of parameters (i.e., sSCOD, NH;*~N, NO5;—N, and TKN).

For bio-sponge, the effluent NH,*—N correlated with both influent alkalinity (p <
0.01) and effluent DO (*“***” as p-value = 0). Both DO and alkalinity are well known to
control the activity of ammonia-oxidizing bacteria (AOB) to metabolize NH,;/—N. Thus, the
predictive models are considered to be reasonable. In addition, the models for TKN4 (Table
2) showed a positive correlation between TKN and NO,—N concentrations (p<0.001) (e.g.,
simultaneously either increase or decrease in effluent concentrations of TKN and NO,—N). It

can be theoretically explained that TKN is the sum of ammonia-nitrogen plus organically
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bound nitrogen. The organic nitrogen (NH, groups) can be converted to ammonia (NH;*) by
heterotrophs microorganisms (i.e., ammonification). Thus, the variation of complex
environmental factors likely governs the activity of NOB and heterotrophs microorganisms.
Similarly, the effluent sCOD also correlated with effluent NO,—N (p < 0.001). These two
phenomena raise the question of whether the effluent of TKN and sCOD values are relevant
to effluent NO,—N. To explain this correlation, the discussion preliminarily considers the
formation of the anaerobic zone. Under an extended SRT operation, biomass is gradually
accumulated from outside to inside the sponges. The anaerobic zone could then be developed
below the surface of a 10 mm sponge, in which DO drop to 0 mg/L (Araki et al., 1999). This
fact therefore induced lysis of dead cells and consequently released sCOD (Kim et al., 2016),
a rich carbon source for the growth of acclimatized anaerobic microorganisms (Onodera et
al., 2016; Hatamoto et al., 2018). As demonstrated, anaerobic reactions and their bio-product
caused profound inhibition of NOB activity, thereby led to nitrite accumulation (Eilersen et
al.,1994; Philips et al., 2002; Qian et al., 2017). Such findings confirm the results of positive
correlations above (i.e., between effluent concentrations of NO,—N and sCOD; between
effluent concentrations of NO,—N and TKN). Moreover, the effluent sCOD concentrations
also positively correlated with influent alkalinity concentrations based on Pearson's
correlation (» = 0.66). This fact indicated that alkalinity consumption is a major driver of
anaerobic reactions. It was reported that alkalinity-influenced sCOD and VFA release are
commonly measured in anaerobic digestion (L1 et al., 2017). These results emphasized that
there was undoubtedly competition for alkalinity consumption between anaerobic and aerobic

reactions in bio-sponges.

In bio-cord system, the effluent SCOD was significantly governed by operating time (p
= 0) (Table 2). The biomass has been degraded from day 69t to 827 (e.g., color of biomass

changes from brown to black) (E-supplement). This fact indicated that the incomplete removal
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of COD and TN was due to improper accumulation of biomass in certain area leading to self-
destruction. The biomass has arisen in a small area of media surface instead of being distributed
evenly. Such localized accumulation of biomass could reduce the diffusion of oxygen and
substrates into the biofilm. Although bio-cord performed sufficiently in the submerged mode
(Yuan et al., 2012; Zhou et al., 2018; Tian et al., 2019; Skoyles et al., 2020), its applicability

for trickling filters might be limited due to time-dependent performance.”

In bio-cloth system, the effluent sCOD has a positive correlation with TP (p < 0.001)
and TKN (p < 0.01). In addition, the effluent NH,*-N strongly correlated to effluents of pH,
COD, and TP value (p = 0). This result implied that the removal of organic matter and
nutrients is likely dependent on the stability of the attached biomass. The bio-cloth possessed
thinner biomass and a lower biomass yield than the bio-sponge (E-supplement). Under a
prolonged SRT of 98 d, the aged biofilm is easily detached from the media surface due to
mechanical stress and can be weakened by hydraulic and gravity effects. When these
phenomena occur it is perhaps not surprising that the concentrations of organic and nutrients
fluctuate to a large extent in effluent. This result is consistent with the less stable treatment of
bio-cloth than bio-sponge, especially for COD and SS. (Fig. 2B and 2D). Hence, the biomass
of bio-cloth could be sensitive to the hydraulic condition, affecting treatment stability.
Overall, multiple regression analyses have been successfully applied for determining the
essential interactions of each media type. The explored complex parameters and their
relationship to treatment criteria can serve as a guide for subsequent experiments or design

studies.

3.2. Organic and nitrogen removal drove by internal circulation ratio: Bio-sponge
reactor

3.2.1. Organic removal and biomass properties
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To investigate the impact of IR (1, 2, 3) on the performance system, the bio-sponge is
chosen for evaluation (Table 3 and Figure 5). The COD removal rate achieved 1.78 £ 0.74 g
m2,.q,d (IR =1),2.44 + 1.79 gm?,,.45,d ! forIR=2 and 1.99 + 0.73 g m2,,.4:, d! (IR = 3)
(Table 3). Although feed concentration fluctuated at IR of 2 (Figure SA), the removal rate
still improved around 1.5 times. Increasing IR (e.g., hydraulic loading rate) could slough off
the attached biomass from sponge carriers, and this fact favored improving the removal rates.
As the hydraulic biofilm loading rate (HLR;y) was increased from 0.027 to 0.055 m* m~,,.4
d-1, corresponding IR from 1 to 3, total biomass decreased linearly from 21.0 +3.3 g L1,
t0 9.2 £ 0.4 g L1,05 (R2=0.97) (Figure 4C). For the IR of 2, sponge carriers captured a
lower biomass concentration by 32% compared to IR = 1, greatly enhancing by 37% removal
rate. It was noted that DO concentration increased to 3.6 mg L-! (IR = 2) compared to 3.0 mg
L1 (IR = 1). These outcomes indicated that increasing IR helps reduce excess biomass
accumulation and improves natural ventilation. However, increasing IR did not favor
enhanced performance under low organic loading rate. A previous study on a pilot-scale DHS
indicated the COD removal decreased with increasing IR from 0 to 1 (Tra et al., 2021). This
fact 1s attributed to deterioration in biomass growth induced by increased hydraulic loading
and the long-term lack of fed COD loading (fed COD < 80 mg L-!). Therefore, if the organic
concentration is sufficiently loaded (COD about 200 mg L), an IR of 2 could be the optimal
condition for COD removal.

The COD removal rate of IR = 3 was reduced by 0.5 g m?,,.4, d! compared to IR = 2
(Table 3). The high HLRrof 0.055 m® m,,.4, d* (IR = 3) might impact the amount of
biomass retained and pollutant absorption capacity. These results, therefore, suggested that
the IR of 2 is an ideal condition to favor positive interactions of COD input, hydraulic biofilm
loading rate, and biomass activity. An optimal IR value should be selected in relation to

influent feeding conditions.
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3.2.2. Nitrogen removal

The NH, N removal rate increased from 0.24 + 0.09 (IR =1) to 0.60 + 0.17 (IR = 2),
and 0.59 +0.14 g m? .5, d! (IR = 3) (Table 3). This finding confirmed that the IR of 2
improved ammonia nitrogen removal. For the TKN effluent the outcomes of regression
model showed as follow: log (TKN.z) = 0.47 IR*** + 0.27 log (NO,g)*** + 1.68™** (*** as
p-value = 0) (Table 4). It means that increasing IR ratio posed a strongly positive correlation
with the effluent of TKN and NO,—N, suggesting that overuse of IR could adversely affect
the nitrification process. As mentioned in section 3.2.1, the changes in both HLR and HLR,,
factors impacted the juxta-positioning of microorganisms and reducing attached biomass.
This fact could disturb the spatial organization of the synergistic association between AOB
and NOB, leading to more aggressive nitrite accumulation (Philips et al., 2002).

For nitrate removal, NO;—N was negatively correlated with the IR value (p < 0.01)
(Table 4). It means nitrate nitrogen could be removed by increasing IR operation. Moreover,
although increasing IR to 2 and 3 reduced biomass up to 2.2 times, the removal rate of TN
was at least two times higher than that of IR = 1 (Table 3). This pinpointed that nitrogen
removal was due to denitrification rather than biomass assimilation. It is confirmed the fact
that IR did trigger the removal of TN via the simultaneous nitrification and denitrification
pathway.

Based on overall results, the highest COD removal and nitrification were noticed at IR
= 2, which could be considered a critical value governing bio-sponge performance. Operating
above a critical value would not only induce an adverse impact on organic removal (i.e., IR =
3) but also increase operating costs. A study by Ikeda et al. (2013) used phenol as a COD
substrate (COD > 1440 mg L) in a down-flow hanging sponge system. Their study reported
denitrification improved from 19.1 to 58.6 % with increasing IR from 0 to 1.5, but it slightly

decreased to 50.9% at IR = 2. This fact highlighted that the change in optimal IR value is
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dependent on the type/substrate concentration. Overall this findings suggested that for
domestic wastewater with COD around 200 mg L-!, the IR of 2 is an ideal operating
condition for the designed loading rate. Meanwhile, if a low-strength waster is introduced in
the reactor, the lower internal recirculation (IR = 1 or less) should be retained to minimize

energy cost.

3.3. Implications of this work

The increasing prevalence of drought, salinization, and eutrophication is affecting
agricultural production and human health globally. Under such pressure, saving water is vital.
This practice can be accomplished by selecting a proper decentralized system for reuse of
treated water, such as a slanted soil system (Ushijima et al., 2015) or the down-flow hanging
sponge (Tawfik et al., 2006; Onodera et al., 2014). To extend the diversity and feasibility of
this idea, the application of bio-treatment systems which were similar to the trickling filters
driven by different bio-carriers could be a complementary option for domestic wastewater
treatment. This study indicated that bio-sponge system possessed the superior treatment
performance in the long term operation, while bio-cord system might be a sound competitive
candidate for short-term applications. The bio-cord structure is well suited to submerged
conditions since matured and aged biofilm layers can be easily separated without inhibiting the
process (Tian et al., 2019; Aqeel and Liss, 2020). Thus, to make bio-cord workable in non-
submerged condition, frequent shock hydraulic steps must be applied to remove the matured
and aged biofilm layer to avoid ineffective biofilm zones/layers. Besides, bio-cloth has
demonstrated treatment versatility in both submerged (Husein et al., 2019) and non-submerged
conditions with acceptable durability. Bio-cloth system will be a viable option for wastewater

treatment if the durable and effective materials for biofilm growth are used.
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Although current bio-media may not receive competitive performance as conventional
activated sludge processes or membrane technologies (Nguyen et al., 2020), the quality of
treatedwastewater could still meet the requirements of the national discharge standards, which
can be discharged or possibly reused as a beneficial purpose. Furthermore, the simplicity of
reactor design, bio-carriers, and operating condtions are consistent with the concept of on-site
wastewater treatment, taking much advantage in rural areas (Itayama et al., 2006). For example,
using bio-media available in rural areas may reduce investment costs while the media
replacement is easy and convenient. Applications do not necessarily end with using a
homogeneous bio-media, but of course, taking advantages of different media types should be
considered (i.e., mixed-bio-media). As known, current livestock husbandry methods in tropical
rural areas often produce large amounts of antibiotics and pharmaceuticals in wastewater. The
combined treatment of degradation and adsorption processes in bio-media for removal of
organic matters, nutrient and micropollutants will support practical applications of green

technology for sustainable wastewater management.”

4. Conclusions

This study proposed bio-sponge and bio-cloth as ideal media for the non-submerged
attached growth process. Both bio-carriers exhibited sufficient removal of organic, nitrogen
and coliforms. In all aspects, bio-sponge system showed the best performance among media.
Bio-cloth system also exhibited good treatment performance without biofilm clogging issue
but it required a durable hanging materials for real application. Besides, the effficacy of bio-
cord system was detoriated in two months of operation due to the excessive accumulation of
biomass. Finally, the internal recirculation ratio (IR) of 2 was found to be the optimal

operating condition for bio-sponge system treating domestic wastewater effectively.
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