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Abstract: Dairy industry wastewater is rich in organic content, presenting a high biodegradability,
and therefore biological treatments are widely employed. This study aimed to evaluate biosolids
production in three systems: activated sludge (AS), movingbed biofilm reactor (MBBR), and sequenc-
ingbatch movingbed biofilm reactor (SBMBBR). Simulated dairy wastewater was used at different
organic load rates (OLRs): 1.22, 2.87, and 5.44 gcop L~1d~1. Besides biosolids production, COD,
total carbon (TC), and total nitrogen (TN) removal efficiency was evaluated. Biosolids production
was measured in the mixed liquoz, carrier-adhered biomass, treated wastewater, and surplus sludge.
The operational conditions were kept similar for the three systems, with a carrier filling ratio of 50%
for MBBR and SBMBBR. The SBMBBR proved to have better performance in the removal efficiencies
of COD, TC, and TN for all OLRs studied. The MBBR presented a similar COD and TC removal
efficiency as the SBBR for the two highest OLRs (2.87 and 5.44 gcop L1d-h). Concerning biosolids
production, the MBBR system produced less biomass and delivered the lowest amount of adhered
biomass inside the carriers. The AS treatment generated the highest amount of sludge and offered
the worst treatment capability for all OLRs evaluated.

Keywords: wastewater treatment; dairy effluent; activated sludge; moving-bed biofilm reactor;
sequencing-batch moving-bed biofilm reactor; biological treatment; carbon removal; nutrient removal

1. Introduction

The European Union (EU) is the largest dairy exporter in the world, and milk demand
should increase in the following years due to the anticipated valorization of fat milk. It is
expected that EU milk production will reach around 162 million tons by 2031 [1]. EU milk
production will need to comply with stringent environmental standards, which implies
reducing pollutant emissions into the water environment. However, to reduce emissions,
the dairy sector will have to resort to the most cost-efficient and reliable technologies. In
this regard, comparing the production of biosolids (which are associated with increased
operating costs) and the efficiency of treatment between conventional and alternative
technologies can significantly define the best available option among biological treatments
to provide the sustainable development of the dairy sector.
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The dairy industry produces wastewater at many stages of the production process,
from primary processing and separation of milk to manufacturing, packing, and distribut-
ing the final products [2,3]. Depending on the type of manufactured products, stage of
production, and farm/factory size, the wastewater produced is generally composed of
milk residues, fats, proteins, lactose and carbohydrates, detergents, and chemical reagents.
Additionally, these types of effluents are characterized by significant variations in pH
and compounds that may span a wide range of concentrations [3-5]. Dairy wastewater is
characterized by high nutrient concentration and high levels of biological oxygen demand
(BOD) and chemical oxygen demand (COD). Usually, BOD in dairy effluents ranges from
0.8 to 2.5 kg per ton of milk, while the COD level usually is 1.5 times the level of BOD [6].
In their work, Karadag et al. [2] indicated that COD concentrations in the dairy industry
are usually between 2 and 6 g L™!, while they increase up to 10 g L ! in milk-processing
effluent. Dairy industries generate 1 to 3 m> of wastewater per ton of milk processed.
On average, wastewater discharge is 70% of the amount of freshwater used at the plant.
However, the type of operation and final products influences the effluent characteristics
and the amount of generated wastewater [7]. With the dairy industry growing in Europe-28
and increasing wastewater generation [8], it becomes necessary to access the best available
options for its treatment. Due to its high biodegradability, biological treatments are one of
the most suitable methods for dairy wastewater management, including processes such
as aerated lagoons, anaerobic digester (AD), activated sludge (AS), moving bed biofilm
reactors (MBBRs), and sequencing batch reactors (SBRs), among others [9].

Anaerobic systems have been applied to different wastewaters from the dairy industry.
These systems allow for energy recovery and high waste stabilization [10]. However, even
with high COD removal efficiencies between 75 and 90% [11-14], it is often suggested to em-
ploy a pos-aerobic system to achieve safe discharge limits, especially for nitrogen [11,12,15].
Both aerobic and anaerobic systems rely on different operational aspects, such as higher
retention time (HRT), sludge retention time (SRT), operating temperature, pH, and biomass
growth rate. When comparing the anaerobic with the aerobic processes, the first tend to
suffer higher operational instability. Temperature variations, the presence of inhibitors
such as ammonia, or volatile fat acids accumulation causing a pH drop hinder system effi-
ciency [10]. Moreover, the higher retention time and maintenance costs of some AD reactor
designs often lead to extensive use of the aerobic processes instead of the anaerobic [15].

The aerobic biological treatments present as a limitation the production of high
amounts of sludge, which increases the cost of maintenance and sludge treatment [16]. In
particular, the AS wastewater treatment process, which is widely employed worldwide
as it allows for efficient biodegradation, is associated with high treatment costs due to
sludge disposal and energy consumption [17]. Therefore, it is crucial to study alternatives
to the conventional activated sludge system, aiming to minimize sludge production, thus,
reducing the cost and the impacts of its handling. For instance, attached growth processes
increase the biofilm surface area, increasing the volume of substrate able to be adsorbed
from wastewater, improving the overall efficiency of the process [18]. Biofilm in the carriers
might promote aerobic, anoxic, and anaerobic mechanisms, with the substrate limitation
being responsible for the thickness of the biofilm [18-20]. This type of reactor opens a
variety of positive perspectives for its recognized ability to oxidize carbon and nitrogen, for
requiring a smaller reactor than an activated sludge system, for not requiring any sludge
recycle, for the reduced costs combined with a smaller carbon footprint, lower requirement
for settling volume and sludge formation, and for its biomass retention capacity in floating
mobile plastic carriers [18,21-25].

The MBBR is a wastewater treatment technology in which the biomass grows on
carriers that move freely in the water volume inside the reactor [21]. The MBBR allows up-
grading performance and volumetric treatment capability in existing wastewater treatment
plants with minimal additional costs and a reduced footprint [26]. The main characteris-
tic of these systems is the biofilm growing on a protected area with different species of
microorganisms coexisting in the carriers’ surface, enhancing protection and resilience to
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environmental conditions [19]. The treatment system does not require any sludge recy-
cling, and only the surplus biomass should be separated, which constitutes a considerable
advantage over the AS and SBR systems [21,27]. However, due to aeration and oxygen
requirements of the carrier mixing, ensuring that formation of stagnant zones within the
reactors does not occur is the main setback of this system. Under complete aerobic condi-
tions, MBBR systems can be used for carbon oxidation, combined carbon oxidation and
nitrification, or separate stage nitrification [21,23,28]. MBBR optimal performance should
be based on pH, feed concentration, filling ratio (less than 70%), high HRT, optimum airflow
rate, high surface area of carrier materials, microorganisms’ metabolic characteristics, and
biofilm-forming potential. Nevertheless, the MBBR remains a valuable technology for
wastewater treatment, reaching an efficiency above 98% for BOD and COD removal [29].

Another technology applied to treat wastewaters is the sequencing batch moving bed
biofilm reactor (SBMBBR). This is a flexible and straightforward operation that merges
the SBR and MBBR technologies. The combination benefits decentralized treatment as it
decreases sludge production and increases the amount of effective biomass, even for lower-
sedimentation sludges [30]. It is often preferable to increase treatment time, reducing the
number of cycles per day, as it allows for better nitrogen removal efficiency and increases
efficiency in the presence of high organic loads [31].

Activated sludge has been reported as an efficient and reliable system for COD re-
moval [4]. Carta-Escobar et al. [32] obtained COD removal efficiencies between 72.1 and
81.0% and between 44.4 and 66.2% for organic load rates of 0.237 and 0.700 kg m 2 d 1,
respectively. Since 1992, the MBBR has been studied for dairy wastewater treatment with
results varying from 60 to 95% COD removal efficiency, mainly depending on OLR and
HRT [33-35]. Total nitrogen removal has been overlooked for this type of system when
working with dairy wastewater. Still, the denitrification efficiency caused by the biomass
in the carriers is widely known, especially for polyethylene carriers [36,37]. SBR-type
systems have been reported to be effective in treating dairy wastewater. COD, TN, TC, and
phosphorous have successfully reached high removal efficiencies [38—40]. Thus, combining
a conventional MBBR with a conventional SBR should provide higher removal capability
and improve stability.

A similar study to the one presented by the authors has been performed by
Khalaf et al. [41] who compared the performance of activated sludge and sequence-batch
reactor systems for dairy wastewater treatment. The authors achieved high COD and
NH;3-N removal for an optimum temperature of 35 °C for all the four studied reactors. AS
obtained 93.56% and 89.01% for COD and NHj3-N removal, while a biofilm SBR achieved
97.79% and 93.22%, respectively. However, the authors overlooked sludge production and
total nitrogen and carbon removal.

The present study was carried out to evaluate the potential that the MBBR and
SBMBBR systems have to replace AS in the treatment of dairy wastewater. The evaluation
was based on the total sludge production and the removal efficiency of chemical oxygen
demand (COD), soluble total carbon (TC), and soluble total nitrogen (TN) of each system.

2. Materials and Methods
2.1. Materials

For this study, three laboratory-scale reactors made of Plexiglass with 3.5 L of working
volume operated under the same conditions to appraise the performance in terms of
carbon, nitrogen, and organic matter removal efficiency. The effluent used simulated dairy
wastewater comprising dilutions of 1:80, 1:100, and 1:200, from low-fat milk. The initial
biological sludge was obtained from a conventional AS domestic wastewater treatment
station. The MBBR and SBMBBR were seeded with pre-inoculated carriers from the
wastewater treatment plant of Arzila, Coimbra. The carriers used were the “Bioflow 9”
made from high-density polyethylene with 9 mm diameter, 7 mm height, 800 m2 m—3
specific surface, specific biofilm surface area of 500 m?> m~3, and 145 kg m 3 of packing
density. The filling fraction (FF) of carriers was set to be roughly 50% of the reactor working



Sustainability 2022, 14, 2702

4 of 14

volume of MBBR and SBMBBR, setting up the carrier-specific surface area to 0.39 m? and
0.49 dm? effective carrier volume. The aeration of the reactors was made with a bubbling
aerator, ensuring that the oxygen was oversupplied. Thus, dissolved oxygen was not a
limiting factor in the reaction.

2.2. Experimental Setup

The three reactors were operated under similar conditions in three different configura-
tions: AS, MBBR, and SBMBBR. They were inoculated with the same sludge volume (1.6 L)
and tap water volume (2 L). A period of acclimatization for microorganisms’ adaptation
lasted roughly two weeks, feeding 5 mL of milk every day, allowing the microbial commu-
nities to adapt to their new environment and acclimate to the synthetic dairy influent. The
AS liquor sludge had an equivalent acclimatization period.

The experimental work was divided into three periods, with the influent loading
rates presented in Table 1. The feed COD:N relation was between 10.0 and 12.8 for each
stage, with effluent flow rate established at 7.2 L d~! for each reactor, corresponding to a
hydraulic retention time of 12 h. Initial suspended sludge concentration (MLSS) inside the
reactor was 1015, 283, and 423 mgrss L~! for AS, MBBR, and SBMMBR, respectively.

Table 1. Influent loading rates, BOD, and operation time frame for each OLR.

OLR (gcop L-1d~1) Time (Days) BOD (mgp, L 1) TC (gcL-1d™ 1) TN (gyL-1d-1)
1.22 17 247 0.45 0.10
2.87 14 495 1.17 0.23
5.44 11 989 2.19 0.53

Both AS and MBBR reactors had a sedimentation unit with a liquid volume estimated
at 3 L. For SBMBBR, it is not necessary to have a settling tank since sedimentation occurs
inside the reactor. The SBMBBR operated in 12 h cycles, 0.5 h for static filling, 8 h of aeration,
2.5 h of sedimentation, and 1 h of treated wastewater withdrawal. The MBBR and AS
systems worked under an uninterrupted flow of oxygen. A schematic representation of the
experimental work is presented in Figure 1. Sludge retention time (SRT) was dependent on
the OLR. AS presented 6, 5, and 2 days, MBBR presented 1, 0.5, and 0.5 days, and SBMBBR
presented 10, 0.5, and 1.5 days for OLR of 1.22, 2.87, and 5.44 gcop L-1d-1, respectively.
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Figure 1. Schematic representation of the laboratory AS (1), MBBR (2), and SBMBBR (3) synthetic
dairy wastewater treatment.
2.3. Analytical Methods

Influent, effluent, and mixed-liquor samples were analyzed with respect to total
chemical oxygen demand, soluble carbon and nitrogen, and suspended solids (SS). The
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solids adhered in the carriers were measured according to the methodology described by
Oliveira [42]. Ten (10) carriers from the reactor were randomly removed, well mixed, and
shaken by ultrasounds and manual removal in a volume of 250 mL of distilled water. The
process was repeated to ensure the release/detach of the adhered solids. Carriers would be
replaced in the same amount from a reactor kept operating under similar conditions. All
the samples were placed in closed recipients and stored at about 4 °C when their immediate
analysis was not possible.

Chemical oxygen demand (COD) was determined by the 5220 D method (closed
reflux), whereas the total suspended solids (TSS) and volatile suspended solids (VSS)
for mixed-liquor suspended solids (MLSS), treated wastewater, and excess sludge were
analyzed using the 2540 B, D, and E methods [43]. Dissolved total carbon (TC) present
in the water was measured by a nondispersive infrared detector (NDIR) after oxidative
combustion, using Shimadzu TOC-VCPH/CPN Total Organic Carbon Analyzer and TOC-
Control V software. Dissolved total nitrogen (TN) was measured by chemiluminescence,
using Shimadzu Total N Measuring Unit TNM-1. BOD was measured with self-check
OxiTop®-IDS Set 6.

The total amount of TSS and VSS comprised in the carriers was calculated based on the
total number of plastic carriers in the bioreactors. The total sludge produced (Equation (1))
for each reactor was calculated by the sum of the masses of MLSS produced after each
measurement, the excess sludge removed from the reactors to perform the characterization
analysis and to maintain a regular operation, and the TSS present in the treated wastewater.

Sludge Produced (g/d) = TSSV@ﬂCtOr X Vreactor + TSStreated X Vtreuted + Tssexcess sludge X Vexcess sludge (1)

3. Results and Discussion
3.1. Organic Matter, Total Carbon, and Total Nitrogen Removal

A comparison of the removal efficiencies of TC, TN, and COD was performed for AS,
MBBR, and SBMBBR regarding the influence of the system design on biosolids production
and removal performance to understand how different loading rates would affect the
reactors’ individual efficiency. In Figure 2, the average removal efficiencies for soluble
COD, TC, and TN are presented with their associated standard deviation. The SBMBBR
stands out as the most efficient for the tested parameters of the three studied systems at an
OLR of 1.22 mgcop L~1d 1.
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Figure 2. Concentration of COD, TC, and TN present in feed and treated wastewater for AS, MBBR,
and SBMBBR systems and respective standard deviations. The presented feed concentrations were
diluted 10 times.

Denitrification in an activated sludge process plays a major role in TN removal. The
denitrification process is primarily carried out by heterotrophic bacteria, although au-
totrophic denitrifiers are also identified [20]. In an anoxic environment, the nitrate ion
can be reduced by organic matter to nitrogen gas. Thus, the denitrification capacity is the
amount of nitrate that can be removed per liter of influent. In a biologic reactor that is
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kept entirely aerobic, the denitrification will occur in the final settler, where an adequate
environment for denitrification is established as soon as the oxygen is consumed [24]. The
SBMBBR system has a higher concentration of bacteria in suspension than the MBBR, which
might improve the TN treatment capability.

Moreover, SBMBBR aeration allows for nitrification, and the subsequent anoxic envi-
ronment promotes denitrification. Since the SBMBBR had 6 h of the anoxic phase each day
and higher microorganism growth, it might greatly influence TN removal. The anoxic phase
is associated with greater TN removal, which increases further with MLSS growth [44,45].
Furthermore, biofilm-based systems can enhance nitrogen removal efficiency [46], with the
SBMBBR combining the anoxic phase with the biofilm formed in the carriers. Therefore,
another possible explanation for the SBMBBR’s high efficiency for TN removal at different
organic loads might depend on the increased amount of biomass based upon attached
growth in the carriers. The biofilm accumulation highly depends on the carrier’s surface
roughness and more importantly on the specific surface area which is usually attributed to
high organic removal [20].

Adding carriers as an attached growth medium improves nitrifying bacteria retention,
which could also provide a longer sludge retention time [44,47]. This factor enables higher
microbial resistance to environmental conditions and enhances the degradation of organic
matter [18]. As for the MBBR, the nitrogen removal efficiency of the MBBR depends
primarily on attached-growth biomass [44], with the attached biomass becoming more
specific due to the lack of biomass recirculation [25]. The conventional AS system also
increases TN removal efficiency for higher OLRs. However, it is less effective when
compared with the other two systems. The same occurs with COD and TC for which AS
showed lower average efficiency. The anoxic phase increases COD removal on an SBR
reactor type. Kulikowska et al. [48] stated that higher COD removal efficiency was achieved
in the SBR working with anoxic phases. Bazari [49] studied the influence of aeration time
and MLSS concentration on COD removal in a conventional SBR. From this study, two
major conclusions can be drawn for dairy effluents: aeration time is optimal after 5 h with a
concentration between 1000 and 2500 mgo, L1 and that MLSS impacts treated wastewater
COD, with higher concentrations between 6000 and 9000 mg L~! improving COD removal,
especially for lower times of aeration. In the present study, COD feed concentrations were
similar, with MLSS present in the SBR being always lower than 6000 mg L~!, which was
compensated by the 8 h aeration time, thus improving COD removal for lower MLSS. With
increasing COD feed load, TN removal also increases for MBBR and AS systems, with
SBMBBR efficiency being higher even for low organic loads. This fact indicates that organic
load between 1.22 and 5.44 is a crucial aspect in TN removal for the MBBR and AS but not
for the SBMBBR that presents a good TN removal capability, independently of the OLR.
In Table 2, the average removal efficiencies for total COD, TC, and TN with the associated
standard deviations are presented. SBBR stands out as the most efficient for the tested
parameters of the three studied systems at an OLR of 1.22 mgcop L~1d 1.

The analysis of the results presented in Figure 2 shows that all the proposed systems
allow compliance with the discharge value for the organic matter (measured as COD) in
industrial wastewater emission defined in Portuguese legislation (Decree-Law 236/98 of
August 1) [50], which is 150 mgcop L1, except for AS with an OLR of 5.44 gcop L-1d-L
Santos et al. [19] used dairy wastewater with COD concentrations of 600-800 mgo, L1
and 1100-1200 mgo, /L1, in batch and continuous operation, to remove COD using an
MBBR. For a carrier filling fraction of 40%, the authors achieved higher COD reductions
than for 20% [27]. These results suggest that the biofilm formed in the carriers effectively
improves COD removal.
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Table 2. Removal efficiency (%) for AS, MBBR, and SBBR for the OLR of 1.22, 2.87, and 5.44 gcop
L-1d~! and the respective standard deviations.

OLR Svst Average COD (m gcop L) Average TC (mgc L-1) Average TN (mgy L—1)
stem
L(§1C C(I)Pl) y Influent Treated % Influent Treated % Influent Treated %
AS 439 +23.1 927 £ 35 28.1 +10.7 87.6 +34 142 £ 6.6 751 +9.5
1.22 MBBR 5942 +42.7 38.0 +13.7 93.6 £ 25 217.7 + 345 173 +£3.7 920+ 1.8 491 +35 125+£25 75.7 £ 4.1
SBBR 28.1 £9.6 953+ 1.6 92+29 95.8 + 0.9 54+18 88.5+ 5.0
AS 79.4 + 189 943+ 1.5 50.5 £ 11.2 91.1 +£2.1 302 +82 731+81
2.87 MBBR 1396 + 119.8 53.7 +£15.1 962 + 1.1 569.2 +47.5 23.6 +4.5 95.7 £ 0.2 113.8 + 14.0 16.3 £4.9 85.6+ 3.6
SBBR 49.9 £9.52 964 + 0.6 27.8 +28 963+ 19 119+ 64 89.3 + 6.7
AS 178 + 60 933 +21 63.2+75 94.0 + 09 301+78 88.1 +3.8
5.44 MBBR 2646 + 238.6 117 £+ 26 95.6 £ 0.9 1064 + 27.8 541+9.2 949 £+ 0.6 259.7 +£27.8 20.6 + 6.4 921+21
SBBR 126 £14.6 952+ 0.7 50.0 £ 6.2 95.1 £ 0.7 205+75 91.8 £ 3.6

In terms of total nitrogen, only the MBBR for OLR of 1.22 and SBMBBR for OLR of
1.22 and 2.87 gcop L~ 'd ! guarantee compliance with the limit value defined in the same
legal diploma, which, for total nitrogen, is 15 mgy L~1. As stated before, the SBMBBR had
high removal efficiencies due to the anoxic phase being promoted inside the reactor. Such
high TN removal indicates that the carbon was sufficient for denitrification to occur [44].
Tsitouras et al. [30] studied two SBMMBR reactors in sequence, applied to cheese production
wastewater, under different aeration conditions, for 16 h cycles, with K5 carriers. Particular
interest for this study points to the one operating under aerobic and anoxic conditions,
which achieved 97.3% COD and 58.8% TN removal efficiency. Even though COD removal
was similar, TN removal efficiency was lower than the one achieved for the present study.

From Figure 2, one can perceive that for an OLR of 1.22 gcop L~'d !, the SBMBBR had
the best average COD, TC, and TN removal. However, when the OLR increases to 2.87 and
5.44 gcop L~1d~!, the MBBR and SBMBBR are very similar in performance regarding COD
and TC parameters. TN was best removed in the SBMBBR at 2.87 gcop L~ 'd !, but similar
to MBBR at 5.44 gcop L~'d 1. Furthermore, it is interesting to notice that the AS system’s
standard deviation is high compared to the other two, especially for 1.22 gcop L~d L. The
introduction of carriers seems to help stabilize the overall efficiency and removal rates of
TN, TC, and COD. However, it is expected that for higher OLRs, MBBR process efficiency
is adversely affected. The former is attributed to the increase of suspended biomass, in
which case, it functions as a hybrid biofilm-activated sludge process than a pure biofilm
reactor [26]. In fact, the settling phase in a sequencing-batch reactor is often regarded as
more efficient in obtaining a higher quality supernatant than a continuous flow process [31].

These results permit us to conclude that the two alternative methods to the conven-
tional AS system allow removal rates of organic matter and nitrogen that are similar or
superior to the activated sludge system. Kalaf et al. [41] compared alternative biofilm
reactors with conventional AS and SBR when treating dairy wastewater. Their findings led
them to acknowledge that the introduction of carriers could increase the removal efficien-
cies and reduce the acclimatization period of the system. Furthermore, the biofilm systems
performed better in terms of COD and NH3-N removal than the conventional reactors. The
authors summarized that the SBR was the optimum treatment for dairy wastewater. Even
though this is also true for the present research, with the SBR performing better in terms of
TN, COD, and TC, the authors overlooked the biomass formation of the different systems.

3.2. Mixed-Liquor Suspended Solids

MLSS monitorization is an integral part of the AS system as sludge management is
key to optimizing operational conditions of the process, impacting energy consumption,
performance, and sludge disposal costs in a wastewater treatment facility [51]. In this
regard, the MBBR strongly reduces sludge production. It reduced up to 88.9% TSS than AS
and 72.8% less than the SBMBBR. For a better understanding and evaluation, a comparison
of TSS and VSS values between the MLSS of the three reactors is presented in Table 3. One
can perceive that AS is the system that produces a higher quantity of sludge, while the
MBBR system highly reduces sludge production. The SBMBBR offers higher treatment
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as well as reduced sludge production when compared with the conventional activated
sludge process. The MBBR has the lowest concentration of suspended solids (SS) and,
despite having removal efficiencies higher than AS, it is behind the SBMBBR for OLRs of
1.22 and 2.87 gcop L~!'d 1. Despite having a higher concentration of SS, the AS system
had the worst treatment efficiencies regarding all the studied parameters, which stresses
the carrier’s role in biodegradation and denitrification.

Table 3. Average sludge difference (%) regarding the three reactors in terms of TSS and VSS concen-
tration for each OLR.

OLR Average TSS % Difference Inside the Reactor Average VSS % Difference Inside the Reactor
(gcop L~1d~1) AS vs. AS vs. SBMBBR AS vs. AS vs. SBMBBR
MBBR SBMBBR vs. MBBR MBBR SBMBBR vs. MBBR

1.22 —63.6 —15.3 —57.1 —64.4 —15.6 —57.8

2.87 —88.9 —59.2 —72.8 —89.5 —58.8 —74.6

5.44 —76.5 —6.80 —74.8 —71.2 —3.07 -70.3

Figure 3 shows the average suspended MLSS concentration inside the three reactors,
and we can observe that with an increasing OLR, the reactional content also increases in
SS concentration. Bassin et al. [52] observed that when the organic load is too high, the
carriers get clogged, increasing the biomass in suspension. This analysis can explain, at least
partially, the results observed in terms of the increase in the concentration of suspended
biomass for the highest value of the OLR in the SBMBBR system.
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Figure 3. MLSS concentration (mg L1 and respective standard deviation for AS, MBBR, and
SBMBBR reactors for the studied OLR.

3.3. Carrier Biomass Assessment

The amount of attached solids per surface is crucial when discussing moving-bed
wastewater treatment plants [53]. The mass attached to the carrier depends on the wastew-
ater composition, operating conditions, and the organic loading rates [52,54]. A biofilm
consists of cells aggregated and embedded within a matrix of EPS (extracellular polymeric
substances). EPS are crucial for providing stability and adherence of the biofilm to carriers
in the MBBR [29]. Bacteria growing in biofilm cells own increased stability when compared
to freely suspended cells, concerning variations in the influent composition and abrupt
changes in load, temperature, and toxicity. Therefore, biofilm increases the potential for
removing pollutants, mainly due to the wide variety of microbial functional groups present
in these environments [26]. For this reason, biofilms should be more resilient to mechanical
instability and organic loads variations and be able to reduce hydraulic retention time.
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Additionally, the installation and operation costs are reduced due to the lower volume of
sludge produced. The former means that the bacteria adhering to the carriers effectively
degrade the organic compounds, even at low concentrations of suspended solids. This
way, the higher biofilm activity obtained should increase compounds’ biodegradation and
the system’s overall efficiency while decreasing treatment costs. In fact, the development
of anoxic zones in the biofilm suits the moving-bed carriers, as it promotes the growth of
anaerobic organisms capable of nutrient removal [55]. The TSS and VSS carriers’ mass for
the MBBR and SBMBBR is presented in Figure 4.
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90 -
2 50 I
é 6.0 4
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Figure 4. Adhered SS mass per carrier and respective standard deviation for MBBR and SBMBBR
reactors for the different OLRs.

Visibly, SBMBBR carriers contained higher adhered biomass. It is relevant to note that
higher organic load allowed for increased biomass growth in the SBMBBR carriers. For the
MBBR, both TSS and VSS mass were similar for all three OLR values. Aygun et al. [56] used
K1 biofilm carriers, with an HRT of 8 h with 6 to 96 gcop m~2d ! (in the present paper,
it was 2.4 and 10.9 minimum and maximum, respectively). The authors achieved higher
amounts of attached biomass for higher organic loading rates. However, the attached
biomass was relatively similar for low organic loads, between 6 and 12 gcop m~2 d~},
and only significantly increased when the loading rate was higher than 12. Therefore, this
study is in accordance with the previous research, with the MBBR presenting similarly
attached biomass in the carriers. The fact that the SBMBBR shows higher MLSS mass
(seen in Figure 3), due to retaining most of the SS, might be the key factor for the increased
biofilm development. Fonseca and Bassin [53] suggested that different methods for attached
solids determination could lead to different results. One disadvantage of the presented
approach is the difficulty of ensuring that the rinse water removes all the adhered biomass.
This might lead to higher standard deviations, especially when the biomass strongly
adheres to the carrier surface. Another possible explanation is that the biofilm thickness
is maintained through shear forces and turbulence during homogeneous mixing [29],
which in the SBMBBR was interrupted during the feeding, settling, and extraction phases,
providing a time frame for the biofilm thickness to increase. The ratio of VSS/TSS was
found to be between 81% and 90% and 87% and 92% in the carriers for the MBBR and
SBMBBR, respectively.

Greater stability of the process is ensured in the SBMBBR due to partial immobilization
of the bacteria, which in return may also lead to a higher concentration of biomass within
the reactor [26]. Consequently, SBMBBR and MBBR TN removal rates correlate with the
biofilm growing in the carriers. A thicker biofilm might increase the anoxic reaction and
further explain the higher TN removal in the SBMBBR. However, the combination of extra
adhered biomass with a higher concentration of suspended biomass does not necessarily
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translate as the best option to increase treatment efficiency. The reason depends on the TC
and COD removal being similar for 2.87 and 5.44 gcop L-1d-1

Figure 5 shows a graphic representation of the TSS produced during the 42 days
of operation. “MLSS” corresponds to the mass of TSS present in the reactional volume.
“Excess” is the mass of sludge retrieved from the reactor for sampling and to maintain
regular operation. “Treated” corresponds to the mass of TSS in the treated wastewater.
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Figure 5. Sum of total suspended solids mass (g) during periods A, B, and C for the three reactors.

From these results, it is possible to observe that the AS system produces a greater
amount of suspended solids, as it sums up to 55.8 g of TSS. On the other hand, the MBBR
produced 23.7 g having the lowest amount of biomass, while the SBMBBR placed in
between AS and MBRR produced a total of 37.2 g of TSS. The higher sludge amount in AS
can be associated with sludge recirculation. Since the MBBR and SBMBBR did not have this
system in place, the suspended sludge accumulation was lower. It is also understandable
that the settling tank after the MBBR system helped to keep sludge in the effluent lower. On
the other hand, if the solids inside the SBMBBR system do not settle and compact properly,
part of the solids can come out of the reactor during the decantation phase. As described
by Rusten et al. [33], suspended sludge in the MBBR is highly dependent on the OLR, with
suspended solids concentration varying from below 10 to above 500 g m~3. Higher organic
loads increased SS, but COD efficiency was highly affected, especially for HRT lower than
8 h. A volumetric organic load of 500 gcop m 3 h~! and of 900 gCoD m 3 h~! reached
85% and 60% COD removal, respectively. Aygun et al. [55] observed a sludge production
of 0.35 grss d ! for about 2.85 gcop d~!. In an SBR-type reactor, the sludge production is
hindered by the anoxic phase, resulting in a biomass decay rate, when compared to fully
aerated SBRs [48].

In overall terms, accounting periods A, B, and C, AS and SBMBBR produced 135% and
42.4% more sludge than the MBBR, respectively. The SBMBBR produced 64.9% less TSS
than the AS system. The daily production of sludge is presented in Figure 6. Once again,
the MBBR stands out, producing less sludge for higher OLRs. Higher sludge production,
as expected, is achieved for higher OLRs.
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4. Conclusions

The three studied systems offered excellent treatment capabilities for a dairy industry
effluent. In terms of COD, nitrogen, and carbon removal capabilities, the SBMBBR tech-
nology seems to have the best performance at lower OLRs. In fact, the SBMBBR reaches
an average COD and TC removal efficiencies above 95% and higher than 85% for TN in
the range of the studied OLR values. It allows for a consistent treatment capability for low
and high organic loads. Even though the SBMBBR offers the best treatment capability and
organic load resilience, it produces a significant amount of sludge compared to the MBBR,
increasing global treatment costs.

This way, considering treatment performance in terms of the quantity of biomass
present in the reactor, the MBBR brings benefits since it can deal with high loads with-
out necessarily meaning increased biomass production. In addition, the MBBR system
offers simplicity in the treatment process by removing the sludge recirculation line, low-
ering maintenance requirements. Moreover, operating with a lower suspended biomass
concentration grants the possibility of having smaller clarifiers, without compromising
the treatment quality. These reasons constitute an opportunity to reduce investment and
operational costs in the dairy industry’s wastewater treatment.

The improvements are notorious when both MBBR and SBMBBR are compared with
AS. The adhered biofilm’s surface area seems to improve biodegradation, adsorbing a
higher amount of substrates from the influent wastewater. These technologies not only
increase the quality of the treated wastewater but also reduce operating costs, as they
produce less sludge, especially in the MBBR configuration. Choosing a suitable and reliable
system depends on the OLR and cost-efficiency relation due to sludge production.

Concerning COD, the proposed systems allowed compliance with the current Por-
tuguese legislation of 150 mgcop L1, except for AS with an OLR of 5.44 gcop L~1d 1.
Even though MBBR-treated-effluent TN for an OLR of 1.22 gcop L~ 'd ! is in conformity
with the defined limit value of 15 mgy L1 the SBMBBR stands out because it guarantees
compliance when considering the OLR of 1.22 and 2.87 gcop L~ 'd .

Therefore, the results of this study contribute to the optimization of wastewater
treatment systems in the dairy industry, either by increasing efficiency or by reducing
the costs of operation of the conventional activated sludge treatment. Future studies
should include a detailed analysis of costs associated with each system to improve decision
making further.
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