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ABSTRACT  
The support media of upflow anaerobic hybrid reactors (UAHB) facilitates the formation and 
retention of microbial biofilm and the contact between the influent and microorganisms. 
Previous studies demonstrated the importance of support media height (SMH) to organic 
matter removal; however, the influence of this parameter in the UAHB reactor performance 
under varying conditions is still a gap. The Central Composite Design (CCD) method was 
applied to optimize the removal of organic matter by varying the cross-sectional area and 
height of the reactor based on 42 studies. The modelling indicated 72–87% COD removal 
efficiencies with 0.007 m2 cross-sectional area and 0.75 m height, with 5.5 L total volume. Thus, 
three pilot-scale UAHB reactors, filled with Corrugated Polyvinyl Chloride (PVC) rings at different 
heights (6, 15, and 24 cm), were operated with a hydraulic retention time of 10 h, treating 
synthetic effluent with a COD of 490 mgO2 L−1. Unlike previous studies, this study evaluated 
identical UAHBs operating in parallel under controlled conditions. The UAHB reactors presented 
stability, buffering capacity, and neutral pH during the operation. The reactor with higher SMH 
(24 cm) achieved higher removal efficiencies of turbidity (90%), COD (72.6%), and TS (63%). 
Variations in SMH affected reactor performance, as corroborated by the negative and ‘very 
strong’ correlation for turbidity, COD, and TS and a ‘moderate’ correlation for fixed and volatile 
solids. The novelty of this study lies in its comprehensive assessment of how varying SMH 
affects UAHB reactor performance, guiding future advancements in its design for efficient 
wastewater treatment.
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1. Introduction

The upflow anaerobic hybrid reactor (UAHB) is a high- 
rate reactor that combines the benefits of the biological 
process of suspended growth by inserting an anaerobic 
filter inside the reactor to treat sanitary sewage and 

industrial wastewater [1]. This filter acts as a support 
medium, facilitates the formation and retention of 
microbial biofilm [2], distributes the flow uniformly, 
and allows solid–gas separation, thus improving the 
contact between the influent and microorganisms. 
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Therefore, UAHB reactors can retain large amounts of 
biomass, reaching high removal efficiencies [3].

The biomass retained in the filtering material forms a 
biologically active structure known as biofilm, which acts 
as a physical barrier, preventing the solids from being 
washed out from the treatment system. Likewise, the 
microorganisms that cannot remain in the biofilm form 
a type of interstitial flocculant or granular sludge in 
the interstices [4]. Thus, the biomass retained inside 
the reactor appears as a layer of biofilm adhered to 
the support material surface, dispersed, removed from 
the cracks of the support material, or in the false 
bottom of the filtering material, released in the form of 
flakes or granules [5].

The surface of the support medium influences the 
treatment capacity of the UAHB reactors, facilitating 
the retention of the microbial population [6]. Changes 
in the microbial community structure can cause instabil
ity and a subsequent decline in the performance of these 
systems [5].

When in contact with the biomass, the organic com
pounds in the effluent are diffused through the biofilm 
surface or the granular sludge and converted into inter
mediate and final products, specifically methane and 
carbon dioxide [5].

Considering the influence of biofilm and support 
media in the performance of the hybrid reactors, 
further studies are still necessary to establish the 
optimal characteristics of the support medium under 
different operating conditions of the UAHB reactor.

Previous studies have examined different effluent 
sources, such as synthetic wastewater [7–10], domestic 
wastewater [3,11,12] effluents from slaughterhouses 
[13–15], agro-industrial activities [16–18], and other 
specific sources, such as coffee processing [19,20], distil
leries [21,22], and pulp and paper manufacturing [23,24]. 
Despite differences in composition, COD removal 
efficiencies have generally been high, ranging between 
60% and 99%, highlighting the effectiveness of the 
UAHB reactor operated under different conditions.

The selection of support media is fundamental to the 
treatment efficiency. Studies have used synthetic 
materials such as corrugated PVC rings [7,9,10], various 
forms of polypropylene structures [1,13,25], bio-balls 
[26,27], and natural materials like coconut shells and 
bamboo [3,28]. In general, synthetic media offer better 
stability and biomass retention, while natural materials, 
although more affordable and sustainable, may 
degrade or compact over time.

Another important factor is the height of the support 
media, which varies widely across studies, from less than 
0.1 m [15] to over 1.0 m [29]. A greater support media 
volume typically enhances biomass retention and COD 

removal efficiency but can also lead to increased head 
loss and hydraulic flow disruptions within the reactor 
[30,31].

Da Silva Ramos et al. [7] achieved 90% organic matter 
removal (in terms of COD) and biogas production of 
0.006 m³ day−1 by using corrugated PVC rings in a 
UAHB reactor with a height of 1.0 m and a volume of 
0.022 m3. Similarly, Elmitwalli et al. [29] obtained 64% 
organic matter removal by applying reticulated poly
urethane foam (RPF) type TM30 as a support medium 
(1.0 m of height) in a UAHB reactor with a height of 
2.3 m, diameter of 0.19 m, and a volume of 0.07 m3.

In addition, lower heights of the support media have 
also proven effective, as observed by Michelon et al. [9] 
and Godinho et al. [10], who used corrugated PVC rings 
forming a support medium with a height of 0.32 m, 
achieving organic matter removal (COD) of 85.4% and 
81%, respectively. By using hose pieces as a support 
medium with a height of 0.6 m, Buyukkamaci and Filibeli 
[8] achieved 86% organic matter removal, reinforcing 
that selecting the appropriate material and support 
height is crucial for optimizing treatment. Similarly, 
Das and Chaudhari [12] observed positive results using 
sponge cubes with a height of 0.4 m, achieving 65% 
organic matter removal in a 2.7 m reactor.

Other applications with emergent materials have 
been successfully investigated for support media in 
anaerobic reactors with organic matter removal 
varying from 62% to 96%, such as polypropylene hexa
gons (specific surface area 6,700 m2 m−3) [13], coconut 
fibre polyvinyl (specific surface area 15,500 m2 m−3) 
and alcohol gel beads seashells (specific surface area 
2,500 m2 m−3) [3], bamboo pieces (specific surface 
area approximately 415 m2 m−3) [28], a mix of ceramic, 
polypropylene, and rock (specific surface area approxi
mately 92.09 m2 m−3) [18], among others.

The specific surface area of these materials varies con
siderably, with values ranging from 2,500 to 15,500 m2 

m−3, depending on porosity and structural character
istics. A higher specific surface area promotes greater 
microbial attachment and biofilm formation, enhancing 
substrate degradation and biogas production [32]. 
Studies suggest that variations in both the height of 
the support medium and the material type significantly 
improve the reactor performance, increasing the organic 
matter removal [33,34].

Although there are different reactor configurations, 
most studies report high COD removal efficiencies, confi
rming the versatility and effectiveness of this technology 
in treating different types of effluents. Thus, the height 
of the support medium, material selection, porosity, 
and the dynamics of microbial colonization influence 
the reactor performance. Regarding optimizing the 
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reactor performance, the ideal support medium height 
remains an open question since different effluents may 
require different reactor and support medium configur
ations, even with the knowledge that higher support 
medium heights favour biomass retention and treat
ment efficiency for some effluents.

Despite these promising results, there is still no con
sensus on the ideal combination of height, material 
type, and reactor configuration for different wastewater 
compositions. Furthermore, most studies have focused 
on organic matter removal, while long-term reactor 
stability remains underexplored. Another challenge is 
the lack of standardized methodologies for evaluating 
retention efficiency in different support media, making 
comparing results across studies difficult.

Thus, to address these gaps, we designed, operated, 
and evaluated the performance of three pilot-scale 
UAHB reactors with different heights of the support 
medium in treating synthetic wastewater, correlating 
the design, size, and height of the support medium 
with the organic matter removal efficiency. The innova
tive and original aspects of our study are based on the 
hypothesis that increasing the height of the support 
medium improves biomass retention and organic 
matter removal efficiency, optimizing the operation of 
the UAHB reactor. Besides that, unlike previous studies, 
this study evaluates the impact of support medium 
height on identical reactors operated in parallel and sim
ultaneously under controlled conditions, allowing for a 
more precise comparison of the effect of this parameter 
on reactor efficiency. Thus, the external factors of room 
temperature, humidity, and feeding conditions did not 
influence the monitoring measurements since the reac
tors were installed at the exact location and fed simul
taneously with the same influent.

The results of this study have direct implications for 
the design and operation of UAHB reactors, focusing 
on the optimization of the support medium configur
ation to maximize the treatment efficiency, reducing 
costs, and contributing to more sustainable treatment 
processes for industrial and domestic wastewater, 
aligned with the Sustainable Development Goals (SDGs).

2. Materials and methods

2.1. Analysis of preliminary studies for sizing the 
UAHB reactors

Figure 1 shows the methodological process flowchart 
developed in this study.

Based on the literature review regarding advances in 
upflow anaerobic hybrid (UAHB) reactors treating sani
tary sewage (Table S1, Supplementary material), some 

of the most relevant sizing parameters (height, cross- 
section area, volume, and support medium height) 
were graphically correlated to the organic matter 
removal efficiency (in terms of COD).

The data collected in preliminary studies were orga
nized and filtered for each selected sizing parameter. 
Subsequently, surface graphs were developed relating 
these sizing parameters of the treatment systems and 
the treatment performances regarding the organic 
matter removal. Two developed graphs allowed the 
selection of dimensions and thicknesses of the support 
medium for further applications in this study.

The first graph is related to the reactor cross-section, 
height, and organic matter removal efficiency (COD). In 
the second graph, the variables reactor volume and 
volume of support material inside the reactor were 
related to the variable removal of organic matter in 
terms of COD.

The results of the development of the analysis of the 
preliminary studies were considered for the design of 
the pilot-scale UAHB reactor and the operational par
ameters for this study.

2.2. UAHB reactors

The system, which consisted of three pilot-scale UAHB 
reactors, was arranged in parallel at the same height 
(Figure 2). The cylindrical reactors were built with identi
cal volume and geometry in polyvinyl chloride (PVC) 
with 0.1 m of diameter (0.03 m thickness) and 1.0 m of 
height (each), resulting in a total volume of 5.5 L 
(each). The details of the reactor sizing are provided 
in Table 1, and the characteristics of the support 
media are referenced in the supplementary material 
(Table S2).

Each reactor was fed synthetic wastewater pumped 
from a PVC reservoir (128 L) by solenoid diaphragm 
metering pumps (ProMinent, model Concept plus) with 
a maximum flow rate of 8 L h−1 to promote equitative 
distribution. The reservoir stored the synthetic waste
water to guarantee the daily volume of effluent for the 
UAHB reactor feeding.

The UAHB reactors have identical characteristics, 
except for the sizing of the support media and, conse
quently, the characteristics depending on this parameter 
(Table S2, Supplementary material).

The hydrodynamic and mass transfer characteristics of 
the UAHB reactors were analyzed using dimensionless 
numbers and pressure drop calculations. The reactors 1, 
2, and 3, with a diameter of 0.10 m and a useful height 
of 0.75 m, were operated under a continuous flow 
regime at flow rates of 0.55, 0.54, and 0.53 L h−1, 
respectively.

ENVIRONMENTAL TECHNOLOGY 3



Figure 1. Flowchart of the methodological process.
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The Reynolds number (Re) [35] was calculated to 
determine the flow regime within the reactor (Eq. 1).

Re =
rvL
m

(1) 

Where r is the density of water (998 kg m−3), v is the 
average flow velocity (m s−1), L is the characteristic 
length (m), and μ is the dynamic viscosity of water 
(1.002 × 10−3 Pa·s).

The Schmidt number (Sc) [36] (Eq. 2) and the Sher
wood number (Sh) [37] (Eq. 3) were determined to evalu
ate the mass transfer efficiency. The Schmidt number 
relates momentum and mass diffusivity.

Sc =
m

rD
(2) 

Where D is the diffusivity of methane in water (1.3 × 10−9 

m2 s−1), r is the density of water (998 kg m−3), v is the 
average flow velocity (m s−1), L is the characteristic 
length (m), and μ is the dynamic viscosity of water 
(1.002 × 10−3 Pa·s).

The Sherwood number was estimated using an 
empirical correlation for flow in cylindrical geometries.

Sh = 1.86 Re

1
3

􏼒 􏼓

Sc

1
3

􏼒 􏼓⎛

⎜
⎝

⎞

⎟
⎠ (3) 

To further evaluate the mass transport characteristics 
within the upflow anaerobic hybrid reactor (UAHB), the 
Péclet number (Pe) [38] (Eq. 4) was calculated. This 
dimensionless number represents the ratio between 

Figure 2. Scheme of the pilot-scale UAHB reactors (a); support media (b); inside the reactor (c).

Table 1. Details of sizing of the UAHB reactors and support 
media
Parameter UAHB 1 UAHB 2 UAHB 3

Sizing
Cross-sectional area (m2) 0.007 0.007 0.007
Water level height (m) 0.75 0.75 0.75
Support medium height (m) 0.06 0.15 0.24
Media configuration 38 rings 

(2 layers of 
19 rings)

95 rings 
(5 layers of 

19 rings)

152 rings 
(8 layers of 

19 rings)
Installation height of the half 

support media from the bottom 
(cm)

40 40 40

% Support media height 8 20 32
Support media volume (L) 0.04 0.12 0.18
Support mediamass (g) 54.76 137.32 221.75
Support media surface area (cm2) 3.236 7.069 11.757
Useful volume (L) 5.46 5.38 5.31
Design parameters and operational conditions
HRT (h) 10 10 10
COD (mgO2 L−1) 500 500 500
OLR (kgCOD m−3 d−1) 1.20 1.20 1.20
Q (L h−1) 0.55 0.54 0.53
Vup (m h−1) 0.079 0.077 0.076
V (L) 13.20 12.96 12.72

Note: HRT = Hydraulic Retention Time; Q = Influent flow rate; COD = Chemi
cal oxygen demand; OLR = Organic Loading rate; Vup = upflow velocity; V  
= Volume of synthetic effluent prepared per day.
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convective and diffusive transport.

Pe =
Lv
D

(4) 

Where L is the characteristic length of the reactor (0.75 
m), v is the average flow velocity (m s−1), and D is the 
diffusivity of methane in water (1.3 × 10−9 m2 s−1).

The Péclet number provides insight into the relative 
importance of advective and diffusive transport within 
the reactor. A high Pe value suggests that advection 
dominates, while a low Pe value indicates a system 
with significant mixing and diffusion effects. This analy
sis is crucial for understanding mass transfer dynamics in 
anaerobic reactors, particularly for optimizing gas deso
rption and solute removal.

The Ergun equation [39] (Eq. 5) was applied to accu
rately estimate the pressure drop (ΔP) across the 
support media within the UAHB reactors. This equation 
is widely used to describe the flow behaviour in 
packed beds, considering both viscous and inertial 
pressure losses.

DP =
150(1 − 1)2

13

mv
d2

p
+

1.75(1 − 1)
13

rv2

dp
(5) 

Where μ is the dynamic viscosity of the fluid (Pa·s), v is 
the superficial velocity (m s−1), dp is the equivalent par
ticle diameter of the support media (m), ρ is the fluid 
density (kg m-³), and 1 is the bed porosity. This approach 
accounts for laminar and turbulent flow regimes, ensur
ing a more precise estimation of energy losses due to 
flow resistance within the structured PVC ring configur
ation. The calculated pressure drop provides insights 
into the hydrodynamic conditions within the reactors 
and their impact on mass transfer performance.

2.3. Support media of the UAHB reactors

The support media of the UAHB reactors consists of cor
rugated PVC rings (conduit type) with 2.0 cm diameter, 
3.0 cm length, and 9.2 10−3 m2 g−1 surface area [40], 
arranged to form hive-type modules to uniform the 
quantity and arrangement of the support media and 
promote microbial development and fixation, minimiz
ing the loss of solids in the treated effluent.

Each module consists of 19 corrugated PVC rings 
arranged in concentric circles. Thus, to achieve the 
established heights for each reactor, two modules with 
a support medium height of 6 cm were included in 
UAHB reactor 1, five modules with a support medium 
height of 15 cm in UAHB reactor 2, and eight modules 
with a support medium height of 24 cm in UAHB 
reactor 3. The modules were installed at a distance of 

40 cm measured from the bottom of each reactor, as 
shown in Figure 2.

2.4. Inoculum

Before the operation, each UAHB reactor was inoculated 
with 1.5 L (approximately 27% of the total reactor 
volume) of anaerobic sludge from a pilot-scale UAHB 
reactor treating synthetic wastewater operated by Da 
Silva Ramos et al. [7], who analyzed its performance 
under temperature variations and methane recovery 
from the effluent. The inoculum presented average con
centrations of total solids (TS), total fixed solids (TFS), 
and total volatile solids (TVS) of 47, 13, and 34 g L−1, 
respectively.

2.5. Synthetic wastewater

The synthetic wastewater was prepared to simulate sani
tary sewage, with the advantage of sanitary safety while 
performing laboratory analyses and maintaining con
trolled conditions [41]. Table 2 presents the composition 
of the synthetic wastewater for the concentration of 
approximately 500 mgCOD d−1, equivalent to the 
organic loading rate (OLR) of 1.20 kgCOD m−3 d−1, fol
lowing the methodology adapted from Torres and 
Foresti [42]. The synthetic wastewater was prepared 
daily in volumes of 67 L.

2.6. Operating conditions

2.6.1. Adaptation phase and operation
The adaptation phase lasted 60 days, in which the UAHB 
reactors 1, 2, and 3 were continuously fed with synthetic 
wastewater at flowrates of 0.546, 0.538, and 0.531 L h−1, 
respectively, and hydraulic retention time (HRT) of 10 
h. The duration of the adaptation phase was determined 
according to the literature regarding startup periods and 
experimental control tests of anaerobic reactors [3,7,9].

Table 2. Composition of the synthetic wastewater.
Compound Concentration Mass (mg)

(mg L−1)
Vol. = 66.39 L 

d−1

Meat Extract 240 15.93
Soluble Starch (C6H10O5) 12 0.80
Wheat flour 240 15.93
Sucrose (C12H22O11) 21 1.39
Ammonium Chloride (NH4Cl) 91.2 6.05
Sodium chloride (NaCI) 300 19.92
Magnesium chloride (hexahydrate) 

(MgCI2 6H2O)
8.4 0.56

Calcium chloride (CaCI2) 5.4 0.36
Potassium phosphate (KH2PO4) 15.84 1.05
Baking soda (NaHCO3) 180 11.95
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The adaptation phase began after inoculating the 
UAHB reactors with anaerobic sludge from a pilot-scale 
UAHB reactor. This phase ended when the reactors 
reached the steady state verified by monitoring the 
physical–chemical parameters pH, alkalinity, volatile 
acids, and COD removal in influent and effluent 
samples of the reactors.

The results in the effluent samples indicated pH 
remaining close to 7.0, higher alkalinity compared to 
the influent, lower volatile acids (VA) compared to the 
influent, and COD removal efficiency exhibiting a con
sistent trend. Additionally, key stability indicators such 
as the intermediate/partial alkalinity (IA/PA), partial/ 
total alkalinity (PA/TA), and VA/TA ratios fell within 
values reported by Ripley et al. and Jenkins et al. (IA/ 
PA ≤ 0.3 [43], PA/TA ≥ 0.5 [44]; 0.1 ≤ VA/TA ≤ 0.35 [43]).

After achieving the steady state, the reactors were 
continuously monitored throughout the 180-day exper
imental period by collecting influent and effluent 
samples four days per week at the same hour, minimiz
ing external factors that could affect the performance of 
the reactors.

2.6.2. Monitoring parameters
Two months after inoculation, the performance of the 
reactors was evaluated in triplicate twice a week by 
determining the physical–chemical parameters of 
Table 3 in influent and effluent samples until reaching 
the steady state. Then, the physical–chemical par
ameters were determined in triplicate four times a 
week in influent and effluent samples of the reactors 
for four months.

During the research development, the daily gas 
volume generated in each UAHB reactor was monitored 
by a RITTER® MilliGascounters MGC-1 PMMA gas metre.

2.7. Statistical analysis

The Central Composite Design (CCD) method was 
applied to determine the best combination of the 
sizing parameters (cross-sectional area in m2 and 
height in m) of the UAHB reactors and organic matter 

removal efficiency (%), with factorial runs (2k), centre 
runs, and axial runs (2 k), in which k corresponds to 
the number of parameters.

The values of the parameters were obtained from the 
literature considering 42 studies from the period 2000– 
2022 regarding UAHB reactors filled with different 
support media and treating different wastewater 
(Table S1, Supplementary material).

Modelling and planning were conducted using the 
commercial software Statistica (version 10.0), consider
ing the variables cross-sectional area (0.002–0.10 m2), 
height (0.36–3.50 m), and organic matter removal 
efficiency (%). The variable parameters and their inter
actions were considered in a model to determine the 
highest organic matter removal efficiency for the 
UAHB reactors.

This method is suitable for process optimization, 
quadratic surface fitting, and interaction analysis 
between the investigated parameters, minimizing the 
number of experiments [47].

The results obtained in the physical–chemical charac
terization analyses of influent and effluent samples 
underwent statistical treatment considering measure
ment errors and errors in the systems (equipment) 
used. The standard error is obtained by multiplying the 
standard deviation by the Student’s t-value (1.320) for 
three samples. Then, this result is divided by the 
square root of the number of samples (N) analyzed, as 
shown in Eq. 6.

sm =
sp
��
N
√ (6) 

Where σp is the standard deviation, and N is the number 
of samples. The final errors associated with the different 
tests were obtained by combining the standard error 
with the systematic error provided by the instrument 
used for the measurements in each test, as described 
in Eq. 7.

Error =
��������������
sm2 + ss2

􏽰
(7) 

Where σm is the standard error, and σs is the systematic 
error. The significance was determined by analyzing how 

Table 3. Parameters and methods applied in the study.
Parameters Unit Analysis method Method number Reference

Liquid temperature C° Thermocouple – Pt100 RTD Sensor – –
pH – Potentiometer 4500-H + B [45]
Alkalinity (total, partial and intermediate) mgCaCO3 L−1 Titrimetric – [43]
Volatile Acids (VA) mgHAc L−1 Titrimetric – [46]
Turbidity NTU Turbidimetric 2130 B [45]
Conductivity μS cm−1 Electrometric 2510 [45]
Chemical Oxygen Demand (COD) mgO2 L−1 Spectrophotometric 5220 D [45]
Total Solids (TS) mg L−1 Gravimetric 1684 [45]
Total Fixed Solids (TFS) mg L−1 Gravimetric 1684 [45]
Total Volatile Solids (TVS) mg L−1 Gravimetric 1684 [45]
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many times the error was smaller than the difference in 
the mean values of the results of each test performed. By 
obtaining the mean values and the associated errors, it 
was possible to compare the results within statistical cer
tainties that ranged from 68.95 to 99%.

The data sets were analyzed using the Shapiro–Wilk 
test (Eq. 8) to determine the normality. This test can 
detect deviations from normality, whether due to asym
metry, kurtosis, or both [48].

W =

􏽐n
i=1 aix(i)

( 􏼁2

􏽐n
i=1 (xi − x̅)2 (8) 

Where the variable X(i) represents the number occupy
ing the i th position in the sample and the variable ai rep
resents independent and identically distributed random 
variables sampled from normal distributions. The data 
come from a normal distribution if the value of p ≥  
0.05, i.e. H0 is accepted.

The dependence or incidence of the support medium 
on COD removal variables was statistically established 
by Pearson’s correlation coefficient when the variables 
presented a normal distribution.

Pearson [49] defines a measure of linear association 
between the two quantitative variables (discrete or con
tinuous) X and Y. The correlation coefficient between 
random variables X and Y is shown in Eq. 9.

s =

􏽐
(x − x̅)(y − y̅)

������������������������
􏽐

(x − x̅)2 􏽐 (y − y̅)2
􏽱 (9) 

Variables with non-normal distribution were analyzed 
using Kendall’s correlation test [50], named Kendall’s τ 
(Tau), in which the correlation coefficient is calculated 
between variables X and Y (Eq. 10).

T =
2S

n(n − 1)
(10) 

The S variable represents the substruction between P 
and M, and the P variable represents the number of 
times the variable Y increments while X increments. Con
versely, the M variable represents the number of times Y 
decreases while X increases.

The coefficients σ and Tau measure the linear 
relationship between the two variables, ranging from 
−1 to +1. The value −1 represents a perfect negative cor
relation, while the value +1 represents a perfect positive 
correlation.

Pearson and Kendall’s interpretation of the corre
lation was made according to the magnitude ranges 
proposed by Evans [51]. Therefore, the correlation is con
sidered ‘very weak’ when the value is in the range  
± (0.00–0.19), ‘weak’ when the value is in the range  
± (0.20–0.39), ‘moderate’ in the range ± (0.40–0.59), 

‘strong’ in the range ± (0.60–0.79) and ‘very strong’ in 
the range ± (0.80–1.00). The sign accompanying the 
range indicates the possibility of a positive or directly 
proportional correlation and, otherwise, a negative or 
indirectly proportional correlation.

3. Results and discussion

3.1. Analysis of preliminary studies of UAHB 
reactors

Table S1 (Supplementary material) presents a summary 
of 42 studies from the period 2000–2022 regarding 
UAHB reactors filled with different support media and 
treating different wastewaters. The data were organized 
and filtered to process variables of sizing (cross-section 
area and height) and operation (organic matter 
removal efficiency) graphically (Figure 3).

The surface contains red regions representing organic 
matter removal greater than 76% in terms of COD. 
Yellow regions represent the reactors’ cross-section 
and height, allowing removal efficiencies close to 56%. 
Green regions correspond to organic matter removals 
(COD) lower than 46%.

In order to identify the expected values of organic 
matter removal efficiency according to Figure 3, the 
value of the cross-section area of 0.007 m2 was related 
to the red region at high organic matter removal. The 
dashed lines and the black arrow indicate that a 
reactor height of 0.75 m provided high organic matter 
removal for UAHB reactors with a cross-section area of 
0.007 m2.

Figure 3. Three-dimensional response surface interaction 
effects of height (m) and cross-section area (m2) of the UAHB 
reactors on the organic matter removal efficiency (% COD).
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A height of 0.75 m was selected for the UAHB reactors 
to ensure consistency between the modelled and exper
imental results. Thus, this height was effectively 
implemented in the experimental setup. The sub
sequent experimental results confirmed that this geo
metric configuration led to high COD removal 
efficiencies, validating the model’s predictions.

After defining the geometric sizing of the reactors 
and applying the same methodology of graph analysis, 
the variables reactor volume and support material 
volume inside the reactor were related to the variable 
organic matter removal efficiency in terms of COD 
(Figure 4).

The regions represent organic matter removal 
efficiencies greater than 87% (in red), close to 77% (in 
yellow), and lower than 72% (in green). The dashed 
lines and the black arrows indicate the heights of the 
support medium of 6, 15, and 24 cm, corresponding to 
8, 20, and 32% of the total reactor volume, equivalent 
to 0.0055 m3 used in this study. Thus, the best possibili
ties for organic matter removal are expected for this 
study.

3.2. UAHB reactor hydraulic characteristics

The hydrodynamic and mass transfer characteristics of 
the upflow anaerobic hybrid reactor (UAHB) were evalu
ated using dimensionless numbers and pressure drop 
analysis.

Considering a flow rate of 0.55, 0.54, and 0.53 L h−1 

for UAHB reactors 1, 2, and 3, respectively, along with 
a water density of 998 kg m-³ and a dynamic viscosity 

of 1.002 × 10-³ Pa·s, the calculated Reynolds numbers 
were 1.94, 1.90, and 1.87 for UAHB 1, 2, and 3, 
respectively.

In the same way, based on Equations (2) and (3), the 
Schmidt number (Sc) and Sherwood number (Sh) were 
calculated to assess the mass transfer efficiency. The 
results obtained were 772.31 and 21.27 for UAHB 1, 
772.31 and 21.14 for UAHB 2, and 772.31 and 21.01 for 
UAHB 3, respectively.

Based on Equation (4), the Péclet number (Pe) was 
calculated, resulting in 11,222.46 for UAHB 1, 11,018.42 
for UAHB 2, and 10,814.37 for UAHB 3, respectively.

The pressure drop (ΔP) across the support media was 
calculated using the Ergun equation and considering the 
following parameters. The effective flow area through 
the support medium was determined to be 0.007242  
m2, while the support material density was 1.22 g 
cm−3. The influent flow rates were 0.55 L h−1, 0.54 L 
h−1, and 0.53 L h−1 for UAHB reactors 1, 2, and 3, respect
ively. The porosity parameter was calculated based on 
the relationship between the filter material volume 
and the support media volume, as presented in sup
plemental material (Table S2. Characteristics of the 
Support Media). The water viscosity was estimated at 
1.307 × 10-³ Pa·s.

Based on these values, the pressure drop (ΔP) across 
the support media was calculated as 0.0002 , 0.0005 , 
and 0.0008 Pa for UAHB reactors 1, 2, and 3, respectively.

The Reynolds number (Re) values for UAHB 1, 2, and 3 
were 1.94, 1.90, and 1.87, respectively, confirming that 
the flow remains in the laminar regime (Re < 2000) 
[35]. This condition is expected in anaerobic reactors, 
where low velocities favour longer residence times and 
increased contact between biomass and substrate, 
improving organic matter degradation and biogas pro
duction [52]. The gradual decrease in Re follows the 
trend of declining flow rates (0.55, 0.54, and 0.53 L h-¹), 
which could indicate minor variations in hydrodynamic 
behaviour among the reactors.

The Schmidt number (Sc) remained constant at 
772.31 for all reactors, as it depends solely on fluid prop
erties (water density and viscosity). This high Sc value 
indicates that momentum diffusivity is significantly 
higher than mass diffusivity, meaning that convective 
transport dominates molecular diffusion [53]. The Sher
wood number (Sh), representing the convective to 
diffusive mass transfer ratio, exhibited slight variations 
(21.27, 21.14, and 21.01 for UAHB 1, 2, and 3, respect
ively). It suggests that mass transfer efficiency slightly 
decreased as the flow rate declined, which aligns with 
the behaviour of the Reynolds number.

The Péclet number (Pe) values obtained (11,222.46, 
11,018.42, and 10,814.37) confirm that advective 

Figure 4. Three-dimensional response surface interaction 
effects of volume (m3) and support material volume (%) of the 
UAHB reactors on the organic matter removal efficiency (% 
COD).
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transport is dominant over diffusive transport in all 
reactors [54]. The minor decrease in Pe across the reac
tors could indicate different dispersion characteristics 
within each system. These variations may be linked to 
subtle differences in biofilm formation, which can 
alter flow paths, substrate accessibility, and microbial 
activity [55].

The pressure drop across the support medium was 
calculated using the Ergun equation, yielding 0.0002 , 
0.0005 , and 0.0008 Pa for UAHB 1, 2, and 3, respectively. 
The increase in pressure drop from UAHB 1 to UAHB 3 
aligns with the decreasing flow rates and media 
support height increment, as lower velocities reduce 
shear stress and could favour higher biofilm accumu
lation within the support material [56].

3.3. Performance of the UAHB reactors

3.3.1. Analysis of control parameters
This study was conducted to verify the variation of the 
support medium height (SMH) on the performance of 
the UAHB reactors in terms of organic matter (COD) 
and removal efficiency, in addition to characterizing 
the physicochemical behaviour of the UAHB reactor for 
different support medium heights. Table 4 summarizes 
the results of liquid temperature, pH, alkalinity (partial, 
intermediate, and total), VA, turbidity, conductivity, 
COD, TS, TFS, and TVS in the influent and effluent 
samples of the UAHB reactors and biogas production.

The liquid temperature ranged from 13.4 to 20.5 °C in 
the influent samples during the operation, probably 
influenced by the variation of spring to summer 
seasons in which room temperatures varying from 10.2 
to 27.7°C were measured by SIMEPAR [57]. In the 
effluent samples of the reactors, the liquid temperature 
varied from 13.5 to 21.2 °C in UAHB 1, 13.6–21.2 °C in 
UAHB 2, and 13.7–21.1 °C in UAHB 3, demonstrating 
no significant differences between the effluent 
samples (p-value = 0.90; 0.99; 0.91).

The liquid temperatures resulted lower than the 
range of 20–40 °C recommended by Metcalf and Eddy 
[58] and Foresti [42] for effective anaerobic digestion 
of sanitary sewage. In addition, Van Haandel et al. [59] 
noted that temperature directly impacts cellular metab
olism, which decreases proportionally at lower tempera
tures, reducing biogas generation efficiency.

Psychrophilic anaerobic digestion, characterized by 
operational temperatures below 20 °C, is less common 
due to reduced microbial activity and decreased 
biogas production efficiency [60]. However, several 
studies have investigated the performance of anaerobic 
systems under these conditions. For instance, a compre
hensive evaluation of a full-scale tubular digester 

operating for eight years at an average temperature of 
17.7 °C demonstrated volatile solids reduction of 
approximately 77.6% and specific methane production 
of 0.40 N m3CH4 kg−1VS, surpassing typical expectations 
for psychrophilic conditions [61].

In our study, the wastewater treatment occurred 
within the psychrophilic range. Similarly, Da Silva 
Ramos et al. [7] and Michelon et al. [9] analyzed tempera
ture variations between 14 and 28°C and found no sig
nificant differences in methane production efficiency 
or chemical oxygen demand (COD) removal, suggesting 
that anaerobic systems can maintain stable performance 
even at lower temperatures and different hydraulic 
retention times (HRT). Similarly, Daija et al. [62] indicated 
that an extended hydraulic retention time helped miti
gate the decline in methane production at psychrophilic 
temperatures.

By monitoring biogas production in a UAHB reactor, 
Michelon et al. [9] indicated that the support medium 
mitigated fluctuations associated with temperature 
drops, as the fixed bed compensated for the instability 
of the moving bed. Da Silva Ramos et al. [7] suggested 
that hybrid reactors with support media could capture 
more methane from dissolved gas, thereby improving 
overall system efficiency at any temperature.

The findings from our study align with previous 
research, demonstrating the feasibility of anaerobic 
digestion under psychrophilic conditions.

The pH values varied from 6.4 to 7.5 in the influent 
samples and the effluent samples from 6.1 to 7.5 for 
UAHB 1, 6.2–7.8 for UAHB 2, and 6.4–7.5 for UAHB 
3. These results are in the range recommended by 
Hoyos [63] and Wang [64], who indicated that maintain
ing pH between 6.0 and 8.5 boosts the development 
and activity of bacterial groups in the biomass, enhancing 
the anaerobic digestion efficiency. Additionally, the pH 
varying from 6.5 to 7.5 could favour methanogenic 
archaea growth, according to Qiu et al. [65], Kullavanijaya 
et al. [66], and Sun et al. [67]. No significant differences 
were noted between the effluent samples (p-value =  
0.24; 0.60; 0.43), presenting a neutrality tendency.

Some authors indicated that the support material 
height and reactor configuration could influence pH 
stability during operation. For example, Silva et al. [35] 
monitored pH levels (6.73–7.34) during the operation 
on a UAHB reactor (3,107 L) with a height of 4.0 m and 
a support material height of 1.0 m, noting that the 
system demonstrated buffering capacity and main
tained stable pH conditions treating coffee wastewater. 
Moreover, Araujo et al. [68] observed pH levels ranging 
from 5.8 to 8.0 in a UAHB reactor (16.3 L) with a height 
of 0.8 m and support material height of 0.4 m treating 
household and personal products industry wastewater.
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The average total alkalinity of 176 ± 59 mgCaCO3 L
−1 

in the influent samples, varying from 77 to 304 mgCaCO3 

L−1 (Figure 5), resulted closer to the maximum 
value of the range 110–170 mgCaCO3 L−1 for sanitary 
sewage characterized Metcalf & Eddy [58] and 
Sperling [69].

The increase of 10%, 14%, and 15% corresponding to 
the total bicarbonate alkalinity of 203 ± 37, 214 ± 45, and 
216 ± 53 mgCaCO3 L

−1 for the effluent samples of UAHB 
1, 2, and 3, respectively, indicate the buffering capacity 
of these reactors and the stability of the process. 
Foresti et al. [42] stated that the increment in alkalinity 

is a common indicator of treatment stability. No signifi
cant differences (p-value = 0.42; 0.88; 0.38) were 
observed by comparing the effluent samples of the reac
tors, suggesting that the support medium height did not 
influence this parameter.

The presence of support materials has shown 
improved biomass retention and, consequently, the 
microbial activity responsible for alkalinity production. 
The interaction between support materials facilitates 
the growth of methanogenic archaea that utilize the 
intermediate acids produced during anaerobic diges
tion, augmenting alkalinity generation [70–72].

Table 4. Physicochemical characterization of the influent and effluents from the reactors UAHB 1 (SMH = 6 cm), 2 (SMH = 15 cm), and 
3 (SMH = 24 cm).
Parameter Unit Samples Average Removal (%) SD CV Min. Max.

Liquid temperature C° Influent 17.9 – 2.2 12.2 13.4 20.5
UAHB 1 18.4 – 2.3 12.6 13.5 21.2
UAHB 2 18.3 – 2.3 12.3 13.6 21.2
UAHB 3 18.3 – 2.2 12.2 13.7 21.1

pH - Influent 6.8 – 0.3 3.9 6.4 7.5
UAHB 1 6.9 – 0.3 4.9 6.1 7.5
UAHB 2 7.0 – 0.4 5.3 6.2 7.8
UAHB 3 7.0 – 0.3 4.2 6.4 7.5

Partial alkalinity mgCaCO3 L−1 Influent 114 – 28 25 58 173
UAHB1 133 – 16 12 107 168
UAHB2 135 – 19 14 105 181
UAHB3 136 – 24 18 73 173

Intermediate alkalinity mgCaCO3 L−1 Influent 63 – 33 52 8 130
UAHB1 70 – 25 36 27 122
UAHB2 79 – 28 35 11 131
UAHB3 80 – 29 36 15 135

Total alkalinity mgCaCO3 L−1 Influent 176 – 59 34 77 304
UAHB1 203 – 37 18 136 290
UAHB2 214 – 45 21 138 312
UAHB3 216 – 53 24 88 307

Volatile Acids mgHAc L−1 Influent 54 – 16 30 25 77
UAHB1 63 – 27 43 31 129
UAHB2 62 – 24 38 30 130
UAHB3 58 – 15 26 31 88

Turbidity NTU Influent 61 – 5 9 52 70
UAHB1 9 85 5 54 3 16
UAHB2 8 87 2 25 5 13
UAHB3 6 90 2 28 3 10

Conductivity µS cm−1 Influent 1101 – 64 6 962 1180
UAHB1 1105 – 59 5 967 1176
UAHB2 1109 – 63 6 957 1221
UAHB3 1113 – 63 6 954 1198

COD mgO2 L−1 Influent 490 – 53 11 416 592
UAHB1 154 69 74 48 68 271
UAHB2 146 70 44 30 95 257
UAHB3 138 72 48 35 66 242

TS mg L−1 Influent 771 – 49 6 683 833
UAHB1 304 61 40 13 259 362
UAHB2 287 63 35 12 238 337
UAHB3 285 63 35 12 245 339

TFS mg L−1 Influent 535 – 62 12 414 605
UAHB1 205 62 33 16 167 251
UAHB2 209 61 38 18 172 265
UAHB3 200 63 34 17 168 257

TVS mg L−1 Influent 235 – 52 22 185 335
UAHB1 98 58 26 26 64 134
UAHB2 77 67 22 29 61 117
UAHB3 85 64 27 32 69 134

Biogas production NL L−1 UAHB1 1,3 – 0,1 9,1 1,1 1,6
UAHB2 1.1 – 0,2 11,5 1,2 1,7
UAHB3 0.5 – 0,1 9,4 1,4 1,9

Note: SD – standard deviation; CV – coefficient of variation; n – number of samples = 54.
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Average partial (PA) and intermediate alkalinities (IA) 
of 114 ± 28 and 63 ± 33 mgCaCO3 L−1 for the influent 
samples, and 133 ± 16 and 70 ± 25 mgCaCO3 L−1, 135  
± 19 and 79 ± 28 mgCaCO3 L−1, and 136 ± 24 and 80 ±  
29 mgCaCO3 L−1 for the effluent samples of UAHB 1, 2, 
and 3 reactors, respectively (Figure 5), reinforced the 
buffering capacity of these reactors, independently of 
the height of the support media adopted. No significant 
differences were obtained between the results obtained 
for PA and IA of effluent samples (p-value = 0.70; 0.88; 
0.62), suggesting that the height of the support 
medium did not influence these parameters.

Ripley et al. [43] stated that the IA/PA ratio exceeding 
0.3 suggests potential disturbances in anaerobic diges
tion. In our study, average IA/PA ratios were 0.52 ± 0.20 
for UAHB 1, 0.58 ± 0.22 for UAHB 2, and 0.59 ± 0.24 for 
UAHB. Conversely, Foresti [73] argues for a closer exam
ination of this threshold and indicates that stability 
could be achieved with IA/PA ratio values above 0.3. In 
addition, Silva and Nour [74] achieved satisfactory 
removal efficiencies of COD (73.7%) and Total Sus
pended Solids (78.8%) with IA/PA ratios ranging from 
0.47 to 1.12 in a compartmentalized anaerobic reactor 
treating urban wastewater with initial COD of 790 
mgO2 L−1 and TSS of 279 mg L−1. The IA/PA ratio 
values obtained in our study align with those mentioned 
by Silva and Nour [74], indicating favourable conditions 
in the anaerobic treatment process.

Despite indicating reduced buffering capacity for AI/ 
PA values between 0.40 and 0.80, Souza et al. [75] 
noted that stability could be achieved even with AI/PA 
ratios greater than 0.30. These results are consistent 
with our findings that the reactors demonstrated satis
factory COD removal efficiencies even with the observed 
AI/PA ratios. Furthermore, Pereira et al. [71] reported 
that high AI/PA ratios do not necessarily correlate with 
the poor performance of a UASB reactor treating swine 
wastewater. In conclusion, anaerobic digestion can be 
effective even under varying alkalinity conditions.

Moreover, the PA/TA ratio is recommended to indi
cate stability in anaerobic treatment, with effective 
organic matter removal and methane production. 
Pérez and Torres [76] mentioned maintaining the PA/ 
TA ratio above 0.65, and Jenkins et al. [44] stated that 
this ratio should surpass 0.5. López-López et al. [72] 
reported that PA/TA ratios consistently above 0.5 indi
cate a well-buffered system capable of neutralizing vola
tile acids produced during anaerobic digestion. Santana 
and Oliveira [77] maintained PA/TA ratios around 0.47– 
0.60 without significant operational disturbances. In 
our study, the PA/TA ratio is in agreement with these 
referenced studies since the average values resulted in 
0.66 ± 0.34 for UAHB 1, 0.64 ± 0.40 for UAHB 2, and 
0.67 ± 0.48 for UAHB 3, demonstrating the stability 
potential of these reactors even with different heights 
of support media.

Figure 5. Variation of Alkalinity (Partial, Intermediate, and Total, mgCaCO3 L−1) in the UAHB reactors: 1 (SMH = 6 cm), 2 (SMH = 15 
cm), and 3 (SMH = 24 cm).
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Volatile acids ranged from 25 to 77 mgHAc L−1 in the 
influent samples, resulting in an average concentration 
of 54 ± 16 mgHAc L−1. These concentrations agree 
with the range that Torres & Foresti [42] indicated of 
25–110 mgHAc L−1 for sanitary sewage. Similar concen
trations were verified in the effluent samples, resulting in 
63 ± 27 mgHAc L−1 for UAHB 1, 62 ± 24 mgHAc L−1 for 
UAHB 2, and 58 ± 15 mgHAc L−1 for UAHB 3 (Figure 6). 
The support media increase the contact time between 
substrate and biomass, minimizing the accumulation 
of VA and enhancing hydrogen production, as reported 
by Hernandez et al. [78] in hybrid UASB-type reactors 
filled with Biopack® rings.

In anaerobic digestion, volatile fatty acids (VFAs) typi
cally range from 50 to 250 mgHAc L−1, creating favour
able conditions for methanogenic archaea to convert 
intermediate products into methane and carbon dioxide 
efficiently [79]. However, not all VFAs are degraded at 
the same rate. Short-chain VFAs, such as acetate, are 
more readily utilized by methanogens, whereas propio
nate and butyrate require specific microbial pathways 
and may accumulate if degradation is hindered [80,81]. 
In our study, the concentrations of VFAs observed in 
the effluent samples from the UAHB reactors were 
within the expected range. The presence of carbo
hydrates and proteins in the synthetic wastewater com
position suggests that propionate and butyrate could 
form intermediate fermentation products. However, no 
significant accumulation was observed, indicating that 
the process conditions facilitated their further conversion.

By comparing the VA concentrations between the 
influent and effluent samples, no significant differences 

were noted (p-values = 0.91; 0.55; 0.50), indicating no 
accumulation and neutralization of VA during the oper
ation of the UAHB reactors. Thus, the height of the 
support medium did not influence this parameter.

Ripley et al. [43] indicated that the efficiency of 
anaerobic digestion is closely linked to the concen
trations and interaction between Total alkalinity (TA) 
and Volatile acids (VA). In addition, these authors 
suggest optimal organic matter degradation for the 
VA/TA ratio ranging between 0.1 and 0.35. In our 
study, the VA/TA ratios resulted in 0.31 ± 0.14 for UAHB 
1, 0.29 ± 0.13 for UAHB 2, and 0.27 ± 0.10 for UAHB 3, 
i.e. demonstrating conditions for the organic matter 
degradation in anaerobic treatment.

Figure 7 shows the turbidity (UNT) variation in the 
influent and effluent samples and the removal efficien
cies (%) achieved by UAHB reactors.

The average turbidity in the influent samples resulted 
in 61 ± 5 NTU, a value close to the result of Godinho [10] 
(59 UNT) when using synthetic sewage with a similar 
composition. In the effluent samples, the turbidity pre
sented values of 9 ± 5, 8 ± 2, and 6 ± 2 NTU for UAHB 1, 
2, and 3, respectively, indicating that the higher the 
support media height, the lower the turbidity.

UAHB reactors 1, 2, and 3 achieved average turbidity 
removals of 85.2 ± 19.3%, 86.9 ± 14.9%, and 90.2 ± 14.9% 
for HRT of 10 h, respectively. The height of the support 
medium influenced the turbidity removal since the 
highest removal was verified in the UAHB 3, with the 
highest support medium height of 24 cm.

Electrical conductivity of 1,101 ± 64 µS cm−1 was 
measured in the influent samples, and 1,105 ± 59, 
1,109 ± 63, and 1,113 ± 63 µS cm−1 were obtained in 
the effluent samples of the UAHB reactors 1, 2, and 3, 

Figure 6. Variation of volatile acids (mgHAc L−1) concentration 
in the UAHB reactors: 1 (SMH = 6 cm), 2 (SMH = 15 cm), and 3 
(SMH = 24 cm).

Figure 7. Variation of Turbidity (NTU) and removal efficiencies 
(%) achieved by the UAHB reactors: 1 (SMH = 6 cm), 2 (SMH =  
15 cm), and 3 (SMH = 24 cm).
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respectively. These results range from 550 to 1,330 µS 
cm−1, as suggested by Liang et al. [82] for the electrical 
conductivity of typical sanitary sewage.

Higher electrical conductivity values were achieved in 
the UAHB 3 with higher support medium height (24 cm), 
probably due to the greater solids retention in the 
support medium and greater quantity of adhered 
biomass in this reactor. In the metabolization process 
of microorganisms, large molecules are transformed 
into small molecules with an electrical charge, increasing 
the conductivity of the medium [83,84]. Thus, the 
amount of microorganisms adhered to the surface is 
related to the conductivity measurement.

Conductivity plays an important role in monitoring 
and controlling anaerobic digestion processes since 
the concentration of ions is related to bacterial activity 
[85]. In our study, the higher electrical conductivity in 
UAHB 3 may indicate greater bacterial activity in this 
reactor compared to UAHB 1 and 2.

Figure 8 shows the organic matter concentrations 
(mg L−1) regarding COD and the removal efficiencies 
(%) achieved by the UAHB reactors.

UAHB 1, 2, and 3 reactors achieved COD removal 
efficiencies of 69.4 ± 10.1%, 70 ± 6.6%, and 72.6 ± 7.5% 
for the initial concentration of 490 ± 53 mgO2 L−1, 
respectively, corresponding to the remaining concen
trations of 154 ± 74, 146 ± 44 and 138 ± 48 mgO2 L−1. 
Sanitary sewage with an average COD concentration of 
490 ± 53 mgO2 L

−1 falls within the medium to high con
centration range according to Metcalf & Eddy’s classifi
cation [58].

The height of the support medium did not influence 
COD removal efficiency since no statistical differences 

(p-value = 0.72; 0.59; 0.46) were observed between the 
effluent samples of these reactors.

Elmitwalli et al. [29], Godinho [10], Priya et al. [25], 
Loganath and Mazumder [86], Michelon et al. [9], Hema
latha and Keerthinarayana [87], Balasundaram et al. [88], 
and Da Silva et al. [7] obtained similar results in UAHB 
reactors treating sanitary sewer, synthetic sewer simulat
ing sanitary sewer, sago processing wastewater, slaugh
terhouse effluent, paper manufacturing wastewater, and 
food processing wastewater.

Notably, the removal efficiencies obtained in the 
monitoring analyses agree with the results of prelimi
nary studies (Figures 3 and 4), which were used to 
design and dimension the UAHB reactors and establish 
the operational conditions of our study. Thus, the exper
imental behaviour of the UAHB reactors corresponds to 
the expected behaviour according to the literature 
review.

Figure 9 shows the concentrations of total solids, total 
fixed solids, and total volatile solids (mg L−1) and the 
removal efficiencies (%) in the UAHB reactors. Average 
Total solids (TS) of 771 ± 49 mg L−1 corresponds to the 
typical value for sanitary sewage, according to Metcalf 
et al. [58], who indicated the range from 390 and 1350 
mg L−1 and Sperling [69], who suggested the range of 
700–1350 mg L−1.

The height of the support medium did not influence 
the removal efficiencies of TS (p-value 0.51; 0.96; 0.51) 
since UAHB 1, 2, and 3 reactors achieved similar 
average removal efficiencies with 61 ± 1%, 63 ± 2%, 
and 63 ± 2%, respectively. Similarly, no significant differ
ences were noted between the total fixed solids (TFS) 
concentrations in the effluent samples of the reactors 
(p-value 0.90; 0.76; 0.85).

Regarding Total Volatile Solids (TVS), UAHB 2 and 3 
reactors achieved higher removal efficiencies (67 ± 16% 
and 64 ± 16%) compared to UAHB 1 reactor (58 ± 15%), 
indicating that the higher support medium heights 
(SMH = 15 and 24 cm) influenced the TVS removal 
efficiency (p-value 0.04; 0.55; 0.35). Da Silva et al. [7] 
and Michelon et al. [9] achieved TVS removal efficiencies 
from 68–82% in UAHB reactors treating synthetic 
sewage with characteristics similar to our study.

Figure 10 shows the biogas production (NL L−1) in the 
UAHB reactors.

The average values of biogas production were equal to 
1.3 ± 0.1 NL d−1, 1.5 ± 0.2 NL d−1, and 1.6 ± 0.1 NL d−1 for 
UAHB reactors 1, 2 and 3. The height of the support 
medium influenced biogas production since statistical 
differences (p-value = 0.01; 0.00; 0.01) were observed 
between the effluent samples of these reactors.

According to Van Haandel et al. [59], anaerobic diges
tion occurs through the metabolic action of various 

Figure 8. Organic matter concentrations (COD, mgO2 L−1) and 
removal efficiencies (%) achieved by the UAHB reactors: 1 
(SMH = 6 cm), 2 (SMH = 15 cm), and 3 (SMH = 24 cm).
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anaerobic microorganisms, transforming organic matter 
and producing biogas as a byproduct. Consequently, 
biogas production is influenced by biomass retention 
inside the reactor [89]. Based on this premise, it was 
expected that increasing the thickness of the support 
medium would enhance biogas production. This 
hypothesis was supported by the monitoring results, 
which indicated that the highest biogas production 
occurred in the UAHB 3 reactor, which had a support 
medium thickness of 24 cm.

Notably, the overall trend of biogas production in the 
three reactors follows the same pattern as organic 
matter removal regarding COD, demonstrating that 
greater organic matter removal is associated with 
increased biogas production.

The results of physicochemical parameters reinforce 
the influence of support media and the hydrodynamic 
conditions on reactor performance. The pH values 
increased slightly from 6.8 in the influent to 6.9, 7.0, 
and 7.0 in the effluent samples of UAHB 1, 2, and 3, 
respectively, reflecting the buffering capacity due to 
the alkalinity generation. Total alkalinity increased from 
176 mgCaCO3 L-¹ in the influent to 203, 214, and 216 
mgCaCO3 L-¹ in the effluent of these reactors, respect
ively, which is crucial for maintaining the reactor stability 
and preventing acidification.

The removal efficiency of COD improved progress
ively (69%, 70%, and 72%), correlating with the 
decreasing Pe and Sh values, suggesting that longer 
residence times favoured substrate degradation. 
Turbidity removal followed a similar trend (85%, 87%, 
and 90%), supporting the influence of mass transfer 
characteristics on particle retention and microbial 
activity.

3.3.2. Optimization
Statistical correlation analyses were developed after the 
general analysis of the experimental results.

Figure 9. Solids concentrations (total, fixed, and volatile) and removal efficiencies (%) in the UAHB reactors: 1 (SMH = 6 cm), 2 (SMH =  
15 cm), and 3 (SMH = 24 cm).

Figure 10. Biogas production in the UAHB reactors: 1 (SMH = 6 
cm), 2 (SMH = 15 cm), and 3 (SMH = 24 cm).
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Table 5 presents the p-value results of the Shapiro– 
Wilk test (normality test).

The Shapiro–Wilk normality analysis showed that 
most of the data sets correspond to the characteristics 
of normal distribution because the p-value results are 
higher than 0.05 (significance level). However, results 
of turbidity, COD, TS, TFS, TVS, and Biogas production 
present non-normal distribution characteristics as the 
p-value results are lower than 0.05, thus rejecting the 
null hypothesis H0 (there is no correlation between the 
height of the support medium and the tested monitor
ing parameter).

Then, the Pearson’s correlation test was applied for 
the parameters that followed the normal distribution 
of the Shapiro–Wilk test, and the Kendall correlation 
test was applied for the parameters that did not follow 
the normal distribution of the Shapiro–Wilk test.

Table 6 shows the Pearson’s correlation coefficient (σ) 
results between the different heights of the support 
medium and the operating parameters. The Person’s 
correlation coefficient (σ) was calculated to establish 
the dependence of each parameter with the variable 
height of the support medium, considering a null 
hypothesis (H0, in which there is no correlation 
between the height of the support medium and the 

tested monitoring parameter: σ = 0) and an alternative 
hypothesis (H1, in which there is a correlation between 
the height of the support medium and the tested moni
toring parameter: σ ≠ 0).

Pearson’s correlation results indicated a positive corre
lation between the support medium height and the pH, 
alkalinity (partial, intermediate, and total), and conduc
tivity parameters. A negative correlation exists between 
the support medium height, temperature, and volatile 
acids. These correlations could be classified as ‘very 
strong’ except for the pH, which presents a ‘moderate’ 
correlation following Evans’s classification [51].

Table 7 shows Kendall’s correlation results for the par
ameters that did not follow a normal distribution. Ken
dall’s non-parametric correlation test was developed to 
establish the dependence on the variable height of the 
support medium, considering a null hypothesis (H0, in 
which there is no correlation between the height of the 
support medium and the tested monitoring parameter: 
T = 0) and an alternative hypothesis (H1, in which there 
is a correlation between the height of the support 
medium and the tested monitoring parameter: T ≠ 0).

Kendall’s correlation results indicated a ‘very strong’ 
negative correlation between the turbidity, COD, and 
TS parameters. On the other hand, the results indicated 
a ‘very strong’ positive correlation between the support 
media height and the biogas production parameter and 
a ‘weak’ negative correlation between the TFS and TVS 
parameters, according to Evans’s classification [51].

The study results indicate that the UAHB 3 reactor, 
with the highest support medium height (24 cm), exhib
ited the greatest values for electrical conductivity, 
biogas production, and total volatile solids (TVS) 
removal. These findings suggest a direct relationship 
between the support medium height and bacterial 
activity inside the reactor [5,73,85].

Higher electrical conductivity in UAHB 3 can be attrib
uted to increased solids retention within the support 
medium and the higher amount of adhered biomass. 
Since conductivity is linked to ion concentration, it rep
resents an important indicator of microbial activity [85]. 
This observation is further supported by Pearson’s 

Table 5. Results of the p-value of the Shapiro-Wilk normality 
test for the physicochemical parameters of the UAHB reactors: 
1 (SMH = 6 cm), 2 (SMH = 15 cm), and 3 (SMH = 24 cm).

Parameter

p-value

Synthetic 
wastewater UAHB 1 UAHB 2 UAHB 3

Temperature 0.125 0.155 0.248 0.198
pH 0.930 0.660 0.697 0.562
Partial alkalinity 0.967 0.687 0.542 0.397
Intermediate 

alkalinity
0.924 0.685 0.325 0.949

Total alkalinity 0.780 0.687 0.542 0.397
Volatile Acids 0.391 0.807 0.581 0.815
Turbidity 0.465 0.037 0.064 0.038
Conductivity 0.182 0.008 0.304 0.423
COD 0.087 0.070 0.073 0.047
TS 0.386 0.109 0.218 0.024
TFS 0.238 0.010 0.059 0.007
TVS 0.111 0.015 0.009 0.009
Biogas production – 0.706 0.268 0.038

Table 6. Pearson’s correlation coefficient (σ) between support medium height and the operational parameters in UAHB reactors: 1 
(SMH = 6 cm), 2 (SMH = 15 cm), and 3 (SMH = 24 cm).
Parameter UAHB 1 UAHB 2 UAHB 3 σ Correlation interpretation* p-value

Temperature 18.4 18.3 18.3 −0.8 Very strong 0.40
pH 6.9 7.0 7.0 0.6 Moderate 0.60
Partial alkalinity 133 135 136 1.0 Very strong 0.14
Intermediate alkalinity 70 79 80 0.9 Very strong 0.25
Total alkalinity 203 214 216 0.9 Very strong 0.22
Volatile Acids 63 62 58 −0.9 Very strong 0.22
Conductivity 1105 1109 1113 1.0 Very strong 0.04

Note: * Evans [51].
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correlation analysis, indicating a very strong positive cor
relation between support medium height and electrical 
conductivity and alkalinity (partial, intermediate, and 
total). Considering that alkalinity is closely associated 
with microbial metabolism and system stability [85,90], 
these findings reinforce the hypothesis that a higher 
support medium height enhances microbial retention 
and activity.

Although no statistical differences were observed in 
COD removal efficiency among the reactors, the higher 
removal in UAHB 3 may be associated with greater 
biomass retention and metabolic activity. Previous 
studies have demonstrated that the retention of micro
organisms in the support medium [59] influences the 
efficiency of organic matter degradation in anaerobic 
systems. Kendall’s correlation results corroborated this 
relationship, indicating a very strong negative corre
lation between support medium height and turbidity, 
COD, and total solids (TS). It suggests that higher 
support medium height promotes greater removal of 
these parameters, likely due to enhanced microbial 
degradation and solids entrapment.

Regarding total solids, the removal efficiencies for 
total fixed solids (TFS) were similar across the reactors, 
indicating that the support medium height did not 
significantly impact this parameter. However, the 
removal of total volatile solids (TVS) was higher in 
UAHB 2 and 3 compared to UAHB 1, suggesting that 
a higher support medium height could enhance the 
retention and degradation of biodegradable organic 
fractions. Nevertheless, Kendall’s correlation results 
indicated a weak negative correlation between 
support medium height and TFS/TVS, suggesting 
that other operational factors may influence solids 
removal efficiencies.

Biogas production corroborates these findings, as 
UAHB 3 exhibited the highest biogas generation, with 
significant differences from the other reactors. Since 
biogas production is directly linked to microbial activity 
and biomass retention [91], the increased production in 
UAHB 3 confirms that the higher support medium height 
favoured microbial growth and metabolism. Pearson’s 
and Kendall’s correlation analyses strongly supported 

this relationship, which classified the correlation 
between support medium height and biogas production 
as very strong and positive.

In summary, the results collectively suggest that the 
increased height of the support medium in UAHB 3 con
tributed to enhanced microbial retention and activity, 
leading to greater organic matter degradation, higher 
volatile solids removal, increased electrical conductivity, 
and improved biogas production. The correlation ana
lyses further reinforce these findings, demonstrating 
that key parameters such as alkalinity, conductivity, 
and biogas production are positively associated with 
support medium height. Besides turbidity, COD and 
total solids exhibit a strong negative correlation. These 
findings highlight the importance of support media 
height in optimizing anaerobic reactor performance 
and support the premise that greater bacterial activity 
is associated with increased biogas yields and organic 
matter conversion efficiency.

3.4. Limitations of the present study

The findings of this study offer several practical impli
cations. The results suggest that optimizing the 
support medium height (SMH) in UAHB reactors can 
improve biomass retention and organic matter 
removal efficiency, reducing the pollutants released 
into water bodies and contributing to better water 
quality and overall ecosystem health.

This optimization could be implemented in full-scale 
reactors to enhance their performance, potentially 
leading to more efficient wastewater treatment 
systems. Although the findings of this study provide 
valuable insights, the practical implementation of 
these results may be subject to site-specific conditions, 
including variations in wastewater composition, reactor 
scale, and operational practices.

Challenges remain in optimizing the UAHB reactors 
on a full scale, particularly in ensuring long-term oper
ational stability and minimizing environmental impacts 
associated with reactor maintenance and operation. 
Further studies must assess these findings in full-scale 
units regarding their applicability and limitations.

Table 7. Kendall’s correlation coefficient (T) between the support medium height and the operational parameters in UAHB reactors: 1 
(SMH = 6 cm), 2 (SMH = 15 cm), and 3 (SMH = 24 cm).
Parameter UAHB 1 UAHB 2 UAHB 3 T Correlation interpretation p-value

Turbidity 9 8 6 −1.0 Very strong 0.12
COD 154 146 138 −1.0 Very strong 0.12
TS 304 287 285 −1.0 Very strong 0.12
TFS 205 209 200 −0.3 Weak 0.60
TVS 98 77 85 −0.3 Weak 0.60
Biogas Production 1.32 1.45 1.59 1.0 Very strong 0.12

Note: * Evans [51].
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4. Conclusions

The UAHB reactors operated at HRT of 10 h maintained 
stable and neutral pH conditions and buffering capacity, 
demonstrating the stability of the anaerobic process 
even with different heights of the support medium. 
The support media improved the retention and activity 
of biomass responsible for alkalinity production, with 
greater values (216 ± 53 mgCaCO3 L−1) in the effluent 
of the UAHB reactor with higher support media height 
(SMH = 24 cm).

The UAHB reactors 1 (6 cm), 2 (15 cm), and 3 (24 cm) 
removed 85 ± 19%, 87 ± 15%, and 90 ± 15% of turbidity, 
indicating that the higher the support media height, the 
lower the remaining turbidity.

Although the support media height (SMH) showed 
differences in COD and TS removal efficiencies, these 
differences were not statistically significant to establish 
a direct influence on these parameters. However, the 
UAHB reactor with the highest SMH (24 cm) achieved 
removal efficiencies of 72.6 ± 7.5% for COD and 63 ±  
2% for TS. These findings confirmed the hypothesis 
that increasing the height of the support medium in 
the UAHB reactor improves biomass retention and 
organic matter removal efficiency.

The Central Composite Design (CCD) results 
suggested that with a cross-sectional area of 0.007 m² 
and a height of 0.75 m to achieve COD removal efficien
cies in the 72 - 87% range. The experimental results 
(COD removal efficiencies = 69 ± 10%, 70 ± 7%, 72 ± 8% 
for UAHB 1, UAHB 2, and UAHB 3, respectively) with 
the UAHB reactors were close to this expected range, 
supporting the design approach based on the CCD 
methodology.

Turbidity, volatile acids, COD, and total solids (fixed 
and volatile) showed a ‘very strong’ negative correlation 
with the support medium height. The correlation was 
classified as ‘moderate’ negative for total fixed and vola
tile solids. Conversely, biogas production and alkalinity 
exhibited a ‘very strong’ positive correlation with the 
support medium height.
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