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Abstract: Aeration is usually the most energy-intensive part of the activated sludge process, ac-
counting for 50% to 80% of the total requirement. To achieve high efficiency, designers and opera-
tors of WWTPs must, therefore, consider all influencing factors, including salinity. With increasing 
salinity, oxygen transfer increases compared to tap water (TW), due to the inhibition of bubble coa-
lescence. Previous saline water (SW) experiments showed that by using small slits in the diffuser 
membrane design, oxygen transfer and aeration efficiency increase further. In this study, we present 
a modified approach for considering the salt effect on oxygen transfer and assess the transferability 
of SW results to saline-activated sludge (sAS) conditions. Therefore, we operated a pilot-activated 
sludge plant over 269 days with a saline industrial wastewater influent. The oxygen transfer of disc-
diffusers with two different membrane designs was measured continuously via the off-gas method. 
The salt concentration (cSalt) measured via ion analysis ranged between 4.9 and 11 g/L. Despite a 
high cSalt fluctuation, COD elimination was >90% all the time. Our results confirm previous SW re-
sults. Oxygen transfer in sAS is up to three times higher compared to non-saline conditions. Aera-
tion efficiency shows that despite a higher pressure drop, diffusers with smaller slits are to be rec-
ommended in order to improve aeration in sAS. 

Keywords: saline industrial wastewater; diffuser membrane design; critical coalescence  
concentration; transition concentration; disc diffuser 
 

1. Introduction 
The oxygen transfer of fine-bubble aeration systems is enhanced by a high salt con-

centration (cSalt; g/L) due to the inhibition of bubble coalescence. In former studies, we 
assessed the different factors influencing the oxygen transfer in saline water (SW) [1–3]. 
In the present study, we investigate the transferability of these SW test results to process 
conditions in saline-activated sludge (sAS). 

A high cSalt is quite common in industrial wastewater. Additionally, the global trend 
towards saving freshwater by increased (industrial)-wastewater reuse or by using sea-
water for toilet flushing would raise the volume of saline wastewater that needs to be 
biologically treated [3,4]. The most prevalent process for aerobic biological wastewater 
treatment is the activated sludge process. Aeration is usually the most energy intensive 
part of the activated sludge process, accounting for 50 to 80% of the total energy require-
ment [5]. To ensure a high aeration efficiency, it is mandatory that all parameters affecting 
oxygen transfer be considered in the design process. Therefore, a deeper understanding 
of the effects on the oxygen transfer of an increased cSalt is crucial to enhance the energy 
efficiency of the activated sludge process.  

Aeration in the aerobic biological wastewater treatment is essential to satisfy the ox-
ygen demand of microorganisms in activated sludge [5]. Today, mainly fine-bubble 
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aeration systems are used in wastewater treatment plants (WWTPs). Thereby, compressed 
air is injected via diffusers installed at the bottom of the aeration tank. The oxygen is trans-
ferred from the ascending small bubbles into the liquid phase. The oxygen transfer is de-
scribed by the volumetric mass transfer coefficient (kLa; 1/h), which represents the product 
of the liquid-side mass transfer coefficient (kL; m/h) and the liquid/gas interfacial area (a; 
m2/m3). Many different factors influence the kLa. In order to describe these effects, usually, 
the kLa under process conditions is set in relation to the kLa in tap water (TW) at standard 
conditions (20 °C water temperature; 0 mg/L dissolved oxygen concentration; 101.3 kPa 
atmospheric pressure; see Table 1). Depending on the aerated medium, the quotients are 
labelled differently. In the following, we distinguish between α (for aerating non-saline-
activated sludge), fS (for aerating saline water) and αfS (for aerating saline-activated 
sludge). 

Table 1. Design parameters. 

Medium Definition  

Non-saline-activated sludge (AS) 훼 =  
푘 푎    

푘 푎  
 (1) 

Saline water (SW) 푓 =  
푘 푎  

푘 푎  
 (2) 

Saline-activated sludge (sAS) 훼푓 =  
푘 푎   

푘 푎  
 (3) 

In non-saline-activated sludge (AS), the kLa is inhibited with dissolved and sus-
pended contaminants and the biomass itself, which is why α is usually <1.0. The predic-
tion of α in dependence of different parameters (e.g., wastewater contaminants and pro-
cess parameters) has been the objective of many studies [6–8]. Since the wastewater com-
position is subject to daily fluctuations, common practice in the design of aeration systems 
currently ensures necessary flexibility determining the minimum αmin and maximum αmax 

[9]. The mean α (αmean) has been adopted to evaluate the aeration efficiency. 
In SW, the kLa increases with an increasing csalt due to the inhibition of bubble coales-

cence. Hence, fS takes values greater than 1.0 and increases linearly with an increasing csalt. 
The increase in fS depends on the airflow rate, type of diffuser and design of diffuser mem-
brane [2]. When the cSalt reaches a certain concentration, which is specific for each salt and 
mixed salt solution, the coalescence is fully inhibited and fS reaches its maximum (fS,max) 
[1]. This is termed the critical coalescence concentration (CCC) [10]. 

In sAS, the inhibiting effects of wastewater and AS ingredients as well as the enhanc-
ing effect of an increased salt concentration affect the kLa. Therefore, depending on the 
balance between the inhibiting (described by α) and enhancing (described by fS) effects, 
αfS can assume values of >1.0 or <1.0. Sander et al. [3] ran oxygen transfer tests with iron 
hydroxide flocs to simulate activated sludge with different NaCl concentrations. They 
showed that the net effect can be expressed via multiplicative linking of α and fS: 

훼푓 =  α ∙ 푓  (4)

Our previous studies showed that in SW, fS,max as well as the maximum kLa were 
higher with a small slit membrane design than one with large slits [1]. For disc diffusers, 
the kLa increases by 10% when using the small slit diffuser membrane design compared 
with diffusers with the large slit design [2]. However, the improved kLa is accompanied 
by an increased diffuser pressure drop (due to the smaller slits) and, therefore, by a higher 
energy requirement for air supply. Nevertheless, model calculations based on SW test re-
sults show that the aeration efficiency improves due to the higher oxygen transfer [2]. 

However, it is questionable whether this also applies to process conditions in sAS. 
The activated sludge or wastewater ingredients could influence the coalescence behaviour 
in the aeration tank as well as the fouling of the diffusers. Therefore, in the present study 
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we aim to investigate whether the use of diffusers with smaller slits also improves aeration 
in sAS. For this purpose, we operated a pilot-scale activated sludge tank with a water 
volume of 2.25 m3 and a depth of submergence of the diffusers of 3.5 m over 269 days with 
an industrial wastewater influent and measured the oxygen transfer continuously with 
the off-gas method. The time of operation was divided into four measurement phases. In 
each phase, we installed a new diffuser. With the corresponding TW results, αfS was cal-
culated. In parallel, we recorded the pressure drop of the diffusers and the overall perfor-
mance of the pilot plant. 

We use the results to assess a modified design approach for considering the salt effect 
on the oxygen transfer. The new design approach enables a more precise design and, thus, 
a more energy efficient operation of an aeration system at high salt concentrations. The 
current design approach described by Sander et al. [3] is only applicable for municipal 
wastewater with a high sea salt concentration. Therefore, it could not be used for the in-
dustrial wastewater of the present study, which shows another salt mixture than sea salt. 
Furthermore, the influence of the diffuser membrane design is not taken into account in 
the current design approach. Our modified design approach normalizes the effect of dif-
ferent salts and mixed salt solutions on the kLa. Therefore, it is applicable for each coales-
cence inhibiting salt or mixed salt solution. Additionally, we show how the influence of 
the membrane design can be assessed by conducting simple SW tests with the diffusers 
used for aerating sAS. 

2. Materials and Methods 
2.1. Modified Design Approach for Considering Salt Effect on kLa 

In order to design an aeration system as efficiently as possible, the individual influ-
ences must be considered as precisely as possible. The fS value includes the salt effect on 
kLa (see Table 1). Sander et al. [3] found a correlation between fS of disc diffusers and con-
centration of sea salt (cSeaSalt; g/L) and the critical coalescence concentration of sea salt 
(CCCSeaSalt; g/L): 

푓 =  푘 ∙ 푐  + 1                when cSeaSalt ≤ CCCSeaSalt 

푓 =  푓 ,                          when cSeaSalt > CCCSeaSalt 
(5)

where k is an empirical parameter between 0.08 and 0.16 depending on the airflow rate 
per disc diffuser (qA,Disc; m³/Disc/h). However, this approach is only valid for sea salt and 
does not consider the different CCCs of different salts or salt mixtures. Therefore, we pro-
posed to normalize salt effect by including the dimensionless ratio of cSalt and the corre-
sponding CCC (cSalt/CCCSalt; -): 

푓 =  푘 ∙ + 1                    when cSalt ≤ CCCSalt 

푓 = 푓 , =  푘 + 1                   when cSalt > CCCSalt 

(6)

The normalised k-value (kN; -) describes the slope of the linear increase in fS until 
cSalt/CCCSalt = 1.0 and fS reaches fS,max. Since only the diffuser membrane design and qA,Disc 
affects fS,max or bubble diameter, but not the salt type [2,11–13], it is reasonable that solu-
tions of different salts and salt mixtures with the same cSalt/CCCSalt ratio and aerated with 
the same diffuser would present similar fS values. Other studies already showed the ad-
vantages of using a dimensionless concentration as independent parameter for analyses 
of hydrodynamics and oxygen transfer with different salt solutions in bubble columns 
[13–15]. 

Because the salt type has no effect on fS,max, kN can be derived with Equation (6) by 
measuring fS,max of the diffuser used for aerating sAS in any salt solution. For fS,max determi-
nation, we recommend to use NaCl, because it is cheap and easy to handle . It must be 
noted that fS,max is affected by diffuser type and design of diffuser membrane. For disc and 
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plate diffusers fS,max is also affected by qA,Disc or the airflow rate per plate (qA,plate; m³/Plate/h), 
respectively. Therefore, the test conditions should be the same as process conditions (same 
diffuser and in case of plate and disc diffusers the same qA,Disc or qA,Plate, respectively). 

Behnisch et al. [2] measured fS values of different diffusers in a NaCl solution and 
checked whether there was a scale effect. They concluded that for measuring fS,max a suffi-
cient reactor volume as well as blower capacity is necessary, to ensure that the full range 
of airflow rate of diffusers can be set during the tests. Neither diffuser density nor water 
depth showed an influence on fS [2,16]. From Equation (6) and with known fS,max value and 
cSalt/CCCSalt = 1.0 resulted in: 

푘 =  푓 , − 1.0 (7)

Because of the influence of air-flow rate on fS,max in case of plate and disc diffusers, for 
these diffuser types, the kN value is identical for each salt and mixed salt solution, as long 
as the airflow rate remains constant. For tube diffusers, kN is constant all the time, because 
there is no influence of the airflow rate on fS within the operation range specified by the 
manufacturer [2]. 

To consider the salt effect with Equation (6), CCC of the given salt solution or 
wastewater must be determined. An analytical approach is described by Behnisch et al. 
[2]. They measured CCC of different salts in lab-scale as well as in pilot-scale setup by 
evaluating the oxygen transfer at different salt concentrations, and showed that there was 
no scale effect in determining CCC. Therefore, CCC measuring can be carried out in a small 
bubble column. For measuring the coalescence behaviour of saline wastewater, Zlokarnik 
[17] proposed to use biologically treated wastewater. Otherwise, the wastewater ingredi-
ents would falsify the results. If biologically treated wastewater is not available, we rec-
ommend to use of a salt mixture with a similar salt composition for the tests. 

2.2. Pilot Plant 
Figure 1 shows a scheme of the pilot-scale activated sludge test plant. The inflowing 

industrial wastewater consisted of a mixed effluent combining the wastewater generated 
by the various production lines of an industrial site. The main product of the industrial 
site was colour effect pigments, which are used, e.g., in paints for cars. 

The influent was collected from grit chamber effluent of a WWTP treating the 
wastewater of the industrial site. It was stored for approximately 3 h in a 0.6 m³ tank before 
it entered the aerated biological reactor (B1). The storage tank was equipped with online 
probes (CPS16D, CLS50D, Endress + Hauser, Switzerland) for pH (-) and electrical con-
ductivity (EC; mS/cm). Then, 24 h composite samples were taken from influent before it 
entered B1. The 24 h composite samples were analysed by standard kit (Merck-Spec-
troquant, Merck KGaA) for total COD concentration (CODt), filtrated COD (CODf), am-
monia, nitrate, nitrite and phosphorous. Despite the small storage tank, the influent to B1 
was subject to strong concentration fluctuations, as can be seen from the high standard 
deviation values of analysed chemical parameters: 334 ± 295 mg/L CODt; 119 ± 237 mg/L 
CODf; 3.5 ± 5.8 mg N/L of ammonia and 1.0 ± 1.84 mg P/L of phosphorous. The influent 
contained neither nitrate nor nitrite. In contrast to the chemical parameters, EC was rela-
tively stable at 10.1 ± 1.1 mS/cm. 
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Figure 1. Scheme of the pilot-scale activated sludge plant with off gas testing equipment. 
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B1 was a completely closed cylindrical tank with a diameter of 0.88 m, a water depth 
of 3.7 m and a water volume (VB1) of 2.25 m3. The reactor was equipped with one disc 
diffuser at the bottom of the tank with a depth of submergence of 3.5 m. A recirculation 
pump assisted in the mixing of the tank and pumped 2.5 m3/h from the bottom to the top 
of B1 continuously. Several online probes (CUS51D, CPS16D, CLS50D and COS61D, En-
dress + Hauser, Switzerland) in the reactor measured total suspended solids (TSS), pH, EC 
and dissolved oxygen concentration (DO), respectively. All probes were checked and 
cleaned every two days. TSS probe was regularly compared with laboratory analysis. To 
increase the salt concentration in B1, a highly concentrated NaCl solution could be dosed 
from fully mixed tank B3. 

The activated sludge was separated from the treated wastewater in the secondary 
clarifier (B2) and returned to B1. A 24 h composite sample of the clarified effluent was 
taken and analysed in the same way as the sample from the influent. The sludge retention 
time (SRT; d) was set at approx. 11 d by daily withdrawal of 0.2 m³ (QWAS; m³/d) waste-
activated sludge (WAS) from B1. Taking sludge direct from the fully mixed aerated reac-
tor had the advantage that the sensitive and time-consuming measurement of TSS of WAS 
is not necessary. Therefore, TSS in B1 and TSS of QWAS was the same and SRT could easily 
be calculated according to: 

푆푅푇 =  
푉 ∙ 푇푆푆

푄 ∙ 푇푆푆
=  

푉
푄

  (8) 

Inoculum biomass was taken from an industrial nitrifying activated sludge plant. EC 
of inoculum was 8.7 mS/cm. Thus, the biomass was already acclimatised to increased salt 
concentrations. Daily withdrawal of WAS started 26 days after inoculation. After another 
100 days of start-up period, off-gas measurements were initiated and took 143 days. 

2.3. Disc Diffuser 
The used disc diffusers had two different membrane designs (Table 2 and Figure 2). 

As previously shown [1,2], the membrane design influences the oxygen transfer in SW. 
The two different diffuser membrane designs differed in length of the slits (dS), distance 
between slits (PS), distance between rows (PR) and slit density (SD). The slit density is 
defined as the number of slits per activated (perforated) membrane area (AA). The diffuser 
density (DD) is the total membrane area (including non-perforated area) per area of the 
tank floor of B1. All installed diffusers were 28.5 cm in diameter, resulting in a DD = 10%. 

Table 2. Membrane design properties of the disc diffusers. 

Membrane Design  A B 
Material  EPDM * EPDM * 
Disc diameter (cm) 28.5 28.5 
Active membrane area (AA) (cm²) 324 306 
Slit length (dS) (mm) 0.75 1.25 
PR/dS (-) 4.07 2.44 
PS/dS (-) 2.44 1.80 
Slit density (SD) (slits/cm²) 15.5 10 
Slits per diffuser (-) 5028 3063 
* Ethylene–propylene–diene–terpolymer. 
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slits (PS)
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(dS)   

Active 
area

Disc diameter  
Figure 2. Scheme of disc diffuser membrane design. 

2.4. Desorption Method in Tap Water 
Before inoculation, oxygen transfer tests in TW with all tested disc diffusers in B1 

were conducted by means of the desorption method [18]. With this method, the oxygen 
concentration was increased 15–20 mg/L beyond the oxygen saturation concentration by 
aerating with pure oxygen gas or oxygen-enriched air [19]. By switching to aeration with 
ambient air, the oxygen concentration started to decrease again until the saturation con-
centration was reached. From the curve of decreasing oxygen concentration, the kLa was 
calculated with nonlinear regression. 

Because oxygen probes in B1 are not suitable for use at very high DO values (>20 
mg/L), four electrochemical oxygen probes (COS51D, Endress + Hauser, Switzerland) 
were installed at different heights in B1 during TW oxygen transfer tests. The resulting kLa 
values were standardized to 20 °C water temperature and a cSalt of 1 g/L (kLa20,1000), accord-
ing to EN 12255-15 [18]. Airflow rate (QA) was measured at standard temperature and 
pressure (0 °C; 101.3 kPa; 0% humidity) with a thermal flow sensor (t-mass A 150, Endress 
+ Hauser, Switzerland). 

2.5. Off-Gas and Pressure Drop Measurement in Saline-Activated Sludge 
The kLa in saline-activated sludge was measured with the off-gas method [6,7,20,21]. 

For this purpose, gas samples of off-gas and ambient air were collected continuously in 
parallel, and analysed for volumetric fraction of O2 and CO2 in a gas analyser (X-Stream 
X2, Emerson, USA) which was calibrated weekly. Before entering the analyser, gas sam-
ples were cleaned and dried (CSS-V2, M & C TechGroup, Ratingen, Germany). According 
to Equation (3), αfS resulted from the ratio of kLa in sAS to kLa in TW. As before during 
oxygen transfer tests in TW, QA was measured at standard conditions with a thermal flow 
sensor (t-mass A 150, Endress + Hauser, Switzerland). The total air supply pressure (pT; 
kPa) was measured with manometer (PMC21, Endress + Hauser, Switzerland) installed 
downstream of the blower. Pressure drop of the disc diffusers (pD; kPa) was calculated 
with the following equation [22]: 

푝 = 푝 − 푝 − 푝   (9) 

with ph being the hydrostatic pressure resulting from depth of submergence (=3.5 m) and 
pS the pressure of pipes and valves (=0.3 kPa). 

Due to the high oxygen transfer and the relatively weak pollution of the influent, the 
DO in B1 was between 7 and 8 mg/L. This was too high when using the off-gas method, 
where DO is limited to 50% of the oxygen saturation concentration due to the increasing 
uncertainty of the results [20]. Therefore, QA had to be reduced to the minimum airflow 
rate of the used diffusers given by the manufacturer (=1.5 m3/h). Nevertheless, DO was 
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still too high. Therefore, we increased the oxygen uptake rate (OUR) by dosing a high 
nutrient solution from an additional tank (B4). The nutrient solution consisted of glycerol 
as carbon source, ammonium hydrogen carbonate as nitrogen source and dipotassium 
phosphate as phosphorus source. Glycerol is considered to be readily biodegradable and 
has almost no influence on oxygen transfer even at relatively high concentrations of up to 
10 vol.% [23]. The maximum glycerol concentration was less than 0.3 vol.%. An influence 
of the nutrient solution on the oxygen transfer could, therefore, be excluded. The nutrient 
solution was only dosed during a few hours of the day (mostly at night). In the absence of 
dosing, DO increased >50% of saturation concentration and data collected during this time 
were discarded. 

2.6. Description of Test Phases 
An overview for the different test phases together with the individual notation of the 

disc diffusers are given in Table 3. The period of oxygen transfer measurement took 143 
days and consisted of four phases (I–IV). For operational reasons, the off-gas measure-
ment had to be interrupted for 45 days between Phase II and III. The operation of the pilot 
plant continued during this time. In Phase II and Phase III, a disc diffuser with diffuser 
membrane design Type A, and in Phase I and IV a disc diffuser with diffuser membrane 
design Type B was installed (see Section 2.3.). In each phase, a new diffuser was installed. 
In the following, the notation of the different disc diffusers includes the number of the test 
phase (I, II, III and IV) and the length of slits (0.75 mm and 1.25 mm); e.g., Disc I (1.25) 
means the disc diffuser from Phase I with a slit length of 1.25 mm. Besides the different 
membrane designs, the type of additional salt dosage varied between the test phases. In 
Phase I and II, the salt was dosed as a shock load. The influent was turned off and salt 
dosage from B3 started for 48 h. After salt dosage, the influent restarted. During the time, 
withdrawing of WAS and dosage of the nutrient solution continued. In Phase III and IV, 
the dosage of salt was carried out continuously. In order to reduce the required amount 
of NaCl, the influent flow rate was reduced to 110 L/h during time of NaCl dosage. 

Table 3. Overview of the test phases. 

Test Phase: Phase I Phase II Phase III Phase IV 
Notation disc diffuser: Disc I (1.25) Disc II (0.75) Disc III (0.75) Disc IV (1.25) 

Diffuser membrane design type B A A B 
Additional salt dosage  Shock wise Shock wise Continuously Continuously 

2.7. Measurement of Salt Concentration 
The salt concentration was measured with ion analyses according to APAH [24]. For 

this purpose, samples from B1 were regularly taken and were filtrated to 0.45 μm. The 
samples were analysed for major anions (Na+, K+, Mg2+, Ca2+, Fe2+ and P+) and cations (Cl− 
and SO42−) with ionic chromatography (IC; 930 Compact IC Flex, Metrohm, Switzerland) 
and inductively coupled plasma optical emission spectrometry (ICP-OES; Spectro Arcos, 
Spectro Analytical Instruments, Germany) according to ISO 10304-1 [25] and ISO 11885 
[26]; carbonate hardness (MQuant 1.10648.0001; Merck KGaA) and electric conductivity 
(CLS50D, Endress + Hauser, Switzerland). Since such analyses can easily yield incorrect 
results due to impurities or measurement errors, we carried out anion–cation balance of 
every sample. In total, 79% of our analysed samples showed an anion–cation difference of 
less than ±5% and, therefore, fulfilled the criterion for acceptance according to APAH [24]. 
Results that missed the criterion of acceptance were discarded. 

3. Results and Discussion 
In the following, first we presented the results of the ion analyses of the industrial 

wastewater. With the given results, we show which ions were present in the industrial 
wastewater and proved the linearity between EC and cSalt. Then, we showed how the kN, fS 
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and CCC were found exemplarily for the present disc diffusers and industrial wastewater 
salt mixture in order to assess the salt effect on the oxygen transfer. The results of previous 
tap water oxygen transfer tests are shown in Section 3.3. To give an overview of the overall 
operation performance of the pilot plant, the most important operation parameters are 
listed and discussed in Section 3.4. In Section 3.5., the results of the off-gas and pressure 
drop measurements are discussed in the context of the EC, airflow rate and COD F/M 
ratio. The calculated α values are discussed in Section 3.6. To assess whether a small slit 
design is recommended in saline conditions, we finally compared standard oxygen trans-
fer rate in process water (SOTRPW; kg/h) and the aeration efficiency (AE; kg/kWh) of both 
diffuser membrane designs in Section 3.7. 

3.1. Analysed Ions and Salt Concentration in Activated Sludge 
On average, the sum of anions (Σceq,anions) and cations (Σceq,cations) in the industrial 

wastewater was 120 meq/L (milliequivalent per litre). The main components of Σceq,cations 
were chloride (78 mol%) and sulphate (17 mol%); and of Σceq,anions. it was sodium (90 mol%). 
The cSalt was calculated by summing the mass concentration of all analysed ions [24]. 

Figure 3 shows the cSalt as a function of the EC. A linear trend line was derived and 
plotted as a dotted line. The coefficient of the determination (R²) of 0.99 indicated a very 
good linear dependency between the EC and cSalt. With the given equation from Figure 3, 
it was possible to calculate the cSalt (in g/L) in real time and on-site by measuring the EC 
(in mS/cm): 

푐 = 0.61 ∙ 퐸퐶 + 0.23  (10) 

 
Figure 3. Salt concentration (cSalt; g/L) as a function of electric conductivity (EC; mS/cm). 

3.2. Determination of kN and Measuring CCC of Saline Industrial Wastewater 
The modified equation for considering the salt effect on the kLa is described in Section 

2.1. In the following, we showed how to find the kN for the used diffusers and wastewater 
conditions based on experimental results in SW, which are described in detail in Behnisch 
et al. [2]. With the kN and measured CCC, we were able to calculate the fS value in depend-
ence of the salt concentration measured on site in sAS. 

In a previous study [2], we measured fS,max of the disc diffusers described in Section 
2.3. The tests were conducted in a NaCl solution (0 g/L– 15 g/L) in a pilot-scale test tank 
(water volume 17.1 m³; depth of submergence 3.65 m) with different airflow rates. The 
results are shown in Figure 4a as a function of qA,Disc for both membrane designs. The in-
fluence of qA,Disc on fS,max was obvious. The highest fS,max was reached in the middle of the 
operation range of the diffusers. The fS,max for the corresponding qA,Disc could be calculated 
using the specified regression functions. With the known fS,max value, the kN value could be 
derived from Equation (7). The kN values for both diffuser membrane designs as a function 
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of qA,Disc are shown in Figure 4b. The kN value ranged between 0.6 and 1.3 and between 0.2 
and 0.8 for membrane design A and design B, respectively. The airflow rate during the 
off-gas measurement was constant at qA,Disc = 1,5 m3/Disc/h. The corresponding kN value 
was 1.1 for diffuser membrane design A and 0.7 for diffuser membrane design B, respec-
tively. The fS value calculated according to Equation (6) is plotted as a function of the di-
mensionless cSalt/CCCSalt ratio in Figure 5. With qA,Disc = 1.5 m3/Disc/h, fS,max was 2.1 for dif-
fuser membrane design A and 1.7 for membrane design B, respectively. 

  
(a) (b) 

Figure 4. (a) fS,max measured in NaCl solution in a pilot-scale test tank for both membrane designs as 
a function of qA,Disc [2]; (b) kN calculated according to Equation (7) for both diffuser membrane de-
signs as a function of qA,Disc (b). 

 
Figure 5. fS as a function of the dimensionless cSalt/CCCSalt ratio for both diffuser membrane designs 
for an airflow rate per disc diffuser of 1.5 m3/h/disc. 

The CCC of the industrial wastewater was measured according to the analytical ap-
proach described by Behnisch et al. [2]. Accordingly, oxygen transfer tests were performed 
at different airflow rates and salt concentrations, as well as fS being calculated. The point 
at which the fitted lines for the zone of the linear increase and the zone of the constant fS 
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met defined the CCC. The CCC measurement was taken in a 250 L bubble column in the 
lab of the Technical University of Darmstadt. The transport of a sufficient amount of bio-
logically treated saline industrial wastewater was not possible and, furthermore, the in-
dustrial wastewater showed only small fluctuations in the salt concentration (see Section 
2.2). Therefore, we used an artificial salt solution consisting of a salt mixture of NaCl and 
Na2SO4 in a ratio of 5:2. The salt solution in the bubble column, therefore, showed a similar 
ion composition (Σceq,Cl-/Σceq,cations = 0.75; Σceq,SO42-/Σceq,cations = 0.25) as found on average in in-
dustrial wastewater (see Section 3.1.). The artificial salt solution made it possible to deter-
mine fS at different salt concentrations. We measured a CCC of 9.2 g/L. In a previous study 
with the same disc diffuser measuring the CCC of various single salt solutions, the CCC 
ranged between 6.0 g/L and 15.7 g/L [2]. 

With the given kN and CCC values, we were able to consider the salt effect on the kLa 
on-site as a function of the salt concentration. Thereby, the good linear dependency of the 
EC and cSalt (see Figure 3) made it possible to measure the cSalt in real time very quickly and 
easily. 

3.3. Tap Water Oxygen Transfer Tests 
To calculate αfS, we had to know the kLa in TW. Therefore, oxygen transfer tests in 

TW with all disc diffusers were conducted in B1 before inoculation with sAS (see Section 
2.4.). The measured kLa values as a function of the airflow rate per aerated reactor volume 
(QA,VAT; m3/m3/h) are shown in Figure 6a). When the QA,VAT = 1.0 m3/m3/h, the average kLa 
was 6.0 h−1 and 5.9 h−1 for membrane designs A and B, respectively. It can be seen that there 
was no significant difference between the diffusers as well as the different membrane de-
signs. Additionally, in our previous oxygen transfer tests in TW with the same disc dif-
fusers in different reactors of varying volumes, we did not determine a significant differ-
ence in the kLa [1,2]. 

The tap water oxygen transfer tests were conducted without B1 intern recirculation. 
To assess the effect of recirculation on the kLa, the tests with Disc II (0.75) were repeated 
with recirculation. During the tests, the recirculation pump (P4) ran at 100% of its capacity 
(6.5 m³/h), which was much more than in the later tests with sAS (2.5 m3/h). The results 
are shown in Figure 6b. It can be seen that the recirculation had no effect on the kLa. 

  
(a) (b) 

Figure 6. (a) Results of oxygen transfer tests in TW (a); (b) results of oxygen transfer tests in TW 
with Disc II (0.75) with and without recirculation. 

  



Water 2022, 14, 1964 12 of 22 
 

 

3.4. Overall Performance of the Pilot Plant 
An overview of the most important operating parameters of the pilot plant in the 

individual test phases can be taken from Table 4. The wastewater temperature (T; °C) of 
approximately 21 °C in Phase I and II was somewhat lower than in Phase III and Phase IV 
(~25 °C). This could be explained by the fact that Phase I and Phase II were carried out in 
spring, while Phase III and Phase IV were run in the summer months. The mean COD F/M 
ratio of approx. 0.25 gCOD/g TSS/d was comparable in all experimental phases. Only 
Phase IV showed a slightly higher load. During this phase, the industrial wastewater in-
flow contained an exceptionally high organic load for a few days. The COD F/M ratio and 
the SRT of 11 d corresponded to a nitrifying municipal WWTP [8]. The TSS in B1 was 
between 7 g/L and 4.4 g/L, with a volatile content of 62% to 75%. In Phase I and Phase II, 
the influent flow (QIn; L/h) was approximately 200 L/h. To reduce the required amount of 
added salt, the inflow in Phase III and Phase IV was reduced to 110 L/h. The total COD 
elimination (ηCOD;%) was stable above 90% in all phases. In the COD concentration in the 
effluent, both CODt and CODf were permanently below 50 mg/L. Only in Phase IV there 
was a slight increase, which could also be attributed to the unusually high and intermit-
tent loading of the plant. The sludge volume index (SVI; mL/g) during operation de-
creased from 119 mL/g in Phase I to 47 mL/g in Phase IV, which was very low. 

Table 4. Operating parameters of the pilot plant for individual test Phases I to IV. 

  Phase I Phase II Phase III Phase IV 
Temperature °C 20.6 ±1.2 20.9 ±1.9 24.8 ±1.8 25.9 ±1.5 

COD F/M ratio 
* 

g/g/d 0.23 ±0.08 0.24 ±0.07 0.22 ±0.09 0.30 ±0.16 

TSS g/L 6.95 ±0.63 7.01 ±0.43 5.73 ±0.90 4.43 ±0.65 
Volatile con-

tent 
% 62 ±1 65 ±1 66 ±7 75 ±1 

QIn L/h 195 ±15 194 ±16 117 ±44 107 ±19 
ηCSB % 95 ±2 95 ±2 92 ±2 91 ±5 
SVI mL/g 119 ±12 89 ±5 46 ±7 47 ±6 

CODt,eff mg/L 39.5 ±8.4 42.2 ±13 32.5 ±9.9 63.2 ±91.6 
CODf,eff mg/L 22.7 ±7.5 27.5 ±12.7 17.6 ±4.2 42.7 ±66.7 

* = (daily COD load influent + daily COD load nutrient solution)/(TSS VB1). 

3.5. Off-Gas Measurement and Pressure 
Figure 7 shows the QA,VAT, αfS, EC and pd as 15 min averages and the COD F/M ratio as 

a 24 h average for each individual test phase. Not shown are all the αfS values where DO 
was above 50% of oxygen saturation concentration or other circumstances (e.g., mainte-
nance of equipment) preventing the oxygen transfer measurement with the off-gas 
method. In the following, we discussed them individually. 
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Figure 7. (a) QA,VAT, αfS, EC and pd as 15 min averages and the COD F/M ratio as 24 h for Phase I and 
II (b) and Phase III and IV. 

3.5.1. EC, QA,VAT and COD F/M Ratio 
In Figure 7, the times when salt was added from B3 are clearly recognisable by the 

rapidly rising EC. The EC in the reactor out of the salt dosing times ranged between 7.7 
and 12.1 mS/cm and corresponded to that of the inflowing industrial wastewater. Accord-
ing to Equation (10), this corresponded to a cSalt between 4.9 and 7.6 g/L, which was much 
lower than the measured CCC of 9.2 g/L (see Section 3.2.). This mean that without addi-
tional salt dosing, the coalescence was not fully inhibited. When salt dosing in Phase I and 
Phase II started, the EC increased 2.5 times in less than 2 d, and dropped sharply again 
after the salt dosage stopped and inflow restarted. In Phase III and Phase IV, the salt was 
dosed continuously for approximately 14 d. The EC reached a mean value of 17.7 mS/cm 
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(=11 g/L) in 62 h after the salt dosage started. When the salt dosage stopped, the EC re-
duced to the original value through dilution with the influent. As shown before (Table 4), 
the average COD F/M ratio was comparable in all phases. Only in Phase IV, the average 
ratio increased slightly due to a high COD load in the influent on days 248, 253, 254 and 
263. The QA,VAT averaged 0.7 m³/m³/h in all phases (corresponding to a QA = 1.5 m³/h or 
qA,Disc = 1.5 m³/h/disc). It increased only for maintenance, when taking a sample from B1 
for the TSS measurement or to satisfy the oxygen demand when the COD load in the in-
fluent was very high. This can be seen in Figure 7 from the peaks in the otherwise very 
stable profile of the QA,VAT. 

3.5.2. Pressure Drop pD 
Figure 7 shows that in all phases the pD increased during the time of operation. In 

Phase I, pD rose from 4.1 to 6.3 kPa during 21 d of operation and, thus, by an average of 
0.07 kPa per day. At the beginning of Phase II, the pD of the newly installed Disc II (0.75) 
was 6.4 kPa, which corresponded randomly in regards to the pD at the end of Phase I. 
Then, the pD increased rapidly by 0.82 kPa per day and reached 9.8 kPa after only 12 days 
of operation. After a brief increase in the QA,VAT, the pD dropped to 6.2 kPa. However, when 
the QA,VAT was reduced to the previous value, the pD rose again rapidly. This decrease in 
the pD after a short-term increase in the QA,VAT could also be observed in Phase III and 
partly also in Phase IV. This can be explained by the fact that the biofilm on the surface 
and in the slits of the diffuser was removed by the increased airflow rate. The pD was, 
therefore, temporarily reduced until a new biofilm was formed. The formation of the bio-
film and the clogging of slits were improved by the present low airflow rate [27]. 

At the beginning of Phase III, the pD was 5.6 kPa. A rapid increase in the pD followed, 
which could only be interrupted for a short time by briefly increasing the airflow rate. At 
the end of Phase III, however, the pD appeared to be relatively stable at approximately 10 
kPa. With the beginning of Phase IV and the change to Disc IV (1.25), the pD dropped to 
4.1 kPa. This corresponded to the starting pD value of Disc I (1.25) in Phase I. After a slow 
increase, the pD reached a relatively stable value of approximately 7.7 kPa. After the brief 
increase in the airflow rate as a response of the high organic load on days 253 and 254, the 
pD dropped again to 4.7 kPa, rose slightly and remained stable at 5.9 kPa. 

In all phases, no influence of the EC or salt concentration on the pD could be observed. 
Neither did the increase in the pD change with the shock-wise increase in the salt concen-
tration in Phase I and Phase II nor did it change with the temporarily elevated concentra-
tions in Phase III and Phase IV. In addition, no effect on the pD could be observed with the 
decrease in the EC or salt concentration. 

In summary, we observed a partly strong increase in the pD whilst aerating the saline-
activated sludge. Only at the end of Phase III and Phase IV after approximately 14 days of 
operation, the pD was stable with 10 kPa (Disc III (0.75)) and 7.7 kPa (Disc IV (1.25)). Mem-
brane design A showed a higher pD due to the smaller slits than membrane design B at all 
times. The reason for the rising pD was most probably the growing biofilm on the surface 
and in the slits of the membrane diffuser, as to be expected when aerating activated 
sludge. The low airflow rate especially enhanced the growth of the biofilm [27]. Further-
more, we observed no influence of the EC or salt concentration on the pD. This confirmed 
former results of pD measurements in SW [2,16]. In SW, the difference in the pD for the two 
membrane designs was on average 2.0 kPa and, therefore, in the same magnitude as ob-
served here in sAS. 

3.5.3. αfs 

The high αfS values of >1.0 in all phases (see Figure 7) showed the positive effect of 
an increased salt concentration on oxygen transfer. In non-saline conditions (fS = 1.0), for a 
nitrifying WWTP, an α of 0.6 to 0.85 would be expected [8]. Our results showed that the 
αfS in sAS with the given diffusers was up to three times higher. The partially high fluctu-
ations of αfS within only a few hours resulted from the multitude of oxygen-transfer-
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inhibiting effects, which changed with the changing influent wastewater characteristics. 
Various studies showed an inverse relationship of oxygen transfer and a high organic in-
fluent concentration [7,28,29]. In our tests, however, the organic load was determined only 
once a day on the basis of a 24 h composite sample. A comparison of these data with a 24 
h αfS mean value could not be determined either, as the αfS could not be recorded during 
the entire day due to the reasons already explained in Section 2.5. The dynamic modelling 
of α was, therefore, not possible due to the lack of data. 

To assess the effect of the cSalt on αfS, Figure 8 shows αfS values as a function of the 
cSalt/CCCSalt ratio, separated by the membrane design. The EC measured in B1 was plotted 
on the second abscissa. Presented as empty circle symbols, the αfS values measured during 
the time of the salt dosing were additionally highlighted. 

  
(a) (b) 

 
Figure 8. (a) αfS as a function of cSalt/CCCSalt for diffuser membrane design A and (b) diffuser mem-
brane design B. 

The upper dashed line shows the mean fS progression calculated for the respective 
diffuser membrane design as described in Section 3.2. Since the airflow rate was kept con-
stant during the tests, fS was only influenced by the membrane design and cSalt. Therefore, 
the calculated progression of fS represented the limit below the range of αfs , which was to 
be expected. The measured αfS values close to the calculated progression of fS indicated 
that α was approximately 1.0 and the oxygen transfer was not inhibited by wastewater 
ingredients. Corresponding to the dispersion of the fS values around the specific regres-
sion functions in SW (see Figure 4a)), αfS values fluctuated around the calculated fS pro-
gression. 

With a decreasing α, αfS decreased. Assuming a minimum α for the current operation 
conditions (see Table 4) of 0.6 [8], the lower limit of the expected range of αfS could be 
calculated (lower dashed line). In total, 90% of the measured αfS values was within the 
expected range. Therefore, with the method presented in Section 2.1 and the given design 
recommendations for α, we were able to correctly predict the range of αfS and fS in sAS as 
a function of the salt concentration. 

When comparing the results of Figure 8a,b, it became obvious that αfS was higher for 
diffusers with diffuser membrane design A than with diffuser membrane design B. Aver-
aging all αfS values of a membrane design yielded a mean value of 1.6 for membrane de-
sign A and 1.4 for membrane design B, respectively. This represented a relative improve-
ment of 14% in the oxygen transfer with membrane design A compared to membrane 
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design B. If only the results of the phases with the same type of salt addition (shock or 
continuous) were compared, a similar improvement of 13% (Phase I vs. II) or 14% (Phase 
III vs. IV) was found. During the tests in SW with the same diffuser membrane designs 
[1,2], an improvement of a comparable magnitude was found (+10%). 

Therefore, the present results confirmed the previous SW results [2], and the oxygen 
transfer increased significantly in sAS in a similar proportion to that in SW and further 
improved when an optimized diffuser membrane design was used. The AS in the aerated 
reactor at the present TSS concentration of up to 7 g/L and the wastewater ingredients did 
not apparently affect the coalescence behaviour of the ascending gas bubbles. Thus, when 
designers of aeration systems for the activated sludge process are faced with the question 
of which diffuser or which diffuser membrane design show a higher oxygen transfer in 
sAS, this can be assessed with the use of relatively simple experiments in SW as described 
by Behnisch et al. [1]. However, it must be investigated in the future to what extent these 
findings can be transferred to other biological treatment processes, which are also aerated 
by fine-bubble aeration systems. The coalescence could be affected due to a higher con-
centrated AS, such as the one presently used in membrane bioreactors. In other treatment 
processes, the biomass grows on inorganic carrier material or forms granules. These could 
influence the ascent of the gas bubbles and, therefore, the coalescence behaviour. Further 
experiments are, therefore, necessary. 

3.6. α Value 
With the known fS for the respective membrane design (see Section 3.2.), α was cal-

culated according to Equation (4). Figure 9 shows α as a function of the cSalt/CCCSalt ratio 
separated by the membrane design. The EC measured in B1 was plotted on the second 
abscissa. Values measured during the salt dosage were highlighted with empty circles. 
According to the design recommendations for aeration systems in nitrifying WWTPs [8], 
an α between 0.60 (=αmin) and 0.85 (=αmax) was expected for the given treatment operation 
conditions (see Table 4). The limits of the expected range of α were marked as dashed 
lines. Less than 2% of the measured α values were below the expected range. This showed 
that the αmin value was estimated correctly and agreed with data from the literature. 

Contrarily, approximately 45% of values were above αmax. High α values are not un-
common in WWTPs. However, an increase in α of up to ~1.0 is usually only for a short 
time a day in periods of low-income load, e.g., at night or in the early morning. In the 
present case, the high α values could be explained by the fact that the industrial 
wastewater is permanently slightly polluted. Surfactants and other possible oxygen-trans-
fer-inhibiting constitutions were not explicitly measured, but elevated concentrations of 
such substances are usually accompanied by an increased organic concentration in the 
influent [8,27,30]. An increased concentration of such substances in the influent is, there-
fore, most unlikely. Even the nutrient solution and its ingredients, which is dosed in order 
to achieve a sufficiently high OUR in the reactor (see Section 2.5.), has almost no influence 
on the oxygen transfer [23]. Therefore, if the wastewater was more polluted, extended 
times with lower α and αfS could be expected. 

In Phase I and Phase II, the salt was dosed by shock load over 48 h. During the salt 
dosage, the inflow of industrial wastewater and, thus, possibly inhibiting ingredients was 
stopped. Only the dosage of the nutrient solution was continued. Since the ingredients of 
the nutrient solution did not inhibit the oxygen transfer and the TSS concentration was 
kept constant by continuing the WAS removal, we expected that α would rise towards 1.0. 
The opposite happened. In Phase I, α even decreased slightly with an increasing EC (see 
Figure 9b)). This was not observed in Phases III and IV with a continuous salt dosage. 

A possible explanation is that the salt shock caused the microorganisms to produce 
oxygen-transfer-inhibiting substances [6,8,29,30]. Since the influent was stopped during 
the salt dosage, these substances accumulated in the system (i.e., reactor B1 and B2), 
thereby enhancing the effect. When the salt dosing was stopped and the inflow restarted, 
these substances were diluted and α rose to the value before the salt dosing. This 
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explanation was consistent with observations from other studies. It is a well-known fact 
that microorganisms secrete more extracellular polymeric substances (EPSs) to adapt to 
adverse environmental conditions [31]. Ng et al. [32] found an increase in organic dis-
solved substances with a rising salt concentration. Jia et al. [33] measured an increase in 
the EPS concentration with both increasing and decreasing salt concentrations. Baquero-
Rodríguez et al. [34] stated that the solved fraction of EPSs (SMP) especially inhibited the 
oxygen transfer. 

We could not investigate this phenomenon further. However, when designing aera-
tion systems, it should be noted that the oxygen transfer can be inhibited if the salt con-
centration fluctuates, not because of variations in fs, but because of secondary effects. 
Strong fluctuations in the concentration can be prevented, for example, with an equalisa-
tion tank upstream of the aeration tank. 

  
(a) (b) 

 
Figure 9. (a) α as a function of EC for diffuser membrane design A and (b) diffuser membrane design 
B. 

3.7. Performance Comparison of Both Diffuser Membrane Designs 
Results presented in Section 3.5.3. show that installing diffusers with the small slit 

membrane design increased the oxygen transfer up to 14% in sAS compared to the large 
slit membrane design. However, the small slits resulted in a rising pressure drop (see Sec-
tion 3.5.2.) and a corresponding increased power requirement of the blowers (P). There-
fore, using diffusers with the small slit membrane design in saline conditions caused ad-
vantages and disadvantages. It is questionable at which cSalt/CCC ratio the use of the small 
slit membrane design improves aeration. To answer this question, we compared the per-
formance of both diffuser membrane designs. 

For the performance comparison, we calculated, based on the TW results (see Section 
3.3.), the given equations for calculating fS (see Section 3.2.) for the corresponding mem-
brane design and a fixed α in the standard oxygen transfer rate in the process water 
(SOTRPW; kg/h), standardized at DO = 0 mg/L, atmospheric pressure = 101.3 kPa and T = 
20 °C: 

푆푂푇푅 =  
푉 ∙ 훼 ∙ 푓 ∙ 푘 푎 ∙ 훽 ∙ 푐 ,

1.000
  (11) 
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where V is the aerated water volume (m3), β is the ratio of oxygen saturation concentration 
in process conditions to standard conditions (-) and cS,20 is the oxygen saturation concen-
tration at standard conditions (mg/L). Since the α of the present experiment was excep-
tionally high due to the low wastewater contamination (see Section 3.6.), to obtain repre-
sentative results for the SOTRPW calculation, we assumed a fixed α of 0.75, which is a typ-
ically mean value for nitrifying WWTPs [8]. 

The aeration efficiency (AE) was suitable to illustrate the interaction between in-
creased energy requirements and improved oxygen transfer. It is defined as the ratio 
SOTRPW to P [18]. 

퐴퐸 =  
푆푂푇푅

푃
  (12) 

Positive displacement blowers (PD) are commonly used for air supply on WWTPs. 
For this type of blower, P could be calculated using the isochoric power formula [34]: 

푃 =  
푄  ∙ (푝 + 푝 + 푝 )

휂
  (13) 

where QA is the airflow rate (m3/s), ph is the hydrostatic pressure resulting from the depth 
of submergence (kPa), pD is the pressure drop of diffusers (kPa), pS is the pressure of the 
pipes (kPa) and valves and η is the overall efficiency of the blower (-). The ph increased 
with the increasing cSalt due to the increment of water density. Nevertheless, this increase 
was marginal and could be neglected [2]. The pD depended on the membrane design (see 
Section 3.5.2.). The pS was affected neither by the cSalt nor by the diffuser membrane design. 
Assuming a typically η for the PD blowers of 0.60 [35] and using pD results shown in Sec-
tion 3.5.2. (Design A: 10 kPa; Design B: 7.7 kPa) for QA = 1.5 m3/h, a P of 32 W and 30 W 
was calculated for diffuser membrane design A and design B, respectively. 

Figure 10 shows the SOTRPW per aerated water volume (SOTRPW/V; m3/m3/h) as a 
function of the cSalt/CCC ratio. AE was plotted on the second ordinate. For both diffuser 
membrane designs, the SOTRPW/V and AE increased with an increasing cSalt/CCC ratio and 
reached their maxima when the cSalt/CCC = 1.0. When the cSalt/CCC > 1.0, the SOTRPW/V and 
AE decreased again due to the constant fS (see Figure 5) with a simultaneous decrease in 
the oxygen saturation concentration. 

 
Figure 10. SOTRPW in activated sludge (α = 0.75) per aerated water volume V (SOTRPW/V) and AE 
for both diffuser membrane designs as a function of cSalt/CCC at a fixed airflow rate of 1.5 m3/h. 
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The high SOTRPW/V values of up to 75 g/m3/h reached for membrane design A and 
60 g/m3/h for membrane design B when the cSalt/CCC = 1.0 showed improved aeration due 
to the increased salt concentration. In TW with fine-bubble aeration systems and corre-
sponding QA,VAT, a mean SOTRPW/V of 60 g/m3/h is typical [36,37]. Despite the considera-
tion of the kLa inhibition by α = 0.75, this value was reached and even clearly exceeded in 
the case of diffuser membrane design A. 

When the cSalt/CCC = 0, SOTRPW/V was identical for both diffuser membrane designs 
due to similar TW kLa values (see Section 3.3.). However, due to the higher pressure drop 
of membrane design A and the corresponding higher power requirement for air supply, 
the AE of membrane design A was lower than that of membrane design B. This means 
that in non-saline conditions, the use of diffusers with smaller slits decreases the energy 
efficiency of aeration systems. Therefore, in non-saline conditions, it is more efficient to 
use diffusers with larger slits and, therefore, a lower pressure drop. 

Because of the increasing coalescence inhibition and the corresponding increase in fS 

with the rising cSalt/CCC ratio, the SOTRPW/V and AE increased more rapidly for membrane 
design A than for membrane design B. When the cSalt/CCC > 0.12, the AE of membrane 
design A exceeded the AE of membrane design B. That mean that with given the diffusers 
(fS, pD) and a fixed QA of 1.5 m3/h, the aeration improved when using diffusers with mem-
brane design A than with membrane design B as soon as the cSalt/CCC > 0.12. 

However, in the present SOTRPW and AE calculation, for simplification we used a 
fixed airflow rate (QA = 1.5 m3/h) as set during the sAS oxygen transfer tests. Since fS in-
creased differently for different diffuser membrane designs, this resulted in different 
SOTRPW values with an increasing cSalt/CCC ratio as described before. To match the same 
SOTRPW/V with both diffuser membrane designs, QA could be adjusted. Since both fS and 
pD changed with a changing QA, this would require the recalculation of the SOTRPW and 
P. 

4. Conclusions 
In previous studies, we assessed the different factors influencing the oxygen transfer 

in saline water. In the present study, we investigated whether the saline water results were 
transferable to saline-activated sludge aeration. For this purpose, we operated a pilot-scale 
activated sludge plant (water volume = 2.25 m3; depth of submergence = 3.5 m) over 269 
days with an industrial wastewater influent. The oxygen transfer was assessed continu-
ously with the off-gas method. The Salt concentration and different operation parameters 
were measured to evaluate their impact on the overall plant performance. 
1. We presented a modified design approach for considering the salt effect on oxygen 

transfer. This enables a more precise design and, therefore, a more energy-efficient 
operation of aeration systems at high salt concentrations. The current design ap-
proach is only applicable to municipal wastewater with high sea salt concentrations. 
By normalizing the salt effect on oxygen transfer, our modified design approach 
could be used for each coalescence inhibiting mixed salt solution. Furthermore, we 
exemplified how the influence of the membrane design can be taken into account by 
performing very simple laboratory tests in a NaCl solution. 

2. The diffuser membrane design had a significant influence on the oxygen transfer in  
saline-activated sludge. The oxygen transfer improved up to 14% when installing 
diffusers with a small slit diffuser membrane design compared to the oxygen transfer 
of diffusers with a large slit membrane design. This corresponds to our previous sa-
line water results and, thus, confirmed the transferability of conditions from saline 
water to saline-activated sludge. Overall, the oxygen transfer in the saline-activated 
sludge more than doubled compared to the non-saline nitrifying WWTP. The 
SOTRPW in the activated sludge per aerated tank volume reached up to 75 g/m3/h and, 
thus, even exceeded corresponding TW conditions. Using the isochoric power for-
mula, we calculated the aeration efficiency of up to 5.4 kg/kWh (small slit design) 
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and 4.5 kg/kWh (large slit design) and showed that the energy efficiency also im-
proved in the saline-activated sludge using the small slit membrane design, despite 
the increased pressure drop. Therefore, at an elevated salt concentration, the small 
slit diffuser membrane design is recommended to improve the efficiency of an aera-
tion system. 

3. The pressure drop of the diffusers in the saline-activated sludge was not affected by 
the salt concentration. The difference in the pressure drop between the diffuser mem-
brane designs was in the same magnitude as in the saline water experiments. Never-
theless, the pressure drop increased during operation for both diffuser membrane 
designs, as was to be expected when aerating the activated sludge. The increment 
resulted from biofilm formation on the surface and in the slits of the membrane dif-
fuser. Due to a brief increase in the airflow rate, the biofilm could be removed and 
the pressure drop reduced temporarily. 

4. The lowest α values were measured during the shock-wise salt dosing and stopped 
influent flow. A possible explanation is that the activated sludge secretes more EPSs 
and dissolved organic substances to adapt to rapidly changing salt concentrations, 
and these substances inhibit the oxygen transfer and increase diffuser fouling as well. 
We could not investigate this phenomenon further in the present study, which is why 
further experiments with a longer observation period should be carried out. 

Author Contributions: Conceptualization, J.B.; Data curation, J.B.; Formal analysis, J.B.; Funding 
acquisition, J.B. and M.W.; Methodology, J.B.; Project administration, J.B. and M.W.; Supervision, 
M.E. and M.W.; Validation, J.B., M.S., J.T., M.E. and M.W.; Visualization, J.B.; Writing—original 
draft, J.B.; Writing—review and editing, J.B., M.S., J.T., M.E. and M.W. All authors have read and 
agreed to the published version of the manuscript. 

Funding: We thank the German Federal Ministry of Education and Research (BMBF) for funding 
the research project WaReIp ‘Water-Reuse in Industrial Parks’ (grant no. 02WAV1409A). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Measurement data presented in this study are available on request 
from the corresponding author. 

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the 
design of the study; in the collection, analyses or interpretation of data; in the writing of the manu-
script or in the decision to publish the results. 

References 
1. Behnisch, J.; Ganzauge, A.; Sander, S.; Herrling, M.P.; Wagner, M. Improving aeration systems in saline water: Measurement of 

local bubble size and volumetric mass transfer coefficient of conventional membrane diffusers. Water Sci. Technol. 2018, 78, 860–
867. https://doi.org/10.2166/wst.2018.358. 

2. Behnisch, J.; Schwarz, M.; Trippel, J.; Engelhart, M.; Wagner, M. Improving aeration systems in saline water (Part II): Effect of 
different salts and diffuser type on oxygen transfer of fine-bubble aeration systems. Water Sci. Technol. 2021, 83, 2278–2792. 

3. Sander, S.; Behnisch, J.; Wagner, M. Design of fine-bubble aeration systems for municipal WWTPs with high sea salt concentra-
tions. Water Sci. Technol. 2017, 75, 1555–1563. 

4. Bauer, S.; Dell, A.; Behnisch, J.; Linke, H.J.; Wagner, M. Sustainability requirements of implementing water-reuse concepts for 
new industrial park developments in water-stressed regions. J. Water Reuse Desalination 2020, 10, 490–499. 
https://doi.org/10.2166/wrd.2020.028. 

5. Wagner, M.; Stenstrom, M.K. Aeration and mixing. In Activated Sludge—100 Years and Counting; Jenkins, D., Wanner, J., Eds.; 
IWA Publishing: London, UK, 2014. 

6. Henkel, J. Oxygen Transfer Phenomena in Activated Sludge. Ph.D. Thesis, Technical University of Darmstadt, Darmstadt, Ger-
many, 2010. 

7. Leu, S.-Y.; Rosso, D.; Larson, L.E.; Stenstrom, M.K. Real-Time Aeration Efficiency Monitoring in the Activated Sludge Process 
and Methods to Reduce Energy Consumption and Operating Costs. Water Environ. Res. 2009, 81, 2471–2481. 

8. Günkel-Lange, T. Sauerstoffzufuhr und α-Werte feinblasiger Belüftungssysteme beim Belebungsverfahren—Abhängigkeiten 
und Bemessungsempfehlungen. Ph.D. Thesis, Technical University of Darmstadt, Darmstadt, Germany, 2013. ISBN 
9783940897190 



Water 2022, 14, 1964 21 of 22 
 

 

9. DWA. Design of Wastewater Treatment Plants in Hot and Cold Climates: DWA Topics T4/2016; Corrected Version May 2019; German 
Association for Water, Wastewater and Waste: Hennef, Germany, 2019; ISBN 978-3-88721-616-0. 

10. Cho, Y.S.; Laskowski, J.S. Effect of flotation frothers on bubble size and foam stability. Int. J. Miner. Process. 2002, 64, 69–80. 
https://doi.org/10.1016/S0301-7516(01)00064-3. 

11. Quinn, J.J.; Sovechles, J.M.; Finch, J.A.; Waters, K.E. Critical coalescence concentration of inorganic salt solutions. Miner. Eng. 
2014, 58, 1–6. https://doi.org/10.1016/j.mineng.2013.12.021. 

12. Marrucci, G.; Nicodemo, L. Coalescence of gas bubbles in aqueous solutions of inorganic electrolytes. Chem. Eng. Sci. 1967, 22, 
1257–1265. https://doi.org/10.1016/0009-2509(67)80190-8. 

13. Baz-Rodríguez, S.A.; Botello-Álvarez, J.E.; Estrada-Baltazar, A.; Vilchiz-Bravo, L.E.; Padilla-Medina, J.A.; Miranda-López, R. Effect 
of electrolytes in aqueous solutions on oxygen transfer in gas-liquid bubble columns. Chem. Eng. Res. Des. 2014, 92, 2352–2360. 

14. Ribeiro, C.P., Jr.; Mewes, D. The influence of electrolytes on gas hold-up and regime transition in bubble columns. Chem. Eng. 
Sci. 2007, 62, 4501–4509. https://doi.org/10.1016/j.ces.2007.05.032. 

15. Botello-Álvarez, J.E.; Baz-Rodríguez, S.A.; González-García, R.; Extrada-Baltazar, A.; Padilla-Medina, J.A.; González-Alatorre, 
G.; Navarrete-Bolanos, J.L. Effect of Electrolytes in Aqueous Solution on Bubble Size in Gas-Liquid Bubble Columns. Ind. Eng. 
Chem. Res. 2011, 50, 12203–12207. 

16. Sander, S. Optimierung der Bemessung feinblasiger Druckbelüftungssysteme bei erhöhten Meersalzkonzentrationen. Ph.D. 
Thesis, Technical University of Darmstadt, Darmstadt, Germany, 2018. 

17. Zlokarnik, M. Koaleszenzphänomene im System gasförmiger/flüssiger und deren Einfluß auf den O2-Eintrag bei der 
biologischen Abwasserreinigung (Coalescence phenomena in the gas/liquid system and their influences on oxygen uptake in 
biological waste water treatment). Korresp. Abwasser Abfall 1980, 27, 728–734. 

18. EN 12255-15; Wastewater Treatment Plants—Part 15: Measurement of the Oxygen Transfer in Clean Water in Aeation Tanks of 
Activated Sludge Plants. European Committee for Standardization: Brussels Belgium, 2003. (12255-15) 

19. Wagner, M.; Pöpel, H.J.; Kalte, P. Pure oxygen desorption method—A new and cost-effective method for the determination of 
oxygen transfer rates in clean water. Water Sci. Technol. 1998, 38, 103–109. 

20. ASCE/EWRI 18-18; Standard Guidelines for In-Process Oxygen Transfer Testing. American Society of Civil Engineers: Reston, 
VI, USA, 2018. (18-18) 

21. DWA-M 209; Messung der Sauerstoffzufuhr von Belüftungseinrichtungen in Belebungsanlagen in Reinwasser und in Belebtsch-
lamm (Worksheet—Measurement of Oxygen transfer of Aeration Systems of Activated Sludge Processe in Clean Water and 
Activated Sludge); German Association for Water, Wastewater and Waste: Henef, Germany, 2007. 

22. Krampe, J. Assessment of diffuser pressure loss on WWTPs in Baden-Württemberg. Water Sci. Technol. 2011, 63, 3027–3033. 
https://doi.org/10.2166/wst.2011.634. 

23. Özbek, B.; Gayik, S. The studies on the oxygen mass transfer coefficient in a bioreactor. Process Biochem. 2001, 36, 729–741. 
https://doi.org/10.1016/S0032-9592(00)00272-7. 

24. American Public Health Association; American Water Works Association; Water Environment Federation. Standard Methods for 
the Examination of Water & Wastewater; 21st American Public Health Association (APHA): Washington, DC, USA, 2005. 

25. ISO 10304-1; Water Quality—Determination of Dissolved Anions by Liquid Chromatography of Ions—Part 1: Determination of 
Bromid, Chlorid, Fluorid, Nitrate, Nitrite, Phosphate and Sulfate. International Organization for Standardization: Geneva, Swit-
zerland, 2009. (10304-1) 

26. ISO 11885; Water Quality—Determination of Selected Elements by Inductively Coupled Plasma Optical Emission Spectrometry 
(ICP-OES). International Organization for Standardization: Geneva, Switzerland, 2007. (11885) 

27. Rosso, D.; Stenstrom, M.K.; Garrido-Baserba, M. Aeration fundamentals, performance and monitoring. In Aeration, Mixing, and 
Energy: Bubbles and Sparks; Rosso, D., Ed.; IWA Publishing: London, UK, 2018; pp. 31–61. 

28. Jiang, P.; Stenstrom, M.K. Oxygen Transfer Parameter Estimation: Impact of Methodology. J. Environ. Eng. 2012, 138, 137–142. 
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000456. 

29. Germain, E.; Nelles, F.; Drews, A.; Pearce, P.; Kraume, M.; Reid, E.; Judd, S.J.; Stephenson, T. Biomass effects on oxygen transfer 
in membrane bioreactors. Water Res. 2017, 41, 1038–1044. https://doi.org/10.1016/j.watres.2006.10.020. 

30. Schwarz, M.; Behnisch, J.; Trippel, J.; Wagner, M.; Engelhart, M. Oxygen Transfer in Two-stage Activated Sludge Process. Water 
2021, 13, 1964. https://doi.org/10.3390/w13141964. 

31. He, H.; Chen, Y.; Li, X.; Cheng, Y.; Yang, C.; Zeng, G. Influence of salinity on microorganisms in activated sludge processes: A 
review. Int. Biodeterior. Biodegrad. 2017, 119, 520–527. https://doi.org/10.1016/j.ibiod.2016.10.007. 

32. Ng, H.Y.; Ong, S.L.; Ng, W.J. Effects of Sodium Chloride on the Performance of a Sequencing Batch Reactor. J. Environ. Eng. 
2005, 131, 1557–1564. https://doi.org/10.1061/(ASCE)0733-9372(2005)131:11(1557). 

33. Jia, Y.; Wang, S.; Zhang, L.; Wang, X.; Guo, J. Effect of different salinity on sludge bulking by using sequencing batch reactor. 
Trans. Chin. Soc. Agric. Eng. 2014, 29, 112–119. 

34. Baquero-Rodríguez, G.A.; Lara-Borrero, J.A.; Nolasco, D.; Rosso, D. A Critical Review of the Factors Affecting Modeling Oxygen 
Transfer by Fine-Pore Diffusers in Activated Sludge. Water Environ. Res. 2018, 90, 431–441. 
https://doi.org/10.2175/106143017X15131012152988. 

35. Mueller, J.A.; Boyle, W.C.; Pöpel, H.J. Aeration: Principles and Practice; CRC Press: Boca Raton, FL, USA, 2002; ISBN 1-56676-948-5. 
36. Bell, K.Y.; Abel, S. Optimization of WWTP aeration process upgrades for energy efficiency. Water Pract. Technol. 2011, 6, 

wpt2011024. 



Water 2022, 14, 1964 22 of 22 
 

 

37. Behnisch, J.; Schwarz, M.; Wagner, M. Three decades of oxygen transfer tests in clean water in a pilot scale test tank with fine-
bubble diffusers and the resulting conclusions for WWTP operation. Water Pract. Technol. 2020, 15, 910–920. 
https://doi.org/10.2166/wpt.2020.072. 


