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Abstract 

In this study, the treatment of citrus wastewater with membrane bioreactors (MBRs) under different 

configurations was investigated for water reuse. In particular, one MBR and one aerobic granular 

sludge MBR (AGS+MBR) bench scale plants were operated for 60 days. The experimental campaign 

was divided into two periods. In Phase I, a conventional hollow fiber MBR was employed for the 

treatment of the raw high strength wastewater, whereas in Phase II a combination of in-series reactors 

(AGS plus MBR) was adopted for the treatment of the high strength citrus wastewater 

The results demonstrated that both plant configurations enabled very high COD removal, with 

average values close to 99%. Respirometric batch tests revealed a considerable high metabolic 

activity of the biomass in both plant configurations, with higher values in the AGS+MBR. It was 

speculated that the MBR reactor enriched in active biomass deriving from the erosion of the external 

granule layers in the upstream reactor. In terms of fouling tendency, higher resistance to filtration 

was observed in the AGS+MBR plant, also characterized by higher irremovable resistance increase 

compared to the MBR plant that might severely affect the membrane service life.  

 

Keywords: Resistance-In-Series model; fouling tendency; aerobic granular sludge; biokinetics; 

citrus wastewater; Membrane Bioreactor  



1. Introduction 

The citrus processing industry requires high water amounts for washing the fruits and the machinery, 

for the extraction of juice and essential oils (EO) from the fruits, as well as for floor washing, peel 

drying and cooling [1,2]. These operations produce as a consequence high amount of wastewater 

(characterized by high organic content) that represents a great concern nowadays [3,4]. Studies 

revealed that a citrus factory processing 25 t h-1 of lemons might produce more than 10 million litres 

of wastewater per day [5]. Citrus wastewater is usually characterized by high content of organic 

matter, suspended solids and EO. Wastewater from citrus processing is characterized by seasonal 

variability in quality and quantities, high acidity and unbalanced nutrients content due to the limiting 

concentrations of nitrogen and phosphorous [6]. Indeed, chemical oxygen demand (COD) 

concentration is characterized by huge variations according to the different stages of the production 

process that reach its highest peak at March beginning [1]. Moreover, the quality characteristics of 

citrus wastewater might show significant fluctuations even in the workday, depending on the 

production step. EOs are known to be antimicrobial, thus their presence should limit the biological 

processes, even at low concentrations [1]. As general comment, the composition and the huge quality 

variations pose a serious challenge for biological systems, referring in particular to conventional 

activated sludge (CAS) systems. Therefore, the compliance with more severe restrictions for 

discharging in the sewer facility or into receiving water bodies requires advanced technologies 

enabling efficient treatment of citrus wastewater. Moreover, it is encouraged to propose a low-

footprint technology that is suitable for the on-site treatment of wastewaters produced by the same 

industry. In this context, it is also desirable to implement an advanced and highly performing system 

with the aim to obtain water with quality that complies with the requirements of the European 

Directive 98/83/EC [7], for the reuse of the treated wastewater inside the production process. This 

solution is indeed needed from both the environmental and economical sustainability [3].  

Several technologies have been proposed in the literature for the treatment of citrus wastewater [8]. 

Among these, conventional activated sludge (CAS) system, although its reliability, is related to a 



highly energy-consuming process [5]. Moreover, because of the high amount of readily biodegradable 

organic matter contained in citrus wastewaters, the overgrowth of several filamentous bacteria species 

is favored, thereby causing the occurrence of bulking or foaming phenomena. To overcome these 

drawbacks, some authors proposed aerated lagooning systems [1]. The aerated ponds offer the 

advantage to require low-intensity aeration and do not require the settling phase. However, very large 

areas are required to treat high-strength wastewater with such system. 

In recent years, membrane bioreactors (MBRs) have attracted growing interest and they have been 

widely applied for the treatment of municipal as well as industrial wastewater [9,10]. Basically, MBR 

applies to wastewater treatment processes that integrate a perm-selective membrane with a biological 

process for the final solid-liquid separation [11]. In particular, MBR have demonstrated to be 

excellent in solid-liquid separation, also providing very good effluent quality coupled with high 

sludge retention time (SRT) values, volumetric loading rates and low footprint requirements [11,12]. 

MBRs, because of the higher capacity of solid retention compared with CAS system, allow operating 

with higher biomass concentration, thus giving the possibility to operate with smaller volume reactors 

and providing low footprint requirement. Moreover, MBRs enable the achievement of very high 

permeate quality that is suitable for on-site reutilization. This could promote cleaner and more 

sustainable management operations of the citrus processing industries. 

Nevertheless, the main drawback associated with MBR operations is represented by membrane 

fouling [13,14], still hampering the world-wide application of MBRs. Basically, the membrane 

permeability is strongly influenced by external deposition, referred to as cake layer, as well as internal 

fouling, usually referred to as pore blocking [9]. The high energy consumption due to membrane 

aeration (needed to mitigate the extent of membrane fouling), represents another significant drawback 

of MBRs [15]. 

The high strength characterizing citrus wastewater coupled to its significant quality fluctuations can 

determine a worsening of sludge features thus promoting severe membrane fouling [16]. Therefore, 

a pre-treatment of citrus wastewater might be proposed prior to MBR operation. In this light, the joint 



application of aerobic granular sludge (AGS) technology and MBRs could represent one of the most 

attractive solution for a proper management of this kind of wastewater. AGS have been successfully 

implemented for the treatment of both municipal and industrial wastewater. The literature studies 

demonstrated that aerobic granules feature a compact and thick structure, thus ensuring a great ability 

to withstand adverse environmental conditions, such as loading variation, obtaining very high effluent 

quality at the same time [17–20]. Indeed, the granular sludge features very high settling ability and 

allows to maintain higher biomass concentrations, thus reducing the plant footprint [21]. However, 

when treating high strength industrial wastewaters rich in particulate organic matter, the granules 

might turn into filamentous structure, due to the proliferation of fast-growing bacteria [20]. In this 

situation, granules may result prone to breakage and degranulation might occur thus leading to a 

release of extracellular polymeric substances (EPS) that have been recognized to be one of the most 

important foulant agents for MBR [22]. Seeding the AGS within a MBR in a combined AGS+MBR 

system was already studied in the literature [23,24]. The results demonstrated that structural 

instability of AGS promoted a severe membrane fouling. In this light, due to the AGS intrinsic 

instability when treating high strength wastewater, operating a system that integrates AGS+MBR 

within a single reactor is not advisable for treating industrial wastewater.  

Nevertheless, the in-series combination between AGS and MBR appears undoubtedly a very 

promising solution for the treatment of high strength industrial wastewater, in order to enhance system 

compactness as well as energy saving for the operation of the membrane compartment. Indeed, the 

ability of AGS to withstand high organic loading rates coupled to the high-quality effluent (free of 

particulate matter) of MBRs makes this combination attractive [25]. Therefore, system configurations 

involving the coupling of AGS and MBR in separate compartments should be examined, also due to 

the lack of knowledge on this topic. Indeed, to authors' knowledge, in the technical literature no 

studies were reported on the coupling of AGS and MBR technology in separated reactors placed in-

series for the treatment of high strength citrus wastewater.  



Bearing in mind the above considerations, the aim of the present work is to get insights about the 

treatment of high strength citrus wastewater with two MBR configurations, involving one 

conventional MBR and one in-series AGS+MBR bench scale plants. In particular, the main targets 

of the present study were: (i) analyse the main features of membrane fouling for the investigated 

configurations; (ii) assess the biological removal performance at different organic loading rates. It is 

worth noting that this study represents a preliminary investigation aimed at exploring the potential 

application of these configurations in a real citrus processing industry.  

 

2. Materials and methods 

2.1 MBR and AGS+MBR plant configuration 

As aforementioned, in the present study two different MBR configurations were investigated for the 

treatment of high strength citrus wastewater, the first one being a conventional MBR, while the 

second one was an AGS+MBR configuration. The MBR bench scale plant consisted of one aerobic 

reactor (20 L of volume) equipped with fine bubble air diffusers. An ultrafiltration (UF) hollow fiber 

(HF) membrane module (Zee-Weed®01, courtesy of GE), with specific area equal to 0.1 m2 and 

nominal porosity of 0.04 m (height: 20 cm, external diameter: 6 cm) was placed within the reactor 

in submerged configuration for permeate extraction. The permeate flux was kept to approximately 

12.5 L m-2h-1, thereby corresponding to a net permeate flow rate of 0.63 L h-1. Therefore, the average 

hydraulic retention time (HRT) of the system was of approximately 31 h, in line with previous studies 

[26]. The AGS+MBR bench scale plant was composed by two identical aerobic granular sludge 

sequencing batch reactors (AGSBRs) (namely, R1 and R2) in-series with the MBR compartment. In 

particular, each AGSBR was characterized by an overall 5 L volume with a of 4 L working volume. 

They were column shaped reactors (height: 100 cm) characterized by inner diameter of 8.6 cm 

equipped with a riser (height: 50 cm; internal diameter: 5.4 cm). Oxygen was provided to the reactors 

through a fine bubble diffuser placed at the bottom of each reactor with an air flow rate of 3 L min-1, 

corresponding to up-flow air velocity of 2.4 cm s-1. The latter values were in good agreement with 



previous experiments on AGS [27,28]. The AGSBRs effluent was stored in a tank that served as 

balancing volume between the discontinuous flow regime of the AGSBRs and the continuous flow 

of the MBR. Subsequently, the effluent of both the AGSBRs was fed to the MBR compartment. 

Nevertheless, in this case, permeate flux was kept to approximately 10 L m-2 h-1 with the aim to 

lowering the membrane fouling development, while the net effluent flow rate was equal to 0.4 L h-1. 

It is worth noting that the granules were retained inside the column-shaped reactors, while the 

sloughed-biomass contained in the effluent supernatant arrived to the MBR compartment.  

In both MBR configurations, the membrane filtration cycle was divided into 5 min of filtration and 1 

min of backwashing. When the transmembrane pressure (TMP) reached 0.6-0.7 bar (basing on the 

Manufacturer advice), the filtration cycle was interrupted and subsequently the membrane module 

was subjected to either physical or chemical cleanings. Figure 1 reports a schematic layout of the 

investigated MBR configurations.  

 

Figure 1. Schematic lay-out of (a) MBR and (b) in-series AGS+MBR configurations.  

 

2.2 Experimental campaign 

The experimental campaign was divided into two phases (namely, Phase I and Phase II) and it was 

characterized by an overall duration of about 60 days. During Phase I, a conventional MBR bench 
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scale plant was operated for 35 days, with an average flow rate of approximately 15.1 L d-1. During 

Phase II, the reactor configuration was changed to an in-series AGS+MBR treatment line. The bench 

scale plant was operated with this configuration for 25 days with an average flow rate of 

approximately 10 L d-1. The AGSBRs operated with a cycle duration of 6 hours. In detail, the SBR 

cycle of the AGS reactors was distributed as follows: 10 minutes of feeding, 340 minutes of aeration 

5 minutes of settling and 5 minutes of effluent withdrawal. The volume of the raw wastewater treated 

per day by the AGSBRs was equal to 16 L.  

Throughout experiments both plants were fed with real citrus wastewater (pH=5.2±0.2). Because the 

raw citrus wastewater lacked nutrients, nitrogen (NH4Cl) and phosphorous (KH2PO4) were added 

according to the COD of the wastewater to maintain a nutrient ratio of 200 COD: 5 N: 1 P by weight, 

in order to avoid heterotrophic growth limitation. The main features of the influent wastewater as 

well as the main operational conditions during experiments are summarized in Table 1. Referring to 

the C/N ratio of the feeding wastewater, it is expressed in terms of soluble COD (SCOD), i.e. after 

wastewater filtration at 0.45 m. It is worth mentioning that the present work is specifically focused 

on the performance of the MBR compartment; therefore, further details about the AGSBR reactors 

description as well as the granular sludge performance results can be found elsewhere [2].  

 

Table1. Main characteristics of the raw wastewater as well as operational conditions (in brackets the standard 

deviation values) 

Parameter Units 
Phase I Phase II 

MBR AGS (R1-R2) MBR 

Total COD (TCOD) mg L-1 5150 (±1130.7) 5815.30 (±1939) 1148.9 (±493.35) 

Soluble COD (SCOD) mg L-1 3283 (±1398) 3552.3 (±1609.5) 614.6 (±333.4) 

Total Nitrogen mg L-1 110 (±44) 88 (±39) 30.77 (±7.56)  

Total Phosphorous mg L-1 20 (±5.7) 17.6 (±4.31) 6.25 (±3.92) 

TSS mg L-1 885.71 (±321) 1208.9 (±159.4) 1613 (±272.06) 

C/N ratio mgSCOD mg-1N 29.85 40.36 19.97 

pH - 7.2±0.3 
7.4±0.4 

5.1±0.2 
8.17 (±0.42) 

Permeate Flux L m-2 h-1 12.5 (±2.40) - 10 (±1.45) 

Organic loading rate 

[OLR] 
kgCOD m-3d-1 3.8 (±1.32) 2.8 (±1.32) 0.61 (±0.4) 

Hydraulic Retention 

time [HRT]  
[h] 31.61 (±12.76) 12 52.84 (±10.23) 



Sludge Retention Time 

[SRT] 
[d] 9.25 (±3.21) 1.8 38.02 (±7.18) 

 

The MBR compartment was inoculated with activated sludge collected from the wastewater treatment 

plant (WWTP) of “Agrumaria Corleone S.p.A.” with an initial total suspended solid (TSS) 

concentration of 6 g TSS L-1. R1 was inoculated with mature aerobic granular sludge collected from 

a parent system, while R2 was inoculated with the waste sludge collected from reactor R1.  

 

2.3 Analytical methods 

All of the key compounds required to characterize the collected samples were analysed according to 

the Standard Methods [29]: COD, BOD5, total phosphorus, TSS and volatile suspended solid (VSS) 

in the influent, effluent as well as in the mixed liquor (MLSS). Total COD (TCOD) was measured 

directly in the sample (supernatant), while the soluble COD (SCOD) was determined after filtration 

through a 0.45 µm membrane. Total nitrogen was measured by a TN analyzer (Shimadzu). 

Concerning the organic matter removal, with the aim to discriminate between the removal due to the 

bacterial consortium from the physical effect due to membrane filtration, the biological (BIO) and 

total (TOT) removal efficiency were assessed in agreement with Mannina et al. (2016).  

The loosely bound EPS (LB-EPS), also including the soluble microbial products (SMPs), were 

obtained by centrifugation at 5000 rpm for 5 min, while the tightly bound EPS (TB-EPS) were 

extracted by means of the thermal extraction method (among others [13]). The extracted TB-EPS and 

the LB-EPS were then analysed for proteins by using the Folin method with bovine serum albumin 

as the standard [31], whilst the carbohydrates were measured according to [32], which yields results 

as glucose equivalent. Moreover, the sum of proteins and carbohydrates was considered as the total 

EPS content (EPST). 

Both activated sludge and granules size distributions were measured by means of a high-speed image 

analyses sensor (Sympatec Qicpic) providing the particle size distribution as well as the granulometric 

curve. Basing on the granulometric curve, the uniformity coefficient (UC) was calculated as the D60 



to D10 ratio, where D60 and D10 mean the diameter of the particles for which 60 percent and 10 percent 

respectively of the particles are smaller. The microscopic image observations were performed by a 

phase contrast microscope (BX-53-Olympus).  

The specific observed heterotrophic yield coefficient (Yobs) of the MBR compartment was evaluated 

through mass balances between sludge withdrawn, sludge production dividing by the COD removed, 

according to [33] (Eq. 1):  

𝑌𝑜𝑏𝑠 =  
∆𝑀𝑉𝑆𝑆

∆𝐶𝑂𝐷𝑟𝑒𝑚
           [1] 

where ΔCODrem represents the cumulated COD removed, while ΔMVSS represents the overall sludge 

production, given by: 

∆𝑀𝑉𝑆𝑆 = 𝑥 ∗ 𝑄𝑊𝐴𝑆 + ∆𝑋 ∗ 𝑉𝑀𝐵𝑅 [𝑘𝑔𝑉𝑆𝑆 𝑑−1]       [2] 

where x represents the biomass concentration in the waste sludge stream, QWAS is the waste sludge 

flow rate, ΔX the variation of the activated sludge concentration, VMBR is the volume of the MBR 

compartment. 

 

Respirometric batch tests were carried out on wastewater and MBR biomass samples for the 

evaluation of the kinetic/stoichiometric parameters according to [34], as well as to assess the 

composition of the COD fractions, in agreement with previous experiences [2]. In the batch tests 

aimed at evaluating the heterotrophic biokinetic/stoichiometric parameters, the nitrifying biomass 

was inhibited by adding 10 mg L-1 of Allylthiourea (ATU), while the exogenous oxygen uptake rate 

(OUR) was enhanced by the addition of a readily biodegradable organic substrate (sodium acetate in 

this case). Before starting each batch test, the biomass samples were aerated until endogenous 

conditions were reached, by monitoring the OUR values. The COD fractions, were classified as 

soluble readily biodegradable (Ss), soluble inert (SI), biodegradable and rapidly hydrolysable (Xs), 

particulate inert (XI) and active biomass (Xa), and were evaluated according to [2]. 

The membrane fouling was analysed by measuring the total resistance to filtration (RT) according to 

the following equation:  



𝑅𝑇 =  
𝑇𝑀𝑃

𝜇 ∙  𝐽
                        [3] 

where, RT is the total resistance to filtration (1012 m-1), TMP is the transmembrane pressure (Pa), µ 

the permeate viscosity (Pa∙s), and J the permeation flux (m s-1). 

The resistance-in-series (RIS) model was applied according to Di Bella et al. (2018), for the 

assessment of the specific mechanisms of deposition. Specifically, the RIS model allowed to evaluate 

the RT decomposition according to the following equation: 

𝑅𝑇 =  R𝑚 + R𝑃𝐵 + R𝐶,𝑖𝑟𝑟 + R𝐶,𝑟𝑒𝑣           [4] 

where Rm represents the intrinsic resistance of the new membrane, RPB the irreversible resistance due 

to particles deposition into the membrane pore (pore blocking), RC,irr the fouling resistance related to 

irreversible superficial cake deposition (removable with extraordinary physical cleaning), RC,rev the 

fouling resistance related to superficial cake deposition which is removed by ordinary backwashing.  

Furthermore, membrane permeability (K20) was calculated using a simple filtration model according 

to the following equation [35]: 

𝐾20 =
𝐽∙𝑓𝑡

𝑇𝑀𝑃
            [5] 

 

3. Results and discussions 

As above mentioned, the thorough discussion of the AGS behaviour (including granules features and 

system performance) is reported elsewhere [2]. Briefly, the R1 and R2 reactors were operated under 

different OLR (from 3.0 kg TCOD m-3d-1 to 15 kg TCOD m-3d-1) and pH values (7.0 for R1 and 5.5 

for R2). The achieved results highlighted COD removal almost of 90% in both reactors for OLR 

below 7 kg TCOD m-3d-1. For higher OLR values, it was observed a significant decrease of COD 

removal from 90% to less than 75% in R2, suggesting that the reactor operated with a pH of 5.5 was 

not able to withstand the COD removal with increasing OLR. Moreover, it was noticed a huge 

worsening of the granules physical properties with the increasing OLR, mainly due to unbalanced 

feast and famine phases, that favoured the proliferation of filamentous microorganisms.  



 

3.1 Organic carbon removal and COD fractionation results 

Figure 2 shows the influent and effluent COD concentrations, the COD removal efficiencies as well 

as the organic loading rates for the MBR (Figure 2a-b) and the AGS+MBR (Figure 2c-d) systems, 

respectively.  

 

Figure 2. Influent, supernatant MLSS and permeate COD concentrations and removal efficiencies in 

Phase I (a); organic loading rate applied and removed in Phase I (b); influent, supernatant MLSS and 

permeate COD concentrations and removal efficiencies in Phase II (c) organic loading rate applied 

and removed in Phase II (d), respectively.  
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From the observation of data reported in Figure 2, it is worth noting that both configurations were 

able to provide an excellent COD removal, with total COD removal efficiency (as average) of 98.97 

and 99.06% for MBR (Phase I) and AGS+MBR (Phase II), respectively. In particular, the COD 

concentrations in the permeate were 52.3 and 51.2 mg L-1 in Phase I and II, respectively, thus 

highlighting the excellent quality of the treated water in terms of organic carbon content, potentially 

exploitable for water reuse. In terms of biological COD removal (i.e. before membrane filtration), the 

performance of both configurations was also very high, with average removal efficiency of 95.47 and 

95.34% for MBR and AGS+MBR, respectively. Both configurations were able to remove almost 

completely the organic loading rates (OLRs) applied. Indeed, in the whole experiments the COD in 

the raw wastewater ranged from 3175 to 8740 mg L-1, showing significant fluctuation, while in the 

permeate the COD ranged from 17 to 95 mg L-1, thus highlighting the excellent removal of organic 

matter as well as the robustness of the MBR systems. The very similar performance results 

highlighted no particular differences between the two configurations. The average removal efficiency 

provided by the AGS compartment was 79.63% (average value between R1 and R2). Therefore, the 

AGS pre-treatment did not produce any benefit in terms of biological performance. The achieved 

results, in terms of COD removal, were in general in good agreement with previous applications of 

MBR for the treatment of high strength wastewater from food industry [36,37], thus confirming the 

high robustness of MBR towards the abatement of organic loading rates, both soluble and particulate, 

when treating high strength wastewater. However, most of the application revealed high fouling 

propensity when treating high strength wastewater [38], as better outlined in a section below. 



 

Figure 3. COD fractionation results for the influent wastewater to the MBR compartment in Phase I 

(a) and Phase II (b), respectively.  

 

Referring to COD fractionation, Figure 3 summarizes the typical composition of the feeding 

wastewater to the MBR compartment. As noticeable from Figure 3, the wastewater fed to the MBR 

compartment was significantly different for Phase I compared to Phase II. Specifically, the influent 

wastewater in Phase II was characterized by a lower biodegradability and a greater amount in inert 

material. Indeed, the soluble biodegradable (SS) COD, corresponding to the readily biodegradable 

portion of COD (RBCOD) was 67% in Phase I, while it accounted only 5% in Phase II, since it was 

almost removed during the AGS pre-treatment. In contrast, the particulate biodegradable (XS) COD, 

representing the slowly biodegradable COD (SBCOD) increased from 22% to 39% in Phase I and II, 

respectively. As overall, the biodegradable COD (BCOD), expressed as the sum of SS and XS 

decreased from 89% to 44% in Phase I and Phase II, respectively. It is worth noting that the active 

fraction of biomass in wastewater increased significantly in Phase II, up to 26.54%, while it was only 

0.72% in Phase I. This result was likely due to a deterioration of granules physical properties in Phase 

II that led to a loss of biomass retention capacity in both reactors R1 and R2 [2].  



Although the wastewater fed to the MBR during Phase II was characterized by a significantly lower 

biodegradability, the reactor enabled very high COD removal efficiency. The membrane retention 

capacity in respect of the particulate organic fraction enabled a longer contact time between 

microorganisms and pollutants, thereby favouring the onset of hydrolysis phenomena, hence 

biodegradation of slowly biodegradable organic compounds. Nonetheless, because of metabolic 

selection of bacteria occurred based on their ability of adapting to the specific wastewater and 

operating conditions, rather than their ability aggregate in activated sludge flocs or granules, a more 

effective speciation of bacterial consortium is likely achievable in MBR systems.  

This result confirms the value of MBR systems in the field of the treatment of wastewater enriched 

either in readily biodegradable organic matter or in slowly biodegradable and inert organic fractions. 

The findings in this study demonstrated a valuable operational flexibility of MBR toward organic 

loading variations and wastewater compositions, thereby suggesting a real opportunity of full-scale 

implementation of MBR system in the field of citrus wastewater treatment. The high quality of 

permeate could also suggest the concrete possibility of effluent permeate internal recycling, thereby 

promoting fresh-water saving in agreement with the circular economy concepts in the water sector. 

 

3.2 Biomass features in the MBR compartment and EPS production/composition 

The features of the biomass consortium in the MBR compartment were evaluated in both Phases by 

assessing the mixed liquor suspended solid (MLSS) concentrations, EPS production as well as 

biomass observed yield coefficient (Yobs).  

In Figure 4 the trend profile of MLSS as well as the VSS/TSS ratio in Phase I (Figure 4a) and Phase 

II (Figure 4b) is shown.  



 

Figure 4. Trend profile of MLSS and VSS/TSS in reactor MBR (a) and in MBR compartment of 

AGS+MBR reactor (b), respectively.  

 

Throughout experiments, the aim was to maintain the MLSS concentration of the MBR compartment 

in the range 6-8 gTSS L-1. From the observation of Figure 4, it is worth noting that the MLSS 

concentration was higher in Phase I compared to that of Phase II, despite the higher waste flow rates. 

This is because the higher OLR applied to the MBR compartment in Phase I (average values: 3.8 

kgCOD m-3 d-1 and 0.48 kgCOD m-3 d-1 in Phase I and Phase II, respectively) promoted a higher 

growth rate compared to what observed in Phase II. Indeed, the observed Yield coefficient (Yobs) was 

equal to 0.41 gVSS g-1COD and 0.35 gVSS g-1COD (as average) in Phase I and Phase II, respectively, 

highlighting that the higher OLR enabled the MLSS enrichment with fast-growing bacteria in Phase 

I. Moreover, the VSS TSS-1 ratio was higher in Phase I (0.83) compared to Phase II (0.75), suggesting 

the occurrence of inert material accumulation in the MBR compartment in Phase II, likely due to the 

higher SRT values of the reactor.  

Microscopic observations revealed a more compact and firm structure of the activated sludge flocs 

(Figure 5a) and a higher presence of microfauna (Figure 5b) in the MBR compartment during Phase 

I. In contrast, in Phase II the mixed liquor was characterized by a more diffuse and weak floc structure 

(Figure 5c) and a lower presence of microfauna (Figure 5d).  
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Figure 5. Phase contrast observation of activated sludge floc (a) and example of opercularia colony 

(b) in Phase I; phase contrast micrographs of activated sludge flocs (c-d) in Phase II and particle size 

distribution (e) throughout experiments. 

 

This result could be also related to the lower biodegradability of the wastewater fed to the MBR 

compartment that promoted EPS hydrolysis, thus affecting the floc structure. The results of particle 

size distribution, reported in Figure 5e, confirmed the decrease of the median particle size by volume 

from Phase I (activated sludge only) to Phase II (activated sludge and crushed granules). This result 

could have had a potential detrimental effect on fouling tendency in Phase II, referring in particular 

to the behaviour of the cake layer towards filtration properties, as better outlined in a section below. 

 



Figure 6 reports the trend profile of EPS, in terms of both LB-EPS and TB-EPS as well as the EPS 

characterization in terms of proteins and polysaccharides in the MBR compartment during Phase I 

(Figure 6a) and Phase II (Figure 6b), respectively.  

 

Figure 6. Trend profile and composition of EPS in MBR compartment in Phase I (a) and Phase II 

(b), respectively (the percentage values refer to the LB-EPS content) 

 

From the observation of Figure 6a, it is worth noting a slight increase of specific EPS (referred to g 

of TSS) during Phase I, from 173 mgEPS g-1TSS to 360 mgEPS g-1TSS, while in Phase II the EPS 

concentration showed a slight decrease and remaining close to an average value of 255 mgEPS g-

1TSS (Figure 6b). This behaviour is in agreement previous studies revealing a decrease of bound EPS 

with an increase of SRT [39]. In both phases, the TB-EPS fraction was the main component of EPS 

by more than 83%, whilst the LB-EPS accounted for less than 17%. Concerning TB-EPS, proteins 

were the main component in Phase I with average values of 78%. In Phase II, it was observed a slight 

increase of the TB-EPS protein content within the MBR compartment, up to 88%. In contrast, the 

LB-EPS showed a different trend, highlighting a decrease of the protein content from 56% to 45% in 

Phase I and Phase II respectively, corresponding to a polysaccharides increase from 44% to 55%. 

Moreover, the different content/composition of ESP might be also related to the SRT increase in the 

MBR compartment during Phase II. This result could have influenced the fouling mechanisms in 

terms of reversible portion, as better outlined in a section below.  
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3.3 Biomass respiratory activity, kinetic/stoichiometric behaviour  

As aforementioned, respirometric batch tests were carried out for assessing the kinetic/stoichiometric 

parameters of heterotrophic species throughout experiments. In general, the achieved respirogram 

charts followed the typical exogenous (after external substrate spiking) and endogenous (after 

substrate exhaustion) respiration phases. Table 2 summarizes the average values of 

kinetic/stoichiometric parameters achieved during experiments. The biomass samples subjected to 

respirometric analysis were collected from the MBR compartment.  

 

Table 2. Average values of the main kinetic/stoichiometric parameters in the MBR compartment 

assessed during experiments (in brackets the standard deviation values) 

Parameter Units 
 Phase I 

(MBR) 

Phase II 

(AGS+MBR) 

YH [mgCOD mg-1COD]  0.63 (±0.11) 0.69 (±0.01) 

YSTO [mgCOD mg-1COD]  0.81 (±0.11) 0.83 (±0.03) 

H,max [d-1]  2.86 (±1.31) 4.69 (±2.02) 

Ks [mgCOD L-1]  21.51 (±10.30) 13.02 (±6.95) 

SOUR [mgO2 g-1SSV d-1]  27.59 (±8.45) 33.28 (±12.38) 

bH [d-1]  0.29 (±0.09) 0.21 (±0.08) 

FA [%]  31.00 (±3.85) 27.53 (±16.84) 

 

As noticeable from Table 2, the heterotrophic population showed a good activity level, with 

kinetic/stoichiometric parameters well in the range of what reported in the technical literature for 

MBR systems [40–42]. The heterotrophic species showed high activity levels, since the MBR plant 

start-up. This result is likely due to the seeding sludge, collected from a real wastewater treatment 

plant yet acclimated to this kind of wastewater. No significant differences were noticed throughout 

experiments, with active heterotrophic fractions (FA) equal to 31 and 27% in Phase I and Phase II, 

respectively. These high values were likely due to the high OLR applied to the pilot plants, referring 

in particular to Phase I. Nevertheless, as noticeable from Table 2 the heterotrophic activity was more 

pronounced in Phase II, with slight higher values of the yield coefficient YH, heterotrophic growth 



rate H,max, and specific respiration rates (SOUR). Based on the above results, it could be stated that 

the pre-treatment of wastewater did not result in significant change in the biomass metabolic activity. 

Despite the decrease in the biodegradable organic fraction of the influent fed occurred during Phase 

II, biomass showed a metabolic behaviour fully comparable with that observed in the previous 

experimental phase. This result could be likely related to a deterioration of the granules structure 

occurring in Phase II with the release in the bulk liquid (subsequently fed to the MBR compartment) 

of high active biomass. This circumstance is confirmed by the very high specific substrate depletion 

rate observed in the AGS reactors, as outlined by [2]. Although the heterotrophic active fraction was 

slightly lower during Phase II in the MBR (27.5% vs 31)%, it should be recalled that the SRT was 

significantly higher (38 days vs 9.2 days). Under these operating conditions, it should expected a 

lower biomass active fraction, because of prevailing of bacterial decay phenomena on new bacterial 

cells synthesis [43]. Therefore, it is reasonable that enrichment in biomass active fraction deriving 

from the AGS pre-treatment reactors enabled to achieve a positive net grow, thereby balancing the 

bacterial decay due to the high SRT with an “external” supply of new biomass. 

Moreover, it was noticed the occurrence of the “storage” phenomenon, due to the ability of specific 

microorganisms to accumulate the external substrate as internal storage products 

(polyhydroxyalkoanates and/or polyhydroxybutyrate). Such phenomenon is highlighted through a 

typical “tail” in the respirogram chart [44] and the storage yield coefficient YSTO was assessed 

according to the procedure proposed in the literature [45,46].  

 

3.4 Analysis of membrane fouling 

Figure 7 depicts the trend profile of total resistance (RT) (Figure 7a-b) and membrane permeability 

(Figure 7c-d) in Phase I and II, respectively.  

Regarding Phase I, excepting the first days after MBR start-up, the RT showed a regular and moderate 

increase up to experimental day 12, when a rapid worsening of the filtration ability was observed 

(TMP increase) (Figure 7a). Afterwards, two physical cleanings where carried out at day 16 and day 



22 to control the fouling tendency, but the filtration recovery was only limited, likely due to pore 

blocking increase. This result could suggest that the membrane fouling was mainly irreversible. 

Therefore, at day 27 and 33, two chemical cleanings were carried out, that enabled to recover most 

of the filtration ability of the physical membrane. Indeed, the permeability recovery was much higher 

with chemical actions than with physical cleaning operations. 

Nevertheless, RT was lower compared to that of Phase II (Figure 7b). This result was confirmed by 

the trend profile of membrane permeability assessed during experiments (Figure 7c-d).  

 

Figure 7. Trend profile of total resistance in Phase I (a) and Phase II (b), time course of membrane 

permeability in Phase I (c) and Phase II (c), respectively (in the arrows, “P” standing for physical and 

“C” for chemical cleaning). 

 

Indeed, in Phase II it was observed a rapid increase of RT in the first days after membrane cleaning 

operations (Figure 7b), likely due to a very fast particles deposition on membrane surface, leading to 

a rapid increase of resistance due to cake formation. The peculiar features of the mixed liquor in Phase 

II likely promoted the development of a cake layer that enhanced the membrane fouling [14]. 
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Thereafter, the observed RT increase was less pronounced. The fouling rate (FR) showed a quite 

moderate and regular trend in Phase I, with values almost lower than 5 1012 m-1 d-1 (Figure 8a); in 

contrast, in Phase II it was observed a rapid increase of FR immediately after membrane cleaning 

operations (Figure 8b) in good agreement with the RT trend, achieving values close to 10 1012 m-1 d-

1. The results obtained in Phase II indicated that the bulk, consisting of activated sludge and crushed 

granules from the AGS reactor, showed a more pronounced tendency to deposit on the membrane 

surface in the short-term than the activated sludge alone. It can be speculated that the presence of the 

crushed granules contributed to increase the overall bulk hydrophobicity in the AGS+MBR system, 

because of the higher hydrophobicity which distinguishes the granular sludge from the flocculent 

activated sludge. The sludge deriving from the granular sludge detachment is also denser than 

activated sludge. Accordingly, cake layer constituted by granules and activated sludge can maintain 

a relatively stable form throughout the filtration process compared to the activated sludge alone, 

which is more prone to be compressed as the filtration proceeds [47]. For these reasons, it is 

reasonable assuming that the lower compressibility of the cake layer formed by crushed granules and 

activated sludge led to rapid increase in TMP at the beginning of filtration and gradual increase in 

TMP subsequently. this results is in good agreement with the findings of Ao et al. (2018). Therefore, 

the filtration resistance proceeded more slowly in the long-term in the AGS+MBR system than the 

MBR.  

 

Figure 8. Time course of membrane fouling rate in Phase I (a) and Phase II (b), respectively (in the 

arrows, “P” standing for physical and “C” for chemical cleaning). 
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As aforementioned, the RIS model application during membrane cleaning operations enabled to 

assess the specific fouling mechanisms, according to Di Bella et al. (2018). The results of RIS model 

application are summarized in Figure 8. Concerning Phase I (Figure 9a), the main fouling mechanism 

was the resistance due to irreversible cake deposition (RC,irr), defined in the present study as the 

portion of cake layer not removable by ordinary cleaning actions (i.e membrane backflushing with 

permeate), but removable almost completely with extraordinary physical actions (i.e. membrane 

water washing).  

Nevertheless, the percentage contribution of RC,irr showed a gradual decrease during experiments. In 

contrast, the percentage contribution of RPB slightly increased from 0.7% to 26.42% from Day 3 to 

Day 22, indicating that the frequency of chemical cleaning operations should be increased for the 

treatment of this high strength wastewater and under the explored operational conditions. Indeed, 

according to literature [9] it was assumed that the resistance due to pore blocking (RPB) is not 

removable by physical actions (either ordinary or extraordinary), but it can be partially removed 

through chemical actions only.  

Referring to Phase II (Figure 9b), it was noticed a different behaviour. Indeed, although the main 

fouling mechanism remained the RC,irr, it showed a slight decrease throughout experiments and it was 

also observed a decrease of the pore blocking contribution (from 41.20% to 25.92%) and a significant 

increase of reversible cake contribution (from 8.95% to 28.52%) at Day 8 and Day 35, respectively.  

 



 

Figure 9. Resistance decomposition through RIS model and percentage contribution in Phase I (a) 

and Phase II (b), respectively.  

 

From the achieved results, a first sight might suggest a better behaviour of the AGS+MBR system in 

terms of fouling development and reversibility. However, it has to be stressed that the residual 

resistance (RRes) after chemical cleaning operations (i.e. the irremovable fouling resistance that cannot 

be removed even with chemicals) showed a different behaviour in Phase II compared to Phase I 

(Figure 10). Indeed, it was observed a much higher increase of irremovable resistance (RRes) in Phase 

II compared to Phase I; this result is of paramount importance, since it might severely influence the 

membrane filtration ability, thus leading to a reduced service life in the middle/long period. The above 

results clearly indicated that the pore-blocking mechanism in the AGS+MBR system was more severe 

than that in the only MBR with activated sludge. It is reasonable that the mixture of activated sludge 

and crushed aerobic granules generated a more hydrophobic cake layer that rapidly deposited on the 

membrane surface, thereby resulting in a rapid increase in the RT in the short-term. At the same time, 

being the cake layer less compressible, filtration resistance proceeded more slowly in the long-term 
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[48]. Moreover, as reported in the literature [49], the cake layer in the AGS+MBR system was likely 

more porous because of the presence of bigger particles, deriving from the AGS rector, thereby 

resulting in a higher number of pore canals. In such condition, the mass transport of soluble proteins 

and carbohydrates within the membrane pores could be enhanced. Furthermore, the reduced C/N ratio 

in the MBR compartment, coupled to the presence of particles deriving from granules deterioration 

in Phase II, could have promoted the increase of polysaccharides in LB-EPS and a decrease of particle 

size, giving rise to higher irreversible fouling resistance. This result is in good agreement with 

previous studies [50]. Moreover, the lower biodegradability of the wastewater fed to the MBR 

compartment, coupled to the higher SRT, could have enhanced the EPS hydrolysis. 

Basing on the above results, the AGS+MBR configuration, while not providing any significant 

beneficial effect in terms of COD removal, promoted a deterioration of membrane filtration properties 

in the MBR compartment. In this light, a careful management of the AGS should be carried out in 

order to ensure granules stability and successfully apply the in-series treatment AGS+MBR. 

Otherwise a coagulation-UF (CUF) pre-treatment could be suggested to protect the membrane 

module from irreversible fouling [51]. Therefore, the applicability of AGS+MBR configuration for 

high strength wastewater treatment should be carefully verified and further studies are needed to 

confirm the findings of the present study. 

 

Figure 10. Residual (irremovable) resistance trend after chemical cleaning actions in Phase I and II, 

respectively. 
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Concerning the specific fouling mechanisms, by analysing the effect of EPS content on membrane 

fouling, it was observed an interesting behaviour (Figure 11). Indeed, in Phase I it was observed a not 

negligible correlation between the resistance due to cake deposition (both reversible and irreversible) 

and the polysaccharide content in the TB-EPS (Figure 11a). This result could have promoted a gel 

formation on the surface membrane, increasing significantly the resistance to filtration. However, a 

chemical action under alkaline conditions could contribute to remove this jelly fouling [22]. Indeed, 

the fouling due to polysaccharides is usually more “reversible” compared to that produced by humic 

substances or proteins.  

In contrast, in Phase II it was observed a relationship between the presence of proteins in the SMP 

and the resistance due to pore blocking (Figure 11b). This situation is of importance, since SMP can 

enter more easily in the membrane pores, thus contributing to establish an irremovable fouling and to 

a permanent loss of membrane permeability [52]. Nevertheless, these first results need to be 

confirmed in future experimental activities, characterized by longer durations.  

 

Figure 11. Relationship between cake resistance and TB-EPS polysaccharides in Phase I (a) and 

between resistance to pore blocking and SMP proteins in Phase II (b). 
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4. Conclusions 

The present study was aimed at investigating the effect of AGS pre-treatment in MBR plants when 

treating high strength citrus wastewater, especially in terms of fouling behaviour. The AGS+MBR 

was characterized by higher values of total resistance to filtration, likely due to a rapid deposition on 

the membrane surface. The worsening of granules stability, with decrease of the average size of the 

crushed granules, could have emphasized this behaviour. Moreover, the AGS+MBR configuration 

was characterized by a higher increase of irremovable fouling that can shorten the membrane life. In 

this light, for the investigated operational conditions, the pre-treatment with AGS was not advisable. 

Nevertheless, further research activity is needed on this topic, since AGS+MBR configuration might 

have great potentiality (if granules stability and proper granule size is ensured) due to the extreme 

compactness of the AGS compartment as well as the energy saving and the much richer biological 

community within the granules (with anaerobic, aerobic and aerobic internal structure). Moreover, 

the use of membrane compartment as tertiary filtration of the AGS effluent even applying a 

coagulation treatment (CUF) prior to membrane filtration should be also explored. Finally, the quality 

of the membrane permeate would meet the requirements for water reuse, thus promoting a cleaner 

and more sustainable operation of the citrus processing industry.  
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FIGURE CAPTIONS 

Figure 1. Schematic lay-out of (a) MBR and (b) in-series AGS+MBR configurations.  

Figure 2. Influent, supernatant MLSS and permeate COD concentrations and removal efficiencies 

in Phase I (a) organic loading rate applied and removed in Phase I (b) and influent, supernatant 

MLSS and permeate COD concentrations and removal efficiencies in Phase II (c) organic loading 

rate applied and removed in Phase II (d), respectively.  

Figure 3. COD fractionation results for the influent wastewater to the MBR compartment in Phase 

I (a) and Phase II (b), respectively. 

Figure 4. Trend profile of MLSS and VSS/TSS in reactor MBR (a) and in MBR compartment of 

AGS+MBR reactor (b), respectively. 

Figure 5. Phase contrast observation of activated sludge floc (a) and example of opercularia colony (b) in 

Phase I; phase contrast micrographs of activated sludge flocs (c-d) in Phase II and particle size distribution 

(e) throughout experiments. 

Figure 6. Trend profile and composition of EPS in MBR compartment in Phase I (a) and Phase II (b), 

respectively (the percentage values refer to the LB-EPS content) 

Figure 7. Trend profile of total resistance in Phase I (a) and Phase II (b), time course of membrane 

permeability in Phase I (c) and Phase II (c), respectively (in the arrows, “P” standing for physical and “C” 

for chemical cleaning). 

Figure 8. Time course of membrane fouling rate in Phase I (a) and Phase II (b), respectively (in the arrows, 

“P” standing for physical and “C” for chemical cleaning). 

Figure 9. Resistance decomposition through RIS model and percentage contribution in Phase I (a) and 

Phase II (b), respectively. 

Figure 10. Residual (irremovable) resistance trend after chemical cleaning actions in Phase I and II, 

respectively. 

Figure 11. Relationship between cake resistance and TB-EPS polysaccharides in Phase I (a) and between 

resistance to pore blocking and SMP proteins in Phase II (b). 



TABLE LEGENDS 

Table1. Main characteristics of the raw wastewater as well as operational conditions (in brackets the 

standard deviation values) 

Table 2. Average values of the main kinetic/stoichiometric parameters in the MBR compartment assessed 

during experiments (in brackets the standard deviation values) 

 


