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Abstract: Citrus-processing industries produce large volumes of wastewater (CPWW). The large
variability of these volumes coupled to physicochemical characteristics of CPWW determine severe
constraints for their disposal due to both economic and environmental factors. To minimize the
management costs and prevent the negative ecological impacts of CPWW, several systems have been
proposed and adopted. However, all these treatment/valorization routes have many issues that are
not yet thoroughly known by the scientific community and stakeholders of the citrus-processing
chain. This paper reports an overview of the possible treatment/valorization opportunities for CPWW:
intensive biological treatment, lagooning, direct land application, energy conversion, and biorefinery
uses for the extraction of added-value compounds. Advantages and constraints are presented and
discussed, and the following conclusions are achieved: (i) there is not a unique solution for CPWW
treatment, since the best management system of CPWW must be chosen case by case, taking into
account the quality/quantity of the effluent and the location of the transformation industry; (ii) the
adoption of a biorefinery approach can increase the competitiveness and the further development of
the whole citrus sector, but the cost of novel technologies (some of which have not been tested at real
scale) still limits their development.

Keywords: agronomic utilization; anaerobic digestion; biorefinery; citrus industry; essential
oil; lagooning

1. Introduction

The genus Citrus includes sweet orange, mandarin, grapefruit, lime, bergamot, lemon, and other
minor species [1-3]. Besides their fresh consumption, citrus fruits are destined to the agro-industrial
conversion that represents the main agro-industrial sector in several countries, such as Brazil, China,
some EU Mediterranean countries, USA, and Mexico. On average, more than 120 million tons of citrus
fruits are annually produced, of which about 20% is destined to industrial processing [4]. This share is
expected to increase by over 30% for orange processing [5,6] (Figure 1).

The processing of citrus fruits is mainly destined for juice extraction and food production (e.g.,
marmalades, candied skins) [7-9]. Citrus fruits are also used by the chemical and food industries to
produce flavorings, essential oils (EOs), biofuels, dietary fiber, and pectin [10].

The citrus-processing industry, using different technologies, produces two residues: peel, which
alone accounts for almost 50% of the wet-fruit mass [11], and wastewater. Citrus-peel waste (henceforth
“CPW”) is a solid/semisolid residue and mainly consists of rotten fruit, peels (sensu strictu), pulp
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portions, membranes, and seeds. A comprehensive review of characteristics, uses, and management
methods of CPW can be found in Zema et al. [12]. Citrus-processing wastewater (henceforth “CPWW”)
essentially derives from fruit washing, plants, and device cleaning, as well as cooling, EO extraction,
and peel drying. CPWW also includes the effluents derived from the production of citric acid and
pectin, citrus molasses, and peel oil [11].
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Figure 1. World’s annual amounts of citrus processing wastewater (CPWW) produced for different
citrus species (data source adapted from [13]).

The high amounts (from 1 to 17 m? per ton of processed fruits [5,14]) and the intrinsic characteristics
of CPW and CPWW determine severe environmental and economic constraints for the management of
both residues [15]. The environmental constraints are linked to the possible risk of water body and soil
pollution in the case of uncontrolled disposal, due to the low pH, high concentrations of biodegradable
organic compounds, and the presence of EOs. On the other hand, an environmentally friendly disposal
(in order to comply with the Directives 98/83/EC and 2015/75/EU of the European Parliament and
Council [16]) implies high costs, heavily weighing on the annual budget of agro-industries.

In regard to CPWW, nowadays, it is usually (i) directly released into water bodies; (ii) treated in
intensive depuration plants (mainly activated sludge or biofilters) or extensive biologic ponds; or (iii)
discharged over land, into wells, or into municipal sewer systems [11]. Discharge of CPWW into surface
water bodies may cause pollution and destruction of aquatic life [12]. CPWW ponding requires a large
isolated area, far from residential or industrial settlements. Land direct application or discharge into
wells may result in damage of crops, degradation of soil properties [11], and pollution of groundwater
resources, respectively. CPWW disposal into the city sewage system is seldom allowed or tolerated,
but it is, in general, unregulated and illegal (e.g., in Italy). This practice may cause contamination
of surface water and groundwater (e.g., due to the discharge through overflow structures), sewer
clogging due to the accumulation of the solid content of CPWW, damages to devices of treatment
plants (pumps and piping), and problems to the treatment processes (clogging of sand beds, foams in
primary settling tanks, and toxic effect to biomass due to the presence of EO) [11].
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Moreover, the choice among the possible treatment or disposal strategies strongly depends
on several factors of the local/national context, where the wastewater is produced, due to the
different environmental regulations and socioeconomic conditions. For instance, in the recent
literature referring to developing areas (e.g., the African countries), some studies have focused on
the optimization of existing simplified treatment systems [17] (often showing low efficiency [18])
and on the possibility of exploiting the huge amount of biodegradable waste produced with a
bio-refinery approach [19]. Conversely, in other areas more developed, the efforts are addressed
toward the full integration of biorefining into citrus production (through the recovery of value-added
compounds [1,2,7,9,10]) or toward the reduction of methane emissions (by incorporating the anaerobic
digestion into agro-industrial waste-management systems [20]), although land application still remains
the common practice.

For these reasons, the environmental and economic sustainability of CPWW management systems
still represents a pending issue. Therefore, the competitiveness of the citrus-processing industry may
be considerably enhanced by suitable (i.e., environmentally and economically sustainable) CPWW
management systems. However, the optimal solution for each citrus-processing industry is linked to
the specific processing technology of the plant and to the specific local conditions [21]. Under this
perspective, several alternatives for treating/valorizing CPWW have been proposed and evaluated in the
last decades, in order to minimize management costs and prevent environmental damages. However,
until now, the constraints and the advantages of the most common management systems of CPWW
are not thoroughly known by the scientific community and stakeholders of the citrus-management
chain. This also happens because the majority of literature studies have mainly paid attention to CPW
management/valorization options; literature investigating the most efficient technologies for CPWW
treatment/valorization and their optimization as a function of specific local conditions is, instead,
much sparser.

In order to fill this gap and update the current knowledge about CPWW management systems,
this paper reports an overview of the possible alternatives and management/valorization solutions
available for CPWW. In more detail, first, a concise analysis of citrus-processing technologies, on
which the quantitative and qualitative characteristics and variability of CPWW depend, is carried out.
Then, the traditional and the most recent treatment/valorization options, as proposed in the scientific
literature, are discussed. Finally, the most innovative techniques for the recovery of value-added
compounds from CPWW are presented. A comparison among the different processing schemes is
given in the conclusive considerations. Starting from this, state-of-art insights about the most suitable
solutions for the economic and environmental sustainability of CPWW management chain are provided
to company managers and other stakeholders.

2. Production and Main Characteristics of Citrus-Processing Wastewater

2.1. Production of Citrus-Processing Wastewater

The citrus-processing chain mainly consists of fruit temporary storage, washing, grading and
sorting, juice extraction and finishing, heat treatment, and product packaging and storage. A detailed
description of citrus-processing technologies is reported in Zema et al. [12]. The citrus-processing
operations produce CPWW as liquid residue of the following phases:

e  Fruit washing by rotating brushes under a water spray (in the case of wax-coated fruits or excessive
dirt or microbiological contamination) after removing leaves and prior to processing;

e Centrifugation of the water/oil slurry produced by spraying water on squeezed or cut peel
(depending on the use of FMC or brown juice/oil extractors, respectively), in order to recover EO
contained in the peel and flavedo [22]; this phase yields the largest volume of CPWW;

e  Drying of the cut peel after lifting from a washing tank, to release the EQ;



Water 2019, 11, 2481 40f23

e  Washing of the pulp discarded by juice extractors and finishers, to recover juice, pectin, and
other solid fractions that are added back to the juice after evaporation, in order to increase appeal
and palatability;

e  Evaporation of the citrus juice to obtain a concentrated and microbiologically stable product;

e At the end of the production cycle and during cleaning operations of industrial equipment
and factories.

2.2. Characteristics of Citrus-Processing Wastewater

2.2.1. Quantitative Variability

CPWW production shows a seasonal variability of its qualitative and quantitative characteristics [5,
23], reflecting the large variability of flows and physicochemical properties (e.g., pH, COD, and
suspended and settleable solids, EOs [22,24]). In order to give indications on the most suitable system
for CPWW management, it is important to analyze its quantitative and qualitative variability and the
factors which influence these characteristics.

A citrus processing plant requires large flows of fresh water and consequently produces comparable
amounts of wastewater. CPWW production mainly depends on (i) water consumption per weight unit
of processed fruit, (ii) amount of citrus processed, and (iii) overall water management in the plant.

Water consumption per weight unit of processed fruit varies in function of the adopted processing
technology and is largely variable; in [14], a use of 1 m3 per ton of processed fruits in plants without peel
dryers, using water-recirculation systems, was estimated, while Corsino et al. [5] observed that a citrus
factory processing 25 t h™! of lemon produced about 17 m? of wastewater per ton of processed fruits.

The amount of citrus processed is characterized by a noticeable interannual and intra-annual
variability. The interannual variability of citrus processing is linked to the variations of the fruit
production from one year to another, since the citrus amount processed each year depends on both
agricultural production and market trends. The intra-annual variability mainly depends on plant
operation. Since over 70% of citrus production destined to transformation is concentrated between
February and April [25], in the Mediterranean areas citrus processing plants mainly operate in this
period. The monthly variability depends, beside the amount of processed citrus, on the variability of
water unit consumption, which, in turn, is significantly affected by residual factors (citrus-fruit quality,
plant management, etc.). Figure 2 shows a typical monthly distribution of wastewater production in a
citrus-processing company with a potentiality of 40,000 tons yr~! of processed citrus [14].
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Figure 2. Typical monthly distribution of citrus-processing wastewater (CPWW) produced in a
citrus-processing industry of Sicily (Italy) [14].
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CPWW production is also characterized by a large weekly and daily variability (Figure 3) due
to plant inactivity in the night and on the weekend. This variability can be quantified by a peak
factor evaluated as the ratio between the average flow in working hours (generally 12 per day) in the
maximum production day and the weekly mean value: using the data of Figure 3, this factor is equal
to 3.3; peak hour flow respect to weekly average is instead about 13. A value of 13 is achieved by the
product between the above calculated peak (3.3) factor and the flow of the 12 working hours (4-fold
the average flow).
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Figure 3. Daily distribution of wastewater production per week in a citrus-processing industry of Sicily
(Italy) [14].

Techniques minimizing fresh-water requirement and wastewater production in citrus processing
plants have been widely investigated, developed, and applied to processing industries [26]. The basic
concept for water-use minimization is the maximization of water reuse and the identification of
regeneration opportunities [27]. Use of regenerated wastewater in some operations requires installation
of a treatment unit (such as gravity settling, filtration, membranes, activated carbon system, and
biological treatment) [26] and, therefore, basically depends on the economic viability of the regeneration
versus the purchase, use, treatment, and discharge of fresh water.

2.2.2. Qualitative Variability

As mentioned above, CPWW is also characterized by a large variability of its physicochemical
properties, which depends on the processing techniques. Table 1 summarizes the main qualitative
characteristics of CPWW. Moreover, these characteristics significantly vary throughout the same
working day. This variability mainly depends on processing-plant operation and, secondarily, on
species and ripening stage of processed citrus. As a result of the first variability factor, the very large
range of qualitative variability of CPWW is due to several factors, such as (i) emptying of the tanks,
which feed the processing lines, e.g., daily or weekly, thus determining peaks of the hydraulic load;
(ii) discharge of the water produced by EO extractors at the end of the day, with COD over 10 g L™
and high concentration of EOs; and (iii) plant washing by alkaline solutions (sodium hydroxide and
calcium hydroxide), which generally increases pH to a peak value of about 12 [8,28]. Other factors
explaining the qualitative variability of CPWW, mainly linked to plant and process design, are as
follow: (i) the type of water-cooling system (i.e., the open-cycle system, using large water flows with
high dilution effects of the final effluent, or the closed-cycle system, with cooling towers requiring very
limited water addition); (ii) the recirculation level of the EO extractors; (iii) the presence/absence of a
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peel-dehydrating system, which generally produces water with a very high organic load (over 60 g of
COD per kg of processed fruit); (iv) the amount of peel produced and destined to drying processes
(rarely 100% of the available amount).

Table 1. Main qualitative characteristics of wastewater of citrus processing industry (from literature

data).
Reference
Parameter . :
Koppar etal. [29]  Parishetal. [30]  Andiloro et al. [31] Zema et al. [25] Zema et al. [32]
pH 4648 4.8 3.3-4.0 4244 5.1-5.5
TS(gL™) 3.5 - - - -
COD (gL 86* 9.0 21.2-27.2 5.0 6.6
TKN (g L™) 0.06 0.3 - - -
EO (gLl - 2.8 0.3-1.0 0.5 0.6

Notes: COD = chemical oxygen demand; TS = total solids (dry residue at 105 °C); EO = essential oil; TKN = total
Kjeldahl nitrogen; * referred to soluble COD; ** referred to total dissolved solids.

The main concerns linked to treatment of CPWW are the low pH, the low concentration of
nutrients, and the very high concentration of EOs.

The organic load of CPWW is generally high, since COD ranges from 1 to 10 g L™ and more. This
parameter has a large range of variability according to the different stages of the production process [5].
On the other hand, CPWW has a low concentration of nutrients (i.e., nitrogen and phosphorous) with
respect to the organic load (imbalanced ratio COD/N/P). Finally, the very high concentrations of EOs
(of which d-Limonene is the primary constituent) can interfere with the biological processes, which can
even stop if EO concentration is over 50 mg L~ [33,34], due to its bacteriostatic action. In the case of
orange EOs, their recovery from wastewater is not convenient due to the high dilution and the limited
value, differently from more costly essences (as bergamot or lemon).

In the following section, the main systems for the management of CPWW are discussed with a
focus and the possible value-added products’ recovery.

3. Management Systems of Citrus-Processing Wastewater

The scientific literature and the common practice show several systems for CPWW treatment,
which are sketched in Figure 4. The adoption of phyto-depuration systems for treating agro-industrial
wastewater (and thus CPWW) is not advisable, considering the peculiar characteristics of these effluents
(as mentioned above, low pH, high organic load, imbalance between C and N, presence of toxic
compounds as EOs), which could hamper vegetation growth and development, as well as even plant
death. Treatment plants based on physical and/or chemical processes are of limited use for CPWW,
since these plants are expensive and rarely reliable and efficient. For example, CPWW concentration by
evaporation has high energy requirements [35], while the removal of dissolved and suspended solids
by flocculation shows low depuration efficiency besides the high cost of flocculating agents [22].

The option of advanced chemical treatments, such as the advanced oxidation processes (AOPs),
could be interesting due to the intrinsic characteristics of CPWW (low pH, color, and imbalance of
nutrients) [36,37]. However, the literature examples [24,38,39] have been carried out by laboratory/pilot
experiences. Presumably, the high complexity of such treatment discourages the large adoption in
citrus industries.

The most-used system is the treatment in intensive activated sludge biological plant prior
to the disposal in the municipal sewer system or in a receiving water body. This system shows
several drawbacks (e.g., complexity, high cost of sludge management, requirement of skilled personnel,
and complex start-up of the plant), which are discussed in the next paragraph. Recently, the introduction
of membrane filtration in the process seems to have gained importance.
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Figure 4. Scheme of citrus residues’ (CPWW and CPW) processing chain (adapted from [12]).

Extensive management systems, such as lagooning, have been suggested for solving the problems
related to the adoption of intensive conventional systems. A summary of the main pros and cons of
intensive and extensive CPWW treatment systems is reported in Table 2.

CPWW reuse in agriculture may be a viable alternative, if land application is carried out following
suitable protocols. More recently, due to the increasing interest for the renewable energy source,
valorization patterns by anaerobic digestion for energy production and treatment in biorefinery
industry for value-added product extraction have become novel challenges.

According to TeKippe [40], wastewater flowing from a citrus processing plant to its destination
can be categorized based on volatile solids and ash content. In more detail, this author stated that,
while flows of CPWW with high nonvolatile-solids content cannot be economically reclaimed for
reuse in the plant, flows with low nonvolatile and volatile solids can be discharged into municipal
wastewater treatment plants, and those with low nonvolatile solids but a high content in volatile solids
can be effectively treated in intensive plants.
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Table 2. Summary of the characteristics of the main CPWW treatment systems.
Treatment Type of . COD A
System System Advantages Disadvantages Reduction (%) Characteristics Ref.
Biological aerated filter with expanded clay as support
Acti d Biological degradation of the organic Low efficiency. 97 * materlil a?ld concu.rrenf flow. VoluSme_tlr 1 li)Zadmg - 20. [41]
. cltl\:iate matter. Expensive management gcop L7 d7". Aeration = 10.47 Nm _lq m~~. Hydraulic
Intensive siudge Shorter treatment time compared to cost. load up to 0.36 m h".
extensive systems. Instability of the Continuous system consisting of a 10 m? airlift reactor, a
biochemical process. gp % settler and a 300 m3 pond, treating lemon-industry [42]
Frequent breakdown. wastewater. HRT = 17 h. Feed flow =200 L h~!. Removal
Nutrients imbalance. capacity over 6 kg m® day™! of BODs.
90 AGSBR. OLR up to 7 kgcop m® d~1. [5]
Simultaneous filtration and biological
Good ualli):occ)efstsl;e offluent Fouling problems. Integrated AGS + MBR system. Flow rate = 10 L d 1.
MBRs q Y ) Frequent plant shutdown. 99 Addition of nitrogen (NH4Cl) and phosphorous (KH,PO4)  [43]
Smaller volume reactors compared to . . . . . .
.t . High energy consumption to maintain a nutrient ratio of 200 COD: 5 N: 1 P by weight.
traditional activated sludge process.
High solid retention capacity.
Full-scale aerobic-anaerobic aerated pond of a lagooning
Economic and environmental Need for large areas of land. 59-97 system. Aeration = 1.44.1 W m-3 (only during the night [31]
Extensive Lagooning sustainability. Long HRT required. hours and the weekend). DO = 0.3-1.5mg L™\
Simpl int d t Unpl t odors.
1mple main eor;a;c;izr;ls. fanagemen r{?niisna;oﬁe;rs Laborator}l;-.scale 1 mi Trarlﬂ(s simuiatingi the aerobifali}:elr of
No need of nutrient addition. environmental conditions 935 **x%* an gero ; 1c-anaerobic ag001'1.. FR=7-14Lm 3 [31]
(e.g., temperature) Aeration time = 12-24 h. Specific power = 1.6-1.2 W m™.
-8r . i - -1
Energy requirement (in COD influent = 3-12 g L™
case of aerated systems). PRy, Laboratory-scale 1 m3 tank without aeration. COD influent [25]
=3.5-7.7 g L71. COD removal rate = 0.36 g L~! month™!.
Pilot plant treating water coming from a citrus canning
_ Fouling. 95 industry and the simultaneous recovery of pectin, [44]
Others Membranes Recovery of value-added compounds. Frequent plant shutdown. oligosaccharides, and flavonoids.
Plant-scale recovery of pectic polysaccharides from
75 processing water, through steps including water reuse, [45]

two-step filtration, concentration, ethanol precipitation,
and ethanol recovery.

* Adapted data; ** referred to BOD5 removal efficiency; *** monthly COD reduction; AFR = airflow rate; AGS: aerobic granular sludge; AGSBR: aerobic granular sludge sequencing batch
reactors; DO = dissolved oxygen; HRT = hydraulic retention time; MBR: membrane bioreactor; OLR: organic loading rate.
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3.1. Conventional Intensive Treatment

Given the limits for the adoption of physicochemical processes mentioned above, CPWW is
usually treated in intensive biological treatment plants (generally activated sludge plants, but sometime
also percolating filters, downstream of a primary settling phase) [24,28,29,41,46,47].

The biochemical processes of intensive biological plants for CPWW treatment have a limited
footprint. Organic matter and other polluting compounds are degraded by aerobic or facultative
bacteria. However, these plants often show low efficiency and their management is expensive, mainly
because of the inadequacy of design criteria. The latter are often replicated from municipal wastewater
treatment plants, thus neglecting the specific characteristics of CPWW [14,48]. The main drawbacks
of intensive biological plants used for CPWW treatment are the following: (i) biochemical process
instability and difficulty in plant operation management due to the variability of CPWW characteristics;
(ii) frequent breakdown of the process, mainly due to EO peaks in CPWW flows [24,49], as well as to
the low pH, high organic load, and imbalance of COD/nutrients ratio; (iii) high costs (in many cases
over 1%-2% of the annual budget of the smallest citrus-processing industries) due to the large energy
requirements for the aeration; and (iv) long start-up times (often several weeks or even months) needed
to develop a significant amount of active microbial biomass in aeration tanks of activated sludge plants
or on the surface of percolating filters. This problem is obviously relevant for those plants treating only
CPWW and, therefore, not in operation from late spring to autumn (that is, out of the citrus-processing
season).

In regard to the latter problem, the higher the suspended solid design concentration in the mixed
liquor, the longer the starting time. This time can be reduced only by expensive techniques, such as the
addition of enzymatic products or activated sludge from other plants.

Nutrient imbalance heavily influences the microbial population activity in biological treatment;
a COD/N/P ratio of about 200/5/1 is normally suggested [50]: when CPWW is treated alone (that is,
without mixing with other effluents), this ratio can be easily obtained by adding nutrients, but attention
must be paid, especially in plants where N and P removal is not provided, in order to not exceed
discharge limits prescribed by law.

An efficient, cheap, and reliable treatment plant of CPWW would require the following: (i)
complete regulation of organic load during the week, which should stop the process from being affected
by long flow cut-offs (as happens at night or in the weekends); (ii) complete equalization of the CPWW
qualitative characteristics, in order to limit the variability of organic loading, pH, EO concentration, etc.;
(iii) limitation, at least partially, of the variability of organic loading throughout the year, reducing the
problems linked to the plant start-up at the beginning of citrus-processing season; and (iv) possibility
of an easy tuning of the input factors required by the process (in particular the energy required for
wastewater aeration). A biologically intensive plant matching all these requirements would constantly
assure high productivity and suitable effluent quality. However, these requirements could be met either
by adopting large equalization basins, with consequent management problems (e.g., odor emissions
and large footprint), or treating CPWW with other municipal/industrial wastewater (in this case,
CPWW should be only a limited share of the influent flow). Large equalization basins can be more
easily integrated in extensive plant schemes (e.g., lagoons, see Section 3.2). Instead, for plants located
in urban/industrial areas, this solution is rarely feasible. On the contrary, CPWW treatment with other
effluents could be a viable option only for plants located in large urban/industrial areas, where the
problems of the intensive plant treating CPWW could be reduced by blending citrus effluents with
municipal and/or industrial wastewater.

As outlined above, the energy cost is the most important problem in intensive-treatment plants [42].
The energy requirement of these plants can be close to 2.0 kWh kgcop ™' [51]. The typical energy
requirements of activated sludge plants treating municipal wastewater (0.5 kWh kgCOD_l [50,52]) are
very difficult to achieve in the case of agroindustry effluents (such as CPWW). This happens because
(i) only a limited amount of organic load can be removed through primary settling [25], (ii) a high
airflow rate is needed to keep dissolved oxygen (DO) concentrations over 2-3 mg L™! due to the
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high concentration of readily biodegradable organic matter [50,52], and (iii) additional energy is often
needed to keep complete mixing [25].

However, the performance of intensive biological plants has been widely studied. The most
successful experiences of CPWW treatment in intensive biological plants have been carried out by
using aerated filters. Using a biological aerated filter with expanded clay as support material and
concurrent flow, Osorio et al. [41] obtained a maximum final concentration of 600 mgcop L, treating
a CPWW stream with a volumetric loading of about 20 gcop L™! d~!. Navarro et al. [42] developed as
a pilot plant a continuous system with activated sludge, consisting of a 10 m? airlift reactor, a settler,
and a 300 m® pond, to treat CPWW from a lemon-processing industry. The removal capacity of this
pilot plant was over 6 kg m3 day~! of BODs, corresponding to 92% efficiency respect to the influent
concentration. The downstream pond completely removed residual sludge present in the outflow.

Corsino et al. [5], treating CPWW in two aerobic granular sludge sequencing batch reactors
(AGSBR), reported a COD removal efficiency of approximately 90% when the Organic Loading Rate
(OLR) was under 7 kgcop m® d=!'. At higher OLR, a significant decrease in the removal efficiency
down to 75% or less was observed in the reactor due to the excessive acidic conditions. In this case, the
reactor was not able to remove COD with the required efficiency, mainly because of the low efficiency
in particulate matter removal (45%).

Presumably, the imbalance between periods of substrate availability and scarcity—which is
crucial for granules maintenance in the long-term—may have favored the proliferation of fast-growing
microorganisms, such as filamentous bacteria, reducing the sludge’s settling capacity [53]. More in
general, since CPWW is very rich in particulate organic matter due to the presence of residues of pulp
and peel, the granules’ stability could be a considerable bottleneck in AGSBR.

In the last decades, the integration of membrane processes into the citrus processing plant is
gaining importance. Membranes are adopted for clarification (usually microfiltration membranes) and
concentration (usually ultrafiltration) of orange juice [54,55], since this process improves the quality of
juice and its nutraceutical properties and is becoming increasingly economically sustainable. The only
drawback is the fouling of the membranes. The adoption of this technique can also allow the recovery
of useful compounds (e.g., pectin, oligosaccharides, and flavonoids) [45,55] and, at the same time,
the improvement of quality of CPWW. Yan et al. [44] observed a 95% COD reduction in CPWW from a
pilot plant treating water coming from a citrus canning industry; similar results (75% COD reduction)
were obtained by Chen et al. [45]. The integration of membrane biorefining and CPWW is a very
promising route for the future of the citrus industry.

A promising alternative to conventional activated sludge for the treatment of both industrial
and municipal wastewater is presented by membrane bioreactors (MBRs). This technology integrates
the common permeation/selection process of the membrane with the biological process for the final
solid-liquid separation, provides very good effluent quality coupled with high sludge retention time
(SRT) values, volumetric loading rates, and has low footprint requirements [56]. Other advantages
related to the use of MBR are the possibility to operate with smaller volume reactors (because of the high
STR) and the achievement of very high permeate quality that is suitable for on-site reutilization [43].
However, the use of the MBR at the global scale is limited by its fouling problem [57,58], which leads
to frequent plant shutdowns and requires energy consumption in order to mitigate this problem by
aerating the membrane [59]. Di Trapani et al. [43] proposed a pretreatment of CPWW, using the
application of the aerobic granular sludge (AGS) technology, prior to MBR operation by an in-series
AGS + MBR bench scale plants. This scheme was also comparted to the conventional MBR one.
The results demonstrated that both plant configurations enabled the almost total COD removal.
However, the higher resistance to filtration observed in the AGS + MBR plant might severely affect the
membrane service life.
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3.2. Lagooning

As it is well-known, extensive systems (e.g., lagooning) are economically and environmentally
sustainable treatments due to the simplicity and cheapness of construction, maintenance, and
management operations [60]. However, these systems require the availability of large areas of
land and long hydraulic retention time (HRT); other constraints are the possible unpleasant odors close
to the plants and the need for continuous monitoring of the treated wastewater’s quality [22,61].

Lagooning is a widespread and efficient treatment for wastewater from the food-processing
industry [29,61,62]. In lagooning systems, several ponds are usually constructed, sometimes in a series,
to allow the wastewater to flow from one pond to another [11]. In the lagoons, CPWW is stored for a
long time (weeks or months), and very large volumes are necessary for ponds. Thanks to the high
HRT, the variation of physicochemical parameters of stored CPWW is very gradual, thus facing off the
high qualitative variability of the influent wastewater. This not only allows the adaptation of bacteria
to different environmental conditions, but also enhances the growth of microorganisms resistant to the
low pH, high organic loading, and EO concentration, which are typical of CPWW [22].

Lagoons allow the following: (i) an adequate weekly tuning of the organic loading, widely
variable in CPWW throughout the year; (ii) a sufficient equalization of physicochemical parameters,
with low variations of organic loading, acidity, and essential-oil concentration; (iii) a reduction of the
concentration of polluting compounds (thanks to the dilution effect due to the large storage volume of
treated CPWW); (iv) the reduction of start-up problems, which are typical of the biological processes
at the beginning of the citrus-processing season; and (v) a lower C/N/P ratio requirement (400/5/1)
compared to intensive biological plants and no need of nutrient addition.

The removal efficiency for organic compounds is generally in the range 80%-90% of the initial
concentration in raw CPWW [60,61]; however, it is important to highlight that seasonal weather
changes can affect the microbial community structure and consequently the treatment’s efficiency of
lagoons [63].

Lagooning systems can be classified in anaerobic, aerobic, and aerated lagoons. The anaerobic
and aerated lagoons are the ones most commonly used for CPWW treatment.

Anaerobic lagoons do not require energy for wastewater treatment and commonly show removal
capacity of organic loading over 90%. However, anaerobic processes require high wastewater storage
volumes (generally higher than the annual volume of CPWW produced by the citrus processing plant)
and very deep lagoons. Furthermore, anaerobic lagoons produce unpleasant odors, which may be
beyond the tolerance limits. Therefore, their installation is advisable only far from residential areas,
such as in agricultural areas or in marginal land.

In order to overcome the drawbacks of anaerobic lagoons treating CPWW, aeration is adopted.
In the case of aerated lagoons, the highest economic constraint is the energy demand, which, however,
is much lower compared to activated sludge plants. One of the most efficient schemes of CPWW
aerated lagooning is the adoption of aerobic-anaerobic lagoons. Compared to the anaerobic ponds,
these lagoons are designed with smaller capacity (about 50% of the CPWW volume annually produced).
This solution reduces the energy requirements, provided that the following saving measures are
adopted: (i) high lagoon depths (up to 10 m), in order to increase the anaerobic activity in the deeper
layer, where the organic matter is degraded without energy consumption; (ii) an aerated thin surface
layer, kept in aerobic conditions to limit the unpleasant odor emission; (iii) optimal tuning of the
aeration time as a function of DO demand in the surface layer (strongly varying during the year with
maximum peaks in spring and summer); and (iv) aeration only during the hours in which energy is
cheaper (as in the night).

A suitable scheme making the annual control of the organic load of CPWW easier consists of two
separate lagoons. A first lagoon depurates and discharges into the sewer system a monthly constant
CPWW flow, containing the share of the organic loading that can be discharged in accordance with
issued permits. The second lagoon stores the water stream with the organic loading, which exceeds the
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monthly volume depurated in the first lagoon and is accumulated throughout the citrus-processing
season. This scheme allows a reduction of the storage capacity of lagoons by 15%—-20% [64].

Andiloro et al. [31] found low energy requirements (0.45 kWh kgcop ') and a good treatment
performance of full-scale aerobic-anaerobic aerated lagoons treating CPWW with high concentrations
of essential oil (500-1000 mg L1). Zema et al. [25] simulated at laboratory scale the aerobic layer
of aerated lagoons and indicated the possibility of decreasing the energy requirements (down to
0.16 kWh kgcop ') through two measures: (i) reducing the aeration power (down to 0.6 W m~2 from
the typical values of real-scale plants, about 2.5 W m~3); and (ii) limiting aeration time to the night
(12 h only), when electricity cost is lower. In another study, the same authors found that the organic
matter degradation in aerated lagoons was on average six times higher compared to the nonaerated
lagoon. Despite the ability of spontaneous microflora to adapt to EO concentrations up to 1400 mL L=},
the effect of an inoculum (50% of wastewater with spontaneous microflora already adapted) was not
noticeable in terms of lagoon-treatment performance [32].

3.3. Methane/Hydrogen Production

The most important valorization patterns of CPWW for energy conversion are the anaerobic
digestion for biogas production and the fermentation for biohydrogen production (Table 3).

Anaerobic digestion of citrus residues (both peel and wastewater) makes possible the production
of biomethane and, at the same time, the reduction of waste-disposal problems. Moreover, the digestate
(the residue of anaerobic process) can be spread—in many cases, without aerobic post-treatment—over
soil as organic conditioner and/or fertilizer, especially when the phosphorus content is high [29].
However, while the valorization of CPW for energy purposes by anaerobic digestion is promising [12,65]
due to its satisfactory methane yield [66-68] compared to other substrates (such as the olive-oil-mill
wastewater), the anaerobic digestion of CPWW is not a common practice, due to the excessive dilution
and to the presence of inhibiting compounds, such as d-Limonene. Therefore, pretreatments (mainly
using physicochemical processes) of raw CPWW prior to anaerobic process are very often required,
in order to reduce the concentration of inhibiting compounds [28].

Under mesophilic conditions (37 °C), Siles et al. [47] found a methane yield of 295 mL per gram of
COD removed and a substrate biodegradability of 88.2% from pretreated CPWW. The OLR increase into
the batch reactor yielded lower methane production rates. Martin Santos et al. [28] reported a methane
yield of 297 NmL (normal millilitres) per gram of COD removed and a substrate biodegradability
of 84% from pretreated CPWW with a high concentration of organic matter (around 150 gcop L1
produced by orange-peel pressing. Both these authors used aluminum sulphate as flocculant and a
solution of sulphuric acid for pH neutralization.

Under thermophilic conditions (55 °C) for 76 days, a downflow stationary fixed film, continuously
fed (OLR of 0.51 kgscop m~3 d71) with CPWW [29], yielded 2.1 Nm? of biogas per m? of treated
CPWW; no toxicity due to limonene accumulation was observed.

Rosas-Mendoza et al. [69], treating CPWW in an anaerobic continuous reactor (for 70 days) at
a high OLR (8-10 gcop L~! d1), measured a total and soluble COD removal efficiency of 75% and
85%, respectively, and a methane yield of 0.15 L g~! of removed COD. Total-solid and volatile-solid
removals were 42% and 53%, respectively. An inhibitory effect was observed due to d-Limonene in the
CPWW, since no pretreatment was used for EO removal.
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Table 3. Summary of some literature experience on biogas and hydrogen production.
. . Methane/H, Production L.
Biofuel Substrate Advantages Disadvantages Characteristics Ref.
8 8 NmL gCODrem™  Lyyel Lepww ™!
Stationary fixed film process under
Dilution of the 2.1 th hili ditions. OLR = 0.51 29
Raw CPWW Fuel and/or.energy - ermophilic condi 1_(;115_ 1O 0.5 [29]
Biogas production. wastewater. kgscop m™> d L.
i P f EO.
Use of ;het.(li.lgestate as Nessscf?tcreegtments AHR continuously operating at OLR
ertilizer. - -1'4-1
before the AD. 150 =8gcop L d™" and under [69]
mesophilic temperature.
295 Physicochemical treatment before the [47]
Treated CPWW 297 AD under mesophilic conditions. [28]

Fuel and/or energy

production. . .
Bio-hydrogen Raw Water is the only Relatlveli}ellg)wer H 319 *** Daﬂ;fgZg‘eﬁtl?ctlfer;prsrissr:nder
by-product generated by yreid P perature.

its combustion.

(8]

* Adapted data; ** referred to gram of added COD; AD: anaerobic digestion; AHR: anaerobic hybrid reactor; EO: essential oil.
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Anaerobic digestion seems a promising treatment for high-strength (>1-2 gcop L™') CPWW with
a limited EO concentration and an adequate pH. The most suitable composition for CPWW to be
subject to anaerobic digestion could be obtained by an appropriate blending of the various flows (e.g.,
fruit washing, peel dehydration, and plant cleaning). The main problem is the identification of an
appropriate co-substrate to limit the toxic effect of EO presence and to keep the plant active during the
periods when CPWW production is limited or absent. More recently, dark fermentation of CPWW was
proposed for biohydrogen production by [8] in anaerobic batch reactors with conditioned anaerobic
sewage sludge as inoculum. No inhibitory effects against hydrogen-producing bacteria were detected;
appreciable hydrogen yields (up to 14.2 mmol H, gcop ') were achieved in these processes compared
to other industrial wastewaters. Moreover, a 12-fold increase in the hydrogen production was reported
when the CPWW concentration in the fermented substrate was increased from 50% to 100%.

3.4. Agricultural Utilization

A suitable alternative to treatment consists of CPWW use for agronomic purposes (as happens,
for instance, for olive-oil-mill wastewater). This use takes advantage of the opportunity of having an
additional irrigation sources for both herbaceous and tree crops, but also for the potential benefits linked
to the addition of organic matter to soil [70]. Agricultural utilization of CPWW by land application
is an economically and environmentally sound solution, when enough land is available close to the
citrus-processing industry. This management system [71] can improve many characteristics of treated
soils (e.g., hydraulic conductivity, water retention capacity, and porosity) linked to the abundance of
organic matter in the CPWW, and soil fertility (thanks to the increased nutrient utilization). CPWW
can thus be considered both a soil conditioner and/or as an additional irrigation source.

Land application of CPWW consists of four phases: (i) transport; (ii) storage; (iii) pretreatment
(sometime absent); and (iv) distribution. Prolonged CPWW storage (many weeks or some months)
acts as a pretreatment, because of the natural degradation allowing the stabilization of organic matter
and the reduction of wastewater polluting load. Moreover, storage in tanks gives flexibility to the
distribution system, because variable volumes can be applied over land in different periods of the
year. Transportation of CPWW from the citrus-processing industry to the application area is the phase
more heavily affecting the technical and economic feasibility of the entire practice. To reduce the
transport costs, the cheapest solution consists of water pumping and conveying in pipelines over
short distances, but this may be difficult for effluents of the industries, which are located far from the
irrigated areas. The use of the common irrigation plants (sprinkler and micro-irrigation) for applying
CPWW is technically and economically feasible, but filtration is necessary prior, in order to feed the
irrigation plant with wastewater. The use of existing irrigation plants allows a gradual (in time) and
uniform (in space) CPWW application; moreover, this makes possible the CPWW dilution with fresh
water, in order to reduce the organic and nutrient loads, and this could be necessary in drought periods.

However, a critical factor for agricultural utilization of CPWW is its production in the rainy
season (thus out of the irrigation period), and this requires large storage volumes. Furthermore, land
application of CPWW needs a careful evaluation of qualitative and quantitative characteristics of
applied water and receiving soils/crops, in order to avoid environmental damages to the latter. In this
regard, the following physicochemical parameters of CPWW must be controlled with caution before
adopting this management system, and during the entire practice [61]:

e The pH, to avoid the soil acidification;

e  Soluble compounds, to limit the increase of the soil salinity and thus of the water osmotic pressure
(which reduces water uptake by crops with consequent yield decrease and plant diseases or even
death);

e  Suspended and settling solids, whose high concentration could clog the drippers of micro-irrigation
plants and the soil pores (with consequent reduction of water infiltration capacity and possible
erosion of steep groves);
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e  Organic matter, to limit harmful effects on crops due to addition of excessive concentration of raw
(i.e., not yet humified) organic matter to the soil;

e  EOs, which induce phytotoxic effects on crops and soil microorganisms;

e  Macronutrients (nitrogen, phosphorous and potassium), whose addition must be balanced with
the organic or mineral fertilization.

Moreover, soil’s suitability for CPWW application must also be evaluated with care in relationship
to the following aspects [72,73]: (i) water runoff risk (linked to soil slope and water infiltrability); (ii)
soil self-depuration capacity (linked to hydraulic retention capacity, pH, active limestone content,
internal drainage, and electric conductivity); (iii) groundwater depth; (iv) altitude; and (v) slope.

Irrigation of different crops with CPWW is practiced worldwide, and it has been for a long
time [22], especially for citrus growing on sandy soils [74] and in USA [75-77]. Some experiences
of CPWW land application on both herbaceous and tree crops [78-81] carried out in Italy in the
last two decades showed that irrigation did not have any negative effects on either the soil or the
crops. However, the application of CPWW on herbaceous crops requires low hydraulic loading and
must be carried out before crop seeding, in order to avoid phytotoxic effects due to soil supply with
non-humified organic matter [71,80] and to EO presence in CPWW. Moreover, the citrus effluents must
be applied to acid soils with caution, and their pH must to be controlled before and after irrigation [22].

3.5. Biorefinery Valorization

CPWW is rich in beneficial phytochemical compounds [44] with high market values, for use
in the food, cosmetic, and pharmaceutical industries. Pectin, flavonoids, oligosaccharides and
polysaccharides, terpenes, and EOs are the most important compounds recoverable from CPWW,
however, until now, this biorefinery approach has been limited by its complexity and by their dilution
in CPWW that increase processing costs [12].

Pectin is a complex carbohydrate, which is an important component of the cell wall in plants.
Citrus pectin is used as thickener, emulsifier, and stabilizer in many foods, because it leads to a
desirable texture of food and beverages [2]. Furthermore, pectin is a safe food additive, with no limits
on acceptable daily intake [82]. In regard to the pharmaceutical uses, pectin is a valuable compound (i)
for gastrointestinal treatments; (ii) as a hemostatic, anti-inflammatory, and anticancer agent; (iii) as a
thickener for preparation of batters and capsules [22,83-86]; and (iv) as an anti-cholesterol drug [87].

Pectin is mainly extracted from CPW, since it is present in juice sac material, with large amounts
occurring in the albedo of the peel. Regarding its production from CPWW, Yan et al. [44] recovered
pectin together with its low molecular weight (Mw) fraction, using a pilot scale process, including
filtration (to eliminate soluble fibers from the acidic and alkaline water), mixing, concentration
(at 70-80 °C under vacuum), desalinization (by electrodialysis), and nanofiltration (at 0.3-0.5 MPa and
flow rate 450 L h™1). The low Mw fraction of CPWW, which is rich in oligosaccharides (11 g L) and
flavonoids (3 g L™1), inhibits the human cancerogenic cells, and it could be commercialized as a healthy
food. The extraction process also yielded pectin (3.4-4.6 g L™!) with a lower degree of esterification
(4.3%-11.5%). By this process, more than two-thirds of the initial quantity of the processing water
could be reused.

Flavonoids, which are secondary metabolites naturally occurring in plants, are present in high
concentrations in CPW [2]. Flavonoids and other phenolic compounds extracted from citrus residues
(CPW and CPWW) have many beneficial effects on human health, such as antioxidant [88-91],
antidiabetic [92], anticancer [93], anti-inflammatory, antiallergic, and anti-ulcerous [94-96] activity.
Citrus flavonoids also provide cardiovascular protection [97-100] and antihypertensive properties [101,
102] and neuroprotective effects [103]. For these reasons, the component compounds of citrus flavonoids
(for example, hesperidin, didimin, narirutin, and diosmin [44]) could be valorized by the pharmaceutical
industry [70].

CPWW deriving from orange juice production is potentially an important source of the flavonoids
and other phenolic compounds [70] (see Table 4). In addition to the recovery of pharmaceutical
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products, the antioxidant properties of the compounds extracted by CPWW can also be appreciated in
many food-production processes [70]. For instance, in meat production, nitrite is added as an additive,
and these compounds can reduce the residual nitrite level of meat, since the reactivity of nitrite with
phenolic compounds has been demonstrated [104,105]. Viuda-Martos et al. [70] have shown that the
orange-processing wastewater reduced the levels of nitrite by 40%, inhibiting the formation of radicals.
Moreover, since, from a microbiological point of view, the wastewater was free of enterobacteria,
coliforms, and mesophilic aerobes, the same authors suggested it as a potential ingredient for several
food products [70]. For the same reason, CPWW treated by membrane processes or by evaporation,
due to the high purity and to the presence of residual fragrance, is a potential ingredient for the food
and cosmetic industry.

Table 4. Concentration of the phenolic compounds in orange-processing wastewater (source: [70]).

Phenolic Compound Concentration (mg/L) *
Caffeic acid 3.56 £ 0.11
Ferulic acid 515 +0.22

p-Coumaric acid 1.48 £ 0.07
Eriocitrin 2.89 £0.16
Narirutin 3891 +0.12

Hesperidin 33.09 £ 0.26
Neohesperidin 2.01+0.19

* Means and standard deviation of three replications.

Table 5 shows the large number of products extracted by a citrus processing plant (information
retrieved by the internet site [106], modified) located in Calabria (Italy). It is worth highlighting that,
by using the plant in a flexible way (i.e., not limiting productivity of the plant to citrus transformation
only), the operational period can be virtually extended to the whole year.

These examples, along with those reported in Section 3.1, clearly show how the main route
to further valorize the citrus industry is the adoption of available processing technologies (e.g.,
membranes) that integrate the production of juices/concentrates of better quality (e.g., more appealing
to the taste and richer in bioactive compounds) with a biorefinery approach, allowing, at the same
time, the recovery of useful compounds and the reduction of the CPWW pollutant loading. Nowadays,
the citrus industry can get a zero-discharge objective, where all treated CPWW is sold as by-product
(Table 5) or reused in the plant.
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Table 5. List of products of a citrus-processing industry located in Calabria (Southern Italy) (from [106], modified).

Citrus Species Products
Blond orange Sweet orange
8 Frozen base concentrate essential oil
Blood orange NEFC juice Frozen J][ul:e Compound concentrate
concentrate .
Terpenes
Lemon Clear juice Clear base P Aroma;c'm
Mandarin Base concentrate concentrate concentrate Essential oil €vaporation
Clementine water
Green mandarin -
Grapefruit NEFC juice .. Compound concentrate Base concentrate
Frozen juice
Lime - concentrate - Frozen base concentrate -
B NFC juice Compound concentrate Base concentrate Essential oil Terpenes
ergamot
Frozen NFC base Extract NFC Extract concentrate )
(with low polyphenols) (with high polyphenols) (with high polyphenols)
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4. Conclusive Considerations

The noticeable economic and environmental constraints linked to the disposal of wastewater
produced by citrus-processing industries require eco-compatible and cheap management systems,
tailored to the specific local conditions. The analysis of the valorization alternatives carried out by
this review has highlighted that the choice of the most suitable management option must take into
account some important factors: (i) the peculiar physicochemical characteristics of the effluents (acidity,
concentration of essential oils, and scarcity of nutrients); (ii) the large quantitative and qualitative
variability of citrus wastewater production; and (iii) the location of the transformation industry close
to irrigated areas or to marginal land.

In regard to the treatment and disposal of CPWW, depuration in lagooning systems (by aerated
and/or anaerobic processes) has been shown to be cheaper and more reliable compared to the more
common activated sludge plants (disturbed by the acidity and EO presence in the effluent and by the
constraints linked to the start-up of the plant). However, this option requires large-space availability
(such as marginal lands) and can be adopted for industries located far from urban or residential areas,
because of the possible unpleasant odors from the lagoons. More research is needed, in order to further
reduce the energy requirements of aerated lagoons and make lagooning more competitive compared
to intensive depuration plants.

In the case of land application, several studies have detected possible phytotoxic effects (which
exclude phyto-depuration of raw effluents) on crops and decay of soil properties. Therefore, agricultural
utilization of CPWW should be carried out following proper application protocols. More field
experiences should be carried out, in order to quantify the hydraulic and organic loads, which can be
applied to crops and soils without agricultural yield reduction or soil quality degradation.

Anaerobic digestion could be promising (also in view of the increasing interest to renewable
energy production), provided that CPWW is sufficiently rich in biodegradable substrate and that
its EO content is adequately managed. Both requirements suggest CPWW co-digestion with other
agricultural or animal residues. Lab- and pilot-scale investigations are required, in order to identify
the CPWW volume in the digestion blend without significant reduction of methane yield.

The possible extraction of value-added compounds from CPWW is potentially interesting, but this
destination is limited by the high processing cost. Until now, the share of CPWW processed in food,
pharmaceutical, or cosmetic industries is too low to make these productions economically sustainable.
However, the ongoing development of extraction techniques, whose potential has been confirmed by
the analysis of the state-of-the-art presented in the Section 3.5, is expected to reduce the production cost
of value-added compounds from CPWW. This surely will enhance the valorizations of progressively
increasing amounts of citrus residues. By this way, it could be possible that the CPWW conversion
in the biorefinery industry will become the most competitive valorizations route—besides energy
conversion—among the management systems of liquid-citrus-residue analyses in this overview.

Overall, this study and the literature analyzed have confirmed that the survival and development
of the citrus-processing sector must be properly consolidated and enhanced by sustainable management
systems of citrus residues (CPWW among these); many of these systems would allow turning this
waste/residue into valuable resources. The success of the most modern CPWW management systems
on a large scale highly depends on the systematic integration of the technologies and processes for
recovering by-products (e.g., pectin, flavonoids, and aromatic water) with those aiming at producing
the “main” product (i.e., orange juice).
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Abbreviations

AGS aerobic granular sludge

AGSBR aerobic granular sludge sequencing batch reactor
AOP advanced oxidation processes

COD chemical oxygen demand

CPW citrus peel waste

CPWW citrus-processed wastewater

DO dissolved oxygen

EO essential oil

FMC food machinery company

HRT hydraulic retention time

MBR membrane bioreactor

OLR organic loading rate

SRT sludge retention time
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