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Abstract

The study explores a synergistic two-phase system to treat olive mill wastewater (OMW), comprising a multilayer
adsorbent filter (pretreatment) and a vertical flow constructed wetland (VFCW). The pretreatment phase includes lay-
ers of commercial granular activated carbon (CGAC) and volcanic tuff (VT), while the VFCW phase consists of planted
tank with Phragmites australis reeds and unplanted tanks. Initially, municipal wastewater is introduced into the VFCW
to establish the required microbial community. Then, pre-treated OMW is passed through the VFCW. The removal
rates of various pollutants were assessed. The planted VFCW showed superior removal efficiencies, averaging 97.82%
for total chemical oxygen demand (CODy), 92.78% for dissolved oxygen demand (CODy), 99.61% for total phe-

nolic compounds (TPC), 98.94% for total nitrogen (TN), 96.96% for ammonium, and 95.83% for nitrate. In contrast,

the unplanted VFCW displayed lower removal efficiencies, averaging 91.47% for CODy, 77.82% for COD, 98.53%

for TPC, 97.51% for TN, 92.04% for ammonium, and 90.82% for nitrate. These findings highlight the significant potential
of VFCWs, which offer an integrated approach to OMW treatment by incorporating physical, chemical, and biological
mechanisms within a single treatment system.
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Graphical Abstract

Synergistic approach for treating olive mill wastewater
(OMW) by employing a two-phase system, pretreatment
step then vertical flow constructed wetland (VFCW) step
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Introduction

Olive mill wastewater (OMW) is an organic wastewater
that results as a by-product of olive oil production [1]. It
is a dark red to black acidic liquid with a pH of 4-5. It
is considered one of the most polluting effluents since it
contains high levels of organic compounds, total phenolic
compounds (TPC), biological oxygen demand (BOD),
chemical oxygen demand (COD), microorganisms, and
toxic compounds [1].

TPCs are a group of phenolic compounds that exist
in OMW such as phenols, phenolic acids, flavonoids,
phenolic alcohols, secoiridoids, and secoiridoids deriva-
tives. Phenolic acids include cinnamic, ferulic, cou-
maric, caffeic, gallic, etc. and phenolic alcohols include
hydroxytyrosol and tyrosol [2]. They classify as hazard-
ous compounds since they are difficult to biodegrade and
can persist in the environment for extended periods, pos-
ing risks to humans, animals, plants, or any organism,
including aquatic life. Moreover, they exhibit high reac-
tivity with water or other compounds, leading to harm-
ful byproducts such as alkylphenols, chlorinated phenols,
nitrophenols, etc. [3].

In Jordan, most mills are automated and use the three-
phase method in oil production since it is relatively the
lowest in cost. However, a large amount of wastewater

is thereby produced [4]. The Ministry of Environment
has designated three dumpsites: Al-Ekaider in the north,
Al-Humra in the middle, and Al-Lajjun in the south.
Unfortunately, none of these sites have lined evapora-
tion ponds, making them not equipped to manage OMW
risks to the environment [5]. Consequently, addressing
the pollution issue associated with OMW and imple-
menting water recovery and reuse measures becomes
imperative. Moreover, it is essential to consider the cost-
effective management of OMW, including the utilization
of low-cost technologies for operation and maintenance,
alongside other management alternatives including
OMW land application, OMW valorization, and capital-
izing on decentralized disposal sites [4].

The treatment of OMW has emerged as a significant
economic and environmental issue. Various methods
have been explored to recover bioactive chemicals and
phenolic compounds for several applications such as
fertilizer production [6], nutritional uses [7], pharma-
ceutical applications [8], bio-products [2], and cosmetic
formulations [9]. However, in regions facing water scar-
city issues, treating OMW holds the potential for reusing
the treated water in agricultural activities [10]. In Jordan,
various approaches are tested for treating OMW, encom-
passing physical, chemical, biological, physiochemical,
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and biophysical technologies for treatment gain advan-
tages and promising treatment, however, in the scale-up
the costs still a limiting factor so currently OMW dis-
posed into the dumpsite, evaporation ponds, or agricul-
tural lands without any treatment [11-21].

Constructed wetlands (CWs) are natural treatment sys-
tems for wastewater, integrating physical, chemical, and
biological processes into one system, utilizing planted
shallow water bodies [22]. They were developed over the
past many decades and offer a natural treatment method
low-cost construction, improvement of the quality of
wastewater by decreasing the concentration of contami-
nants, and an easy operation and maintenance approach
[23]. However, there are two frequent treatment chal-
lenges in CWs; insufficient oxygen delivery and inad-
equate hydraulic flow [24]. CWs were initially used in
municipal wastewater treatment then they were applied
for the treatment of other types of wastewater such as
landfill leachate, sludge, industrial wastewater, pharma-
ceutical wastewater, etc. [25]. According to the biologi-
cal degradability ratio (BOD5;/COD), which measures
the possibility of treatment of different types of waste-
water by constructed wetlands, if this ratio is more than
0.5 the wastewater can be treated directly by CWs but
a pretreatment step is essential for OMW treatment by
CWs due to the low biological degradability ratio, which
equals to 0.07- 0.19, primarily attributed to the high phe-
nols content. This step is implemented to reduce the total
phenolic compounds (TPC) and total suspended solids
(TSS), thus increasing the biological degradability ratio,
preventing clogging, and reducing pollutant concentra-
tions to create a suitable environment for microorganism
development [26, 27].

Pretreatment for OMW has been investigated using
various technologies including physical treatment such
as dilution [28] and adsorption [29], as well as biological
treatments such as full-scale trickling filter [30]. Many
studies have examined different operational conditions
for the treatment of OMW using CWs. For instance,
Mandi et al. utilized a sand filter in the pretreatment step
along with dilution at 50% by domestic wastewater. Then
they used a basin of macrophytes plants filled with gravel
and soil planted with a mixture of aquatic plants [31]. In
another study, Yalcuk et al. constructed a vertical sub-
surface flow wetland pilot scale using gravel, zeolite, and
sand as bed media, with plantings of Typha latifolia and
Cyperus alternatifolius. They introduced OMW, initially
diluted with tap water to the wetland. Basins W1 and W2
were planted with Typha latifolia and Cyperus alternati-
folius, respectively and W3 was left unplanted [32].

Herouvim et al. tested a pilot-scale vertical flow CW
planted with Phragmites australis reeds and filled with
various porous media (i.e., cobble, gravel, and sand).
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OMW was pretreated using a trickling filter and a recir-
culation tank [33]. Then two free water surface CW
(FWSCW) were evaluated by Kapellakis et al. filled with
coarse gravel as a substrate and planted with Phragmites
australis reeds. The percentage removal of COD, TSS,
and TPC reached 90%, 98%, and 87%, respectively [34].
A free water surface CW (FWSCW) with a large surface
area planted with Phragmites australis reeds was used for
OMW treatment, a trickling filter was used as a pretreat-
ment step to reduce COD by 51% and TPC by 46%. The
removal efficiency for FWSCW was 94% for COD and
95% for TPC [35].

Vertical Flow CWs (VFCWs) were used in many stud-
ies. One study employed a trickling filter as a pretreat-
ment step. The VFCWs were planted with Phragmites
australis reeds [30]. In another study, a sand filter was
used for pretreatment and the VFCW was planted with a
mixture of aquatic plants The authors concluded that the
presence of aquatic plants was more efficient in remov-
ing nutrients and organic load [28]. El Ghadraoui et al.
(2020) evaluated the efficiency of VECW filled with sand,
pozzolan, and gravel layers planted with Phragmites aus-
tralis reeds, obtaining similar results for the removal of
TPC, COD, and TSS. They achieved this by pretreating
OMW through dilution with municipal wastewater [36]
or urban wastewater [37].

This study, considered one of the few in Jordan to
explore the dual-stage approach of CWs for OMW treat-
ment, focused on developing VFCWs to address OMW
treatment mechanisms through using different bed
media, pretreatment procedure, type of plants, organic
loading rates, and the surface area of the tank compared
to previous studies. Initially, OMW underwent a pre-
treatment step aimed at reducing pollutants, including
TPC, utilizing a tank filled with various adsorbent lay-
ers. Subsequently, the VFCWs were exposed to munici-
pal wastewater to establish a biological treatment system.
Once this first step was completed, the pretreated OMW
was introduced into the VFCWs as the second phase of
the process.

Experimental

Analytical methods

COD analysis was performed using the procedure in
standard methods for the examination of water and
wastewater [38], TPCs were measured via the Folin-Cio-
calteu method using gallic acid as calibration standard
[39], and BOD Measurement System BD600 (Lovibond,
Greenwich, London, UK) was used to measure BOD for
municipal wastewater in the first stage of CWs. Accord-
ing to the instruction manual (Spectrophotometer-Lovi-
bond, 2017, Fisher Scientific, Oslo, Norway) the TN,
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nitrate, and ammonium were measured using method
numbers 280, 265, and 60, respectively.

Characterization of OMW

The wastewater from various olive mills located in differ-
ent regions of Jordan (including Jarash Mountains mill
and Zayy automated mill) was collected and stored in a
large tank for a month. Table 1 presents the characteris-
tics of OMW before and after settling for a month, with a
pH range of 4.10 to 4.80.

OMW pretreatment

Two adsorbents were selected for the pretreatment
step, volcanic tuff (VT) with an adsorption capacity of
1.62 mg/g, collected from Al-Mafraq in Jordan, and com-
mercial granular activated carbon-ULTRA type (CGAC)
with an adsorption capacity of 3.31 mg/g, purchased
from Chemviron carbon, USA. OMW was underwent

Table 1 The characteristics of OMW before and after settling at a
pH range of 4.10 to 4.80
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two treatment stages. The first stage involved pretreat-
ment, which utilized a large tank with a surface area of
0.95 m? filled with different layers of adsorbents and
particle sizes. Specifically, the bottom layer, 18.00 cm in
height was filled with 40-50 mm VT, the second layer,
23.00 cm in height, was filled with 10-40 mm VT, and
the upper layer, 24.00 cm in height, was filled with a
mixture of VT and CGAC (30% CGAC and 70% VT by
weight) with an average particle size of 5-10 mm. The
mean hydraulic retention time (HRT) of OMW in the
pretreatment step was 38.26 d for the first month and
then 70.64 d for the later months. The effluent from the
first stage was then divided into two portions to feed the
two second-stage reactors as shown in Fig. 1.

VFCWs experiment

The vertical flow constructed wetlands were constructed
within the University of Jordan (UJ) campus in Amman;
adjacent to the Hamdi Mango Center for Scientific
Research, as shown in Fig. 1 and Fig. 2. The study on CWs
consists of two stages. In the first stage, the wetland tanks
were continuously fed for over four months, from Octo-
ber 27, 2022, to March 2, 2023, with municipal wastewa-

OMW characteristi Raw OMW Feed OMW
chaactensties  maw (ppm) i (Ppm) ter collected from Wadi Shoaib wastewater treatment
Cob 58,452.00 55,333.00 plant at As-Salt City having an average organic loading
TPC 176.00 176.00 rate (OLR) of 30.32 g BOD/d.m? and average flow rate for
TSS 544x10* 048x10" municipal wastewater of 25.04 L/d to cultivate a bacterial
( \ \
Y /
= % ¥y = 3
5-10mm VT
Step 1 20 em)
Pretreatment 10-40 mm VT
(20 cm)
Step 2 40 -50 mm VT
VFCW (18 cm) P outlet
L~
| Surface area = 0.95 m? | )
5-10 mm CGAC & VT
Fump 2 5_10mm VT
Pump 1 (Fhem) (Average OLR= S mm
10-40 mm VT 100 g COD/m?.d) (20 cm)
% (23 em) * 10 - 40 mm VT
Raw OMW 40-50 mm VT Collecting (20 cm)
inlet (18 cm) tank 40 - 50 mm VT
(18 cm) J outlet
Pretreated OMW

Fig. 1 The schematic system of the pretreatment step and VFCWs (unplanted and planted)

| Surface area = 0.57 m? |
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Fig. 2 The real constructed system

population in the wetlands, thereby enhancing biological
processes. The mean hydraulic retention time (HRT) of
municipal wastewater was 13.20 d. The BOD;, total COD
(COD.), dissolved COD (COD,), and nitrate content
were analyzed for both the inlet and outlet. Inlet means
values for BOD;, COD., CODy, and nitrate for planted
and unplanted CW were 667.90 ppm, 848.33 ppm,
288.87 ppm, and 4.05 ppm, respectively. The removal of
CODy and nitrate served as indicators for the develop-
ment of the bacterial community

In the second stage, the OMW underwent two treat-
ment steps, the first step involved pretreatment, while the
second stage consisted of wetlands of two identical tanks,
each with a surface area of 0.57 m?, both filled solely with
VT. The bottom layer of each tank was 18.00 cm in height
and consisted of particles sized 40—50 mm, the second
layer was 20.00 cm high with particles sized 10-40 mm,
and the upper layer was 20.00 cm high with particles

Planted

sized 5-10 mm. Both VT and CGAC were used without
any modification or sieving, the required particle sizes
were purchased and used directly. One of the tanks was
planted with Phragmites australis reeds (4 plants/m?)
sourced from Jerash stream (Fig. 3) and directly planted
on October 20, 2022, while the other tank remained
unplanted. The OLR of COD through the CWs was grad-
ually increased to 100 gCOD/d.m?% Initially, the mean
OLR was 49.33 gCOD/d.m? (a flow rate of 4.80 L/d)
for the first month, then it increased to 59.30 gCOD/d.
m? (a flow rate of 2.31 L/d) for two weeks, further rise
to 70.30 gCOD/d.m? (a flow rate of 2.80 L/d), and finally
reached 100.57 gCOD/d.m? (a flow rate of 4.01 L/) by
July 19, 2023. The mean HRT of OMW in the first month
was 25.05 d then it was changeable according to the OLR
values then in the steady state the Mean HRT was 17.34
d. This step-wise increase in OLR was attributed to the
acclimation of the microorganisms to new environmental
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Fig. 3 Jerash stream, the Australian reeds plants, were directly planted on October 20, 2022

parameters as their activity is variable depending on fac-
tors such as temperature, pH, salinity, nutrient concen-
tration, pollutants concentration, etc. [40].

The flow was controlled using two peristaltic pumps
(masterflex, USA) one for the pretreatment step and the
other with two heads for the VFCW tanks. The flow rate
was verified beforehand by measuring the volume of flow
per unit time for each pump. The TPC, total COD, dis-
solved COD, total nitrogen (TN), ammonium (NH,-N),
and nitrate (NO4;-N) were weekly analyzed for the inlet
and outlet. The temperature during the CWs experiment
varied from 10 °C up to 28 °C, encompassing winter,
spring, and summer.

Results and discussion

The first operational period for the VFCW (Municipal
Wastewater)

This stage extended from October 27, 2022, to March
2, 2023; BODx, nitrate, COD-, and COD, analyses were
conducted. Dissolved COD, and nitrate analysis were
used as indicators for development of bacterial com-
munities. Figure 4 presents the percentage removal of
BOD;, nitrate, COD, and CODy in the first stage for
planted VFCW and unplanted VECW. Figure 5 depicts
the treated municipal wastewater samples in planted
and unplanted CWs. It is evident that the presence of the
reed plant improves and decolorizes municipal wastewa-
ter effluents, Alwared et al. demonstrated that the pres-
ence of reed is effective as a biosorbent for dyes uptake
and decolorization of wastewater influents [41]. Al-Bal-
awenah used Australian reeds in Jordan and found that
the reeds provide sites for bacterial film adhesion, help
with wastewater ingredient filtration and adsorption,
introduce oxygen into the water column, and inhibit the
growth of most algae by limiting sunlight penetration
[42].

Page 6 of 16

Figure 6 presents the growth of reeds during the first
stage. Initially, the CWs were fed with municipal waste-
water during which the reeds were 10.00 cm in height.
The continuous feeding of municipal wastewater signif-
icantly enhanced the growth of reed plants. By the end
of this stage, the reeds had grown to more than 1 m in
height, and their green leaves had developed strongly,
indicating a preliminary success of this step.

The CODy and nitrate analysis confirm that the bacte-
rial population effectively began growing on December
8, 2022. However, municipal wastewater continued to
pass through CWs until March 2, 2023, to ensure that
the biological mechanisms were in progress. Nitrogen
removal processes in constructed wetlands are complex
and involve various mechanisms, including assimila-
tion by plants and microorganisms, adsorption by the
substrate, sedimentation of organic nitrogen, ammonia
volatilization, ammonification, nitrification, and deni-
trification. While traditional denitrification was once
considered the primary pathway for nitrogen removal,
alternative processes may also occur, such as anaero-
bic ammonium oxidation, where ammonium is directly
converted to nitrogen gas (N,) under anaerobic condi-
tions at underlying zones at which the oxygen penetra-
tion cannot exist [43]. The nitrification—denitrification
reactions are highly effective and can occur under aero-
bic conditions through two oxidation steps including
the transformation of ammonium-N to nitrite-N and
then the transformation of nitrite-N to nitrate—N and
then the reduction of nitrate to N, or N,O by denitri-
fying bacteria under anoxic conditions [24]. Another
indication of bacterial growth is the high removal of
BOD; and CODy which confirms the presence of dif-
ferent biodegradation mechanisms. For example, the
removal of BOD; occurs through bacterial oxidation of
organic matter to produce CO, gas, which in turn, plays
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Fig.4 The % removal of (a) BOD;, (b) nitrate, (c) CODy, and (d) CODy of the first stage for planted VFCW and unplanted VFCW

a role in microbial photosynthesis to produce biomass
[44].

The mean percentage removals of BOD;, COD, COD,,
and nitrate were 93.70%, 93.90%, 90.31%, and more than
73.24% for planted CW and 83.72%, 85.80%, 77.51%,
and more than 68.12% for unplanted CW, respectively.
Several studies in the literature have been conducted to
treat wastewater using the CWs approach with differ-
ent systems and OLRs. Lower OLRs than those in this
research were used. For instance, Nivala et al. tested two
full-scale vertical flow (VF) constructed wetlands and
demonstrated removal efficiencies in COD and BOD; of
95% and 97%, respectively, which were higher than those
achieved in this research, this disparity may be attributed
to the use of lower OLRs. In their study, they investigated

two full-scale vertical flow (VF) constructed wetlands:
one was a recirculating VFCW, which is considered a
modification step, and the other was a single-pass two-
stage VFCW. They concluded that the modification step
didn’t significantly alter the removal of BOD; and COD;
however, the TN removal was enhanced but still lim-
ited to 45% [45]. Abunaser and Abdelhay developed four
VECW, and the removal efficiencies for BOD,, COD,
and TSS were 90%, 90%, and 92%, respectively, lower
than those achieved in this research. However, the efflu-
ent concentrations of TP, TN, nitrate, Mg**, Ca**, SO,*~,
turbidity, and heavy metals were consistent with the Jor-
danian standards [46]. A significant enhancement was
achieved using VFCW and recirculating the effluent back
into a recirculation tank containing treated wastewater
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unplanted

planted

Fig. 5 Treated municipal wastewater samples in planted and unplanted VFCWs on February 23, 2023

October, 27, 2022
Fig. 6 Phragmites australis reeds growth during the first stage of the CWs experiment starting on October 27, 2022, until March 2, 2023

to enhance the nitrification process. The efficiency of the
nitrification process reached 83% after a contact time of
48 h., and the removals of TSS, COD, BOD;, TN, and
NH,-N were 96.1%, 95.5%, 93.7%, 51.9%, and 98.2%,
respectively, using hydraulic loading rate (HLR) of 108
L/m%d [47]. These removal rates are higher than those
obtained in this research, possibly due to using a recircu-
lation tank that enhances the nitrification process.
Different studies have been conducted in CWs for
wastewater treatment, but they achieved lower removal
efficiencies than those in this research. Silveira et al.
achieved COD, and nitrate removal efficiencies of
50% and 85%, respectively, through the analysis of the

March, 2, 2023

ability of VFCW using two-pilot scale systems planted
with Phragmites australis over 16 months [48]. Ajibade,
and Adewumi, explored the potential of three aquatic
macrophytes (plants) for the treatment of municipal
wastewater: Phragmites australis reeds, Water Hya-
cinth, and Cyanea. They found removal efficiencies
for BOD;, COD~, and nitrate of 62%, 48%, and 87% for
reeds, 74%, 69%, and 93% for Water Hyacinth, and 59%,
53%, and 90% for Cyanea, respectively [49]. Jicome et al.
reported that the average removals of COD and BODg
reached 69%+21 and 76%+17, respectively, by using
a septic tank, followed by a horizontal subsurface flow
constructed wetland (HSSF CW) filled with gravel and
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planted with reeds as a secondary step in the treatment of
domestic wastewater [50].

The second stage (VFCWs Experiment)

The pretreatment step

The pretreatment step commenced from February 9,
2023, to July 12, 2023. TPCs, CODy, CODy, TN, ammo-
nium, and nitrate analyses were conducted for both the
influent and the effluent.

Figure 7 presents the removal efficiencies of CODy,
TPC, TN, ammonium, and nitrate for the pretreat-
ment step. The results reveal excellent TPC removal,
with influent OMW concentrations ranging from 186
to 178 ppm and effluent not exceeding 5 ppm. COD
shows high removal rates of up to 95% from February 9,
2023, until March 22, 2023, indicating effective adsorp-
tion, filtration, and sedimentation processes. However,
the removal decreases to 5.37% after 7 weeks of feeding,
likely due to the adsorbents’ surfaces becoming covered,
thereby reducing available adsorption sites. It is impor-
tant to note that COD,4 will not be completely removed in
the pretreatment step, as its removal requires biological
and chemical mechanisms, such as advanced oxidation
processes (AOPs), rather than physical mechanisms [51,
52]. The influent COD; mean value was 37.65 g/L, with
the effluent ranging from 0.85 to 15.23 g COD/L and a
mean value of 6.31 g/L. This finding is consistent with
the results of a study by Herouvim et al. (2011), which
involved 12 pilot-scale VFCWs utilizing a trickling filter
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as a pretreatment approach, yielding a mean COD efflu-
ent concentration of 14.120 g/L [33].

TN, primarily originating from nitrogen-containing
organic compounds [53], is predominantly removed in
the pretreatment step through physical mechanisms.
Nitrate is initially removed up to 91.40% of this step
(from February 9, 2023, to March 15, 2023), after which
the removal efficiency decreases to 61.31%. Similarly,
ammonium removal starts at 85.08% and decreases to
66.37%. The high removal of TN compared to nitrate and
ammonium is due to the superior physical mechanisms
such as adsorption and sedimentation in the pretreat-
ment step which were able to remove TN more likely
than nitrate and ammonium which are in turn required
biological mechanisms [53, 54]. Achak et al. utilized sand
filters and dilution for the pretreatment of OMW, report-
ing average TN and ammonium removal efficiencies of
60.4% and 74.4%, respectively [28]. These values indi-
cate lower mean removals in TN and almost equivalent
removals in ammonium compared to this study, which is
attributed to the use of activated carbon, believed to pos-
sess high sorption properties in this study. The excellent
TPC removals are conducive to feeding low TPC con-
centrations into VFCWs, as phenols are highly toxic for
microorganisms due to their antimicrobial agents [55,
56]. It is worth noting that the pretreatment step is essen-
tial for supporting microorganisms in the VFCWs and
the improvement observed in this step is attributed to
the use of CGAC ULTRA-type activated carbon, which
exhibits high sorption properties.
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Fig. 7 The removals of (a) TPC, CODy, and COD, (b): TN, ammonium, and nitrate for the pretreatment step from February 9, 2023, to July 12, 2023
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Figure 8 illustrates the color change in OMW during
the pretreatment step. Initially, the OMW effluents were
colorless in the first month, but they gradually turned
yellow in the subsequent months. The literature sug-
gests several reasons for the formation of yellow-colored
wastewater effluents, including slight increases in TPC or
variations in oxygen concentrations within the volcanic
tuff (VT) and CGAC, leading to oxidation-reduction
chemical reactions. Consequently, new chromophores
such as elemental chlorine-free (ECF) compounds are
formed [57, 58].

The VFCWs step

Figure 9. displays the COD, CODy, TPC, TN, ammo-
nium, and nitrate results for planted and unplanted
VECWs. Initially, COD; and COD; (Fig. 9, a and Fig. 9,
b) removals were low but increased over time, reaching
optimal removal rates of 95% and 83% for CODy, and
95% and 80% for COD, in planted and unplanted CWs,
respectively. TPC removal (Fig. 9, ¢) reached up to 95%
and 72% for planted and unplanted CWs, respectively.
Regarding nitrogen removals, TN (Fig. 9, d) and ammo-
nium (NH,-N) (Fig. 9, e) initially showed no remov-
als, but their efficiency increased over time, reaching
89% and 70% for TN, and 88%, and 66% for ammonium
in planted and unplanted CWs, respectively. This lack
of initial removal is believed to be due to low dissolved
oxygen concentrations within CWs, hindering the oxi-
dation of TN and ammonium. Ammonium removal
is highly dependent on oxygen availability [59], while
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nitrate reduction relies on the availability of carbon sites,
enhancing denitrification reactions and potential uptake
by plants [28]. Nitrate removals (Fig. 9, f) were very high
during the period from March 2, 2023, to April 19, 2023,
with effluent concentrations below 1 ppm, falling below
the spectrophotometer’s detection limit. However, from
May 10, 2023, to June 7, 2023, nitrate removals decreased,
likely due to increased ammonium concentrations pro-
moting nitrification reactions and yielding higher nitrate
concentrations [60]. Planted CWs demonstrated higher
treatment efficiency than unplanted ones, indicating
that reeds play a significant role in nitrogen and COD
removal, a conclusion consistent with existing literature
[30, 61, 62]. According to the results in the pretreatment
step and CW step, the suggested mechanisms of pollut-
ant removal at the pretreatment step are mainly adsorp-
tion according to the use of previously tested adsorbents
(volcanic tuff and activated carbon) in CW, in addition
to the adsorption, biological and chemical mechanisms
are included due to the comparison between the inlet
and outlet concentrations of TPC, COD-, CODy, nitrate,
ammonium, and TN.

Table 2 presents the mean values of the characteris-
tics of OMW at the pretreatment step, the VFCW step,
the percentage removals for each stage, and the maxi-
mum allowable limits according to Jordanian standards
compared to this research [63]. The pretreatment step
enhanced the removal of TPC and TN mainly through
the adsorption mechanism but exhibited high operation
costs due to the use of CGAC. The removal efficiencies

Pretreated OMW

Raw

Fig. 8 The color change for OMW in the pretreatment step from February 2, 2023, to April 26, 2023
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in this study can be compared with the Achak et al.
research [28]. They employed similar OLR and utilized
planted CWs with a mix of aquatic plants including
Phragmites australis reeds, Typha latifolia, and Arundo
donax. Their study reported overall removal efficiencies
as 99.05% for COD-, 62.48% for TN, 90.43% for ammo-
nium, and 77.25% for nitrate. Comparatively, the results
in this research are similar in terms of COD} and ammo-
nium removal, but higher in TN and nitrate removal.
This discrepancy can be attributed to the use of CGAC
in the pretreatment step, which exhibits a high removal
efficiency of TN. Despite the high removal percentage of
TPC, its concentration in the effluent exceeded the allow-
able limits for discharge into water bodies as per Jorda-
nian standards. This suggests the need for additional
post-treatment approaches or the reuse of OMW effluent
in other industries that adhere to allowable standards.
Potential strategies to enhance the treatment process
include increasing the percentage of ULTRA carbon in
the pretreatment step.

The proposed mechanisms for OMW treatment using
VECWs in this research (Fig 10) can be included due to
the comparison between the inlet and outlet concentra-
tions of TPC, COD, CODy, nitrate, ammonium, and
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TN, the pretreatment step are mainly physical mecha-
nisms such as adsorption and sedimentation. In CW,
biological and chemical mechanisms are included in
addition to physical mechanisms such as microbial deg-
radation, plant uptake, pyrolysis, etc. In general, accord-
ing to the literature, CW constitutes a complex mixture
of wastewater, plants, substrate, and a variety of micro-
organisms, where each component plays a distinct role
in pollutant removal through various chemical, physical,
and biological mechanisms, including adsorption, sedi-
mentation, filtration, precipitation, degradation, micro-
bial reactions [24, 64, 65]. During the initial operational
period, utilizing municipal wastewater, which contains
numerous electron donors, enhances biological mecha-
nisms such as the development of aerobic and anaerobic
organisms, promoting microbial decomposition pro-
cesses like denitrification, aerobic nitrification, and solu-
ble COD biodegradation [51, 66—68]. In the subsequent
stage, the pretreatment step primarily involves physical
mechanisms. The VT and CAGC serve as support for
the plants, offering numerous sites for chemical and bio-
logical interactions, effectively storing pollutants through
adsorption, sedimentation, and filtration. These mecha-
nisms facilitate the removal of solids, suspended COD/

The planted VFCW step: Microbial decomposition, adsorption, sedimentation,
filtration, volatilization, photolysis, chemical precipitation, and plant uptake

The unplanted VFCW step: Microbial decomposition, adsorption, sedimentation,
filtration, photolysis, and chemical precipitation

Raw OMW inlet

Volcanic Tuff &
Activated Carbon

Adsorption,
sedimentation,
and filtration

RN

The pretreatment £
ste

Pretreated OMW

VECW step &

hv
E Pretreated
€
oMw | [d The unplanted P{ (oMW
outlet |_VFCWstep JJ outlot

Fig. 10 The proposed synergistic mechanisms for the OMW treatment using VFCWs in this research
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BOD, heavy metals, synthetic organics, pathogens, and
nutrients [24, 69]. The utilization of CGAC provides sig-
nificant advantages, particularly in enhancing the adsorp-
tion of TPC, TN, CODy, and other suspended pollutants.
CGAC is regarded as an ideal adsorptive material due to
its potential for regeneration, large surface area, ease of
handling, and provision of high contact time between
wastewater and carbon [19, 70].

In the VECW step, apart from physical and biologi-
cal mechanisms, the role of plants significantly influ-
ences removal mechanisms. Nitrogen, organic matter,
phosphorous, and heavy metals can be removed through
various mechanisms occurring at different parts of the
plants. These mechanisms include different aerobic deg-
radation processes, facilitated by the leakage of O, from
plant roots into the rhizosphere (oxygen diffusion), the
photolysis process occurring within plant tissues (phy-
todegradation), which generates radicals that serve as an
energy source for microbial activity, subsequently aiding
in the decomposition of organic matter, and the growth
of microorganisms around the roots, where the roots act
as a suitable surface, slowing down the hydraulic flow and
providing carbon for denitrification processes [24, 69,
71, 72]. Other treatment mechanisms can be involved in
CWs including photolysis, volatilization, and chemical
precipitation [24, 69].

Recommendations

Cost analysis was not the purpose of this research but it
is important to study the cost in the future to enhance the
performance of CW using cost-effective materials in the
scaling-up experiments. Cost analysis will be done after
the optimization experiment.

Conclusions

Constructed wetlands (CWs) have gained significant
attention recently as a promising alternative technology
for wastewater treatment. In this study, a vertical flow
constructed wetland (VFCW) was specifically designed
to utilize integrated mechanisms for treating olive mill
wastewater (OMW) and improving the removal of both
organic and inorganic substances present in OMW. The
research demonstrated that a pretreatment step before
the CWs effectively reduced the concentration of harmful
TPC, thereby enhancing the efficiency of CWs.

Moreover, the planted VFCW showed promising treat-
ment efficiencies, outperforming the unplanted coun-
terpart. This underscores the importance of vegetation
in OMW treatment via CWs. However, selecting suitable
plant species for constructed wetlands requires thorough
assessment through large-scale experiments, considering
the challenges associated with long-term plant develop-
ment and species competition dynamics in constructed

Page 14 of 16

wetland environments. In summary, CWs provide an inte-
grated approach to OMW treatment, incorporating physi-
cal, chemical, and biological mechanisms within a single
treatment system. While the study demonstrated promis-
ing removal efficiency, further research is needed to opti-
mize TPC removal and meet Jordanian standards for
wastewater reuse or discharge.

Abbreviations
BOD Biological oxygen demand

CGAC Commercial granular activated carbon
COD4 Dissolved chemical oxygen demand
COD; Total chemical oxygen demand

OLR Organic loading rate

OMW Olive mill wastewater

N Total nitrogen

TPC Total phenolic compounds

TSS Total suspended solids

VFCWSs  Vertical flow constructed wetlands
VT Volcanic tuff
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