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Abstract
Olive mill wastewater (OMW) is characterized as a high-strength effluent due to the high organic load, low biodegradability, and
presence of phytotoxic compounds. Most of the OMW treatment methods proposed, including adsorption, focus mainly on the
reduction of chemical oxygen demand and recovery of polyphenols. Adsorption studies aiming at nutrient removal from OMW
are very limited. In the present work, Ca(OH)2-treated zeolite (CaT-Z) in a granular form was used for simultaneous recovery of
phosphate (PO4

3−) and potassium (K+) ions from two samples of anaerobically digested OMW. Nutrient adsorption was inves-
tigated as a function of contact time, pH and dilution of OMWwith deionized water. The lower removal efficiency of phosphorus
(P) by CaT-Z was observed at higher dilution ratios consisted of 3.125–6.25% OMW-1 and 5% OMW-2. The maximum P
removal was 73.9% in 25% OMW-1 and 85.9% in 10% OMW-2. Potassium removal, as the predominant cation of OMW
samples, increased from 17.3 to 46.1% in OMW-1 and from 15.1 to 57.7% in OMW-2 with increasing dilution. The maximum
experimental adsorption capacities were 15.8 mg K and 2.14 mg P per gram of CaT-Z. Five sequential treatments of 50% OMW-
2 with fresh CaT-Z at each stage ensured a cumulative removal of 87.5% for P and 74.9% for K. Adsorption kinetics were faster
for K than for P. The plant-available P was found to be the predominant fraction on the loaded CaT-Z. Electron Probe Micro-
analysis confirmed the enhanced content of K and P on the loaded CaT-Z, whereas X-ray mapping revealed the co-distribution of
Ca and P. This study demonstrates the potential usage of CaT-Z as an immobilization medium of P and K from anaerobically
treated OMW.
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Introduction

Mediterranean countries generate substantial volumes of olive
mill wastewater (OMW), up to 30 × 106 m3/year, through the
three-phase olive oil extraction process (Frascari et al. 2016;
Kougias et al. 2014). The effluents are characterized by high
chemical oxygen demand (COD), low biodegradability and
high quantity of phytotoxic and antimicrobial compounds
(Zagklis et al. 2015). These properties constitute a critical
economic and environmental issue which led several countries
to set legislations about the safe storage, disposal, and spread-
ing of OMWon agricultural fields (Koutsos et al. 2018).

Among various biological, physicochemical or com-
bined treatment methods proposed (Zagklis et al. 2013),
the anaerobic digestion of OMW, either as a sole substrate
or in co-digestion with other agro-industrial wastewaters,
has progressively gained attention in the last decade
(Khoufi et al. 2015; Kougias et al. 2014; Maragkaki et al.
2018; Tsigkou et al. 2019). This technique reduces the high
organic load, produces biogas and generates a more stabi-
lized liquid digestate with neutral to slightly alkaline pH
(Akhiar et al. 2017; Kougias et al. 2014). As such, the
digestate has the advantage of being more suitable for ag-
ricultural irrigation under specific restrictions (Barbera
et al. 2013; Świątczak et al. 2019). The anaerobically
digested OMW may still contain considerable amounts of
plant macronutrients. Taking into account the short season-
al operation, wide regional dispersion and small- or
middle-scale of olive mill facilities in the producing coun-
tries, decentralized and low-cost OMW treatment process-
es are preferred for full-scale applications. In this context,
the adsorption technique comes under consideration as a
simple and flexible separation process being part of an
integrated OMW treatment system (Frascari et al. 2016).

It is noteworthy that most of the OMW treatment methods
tested in lab-scale, including adsorption, have mainly focused
on the COD reduction and recovery of phytotoxic but valuable
pollutants like phenolic compounds (Kontos et al. 2014;
Zagklis et al. 2015). Removal of the dissolved organics, in-
cluding polyphenols, by various mineral, biological, and syn-
thetic adsorbents or ion exchangers, has been extensively in-
vestigated (Achak et al. 2009a; Al-Malah et al. 2000; Azzam
2018; Frascari et al. 2016; Víctor-Ortega et al. 2016; Zagklis
et al. 2015). The recovery of these organic compounds is of
first priority due to the potential generation of valuable by-
products as well as their higher concentration in OMW com-
pared with inorganic compounds, such as nitrogen (N) and
phosphorus (P) (Achak et al. 2009b; Zagklis et al. 2015).
However, a recent work (Pantziaros et al. 2018) investigated
the recovery of P from raw OMW by struvite precipitation
with the external addition of Mg2 salts and NH4OH solution,
demonstrating the scientific interest in nutrient recovery from
OMW.

Adsorption studies aiming at inorganic nutrient recovery
from OMW are very limited and have been carried out only
on untreated OMW being an acidic effluent. In these studies,
nutrients were recovered by sand filter (Achak et al. 2009b) or
combined natural materials including clinoptilolite (Aly et al.
2018; Aly et al. 2014). Nutrient capture from OMW in an
easily transportable form, such as on abundant, low-cost and
soil-friendly mineral matrices, can be favorable for crop fer-
tilization at the desired time, rate and quantity contributing to
the goals of a circular and sustainable rural economy
(Kocatürk-Schumacher et al. 2017a, b, Koutsos et al. 2018).
Moreover, the immobilization of reactive N and P, which
mainly occur in the form of ammonium cations (NH4

+) and
phosphate anions (PO4

3−), from various wastewaters onto
mineral adsorbents and their application as slow-release fertil-
izers and soil conditioners can reduce the serious environmen-
tal problem of nutrient runoff from agricultural fields follow-
ing the direct spreading of wastewaters (Kocatürk-
Schumacher et al. 2017a, b). To our knowledge, anaerobically
digested OMW has not been yet treated through adsorption.
Nevertheless, nutrient recovery from the liquid fraction of
biogas digestate has gained more attention in recent years
due to the increasing number of biogas plants worldwide
(Kocatürk-Schumacher et al. 2017a, b; Lin et al. 2014; Wan
et al. 2017). Earlier works have employed raw clinoptilolite
(Lin et al. 2014,Wan et al. 2017), modified bentonite (Markou
et al. 2018) and synthetic zeolite from fly ash (Chen et al.
2012) for P or/and N recovery from various fermentation ef-
fluents or biogas digestate. Here, it should be also noted that in
contrast to the primary scientific interest in N and P adsorption
from wastewaters, the simultaneous potassium (K+) recovery
has been less studied (Kocatürk-Schumacher et al. 2017a, b;
Wijesinghe et al. 2018) considering this essential crop nutrient
as non-toxic (Aly et al. 2014). However, K+ is the subject of
increasing scientific concerns regarding the effects of K+ salts
accumulation on soil structural stability and hydraulic conduc-
tivity as a result of the long-term and repeated disposal of high
salinity wastewaters, such as winery and olive mill effluents,
especially on clay soils (Arienzo et al. 2012; Barbera et al.
2013; Howell and Myburgh 2018).

In the present study, Ca(OH)2-treated zeolite (CaT-Z) was
used for nutrient recovery from anaerobically digested OMW
characterized by lower initial concentrations of soluble P
(around 50 mg/L) than these of the wastewater treated in our
previous works (Markou et al. 2018; Mitrogiannis et al. 2018).
The main objectives of this work are to test the P adsorption
performance of CaT-Z in a treated wastewater type of regional
importance in the Mediterranean area and to investigate the P
adsorption mechanisms. Another aim is to examine the ad-
sorption of K+ which is the dominant cation in OMW. Two
different samples of anaerobically digested OMW were
employed aiming at more reliable results and comparing the
adsorption capacities for P and K under varied OMW

2978 Environ Sci Pollut Res (2020) 27:2977–2991



chemical properties. Various in situ and bulk instrumental
analyses were carried out to determine the nutrient adsorption
mechanisms onto CaT-Z. Finally, desorption tests were per-
formed on the spent adsorbent to estimate the speciation of
adsorbed P.

Materials and methods

Pretreatment of olive mill wastewater and zeolite

The primary, untreated OMW was collected during the olive
oil extraction season of October–December 2016 from a
three-phase olive mill in the region of Patras (Western
Greece). Adsorption tests were performed using two different
samples of anaerobically digested OMW, generated in the
Laboratory of Biochemical Engineering and Environmental
Technology (LBEET) at the University of Patras. The anaer-
obic digestion process was carried out in an upflow packed
bed reactor (UPBR) operating at 55 °C with a hydraulic re-
tention time (HRT) of 6 days (d). The first sample of 0.75 L
(OMW-1) has been stored in a freezer at LBEET until to be
sent in March 2017 to the Agricultural University of Athens
(AUA), where the adsorption tests took place. The second
sample of 1.5 L (OMW-2) remained at room temperature at
LBEET for about 4–6 months until to be sent to AUA in
October 2017. The experiments with OMW-1 were finished
before receiving the OMW-2 sample. At AUA, both samples
were stored, after a two-fold dilution with deionized water
(DI) (ratio of VDI/VOMW = 50/50), in PET (polyethylene tere-
phthalate) bottles and in a fridge (7–9 °C) before and during
the experiments. As shown in Table 1, OMW-1 (Fig. 1a)
contained more dissolved COD, phenols and other organics
than OMW-2 (Fig. 1b). The lower concentrations of organics
in OMW-2 can be attributed to its storage at room temperature
and the oxidizing or consuming activity of anaerobic micro-
organisms. As reported for untreated OMW (Achak et al.
2009a; Aharonov-Nadborny et al. 2018; Aly et al. 2014), the
major inorganic cation of OMW-1 and OMW-2 was K+,
whereas P concentrations were within the reported ranges.
Both samples were also characterized by low NH4-N
concentrations.

The raw (untreated) natural zeolite (NZ) was sieved to par-
ticle size range of 0.5–1.19 mm and pretreated with
0.25 mol/L of technical grade Ca(OH)2. The preparation and
pretreatment of NZ are described in earlier works
(Mitrogiannis et al. 2017; Mitrogiannis et al. 2018).

Experimental procedure

Batch adsorption runs with OMW-1 and OMW-2 were con-
ducted at temperature (T) of 25 ± 0.5 °C, agitation speed of
200 rpm and adsorbent dosage of 10 g/L. A volume of 20 or

50 mL of OMW was added in sealed bottles of high-density
polyethylene (HDPE) which contained 200 or 500 mg of ad-
sorbent, respectively. The bottles were placed on a flat shaker
inside a temperature-controlled chamber. Measurements of
physicochemical parameters in undiluted OMW samples and
adsorption tests were performed in duplicate (n = 2) or tripli-
cate (n = 3) as reported in the tables and figures, and the aver-
age values along with standard deviation (SD) are given. In
figures, SD is presented as error bars.

Prior to adsorption tests, the OMW samples were drawn
through a filter paper (MN 615, Macherey-Nagel, Germany)
in a Buchner funnel using a vacuum pump to exclude large
suspended solids. The initial P and K concentrations (C0) at
each dilution ratio of OMWwith DI were measured before the
adsorption tests aiming at a more accurate estimation of P and
K removal percentage (Table 2). As can be seen in Table 2,
some measured C0 values do not vary proportionally with
each other based on the dilution ratios reported. These notable
deviations can be attributed to the potential change of C0 dur-
ing the storage of diluted OMW-1 and OMW-2 samples in the
fridge at AUA for a few weeks, combined with the fact that
some experimental series (adsorption kinetics, pH effect or
dilution tests) for each OMW sample did not take place at
the same time. Supernatant samples were withdrawn at

Table 1 Physicochemical characteristics of OMW-1 and OMW-2 prior
to adsorption tests (mean ± standard deviation of n replicates given in
parentheses)

Parameters OMW-1 OMW-2

pH 7.72 ± 0.07a (2) 8.30 ± 0.03 (3)

EC (mS/cm) 5.56 ± 0.00 (3) 5.48 ± 0.00 (3)

Total P (mg/L) – 55.26 ± 1.70 (2)

Dissolved PO4-P (mg/L) 48.38 ± 1.01 (2) 50.05 ± 0.07 (2)

NH4-N (mg/L) 16.02 ± 0.40 (3) 17.36 ± 0.00 (2)

Total Kjeldahl nitrogen (mg/L – 98.0 ± 9.9 (2)

Na+ (mg/L) 62.4 ± 0.0 (2) 131.2 ± 0.7 (3)

K+ (mg/L) 1684.2 ± 5.9 (2) 1708.0 ± 21.1 (3)

Total alkalinity (g CaCO3/ L) 2.0 ± 0.1 (3) 2.0 (1)b

Total COD (g/L) 10.92 ± 0.94 (3) 3.35 ± 0.05 (2)

Dissolved COD (g/L) 8.05 ± 0.07 (3) 3.07 ± 0.04 (2)

Total carbohydrates (g/L) 0.44 ± 0.09 (3) 0.18 ± 0.00 (2)

Dissolved carbohydrates (g/L) 0.31 ± 0.08 (3) 0.16 ± 0.00 (2)

Dissolved phenols (g/L) 1.16 ± 0.07 (3) 0.44 ± 0.00 (2)

Total solids (g/L) – 6.34 ± 0.08 (2)

Volatile solids (g/L) – 4.54 ± 0.28 (2)

Total suspended solids (g/L) 0.47 ± 0.01 (3) 0.22 ± 0.00 (2)

Volatile suspended solids (g/L) 0.34 ± 0.02 (3) 0.02 ± 0.00 (2)

Oil & fats (mg/L) – 14.57 ± 0.30 (2)

Volatile fatty acids (mg/L) 0.31 ± 0.10 (3) NDc

aMeasured in 25% OMW-1; b only one measurement due to limited sam-
ple volume; c ND: not detected
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specific time intervals during and at the end of the tests, cen-
trifuged for 5 min at 4000 rpm, and then analyzed within a few
hours for P and K.

The effect of contact time on P adsorption was studied in
bottles of 100 mL capacity containing 500 mg of CaT-Z and
50 mL of 12.5% OMW-1, 25% OMW-1, or 50% OMW-2.
These diluted samples correspond to 87.5/12.5, 75/25, and 50/
50 dilution ratios with DI (VDI/VOMW), respectively (Table 2).
In the kinetic tests with 12.5% and 25% OMW-1, the initial
pHwas slightly adjusted to 7.7 and 7.5, respectively (Table 2),
whereas supernatant samples (50–100 μL) were withdrawn
with a micropipette at 1, 2, 4, 8 h and at 1, 2, 3, and 4 d. In
the kinetic test with 50% OMW-2 (initial pH adjusted to 8.0),
samples were collected at 1, 2, and 4 h and then at 1, 2, 3, 4, 8,
14, and 21 d. Adsorption kinetics of K were studied up to 4
and 8 d in the 25% OMW-1 and 50% OMW-2 solution, re-
spectively, without sampling at 8 h. The total sampling vol-
ume did not exceed 2.3% of the initial working one.

The influence of the initial pH of OMWon P and K remov-
al by CaT-Z was examined in 12.5% OMW-1 and 50%

OMW-2 for 4 d (Table 2). The initial pH was adjusted to the
desired values (5, 6, 7, 8, and 9) by adding a few drops of 0.1–
1 M HCl and/or NaOH in a working OMW volume of
100 mL. However, due to the buffering capacity of the 50%
OMW-2 solution, the adjustment of the initial pH at 5, 6 and 7
was performed adding 0.2, 0.1, and 0.05 mL of 37% HCl with
a micropipette. Finally, 200 mg CaT-Z were added in 20 mL
of adjusted OMW. The final pH of each solution was mea-
sured after 4 d.

Adsorption tests at five different dilution ratios of OMW-1
and OMW-2 with DI were conducted for 4 d at a CaT-Z
dosage of 500 mg/50 mL. This experimental series aimed at
investigating the adsorption affinity of CaT-Z even at low
concentrations of P and K, and at determining the adsorption
mechanisms through the application of isotherm models. The
dilutions of OMW-1 approximately consisted of 50%, 25%,
12.5%, 6.25%, and 3.125% solutions (Table 2), achieved by
consecutive two-fold dilutions in a 100 mL graduated cylin-
der, namely diluting a 50% OMW-1 solution with an equal
volume of DI (50/50). The dilutions of OMW-2 were 50%,

Table 2 Experimental conditions of batch adsorption tests with diluted OMW-1 and OMW-2 samples (contact time = 4 d, CaT-Z dosage = 10 g/L, T =
25 °C)

Variable Sample Dilution ratio (VDI/VOMW) %OMWa C0 (mg P/L) C0 (mg K/L) pH

Contact time OMW-1 87.5/12.5 12.5 5.44 ± 0.48** – 7.7

Contact time OMW-1 75/25 25 11.57 ± 0.47** 411.4 ± 10.3** 7.5

Initial pH OMW-1 87.5/12.5 12.5 5.41 ± 0.09* 242.5 ± 0.0** 5–9

Dilution OMW-1 50/50 50 19.00 ± 0.33* 737.5 ± 35.4* 8.0 ± 0.05

75/25 25 11.42 ± 0.27* 382.5 ± 24.7*

87.5/12.5 12.5 6.21 ± 0.33* 200.0 ± 3.5*

93.75/6.25 6.25 2.42 ± 0.09* 94.4 ± 0.9*

96.875/3.125 3.125 1.21 ± 0.04* 36.3 ± 0.0*

Contact time OMW-2 50/50 50 26.07 ± 0.37** 931 ± 4.7** 8.0

Initial pH OMW-2 50/50 50 25.38 ± 1.04** 789.5 ± 9.5** 5–9

Dilution OMW-2 50/50 50 30.12 ± 1.12** 1041.1 ± 9.3** 8.2 ± 0.05

75/25 25 13.62 ± 0.44** 517.7 ± 8.2**

90/10 10 5.63 ± 0.08** 210.7 ± 5.0**

93.75/6.25 6.25 3.56 ± 0.04** 129.3 ± 1.2**

95/5 5 2.58 ± 0.06** 98.1 ± 0 .5**

a%OMW= 100 ×VOMW/(VDI + VOMW); * duplicate measurement;**triplicate measurement

(c)(b)(a) (d)

Fig. 1 Samples of diluted a
OMW-1 (12.5%) and b OMW-2
(50%); Ca(OH)2-treated
clinoptilolite before (c) and after
(d) the OMWadsorption
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25%, 10%, 6.25%, and 5% (Table 2). The initial pH of all
dilution ratios was slightly adjusted around the value 8.0 for
OMW-1 and 8.2 for OMW-2, wherever it was necessary due
to the buffering capacity of OMW.

Finally, a series of five adsorption stages was performed in
50% OMW-2 applying fresh CaT-Z (10 g/L) at each stage
(duration of each stage: 4 d) in order to determine the total
(cumulative) removal (%) of P and K. After each stage, the
treated 50% OMW-2 was filtered through filter paper (MN
615, Macherey-Nagel), before entering the next adsorption
stage. The OMW-2 volumes used from the first to the fifth
stage were 30, 25, 20, 10, and 5 mL, respectively.

The adsorption capacity of CaT-Z for P or K at equilibrium,
qe (mg/g) and the respective removal efficiency (R%) were
calculated according to the following equations:

qe ¼ C0−Ceð ÞV=m ð1Þ
R% ¼ 100� C0−Ceð Þ=C0 ð2Þ
where C0 and Ce are the initial and equilibrium P or K con-
centrations (mg/L), respectively, V is the OMW volume (L),
and m is the adsorbent mass (g).

Batch desorption tests

The fractionation of adsorbed P on CaT-Z was investigated
through a sequential extraction method of three steps (0.5 M
NaHCO3 at pH 8.5, 0.1MNaOH and 0.5MHCl) as described
in previous publications (Han et al. 2016; Mitrogiannis et al.
2018). The desorption procedure was applied on the loaded
CaT-Z samples, obtained from the dilution tests with 25%
OMW-1 and 50% OMW-2, using a CaT-Z/eluent ratio of
200 mg/20 mL. Prior to each desorption step, the CaT-Z was
washed twice with deionized water and dried overnight in an
oven at 60 °C. A modified procedure (100 mg CaT-Z/10 mL
eluent) was applied as well on the same loaded CaT-Z sample
in 50% OMW-2, by conducting an ethanol extraction step
prior to the above mentioned three steps.

The desorption efficiencyD (%) and capacity qdes (mg P/g)
of each eluent after centrifugation were estimated according to
the following equations: D (%) =100 × (Cdes/Cads) (3) and q-
des =Cdes V/m (4), respectively; where Cads = (C0 −Ce) and
Cdes are the P concentrations (mg/L) in the solid phase and
in the desorption solution, respectively; V is the eluent volume
(L) and m is the loaded CaT-Z mass (g). Specifically, for the
sample of the loaded CaT-Z in 50% OMW-1, the desorption
capacity of NH4-N (mg N/g) was also calculated at each of the
three desorption steps.

Analytical methods

Phosphate phosphorus (P) and ammonium nitrogen (N) con-
centrations in OMW, expressed as mg P/L and mg N/L, were

measured at AUA in a UV-vis spectrophotometer (Hach-
Lange DR 2800) according to the ascorbic acid (4500-P E)
and phenate (4500-NH3 F) Standard Methods (APHA 1999),
respectively. In order to measure P in the colored OMW, a
blank was prepared for each OMW sample by adding only
5 N H 2 S O 4 a n d a m m o n i u m m o l y b d a t e ,
(NH4)6Mo7O24∙4H2O, solution (APHA 1999). The organic
compounds, total solids, volatile solids, total suspended
solids, and volatile suspended solids of OMW-1 and OMW-
2 (Table 1) were determined at LBEET according to the
methods reported in Zagklis et al. (Zagklis et al. 2015). Total
organic carbon (TOC) on the spent CaT-Z samples was mea-
sured at LBEET using an SSM-5000A solid sample combus-
tion unit (Shimadzu) allowing the separate determination of
total carbon (TC) and inorganic carbon (IC). Potassium and
sodium were measured at AUA by a flame photometer (BWB
XP, UK). Total alkalinity (as mg CaCO3/L) was determined
by titration to the endpoint pH 4.5 according to the Standard
Method 2320 B (APHA 1999). All the reagents employed for
the determination of calibration curves were of analytical
grade. A portable conductivity (Consort C931, Belgium) and
pHmeter (Metrohm 827, Swiss), calibrated once a week, were
used for the determination of OMW electrical conductivity
(EC) and pH, respectively. Characterization of NZ and CaT-
Z was performed in the laboratories mentioned in our previous
studies (Mitrogiannis et al. 2017; Mitrogiannis et al. 2018) by
X-ray diffraction (XRD), scanning electron microscopy-
energy dispersive system (SEM-EDS), and infrared attenuated
total reflectance (IR-ATR).

In situ major element compositions were determined in
polished mounted grains in resin using an electron probe
micro-analyzer (EPMA) JEOL JXA-8900 Superprobe
equipped with four wavelength-dispersive spectrometers
(WDS) and one energy dispersive spectrometer (EDS) at the
Laboratory of Mineralogy and Geology, AUA. All analyses
used a 15-kV accelerating voltage, 15-nA beam 5 μm wide,
20 s on-peak counting time and 10 s for each background.
Natural mineral standards used were quartz (Si), ilmenite
(Ti), corundum (Al), fayalite (Fe), olivine (Mg, Ni), diopside
(Ca), microcline (K), jadeite (Na), apatite (P), and chromite
(Cr). Further, X-ray maps were collected from selected areas
using the JEOL JXA-8900 Superprobe at 15 kV, 50 nA,
0.5-μm step size, and 100-ms dwell time giving collection
times between 2 and 5 h.

Results and discussion

Comparison of NZ and CaT-Z adsorption
performances for P

A comparative P adsorption test was performed for 4 d in
triplicate using NZ and CaT-Z in a 25% OMW-1 solution
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which contained 12.95 mg P/L. The test revealed for NZ an
adsorption capacity of 0.13 ± 0.06 mg P/g and a removal effi-
ciency of 10.1 ± 4.9%. These values were lower than those of
CaT-Z which adsorbed 0.96 ± 0.02 mg P/g and removed 73.9
± 1.7% of P. The comparative test was performed without pH
adjustment of 25% OMW-1 sample. Our previous adsorption
study with real fresh urine has shown the higher P adsorption
capacity of CaT-Z than that of NZ, as a result of the enhanced
point of zero charge of CaT-Z surface (pHpzc = 9.90) after the
pretreatment of NZ with Ca(OH)2 (Mitrogiannis et al. 2018).
Recent studies have also reported the phosphate recovery
from real wastewater by raw clinoptilolite (NZ) which has
no anion exchange capacity. However, they relate these find-
ings to the concentration of coexisting solute NH4-N and its
adsorption on NZ as well as to P precipitation in the liquid
phase (Lin et al. 2014; Wan et al. 2017). Based on the above
comparative results for P removal, further experiments were
conducted using only CaT-Z.

Effect of contact time on P and K removal
from OMW-1 and OMW-2

The experimental kinetic curves show that P concentration in
12.5% OMW-1, 25% OMW-1, and 50% OMW-2 decreased
faster in the first 24–48 h of contact with CaT-Z and then at a
slower rate up to 4 d, approaching an equilibrium (Fig. 2a). In
the first 24 h, 40.8% and 48.0% of P was removed from the
12.5% and 25%OMW-1 solutions, respectively. After 4 d, the
respective R% was 56.7% and 75.9%. In 50% OMW-2, most
of the P (64.8%) was removed by CaT-Z within 24 h, whereas
equilibrium was reached within 4–8 d. The observed R% and
qt values were in the range of 73.6–75.3% and 1.92–1.96 mg
P/g, respectively. On the other hand, the equilibrium of K
removal from 25% OMW-1 and 50% OMW-2 was achieved
faster than that of P, namely within 24 h, exhibiting a R% of
27.2% and 20.7% as well as qt values of 11.2 and 19.3 mg K/
g, respectively (Fig. 2b). In the first 24 h, the concentration of
K reduced to 299.3 mg/L in 25% OMW-1 and to 738.0 mg/L
in 50% OMW-2. The simultaneous removal of P and K by
CaT-Z has been earlier observed in aqueous solution contain-
ing KH2PO4 reagent (Mitrogiannis et al. 2017). In the present
study, the faster removal kinetics of K than that of P may be
attributed either to the higher initial concentration of K in both
OMW samples (Table 2), resulting in a higher driving force
for the diffusion of K into the porous CaT-Z, or to the presence
of more accessible binding sites (functional groups) for K at
the external and internal CaT-Z surface (Malamis and Katsou
2013). Another reason can be the different, dominant adsorp-
tion mechanism of K (cation exchange) than that of P (ligand
exchange, surface precipitation) (see Sections 3.7.2 and
3.7.3). For both cations and anions, the ion exchange mecha-
nism (outer-sphere complexation) is faster than the inner-
sphere complexation (ligand exchange) and surface

precipitation (Loganathan et al. 2014; Malamis and Katsou
2013). It is also known that the adsorption and ion exchange
rate in porous solids is constrained by mass transfer resis-
tances (diffusion-controlled processes) into the pore structure
rather than by chemical reaction kinetics (Inglezakis et al.
2019). Thus, chemical reaction of P and K with the internal
sites of CaT-Z pore walls does occur; however, diffusion lim-
itations decrease the reaction rate (Makris et al. 2004).

Effect of OMW-1 and OMW-2 pH on P and K removal

The change of initial pH of 12.5%OMW-1 from 6 to 9 slightly
affected the removal percentage of P by CaT-Z which ranged
from 61.9% to 67.2% (Fig. 3a). The lowest and highest R% of
P were observed at pH 5 (54.7%) and 7 (67.2%), respectively,
corresponding to a qe of 0.30 and 0.36mg P/g. The final pH of
the 12.5%OMW-1 solutions with initial values 5–8 increased,
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ranging from 7.50 to 8.37, whereas it showed similar values
(8.37–8.39) in the solutions with initial pH 7–9 (Fig. 3a).

A different behaviour of P removal by CaT-Z was ob-
served with the variation of initial pH in the 50% OMW-2
solution. The highest R% occurred at pH 6 (R% = 86.2%
and qe = 2.19 mg P/g) whereas R% decreased in the pH
range of 7–9 (R% = 67.7% and qe = 1.72 mg P/g at pH 9)
(Fig. 3a). These results might be related to a stronger neg-
ative influence of OMWorganic matter and alkalinity on P
adsorption occurring in the less diluted OMW-2 (50%)
than in the more diluted 12.5% OMW-1. It is known that
an excess alkalinity is produced during anaerobic digestion
processes (Dareioti et al. 2009; Lin et al. 2014), and that
carbonate/bicarbonate anions inhibit the inner-sphere com-
plexation (via ligand exchange) of various calcium phos-
phate (Ca-P) phases on the CaT-Z surface (Lin et al. 2014;
Mitrogiannis et al. 2018). The final pH of the 50% OMW-2
solutions after adsorption steadily increased in the range of
7.37–9.05 with increasing initial pH from 5 to 9 (Fig. 3a).

Regarding the R% of K+ from 12.5% OMW-1 (Fig. 3b), it
increased from 46.7 to 53.3% (12.9 mgK/g) between the pH 5
and 6, but then decreased from 48.8% at pH 7 to 36.1%

(8.8 mg K/g) upon increasing the initial pH to 9. On the other
hand, the R% of K from 50% OMW-2 ranged from 15.8 to
22.0% (Fig. 3b) and, as expected, was lower than that in
12.5% OMW-1 due to the higher initial K concentration in
50% OMW-2 (Malamis and Katsou 2013). The removal of K
from 50% OMW-2 increased from 15.8% at pH 5 to 22.0% at
pH 7, whereas it decreased to 18.3% at pH 9.

Effect of OMW-1 and OMW-2 dilution

Removal of P at different dilution ratios of OMW-1
and OMW-2

The removal efficiency (R%) of P by CaT-Z ranged from 19.0
to 70.4% in OMW-1 and from 69.3 to 85.9% in OMW-2 (Fig.
S1a). It should be noted that R% values for P do not present a
monotonic increasing trend with decreasing initial P concen-
trations, generated from higher OMW-1 and OMW-2 dilu-
tions, as usually occurs during adsorption processes
(Malamis and Katsou 2013; Mitrogiannis et al. 2017;
Mitrogiannis et al. 2018). Unknown mechanisms of unfavor-
able and antagonistic adsorption related to the complex chem-
ical composition of OMW-1 and OMW-2 (Table 1) should be
responsible for the lower affinity of P by CaT-Z at higher
dilution ratios (specifically at 3.125–6.25% OMW-1 and 5%
OMW-2 solutions) and for the discrepancies in the equilibri-
um data (Fig. S1a).

The experimental data at various dilution ratios of OMW-1
and OMW-2 with DI were fitted to isothermmodels (Table 3).
The model parameters were calculated via the method of the
non-linear optimization, minimizing the error function of re-
sidual sum of squares (RSS) (Table 3). For the minimization,
the generalized reduced gradient algorithm (GRGS) of the
Microsoft Excel Solver tool was used. The fitting quality of
each isotherm model was also evaluated by the coefficient of
determination (R2) between the experimental and model pre-
dicted qe values. The P adsorption from diluted OMW-1 on
CaT-Z exhibited a sigmoidal isotherm (S-shaped) (Fig. 4a)
which was successfully interpreted by the theoretical model
of Zhu and Gu based on the two-step adsorption mechanism
and the mass action treatment (Zhu and Gu 1989; Zhu and Gu
1991). The value of the aggregation number n (> 1) (Table 3)
suggests the formation of surface aggregates (so-called
hemimicelles) on the second adsorption step (Zhu and Gu
1991). The Type-V (S-shaped) isotherms present one inflec-
tion point where the curve concavity changes (Inglezakis et al.
2018). At this point, namely at a specific Ce, the unfavorable
equilibrium and antagonistic effects of coexisting solutes, like
hydrophobic OMWorganics (Blika et al. 2009), are overcome
and a cooperative adsorption occurs (Inglezakis et al. 2018). A
sigmoidal isotherm was also observed for P adsorption from
anaerobically digested cattle wastewater on Ca(OH)2 treated
bentonite (Markou et al. 2018).
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Fig. 3 Effect of initial pH of 12.5% OMW-1 and 50% OMW-2 solutions
on a P and b K removal efficiency by CaT-Z (CaT-Z dosage = 200 mg/
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L in 12.5% OMW-1; C0 = 25.38 mg P/L and 789.5 mg K/L in 50%
OMW-2). The adsorption tests were performed in triplicate
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The experimental data of OMW-2 were well fitted to both
the Langmuir and Freundlich isotherms (Fig. 4a), suggesting a
complex P adsorption mechanism. Langmuir equation exhib-
ited a slightly better fit than Freundlich due to the lower RSS
and higher R2 value (Table 3), although the experimental qe
values do not present a typical plateau. The theoretical as-
sumption of the Langmuir model for adsorption on homoge-
neous surfaces does not agree with the surface heterogeneity
of CaT-Z before adsorption (Mitrogiannis et al. 2017,
Mitrogiannis et al. 2018). However, it could be related either
to P adsorption on a finite number of binding sites containing
Ca2+ ions (Mitrogiannis et al. 2017) or to a less heterogeneous
CaT-Z surface after adsorption due to its coverage with OMW
organic matter (Fig. 1d).

Removal of K at different dilution ratios of OMW-1
and OMW-2

The treatment of diluted OMW-1 and OMW-2 with CaT-Z
decreased the concentration of K by 17.3–46.1% and 15.1–
57.7%, respectively (Fig. S1b). The K removal efficiency

(R%) positively correlated with the increasing dilution of both
OMW samples, namely with decreasing initial K concentra-
tion (Table 2). The relationship of CaT-Z adsorption capacity
at equilibrium with the residual K concentration at five differ-
ent dilution ratios of OMW-1 and OMW-2 is presented in Fig.
4b. In both OMW samples, the equilibrium data are best de-
scribed by the Langmuir isotherm (R2 ≥ 0.992 and RSS ≤
0.631) and the values of the factor RL (0 < RL < 1) indicate a
favorable adsorption process (Table 3). The same model has
been reported to describe very well the K adsorption from
seawater reverse osmosis brine onto clinoptilolite (Naidu
et al. 2018). The higher adsorption capacities for P and K in
OMW-2 than in OMW-1 (Fig. 4), are due to the higher initial
concentrations of both solute ions in the studied dilution ratios
of OMW-2 than in these of OMW-1 (Table 2).

Removal of NH4-N from diluted OMW-1 and OMW-2

As shown in Table 1, both undiluted OMW samples contained
similar NH4-N amounts, which were lower and very minor
than those of P and K, respectively. Consequently, our work

Table 3 Parameters of isothermmodels for P andK adsorption fromOMW-1 andOMW-2 onto CaT-Z (CaT-Z dosage = 10 g/L, contact time = 4 d, T =
25 °C)

OMW-1 OMW-1 OMW-2 OMW-2
Model Equation Parameter PO4-P K+ PO4-P K+

qe,exp (mg/g)* 1.08 12.8 2.14 15.8

Zhu and Gua qe ¼
qmk1Ce

1
nþk2Cn−1

eð Þ
1þk1Ce 1þk2Cn−1

eð Þ k1 ((L/mg)1/n) 5.13 × 10−3 – – –

k2 ((L/mg)1/n) 0.250 – – –

n 6.42 – – –

RSSd 0.0049 – – –

R2 0.994 – – –

Langmuirb qe ¼ qmaxKLCe

1þKLCe
qmax (mg/g) – 15.5 4.44 17.3

KL (L/mg) – 0.0073 0.1060 0.0124

RL 0.16–0.79 0.24–0.79 0.07–0.45

RSS – 0.223 0.0464 0.631

R2 – 0.998 0.982 0.992

Freundlichc qe ¼ K F C1=n
e KF

(mg/g)/(mg/L)1/n
– 0.80 0.44 2.38

n – 2.27 1.37 3.49

RSS – 3.685 0.0590 6.4543

R2 – 0.956 0.978 0.918

*For C0 corresponding to 50% OMW-1 and OMW-2
a Zhu and Gu [37]: qm is the maximum experimental qe (1.084 mg/g), k1 and k2 are the equilibrium constants of the first and second adsorption step,
respectively; n is the aggregation number of surface hydrophobic aggregates (n > 1 for hemimicellization and 0 < n < 1 for multi-site adsorption)
b Langmuir: qmax (mg/g) is the theoretical maximum monolayer adsorption capacity and b (L/mg) is the Langmuir constant related to the affinity and
binding energy; RL = 1/(1 + (b C0)) is the dimensionless separation factor
c Freundlich:KF [(mg/g)/(mg/L)1/n ] is the Freundlich isotherm constant representing the adsoption capacity and n is a dimensionless factor related to the
adsorption intensity and surface heterogeneity

d RSS = ∑n
i¼1 qe;exp−qe;cal

� �2
is the residual sum of squares containing the experimental and model predicted values of qe, respectively, and n is the

number of experimental points
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focused on P and K recovery; however, the residual NH4-N
concentrations after adsorption was measured in the 25%
OMW-1, 25% OMW-2, and 50% OMW-2 solutions. After
96 h of contact with CaT-Z, the NH4-N concentration de-
creased from 4.01 ± 0.10 to 3.37 ± 0.13 mg/L in 25% OMW-
1, from 4.65 ± 0.08 to 3.07 ± 0.12 mg/L in 25% OMW-2, and
from 10.76 ± 0.30 to 8.69 ± 0.23mg/L in 50%OMW-2. These
changes correspond to R% of 15.97 ± 3.33%, 33.89 ± 2.49%,
and 19.26 ± 2.15%, as well as to adsorption capacities of 0.06
± 0.01, 0.16 ± 0.01 and 0.21 ± 0.02 mg N/g, respectively. To
sum up the results of the sections “Removal of P at different
dilution ratios of OMW-1 and OMW-2,” “Removal of K at
different dilution ratios of OMW-1 and OMW-2,” and
“Removal of NH4-N from diluted OMW-1 and OMW-2,”
CaT-Z showed low removal efficiencies for P, K, and NH4-
N in less diluted OMW samples (50%) and at the given CaT-Z
dosage (10 g/L). So, further tests are needed using higher CaT-
Z dosages in order to increase the R% of nutrients from undi-
luted OMW and to make the treatment process more feasible
in full-scale applications.

Chemical extraction of adsorbed P

The sequential desorption of adsorbed P from the loaded CaT-
Z in 25% OMW-1 and 50% OMW-2 revealed that the loosely
bound and plant-available P (denoted as LB-P or NaHCO3-P)
constituted the major P fraction (Guaya et al. 2016; Yang et al.
2015). The desorption efficiency (D%) of the first step was
77.4% and 73.8% for the OMW-1 and OMW-2 loaded adsor-
bent, respectively (Fig. 5). The respective desorption capacity
(qdes) was 0.56 and 1.45 mg P/g CaT-Z. The LB-P was also
found to be the dominant fraction on CaT-Z contacted with
diluted real fresh urine characterized by similar initial P con-
centrations (Mitrogiannis et al. 2018). The contribution of
aluminum (hydro)oxides bound P (Al-P or NaOH-P) and cal-
cium associated P (Ca-P or HCl-P) (Guaya et al. 2016; Han
et al. 2016) on the total D% was found to be very minor for
both the 25% OMW-1 (9.2% Al-P and 9.4% Ca-P) and the
50% OMW-2 loaded CaT-Z (2.0% Al-P and 7.4% Ca-P). The
total D% of the three extraction steps was estimated at 95.9%
and 83.2% of the total removed P from 25%OMW-1 and 50%
OMW-2, respectively, and the total qdes amounted to 0.69 and
1.64 mg P/g. A similar value of qdes (2.13 ± 0.07 mg P/g) was
found for CaT-Z after contact with 5% fresh urine solution
containing 29.4 ± 0.4 mg P/L (Mitrogiannis et al. 2018). The
total D% values also suggest a minor removal of P due to
washing of CaT-Z with deionized water after the adsorption
process (water-soluble P) or due to precipitation in the liquid
phase (Mitrogiannis et al. 2018). This possibility is not often
taken into account in adsorption studies with real and high-
strength wastewater leading to an overestimation of the qe
values. Simultaneously, the presence of adsorbed NH4-N on
CaT-Z after being contacted with 50% OMW-2 was con-
firmed by a low total qdes of 0.144 mg N/g obtained from
the first (0.077 mg/g) and the second (0.067 mg/g) desorption
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step. The magnitude of qdes is in accordance with the qe of
0.21 mg N/g mentioned in the previous section (3.4.3.).

Raw or acidified ethanol is widely used as a bio-compatible
desorbing eluent for the recovery of polyphenols from various
adsorbents loaded with OMWs (Frascari et al. 2016; Scoma
et al. 2011; Zagklis et al. 2015). The ethanol application to the
above mentioned sample of 50%OMW-2 loaded CaT-Z, prior
to the three-step extraction procedure, did not significantly
affect either the P desorption efficiency of the LB-P fraction
(71.6%) or the total D% (80.5%) (Fig. 5). This finding sug-
gests that CaT-Z could be used in an integrated OMW treat-
ment process aiming at the recovery of various added-value
compounds such as polyphenols and inorganic nutrients.
Finally, the one-step extraction of P by 1 M NH4Cl revealed
a similar desorption efficiency of LB-P (72.1%) (Yang et al.
2015) (Fig. 5) and generated a desorbing solution for potential
plant fertilization containing both N and P.

Sequential treatment of OMW-2 with fresh CaT-Z

The sequential treatment of 50% OMW-2 with fresh CaT-Z at
each step resulted in total removal of 87.5% for P and 74.9%
for K after the fifth adsorption stage (total duration of 20 d).
The residual concentrations at the end of the process were
found to be 3.76 mg P/L and 261.1 mg K/L (Fig. 6a, b).
However, the removal performance (R%) of fresh CaT-Z for
P exhibited a downward trend from step to step whereas the
R% for K showed an increasing linear trend (R2 = 0.981) (Fig.
6b). The R% for P decreased from 65.3% in the first step to
11.1% in the fifth one (Fig. 6a). This decreasing R% may
reflect the hindering and competing influence of OMW com-
pounds such as carbonates and anionic organics (phenols)
which reduced the available binding sites for P. Carbonates
strongly compete with phosphates for complexation with sur-
face Ca2+ ions (Lin et al. 2014; Mitrogiannis et al. 2017). The
sequential adsorption treatment could be performed in basket
batch reactors, where the granular adsorbent particles are fixed
in sieve-like baskets (Worch 2012). After each OMW treat-
ment stage, the spent CaT-Z particles can be replaced with
new ones, increasing however the total amount of used adsor-
bent and the operational treatment costs.

Adsorbent characterization and nutrients removal
mechanisms

XRD analysis

The XRD patterns of raw NZ and CaT-Z before adsorption
have been described in a previous work (Mitrogiannis et al.
2018). The samples of CaT-Z examined after adsorption in
50% OMW-1 and OMW-2 solutions did not reveal changes
in their mineral modes. The phases of clinoptilolite, quartz,
illite, anorthite (plagioclase), microcline (K-feldspar),

vermiculite and montmorillonite were detected in the XRD
patterns (Fig. S2a and b). On the other hand, no newly formed
K or P bearing mineral phases were detected suggesting ad-
sorption either as an amorphous phase or at a modal content
below the detection limit of the XRD technique.

SEM-EDS, X-ray maps, and EPMA analyses

The SEM images of CaT-Z contacted with 50% OMW-1 and
50% OMW-2 displayed a smoother surface (Fig. S3b and c)
compared to the rough one before adsorption (Mitrogiannis
et al. 2017). As shown in Fig. 1d, CaT-Z surface was brown-
colored after adsorption. The organic nature of this layer is
confirmed by the measured TOC values of CaT-Z samples
contacted with 50% OMW-1 and OMW-2, amounted to
0.37 ± 0.03 and 1.47 ± 0.03 mg TOC/g, respectively. In con-
trast, no TOC was detected in NZ and CaT-Z before adsorp-
tion. The lower content of TOC per g of CaT-Z contacted with
50% OMW-1 than with 50% OMW-2 is in contradiction with
the higher content of dissolved organics in OMW-1 than in
OMW-2 (Table 1). However, both values of mg TOC/g are
significant compared to the respective qe for P, namely 1.08 ±
0.04 and 2.14 ± 0.02 mg P/g in 50% OMW-1 and OMW-2,
respectively (Table 3). Furthermore, Ca- and P-rich crystals
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Fig. 6 Effect of a five-step sequential treatment of 50% OMW-2 with
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were observed on the surface of CaT-Z contacted with 25%
OMW-1 (Fig. S3a, EDS spectrum #1), whereas the co-
presence of Ca and P was also detected by the single-point
elemental analysis of CaT-Z contacted with 50% OMW-1 and
OMW-2 (Fig. S3b and c, spectra #2 and #3).

Prior to the individual compositional analyses, a de-
tailed X-ray mapping of various elements was per-
formed in order to evaluate the degree, quality, and
distribution of the adsorbed elements on the CaT-Z sur-
face. Representative grains (Fig. 7) were first scanned
using the back-scattered electrons (BSE) and then
mapped for Al, K, Ca, and P (Fig. 8). The X-ray maps
for the selected elements revealed the co-occurrence of
Ca and P and the presence of K at the matrix. In par-
ticular, Ca and P show a heterogeneous distribution and
adsorption in the zeolitic matrix between the silicate
clasts (e.g., quartz and feldspar) (Fig. 8). The absence
of P2O5 in CaT-Z before adsorption as well as the P2O5

content of 0.01–0.05 wt% in the loaded CaT-Z (Table 4)
confirmed the P adsorption on the solid phase.
Similarly, potassium (K) was incorporated in such areas,
where the altered silicates lead to a smooth (or at least
non-rough under the resolution of EPMA) surface of the
zeolitic matrix (Fig. 7c, d, and Fig. 8). The composi-
tional data of the loaded CaT-Z derived from EPMA
analysis showed an increase of K2O and Na2O content
which were adsorbed in the range of 6.97–9.37 wt%
and 0.10–0.40 wt%, respectively (see single-point anal-
yses #4–13 in Table 4). These findings were accompa-
nied by a decrease of CaO (0.78–1.20 wt%) and MgO
(0.54–0.88 wt%) percentage compared with that before
adsorption (analyses #1–3, Table 4), indicating an ion
exchange mechanism. The cation exchange between sol-
ute K+ ions and bivalent cations of CaT-Z surface (≡)
can be described by the following equations:

CaT-Z≡Ca2+ + 2K+ → CaT-Z≡2K+ + Ca2+ (6)
CaT-Z≡Mg2+ + 2K+ → CaT-Z≡2K+ + Mg2+ (7)

IR-ATR analysis

The assignment of the bands observed in the IR-ATR spectra
of the NZ and CaT-Z before the adsorption (Fig. 9) is given in
our earlier work (Mitrogiannis et al. 2017). The IR spectrum
of NZ contacted with 50% OMW-2 is similar to the pristine
NZ, the main differences being the slight downshift of the
strongest band to 1012 cm−1 and the appearance of a low-
frequency 780-cm−1 shoulder in the 790-cm−1 band for the
OMW-2 loaded sample.

The IR spectra of the CaT-Z contacted with 50% OMW-1
and OMW-2 bear similarities with the pristine CaT-Z (Fig. 9).
The most important differences are the relative intensity
changes of the bands attributed to aragonite and calcite: (a)
In the 50% OMW-1 loaded CaT-Z, the 858 and 1475 cm−1

bands, assigned to the aragonite ν2 and ν3 CO3
2− anion

modes, respectively, show a reduced relative intensity with
respect to the corresponding calcite modes observed respec-
tively at 875 and 1430 cm−1 in this sample - this aragonite
phase diminution is to be contrasted with the case of pristine
CaT-Z, where aragonite is the majority phase; (b) in the 50%
OMW-2 loaded CaT-Z sample, the ν2 aragonite band disap-
pears, leaving only the ν2 calcite one with increased relative
intensity, while the ν3 broad envelope center downshifts from
ca. 1475 to 1438 cm−1; (c) at the same time, the 1018-cm−1

composite band downshifts to ca. 1011 cm−1 and the shoulder
at 780 cm−1 appears again only for the 50% OMW-1 loaded
CaT-Z sample, as in the case of the 50% OMW-2 loaded NZ.

One way to account for the retention of the carbonate bands
in both OMW loaded CaT-Z samples is to assume an ion
exchange mechanism operating between the Ca2+ and K+

ions. We note that the vibrational mode shape and frequency

Fig. 7 Polished, mounted on
resin, grains of CaT-Z contacted
with 50% ΟΜW-2 (a, c).
Rectangles featured as panels “B”
(a) and “D” (c) are presented
as enlarged parts of small
grains (b, d).
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of the carbonate anion infrared bands depend on deviations
from the trigonal symmetry and the type of the charge-
balancing cation: (a) ν3 is a doubly degenerate CO3

2− mode
which is seen to split in our case, as a result of the perturbation
of the carbonate anion D3h trigonal symmetry in both the

aragonite and calcite phases (Kamitsos et al. 1989). This is
why the ν3 CO3

2− asymmetric stretch mode is seen as such a
broad envelope (1400–1550 cm−1 in pristine CaT-Z)
(Mitrogiannis et al. 2017); (b) an additional reason for the
observation of these broad envelopes, is the fact that in the

Table 4 EPMA compositional data (expressed as oxides in wt%) of CaT-Z before (1–3) and after adsorption (4–13) in 50% OMW-2

CaT-Z sample Before adsorption After adsorption

Analysisa 1 2 3 4 5 6 7 8 9 10 11 12 13

SiO2 64.8 69.7 68.0 67.5 70.4 67.2 65.5 66.5 67.3 66.9 66.2 65.8 65.9

Al2O3 13.0 12.4 12.2 12.2 12.6 11.6 12.3 12.1 11.4 12.1 12.3 12.2 11.9

FeOtot 0.11 0.03 0.01 0.07 0.06 0.04 0.06 0.02 0.02 0.02 0.09 0.02 0.02

MgO 0.92 0.99 0.98 0.62 0.72 0.75 0.82 0.658 0.54 0.68 0.70 0.78 0.68

CaO 2.55 2.83 2.26 1.20 1.16 0.98 1.08 0.945 0.78 0.81 0.90 0.98 1.04

Na2O 0.04 0.04 0.04 0.33 0.40 0.15 0.10 0.143 0.11 0.13 0.14 0.14 0.24

P2O5 bdlb bdl bdl 0.01 0.05 0.04 bdl 0.02 0.02 bdl bdl 0.01 0.02

K2O 1.49 2.07 2.26 7.80 6.98 7.59 7.74 9.15 7.90 9.32 9.37 8.20 7.14

Total 82.9 88.1 85.7 89.7 92.4 88.4 87.7 89.5 88.1 90.0 89.8 88.2 87.0

Calculated for 36 oxygens

Si4+ 14.786 15.006 15.024 14.959 14.897 14.920 14.718 14.747 14.993 14.761 14.672 14.741 14.850

Al3+ 3.496 3.146 3.177 2.935 3.146 3.041 3.259 3.156 2.997 3.145 3.224 3.213 3.161

Fe+2 0.021 0.005 0.002 0.013 0.010 0.007 0.011 0.003 0.005 0.004 0.017 0.004 0.003

Mg2+ 0.313 0.318 0.323 0.206 0.228 0.248 0.275 0.218 0.180 0.224 0.232 0.260 0.228

Ca2+ 0.623 0.653 0.535 0.284 0.263 0.233 0.259 0.225 0.186 0.191 0.214 0.235 0.250

Na+ 0.018 0.017 0.017 0.143 0.165 0.065 0.043 0.062 0.048 0.059 0.061 0.061 0.103

P5+ bdl bdl bdl 0.002 0.008 0.006 0.001 0.003 0.003 0.001 bdl 0.002 0.004

K+ 0.434 0.569 0.637 2.207 1.882 2.153 2.216 2.590 2.249 2.623 2.651 2.342 2.053

Si4++Al3+ 18.282 18.152 18.201 17.894 18.024 17.962 17.977 17.903 17.990 17.906 17.897 17.953 18.011

Si4+/(Al3++Fe2+) 4.204 4.761 4.727 5.110 4.740 4.913 4.528 4.676 5.008 4.699 4.567 4.592 4.701

Si4+/(Si4++Al3++
Fe2+)

0.808 0.826 0.825 0.835 0.825 0.830 0.818 0.824 0.833 0.824 0.819 0.821 0.824

aNumbers in parentheses correspond to probe locations given in Fig. 7; b bdl: below detection limit

Fig. 8 Panels of qualitative X-ray
maps (Al, Ca, K, P) of the
clinoptilolite-rich area featured in
Fig. 7c, d. Brighter color-scale
values in the X-ray maps indicate
a higher concentration of the
indicated elements. The two
bright spots shown in the K X-ray
map correspond to surface
damage due to electron bean after
individual analyses
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case of K2CO3 the unperturbed ν2 and ν3 CO3
2− modes are

observed at 880 cm−1 and 1400 cm−1 respectively (Hopkinson
et al. 2018).

Thus, the presence of potassium would seem to favor the
stabilization of calcite-type K2CO3 especially in the 50%
OMW-2 loaded CaT-Z sample. The 1350–1500 cm−1 enve-
lope centered at ca. 1438 cm−1 in 50% OMW-2 loaded CaT-Z
can be understood as a convolution of the CaCO3 and K2CO3

calcite ν3 CO3
2− modes. A much weaker broadening effect of

the same origin would be expected for the ν2 mode (875 cm−1

for CaCO3 and 880 cm
−1 for K2CO3), but this is not observed.

The Ca2+ for K+ ion exchange scenario would be in agreement
with the EPMA analysis of the 50% OMW-2 loaded CaT-Z,
showing a reduced Ca and a significantly increased K content
after adsorption. However, due to experimental constraints,
the ATR spectral range does not extend to the FIR region,
where the Ca and K cation motion can be distinguished at
ca. 250 cm−1 (Yiannopoulos et al. 2001) and 140 cm−1

(Kamitsos and Risen Jr 1984), respectively.
The 1018 cm−1 composite band downshift to ca. 1011 cm−1

for the 50% OMW-1 loaded CaT-Z and the 50% OMW-2
loaded NZ sample is difficult to reconcile with the absence
of changes observed in the minerals of the 50% OMW-1 load-
ed CaT-Z in the XRD patterns. Since the orthophosphate in-
corporation in all samples is expected to be minimal (see the
EPMA results for 50% OMW-2 loaded CaT-Z, i.e., 0.01–0.05
P2O5 wt%, Table 4), the apparent downshift cannot be attrib-
uted to a contribution from the ν3(PO4

3−) asymmetric stretch,
as has been done in the case of a much richer phosphate-
containing wastewater like fresh urine (0.80–1.06 P2O5

wt%, see Table S1 in earlier study (Mitrogiannis et al.
2018)). The appearance of the 780-cm−1 shoulder in 50%
OMW-2 loaded NZ and 50% OMW-1 loaded CaT-Z could

be attributed to the incorporation of K2O in the silicate matrix,
which is known to cause a small downshift of the Si–O–Si
bridge bending vibrations with respect to the usual silicate
Na2O environment, but this cannot explain the downshift of
the strong ca. 1011-cm−1 composite band which would be
expected to upshift with K2O content (Kamitsos and Risen
Jr 1984). The absence of the shoulder at 780 cm−1 in 50%
OMW-2 loaded CaT-Z, can be explained by assuming that
practically all of the potassium ions are adsorbed as calcite-
type K2CO3 in this sample instead of partly being incorporat-
ed in the silicate phase as well.

Finally, the O–H stretching infrared bands of adsorbed
water/structural hydroxyl in the inset of Fig. 9 do not show
any appreciable changes, in contrast to the case of adsorbed
ammonium ions where N–H stretching vibrations were also
assigned (Mitrogiannis et al. 2018).

Conclusions

Two different samples of anaerobically digested and dilut-
ed OMW were treated with Ca(OH)2 modified zeolite,
focusing on P and K removal. A comparative adsorption
test showed a higher P removal efficiency by CaT-Z than
by NZ. In both OMW samples, phosphate anions and
potassium cations were simultaneously adsorbed on CaT-
Z. The maximum experimental adsorption capacity of
CaT-Z for K (12.75 and 15.76 mg/g in 50% OMW-1
and OMW-2, respectively) was higher than that for phos-
phate P (1.08 and 2.14 mg/g) due to the much higher
initial concentrations of K in the OMW samples. The
measured values of the adsorbed total organic carbon
(TOC) (0.37 and 1.47 mg/g) showed that CaT-Z displayed
a higher selectivity for dissolved K and P than for OMW
organic matter. However, the proportion of adsorbed TOC
to adsorbed P is significant, ranging from 34.2 to 68.7%.
Therefore, the total alkalinity and dissolved organic mat-
ter in OMW samples seem to have a negative influence on
phosphate adsorption. Sequential desorption tests revealed
that the plant-available P is the main fraction of adsorbed
P on CaT-Z contacted with OMW-1 and OMW-2. The co-
occurrence of Ca and P as well as the increase of P and K
contents at the zeolitic matrix of CaT-Z after the adsorp-
tion is confirmed by the results of the qualitative X-ray
maps and Electron Probe Micro-analysis, respectively.
The latter in situ technique indicated that solute K ions
were exchanged mainly with Ca and less with Mg ions on
CaT-Z. The ATR-IR analysis revealed alterations in the
functional groups of loaded CaT-Z which are related to
the K adsorption and suggest a Ca2+ to K+ ion exchange
among the surface carbonate groups. The present study
demonstrated positive results for the recovery of favorable
OMW compounds. Further studies are needed in respect
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of increasing the removal percentage of P and K from
undiluted OMW using higher CaT-Z dosages or other ad-
sorbents and investigating the potential usage of spent
adsorbents as soil amendment enriched with plant-
available nutrients.
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