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Abstract: This project investigated the relative efficiencies of three pilot-scale constructed columns
for enhancing drainage wastewater treatment processes to ensure compliance with Egyptian and
international water quality criteria. In this investigation, basic materials (sand and gravel) and variable
natural clay minerals zeolite (Z), diatomite (D) and bentonite (B) were utilized as packing materials to
build up a Z column (ZC), D column (DC) and B column (BC), respectively. The three columns’ ability to
remove pollutants from waste water for re-use in irrigation was investigated throughout one year (12 trials).
The results revealed that the influent water had 211 mg/L total suspended solids, 6.09 mg/L total nitrogen,
36.67 mg/L biochemical oxygen demand, 56 mg/L chemical oxygen demand, 1700 mg/L total dissolved
solids, 0.97 mg/L copper (Cu2+), 1.12 mg/L iron (Fe2+), 1.07 mg/L manganese (Mn2+), 1.02 mg/L lead
(Pb2+), 1.05 mg/L zinc (Zn2+), and 46 × 103 CFU/mL fecal coliforms. These parameters were higher than
the values permitted by Egyptian and international licenses. The range of removal efficiency of these
pollutants by ZC was 96–21%, by BC was 99–29.8%, and by DC was 99–19.80%. Regeneration studies
for the spent adsorbents demonstrated that the percentages of pollutant removal were sufficiently
high. The treated effluent produced by the three columns was suitable for irrigation purposes,
especially at a contact time of four hours, with the order for column treatment efficiency being
BC > DC > ZC. Treated water was classified for irrigation suitability according to the Agrifood Water
Quality Index (AFWQI) as marginal from the ZC, very good from the DC, and excellent from the BC.
Treatment of such drainage water using the BC and DC appears feasible, because the process is easily
operated and leads to final treated effluent of high quality for agricultural uses. The economic cost
also confirms the feasibility of this treatment.

Keywords: agrifood water quality index; bentonite; diatomite; drainage water; pilot-scale columns;
wastewater treatment

1. Introduction

Water scarcity is one of the major global issues of this century in the light of population
growth, agriculture uses, industrial utilization, and climate change. Industrial or domestic
wastewater contains numerous pollutants including inorganic and organic compounds, as
well as pathogenic microorganisms which are dangerous to humans, animals, and plants.
The most efficient wastewater treatment leads to the production of effluent meeting the
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required quality standards, both at low cost and with minimal operational and maintenance
prerequisites. The deficiency of water and increasing demand for clean water have attracted
the attention of researchers globally to find cost-effective solutions for the management,
purification, and re-use of wastewater.

There are numerous chemical techniques which have been employed in wastewater
treatment, such as chemical coagulation [1], Fenton reaction [2], ion exchange [3], precipita-
tion [4], combined ultrasound-ozone [5], ultra-filtration [6], electrochemical techniques [7],
adsorption [8–10], and packed columns in water treatment applications [11,12] to eliminate
trace and heavy elements, micropollutants and other hazardous materials (i.e., biochemical
oxygen demand (BOD), chemical oxygen demand (COD), paint, phenol, oil and grease, to-
tal suspended solids (TSS), and coliform bacteria) from industrial, municipal and drainage
wastewaters, and aqueous media [1]. Among all of the above-mentioned techniques,
adsorption in clay minerals is viewed as an especially powerful procedure, particularly
regarding the use of low-cost, biodegradable, and environmentally-friendly materials for
the removal of pollutants from wastewaters and aqueous solutions [13].

Clay minerals form excellent natural barriers due to their small grain size, specific
surface area, high efficiency with high uptake capacity, and their diagenetic processes
(which cause high natural density) [14]. In addition, they have the ability to close fissures
and cracks (which may form paths for leachates). Moreover, their chemical reactivity
enables the immobilization of important contaminants [15,16]. The majority of studies have
demonstrated that natural materials can act as good sorbents for toxic materials, including
heavy metals [17], while the sorts and accessibility of clay minerals are also significant
because they are involved in selecting which contaminants are treated. In this study, we
utilized three types of clay minerals (i.e., zeolite, diatomite, and dolomite minerals) to be
compared in the treatment of blended wastewater (fresh, brackish, domestic, drainage,
and industrial) which have different resources, regarding the fact that this wastewater was
referred to the Central Laboratory for Environmental Quality Monitoring (CLEQM) as
samples to be analyzed for different parameters. The leftovers from these samples were
discharged into CLEQM’s drainage wastewater.

Natural zeolites are hydrated aluminosilicate materials with phenomenal ion-exchange
and sorption properties. Zeolite structure consists of three-dimensional frameworks of
tetrahedral SiO4 and AlO4 [18]. The interesting three-dimensional porous structure gives
natural zeolites distinctive application prospects. Zeolites belong in the group of cationic
exchangers due to the abundance of negative charge on their surface, which results from
the isomorphic replacement of silicon by aluminum in the primary structural units. The net
negative charge is balanced by the exchangeable cation (sodium, potassium, or calcium).
The exchangeability of cations with ammonium and heavy metal ions (lead, cadmium,
zinc, and manganese) functions in solutions [19]. Later studies of natural zeolites focused
on their properties, especially the modification of their structure required for them to be
utilized as adsorbents in drinking water and wastewater treatment. Clinoptilolite has
been examined concerning 34/137Cs, 90Sr, and ammonium adsorption for the treatment of
wastewater [20–23].

Diatomite (SiO2_nH2O) is a soft, lightweight, pale-colored sedimentary rock formed
primarily of silica microfossils from aquatic unicellular algae [24]. A past investigation by
Lemonas [25] demonstrated that diatomite is created from a wide assortment of shapes in a
structure containing up to 80–90% voids, and has a particle size ranging from 10 to 200 mm.
Diatomite has been utilized as a filtration medium for adsorption of both inorganic and
organic chemicals because of its specific attributes, namely its low density, highly porous
structure and high surface area. The natural and modified structures of diatomite have
attracted the attention of researchers as an adsorbent for heavy metals and uranium [26,27].

Bentonite is a natural clay formation at the earth’s surface consisting mainly of mont-
morillonite, it belongs in the 2:1 smectite clay mineral group. The fundamental structural
unit is formed of two tetrahedrally coordinated sheets of silicon ions Si4+ encompassing
a sandwiched octahedral coordinated sheet of aluminum ions Al3+. The negative charge



Sustainability 2021, 13, 5738 3 of 18

on the bentonite clay surface results from isomorphous substitution of the trivalent cation
Al3+ for Si4+ in the tetrahedral layer and the divalent cation Mg2+ for Al3+ in the octahe-
dral layer [28]. Bentonite clay can be utilized as a successful adsorbent for many toxic
substances and cations in soil, water and air, but it shows a lower affinity towards negative
groups (phosphates) because of the absence of reactive adsorption sites for anions in water.
Compared with other clay types, it has great sorption properties, and has sorption sites
accessible inside its interlayer space as well as on its outer surface and edges [29].

Many studies have investigated the efficiency of zeolite, diatomite, and bentonite in
removing metal ions from wastewater [22,23,26,27,29]. However, no applied studies have
been conducted so far investigating and comparing pilot-scale bed columns made from
the above-mentioned materials for removal of metals from drainage effluent at CLEQM.
The objective of this study was therefore to evaluate the results of a new investigation
concerning three pilot-scale columns for improving drainage water quality, as well as to
determine and compare the efficiency of wastewater pollutant removal and cost-benefit
analysis for the three columns involved. Both chemical and physical treatments for the
spent adsorbents were carried out, and, finally, the suitability of the treated water samples
for irrigation purposes was evaluated.

2. Materials and Method
2.1. Case Study and Sampling

Interventionary studies involving animals or humans, and other studies requiring
ethical approval, must list the authority which provided approval and the corresponding
ethical approval code. CLEQM is a multidisciplinary organization, an internationally
accredited facility, which obtained its accreditation 17,025 from the Canadian Association
for Environmental Analytical Laboratories (CALA) from 2004 until 2022. CLEQM receives
water resources (fresh, brackish, drainage water, sewage water, industrial wastewater)
from various areas throughout Egypt for analyses. The leftover wastewater is treated in
CLEQM’s treatment plant before being discharged into the freshwater bodies. We aimed
to find an alternative approach to treating wastewater. Hence, wastewater samples were
collected from the CLEQM’s drainage wastewater influent of the CLEQM treatment plant.
The samples were gathered monthly for a year, January to December 2019. The samples for
analysis were collected in polyethylene bottles from every wastewater treatment column.
The preservation and analyses of the gathered samples were conducted according to the
Standard Methods for the Examination of Water and Wastewater [30].

2.2. Adsorbents Preparation

Natural zeolite was obtained from an Egyptian company (TechnoLab El-Bahaa group).
It was crushed using a ball mill device and sieved to obtain an appropriate particle size of
less than 0.25 mm to maximize the adsorption capacity. The material obtained was washed
with de-ionized water to remove any non-adhesive impurities, then dried at 70 ◦C for 24 h
to remove moisture. A representative sample of diatomite was collected from Gebel Elow
El Masakheet in south-western El-Fayoum Governorate, Egypt. The diatomite material
was washed with distilled water to remove any non-adhesive impurities, dried in an oven
at 80 ◦C for 24 h to remove any moisture, then stored in a desiccator, and finally crushed to
0.25 mm particle size to be utilized in this study [31]. Natural bentonite purchased from the
Masr Company for Mineralization and Bentonite, Burg El-Arab, Egypt, was crushed and
sieved to obtain the appropriate particle size 0.25 mm. The material was then activated with
1 M HCl for 24 h, separated from the acid in a Buchner funnel, and washed with de-ionized
water until the pH became neutral. Then it was dried in an oven at a temperature of 105 ◦C
for two hours, then calcinated in the oven at 450 ◦C for 4 h, and finally left to cool in a
desiccator [32].
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2.3. Adsorbents Characterization

Ground zeolite, diatomite, and bentonite samples were squeezed into pellets for ex-
amination and characterization by means of X-ray fluorescence (XRF) utilizing an ARL
SMS-Omega XRF instrument to distinguish their elemental composition. An XRD PANa-
lytical X’Pert Pro diffractometer with an angular scanning range of 5–80◦ and an angular
speed of 2 θ/s over a range of 2 to 50, operated at 40 kW and 40 mA, and X’Pert High Score
search/match software were utilized for identification and characterization of the miner-
als. The Brunauer-Emmett-Teller gas adsorption method (BET, HitachiVP-SEM S-3400N,
Germany) was utilized to estimate the mineral surface area.

2.4. Experimental Device and Adsorption Methodology

Figure 1 shows the design of the experimental pilot-scale columns used in this study,
which consisted of an opaque PVC column, 40 cm in diameter and 180 cm in height. The
column was filled with the following materials: the top and the bottom parts were filled
with 10 cm of gravel (0.5–1.5 cm). The top gravel layer was intended to remove suspended
solids from the wastewater samples to protect the ion exchange beds. The middle of the
column (130 cm) was filled with ion exchange beds, composed of sand (4–6 mm) and one
of the studied materials for each column with a sand:adsorbent ratio of 1:2. The studied
materials were zeolite in the zeolite column (ZC), diatomite in the diatomite column (DC),
and bentonite in the bentonite column (BC). The supply of 1.6 m3/day of wastewater
was provided sequentially for each column. The wastewater samples from the CLEQM
drainage wastewater were passed through a cotton cloth before being loaded into the
columns. The drainage wastewater then passed down through the column by gravity flow.
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Figure 1. Experimental schema for the pilot-scale columns (ZC, BC, and DC).

After 1, 2, 3, 4, and 24 h contact time (between the adsorbent and wastewater), the treated
effluent samples were collected and analyzed as described in the next section. Finally, all
analytical experiments were repeated over 12 months and the mean values were calculated.

2.5. Regeneration of Adsorbents

Recycling or recovery of the spent adsorbents ((zeolite, bentonite and diatomite) + sand)
was carried out by means of chemical and physical treatments. The adsorbents were washed
gently with 1 M KCl to remove the desorbed metal ions from their surface, then with deionized
water to remove any residual KCl. The washed adsorbents were dried at 80 ◦C, then calcinated
in an oven at 550 ◦C for 4 h, and left to cool in a desiccator. A repeat experiment was carried
out for comparison of the original and the regenerated adsorbents with contact time of 4 h.
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2.6. Removal Efficiency (RE)

The removal efficiency (RE) was calculated using Equation (1) after contact times of
1, 2, 3, 4 and 24 h. The initial (Ci) and final (Cf ) concentrations are given in mg/L [2,9].

Removal efficiency (RE %) =

[
(Ci − Cf)

Ci

]
× 100 in mg/L (1)

2.7. Laboratory Analyses for Water Samples

For water analyses, the raw wastewater and treated water were evaluated by monitor-
ing typical quality parameters (TSS, TN, TP, BOD, COD, Copper (Cu), Iron (Fe), Lead (Pb),
manganese (Mn), zinc (Zn), and fecal coliforms) to estimate their removal efficiency. The
following physicochemical characteristics were examined according to standard strategies
for testing freshwater and wastewater [30]. Total suspended salt (TSS) was determined
gravimetrically by filtering a known volume of water through a 0.45 µm filter paper and
noting the increase in weight of the filter paper after heating to dryness at 103–105 ◦C.
Total nitrogen (TN) concentration was analyzed by utilizing the Kjeldahl method, while the
colorimetric method was used for estimation of total phosphorus (TP) after acid digestion of the
sample and extraction of neutralized digest with deionized water [33]. Chloride (Cl−), sulfate
(SO4

2−), phosphate (PO4
3−), and nitrate (NO3

−) were measured using ion chromatography
(IC) on a Dionex model DX5000 device. Calcium (Ca2+), potassium (K+), magnesium (Mg2+),
sodium (Na+), and heavy and trace metals (Cu2+, Fe2+, Pb2+, Mn2+, and Zn2+) were estimated
in water by means of inductively-coupled plasma-optical emission spectrometry (ICP-OES)
using a Dual View 5300DV instrument.

Biological oxygen demand (BOD) was estimated using a BOD fast respirometry system
model TS606/2 with 20 ◦C incubation in a thermostatic incubator chamber model WTW for
five days. A Hach-DR-2010 spectrophotometer was used for the determination of chemical
oxygen demand (COD) calorimetrically. A block heater COD reactor (150 ± 2 ◦C) was used
for oxidation of organic carbon.

For bacteriological analyses, the raw wastewater and treated water samples were
examined over a period of six hours following gathering and treatment, respectively. Fecal
coliform enumeration was done using a membrane filter procedure using a filtration system
ending with a stainless-steel autoclavable manifold and an “oil-free” vacuum/pressure
pump. The filtration of samples was done through a sterile membrane (diameter of 47 mm
and a pore size of 0.45 µm). The data were recorded as colony-forming units (CFU/100 mL)
using the accompanying equation:

Colonies
100mL

=
Counted colonies

mL of sample filtered
× 100 (2)

2.8. Statistical Analysis

All statistical procedures were done with the IBM SAS ver. 20 statistical package (SAS
Institute, Cary, NC, USA). The three experiments were repeated regularly for 12 months
during the year 2019. The data were analyzed and exhibited as min, max, and mean ± SD
(standard deviation).

3. Results and Discussions

Samples gathered from CLEQM’s drainage wastewater were analyzed in triplicate and
the mean values and standard deviations were ascertained for the examined parameters.
The results of statistical analyses of the chemical and microbiological variables in the
samples are presented in Table 1. The composition and XRD patterns of natural clay are
exhibited in Figures 2 and 3. The results of the water treatment are given in Figure 4 and
Table 2. The outcome of clay regeneration is shown in Figure 5, and the Agrifood Water
Quality Index (AFWQI 1.0) values are presented in Figure 6.
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Table 1. Descriptive statistics (min, max, and mean ± SD) for CLEQM’s drainage raw wastewater, Egyptian Law 48
(decision 91, 2013), FAO, and WHO.

Parameters
Min Max Mean ± SD Law 48, Decision 91 (2013) Article 50 FAO [35]

and WHO
[36]Concentration (mg/L) Rosetta and Damietta

Branch River Nile

pH * 7.29 7.41 7.35 ± 0.06 6–9 6–9 6.5–8.4

Total suspended solids (TSS) 193 220 211 ± 15 30 30 -

Total phosphorus (TP) 0.341 0.462 0.4 ± 0.1 1 1 -

Total nitrogen (TN) 4.01 9.42 6.09 ± 2.9 5 5 -

Biological oxygen demand (BOD) 36 38 36.67 ± 1.2 30 20 -

Chemical oxygen demand (COD) 55 58 56 ± 1.7 40 30 -

Copper (Cu) 0.947 1.029 0.97 ± 0.05 1 1 0.2

Iron (Fe) 1.05 1.16 1.12 ± 0.06 1 1 5

Lead (Pb) 1.014 1.02 1.02 ± 0.003 0.1 0.1 5

Manganese (Mn) 1.005 1.19 1.07 ± 0.11 0.5 0.5 0.2

Zinc (Zn) 1.02 1.12 1.05 ± 0.06 1 1 2

Total dissolved solids TDS 1659 1741 1700 ± 41 1200 800 450–2000

Calcium 142 192 151 ± 8.04 - - 400

Potassium 17 61 20.30 ± 2.62 - - 78

Magnesium 41 88 47.60 ± 5.89 - - 60

Sodium 366 427 386.00 ± 19.22 - - 620

Chloride 486 543 502.00 ± 15.47 - - 1065

Nitrate 0.32 41 0.34 ± 0.02 - - 10

Sulphate 241 291 250 ± 8.92 - - 960

Bicarbonate 239 286 245 ± 5.58 - - 610

Fecal coliforms (FC) * (CFU/100 mL) 46 × 103 114 × 103 91 × 103 ± 39 × 103 1000 1000 < 1000

* Units of measurement for all parameters are mg/L, except for pH (dimensionless) and fecal coliforms CFU/100 mL.
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Figure 5. Percentage of removal efficiency (RE%) for TSS, TN, TP, TDS, BOD, COD, FC, Cu, Fe, Pb, Mn, Ni, and Zn removed
from wastewater by zeolite (ZC), diatomite (DC), and bentonite (BC) before (raw) and after regeneration (reg), respectively.
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Figure 6. Agrifood Water Quality Index (AFWQI 1.0) for water treated in zeolite (Z), diatomite (D),
and bentonite (B) columns(C).

3.1. Characterizations of Natural Adsorbents

The chemical composition of natural zeolite, bentonite, and diatomite plays an important
role in the removal of metals from wastewater, as outlined in Figure 2. The characterization of
zeolite using X-ray diffraction indicates that the zeolite investigated in the present study was
predominantly clinoptilite-Na, with the chemical formula Na7.19Si27.12Al8.89O97.92 (Figure 3).
The bentonite utilized in this work was dominated by quartz (Si3O6),
montmorillonite (Si7.8Al11.71Li0.15 Fe0.21Mg0.29O20), kaolinite (Al2Si2O9H4), and dolomite
(Ca3Mg3C6O18) (Figure 3). The diatomite contained calcite (Ca5.62Mg0.38C6O18),
quartz (Si3O6), and sodian anorthite (Na1.92Ca2.08Si10Al6O32). These outcomes of XRF
analysis are in line with those reported by Li et al., (2017), who demonstrated that di-
atomite was composed mainly of SiO2 with percentages ranging from 62.8% to 90.1%.
The surface areas of zeolite, bentonite and diatomite are 365, 550, 28 m2/g, respectively.

3.2. Characteristics of Wastewater

The outcome of CLEQM drainage wastewater quality analysis appears in Table 1.
The raw effluent characteristics were assessed on the basis of Ministry of Irrigation and Water
Resources Law no. 48/1982, enacted via decision no. 92, 2013; article 50 sets the guidelines
which must be applied in the treatment of industrial wastewaters before they are emitted into
freshwater bodies [34]. The results confirmed that the raw wastewater contained amounts of
TSS, TN, BOD, COD, total Coliforms (TC), iron (Fe), manganese (Mn), lead (Pb), zinc (Zn), and
TDS higher than those permitted by Egyptian license (see Table 1). Based on FAO [35] and
WHO [36] regulations, the raw effluents from CLEQM are not suitable for irrigation use due to
their high concentrations of manganese and fecal coliforms.
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Table 2. Descriptive statistics (min, max, and mean ± SD) for water treated with zeolite (Z), diatomite (D), and bentonite (B).

Treated Water (Z) Treated Water (D) Treated Water (B)

Min Max Mean ± SD Min Max Mean ± SD Min Max Mean ± SD

dimensionless

pH 7.31 7.38 7.34 ± 0.03 7.32 7.33 7.33 ± 0.001 7.30 7.34 7.31 ± 0.01

SAR 4.89 4.97 4.94 ± 0.03 4.38 5.07 4.75 ± 0.29 4.42 4.63 4.52 ± 0.11

MH 30.20 30.80 30.5 ± 0.27 32.29 32.92 32.3 ± 0.17 31.54 36.46 35.1 ± 1.6

meq/L

RSC −6.89 −6.53 −6.63 ± 0.14 −8.05 −6.86 −7.42 ± 0.50 −6.55 −5.77 −6.29 ± 0.30

RSBC −3.60 −3.40 −3.44 ± 0.08 −4.35 −3.40 −3.78 ± 0.37 −2.69 −2.59 −2.64 ± 0.05

%

Na% 50.50 51.04 50.86 ± 0.21 46.53 50.95 48.92 ± 1.85 48.15 49.75 48.93 ± 0.82

PI 60.3 61.0 61.0 ± 0.4 56.0 61.0 58.7 ± 2.1 58.7 60.9 59.6 ± 1

mg/L

TSS 4.00 17.00 9.20 ± 5.13 25.00 31.00 25.00 ± 7.89 4.00 7.00 5.05 ± 1.01

TP 0.14 0.15 0.15 ± 0.001 0.21 0.21 0.21 ± 0.001 0.25 0.29 0.26 ± 0.01

TN 1.59 2.02 1.84 ± 017 2.50 2.51 2.51 ± 0.01 2.48 2.59 2.52 ± 0.04

BOD 16.00 24.00 19.20 ± 3.16 11.00 14.00 12.80 ± 1.18 11.00 14.00 12.95 ± 1.01

COD 23.00 29.00 25.40 ± 2.37 16.00 19.00 17.80 ± 1.18 16.00 19.00 17.95 ± 1.01

TDS 1339 1361 1343 ±9.03 1340 1382 1363 ± 17.21 1175 1199 1193 ± 7.74

Copper 0.098 0.100 0.099 ± 0.001 0.097 0.097 0.097 ± 0.001 0.097 0.097 0.097 ± 0.001

Iron 0.227 0.229 0.228 ± 0.001 0.287 0.291 0.289 ± 0.002 0.287 0.291 0.290 ± 0.001

Lead 0.091 0.094 0.093 ± 0.001 0.083 0.091 0.088 ± 0.003 0.083 0.091 0.088 ± 0.003

Manganese 0.084 0.093 0.089 ± 0.004 0.074 0.084 0.080 ± 0.004 0.074 0.084 0.081 ± 0.003

Zinc 0.081 0.084 0.083 ± 0.001 0.124 0.174 0.154 ± 0.02 0.124 0.174 0.157 ± 0.017

meq/L

Bicarbonate 3.79 3.88 3.85 ± 0.04 3.79 3.88 3.85 ± 0.04 4.05 4.15 4.08 ± 0.03

Calcium 7.24 7.39 7.29 ± 0.06 7.29 8.13 7.62 ± 0.33 6.69 6.79 6.72 ± 0.03

Potassium 0.41 0.49 0.45 ± 0.03 0.41 0.56 0.50 ± 0.06 0.36 0.41 0.37 ± 0.02

Magnesium 3.13 3.29 3.19 ± 0.06 3.45 3.78 3.64 ± 0.16 3.13 3.87 3.64 ± 0.26

Sodium 11.31 11.31 11.31 ± 0.001 10.66 11.74 11.26 ± 0.44 10.18 10.44 10.29 ± 0.13

Chloride 13.82 14.13 13.98 ± 0.14 13.40 14.67 14.17 ± 0.50 10.92 10.97 10.96 ± 0.02

Nitrate 0.22 0.22 0.22 ± 0.001 0.22 0.22 0.22 ± 0.001 0.22 0.22 0.22 ± 0.001

Phosphate 0.03 0.03 0.03 ± 0.001 0.03 0.03 0.03 ± 0.001 0.03 0.03 0.03 ± 0.001

Sulphate− 4.93 5.35 5.10 ± 0.16 4.93 5.35 5.10 ± 0.16 4.39 4.83 4.70 ± 0.15

CFU/mL

FC 2400 3400 2800 ± 300 180 245 200 ± 20 180 230 190 ± 20

Key: SAR: sodium adsorption ratio, MH: magnesium hazard, RSC: residual sodium carbonate, RSBC: residual sodium bicarbonate, Na%:
sodium percentage, PI: permeability index, TP: total phosphorus, TSS: total suspended solids, TN: total nitrogen, BOD: biological oxygen
demand, COD: chemical oxygen demand, TDS: total dissolved solids, and FC: fecal coliforms.

3.3. Characterizations of Natural Adsorbents

Zeolite, diatomite, and bentonite are selective scavengers of various trace elements and
cations which can be removed from liquid effluents through the process of ion exchange.
Ion exchange is another method used successfully in industry for the removal of heavy
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metals from effluent. An ion exchanger is a solid capable of exchanging either cations or
anions from the surrounding materials.

This study found that filtering with zeolite, diatomite, and bentonite offers a versatile
and environmentally friendly option for capturing most contaminants in wastewater. Di-
atomite has unique properties due to the presence of calcite in its composition, which sorbs
materials by forming metal hydroxide or metal carbonate [37]. The structures of bentonite
are composed of quartz and montmorillonite. Quartz mineral has a hexagonal crystal
structure made of trigonal crystallized silica (silicon dioxide, SiO2), while montmorillonite
is a mineral containing compounds of Al2O3 and 4Si·H2O. Quartz structure possesses
unique physicochemical characteristics, so it can also be used as a sorbent substance [38].
The outcomes indicate that passing wastewater gathered from CLEQM drainage wastewa-
ter through three columns filled with successive materials (gravel, clay and gravel) is an
efficient treatment method for wastewater and decreases concentrations of pollutants, i.e.,
TSS, TN, BOD, COD, total Coliforms (TC), iron (Fe), manganese (Mn), lead (Pb), Zinc (Zn),
TDS, and fluoride (F-) due to the high sorption capacity of the clay materials used.

Regarding total suspended solids abatement, TSS were substantially reduced after
percolation through the three columns. Figure 4 shows significant reduction in TSS as
the time of exposure increases from 1 to 24 h for the three columns, and it varies between
5% and 97% for the ZC, 20 to 88% for the DC and from 79 to 97% for the BC. One of the
interesting physico-chemical characteristics of gravels is their large surface area, which
contributed by serving as primary barriers to suspended solids in the aqueous medium.
The results also demonstrate that the BC and ZC achieved excellent reduction in TSS, much
better than the DC with the same contact times. This could be explained in terms of the
larger surface area of B and Z compared with D, as summarized in Section 3.2.

Regarding total phosphorus (TP) abatement, the results reveal that the efficiency of
its removal increased with increasing contact time, as depicted in Figure 4. At 4 and 24 h,
the removal efficiency showed a slight increase in comparison with the first contact period
of 1, 2, and 3 h, because pollutants formed a layer on the surface which prevented more
adsorption to the ZC, BC, and DC. The relative efficiencies appeared as the ZC > DC > BC
for TP removal.

Regarding total nitrogen (TN) abatement, the results in Figure 4 show that the highest
removal efficiency for TN was achieved by the DC at 1 h, and then it decreased until it
became constant between 4 and 24 h. The adsorption capacity increased rapidly at the
beginning of the study, but it slowed in the latter stages until it reached equilibrium because
pollutants formed a layer on the surface, which prevented more adsorption to the DC.
BC showed slightly more stable adsorption at all contact times. While the ZC demonstrated
higher constant adsorption after 2, 3 and 4 h, its recovery took more time.

Regarding TDS abatement, the removal efficiency for TDS improved as the contact
time increased by 21, 19.8 and 29.8% for the ZC, DC and BC, respectively. The removal
efficiency of salts depends on the ion-exchange process due to their net negative charge
present on the surface, which is balanced by the exchangeable cation (sodium, potassium,
magnesium or calcium). Indeed, the adsorption of cations (sodium, potassium, magnesium
or calcium) proceeded well on the negatively-charged surfaces of Z, B, and D. The BC was
considered most effective for mitigation of TDS compared with the others, the ZC and DC.
The low reduction of TDS by zeolite is in line with the results obtained by Rezvantalab
and Bahadori [39]. The outcomes of BC treatment were worse than those obtained by
Al-Essa [33], who found that activated bentonite reduced TDS by 71%, which reflects the
conditions of that experiment, the ratio of activated bentonite to water in the column, and
the time of contact. According to Jarboui et al. [40] the reduction in TDS is explained by the
ionic absorption phenomenon after its migration through the column filled with soil (clay
and sand).

Regarding BOD and COD abatement, our analysis of the dissolved BOD and COD
revealed that the organic matter content in the wastewater samples collected from CLEQM
drainage wastewater decreased appreciably after their passage through the three columns.
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Both BOD and COD underwent the same manner of removal by ZC, DC, and BC. BOD
decreased from 36.7 to 19.2, 12.8, 12.9 mg/L, while COD concentration decreased from 58
to 23, 19, 19 mg/L by ZC, DC and BC, respectively, after 24 h of treatment. The outcomes
presented in Figure 4 show that about 60%, 65%, and 65% of total COD were removed after
a contact time of 24 h, while for BOD it was 57%, 61%, and 61% for the ZC, DC, and BC,
respectively. Both the DC and BC showed higher efficiency for BOD and COD removal
than the ZC. The elimination of BOD and COD depends on physical phenomena, including
sedimentation and filtration of particulate forms. The removal efficiency varies due to
differences in adsorbent mass which may impact the adsorption suspension. A larger
mass of adsorbent can adsorb larger amounts of BOD and COD due to the availability of
more surface area at the adsorbent and sorption sites [41,42]. These results are lower than
those from the previous study conducted by Oladoja et al. [43], who carried out a pilot
study using fortified clay soil to treat wastewater from three different industrial sources
(a brewery, natural rubber processing factory, and a textile factory) by means of single
column treatment, in which 80% COD removal was recorded. Moreover, they were in
line with Al-Essa [33], who recorded 80% COD removal by a bentonite column. This was
explained by the nature of the materials and the composition used for the preparation of
the three columns. However, Santi et al. (2008) observed a relatively slight reduction in
COD (37%) during the treatment of wastewater with soil as adsorbent. On the other hand,
Patel and Vashi [44] found that zeolite was more effective in the removal of COD and BOD
than bentonite, Fuller’s earth, or china-clay materials.

Regarding trace element abatement, our results reveal that the efficiency of removal
increased with increasing contact times for the ZC, DC and BC, as depicted in Figure 4.
The values for trace elements demonstrate that copper, lead and manganese underwent the
same manner of removal in the three columns. Adsorption of heavy or trace elements by
zeolite decreased in the order Zn > Mn > Pb > Cu > Fe, while for diatomite and bentonite
the order was Mn > Pb > Cu > Zn > Fe. The three columns were able to reduce the
concentrations to less than the standard license values. The removal of metal ions by each
of the studied column depended on the affinity of metal ions to the column type and the
ionic strength of the solution, as well as increased competition for sorbing sites in the
columns.

A significantly higher removal efficiency for fecal coliforms by ZC, BC and DC is
shown in Figure 4. The removal of bacteria occurred through mechanical trapping and
adsorption [45]. Mechanical trapping took place through surface filtration, whereby parti-
cles that were too large to pass through the pores were trapped at the top of the column.
The adsorption occurred through physical trapping after deeper penetration into the sand
bed [46].

Finally, the outcomes of the treatment process demonstrate that the bentonite column
(BC) was able to remove TSS, TN, BOD, COD, total coliforms (TC), iron (Fe), manganese
(Mn), lead (Pb), Zinc (Zn), and TDS from CLEQM’s raw wastewater to within the range of
the Egyptian license values [34].

3.4. Regeneration of Spent Adsorbent Materials

The most significant issue in wastewater treatment is the regeneration of spent adsorbent
materials. Regeneration is an alternative to disposal for the spent adsorbent, as it removes the
contaminant from the spent material after repeated reuse of the adsorbent in the treatment. In
this investigation, after 12 monthly trials, we utilized KCl, de-ionized water, and 450 ◦C for
calcination of the cleaned adsorbent material for 4 h. After that, the experimental columns
were reconstructed to compare their efficiency before and after calcination. The outcomes
demonstrate that the removal efficiencies for the ZC, BC, and DC were reduced by an average
of 2%, 1.1%, and 1.5%, respectively, after regeneration (Figure 5).
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3.5. Evaluation of Treated Water for Reuse in Irrigation

Treated wastewater may be reused for other purposes after contaminant removal.
Reusing is one of the viable options for sustainable management of wastewater and for
reducing pressure on existing freshwater supplies. Reusing means the utilization of treated
wastewater for a purpose other than that originally generated. Below, the authors evaluate
treated water for reuse in irrigation depending on its physical, chemical, and biological
aspects (Table 2).

The mean pH values of re-used water were 7.34, 7.33 and 7.31 for Z, D, and B, respec-
tively, which indicates these waters were neutral or slightly alkaline (Table 2). These pH
values are in the normal range (6–9) for irrigation of public areas, irrigation of restricted
access areas, and agricultural irrigation for food crops [47]. Bicarbonate ion (HCO3

−) in
waters treated with Z, D and B had mean values 3.85, 3.85 and 4.08 meq/L, respectively,
indicating that slight to moderate restriction must be applied when using these waters for
irrigation (Table 2). Residual sodium carbonate (RSC) is used to express bicarbonate hazard,
which is calculated from the meq/L concentration for bicarbonate, carbonate, calcium and
magnesium, as shown in Equation (3). The results indicate that our Z-, D-, and B-treated
water samples had RSC of less than zero, which is good for irrigation purposes [48].

RSC =
(

HCO−
3 + CO2−

3

)
−
(

Ca2+ + Mg2+
)

, where ions conc. in meq/L (3)

The residual sodium bicarbonate (RSBC) values computed using Equation (4) are less
than 5 meq/L for Z-, D-, and B-treated water samples. According to Gupta and Gupta [49],
RSBC values < 5, 5–10 and >10 meq/L should be tentatively considered as safe, marginal,
and unsatisfactory, respectively. Therefore, all of our treated water samples were safe for
irrigation due to higher Ca2+ concentration relative to HCO3

−.

RSBC =
(

HCO−
3
)
−
(

Ca2+
)

, where ions conc meq/L (4)

The mean values for TSS in our treated water samples were 9.2, 25, and 5.05 mg/L for
Z, D and B, respectively (Table 2). According to Harivandi [50], TSS values below 50 mg/L
are safe for drip irrigation systems, while values above 100 mg/L will cause clogging.
Moreover, TSS values below or equal to 30 mg/L are safe for irrigation of restricted access
areas and agricultural irrigation. As a result, our Z-, B-, and D-treated waters were all safe
for irrigation of restricted access areas (soda farms, silviculture), agricultural irrigation
for commercially-processed food crops, non-food crops and pastures, as well as for drip
irrigation systems.

Total phosphorus TP mean values for the treated water samples were 0.15, 0.21, and
0.26 mg/L for Z, D, and B mg/L, respectively, which are all less than the recommended
value of 0.5 mg/L [51].

TN mean values were 1.84, 2.51, and 2.52 mg/L for Z, D, and B, respectively, which
are all less than the recommended value of 5 mg/L [51]. The mean BOD values for Z, D,
and B water samples were 19.2, 12.8, and 12.9 mg/L, respectively, so all treated waters
were within the recommended limit (<30 mg/L) for irrigation of commercially-processed
food crops and non-food crops and pastures [46].

TDS mean values for the treated water samples were 1343, 1363, and 1193 mg/L for
Z, D, and B, respectively, which do not exceed the critical level of 4000 mg/L, so these
waters will incur no salinity problem if applied to crops [52]. Based on classifications of
TDS [53], all the treated water samples have TDS values in the range of 1000 to 2000 mg/L,
so these waters are suitable for irrigation. According to FAO [35] regulations, slight to
moderate restrictions must be undertaken when using these waters for irrigation: they
are useful for moderately tolerant crops such as vegetable crops (watermelon, spinach,
broad beans, cucumber, and tomato), fruit crops (fig and olive), and field crops (rice paddy,
peanut, sorghum, soybean, wheat, and cotton).

Our Z, D and B treated water samples contained concentrations of Ca2+, Mg2+, and
K+ which are less than the recommended values 20, 5, and 2 meq/L, respectively, for
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irrigation. Na+ and Cl− concentrations were higher than the critical values 9 and 10 meq/L,
respectively, which are useable for moderately tolerant plants, e.g., lucerne [54]. Sulphate
(SO4

2−) concentrations were less than the recommended value of 20 meq/L [53], so our
water samples would not have major damaging effects on plants or soils and could be used
in sprinkler irrigation, nor would they cause any damage to leaves or fruits. Nitrate NO3

−

mean values in the Z-, D-, and B-treated water were all 0.22 mg/L, which is significantly
below the 10 mg/L permitted limit [35].

Sodium adsorption ratio (SAR) is a measure of the suitability of water for use in
agricultural irrigation, as sodium concentration can reduce soil permeability and damage
soil structure [55]. According to Equation (5), the SAR for water is the relative proportion
of sodium to calcium and magnesium ions in meq/L [55]. The calculated SAR values for
our Z, D and B samples were 4.9 ± 0.03, 4.7 ± 0.29 and 4.5 ± 0.11, indicating that these
waters are excellent and suitable for all types of crops (except for those especially sensitive
to sodium) and all types of soils.

SAR =
Na+√

(Ca2+ + Mg2+)
2

, where ions conc meq/L (5)

Sodium percentage (%Na) is a viable parameter for assessing sodium hazard, cal-
culated using Equation (6). The mean values of Na% in our Z, D, and B samples were
50.8%, 48.9%, and 48.9%, respectively, indicating that these waters belong in the permissible
category [55].

Na% =
(Na+)

(Na+ + K+ + Ca2+ + Mg2+)
× 100, where ions conc meq/L (6)

Magnesium hazard (MH) is considered, as high levels of magnesium in water ad-
versely affect crop yields. MH was calculated in terms of calcium and magnesium in
meq/L, using Equation (7). MH values exceeding 50 are supposed to be harmful for
irrigation uses. In the current study, the MH values for Z, D, and B samples were less than
50%, indicating that these waters are suitable for re-use in irrigation.

MH =

(
Mg2+)

( Ca2+ + Mg2+)
× 100, where ions conc in meq/L (7)

The permeability index (PI) indicates whether treated water is suitable for irrigation
purposes. Na+, Ca2+, Mg2+, and HCO3

− in treated water all affect soil permeability after
long-term utilization of these waters for irrigation. PI for our water samples was calculated
using Na+, Ca2+, Mg2+, and HCO3

− in meq/L and applying Equation (8) according to
Doneen [56]. The results presented in Table 2 indicate that PI values for all waters were in
the range 25 to 75%, which is Class II, confirming that the waters are good for irrigation.

PI =

(
Na+ +

√
HCO−

3

)
(Na+ + Ca2+ + Mg2+)

× 100, where ions conc in meq/L (8)

The mean ferrous iron (Fe) values for Z, D, and B treated water samples were 0.228,
0.289, and 0.290 mg/L, respectively, which are less than the maximum permissible Fe in
irrigation water, 5.0 mg/L [35], indicating that these samples are suitable for irrigation.
Manganese (Mn) mean values were 0.089, 0.080, and 0.081 mg/L, respectively, which are
less than the maximum allowable limit for Mn in irrigation water, i.e., 0.20 mg/L [35].
Zinc (Zn) and lead (Pb) mean values in the treated water samples were also less than the
recommended value 5 mg/L for irrigation water [35]. Copper (Cu) concentrations were
less than the recommended value 0.2 mg/L [35].

A maximum limit of 200 fecal coliforms/100 mL is recommended [46]. The D- and
B-treated waters contained fecal coliforms equal or below 200 FCU/100 mL, which indicates
their suitability for irrigation of restricted access areas, irrigation of commercially processed
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food crops, non-food crops, and pastures, although the Z-treated water is not suitable
for irrigation of food and non-food crops according to the US EPA [47] and WHO [57].
The counts of fecal coliforms in Z water exceeded the 1000 CFU/100 mL level, which sug-
gests fecal pollution and raises the possibility of the presence of pathogenic microorganisms
in irrigated vegetables and a threat to public health [58].

The Water Quality Index (WQI) is a tool which summarizes water quality data into
simple, reliable terms (i.e., excellent, very good, good, fair, and marginal) for better un-
derstanding by decision-makers and the general public [59]. The WQI was created by the
Canadian Council of Ministers for the Environment (CCME) and was adjusted for Agrifood
Canada WQI (AFWQI). AFWQI 1.0 was programmed to run on ExcelTM 2000 SP-3, and
later using Visual Basic. It assesses and ranks the quality of water bodies for different
helpful uses of water, including agricultural irrigation [59–63].

The results of our AFWQI calculations demonstrate that our B-treated water was
classified as very good water (i.e., water quality with a virtual absence of threat) with a
WQI = 90. The D-treated sample was classified as good water (i.e., water quality with a
slight threat) with a WQI = 85. The Z-treated sample was classified as marginal surface
water (i.e., water quality of threat much of the time) with a WQI = 49 (Figure 6).

3.6. Cost-Benefit Analysis

The annual operating costs of our pilot-scale constructed columns were estimated,
taking into account 360 days of operation including column composition, recovery of
natural clays, utilities, and maintenance requirements during the pilot process. The cost
analysis summarized in Table 3 shows that an amount of more than USD 40 can be incurred
annually for the production of 220 cubic meters/year, as the results show the feasibility
of recovering the consumed natural materials after regeneration and retesting them once.
This means the cost of treatment was 0.18–0.2 USD/m3. These results are mostly consistent
with the study conducted by Senante et al. [64], who found that the average wastewater
treatment plant operating costs were 0.14, 0.31, and 0.38 USD/m3 for primary, secondary,
and tertiary treatments, respectively. From this, it is clear that the required investment cost
to produce 2 million cubic meters/day is USD 401,818, 367,273, and 374,545 for the ZC, BC,
and DC, respectively.

Table 3. Cost analysis and economic benefit.

Items Variables ZC BC DC

Variable cost (USD)
Average natural clay consumption per year 4 0.2 1

Cost of sand per year 4 4 4

Cost of gravel per year 1.2 1.2 1.2

Fixed Cost (USD)
Cost of PVC column 8 8 8

Cost of column accessories 7 7 7

Variable cost (USD)
Annual cost for spent clay recovery per year 5 5 5

Operating cost including utilities, transportation, power, and maintenance per year 15 15 15

Total annual cost 44.2 40.4 41.2

Amount of treated water (m3/year) 220 220 220

Total cost for 2 million m3/day 401,818 367,273 374,545

4. Conclusions and Recommendations

This investigation of the physical, chemical, and bacteriological characteristics of
wastewater gives a significant insight into CLEQM’s drainage wastewater quality (raw
wastewater assembled before treatment in CLEQM’s plant). The outcomes indicate that the
raw input wastewater had TSS, TN, BOD, COD, total Coliforms (TC), copper (Cu), iron (Fe),
manganese (Mn), lead (Pb), zinc (Zn), and TDS values higher than permitted by Egyptian
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Law 48/1982 and not suitable for irrigation due to the high concentration of manganese
and fecal coliforms.

This investigation was undertaken to evaluate the relative efficiencies of three pilot-
scale columns containing zeolite, bentonite, and diatomite materials for treating CLEQM’s
raw wastewater. The outcomes confirm that the three columns demonstrated higher
removal efficiencies, whereby the BC was more efficient than the DC and ZC in ensuring
that the examined parameters ended up within the range of values permitted in the
Egyptian water quality license. The best removal efficiencies for the examined parameters
occurred at a contact time of 4 h, after which a steady state of removal continued (24 h).
The removal efficiencies of TSS, TN, BOD, COD, fecal coliforms (FC), copper (Cu), iron
(Fe), manganese (Mn), lead (Pb), zinc (Zn), and TDS by ZC were 96%, 68%, 47%, 54%,
96%, 90%, 80%, 91%, 91%, 92%, and 21%, respectively, while by BC they were 97%, 60%,
65%, 68%, 99%, 89%, 74%, 92%, 91%, 85%, and 29.8%, respectively, and by DC they
were 84%, 59%, 65%, 68%, 99%, 89%, 74%, 92%, 91%, 85%, and 19.80%, respectively.
Successive regeneration of the spent adsorbents resulted in the reduction of efficiencies of
the regenerated adsorbents by approximately 2% compared with the natural adsorbents.
Assessment of the suitability of water samples treated in the ZC, BC, and DC for re-use for
irrigation purposes demonstrated that the BC- and DC-treated waters were appropriate
for irrigation of restricted access areas, irrigation of commercially processed food crops,
non-food crops, and pastures in terms of the FAO [35], US EPA, [51] and WHO [36] criteria.
ZC-, DC-, and BC-treated waters were classified, respectively, as marginal, very good,
and excellent for irrigation according to the Agrifood Water Quality Index. The outcomes
of economic cost-benefit analysis for the pilot-scale ZC, BC, and DC were 0.2, 0.18, and
0.19 USD/day, respectively.

The authors propose the utilization of water treated in BCs and DCs for irrigation.
Further investigations are required in situ to assess the impact of using this treated water
for irrigation under different types of soil and crop conditions. Moreover, further studies
are required to investigate the pre-removal of solids before the actual water purification
process by adsorption and ion exchange in natural clay materials.
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