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Abstract 

Egypt is a semi-arid country and needs other water sources to cover shortages. Soil 

aquifer treatment (SAT) system is a natural advanced treatment technology of 

partially treated wastewater with no chemical additives. The present study evaluates 

the SAT system in west of the Sohag region for wastewater treatment and reuse. 

The measurements were concerned with hydrogen ion (pH), dissolved oxygen 

(DO), biochemical oxygen demand (BOD), chemical oxygen demand (COD), total 

dissolved solids (TDS), total suspended solids (TSS), boron (B), total coliform 

(TC), fecal coliform (FC), heavy metals (HM), and major cations (Ca2+, Mg2+, Na+). 

Results indicated that the pH values of the reclaimed water ranged from 7.53 to 

7.71. DO concentration was exceeded 4 mg/l for the reclaimed water. The SAT 

system’s efficiency in removing BOD, COD, TSS, TC, and FC was 98.3%, 91 %, 

90.7%, 99.99%, and 99.99%, respectively. While TDS and B concentrations 

increased slightly after the SAT system as it moved through the aquifer’s vadose 

zone. On the other hand, HM concentrations were completely removed with a 

removal efficiency of nearly 100%. According to the Food and Agriculture 

Organization (FAO) and the Egyptian Code of Practice (ECP), reclaimed water is 

suitable for irrigation. Moreover, reclaimed water suitability for irrigation was 

assessed based on sodium adsorption ratio (SAR), electrical conductivity (EC), 

magnesium hazard (MH), total hardness (TH), and Kelley ratio (KR). It was found 

that extracted water at 1500 m is suitable for irrigation when considering the SAR, 

EC, and MH values. On the other hand, the reclaimed water at the same distance is 

present under hard to very hard category, reflecting its unsuitability for irrigation 

purposes. Based on KR, samples are unsuitable for irrigation if KR is considered. 

The cost of the SAT system is less than 34% the tertiary treatment cost. The 

artificial aquifer recharge by partially treated wastewater presents an attractive tool 

applied in Egypt to be safely reused in unrestricted irrigation and reuse wastewater 

in safe ways while preserving the environment. 

Keywords: Artificial recharge, Egypt, Soil aquifer treatment, Wastewater reuse, 

Wastewater treatment. 
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1.  Introduction 

Egypt is a semi-arid country and covers one million square kilometres, and it is 

situated in the south-eastern part of the Mediterranean Sea. It is water-stressed due 

to limited natural water resources, increasing population, dryness, and increased 

demand for industrial, domestic, agricultural sectors, and reclaimed lands that need 

potable water [1]. The primary source for water supply in Egypt is the Nile River, 

which provides 55.5 BCM/y, which accounts for more than 97% of the water 

budget, and the 3% remaining comes from renewable, fossil groundwater, and a 

few showers of rainfall [2]. The irrigation with raw or diluted wastewater continued 

to increase in several developing countries due to the scarcity of freshwater 

resources. The use of treated wastewater provides a dependable alternative source 

for irrigation, which consumes 80-85% of freshwater resources in arid and semi-

arid regions [3]. 

Soil aquifer treatment (SAT) system is an advanced treatment technology of 

partially treated wastewater with no chemical addition and little energy. It is an 

effective natural dilution and economically feasible tertiary treatment for reuse in 

arid and semi-arid regions to produce refreshed water [4-7]. In this technique, 

partially treated wastewater is recharged through soil strata that provide additional 

treatment to improve water quality [8, 9]. The recharged water passage vertically 

within the unsaturated soil layers (vadose zone), then horizontally in the aquifer to 

the recovery wells. The vadose zone acts as a filter for the groundwater by 

removing a wide range of contaminants [10, 11] by various biochemical and 

physical soil processes [7]. SAT can be used for the treatment of primary, 

secondary, or tertiary effluents. This method is an essential technique for managing 

and preserving natural groundwater volumes [12-14]. The most advantages of the 

SAT system are the probability of treated wastewater storage in the aquifer [15-17] 

and reducing evaporation of stored water [18].  

Furthermore, the SAT system improves the physical, chemical, and microbial 

quality [16, 19] of source water by passage through the soil [20]. Additionally, 

applying the SAT system can also be exploited as a part of the saltwater interference 

barrier system along coastal zones [19, 21]. Another advantage of the system is 

groundwater level restoration in depleted aquifers [22-24]. It can improve 

groundwater quality where groundwater of lower quality [25]. The cost of the SAT 

system is considered less than that of the conventional treatment methods [5, 26], 

and it is expected to be less than the cost of the above-ground treatments by 40% 

with effluent quality equals to or better than that of conventional wastewater 

treatment [4]. Moreover, its operation is simple, and no chemical or expensive 

treatment units and equipment are required. On the other hand, water reuse is 

confirmed to limit arbitrary wastewater discharges to aquatic environments and 

enhance urban water supply security [18]. SAT system has been carried out in many 

countries to improve partially treated wastewater quality [27]. There are three 

commonly employed recharge methods, as shown in Fig. 1, that can be used 

explicitly for the SAT system (a) infiltration or spreading basins [28, 29], (b) 

vadose zone infiltration [30, 31], and (c) direct injection or recharge wells [32-35]. 

Infiltration basins may become a sustainable recharge method due to their low 

operation and maintenance costs [36, 37]. It plays a significant role in maintaining 

aerobic conditions in the recharging wastewater effluent and allowing aerobic 

oxidation of the dissolved organic carbon (DOC) and ammonium (NH+4). The bane 
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of all soil aquifer treatment systems is clogging the soil surface, reducing the 

infiltration rates. Clogging occurred by physical, biological, and chemical processes 

[4]. To prevent this, the recharged water should be of adequate quality to decrease 

suspended soil accumulation.  

 

Fig. 1. Commonly recharge methods for soil aquifer treatment [6]. 

On the other hand, scraping or disking of basins has been effective in reducing 

the rate of clogging to a controllable level [38]. This technique can be accepted where 

a suitable site is available and located in permeable surface soil to get high infiltration 

rates and minimize land requirements. The vadose zone's depth should not contain 

layers of low permeability formations [4, 6] and free from fine-textured materials that 

excessively restrict downward flow. Moreover, the aquifer below the vadose zone 

should be unconfined and free from undesirable contaminants. 

During SAT system, the water quality improves before it got dispersed and 

diluted in the aquifer. This is due to the major removal mechanisms occurring in the 

soil, including sand filtration, adsorption, biological degradation, chemical 

precipitation, physical adsorption of heavy metals and pollutants, ion exchange, 

nitrification, denitrification, and disinfection [36, 39, 40]. These mechanisms are 

more effective in removing contaminants. Some researchers showed the vital role of 

the thin upper layer of the soil in the removal process that occurs in the SAT [24, 41-

44]. Sequential flooding/drying periods at the SAT system significantly control 

oxygen availability [7, 21, 43]. The SAT scheme's cyclic operation aims to increase 

the infiltration rate, maximize nitrification, and remove nitrogen [6]. The ratio of 

wetting/drying in a successful SAT system is always less than one. More than one 

infiltration basin is used to dry one and keep the other in service frequently. Drying 

periods range from one to two weeks for primary effluent and two to three days for 

secondary effluent. Long drying periods increase aeration [20] of the soil by allowing 

oxygen to penetrate to greater depths, while long wet periods increase the depths at 

which ammonia (NH3) is adsorbed to the soil media. On the other hand, in 

conjunction with adsorbents, the SAT system may treat the wastewater containing 

metals and other contaminants to a superior degree [39, 45, 46]. Many methods can 

be used to remove some pollutants from water with high efficiency and low operating 

costs [47, 48].  

This paper aims to solve the water shortage problems in Egypt, to evaluate the 

natural dilution of partially treated wastewater quality after the SAT system to be 

reused in unrestricted irrigation in Egypt. This will be environmentally safe and 
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publicly accepted rather than disposing it into surface waterways; and assess the safe 

disposal and reuse of partially treated wastewater for environmental benefits. On the 

other hand, estimate the system’s efficiency and purification capacity, and analyse 

the performance of the physical, biological, and chemical processes occurring during 

the SAT. 

2. Materials and methods 

2.1. Wastewater treatment plant description 

The wastewater treatment plant is located 10 km west of Sohag city, as shown in 

Fig. 2, and serves people living in the western part of the Nile Valley. The plant 

was constructed in 1995 (the oldest wastewater treatment facility in Sohag 

governorate). The treatment capacity of the plant is more than 40,000 m3/day. 

Wastewater is treated by primary treatment followed by an aerobic activated-sludge 

process and clarifiers. The secondary effluent is then allowed to irrigate wooden 

forests that have an area of 500 acres. 

  

Fig. 2. West of Sohag wastewater treatment plant (source: Google earth). 

2.2. Site description 

The studied area is situated west of the Nile River (floodplain) in Sohag 

governorate, as shown in Fig. 3. It covers a part that extends from the western edge 

of the Nile Valley’s old, cultivated lands up to the lower Eocene limestone plateau. 

It represents the major potential area for land reclamation and development. The 

economy of the area depends mainly on crop production. Crops are cultivated in 

two or three-year crop rotation, including winter, summer, and autumn crops. The 

main crops grown in the study area are vegetables, distributed mainly in the 

different markets within Sohag governorate. 

The groundwater in the study area is commonly the only water resource for 

drinking and irrigation purposes, where surface water resource is insufficient and 

limited during the dry months of the year. There is a considerable distance between 

the reclaimed lands and the surface water (Nile River and irrigation canals). One 

filed recharge site was selected to treat the partially treated wastewater effluent 

(SAT system) for groundwater recharge. Currently, the recharged water comes 
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from the west of the Sohag wastewater treatment plant. This site is bounded by the 

cultivated floodplain from the east and the Eocene limestone plateau from the west. 

The groundwater depth in the study area nearly 25 m [49] and the flow direction is 

in the northeast direction [50]. 

 

Fig. 3. Location and geological map of the study area,  

showing the location of wastewater treatment plant at west of Sohag [51]. 

The recharge site consists of eight infiltration basins, as shown in Fig. 4. Each 

basin is alternately filled with secondary treated wastewater (wetting/drying 

periods) from a single outlet at the basin edge, which delivers the partially treated 

wastewater from the plant, as shown in Fig. 5. 

 

Fig. 4. Plan of infiltration basins. 

Study area 
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Fig. 5. Outlet of partially treated  

wastewater at the basin edge (source: site visit). 

2.3. Sampling and analysis 

In this study, the secondary effluent from the treatment plant is artificially 

recharged into the aquifer through the vadose (unsaturated) zone via infiltration 

basins, as shown in Fig. 6. Samples were collected from four different locations 

around the infiltration basin and transported to the laboratory. The recharged water 

and the reclaimed water samples were analysed for hydrogen power (pH), dissolved 

oxygen (DO), biochemical oxygen demand (BOD), chemical oxygen demand 

(COD), total dissolved solids (TDS), total suspended solids (TSS), boron (B), total 

coliform (TC), fecal coliform (FC), heavy metals (HM), and major cations (Ca2+, 

Mg2+, Na+) at the laboratory in Neda, and El-Kola wastewater treatment plant. The 

laboratory measurements were performed according to standard methods for 

examining water and wastewater 23rd edition [52]. The reclaimed water samples 

results were compared to the Egyptian Code of Practice [53] limits and Food and 

Agriculture Organization [54] for wastewater reuse. 

Percentage of removal efficiency by the SAT system was calculated using Eq. (1): 

Removal (%)  = (1 −
𝐸𝑓𝑓

𝐼𝑛𝑓
) × 100                              (1) 

where Removal is the percentage of removal efficiency, Inf is the concentration in the 

recharged water, and Eff is the concentration in the reclaimed water. The plurality of 

concentrations was measured as mg/l except for total coliforms, and fecal coliform was 

measured as colony-forming units by 100 ml of sample (CFU/100). 

  

Fig. 6. Infiltration basins in the recharge site (source: Site visit). 
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2.4. Experimental procedure 

Reclaimed water quality is determined by analysing water samples obtained from 

the site's recovery wells W1, W2, W3, and W4, which are located at 500, 750, 1000, 

and 1500 m, respectively, from the infiltration basin, as shown in Fig. 7. Hydrogen 

power (pH), and dissolved oxygen (DO) were directly measured in the field, and 

the remaining measurements were performed in the laboratory. Recharged and 

reclaimed water samples were collected in one-litre plastic bottles; their caps were 

right away closed to prevent air entry and kept in a cooler with ice to reduce 

biochemical reactions. The samples were transported from the field to the 

laboratory within one hour to be analysed for physical, chemical, and biological 

parameters. 

 

Fig. 7. Recovery wells locations from the infiltration basin. 

2.5.  Soil exploration 

Mechanical drilling is becoming the most common soil exploration method to a 

depth of up to 60 m. The drill is composed of a machine made of steel and has a 

sharp edge capable of digging the soil. The drill works manually or mechanically 

with a three-leg drilling tower and a towering crane Fig. 8(a). Water is added during 

work, and the output of the drill is lifted out in batches. This method is economical 

and stable up to a depth of 5 m in the soil. However, if drilling more than 5 m, 

packaging pipes are used. This method is suitable for soil with a large proportion 

of gravel or rock. 

The soil column was excavated, with an average of 50 m in-depth, as presented 

in Fig. 8(b). The soil from the infiltration basin was sandy gravel from 0 up to 12 

m, fine-medium sand from 12 up to 20 m, medium-coarse sand with shale from 20 

up to 36 m, and medium-coarse sand with minor clay from 36 up to 50 m in depth. 
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                                    (a)                                                              (b) 

Fig. 8. (a) Mechanical auger drilling;  

(b) Soil profile descriptions from ground surface up to 50 m. 

3.  Results and discussions 

The efficiency of the SAT system in removing pollutants from the partially treated 

wastewater was evaluated by comparing water quality data for the recharged water 

(partially treated wastewater from the wastewater treatment plant before SAT) and 

the reclaimed water samples from the recovery wells (groundwater samples collected 

around the infiltration basins after SAT), to give insight into the treatment being 

provided by the system. The analytical results of the study area are shown in Table 1. 

Table 1. Physicochemical characteristics for all samples in the study area. 

Parameters Infiltration basin 
Distances from the infiltration basin 

500 m 750 m 1000 m 1500 m 

pH 7.38 7.71 7.63 7.53 7.63 

DO (mg/l) 0.8 4.1 4.6 4.9 5.8 

BOD (mg/l) 120 9 4 3 2 

COD (mg/l) 294 38 33 29 26 

TSS (mg/l) 97 18 14 11 9 

TDS (mg/l) 680 3320 2245 2600 1060 

B (mg/l) 0.1 1.05 0.537 1.09 1.166 

FC (CFU/100 ml) 40000 40 36 7 1 

TC (CFU/100 ml) 90500 72 54 12 1 

Mn2+ (mg/l) 0.3 0 0 0 0 

Al3+ (mg/l) 0.15 0 0 0 0 

Cr6+ (mg/l) 0.01 0.0324  0.0287  0.0542  0.0657  

Cu2+ (mg/l) 0.01 0 0 0 0 

Zn2+ (mg/l) 0.05 0 0 0 0 

Cd2+ (mg/l) 0.01 0 0 0 0 

Pb2+ (mg/l) 0.01 0 0 0 0 

EC (µS/cm) 1360 6205 4388 4739 2340 

Ca2+ (mg/l) 8.1 58.076 200.91 176.16 254.53 

Mg2+ (mg/l) 3.16 26.354 87.048 85.229 141.67 

Na2+ (mg/l) 6.9 423.39 752.48 754.7 961.45 
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3.1. Hydrogen ion concentration (pH) 

pH is a term used to express the intensity of the acid or alkaline condition of a 

solution. Fig. 9 shows the values of pH in the recharged and the reclaimed water. 

 

Fig. 1. Hydrogen ion (pH) concentrations for the recharged water and  

the reclaimed water at different distances from the infiltration basin. 

It is observed that the pH values ranged from 7.53 to 7.71. The results indicated 

a general increase in the reclaimed water's pH values compared to the recharged 

water. The higher values are attributed to the higher content of bicarbonate (HCO3) 

ions in the groundwater than the recharged water. Furthermore, this increase may 

be due to the production of CO2 during the biodegradation of organics. All the water 

samples fall in the safe limit of pH standard (6-8.5) for irrigation purposes [55]. 

According to FAO and ECP, the pH of the reclaimed water was in the range of the 

recommended levels. It is acceptable for reuse in agriculture. 

3.2. Dissolved oxygen (DO) 

Dissolved oxygen concentrations were measured at different distances 500, 750, 

1000, and 1500 m from the infiltration basin as shown in Fig. 10 to study the 

system's efficiency on bacteria and organism’s removal. 

The results showed that the DO concentration in the recharged water was 

lower than that of the reclaimed water. This is due to the microorganisms which 

use the available oxygen to break down organic material into carbon dioxide, 

water, and energy. The DO concentration increases with the increase in distance 

from the infiltration basin. The concentration at 500 m was 4.1 mg/l, at 750 m 

was 4.6 mg/l, at 1000 m was 4.9 mg/l, and at 1500 m was 5.8 mg/l. This increase 

is due to the additional lateral movement through the aquifer and natural mixing 

by groundwater. Reclaimed water at 1500 m exceeds 4 mg/l. So, it is more 

suitable for irrigation.  
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Fig. 2. Dissolved oxygen (DO) concentrations for the recharged water  

and the reclaimed water at different distances from the infiltration basin. 

3.3. Biochemical oxygen demand (BOD) 

The biochemical oxygen demand of wastewater is another criterion for judging the 

suitability of wastewater for irrigation. The recharged water has a high concentration 

of 120 mg/l and has been naturally treated by the system. The high concentration is 

due to microorganisms that consume the amount of oxygen to oxidize organic matter 

of wastewater. It is clear from Fig. 11 that the BOD concentration was decreased with 

an increase in distance from the infiltration basin. The natural dilution can explain 

this by groundwater and the other lateral movement through the aquifer. 

 

Fig. 3. Biochemical oxygen demand (BOD)  

concentrations for the recharged water and the reclaimed  

water at different distances from the infiltration basin. 

The reduction of BOD concentration at the vadose zone is attributed to the 

following major processes: filtration through the upper soil layer, biodegradation in 

the soil by aerobic and anaerobic bacteria, and adsorption by the soil particles through 

the vadose zone. The removal efficiency was 92.5%, 96.6%, 97.5%, and 98.3% at 
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500, 750, 1000, and 1500 m, respectively. This confirms that organic matter has no 

contamination, and the reclaimed water is suitable for irrigating all plants according 

to FAO and ECP. 

3.4. Chemical oxygen demand (COD) 

The concentration of COD in the recharged water was generally higher than those of 

the reclaimed water at different distances from the infiltration basin (Fig. 12). The 

concentration of COD was 294 mg/l in the recharged water. The concentration at 500, 

750, 1000, and 1500 m from the infiltration basin was 38, 33, 29, and 26 mg/l with a 

removal efficiency of 87%, 88.88%, 90%, and 91% respectively. 

 

Fig. 4. Chemical oxygen demand (COD) concentrations for the recharged 

water and the reclaimed water at different distances from the infiltration basin. 

The COD concentration significantly decreased with the increase in distance 

from the infiltration basin as shown in Fig. 12. The farther wells to the infiltration 

basins showed a lower level of contaminants compared to the closer wells. This is 

due to the natural dilution by groundwater and the other lateral movement through 

the aquifer. 

3.5. Total suspended solids (TSS) 

Figure 13 shows the TSS concentration between the recharged and the reclaimed 

water. The concentration of TSS in the reclaimed water was less than the 

recharged water. 

In the SAT system, TSS removal is achieved through infiltration, percolation, 

and sorption. Thus, the removal efficiency was very high for suspended solids 

because of the two main processes: filtration through the vadose zone and 

biodegradation. It was observed that the TSS concentration decreased with the 

increase in distance from the infiltration basin. It was 18 mg/l at 500 m with a 

removal efficiency of 81.4%, 14 mg/l at 750 m with removal efficiency of 85.6%, 

11 mg/l at 1000 m with a removal efficiency of 88.7%, and 9 mg/l at 1500 m with 

removal efficiency of 90.7%. Lower contaminants were observed at farther wells 

compared to closer wells. This is due to the natural dilution by mixing the recharged 
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water with groundwater and the other lateral movement through the aquifer. 

According to ECP, the TSS concentration in the reclaimed water at a distance 

further away from 750 m belongs to grade A, suitable for irrigating all plants by 

the treated wastewater. 

 

Fig. 13. Total suspended solids (TSS) concentrations for the recharged water 

and the reclaimed water at different distances from the infiltration basin. 

3.6. Total dissolved solids (TDS) 

In general, total dissolved solids concentration increased after the SAT system, as 

shown in Fig. 14. This may be attributed to the dissolution and leaching of some 

minerals, salts, and dissolved materials originating from the vadose zone. The 

evaporation of wastewater from the infiltration basin also increases the TDS of the 

recharged water. Furthermore, fertilizers used in agriculture around the region 

increase the TDS in the groundwater. TDS of the reclaimed water increased 

significantly as it moves through the vadose zone from 680 to 3320 mg/l at the first 

well, located at about 500 m from the infiltration basin. The concentration at the 

second well, which located at about 750 m, was 2600 mg/l, at the third well, which 

located at about 1000 m, the concentration was 2245 mg/l, and at the fourth well, 

which located at about 1500 m the concentration was 1060 mg/l. 

 

Fig. 14. Total dissolved solids (TDS) concentrations for the recharged water 

and the reclaimed water at different distances from the infiltration basin. 
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It is observed that the concentration of TDS is irregular with distance from the 

infiltration basin. The concentration of the reclaimed water is higher than the 

recharged water, and hence, no further improvement of water quality in terms of 

TDS can be observed. This high concentration is due to the high TDS concentration 

of the groundwater, which can be attributed to the limestone formation of the 

aquifer and leaching of some minerals, salts, and dissolved materials originating 

from the soil media. According to ECP, the reclaimed water at a distance of 1500 

m is valid for irrigation in both long and short-term usage. According to FAO 

guidelines, it is slight to moderate restricted for irrigation, and it can be used with 

specific crops. 

3.7. Boron concentration (B) 

The measured values of boron concentration were presented in Fig. 15. Irregular 

distribution of B concentration at different distances from the infiltration basin was 

observed. As shown in Fig. 15, the boron concentration in the recharged water was 

0.1 mg/l. It was not removed through the vadose zone or the aquifer and reached to 

1.05 mg/l at 500 m from the infiltration basin. The concentrations were 0.5370, 1.09, 

and 1.166 mg/l at distances 750, 1000, and 1500 m, respectively. This is due to 

leaching of boron from the vadose zone to the aquifer or its presence in the 

groundwater with a concentration higher than the recharged water. 

According to FAO, and ECP the reclaimed water concentrations are much less 

than the permissible limits. Therefore, it is safe for agricultural reuse. 

 

Fig. 15. Boron (B) concentrations for the recharged water and the  

reclaimed water at different distances from the infiltration basin. 

3.8. Fecal coliforms (FC) 

Fecal coliforms (FC) concentration in the recharged water was 40000 CFU/100 ml, 

most of this concentration was removed in the vadose zone, but some penetrated to 

the aquifer as shown in Fig. 16. The concentration of FC at the first production well 

was reduced to 40 CFU/100 ml after approximately 30 m of travel through the 

vadose zone and 500 m through the aquifer. This is due to the impact of travel time 

during percolation through the vadose zone and the major removal mechanisms 

occurring in the soil that includes sand filtration, adsorption, and biological 
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degradation. In the SAT system, wastewater bacteria are removed effectively by 

percolation through the soil. Sorption at the soil surface and inter-grain contacts 

coupled with sedimentation. 

 

Fig. 16. Fecal coliforms (FC) concentrations for the recharged water  

and the reclaimed water at different distances from the infiltration basin. 

It is also clearly noticed that additional lateral movement through the aquifer 

was necessary to produce renovated water that was completely free of fecal 

coliforms at all times. The corresponding FC concentrations in the reclaimed water 

from the second, third, and fourth wells, located at approximately 750, 1000, and 

1500 m, were 36, 7, and 1 CFU/100 ml, respectively. The reduction of fecal 

coliforms concentrations is due to the additional lateral movement through the 

aquifer and the natural dilution by groundwater. The results showed that the FC 

concentration after the SAT system at a distance of more than 750 m is suitable for 

irrigating all plants that can be irrigated by the treated wastewater according to FAO 

and ECP limits. 

3.9. Total coliform (TC) 

Figure 17 illustrates the relation between total coliform (TC) concentration in the 

recharged and the reclaimed water at different distances from the infiltration basin. 

TC concentration in the recharged water was 90500 CFU/100 ml. It was reduced to 

72 CFU/100 ml at a distance of 500 m from the infiltration basin. The figure shows 

that the TC concentration significantly decreased with the increase in distance from 

the infiltration basin. It is noticed that the concentration of TC after a lateral 

movement of 750 m through the aquifer was 54 CFU/100 ml, the concentration was 

12 CFU/100 ml at a distance of 1000 m, and the concentration was 1 CFU/100 ml 

at a distance of 1500 m. The decrease in the concentration with distance is due to 

the natural dilution with the groundwater. 

Generally, the results showed that the count of TC bacteria in the reclaimed 

water was decreased compared to the recharged water. In the SAT system, TC was 

removed effectively by percolation through the soil, sorption at the soil surface, and 

inter-grain contacts coupled with sedimentation processes that eliminate many 

pathogens. On the other hand, the removal rates improvement can be explained by 
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the depth of the vadose zone that increases the sand parti les’ available surface 

area. This may significantly capture the coliform of the recharged water. 

Consequently, the vadose zone acts as an efficient filter against TC transfers from 

the aquifer's infiltration basins surface. 

 

Fig. 17. Total coliform (TC) concentrations for the recharged water  

and the reclaimed water at different distances from the infiltration basin. 

3.10. Heavy metals analysis (HM) 

Heavy metals are one of the most permanent pollutants in wastewater, and 

discharge of high amounts into water bodies leads to several health and 

environmental impacts. The concentrations of Mn2+, Zn2+, Cd2+, Pb2+, Al3+, Cu2+, 

and Cr6+ were analysed. 

Table 2. Heavy metal concentrations of the reclaimed water at different 

distances from the infiltration basin. 

Parameters 
Infiltration 

basin 

Samples at different distances from 

basin 

500 m 750 m 1000 m 1500 m 

Mn2+ 

(mg/l) 
0.3 0 0 0 0 

Al3+ (mg/l) 0.15 0 0 0 0 

Cr6+ (mg/l) 0.01 0.0324 0.0287 0.0542 0.0657 

Cu2+ (mg/l) 0.01 0 0 0 0 

Zn2+ (mg/l) 0.05 0 0 0 0 

Cd2+ (mg/l) 0.01 0 0 0 0 

Pb2+ (mg/l) 0.01 0 0 0 0 

The results of the heavy metal analysis are given in Table 2. The concentrations 

of studied heavy metals were completely removed from the recharged water. 

However, Cr6+ showed irregular distribution with respect to distance from the 

infiltration basin, and its concentrations were in all distances much higher than the 

recharged water. The concentrations of HM are below the permissible limits given 

by FAO and ECP. So, the reclaimed water is suitable for irrigation purposes. 
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4. Reclaimed Water Quality Evaluation for Irrigation Purpose 

To evaluate reclaimed water quality for irrigation uses after the SAT system, 

Electrical conductivity (EC), Sodium adsorption ratio (SAR), Kelley’s ratio (KR), 

Total hardness (TH), and Magnesium hazard (MH) were studied. 

4.1. Electrical conductivity (EC) 

EC is a measure of water capacity to convey electric current. From Table 3, the EC 

values indicated that reclaimed water at a distance of 1500 m from the infiltration 

basin is classified as permissible water category.  

According to the EC grading standards, as suggested by [56], water is suitable for 

irrigation purposes. While, at a distance of 500, 750, and 1000 is unsuitable for irrigation. 

Table 3. Quality of reclaimed water based on electrical conductivity [56]. 

EC (μS/cm) Excellent 

<250 

Good 

250-750 

Permissible 

750-2250 

Doubtful 

2250-5000 

Unsuitable 

>5000 Location 

Infiltration 

basin 
- - 1360 - - 

500 m from 

basin 
- - - - 6205 

750 m from 

basin 
- - - 4388 - 

1000 m 

from basin 
- - - 4739 - 

1500 m 

from basin 
- - 2340 - - 

(-) = None 

4.2. Sodium adsorption ratio (SAR) 

Sodium adsorption ratio (SAR) is an important parameter for measuring the 

suitability of reclaimed water for irrigation. Its value was calculated using Eq. (2) of 

Raghunath [57]: 

𝑆𝐴𝑅 =
Na2+

√(Ca2++Mg2+)/2
                                                                                              (2) 

All concentrations are expressed in meq/l. 

Table 4. Quality of reclaimed water based on SAR [58]. 

                   SAR 

(meq/l) 

Location 

Excellent 

<10 

Good 

10-18 

Doubtful 

18-26 

Unsuitable 

>26 

Infiltration basin 0.52 - - - 

500 m from basin - 11.58 - - 

750 m from basin - 11.16 - - 

1000 m from basin - 11.67 - - 

1500 m from basin - 11.98 - - 

(-) = None 
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The classification for SAR is given in Table 4. The SAR values of the reclaimed 

water samples were found to be in the range of 10-18 and are classified as suitable 

for irrigation [58]. So, the reclaimed water is suitable for irrigation purposes. 

4.3. Kelley’s ratio (KR) 

To evaluate the effect of sodium on quality of the reclaimed water for irrigation KR is used 

[59]. KR is calculated by Eq. (3). All the ionic concentrations are expressed in meq/l. 

𝑘𝑅 =
𝑁𝑎2+

(𝐶𝑎2++𝑀𝑔2+)
                                                                                 (3) 

Table 5. Quality of reclaimed water based on Kelley’s ratio [59]. 

                      KR % 

Location 

Suitable 

< 1 

Unsuitable 

> 1 

Infiltration basin 0 - 

500 m from basin - 4 

750 m from basin - 2 

1000 m from basin - 2 

1500 m from basin - 2 

              (-) = None 

The reclaimed water was classified for irrigation based on KR, as shown in Table 

5. KR less than 1 % is suitable for irrigation, but it is unsuitable if the ratio is high. In 

the present study, the reclaimed water samples are unsuitable for irrigation purposes, 

with more than 1 of Kelly’s ratio. 

4.4. Magnesium hazard (MH) 

MH for irrigation water was calculated using the following formula [60]. All the 

concentrations are expressed in meq/l. 

𝑀𝐻 =
𝑀𝑔2+

(𝐶𝑎2++𝑀𝑔2+)
× 100                                                                                     (4) 

Table 6. Quality of reclaimed water based on magnesium hazard [61]. 

                          MH % 

Location 

Suitable 

< 50 

Unsuitable 

> 50 

Infiltration basin 39 - 

500 m from basin 43 - 

750 m from basin 2 - 

1000 m from basin 44 - 

1500 m from basin 48 - 

            (-) = None 

Magnesium hazard (MH) value of more than 50% is considered unsuitable for 

irrigation. From Table 6, it is seen that all of the reclaimed water samples have a 

magnesium ratio of less than 50 % and hence are suitable for irrigation purposes. 

4.5. Total hardness (TH) 

Total hardness (TH) is an essential factor in evaluating the reclaimed water for 

irrigation purposes. TH is calculated by Eq. (5) [56]: 
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TH = 2.497 Ca2+ + 4.115 Mg2+                                                                                  (5) 

All the concentrations are expressed in mg/l. 

Table 7. Classification of reclaimed water quality based on hardness [62]. 

              TH (mg/l) 

Location 

Soft 

<75 

Moderate hard 

75-150 

Hard 

150-300 

Very hard 

>300 

Infiltration basin 33 - - - 

500 m from basin - - 253 - 

750 m from basin - - - 860 

1000 m from 

basin 
- - - 791 

1500 m from 

basin 
- - - 1219 

(-) = None 

According to [62], all collected water samples are hard to very hard water, which 

labels these waters unsuitable for irrigation purposes. The high values of total 

hardness are due to the high dissolution of the limestone rocks present in the study 

area. Furthermore, fertilizers in the region also contribute to this increase as they 

mostly contain Mg2+. 

5.  Cost analysis 

The economic comparison between the SAT system and the tertiary treatment stage 

was presented in Table 8. The capital cost of the tertiary treatment stage is 150 million 

EGP, according to the Sohag Water and Wastewater Company, Egypt. The total capital 

cost of the SAT system in west of the Sohag region, including pipelines to the 

infiltration basin, storage system, land required for the infiltration basin, wells, and 

pumping system, were estimated to be 4.6 million EGP. The SAT system's construction 

cost in the study area is less than the cost of the tertiary treatment stage by 96.6%. 

Operation and maintenance (O&M) cost of the SAT system and the tertiary treatment 

stage is 4.0 and 6.0 million EGP/year, respectively. Considering the cost of producing 

m3/day of treated water according to O&M cost. The cost of the SAT system is less 

than the cost of tertiary treatment by 34%. SAT operation is simple, and no chemical 

additives or expensive treatment units are required. Therefore, the SAT is economically 

feasible to carry out in Sohag city. 

Table 8. Economic comparison between the SAT system  

and the tertiary treatment stage in west of Sohag, Egypt. 

Parameter Unit 
SAT 

system 

Tertiary 

treatment 

Capital cost 
(Million 

EGP/Unit) 
4.6 150.0 

Chemicals, 

operation 

and energy 

cost/year 

(Million 

EGP/Unit) 
4.0 6.0 

Cost/ m3/day (EGP/ m3) 0.27 0.41 
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6. Conclusions 

Improvement of partially treated wastewater quality was studied using the SAT 

system. The obtained results concluded that the efficiency of the system in removing 

biochemical oxygen demand, chemical oxygen demand, total suspended solids, total 

coliform, and fecal coliform was 98.3%, 91 %, 90.7%, 99.99%, and 99.99%, 

respectively. The dissolved oxygen concentration was highly increased in the 

reclaimed water, so the wastewater quality was improved. Mn2+, Zn2+, Cd2+, Pb2+, 

Al3+, and Cu2+ were completely removed from the recharged water with a removal 

efficiency of 100%.  

The vadose zone acts as a filter for the aquifer recharge, and it is more effective 

in removing contaminants that come from the land surface. The suitable distance for 

extracting the recharged water with acceptable quality is 1500 m from the infiltration 

basin. Different methods like SAR, MH, EC, KR, and TH were used to evaluate the 

reclaimed water quality for irrigation purposes. SAR and MH indicated that the 

reclaimed water at different distances is suitable for irrigation. EC reveals that the 

sample at a distance of 1500 m is suitable for irrigation purposes.  

On the other hand, KR and TH indicated that the reclaimed water is unsuitable for 

irrigation purposes. Wastewater treatment using the SAT system achieved ECP and 

FAO limits for unrestricted irrigation. Economically the studied system is feasible to 

implement in Sohag city, and a cost saving of 34% was achieved. Finally, this system 

presents an attractive tool can be applied in Egypt to be safely reused in unrestricted 

irrigation, safeguard public health, and limit adverse environmental impact. 

 

Nomenclatures 
 

Al Aluminium 

B  Boron 

BOD Biochemical oxygen demand 

Ca Calcium 

Cd Cadmium 

COD Chemical oxygen demand 

Cr Chromium 

Cu Copper 

DO Dissolved oxygen 

EC Electrical conductivity 

EGP Egyptian pound 

FC Fecal coliform 

HM Heavy metals 

KR Kelley's ratio 

MH Magnesium hazard 

Mg Magnesium 

Mn Manganese 

Na Sodium 

Pb Lead 

pH Hydrogen power 

SAR Sodium adsorption ratio 

SAT Soil aquifer treatment 

TC Total coliform 
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TDS Total dissolved solids 

TH Total hardness 

TSS Total suspended solids 

Zn Zinc 
 

Abbreviations 

APHA American Public Health Association 

ECP Egyptian Code of Practice 

FAO Food and Agriculture Organization 

References 

1. Abdel Meguid, M. (2017). Key features of the Egypt’s water and agricultural 

resources. In: Negm, A.M. (Ed.), Conventional Water Resources and Agriculture in 

Egypt, Springer Berlin Heidelberg, Berlin, Heidelberg, 1-61. 

2. El-Rawy, M.; Abdalla, F.; and El Alfy, M. (2020). Water resources in Egypt. Z. 

Hamimi et al. (eds.), The geology of Egypt, Regional Geology Reviews, Springer 

Nature Switzerland AG, 687-711. 

3. Mahmoud, M.A.; and El-Bably, A.Z. (2017). Crop water requirements and 

irrigation efficiencies in Egypt. In: Negm A.M. (eds.), Conventional water 

resources and agriculture in Egypt. The Handbook of Environmental Chemistry, 

vol. 74. Springer, Cham. 

4. Bouwer, H. (2002). Artificial recharge of groundwater: Hydrogeology and 

engineering. Hydrogeology Journal, 10(1), 121-142. 

5. Dillon, P.; Pavelic, P.; Toze, S.; Rinck-Pfeiffer, S.; Martin, R.; Knapton, A.; and 

Pidsley, D. (2006). Role of aquifer storage in water reuse. Desalination, 188(1-3), 

123-134. 

6. USEPA. (2006). Process design manual: Land treatment of municipal wastewater 

effluents. EPA/625/R-06/016, US Environmental Protection Agency, Office of 

Research and Development, Cincinnati, Ohio, USA. 

7. Goren, O.; Burg, A.; Gavrieli, I.; Negev, I.; Guttman. J.; Kraitzer. T.; Kloppmann, 

W.; and Lazar, B. (2014). Biogeochemical processes in infiltration basins and their 

impact on the recharging effluent, the soil aquifer treatment (SAT) system of the 

Shafdan plant, Israel. Applied Geochemistry, 48, 58-69. 

8. Donn, M.; Reed, D.; Vanderzalm, J.; and Page, D. (2020). Assessment of E. coli 

Attenuation during Infiltration of Treated Wastewater: A Pathway to Future 

Managed Aquifer Recharge. Water, 12(1), 173. 

9. He, K.; Asada, Y.; Echigo, S.; and Itoh, S. (2020). Biodegradation of pharmaceuticals 

and personal care products in the sequential combination of activated sludge 

treatment and soil aquifer treatment. Environmental Technology, 41(3), 378-388. 

10. Amy, G.; and Drewes, J. (2007). Soil aquifer treatment (SAT) as a natural and 

sustainable wastewater reclamation/reuse technology: Fate of wastewater effluent 

organic matter (EfOM) and trace organic compounds. Environmental Monitoring 

and Assessment, 129(1-3), 19-26. 

11. Morrison, C.M.; Betancourt, W.Q.; Quintanar, D.R.; Lopez, G.U.; Pepper, I.L.; and 

Gerba, C.P. (2020). Potential indicators of virus transport and removal during soil 

aquifer treatment of treated wastewater effluent. Water Research, 177, 115812. 



Improvement of Partially Treated Wastewater Quality by Soil Aquifer . . . . 709 

 
 
Journal of Engineering Science and Technology        February 2022, Vol. 17(1) 

 

12. Xanke, J.; Goeppert, N.; Sawariech, A.; Liesch, T.; Kinger, J.; Ali, W.; Hötzl, H.; 

and Hadidi, G.N. (2014). Impact of managed aquifer recharge on the chemical and 

isotopic composition of a karst aquifer: Wala reservoir, Jordan. Hydrogeology 

Journal, 23(5), 1027-1040. 

13. Scanlon, B.R.; Reedy, R.C.; Faunt, C.C.; Pool, D.; and Uhlman, K. (2016). 

Enhancing drought resilience with conjunctive use and managed aquifer recharge in 

California and Arizona. Environmental Research Letters, 11(3), 035013. 

14. Shabani, F.; Aflaki, R.; Minamide, T.; Venezia, T.; and Stenstrom, M.K. (2020). 

Soil aquifer treatment to meet reclaimed water requirements. Water Environment 

Research, 92(2), 266-277. 

15. Bhuiyan, C. (2015). An approach towards site selection for water banking in 

unconfined aquifers through artificial recharge. Journal of Hydrology, 523, 465-474. 

16. Elkayam, R.; Michail. M.; Mienis. O.; Kraitzer. T.; Tal. N.; and Lev. O. (2015). Soil 

aquifer treatment as disinfection unit. Journal of Environmental Engineering, 

141(12), 1-7. 

17. Page, D.; Bekele, E.; Vanderzalm, J.; and Sidhu, J. (2018). Managed aquifer recharge 

(MAR) in sustainable urban water management. Water, 10(3), 239. 

18. Ayuso-Gabella, M.N.; Page, D.; Masciopinto, C.; Aharoni, A.; Salgot, M.; and 

Wintgens, T. (2011). Quantifying the effect of managed aquifer recharge on the 

microbiological human health risks of irrigating crops with recycled water. 

Agricultural Water Management, 99(1), 93-102. 

19. El-Ayni, F.; Cherif, S.; Jrad, A.; and Trabelsi-Ayadi, M. (2011). Impact of treated 

wastewater reuse on agriculture and aquifer recharge in a coastal area: Korba case 

study. Water Resource Management, 25(9), 2251-2265. 

20. Fichtner, T.; Goersmeyer, N.; and Stefan, C. (2019). Influence of soil pore system 

properties on the degradation rates of organic substances during soil aquifer treatment 

(SAT). Applied Sciences, 9(3), 496. 

21. Sharma, S.K.; and Kennedy, M.D. (2017). Soil aquifer treatment for wastewater 

treatment and reuse. International Biodeterioration and Biodegradation, 119, 

671-677. 

22. Fischer, A.R.; Stefan, C.; Silabetzschky, K.; Werner, P.; and Hoc, B. (2011). Soil 

aquifer treatment as a tool for sustainable groundwater use in Hanoi/Vietnam. 

Journal of Environmental Protection, 2(7), 882-887. 

23. Händel, F.; Binder, M.; Dietze, M.; Liedl, R.; and Dietrich, P. (2016). Experimental 

recharge by small-diameter wells: the Pirna, Saxony, case study. Environmental 

Earth Sciences, 75(10), 930. 

24. Siebe, C.; Prado Pano, B.L.; and Alcantara-Hernandez, R.J. (2019). Impacts of long-

term wastewater irrigation on soil-aquifer interactions: evidences from the critical 

zone observatory valle del mezquital, central Mexico. American Geophysical Union, 

Fall Meeting 2019. 

25. Barba, C.; Folch, A.; Gaju, N.; Sanchez-Vila, X.; Carrasquilla, M.; Grau-Martínez, 

A.; and Martínez-Alonso, M. (2019). Microbial community changes induced by 

managed aquifer recharge activities: linking hydrogeological and biological 

processes. Hydrology and Earth System Sciences, 23(1), 139-154. 

26. Weisbrod, N.; and Furman, A. (2019). Physical and biochemical processes in soil 

aquifer treatment. American Geophysical Union, Fall Meeting 2019. 



710        H. M. Amin et al. 

 
 
Journal of Engineering Science and Technology        February 2022, Vol. 17(1) 

 

27. Sheng, Z. (2005). An aquifer storage and recovery system with reclaimed wastewater 

to preserve native groundwater resources in El Paso, Texas. Journal of 

Environmental Management, 75(4), 367-377. 

28. El-Rawy, M.; Zlotnik, V.A.; Al-Raggad, M.; Al-Maktoumi, A.; Kacimov, A.; and 

Abdalla, O. (2016). Conjunctive use of groundwater and surface water resources with 

aquifer recharge by treated wastewater: evaluation of management scenarios in the 

Zarqa River Basin, Jordan. Environmental Earth Sciences, 75(15), 1146. 

29. Barquero, F.; Fichtner, T.; and Stefan, C. (2019). Methods of in situ assessment of 

infiltration rate reduction in groundwater recharge basins. Water, 11(4), 784. 

30. Liang, X.; Zhan, H.; and Zhang, Y.K. (2018). Aquifer recharge using a vadose zone 

infiltration well. Water Resources Research, 54(11), 8847-8863. 

31. Arrey, I.; Odiyo, J.O.; Makungo, R.; and Kataka, M. (2019). Vadose zone 

infiltration and its implication for groundwater contamination risk assessment in 

Siloam village, Limpopo province, South Africa. Jàmbá: Journal of Disaster 

Risk Studies, 11(2), 1-9. 

32. Al-Maktoumi, A.; El-Rawy, M.; and Zekri, S. (2016). Management options for a 

multipurpose coastal aquifer in Oman. Arabian Journal of Geosciences, 9(14), 636. 

33. Ghazavi, R.; Babaei, S.; and Erfanian, M. (2018). Recharge wells site selection for 

artificial groundwater recharge in an urban area using fuzzy logic technique. Water 

Resources Management, 32(12), 3821-3834. 

34. El-Rawy, M.; Al-Maktoumi, A.; Zekri, S.; Abdalla, O.; and Al-Abri, R. (2019). 

Hydrological and economic feasibility of mitigating a stressed coastal aquifer using 

managed aquifer recharge: a case study of Jamma aquifer, Oman. Journal of Arid 

Land, 11(1), 148-159. 

35. Al-Maktoumi, A.; Zekri, S.; El-Rawy, M.; Abdalla, O.; Al-Abri, R.; Triki, C.; and 

Bazargan-Lari, M.R. (2020). Aquifer storage and recovery, and managed aquifer 

recharge of reclaimed water for management of coastal aquifers. Desalination and 

Water Treatment, 176, 67-77. 

36. Asano, T.; and Cotruvo, J.A. (2004). Groundwater recharge with reclaimed 

municipal wastewater: Health and regulatory considerations. Water Research, 38(8), 

1941-1951. 

37. Ross, A.; and Hasnain, S. (2018). Factors affecting the cost of managed aquifer 

recharge (MAR) schemes. Sustainable Water Resources Management,, 4(2), 

179-190. 

38. Humberto, H.A.M.; Raoul, C.C.; Lorenzo, V.V.; and Jorge, R.H. (2018). Aquifer 

recharge with treated municipal wastewater: long-term experience at San Luis Rio 

Colorado, Sonora. Sustainable Water Resources Management, 4, 251-260. 

39. Drewes, J.E.; Reinhard, M.; and Fox, P. (2003). Comparing microfiltration-reverse 

osmosis and soil-aquifer treatment for indirect potable reuse of water. Water 

Research, 37(15), 3612-3621. 

40. Bixio, D.; Thoeye, C.; De Koning, J.; Joksimovic, D.; Savic, D.: Wintgens, T.; and 

Melin, T. (2006). Wastewater reuse in Europe. Desalination, 187(1-3), 89-101. 

41. Essandoh, H.M.K.; Tizaouib, C.; and Mohameda, M.H.A. (2013). Removal of 

dissolved organic carbon and nitrogen during simulated soil aquifer treatment. Water 

Research, 47(11), 3559-3572. 



Improvement of Partially Treated Wastewater Quality by Soil Aquifer . . . . 711 

 
 
Journal of Engineering Science and Technology        February 2022, Vol. 17(1) 

 

42. Friedman, L.; Mamane, H.; Avisar, D.; and Chandran, K. (2018). The role of 

influent organic carbon-to-nitrogen (COD/N) ratio in removal rates and shaping 

microbial ecology in soil aquifer treatment (SAT). Water Research, 146, 197-205. 

43. Mienis, O.; and Arye, G. (2018). Long-term nitrogen behavior under treated 

wastewater infiltration basins in a soil aquifer treatment (SAT) system. Water 

Research, 134, 192-199. 

44. Takabe, Y.; Kameda, I.; Suzuki, R.; Nishimura, F.; Kusuda, Y.; 

Phattarapattamawong, S.; and Itoh, S. (2019). Evaluation of dissolved organic 

matter removals through WWT and SAT using pilot-scale and lab-scale reactors. 

Water, Air, & Soil Pollution, 230, 127. 

45. Abel, C.D.T.; Sharma, S.K.; Buçpapaj, E.; and Kennedy, M.D. (2013). Impact of 

hydraulic loading rate and media type on removal of bulk organic matter and nitrogen 

from primary effluent in a laboratory-scale soil aquifer treatment system. Water 

Science and Technology, 68(1), 217-226. 

46. Rekha, K.H.; Nagarajappa, D.P.; and Lokeshappa, B. (2020). Toxic wastewater 

treatability study by soil aquifer treatment (SAT) with adsorbent. Environment, 

Development and Sustainability, 22(5), 4043-4071. 

47. Hashim, K.S.; Ali, S.S.M.; AlRifaie, J.K.; Kot, P.; Shaw, A.; Al Khaddar, R.; Idowu, 

I.; and Gkantou, M. (2020). Escherichia coli inactivation using a hybrid ultrasonic-

electrocoagulation reactor. Chemosphere, 247, 125868. 

48. Hashim, K.S.; Shaw, A.; AlKhaddar, R.; Kot, P.; and Al-Shamma’a, A. (2021). 

Water purification from metal ions in the presence of organic matter using 

electromagnetic radiation-assisted treatment. Journal of Cleaner Production, 

280, 124427. 

49. Abdel Moneim, A.A. (1999). Geoelectric and hydrogeological investigation of the 

groundwater resources on the area to the west of the cultivated land at Sohag, Nile 

valley, Upper Egypt. Geological Society of Egypt, 43(2), 253-268. 

50. Abudeif, A.M. (2015). Integrated electrical tomography and hydro-chemical 

analysis for environmental assessment of El-Dair waste disposal site, west of Sohag 

city, Egyp. Environmental Earth Sciences, 74(7), 5859-5874. 

51. TEGPC and CONOCO. (1987). Geological map of Egypt (Scale 1:500000), sheet: 

NG 36 NW Assiut. 

52. APHA, A. (2017). Standard methods for the examination of water and wastewater. 

Edition No: 23. 

53. ECP-501. (2015). Egyptian code of practice for the use of treated municipal 

wastewater for agricultural purposes. The Ministry of Housing Utilities and Urban 

Communities, (In Arabic). 

54. FAO. (1992). Wastewater treatment and reuse in agriculture. M.B. Pescod. 

Irrigation and Drainage Paper No. 47. Rome, Italy. 

55. Ayers, R.S.; and Westcot, D.W. (1985). Water quality for agriculture. FAO irrigation 

and drainage paper, 29(Rev. 1):1-144. 

56. Todd, D.K. (1980). Groundwater hydrology, 2nd ed., Wiley, New York. U.S. Salinity 

Laboratory Staff (1954) Diagnosis and Improvement of Saline and Alkali Soils, 

USDA, Handbook 60, U.S. Government Printing Office, Washington, D.C. 

57. Raghunath, H.M. (1987). Groundwater, 2nd Ed. Wiley Eastern Ltd. New Delhi, India. 



712        H. M. Amin et al. 

 
 
Journal of Engineering Science and Technology        February 2022, Vol. 17(1) 

 

58. Richards, L.A. (1954). Diagnosis and improvement of saline and alkali soils. USDA 

and IBH Pub, Coy Ltd., New Delhi, India. Agric. 

59. Kelley, W.P. (1963). Use of saline irrigation water. Soil Science, 95(4), 355-391. 

60. Paliwal, K.V. (1972). Irrigation with saline water. Monogram No. 2 (New series), 

IARI, New Delhi. 

61. Szaboles, I. and Darab, C. (1964). The influence of irrigation water of high sodium 

carbonate content on soils. In: Szabolics, I., Ed., Proc 8th International Congress Soil 

Science Sodics Soils, Research Institute for Soil Science and Agricultural Chemistry 

of the Hungarian Academy of Sciences, ISSS Trans II, 802-812. 

62. Sawyer, C.; McCarthy, P.; and Parkin, G. (2003). Chemistry for environmental 

engineering and science. McGraw-Hill, New York, (5 ed.). 


