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Highlights

- A comprehensive evaluation of a wastewater treatment plant operating in a highly arid desert oasis.

- The plant’s high efficiency and stability in removing both chemical oxygen demand (COD) and
biological oxygen demand (BOD:s), as well as total suspended solids (TSS), despite harsh and hostile
climatic conditions.

- The treated water meets microbiological standards for controlled agricultural reuse after ultraviolet
disinfection.

- Residual salinity after treatment is the most significant obstacle to the long-term reuse of wastewater
in oasis agriculture.

- Integrated water and soil management strategies are crucial for sustainable reuse in arid regions.

What are the main findings?

e  High efficiency: Working to remove approximately 90% of COD/BODs and 94% of TSS, which
demonstrates the station’s strong performance even under extremely dry conditions.

e  Safe for reuse: The UV disinfection process provides a significant reduction in pathogens,
allowing for reuse in agriculture.

e  Salinity constraints: Residual salinity in treated water limits reuse, necessitating reliance on
adapted crops and rational soil and water management.

What are the implications of the main findings?

¢ Reuse is possible: treated wastewater can support irrigation in extremely arid regions.
e  Salinity must be managed: through salt-tolerant crops and through adapted irrigation practices.
e The need for an integrated approach: combining treatment, soil management, and policies.

Abstract

Today, the reuse of treated wastewater is considered an important and strategic driver for integrated
and sustainable water and soil management in extremely arid desert regions, where significant
constraints due to water scarcity, soil salinization, and the fragility of agricultural ecosystems within
palm oases place a strain on all sustainable development policies. Through this study, we conducted
a comprehensive evaluation of the performance of the treatment, as well as the constraints related to
salinity and the implications for the land management of the activated sludge wastewater treatment
plant located in the Timimoun desert oasis in southern Algeria. Through monthly monitoring over a
12-month period, we were able to perform an analysis of physicochemical, nutritional and
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microbiological parameters, as well as a seasonal analysis, in addition to calculating irrigation
suitability indicators using first-order kinetic modeling of COD degradation. The results obtained
showed high reduction rates for COD (90%), BOD5 (90,5%), and TSS (93.8%), confirming the
resilience and effectiveness of biological treatment under very difficult and hostile climatic
conditions. Furthermore, the ultraviolet disinfection process ensures microbiological quality that
allows for reuse of treated water in agriculture. However, the residual salinity of this water remains
a significant limiting factor for sustainable reuse, highlighting the need to integrate soil management
strategies, crop selection, and irrigation management into regulatory frameworks for wastewater
reuse. Therefore, this study provides us with important and useful scientific data for developing
sound and sustainable water and land management policies in the harsh climate of Saharan oases.

Keywords: treatment of wastewater reuse; land management; salinity management; hyperarid
environments; irrigation suitability; saharan oasis systems

1. Introduction

Sustainable wastewater management in hyper-arid regions poses a major challenge to water
security, soil conservation, and the resilience of agricultural ecosystems in oases. Extreme
evaporation, the near absence of groundwater recharge and the natural accumulation of salts in
desert environments impose significant biogeochemical constraints that directly and effectively
impact the functioning of biological purification processes [1,2]. In this context, the reuse of treated
wastewater is considered a key strategy to reduce the depletion of deep aquifers and to support
agricultural production in oases [3,4].

Most studies conducted in arid regions have shown that wastewater treatment processes,
particularly intensive biological and plant-based systems, can maintain high productivity despite
extreme climatic conditions, thanks to microbial adaptation, natural aeration processes, and
rhizosphere interactions [4,5]. However, these environments are characterized by several challenges,
including high salinity and temperature fluctuations, which can lead to changes in soil structure, in
addition to the risks of sodiumization and a significant progressive decrease in soil permeability. This
requires careful monitoring of electrical conductivity, major ions, and sodium uptake [6,7].

Research on irrigated agriculture using treated wastewater in harsh and arid environments in
North Africa has also highlighted the crucial importance of assessing the long-term effects of this
water on soil, plant productivity, and nutrient dynamics [8]. Furthermore, the quality of the water
used for irrigation and the stability of the performance of treatment are factors strongly influenced
by the human and climatic pressures to which it is exposed [9]. In this context, analyzing the
operation and efficiency of the wastewater treatment plant in the Timimoun oasis is of particular
importance to ensure the sustainable management of scarce water resources and to guide them
towards agricultural development in a desert environment subject to significant constraints.

Therefore, our work aims to provide a comprehensive evaluation of the wastewater treatment
performance of the Timimoun plant, within the broader framework of scientific knowledge on
wastewater treatment in extremely arid and hostile environments. This article aims to provide a solid
scientific basis to support treated wastewater reuse strategies, to promote the sustainability of water,
agriculture and the environment in Saharan oases [10].

1.1. Novelty and Importance of the Study

This study provides new data on the operation of a wastewater treatment plant using activated
sludge in a very arid desert climate, where extreme temperatures and high salinity levels are
recorded, restrictions rarely documented on the real-world scale. The combined analysis of
purification performance and decomposition kinetics, in addition to indicators of suitability for
irrigation, allows us to identify the main limiting factors, such as residual salinity [10]. The results
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obtained demonstrate the operational flexibility of the process and provide us with a baseline that
allows us to improve the treated water reuse process while integrating it into oasis systems.

2. Materials and Methods

2.1. Study Area and Environmental Context

The Timimoun oasis (southern Algeria) is located in the extremely arid Sahara region, suffering
from a rainfall deficit of less than 80 mm per year, in addition to high temperatures exceeding 45 ° C
in summer, and some of the highest potential evaporation rates in the world. These extreme climatic
conditions severely affect the performance of biological treatment processes and the quality of
effluents intended for agricultural reuse [12,13]. The wastewater treatment plant serves
approximately 5,000 population equivalents. It primarily receives domestic wastewater with a
moderate organic load but a high mineral content, characteristic of desert regions [8,9].

2.2. Description of the Treatment Process

The wastewater treatment process at the oasis wastewater treatment plant is based on a
traditional biological process adapted to arid regions and relies on the following elements:

System Boundary

Aeration Tank Clarifier

Influent N Ll
Q Sﬂ Xﬂ + [Q-QW]
Xe 5

5 Xg V

Return Activated Sludge
Qr XR 5

Sludge
Qw X 5

Figure 1. Schematic representation of the activated sludge system of the Timimoun oasis wastewater treatment

plant.

- Pretreatment

¢ Coarse and fine screening.

e Grit/oil removal

- Biological treatment

The activated sludge system with extended aeration promotes the decomposition of organic
matter and partial nitrification. Numerous studies in desert environments have demonstrated the
ability of biomass to withstand hot climates [4,5].

- Clarification

Gravity separation in a secondary clarifier.

- Tertiary treatment

Ultraviolet disinfection is recommended in arid regions to prevent the formation of chlorination
byproducts [14,15].

- Sludge management
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The sludge produced by the sedimentation unit is thickened, dried naturally, and used in
agriculture according to methods documented in numerous studies [7,16].
2.3. Sampling Strategy

Various samples were collected monthly for twelve months (January to December) to account
for seasonal variations characteristic of extremely arid environments. The sampling points are shown

in Table 1.
Table 1. Sampling points.
Code Point Description
P1 WWTP Input Raw wastewater
P2 Clarifier outlet Secondary effluent
P3 UV outlet Final effluent for reuse
Bl Stabilized mud Sludge intended for recovery

The various samples were collected according to APHA Standard Methods [12].

2.4. Physicochemical Analyses

The measured parameters include the following. COD, BOD5, TSS, pH, electrical conductivity
(EC), ammonia nitrogen (NH4"), nitrates (NOs"), Kjeldahl nitrogen (KTN), total phosphorus (TP) and
major ions (Na*, Ca?, Mg?, CI"). Table 2 summarizes the methods used in this work.

Table 2. Parameters analyzed and associated methods.

Setting Method Reference

COD Dichromate APHA 5220D
BOD5 Incubation period: 5 days APHA 5210B
TSS GF/C Filtration APHA 2540D
NHa* Indophenol APHA 4500-NH3
NOs- UV 220 nm APHA 4500-NO3
PT Ascorbic acid APHA 4500-P
CE Conductimetry ISO 7888

pH Potentiometry 1SO 10523

Physicochemical and nutritional parameters were analyzed using standardized methods to
ensure data quality. Table 2 illustrates the exclusive use of the APHA and ISO protocols, which
guarantees the accuracy and comparability of the analyzes.

2.5. Calculation of Irrigation Suitability Parameters

Irrigation quality indicators were calculated as follows:

2.5.1. Sodium Adsorption Ratio (SAR) [17].
[Na™]

SAR =
J([Ca2+] +2 [Mg?*])

2.5.2. Residual Sodium Carbonate (RSC) [18].

RSC=(CO32—+HCO3-) — (Ca2++tMg2+)
An RSC > 2.5 meq/L indicates a high risk of sodification [1,19].
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2.5.3. Risk Index for Soil Permeability (ISP) [18].

/Ca2+ +Mg2+
ISP=({1————7F——]%x100

Nat

These standards are essential in desert regions where salinity levels are naturally high [6,7].

2.6. Microbiological Analyses

The microbiological indicators measured included total coliforms, fecal coliforms and E. coli, by
membrane filtration (APHA 9222 D/E) [20].

The effectiveness of UV disinfection was evaluated by comparing the bacterial load before and
after exposure.

2.7. Kinetic Modeling

A first-order model was used to study the kinetics of COD and nitrogen decomposition [21]:
C, = Coe™t
This method is commonly used in biological processes in arid regions, particularly in planted
filters and hybrid systems [22,23].

2.8. Statistical Analysis

Statistical analysis was performed using R 4.3 and OriginPro 2023:

¢ Normality tests (Shapiro-Wilk)

¢ Analysis of variance (ANOVA) of seasonal variations

* Pearson correlation coefficients that include salinity, sodium, and electrical conductivity;
* Modeling of the Kinetic Equation by Nonlinear Regression

¢ A significance level of p <0.05 was used.

3. Results and Discussion

3.1. Overall Performance of Wastewater Treatment Plants Under Hyper-Arid Conditions

The following table (Table 3) shows the average wastewater treatment performance of the
Timimoun plant. The high removal rates observed for COD (90%), BOD5 (90.5%) and TSS (93.8%)
reflect the excellent efficiency of the biologically activated sludge system despite the severe climatic
constraints of the extremely arid desert environment. Similar performance has also been observed for
wastewater treatment plants operating in hot and dry climates, demonstrating the robustness and
efficiency of traditional biological processes when properly implemented [24,25].

Table 3. Average Wastewater Treatment Performance of the Timimoun Wastewater Treatment Plant.

Setting Entrance (mg/L) Exit (mg/L) Yield (%)
COD 780 + 60 75+ 10 90%
BOD5 420 +35 40+5 90.5%
MES 32028 20+3 93.8%
NHg 58+ 6 10+2 82.7%
NTK 68+5 18+3 73%
PT 11+3 4=+1 64%

TSS visually illustrates the results obtained in Table 3, which clearly demonstrate the overall

stability of the treatment, a result also observed in studies recently published in several journals
[26,27].
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Figure 2. Treatment Performance of the Timimoun Wastewater Plant: Removal efficacy and influence-

effectiveness concentration profiles.

The following figure (Figure 3) illustrates the weekly evolution of suspended solid
concentrations in raw and treated wastewater. Despite fluctuations in inlet concentrations, treated
wastewater at the outlet exhibits relatively low and stable concentration levels, indicating effective
secondary settling and satisfactory cohesion of biological flocs [28]. These results are consistent with
what has been observed and reported for biological systems operating at high thermal pressure [29].

Result of TSS treatment
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Figure 3. Variation of TSS concentrations in wastewater (untreated versus secondary treatment) and the rate of
reduction during the operating phase.

Figure below (Figure 4) illustrates the temporal evolution of total dissolved solids (TDS). The
removal efficiency remains moderate (40-55%), reflecting the inherent limitations of biological
processes with respect to dissolved fractions. This finding has been widely documented in recent
water literature, as it is a key factor in evaluating the feasibility of effluent reuse in arid regions [29,30].

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202604.0452.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 April 2026

d0i:10.20944/preprints202604.0452.v1

7 of 14

TDS before and after treatement
3000

2500

2000

|

1500 TDS_Untreated
B TDS_Treated

1000 M Removal_Eff %

50

o

o

EN
w-2
3 F
W-4 &

W-5

-6
-7 =

-8
W-9 =
W-10 =
W-11 =
W-12 =
W-13 =
W-14 =
W-15 =

Week

Figure 4. Variation in the concentrations of total dissolved solids (TDS) (untreated vs. secondary treated) and
the extent of the percentage decrease over the operating period.

Figures 5 and 6, which relate to the weekly evolution of BODs and COD, show significant and
relatively stable removal rates, often exceeding 85%. These results help to confirm the capacity of

biological processes to absorb variations in organic load in the presence of severe drought, which is
consistent with the observations made by [31].
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Figure 5. Change in BOD concentrations (untreated versus secondary treated) and percentage decrease during
the operating period.

The reduction in BOD is particularly high, ranging between 85% and 95%. This result was
observed even during the peak observed in W-9, where the system was able to maintain wastewater

with a low load of biodegradable organic matter, thus demonstrating the remarkable resilience of
active biomass in the face of an increase in organic load [32].
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Figure 6. Evolution of COD and removal efficiency.

The high and stable performance observed for TSS, BOD and COD demonstrate the high
efficiency of biological treatment to remove particulate matter and organic particles, consistent with
trends reported in previous literature [17,33]. On the contrary, the slight decrease recorded in the
total amount of dissolved solids is typical of conventional biological processes [34]. This underscores
the need to use advanced and modern technologies such as nanofiltration or reverse osmosis to target
persistent dissolved substances [34]. The yields obtained are comparable to those observed in
constructed wetland systems in the Sahara [5] and in wastewater treatment plants in hot climates
[35].

3.2. Seasonal Variability of Treatment Performance

The figure in the following (Figure 7) illustrates the seasonal variation in the efficiency of COD
removal. A slight decrease in performance is observed during periods of extreme temperatures,
reflecting the impact of heat stress on microbial activity. Despite this, performance remains relatively
high throughout the year, demonstrating the operational flexibility of the system, as confirmed by
several recent studies on wastewater treatment plants in arid environments [36].

RR (%) Average
temperature (°C)
100 25
90
80 20
70
60 15
50
40 10
30
20 5
10
0 0
Summer fall winter spring
s Unplanted unit (U1) s Polyculture unit (U2)
Arundo Donax unit (U3) Phragmites Australis unit (U4)

Average temperature

Figure 7. Seasonal variation of COD yield.

The following figure (Figure 8) shows the relationship between seasonal temperature
fluctuations and the evolution of the physicochemical components of the treated water. Despite all
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the observed temperature fluctuations, the concentrations of suspended solids and organic matter
remained relatively stable, although slight variations in nitrogen forms were observed during the
summer. These trends are consistent with the observations of studies published, which highlight a
moderate effect of temperature on biological systems without significant deterioration in the quality
of treated water [37,38].

Temperature and TSS Analysis Temperature and Water Quality Parameters
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Figure 8. Influence of temperature on wastewater quality parameters.

The decrease in yield can be attributed to:

¢ Partial inhibition of nitrifying biomass (for temperatures > 42 °C),
* Separation of microbial flocs,

¢ Maximum salinity during the summer period [8].

3.3. Salinity of Effluents and Suitability for Agricultural Reuse

Based on the irrigation suitability criteria listed in the following table (Table 4), it is
demonstrated that the treated wastewater has an electrical conductivity between 2.4 and 2.8 dS/m.
Furthermore, the SAR and RSC values indicate that there is no high to medium-risk to agricultural
soils. Similar results have been recorded in other arid oases, such as the Al-Ahsa oasis in Saudi
Arabia, where the reuse of treated wastewater is considered acceptable for salt-tolerant crops,
provided that strict irrigation and soil management practices are implemented [26,39].

Table 4. Parameters of irrigation suitability.

Setting Measured value FAO threshold Interpretation
CE 2.4-2.8 dS/m <3 Acceptable
SAR 6.2 <10 Low risk
RSC 1.1 meq/L <1.25 Satisfying
Cl- 5.4 meq/L <7 Tolerable
Bore 0.65 mg/L <1 Risk-free
Bore 0.65 mg/L <1 Risk-free

The results obtained show that residual salinity remains an important and essential determining
factor for sustainable agricultural reuse, a finding largely confirmed in recent work published in the
journal Water on integrated water and soil management in arid regions [40].
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3.4. Effluent Microbiological Quality and Sanitary Safety

The table in below (Table 5) presents the results of microbiological analyzes obtained before and
after disinfection by ultraviolet radiation. Significant reductions demonstrate the high effectiveness
of UV treatment, with reductions ranging from 4 to 5 log10 for coliforms and Escherichia coli. These
results are also consistent with those reported for wastewater treatment plants intended for
agricultural reuse, where microbiological risk control has been identified as a fundamental and
important condition for sanitary acceptance [36].

Table 5. Microbiological Results.

Indicator Entrance (UFC/100mL) Exit UV (UFC/100mL) Reduction
Total coliforms >100 <102 4 logio
E. coli >10° <10 4-5 logio
Fecal coliforms >10¢ <102 4 logio

3.5. Kinetic Modeling of COD Degradation

The process of applying a first-order kinetic model to the decomposition of COD shows a high
degree of agreement with the experimental data (R? > 0.90), with an average kinetic coefficient k =
0.32 j1. These values can be compared to those obtained for biological systems operating in arid and
semi-arid regions, confirming that residual salinity does not significantly affect the processes of
decomposition of organic matter [36].

3.6. Implications for Land Management and Reuse Policies

The results obtained show that the feasibility of reusing treated wastewater in desert
environments is based on a comprehensive approach that combines treatment performance, salinity
management, and appropriate agricultural practices. This approach is fully consistent with the
guidelines proposed in recent studies, which recommend the implementation of flexible regulatory
frameworks, adaptable to specific soil and climate conditions, and clearly integrated for sustainable
soil management [21,41].

3.7. Transferability to Other Arid and Hyperarid Oases

Although this work focuses on the study of a single wastewater treatment plant, it offers lessons
applicable to other oases in the Sahara and similar arid regions. This is similar to recent studies
published, which confirm the importance of these integrated approaches for improving the
sustainability of treated wastewater reuse strategies in environments that suffer from severe water
stress [22].

Compared to wastewater treatment plants operating in several other arid regions (Table 7), our
Timimoun plant exhibits high efficiency in removing chemical oxygen demand (COD), comparable
to or even exceeding that of conventional biological systems operating under similar climatic
conditions. Unlike membrane processes, residual salinity remains the primary limiting factor for
expanding agricultural use, confirming that treatment performance alone is insufficient to guarantee
the sustainability of wastewater recycling in desert environments [38].

Table 6. Comparative performance of wastewater treatment plants in arid and hyper-arid regions:.

Influential COD COD

i (mg/L) (mg/L) (%) P
Timimoun — Saharan Activated Salt-tolerant
Algeria  hyper-arid sludge + UV 780 75 20 24-28 crops
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4. Conclusions

Through this work, our objective was to highlight the capacity of wastewater treatment plants
operating with activated sludge to maintain high performance and treatment stability in hyper-arid
desert environments, despite the constraints imposed by extreme climatic conditions characterized
by extremely high temperatures, high evaporation, and increased natural mineralization. The
Timimoun oasis wastewater treatment plant shows high capacity and efficiency in the removal of
organic and particulate contamination, in addition to pathogenic microbiological disinfection, which
certainly contributes to the robustness of the full-scale operational process.

However, the results obtained show that the residual salinity of treated water constitutes a major
limiting factor in the sustainable agricultural reuse process. Although irrigation suitability indicators
suggest compatibility with salinity-tolerant crops, the sustainability of reuse largely depends on the
extent to which appropriate soil management and irrigation practices are adopted to prevent damage
from sodification and soil structure degradation.

The results obtained show that the success of treated wastewater reuse strategies in oasis
environments depends not only on the performance of these processes, but also requires an
integrated approach that combines treated water quality with sustainable land management, in
addition to strengthening regulatory frameworks adapted to the local characteristics of the region.
The study of the Timimoun oasis station allows us to draw several lessons applicable to other Saharan
oases and similar arid regions, which will contribute to the development of integrated policies for the
sustainable management of water and soil, with the aim of improving water security and the
sustainability of agricultural ecosystems in fragile desert regions.
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