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EXTENDED ABSTRACT

INTRODUCTION

Freshwater scarcity is a growing global concerrnti@aarly in arid and semi-arid regions where
precipitation is low and water resources are lichitRapid population growth, urban expansion, and
intensive agriculture have intensified pressureavailable freshwater. In response, wastewater reuse
has emerged as a key strategy to address wateagbsrespecially in regions with limited freshwate
availability. Municipal wastewater treatment plar@/WTPs) can provide treated effluent for
agricultural irrigation, industrial use, and growader recharge. The safety and sustainability ohsu
reuse depend on the quality of the effluent andcampliance with environmental and health
standards. Wastewater is a complex mixture of acgamatter, nutrients, suspended solids, and
potentially toxic elements, including heavy met&@®nventional treatment processes are designed to
remove organic matter and nutrients, but heavy Inmetaoval is often inconsistent. If inadequately
treated, wastewater effluent can degrade soil tyy@ccumulate metals in crops, and pose long-term
risks to human health. Metals such as cadmium, lgadmium, and nickel can reduce soil fertility,
induce phytotoxicity, and enter the food chaing#tening both public health and food security. The
municipal WWTP in Zabol was constructed to reducwirenmental pollution and provide an
alternative water source for agriculture. Howewgrerational inefficiencies, including malfunctiogin
aeration systems and limited maintenance, raiseectnos about effluent quality. This study aims to
evaluate the performance of Zabol WWTP by analytivegphysicochemical properties of its effluent,
assessing heavy metal concentrations in wastewstdls, and sludge, and estimating potential
environmental and health risks. Pollution indiced ¢he Canadian Water Quality Index (CWQI) were
employed to provide integrated assessments ofegftflquality and its suitability for agrlculturalu:m
The findings aim to guide local authorities and ipohakers toward sustalnagle wastewater
management practices.

@t)

DATA AND METHODOLOGY , /

The study was conducted in Zabol, located in Si a4’uct/{estan Province, southeastern Iran. The
WWTP is situated in the southertCﬁ thg. cfhe region has an arid climate with high
evaporation, low rainfall,_and fini freshwat@sources, making wastewater reuse important for
agriculture. Sa p@&%' conducted in spring 2@24reflect typical operational conditions.
Wastewater samples were collected from the inlet t#ue final effluent outlet. Soil samples were
obtained from agricultural lands adjacent to thi#tueft discharge area, and sludge samples were
collected from drying beds within the plant. Thregbsamples from each site were collected. All
samples were stored in acid-washed polyethylentawrs at 4 °C until laboratory analysis. Effluent
samples were analyzed for pH, electrical condugti¢iEC), total dissolved solids (TDS), biochemical
oxygen demand (BOD5), chemical oxygen demand (C@Igte, nitrite, phosphate, alkalinity, and
dissolved oxygen (DO). Soil and sludge samples wesn-dried at 80 °C and sieved through a 63-
pm mesh. Two grams of the dried sample were didestéh concentrated nitric acid. Effluent
samples were similarly treated. Concentrationsaafndum (Cd), lead (Pb), chromium (Cr), nickel
(Ni), zinc (Zn), and copper (Cu) were measured gisiductively coupled plasma—optical emission

spectrometry (ICP-OES). Soil contamination was @ai@d using several indices
* Contamination Factor (CF): ratio of measured metalcentration to background levels
¢ Pollution Load Index (PLI): geometric mean of Gi#fues for all metals

* Geo-accumulation Index (lgeo): logarithmic comgpani of observed concentrations to geochemical
background

* Enrichment Factor (EF): metal concentrations ndized to a reference element
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Human health risk assessment considered dermakergoAverage daily dose (ADD) and hazard

quotient (HQ) were calculated for each metal tdwata potential risks. The Canadian Water Quality

Index (CWQI) was applied to evaluate effluent gqyalThe index integrates the scope, frequency, and
amplitude of parameter exceedances relative tgaiion standards, providing a comprehensive
assessment of water suitability.

RESULTS AND DISCUSSION

Effluent analysis revealed significant deviationsni recommended irrigation standards. BOD5 and
COD were considerably higher than permissible Bmindicating poor organic matter removal. TDS
and total suspended solids (TSS) exceeded standsudgesting inefficient sedimentation and
filtration. Effluent pH was slightly alkaline, ocsianally exceeding recommended ranges. Dissolved
oxygen was consistently low, reflecting limited lbigical activity due to inadequate aeration.
Phosphate levels were elevated, while nitrate amrdenwere variable but mostly within acceptable
limits. These findings indicate operational defiwiges, primarily the inoperative aeration systemt th
limits biological treatment. Heavy metal levelseiffluent, soils, and sludge were generally withafes
limits. Effluent contained low concentrations of, lir, Pb, Cd, Zn, and Cu, below critical thresholds
for irrigation. Soils near the WWTP exhibited mimoetal enrichment. Sludge samples showed higher
Hg, Zn, and Cu concentrations, consistent withrtaecumulation in solid waste~during treatment.
Pollution indices supported these findings. CF galindicated low contamm io ﬂg(or most metals,
with Zn approaching moderate contamination. PLUeaIremalned ne ng minimal overall
pollution. Igeo confirmed background to unpollutemhdltj%ns or osf) etals EF identified Zn and
Cu as enriched in soails, hlghllghtmg the needdiogoi ng. CWQI assessment classified the
effluent as “poor to marginal,” |nd|cat|ng3that ét%niglﬂr ation is unsafe. Elevated BOD, COD,
TSS, TDS, and phosphate priméri tri torpwvater quality, while heavy metals had
minimal impact on the ove aII@ his studykhights significant operational challenges at Zabol
WWTP. High gfk@b/f and TDS levels indicatadequate removal of organic matter and
suspended solils, largely due to malfunctioningtéan, which is essential for biological treatment.
Elevated phosphate levels pose a risk of nutriealance and potential eutrophication in irrigated
soils. Variable nitrate and nitrite concentratieugigest instability in treatment processes. Lowyea
metal concentrations are encouraging, yet Hg, Ad, @u enrichment in sludge and soils suggests
potential long-term accumulation. Pollution indidgedicate minor current contamination but stress th
importance of continuous monitoring to prevent fatenvironmental and health risks. CWQI results
show that, despite acceptable heavy metal levedg) brganic and nutrient loads make effluent
unsuitable for unrestricted irrigation. Improvengerduch as restoring aeration systems, applying
advanced nutrient removal processes, and integrdgrtiary treatment would enhance effluent
quality. Regular monitoring of effluent, soil metatcumulation, and potential risks to crops and
humans is essential for sustainable wastewateeralfastewater reuse in arid regions like Zabol is
feasible but requires technological upgrades, gffeananagement, and continuous oversight. Such
measures will safeguard soil health, protect agitical productivity, and contribute to water resoeir
resilience in drought-prone areas.

CONCLUSION

The Zabol WWTP shows low efficiency in removing angc matter, suspended solids, and nutrients,
despite heavy metal concentrations remaining wishiie limits. Elevated BOD, COD, TSS, TDS, and
phosphate, along with low DO, indicate insufficidmblogical treatment due to inoperative aeration
units. Pollution indices suggest minor soil contaemion, with Zn and Cu exhibiting the highest
enrichment. CWQI classified the effluent as “poorrharginal,” highlighting its unsuitability for
unrestricted irrigation. Sustainable wastewater agament in the region requires restoring aeration
systems, implementing advanced nutrient removdin@logies, integrating tertiary treatment, and
conducting continuous monitoring of effluent andssolrhese interventions will protect agricultural
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productivity, maintain soil health, prevent envineental degradation, and enhance water resource
resilience in the Sistan region.
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