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The valorization of waste streams is a cornerstone of circular economy and 
green chemistry principles. This study investigates the use of aquaculture 
effluent (AQE) as a green fertilizer for irrigating red leaf lettuce (Lactuca 
sativa var. Red Sails), proposing a sustainable agricultural solution that 
addresses two issues: aquaculture waste management and reduced reliance 
on synthetic fertilizers. A greenhouse experiment compared lettuce irrigat-
ed with tilapia AQE to a control irrigated with freshwater (FW) supplement-
ed with a commercial fertilizer. Results showed no significant differences in 
plant growth parameters (branch number, leaf length, and biomass) or 
tissue chemical composition between treatments. Crucially, post-harvest 
soil analysis revealed no accumulation of heavy metals beyond initial levels 
and no detectable microbiological contamination. The potential of AQE for 
nutrient recycling was confirmed, as soil levels of total nitrogen (TN), total 
phosphorus (TP), and total potassium (TK) were maintained or improved. 
These findings demonstrate that AQE irrigation is a viable form of waste 
valorization, offering a safe and effective green alternative to conventional 
fertigation that supports circular nutrient management without compromis-
ing soil health or food safety. 
© 2026 by SPC (Sami Publishing Company), Asian Journal of Green Chemis-
try, Reproduction is permitted for noncommercial purposes. 
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Introduction 

The principles of green chemistry emphasize 

waste prevention, atom economy, and the de-

sign of less hazardous chemical syntheses. A 

direct application of these principles is the val-

orization of industrial by-products, transform-

ing waste streams into valuable resources to 

enhance sustainability. The rapidly growing 

global aquaculture sector is a significant source 

of nutrient-rich wastewater, often regarded as a 

pollutant. This study explores the potential of 

using this aquaculture effluent as a green alter-

native to synthetic fertilizers. Closing the nutri-

ent loop by irrigating crops with effluent not 

only prevents waste and pollution, but also re-

duces the environmental footprint associated 

with the production and use of conventional 

fertilizers. This work positions AQE reuse as a 

viable model for sustainable agriculture within 

a circular economy framework. Driven by in-

creasing demand for fish, rapid aquaculture 

growth produces large volumes of wastewater 

rich in nitrogen, phosphorus, and other essen-

tial micronutrients, primarily from fish waste, 

discarded feed, and organic matter [1,2]. The 

discharge of aquaculture effluents has tradi-

tionally raised environmental concerns, particu-

larly regarding aquatic ecosystems, due to risks 

of eutrophication, pathogen and chemical dis-

semination, soil salinization, and heavy metal 

accumulation [3,4]. However, recent research 

has explored the potential for treating and reus-

ing these effluents through various techniques 

[5-9], highlighting their role as a sustainable 

and cost-effective soil amendment in agricultur-

al systems. The use of aquaculture effluents for 

irrigation offers several advantages, including 

improved soil fertility, increased organic matter 

content, enhanced cost-effectiveness, and sup-

port for beneficial microbial activity. This ap-

proach not only recycles nutrients that would 

otherwise contribute to water pollution, but 

also reduces dependence on chemical fertilizers. 

As sustainable agriculture gains traction, the 

integration of aquaculture and agriculture, 

known as integrated aquaculture-agriculture 

systems (IAAS), presents a promising strategy 

for optimizing resource use and minimizing en-

vironmental impact. This integration embodies 
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a circular economy approach that promotes en-

vironmental balance and enhances crop produc-

tivity. Studies have successfully demonstrated 

the reuse of aquaculture effluents for irrigating 

halophytes and in integrated systems, noting 

benefits such as reduced environmental risk 

and economic advantages [10-12]. Recent work 

by Al-Wabel et al. showed that wastewater from 

aquaculture improved soil health and nutrient 

availability for date palms [12], while Qurie et 

al. demonstrated its successful use in celery 

production [13]. However, a critical and persis-

tent research gap concerns the long-term impli-

cations for soil chemistry, specifically the fate, 

behavior, and potential accumulation of heavy 

metals [3,4]. While many studies focus on mac-

ronutrient cycling and plant growth, a compre-

hensive risk assessment of a full spectrum of 

heavy metals (e.g., Cr, Cd, Pb, Zn, and Fe) within 

the aquaculture-agriculture continuum is lack-

ing. The present work directly addresses this 

shortcoming by providing a detailed compara-

tive analysis of soil properties, including a com-

prehensive heavy metal profile, before and after 

irrigation with tilapia aquaculture effluent com-

pared to conventional fertigation. By demon-

strating that AQE irrigation does not lead to 

hazardous metal bioaccumulation in Lactuca 

sativa or negatively impact soil, this study pro-

vides the necessary empirical evidence to con-

firm the safe and sustainable valorization of aq-

uaculture effluents in agriculture. The objective 

of this project is to evaluate the effects of aqua-

culture effluent on soil characteristics and its 

impact on Red Sails lettuce (Lactuca sativa) 

growth, assessing its potential as a viable alter-

native to conventional fertilization methods. 

Experimental  

The experiment was conducted in a green-

house at the Al-Quds University campus in Abu 

Dis, 5 km east of Jerusalem. It consisted of two 

main components: an aquaculture system and a 

potted soil experiment. The water system com-

prised two equivalent sections: one with fresh-

water (FW) and the other with aquaculture ef-

fluent (AQE), both used to irrigate Red Sails Let-

tuce (Lactuca sativa) grown in pots. The FW 

section served as the control for the pot exper-

iment. A commercial fertilizer (13N:13P as 

P2O5:13K as K2O) was added to the FW tanks at 

a rate of 1 g per liter (resulting in a concentra-

tion of 250 g/250 L). 

Aquaculture system 

The aquaculture system, installed in a 

greenhouse, consisted of a concrete, bowl-

shaped pool with a 3 m diameter and 1.5 m 

depth, filled with 5 m³ of freshwater from the 

Abu Dis municipality. A hydraulic pump system 

was installed inside the pool to pump the AQE 

to a main tank located above the pot experiment 

for gravity-fed irrigation, with the flow rate 

regulated by a water valve. The pool was 

stocked with 150 tilapia fish (Oreochromis spp.), 

chosen for their global importance in food secu-

rity, rapid growth rate, and adaptability to vari-

ous environments [14]. The fish were fed once 

or twice a day. Approximately 25% of the water 

from the aquaculture pool, classified as AQE, 

was discharged daily for use in irrigation. 

Pots irrigation system 

The pot experiment consisted of 16 pots 

filled with the same soil type, divided into two 

groups connected to different irrigation systems 

programmed to water the plants for 10 minutes. 

Each system had a 0.5 m³ storage tank installed 

above the irrigation line for its respective media 

(AQE or fertigated FW). The first group (8 pots) 

was irrigated with AQE; the second group was 

irrigated with fertigated FW. 
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Plant selection 

Red Sails Lettuce (Lactuca sativa) was se-

lected for this experiment. This loose-leaf, red-

bronze variety is known for its tender texture 

and mild flavor. It is one of the most popular 

vegetables grown in aquaponic systems [13,15-

19]. It thrives in cool weather, maturing in 28–

55 days, and prefers full sun, well-drained soil, 

and temperatures between 60 and 65 °F (15–18 

°C). It is moderately bolt-resistant and some-

what disease-tolerant but susceptible to com-

mon lettuce pests. Nutritionally, it is low in cal-

ories (~15 kcal/100 g), rich in water (~95%), 

and provides vitamins A and K, folate, iron, fi-

ber, and antioxidants such as anthocyanins. It 

was chosen for its bolt resistance and perfor-

mance in cool environments [20]. 

Biological growth parameters of plants 

Young Red Sails Lettuce plants were grown 

in the pot experiment under both irrigation 

treatments (FW and AQE). The experiment be-

gan on January 6th and ended on March 1st, last-

ing approximately 55 days. The number of 

branches and leaf lengths was monitored bi-

weekly. Fresh and dry biomass was measured at 

the end of the experiment after harvest. Dry bi-

omass was determined after air-drying the 

plants at room temperature. Chemical analysis 

was performed on the dried plant tissue. 

Water and soil analysis 

Water quality analysis for AQE and FW was 

performed according to standard methods [21]. 

Parameters included electrical conductivity 

(EC), pH, total dissolved solids (TDS), major 

ions (NO3-, Na+, and Ca2+), total nitrogen (TN), 

total potassium (TK), total phosphorus (TP), 

and microbiological tests for total coliform (TC) 

and fecal coliform (FC). Soil samples were col-

lected from all pots at a 0-5 cm depth before 

planting and after harvest. The soil was a loamy 

brown type with a water permeability of 7.1 × 

10-6 cm/s. Samples were sieved, extracted, and 

diluted for analysis according to standard pro-

cedures [22]. Analysis included pH, EC, TDS, or-

ganic carbon content (OCC), total organic car-

bon (TOC), organic matter (OM), TP, TN, Na+, K+, 

and TC/FC tests. 

Statistics and yield component analysis 

Results are expressed as means ± standard 

deviation for three replicates. All statistical 

analyses were performed using the Statistical 

Analysis System (SAS) [23]. Data comparisons 

were carried out using the GLM procedure. The 

Bonferroni correction was employed for multi-

ple comparisons to maintain an experiment-

wise error rate of 5%. 

Results and Discussion 

Water and soil analysis 

Water analysis 

Table 1 summarizes the water quality analy-

sis before planting, during the season, and after 

harvesting. The AQE exhibited characteristics 

generally suitable for agricultural applications. 

The pH values for both FW and AQE (range 

7.00–8.00) fell within the FAO-recommended 

range for irrigation water (6.5–8.4), as did the 

EC values [24]. The higher concentrations of 

macronutrients (TP, TN, and K) in the AQE are 

attributed to tilapia feces and uneaten or de-

composing feed, which are rich sources of nu-

trients. It is estimated that 50–90% of nitrogen 

and over 85% of phosphorus from feed are dis-

charged unconsumed in effluent [25,26]. Micro-

biological analysis showed no contamination 

(TC and FC were null). 
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Table 1. Water analysis of (FW) and (AQE) before planting, during the season, and after harvesting 

 Before plantation  After harvesting 

Parameters (FW) AQE During the 

season 

(AQE)final Fresh water 

from pots 

(AQE) from 

pots 

pH 7.43 ± 0.1 7.20 ± 0.1 7.67 ± 0.1 7.0 ± 0.20 7.9 ± 0.2 7.77 ± 0.1 

EC mS\cm 500 ± 10 543 ± 0.1 820 ± 10 950 ± 20 820 ± 10 677 ± 10 

TDS ppm 240 ± 10 260 ± 10 270 ± 10 480 ± 10 403 ± 10 330 ± 10 

Na ppm 56.05 ± 0.1 75.20 ± 0.1 77.11 ± 0.1 60.85 ± 2.15 73.28 ± 0.1 77.38 ± 0.1 

K ppm 4.01 ± 0.1 16.31 ± 0.1 31.60 ± 0.1 7.30 ± 0.19 85.55 ± 0.1 80.20 ± 0.1 

Ca ppm 42.33 ± 0.1 52.76 ± 0.1 51.92 ± 0.1 48.85 ± 0.45 89.93 ± 0.1 68.35 ± 0.1 

TP ppm 9.46 ± 0.1 17.22 ± 0.1 14.36 ± 0.1 10.56 ± 0.1 36.70 ± 0.1 26.88 ± 0.1 

TN ppm 7.43 ± 0.1 6.91 ± 0.1 10.03 ± 0.1 11.75 ± 0.1 7.21 ± 0.1 9.56 ± 0.1 

NO3 ppm 8.03 ± 0.1 0.88 ± 0.1 4.80 ± 0.1 5.00 ± 0.04 16.90 ± 0.1 21.71 ± 0.1 

FC (cfu/100 ml) null null null null null null 

TC (cfu/100 ml) null null null null null null 

 

Soil analysis before plantation and after harvest-

ing 

Table 2 summarizes the soil analysis results 

before planting and after harvesting. The avail-

ability of macronutrients (N, P, and K) from 

both irrigation sources was confirmed. The 

higher concentrations of some micronutrients 

in AQE-irrigated soil can be attributed to the 

nutrient-rich composition of the Tilapia effluent 

[27,28]. Akindele et al. similarly demonstrated 

that fish farm effluent improves soil nutrients 

[29]. The concentrations of TP, TN, and K were 

similar between treatments (e.g., TP: 3.63 vs. 

3.79 mg/g for AQE and FW, respectively). No 

negative microbiological effects were detected 

in soils from either treatment. Jiajia Wu et al. 

indicated that the aquaculture using shrimp 

pond wastewater has the greatest effect on soil 

pH, water content, and bulk density, and also 

increased the organic carbon in soil [30].  

The evaluation of heavy metal concentra-

tions in soil before and after irrigation demon-

strated variable trends (Table 3). Chromium 

(Cr) levels remained stable across all conditions 

(e.g., 63.2 ppm before planting vs. 64.8 ppm af-

ter AQE), suggesting limited mobility or interac-

tion with irrigation treatments. This stability is 

consistent with the known behavior of Cr in 

soils, where it often persists in the less soluble 

and less bioavailable Cr (III) form [31]. 

Cadmium (Cd) concentrations slightly de-

creased post-irrigation (from 1.1 ppm to 0.9 

ppm), potentially due to plant uptake or immo-

bilization within the soil matrix [32]. Lead (Pb), 

initially present at 0.7 ppm, was undetectable 

after irrigation, indicating possible phytoreme-

diation or strong sorption to soil organic matter 

and clay particles [33]. The decrease in Cd and 

disappearance of Pb are positive findings, sug-

gesting active remediation and a reduction in 

ecotoxicological risk. Copper (Cu) remained be-

low detection limits (<0.05 ppm) throughout 

the study, likely due to strong binding with or-

ganic ligands or low initial presence. Zinc (Zn) 

concentration increased significantly following 

AQE irrigation (from 96.0 ppm to 105.0 ppm). 

This increase is likely due to a combination of 

direct Zn input from fish feed components in the 

effluent and enhanced mobilization of native 

soil Zn facilitated by dissolved organic matter 

(DOM) in the AQE, which can form soluble com-

plexes and reduce Zn sorption to soil particles 

[34-37]. Iron (Fe) concentrations showed a 

modest decrease post-irrigation, which may be 

attributed to plant uptake given its essential 

role in metabolism [38]. 
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Table 2. Soil analysis before planting and after harvesting of Red Sails lettuce irrigated with (AQE) and (FW) 

Parameters Soil before plantation After harvesting 

AQE FW 

pH 8.00 ± 0.01 7.53 ± 0.13 7.43 ± 0.1 

EC µS\cm 460 ± 10 483 ± 12 370 ± 10 

TDS ppm 220 ± 10 240 ± 10 190 ± 10 

Na mg/g 0.25 ± 0.01 2.59 ± 0.01 2.33 ± 0.01 

K mg/g 0.82 ± 0.04 15.80 ± 0.01 16.41 ± 0.01 

Ca mg/g 0.39 ± 0.05 20 ± 2.10 25.8 ± 1.3 

TP mg/g 0.03 ± 0.01 3.63 ± 0.20 3.79 ± 0.03 

TN mg/g 2.93 ± 0.1 3.15 ± 0.01 2.91 ± 0.01 

OOC% 2.70 ± 0.1 2.43 ± 0.20 2.46 ± 0.20 

TOC% 3.60 ± 0.1 3.26 ± 0.17 3.30 ± 0.15 

OM% 6.20 ± 0.1 5.63 ± 0.20 5.69 ± 0.20 

FC (cfu/100ml) null null null 

TC (cfu/100ml) null null null 

Table 3. Heavy metal analysis of soil before planting and after harvesting using (FW) and AQE 

Parameters Soil Before plantation Soil irrigation with (FW) Soil irrigation with AQE 

Cr ppm 63.2 ± 0.10 63.1 ± 1.00 64.8 ± 0.50 

Cd ppm 1.1 ± 0.05 0.9 ± 0.05 0.9 ± 0.05 

Cu ppm ND* ND ND 

Pb ppm 0.7 ± 0.05 0.0 ± 0.05 0.0 ± 0.05 

Zn ppm 96.0 ± 1.00 93.3 ± 0.10 105.0 ± 1.00 

Fe ppm 30345 ± 5.00 29585 ± 5.00 29335 ± 5.00 
*ND: Not detected. 

Table 4. Comparison of heavy metal concentrations in soil with international guidelines (European Union) 

for agricultural land [39] and FAO/WHO [40, 41] 

Heavy Metal Soil Before 

Plantation 

(mg/kg) 

Soil after AQE 

(mg/kg) 

EU Limit 

(mg/kg) 

FAO/WHO 

Limit 

(mg/kg) 

Status 

Cr 63.2 ± 0.10 64.8 ± 0.50 - 100 Within Safe Limits 

Cu ND* ND 50 - 140 100 Within Safe Limits 

Cd 1.1 ± 0.05 0.9 ± 0.05 1 - 3 3 Within Safe Limits 

Pb 0.7 ± 0.05 0.0 ± 0.05 50 - 300 100 Within Safe Limits 

Zn 96.0 ± 1.00 105.0 ± 1.00 150 - 300 - Within Safe Limits 

Fe 30345 ± 5.00 29335 ± 5.00 - 50000 Within Safe Limits 

 

These findings indicate that while most 

heavy metals remained stable or decreased, 

AQE irrigation can influence Zn dynamics and 

may contribute to the redistribution of certain 

metal ions. As shown in Table 4, the concentra-

tions of all analyzed heavy metals, both before 

and after AQE irrigation, were well below the 

maximum permissible limits set by European 

Union [39] and FAO/WHO [40,41]. This quanti-

tatively confirms that irrigation with AQE did 

not pose a significant risk of heavy metal con-

tamination. 

Plant growth parameters 
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Figures 1 and 2 show the variation in branch 

number and leaf length over time. The results 

for both parameters indicated no significant 

difference between the two irrigation treat-

ments, with normal growth observed over time 

in both media. Figure 3 demonstrates that the 

same trend was observed for fresh and dry bi-

omass at harvest. There were no significant dif-

ferences in biomass yield between lettuce irri-

gated with AQE or FW. This shows that Red 

Sails Lettuce grows similarly with both water 

sources. The results of the present study agree 

with those of Al-Wabel et al. on date palm irri-

gation with aquaculture wastewater and Qurie 

et al. on celery irrigation with aquaculture efflu-

ent [12,13]. The irrigation of pepper using aq-

uaculture water improves the soil physicochem-

ical properties and soil water content, in addi-

tion to enhancing crop yield and nutrition [29]. 

Organic matter influences soil infiltration char-

acteristics and thus increases the uptake of 

plant nutrients, indicating that aquaculture 

wastewater improves crop productivity [42].  

Chemical plant analysis 

The results indicated that all dried lettuce 

samples from both irrigation treatments had 

approximately the same concentration of Na, 

TK, TN, and TP (in mg/g). 

 

Figure 1. Variation of Red Sails Lettuce (Lactuca sativa) length (cm) during the pots soil experiment which 

irrigated with (AQE) and (FW) 

 

Figure 2. Variation of Red Sails Lettuce (Lactuca sativa) leaves length (cm) during the pots soil experiment 

which irrigated with (AQE) and (FW) 
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Figure 3. Variation of Red Sails Lettuce (Lactuca sativa) fresh and dried biomass (gm) after harvesting in pots 

soil experiment which irrigated with (AQE) and (FW) 

Table 5. Chemical plant analysis of dried Red Sails Lettuce (Lactuca sativa) plants irrigated with both (FW) 

and AQE 

Parameters (FW) AQE 

Na mg/g 7.01 ± 0.10 7.11 ± 0.25 

TK mg/g 10.24 ± 0.50 11.25 ± 0.50 

TP mg/g 3.80 ± 0.02 3.63 ± 0.05 

TN mg/g 1.74 ± 0.05 1.45 ± 0.05 

FC (cfu/100 ml) null null 

TC (cfu/100 ml) null null 

 

The highest concentration of TK compared to 

other micronutrients can be attributed to the 

high TK concentration in the AQE effluent and 

varying plant uptake rates, a finding consistent 

with Qurie et al. [13]. No microbiological con-

tamination (TC and FC) was detected in the 

plant tissue. 

Conclusion 

In conclusion, this study successfully demon-

strates that aquaculture effluent is not a waste 

product but a valuable resource, and its applica-

tion in agriculture is a practical implementation 

of green chemistry principles. By substituting 

synthetic fertilizers with AQE for Lactuca sativa 

irrigation, a dual solution is proposed: it valor-

izes a nutrient-rich waste stream that would 

otherwise threaten the environment while re-

ducing the environmental footprint of chemical 

fertilization. The absence of negative effects on 

plant growth, soil microbiology, and heavy met-

al accumulation, combined with efficient mac-

ronutrient recycling, underscores the safety and 

efficacy of this approach. The integration of aq-

uaculture and agriculture through effluent irri-

gation aligns with a circular economy model, 

promoting sustainable agriculture, resource ef-

ficiency, and environmental protection. This 

strategy offers a scalable, green alternative for 

farmers, contributing to a more resilient and 

sustainable food production system. 
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