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Abstract Biologically Treated Water (BTW) and Chlorinated Disinfected Water (CDW) are
byproducts of wastewater treatment. Both BTW and CDW contain significant amounts of
nutrients that can be used in agricultural systems. Although the use of BTW has been
investigated relative to nutrient recovery, filtering treatment, and social and economic
development, more research is required to determine the applicability of using CDW and
BTW in hydroponic systems. This study evaluated the growth and quality of Cindy Sweet
tomatoes irrigated by BTW and CDW and demonstrated the effectiveness of low application
of fertilizer in hydroponic systems. The results demonstrated that tomato plants irrigated
with CDW tend to have higher fresh-weight than those irrigated with BTW. Statistical
analysis of fruit quality showed that the fruits of plants grown in BTW were larger in
diameter and weight, but further t-test analysis showed no significant differences between
water types. This study also discovered that hydroponic irrigation with BTW and CDW
resulted in larger fruit clusters without a corresponding increase in fruit density. The Index
for Relative Chlorophyll content (IRC) showed no difference between BTW and CDW. In
contrast, despite presenting lower levels of pH, the control performed best with twice the
chlorophyll content in terms of IRC. These results show that even with low IRC of plants
from BTW and CDW, there were no differences in fruit size and weight among the
treatments. The study also suggests that plants irrigated with CDW have higher biomass
accumulation, which can be useful for comparing yields in leafy vegetables.
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INTRODUCTION

Environmental concerns, greenhouse gas emissions (GHG), geopolitical issues, and rising energy
costs are some problems related to the accessibility of manufactured fertilizers (Maggio et al., 2012).
A report of the OECD-FAOQ for Agricultural Outlook 2023-2032 (OECD and FAO, 2023) outlines
that the direct contribution of synthetic fertilizer and resultant GHG emissions is among the four
main contributors of GHG emissions ranked just after ruminant emissions and other livestock groups.
Nitrogen is the most commonly used fertilizer worldwide with about 109 million tons applied per
year, followed by phosphates accounting for 46 million tons (FAO, 2023). Therefore, alternatives
such as nutrient recovery and recycling, sustainable practices, strict governmental policies and
regulations, and improving manufacturing processes are targeted for better resource management
with reduced environmental impact (Mahankale, 2024). Treated wastewater is reported to be an
important source of nutrients for agriculture despite its treatment based on a standard procedure of
three stages called primary, secondary, and tertiary treatments (Hussain et al., 2002).

Biologically treated water (BTW), also called secondary treated water has been tested in
hydroponics with several crops to evaluate the removal of nutrients, organic pollutants, and
pathogens (Magwaza et al., 2020; Ruan et al., 2016). However, most evidence is focused on using
hydroponics with BTW as a filtering method; Rana et al. (2011) reported that tomato plants had a
removal capacity of 72.25% and 78.03% of NOs-N and POs-P, respectively from sources of treated
wastewater.

Alternatively, a higher-quality resource called chlorinated disinfected water (CDW) has
emerged from advanced wastewater treatment. The difference between BTW and CDW relies on the
filtration and disinfection process that aims to reduce the microbiological load; therefore, chlorinated
water offers more safety in terms of crop production compared to BTW. Traka-Mavrona et al. (1998)
demonstrated that when BTW and CDW are not complemented with stock solutions, the reduction
in marketable fruits can be up to 18% and 34%, respectively. In this study, we compared BTW and
CDW's effects on tomatoes' growth and quality by directly applying advanced treated water in
hydroponic systems with a low application of fertilizer.

OBJECTIVE

Since the direct application of advanced treated water alleviates water shortages along with nutrient
recovery, the objective of this research is to compare the effects of BTW and CDW on the growth
and development of tomatoes.

METHODOLOGY

The experiment was conducted in the Northern Second Water Reclamation Center facilities of
Yokohama City, Japan, from April to July, 2023. Tomato (Solanum lycopersicum) seeds from the
Cindy Sweet variety were watered with soaked paper towels until germination, installed in
polystyrene sponges, and then transplanted to hydroponic benches with a nutrient film technique
(NFT) after 5 days. The experiment had a plant density of 5 units/m? with no replicates. All three
benches were installed inside an automated greenhouse in which environmental parameters such as
temperature, solar radiation, CO, concentration, and relative humidity were automatically monitored
and controlled using the Arsprout Platform ®. Additionally, the Arsprout System automatically
adjusted pH, electrical conductivity (EC), and temperature levels within the mixing tank.

The treatments differed only in water quality: the control treatment used tap water, the second
treatment used BTW, and the third treatment used CDW. The EC of the original water sources was
0.10 mS/cm for tap water, 0.58 mS/cm for BTW, and 0.79 mS/cm for CDW. Each treatment was
adjusted to 1.3 mS/cm, which is the minimum recommended electrical conductivity for tomato
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growth (Zhang et al., 2017). Physical and chemical parameters in the water such as pH, EC,
temperature, and nutrient content in each treatment with and without stock solution were measured
(Table 1). Water samples were collected weekly for analysis using an lon Analyzer IA-300 (TOA-
DKK) to determine the concentration of the main nutrients in water tanks, including Na*, K*, Mg?",
Ca?*, Cl, NOz, PO.*, and SO4*.

Chlorophyll content, a key parameter used to measure the reaction of photosynthetic activity in

plant tissues, is difficult to measure in the field, so the Index for Relative Chlorophyll (IRC) was
measured using a SPAD-502 Plus Chlorophyll Meter. IRC (SPAD units) is directly correlated with
total chlorophyll content and varies according to the stage (Jiang et al., 2017). IRC was measured
weekly using an average of 10 leaves per plant, after 3 older leaves located at the lower part of each
plant were discarded during the reproduction/harvest stage.
Fruits were harvested weekly from July 17" to August 7. Only ripened fruits were included in the
analysis. The number of fruits and their weight and diameter were recorded in situ after the
experiment, and aerial biomass without fruits was weighed by trimming the stem in several pieces.
Fruit clusters’ lengths were also measured. Statistical analyses for the data collected were carried out
using JASP 0.18.0.0 software, and descriptive graphs as well as the power trendline for uniformity
correlation were generated in Excel (Eq. 1);

y = ax? (1)
where y is the diameter (mm), x is the weight (g), a and b are constant values.

RESULTS AND DISCUSSION

Water Quality of Treated Wastewater and Nutrient Concentration

In this experiment, the automation system for pH adjustment couldn’t maintain optimum pH levels
in the control treatment during the vegetative stage (May 1% - June 26"). The mean and standard
deviation of pH values observed during the vegetative stage were 4.7+0.8, 6.3+0.7, and 6.4+0.5 for
Control, BTW, and CDW, respectively. During the reproduction and harvesting stage (June 26" —
August 7™), the values were 6.7+0.6, 6.4+0.5, and 6.6+0.5 for Control, BTW, and CDW respectively.
Since this parameter plays a key role in nutrient uptake by the plants, the analysis of results focuses
on the differences between BTW and CDW.

Upon balancing the EC to 1.3 mS/cm in all treatments, it was clear that the control plot was
supplied with almost double the amount of nutrient solution compared to BTW and CDW. In Table
1, it can be observed that in the Control treatment, there were higher dissolved ions mainly of K*,
NOgs, and PO while higher concentrations of Na* and CI- were found in BTW and CDW.

The levels of Na* and CI- in CDW are caused by the residual chlorine remaining from the
addition of NaOCI (Chlorine Residual Testing Fact Sheet by CDC SWS Project). On the other hand,
the same levels in BTW can be explained by the leaching of detergents from households into
wastewater (Tjandraatmadja et al., 2010). The importance of Na“ and CI- in the nutrition of tomatoes
is related to the salinity tolerance of this crop. Additionally, it has been reported that high
concentrations of Na* in water used for tomato irrigation increased the sweetness of fruits when the
K* is partially replaced by Na*, leveling up soluble solids without altering the dry matter (Dorais et
al., 2000). However, the nutrient content inside the fruits was not investigated.

Fresh Weight, Dry Weight, and Yield per Plant

On average, yield per plant was measured at 757.3 g, 1023.1 g, and 1128.8 g. A total of 215, 339,
and 310 fruits were collected from Control, BTW, and CDW respectively. The Kruskal-Wallis Test
for non-homogenous samples with post hoc revealed that there was a significant difference in yields
and fruits’ number of Control to BTW and CDW (Fig. 2a). Meaning that the imbalances in pH
affected the yield, which is explained by the limitation of important nutrients uptake like Ca?*, Mg?*,
Mo* and K* (Arnon et al., 1942). Figure 2b referring to fresh weight appears to show greater biomass
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accumulation in plants irrigated by CDW, but no significant differences were found in the statistical
analysis (prukey=0.13).

Table 1 Characteristics of water and lon concentration

pH EC  Temp Cations Anions
(mSfem)  (°C) Na* K* Mg Ca® Cr NOy POS SO
control [Bls 511,22 12604 21,027 e o100 1943083 4Biscos Torl 68 1ibtos 5
s O ey 1o man ISR S04 G151 Tt My ek i suw
oDW T 652055 12102 200125 G o Y e rial 116saa1 275esT 53 3941384 1308708

Data are mean * standard deviation, determined in weekly samples with 3 replicates. Expressed in mg/L.
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Fig. 2 Fruits per plant (a), fresh weight of aerial biomass (b), fruit weight
(c), fruit diameter (d), IRC (e), and length of clusters per treatment (f)

Fruit’s Weight and Diameter

The effects of the lack and toxicity of essential elements are reflected not only in the biomass of the
plant but also in its fruit development. A wide range of fruit sizes was observed in treatment with
BTW and ANOVA with a post-hoc test showed a significant difference of means in diameter and
weight among the plants grown in BTW and CDW (prukey=0.02).

To corroborate the differences among these two treatments, a correlation between fruits’
diameter and weight was performed. All treatments showed a strong correlation with uniformity
coefficients above 0.9, meaning that despite the differences in ion concentration and pH levels in the
control, there were no negative effects in terms of fruit size among them, revealing that differences
in weight and diameter of fruits between BTW and CDW were caused by the wide range of sizes in
BTW (Fig. 3).

Index for Relative Chlorophyll Content (IRC) in Leaves
Considering the pH changes in the control plot, separate analyses for IRC values were carried out in
each stage of this treatment, but no inter-stage variations were observed, probably caused by the

variance in the measured leaves along the plant. On the other hand, the comparison of BTW and
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CDW versus the control plot resulted in a pukey <0.001 with the highest values in the control, whereas
no significant difference between BTW and CDW was observed (puwkey=0.926). IRC mean values
were 53.9, 46.1, and 45.3 for Control, BTW, and CDW, respectively. These results are consistent
with previous studies where NaCl reduced chlorophyll content in tomato leaves with increased
salinity (Azarmi et al., 2010; Taffouo et al., 2010).

a) Fruit size uniformity - Control

b) Fruit size uniformity - BTW ¢) Fruit size uniformity - CDW
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Fig. 3 Correlation between fruit weight and fruit diameter on all treatments
The uniformity of fruits is presented with a trendline of the power equation.

Clusters Per Plant

The highest number of plants with shorter cluster lengths was observed in the control plot. In contrast,
larger clusters appeared on BTW and CDW (Fig. 2f) without affecting fruit density per cluster (data
not presented). Despite observing significant differences among the treatments in ANOVA, a post
hoc test revealed that the uniformity of clusters is consistent only in the control due to the strong
differences between Control to BTW (pukey<0.001) and Control to CDW (pukey=<0.001). Plant
growth regulators that control meristem and apical growth do not vary within the same plant species
nevertheless, synthetic compounds may be present in treated wastewater and act as natural plant
hormones, consequently inducing the elongation of clusters (Gaspar et al., 1996).

CONCLUSION

Reusing advanced treated wastewater in hydroponics is crucial for resource-saving and water
purification since it minimizes the use of potable water and fertilizers in agriculture. In this research,
similar levels of Na*and CI" ions in BTW and CDW were found, and there was no evidence of
significant differences between the fresh and dry weights of the plants irrigated with these water
types, yet the greater means in the plants grown with CDW shows a better tendency for biomass
accumulation. Since fruit quality can be improved by using NaCl content in BTW and CDW, it is
essential to consider that this can reduce chlorophyll activity in tissues. Although CDW presented
higher Na* and CI" levels as part of residual chlorine, the size and weight of fruit were not affected
and the differences between means were caused by the wider range of sizes in BTW. The advantage
of applying a chlorination process to CDW reduces the risk of pathogen contamination in crops,
rather than using only BTW. The tendency to reuse treated wastewater is gaining further attention,
therefore, this research must be complemented with other analyses regarding nutrient content in
fruits, as well as the translocation of heavy metals, which are of great importance for the safe
consumption of vegetables. Additionally, the presence of volatile organic and pharmaceutical
compounds in water must be evaluated since recent studies indicate that those are the main hazards
for wastewater reuse in agriculture.
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