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Abstract: The objective of this study was to evaluate the adsorption capacity of orange pomace
biochar, applying its benefits in irrigated agriculture. For this, a low-cost system for tertiary
treatment using biochar was developed. The objective was also to compare the physicochemical and
microbiological attributes of irrigation water with the limits established by the legislation. The
impacts of wastewater from the filtration system on the soil and on the agronomic and biological
characteristics of the lettuce crop were assessed. Biochar was produced in a muffle furnace and
characterized by thermogravimetry and scanning electron microscopy (SEM). The experimental
design was randomized blocks, in a 5 (irrigation depths) x 5 (combinations of water sources and
fertilization) factorial arrangement, with three replicates. It was found that the use of biochar as a
filter material improved the microbiological quality of wastewater. The water sources used in
irrigation did not cause changes in soil salinity. Fertigation using wastewater that passed through
the filtration system positively affected the agronomic characteristics of lettuce, with no need for
top-dressing fertilization. Lettuce leaves produced in the experiment were acceptable for human
consumption, according to the standards of Resolution-RDC No. 12, of 2 January 2001, of the
National Health Surveillance Agency (ANVISA).

Keywords: Lactuca sativa; reuse of water; wastewater legislation; water scarcity

1. Introduction

Water is an indispensable natural resource for human survival and development. It
also plays an important role in ensuring agricultural production, food security and the
sustainability of the ecological environment [1,2]. The development of agriculture and the
use of new technologies to increase yield are highly dependent on the availability of water
resources [3]. It is worth noting that agriculture is the activity that consumes the largest
amount of water.

Irrigated agriculture is responsible for using almost 70% of all fresh water consumed
on the planet [4,5]. By 2030, this figure is expected to increase by about 15% [6,7], further
intensifying water crises and conflicts over the appropriation and use of water, especially
in arid and semi-arid regions.

Agricultural crops are greatly influenced by the availability of these water resources,
since their development is strongly dependent on soil moisture conditions. The
replacement of soil water by irrigation systems is a decisive factor for the success of
horticulture. Proper application of irrigation depth promotes yield and quality gains [8].

Among the vegetables of interest, lettuce (Lactuca sativa) stands out, since it is
cultivated and consumed worldwide. In 2018, its production exceeded 27 million tons [9].
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In Brazil, it is the most consumed leafy vegetable because it is cheap, easy to trade and
produced all year round [10,11].

The use of wastewater in irrigated agriculture has been growing worldwide. Its use
as an economic water resource management technique has proven environmentally
appropriate to deal with the increasing pollution of and demand for fresh water [12].
Supporting this idea, the study conducted by Urbano et al. [13] indicated that the use of
this water source for irrigation of a short-cycle crop, such as lettuce, may be an alternative
to save drinking water in times of scarcity of this resource, besides the additional benefit
of increasing yield and improving soil fertility.

Nagarajan et al. [14] add that wastewater is an abundant source of nutrients to be
recovered and reused. In addition, wastewater is rich in organic/inorganic forms of
carbon, nitrogen and phosphorus. According to Dragonetti et al. [15], one way to take
advantage of wastewater is to use it for irrigation purposes. Planned reuse can improve
water circularity and ensure optimal use of available resources [16].

Concerns with irrigation using treated wastewater include risks to soil quality and
crop development [17]. Nunes-Carvalho et al. [18] warn that the presence of fecal
contamination in irrigation water represents a serious public health problem, especially
for irrigation of vegetables that are consumed raw. Thus, the use of filter materials such
as biochar as a tool in the adsorption process presents itself as an alternative to improve
the microbiological quality of the treated effluent.

By definition, biochar is a porous solid, rich in carbon and produced from biomass
pyrolysis in the absence of oxygen [19]. It has been employed as a low-cost and
environmentally friendly bioagent in soil-pollution remediation, as well as in adsorption
of contaminants from aqueous solutions [20,21]. Its production using waste and by-
products as a source of raw material has aroused more interest among researchers, since
the economic factor of the raw material is viable in its large-scale production [22,23].

Orange pomace is a residue with the potential to be exploited as a source of biochar
raw material. It is capable of causing several economic and environmental problems, due
to its high fermentation. Currently, the residue has been used mainly in animal feed [24]
or disposed of directly in landfills [25]. However, the industrial sector has been thinking
of ways to expand the applications for orange pomace, including the use of this residue
in the treatment of effluents [26]. In addition, Brazil is the largest producer of oranges in
the world, with the northeast region accounting for 10% of the national production. It is
worth pointing out that the Coastal Tablelands of Bahia and Sergipe stand out for
composing 90% of this, mostly with oranges of the variety ‘Péra’ — Citrus sinensis [27].

It is common to find articles in the literature on wastewater application for the
fertigation of agricultural crops [28-30]. However, it is rare to find articles that use biochar
as a tool in the process of improving the microbiological quality of wastewater,
maintaining its nutritional contribution, focusing on the same destination. There are
studies that produce biochar, but do not apply it to irrigated agriculture [31-35]. It is also
common to find studies in the literature that apply biochar from different raw materials
to the soil [36-38], but the approach, as used in the adsorptive process seeking to improve
water quality, is uncommon. None of the articles cited in this paragraph sought to discuss
what legislation on the use of wastewater in irrigated agriculture is about. The application
of wastewater on the soil must be carried out following the recommendations of the
current legislation, guaranteeing a safe activity with regard to the risks of contamination
of the soil, cultures, surface water and groundwater. Problems related to human health
must also be considered. A critical analysis of the rigidity of its framework for the
predominant use of the technique is also valid.

Based on the hypothesis that biochar promotes improvements in the microbiological
quality of wastewater to be used in irrigation, this study seeks to evaluate the adsorption
capacity of orange pomace biochar. The objective was also to compare the
physicochemical and microbiological attributes of irrigation water with the limits
established by CONAMA Resolution No. 357, of 17 March 2005 [39], and Complementary
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Resolution No. 430, of 13 May 2011 [40]. The findings of this research should be used to
benefit agriculture and the environment, because, with this study, it will be possible to
give a final destination to two by-products (domestic effluent and orange pomace) for
food production. For this, a low-cost system for tertiary treatment using orange pomace
biochar was developed, aiming to improve the microbiological quality of the domestic
effluent and maintain the nutritional load contained in this type of water source. The
impacts of fertigation with effluent that passed through the filtration system on the
chemical attributes of the soil and on the agronomic and biological characteristics of the
lettuce crop (Lactuca sativa) cultivated in a protected environment were assessed.

2. Materials and Methods
2.1. Biochar
2.1.1. Biochar Production

Biochar was produced under controlled conditions in a muffle furnace. The raw
material used was pomace of orange, ‘Péra’ variety. The orange pomace was collected in
a food establishment located in the industrial district, municipality of Aracaju, state of
Sergipe, Brazil. The material was properly washed, pressed, cut into 1 x 1 cm pieces,
spread on countertops and exposed to sunlight until dehydration. After this procedure, it
was placed in trays in an oven with air circulation and renewal, where it dried at 80 °C for
24 h. Subsequently, the residue was ground in a Wiley-type macro knife mill, with 20-
mesh sieve. Then, the resulting material was mixed and placed in plastic bags.

In the carbonization stage, the ground pomace was placed in porcelain crucibles.
Subsequently, the crucibles were placed in a muffle furnace at temperature of 550 °C and
kept for 60 min, as recommended by Carvalho [41]. As only 18 porcelain crucibles fit in
the muffle furnace, each of which contained only 25 g of ground pomace, the procedure
was repeated until approximately one kilogram of biochar was obtained. In each process
and crucible, approximately 5 g of biochar was produced. Subsequently, all material was
sieved and homogenized for use in biochar characterization analyses and filter
composition.

2.1.2. Biochar Characterization

Two samplings were used to perform all characterizations: fresh biochar and biochar
after use as filter element. This allowed a comparison of the physicochemical behavior
after the use of the filter element. The techniques used were scanning electron microscopy
(SEM) and thermogravimetry.

A benchtop scanning electron microscope was used to map the elemental
composition of solids and observe the morphology of the material. The device operated
with voltage of 15 kV and amplification of images ranging from 50 to 10,000x. This device
enables microscopic analysis by backscattered electrons (BSE), with magnification of up
to 30,000 times and beams of 5 and 15 keV, resulting in a better visualization of the surfaces
of the samples. In this analysis, the material is fixed with double-sided carbon tape and
positioned in the lens field.

To monitor the mass variation of the materials as a function of temperature variation,
thermogravimetric curves were constructed. The device used has a sensitive scale of pg,
coupled with a programmable oven. The samples were subjected to a controlled
temperature program within the range from 30 to 600 °C in a platinum sample holder,
heating rate of 10 °C min, inert gas (N2) with flow rate of 50 mL min~ and sample mass
of 5mg.

2.2. Experimental Design
2.2.1. Experimental Area Location and Characterization

The experiment was conducted in pots with 15 L capacity (upper diameter of 32 cm,
lower diameter of 22 cm and height of 26 cm) arranged on pallets, within the protected
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environment. The structure is located in the Department of Agronomic Engineering
(DEA) of the Federal University of Sergipe (UFES), in the municipality of Sdo Cristovao,
Sergipe (SE), Brazil. The geographical coordinates of the site are 10°55'46" S latitude,
37°06'13" W longitude and 8 m above sea level altitude.

According to Koppen's classification, the municipality of Sao Cristévao has an A
climate—tropical climate (winter-autumn rains) with dry summer season. The climate of
the site is characterized by the humid and subhumid megathermal type, with an average
annual temperature of 25.2 °C and average annual rainfall of 1331 mm, concentrated
between March and August [42].

The structure corresponding to the protected environment is 9.0 m long and 6.5 m
wide with ceiling height of 3.0 m. The structural cover is made of transparent low-density
polyethylene, with 0.15 mm thickness (150 micron), which reduces the impacts caused by
storms and rains. The sides of the greenhouse consist of anti-aphid screens that protect
the crops.

2.2.2. Water Sources
Three water sources were used to fertigate the lettuce crop:

- Drinking water for human supply (DW), from the Sergipe Basic Sanitation Company
(DESO), collected in a pipe outlet located within the protected environment;

- Treated wastewater by a biological process (TW), from the Rosa Elze Sewage
Treatment Plant (STP), located near the Federal University of Sergipe, in Sado
Cristévao/Sergipe; and

- Post-treated water by the adsorption process (BW), coming from the STP and then
passed through the filtration system (using the biochar produced), assembled for the
experiment.

The sewage treatment plant (STP) is located in the Rosa Elze neighborhood, in the
municipality of Sao Cristovao, Sergipe, Brazil, under the geographical coordinates of
10°55'59.34" S latitude and 37°07'02.68" W longitude, at an altitude of 7 m.

2.2.3. Experimental Design

Two cycles of lettuce cultivation were performed following the randomized block
design (RBD), in a 5 x 5 factorial arrangement, with 3 replicates and totaling 75
experimental units. The factors consisted of five irrigation depths and five treatments. The
irrigation depths were applied to replace 50%, 75%, 100%, 125% and 150% of crop
evapotranspiration (ETc). The treatments were: T1 —irrigated with human-supply water
from the concessionaire and top-dressing fertilization; T2—irrigated with treated
wastewater from the Rosa Elze STP; T3 —irrigated with treated wastewater from biochar
filtration; T4 —irrigated with treated wastewater from the Rosa Elze STP and top-dressing
fertilization; T5—irrigated with treated wastewater from biochar filtration and top-
dressing fertilization.

2.2.4. Characterization of STP

The Rosa Elze Sewage Treatment Plant (STP) was built in the 1980s and has since
been maintained and operated by the Sergipe Sanitation Company. The housing
neighborhoods that have their wastewater treated are Rosa Elze and Eduardo Gomes,
with a flow rate close to 7.6 L s7. The STP is composed of five stabilization ponds arranged
in series, two facultative ponds and three maturation ponds, totaling an area of 29,650 m2.
The description of physical characteristics is presented in Table 1.

Table 1. Physical characteristics of STP.

Pond Depth (m) Area (m?) Volume (m?3)
Primary Facultative 2.00 8.74 17.47
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Secondary Facultative 1.98 6.96 13.79
Maturation 1 1.96 4.71 9.24
Maturation 2 1.94 4.62 8.96
Maturation 3 1.92 4.62 8.88

Note: Rosa Elze stabilization pond system design adapted from DESO [43].

The STP used in the study is fed by the sanitary sewage in two sites. The first site is
in the primary facultative pond, responsible for the largest contribution of the system,
according to information from DESO [43], receiving sewage from the lift station. The other
site is in the secondary facultative pond, which receives sewage by gravity. Together, the
sewage from the two points reaches the pretreatment unit, formed by grid and sandbox,
and is then conducted to the stabilization ponds.

2.2.5. Assembly of the Filtration System

Three different filtration systems were assembled to be tested and then select the
filter to be used in the experiment. Filter columns consisting of plastic bottles, with
approximate diameter of 8.5 cm and length of 28 cm, were assembled. The biochar of filter
1 was arranged inside the column with a height of 5 cm. This biochar remained between
a1 cm thick top layer of gauze and a 3 cm thick bottom layer of fine sand. Below this layer
of fine sand, there were a 3 cm thick layer of coarse sand and a 5 cm thick layer of cotton.
In filter 2, the biochar was arranged inside the column with a height of 5 cm, between a 5
cm thick layer of cotton (bottom) and 3 cm thick layer of fine sand (top). A 3 cm thick layer
of coarse sand was placed above the layer of fine sand to minimize the impact caused by
the fall of the effluent. Filter 3 had the same physical characteristics as filter 2, but the
biochar layer was 3 cm thick. The columns were arranged vertically, and screens were
fixed with rubber bands at their lower ends to contain the whole system (Figure 1A).

{
S

(A) (B) ©

Figure 1. Filtration systems: (A) test of filtration systems for use in the experiment; (B) filtration
system used in the post-treatment of domestic wastewater; (C) structure used in the post-treatment
of domestic effluent.

Based on the results obtained as a function of dissolved oxygen (DO) and pH of the
filtered effluent, it was decided to use filter 2 (Figure 1B) to continue the experiment. It is
worth noting that the results were compared with the limits established by CONAMA
Resolution No. 357, of 17 March 2005 [39].
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Plastic containers of 20 L were also installed below the filters for their support and
proper collection of the filtered effluent. Taps were installed in the 20 L plastic containers,
and hoses were used to feed the filters (Figure 1C).

2.2.6. Soil

The soil used in the experiment came from the Rural Campus, an experimental farm
belonging to the Federal University of Sergipe. The collection was performed on January
20, 2021, and the depth used for collection was up to 20 cm. After collection, the soil was
sieved, homogenized and arranged in the plastic pots, on a 10 cm thick layer of crushed
stone.

To determine the composition of the soil, before transplanting, a sample of
approximately 500 g was collected and taken to the laboratory for analysis. The results
showed field capacity (FC) of 8.38% (mass, dry basis), permanent wilting point (PWP) of
2.25% (mass, dry basis) and loamy sand textural classification.

In the chemical analysis of the soil, the result of calcium and magnesium was 1.76
cmole dm—3, aluminum was 0.08 cmolc dm=, calcium was 1.21 cmole dm=, hydrogen +
aluminum was 1.05 cmole dm=, the sum of exchangeable bases was 1.82 cmol. dm, the
exchangeable sodium percentage was 0.66% and the base saturation percentage was
63.4%. In view of the results, it was verified the need for acidity correction, in which liming
was performed by applying 320 mg of limestone kg of soil. After mixing the limestone
with the entire volume of soil in the pot, saturation was carried out until water percolation
was observed. The soil was then left for a period of approximately 90 days, which was
long enough for the product to react and correct soil pH and fertility.

Based on the results of the soil chemical analysis, transplanting fertilization was
performed in all pots. Top-dressing fertilization was performed in the pots of treatments
T1, T4 and T5. The amounts of nutrients applied were 30 mg dm= of N, 30 mg dm~ of K20
and 60 mg dm= of P:0s. The commercial sources of the nutrients used were urea,
potassium chloride and single superphosphate.

Physicochemical characterization of the soil was performed after the harvest of each
cycle, to check for the possible impacts caused by the use of the effluent. The soil used to
fill the pots was sieved and homogenized. To determine the composition of the soil, before
transplanting, a sample of approximately 500 g was collected and taken to the ITPS
certified soil laboratory for analysis. After collection, soil samples from each plot with
irrigation depth equivalent to 100% ETc were collected from the 0-20 cm layer. These soil
samples were mixed and homogenized according to their treatment, stored in properly
identified plastic bags and taken to the laboratory for analysis.

The parameters analyzed were: pH in water, electrical conductivity (EC), soil
classification for salinity, organic matter (OM), sodium, potassium, cation exchange
capacity (CEC) and exchangeable sodium percentage (ESP).

2.2.7. Crop

In the two cycles, three lettuce seedlings were transplanted into each pot. After the
stability of the crop, thinning was performed, leaving only the most vigorous plant in each
pot, when the treatments began to be differentiated. During the first seven days after
transplanting, irrigation with only supply water was applied in all plots. Transplanting
fertilization was performed in all plots at the time of transplantation, and top-dressing
fertilization was performed 21 days after transplantation in the pots of treatments T1, T4
and T5.

The microbiological characteristics analyzed were Salmonella sp. and coliforms at 45
°C. Samples of lettuce from each plot with irrigation depth equivalent to 100% ETc were
collected. These samples were homogenized according to their treatment, stored in
properly identified plastic bags, containing approximately 100 g each, and finally taken to
the ITPS microbiology laboratory. The values obtained were compared with the limits
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established by Resolution-RDC No. 12, of 2 January 2001, of the National Health
Surveillance Agency (ANVISA) [44].

The agronomic characteristics analyzed in lettuce plants were shoot fresh mass, shoot
dry mass, number of leaves and water-use productivity (g L). During harvest, some
procedures were performed. First, the crop was cut to separate the shoots from the roots,
fresh mass was determined, and the number of leaves per plant was counted.
Subsequently, to determine the dry mass, each sample was placed in paper bags and sent
to the laboratory of the Department of Agronomic Engineering of UFS. The samples were
dried in an oven with forced air circulation at 65 °C for 72 h. After this period, the dry
mass of each plant was measured.

2.2.8. Estimation of Water Requirements

The water requirement of the crop was estimated using the direct method, by
determining daily the masses of the pots under irrigation depths equivalent to 100% ETc.
The differences between the masses of the previous day (referring to the field capacity)
and the present day corresponded to the loss of water by evapotranspiration.

Crop evapotranspiration in any period between two irrigations is given by Equation

@.
ETc=1000 x [(POTg; — POT,) + (PLANTe, — PLANT,)] (1)

where

ETc—crop evapotranspiration (mL pot1);

POTec—pot mass at field capacity (kg);

POTa—pot mass at actual moisture (kg);

PLANTprev—plant mass on the previous day (kg); and

PLANTpres—plant mass on the present day (kg).

To adjust the variation in pot mass due to plant growth, 45 lettuce seedlings were
transplanted into 5 L pots in each cycle. Every day a plant was chosen, its shoots were
separated, and the mass was determined. The variation in plant mass corresponds to the
difference between its mass on the previous day and its mass on the present day.

For each treatment, an average was obtained from the 3 replicates, and irrigation was
applied proportionally to their respective depths. In the treatment of 100% ETc, irrigation
was performed daily to raise the current moisture to the field capacity of the soil, using
100 mL graduated cylinders for better precision of the applied depth.

2.2.9. Collection of Water Sources for Irrigation

Treated wastewater was collected weekly, according to the demand, in 20 L plastic
containers and taken to the protected environment for its use in irrigation. Part of this
water source passed through the filtration system and was later used for irrigation of
lettuce crop. In the domestic-effluent filtration process, a water column of 5 cm was
maintained. The supply water used in irrigation came from the water outlet located inside
the protected environment.

2.2.10. Analyses of Water Sources

Physicochemical analyses were performed in the three types of water sources used
in the study. Microbiological analyses were performed only in the domestic effluent and
water post-treated with biochar, because, as it is considered drinkable, the source of
human-supply water from the concessionaire is expected to be free of pathogens.

For physicochemical characteristics, the parameters evaluated were: biochemical
oxygen demand (BOD), total iron, total phosphorus, sodium adsorption ratio (SAR),
dissolved oxygen (DO) and electrical conductivity (EC). The microbiological characteristic
analyzed was the number of total coliforms. The method used for the analyzes was the
Standard Methods for the Examination of Water and Wastewater [45].
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Samples were collected weekly during each cycle (for 8 weeks, 4 for each cycle). BOD
parameters were checked every 15 days, and only DO and EC parameters were monitored
daily. The samples were placed in standardized containers of approximately 1 L and sent
to the laboratory on the same day of collection, adopting all procedures established by the
ITPS. The results were compared based on acceptable standards with the three
classifications of fresh water used for irrigation, according to CONAMA Resolution No.
357, of 17 March 2005 [39], and Complementary Resolution No. 430, of 13 May 2011 [40].

2.2.11. Statistical Analysis

Agronomic variables and soil variables were subjected to analysis of variance
(ANOVA), at 5% significance level in the F test. Bartlett test at 5% significance level was
used to check the assumption of homogeneity of variances, and Shapiro-Wilk test at 5%
significance level was used to check the assumption of normality. For qualitative factors,
the means were compared by Tukey’s test at 5% significance level. For quantitative
factors, the models were chosen based on the coefficients of determination (r2), on the
significance of the regression coefficients and on the biological phenomenon. The
statistical analyses were performed using R software, version 3.6.3.

3. Results and Discussion
3.1. Filtration System

The results obtained during the tests of the filtration systems were compared based
on the acceptable standards of the three classifications of fresh water intended for
irrigation, according to CONAMA Resolution No. 357, of 17 March 2005 [39], and
Complementary Resolution No. 430, of 13 May 2011 [40]. Figure 2 shows the pH results
verified in the three filtration systems (filter 1 —filter with 5 cm thick layer of biochar and
top layer with gauze; filter 2—filter with 5 cm thick layer of biochar and top layer of fine
sand; filter 3—filter with 3 cm thick layer of biochar and top layer of fine sand) and the
comparison with the limits established by CONAMA Resolution No. 357, of 17 March
2005 [39].

8.5
8.0
7.5
L70-
6.5 1
6.0
5.5

5.0

DO (mg L' of O,)
o = N W B~ 0 O

filter 1
CONAMA lower limit

filter 2 filter 3 filter 1 filter 2 filter 3
—CONAMA upper limit ——CONAMA class 1 ——CONAMA class2 ——CONAMA class 3
(A) (B)

Figure 2. Means of the parameters of the three filtration systems and comparison with CONAMA
Resolution No. 357: (A) pH values; (B) dissolved oxygen (DO) values.

According to CONAMA Resolution No. 357 of 17 March 2005, for pH in irrigation
waters, values between 6 and 9 are recommended [39]. According to Guimaraes et al. [46],
pH is one of the parameters that characterizes the quality of water for irrigation and may
influence soil microbiology and the process of cation exchange between soil and plant.
Therefore, according to the data presented in Figure 2A, the pH levels were within the
limits of the resolution, and filter 3 obtained the lowest standard deviation, followed by
filter 2.



Water 2022, 14, 3272 9 of 26

Figure 2B shows the dissolved oxygen (DO) values observed in the three filtration
systems and the comparison with the limits established by CONAMA Resolution No. 357,
of 17 March 2005 [39]. According to Brasil [39], DO values should not be less than 6, 5 and
4 mg L of Oz, according to classes 1, 2 and 3, respectively, of fresh water intended for
irrigation. It can be observed in Figure 2B that the means of filters 1 and 3 fit in class 3,
and the mean of filter 2 fit in class 2. Filter 2 obtained a lower standard deviation compared
to filters 1 and 3.

In view of the results obtained, filter 2 was chosen to continue the experiment,
because it showed more consistent values with CONAMA Resolution No. 357, of 17
March 2005 [39].

3.2. Evaluation of Water Sources for Use in Irrigation

The physicochemical and microbiological results obtained in the present study were
compared based on the acceptable standards of the three classifications of fresh water
intended for irrigation, according to CONAMA Resolution No. 357, of 17 March 2005, [39],
and Complementary Resolution No. 430, of 13 May 2011 [40]. Figure 3 shows the results
of biochemical oxygen demand (BOD), total iron, total phosphorus and dissolved oxygen
for the water sources used in the study and the limits established by the three
classifications of fresh water intended for irrigation according to the CONAMA

resolution.
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Figure 3. Physicochemical parameters of water sources: (A) biochemical oxygen demand (BOD); (B)
total iron; (C) total phosphorus; (D) dissolved oxygen (DO).

BOD is one of the polluting constituents that characterize the quality of water used
in irrigation. According to Brasil [39], BOD values should not exceed 3, 5 and 10 mg L1 of
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Oz, according to classes 1, 2 and 3, respectively, of fresh water intended for irrigation. It
can be observed in Figure 3A that the BOD values of the filtered water remained close to
the values found in the wastewater and that most of the points were outside the limits
established by the resolution. The laboratory results also showed an increase in the value
from 01 September 2021, suggesting that prolonged use of the filtration system can reduce
its efficiency.

Complementary Resolution No. 430, of 13 May 2011 [40], establishes a maximum
value of 120 mg L of Oz, emphasizing that the established limit can only be exceeded if
the treatment system has minimum BOD removal efficiency of 60% from the effluent.
Mendonga et al. [47] reported that the Rosa Elze STP has an average efficiency of 79%.
Therefore, the mean values of the results obtained for 53.70 and 59.04 mg L of O for
treated wastewater and water filtered with biochar, respectively, met the Complementary
Resolution No. 430, of 13 May 2011 [40].

CONAMA Resolution No. 357, of 17 March 2005 [39], presents maximum values of
0.3 mg L' Fe for class 1 and 5 mg L Fe for class 3 of fresh water intended for irrigation.
Figure 3B shows that the water-sources treated wastewater (TW) and water post-treated
with biochar (BW) fit in classification 1 of this resolution. On 07 September 2021, the water
source consisting of drinking water for human supply (DW) showed the value of 0.37 mg
L of Fe, a value very close to that established by class 1. On the other dates and for the
other water sources, the total iron values were within the range of class 1.

According to Brasil [39], the values of total phosphorus (intermediate environment,
with residence time between 2 and 40 days), for fresh water intended for irrigation, should
not exceed 0.025, 0.050 and 0.075 mg L1 P, for classes 1, 2 and 3, respectively. According
to Figure 3C, the sources TW and BW did not fit any classification of this resolution. For
the DW source, only two samples fit, on 14 July 2021 in class 1 and on 01 September 2021
in class 2.

For fresh water intended for irrigation, Brasil [39] recommends that the DO values
should not be lower than 6, 5 and 4 mg L' of O: for classes 1, 2 and 3, respectively. Figure
3D shows that the values of the three water sources oscillated among the three
classifications. This occurred mainly with the water sources TW and AB, which had high
DO values, with most of them in class 1. Most of the values in the DW source fit in class
2.

The raw domestic effluent and the effluent post-treated with biochar were subjected
to microbiological analyses. Human-supply water was not analyzed, as it is considered
drinkable and is expected to be free of pathogens. Figure 4 shows the values of total
coliforms present in the water sources and the limit established by class 3 of fresh water,
according to the CONAMA resolution.
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Figure 4. Values of total coliforms present in different water sources.
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For the use of water in irrigation, Brasil [39] determines that the amount of
thermotolerant coliforms should not exceed the limits of 200, 1000 and 4000 MPN 100 mL-!
for classes 1, 2 and 3, respectively, in 80% or more of at least six samples collected over
one year, with bimonthly frequency. Total coliforms were used to replace the
thermotolerant coliform parameter.

The results of the total coliform analyses (Figure 4) showed none of the water sources
meet the values required, since the limit of at least 4000 total coliforms per 100 mL should
not be exceeded, preventing their use for irrigation because the levels exceed the
acceptable values according to this resolution.

The classification of water sources for irrigation was performed following the model
proposed by the technicians of the United States Salinity Laboratory [48]. This model is
based on electrical conductivity (EC), as an indicator of the risk of soil salinization, and on
the sodium adsorption ratio (SAR), as an indicator of the risk of soil alkalinization or
sodification.

Figure 5 shows the EC and SAR values for the different water sources and their
classifications regarding the risk of soil salinization and sodification.
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Figure 5. Values of water sources and limits for the risk of soil salinization and sodification: (A)
electrical conductivity (EC) and (B) sodium adsorption ratio (SAR).

In relation to the risk of soil salinization, the human-supply water was classified as
C1, considered low-salinity water, and can be used in most crops and soils, with a low
probability of causing salinity. On the other hand, the water-sources treated wastewater
and water from biochar filtration obtained a C3 classification, considered high-salinity
water, and cannot be used in soils with poor drainage. Higher results were already
expected in both EC values and their classifications, as these sources had a higher organic
matter load than the human-supply water.

Regarding the risk of soil sodification, all three water sources showed an S1
classification, considered water with low sodium concentration. This water can be used in
almost all soil types, with little possibility of reaching undesirable levels of exchangeable
sodium. Santos [49], when using domestic effluent that served as a nutritional input for
okra irrigation, observed increasing sodium values in the soil. It is believed that the
prolonged use of this water source in the same soil will cause its sodification, resulting in
an unbalanced nutritional and structural balance.

Bernardo et al. [48] state that it is possible to use in irrigation some waters classified
as “dubious”. For this, the authors report the need for good irrigation management, using
leaching fractions and appropriate correctives. In this wayj, it is possible to achieve success
with the use of lower quality waters in agriculture.
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3.3. Soil

After the end of each cultivation cycle, the chemical characteristics of the soil with
irrigation depth equivalent to 100% ETc were determined, in order to check the possible
changes that occurred after the application of the different water sources and fertilizers.
A summary of the analysis of variance is presented in Table 2. It is possible to observe the
effects caused on the soil subjected to prolonged application of the treatments.

Table 2. Summary of the analysis of variance and mean values of soil chemical characteristics as a
function of different water sources and fertilizers.

o Mean Treatments
Factor CVO) g quare T1 T2 T3 T4 T5

pH 12.12 0.2837 rs Y =542

EC (dSm at 25 °C) 11.56 0.4014 * 0.74 b 0.83b 0.68 b 1.37 a 1.70 a

Sodium (mg dm=) 10.87  180.072 % 19.80 b 37.05a 3540 a 37.45 a 4590 a
Potassium (mg dm=?) 7857  12232nrs y=47.81
Organic matter (g dm=)  16.80 0.9383 ns y=11.28
CEC (cmolc dm™) 35.25 0.7418 rs V=486
ESP (%) 36.99  2.0227 s =337

Soil classification Cycle 1 Normal Normal Normal Normal Normal

regarding salinity Cycle 2 Normal Normal Normal Normal Normal

Note: ™ —not significant (p > 0.05); *—significant (p < 0.05). Means followed by equal letters in rows
do not differ statistically by Tukey’s test (p < 0.05). T1—treatment irrigated with human-supply
water from the concessionaire and planting and top-dressing fertilization; T2 —treatment irrigated
with treated wastewater from Rosa Elze STP; T3 —treatment irrigated with treated wastewater from
biochar filtration; T4 —treatment irrigated with treated wastewater from Rosa Elze STP and planting
and top-dressing fertilization; T5—treatment irrigated with treated wastewater from biochar
filtration and planting and top-dressing fertilization.

Soil pH is an important index, as it can interfere with the availability of nutrients to
plants. According to Table 2, soil pH was not altered by the different water sources and
fertilizers. Similar results were found by Urbano et al. [13,17] and Chaganti et al. [50].
According to Puissant et al. [51], pH is a parameter that characterizes the level of acidity
or alkalinity of a solution or dispersion and, in the case of the soil, the pH range considered
normal is from 5.0 to 7.0. Lettuce does not develop properly in soils with acid reactions
(pH <5.5) and in highly alkaline soils [52]. Nunes [53] determines that the ideal for lettuce
cultivation is that the pH is within the range from 6.0 to 6.8.

The associations of different water sources and fertilizers also had no effect on the
organic matter (OM), CEC, potassium and ESP of the soil (Table 3). According to Crespo
et al. [54], OM is key to increasing soil CEC and providing nutrients such as nitrogen,
phosphorus and sulfur for plant nutrition. Velescu et al. [55] define CEC as the soil’s
ability to store nutrients such as calcium, potassium and magnesium for plants. According
to Pedrero et al. [56], the addition of OM favors physical attributes of the soil, such as
density, aggregate stability and total porosity, favoring adequate leaching and preventing
its degradation due to the accumulation of salts.
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Table 3. Mean values of shoot fresh mass, shoot dry mass, number of leaves (NL) and water-use
productivity.

F Test Irrigation Treatments
Factor = Cycde 1, rgpat TII{];;T Depths T1 T2 T3 T4 T5
1 46.164** 7.040%* (575 3729 b 435.0 ab 490.6 a 3921 b 369.5 b
< T 50% ETc  107.0 a 1873 a 1843 a 1150 a 152.0 a
&5 75% ETc 1947 b 221.3 ab 380.0 a 153.0 b 207.7 ab
- 2 8786 6901%* 2376% 100%ETc  180.0 b 227.7 b 4147 a 3147ab  312.0 ab
5 £ 125% ETc ~ 146.0 b 234.3 ab 351.0 a 4070 ab  367.7 ab
150% ETc 2367 a 182.7 a 208.3 a 364.3 a 3133 a
1 25418~ 3451° 0935 17.26 ab 17.52 ab 1975 a 16.50 b 17.05 b
o T 50% ETc 797 ab 14.60 a 12.32 ab 7.83 b 9.95 ab
S o 75% ETc 1117 b 15.13 ab 18.00 a 13.94 ab 11.42 ab
g g 2 16745 40667 2.758" 100%ETc 1582 a 1272 a 1897 a 13.88 a 1718 a
w g 125% ETc 1373 b 16.97 ab 19.91 ab 2265 a 2128 a
150% ETc ~ 15.04 a 1223 a 14.78 a 19.08 a 16.20 a
NL 1 221417 2022m 0541m § =49
(npl?) 2 8359%* 3341% 1743ns 4393 b 48.00 ab 53.67 a 4620 ab 4853 ab
1 1511™ 4255% 0.677 3231b 4379 a 3859 ab 3870 ab 3573 ab
9 g‘ R 50% ETc 1548 a 2098 a 2368 a 18.60 a 2319 a
CE T 75% ETc ~ 20.52 b 17.68 b 35.20 a 1822 b 23.20 ab
2 § W 2 4.089* 10415%* 2.408* 100%ETc 1492 b 1414 b 30.03 a 29.64 a 27.49 ab
= 125%ETc ~ 9.97 b 11.90 b 20.87 ab 31.73 a 26.74 a
150% ETc ~ 13.73 ab 7.85b 10.50 ab 2423 a 19.41 ab

Note: ™ —not significant (p > 0.05); * —significant (p < 0.05); **—significant (p < 0.01); **—significant
(p <0.001). Means followed by equal letters in the rows do not differ statistically by Tukey’s test (p
<0.05). T1 —treatment irrigated with human-supply water from the concessionaire and planting and
top-dressing fertilization; T2 —treatment irrigated with treated wastewater from Rosa Elze STP;
T3 —treatment irrigated with treated wastewater from biochar filtration; T4 —treatment irrigated
with treated wastewater from Rosa Elze STP and planting and top-dressing fertilization; T5—
treatment irrigated with treated wastewater from biochar filtration and planting and top-dressing
fertilization.

Although it was not affected by the treatments, the increase in soil ESP has been
frequently reported by studies using treated effluents in irrigation, probably due to the
concentration of sodium in water [57]. Urbano et al. [17] observed that, after five cycles of
lettuce cultivation under irrigation with wastewater, the physical properties of an Oxisol
did not change. The wastewater used in the abovementioned study had a mild-to-
moderate risk of salinity for irrigation and, consequently, increased the ESP in the soil and
the sodium concentration.

Electrical conductivity (EC) represents the content of mineral salts in the soil. Table 2
shows higher EC values in the soils of T4 and T5 treatments. These, in addition to having
been irrigated with nutrient-rich water sources, received input from the top-dressing
fertilization. According to Bernardo et al. [48], the lettuce crop has a tolerance of 1.3 dS
m at 25 °C of EC of soil-saturation extract, to achieve the potential production of 100%,
and a tolerance of 2.1 dS m! at 25 °C, for the production to reach 90%. The results prove
that the treatments irrigated with the water sources, without the need for the input from
top-dressing fertilization, have the potential to reach their maximum production.

Erel et al. [58] state that effluents have higher salt concentrations than fresh water
and that these concentrations may be high enough to compromise plant growth and
degrade soil quality. Awedat et al. [59] add that soil salinity and sodicity tend to
accumulate throughout the soil profile. However, Zalacain et al. [60] found that soil
salinization, over 5 years of irrigation research, did not occur in the plots irrigated with
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treated wastewater, and that the park irrigated with treated wastewater for 15 years
showed only a slight salinization of the soil.

In relation to sodium, according to Table 2, higher values were obtained in treatments
irrigated with treated wastewater and STP water that passed through the filtration system,
especially those that also received nutritional input from the top-dressing fertilization.
Libutti et al. [61], working with wastewater sources, found similar results: lower values
in the plots irrigated with drinking water.

Potassium and sodium are chemical elements found at relatively high concentrations
in wastewater from the urban environment [57]. For being clay dispersants, when
effluents are disposed of in inadequate ways, they can cause the destruction of soil
macropores. Consequently, physical problems will appear, such as those associated with
aeration, water infiltration and root penetration [62].

The soils of all treatments were classified as normal (Table 2) regarding their salinity.
According to Bernardo et al. [48], saline soils are those with an electrical conductivity of
the saturated soil solution that is greater than 4 dS m at 25 °C, with ESP of less than 15%
and pH usually below 8.5. Moreover, according to the authors, the main problems of
salinization, occurring in the soils of the country, arose in irrigation projects, especially in
public projects carried out in the “Polygon of Drought”, and are not directly related to the
quality of water used for irrigation. The authors blame the lack of drainage combined with
the low efficiency of the surface irrigation carried out in most projects.

3.4. Agronomic Characteristics of Lettuce

In this topic, the results of the agronomic characteristics of the lettuce crop will be
discussed. Several studies have widely reported the advantages of reusing treated
wastewater in agriculture [13,63-65]. Nutrients present in wastewater such as nitrogen,
phosphorus and potassium may reduce the need for complementary mineral compounds.
In addition, it may increase the concentrations of some elements (Ca, B, Fe, Cu, Zn and
Mn) that are essential for the growth and development of crops [13,66,67]. Urbano et al.
[13], when comparing the characteristics between drinking water and wastewater,
observed that the concentrations of sodium, calcium, nitrogen, potassium and
phosphorus in wastewater were at least 200% higher than the concentrations of the same
nutrients in drinking water.

The results of the present study indicated the continuity of the nutritional input from
wastewater, even after filtration with biochar, and its use, with no need for top-dressing
fertilization for the development of crops. A summary of the analysis of variance and test
of means are presented in Table 3.

There were simple effects of irrigation depths and water sources with fertilization on
the shoot fresh mass and shoot dry mass of lettuce plants in cycle 1. In cycle 2, there was
an interaction between the factors for these variables. According to the data presented in
Table 3, in cycles 1 and 2, shoot fresh mass and shoot dry mass showed higher means in
the treatment irrigated with the effluent that passed through the filtration system and did
not require top-dressing fertilization (T3). When irrigated with the depth corresponding
to 125% ETc, the treatments irrigated with the two nutrient-rich water sources and those
that received top-dressing fertilization (T4 and T5) also stood out. When irrigation was
performed with the depth corresponding to 150% ETc, there was no difference in these
variables between the treatments in cycle 2.

Dry mass is the product of the material that has lost all its moisture after going
through the drying process and physiologically characterizes the evolution of the plant
throughout its development cycle. The results presented prove that the nutritional value
of filtered water satisfactorily met the physiological growth of crops, without the need for
using top-dressing fertilization. Urbano et al. [13], Urbano et al. [68] and Sandri et al. [69],
when irrigating the lettuce crop with wastewater, verified higher means of fresh mass
compared to plants irrigated with supply water.
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Faccioli et al. [70] and Dantas et al. [71] found similar results in their studies, growing
two varieties of cowpea and radish, respectively. These authors used the same water
sources, human-supply water and treated wastewater, as this experiment and found no
significant differences at 5% probability level by Tukey’s test for shoot dry mass and plant
height.

Regarding the number of leaves, no simple or interaction effects were observed, and
a mean value of 49 un pl-! was obtained in the first lettuce cultivation cycle. In the second
cycle, there were simple effects of irrigation depths and water sources and fertilization on
the number of leaves of the crop. T3 had a higher mean than T1, while the other treatments
showed no difference. Ramos [72], after irrigating cabbage with wastewater from the same
STP, found that the means of the number of leaves were higher than those found in plants
irrigated with human-supply water. A similar result was found by Amori et al. [73], who
grew lettuce.

For water-use productivity, the analysis of variance showed simple effect of water
sources and fertilization in cycle 1 and interaction between irrigation depths and water
sources in cycle 2 of lettuce. According to the test of means, it was observed in cycle 1 that
T2 had higher mean compared to T1, and the other treatments did not differ from any of
them. In cycle 2, regardless of the irrigation depth, T3 had the highest means.

Regarding the responses of the variables evaluated to the irrigation depths, Figure
6A shows that the shoot fresh mass of lettuce was quadratically affected in cycle 1.
According to the fit regression equation, the irrigation depths promoted an increase in
this variable from 50% to 150% ETc. In cycle 2, the irrigation depths also caused a
quadratic effect on shoot fresh mass when human-supply water and fertilization was used
(T1) (Figure 6A). According to the regression equation, the irrigation depth of 127% ETc
promoted the highest fresh mass, resulting in an approximate value of 478 g pl-. For the
other water sources (Figure 6A), the irrigation depths had a positive linear effect: the
increase in irrigation depths promoted increments in lettuce shoot fresh mass.
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Figure 6. Shoot fresh mass (A) and shoot dry mass (B) of lettuce grown in cycle 1 and number of
leaves in the first (C) and second (D) cultivation cycles as a function of different irrigation depths.

The literature disagrees, regarding the effect of irrigation depths on the shoot fresh
mass of lettuce crop. Guimaraes et al. [74] applied irrigation depths between 50% and
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125% ETc and verified quadratic effect on different varieties of lettuce. The authors
observed that the irrigation depth for replacement of 100% ETc was the one that
maximized the values of the fresh biomass of the different lettuce varieties. Magalhaes et
al. [75] studied different varieties of lettuce and also applied different irrigation depths,
between 50% and 125% ETc, and verified a positive linear effect on the shoot fresh mass
of lettuce.

For the shoot dry mass of lettuce in the first cultivation cycle, the irrigation depths
had a positive linear effect (Figure 6B). In relation to cycle 2, this same effect was observed
for treatments 1, 4 and 5 (Figure 7B). For lettuce fertigated with wastewater (T2), it was
not possible to fit a regression model. On the other hand, for the treatment fertigated with
treated wastewater from biochar filtration, it was found that the irrigation depths had a
quadratic effect on the shoot dry mass. According to the fit regression equation, the
irrigation depth of 104% maximized the shoot dry mass, resulting in the value of 19.7 g

pl.
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Figure 7. Shoot fresh mass (A), shoot dry mass (B) and water-use productivity (C) of lettuce as a
function of different irrigation depths and cultivated in cycle 2. T1—treatment irrigated with
human-supply water from the concessionaire and planting and top-dressing.

Regardless of the cultivation cycle, the irrigation depths promoted a linear increase
in the number of lettuce leaves (Figure 6C,D). Magalhaes et al. [75], working with the
Rapids and Mbénica varieties, also verified that the irrigation depths between 50% and
125% ETc promoted an increase in the number of leaves of lettuce.

In cycle 1, the irrigation depths had no effect on the water-use productivity of lettuce
(Table 4). In cycle 2 (Figure 7C), it was not possible to fit a regression model to the data
for treatments T1, T4 and T5. In the treatments that received only wastewater, without
complementation of fertilization (T2 and T3), the irrigation depths caused a negative
linear effect.

Table 4. Results of microbiological analyses of lettuce crop performed in the two cycles.

Cycle 1 Cycle 2
Treatment Coliforms at45°C  Salmonella  Coliforms at45°C  Salmonella
MPN g in25g MPN g! in25¢g
T1 <3.0 Absence 9.2 Absence
T2 <3.0 Absence <3.0 Absence
T3 <3.0 Absence <3.0 Absence
T4 <3.0 Absence <3.0 Absence
T5 <3.0 Absence <3.0 Absence

Note: <—less than. T1 —treatment irrigated with human-supply water from the concessionaire and
planting and top-dressing fertilization; T2 —treatment irrigated with treated wastewater from Rosa
Elze STP; T3 —treatment irrigated with treated wastewater from biochar filtration; T4 —treatment
irrigated with treated wastewater from Rosa Elze STP and planting and top-dressing fertilization;
T5—treatment irrigated with treated wastewater from biochar filtration and planting and top-
dressing fertilization.

In relation to the reduction in water productivity as a function of the increase in
irrigation depth, this possibly occurred because the increase in the volume of water
supplied in lettuce cultivation was not accompanied by biomass increments at the same
intensity. It should be noted that water productivity is directly proportional to biomass
yield and inversely proportional to irrigation depth. Guimaraes et al. [74] and Magalhaes
et al. [75] corroborate the results obtained. These authors also verified that the increase in
irrigation depths caused a linear reduction in water productivity in different lettuce
varieties.

3.5. Microbiological Characteristics of Lettuce

The microbiological characteristics analyzed were Salmonella sp. and coliforms at 45
°C. Samples of lettuce from each plot were taken to the ITPS microbiology laboratory for
analysis. The results obtained were compared with the microbiological sanitary standards
for food of Resolution-RDC No. 12, of 2 January 2001, of the National Health Surveillance
Agency (ANVISA) [44], which presents in Annex I the “Microbiological Sanitary
Standards for Food”. Table 4 shows the results of the analyses.

Resolution-RDC No. 12, of 2 January 2001 [44], refers to “coliforms at 45 °C” as
equivalent to “coliforms of fecal origin” and “thermotolerant coliforms”. It recommends
the absence of Salmonella sp. in 25 g and the maximum population of 102 PMN g of
thermotolerant coliforms for “fresh vegetables, whole, selected or not, with the exception
of mushrooms”.

Table 4 shows the presence of 9.2 MPN g of coliforms at 45 °C g only in the T1
treatment of cycle 2, a result that may have been caused by an incorrect procedure during
irrigation management. However, all results are within the microbiological standards
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established by the resolution. As in the coliform population, the results for Salmonella sp.
are within the microbiological standards of the resolution, as its presence was not detected
in lettuce plants. Thus, it is possible to affirm that the water sources of the present study
did not interfere in the microbiological characteristics of lettuce.

It is worth mentioning that while the wastewater exceeded the minimum limit of
total coliforms (Figure 4) this did not interfere in the results of coliforms present in the
plant. Considering only the problems caused in the plant, it is suggested that the
minimum accepted limit for coliforms present in irrigation water can be increased, since
values up to 106 MPN 100 mL-! were not sufficient to cause contamination in lettuce crop.

Corroborating this result, studies that used the same source of treated wastewater,
such as those of Ramos [72] with irrigation of cabbage and Faccioli et al. [70] with
irrigation of two varieties of cowpea, reported results for coliforms and Salmonella sp.
within the acceptable microbiological standards of Resolution-RDC No. 12, of 2 January
2001, of the National Health Surveillance Agency (ANVISA) [44]. Similar results were also
found by Dantas [76] for the irrigation of carrots and beets, Dantas et al. [71] for the
irrigation of radish and Carvalho et al. [77] for the irrigation of sunflower.

Souza et al. [78] concluded that the quality of wastewater is suitable for use in the
fertigation of agricultural crops. However, the sprinkler irrigation method was not
recommended, only the drip irrigation method, in order to avoid contamination by
pathogens and monitor soil salinity, due to the high concentration of sodium in the
effluent. It is important to warn that in large-scale production, wastewater can splash on
the leaves. Thus, strict quality control measures must be taken for human consumption.
Lettuce must be cleaned after harvest to ensure food safety.

It is worth noting that wastewater has a higher density than human-supply water,
which can cause clogging of the filters and labyrinths of the drippers. Further studies are
recommended to perform drip irrigation properly. Evaluation of crops with longer
cultivation cycle and studies with more replicates are also recommended. Future studies
using the same conditions as those of this study in the field are encouraged.

3.6. Characterization of Biochar
3.6.1. SEM Analyses

In the analysis by scanning electron microscopy (SEM), it was possible to compare
the morphological alteration of the fresh orange pomace biochar (Figure 8), with the
biochar after use as a filter element (Figure 9). Fresh biochar proved to be a porous, fibrous
and heterogeneous material. It is also possible to verify the presence of ash and that its
structure is composed of channels and particles with deep, rounded and open cavities.
According to Carvalho [41], the structure presents itself in this way due to the release of
volatile matter. This effect may be related to the existence of some mineral material that
causes increased disintegration of biochar particles.

In the observation of biochar after use as a filter element, it is possible to verify a more
filled, homogeneous and, apparently, more compact surface. It is also possible to notice
that the ash has been solubilized and that its channels are less deep.
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Figure 8. Recording of the microstructural characteristics of fresh biochar.
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N D61 x800 100u

N D46 x180 500 um

Figure 9. Recording of the microstructural characteristics of biochar after use as a filter element.

3.6.2. Thermogravimetric Analyses

Thermogravimetry is the most effective technique for optimizing pyrolysis
temperature. It also provides a notion of moisture content, volatile matter and
composition. Biomass is composed mainly of cellulose, hemicellulose and lignin. Each
element of biomass has a unique thermal decomposition range that affects pyrolysis.

During the biomass pyrolysis process several stages that cause the loss of mass occur.
The first stage corresponds to the evaporation of water, and the others correspond to the
thermal degradation of the different organic compounds of biomass (cellulose,
hemicellulose, lignin and pectin) [79,80]. It is noteworthy that, in thermogravimetric
analyses, the overlap of the mentioned stages should be considered.

Table 5 shows the interaction of temperature intervals with the stages of the biomass
pyrolysis process.

Table 5. Temperature ranges and stages in the biomass pyrolysis process.

Temperatures Stages
Up to 150 °C Release of free water (l‘ower te'mperfalture'zs) and
bound water (stronger interaction with biomass)
Between 125 °C and Decomposition of biopolymers (mainly hemicellulose)
250 °C occurs at lower temperatures compared to cellulose
Between 250 °C and Intense scission of the polymeric chains of cellulose,
380 °C accompanied by the beginning of lignin decomposition
Between 180 °C and Lig)flin decomposiFion,. wi.th p'roduction'of phenols and other
500 °C aromatic compounds in biooil, with formation of methanol and part
of acetic acid
Below 500 °C Decomposition of pectin

Note: Adapted from Chen et al. [81].

In Figure 10A, which shows the TGA and DrTGA of the fresh orange pomace biochar,
when considering Table 5, it is possible to observe three phases in the pyrolysis process of
the material. In the first phase, a mass loss of 9% was detected in the temperature range
up to 180 °C. This phase comprises the degradation of fresh biochar, due to the
evaporation of water and molecules of lower molecular weight, and initiates the
decomposition of hemicellulose. When the temperature approached 150 °C, the mass loss
of the biomass was very small, and most of the water had already been removed. In the
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second phase, a mass loss of 11% was detected in the temperature range between 180 °C
and 480 °C. This phase comprises the decomposition of hemicellulose, cellulose and
lignin. The mass loss remained low until reaching the temperature of 250 °C and increased
considerably until the end of this phase at 480 °C. Finally, in the third phase of biomass
pyrolysis, which was detected in the temperature range between 480 and 600 °C, there
was a mass loss of more than 9%, and pectin was degraded together with lignin. At the
end of the whole process, a residual mass of approximately 72% was found.

TGA % DrTGA %/min TGA % DrTGA %/min
100 ~——— 120 100~ 20
80 — {10 80 10
60/ i
" U 0 60 s e s — s 0
| Start 30.00°C ] Start 30.00°C
40" End  180.00°C Start  180.00°C ka0 40" gnq 80.00°C
Weight -8.319% End  480.00°C Start  480.00°C 1~ Weioht Loss -4.909% Start 80.00°C =10
20/ Weight -9.801%  End  599.81°C | s B ' End 599.98°C
. Weight -9915% _|-20 Weight Loss -13.566% 20
100 200 300 400 500 600 100 200 300 400 500 500
Temp (°C) Temp (°C)
(A) (B)

Figure 10. Thermogravimetry: (A) fresh biochar; (B) biochar after use as a filter element.

Analyzing Figure 10B, which presents the TGA and DrTGA of the biochar after use
as a filter element, when considering Table 5, two phases were observed in the pyrolysis
process of the material. In the first phase, a mass loss of 6% was detected in the
temperature range up to 90 °C. In the second phase, mass loss of 13% was detected in the
temperature range between 90 °C and 600 °C, which comprises the decomposition of
hemicellulose, cellulose, lignin and pectin. At the end of the whole process, a residual
mass of approximately 81% was found.

The results show that fresh biochar has greater sensitivity to thermal degradation,
leading to more individual stages of decomposition; possibly, after use as a filter element,
the biochar goes through a degradation process.

4. Conclusions

The results of this study indicated that fertigation using treated effluents may be an
alternative for short-cycle crops in irrigated agriculture. This strategy should be used
mainly in regions with water scarcity, with the benefit of increasing nutrients in the soil
and increasing crop yield, with no need for top-dressing fertilization.

The use of biochar as an adsorbent material in the filtration process improved the
microbiological quality of wastewater.

In general, irrigation with wastewater did not significantly modify the soil’s
macronutrient contents. However, significantly higher sodium contents were observed in
soils irrigated with treated wastewater and STP water that passed through the filtration
system, although the soil of all treatments was classified as normal in terms of salinity.

Fertigation using STP water that passed through the filtration system led to the
highest means of fresh mass, dry mass and number of leaves in the cultivated plants, with
no need for top-dressing fertilization.

Lettuce leaves produced during the experiment are acceptable for human
consumption, since the absence of Salmonella sp. was found in all treatments, and the
maximum coliform population of all treatments complies with the limit established by
Resolution-RDC No. 12, of 2 January 2001, of the National Health Surveillance Agency
(ANVISA).
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For larger-scale production, the researchers suggest strict quality control measures to
avoid contamination of the edible parts of the product intended for human consumption.
The product must be sanitized after harvesting to ensure food safety.
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Nomenclature

The following abbreviations are used in this manuscript:

ANOVA analysis of variance

ANVISA national health surveillance agency

BOD biochemical oxygen demand

BSE backscattered electrons

BW post-treated water by the adsorption process
CEC cation exchange capacity

CONAMA national environment council

DEA department of agronomic engineering
DESO Sergipe Basic Sanitation Company

DO dissolved oxygen

DrTGA derives from the thermogravimetric curve
DW drinking water for human supply

EC electrical conductivity

ESP exchangeable sodium percentage

ETc crop evapotranspiration

EC field capacity

ITPS Institute of Technology and Research of the state of Sergipe
oM organic matter

PLANTpres plant mass on the present day
PLANTprev plant mass on the previous day

POTa pot mass at actual moisture

POTEC pot mass at field capacity

PWP permanent wilting point

RBD randomized block design

SAR sodium adsorption ratio

SE federal state of Sergipe

SEM scanning electron microscopy

STP sewage treatment plant

TGA thermogravimetric curve

™ treated wastewater by a biological process
UFS Federal University of Sergipe
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