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Abstract

Purpose The objective was to evaluate the agronomic performance of black wattle seedlings (Acacia mearnsii)
grown on substrates with increasing proportions of biochar based on anaerobic sewage sludge (ASS-biochar). In
addition, the present study proposed appropriate ranges for the main physical-hydraulic and chemical attributes of
these substrates.

Method The evaluated substrates included ten formulations with increasing proportions of ASS-biochar, com-
bined with a “standard” mixture (organic compost, carbonized rice husk and vermiculite), in addition to three
commercial substrates (references). The experimental design was randomized blocks, with four replications and
eight plants per repetition. The physical-hydraulic and chemical attributes evaluated in all substrate formulations
were: wet and dry density, total porosity, aeration space, easily available water, buffering water, available water,
remaining water, pH and electrical conductivity (EC). The agronomic performance of the black wattle seedlings
was evaluated through plant height, length of the root system, neck diameter, dry mass of aerial parts, dry mass of
roots and Dickson’s quality index.

Results Biochar from anaerobic sewage sludge increased the chemical and physical-hydraulic quality of the sub-
strates, particularly within the proportion of 45-50% of the substrate formulations, and thus positively affected the
growth parameters of the black wattle plants.

Conclusion The biochar produced from anaerobic sewage sludge is an efficient raw material to compose substrates
for the production of seedlings. Transformation of anaerobic sewage sludge into biochar and its combination with
other locally available raw materials can be considered a safe way of reusing this residue in agriculture.

Keywords Acacia mearnsii, Growing media, Biosolids, Agricultural substrates

Introduction

The treatment of sewage originating from houschold
collection networks generates a semi-solid materi-
al called sewage sludge, and its safe recycling is still
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a major challenge for the modern society (Bai et al.
2017). The anaerobic treatment process, characterized
by biological degradation of organic matter, is widely
used worldwide and generally consists of four succes-
sive stages: hydrolysis, acidogenesis, acetogenesis and
methanogenesis. Hydrolysis is the stage where fermen-
tative enzymes convert complex and undissolved ma-
terial into less complex dissolved compounds. In aci-
dogenesis, the dissolved compounds present in the cells
of the fermentative bacteria are converted into several
simpler compounds (volatile fatty acids), alcohols, lac-
tic acid, carbon dioxide (CO,), hydrogen (H,), ammonia
(NH,) and hydrogen sulfide (H,S). In acetogenesis, the
products of digestion are converted into acetate, H, and
CO,, as well as into new cellular material. In methano-
genesis, acetate, hydrogen, carbonate and methanol are


http://alexbeckermonteiro@gmail.com

298

International Journal of Recycling of Organic Waste in Agriculture (2021)10: 297-308

converted into methane, CO, and new cellular material
(Van Lier et al. 2008). Solid waste resulted from these
steps is called anaerobic sewage sludge (ASS).

The large volume of ASS generated daily is a ma-
jor problem for sanitation companies, and its use in
agriculture has been the main recycling form world-
wide (Tessaro et al. 2016), especially in countries with
a large amount of available agricultural land, such as
Brazil. Several authors suggest using ASS as a fertil-
izer or as a soil conditioner in the recovery of degrad-
ed land areas and as a component of substrates for
seedlings production (Monteiro et al. 2019). Intrinsic
characteristics such as high contents of organic matter,
macro and micronutrients, porosity, water holding ca-
pacity and low costs make ASS an economically and
environmentally sustainable raw material to formulate
substrates for plants (Abreu et al. 2017; Siqueira et al.
2018), in particular for seedlings production (Monteiro
et al. 2017).

However, different contaminants may occur in
ASS, mainly pathogenic organisms at levels above
those established by the laws that regulate the agricul-
tural use of ASS in soils (Brazil: CONAMA 375/2006;
USA: USEPA / 1993), therefore limiting its direct use
in the soil (Nascimento et al. 2014). Additional pro-
cesses to reduce pathogenic contaminants and vector
attraction are currently requested by the Brazilian leg-
islation, which include aerobic/anaerobic digestion,
heating, composting, and lime stabilization. However,
despite numerous studies demonstrating the low risk
of ASS for environmental contamination after going
through these processes, recent studies have pointed
out the persistence of some contaminants (Murray et
al. 2019; Teoh and Li 2020), which poses a potential
risk of dispersal of pathogens (viruses, bacteria, pro-
tozoa, among others) sometimes not completely inac-
tivated by the aforementioned processes. This raises
doubts about the real level of safety provided for the
environment by the direct application of ASS in the
soil (Zuloaga et al. 2012).

In recent years, thermal inactivation has made py-
rolysis an additional option for ASS treatment world-
wide, both for its effectiveness in eliminating patho-
genic microorganisms and for the agronomic potential
of the solid product derived from this process (Yue et
al. 2017; Ren et al. 2018). Pyrolysis carbonizes organic
materials in the absence or in low concentrations of ox-
ygen. With high temperatures (300 - 1000°C), pyrolysis
result in a product rich in pyrogenic carbon called bio-

char (Lehmann and Joseph 2015; Rizwan et al. 2016).
Biochar enhances the use of ASS in agriculture and re-
duces the costs of its disposal (Tang et al. 2019), thus,
it has been widely studied as a soil conditioner and/or
fertilizer (Yue et al. 2017; Fristak et al. 2018; Ren et
al. 2018). However, studies on the use of ASS biochar
as a substrate component for seedling production are
incipient (Silva et al. 2017; Gonzaga et al. 2018). Thus,
best plant responses to ASS-derived substrates require
optimization of the main physical-hydraulic and chem-
ical attributes.

Therefore, the objective of this work was to eval-
uate the agronomic performance of black wattle seed-
lings (Acacia mearnsii) grown on substrates with in-
creasing proportions of biochar based on anaerobic
sewage sludge (ASS-biochar). In addition, the present
study proposed appropriate ranges for the main phys-
ical-hydraulic and chemical attributes of these sub-
strates.

Material and methods

The experimental study was conducted under controlled
conditions in a greenhouse at Embrapa Clima Temper-
ado - Terras Baixas Experimental Station, Capdo do
Ledo, State of Rio Grande do Sul, Brazil (31°49°13”’S
and 52° 27°50”W), from August 2017 to December
2017.

Obtaining the biochar

The ASS was collected at the Sewage Treatment Sta-
tion of Passo Fundo, State of Rio Grande do Sul, Brazil
(28°13°18” S and 52°22°7” W). After collection, a 0.1
m thick layer of ASS was spread in fiberglass boxes
that remained inside an agricultural greenhouse cov-
ered with transparent plastic (200 mm) until reaching
less than 20% of humidity. After drying, the ASS was
submitted to the pyrolysis process with a partial supply
of air and with the temperature ranging from 300 to 600
°C for three hours, while being maintained inside the
pyrolysis chamber under atmospheric pressure (1 atm).
After the pyrolysis, the ASS-biochar had its granulom-
etry standardized in particles smaller than 2.0 mm by
means of mechanical grinding and sieving. The biochar
produced was characterized in relation to pathogenic,
organic and inorganic contaminants, in full compliance
with the maximum limits allowed by the Brazilian leg-
islation: CONAMA Resolution No. 375/2006.
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Treatments

The evaluated substrates included ten formulations
with increasing proportions of ASS-biochar (S1-S10)
and three commercial substrates (references: S11-S13)
(Table 1). The formulated substrates (S1-S10) were
composed of ASS-biochar and a “standard” mixture
constituted by 33.33% commercial organic compost +
43.33% carbonized rice husk + 23.33% fine vermicu-
lite (<3 mm) (3.3:4.3:2.3 m:m ratio). The commercial
substrates (S11-S13) had the following compositions:
composted agro-industrial organic waste obtained from
seeds, bagasse and grape stalks, ashes, peat and carbon-
ized rice husk (Commercial 1); mixture of pine bark,
vermiculite, dolomitic limestone and macronutrients
(Commercial 2); and a mixture of sphagnum peat, ex-
panded vermiculite, carbonized rice husk, dolomitic
limestone, agricultural plaster, NPK fertilizer and mi-
cronutrients (Commercial 3).

Table 1 Substrates formulated with ASS-biochar and
three commercial substrates

Substrates ASS-biochar “Standard” mixture
------------------------ % (M:M) -=-===mmmmmmemmmeee

S1 10 90

S2 20 80

S3 30 70

S4 40 60

S5 50 50

S6 60 40

S7 70 30

S8 80 20

S9 90 10

S10 100 0

S11 Substrate commercial 1

S12 Substrate commercial 2

S13 Substrate commercial 3

* “Standard” mixture = 33.33% commercial organic compost +43.33%

carbonized rice husk + 23.33% fine vermiculite (3.3:4.3:2.3 ratio).

Characterization of substrates

Physical-hydraulic characterization — These analyses
were carried out at the Soil Physics Laboratory of “Em-
brapa Clima Temperado”, where the following vari-
ables were determined: wet density (WD), dry density
(DD), total porosity (TP), aeration space (AS), easily
available water (EAW), buffering water (BW), avail-
able water (AW) and remaining water (RW). The wet

and dry densities of the substrates were determined
through the self-compacting method described by
Brasil (2007). The variables TP, AS, EAW, BW, AW,
and RW were determined according to De Boodt and
Verdonck (1972).

Chemical characterization - The pH and EC of
the substrates were determined according to MAPA/
SDA Regulatory Instruction No. 17 of May 24, 2007
(Brasil 2007) recommended by the International Soci-
ety of Horticultural Sciences (UNE-EN 13037 2012 and
UNE-EN 13038 2012). Substrate samples were diluted
in the proportion of 1:5 (substrate:water) and subject-
ed to mechanical horizontal agitation at 40 cycles per
minute for 60 minutes. Subsequently, the liquid phase
of samples was filtered through quantitative filter paper
(8 um). The pH was determined with a pH meter mod-
el HI 2221 (HANNA Instruments, S3o Paulo - Brazil)
while EC was determined in the same samples with a
Tec-4MP bench meter (Tecnal Scientific Equipment’s,
Sao Paulo - Brazil).

Conduction of the agronomic experiment

The agronomic experiment was conducted under mi-
cro-sprinkler irrigation. The applied irrigation level
was calculated every day based on the crop evapotrans-
piration (ETc) that was obtained from the product of
crop coefficient (Kc) and potential evapotranspiration
(ETP) that was calculated using the Benevides and
Lopez equation (1970), whose values were obtained
from temperature (°C) and relative humidity (%) sen-
sors installed inside the greenhouse. The black wattle
seeds used in the experiment were collected from adult
trees in a commercial forest intended for wood and tan-
nin production, located in Piratini, RS State, Brazil. The
seeds presented a germinative power of 72%. Before
sowing, seed dormancy was broken by immersing them
in hot water (~ 80°C) for 3 minutes (Martins-Corder et
al. 1999). Sowing was carried out on August 21st, 2017,
in polypropylene tubes of 53 cm?, arranged in box trays
with two seeds per tube, with subsequent thinning to
maintain only one plant per tube.

The performance of plants were evaluated 120 days
after sowing, in relation to the following variables:
plant height, length of the root system, neck diameter,
dry mass of the aerial parts, dry mass of the roots and
Dickson’s quality index. Plant height (cm) and length
of the root system (cm) were measured with a gradu-
ated ruler while the neck diameter was measured with
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a digital caliper. All these variables, as well as the dry
mass of the aerial parts and the roots, were determined
individually, in each of the eight seedlings of each plot.
To obtain the dry mass, the plant tissues were dried out
in oven at 65 + 1 °C until reaching constant mass, fol-
lowed by weighing in precision balance.

Experimental design and statistical analysis

The experimental design was in randomized blocks,
with four replications and eight plants per repetition.
The normality of the probability distributions of the
data sets obtained in the characterization of all sub-
strates and in the agronomic experiment was evaluated.
The data sets were checked for the presence of outliers
and subsequently subjected to an analysis of variance
(ANOVA). The data of each response variable with
significant treatment effects obtained from the F-test (p
<0.05) were subjected to a polynomial regression anal-
ysis. Statistical analyses were performed using Sigma-
Plot software version 11.0.

Results and discussion
Physical-hydraulic characterization of substrates

The increase in the proportions of biochar significant-
ly influenced the physical-hydraulic characteristics of
the substrates, with a linear increase in the wet and dry
densities (Fig. 1A, 1B) and a linear reduction of total
porosity (TP) (Fig. 1C) and aeration space (AS) (Fig.
1D). The results show that the obtained dry densities
can be considered high according to the ideal range
indicated by Fermino (2002), between 250 and 400 kg
m? for dry density (DD) in tubes of up to 15 c¢cm in
length. The substrates with up to 40% biochar showed
DD values within this recommended range, while the
others showed higher values (Fig. 1B). Among the
commercial substrates, S12 and S13 presented DD
within the recommended range, however, S11 sur-
passed the indicated range for this cultivation system
(Fig. 1B). Elevated DD will result in a decrease in TP,
AS and in the space available for the development of
the root system of the plants, in addition to affect-
ing water storage, transportation and handling costs
(Castoldi et al. 2014).

The TP values were reduced due to the increase
in the proportion of biochar, however, the substrates
with 20% biochar and S13 showed values within the

recommended range (80-90% - Fig. 1C). In relation to
AS, a linear decrease was also observed as the propor-
tions of biochar in the substrates were increased, thus,
only substrates formulated with proportions between
70 and 100% of biochar had adequate volumes of AS
(20-30% - Fig. 1D). Of the commercial substrates,
only S13 had AS within the recommended range.

The linear reductions in TP and AS resulted from an
increase in DD that occurs in response to the increas-
ing proportions of biochar. Dry density is a physical
property inversely proportional to porosity (Barros et
al. 2019), evidenced by the significant correlation be-
tween DD and TP (r =-0.91, p<0.01) and with AS (r =
-0.89, p<0.01). While TP is associated with macro and
micropores, AS is mainly conditioned by the propor-
tion of macropores in the substrate, and these param-
eters directly interfere with available water (AW) and
remaining water (RW). In this regard, the present work
suggests that the pyrolysis process reduces the volume
of macro and micropores. Moreover, Monteiro et al.
(2017) found an increase in total porosity, especially
of micropores, in substrates with higher proportions of
solarized SS.

Regarding easily available water (EAW) and AW,
the different proportions of biochar had no effect on
the studied substrates (Fig. 1E). Thus, all biochar-based
substrates (S1 to S10) and commercial substrates (S11
to S13) showed EAW and AW values below the ideal
range (20 - 30% - Fig. 1E; 24 - 35% - Fig. 1G). The
buffering water (BW) increased linearly in response to
the increase in the proportion of biochar in the formula-
tion (Fig. 1F). However, only the substrates with 70 and
90% biochar and the commercial substrates S11 and
S12 showed values similar to the recommended range
(4 - 5% - Fig. 1F).

De Boodt and Verdonck (1972) state that the sub-
strate should provide water to plants in the lowest possi-
ble energy state, as well as present sufficient amount of
air in the plant-root zone. However, it can be seen that
EAW, BW and AW were below the recommended val-
ues by the authors (Fig. 1). This low percentage of AW
presented by substrates based on biochar (Fig. 1G) is
related to the excess of macropores in the standard mix-
ture, a fact that is expressed by the high AS (Fig. 1D)
presented by the substrates formulated with the lowest
proportions of biochar.

Regarding RW, the different proportions of biochar
had no effect on it, however, the values obtained were
within the recommended range (20 - 30% - Fig. 1H).
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On the other hand, among the three commercial sub- potentials (above 10 kPa), represents the water from the
strates, only the substrate S11 showed RW values with- micropores and can be considered poorly accessible to
in the recommended range, the others (S12 and S13) seedlings and young plants.

were higher. The RW, while being kept at higher water
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Fig. 1 Physical-hydraulic parameters in substrates with anaerobic sewage sludge biochar and three commercial
substrates

ns: polynomial regression not significant at p<0.01; *: significant at p<0.05; **: significant at p<0.01.
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Chemical characteristics

The pH of the substrates had a quadratic response due
to the increase in the proportions of biochar (Fig. 2A).
The substrates with 60 to 90% ASS, in addition to S13,
showed pH values within the recommended range for
most crops, including black wattle (pH around 5.5)
(5.5 - 6.5 - CQFS -RS/SC, 2016). On the other hand,
the substrates formulated with the lowest biochar pro-
portions (10 - 50%) had a higher pH than recommend-
ed (pH>6.5), probably due to the components of the
“standard” mixture, formulated with organic compost,
carbonized rice husk and fine vermiculite, with pH of
7.19, 7.83 and 6.63, respectively. According to Valeri
and Corradini (2000), substrates with a very high pH
can induce a deficiency of phosphorus, iron, zinc and
copper in plants. On the other hand, the substrate with
100% biochar, as well as S11 and S12, had pH values
below the ideal range for most cultures (Fig. 2A).

In several cases, anaerobic sewage sludge may pres-
ent very acidic conditions (Pereira et al. 2020), with pH
values from 3.5 to 4.0, as in the case of our study. Af-
ter the pyrolysis, the resulted biochar usually presents
a higher pH than before carbonization. In the present
study, the pH of ASS biochar reached 4.5 (Fig. 2, with
100% of ASS biochar), insufficient for plant substrates.
The addition of components with higher pH values,
such as carbonized rice husks, provides an increase in
the final pH of the substrates, fitting them into the rec-
ommended range for most crops (pH from 5.5 to 6.5).
This was acquired with the addition of 50 to 90% of
biochar, as recommended by Fermino et al. (2018). The
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mentioned authors also evaluated the reuse of wastes as
components of substrates to produce Eucalyptus gran-
dis seedlings and observed that the combination of car-
bonized rice husk with other raw materials increased
the final pH of the substrates. This fact corroborates the
results obtained in the present study.

The values of electrical conductivity (EC) (dilution
1:5 - viv) were increased linearly as the proportion of
biochar increased (Fig. 2B). According to Cavins et al.
(2000), the EC of substrates can be classified as very
low (0.00 to 0.11 mS cm"), low (0.12 to 0.35 mS cm’"),
normal (0.36 to 0.65 mS cm™), high (0.66 to 0.89 mS
cm™), very high (0.90 to 1.10 mS cm™) and extremely
high (>1.10 mS cm™) for a dilution of 1:5 (v:v). The re-
sults indicate that substrates formulated with more than
40% biochar presented an extremely high EC. Sub-
strates with a high EC can damage the roots and reduce
or even prevent the absorption of water and nutrients,
which makes this one of the main indicators that must
be considered when choosing the substrate components
(Cavins et al. 2000).

The high EC of the biochar is probably due to its
high nutrient load, which generally results in a saline
material (Fornes et al. 2015). The pyrolysis reduces
the amount of moisture and volatile solids (Tang et al.
2018), particularly those containing organic phases of
elements such as Nitrogen, Sulphur, Carbon and Ox-
ygen, thus concentrating alkali metals in the mineral
form, as observed by Monteiro et al. (2020a). The high
concentrations of these elements are responsible for the
higher electrical conductivity (EC) values of the bio-
char when compared to the other raw materials.

B
¥=0.423+0.021 * x
—.’E‘ Re=0.93%= .
£ ()
E e
E
=
z T
£ B M
< -
g i
2 .
£ R o
£ s
g
=

it

0 10 20 30 40 50 o0 70 80 90 100 511 S12 S13
Proportion of Biochar (%)
=7 Reference

& Commercial2 O Commercial 3

Fig. 2 Response of hydrogenionic potential (pH) and electrical conductivity (EC) in substrates with increasing

proportions of anaerobic sewage sludge biochar and three commercial substrates

*: polynomial regression significant at p<0.05; and **: significant at p<0.01.



International Journal of Recycling of Organic Waste in Agriculture (2021)10: 297-308

303

Agronomic parameters of black wattle (Acacia
mearnsii)

The black wattle seedlings grown under a sprinkler
irrigation system were significantly influenced by the
proportions of biochar in the substrates (Fig. 3). For all
growth variables, a quadratic response was obtained due
to the increasing quantities of biochar in the substrates,
and the maximum technical efficiency was estimated
at 46, 46, 50, 50, 50 and 50% for plant height, length

of the root system (LRS), neck diameter, dry mass of
the aerial parts (DMAP), dry mass of roots (DMR) and
Dickson’s quality index (DQI), respectively (Fig. 3).
In general, the proportion of biochar that provided the
greatest vegetative growth was around 50%, with pro-
portions greater than 70% resulting in growth reduction,
mainly with 100% biochar, which presented the worst
performance among all substrates with biochar. Regard-
ing the commercial substrates, S11 and S12 did not dif-
fer from the substrate with 100% biochar (Fig. 3). The
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Fig. 3 Plant height, length of the root system, neck diameter, dry mass of the aerial parts, dry mass of the roots

and Dickson’s quality index of black wattle (Acacia mearnsii) plants grown on substrates with anaerobic sewage

sludge biochar and three commercial substrates

*: polynomial regression significant at p<0.05; and **: significant at p<0.01.
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substrate S13, on the other hand, performed significantly
better than the other commercial ones, being equivalent
to substrates with 80 and 90% biochar (Fig. 3).

The agronomic results of this study are in ac-
cordance with those obtained for lettuce seedlings
(Monteiro et al. 2020b), carried out with biochar made
from aerobic sewage sludge and combined with oth-
er raw materials. The mentioned authors obtained the
best results with 20% of biochar. In fact, the amount
of biochar in the formulation is the key factor for agro-
nomic performance, since it affects the pH, the EC, the
physical conditions as well as the amount of nutrients
supplied to the plants by the formulated growth media.

Physical-hydraulic and chemical characteristics of
substrates versus morphological characteristics of
black wattle

In general, the increasing proportions of biochar in the
substrates significantly influenced the physical-hydrau-
lic and chemical characteristics, which consequently
affect the growth parameters of black wattle. The pro-
portions of biochar that provided greater plant growth
of black wattle were in the range of 40 - 70%. The main
parameters that influenced the growth of black wattle
seedlings, according to the correlation analysis, were
BW, AW and RW (Table 2). Considering BW and AW,
the effects were mainly due to BW, as AW is the sum of

EAW and BW, and EAW was not related to the growth
variables (Table 2). In the sprinkler system, the water
contents in equilibrium at pressures between 50 and
100 kPa were more important for plant growth, proba-
bly because these water contents were retained with an
intermediate strength by the substrate, with less losses
to the environment (evaporation) and at the same time
easily accessible to the plants.

Another variable that influenced the growth of
black wattle was RW (Table 2). In this case, the RW
represents the water that, although present in the sub-
strate, is difficult for plants to access. For this reason,
there was a negative correlation between the RW and
the growth parameters. That is, in substrates where the
percentage of RW was higher, there was a reduction in
the growth potential of the black wattle plants.

Although the chemical and physical-hydraulic as-
pects determined in the substrate formulations devel-
oped and evaluated in this study should be personal-
ized for each crop, in general, it was possible to see
that certain substrates with ASS-biochar mixed with
carbonized rice husk, organic compost and vermicu-
lite showed efficiency similar or superior to the three
commercial substrates taken as references. This fact re-
veals the potential of using the ASS-biochar. The plant
responses indicated that a proportion of around 50% of
ASS-biochar in the substrate resulted in the best pro-
duction of black wattle seedlings.

Table 2 Correlation of the physical-hydraulic and chemical characteristics of the substrates with plant growth vari-

ables of black wattle seedlings (Acacia Mearnsii)

Characteristic of Substrate ~ Plant height Neck diameter LRS DMAP DMR DQI
Physical-hydraulic characteristics
WD 0.03" 0.29m -0.13 0.28™ 0.17m 0.30"
DD 0.02" 0.28™ -0.12m 0.27™ 0.16m 0.28m
TP 0.04 -0.26™ 0.24 -0.23m -0.11m -0.26™
AS 0.02" -0.29™ 0.15m -0.29 -0.14 -0.30™
EAW 0.06™ 0.00" 0.36 0.11m 0.04" 0.04"
BW 0.19 0.51** -0.10™ 0.50%* 0.35m 0.52%*
AW 0.21m 0.41* 0.21m 0.49%* 0.30m 0.44*
RW -0.19™ -0.40* 0.14" -0.33™ -0.25™ -0.37*
Chemical characteristics

pH 0.12" -0.12m 0.23 -0.09™ -0.10™ -0.15™
EC 0.12m 0.33m -0.02" 0.32m 0.15m 0.31m

LRS — length of the root system; DMAP — dry mass of the aerial parts; DMR — dry mass of the roots; DQI — Dickson’s quality index; WD — wet

density; DD — dry density; TP — total porosity; AS — aeration space; EAW — easily available water; BW — buffering water; AW — available water;

RW —remaining water; pH — hydrogenionic potential; EC —electrical conductivity.

ns = Pearson’s correlation coefficient not significant at p<0.01 nor p<0.05; *: significant at p<0.05; **: significant at p<0.01.
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In addition, ASS-biochar can be considered a safe
material, because after the pyrolysis process, in which
the ASS is subjected to temperatures of 300 - 600 °C,
the pathogenic contaminants are eliminated and at the
same time there are no problems with inorganic con-
taminants, corroborating with similar studies found in
the literature (Yue et al. 2017; Ren et al. 2018).

Even though the results indicate that several of the
proposed substrate formulations have achieved similar
and even superior performance to the tested commer-
cial ones, it is believed that further studies should be
conducted. There is a need to test new combinations
with other materials and/or proportions of the same
materials, as some chemical and physical-hydraulic
parameters (pH, EC, Density, TP, AS, EAW, BW and
AW) differed from those considered ideal in the litera-
ture (CQFS-RS/SC 2016; De Boot and Verdonck 1972;
Fermino et al. 2018), indicating the possibility that the
results obtained in the present study can be further max-
imized, customized or extended to a greater number of
species.

Considering the plants that were more satisfactorily
developed, ranges were proposed for the main physi-
cal-hydraulic and chemical characteristics of substrates,
in particular for those more suitable for black wattle.
Furthermore, appropriate ranges for a greater number
of crops, with emphasis in growing conditions that also
consider particularities of the different cultivation sys-
tems, should also be determined.

Table 3 Recommended ranges for physical-hydraulic and
(Acacia Mearnsii) grown in substrates

Recommended ranges for the physical-hydraulic
and chemical characteristics of substrates for
black wattle seedlings

Based on the performance of the black wattle plants
and the corresponding physical-hydraulic and chemical
characteristics observed in these substrates, significant
improvements were made to update what is actually rec-
ommended by the literature (Fermino 2002; De Boodt
and Verdonck 1972; CQFS-RS/SC 2016; Cavins et al.
2000). Therefore, new reference ranges were proposed
for the physical-hydraulic (DD, TP, AS, EAW, BW, AW
and RW) and for the chemical (pH and EC) character-
istics (Table 3).

The DD values of the substrates that showed the
best performance for the production of black wattle
seedlings ranged from 420 to 460 kg m~, being higher
than those recommended by Fermino (2002), who rec-
ommends DD values between 250 and 420 kg m™ for
cultivation of seedlings in tubes up to 15 cm high. De
Boodt and Verdonck (1972) proposed adequate ranges
for a set of variables, including TP, AS, EAW, BW and
RW. The present study set a specific interval for black
wattle, which ranged from 60 to 75%, lower than the
limits between 80 and 90%, recommended by De Boo-
dt and Verdonck (Table 3). The AS interval that pro-
vided the best performance of black wattle seedlings
ranged from 25 to 35%, being similar to the one indi-
cated by the same authors, between 20 and 30%. The

chemical parameters for the cultivation of black wattle

Physical-hydraulic and chemical parameters of substrates

Suitable ranges for black wattle*

Reference ranges (Literature)

Dry density - DD (kg m?) 420 - 460 100 - 300; 250 - 400
Total porosity - TP (%) 60 - 75 80-90

Aeration space - AS (%) 25-35 20 -30

Easily available water - EAW (%) 10-12 20-30

Buffering water - BW (%) 3-5 4-5

Available water - AW (%) 13-15 24 -35

Remaining water - RW (%) 20-25 20-30
Hydrogenionic potential - pH 6.0-6.5 55-6.5

Electrical conductivity - EC (mS cm™) 14-1.6 04-0.6

* Under controlled environmental conditions, with conical tubes of up to 15 cm in height, under micro-sprinkler irrigation
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EAW values that provided satisfactory development of
black wattle seedlings varied from 10 to 12% (Table 3),
being lower than the recommended range of 20 - 30%
proposed by De Boodt and Verdonck (1972). For BW,
black wattle seedlings’ growth was satisfactory in the
range of 3 - 5%, similar to 5%, the value recommended
by the mentioned authors. As the AW values represent
the sum of the EAW and BW, the percentage of AW that
provided the best performance of black wattle seedlings
was in the range of 13 - 15%, being lower than the 20
- 30% interval recommended as ideal by the same au-
thors (Table 3). Considering RW, the range that pro-
vided the best development of black wattle seedlings
was between 20 and 25%, thus more restrictive than the
range recommended, between 20 and 30% (Table 3).
Regarding the pH values of the substrates for black
wattle in the micro-sprinkler irrigation system, the best
performance of the seedlings was obtained in the range
of 6.0 - 6.5, that is, within the recommended range (5.5
- 6.5) for most crops, as stated by CQFS-RS/SC (2016)
(Table 3). As for the EC in substrates that provided satis-
factory development for black wattle seedlings, the range
varied between 1.4 and 1.6 mS cm, being higher than
those considered normal by Cavins et al. (2000), who
recommend EC values in the range of 0.4 - 0.6 mS cm’'.

Conclusion

The results demonstrate that the biochar produced from
anaerobic sewage sludge is an efficient raw material to
compose substrates for the production of seedlings. In
this sense, the best agronomic efficiency was obtained
within the proportion of 45-50% of ASS-biochar for the
production of black wattle seedlings.

Under the micro-sprinkler system, the physical-hy-
draulic conditions of substrates that provided the best
performance of black wattle were: 420 - 460 kg m?
(dry density); 60 - 75% (total porosity); 25 - 35% (aer-
ation space); 10 - 12% (easily available water); 3 - 5%
(buffering water); 13 - 15% (available water); 20 - 25%
(remaining water); 6.0 - 6.5 (pH); 1.4 - 1.6 mS cm’!
(electrical conductivity).

This study opens new opportunities in sewage
sludge use and can be considered one of the possible
safe alternatives to various other methods of reusing
this residue in agriculture.
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