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Abstract

The overuse of synthetic fertilizers has been associated with negative environmental consequences. The use of biochar in
this regard has been recommended as a win—win strategy. However, our understanding on the comparative influences of
biochar prepared from various feedstocks mixed with other bulking agents on soil health and crop performance remained
limited. Therefore, in the present study, three types of biochar produced from sewage sludge, food, and agricultural waste
were analyzed and compared for their effects on soil enzymes (dehydrogenase, DHA; B-glucosidase, GLU; phosphatase,
PHOS; urease, URE; N-acetyl-f-D-glucosaminidase, NAG; and arylsulphatase, ARS), soil basal, as well as substrate-induced
respirations and plant growth and physiology characters. The results revealed that food waste-derived biochar co-pyrolyzed
with zeolite and/or sawdust was more effective in improving soil physicochemical properties and carbon and phosphorous
cycling enzyme (DHA, GLU, and PHOS) activities in addition to soil basal respiration. While the influence of wastewa-
ter sewage sludge-derived biochar was more pronounced on urease, N-acetyl-B-D-glucosaminidase, and arylsulphatase
enzymes as well as plant biomass accumulation and physiological attributes. Moreover, agricultural waste-derived biochar
was found to be effective in enhancing substrate-induced respirations. This study thus concluded that biochar derived from
various feedstocks has the tendency to improve soil health and plant growth attributes which further depend on the type of
modification prior to pyrolysis.
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The world’s population is expected to grow exponentially.
This, together with increased urbanization and heavy indus-
trialization, poses serious threats to soil and environmental
sustainability, and, therefore, food security is a recent con-
cern of the scientific community. Production of surplus food
from the scanty available soil and water resources is another
of the main concerns worldwide. In this regard, agriculture
should play its role in ensuring food security. Farmers rely
heavily on chemical fertilizers which have degraded soil fer-
tility and its quality due to overuse of chemical fertilizers
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and crop protection chemicals (Ray et al. 2013; Zaidun et al.
2019). Moreover, long-term cultivation of soils could also
result in soil acidification, depletion of soil organic matter,
and microbial activity (Ding et al. 2016). Therefore, sustain-
able soil and environmental management require sustain-
able changes in agricultural settings worldwide. One of the
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possible changes is the application of organic materials to
restore soil fertility, and biochar in this regard has received
increasing importance.

A plethora of studies have reported the increasing poten-
tial of biochar application for the enhancement of soil fer-
tility and quality (Singh et al. 2019; Mustafa, et al. 2022c,
2022b), soil and water remediation (Mohan et al. 2014,
Shahbaz et al. 2019; Naveed et al. 2021), crop production
(Singh et al. 2020), and improving soil carbon sequestra-
tion (Majumder et al. 2019; Nan et al. 2022). This shows
that society has paid attention to utilizing the potential of
biochar for soil quality improvement and sustainable crop
production. Biochar is a carbon-rich product produced by the
destructive pyrolysis of feedstock in the absence of oxygen
(Lehmann et al. 2011; IBI 2015). The feedstocks utilized for
biochar production come from the wastes generated from
agricultural production (Nguyen et al. 2015; Eduah et al.
2019; Khan et al. 2021), food processing (Kumar et al. 2021;
Mustafa, et al. 2022¢, 2022b), industrial water treatment,
and/or household activities (El-Naggar et al. 2018; Xia et al.
2020; He et al. 2021). The addition of biochar to soil has
known benefits such as improvements in soil physicochemi-
cal properties. Numerous studies have elaborated on the role
of biochar with and without other amendments in improving
crop yields (Ali et al. 2020; Ullah et al. 2021). Biochar does
so by enhancing the nutrients availability, soil moisture con-
tents, sheltering, and improving microbial activities (Hola-
tko et al. 2022; Mustafa, et al. 2022a; Wali et al. 2022). This
suggests the application of biochar as a valuable alternative
to conventional organic amendments for soil modification
and crop production. Albeit the known benefits of biochar as
a soil amendment are already well acknowledged, the effect
of modification of the final traits of different kinds of biochar
by, e.g., amendment of varying concentrations of bulking
and modulating agents (sawdust and zeolite) before pyroly-
sis remained unclear. Due to the overwhelming increase in
urbanization and human population, the generation of sew-
age sludge and food waste is an unavoidable practice and
a potential threat to the environment if not managed effec-
tively (Thomsen et al. 2017; Abiad and Meho 2018). Moreo-
ver, there has been a serious gap between the generation of
food waste or sewage sludge and its safe and sustainable
disposal which is another of the main concerns of the scien-
tific community (Ahmad et al. 2022; Mustafa, et al. 2022b).
In this regard, bioconversion of these wastes into environ-
mentally stable and non-hazardous amendments is a viable
strategy. Of all the treatment technologies, pyrolysis of gen-
erated waste resulting in biochar has been the most effective
technique so far (Huang et al. 2017; Ahmad et al. 2022).
Therefore, the advantage was taken to pyrolyze the sewage
sludge and food wastes by mixing the wastes with zeolite
and/or sawdust to modify the resulting biochar properties.
In the present study, sewage sludge and food waste biochar
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were prepared both by mixing feedstock with sawdust and
zeolite, both ranging from 5 to 25% w/w before pyrolysis.
Thus, it was hypothesized that co-pyrolysis of sewage sludge
or food waste with zeolite or sawdust would improve soil
physicochemical and microbiological properties relative to
counterpart simple agricultural waste-derived biochar. While
the effect of applied amendments on crop performance may
vary depending on the type of biochar, we considered soil
respiration and microbial extracellular enzyme activities as
measures of soil quality and plant growth and physiological
parameters as measures of crop performance respectively.
The specific objectives of this study were thus to (i) evalu-
ate the comparative effectiveness of sewage sludge and food
waste biochar on soil quality attributes related to physico-
chemical and microbiological soil properties and (ii) assess
the effects of applied amendments on crop performance
related to plant growth and photosynthetic attributes.

2 Materials and Methods
2.1 Feedstocks and Preparation of Biochar

For the purpose of this pot experiment, biochar was prepared
from the following feedstock materials:

WWS + SD: biochar made from dried wastewater sludge
(WWS) which was mixed with 25% spruce sawdust (SD)
before pyrolysis;

WWS + SD +Z: biochar made from dried wastewater
sludge which was mixed with 20% spruce sawdust and 5%
zeolite (Z) before pyrolysis;

FW + SD: biochar made from food waste (FW) collected
from a Brno University of Technology canteen which was
mixed with 25% spruce sawdust before pyrolysis;

FW + SD +Z: biochar made from food waste collected
from the university canteen which was mixed with 20%
spruce sawdust and 5% zeolite before pyrolysis.

In the laboratory, the mixtures mentioned above were pel-
letized using a briquetting press (type JGE 260) for the pro-
duction of pellets with a size of 6 mm of extrusion holes and
a pellet length of 40 mm. Then, thermal pyrolysis (TP) was
performed in a small-scale TP unit working under 650 °C
(Mustafa et al. 2022b). The unit works discontinuously; the
residence time was 340—410 min. The input weight of feed-
stock was 3 kg per batch.

Moreover, commercial biochar from agricultural waste
(AW) was bought from the manufacturer (Sonnenerde
GmbH, Austria). AW was produced with a high-technology
production unit Pyreg500 from grain husks, sunflower pods,
and pulp. The pyrolysis temperature was set up at 650 °C.
The chemical composition of the applied biochars is given
in Table 1.
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Table 1 (.Ihemice}l prqperties Biochar N[%] H [%] 0 [%] TC [%] TIC [%] TOC [%]

of used biochars in this study

(mean + standard deviation) WWS +SD 2914001 1754001 14224020 3343+000 0.17+0.01 33.26+0.01
WWS+SD+Z 249+0.00 1.64+0.03 13.25+0.09 33.26+0.16 0.01+0.03 0.01+0.13
FW+SD 3.58+0.05 3.04+0.06 8.10+0.25 81.25+0.03 0.24+0.00 33.02+0.03
FW+SD+7Z 3.52+0.04 2.57+0.01 8.03+0.04 71.28+0.21 0.03+0.00 0.13+0.21
AW 1.01+£0.06 1.60+0.04 17.28+0.21 50.13+£0.02 0.07+0.00 81.18+0.02

WWS+SD, wastewater sludge +sawdust biochar; WWS+SD+Z, wastewater sludge 4+ sawdust + zeolite
biochar; FW+SD, food waste biochar + sawdust biochar; FW+ SD + Z, food waste + sawdust + zeolite bio-
char; AW, agricultural waste biochar; N, H, and O were measured using the FLASH 2000 Organic Ele-
mental Analyzer/CHNS-O Analyzer (Thermo Fisher Scientific) TC, total carbon (=TIC +TOC); TIC, total
inorganic carbon; TOC, total organic carbon; TIC and TOC were measured using the Soli TOC® cube
(Elementar Analysensysteme GmbH, Langenselbold, Germany)

2.2 Treatments Description and Pot Experiment

The growth substrate used for the pot experiment was
prepared by mixing fine quartz sand (0.1-1.0 mm; >95%
Si0,) with an arable soil, a silty clay loam (USDA Textural
Triangle), or Haplic Luvisol (WRB soil classification) in a
weight ratio of 1:1. Soil (0-15 cm) was taken near the town
of Troubsko, Czech Republic (49° 10’ 28" N, 16° 29' 32" E)
and sieved through 2 mm. The soil properties were as fol-
lows (g-kg_l): total C 14.0, total N 1.60, P 0.097, S 0.145,
Ca 3.26, Mg 0.236, K 0.231; pH (CaCl,) 7.3.

One kilogram of growth substrate was mixed with 16 g
(equivalent to 20 t-ha™!) of a particular biochar and filled
in plastic pots (volume 1 L, top diameter 11 cm, bottom
diameter 9 cm, height 13 cm). The control treatment was
left without the addition of biochar. Each treatment was
carried out in 3 replicates (pots). The pot experiment with
lettuce (Lactuca sativa L. var. capitata) took place in a
growth chamber under controlled conditions: light intensity
20,000 Ix; photoperiod 12 h; temperature 18/22 °C (night/
day); relative humidity 70%. A 2-day sprouting of the let-
tuce seeds preceded the sowing to a depth of approximately
2 mm in each pot. After sowing, each pot was watered with
100 mL of distilled water. The 10-day-old seedlings were
reduced to one of the most robust plants per pot. Pot place-
ment in the growth chamber was randomized. Soil humidity
was controlled, and water content was maintained during the
experiment at approximately 60% of water-holding capacity.
The pots were variably rotated once per week. The plants
were harvested 8 weeks after sowing.

2.3 Crop Performance

Before harvest, the efficiency of photosystem II (PSII) on
lettuce plants was measured. The quantum yield of the PSII
(QY-max) was determined (at light intensity 2400 mmol-m-
2-s-1) by the fluorometer PAR-FluorPen FP 110-LM/S (Pho-
ton Systems Instruments, Drasov, Czech Republic), and
the software FluorPen 1.1 was used for the analysis of the

measured data. The determination of the normalized dif-
ference vegetation index (NDVI) was carried out too with
PlantPen NDVI 310 (Photon System Instruments, Drasov,
Czech Republic). The spectral reflectance of chlorophyll pig-
ments, expressed as NDVI, is a measure of chlorophyll con-
tent (Garty et al. 2001) and its integrity (Castro and Sanchez-
Azofeifa 2008) and correlates with the photosynthetic rate
(Garty et al. 2001).

The lettuce shoots were cut at ground level, and the roots
were gently cleaned of soil and washed with water. Fresh
aboveground (AGB) and root biomass were estimated gravi-
metrically by weighing on the analytical scales. The lettuce
shoots and roots were dried at 60 °C to a constant weight,
and dry aboveground and root biomass were estimated gravi-
metrically by weighing on the analytical scales.

2.4 Soil Analyses for Physicochemical
and Microbiological Attributes

A mixed soil sample was taken from each pot after harvest-
ing the lettuce. Soil samples were homogenized by sieving
through a sieve with a mesh size of 2 mm. Air-dried sam-
ples were analyzed for pH (ISO_10390, 2005) and electric
conductivity (EC) (Hardie and Doyle 2012). Freeze-dried
samples (—50 °C) were used for the analyses of enzymatic
activities: B-glucosidase (GLU), phosphatase (PHOS),
urease (URE), arylsulphatase (ARS), and N-acetyl-p-D-
glucosaminidase (NAG) were measured spectrophotometri-
cally according to ISO_20130 2018. Nitrophenyl derivates
of natural substrates were used for the measurement of GLU,
PHOS, ARS, and NAG (at emission wavelength of 405 nm),
and urea was a substate for URE (measured at wavelength
of 650 nm); the values were expressed in pmol NHj- g Lh!
(urease) and in umol (p-nitrophenol) PNP-g~'-h~!. The
samples stored at 4 °C were used for the determination of
dehydrogenase activity (DHA) using the standard method
based on triphenyltetrazolium chloride (TTC values were
expressed as ug TPF-g~'-h~!) (Matachowska-Jutsz and
Matyja 2019), and for the determination of soil basal
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respiration (BR) and substrate-induced respirations (IR)—
D-glucose (Glc-IR), L-alanine (Ala-IR), and L-arginine
(Arg-IR) (Campbell et al. 2003) using the MicroResp®
device (The James Hutton Institute, Scotland) and a colori-
metric indication of CO, emission.

2.5 Statistical Analyses

The obtained data were statistically analyzed using the
one-way analysis of variance (ANOVA) to evaluate the
effects of the applied amendments. Treatment means were
compared using the principal component analysis (PCA)
and Tukey’s HSD post hoc test (at a significance level of
p=0.05). All data processing and statistical analyses were
performed using the freely available software R, version
3.6.1. (R_Core_Team 2020). Pearson’s correlation analysis
was performed to measure the linear dependence between
soil properties. Pearson’s correlation coefficient was inter-
preted as follows: 0.0 <r< 0.3 (negligible correlation),
0.3<r<0.5 (low correlation), 0.5 <r<0.7 (moderate cor-
relation), 0.7 <r<0.9 (high correlation), and 0.9 <r< 1.0
(very high correlation) (Hinkle et al. 2003).

3 Results
3.1 Soil Chemical Properties

The application of wastewater sludge biochar (WWS) and
food waste biochar (FW) with and without mixed zeolite
(Z) and sawdust (SD) significantly affected soil pH as com-
pared to control (Fig. 1a). All the amendments consider-
ably reduced soil pH. Specifically, the highest significantly
decreased soil pH was observed under FW + SD +Z and
FW +SD as compared to control and other treatments
(Fig. 1a). The same treatments on the other hand signifi-
cantly enhanced the soil electrical conductivity (EC) as

o
N
[0}
o

360

240

EC [mS-cm™]

-
N
o

Fig.1 The comparative responses of applied amendments on a soil
pH and b soil electrical conductivity (EC). WWS+SD, wastewater
sludge + sawdust biochar; WWS +SD+7Z, wastewater sludge + saw-
dust+ zeolite biochar; FW +SD, food waste biochar+ sawdust bio-
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compared to control (Fig. 1b). Interestingly, the effect of
other treatments remained statistically non-significant com-
pared to the control (Fig. 1b).

3.2 Soil Extracellular Enzyme Activities

Remarkable variations were observed for soil enzyme activi-
ties under applied amendments (Fig. 2a—f). The application
of FW +SD +Z resulted in significantly the highest dehy-
drogenase activity (DHA) as compared to the control and
other amendments (Fig. 2a), which (all except WWS + SD)
were significantly increased compared to the control as
well. Similarly, the application of FW + SD +Z significantly
enhanced B-glucosidase (GLU) and phosphatase (PHOS)
activities as compared to the control and other amendments
(Fig. 2b, c). The effect of other amendments in these cases
(GLU and PHOS) remained statistically non-significant as
compared to the control (Fig. 2b, c). Conversely, the nitrogen
mineralizing enzymes, viz., urease (URE) and N-acetyl-f-
D-glucosaminidase (NAG), were slightly increased under
WWS +SD +Z, however, remained statistically non-signif-
icant relative to the control (Fig. 2d, e), while other treat-
ments insignificantly reduced the activity of these enzymes
as compared to the control (Fig. 2d, ). URE was markedly
decreased in the AW biochar-treated soil; NAG and arylsul-
phatase (ARS) had the lowest values in the FW + SD variant.
There was no clear effect of applied amendments observed
for other treatments on ARS activity (Fig. 2f).

3.3 Soil Basal and Substrate-Induced Respiration

The application of WWS and FW with and without Z and
SD considerably affected basal as well as substrate-induced
respirations (SIR). FW + SD significantly enhanced the
soil basal respiration (BR) as compared to the control,
followed by AW and FW 4+ SD +Z (Fig. 3a). Conversely,
substrate-induced respirations were highest under the sole

@ Control
®WWS+SD
b BWWS+SD+Z
W FW+SD
BFW+SD+Z
uAW

char; FW +SD+Z, food waste + sawdust + zeolite biochar; AW, agri-
cultural waste biochar. Different lowercase letters indicate statistically
significant differences at the statistical significance level p <0.05.
n=3, average values + standard error of mean (error bars)
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Fig.2 The comparative responses of applied amendments on a dehy-
drogenase activity, b f-glucosidase activity, ¢ phosphatase activity, d
urease activity, e N-acetyl-p-D-glucosaminidase activity, and f aryl-
sulphatase activity. WWS+SD, wastewater sludge +sawdust bio-
char; WWS +SD+Z, wastewater sludge + sawdust +zeolite biochar;
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FW +SD, food waste biochar + sawdust biochar; FW +SD+Z, food
waste + sawdust + zeolite biochar; AW, agricultural waste biochar.
Different lowercase letters indicate statistically significant differ-
ences at the statistical significance level p <0.05. n=3, average val-
ues =+ standard error of mean (error bars)
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Fig.3 The comparative responses of applied amendments on a
basal respiration, b D-glucose induced respiration, ¢ L-arginine
induced respiration, and d L-alanin-induced respiration. WWS +SD,
wastewater sludge+sawdust biochar; WWS+SD+7Z, wastewa-
ter sludge +sawdust+ zeolite biochar; FW +SD, food waste bio-

application of AW as compared to other amendments and
control (Fig. 3b—d). Glucose-induced respiration (Glu-IR)
was significantly highest under AW and the lowest under
WWS + SD as compared to the control (Fig. 3a). In the case
of arginine-induced respiration (Arg-IR), all amendments

char + sawdust biochar; FW +SD+Z, food waste + sawdust + zeolite
biochar; AW, agricultural waste biochar. Different lowercase letters
indicate statistically significant differences at the statistical signifi-
cance level p<0.05. n=3, average values+standard error of mean
(error bars)

except FW 4+ SD + Z resulted in significantly higher respira-
tion values as compared to the control (Fig. 3c), while ala-
nin-induced respiration (Ala-IR) was the significantly high-
est in AW, followed by FW + SD, whereas WWS + SD and
WWS + SD +Z variants exerted decreased Ala-IR (Fig. 3d).
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3.4 Plant Growth and Photosynthetic Parameters

The application of biochars considerably affected plant
growth and photosynthetic parameters (Figs. 4 and 5). The
plant’s aboveground fresh and dry biomass (AGB-fresh and
AGB-dry) were significantly highest in WWS +SD + Z fol-
lowed by WWS + SD as compared to the control (Fig. 4a,
b); the same treatments also enhanced the root fresh weight
(Root-fresh) (Fig. 4c). However, root dry weight was high-
est in AW (Fig. 4d). Regarding plant photosynthetic attrib-
utes, only slight changes were observed for QY-max and
NDVI under the applied amendments as compared to the
control (Fig. 5a, b). Specifically, QY-max was significantly
higher under WWS +SD +Z and FW + SD (Fig. 5a). NDVI
on the other hand showed higher values under WWS + SD,
WWS +SD+Z, FW +SD, and WWS + SD +Z as compared
to the control (Fig. 5b).

3.5 Pearson’s Correlation and Principal Component
and Analyses

Significant positive and negative correlations among soil
and plant attributes were observed with Pearson’s correla-
tion analyses (Fig. 6). The extracted principal components
(PC1 and PC2) by PCA on the other hand showed (82.7%)
variability in the data set. PC1 contributed 46.7%, while
PC2 contributed 27.7% of the total variations in observed
parameters. The applied amendments were successfully
distributed in 2 components of PCA (Fig. 7). This clearly
indicated the differential roles of applied WWS, WWS +7Z,
FW, and FW +Z on observed soil and plant attributes. The
most displaced parameters were soil pH, EC, DHA, BR,
AGB-dry, and Arg-IR, suggesting them as the most robust
parameters under applied amendments.
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Fig.4 The comparative responses of applied amendments on a
aboveground fresh biomass, b aboveground dry biomass, ¢ root
fresh biomass, and d root dry biomass. WWS+SD, wastewater
sludge + sawdust biochar; WWS +SD+Z, wastewater sludge +saw-
dust+ zeolite biochar; FW +SD, food waste biochar+ sawdust bio-
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Fig.5 The comparative responses of applied amendments on a
quantum Yyield of photosystem II and b normalized difference veg-
etation index. WWS+SD, wastewater sludge+sawdust biochar;
WWS+SD+7Z, wastewater sludge +sawdust+zeolite  biochar;
FW +SD, food waste biochar+ sawdust biochar; FW +SD+Z, food
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char; FW +SD+Z, food waste + sawdust 4 zeolite biochar; AW, agri-
cultural waste biochar. Different lowercase letters indicate statistically
significant differences at the statistical significance level p <0.05.
n=3, average values + standard error of mean (error bars)

@ Control
EWWS+SD
EWWS+SD+Z
WFW+SD
OFW+SD+Z
BAW

waste + sawdust + zeolite biochar; AW, agricultural waste biochar.
Different lowercase letters indicate statistically significant differ-
ences at the statistical significance level p <0.05. n=3, average val-
ues + standard error of mean (error bars)
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Fig.6 The Pearson correlation matrix of observed parameters.
Abbreviations are as follows: pH, soil reaction (CaCl,); DHA, dehy-
drogenase activity; BR, basal respiration; Glu-IR, D-glucose-induced
respiration; Ala-IR, L-alanin-induced respiration; Arg-IR, L-argi-
nine-induced respiration; ARS, arylsulphatase; URE, urease activity;
PHOS, phosphatase activity; NAG, N-acetyl-p-D-glucosaminidase;

4 Discussion

The rapid increases in industrialization and overuse of chem-
ical fertilizers have resulted in soil quality deterioration. Soil
physicochemical properties are considered major factors
influencing soil fertility and quality (Ding et al. 2016). In
the present study, we evaluated the soil quality improvement
through the application of different feedstock biochars, the
novelty of which lies in the modification of pyrolysis condi-
tions by adding zeolite and sawdust in varying concentra-
tions (Ding and Jiang 2013; Lonova et al. 2022; Wang et al.
2022). This modification technique has been still weakly
explored in previous research and offers several unique

GLU, f-glucosidase activity; AGB_fresh, aboveground fresh bio-
mass; AGB_dry, aboveground dry biomass; Root_fresh, root fresh
biomass; Root_dry, root dry biomass; EC, electric conductivity;
NDVI, normalized vegetation index; PSII, QY-max quantum yield of
photosystem II. The correlation coefficients were determined at the
statistical significance level p <0.05

mechanisms for improving soil and plant attributes. Zeo-
lite, known for its ion exchange properties, can effectively
retain and slowly release essential plant nutrients; this fea-
ture was already revealed (Lonova et al. 2022), verified, and
more broadly evaluated in this study. It was found that the
mechanism of a zeolite-derived slowdown in the release of
nutrients differed from traditional biochar amendments and
expanded the potential of biochar as a soil fertility enhancer.
Sawdust, being rich in organic matter, acts as a nutrient
source for soil microorganisms. As it decomposes, it releases
more nutrients such as nitrogen, phosphorus, and carbon in
comparison to the biochar obtained from solely waste water
sludge feedstock of pyrolysis (Nuagah et al. 2020; Lonova
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Fig.7 The principal component analysis of observed soil and plant
parameters. WWS+SD, wastewater sludge+sawdust biochar;
WWS+SD+Z, wastewater sludge +sawdust+zeolite  biochar;
FW +SD, food waste biochar + sawdust biochar; FW +SD+Z, food
waste + sawdust +zeolite biochar; AW, agricultural waste biochar.
Abbreviations are as follows: pH, soil reaction (CaCl,); DHA, dehy-
drogenase activity; BR, basal respiration; Glu-IR, D-glucose-induced
respiration; Ala-IR, L-alanin-induced respiration; Arg-IR, L-argi-

et al. 2022), which supports microbial growth and activity
and eventually contributes to enhanced soil health, nutrient
cycling, and subsequent plant agronomic and physiological
performance.

We specifically observed that the applied biochars dif-
ferently impacted soil physicochemical properties in terms
of EC and pH (Fig. 1a, b). Specifically, the application of
all types of biochar greatly lowered the soil pH, whereby
the highest decrease was found under the application of
FW +SD +Z (Fig. 1a). These results are in accordance with
Liu and Zhang (2012), who reported a reduction in soil pH
after the application of biochar. This decrease in soil pH
might be due to the production of acidic compounds pro-
duced due to the decomposition of organic matter which
might have been promoted by biochar addition (Senesi and
Plaza 2007; Dias et al. 2010). In addition, this might be due
to the slow oxidation of biochar resulting in acidic functional
groups which neutralize and ultimately lower the soil pH

@ Springer

nine-induced respiration; ARS, arylsulphatase; URE, urease activity;
PHOS, phosphatase activity; NAG, N-acetyl-p-D-glucosaminidase;
GLU, f-glucosidase activity; AGB_fresh, aboveground fresh bio-
mass; AGB_dry, aboveground dry biomass; Root_fresh, root fresh
biomass; Root_dry, root dry biomass; EC, electric conductivity;
NDVI, normalized vegetation index; PSII, QY-max quantum yield of
photosystem II

(Zavalloni et al. 2011; Liu and Zhang 2012). These results
are further substantiated by the findings of Yin et al. (2017),
who reported a decreased pH of soil after biochar addition.

Moreover, the applied FW + SD resulted in the highest
EC, followed by FW +SD +Z (Fig. 1b). This might be due to
the reason that biochar slowly releases nutrients into the soil,
which increases the EC of the soil. This might also be due
to the fact that biochar ash contains a reserve of nutrients,
mostly cations, which after application to soil, are released
into the soil solution and increase its EC (Yuan et al. 2015).
In addition, the enhanced EC under biochar application
might be the outcome of the retention of soil nutrients on
the biochar surface which on the other hand might have
improved nutrient solubility and availability that eventually
resulted in a higher EC (Jaafar et al. 2015). Our results are in
accordance with the previous works of Ali et al. (2020), who
observed enhanced EC under the sole and combined applica-
tion of different biochars and mineral fertilizers. In addition,
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a plethora of previous studies advocate the role of biochar
in improving soil physicochemical properties (Singh et al.
2019; Mustafa, et al. 2022a). In another study, Zou et al.
(2017) reported enhanced EC of soil due to the release of
soluble compounds after the addition of red-mud-modified
biochar in soil (Zou et al. 2017). However, it should be noted
that the effect of applied biochar on soil physicochemical
properties varies depending on soil types, rates of biochar
addition, and biochar preparation methods. This further veri-
fied our hypothesis that the modification before pyrolysis
has a strong influence on the resulting effects after biochar
application on soil properties, which might be associated
with the changes in chemical composition and properties
resulting from modifications of feedstock before pyrolysis
(Table 1). These relatively novel findings are innovative and,
so far, scarcely reported (Nuagah et al. 2020; Lonova et al.
2022). Therefore, this study stressed that choosing an appro-
priate feedstock and its modification (mixing with sawdust
and zeolite in this case) before pyrolysis can optimize bio-
char’s ability to retain nutrients (Table 1) and improve soil
properties (Fig. 1).

Soil microbes play a vital role in the regulation of many
biogeochemical processes by secreting extracellular enzymes
and catalyzing soil organic matter degradation through respi-
ration (Sabale et al. 2015; Mustafa, et al. 2022a). Biochar has
been acknowledged to promote microbial activity through
the modification of soil properties. In fact, the addition of
biochars is conductive to soil aggregation and soil structure
improvement which ultimately improves the microenviron-
ment for microbial activity (Tang et al. 2022). We found
considerable variations in soil extracellular enzyme activi-
ties, namely, dehydrogenase, -glucosidase, urease, phos-
phatase, arylsulphatase, and N-acetyl-B-D-glucosaminidase
(Fig. 2a—f). The higher activity of DHA under applied
FWB + SD +Z might be the outcome of enhanced labile
forms of soil carbon, resulting in higher C mineralization
potential as revealed by higher DHA activity in soil (Zhang
and Sun 2014; Dubey et al. 2020). Moreover, the large dif-
ferences observed in DHA activity under different biochars
might be explained by the fact that a major part of the total
carbon in applied FWB + SD +Z had been mineralized by
microbes which resulted in higher DHA activity (Fig. 2a).
This reflects a novel finding, which was previously revealed
for wastewater sludge-based biochar (+ zeolite and sawdust)
(Lonova et al. 2022). These differences were ascribed to the
enhancement of soil organic matter degrading communi-
ties more in FWB +SD +Z as compared to other biochars,
resulting in more C mineralization (DHA). These results
agreed well with our previous study (Mustafa, et al. 2022b),
reporting comparatively higher DHA under food waste bio-
char as compared to agricultural waste-derived biochars.
Similarly, the same treatment enhanced p-glucosidase and
phosphatase activities as compared to other treatments and

controls (Fig. 2b, c). These results are in agreement with
Irmak Yilmaz (2019), who reported a similar trend to the
one observed in the present study for soil phosphatases and
glucosidases. This higher activity could be related to the
higher availability of nutrients (mainly C and P) for micro-
bial use and the improvement of the microenvironment
under applied biochars (Liang et al. 2014). Furthermore,
we ascribed the changes in the activities of these enzymes,
especially p-glucosidase (which degrades SOM) as the
alteration of the decomposition rate regulated by substrate
availability (Cardenas-Aguiar et al. 2022). Moreover, the dif-
ferences observed for p-glucosidase could be related to the
variable input of fresh SOM resulting from the biochar addi-
tions. Urease and NAG activities are potential indicators of
N mineralization in soil. Biochar addition has been reported
to enhance their activity (Irmak Yilmaz 2019; Mustafa, et al.
2022c). We found almost similar activities of these enzymes
in addition to arylsulphatases in under applied biochars as
compared to the control (Fig. 2d—f). Such discrepancy could
be explained by the variable N and S mineralizing activi-
ties of biochars potentially altering the microbial popula-
tion under different biochar-amended soils and the chemical
composition of applied feedstocks after modification with
zeolite and sawdust (Table 1). These results are in accord-
ance with Sun et al. (2014), who reported no change in
ARS activity under the application of wood-derived bio-
char. Taken together, these findings suggested that the soil
enzymes were most profound when biochars were mixed
with sawdust and zeolite as compared to their single appli-
cations (Fig. 2), there are several mechanisms behind this
such as (i) biochar owing to its high surface area can suc-
cessfully adsorb enzymes and protect them from degradation
and environmental fluctuation such as increased temperature
and pH variations (Palansooriya et al. 2019), adding zeolite
and sawdust can further enhance its adsorption capacity and
render more protection to these enzymes (Mosa et al. 2020;
Wang et al. 2021), (ii) zeolite owing to its porous structure
can give additional protection and stabilize soil enzymes,
while sawdust being rich in organic matter may create con-
ducive microenvironment for soil enzyme activities (Yousefi
et al. 2021; Lonova et al. 2022).

Biochar is a solid carbonaceous material and has been
associated to influence microbial activities in terms of res-
piration. We found higher basal respiration (BR) as well as
different substrate-induced respirations (SIR) under applied
biochars (Fig. 3a—d). The enhanced respiration could be the
outcome of increased microbial proliferation aided by the
addition of organic matter under applied biochar (Haring
et al. 2017). Moreover, the biochar addition might have
provided a suitable microenvironment for an increased
microbial population which ultimately improved micro-
bial activity (Jin et al. 2008), as is evident from enhanced
substrate-induced respirations in the present study as well

@ Springer



4908

Journal of Soil Science and Plant Nutrition (2023) 23:4899-4911

(Fig. 3b—d). The soil basal and substrate-induced respira-
tions are considered effective indicators of microbial bio-
mass and soil health. A number of previous studies describe
the role of biochar in improving soil SIR (Gul et al. 2015;
Karimi et al. 2019; Mustafa, et al. 2022c¢). In the present
study, all SIR were higher under AW biochar as compared
to others (Fig. 3b—d). This suggests the availability of easily
mineralizable C was higher under AW soil as compared to
others. Moreover, it could be related to enhanced biologi-
cally active compounds and a higher substrate for utilization
(Herrmann et al. 2019).

Plant biomass accumulation and efficient photosynthesis
are considered indicators of crop performance and contrib-
ute to overall crop productivity (Singh et al. 2020). Biochar
obtained from various feedstocks has shown a tendency to
improve crop agronomic as well as physiological performance
(Lai et al. 2017; Igbal et al. 2019; Ali et al. 2020; Singh et al.
2020). In the present study, the application of wastewater sew-
age sludge and agricultural waste-derived biochar together
with zeolite and sawdust has shown the ability to improve
crop growth (in terms of biomass accumulation) (Fig. 4). The
high biomass production is directly related to higher nutrient
uptake and their translocation to the plant tissues (Schmidt
et al. 2014; Abideen et al. 2020). This was further supported
by the positive correlation observed between nutrient mineral-
izing enzymes (GLU, PHOS, URE, etc.) and plant agronomic
parameters (Figs. 6 and 7). Biochar has been recognized as
a slow-release nutrient reserve (Ding et al. 2016). This is
owing to the mechanisms by which biochar exchanges and
retains ions on its surface and thus serves as a source of plant
nutrients (Chan et al. 2007; Zheng et al. 2013). Similar posi-
tive effects of biochar have been reported in previous works
(Dong et al. 2014; Lai et al. 2017; Mustafa, et al. 2022b,
2022c). Moreover, the improved photosynthetic activity under
applied WWS +SD+Z (Fig. 5) might be the other reason
for the enhanced agronomic performance of the crop. Taken
together, this improvement in plant growth and physiological
parameters of crops can be the outcome of directly enhanced
plant nutrition and indirectly through the modification of
soil physicochemical properties under biochar amendment
(Li et al. 2020; Liu et al. 2022). For instance, adding zeolite
and sawdust before pyrolysis can have a direct influence on
improving crop performance through their mechanisms such
as (i) increasing the efficiency of modified biochar to enhance
nutrient availability which is related to higher ion exchange
properties offered by zeolite and the decomposition of saw-
dust (Yousefi et al. 2013; Pant et al. 2020) and (ii) enhanced
water-holding capacity offered by modified biochar and the
porous structure of zeolite which enhances soil moisture and
ultimately results in better crop growth and photosynthetic
performance, as is observed in the present study (Fig. 5).

@ Springer

Moreover, the slight differences observed for different
biochars in their effects on plant growth and physiology
might be related to the differences in the composition of
these biochars (Table 1) and further supported by our pre-
vious study (Mustafa, et al. 2022b).

5 Conclusion

This study comprehensively evaluated the differences in
the efficacy of food, sewage sludge, and agricultural waste-
derived biochars on soil quality and crop performance
indicators. The activity of soil enzymes exhibited variable
responses to distinct biochars, with carbon and phospho-
rus acquiring enzymes dehydrogenases, glucosidases, and
phosphatases being highest in the soil amended with bio-
char obtained from combined food waste, sawdust, and zeo-
lite, suggesting higher protection and stabilization of soil
enzymes under this amendment. Furthermore, the applica-
tion of biochar produced from food waste plus sole sawdust
significantly enhanced soil basal respiration, while agri-
cultural waste biochar was most effective in enhancing all
substrate-induced respirations. This indicated varying sub-
strate utilization by soil microbes influenced by the type of
modified biochar. The combined wastewater sewage sludge
biochar, sawdust, and zeolite were more effective in improv-
ing plant growth and physiological parameters, suggesting
their role as sustainable soil amendments. In conclusion,
these findings highlight the potential of biochar to enhance
soil quality and crop performance, with the specific effects
being influenced by the type of biochar used and its modi-
fication with zeolite and sawdust before pyrolysis. These
results contribute to our understanding of biochar applica-
tions in agriculture and soil management, emphasizing the
importance of considering feedstock selection and modifica-
tion techniques to optimize the desired outcomes.
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