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Impact of some amendments
on kinetics of leaching dissolved
organic carbon and ammonium
In calcareous sandy soil

under vinasse addition

Abu El-Eyuoon Abu Zied Amin

The access of vinasse leachates to water bodies and groundwater exacerbates environmental
problems, especially eutrophication. Therefore, a column experiment was performed to examine the
effect of adding zeolite (ZL), bone char (BC), and wood chips biochar (WCB) in the presence of vinasse
on carbon dioxide (CO,) emission, leaching dissolved organic carbon (DOC) and ammonium (NH,*)

in calcareous sandy soil, as well as studying the kinetics of leaching dissolved organic carbon and
ammonium. This column experiment contains four treatments: soil alone (CK), soil + zeolite (SZL),
soil + bone char (SBC), and soil + wood chips biochar (SWCB). These amendments were applied to the
soil at a level of 4%. Vinasse was added to all treatments at a level of 13 mL per column. The leached
total cumulative DOC and total cumulative soluble ammonium amounts decreased significantly with
applying ZL, BC, and WCB compared with the soil alone. The effectiveness of these amendments in
lowering the total cumulative DOC leaching is in the order of SBC>SWCB >SZL >CK. However, the
effectiveness of these amendments in decreasing the total cumulative NH,* leaching is in the order
of SZL >SWCB > SBC > CK. The rate constant (k) of DOC leaching decreased significantly with the
application of bone char compared to soil alone treatment. In the presence of vinasse, the apparent
half-life of leached DOC from the soil was 8.1, 12.9, 36.7, and 15.5 days for soil CK, SZL, SBC, and
SWCB treatments, respectively. Half-life values of leached soluble ammonium from the soil in the
presence of vinasse addition were 10.1, 39.5, 28.5, and 37.9 days for CK, SZL, SBC, and SWCB
treatments, respectively. Amending soil with BC increased significantly the phosphorus availability,
however, applying ZL and BC caused a significant increase in the available potassium in calcareous
sandy soil compared to the control treatment. According to these results, it is recommended not to
add vinasse alone to sandy soils, but it is preferred to be co-applied with BC amendment at the level
of 4% better than ZL and WCB. This would decrease leaching DOC and ammonium to the water table
and groundwater as well as enhance nutrient retention in the soil, which in turn, plays a vital role in
reducing the harmful effect of vinasse and improving soil fertility.
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Vinasse is one of the most common waste products of the sugar industry and ethanol distillation from sugarcane
as well as sugar beet crops in sugar-producing countries'. Moreover, it contains high amounts of organic matter,
has high biological and chemical oxygen demands, and is rich in nutrients. About 10-18 L of vinasse liquid are
produced when manufacturing one liter of ethanol during the distillation process®. Recently, vinasse has been
widely used in agriculture as a soil amendment and fertilizer because of the high price of chemical fertilizers®.
Vinasse can cause a serious environmental problem as it contaminates soil and water resources when improperly
used and drained into streams*. Soil properties control the toxicity of vinasse which is a result of its high salt
amounts®. Another negative effect of adding vinasse into the soil is augmented greenhouse gas emissions which
are attributed to its high concentrations of organic matter'. Applying vinasse to the soil increased the leaching of
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dissolved organic matter that plays an important role in the occurrence of the eutrophication process®. Leaching
dissolved organic matter through the soil profile with infiltrated water affects essential biological, geological,
and chemical processes in the water table, groundwater, and surface water as well as drinking water’. Dissolved
organic carbon has a vital function in transferring contaminants and nutrients in soil profile®.

In developing countries, industrial and agricultural development has increased the amount of waste, resulting
in the emergence of serious environmental problems because it is difficult to manage the waste’. Management of
agricultural and industrial residues in addition to contaminants disposal through pyrolysis and converting these
residues into biochar is one of the sustainable strategies currently used worldwide to mitigate environmental
risks'®12, Biochar is prepared from different feedstocks such as residues of crops, trees, woods, perennial shrubs,
and animal bones'®'*!*, Using organic and inorganic soil amendments such as biochar and zeolite is beneficial
for maintaining and improving soil physicochemical and microbial properties, which in turn increases its fertility
and agricultural productivity as well as reduces environmental pollution through sustainable management!*!>1°.
Many studies found that biochar application at a level of 4% enhanced the physical properties of the sandy soil
more than the other levels of 0.5%, 1%, and 2%'”'®. Moreover, biochar addition to the soil at doses of 2%, 4%, and
8% improved soil chemical and biological properties'”. Biochar additions into the sandy soils enhanced aggregate
stability, decreased bulk density, increased total porosity, improved hydraulic properties'”'8, increased water
holding capacity and organic matter content’*?!, increased cation exchange capacity and nutrient retention'>"?,
and improved nitrogen use efficiency®. Applying biochar in sandy soils plays an important role in increasing soil
carbon sequestration!®!". Generally, biochar can be applied to soils to improve soil nutrients and productivity,
because it contains many mineral nutrients such as nitrogen, phosphorus, potassium, calcium, magnesium, and
sulfur??. A major factor controlling the amounts of biochar that can be applied to different soil types is the costs
related to biochar production®. Bone char applications at 5, 10, and 15% (w/w) had a significant effect on soil
physicochemical properties such as reducing bulk density as well as improving water holding capacity, organic
matter content, cation exchange capacity, and growth of ridge gourd plant?*. Bone char applied to the soil at doses
2.5, 5, and 10% caused an increase in dissolved organic carbon content, total nitrogen, and total phosphorus
as well as promoted plant growth?. Natural zeolites are a group of crystalline hydrated aluminosilicate miner-
als; it has a three-dimensional structure. Zeolites have chemical and physical properties that qualify them to
be soil modifiers in sustainable agriculture. In addition, natural deposits are cheap, available, and non-toxic?.
Applications of zeolite as soil conditioners at different levels ranging from 0.4 to 10% played an important role in
improving the physical and chemical properties of the soils?’. Adding zeolites to sandy soils decreased hydraulic
conductivity and bulk density, increased total porosity?®, enhanced water-holding capacity and nutrient reten-
tion, decreased ammonium volatilization as well as improved nitrogen use efficiency”. Many studies have been
conducted on the effects of biochar, bone char, and zeolite on the properties of different soils. However, only very
few studies have explored the effect of ZL, BC, and WCB amendments on the kinetics of leaching DOC and NH,*
in calcareous sandy soils under vinasse applications. Accordingly, this study hypothesized that co-applying these
amendments (ZL, BC, and WCB) at a dose of 4% with the vinasse to sandy soil will decrease carbon emissions and
decrease the leaching of dissolved organic carbon and ammonium. Moreover, the current study will contribute
significantly to protecting the ecosystem from pollution resulting from adding vinasse to agricultural soils and
will also help in continuing the study of these amendments and adding them to different soils. Therefore, this
study aims to evaluate the effect of adding zeolite, bone char, and wood chips biochar in the presence of vinasse
on carbon dioxide emission, leaching organic carbon and ammonium, in addition to some chemical properties of
calcareous sandy soil as well as assess the kinetics of leaching dissolved organic carbon and soluble ammonium.

Materials and methods

Preparation of bone char and biochar

The bones were collected from a butcher shop in Assiut City, Egypt. The bones were ground using a stainless-steel
mill with a sieve of 1 mm diameter and then placed in a steel can. The bones were pyrolyzed at a temperature of
about 379 °C for 4 h. Wood chips were collected from a carpentry workshop in Assiut. Then, it was put into a
steel can. It was pyrolyzed at a temperature of about 300 °C for 4 h. Zeolite was purchased from an agricultural
supply store in Cairo. All these amendments were ground by a stainless-steel mill with a 1 mm sieve and kept for
use. The pH of zeolite was measured in a 1:2.5 suspension, however, the pH of bone char and wood chips biochar
was measured in a 1:5 suspension using a glass electrode. The electrical conductivity (EC) of zeolite was measured
in 1:5 extracts, meanwhile, the EC of bone char and wood chips biochar were measured in a 1:10 extract using
an EC-meter. The important properties of zeolite, bone char, and wood chips biochar are displayed in Table 1.

Property Unit Zeolite Bone char Wood chips biochar
pH - 7.97+0.005 8.62+0.005 6.67+0.04

EC dSm™! 0.26+0.01 0.79+0.005 0.33+0.005

DOC mgkg™! 75.7+23.78 1245.0£95.10 531.8+47.55
Ammonium (NH,*) Mgkg™ 60.89+16.24 284.13+00 227.30+0.00

Table 1. Some important properties of zeolite, bone char, and wood chips biochar. Data were
average + standard error (SE). EC electrical conductivity, DOC dissolved organic carbon.
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Column experiment

A column experiment was conducted in the Soil Chemistry Laboratory, Soils and Water Department, Faculty
of Agriculture, Assiut University, Assiut, Egypt. Column length was 20 cm with a diameter of 5.5 cm and made
of Unplasticized Polyvinyl Chloride (UPVC). Each column contained 300 g of air-dried soil (2 mm) collected
from the El-Ghorieb farm which belongs to the Faculty of Agriculture, Assiut University. The basic properties
of the soil are presented in Table 2. The soil used in this study was classified according to U.S. Soil Taxonomy to
Entisols; Typic Torripsamments. This experiment included four treatments: soil only (CK), soil + zeolite (SZL),
soil + bone char (SBC), and soil + wood chips biochar (SWCB). These amendments were applied to the soil at a
level of 4%. They were mixed well with the soil before putting them in the columns. The vinasse was added at
a level of 13 mL per column mixed with distilled water for all columns, where it was added until the moisture
content was 50% of the saturation capacity. Vinasse’s chemical characteristics are shown in Table 3. A plastic
bottle containing sodium hydroxide (NaOH) was placed in each column to capture CO, gas. Then, each column
was well closed with aluminum foil. The NaOH solution in the bottles was changed at 2, 5, and 12 days before
leaching. After 12 days of starting the experiment, distilled water was added to all columns, for the first leaching
process, until an equal quantity (about 38 mL) of the leachate was obtained from each column, then soil in all
columns was leached weekly with 100 mL of distilled water, and the leachate was received. This leaching process
was repeated four times. After two days of each leaching process, a plastic bottle was placed containing NaOH
in each column to capture CO, gas. The emitted CO, was trapped in NaOH solution and then determined by the
back titration method of the excess NaOH with a dilute hydrochloric acid (HCI)*. The columns in this experi-
ment were arranged in a completely randomized design with three replications. In the end, the soil samples were
taken from the columns and prepared for analysis through air-drying and crushing.

Soil physicochemical analysis

Bulk density was estimated in the disturbed soil before performing the column experiment by graduated
cylinder’. The bulk density in the soil after the end of the experiment was estimated by knowing the height of
the soil in the column after its air drying. Soil particle density was determined by a volumetric flask. The total
porosity in the soil was calculated by knowing the particle density and bulk density of the soil*?. Dissolved
organic carbon (DOC) was estimated in the leachate taken from the soil columns using the back titration process
through oxidation with potassium dichromate (K,Cr,0,) at 100 °C. Then the excess from potassium dichromate
was titrated by ferrous sulfate®*. Dissolved ammonium (NH,*) in the leachate taken from the soil columns was
estimated using the Kjeldahl method**. Dissolved organic carbon and available nitrogen were extracted using

Property Unit Value + SE
Sand (gkg™) 950+2.0
Silt (gkg™) 22+2.0
Clay (gkg™) 28+0.0
Texture Sand
Particle density (gem™) 2.62+0.02
Bulk density (gem™) 1.58+£0.00
Porosity (%) 39.7+0.41
TOC (gkg™) 2.07£0.00
DOC (mgkg™) 203.00 +15.50
CaCO;, (gkg™) 196.30+4.30
pH - 7.54£0.06
EC (dSm™) 0.19+0.00
Ammonium (NH,") (mgkg™) 64.94+12.18
Available P (mg kg™ soil) (mgkg™) 4.27+0.22
Available K (mmol kg™! soil) | (mmol kg™!) | 4.70+0.03

Table 2. Some chemical and physical properties of the soil under study. Data were average + standard error
(SE). TOC total organic carbon, DOC dissolved organic carbon, EC electrical conductivity.

Property Unit Value + SE
pH - 4.60

EC (dSm™) 37.8

oC (gL 100.08 £0.85
Ammonium (NH,") (mgL™) 1461.18 00

Table 3. Some important properties of vinasse used under study. Data were average + standard error (SE). EC
electrical conductivity, OC organic carbon.
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10 g of air-dried soil with 50 mL of 0.5 mol L™ K,SO, and soil suspensions were shaken for 2 h*. DOC in soil
extracts was determined through oxidation with potassium dichromate (K,Cr,0,) at 100 °C. Then the excess
from potassium dichromate was titrated by ferrous sulfate®*. While available nitrogen in the soil extracts was
determined by the Kjeldahl method?*. Electrical conductivity in the soil was measured in a soil: water extract
(1:2.5) using an EC-meter. The available phosphorus (P) in the soil was extracted by 0.5 mol L™! NaHCO; at
pH 8.5%. Then, the phosphorus in the extracts was measured by colorimetric analysis using the chlorostannous
phosphomolybdic acid method in the sulfuric acid system®”. Available potassium (K) in the soil was extracted
with 1 mol L™ ammonium acetate, pH 7, and then measured by a flame photometer?®.

Kinetics of leaching dissolved organic carbon and soluble ammonium
The first-order equation was used in this study for a mathematical description of the kinetics of leaching dissolved
organic carbon as well as soluble ammonium in calcareous sandy soil'**:

InC; = InCy — kt

where C, expresses the remaining concentration of leaching dissolved organic carbon or soluble ammonium at
a time (day); C, expresses the dissolved organic carbon or soluble ammonium concentration at t =0 and k is the
leaching rate constant of dissolved organic carbon or soluble ammonium (day™). Parameters of the first-order
equation were calculated from the plotting InC, against time (day) where the slope is —k, and the intercept is
InC,. The half-life (t,/,) of leaching dissolved organic carbon or soluble ammonium was calculated'®*’:

0.693
k

The t,;, indicates the time when the dissolved organic carbon or soluble ammonium in the soil decreased
by half.

tip =

Statistical analysis

The data were statistically analyzed by the MSTAT-C program (version 2.10). Two-way ANOVA was used to
test the effects of amendment type and leaching period on CO, emissions, dissolved organic carbon, and solu-
ble ammonium. One-way ANOVA was used to examine the impact of amendment type on dissolved organic
carbon. Comparisons were made between the averages of treatments by Tukey’s honestly significant difference
test (Tukey’s HSD) at P<0.01.

Ethics approval and consent to participate
All methods, experimental research, and pot studies on plants complied with relevant institutional, national,
and international guidelines and legislation.

Results
Carbon emission
The periods, from which the emitted carbon dioxide of the soil was taken, were divided into two stages: the pre-
leaching stage (2, 5, and 12 days) and the post-leaching stage (19, 26, and 33 days). After 2 and 5 days from the
incubation (pre-leaching stage), carbon dioxide emission rates in the soil decreased significantly (P <0.01) with
adding zeolite and bone char compared with the soil alone (Fig. 1). While the wood chips biochar applications
showed no significant decreases in the rate of CO,-C emissions. Generally, the CO,-C fluxes rates declined sig-
nificantly with increasing time of incubation in all treatments. The daily rate of soil CO,-C fluxes, recorded after
2 days of incubation, reduced from 87.43 mg C kg™ soil day™ for soil alone to 79.14, 83.51, and 85.13 mg C kg™
soil day™! for SZL, SBC, and SWCB treatments, respectively. However, at day 5 of incubation, the daily rate of soil
CO,-C fluxes reduced from 42.32 mg C kg™! soil day™ for soil alone to 32.66, 36.49, and 41.10 mg C kg™ soil day™!
for SZL, SBC, and SWCB treatments, respectively. At day 12, The CO,-C emission rate was 12.14, 10.12, 11.63,
and 12.44 mg C kg™ soil day™ for CK, SZL, SBC, and SWCB treatments, respectively. In the post-leaching stage
(19, 26, and 33 days), the wood chips biochar application to the soil caused a significant increase in the rate of
soil CO,-C fluxes compared with the soil alone (Fig. 1). While the zeolite addition significantly increased the rate
of soil CO,-C fluxes from the soil compared to the soil alone. At day 33, the CO,-C fluxes rate increased from
4.51 mg C kg™! soil day! (CK) to 6.35, 5.37, and 7.15 mg C kg™! soil day™ for SZL, SBC, and SWCB treatments,
respectively. In the post-leaching stage, the amounts of CO,-C fluxes rate from the soil alone were the lowest
because of DOC leaching compared with the rest of the treatments. The findings of this study show that CO,-C
flux rates were high at the beginning then they decreased gradually with time (Fig. 1).

Cumulative CO,-C fluxes increased significantly with increasing time of incubation in all treatments. At 5 and
12 days of the incubation (pre-leaching stage), the application of zeolite and bone char into the soil resulted in a
significant reduction in cumulative CO,-C emission compared to the soil alone (Fig. 2). The cumulative CO,-C
emission decreased from 301.8 mg kg™! soil (CK) to 256.3 (SZL), 276.5 mg kg™ soil (SBC), and 293.5 mg kg™
soil (SWCB) after 5 days of incubation. However, cumulative CO,-C emission declined from 386.8 mg kg™!
soil (CK) to 327.1 (SZL), 357.9 mg kg™! soil (SBC), and 380.6 mg kg™! soil (SWCB) after 12 days of incubation
(Table 4). Post-leaching stage (19, 26, and 33 days), zeolite applications to the soil resulted in a significant reduc-
tion of cumulative CO,-C emission, while applying bone char treatment showed no significant decreases in
the cumulative CO,-C emission compared with the soil alone (Fig. 2). However, the application of wood chips
biochar to the soil led to a significant increment of cumulative CO,-C emission compared with the soil alone
after 26 and 33 days of the incubation (Table 4). The highest value of cumulative CO,-C emission was observed
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Figure 1. Influence of zeolite (ZL), bone char (BC), and wood chips biochar (WCB) on the rate of CO,-C
emissions in calcareous sandy soil under vinasse applications. Each value indicates the average of three replicates
with the standard error shown by the vertical bars. Different lowercase letters on each bar indicate the significant
differences among treatments by using Tukey’s Honestly Significant Difference test at P<0.01. CK: soil alone,
SZL: soil + zeolite, SBC: soil + bone char, SWCB: soil + wood chips biochar.

in the wood chips biochar treatment after 33 days of incubation. Values of cumulative CO,-C emission, after
33 days of the incubation, decreased from 492.4 mg kg™ soil for alone soil to 455.7 and 486.6 mg kg™! soil for
SZL and SBC, respectively. The amounts of cumulative CO,~C emission increased from 492.4 mg kg™! soil (CK)
to 530.1 mg kg™ soil for SWCB after 33 days of incubation (Fig. 2).

Dissolved organic carbon in leachate

At the beginning of the leaching process, the application of bone char and wood chips biochar into the soil caused
a significant decrease in DOC leachate. At the same time, the addition of zeolite led to a non-significant reduc-
tion compared with the soil alone (Fig. 3A). The concentrations of DOC leachate decreased from 6.76 g C L™! for
CK t0 6.34, 3.59, 5.63 6.76 g C L™! for SZL, SBC, and SWCB, respectively. In the second leaching, adding bone
char and zeolite decreased DOC leachate significantly compared to soil alone. DOC leachate decreased from
3.51 g CL™ (CK) to 2.91, 1.59, and 3.09 g C L™! for SZL, SBC, and SWCB, respectively. In the third leaching,
adding bone char and wood chips biochar into the soil led to a significant decrease in DOC leachate (Fig. 3A).
The concentration of DOC decreased from 1.37 g C L' (CK) to 1.01, 0.50, and 0.75 g CL! for SZL, SBC, and
SWCB, respectively (Fig. 3A). In the last leaching, the addition of all amendments showed no significant decreases
in the DOC leachate. The highest concentrations of DOC leachate were observed in all treatments at the first
leaching. Generally, the concentrations of DOC leachate in all treatments decreased with continuing leaching
time (Fig. 3A).

Compared with the soil alone, the leached total cumulative DOC amount decreased significantly with the
applications of ZL, BC, and WCB into the soil during the experimental period (Fig. 3B). The concentration of
total cumulative DOC in leachate was reduced by 12.4, 50.9, and 18.8% for SZL, SBC, and SWCB treatments,
respectively, compared with soil alone during the experimental period. The amount of dissolved organic carbon
loss during the leaching process for the different treatments was high at the beginning and then slowly decreased
during the leaching periods. The effectiveness of inorganic and organic amendments in decreasing the total
cumulative DOC leaching from the sandy soil under study in the order of SBC>SWCB >SZL > CK (Fig. 3B).

Scientific Reports |

(2024) 14:4233 | https://doi.org/10.1038/s41598-024-54420-2 nature portfolio



www.nature.com/scientificreports/

ECK uSZL = SBC ESWCB
600 r a
b b e
e 9 q
of ¢ © de
— 500 Fr fg
= g
= h h h
) .
i) 1
on - .
E 400 i
= k kl
2 1
2 "
E 300 |
) n n
&} n 2
E 200
=
=
=
£
=
© oo |
0
2 5 12 19 26 33
Pre-leaching Post-leaching
Time (day)

Figure 2. Influence of zeolite (ZL), bone char (BC), and wood chips biochar (WCB) on cumulative CO,-C
emissions in calcareous sandy soil under vinasse application. Each value represents the average of three
replicates with the standard error shown by the vertical bars. Different lowercase letters on each bar denote the
significant differences among treatments by using Tukey’s Honestly Significant Difference test at P<0.01. CK:
soil alone, SZL: soil + zeolite, SBC: soil + bone char, SWCB: soil + wood chips biochar.

First-order equation parameters

Treatment C, (mg kg™ soil) | k(day™) | Half-life (day) R?
Leaching dissolved organic carbon

CK 4973.1+449.9° 0.091+0.017* 8.1+1.27° 0.98
SZL 4066.8+7.7 0.054+0.001a® 12.9+0.31% 0.97
SBC 4074.1+10.7° 0.019+0.000 36.7+0.17* 0.92
SWCB 4052.0+23.0° 0.045+0.003a" 155+1.15 0.95
Leaching ammonium

CK 65.70+3.84° 0.071+0.011* 10.1+1.49° 0.99
SZL 60.40+0.59° 0.018+0.001° 39.5+2.08* 0.94
SBC 58.80+0.51* 0.024+0.001° 28.5+0.93" 0.95
SWCB 61.70%0.12° 0.0180.000 37.940.36" 0.97

Table 4. Kinetic parameters of first-order equation of leaching dissolved organic carbon and soluble
ammonium in calcareous sandy soil as influenced by applying zeolite (ZL), bone char (BC), and wood chips
biochar (WCB) under vinasse addition. Values displayed are averages + standard error (n =3 analytical
replicates). Different superscript lowercase letters in each column showed significant differences between
treatments by using Tukey’s Honestly Significant Difference test at P<0.01. CK: soil alone, SZL: soil + zeolite,
SBC: soil + bone char, SWCB: soil + wood chips biochar.
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Figure 3. Influence of zeolite (ZL), bone char (BC), and wood chips biochar (WCB) on dissolved organic
carbon (DOC) and total cumulative DOC in leachate in calcareous sandy soil under vinasse application. Each
value represents the average of three replicates with the standard error shown by the vertical bars. Different
lowercase letters on each bar denote the significant differences among treatments by using Tukey’s Honestly
Significant Difference test at P<0.01. CK: soil alone, SZL: soil +zeolite, SBC: soil + bone char, SWCB: soil + wood
chips biochar.

Kinetics of leaching dissolved organic carbon
The concentrations of DOC leaching from the soil for all treatments could be well-fitted with a first-order kinetic
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model (Table 4). The kinetics of leaching DOC from the soil under vinasse applications is greatly influenced
by inorganic and organic amendments. The rate of DOC leaching constant (k) decreased significantly with the
application of bone char compared with the soil alone treatment. The rate constant of DOC leaching decreased
from 0.091 day™! for the CK treatment to 0.054, 0.019, and 0.045 day™! for SZL, SBC, and SWCB treatments,
respectively (Table 4). The highest value of the rate constant of DOC leaching was observed in soil alone treat-
ment. The half-life of DOC leaching from the soil resulting from the addition of vinasse was 8.1, 12.9, 36.7, and
15.5 days for CK, SZL, SBC, and SWCB, respectively. Moreover, values of half-life increased significantly with
adding amendments of bone char and wood chips biochar compared with the soil alone. The results indicated
that the highest value of DOC half-life leaching was observed in bone char treatment (Table 4).

Soluble ammonium in leachate

The application of all inorganic and organic amendments (zeolite, bone char, and wood chips biochar) into
the soil significantly decreased soluble ammonium (NH,*) in the leachate at the first leaching (Fig. 4A). The
concentrations of soluble NH," in leachate reduced from 101.07 mg NH, L™ for CK to 46.28, 66.98, and
40.19 mg NH, L™ for SZL, SBC, and SWCB, respectively. In the second leaching, the addition of zeolite and bone
char significantly reduced soluble ammonium in leachate compared with the soil alone (Fig. 4A). The content of
soluble ammonium in leachate decreased from 38.96 mg NH, L™! (CK) to 22.73, 20.56, and 27.60 mg NH, L™! for
SZL, SBC, and SWCB, respectively. In the third and fourth leaching, adding all amendments to the soil resulted
in a non-significant decrease in soluble ammonium in leachate. The highest amounts of soluble ammonium in
leachate were observed in all treatments at the first leaching. The concentrations of soluble ammonium leachate
in all treatments decreased with continuing leaching (Fig. 4A).

The leached total cumulative soluble ammonium amount declined significantly with the application of zeolite,
bone char, and wood chips biochar into the soil during the experimental period compared with the soil alone
(Fig. 4B). The concentration of total cumulative soluble ammonium in leachate decreased by 51.6, 37.3, and 50.4%
for SZL, SBC, and SWCB, respectively, in comparison with soil alone during the experimental period (Fig. 4B).
The concentrations of soluble ammonium loss during the leaching process for all treatments were high at the
beginning and then slowly decreased during the leaching periods. The effectiveness of inorganic and organic
amendments in decreasing the total cumulative soluble ammonium in the sandy soil under study in the order
of SZL>SWCB > SBC>CK (Fig. 4B).

Kinetics of leaching soluble ammonium

The concentrations of soluble ammonium leaching from the soil for all treatments could be well-fitted with a
first-order kinetic model (Table 4). The addition of zeolite, bone char, and wood chips biochar caused a significant
decrease in the rate of leaching soluble ammonium constant (k) compared with the soil alone treatment (Table 4).
The values of the rate constant of leaching soluble ammonium reduced from 0.071 day™! for the CK to 0.018,
0.024, and 0.018 day™! for SZL, SBC, and SWCB treatments, respectively. The highest value of the rate constant
of leaching soluble ammonium was observed in soil-alone treatment. Half-life values of leaching soluble ammo-
nium from the soil in the presence of vinasse addition were 10.1, 39.5, 28.5, and 37.9 days for CK, SZL, SBC, and
SWCB treatments, respectively (Table 4). In the current study, half-life values of leaching soluble ammonium
were incremented significantly under the addition of zeolite, bone char, and wood chips biochar compared to the
soil alone. The highest half-life value of leaching soluble ammonium was observed in zeolite treatment (Table 4).

Soil properties

At the end of the experiment, the application of wood chips biochar decreased significantly the particle density
and bulk density of calcareous sandy soil, while the rest of the treatments did not show any significant effect
(Table 5). Soil particle density decreased from 2.61 g cm™ for CK to 2.43 g cm™ for SWCB treatment. Soil bulk
density decreased from 1.58 g cm™ for soil alone to 1.37 g cm™ for SWCB treatment. However, wood chips
biochar application increased significantly the total porosity of calcareous sandy soil, while the rest of the treat-
ments did not show any significant effect. Soil total porosity increased from 39.6% for CK treatment to 43.5% for
soil + wood chips biochar treatment (Table 5). The effects of leaching were clearly shown in the dissolved organic
carbon concentrations of the soil in the presence of vinasse applications (Fig. 5). After the four times leaching,
some treatments showed a significant increase in the retention of dissolved organic carbon in the studied soil,
such as bone char treatment, compared to the rest of the other treatments. Applying bone char into the soil
increased the retention of DOC from 257.3 mg kg™ soil (soil alone) to 466.5 mg kg™' soil. However, applying
zeolite treatment showed no significant increases in the DOC. Moreover, the addition of wood chips biochar
treatment showed no significant decreases in the DOC compared with the soil alone (Fig. 5). All treatments in
the presence of vinasse did not show any significant differences in the electrical conductivity in the soil after
the four times leaching. Adding all amendments to the calcareous sandy soil under vinasse application led to a
non-significant increase in the available nitrogen compared to the soil-alone treatment. The concentrations of
available nitrogen increased from 165.65 mg kg™ soil for CK treatment to 189.61, 176.07, and 201.59 mg kg™!
soil for SZL, SBC, and SWCB treatments, respectively (Table 5). The application of bone char in the presence
of vinasse increased significantly the phosphorus availability in the soil under study compared to the control
treatment (Table 5). The concentrations of available phosphorus increased from 5.69 mg kg™ soil for CK treat-
ment to 52.75 and 7.44 mg kg™! soil for SBC and SWCB treatments, respectively (Table 5). At the end of the
experiment, the application of zeolite and bone char in the presence of vinasse caused a significant increase in
the available potassium in calcareous sandy soil compared to the control treatment, while wood chips biochar
treatment did not show any significant effect (Table 5). The concentrations of available potassium increased
from 12.00 mmol kg™ soil for CK treatment to 35.22, 14.00, and 12.36 mmol kg™! soil for SZ, SBC, and SWCB
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Figure 4. Influence of zeolite (ZL), bone char (BC), and wood chips biochar (WCB) on soluble ammonium
and total cumulative ammonium in leachate in calcareous sandy soil under vinasse application. Each value
represents the average of three replicates with the standard error shown by the vertical bars. Different lowercase
letters on each bar denote the significant differences among treatments by using Tukey’s Honestly Significant
Difference test at P<0.01. CK: soil alone, SZL: soil + zeolite, SBC: soil + bone char, SWCB: soil + wood chips
biochar.

treatments, respectively. The relative increase in the available potassium over the control was 193.4, 16.6, and
3.0% for SZ, SBC, and SWCB treatments, respectively.
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Treatment
Property CK SZL SBC SWCB
Bulk density (g cm™) 1.58 +£0.00* 1.55+0.01* 1.56+0.01* 1.3740.01°
Particle density (g cm™) 2.61£0.00° 2.5840.02° 2.62£0.01° 2.43%0.02°
Total porosity (%) 39.6+0.05" 40.1+0.21° 40.4+0.18° 43.5+0.39*
EC (dSm™) 0.22+0.01° 0.21£0.012 0.22+0.00° 0.20+0.01*
Available N (mg kg ™) 165.65+7.22° 189.61£15.13° 176.07 £13.05° 201.59+10.85
Available P (mg kg™") 5.69+0.09° 432+0.37° 52.75+1.34* 7.44+0.11°
Available K (mmol kg ™) 12.00+£0.07¢ 35.22+0.16 14.00+0.13° 12.36£0.09°

Table 5. Some physical and chemical properties of calcareous sandy soil as influenced by applying zeolite
(ZL), bone char (BC), and wood chips biochar (WCB) under vinasse addition. Values displayed are
averages + standard error (n=3 analytical replicates). Different superscript lowercase letters in each row
showed significant differences between treatments by using Tukey’s Honestly Significant Difference test

at P<0.01. CK: soil alone, SZL: soil + zeolite, SBC: soil + bone char, SWCB: soil + wood chips biochar. EC:
electrical conductivity, N: nitrogen, P: phosphorus, K: potassium.
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Figure 5. Influence of zeolite (ZL), bone char (BC), and wood chips biochar (WCB) on dissolved organic
carbon (DOC) in calcareous sandy soil under vinasse applications. Each value indicates the average of three
replicates with the standard error shown by the vertical bars. Different lowercase letters on each bar indicate the
significant differences among treatments by using Tukey’s Honestly Significant Difference test at P<0.01. CK:
soil alone, SZL: soil + zeolite, SBC: soil + bone char, SWCB: soil + wood chips biochar.

Discussion

Dynamics of carbon emission and leaching dissolved organic carbon

Many studies have shown that the physical, chemical, and biological properties of the soils as well as agricultural
practices play a vital role in controlling emissions of CO, from the soils***!. The content and source of organic
carbon influence significantly the cumulative CO, emissions in the soil*2. Several studies found that amending
soil with vinasse caused an increment in CO, flux"**. This is due to their high content of easily degradable carbon
as well as their richness in nutrients, which in turn increases the activity and communities of microorganisms
in the soils'. Many studies found that an increase occurred in the adsorption of CO, by using zeolite***°, which
is attributed to the zeolite having high-porosity, ultrasmall pores, structural variety, and extreme stability*.
Capturing CO, by zeolite is considered to be one of the good strategies to reduce greenhouse gas emissions and
thus find a solution to the crisis of climate change*!. Bone char application into calcareous sandy soil decreased
amounts of CO, flux because of CO, retention*®. At the beginning of the experiment, the CO, flux is low with
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adding wood chips biochar this is attributed to the adsorption of organic carbon on biochar surfaces*’. The
amount and source of organic carbon, as well as moisture content, had a great effect on carbon decomposition
rates in the soil*%. At the end of the current study after leaching DOC, the result is similar to many studies*®*’
which found that the application of biochar into the soils increased emissions of CO,. This is because biochar
itself contains high concentrations of nutrients as well as improves the physicochemical properties of the soils,
all these factors increase the activity and respiration of microorganisms.

Nutrients leaching downward from the soil profile, resulting from excessive use of fertilizers and manures in
intensive agriculture, contribute greatly to groundwater pollution®’. Dissolved organic matter in the soils has a
great influence on the biogeochemistry of nutrients, soil genesis, and pollutant movement®'. Some physical and
chemical properties of the soils such as texture, structure, aggregates, porosity, and cation exchange capacity as
well as agricultural practices significantly affect the amounts of lost nutrients via the leaching process from the
soil profile®>. The quantity of DOC leached from the soils is controlled by many factors such as chemical proper-
ties of soil and soil water, soil moisture, microbial activity, organic carbon source, soil temperature, hydrology,
and physical properties of soil which greatly influence the residence time of water>. Biochar application into the
soil decreased the leaching of DOC>**. The addition of biochar with vinasse to the soil reduced DOC leachate
compared with the vinasse treatment®, which resulted from the adsorption of DOC on biochar surfaces*. The
amount of DOM in soil solution is mainly controlled by sorption mechanisms on mineral surfaces®. There are
several mechanisms responsible for the adsorption of dissolved organic carbon in the mineral soils such as physi-
cal adsorption, anion exchange, cation bridging, ligand exchange-surface complexation, hydrogen bonding, and
van der Waals forces®'. Dissolved organic carbon is adsorbed on modified zeolite surfaces. This is attributed to
adsorbing DOC on uncharged hydroxyl groups by hydrogen bonding™. A strong association of calcium with
carboxyl groups causes an increment in the hydrophobic features of the organic anions leading to a reduction
of releasing dissolved organic carbon in the soil due to its sorption on mineral surfaces. Meanwhile, the sodium
makes these anions more hydrophilic and enhances the mobilization®.

The first-order model is used to illustrate the kinetics of leaching dissolved organic carbon®*’. The results
of the current study were compatible with many studies that reported that the first-order model is the suitable
equation to explain the kinetics of leaching dissolved organic carbon®. The temperature and pH of the soil
have significant effects on the kinetics release of dissolved organic carbon®. Many studies found that electri-
cal conductivity plays a vital role in mobilizing and releasing DOC in different soils®"%2. The increased value
of half-life required for DOC loss by leaching is probably due to DOC sorption on the surfaces of organic and
inorganic colloids in the soil. A high k value indicates the rapid leaching of DOC from the calcareous sandy
soil. But, low k values indicate the increased retention of DOC in the calcareous sandy soil. In the current study,
all treatments did not show any effect of porosity and bulk density on the value of the first-order reaction rate
constant of DOC leaching.

Dynamics of leaching soluble ammonium

Ammonium pollution is one of the most common sources of nitrogen pollution in fresh and saltwater bodies®.
The addition of zeolite to the soil reduced the amount of ammonium lost by leaching and increased its retention.
Which in turn led to the reduction of groundwater pollution with nitrogen fertilizers®**. This is due to the high
cation exchange capacity of zeolite and its strong affinity for retaining NH,* ?”. Loss of nutrients by leaching
in soil amended with biochar relies on many factors such as soil physical and chemical properties, soil depth,
biochar type, addition dose, and production technologies®®. Ammonium is retained on the biochar surfaces by
several mechanisms such as electrostatic attraction forces on negative charges and forming salts of ammonium or
amides and amines which are caused via reactions with carboxyl groups on biochar surfaces®”%®. Co-applications
of wood biochar with nitrogen fertilizer caused the decline of leaching ammonium from the sandy soil®, this
reduction is caused by the increment of NH," adsorption attributed to increasing cation exchange capacity with
biochar addition'®%. Soil treated with biochar improved the availability and retention of nitrogen, which in turn
led to many advantages for agriculture and the environment, such as reducing the use of chemical fertilizers,
lowering the cost of food production, and mitigating nitrous oxide emissions”.

The first-order interaction model is used to study the leaching of chemical compounds and nutrients from
the soil, which helps to predict the actual concentration of these compounds and the interactions between these
compounds and the soil as a result of the management practices’’. Physicochemical properties of the soils such as
texture, bulk density, organic carbon, and pH have a great impact on the rate constants of a first-order reaction.
Increasing soil porosity leads to decreasing values of half-life and increased first-order reaction rate constant of
ammonium leaching”". In contrast, increasing soil porosity and decreasing bulk density leads to a decreasing
value of the first-order reaction rate constant of ammonium leaching with biochar application in the current
study. The other treatments did not show any effect of porosity and bulk density on the value of the first-order
reaction rate constant of ammonium leaching. The high value of half-life required for ammonia loss by leach-
ing is probably due to ammonium retention on the soil surfaces. High k values indicate the rapid leaching of
ammonium from the calcareous sandy soil. However, low k values indicate increasing ammonium retention in
the calcareous sandy soil.

Changes in soil properties

The application of biochar at a dose of 4% to a calcareous sandy loam soil caused a decrease in the bulk density
from 1.66 to 1.30 g cm™ 72 Compared to the control treatment, biochar application to the sandy soil at a dose
of 5% reduced bulk density by 31.8%7>. Several studies found that the biochar addition to the sandy soil caused
an increase in total porosity and a decline in its bulk density this may be attributed to the density of biochar
being much lower than that of the soil’*”. The increase of total soil porosity and water holding capacity with the
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addition of biochar is attributed to some mechanisms which are: the direct contribution of biochar due to its high
porosity, formation of packing or accommodation pores between biochar and soil aggregates as well as enhance-
ment aggregate stability in the soil’®. Bone char applications to the calcareous sandy soil led to an increased
significant phosphorus availability. This is attributed to the fact that bone char is a rich source of phosphorus”.
Co-application of zeolite with compost led to significantly increased potassium bio-availability in sandy soil”®.
Zeolite minerals have high selectivity for retention of potassium from the soil solution compared to other ions
such as ammonium, sodium, calcium, and magnesium. This in turn leads to increased potassium availability?’.
The addition of bone char to the soil improved potassium availability”.

Conclusions

Excessive use of vinasse in soils, especially sandy soils, increased risks of eutrophication of the water bodies and
groundwater pollution as well as health hazards resulting from them. Pyrolysis of bone and wood chips is an
alternative waste management and pollution disposal process. We conducted this study to test the effect of some
organic and inorganic amendments on the leaching of organic carbon and ammonium from sandy soils in the
presence of vinasse. The applications of zeolite, bone char, and wood chips biochar to the sandy soil at a level
of 4% caused a reduction in the amounts of leached total cumulative DOC and soluble ammonium. Our study
proves that the application of bone char at a level of 4% markedly reduced vinasse losses from the calcareous
sandy soil more than wood chips biochar and zeolite, which in turn leads to the protection of aquatic ecosystems
from pollution resulting from adding vinasse to agricultural soil. Amending soil with bone char or zeolite con-
tributes to increasing nutrient retention, which leads to improving soil fertility. The use of bone char amendment
is considered to be one of the promising strategies in sustainable agriculture because they are environmentally
friendly and cheap, as well as they also play a significant role in mitigating climate change.

Data availability
The datasets used or analyzed during the current study are available from the corresponding author upon rea-
sonable request.

Received: 3 December 2023; Accepted: 13 February 2024
Published online: 20 February 2024

References

1. Moran-Salazar, R. G. et al. Utilization of vinasses as soil amendment: consequences and perspectives. Springerplus 5, 1007. https://
doi.org/10.1186/s40064-016-2410-3 (2016).

2. Pires, J. E, Ferreira, G. M., Reis, K. C., Schwan, R. E & Silva, C. E. Mixed yeasts inocula for simultaneous production of SCP and
treatment of vinasse to reduce soil and fresh water pollution. J. Environ. Manag. 182, 455-463. https://doi.org/10.1016/j.jenvman.
2016.08.006 (2016).

3. Christofoletti, C. A., Escher, J. P,, Correia, J. E., Marinho, J. F. U. & Fontanetti, C. S. Sugarcane vinasse: Environmental implications
of its use. Waste Manag. 33, 2752-2761. https://doi.org/10.1016/j.wasman.2013.09.005 (2013).

4. Aparicio, J. D., Benimeli, C. S., Almeida, C. A., Polti, M. A. & Colin, V. L. Integral use of sugarcane vinasse for biomass production
of actinobacteria: Potential application in soil remediation. Chemosphere 181, 478-484. https://doi.org/10.1016/j.chemosphere.
2017.04.107 (2017).

5. Alves, P.R. L., Natal-da-Luz, T., Sousa, J. P. & Cardoso, E. ]. Ecotoxicological characterization of sugarcane vinasses when applied
to tropical soils. Sci. Total Environ. 526, 222-232. https://doi.org/10.1016/j.scitotenv.2015.03.150 (2015).

6. Eykelbosh, A.J., Johnson, M. S. & Couto, E. G. Biochar decreases dissolved organic carbon but not nitrate leaching in relation
to vinasse application in a Brazilian sugarcane soil. . Environ. Manag. 149, 9-16. https://doi.org/10.1016/j.jenvman.2014.09.033
(2015).

7. Hussain, M. Z., Robertson, G. P,, Basso, B. & Hamilton, S. K. Leaching losses of dissolved organic carbon and nitrogen from agri-
cultural soils in the upper US Midwest. Sci. Total Environ. 734, 139379. https://doi.org/10.1016/j.scitotenv.2020.139379 (2020).

8. Long, G,, Jiang, Y. & Sun, B. Seasonal and inter-annual variation of leaching of dissolved organic carbon and nitrogen under long-
term manure application in an acidic clay soil in subtropical China. Soil Tillage Res. 146, 270-278. https://doi.org/10.1016/j.still.
2014.09.020 (2015).

9. Carcamo, E. A. B. & Pefiabaena-Niebles, R. Opportunities and challenges for the waste management in emerging and frontier
countries through industrial symbiosis. J. Clean. Prod. 363, 132607. https://doi.org/10.1016/j.jclepro.2022.132607 (2022).

10. Amin, A. A. Carbon sequestration, kinetics of ammonia volatilization and nutrient availability in alkaline sandy soil as a function
on applying calotropis biochar produced at different pyrolysis temperatures. Sci. Total Environ. 726, 138489. https://doi.org/10.
1016/j.scitotenv.2020.138489 (2020).

11. Amin, A. A. Bagasse pith-vinasse biochar effects on carbon emission and nutrient release in calcareous sandy soil. J. Soil Sci. Plant
Nutr. 20, 220-231. https://doi.org/10.1007/s42729-019-00125-9 (2020).

12. Rodriguez, J. A., Lustosa Filho, J. E, Melo, L. C. A., de Assis, I. R. & de Oliveira, T. S. Co-pyrolysis of agricultural and industrial
wastes changes the composition and stability of biochars and can improve their agricultural and environmental benefits. J. Anal.
Appl. Pyrolysis 155, 105036. https://doi.org/10.1016/j.jaap.2021.105036 (2021).

13. Amin, A. A. Effects of three different acidic biochars on carbon emission and quality indicators of poorly fertile soil during 8
months of incubation. J. Soil Sci. Plant Nutr. 22, 36-46. https://doi.org/10.1007/s42729-021-00631-9 (2022).

14. Amin, A. A. Enhancement of releasing phosphorus from bone char in calcareous sandy soil under applying different levels of water
salinity. J. Soil Sci. Plant Nutr. 21, 476-486. https://doi.org/10.1007/s42729-020-00376-x (2021).

15. Amin, A. A. Comparative effects of different kinds of biochar on ammonia volatilization and chemical properties of saline. Arch.
Agron. Soil Sci. 69, 1600-1613. https://doi.org/10.1080/03650340.2022.2103550 (2022).

16. Li, Y. et al. Zeolite increases paddy soil potassium fixation, partial factor productivity, and potassium balance under alternate
wetting and drying irrigation. Agric. Water Manag. 260, 107294. https://doi.org/10.1016/j.agwat.2021.107294 (2022).

17. Fu, G. et al. The role of biochar particle size and application rate in promoting the hydraulic and physical properties of sandy desert
soil. Catena 207, 105607. https://doi.org/10.1016/j.catena.2021.105607 (2021).

18. Glab, T., Palmowska, J., Zaleski, T. & Gondek, K. Effect of biochar application on soil hydrological properties and physical quality
of sandy soil. Geoderma 281, 11-20. https://doi.org/10.1016/j.geoderma.2016.06.028 (2016).

19. Yao, Q. et al. Three years of biochar amendment alters soil physiochemical properties and fungal community composition in a
black soil of northeast China. Soil Biol. Biochem. 110, 56-67. https://doi.org/10.1016/j.s0ilbio.2017.03.005 (2017).

Scientific Reports |

(2024) 14:4233 | https://doi.org/10.1038/s41598-024-54420-2 nature portfolio


https://doi.org/10.1186/s40064-016-2410-3
https://doi.org/10.1186/s40064-016-2410-3
https://doi.org/10.1016/j.jenvman.2016.08.006
https://doi.org/10.1016/j.jenvman.2016.08.006
https://doi.org/10.1016/j.wasman.2013.09.005
https://doi.org/10.1016/j.chemosphere.2017.04.107
https://doi.org/10.1016/j.chemosphere.2017.04.107
https://doi.org/10.1016/j.scitotenv.2015.03.150
https://doi.org/10.1016/j.jenvman.2014.09.033
https://doi.org/10.1016/j.scitotenv.2020.139379
https://doi.org/10.1016/j.still.2014.09.020
https://doi.org/10.1016/j.still.2014.09.020
https://doi.org/10.1016/j.jclepro.2022.132607
https://doi.org/10.1016/j.scitotenv.2020.138489
https://doi.org/10.1016/j.scitotenv.2020.138489
https://doi.org/10.1007/s42729-019-00125-9
https://doi.org/10.1016/j.jaap.2021.105036
https://doi.org/10.1007/s42729-021-00631-9
https://doi.org/10.1007/s42729-020-00376-x
https://doi.org/10.1080/03650340.2022.2103550
https://doi.org/10.1016/j.agwat.2021.107294
https://doi.org/10.1016/j.catena.2021.105607
https://doi.org/10.1016/j.geoderma.2016.06.028
https://doi.org/10.1016/j.soilbio.2017.03.005

www.nature.com/scientificreports/

20.

Amin, A. A. & Eissa, M. A. Biochar effects on nitrogen and phosphorus use efficiencies of zucchini plants grown in a calcareous
sandy soil. J. Soil Sci. Plant Nutr. 17, 912-921. https://doi.org/10.4067/S0718-95162017000400006 (2017).

21. Santos, J. A., Gonzaga, M. L. S., dos Santos, W. M. & da Silva, A. ]. Water retention and availability in tropical soils of different
textures amended with biochar. Catena 219, 106616. https://doi.org/10.1016/j.catena.2022.106616 (2022).

22. Zhang, Y., Wang, J. & Feng, Y. The effects of biochar addition on soil physicochemical properties: A review. Catena 202, 105284.
https://doi.org/10.1016/j.catena.2021.105284 (2021).

23. Kamali, M. et al. Biochar for soil applications-sustainability aspects, challenges and future prospects. Chem. Eng. J. 428, 131189.
https://doi.org/10.1016/j.cej.2021.131189 (2022).

24. Hussain, A., Nazir, A. & Shafig, M. Potential application of biochar composite derived from rice straw and animal bones to improve
plant growth. Sustainability 13, 11104. https://doi.org/10.3390/su131911104 (2020).

25. Azeem, M. et al. Effects of sheep bone biochar on soil quality, maize growth, and fractionation and phytoavailability of Cd and Zn
in a mining-contaminated soil. Chemosphere 282, 131016. https://doi.org/10.1016/j.chemosphere.2021.131016 (2021).

26. Ramesh, K. & Reddy, D. D Zeolites and their potential uses in agriculture. Adv. Agron. 113, 219-241. https://doi.org/10.1016/
B978-0-12-386473-4.00004-X (2011).

27. Nakhli, S. A. A., Delkash, M., Bakhshayesh, B. E. & Kazemian, H. Application of zeolites for sustainable agriculture: a review on
water and nutrient retention. Water Air Soil Pollut. 228, 464. https://doi.org/10.1007/s11270-017-3649-1 (2017).

28. Abdel-Hassan, S. N. & Radi, A. M. A. Effect of zeolite on some physical properties of wheat plant growth (Triticum aestivum).
Plant Arch. 18, 2641-2648 (2018).

29. Jarosz, R., Szerement, J., Gondek, K. & Mierzwa-Hersztek, M. The use of zeolites as an addition to fertilisers—A review. Catena
213, 106125. https://doi.org/10.1016/j.catena.2022.106125 (2022).

30. Hopkins, D. W. Carbon mineralization. In Soil Sampling and Methods of Analysis 2" edn (eds Carter, M. R.& Gregorich, E. G.)
589-598 (CRC Press, 2008).

31. Bashour, I. I. & Sayegh, A. H. Methods of analysis for soils of arid and semi-arid regions (Food and Agriculture Organization of
the United Nations, 2007).

32. Hao, X, Ball, B. C,, Culley, J. L. B., Carter, M. R. & Parkin, G. W. Soil density and porosity. In Soil Sampling and Methods of Analysis
2nd edn (eds Carter, M. R. & Gregorich, E. G.) 743-801 (CRC Press, 2008).

33. Vance, E. D., Brookes, P. C. & Jenkinson, D. S. An extraction method for measuring soil microbial biomass C. Soil Biol. Biochem.
19, 703-707. https://doi.org/10.1016/0038-0717(87)90052-6 (1987).

34. Keeney, D. R. & Nelson, D. W. Nitrogen-inorganic forms. In Methods of soil analysis, Part 2. Chemical and Microbiologial Properties,
Agronomy Series No 9 ASA 2nd edn (ed Page, A. L.) 643-698 (Madison SSSA, 1982).

35. Jiang, X., Tan, X., Cheng, J., Haddix, M. L. & Cotrufo, M. F. Interactions between aged biochar, fresh low molecular weight carbon
and soil organic carbon after 3.5 years soil-biochar incubations. Geoderma 333, 99-107. https://doi.org/10.1016/j.geoderma.2018.
07.016 (2019).

36. Olsen, S. R, Cole, C. V., Watanabe, E. S. & Dean, L. A. Estimation of available phosphorus in soils by extraction with sodium
bicarbonate. Circular/United States Department of Agriculture, no. 939 (1954).

37. Jackson, M. L. Soil Chemical Analysis (Prentice-Hall of India Private Limited, Delhi, 1973).

38. Baruah, T. C. & Barthakur, H. P. A Textbook of Soil Analysis (Vikas Publishing House PVT LTD, Chennai, 1997).

39. Sposito, G. The Chemistry of Soils 2nd edn. (Oxford University Press, Oxford, 2008).

40. Buragiené, S. et al. Relationship between CO, emissions and soil properties of differently tilled soils. Sci. Total Environ. 662,
786-795. https://doi.org/10.1016/j.scitotenv.2019.01.236 (2019).

41. Panosso, A. R. et al. Soil CO, emission and its relation to soil properties in sugarcane areas under Slash-and-burn and Green
harvest. Soil Tillage Res. 111, 190-196. https://doi.org/10.1016/j.still.2010.10.002 (2011).

42. Rahman, M. M. Carbon dioxide emission from soil. Agric. Res. 2, 132-139. https://doi.org/10.1007/540003-013-0061-y (2013).

43. de Oliveira, B. G., Carvalho, J. L. N, Cerri, C. E. P,, Cerri, C. C. & Feigl, B. . Soil greenhouse gas fluxes from vinasse application
in Brazilian sugarcane areas. Geoderma 200-201, 77-84. https://doi.org/10.1016/j.geoderma.2013.02.005 (2013).

44. Indira, V. & Abhitha, K. A review on recent developments in Zeolite A synthesis for improved carbon dioxide capture: Implications
for the water-energy nexus. Energy Nexus 7, 100095. https://doi.org/10.1016/j.nexus.2022.100095 (2022).

45. Kumar, S., Srivastava, R. & Koh, J. Utilization of zeolites as CO, capturing agents: Advances and future perspectives. J. CO2 Util.
41,101251. https://doi.org/10.1016/j.jcou.2020.101251 (2020).

46. Saleh, M. E., El-Refaey, A. A. & El-Damarawy, Y. A. CO, emissions and soil organic carbon in calcareous soils as affected by bone
char and phosphate rock. Egypt. J. Soil. Sci. 60, 365-375. https://doi.org/10.21608/ejss.2020.32612.1363 (2020).

47. Zimmerman, A. R., Gao, B. & Ahn, M. Positive and negative carbon mineralization priming effects among a variety of biochar-
amended soils. Soil Biol. Biochem. 43, 1169-1179. https://doi.org/10.1016/j.s0ilbio.2011.02.005 (2011).

48. Tang, Y. et al. Effects of biochar amendment on soil carbon dioxide emission and carbon budget in the karst region of southwest
China. Geoderma 385, 114895. https://doi.org/10.1016/j.geoderma.2020.114895 (2021).

49. Yang, X. et al. Characteristics of greenhouse gas emissions from farmland soils based on a structural equation model: Regulation
mechanism of biochar. Environ. Res. 206, 112303. https://doi.org/10.1016/j.envres.2021.112303 (2022).

50. Khan, M. N., Mobin, M., Abbas, Z. K. & Alamri, S. A. Fertilizers and their contaminants in soils, surface and groundwater. In The
encyclopedia of the anthropocene (eds DellaSala, D. A. & Goldstein, M. I.) 225-240 (Elsevier, Oxford, 2018). https://doi.org/10.
1016/B978-0-12-809665-9.09888-8.

51. Kalbitz, K., Solinger, S., Park, J.-H., Michalzik, B. & Matzner, E. Controls on the dynamics of dissolved organic matter in soils: A
review. Soil Sci. 165, 277-304. https://doi.org/10.1097/00010694-200004000-00001 (2000).

52. Lehmann, J. & Schroth, G. Nutrient leaching. In Trees, Crops and Soil Fertility (eds Schroth, G. & Sinclair, F.) 151-166 (CABI
Publishing, 2003).

53. Kopacek, J. et al. Factors affecting the leaching of dissolved organic carbon after tree dieback in an unmanaged European mountain
forest. Environ. Sci. Technol. 52, 6291-6299. https://doi.org/10.1021/acs.est.8b00478 (2018).

54. Bu, X., Xue, J., Zhao, C., Wu, Y. & Han, F. Nutrient leaching and retention in riparian soils as influenced by rice husk biochar
addition. Soil Sci. 182, 241-247. https://doi.org/10.1097/SS.0000000000000217 (2017).

55. Rombola, A. G. et al. Effect of biochar amendment on organic matter and dissolved organic matter composition of agricultural
soils from a two-year field experiment. Sci. Total Environ. 812, 151422. https://doi.org/10.1016/j.scitotenv.2021.151422 (2022).

56. Vandenbruwane, J., De Neve, S., Qualls, R. G., Sleutel, S. & Hofman, G. Comparison of different isotherm models for dissolved
organic carbon (DOC) and nitrogen (DON) sorption to mineral soil. Geoderma 139, 144-153. https://doi.org/10.1016/j.geode
rma.2007.01.012 (2007).

57. Li, X., Kuang, Y., Chen, J. & Wu, D. Competitive adsorption of phosphate and dissolved organic carbon on lanthanum modified
zeolite. J. Colloid Interface Sci. 574, 197-206. https://doi.org/10.1016/j.jcis.2020.04.050 (2020).

58. Miinch, M., Totsche, K. U. & Kaiser, K. Physicochemical factors controlling the release of dissolved organic carbon from columns
of forest subsoils. Eur. J. Soil Sci. 53, 311-320. https://doi.org/10.1046/j.1365-2389.2002.00439.x (2002).

59. McLaughlan, R. G. & Al-Mashagbeh, O. Simple models for the release kinetics of dissolved organic carbon from woody filtration
media. Bioresour. Technol. 100, 2588-2593. https://doi.org/10.1016/j.biortech.2008.12.002 (2009).

60. Tao, S., Lin, B., Lu, X. & Cao, J. Release kinetics of water soluble organic carbon (WSOC) from river sediment and wetland soil.
Water Air Soil Pollut. 118, 407-418. https://doi.org/10.1023/A:1005134121710 (2000).

Scientific Reports | (2024) 14:4233 | https://doi.org/10.1038/s41598-024-54420-2 nature portfolio


https://doi.org/10.4067/S0718-95162017000400006
https://doi.org/10.1016/j.catena.2022.106616
https://doi.org/10.1016/j.catena.2021.105284
https://doi.org/10.1016/j.cej.2021.131189
https://doi.org/10.3390/su131911104
https://doi.org/10.1016/j.chemosphere.2021.131016
https://doi.org/10.1016/B978-0-12-386473-4.00004-X
https://doi.org/10.1016/B978-0-12-386473-4.00004-X
https://doi.org/10.1007/s11270-017-3649-1
https://doi.org/10.1016/j.catena.2022.106125
https://doi.org/10.1016/0038-0717(87)90052-6
https://doi.org/10.1016/j.geoderma.2018.07.016
https://doi.org/10.1016/j.geoderma.2018.07.016
https://doi.org/10.1016/j.scitotenv.2019.01.236
https://doi.org/10.1016/j.still.2010.10.002
https://doi.org/10.1007/s40003-013-0061-y
https://doi.org/10.1016/j.geoderma.2013.02.005
https://doi.org/10.1016/j.nexus.2022.100095
https://doi.org/10.1016/j.jcou.2020.101251
https://doi.org/10.21608/ejss.2020.32612.1363
https://doi.org/10.1016/j.soilbio.2011.02.005
https://doi.org/10.1016/j.geoderma.2020.114895
https://doi.org/10.1016/j.envres.2021.112303
https://doi.org/10.1016/B978-0-12-809665-9.09888-8
https://doi.org/10.1016/B978-0-12-809665-9.09888-8
https://doi.org/10.1097/00010694-200004000-00001
https://doi.org/10.1021/acs.est.8b00478
https://doi.org/10.1097/SS.0000000000000217
https://doi.org/10.1016/j.scitotenv.2021.151422
https://doi.org/10.1016/j.geoderma.2007.01.012
https://doi.org/10.1016/j.geoderma.2007.01.012
https://doi.org/10.1016/j.jcis.2020.04.050
https://doi.org/10.1046/j.1365-2389.2002.00439.x
https://doi.org/10.1016/j.biortech.2008.12.002
https://doi.org/10.1023/A:1005134121710

www.nature.com/scientificreports/

61. Liu, H. & Lennartz, B. Short term effects of salinization on compound release from drained and restored coastal wetlands. Water
11, 1549. https://doi.org/10.3390/w11081549 (2019).

62. Tiemeyer, B., Pfaffner, N., Frank, S., Kaiser, K. & Fiedler, S. Pore water velocity and ionic strength effects on DOC release from
peat-sand mixtures: Results from laboratory and field experiments. Geoderma 296, 86-97. https://doi.org/10.1016/j.geoderma.
2017.02.024 (2017).

63. Liu, Y. et al. Synthesis of zeolite P1 from fly ash under solvent-free conditions for ammonium removal from water. J. Clean. Prod.
202, 11-22. https://doi.org/10.1016/j.jclepro.2018.08.128 (2018).

64. Mazloomi, F. & Jalali, M. Effects of vermiculite, nanoclay and zeolite on ammonium transport through saturated sandy loam soil:
Column experiments and modeling approaches. Catena 176, 170-180. https://doi.org/10.1016/j.catena.2019.01.014 (2019).

65. Moradzadeh, M., Moazed, H., Sayyad, G. & Khaledian, M. Transport of nitrate and ammonium ions in a sandy loam soil treated
with potassium zeolite—Evaluating equilibrium and non-equilibrium equations. Acta Ecol. Sin. 34, 342-350. https://doi.org/10.
1016/j.chnaes.2014.09.002 (2014).

66. Hossain, M. Z. et al. Biochar and its importance on nutrient dynamics in soil and plant. Biochar 2, 379-420. https://doi.org/10.
1007/s42773-020-00065-z (2020).

67. Mandal, S. et al. The effect of biochar feedstock, pyrolysis temperature, and application rate on the reduction of ammonia volatilisa-
tion from biochar-amended soil. Sci. Total Environ. 627, 942-950. https://doi.org/10.1016/j.scitotenv.2018.01.312 (2018).

68. Wang, B., Lehmann, J., Hanley, K., Hestrin, R. & Enders, A. Ammonium retention by oxidized biochars produced at different
pyrolysis temperatures and residence times. RSC Adv. 6, 41907-41913. https://doi.org/10.1039/C6RA06419A (2016).

69. Sika, M. P. & Hardie, A. G. Effect of pine wood biochar on ammonium nitrate leaching and availability in a South African sandy
soil. Eur. J. Soil Sci. 65, 113-119. https://doi.org/10.1111/ejss.12082 (2014).

70. Zheng, H., Wang, Z., Deng, X., Herbert, S. & Xing, B. Impacts of adding biochar on nitrogen retention and bioavailability in
agricultural soil. Geoderma 206, 32-39. https://doi.org/10.1016/j.geoderma.2013.04.018 (2013).

71. Szajdak, L. W,, Lipiec, J., Siczek, A., Nosalewicz, A. & Majewska, U. Leaching kinetics of atrazine and inorganic chemicals in tilled
and orchard soils. Int. Agrophys. 28, 231-237. https://doi.org/10.2478/intag-2014-0012 (2014).

72. Saffari, N., Hajabbasi, M., Shirani, H., Mosaddeghi, M. & Owens, G. Influence of corn residue biochar on water retention and
penetration resistance in a calcareous sandy loam soil. Geoderma 383, 114734. https://doi.org/10.1016/j.geoderma.2020.114734
(2021).

73. Chen, C. et al. Effect of biochar application on hydraulic properties of sandy soil under dry and wet conditions. Vadose Zone J. 17,
1-8. https://doi.org/10.2136/vzj2018.05.0101 (2018).

74. Yi, S., Chang, N. Y. & Imhoff, P. T. Predicting water retention of biochar-amended soil from independent measurements of biochar
and soil properties. Adv. Water Resour. 142, 103638. https://doi.org/10.1016/j.advwatres.2020.103638 (2020).

75. Zhang, J., Amonette, ]. E. & Flury, M. Effect of biochar and biochar particle size on plant-available water of sand, silt loam, and
clay soil. Soil Tillage Res. 212, 104992. https://doi.org/10.1016/j.5till.2021.104992 (2021).

76. Hardie, M., Clothier, B., Bound, S., Oliver, G. & Close, D. Does biochar influence soil physical properties and soil water availability?.
Plant Soil 376, 347-361. https://doi.org/10.1007/s11104-013-1980-x (2014).

77. Amin, A. A. Chemical properties of some alkaline sandy soils and their effects on phosphorus dynamics with bone char application
as a renewable resource of phosphate fertilizer. J. Soil Sci Plant Nutr. 23, 1589-1598. https://doi.org/10.1007/s42729-023-01199-2
(2023).

78. Moraetis, D., Papagiannidou, S., Pratikakis, A., Pentari, D. & Komnitsas, K. Effect of zeolite application on potassium release in
sandy soils amended with municipal compost. Desalin. Water Treat. 57, 13273-13284. https://doi.org/10.1080/19443994.2015.
1065440 (2016).

79. Szakovd, J. et al. Woodchips biochar versus bone char in a one-year model soil incubation experiment: The importance of soil/
char pH alteration on nutrient availability in soil. J. Chem. Technol. Biotechnol. https://doi.org/10.1002/jctb.7421 (2023).

Author contributions
I contributed to the study conception, and design and also performed material preparation; data collection as
well as analysis. I wrote the first draft of the manuscript, and read and approved the final manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB).

Competing interests
The author declares no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.E.-E.A.Z.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:4233 | https://doi.org/10.1038/s41598-024-54420-2 nature portfolio


https://doi.org/10.3390/w11081549
https://doi.org/10.1016/j.geoderma.2017.02.024
https://doi.org/10.1016/j.geoderma.2017.02.024
https://doi.org/10.1016/j.jclepro.2018.08.128
https://doi.org/10.1016/j.catena.2019.01.014
https://doi.org/10.1016/j.chnaes.2014.09.002
https://doi.org/10.1016/j.chnaes.2014.09.002
https://doi.org/10.1007/s42773-020-00065-z
https://doi.org/10.1007/s42773-020-00065-z
https://doi.org/10.1016/j.scitotenv.2018.01.312
https://doi.org/10.1039/C6RA06419A
https://doi.org/10.1111/ejss.12082
https://doi.org/10.1016/j.geoderma.2013.04.018
https://doi.org/10.2478/intag-2014-0012
https://doi.org/10.1016/j.geoderma.2020.114734
https://doi.org/10.2136/vzj2018.05.0101
https://doi.org/10.1016/j.advwatres.2020.103638
https://doi.org/10.1016/j.still.2021.104992
https://doi.org/10.1007/s11104-013-1980-x
https://doi.org/10.1007/s42729-023-01199-2
https://doi.org/10.1080/19443994.2015.1065440
https://doi.org/10.1080/19443994.2015.1065440
https://doi.org/10.1002/jctb.7421
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Impact of some amendments on kinetics of leaching dissolved organic carbon and ammonium in calcareous sandy soil under vinasse addition
	Materials and methods
	Preparation of bone char and biochar
	Column experiment
	Soil physicochemical analysis
	Kinetics of leaching dissolved organic carbon and soluble ammonium
	Statistical analysis
	Ethics approval and consent to participate

	Results
	Carbon emission
	Dissolved organic carbon in leachate
	Kinetics of leaching dissolved organic carbon
	Soluble ammonium in leachate
	Kinetics of leaching soluble ammonium
	Soil properties

	Discussion
	Dynamics of carbon emission and leaching dissolved organic carbon
	Dynamics of leaching soluble ammonium
	Changes in soil properties

	Conclusions
	References


