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Abstract: Driven by Thailand’s Bio-Circular Green Economy strategy, this study explores industrial
waste utilization as a solution to mitigate the impacts of climate change and economic insecurity.
This study involved interviews with farmers and field sampling across 131 sugarcane plantations,
primarily in four districts in Kanchanaburi, western Thailand. The investigation aimed to assess
heavy metal levels (As, Fe, Mn, Zn, Cu, Cr, Pb, Cd, Hg) in the plantation soils and their accumulations
in soils and biomass under various agricultural practices, including the uses of filter cake and
vinasse (industrial wastes from sugar–ethanol industries). Spatial analysis showed that As often
exceeded national soil-quality standards for agriculture (25 mg kg−1). The Cd, As, and Zn tended to
accumulate at a high level in most soils, whereas Pb accumulated locally. Factors such as clay content,
soil alkalinity (for As and Mn), soil organic matters (As, Mn, and Hg), and no/minimum tillage
(Zn and Cd) promoted the metal accumulation. Factor analysis showed that natural geochemical
processes govern the spatial variations of the metals. The application of filter cake led to soils with
elevated Cr, Fe, As, Cd, and Mn content and a clayey organic-rich composition, while the vinasse
resulted in soils with higher levels of Zn, Cu, Fe, and clayey saline. The bioconcentration factors
(BCF) revealed that sugarcane generally accumulated Hg (BCF ~2.32−35.72), whereas Cu (2.67) and
As (1.04) tended to accumulate in sandy-soil farmlands. The waste utilization, however, neither
contributed significantly to the concern levels of soil metals nor enhanced the bioconcentration of the
soil metals into the sugarcane biomass. Utilizing the waste as fertilizer could benefit cane yield, but
further studies should focus on proper fertilization rates and food safety.

Keywords: agricultural soils; heavy metals; industrial waste; Bio-Circular Green Economy;
bioconcentration factor; geoaccumulation index; soil conservation

1. Introduction

Thailand has approximately 1,763,575 ha of sugarcane plantations and was ranked
the second-largest sugar exporter in 2021–22 [1]. In 2022, about 6.62 M tons of cane sugar
were exported, generating a national income of about 3100 M USD [2]. Sugar and related
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products accounted for about 21% of the national gross domestic product in the agricultural
sector and affected more than 425,000 households [3]. Given the consequential impact of
cane yield on farmers’ economic returns, it is customary for farmers to employ mineral
fertilizers and pesticides. The chemicals are predominantly sourced through imports, with
costs subject to fluctuations tied to petroleum prices and global supply and demand. The
recent increases in costs were attributable to supply shortages stemming from the Russia–
Ukraine War in 2022. Furthermore, crop yield is also strongly dependent on the amount of
rainfall and air temperature; thus, climate change significantly affects cane yields. To cope
with climate change and world economic volatility, the Thai Government has introduced
the Bio-Circular Green Economy model (BCG) to promote sustainable growth conforming
with the sustainable development goals of the UN. The food and agricultural sector is one of
the main industries adopting the BCG. The suggested strategies for BCG implementation in
this sector include product diversification, waste reduction, efficient resource consumption,
technology for optimized waste production, smart farming technology, and food safety [4].

Industrial waste utilization from agricultural production could be one of the options
for BCG implementation, but it requires scientific evidence to assure the general population
about its insignificant short-term and long-term impacts on human and ecosystem health.
The waste from sugar mills and molasses-based ethanol distilleries could possibly be used
for fertilization in crop fields, as it is organic, nutrient-rich, and the production processes
typically use low-toxic compounds. The chemicals primarily added in the juice clarification
process for controlling pH are lime, salts, silicates, amino acids, proteins, enzymes, and
organic acids. To adsorb impurities, either lime with carbon dioxide is used to produce
calcium carbonate precipitate (or carbonization) or lime with sulfur dioxide to produce
calcium sulfite precipitate (or sulphitation) [5–7].

The primary wastes from the sugar mills are bagasse from milling processes, boiler
ash from energy production processes, filter cake from juice clarification processes, and
wastewater from machine and floor cleanings. The waste produced from the ethanol
distilleries is vinasse. Bagasse is mainly wood pulp gained through milling sugarcane. It
contains about 45–50% water, 40–45% fibers (cellulose, pentosans, lignin), and dissolved
sugar [5]. Though previous literature suggests composting it for organic fertilizers [5],
bagasse has more economic potential as a biomass fuel for energy production in sugar
mills [8]. The boiler ash is what remains after the incineration of bagasse. The ash is
enriched with minerals, such as potassium and phosphate, which can be used as soil
fertilizer [5]. Filter cake (or Press Mud) appears soft, spongy, and as a dark brown solid.
The cake consists of moisture (50–65%), fiber (20–30%), crude wax (7–15%), crude protein
(5–10%), and sugar (5–12%) [9]. In addition, the cake may also contain sulfites (from the
sulphitation process), phosphates (added to increase particle settling), organic carbon,
macronutrients (C, N, P, K, Mg, Ca, S), and micronutrients (Fe, Mn, and Si) [5,9]. Thus, filter
cake has been widely used as fertilizer. Vinasse (the same as stillage and spent wash) is the
liquid waste from the sugar–ethanol industry. It is acidic (3.5–5 pH), dark brown (attributed
to melanoidin), and high in organic content and potassium content [6]. Using vinasse
as fertilizer in fertigation has been widely recommended due to its low cost, improved
soil aggregation, and increased crop yield [6,10]. Long-term irrigation by vinasse could
promote soil acidification and salinity, change the population of microorganisms in the soil,
increase potassium and organic load, and increase soil porosity, resulting in more soil water
retention [6,11]. Yin et al. [12] have shown the negligible accumulation of heavy metals in
soil with vinasse irrigation.

Agricultural soils have not only been typically contaminated by industrial wastes but
also applications of mineral fertilizers and agrochemicals, which contain both recalcitrant
organic substances and heavy metals [13–19]. The accumulation of heavy metals in agri-
cultural soils has been widely monitored and assessed in previous studies. However, the
findings have been inconsistent among the study areas due to differences in the physical
properties of soil, organic and inorganic contents, soil conservation practices, and contri-
butions of both anthropogenic and natural sources [18–23]. High concentrations of heavy
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metals have been typically found in paddy and vegetable fields, such as in China [13,23],
the European Union [24], and Iran [25,26]. Considering that some heavy metals are toxic,
even at low concentrations, such as As, Hg, and Cd, the accumulation of the heavy metals
in food crops could be an issue of concern.

To consider the bioavailability enhancement of the heavy metals, a bioconcentration
factor (BCF) of greater than 1 implies the phytoextraction of heavy metals from soil to
biomass. The soil-to-plant transfer of heavy metals was the highest in leafy vegetables, fol-
lowed by rootstalk/fruit vegetables, rice, and grain [27,28]. Cd was often found with a BCF
greater than 1 in many studies, such as in Xi River, NE China [27], and Swat, N Pakistan [29].
In addition, Sharma [30] found that rice and maize grain were hyperaccumulators for Cr,
Co, and Cu in Punjab wetlands, in India. Nonetheless, previous studies have also found
low BCF (<1) in Bangladeshi rice grains in [31] and Thai sugarcane leaves/shoots/roots [32].
The soil’s organic content, heavy metals content, and plant species contribute to different
bioavailability and phytoextraction of the heavy metals from soils.

Previous studies often overlooked variabilities in soil physicochemical properties,
fertilization practices, and soil conservation efforts within sugarcane plantation areas.
These factors significantly influence heavy metal dynamics in soils and biomass. Moreover,
there are gaps in the literature regarding investigation of waste utilization sustainability
and a lack of comprehensive integration of these factors affecting cane yield, a pivotal aspect
for economic sustainability. This study, therefore, investigated diverse soil physicochemical
properties, fertilizations (focusing on those using mineral fertilizations, filter cake, and
vinasse), and soil conservation practices. This study aims to quantify heavy metal levels
and accumulations in sugarcane soils. The transfer of heavy metals from soils to phytomass
was also estimated from the BCF. Sources of these soil metals were identified from factor
analysis, and the effects of soil metals on cane yield were also assessed and discussed. The
findings suggest the potential sustainability of utilizing wastes from the sugar–ethanol
industry in sugarcane cultivation. These outcomes have the potential to drive positive
changes in agricultural practices, environmental stewardship, food safety assurance, policy
formation, and academic knowledge advancement based in agriculture and environmental
science. They collectively contribute to the overall sustainability and resilience of sugarcane
farming systems.

2. Methodology
2.1. Sampling Sites

The studied area covers primarily, but is not limited to, four districts in the Kan-
chanaburi province, western Thailand, comprising the Muang Kanchanaburi, Bo Phloi,
Tha Muang, and Tha Maka districts (Figure 1). They are situated between latitudes from
13.7 to 14.0◦ N and longitude from 99.0 to 99.9◦ E. In these four districts, the predominant
land use/cover is agricultural lands (56.3%), of which 17.1% are sugarcane fields and 11.6%
cassava fields, followed by urban and built-up land (25.9%) [33]. Sugarcane is the key eco-
nomic crop in Kanchanaburi, contributing significantly to its gross domestic product [34].
The study location was influenced by the confluences of the Khwae Yai River, Khwae Noi
River, and Taphoen Canal that all flow into the Mae Khlong River in the Mae Khlong River
watershed. Nonetheless, some of the sampling sites in Tha Maka were in the Tha Chin
watershed (see Figure 1).

Geographical characteristics of Muang Kanchanaburi, Tha Muang, and Tha Maka
districts are alluvial plains located downstream of Srinagarindra Dam and Vajiralongkorn
Dam (18,770 M m3 and 11,000 M m3 retention capacities, respectively). Bo Phloi is charac-
terized by an undulating plain. There are a variety of mine types in the Mae Khlong River
watershed, such as limestone, dolomite, kaolin, granite, quartz, feldspar, phosphate, tin,
fluoride, and tungsten [35].

Soil samples in this study are mostly sediment lying in the valley basin on top of a
carbonate platform bedrock with some intrusion of igneous rock. From the Permian period
in this region, it is estimated that 300 m thick carbonate rocks had been deposited [36].
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Later, collisions between the Indian and Eurasia plates during the Eocene caused the
uplifting, faulting, and folding of basement rock and an intrusion of igneous rock in
some areas [37,38]. Two active fault zones in the area are the Three Pagodas Fault Zone
(TPFZ) and Sri Sawat Fault Zone (SSFZ). Both TPFZ and SSFZ are dextral strike-slip faults
striking NW–SE [38], which also collocate with the Khwae Noi and the Khwae Yai rivers,
respectively. Tectonic activities in this area create a complex geological system with a
variety of exposed rocks, where the exposed surface rock could range from Precambrian to
recently eroded sediment [39].

Figure 1. Studied area, soil sampling sites, terrain elevation * and land use/cover in 2021 **.
Note: * based on 30 m SRTM DEM, acquired from https://dwtkns.com/srtm30m/, accessed
on 18 February 2023. ** acquired from the Land Development Department, Thailand through
Open Government Data of Thailand, https://data.go.th/th/dataset?res_format=SHP, accessed on
1 September 2023.

The climate in Kanchanaburi is classified as tropical savanna (AW), according to
Köppen’s climate classification. The rainy season is from May to October, with an average
annual rainfall of 1086.2 mm, influenced by a strong southwesterly monsoon blowing from
the Indian Ocean. The summer season is from February to April, with a maximum average
daily temperature of 39.39 ◦C, and winter is from November to January, with a minimum
daily temperature of 22.45 ◦C [33].

2.2. In-Depth Interviews

The in-depth interviews and field sampling were carried out during 20–31 May 2022,
in the sugarcane plantations. A total of 207 farmers in the four subdistricts participated
in the interviews. The interviews aimed to quantify the cane yield, mineral fertilizer
and agrochemical application rates, and identify fertilization processes (mineral fertilizer,
vinasse, and filter cake applications) and soil conservation practices. The average plantation
area was 38 ha per household, ranging from 0.5 to 384 ha. From the interviews, the average
application rate of mineral fertilizers was 674.43 kg ha−1 yr−1, applied once to twice a
year. The application rate of the filter cake was 99.3 tons ha−1 yr−1 and applied once every
two to four years. Fertigation with vinasse was also used once every two to three years
only, due to pungent smells and soil aggregation concerns. The interviews complied with
the guidelines of the Human Research Ethics Committee, Mahidol University (Protocol
Number MU-CIRB 2022/038.2302 since 28 April 2022).

https://dwtkns.com/srtm30m/
https://data.go.th/th/dataset?res_format=SHP
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2.3. Field Sampling

Surface soil (0–15 cm depth) and cane leaf samples were taken from 131 sugarcane
plantations. The sampled leaves were the third-top leaves. The sampling locations were
wider than just the four districts. Researchers randomly collected samples in zigzag patterns
across the fields, and each sample was composited from seven to ten plots, depending on
plantation size.

Bagasse, filter cake, and ash samples were taken from a local sugar mill in Tha Maka.
In contrast, the vinasse sample was acquired from a molasses-based ethanol distillery in
Bo Phloi.

2.4. Sample Preparation and Analysis

After collection, soil samples were immediately air-dried and completely dried within
1 to 3 days. The dried soil samples were ground and sieved using a 2 mm mesh. The
prepared soil samples were later used for physicochemical soil determination, including soil
color (via Munsell Color Book), soil texture (using the ribbon test), soil pH (1:1 soil:water),
and soil electroconductivity (EC) (1:5 soil:water). For quantitative assessment, the soil
texture was later classified into five classes based on % clay content, from low to high:
1 = sand, 2 = loamy sand, 3 = sandy loam and sandy clay loam, 4 = sandy clay, and
5 = silt loam, loam, silty clay loam, silty clay, and clay. Furthermore, the soil samples were
extracted following the EPA3051 alternative method using an Ethos Up microwave digester.
The sugarcane filter cake and ash were also prepared and extracted using the same method
as the sol samples.

Leaf and bagasse samples were refrigerated at 4 ◦C for two days before being chopped
to < 5 mm in size and dried in a hot air oven under 70 ◦C for 2 to 3 days. The dried leaf
and bagasse samples were later digested using an Ethos Up microwave digester with 8 mL
of HNO3 and 2 mL of H2O2 at 200 ◦C for 15 min. The 5 -g vinasse sample was digested
using 7 mL of HNO3 and 1 mL of H2O2 at 200 ◦C for 10 min and 200 ◦C for 20 min using
an Ethos Up microwave digester.

The soil, leaf, filter cake, ash, bagasse, and vinasse extracts were filtered and analyzed
for heavy metals using inductively coupled plasma–optical emission spectroscopy (ICP–
OES) (Perkin Elmer, Avio 500 model). In this study, there are nine metals included in the
discussion: Arsenic (As), Iron (Fe), Manganese (Mn), Zinc (Zn), Copper (Cu), Chromium
(Cr), Lead (Pb), Cadmium (Cd), and Mercury (Hg). The ICP–OES detection limits are,
respectively, 1.0, 0.08, 0.026, 0.07, 0.26, 0.17, 1.3, 0.1, and 1.0 µg L−1. Calibration concentra-
tions ranged from 0.5 µg L−1 to 10 mg L−1, resulting in a coefficient of determination, R2,
of 0.999669 or higher.

2.5. Data Analysis

The data analyses in this study were implemented using MATLAB version 9.9 R2020b
software under Mahidol University License.

Geoaccumulation index, or Igeo, was first introduced by Muller (1969) to assess pol-
lution levels in the soil of individual heavy metals by comparing present and previous
contaminations [40]. The Igeo can be calculated using Equation (1).

Igeo = log2

(
Cn

1.5Bn

)
(1)

where Cn = the mass concentration of the metals in sampled soils (mg kg−1), and Bn = the
mass concentration of the metals in background soils (mg kg−1).

In this study, the background levels of the soils in Thailand were obtained from
Zarcinas et al. [41]. The soils were sampled from forested, uncultivated, and remote from
industry areas across the country [41].

Magnitudes of the contamination were classified into six levels, according to Igeo
figures: Igeo < 0 = no contamination; 0 < Igeo < 1 = light to moderate; 1 < Igeo < 2 = moderate;
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2 < Igeo < 3 = moderate to strong; 3 < Igeo < 4 = strong; 4 < Igeo < 5 = strong to extremely
serious; and 5 < Igeo = extremely serious.

Bioconcentration factor (BCF) was calculated using Equation (2) to indicate the phy-
toextraction ability of the sugarcane plant when absorbing metals from the soil to the
aboveground biomass [42]. Low BCF (<1) implied poor efficiency for phytoextraction,
whereas high BCF (>1) highlighted efficient accumulation of soil metals into the phytomass.

BCF =
Cplant,leaf

Csoil
(2)

where Cplant,leaf = concentration of metal in the sugarcane leaf, and Csoil = concentration of
the corresponding metal in soil

Spearman Correlation Coefficients were calculated to identify any associations be-
tween heavy metal contents in soil and the soil’s physicochemical properties and between
BCF for each metal species and the soil’s physicochemical properties.

Factor analysis using the Varimax rotation method was performed on the soil’s metals
contents and the physicochemical soil properties to assess potential sources of the soil met-
als. Five factors were estimated from the eigenvectors acquired from principal component
analysis (PCA) that explained about 75.8% of the total variance of the observations.

Chi-square test for independence was conducted to indicate significant associations
between the soil metals and the soil conservation measures, the amount of herbicides, and
the amount of mineral fertilizers applied to the fields.

3. Results and Discussion
3.1. Chemical and Physical Characteristics of the Sugarcane Plantation Soils

The pH levels of most soils in the studied area were slightly basic (pH 7.27–8.73), but
those in Tha Maka were slightly acidic (pH 5.06–6.98). Higher soil ECs were found along
the Mae Khlong River in Muang Kanchanaburi, Tha Muang, and Tha Maka, with dominant
clay content and darker color soils (Figure 2). Conformingly with typical high EC soil
found in the other studies [43], the high EC soil in this study was found to have dominant
clay content and darker color soils (as shown in Figure 2), implying organic-rich soils.
Interestingly, heavy metals content in the soils around the Khwae Noi River connecting to
the Mae Khlong River in Muang Kanchanaburi were significantly high for all metal types
(Figure 3). In contrast, soil samples collected from nearby areas in Tha Muang exhibited
lower metal contents (except for Cr and Hg).

3.2. Accumulations of Heavy Metals in the Sugarcane Plantation Soils

The average quantities of heavy metals in the soils with conventional fertilization using
chemical fertilizers were 48.7, 35,291, 1384, 77.1, 26.1, 72.3, 51.0, 0.67, and 0.018 mg kg−1 for
As, Fe, Mn, Zn, Cu, Cr, Pb, Cd, and Hg, respectively (Table 1). All the heavy metals were
within the satisfactory limits set by the National Soil Standard for Agriculture (Notification
of the National Environment Board on Soil Quality Standard, issued on 11 March 2021),
except for As. The soil Hg was relatively lower than the typical agricultural soils worldwide,
exhibiting the average content of 0.28 mg kg−1 [16]. Nonetheless, the soil As and Cd levels
were higher than those in the background soils in Thailand [41]. The key concern was that
the levels of soil As often exceeded the National Soil Standard for Agriculture, limited to
25 mg kg−1.

As interpreted from the geoaccumulation index (Igeo) in Figure 4, accumulations of
heavy metals in the agricultural soils were significant for Cd (median of 1.35), As (0.04),
and Zn (−0.69), which scatter across the studied site. Two areas are exhibiting significant
accumulations of heavy metals. Most notably, Bo Phloi exhibited strong Cd contamination,
moderate-to-strong Pb contamination, and moderate As and Zn contamination. The
confluence of the Khwae Noi River to the Mae Khlong River at Muang Kanchanaburi also
contained strong contamination of Cd and moderate levels of As, Cr, and Zn.
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Figure 2. Spatial interpolations of soil pH, EC, color value, soil-texture-based clay content, and type
of fertilization acquired from field soil sampling.

Figure 3. Spatial interpolations of heavy metals content in the agricultural soils.

However, soils along the Taphoen canal in Bo Phloi exhibited lower EC, corresponding
with their lighter color and lower clay content (Figure 2). Correspondingly, high amounts
of soil metals were found in Bo Phloi for all tested metals except Hg (Figure 3).
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Table 1. Physicochemical properties and heavy metals content in agricultural soils for various types
of fertilization.

Type of Fertilizer Mineral Fertilizers
Vinasse from

Molasses-Based
Distilleries

Filter Cake from
Sugar Mills

Typical Range in
Agricultural Soils

(Su, 2014 [16])

National Soil
Standard for

Agriculture **

Background Soil in
Thailand (Zarcinas

et al., 2004 [41])

Mean ± Standard Deviation (Median) Min–Max (Mean)

Number of
Observations 102 11 18

pH 7.42 ± 0.89 (7.79) 7.05 ± 0.87 (6.98) 7.59 ± 0.68 (7.91)
EC, µS cm−1 69.83 ± 71.10 (54.5) 78.32 ± 53.58 (55) 73.76 ± 47.21 (58.5)
Color Value 3 * 3 * 3 *

Color Chroma 1 * 2 * 1 *
Soil Texture Clay * Clay * Sandy Clay *

Soil As, mg/kg 48.7 ± 33.0 (44.0) 37.3 ± 26.9 (47.7) 59.6 ± 28.6 (60.2) 0.78–92.7 (21.19) <25 30

Soil Fe, mg/kg 35,291 ± 21,477
(32,314)

29,691 ± 21,766
(42,344)

39,252 ± 22,444
(30,165)

Soil Mn, mg/kg 1384 ± 1166 (1075) 1254 ± 849 (1479) 1233 ± 749 (1046) <19,640
Soil Zn, mg/kg 77.1 ± 52.2 (64.7) 93.8 ± 64.4 (104.8) 66.0 ± 41.5 (60.5) 4.65–427.8 (117.35) 70
Soil Cu, mg/kg 26.1 ± 18.2 (22.2) 28.2 ± 20.5 (36.2) 23.9 ± 10.8 (21.5) 1.20–107.65 (38.03) <35,040 45
Soil Cr, mg/kg 72.3 ± 66.8 (59.9) 51.5 ± 23.3 (58.2) 79.2 ± 42.1 (73.4) 1.23–87.73 (46.69) <212 80
Soil Pb, mg/kg 51.0 ± 66.8 (34.6) 23.1 ± 16.3 (31.7) 28.8 ± 18.6 (22.8) 0.95–213.93 (51.19) <800 55
Soil Cd, mg/kg 0.67 ± 0.67 (0.49) 0.58 ± 0.55 (0.80) 0.72 ± 0.57 (0.48) 0.05–13.50 (1.5) <762 0.15
Soil Hg, µg/kg 18.1 ± 33.3 (10.6) 15.4 ± 8.2 (13.5) 14.1 ± 9.7 (14.9) 50–730 (280) <263,000 100

Note: * Mode. ** Notification of the National Environmental Board: Soil Quality Standard in the Royal Gazette on
11 March 2021.

Figure 4. Spatial distributions of geoaccumulation index at the sampling sites.
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3.3. Factors Associating Heavy Metal Accumulation in the Soils
3.3.1. Soil Texture

Clay fraction positively correlated with all metals in soils (p ≤ 0.05), indicating that
metal concentrations are controlled by clay fraction (see Table 2). Therefore, the metals-
bound clayey soil grain could have transported downstream from the upper Mae Khlong
River watershed and accumulated at the confluence of the Khwae Yai River, Khwae Noi
River, and the Mae Khlong River [21].

Table 2. Spearman correlation coefficients among soil physicochemical properties and soil heavy metals.

EC Color
Value Chroma Clay

Fraction As Fe Mn Zn Cu Cr Pb Cd Hg

pH 0.38 a −0.23 a −0.22 b 0.12 0.21 b 0.03 0.26 a 0.01 0.04 0.02 0.11 −0.04 −0.09
EC −0.14 −0.22 b 0.39 a 0.42 a 0.32 a 0.35 a 0.39 a 0.36 a 0.09 0.27 a 0.30 a 0.21 b

Color
Value 0.40 a −0.16 −0.26 a 0.02 −0.21 b 0.02 0.06 −0.06 −0.02 −0.01 −0.15

Chroma −0.09 −0.14 −0.06 −0.17 −0.13 −0.13 −0.14 −0.10 −0.02 −0.28 a

Clay
fraction 0.54 a 0.53 a 0.44 a 0.45 a 0.42 a 0.39 a 0.41 a 0.41 a 0.18 b

As 0.78 a 0.73 a 0.61 a 0.68 a 0.66 a 0.59 a 0.77 a 0.26 a

Fe 0.68 a 0.78 a 0.82 a 0.73 a 0.79 a 0.85 a 0.25 a

Mn 0.63 a 0.72 a 0.51 a 0.68 a 0.64 a 0.22 b

Zn 0.72 a 0.46 a 0.72 a 0.73 a 0.42 a

Cu 0.56 a 0.75 a 0.83 a 0.32 a

Cr 0.53 a 0.63 a 0.17
Pb 0.74 a 0.17
Cd 0.22 b

Note: a p < 0.01, b p < 0.05.

3.3.2. Soil Electroconductivity (EC)

Most soil metals (except for Cr) were also significantly associated with soil EC. This
could suggest that most metals were likely sorbed onto the surface and concentrated in
clay size fraction (<2 mm), allowing easy transport along the river and runoff. The sorbed
metals could be desorbed via leaching. The higher the metals desorption, the more metals
mobilization, and the higher soil EC.

3.3.3. Soil pH and Soil Organic Content

In this study, slightly alkaline and organic-rich soils significantly corresponded with
As and Mn contents in soil, suggested by the negative correlations between the soil metals
and color value (r = −0.26 and −0.21, respectively), and the positive correlations between
the soil metals and soil pH (r = 0.21 and 0.2, respectively), as shown in Table 2. The soils
with pH > 7 could result in the mobilization of As(V) due to the conversion of H2AsO4

− to
HAsO4

2− along with increasing negative surface charges of soils, resulting in electrostatic
repulsion [44]. However, Moreno-Jiménez et al. [45] reported that high pH in the presence of
sulfates and carbonates can produce either a co-precipitation of arsenic in the form of metal
oxides/hydroxides and sulfates, or a precipitate such as calcium arsenate. Bia et al. [46]
investigated As in natural carbonates and found that As(V) was likely adsorbed onto calcite.

The studied area is located in western Thailand, where Permian carbonate rocks are
predominant [36,47]. Therefore, carbonate-inducing arsenic precipitation and adsorption
could play a role in As immobilization in this area. Furthermore, the significant correlation
between soil As and Fe/Mn (r = 0.78 for Fe and 0.73 for Mn) found in Table 2 confirms that
Fe and Mn oxides/hydroxides represent the primary sorbing agents for As in the soils. A
similar finding was also reported by Fitz and Wensel [44].

Various soils may yield differing conclusions regarding metal speciation. A study in
Turkey on agricultural sedimentary soil demonstrated that As was predominantly found in
residual non-exchangeable fraction, followed by binding with organic matrices and less
prone to exchangeability [48]. Conversely, Verbeeck et al. [49] investigated clayey Luvisol
soils from agricultural grasslands in France, and they reported that organic matter could
enhance the mobility of AsO4 (tetrahedral arsenates). Dousova et al. [50] also demonstrated
that As(V) exhibited stronger adsorption to metal oxides/hydroxides compared to organic
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horizons. The adsorption, however, depended on the competitive affinity of the other
metals or compounds in soils and the ionic strength of the aqueous phase above soil
surfaces [49,50]. Further studies on the As adsorption on the surface reactive organic
matters could be performed to quantify the As transformation in soils [49].

Mercury (Hg) exhibited high sorption capacities and <1% desorbed [51]. In Hg-soil
systems, Hg tends to be immobilized due to its affinity for mineral surfaces and bonding to
organic matter [52]. In this study, a significant negative correlation between soil Hg and
soil Chroma (r = −0.28, p < 0.01, see Table 2)—the lower value, the lesser saturated color,
and the more organic content [53]—suggests that low mobility Hg in the soils was strongly
associated with non-labile organic carbon [52].

3.3.4. Soil Conservation Measures

The concept of soil conservation has been introduced widely to maintain soil quality
and minimize adverse impacts on agroecosystem health. Several soil conservation measures
have been implemented in many sugarcane plantations, including no open burning (n = 92),
drip irrigation (n = 88), applying organic fertilizers (n = 72), retention reservoirs (n = 62),
mulching (n = 60), terracing (n = 52), ridging (n = 35), alternative cropping (n = 25),
intercropping (n = 18), checking dam installations (n = 14), and no-tillage or minimum
tillage (n = 11). Among these measures, no-tillage/minimum tillage was associated with
the agricultural soil heavy metals content, whereas the other measures did not have any
significant association.

No-tillage or minimum tillage was significantly found with high soil Zn and Cd
accumulations, as suggested by the Chi-square test for independence (p = 0.02 and 0.047,
respectively) in Figure 5. The effect of a tillage system was also found in arable sandy loam
soils in Poland [20]. The study found decreases in total Zn, Cu, Mn, and Fe in soils with full-
inversion tillage and strip tillage compared with those with minimum tillage. The effects of
tillage were also significant for soil heavy metals content in a wheat–soybean/corn cropping
field in Buenos Aires province, Argentina [54]. The no-till or minimum tillage could be
beneficial for the retention of water in the soil, less inversion of subsoil to the surface, and
reducing the leaching of soil organic matter, nutrients, and metals from soils [55].

Figure 5. Frequency of the observations with no-tillage or minimum tillage for different soil Zn and
Cd contents.

3.4. Potential Sources of the Heavy Metals in the Sugarcane Plantation Soils

Five factors were obtained from factor analysis using Varimax rotation that can imply
five significant sources of the heavy metals in the soils. The five factors could explain
about 75.8% of variances of the original observations, including soil properties and heavy
metals contents, based on principal component analysis. Factor loadings on the original
parameters are shown in Table 3, and potential sources of the heavy metals in the soils are
discussed following.
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Table 3. Factor loading matrix for soil physicochemical properties and heavy metals content using
Varimax rotating method and mean factor scores for different types of fertilization.

Soil Properties
Factor Loading Specific

Variances

F1 F2 F3 F4 F5

pH 0.10 0.06 0.02 −0.52 −0.07 0.71
EC −0.01 0.08 0.46 −0.10 0.07 0.77

Color Value −0.02 −0.03 0.06 0.75 −0.18 0.40
Color Chroma 0.11 0.07 −0.21 0.57 −0.11 0.60
Clay fraction 0.25 0.31 0.37 −0.27 −0.01 0.63

Soil As 0.69 0.53 0.16 −0.18 0.22 0.13
Soil Fe 0.55 0.68 0.46 0.04 −0.01 0.03
Soil Mn 0.81 0.23 0.07 −0.24 −0.33 0.11
Soil Zn 0.60 0.08 0.66 0.10 0.20 0.15
Soil Cu 0.55 0.27 0.50 0.01 0.04 0.37
Soil Cr 0.27 0.72 0.10 0.00 −0.03 0.40
Soil Pb 0.75 0.16 0.03 0.01 0.06 0.41
Soil Cd 0.80 0.43 0.21 0.10 0.35 0.005
Soil Hg 0.05 0.00 0.10 −0.17 0.24 0.90

Fertilizations Average factor scores
Mineral Fertilizers (n = 95) 0.045 −0.029 −0.019 0.001 −0.047

Vinasse (n = 10) 0.179 −0.739 0.560 0.523 −0.136
Sugarcane Filter Cake (n = 17) −0.310 0.651 −0.316 −0.298 0.291

Note: Bold numbers represent high loading with the original variables.

3.4.1. Parent Rock Materials

Natural geochemical processes could respond to high As, Fe, Mn, Zn, Cu, Pb, and Cd
contents, as suggested by the positive loadings for F1. Agricultural fertilization did not
strongly influence this factor (F1) since the F1 scores were not obviously high for soils with
particular fertilization. High levels of these metals were also found in the Pb–Zn mining in
limestone karst nearby this studied area [21]. In that study, As, Zn, Cu, Pb, and Cd were
influenced by mining activities and metal adsorption onto the Fe- and Mn-oxides, and
the clay minerals were thought to be pathways for these metals in this environment [21].
Tropical karst weathering of the mineral limestone and soil erosion during the rainy season
could potentially drive the distribution of these metals in the soils [21]. Furthermore, it has
been documented that sediment from natural chemical weathering of the basaltic host rock,
which is dominant in the studied area, could affect heavy metal accumulation in the area.
Eroded sediment from basaltic rock significantly enriched Cd, As, and Pb [56].

3.4.2. Addition of Sugarcane Filter Cake

The filter cake is cane pulp obtained during the purification of sugar by sulphitation
or carbonation processes, resulting in richness in sulfate or carbonate [7]. Filter cake has
an abundance of both macronutrients (C, N, P, K, Mg, Ca, S) and micronutrients (Fe, Mn,
and Si) [9]. Due to high amounts of complex organic compounds, filter cake decomposition
requires the aid of microbes, fungi, bacteria, and some actinomycetes [7].

Application of filter cake into agricultural plantations could cause prominent accu-
mulations of Cr, Fe, As, and Cd in the clay fraction of soils, as suggested from the positive
loadings for F2. The F2 score was higher for the soils with filter cake applications than for
the other treatments. As shown in Table 4, soils with filter cake addition had Cr, Fe, As, and
Cd of approximately 79.2, 39,252, 59.6, and 0.72 mg kg−1, respectively, higher than soils
with the other treatments. The metal contents in the filter cake were also high (79.98, 34,955,
49.46, and 0.69 mg kg−1 for Cr, Fe, As, and Cd, respectively, as shown in Table 1).
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Table 4. Elemental compositions of bagasse, ash, and filter cake taken from the sugar mill in
Kanchanaburi, Thailand.

As Fe Mn Zn Cu Cr Pb Cd Hg

mg/kg µg/kg

Bagasse 5.26 2060 89 18.16 3.27 6.65 2.68 0.20 4.17
Ash 38.86 24,159 1063 136.04 29.81 56.07 19.97 0.49 10.82

Filter
Cake 49.46 34,955 1566 138.85 42.02 79.98 29.53 0.69 15.26

Organic
Fertilizer
Standards

*

<50 <500 <300 <500 <5 <2000

Note: * Announcement of the Department of Agriculture on Organic Fertilizer Standards, B.E. 2548.

In addition, high organic contents in the filter cakes, relating to darker soil color (low
soil Color Value and Chroma), could respond to Mn accumulated in the clay fraction of
soils, as suggested by F4 factor loadings. Under such high pH and organic-rich conditions,
the Mn could be immobilized and accumulated in soils via precipitations in the form of
carbonate or hydroxide and form complexes with organic substances [21].

3.4.3. Addition of Treated Vinasse from Molasses-Based Ethanol Distillery

Vinasse is the wastewater from the molasses-based ethanol distillery [57]. After
treatment, typically via anaerobic digestion, it still contains high organic matter and nutri-
ents [58]. Some farmers apply the treated vinasse to the agricultural field to fertilize the
soils and reduce the burden of costly mineral fertilizers.

The vinasse could also be the source of Zn, Cu, Fe, and soil salinity (implied from high
soil EC) in the sugarcane plantation soils. As implied from F3 factor loadings in Table 3,
significantly positive loadings were found for Zn, Cu, Fe, soil EC, and clay fraction in
the soil, and a high positive F3 factor score (0.56) was found for the soils with vinasse
treatment. Rajkishore and Vignesh [59] also report that vinasse could be a significant source
of micronutrients, including Zn, Cu, and Fe. In addition, Mahimairaja and Bolan [60]
showed that high salt in the vinasse could increase soil salinity. The high contributions
of Cu and Zn from the vinasse were similar to those obtained from phosphate fertilizer,
livestock manure, or sewage sludge [14,19,61,62]. Furthermore, excess Fe was typically
found in soils irrigated with industrial wastewater [28].

3.4.4. Applications of Mineral Fertilizers and Agrochemicals

High contributions of Cd, Hg, As, and Zn, found in positive F5 factor (see Table 3),
could be attributed to fertilizers, pesticides, and liming [19]. Predominant levels of Cd
could be the signature of the agricultural soils, as found in many agricultural environments,
including in the Hun-Taizi River watershed, China [63], Xi River watershed, NE China [27],
Wuqing, Tianjin, China [61], Shouguang city, Shandong, China [64], Ropar wetland, Punjab,
India [30], Swat, N Pakistan [29]. The rising Cd and Zn in agricultural soils could be due
to fertilizing using phosphate fertilizers [18,41]. Su [16] and Alengebawy et al. [15] also
reported high Cu, Zn, Cd, and Pb in phosphate fertilizers. The heavy metals naturally
occur with phosphate rock in nature. Previous studies have also reported that pesticides
could be responsible for high Cd, As, Hg, Pb, Zn, and Cu in agricultural soils [14,15].

Based on the farmer interviews and the soil sampling in this study, herbicides have
been regularly applied to control the weeds during tillering and elongation periods of
crop growth from March to July. The applications can be twice or more per cropping
cycle, depending on the number of weeds. The types of herbicides typically applied to
the fields were phenoxy carboxylic acids (e.g., 2,4-D), triazines (e.g., ametryn, atrazine),
and ureas (e.g., diuron). Herbicides contain higher As (151 times), Cu (639 times), and
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Zn (83 times) content than in agricultural soils [65]. The insecticides and fungicides were
applied periodically when experiencing insect and plant disease outbreaks, respectively.

The agricultural soils in this study significantly responded to the increasing level of
Cu in the soil from the addition of pesticides in the sugarcane plantations. As shown in
Table 5, the Chi-square test for independence between the soil Cu and the amount of the
pesticides applied revealed significant dependence between both factors (p = 0.023). The
test, however, did not show significance for the other metals.

Table 5. Observations of soil Cu content corresponding to the amount of herbicides applied.

Soil Cu, mg kg−1
Amount of Herbicides Applied, kg ha−1 yr−1

0–3.12 3.12–6.25 6.25–12.5 >12.5

<11.4 11 6 3 3
11.4–17.9 7 8 7 3
17.9–26.8 11 6 3 3
26.8–38.6 5 3 5 12

>38.6 9 3 8 3

Apart from natural origins, high Cu could be found in agricultural soils with excessive
addition of fungicides [66–68]. However, the fungicides were not applied in the sampling
year due to no plant disease outbreak. Thus, long-term accumulative doses of the herbicides
should play a role in responding to soil Cu level.

3.5. Bioconcentration Factor (BCF) of Heavy Metals from the Soils to the Sugarcane Leaves

BCFs from the soils to sugarcane leaves were the highest for Hg, followed by Cu, As,
Zn, Mn, Cr, Fe, Pb, and Cd, respectively (Table 6). A BCF > 1 suggests a significant accu-
mulation of the soil metals in the biomass (leaves), or phytoextraction, for Hg (~2.32–35.72,
depending on soil clay content). Furthermore, the phytoextraction ability of the sugarcane
was also found for Cu (~2.67) and As (~1.04), exclusively in sandy soils. Similarly, the
high absorptions of Hg and Cu in food crops were previously found in crop fields near
an industrial park in Ayutthaya, Thailand. The Hg and Cu were from irrigated water [69].
High concentrations of the Hg in leaves were typical for vascular plants, such as rice plants
and lavender plants [70]. The Hg in the plant leaves may have either originated from soil
and translocated after root uptake or stomatal uptake of gaseous Hg emitted from soils or
atmospheric deposition [70].

A BCF < 1 was generally found, and the lowest BCF was found in Pb and Cd, followed
by Fe, Cr, Mn, and Zn, respectively. This finding suggests that the sugarcane did not
perform phytoextraction well for these metals. The findings in this study agreed with the
previous works of Akkajit et al. [32], showing that applications of sugar mills’ boiler ash,
filter cake, and a mixture of ash and vinasse did not significantly affect BCF in sugarcane
plantations for Cd and Zn. The limited phytoextraction of Cd in this study may be attributed
to the prevalence of alkaline soils, which restrict the assimilation of Cd into vegetables [71].
Pandey et al. [72] also found BCF < 1 for all metals (Cr, Cu, Cd, Pb, Zn, Ni, Fe, and
Mn) in sugarcane juice from the plantations irrigated with industrial effluent in India.
Nonetheless, some herbal plants in soils fertilized with molasses-based distillery waste
acted as hyperaccumulators of heavy metals [73].

The BCF for As exhibited strong soil texture dependence. It was higher for sandy soil
(low clay content) and lower for those having more clay content (see Table 7). The As in
natural carbonates was more favorable to be adsorbed on calcite, co-precipitate in the form
of metal oxides/hydroxides and sulfates, or precipitate in the form of calcium arsenate
than adsorbed on the organic substances [45,46]. Thus, the more As adsorbs onto the metal
complexes, the more As is found in sandy soil and accumulates in the sugarcane biomass.
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Table 6. Bioconcentration factors (BCF) of the metals from soils to plants.

Clay Content
Level As Fe Mn Zn Cu Cr Hg Pb Cd

1 (n = 3–14) 1.04 ± 0.77
(0.81) *

0.013 ± 0.009
(0.012)

0.29 ± 0.22
(0.24)

0.78 ± 0.28
(0.77)

2.67 ± 4.09
(1.12)

0.15 ± 0.16
(0.12)

10.25 ± 11.90
(6.41)

Ve
ry

lo
w

**

Ve
ry

lo
w

**2 (n = 2–6) 0.73 ± 0.45
(0.76)

0.007 ± 0.003
(0.007)

0.17 ± 0.07
(0.16)

0.49 ± 0.00
(0.49)

0.90 ± 0.53
(0.71)

0.06 ± 0.05
(0.03)

25.55 ± 35.67
(25.55)

3 (n = 7–23) 0.47 ± 0.37
(0.39)

0.011 ± 0.011
(0.006)

0.27 ± 0.63
(0.09)

0.57 ± 0.62
(0.32)

1.33 ± 2.08
(0.50)

0.16 ± 0.27
(0.06)

5.03 ± 10.22
(1.44)

4 (n = 3–18) 0.40 ± 0.24
(0.34)

0.013 ± 0.021
(0.007)

0.11 ± 0.09
(0.08)

0.83 ± 0.87
(0.57)

0.60 ± 0.40
(0.56)

0.06 ± 0.04
(0.06)

35.72 ± 59.44
(1.87)

5 (n = 13–64) 0.35 ± 0.63
(0.22)

0.008 ± 0.009
(0.004)

0.08 ± 0.07
(0.06)

0.37 ± 0.24
(0.32)

0.86 ± 1.57
(0.35)

0.11 ± 0.19
(0.06)

2.32 ± 4.61
(0.41)

Note: * mean ± standard deviation (median), ** Very low BCF is due to lower Pb and Cd concentrations in cane
leaves than the detection levels.

Table 7. Spearman correlation coefficients between soil physicochemical properties, soil heavy metals,
bioconcentration factor (BCF) of the metals from soils to plants (leaves), and cane yield.

BCF from Soils to Plants (Cane Leaves)

As Fe Mn Zn Cu Cr Hg

Soil pH −0.11 −0.11 −0.29 a −0.09 −0.05 0.08 0.15
Soil EC −0.36 a −0.21 b −0.35 a −0.27 −0.34 a 0.10 0.15

Color Value 0.17 0.12 0.21 b 0.04 0.06 0.12 0.10
Chroma 0.13 −0.01 0.20 b 0.05 0.10 0.00 0.12

Clay Content −0.50 a −0.34 a −0.45 a −0.31 b −0.31 a −0.11 −0.27
Cane Yield −0.04 −0.09 −0.10 −0.41 a −0.06 0.17 −0.11

Soil Heavy Metals

As Fe Mn Zn Cu Cr Hg Pb Cd

Cane Yield 0.09 0.28 a 0.19 b 0.34 a 0.27 a 0.09 −0.05 0.42 a 0.26 a

Note: a p < 0.01, b p < 0.05.

As shown in Table 7, high (low) levels of BCF for the sugarcane leaves could be
attributed to low (high) soil pH for Mn; low (high) soil EC for As, Fe, Mn, and Cu; light
(dark) soil color—indicating low (high) organic content—for Mn; and low (high) clay
content for As, Fe, Mn, Zn, and Cu. Based on this finding, organic-rich clayey soils resulted
in poor bioavailability for Mn, whereas clay fraction alone could suppress bioavailability
for As, Fe, Zn, and Cu. No significant association of soil properties was found on the BCF
for Hg and Cr.

Though soil organic matter was found to be significantly associated with soil As, Mn,
and Hg contents, discussed in Section 3.3, the role of soil organic matter in accumulating
the metals in the sugarcane leaves was the inverse for Mn and not significant for the other
metals. A previous study also reported significant adsorption of heavy metals by soil
organic matter on the sugarcane plantations fertilized by sugarcane waste [32]. This finding
suggests that soil organic matters could adsorb the metals, resulting in immobilization
of the metals in agricultural soils and minimizing the bioconcentration of the metals in
agricultural products.

3.6. Effects of Soil Heavy Metals on the Sugarcane Yield

The Spearman correlation coefficients shown in Table 7 suggest that high cane yield was
significantly associated with higher soil Fe, Mn, Zn, Cu, Pb, and Cd contents. Tamez et al. [74]
found higher Chlorophyll A content in sugarcane with the addition of a Cu-based fungicide in
the soil. Nonetheless, higher uptake of Zn from the soils to sugarcane biomass responded to
lower cane yield (see Table 7). Jain et al. [75] confirmed that applying excess Zn to sugarcane
cultivar could suppress sugarcane growth.
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3.7. Implications on Sustainability of Utilizing Wastes from Sugar–Ethanol Industry for
Sugarcane Cultivation

The filter cake is the waste from sugar mills, and vinasse is from molasses-based
ethanol distilleries. Both wastes contain a significant amount of macro- and micro-nutrients
for plant growth. Thailand’s economy relies vitally upon agricultural production. In-
dustrial waste utilization could reduce waste generation and promote efficient resource
consumption as the strategy for the Bio-Circular Green Economy. Nonetheless, utilizing
the waste for agricultural production could raise public concerns about food safety.

According to the observation-based studies, adding filter cake to the agricultural soils
could increase soil Cr, Fe, As, Cd, and Mn and alter soil properties toward organic-rich
clayey soil. The additions of vinasse via fertigation could increase soil Zn, Cu, and Fe and
alter soil properties toward saline clayey soil.

By considering the bioconcentration of the metals from the soils to the sugarcane leaves,
the sugarcane markedly absorbed the Hg for all soil textures (BCF >> 1) and absorbed soil
Cu and As in sandy soils. Based on the factor analysis, mineral fertilizers and agrochemicals
should be the source of both Hg and As in soil. Furthermore, soil As is highly attributed to
natural lithological sources, as found in the high level for all fertilization treatments.

High bioconcentration of Zn was associated with low yield. High cane yield, however,
was found with high soil Fe, Mn, Zn, Cu, Pb, and Cd. Thus, increasing soil metal contents
and enhancing the immobility of the soil metals should be implemented to optimize the
cane yield. No-tillage or minimum tillage is also recommended to enhance the immobility
of soil metals, as found significant for soil Zn and Cd in this study.

Based on the evidence from this study, the waste utilization neither contributed
significantly to the concern levels of soil metals nor enhanced the bioconcentration of
the soil metals into the sugarcane biomass. Moreover, the additions of vinasse together
with filter cake could be beneficial for increasing the cane yield since the vinasse acted
as the sources of soil Zn, Cu, and Fe (essential for yield promotion), and filter cake could
be the sources of soil Mn and organic matter, adsorbing the metals. Vinasse and filter
cake also promote higher clay fraction, enhancing soil surface adsorption and minimizing
bioconcentration for Zn. Nonetheless, the proper combination of both materials should be
further studied to minimize the impacts of soil salinity and satisfy physicochemical soil
properties. Furthermore, an additional study on the accumulation of toxic substances in
the cane biomass could be conducted to clarify the possible impacts on food safety.

3.8. Limitations

It is noted that this study carries certain weaknesses and limitations. The study was
focused on the sugarcane fields in western Thailand. Although it addresses diverse soil
properties, it may not capture the full spectrum of soil conditions found in various regions.
The study also provides limited exploration of socioeconomic factors and may not fully
account for seasonal variations. The emphasis on short-term outcomes might overlook
longer-term trends. These limitations present opportunities for future research to enhance
understanding of heavy metal dynamics in sugarcane plantation systems.

4. Conclusions

Thailand, a major sugar exporter, heavily relies on cane sugar for its economy. How-
ever, most sugarcane farmers use costly agrochemicals, such as mineral fertilizers and
pesticides, to boost yield. To align with the national strategy for sustainable growth, there
is a growing emphasis on using industrial waste, driving the Bio-Circular Green Economy.
This study examines heavy metals levels in the sugarcane plantation soils, considering
various fertilization methods, including industrial wastes from sugar–ethanol industries
(filter cake and vinasse). We also assess the impact of soil properties and conservation
practices on metal accumulations, bioaccumulation in sugarcane leaves, and the promotion
of sustainability through waste-based fertilizers.
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The study covers 131 sampling sites in four districts in Kanchanaburi, western Thai-
land, dominated by sugarcane plantations. Spatial analysis revealed that Arsenic (As)
often exceeded the national soil quality standard for agriculture of 25 mg kg−1. According
to the geoaccumulation index (Igeo), soil accumulations of Cd, As, and Zn (median Igeo
values of 1.35, 0.04, −0.69, respectively) were scattered across the studied area, whereas
Pb was concentrated in the Bo Phloi subdistrict. Factor analysis highlighted natural geo-
chemical processes’ substantial influence on spatial variations in soil metal distribution.
Applications of mineral fertilizers and agrochemicals elevated levels of Cd, Hg, As, and
Zn in soil. The use of filter cake increased the soil content of Cr, Fe, As, Cd, and Mn and
altered the soil physicochemical properties towards an organic-rich clayey composition.
The molasses-based vinasse enriched soils with more Zn, Cu, and Fe, along with alterations
in soil properties towards saline clayey soil.

Spearman correlation analysis indicated that inorganic ions and complexes of clay
fraction significantly accounted for the high metal accumulations in soils, primarily through
adsorption or precipitation processes. Alkaline and organic-rich soils were strongly associ-
ated with As and Mn accumulations, whereas organic matter was solely correlated with soil
Hg accumulation. No-tillage or minimum tillage practices strongly associated with high soil
Zn and Cd levels, whereas other conservation measures showed less pronounced effects.

Bioconcentration factor (BCF) revealed that the sugarcane generally acted as an Hg
accumulator (BCF ~2.32 to 35.72), while the biomass accumulation for Cu (~2.67) and As
(~1.64) tended to be prominent in sandy soil. Mineral fertilizers and agrochemicals were the
main contributors to these metal accumulations. The BCFs for the other metals in sugarcane
leaves were generally < 1, indicating limited phytoextraction potential.

Based on the findings of this investigation, the waste utilization did not significantly
impact soil metal levels or enhance the bioconcentration in sugarcane biomass. The com-
bined application of vinasse and filter cake, as a source of organic matter, showed dual
benefits by increasing soil metal content and reducing Zn bioconcentration, thereby en-
hancing cane yield. Additionally, reduced reliance on chemical fertilizers contributes to a
diminished Hg bioconcentration, consequently mitigating health risks. However, further
research is needed to determine optimal waste application quantities for optimizing cane
yield, ensuring food safety, and safeguarding environmental health.
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