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Abstract 
The focus of this study was to explore how various fertilizers influence the 

movement of cadmium in soil treated with biochar. The research utilized a strong 
acid sandy loam soil from Chanthaburi Province, naturally rich in organic matter 
with moderate cation exchange capacity and low nitrogen, potassium, phosphorus, 
sulfate, salinity and chloride levels. The soil was purposely contaminated with 50 
mg kg-1 of cadmium and treated with biochar derived from water hyacinth through 
pyrolysis at 450°C for an hour. This biochar displayed moderate alkalinity, high 
organic matter, phosphorus, potassium, and cation exchange capacity, but low nitrogen 
content. Analytical techniques like Scanning Electron Microscopy and Fourier-
Transform Infrared Spectroscopy were employed to study the surface characteristics 
of the biochar. The cadmium adding soil was blended with 10% biochar and various 
chemical fertilizers at a 0.04% ratio. Diethylenetriamine pentaacetate (DTPA) 
extraction was used to assess the bioavailability of cadmium to plants in the soil, while 
sequential extraction was conducted to identify the different forms of cadmium 
present in the soil. The study revealed distinct effects of different fertilizers on cadmium 
mobility. Fertilizers like 46-0-0 and 0-3-0 caused a transformation of cadmium 
from stable to less stable forms, increasing the bioavailability of cadmium to plants. 
Conversely, fertilizers such as 15-15-15, 0-0-50, 0-0-60, and 0-52-34 shifted 
cadmium from less stable to more stable forms, resulting in decreased cadmium 
extracted by DTPA. Other fertilizers showed no significant impact on cadmium 
mobility in the soil. A stepwise linear regression analysis highlighted that nitrogen 
content, potassium content, and electrical conductivity were influential factors 
affecting cadmium mobility. 
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Introduction 
 Chanthaburi Province is renowned for its agricultural 
prowess, with a focus on cultivating a variety of fruits 
such as durian, mangosteen, rambutan, sala, rakam, 
longkong, longan, and santol. Fruits are a vital economic 
crop for the region. To optimize crop growth and yield, 
the use of chemical fertilizers and herbicides is common 
practice. Additionally, the cultivation process involves 
the use of equipment and materials that can introduce 
various heavy metals. An associated activity is the burning 
of agricultural waste, further contributing to the accu-

mulation of chemicals in the soil. Some of these substances 
have low degradability, resulting in their long-term 
persistence in the soil. Heavy metals, including copper, 
zinc, cadmium, and lead, have been found to accumulate 
in the soil due to these agricultural practices. Plants 
growing in these contaminated soils can absorb these 
heavy metals, which then become distributed throughout 
various plant parts. Consequently, these heavy metals can 
enter the human food chain, posing risks to the health 
of animals, plants, and humans [1–2]. Cadmium, in parti-
cular, is a hazardous element, with high-level exposure 
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causing lung damage and potential fatality. Chronic 
exposure to low levels of cadmium, found in air, food, 
water, and tobacco smoke, may lead to kidney disease 
and weakened bones [3]. Cadmium is also classified as a 
carcinogen [4]. Furthermore, cadmium toxicity can 
detrimentally affect plant health, impacting chlorophyll 
biosynthesis, photosynthesis, water regulation, and hormonal 
and nutritional balance [5]. 
 Biochar, an organic material produced through slow 
pyrolysis, has emerged as a promising solution for 
mitigating heavy metal contamination in agricultural 
soils [6]. Researchers have found that biochar possesses 
high porosity, negatively charged surfaces, and a strong 
capacity for adsorbing positively charged ions. Introducing 
biochar to soils has been shown to reduce the uptake of 
heavy metals by plants [7–9]. Biochar, an economical and 
efficient adsorbent, can be derived from diverse biomass 
sources like agricultural waste, sewage sludge, crop residues, 
manures, forestry byproducts, and various solid waste 
materials. Determining the optimal material is challenging 
since the production of biochar at varying temperatures, 
heating rates, and durations yields differing performance 
outcomes [10]. Crucial factors in material selection for 
biochar production include accessibility, cost-effectiveness, 
minimal local environmental impact, and high carbon 
content. Water hyacinth, a fast-spreading weed that is rich 
in carbon content (comprising 20% cellulose, 48% hemi-
cellulose, and 3.5% lignin), serves as an attractive organic 
material for biochar production [11]. 
 Farmers in the region commonly rely on chemical 
fertilizers to enhance plant growth. Cadmium can be found 
in some fertilizers, such as mineral phosphate fertilizers. 
Its concentration varying based on the phosphate rock 
type (apatite and phosphorite), commonly comprising 
phosphate dioxide (P2O5), lime, clay, gypsum, dolomite, 
silica, and an array of other minerals, including heavy 
metals and metalloids like cadmium, lead, and arsenic 
[12]. The application of certain fertilizers has the potential 
to elevate cadmium levels in the soil. The chemical 
properties of these fertilizers can have varying effects on 
the concentration and mobility of heavy metals in the 
soil. Some fertilizers may facilitate the movement of 
heavy metals within the soil, potentially increasing their 
uptake by plants, while others may have the opposite 
effect. This issue is interesting to study further.  
 Soil comprises air, water, inorganic components (such 
as sand, silt, clay, silica, alumina, and iron oxide), and 
organic matter (including carbohydrates, amino acids, 
proteins, lipids, nucleic acids, lignins, and humic sub-
stances). The mineral and organic colloidal particles of 
the solid phase are the most active soil components in 
the adsorption processes. Various factors, including 
soil pH, organic content, and the type and quantity of 

ions and metals present, affect the soil's adsorption 
capacity. The adsorption mechanisms through which 
heavy metals from the soil solution interact with soil 
constituents vary, involving processes such as func-
tional groups complexation, physical adsorption, ion 
exchange, and coprecipitation. These mechanisms either 
augment or diminish the movement of cadmium [13].  
 The researcher aimed to identify the specific factors 
within fertilizers that have the most significant impact 
on the mobility of cadmium in the soil amended with 
biochar. The experiment was designed to feed data 
regarding the characteristics of 10 different fertilizer 
types and the outcomes of cadmium extraction from 
the soil into a stepwise linear regression program. The 
program assists in forecasting which factors influence 
either the decrease or increase of cadmium movement 
within the soil amended with biochar. The findings from 
this experiment will provide insights into the potential 
effects of using specific types of fertilizers. This know-
ledge can be applied to better manage soil quality in the 
future. Additionally, different forms of cadmium were 
analyzed before and after through sequential extraction 
to elucidate the adsorption or de-sorption of cadmium 
following each fertilizer application. 
 
Materials and methods 
1) Soil, fertilizer, and biochar preparation 
 The original soil sample was obtained from an 
undisturbed area in Chanthaburi Province, specifically 
at coordinates N13°50'32.1252" E101°9'5.6808, at a depth 
of 0–30 cm. This soil preparation process involved sun 
drying and subsequent grinding using a stone mortar. 
After grinding, the soil was sifted through a 20-mesh 
sieve. Following this, the soil was further dried in an 
oven at 105°C for 24 hours.  
 In this research, ten different fertilizer formulas were 
employed, each represented by its N-P-K (Nitrogen-
Phosphorus-Potassium) ratio, as follows: 0-0-60, 0-52-
34, 0-0-50, 0-3-0, 46-0-0, 16-20-0, 13-0-46, 13-13-21, 
15-15-15, and 18-12-6. The fertilizers selected for this 
study are commonly utilized in Thailand across various 
crops and plants, including field crops, garden plants, 
ornamentals, and a range of vegetables. Their diverse 
compositions in terms of nitrogen (N), phosphorus (P), 
and potassium (K) content will be instrumental in examining 
how varying levels of N, P, and K contribute to the 
process of cadmium fixation in the soil. To prepare these 
fertilizers for the study, all of them, except for urea 
(fertilizer formula 46-0-0), underwent a process of crushing 
and sieving through a No. 20 sieve. This preparation 
ensured that the fertilizers were in a consistent and 
uniform form for application in the research experiments. 
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 The water hyacinth used in the study was sourced 
from the Lad Krabang area in Bangkok. To prepare it 
for further use, the leaves and stems of the water hyacinth 
underwent several rounds of washing with clean water. 
After washing, the plant material was sun-dried and 
then placed in an oven at a temperature of 105°C for 24 
hours. Once the water hyacinth was thoroughly dried, 
it underwent a pyrolysis process. During this process, the 
dried plant material was exposed to a temperature of 
450°C for one hour. Subsequently, the pyrolyzed material 
was sieved through a 35-mesh sieve to ensure a consistent 
particle size for use in the research. 
 
2) Chemical characterization of soil, fertilizer, and biochar 
 Soil particle distribution was assessed using the 
hydrometer method. Electrical conductivity (EC) was 
determined with a conductivity meter (Memmert model 
UM400) and pH levels were measured using a pH meter 
(Consort model C860). Chloride ion concentration was 
quantified using the argentometric method. Sulfate ion 
content was measured via the turbidimetric method. 
Cation exchange capacity (CEC) was determined using 
the Ammonium acetate method. Organic matter content 
was assessed through Walkley-Black titrations. Total 
nitrogen content was analyzed using the Kjeldahl method. 
Available phosphorus content was determined using the 
Bray II method. Available potassium content was assessed 
through Ammonium acetate extraction [14–15]. Addi-
tionally, the concentration of cadmium (Cd) in all samples 
was analyzed through acid digestion (HCl/HNO3/H2O2) 
before determination using an Atomic Absorption Spec-
trophotometer (AAS: Perkin Elmer model Analyst 200) 
[16]. The soil's neutralization capability was examined 
through a titration method [17]. To investigate the 
biochar's surface properties and functional groups, 
Scanning Electron Microscope (SEM: Leo model 1455 VP) 
and Fourier-Transform Infrared Spectrometer (FTIR: 
Perkin Elmer model Spectrum GX) were employed. 
 
3) Experimental method 
 Synthetic cadmium contaminated soil (SS) was 
produced by combining original soil with a precisely 
controlled cadmium concentration of 50 mg kg-1. Then, 
the synthetic cadmium contaminated soil with biochar 
(SBS) was formulated by blending the synthetic cadmium 
contaminated soil (SS) with 10% biochar. Both SS and 
SBS were left to settle at room temperature for a month. 
Following this, the SBS was treated with 0.04% chemical 
fertilizers and allowed to stand at room temperature for 
another two weeks. Subsequently, the soil underwent 
extraction using 0.005 M diethylenetriamine pentaacetate 
(DTPA) [18]. The concentration of cadmium in the resulting 
extract was assessed the AAS. To determine the cadmium 

concentration in various fractions, a sequential extrac-
tion process was employed. This process aimed to analyze 
cadmium distribution in six fractions, including the 
water-soluble fraction, exchangeable fraction, carbonate-
bound fraction, Fe-Mn oxide-bound fraction, organically 
bound fraction, and residual fraction. 
 
4) Statistical analysis 
 Each set of experiments was conducted in three 
separate trials. The mean and standard deviation of the 
experimental data were calculated. To assess the statis-
tical significance (at a 95% confidence level) of differences 
between two or more groups of data, the one-way analysis 
of variance (ANOVA) was employed, using SPSS version 
23. A stepwise linear regression program was then applied 
to investigate the correlation between the chemical cha-
racteristics of fertilizers and the mobility of cadmium. 
In this analysis, the dependent variable was the cadmium 
content in the DTPA-extracted samples. The independent 
variables considered included pH, electrical conductivity, 
organic matter, total nitrogen, chloride, available potas-
sium, available phosphorus, and sulfate. 
 
Results and discussion  
1) Characteristic of soil, fertilizer, and biochar 
 The concentration of cadmium in all sample was 
shown in Table 1. 
 According to the data presented in Table 1, the 
cadmium concentration in the SS was higher than what 
is typically found in natural environments, but it still 
fell within the acceptable limit for agricultural use (the 
acceptable limit being Cd < 762 mg kg-1) [19]. On the 
other hand, the cadmium content in the biochar was 
lower than that in the SS and remained below the 
permitted threshold for soil application. These thresholds 
can vary, with the maximum allowed limits for cadmium 
in soil ranging from 1.4 to 39 mg kg-1 [20]. Therefore, 
the addition of biochar did not lead to a significant 
increase in cadmium content in the soil. Furthermore, 
the concentration of heavy metals in all the studied 
fertilizers was well within the standard limits for agri-
cultural use, with the acceptable limit for cadmium 
being less than 10 mg kg-1 [21]. 
 The analysis of soil from Chanthaburi Province 
revealed a sandy loam composition with the following 
particle distribution: 81.52% sand, 0.72% silt, and 
17.76% clay. The CEC value, which reflects the soil's 
ability to release or absorb nutrients, falls within the 
moderate range (15-25 cmol kg-1). This property can be 
influenced by various factors such as clay type, nutrient 
content, organic matter levels, and soil pH. In the case of 
the studied soil, the CEC value is moderate, and it gene-
rally falls in the range of 2–20 cmol.kg-1 for most agri-
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cultural soils. The biochar exhibited an acid neutrali-
zation capability (ANC) of 4,997.90 meq kg-1, while 
Venegas et al. [17] reported ANC values of 4,280 meq 
kg-1 for municipal organic waste and 421 meq kg-1 for 
biochar derived from bark. Materials with a high ANC 
are ideal for use as absorbents because they can effec-
tively raise soil pH levels. The CEC of the biochar was 
measured at 26.90 cmol kg-1. Biochar with high CEC 
could reduce the movement of heavy metals [22]. The 
more detailed information about the characteristics of 
original soil, biochar and fertilizers was shown Figure 1. 
 
 

Table 1 Cadmium concentration in samples 
Sample Concentration 

(mg kg-1) 
Fertilizer Concentration 

(mg kg-1) 
Original 

soil 
6.89 ± 0.02 0-0-50 1.10 ± 0.59 

SS 49.91 ± 0.62 0-0-60 0.04 ± 0.13 
Biochar 1.02 ± 0.21 0-3-0 5.10 ± 0.53 

  0-52-34 1.60 ± 0.09 
  13-0-46 0.35 ± 0.05 
  13-13-21 0.23 ± 0.07 
  15-15-15 1.15 ± 0.36 
  16-20-0 10.10 ± 0.74 
  18-12-6 1.15 ± 0.10 
  46-0-0 0.65 ± 0.05 

 
Figure 1 Chemical properties of samples including (a) pH, (b) electrical conductivity, (c) organic matter,  

(d) total nitrogen, (e) available phosphorus, (f) available potassium, (g) sulfate and (h) chloride. 

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Sulfate (mg.kg-1) Chloride (mg.kg-1)

EC (dS.m-1)
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 The soil in Chanthaburi Province was characterized 
by its acidity, with a pH ranging from 4.5 to 5 [14]. In 
acidic soils, heavy metals tend to exhibit high mobility 
[23–24]. The levels of salinity and chloride content were 
within a range that did not adversely affect plant growth. 
The soil's organic matter primarily consisted of humic 
substances, carbohydrates, proteins, and humus. The soil 
had a high organic matter content, exceeding 4.5%, 
making it suitable for plant cultivation. However, the 
concentrations of nitrogen, phosphorus, potassium, and 
sulfate in the soil were insufficient for plant growth, 
necessitating the use of fertilizer. In acidic soil conditions, 
phosphorus exists in the form of H2PO4-, while in 
alkaline soils, it takes the form of HPO42-.  
 The biochar exhibited a moderate level of alkalinity, 
with a pH exceeding the standard value typically 
recommended for biochar used in soil improvement 
(standard value: pH 7.5) [20]. The elevated pH of the 
biochar can enhance the binding of metal ions to its 
surface, leading to a reduction in the mobility of heavy 
metals [25-26]. Salinity levels in the biochar were well 
within acceptable limits, remaining below 7.30 ds m-1 
[20]. The biochar contained abundant organic matter, 
phosphorus, and potassium, making it a valuable resource 
for enhancing soil fertility. However, the biochar had 
relatively low concentrations of nitrogen and sulfate.  
 The fertilizer formula 46-0-0, which is urea, has a 
pKb of 13.9, suggesting it should be neutral. However, 
urea can undergo gradual hydrolysis, producing ammonia 
and carbonic acid as shown in Eq. 1 [27]. The carbonic 
acid can then convert to carbon dioxide, making the 
solution more basic due to the presence of ammonia. 
Applying high-pH fertilizers to soils may lead to heavy 
metal precipitation. 
 

       NH2CONH2 + 2H2O →→NH3 + H2CO3        (Eq. 1) 
 

 The fertilizer 18-12-6 is composed of diammonium 
phosphate, ammonium sulfate, and potassium chloride. 
Diammonium phosphate, being a salt of a weak base 
(3<pKb< 6, ammonia) and a moderately strong polyprotic 
acid (H3PO4), results in a slightly basic initial pH. This 
alkalinity arises from the hydrolysis reaction of the 
phosphate anion, generating OH ions. On the other hand, 
fertilizer 16-20-0 contains mono-ammonium phosphate 
(acid) and ammonium sulfate. The hydrolysis of mono-
ammonium phosphate can produce phosphoric acid and 
ammonium hydroxide, as depicted in Eq. 2. 
 

       NH4H2PO4 + H2O → NH4OH + H3PO4        (Eq. 2) 
 

 The pH levels of fertilizers 16-20-0, 13-0-46, and 13-
13–21 fall within the 5.0-5.5 range. When acidic ferti-
lizers are introduced to the soil, it can lead to a decrease 

in soil pH. This shift can, in turn, enhance the mobility 
of heavy metals [28]. Rock phosphate (0-3-0) comprises 
phosphorus, silica, clay, and limestone [29].  The elevated 
pH of rock phosphate is attributed to the limestone it 
contains. The organic matter observed in rock phosphate 
(Figure 1(c)) originates from clay. Fertilizers 0-0-60 
and 0-0-50, made up of potassium chloride and potas-
sium sulfate, respectively, are neutral fertilizers. The 
highest chloride ion concentration is found in fertilizer 
0-0-60 (Figure 1(h)). Fertilizer 0-52-34, containing mono-
potassium phosphate (a strong acid) and potassium sul-
fate, exhibits a high sulfate content, as shown in Figure 
1(g). Figure 1g also highlights the high sulfate content 
in fertilizers 18-12-6, 0-0-50, 16-20-0, and 0-52-34. 
Electrical conductivity is intricately tied to soil salinity 
levels, and from Figure 1(b), it's evident that fertilizers 
13-13-21, 15-15-15, 18-12-6, and 16-20-0 contribute to 
higher salinity. Introducing these fertilizers may elevate 
soil salinity, potentially impacting cadmium mobility 
and uptake by plants [30]. Moreover, increased salinity 
could adversely affect the yield of salinity-sensitive 
crops [31]. The total nitrogen content (Figure 1(d)), 
available phosphorus (Figure 1(e)), and available potas-
sium (Figure 1(f)) in the fertilizers show proportional 
relationships to their respective formulas. The use of 
nitrogen fertilizers has been associated with an increased 
uptake of heavy metals by plants [32-33].   
 The SEM image of soil and biochar are available in 
Figure 2. The FTIR spectra of biochar are available in 
Figure 3. 

 
Figure 2 SEM images of the soil sample (a) at 10,000 

times magnification, the biochar sample (b) at 10,000 
times magnification, and the mixed sample of soil and 

biochar (c) at 5,000 times magnification. 

10µm

(b)

30 µm

(c) soil

biochar

(a)
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Figure 3 FTIR spectra of (a) water hyacinth (b) biochar. 

 

 Figure 2(a) showed a soil surface that was rough and 
had relatively few pores. In Figure 2(b), the surface 
characteristics of the biochar were depicted, revealing a 
notably rough, layered, and extensively porous structure. 
This distinctive morphology is attributed to the liberation 
of volatile substances and the thermal breakdown of the 
original biomass. The substantial porosity observed in 
the biochar renders it particularly suitable for soil amend-
ment applications. This is because the high porosity 
facilitates the infiltration and assimilation of water, 
nutrients, and heavy metals within its intricate network 
of pores, as documented in previous studies [34]. 
 The FTIR analysis of water hyacinth, illustrated in 
Figure 3(a), highlighted several notable bands. These 
encompassed the 3,307.37 cm-1 band (representing O–
H stretching vibrations of hydrogen-bonded hydroxyl 
groups), 2,908.17 cm-1 (indicating CH2 stretching vibra-
tions in aliphatic groups), 1,623.8 cm-1 (reflecting C=O 
stretching found in ketones, aldehydes, and esters), 
1,031.75 cm-1 (associated with C–O–C stretching pre-
sent in cellulose and hemicellulose), and 522.62 cm-1 
(depicting C–H bonding in aromatic and heteroatomic 
compounds). Upon undergoing pyrolysis, the C-O-C 
stretching band diminished, and the CH2 stretching 
vibrations for aliphatic groups disappeared, as demon-
strated in Figure 3(b). Conversely, the peak at 1,522.62 
cm-1 (representing CH bending vibrations in CH2 units 
of biopolymers) became more pronounced. These func-
tional groups on the biochar's surface could actively 
engage in the adsorption of heavy metals [34]. 
 

2) The influence of fertilizers on the mobility of cadmium 
 The study utilized SS made up of the original soil 
with an added cadmium concentration of 50 mg.kg-1. 
Subsequently, the SBS was developed, combining the 
original soil with the introduced cadmium and 10% 
biochar. Following this, ten distinct fertilizers were 
integrated into the SBS. The evaluation of cadmium 
extraction from the soil samples were carried out utilizing 
a 0.005 M DTPA solution. This process aimed to assess 
the soil's heavy metal bioavailability for potential uptake 
by plants. The results and findings derived from this 
extraction and evaluation were depicted in Figure 4. 
 In Figure 4, biochar demonstrated a capability to 
decrease the movement of cadmium within the soil by 
about 15%. However, upon the introduction of fertilizer 
46-0-0 and 0-3-0 to the synthetic soil containing biochar, 
there was an observed increase in the mobility of cadmium. 
Conversely, the application of fertilizers such as 15-15-
15, 0-52-34, 0-0-60, and 0-0-50 resulted in a reduction 
in the mobility of cadmium. The remaining fertilizers 
did not significantly impact the mobility of cadmium 
in the soil. 
 The findings obtained from the DTPA extraction 
were subjected to analysis using a stepwise linear re-
gression program, resulting in the formulation of Eq. 3. 
 
yCd = 0.0366 N - 0.0183 K + 0.3736 EC + 3.3748  (Eq. 3) 
 

 where, yCd = Extracted cadmium concentration by 
DTPA (mg kg-1), N = Total nitrogen concentration (%), 
K = Available potassium concentration (%) and EC = 
Electrical conductivity (ds m-1). 
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Figure 4 The concentration of extracted cadmium by 

DTPA. 
 
 The stepwise linear regression analysis revealed that 
certain factors, specifically total nitrogen, available 
potassium, and electrical conductivity, significantly in-
fluenced the mobility of cadmium in the soil. Increased 
nitrogen content and higher electrical conductivity in 
fertilizer were linked to elevated cadmium mobility in 
the soil. The higher the electrical conductivity, the higher 
the mass transfer rate. This finding aligns with Laing et 
al. [30] and Hassan et al. [33]. Fertilizers containing more 
potassium demonstrated increased cadmium adsorption 
in the soil, consistent with Chen et al. [35]. Cations with 
higher valence displaced and adhered to the soil surface 
more effectively than those with lower valence. Potas-
sium's addition facilitated the diffusion of biochar 
porosity, enhancing heavy metal adsorption efficiency. 
Other factors like sulfate, chloride, and organic matter 
might exert some influence on cadmium immobility, 
although their impact is not considered significant. For 
instance, cadmium can form cadmium sulfate, reducing 
its mobility, and the addition of fertilizer 0-0-60 with 

higher organic matter, resulted in lower cadmium con-
centration in the extracted solution compared to when 
no fertilizer was added to the soil. Additionally, cations, 
especially transition metals, were capable of forming metal-
organo complexes with organic compounds. Chloride 
demonstrated an adsorption effect by binding to cadmium 
ions, forming inner sphere complexes on the surface. 
 Following the application of fertilizers to the SBS, 
the concentration of Cd in different forms underwent 
alterations, as observed through a sequential extraction 
method. These changes in Cd concentration across various 
forms were depicted in Table 2. 
 Heavy metals found in water-soluble, exchangeable, 
and carbonate-bound states are acknowledged as unstable 
forms, whereas more stable forms include those bound 
to Fe-Mn oxides, organic matter, and in residual states. 
Table 2 showcases the impact of fertilizer applications, 
such as 46-0-0 and 0-3-0, in transforming cadmium 
from stable to less stable states, accounting for about 
40% and 20%, respectively. The transition of cadmium 
into its less stable state is often linked to its conversion 
into the carbonate form due to the presence of carbonates 
within these fertilizers.  Conversely, the use of fertilizers 
like 15-15-15, 0-0-50, 0-0-60, and 0-52-34 facilitated a 
shift of cadmium from less stable to more stable forms, 
representing approximately 6%, 32%, 35%, and 10%, 
respectively. In this context, cadmium in its less stable 
form was primarily converted into Fe-Mn oxide-bound 
and organic matter-bound forms. This conversion tendency 
was prominent due to the prevalence of iron oxide, man-
ganese oxide, and a substantial organic matter content 
within the soil under study. These observations aligned 
well with the trends identified in Figure 4.

 
Table 2 The changes in Cd concentration across various forms 

Fertilizer Water soluble  Exchangeable  Carbonate bound  Fe-Mn oxide bound  Organic bound  Residual 

46-0-0   +5 +10 +25 -9 -18 -10 
18-12-6 +1 -0.1 +0.5 -1 -1 -1 
16-20-0 +0.5 -0.1 +0.2 -0.3 -0.5 -0.2 

15-15-15 -6 -3 -2 +1 +2 +4 
13-0-46 +0.5 +0.6 +0.8 -1 -2 -1 

13-13-21 -0.5 -1 0 +1 -0.1 +2 
0-0-60 -15 -5 -10 +10 +19 +4 
0-0-50 -6 -5 -16 +10 +14 +4 

0-52-34 -2 -3 -3 +5 +2 +2 
0-3-0 +2 +4 +14 -9 -3 -9 

Remark: - means the concentration in such form was reduced and + means the concentration in such form was increased. 
 
Conclusions  
 The inclusion of biochar led to a substantial 71.8% 
reduction in cadmium mobility within the soil. Fertilizers 
with increased nitrogen content, exemplified by 46-0-0, 
significantly enhanced the mobility of cadmium, causing 
it to transition from a more stable form to a less stable 

form. Application of fertilizer with a high nitrogen content 
to nourish cadmium-contaminated soil, plants growing 
in the soil may absorb more cadmium to various part of 
plant. Conversely, fertilizers with high potassium content, 
such as 0-0-50 and 0-0-60, played a role in diminishing 
cadmium mobility, prompting a shift from a less stable 
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form to a more stable form. Furthermore, EC emerged 
as a critical factor influencing the immobilization of 
cadmium in the soil. Understanding that nitrogen-rich 
fertilizers can exacerbate issues in cadmium-contaminated 
soil enables us to manage fertilizer application more 
effectively. While it's unavoidable to forgo nitrogen 
fertilizer entirely, its addition should be prudent and based 
on necessity. When using mixed fertilizers, it's crucial to 
avoid formulas with excessive nitrogen; however, an 
abundance of potassium might yield positive effects. 
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